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Zusammenfassung

In dieser Dissertation untersuche ich mithilfe kosmologischer Simulationen und Modelle, wie
sich Entstehungsgeschichten heutiger Galaxien anhand dreier stellarer Tracer entschlüsseln
lassen. Zunächst untersuche ich, wie die stellare Komponente in äußeren Haloregionen mit
vergangenen Akkretionsereignissen zusammenhängt, da diese Überreste von Galaxienver-
schmelzungen in Form von Gezeitenstrukturen hinterlassen. Anhand einer umfassenden
Erhebung von Gezeitenstrukturen zeige ich, dass radiale große Galaxienverschmelzungen zu
langsam rotierenden Galaxien mit Gezeitenschalen führen, während Galaxien mit kinematisch
entkoppelten Kernen und Gezeitenströmen auf eine von kleinen Verschmelzungen dominierte
Akkretionsgeschichte hindeuten. Darüber hinaus zeige ich, dass die projizierten Eigenschaften
von Gezeitenstrukturen nicht direkt den tatsächlichen Eigenschaften ihrer Vorläufergalaxien
entsprechen und die in Simulationen vorhergesagten Bias daher berücksichtigt werden müssen.

Aufgrund ihrer Nutzung als stellare Tracer in den äußeren Galaxienbereichen entwickle
ich ein neuartiges Modell für planetarische Nebel in kosmologischen Simulationen (PICS)
zur Interpretation von Beobachtungen. Mit PICS zeige ich, dass die Metallizität zentral
für die Entstehung heller planetarischer Nebel in alten Sternpopulationen ist. Außerdem
kann ich erstmals durch die Anwendung von PICS auf Simulationen einen Großteil des
universellen hellen Endes der Leuchtkraftfunktion planetarischer Nebel über verschiedene
Morphologien und mehrere Größenordnungen der Galaxienmasse erklären. Durch Vergleiche
mit beobachteten planetarischen Nebeln in Galaxien frühen Typs zeige ich, dass helle
planetarische Nebel mit dem Massenanteil von Sternen mittleren Alters (2–10 Milliarden
Jahre) zusammenhängen und so Einblicke in die Sternentstehungsgeschichte ermöglichen.

Schließlich betrachte ich alte und dichte Sternhaufen, Kugelsternhaufen, als weitere
Tracerpopulation zur Entschlüsselung der Galaxienentstehung. Mithilfe eines zuvor von
mir entwickelten Modells zeige ich, dass die Altersverteilung von Kugelsternhaufen auf
vergangene gasreiche Galaxienverschmelzungen hindeutet. Dies teste ich erfolgreich an der
Milchstraße und rekonstruiere die Gaia-Sausage/Enceladus-Verschmelzung vor 10 Milliarden
Jahren. Außerdem sage ich eine bimodale Altersverteilung für Gaia-Sausage/Enceladus voraus,
die inzwischen durch neuere Beobachtungen bestätigt wurde. Anschließend führe ich die
erste modellübergreifende Vergleichsstudie von Kugelsternhaufenmodellen durch und stelle
unterschiedliche Vorhersagen ihrer Entstehungszeiten fest. Nur einige Modelle sagen voraus,
dass die kürzlich beobachteten jungen Sternhaufen bei hohen Rotverschiebungen bis zu
𝑧 = 10 potenzielle Vorläufer heutiger Kugelsternhaufen sein könnten. Dies verdeutlicht die
Notwendigkeit verbesserter Kugelsternhaufenmodelle, um die Entstehung von Sternhaufen
und ihre Rolle in der frühen Galaxienentstehung weiter einzugrenzen.

Zusammenfassend enthalten stellare Tracer eine Fülle an Informationen über die Entste-
hungsgeschichte von Galaxien. Die Kombination ihrer individuellen Hinweise ermöglicht es
uns, ein umfassendes Bild der Vergangenheit von Galaxien zu gewinnen.
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Abstract

In this thesis, I explore how galaxy formation histories can be deciphered through three different
stellar tracers in present-day galaxies using cosmological simulations and models. First, I
investigate how the stellar component in the outer halo regions is related to past accretion
events, which leave behind merger remnants such as tidal features. From a comprehensive
tidal feature census, I find that radial major mergers lead to a correlation between slow rotation
and the presence of tidal shells, whereas galaxies with kinematically distinct cores and tidal
streams indicate accretion histories dominated by mini and minor mergers. Furthermore, I
demonstrate that the projected properties of tidal features are not directly equivalent to the
actual progenitor galaxies’ properties, making it crucial to account for the biases predicted by
the simulations.

As widely used stellar tracers of galaxy outskirts, I develop an entirely novel model
for planetary nebulae in cosmological simulations (PICS) to provide a theoretical basis for
interpreting the observations. Through PICS, I find that metallicity is a key ingredient for
successfully producing bright planetary nebulae even in old stellar populations. Moreover,
by applying PICS to simulated galaxies with cosmologically self-consistent star formation
histories, I provide the first theoretical explanation for the universal bright-end cutoff of
the planetary nebula luminosity function across different morphologies and several orders
of magnitude in galaxy mass. Through comparisons with observed planetary nebulae in
early-type galaxies, I present that bright planetary nebulae are related to the mass fraction
of intermediate-age stars (2–10 Gyr old) in a galaxy and therefore provide insight into the
underlying star formation history.

Finally, I consider globular clusters, old and dense stellar clusters and another commonly
used tracer population, and their use in deciphering galaxy formation. Through a model
that I previously developed, I find that the age distribution of globular clusters in a galaxy
traces past gas-rich mergers, which I successfully test on the Milky Way, recovering the
Gaia-Sausage/Enceladus merger 10 Gyr ago. From these data, I additionally predict a bimodal
age distribution for Gaia-Sausage/Enceladus, which has in the meantime been confirmed
by more recent observations. I then perform the first direct comparison of globular cluster
models, focusing on their predicted formation times and finding substantial differences. With
recent observations of young stellar clusters at high redshifts up to 𝑧 = 10, only some of
the models predict these to be potential progenitors of present-day globular clusters. This
furthermore shows that improved globular cluster models will be necessary to better constrain
cluster formation and their role in early galaxy formation.

To conclude, stellar tracers contain a wealth of information on the galaxy formation history
imprinted in their present-day properties. Combining their individual clues provides us with
the means to gain a comprehensive picture of the past of galaxies.



x



Contents

1 Introduction 1
1.1 Structure and galaxy formation . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 The outskirts of galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Stellar tracers of galaxy formation . . . . . . . . . . . . . . . . . . . . . . 6

2 Cosmological Simulations 9
2.1 Magneticum Pathfinder simulations . . . . . . . . . . . . . . . . . . . . . 10
2.2 Galaxy scaling relations through cosmic time . . . . . . . . . . . . . . . . 12

2.2.1 Galaxy sample and properties . . . . . . . . . . . . . . . . . . . . 13
2.2.2 Star-forming main sequence . . . . . . . . . . . . . . . . . . . . . 14
2.2.3 Stellar mass-age relation . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.4 Stellar mass-metallicity relation . . . . . . . . . . . . . . . . . . . 17
2.2.5 Stellar mass-size relation . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.6 Specific angular momentum relation . . . . . . . . . . . . . . . . . 20
2.2.7 Resolved stellar kinematics . . . . . . . . . . . . . . . . . . . . . . 21

I The Stellar Component 25

3 Introduction to the Stellar Component 27
3.1 Stellar accretion onto galaxies . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2 Satellite systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Satellite planes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.2 Predictions from simulations . . . . . . . . . . . . . . . . . . . . . 30



xii Contents

3.3 Tidal features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3.1 Tidal feature types . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.2 Formation and evolution in simulations . . . . . . . . . . . . . . . 33

3.4 Scope of this Movement . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4 Connecting Tidal Features to Kinematics 35
4.1 Simulations and observations . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.1.1 The Magneticum Pathfinder simulations . . . . . . . . . . . . . . . 36
4.1.2 The MATLAS sample . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2 Methods and definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.1 Tidal features: Shells, streams, and tidal arms . . . . . . . . . . . . 37
4.2.2 Satellite planes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2.3 Fast and slow rotators, and kinematic classes . . . . . . . . . . . . 39
4.2.4 Morphological classes . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3.1 Feature statistics and mass, morphology, and size . . . . . . . . . . 40
4.3.2 Correlations of tidal features and satellite planes with kinematic classes 43
4.3.3 Correlations of tidal features and satellite planes with the inner

rotational support . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5 Properties and Progenitors of Tidal Shells and Streams 51
5.1 Tidal feature sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Properties of shells and streams . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2.1 Spatial properties and masses . . . . . . . . . . . . . . . . . . . . 53
5.2.2 Kinematics and stellar population properties . . . . . . . . . . . . . 57

5.3 Progenitors of shells and streams . . . . . . . . . . . . . . . . . . . . . . . 59
5.3.1 Properties of tidal feature progenitors . . . . . . . . . . . . . . . . 60
5.3.2 Evolution of tidal feature spatial distributions . . . . . . . . . . . . 64

5.4 Young in-situ stream-like features . . . . . . . . . . . . . . . . . . . . . . 64
5.5 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6 Further Studies on Tidal Features 69
6.1 Shells and inner kinematics in SAMI . . . . . . . . . . . . . . . . . . . . . 70
6.2 Tidal feature occurrence for simulated satellites . . . . . . . . . . . . . . . 72
6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

II Planetary Nebulae 77

7 Introduction to Planetary Nebulae 79
7.1 A phase of stellar evolution . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7.2 Planetary nebula luminosity function . . . . . . . . . . . . . . . . . . . . . 82



Contents xiii

7.2.1 Bright-end cutoff of the PNLF . . . . . . . . . . . . . . . . . . . . 82
7.2.2 The PNLF puzzle . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.2.3 Faint part of the PNLF . . . . . . . . . . . . . . . . . . . . . . . . 84

7.3 Planetary nebulae as stellar tracers . . . . . . . . . . . . . . . . . . . . . . 85
7.3.1 Spatial and kinematic tracers . . . . . . . . . . . . . . . . . . . . . 85
7.3.2 Stellar population tracers . . . . . . . . . . . . . . . . . . . . . . . 86

7.4 Modeling planetary nebula populations . . . . . . . . . . . . . . . . . . . 86
7.5 Scope of this Movement . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

8 PICS: Planetary Nebulae In Cosmological Simulations 89
8.1 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

8.1.1 Single stellar population properties . . . . . . . . . . . . . . . . . 91
8.1.2 Stellar lifetime function . . . . . . . . . . . . . . . . . . . . . . . 91
8.1.3 Initial-to-final mass relation . . . . . . . . . . . . . . . . . . . . . 94
8.1.4 Post-AGB stellar evolution tracks . . . . . . . . . . . . . . . . . . 96
8.1.5 Planetary nebula model . . . . . . . . . . . . . . . . . . . . . . . . 96
8.1.6 Circumnebular extinction . . . . . . . . . . . . . . . . . . . . . . . 100
8.1.7 Number of planetary nebulae . . . . . . . . . . . . . . . . . . . . . 102

8.2 The effect of metallicity and helium abundances . . . . . . . . . . . . . . . 102
8.2.1 Metallicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
8.2.2 Helium abundance . . . . . . . . . . . . . . . . . . . . . . . . . . 104

8.3 Single stellar population PNLFs . . . . . . . . . . . . . . . . . . . . . . . 106
8.3.1 PNLFs with nebular metallicity correction . . . . . . . . . . . . . . 106
8.3.2 PNLFs with circumnebular extinction . . . . . . . . . . . . . . . . 109
8.3.3 PNLFs with different IFMRs . . . . . . . . . . . . . . . . . . . . . 111
8.3.4 Normalized PNLFs . . . . . . . . . . . . . . . . . . . . . . . . . . 114

8.4 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

9 The PNLF from Realistic Stellar Populations 123
9.1 PICS model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
9.2 Application to a cosmological simulation . . . . . . . . . . . . . . . . . . 125

9.2.1 The importance of metallicity . . . . . . . . . . . . . . . . . . . . 125
9.2.2 Normalization and shape of the PNLF . . . . . . . . . . . . . . . . 127

9.3 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

10 Circumnebular Extinction Around Planetary Nebulae 131
10.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

10.1.1 PICS model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
10.1.2 Circumnebular extinction variations . . . . . . . . . . . . . . . . . 133

10.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
10.2.1 Extinction of H𝛽 . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
10.2.2 Extinction effects on the PNLF . . . . . . . . . . . . . . . . . . . . 137



xiv Contents

10.2.3 Extinctions of de-reddened PNe . . . . . . . . . . . . . . . . . . . 137
10.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

11 Solving the Mystery of the PNLF Cutoff 143
11.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

11.1.1 PN properties from the PICS model . . . . . . . . . . . . . . . . . 144
11.1.2 PNLF fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
11.1.3 Cosmological simulation . . . . . . . . . . . . . . . . . . . . . . . 145

11.2 PNe reaching the bright end . . . . . . . . . . . . . . . . . . . . . . . . . 145
11.3 The universal bright end of the PNLF . . . . . . . . . . . . . . . . . . . . 149
11.4 Discussion and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 151

12 The PNLF in Cosmological Simulations 153
12.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

12.1.1 PICS model for planetary nebulae . . . . . . . . . . . . . . . . . . 155
12.1.2 Planetary nebula luminosity function fitting . . . . . . . . . . . . . 155
12.1.3 Cosmological simulations . . . . . . . . . . . . . . . . . . . . . . 157
12.1.4 Galaxy sample and classifications . . . . . . . . . . . . . . . . . . 158

12.2 PNLFs of the galaxy classes . . . . . . . . . . . . . . . . . . . . . . . . . 160
12.2.1 PNLF variations among simulations . . . . . . . . . . . . . . . . . 161
12.2.2 PNLF variations in the inner and outer regions . . . . . . . . . . . 166
12.2.3 PNLF bright-end cutoff magnitude . . . . . . . . . . . . . . . . . . 168

12.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

13 Stream Photometry Combined with PN Kinematics 173
13.1 Simulation and model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

13.1.1 Magneticum Pathfinder simulation . . . . . . . . . . . . . . . . . . 174
13.1.2 Tidal feature census . . . . . . . . . . . . . . . . . . . . . . . . . . 175
13.1.3 The PICS model . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

13.2 Tracing tidal stream dynamics . . . . . . . . . . . . . . . . . . . . . . . . 176
13.2.1 Dynamical decomposition of the stellar component . . . . . . . . . 177
13.2.2 Planetary nebulae as kinematic tracers for tidal features . . . . . . . 177

13.3 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

14 Planetary Nebulae as Stellar Population Tracers 181
14.1 Observed ETGs and their simulated analogs . . . . . . . . . . . . . . . . . 183

14.1.1 Observational data . . . . . . . . . . . . . . . . . . . . . . . . . . 183
14.1.2 Simulated analog galaxies . . . . . . . . . . . . . . . . . . . . . . 185

14.2 Comparison to simulated analog galaxies . . . . . . . . . . . . . . . . . . 186
14.2.1 Stellar populations and the PNLF bright-end cutoff . . . . . . . . . 187
14.2.2 Stellar populations and the luminosity-specific PN number . . . . . 190

14.3 Observations of M 105 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192



Contents xv

14.4 Comparison to PNe modeled in single stellar populations . . . . . . . . . . 194
14.4.1 Stellar populations and the PNLF bright-end cutoff . . . . . . . . . 194
14.4.2 Stellar populations and the luminosity-specific PN number . . . . . 194

14.5 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

III Globular Clusters 201

15 Introduction to Globular Clusters 203
15.1 A type of star cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
15.2 Globular cluster systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

15.2.1 Color bimodality . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
15.2.2 Extragalactic globular clusters . . . . . . . . . . . . . . . . . . . . 207
15.2.3 Galactic globular clusters . . . . . . . . . . . . . . . . . . . . . . . 208

15.3 Globular clusters as stellar tracers . . . . . . . . . . . . . . . . . . . . . . 208
15.3.1 Spatial and kinematic tracers . . . . . . . . . . . . . . . . . . . . . 209
15.3.2 Tracers of past star formation . . . . . . . . . . . . . . . . . . . . . 210

15.4 Modeling globular cluster populations . . . . . . . . . . . . . . . . . . . . 210
15.5 Scope of this Movement . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

16 Globular Clusters as Dark Matter Tracers 213
16.1 Globular cluster model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
16.2 Smooth accretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
16.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

17 Tracing Wet Mergers Through GC Ages 219
17.1 Data & method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

17.1.1 Globular cluster model . . . . . . . . . . . . . . . . . . . . . . . . 221
17.1.2 Globular cluster observational data . . . . . . . . . . . . . . . . . 223

17.2 Age dating wet mergers with GCs in the Milky Way . . . . . . . . . . . . . 226
17.2.1 GC age distribution observations in the Milky Way . . . . . . . . . 226
17.2.2 Model predictions . . . . . . . . . . . . . . . . . . . . . . . . . . 227

17.3 Discussion: GCs in the Milky Way . . . . . . . . . . . . . . . . . . . . . . 230
17.3.1 Milky Way diagnostics . . . . . . . . . . . . . . . . . . . . . . . . 230
17.3.2 Model diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . 233

17.4 Discussion: Extension to nearby galaxies . . . . . . . . . . . . . . . . . . 234
17.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

18 High-Redshift Stellar Clusters in GC Models 241
18.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

18.1.1 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
18.1.2 Stellar particle tracer model . . . . . . . . . . . . . . . . . . . . . 244
18.1.3 E-MOSAICS model . . . . . . . . . . . . . . . . . . . . . . . . . 244



xvi Contents

18.1.4 EMP-Pathfinder model . . . . . . . . . . . . . . . . . . . . . . . . 245
18.1.5 Rapid mass growth model . . . . . . . . . . . . . . . . . . . . . . 246
18.1.6 Two-phase model . . . . . . . . . . . . . . . . . . . . . . . . . . . 246
18.1.7 Dual formation pathway model . . . . . . . . . . . . . . . . . . . . 247
18.1.8 Other models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

18.2 GC age distributions for MW-like galaxies . . . . . . . . . . . . . . . . . . 248
18.2.1 Modelled GC age distributions . . . . . . . . . . . . . . . . . . . . 249
18.2.2 Differences between the models . . . . . . . . . . . . . . . . . . . 251
18.2.3 Empirical and subgrid GC models . . . . . . . . . . . . . . . . . . 252

18.3 GC age distributions for other MW-mass galaxies . . . . . . . . . . . . . . 254
18.4 Predictions for high-redshift clusters . . . . . . . . . . . . . . . . . . . . . 257
18.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

19 Globular Clusters as Dynamical Tracers 263
19.1 Dynamically modeling the halo of Centaurus A . . . . . . . . . . . . . . . 264
19.2 Comparison with simulations . . . . . . . . . . . . . . . . . . . . . . . . . 266
19.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

20 Summary & Conclusion 269
20.1 Results from the stellar component . . . . . . . . . . . . . . . . . . . . . . 269
20.2 Results from planetary nebulae . . . . . . . . . . . . . . . . . . . . . . . . 270
20.3 Results from globular clusters . . . . . . . . . . . . . . . . . . . . . . . . 272
20.4 A symphony on the past . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

A Rescaling the Cumulative Distribution 275

B Tidal Feature Compilation 277
B.1 Overview of the extracted tidal shells and streams . . . . . . . . . . . . . . 277
B.2 Potential trigger for an in-situ stream-like feature . . . . . . . . . . . . . . 277

C Tidal features in projected phase space 281

D PICS Model Details 283
D.1 Post-AGB track interpolation . . . . . . . . . . . . . . . . . . . . . . . . . 283
D.2 Nebular model recipes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284

D.2.1 Intensity ratio recipe . . . . . . . . . . . . . . . . . . . . . . . . . 284
D.2.2 Absorption factor recipe . . . . . . . . . . . . . . . . . . . . . . . 284

D.3 Nebular metallicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286
D.4 Circumnebular extinction . . . . . . . . . . . . . . . . . . . . . . . . . . . 286
D.5 Luminosity-specific bright PN numbers . . . . . . . . . . . . . . . . . . . 286
D.6 Extended PNLFs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288



Contents xvii

E PNe at the Bright End of the PNLF 291
E.1 Maximal metal-poor PN [O iii] magnitude evolution . . . . . . . . . . . . . 291
E.2 PNLF bright end in Box4 at 𝒛 = 0 . . . . . . . . . . . . . . . . . . . . . . 292
E.3 Stellar populations and bright-end cutoff in TNG50 . . . . . . . . . . . . . 293

F PNLFs of Simulated Galaxy Classes 297
F.1 Maximum likelihood estimation of the PNLF . . . . . . . . . . . . . . . . 297
F.2 Corrected ages in Magneticum Box4 (uhr) for 𝒛 = 0 . . . . . . . . . . . . . 298
F.3 Central galaxies in Magneticum Box4 (uhr) . . . . . . . . . . . . . . . . . 298
F.4 PNLF bright-end cutoff magnitudes in TNG50 . . . . . . . . . . . . . . . . 298

G The Milky Way GC Age Distribution 303
G.1 Milky Way globular cluster age distributions . . . . . . . . . . . . . . . . . 303

G.1.1 Age distributions of all globular clusters . . . . . . . . . . . . . . . 303
G.1.2 Alternative progenitor associations . . . . . . . . . . . . . . . . . . 305
G.1.3 Age distributions of a single study . . . . . . . . . . . . . . . . . . 305
G.1.4 Age histograms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306

G.2 Other Milky Way-mass modeled globular cluster age distributions . . . . . 306

H GC Model Age Comparisons 311
H.1 Globular cluster formation time distributions of other models . . . . . . . . 311
H.2 Ages including young GCs . . . . . . . . . . . . . . . . . . . . . . . . . . 312

References 315





1
Introduction

Astronomy in the last century has taken an enormous leap forward thanks to the increasingly
powerful telescopes available. In this time, observations of the night sky have let us move
from the idea that the Universe only consists of our own Galaxy, the Milky Way, to the
concept of an ever-expanding Universe containing over a trillion galaxies1. These advances
have been accompanied by improving computational capabilities, enabling simulations of the
non-linear processes that govern structure formation and evolution (e.g., White & Rees 1978;
Vogelsberger et al. 2020). Such simulations cover the full range of astrophysical processes,
from the formation of structure on the largest scales and the diverse population of galaxies
found therein, all the way down to the formation of stars from intergalactic gaseous clouds, as
it also happened for our very own Sun. The predictions from these simulations have been
essential for interpreting the observational results and the underlying physical processes,
which generally occur on timescales of billions of years and are thus far too long to probe
observationally. On the observational side, galaxy surveys have studied a plethora of galaxies,
which have demonstrated an astounding diversity of properties. Their morphologies as spiral,
elliptical, or irregular galaxies have been classified through a sequence (Hubble 1926, 1936;
Sandage 1961), their colors have been established to show a clear bimodality (Strateva et al.
2001; Bell et al. 2004), some galaxies are actively in the process of forming stars from their
gas, whereas others are not (e.g., Kauffmann et al. 2004; Pearson et al. 2018; Popesso et al.
2023), their masses and luminosities range across many orders of magnitude from ultra-faint
dwarfs up to massive elliptical galaxies (White & Frenk 1991), and their kinematics have been
found to show a surprising variety of behaviors (e.g., Emsellem et al. 2007; Krajnović et al.
2011).

1The number of galaxies in the Universe up to redshift 𝑧 = 8 is estimated as 2 × 1012 (Conselice et al. 2016).
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This diversity in properties must be related to the individual galaxy formation histories
that give rise to the characteristics seen in present-day galaxies. While we cannot turn back
time for the observed galaxies, the components that carry these characteristics nevertheless
retain traces of former times, as though singing a song of their past. As these components
reveal distinct aspects of galaxy formation, together they form a larger narrative. In essence,
their composition becomes a symphony. It is for this reason that this thesis carries the title
A Symphony on the Past. With the aim of deciphering galaxy formation histories through
simulations and models, this thesis considers three different stellar tracers and investigates
what they reveal about the past. It is therefore structured in three Movements2, one devoted
to each stellar tracer: the stellar component (in the form of stellar structures in the galaxy
outskirts; Movement I), planetary nebulae (a stage of late stellar evolution; Movement II), and
globular clusters (dense and old star clusters; Movement III).

Each stellar tracer is introduced in an opening chapter of the respective Movement. The
subsequent chapters then present the relevant studies that I have authored or co-authored
during the work on my thesis, each introducing their individual context and science case
at the beginning. Most of these studies have already been published in or submitted to
astrophysical journals, comprising the works by Valenzuela (2023), Valenzuela & Remus
(2024), Valenzuela et al. (2024b, 2025a,b,c,d, 2026), Stoiber, Valenzuela et al. (2025, 2026),
Soemitro, Valenzuela et al. (2025), Rutherford et al. (2024), Veršič et al. (2024a), and Khalid
et al. (2025). Additionally, the current status is presented of three further studies that are still
in preparation, namely Valenzuela et al. (in prep. a,b) and Hartke, Ennis, Valenzuela et al.
(in prep.). For the studies that I have published as first author, I have generally only adapted
the introduction to integrate well within the respective Movement. For the studies that I have
co-authored, I state my contributions at the beginning of the chapter and place the results
within the context of this thesis. The main results of this thesis are finally summarized and
concluded in Chapter 20.

Since several parts of this thesis make use of a cosmological simulation from the
Magneticum Pathfinder simulation suite, I introduce this suite in Chapter 2. Having contributed
significantly to the Encyclopedia Magneticum by Dolag, Remus, Valenzuela et al. (2025), I
furthermore give an overview of the simulated galaxy scaling relations relevant to this thesis
and how they compare to observations. Finally, the purpose of this first introduction chapter is
to set the scene for the three Movements, giving a brief overview of the overarching processes
that drive galaxy formation and motivating how stellar tracers may be useful to decipher
galaxy formation histories.

1.1 Structure and galaxy formation
A central discovery for our understanding of structure formation has been the measurement
of the cosmic microwave background (CMB; Penzias & Wilson 1965; Smoot et al. 1992;

2While the four-movement symphony became standard in the Classical period, earlier symphonies were often
written in three movements, as seen in early works by Haydn and Mozart.
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Figure 1.1: Overview of the central processes across cosmic time. The fully ionized Universe after the
Big Bang becomes neutral after recombination, 380 000 yr later (at 𝑧 ≈ 1100). The time before the
first astronomical objects are formed is referred to as the Dark Ages. Through the formation of stars,
galaxies, and quasars, the UV radiation led to the reionization of the Universe, which took place until
about 1 Gyr after the Big Bang (𝑧 ≈ 6). Over the course of the following ∼13 Gyr, galaxy formation
continued with increasing cosmic star formation rate with a peak at 𝑧 ≈ 2 (age of the Universe of
3.3 Gyr), after which it has declined up to the present day (𝑧 = 0). Image credit: NAOJ3. Modified to
state the more accurate recombination time and adapted the redshift axis.

Planck Collaboration 2020) radiation, which has a blackbody temperature of 2.725 K across
the whole sky and exhibits fluctuations on the order of only 10−5. It originates from the
epoch of recombination of electrons and protons, which allowed photons to decouple from
the baryons and to become observable to us already a mere 380 000 yr after the Big Bang
(∼13.8 Gyr ago). Figure 1.1 visualizes the evolution of the Universe over cosmic time, where
the epoch of recombination can be seen as one of the first events in the timeline. The CMB
fluctuations have provided us with a view of the early density perturbations that grow and
collapse into the large-scale structure of the Universe, forming the cosmic web and dark matter
(DM) halos, within which galaxies can form. In the following, this process is briefly outlined.
Note that it is not intended to be exhaustive, for a more detailed overview of structure and
galaxy formation, see for example Padmanabhan (1993) and Mo et al. (2010).

In the ΛCDM model of cosmology, where DM is assumed to be cold (the C in CDM) and
interacts only gravitationally, the density perturbations initially grow linearly as the Universe
expands (Zel’dovich 1970). When an overdensity reaches a critical density threshold, it
collapses into a gravitationally bound structure, a DM halo (Gunn & Gott 1972). These
halos grow hierarchically through mergers and form increasingly massive structures in a
self-similar manner (Press & Schechter 1974; Blumenthal et al. 1984), thereby building up
the cosmic web of nodes, filaments, and sheets. During this build-up, the DM halos gain
angular momentum through tidal torques from the surrounding matter distribution (Peebles
1969; Doroshkevich 1970; Vitvitska et al. 2002). Simultaneously, the DM halos provide a
gravitational potential into which baryonic matter can condense (White & Rees 1978), initially
in the form of pristine gas, mostly composed of hydrogen and helium. As the gas cools, it
falls to the center of the halo while redistributing its angular momentum and can form a disk
(Mestel 1963; Fall & Efstathiou 1980). In the cool and dense gas, the first stars were born,

3https://www.eso.org/public/images/eso1620a/
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referred to as Population III stars. Their formation details and properties are still a matter of
current investigation, where current models suggest they form at redshifts of 𝑧 ≈ 15–30 (e.g.,
Klessen & Glover 2023, and see the formation of the first astronomical objects in Figure 1.1).
Their feedback through stellar winds and supernovae chemically enriches the surrounding gas,
giving rise to Population II stars, which are observable today as old and metal-poor stars.

Over cosmic time, these islands of stars, which we call galaxies, grow and evolve through
accretion and star formation. The James Webb Space Telescope (JWST) has recently provided
a much more detailed view of galaxies in the early Universe up to redshifts of 𝑧 = 14
(∼300 Myr after the Big Bang; Carniani et al. 2024), revealing the rapid formation of compact
and intensely star-forming galaxies (e.g., Matthee 2025). The high-redshift galaxies at 𝑧 ≳ 5
have been found to exhibit star formation histories dominated by starbursts (e.g., Asada et al.
2024; Dressler et al. 2024). At the same time, JWST has revealed numerous unexpectedly
massive and evolved galaxies that are already quiescent (i.e., have ceased forming stars,
implying rapid early stellar mass assembly and efficient quenching) at redshifts of 𝑧 ∼ 3–7
(e.g., de Graaff et al. 2025; Kakimoto et al. 2024; Weibel et al. 2025; Kawinwanichakij et al.
2026). This occurs alongside the global rise of the cosmic star formation rate (SFR) density,
which peaks at 𝑧 ≈ 2 (∼10.5 Gyr ago; Madau & Dickinson 2014). Since then it has decreased
again, leading to an increased number of quiescent galaxies (Brammer et al. 2011).

Disk galaxies are commonly understood to form through the cooling of gas into rotationally
supported structures and were historically classified as late-type galaxies (LTGs). Observations
have shown that they are generally blue and star-forming. In contrast, elliptical early-type
galaxies (ETGs) have been found to arise from galaxy mergers (e.g., Toomre 1977; White &
Rees 1978; Gerhard 1981; Burkert & Naab 2003) and tend to be red and quiescent. It was also
observed that galaxies are larger in size at later times for a fixed mass or luminosity, which is
particularly the case for elliptical galaxies (e.g., Daddi et al. 2005; van der Wel et al. 2014).
In this setting, the picture of a two-phase galaxy formation scenario has been established
(Oser et al. 2010), where galaxies formed their in-situ stars rapidly through gas accretion and
gas-rich mergers before 𝑧 ∼ 2 (e.g., Dekel et al. 2009), followed by a phase of growth through
gas-poor minor mergers, bringing in accreted ex-situ stars. While these general descriptions of
galaxy formation help explain trends found in the overall galaxy populations (see Chapter 2 for
a selection of galaxy scaling relations across cosmic time), the details for individual galaxies
will vary, giving rise to the large diversity of galaxies seen today (right end of the timeline in
Figure 1.1).

1.2 The outskirts of galaxies
While the central regions of galaxies are bright and therefore easier to observe, they occupy
only a small fraction of their host DM halos. They are also characterized by short dynamical
timescales due to the higher central densities and smaller characteristic radii, leading to
efficient phase-mixing that erases signatures of past events. On the other hand, the outskirts of
galaxies encompass a much larger volume and evolve on much longer timescales. As a result,
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Figure 1.2: Example galaxy (NGC 3923) and its outskirts imaged by the Dark Energy Camera.
Symmetrical tidal shells are seen in the inner outskirts, whereas asymmetric structures in the halo
can be seen in the further outskirts and indicate a more complex accretion history. This system
has a large number of shells (up to 42, Bílek et al. 2016). Image credit: DESI Legacy Imaging
Surveys/LBNL/DOE & KPNO/CTIO/NOIRLab/NSF/AURA. Image processing: T.A. Rector (University
of Alaska Anchorage/NSF NOIRLab), M. Zamani (NSF NOIRLab), R. Colombari (NSF NOIRLab) &
D. de Martin (NSF NOIRLab). This is a cutout of the original image4.

structures in these outer regions are retained over longer periods of time, thereby providing a
deeper window into the past. The outskirts are not only where lower-mass satellite galaxies
reside, which are expected to merge with the central galaxy, but also where accreted structures
deposit much of their material after having been disrupted by tidal forces (e.g., Bullock &
Johnston 2005; Amorisco 2015). During the process of accretion, such structures can be
observed either as still intact satellite galaxies or tidal features (e.g., Johnston et al. 2008;
Karademir et al. 2019). Over time, a diffuse stellar halo is built up that for more massive
galaxies is dominated by accreted stars (e.g., Cooper et al. 2013; Remus & Forbes 2022).
From their spatial properties and dynamics, both the underlying DM potential and the imprint
of past accretion events can be probed. Figure 1.2 shows deep imaging of an example galaxy
with a prominent shell system in its outskirts, where the more distant outskirts furthermore
reveal asymmetric structures, indicative of a more complex assembly history.

One major challenge of studying the outskirts of galaxies has been their low surface
brightness (LSB). This requires deep imaging through long exposure times, which limited
early studies to small samples of galaxies and shallower surface brightness limits (e.g., Malin
& Carter 1983; Mihos et al. 2005). As observational facilities have become more powerful,
larger galaxy samples and deeper imaging have become possible (e.g., Tal et al. 2009; Bílek
et al. 2020; Martínez-Delgado et al. 2023a). With the recent and upcoming launches of the

4https://noirlab.edu/public/images/noirlab2325a/
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Euclid mission and the Nancy Grace Roman Space Telescope, as well as the recent first light of
the Vera C. Rubin Observatory, the near future promises LSB measurements in unprecedented
abundance and depth. To fully exploit this wealth of incoming data, theoretical predictions and
diagnostic methods for interpreting LSB structures and their formation are essential, which I
address in Movement I.

1.3 Stellar tracers of galaxy formation
As the diffuse stellar component in the outskirts of galaxies has been challenging to observe,
tracer populations are commonly used: individual bright objects that trace the outer spatial
distribution and kinematics. To this end, the two tracer populations typically used in the
outer regions are planetary nebulae (PNe; e.g., Hui et al. 1993) and globular clusters (GCs;
e.g., Peng et al. 2004a). With their exceptionally bright [O iii] emission line, PNe have long
been detected through narrow-band imaging in extragalactic systems. As a late phase of
stellar evolution, they trace the underlying diffuse stellar halo. An example of PNe tracing
the stellar outskirts of a simulated galaxy through their spatial and kinematic properties is
seen in Figure 1.3, where the overplotted PNe in the left panel (blackberry points) indicate the
shape of the diffuse stellar halo. In the right panel, the PN kinematics in the outskirts reveal
how the stellar halo is in fact counter-rotating to the inner galaxy, indicating a more complex
assembly history. This example further underlines the potential of cosmological simulations
and models to provide a theoretical basis for interpreting observations of galaxy outskirts
through simulated analogs and the possibility of tracing back formation histories through time.

The details of the PN luminosity function have moreover been found to vary between
galaxies with different formation histories, suggesting that they can be used to trace the
underlying stellar populations. With recent advances in measuring PNe as well as the
underlying stellar populations with integral field units (IFU) like MUSE (e.g., Kreckel et al.
2017; Roth et al. 2021), this has become a growing field of research. However, the theoretical
understanding for the observed properties of PNe is still limited (e.g., Ciardullo 2022). To this
end, I investigate this tracer population through models and simulations in Movement II.

As massive and dense star clusters, GCs are intrinsically bright and can thus be observed
in the far outer regions of extragalactic systems. In general, GCs have been found to be old
(≳10 Gyr) and have therefore co-evolved with their host galaxies over most of cosmic time.
While their formation details are still a matter of research (e.g., Kruijssen 2026), the observed
color bimodality of red and blue GCs is commonly interpreted as reflecting different formation
pathways, representing the in-situ and accreted subpopulations, respectively (e.g., Forbes et al.
2018a). Given the differences observed between GC and PN populations in the outskirts of
galaxies (e.g., Coccato et al. 2013), studying GC populations is complementary to that of
PNe in what they can reveal about a galaxy’s formation. Furthermore, measuring the stellar
populations of GCs can reveal details about their origins. With recent JWST observations of
young stellar clusters at high redshifts up to 𝑧 ∼ 10 (e.g., Adamo et al. 2024), the question
has been raised whether these could be the progenitors of today’s GCs. To address these
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Figure 1.3: Left: Mock r-band image of a galaxy from the Magneticum Box4 (uhr) simulation (see
Chapter 2) out to the outskirts. Its PN population (modeled with PICS, see Chapter 8) is overplotted in
the outer regions (blackberry points). These are useful spatial tracers for the shape of the stellar halo.
Right: Line-of-sight velocity map of the inner galaxy based on its stellar component (inner elliptical
map) and of the outer regions based on the PN population seen on the left (outer map). The maps were
created using the Voronoi tessellation method by Cappellari & Copin (2003). Dark red and dark blue
represent line-of-sight velocities of ±150 km s−1. The PNe are effective tracers of the outer kinematics
of the stellar halo, which for this example galaxy is counter-rotating to the inner galaxy.

questions, I finally investigate this second tracer population through models and simulations
in Movement III.
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2
CosmologicalSimulations

This chapter summarizes parts of the work accepted for publication in A&A
by Dolag, Remus, Valenzuela et al. (2025),

for which I created the data pipeline & catalogs and led the analysis efforts:
Encyclopedia Magneticum: Scaling Relations from Cosmic Dawn to Present Day

While observations are our primary means of accessing our Universe, we can only observe
structures such as galaxies from a certain projection and at a specific moment in time. To unveil
the physical processes and evolution that led up to the observed structures, other approaches
have to be taken. Simulations have proven to be an effective tool to study how the complex
interactions of matter and different physical processes affect the resulting structures. Early
simulations of galaxies showed bars forming in isolated disk galaxies (Hohl 1971) and revealed
how elliptical galaxies form from mergers (Toomre 1977), while first cosmological simulations
displayed the evolution of large-scale structure across cosmic time (Davis et al. 1985). As
computational capabilities have exponentially expanded, today’s state-of-the-art cosmological
simulations are able to resolve galaxies in large-scale volumes, simulate the gas hydrodynamics
and star formation, and beyond that model a plethora of physical processes relevant to the
evolution of galaxies and large-scale structure (also see the reviews by Vogelsberger et al.
2020; Valentini & Dolag 2025). Such simulations have been crucial in comparing to and
interpreting the results of observational surveys of galaxies at different redshifts (e.g., SDSS,
York et al. 2000; COSMOS, Scoville et al. 2007; MaNGA, Bundy et al. 2015). Some of
the most prominent hydrodynamical cosmological simulations targeting galaxy formation



10 Chapter 2 – Cosmological Simulations

include Magneticum Pathfinder (Biffi et al. 2013; Hirschmann et al. 2014; Dolag et al. 2025),
HorizonAGN (Dubois et al. 2014), Illustris (Vogelsberger et al. 2014), EAGLE (Schaye et al.
2015), IllustrisTNG (Nelson et al. 2018), and COLIBRE (Schaye et al. 2026).

Several parts of this thesis rely on the use of cosmological simulations to analyze simulated
galaxies with realistic assembly and star formation histories in the cosmological context. The
simulation that is mainly used here is Magneticum Box4 (uhr) from the Magneticum Pathfinder
simulation suite (Teklu et al. 2015; Dolag et al. 2025). For this reason, this chapter provides
an overview of Magneticum Pathfinder (Section 2.1) and characterizes the galaxies found
therein through a variety of scaling relations (Section 2.2). The scaling relations presented
here are chosen because of their relevance to the analyses in the subsequent chapters. Note
that since the individual studies compiled in this thesis address different science cases, the
respective chapters specify how the galaxy sample was selected for the objective at hand.

2.1 Magneticum Pathfinder simulations

The Magneticum Pathfinder simulation suite1 (Dolag et al. 2025) is a set of hydrodynamical
cosmological simulations ranging from large-scale volumes for galaxy cluster and cosmology
studies to smaller high-resolution volumes targeting galaxy formation. The large-scale
structures found in the simulations Box0, Box1a, Box2b, Box2, Box3, and Box4 at present-day
redshift 𝑧 = 0 are shown in the top panels of Figure 2.1, additionally highlighting exemplary
zoomed regions of a galaxy cluster (bottom left and center) and two galaxies (bottom right). All
simulations were run with a modified version of Gadget-2 (Springel 2005) with improvements
on the smoothed particle hydrodynamics (SPH) treatment (Dolag et al. 2004, 2005; Donnert
et al. 2013), active galactic nuclei (AGN) feedback (Fabjan et al. 2010; Hirschmann et al. 2014),
stellar formation (Tornatore et al. 2004; Tornatore et al. 2007), and metal enrichment through
stellar feedback (Wiersma et al. 2009), among others. The adopted ΛCDM cosmology is
based on the seven-year results of WMAP (Komatsu et al. 2011), with ℎ = 0.704, ΩΛ = 0.728,
Ω𝑚 = 0.272, Ω𝑏 = 0.0456, 𝜎8 = 0.809, and 𝑛𝑠 = 0.963. Because of the large differences
in simulation volumes, the resolutions differ across runs, where the flagship runs of Box0
and Box1a are at medium resolution (mr), Box2b and Box2 at high resolution (hr), and
Box3 and Box4 at ultra-high resolution (uhr; though Box3 was only run until 𝑧 = 1.9 at this
resolution). The particle masses and gravitational softening at the different resolutions are
listed in Table 2.1. The box side lengths and initial particle numbers of the simulations are
listed in Table 2.2.

Galaxies are identified using the subhalo finder SubFind (Springel et al. 2001; Dolag et al.
2009). It identifies halos through a friends-of-friends algorithm and detects substructures
based on the density field, which are called subhalos and correspond to the individual galaxies.
We refer to the most massive subhalo in a given halo as the main or central galaxy, and to the
others as satellite galaxies. In the following analysis of galaxy scaling relations, we focus on a

1www.magneticum.org
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Figure 2.1: Visualization of the Magneticum Pathfinder simulations and exemplary zoomed regions of
a galaxy cluster and two galaxies at 𝑧 = 0. Top: Gas (blue) and DM (purple) surface density maps of
the large-scale structure contained in the simulations. The simulation sizes are to scale (scale indicated
at the bottom right of Box0). The name of the simulation and its resolution are stated in each subpanel
(mr: medium resolution; hr: high resolution; uhr: ultra-high resolution). Bottom left: Gas surface
density map of a massive galaxy cluster from Box2 (hr), displaying the hot (red-yellow) and cold (blue)
gas. Bottom center: Stellar visualization with overlayed gas surface density contours for a zoomed
region of the same galaxy cluster from Box2 (hr), with the stellar visualization created with Splotch
(Dolag et al. 2008). Bottom right: Mock images of an elliptical galaxy (top) and an edge-on disk galaxy
(bottom) from Box4 (uhr), created with Skirt (Baes et al. 2011; Camps & Baes 2020). This is figure 1
from Dolag et al. (2025).
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Table 2.1: Gravitational softening 𝜖 and particle masses 𝑚 corresponding to the simulation resolutions.
The gas particle mass 𝑚gas given here is only their initial mass as they can form up to four stellar
particles over time, thereby losing mass, or gain mass through stellar feedback. The stellar particle
mass 𝑚∗ is stated here as a quarter of the gas particle mass, though in practice their masses also vary.
The resolutions are colored in the same colors as used in the figures of Section 2.2. This is part of
table 2 from Dolag et al. (2025).

𝜖gas/DM 𝜖∗ 𝑚DM 𝑚gas 𝑚∗
[ℎ−1kpc] [ℎ−1kpc] [ℎ−1𝑀⊙] [ℎ−1𝑀⊙] [ℎ−1𝑀⊙]

mr 10 5 1.3 × 1010 2.6 × 109 6.5 × 108

hr 3.75 2 6.9 × 108 1.4 × 108 3.5 × 107

uhr 1.4 0.7 3.6 × 107 7.3 × 106 1.8 × 106

Table 2.2: Simulation side lengths and initial number of DM and gas particles 𝑁DM/gas (i.e., the total
initial number of particles is twice the value given here). The simulation names are colored in the same
colors as used in the figures of Section 2.2. The data is taken from table 1 of Dolag et al. (2025).

Simulation side length [Mpc] 𝑁DM/gas
Box0 (mr) 3820 45363

Box1a (mr) 1300 15123

Box2b (hr) 910 28803

Box2 (hr) 500 15643

Box3 (uhr) 180 15363

Box4 (uhr) 68 5763

subselection of the simulations, namely Box0 (mr), Box2b (hr), Box2 (hr), Box3 (uhr; only
until 𝑧 = 1.9), and Box4 (uhr).

2.2 Galaxy scaling relations through cosmic time

Galaxy scaling relations describe correlations between fundamental galaxy properties, such
as mass, luminosity, size, kinematics, or star formation rate. These relations reveal the
interdependence of different properties and reflect underlying physical processes governing
galaxy formation and evolution (e.g., D’Onofrio et al. 2021). They additionally serve as
crucial constraints for cosmological simulations of galaxy formation and provide insight
into the key mechanisms that shape the observed galaxy population. We derived multiple
properties of galaxies in the Magneticum simulations in a consistent manner to compare the
galaxy populations between Magneticum and observations through scaling relations across
four different redshifts. In the following, only some selected scaling relations are presented
that are relevant to the research presented in this thesis. Note that here the description and
discussion are furthermore kept brief. For a comprehensive comparison of 28 scaling relations
including the ones presented here between Magneticum and observations, refer to Dolag et al.
(2025).
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2.2.1 Galaxy sample and properties

From each of the simulations, we selected all subhalos (i.e., both central and satellite galaxies)
above a stellar mass threshold that depends on the resolution level and simulation volume.
The computation of the stellar mass used for these cuts is described in the following. The
stellar mass threshold for Box0 (mr) is 5× 1011 M⊙, for Box2 (hr) it is 1× 1010 M⊙, for Box2b
(hr) it is 4 × 1010 M⊙ (to complement Box2 at the higher-mass end), and for Box3 (uhr) and
Box4 (uhr) it is 1 × 109 M⊙.

For each galaxy, we first shifted the particle positions and velocities to be adequately
centered on the stellar component. We followed the method described by Valenzuela et al.
(2024a), where the spatial center is obtained by a shrinking sphere method (Power et al. 2003).
The velocity center is determined as the mass-weighted mean stellar velocity, where outlier
particles in the velocity distribution are ignored to prevent fast flyby structures from biasing
the result.

From the centered galaxy, the stellar mass 𝑀∗ is determined as the total stellar mass
contained within 0.1 𝑅vir, where 𝑅vir is the virial radius of the galaxy’s host halo as determined
by SubFind. The half-mass radius 𝑅1/2 is then the 3D radius within which half of the stellar
mass is contained.

To measure global properties of the galaxies without overemphasizing their halos and
potential structures therein, we determine the following four quantities for the respective
particles within 3 𝑅1/2. The stellar specific angular momentum 𝑗∗ is computed as (Teklu et al.
2015)

𝑗∗ =
����
P
𝑖 𝑚𝑖 𝒓𝑖 × 𝒗𝑖P

𝑖 𝑚𝑖

���� (2.1)

with the sums running over the stellar particles 𝑖 with positions 𝒓𝑖, velocities 𝒗𝑖, and masses 𝑚𝑖.
This is a measure for the angular momentum per stellar mass in a galaxy. The stellar age 𝑡∗ is
computed as the mass-weighted stellar age, and the stellar metallicity 𝑍∗ as the mass-weighted
metal mass fraction of the stellar particles (i.e., the mass fraction of all elements more massive
than helium). Finally, the star formation rate SFR is determined as the summed star formation
rates of all gas particles within 3 𝑅1/2.

Furthermore, we decided to measure two projected 2D properties from the edge-on view.
We determined these as light-weighted properties in the rest-frame r-band using the stellar
population synthesis code with the CB07 models by Bruzual & Charlot (2003), assuming a
Chabrier (2003) IMF. This ensures a more direct comparison to observations through the
light-weighting while simultaneously reducing the scatter from projection effects through
the consistent edge-on view. The edge-on projection is obtained following the method by
Valenzuela et al. (2024a), where the galaxy is rotated into the frame of reference defined by its
shape tensor at 3 𝑅1/2. Here, instead of using the mass-weighted approach, we also use the
r-band light weighting.

In the edge-on projection, we first determine the 2D effective radius 𝑅𝑒 containing half of
the r-band flux within 0.1 𝑅vir (mimicking the procedure for the 3D half-mass radius). Then,
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the ellipticity 𝜖𝑒 = 1 − 𝑏/𝑎 is obtained from the light-weighted elliptical shape at 1 𝑅𝑒 with its
semi-major axes 𝑎 and 𝑏, following Valenzuela et al. (2024a). It is a measure for how circular
or elliptical a galaxy is. Within this ellipse, the light-weighted 2D angular momentum proxy
𝜆𝑅𝑒 (Emsellem et al. 2007, 2011) is computed following Jesseit et al. (2009) and Schulze et al.
(2018): after binning the stellar particles through the centroidal Voronoi tesselation method
(Cappellari & Copin 2003), we compute

𝜆𝑅𝑒 =
P
𝑘 𝐹𝑘𝑅𝑘 |𝑉𝑘 |P

𝑘 𝐹𝑘𝑅𝑘

√︃
𝑉

2
𝑘 + 𝜎2

𝑘

, (2.2)

where the sums run over the Voronoi cells 𝑘 , with their fluxes in the r-band 𝐹𝑘 , their 2D radial
distances 𝑅𝑘 , their line-of-sight velocities |𝑉𝑘 |, and their line-of-sight velocity dispersions 𝜎𝑘 .
The difference to Schulze et al. (2018) is that here we actually use the light weighting instead
of mass weighting. The 𝜆𝑅𝑒 parameter quantifies how dispersion or rotation dominated a
galaxy is. Due to the higher resolution that is necessary for an accurate determination of the
ellipticity and 𝜆𝑅𝑒 , we increased the lower stellar mass limits for which these were determined.
Specifically, the limit for Box2 (hr) is 4 × 1011 M⊙, and for Box3 (uhr) and Box4 (uhr) it is
2× 1010 M⊙. We did not compute these quantities for the larger simulation volumes Box0 and
Box2b.

We determined all of these properties at four simulation snapshots at redshifts 𝑧 = 4
(lookback time 𝑡lb ≈ 12.2 Gyr), 𝑧 = 2 (𝑡lb ≈ 10.4 Gyr), 𝑧 = 1 (𝑡lb ≈ 7.8 Gyr), and 𝑧 = 0 (today).
With the galaxy properties consistently computed across the simulations and snapshots, we
present a selection of scaling relations from the simulations in the following, comparing them
to galaxy observations and empirical relations available at the different redshifts.

2.2.2 Star-forming main sequence
The star-forming main sequence (SFMS) describes the relation between SFR and stellar mass,
where observations have shown that the star-forming galaxies follow a power-law relation
with SFR increasing with stellar mass. The SFMS has been empirically found to drop toward
lower SFRs as time passes, that is, with decreasing redshift. We show the Magneticum SFMS
of the different simulation resolutions (colored points and colored lines for the star-forming
medians) at four redshifts (𝑧 = 4, 2, 1, 0) in comparison to observations (black and gray
markers and lines) in Figure 2.2. Since Box3 (uhr) was run with a more advanced black hole
model than Box4 (uhr), it is referred to as uhr-S in the legend (the S stands for Steinborn et al.
2015, who introduced the new model). We find that the different simulations and resolutions
converge at all redshifts, even between the different uhr black hole models. Overall, we also
find good agreement with the observed data at all four redshifts, in particular at 𝑧 = 4 and
2, and at later times at higher stellar masses of log𝑀∗/M⊙ ≳ 10–11. At lower masses, the
Magneticum simulations tend to have lower SFRs than observed on average, though it should
also be noted that there are large observed scatters and systematic deviations between the
different observational studies for the SFMS.
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Figure 2.2: Star-forming main sequence (SFMS) of the Magneticum simulations at the four redshifts
𝑧 = 4, 2, 1, and 0 (from left to right, indicated in the top left of each panel), with the star formation
rate SFR shown as a function of stellar mass 𝑀∗. The simulated galaxies are shown as colored points:
Box0 (mr) in gold, Box2 and Box2b (hr) in pink, Box3 (uhr) listed as uhr-S in green, and Box4 (uhr) in
blue. The median relations of the star-forming galaxies (those above the dotted gray line following
Carnall et al. 2020) are overplotted as a darker line in the corresponding color. Observational results
are indicated by black and gray markers and lines. Two fits to the SFMS are shown by Pearson et al.
(2018, with the scatter shown as a shaded region) and Popesso et al. (2023) at all four redshifts. Across
the different redshifts, five larger samples of galaxies are shown through contour lines (Fang et al.
2012; Chang et al. 2015; Harrison et al. 2017; Lee et al. 2018; Tacconi et al. 2020). Smaller samples
of galaxies at a given redshift are shown through individual markers (Santini et al. 2017; Leslie et al.
2020; Lin et al. 2020; Tacconi et al. 2020). The observations consist of data obtained from a variety
of different methods and surveys, including data from UV, IR, and radio measurements, and in part
through spectral energy distribution (SED) fitting. This is figure 24 from Dolag et al. (2025).

While it would appear as though galaxies evolve along the SFMS over time, Fortuné et al.
(2025) show from Magneticum Box4 that in fact most of today’s star-forming galaxies have
had several periods of quiescence and rejuvenation. This explains some of the scatter seen for
the simulated galaxies toward lower SFRs in Figure 2.2. The general decrease of SFR for
the SFMS has been studied by Teklu et al. (2023), who showed that at later times the gas is
distributed out to larger radii and thus has a lower star forming efficiency due to lower surface
densities. Another picture has been drawn by Kelson (2014), who argue that hierarchical
structure growth can also lead to the SFMS by the central limit theorem. In summary, the
evolution of galaxies and galaxy populations with respect to their star formation over time is
still a matter of active study. Further analysis of the interaction between gas accretion, star
formation, and stellar feedback processes will be necessary to improve our understanding of
galaxy quenching and rejuvenation.

The star-forming properties of galaxies become relevant in multiple parts of this thesis.
The high star formation rates seen at early times are especially important for the formation of
globular clusters (Movement III), and enhanced star formation rates as a result of gas-rich
mergers can also lead to their formation (Chapter 17). We furthermore classify galaxies
according to their star formation rate into star-bursting, star-forming, and quiescent galaxies in
Chapter 12.
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Figure 2.3: Stellar mass-age relation for the Magneticum simulations at four redshifts 𝑧 = 4, 2, 1,
and 0 (from left to right), with the stellar age 𝑡∗ shown as a function of stellar mass 𝑀∗. The colored
data points represent the galaxies from the different simulations as in Figure 2.2, and here the colored
lines indicate the median relations for each simulation. The gray shaded region indicates ages that are
beyond the age of the Universe at the respective redshift. Observations of individual massive passive
galaxies are shown at 𝑧 = 4 and 2 (Saracco et al. 2020; Carnall et al. 2023, 2024; de Graaff et al. 2025;
Ito et al. 2025), with the error bars indicating measurement uncertainties. At 𝑧 = 1 and 0, binned
observational results are shown with their uncertainties (Gallazzi et al. 2005, 2014; van de Sande et al.
2019; Saracco et al. 2023), and contours of the results from MaNGA are shown from Neumann et al.
(2022). This is figure 27 from Dolag et al. (2025).

2.2.3 Stellar mass-age relation

As a result of star formation, stars are born that form today’s stellar component in galaxies.
By measuring their ages, they reveal the time at which the bulk of a galaxy’s stellar content
was formed. In Figure 2.3 we show the stellar mass-age relation for the Magneticum galaxies
at the same four redshifts as before (𝑧 = 4, 2, 1, and 0), again colored by the simulations and
resolutions (with the colored points indicating the individual galaxies and the colored lines
the median relations). The gray shaded region marks the age range beyond the age of the
Universe at the respective redshift. The age relations are almost identical for simulations at
the same resolution level (comparing blue and green at uhr level, and the two pink lines at hr
level). Between simulations of different resolutions, the convergence is adequate, though with
a trend toward younger ages in the lower-resolution runs. This is likely due to the efficient star
formation at early times at higher resolutions (e.g., Tornatore et al. 2007; Kimmig et al. 2025).

Overall, we find a slight increase of age with mass across the different redshifts, which is
also found in observations at 𝑧 = 1 and 𝑧 = 0 and indicates how more massive structures had
earlier formation epochs and formed their stars on short timescales. At the highest redshift of
𝑧 = 4, the age observations of massive passive galaxies show that they were formed at earlier
times than the simulated galaxies. However, given that these are likely some of the most
extreme galaxies, it is not surprising that they reside on the early assembly side of the simulated
average predictions (see also the results on simulated early massive quenched galaxies by
Kimmig et al. 2025; Remus & Kimmig 2025). At 𝑧 = 2, however, the one observation by Ito
et al. (2025) falls exactly on the simulated values, and also at 𝑧 = 1, the observed relations
are well in agreement with the simulations. At 𝑧 = 0, the simulations predict old ages on
the order of 10 Gyr (though note that the age axis scale is logarithmic) for most of the mass
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range, which is consistent with the MaNGA results by Neumann et al. (2022), though previous
results by Gallazzi et al. (2005) from SDSS and by van de Sande et al. (2019) from SAMI
suggested that lower-mass galaxies would be considerably younger, differing from Neumann
et al. (2022) by as much as an order of magnitude below 𝑀∗ ∼ 1010 M⊙.

These results also show the difficulty of measuring stellar ages from observations for other
galaxies, where effects like the degeneracy between ages and metallicity in the resulting colors
of stellar populations increase the uncertainties significantly, especially at older ages beyond
several Gyr (e.g., Worthey 1994; Boecker et al. 2020). Stellar ages are a recurring theme in
this thesis, where they play an important role for planetary nebulae (Movement II) and in
particular the mass-age relation becomes relevant when studying planetary nebula populations
in galaxies of different masses (see Chapters 11, 12, and 14). Finally, Chapters 17 and 18 focus
on the ages of globular clusters and their comparison between observations and simulations.

2.2.4 Stellar mass-metallicity relation

Besides their age, a key property of stellar populations is their metallicity. Later generations
of stars are generally formed from the gas that was chemically enriched by the stellar feedback
of earlier generations (specifically through stellar winds and supernovae) and thus tend to
have higher metallicities. In Figure 2.4, we show the stellar mass-metallicity relation for the
Magneticum galaxies at the same four redshifts of 𝑧 = 4, 2, 1, and 0, with the same coloring
scheme (colored points as individual galaxies and colored lines as medians). The metallicity
is normalized by the solar metallicity of 𝑍⊙ = 0.0142 (Asplund et al. 2009). Similar to the
stellar mass-age relation (Figure 2.3), simulations at the same resolution level are overall
well converged, whereas there are systematic differences between the different resolutions:
simulations at higher resolution tend to have more metal-rich galaxies, which may again be
related to the more efficient early star formation found at higher resolution (Tornatore et al.
2007; Kimmig et al. 2025). Overplotted in black are stellar metallicity observations, whereas
the gray markers and lines indicate observations of the gas-phase metallicity.

At all redshifts, more massive galaxies are generally found to be more metal-rich from the
simulations and observations. This is also the case for the observed gas, which had already
been found well before stellar metallicities could be constrained for larger samples of galaxies
(e.g., Lequeux et al. 1979; Tremonti et al. 2004). Together with the older ages of massive
galaxies, this suggests that efficient star formation at early times leads to rapid self-enrichment
in such systems. While we find good agreement between the simulations and newer local
observations at 𝑧 = 0 (Kudritzki et al. 2021; Sextl et al. 2023; Kudritzki et al. 2024), most
other stellar metallicity measurements tend to find systematically lower values at all redshifts.
An exception are some 𝑧 = 4 observations by Saracco et al. (2020) and Carnall et al. (2024),
which feature galaxies largely consistent with the simulation predictions. While here we
will not focus on the gas-phase metallicity, the observations show them to be systematically
higher than the stellar metallicity measurements. In principle, this results from gas being



18 Chapter 2 – Cosmological Simulations

10 12
log M∗[M�]

−1.0

−0.5

0.0

0.5
lo

g
Z
∗ [

Z
�]

z=4

mr
hr

uhr
uhr-S

Cullen+19
Saracco+20
Carnall+23
Carnall+24

De Graaff+24

10 12
log M∗[M�]

z=2

Erb+06
Kashino+22

10 12
log M∗[M�]

z=1

Zahid+11
Maiolino+08
Gallazzi+14
Saracco+23

10 12
log M∗[M�]

z=0

Gallazzi+05
Kudritzki+21

Sextl+23
Kudritzki+24 BSG
Kudritzki+24 RSG

Tremonti+04

Figure 2.4: Stellar mass-metallicity relation for the Magneticum simulations at four redshifts 𝑧 = 4,
2, 1, and 0 (from left to right), with the stellar metallicity 𝑍∗ shown as a function of stellar mass 𝑀∗.
The colored data points and lines indicate the simulated galaxies and median values as in Figure 2.3.
Black points and lines indicate stellar metallicity measurements, whereas gray points and lines indicate
gas-phase metallicity measurements. Stellar metallicity observations of individual galaxies (Saracco
et al. 2020; Carnall et al. 2023, 2024; Kudritzki et al. 2024; de Graaff et al. 2025) and averaged relations
for larger samples of galaxies (Gallazzi et al. 2005, 2014; Cullen et al. 2019; Kudritzki et al. 2021;
Kashino et al. 2022; Saracco et al. 2023; Sextl et al. 2023) in black (BSG indicates blue supergiant and
RSG red supergiant measurements from the study on local galaxies by Kudritzki et al. 2024). The
gas-phase metallicity relation fits to the data by Maiolino et al. (2008) are shown as the gray dashed
line at all redshifts, and further observed gas-phase metallicity relations are included as well (Tremonti
et al. 2004; Erb et al. 2006; Zahid et al. 2011). This is figure 28 from Dolag et al. (2025).

continuously enriched by stellar feedback over time, whereas stars keep the metallicity of the
gas they were formed from and are not further enriched.

While the details of early enrichment in galaxies still remain unclear due to the large
scatter of observations at 𝑧 = 4, we conclude that the higher-resolution simulations (uhr
and hr) generally well reproduce the present-day stellar mass-metallicity relation of galaxies.
Further improvements on the observational side to reduce systematics in the local Universe
and especially at higher redshifts will be necessary to provide the necessary constraints to
better understand how the general galaxy population is chemically enriched over time. To this
end, measuring alpha abundances at high redshifts may be helpful in bringing new insights to
the early enrichment because the production channels of different elements change over time
(Kobayashi et al. 2020; Kimmig et al. 2025).

Stellar metallicities will be discussed in multiple parts of this thesis. The stellar mass-
metallicity relation has been relevant in the estimation of stellar masses for tidal feature
progenitors, which is investigated in Chapter 5. Stellar metallicities are furthermore a key
ingredient for planetary nebulae (Movement II). Their relevance for planetary nebulae is
highlighted especially in Chapters 8 and 9 with a focus on stellar physics and in Chapters 12
and 14 considering the galaxy regime.

2.2.5 Stellar mass-size relation
One of the most fundamental properties of a galaxy besides its mass is its size. Different
spatial distributions of the stars within galaxies are generally related to other properties varying
as well and have been known to differ between elliptical and disk galaxies (e.g., van der Wel
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Figure 2.5: Stellar mass-size relation for the Magneticum simulations at four redshifts 𝑧 = 4, 2, 1,
and 0 (from left to right), with the stellar half-mass radius 𝑅1/2 shown as a function of stellar mass 𝑀∗.
The colored data points and lines indicate the simulated galaxies and median values as in Figure 2.3.
The gray lines in all four panels indicate the relations found for early-type galaxies (ETGs, dotted) and
late-type galaxies (LTGs, dashed) from GAMA at 𝑧 = 0 by Lange et al. (2015). The black dashed and
dotted lines indicate the relations for ETGs and LTGs, respectively, observed at the corresponding
redshifts by van der Wel et al. (2014). Individual measurements of quiescent galaxies at 𝑧 = 4 are
shown with black markers (Carnall et al. 2024; Ito et al. 2024), and the mass-size relation of all galaxies
(not split by morphology) at 𝑧 = 1 observed with JWST by van der Wel et al. (2024) is shown as a
black line, including its scatter (gray shaded region). This is figure 30 from Dolag et al. (2025).

et al. 2014). In Figure 2.5, we show the stellar mass-size relation for the Magneticum galaxies
at the same four redshifts of 𝑧 = 4, 2, 1, and 0, with the same coloring scheme as for the
previous relations (colored points as individual galaxies and colored lines as medians). The
Box0 (mr) galaxies are left out here because of their large gravitational softening that smear
out the galaxy centers. The different simulations and resolutions show worse convergence
compared to some of the previous scaling relations, where now even the two uhr simulations
(Box3 and Box4) show a systematic offset from each other. The updated black hole model in
Box3 (uhr, labeled uhr-S in the legend) produces systematically larger galaxies than Box4
(uhr) by a factor of ∼2. Between Box4 (uhr) and the lower resolution simulations Box2 and
Box2b, the lower resolution galaxies are also systematically larger by a similar factor, which
can be explained by the larger softening lengths.

The mass-size relation is found to evolve with time, where at a given mass galaxies increase
in size towards lower redshifts. The same is true when considering observations at different
redshifts, where the fits to early-type galaxies (ETGs) and late-type galaxies (LTGs) by van
der Wel et al. (2014) show the same general behavior. For the high-resolution Box4 (uhr),
we find very good agreement with observations at 𝑧 = 1 and 𝑧 = 0, in particular at 𝑧 = 1
given the mixed-morphology sample by van der Wel et al. (2024). Note that at 𝑧 = 0 the
different morphologies in Magneticum have already been shown in several works that they
follow the observed ETG and LTG relations (e.g., Schulze et al. 2018; Remus & Forbes
2022). Finally, at the high redshifts of 𝑧 = 4, there is a large scatter in individual observed
quiescent galaxies, and also the simulations show a larger deviation from each other than
at later redshifts. As also shown by Remus & Kimmig (2025), Box3 (uhr, green) features
galaxy sizes and a scatter that agree very well with the observations, which is a result of more
extended disks. For elliptical galaxies, van der Wel et al. (2014) find a stronger increase in
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size for elliptical galaxies (compared to the disks), which indicates their early rapid formation
through starbursts (e.g., Forrest et al. 2020; Nanayakkara et al. 2024; Kimmig et al. 2025) and
later increase in size through mergers (e.g., Naab et al. 2009; Schulze et al. 2020).

In this thesis, the sizes of galaxies have been especially relevant in the analysis of
galaxies with tidal features around them (Chapter 4). The mass-size relation was also used to
characterize the progenitors of the tidal features themselves (Chapter 5).

2.2.6 Specific angular momentum relation
On the dynamical side, an important relation has been observed to exist between the
stellar mass and the stellar specific angular momentum of galaxies, which arises from
theoretical considerations of the relation between halo mass and angular momentum (Fall
1983; Romanowsky & Fall 2012). One important finding has been that elliptical and disk
galaxies follow two offset power laws in the stellar mass-specific angular momentum plane
that have the same power law slope, with disk galaxies having the higher specific angular
momenta. In Figure 2.6, we show the stellar mass-specific angular momentum relation for the
Magneticum galaxies at the same four redshifts of 𝑧 = 4, 2, 1, and 0, with the same coloring
scheme as for the previous relations (colored points as individual galaxies and colored lines
as medians). The convergence between the different simulations and resolution levels is
overall very good, and the median lines are consistent with power laws as expected, roughly
maintaining the same power law slope across all redshifts. This is consistent with the slope of
2/3 of the scaling relations proposed by Fall & Romanowsky (2013, black and gray lines) for
ETGs and LTGs. Over time, the specific angular momenta increase as the redshift decreases,
where the evolution agrees well with the theoretical scaling of 𝑗∗ ∝ (1 + 𝑧)−1/2 proposed by
Obreschkow et al. (2015), which we applied to the 𝑧 = 0 relations of Fall & Romanowsky
(2013) for the earlier redshifts 𝑧 = 4,2, and 1 (black and gray lines).

Besides the work by Fall & Romanowsky (2013), most of the other observations are in
fact of disk galaxies, which explains why they mostly scatter around the black LTG lines at all
redshifts. The specific angular momenta spanned by the simulated galaxies, which include
all types of morphologies, are therefore overall consistent with the observations, though not
quite reaching the highest observed values. Note that the observed values are obtained from
extrapolating the measured 2D rotation curves out to large radii, however, which makes a
direct comparison to the simulated values difficult.

As shown by Teklu et al. (2015) for Box4 (uhr), the position of a galaxy in the stellar
mass-specific angular momentum plane can be directly related to its morphology, building on
the findings of Romanowsky & Fall (2012) and Fall & Romanowsky (2013). For this, they
introduced the 𝑏-value, defined as the y-intercept of a 2/3 slope in the log-log space of the
plane:

𝑏 = log
𝑗∗

kpc km s−1 − 2
3

log
𝑀∗
M⊙

. (2.3)

As the simulations are well-converged and are consistent with observations of the specific
angular momentum, the 𝑏-value has been an excellent measure for morphology in simulated
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Figure 2.6: Stellar mass-specific angular momentum relation for the Magneticum simulations at
four redshifts 𝑧 = 4, 2, 1, and 0 (from left to right), with the stellar angular momentum 𝑗∗ shown
as a function of stellar mass 𝑀∗. The colored data points and lines indicate the simulated galaxies
and median values as in Figure 2.3. The black and gray lines in all four panels indicate the relations
found for LTGs (black) and ETGs (gray) at 𝑧 = 0 by Fall & Romanowsky (2013), but scaled to higher
redshifts following the model of Obreschkow et al. (2015). Individual galaxy observations are shown
at all four redshifts by black and gray markers (Fall & Romanowsky 2013; Obreschkow & Glazebrook
2014; Obreschkow et al. 2015; Harrison et al. 2017; Swinbank et al. 2017; Alcorn et al. 2018; Posti
et al. 2018; Sweet et al. 2018, 2019; Gillman et al. 2020; Mancera Piña et al. 2021; Tiley et al. 2021;
Pérez-Martínez et al. 2021; Espejo Salcedo et al. 2025). This is figure 29 from Dolag et al. (2025).

galaxies. The commonly used thresholds at 𝑧 = 0 have been 𝑏 = −4.73 and −4.35 between
early-type, intermediate, and late-type galaxies, respectively (e.g., Teklu et al. 2017; Emami
et al. 2021; Valenzuela et al. 2024a).

Many parts of this thesis rely on a classification of galaxy morphologies, where the 𝑏-value
is used as the morphological measure. The 𝑏-value is used for connecting the morphologies to
the presence of tidal features (Chapter 4) and for measuring the morphology of the tidal feature
progenitors (Chapter 5). Furthermore, the galaxies are split by morphology to investigate
the differences between their planetary nebula populations (Chapters 11 and 12) and to aid
selecting appropriate analogs for observed elliptical galaxies (Chapter 14).

2.2.7 Resolved stellar kinematics

Finally, we discuss the 2D projected inner kinematic properties of galaxies. The inner
kinematics and shapes of galaxies are a powerful measure to probe galaxy formation models as
cosmological simulations have long struggled to reproduce the observed kinematic properties
(e.g., van de Sande et al. 2019; Pulsoni et al. 2020; van de Sande et al. 2021). In Figure 2.7,
we show the 𝜆𝑅𝑒-𝜖𝑒 plane for the Magneticum galaxies at the same four redshifts of 𝑧 = 4,
2, 1, and 0, with the same coloring scheme as for the previous relations (colored points as
individual galaxies, but here without overplotted medians). As the simulations contain galaxy
samples with significantly different mass ranges, their different locations in the plane in fact
reflect the types of galaxies: the more highly resolved but smaller simulations Box3 (uhr) and
Box4 (uhr) consist of many disk galaxies with high values of 𝜆𝑅𝑒 and 𝜖 in the fast rotator
region (above the solid curves, see Emsellem et al. 2011), whereas the lower resolved but
larger Box2 (hr) simulation mostly contains massive elliptical galaxies with low rotational
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Figure 2.7: Projected rotational support-ellipticity plane for the Magneticum simulations at four
redshifts 𝑧 = 4, 2, 1, and 0 (from left to right), with the projected angular momentum proxy 𝜆𝑅𝑒 shown
as a function of ellipticity 𝜖𝑒. Both 𝜆𝑅𝑒 and 𝜖𝑒 were computed from the edge-on perspective of the
galaxies with a rest-frame r-band light weighting. The solid curves mark the limit between fast and slow
rotators based on Emsellem et al. (2011, 𝜆𝑅𝑒 = 0.31√𝜖𝑒, with fast rotators above and slow rotators
below). The dashed and dotted curves trace the theoretical predictions for galaxies with anisotropies
of 𝛿 = 0.8𝜖𝑒 and 𝛿 = 0, respectively, for an edge-on ellipsoidal galaxy (Binney 2005; Emsellem et al.
2011; Schulze et al. 2018). The horizontal dotted lines indicate an estimated lower limit of 𝜆𝑅𝑒 = 0.1
for simulated galaxies due to limited resolution (e.g., Bois et al. 2010; Naab et al. 2014; Schulze et al.
2018). This is figure 32 from Dolag et al. (2025).

support (many in the slow rotator region below the solid curves). While we do not show
observational data in Figure 2.7, several studies have shown the Magneticum galaxies to be
consistent with observations from numerous integral field unit (IFU) surveys at 𝑧 = 0 (e.g.,
Schulze et al. 2018; van de Sande et al. 2019; Valenzuela et al. 2024a). There are still some
differences, however, where at a given ellipticity, Magneticum galaxies tend to have lower
values of 𝜆𝑅𝑒 . This also leads to an overpopulation of elongated slow rotators (e.g., Schulze
et al. 2018), though this behavior is still less extreme than found in other simulations (e.g.,
Pulsoni et al. 2020). At higher redshifts, observations are still limited, with some individual
recent studies at intermediate redshifts of 𝑧 < 0.75 (e.g., Derkenne et al. 2024; Mozumdar
et al. 2025a,b).

The simulated galaxies in Figure 2.7 show how early galaxies mostly populate the very
high region of 𝜆𝑅𝑒 and 𝜖 , indicating their disk-like nature. Over time, galaxies become less
rotationally supported and populate the dispersion-dominated slow rotator regime below the
solid curves. This is seen especially nicely for the galaxies of Box4 (uhr), but it is also the
case for Box2 (hr). Regarding the higher-redshift kinematics, predictions have been made by
Schulze et al. (2018) for the galaxy populations up to 𝑧 = 2. More recently, using Box3 (uhr)
Kimmig et al. (2025) predicted high-redshift massive quenched galaxies to remain fast rotators
even after quenching, which agrees well with observations of fast-rotating quenched galaxies
at 𝑧 ∼ 2 by Newman et al. (2018). However, to improve our understanding of the overall
kinematic evolution of the total galaxy population and the build-up of the slow rotator regime,
further improved observations of the stellar kinematics will be necessary at high redshifts.

In this thesis, the inner kinematics of galaxies play a central role in being connected to the
presence of tidal features or of a satellite plane around the host (Chapter 4). Moreover, the
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classification of galaxies into fast and slow rotators based on the inner kinematics is also used
to study the differences between their planetary nebula populations in Chapter 12.
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Movement I

The Stellar Component





3
Introduction

to theStellarComponent

This chapter contains parts from the introduction of Valenzuela & Remus (2024),
whose results are presented in the subsequent chapter.

The stellar component of disk galaxies has classically been divided into three parts: the disk,
bulge, and halo. Whereas the flat rotating disk and the central bulge1 make up the main
visible part of a galaxy and are used for its morphological classification (e.g., Hubble 1926,
1936; Freeman 1970; Kormendy & Kennicutt 2004), the stellar halo covers a significantly
more extended volume beyond the other inner components. These outer stellar regions of
both disk and elliptical galaxies encode clues about their formation histories because the
relaxation times are longer and because they are where much of the accreted matter is deposited
(e.g., Bullock & Johnston 2005). In the ΛCDM model of structure formation, galaxies grow
hierarchically through the accretion of lower-mass structures, which are typically deposited
in these outskirts. Studying this accretion through satellite galaxies and the low-surface-
brightness (LSB) structures within the halo therefore promises to reveal clues about the merger
history. For this reason, the first Movement of this thesis focuses on investigating the stellar
component in the outskirts of galaxies as a stellar tracer for galaxy formation history.

1Note that what is referred to as a bulge can be diverse in nature, including a classical bulge, a nuclear disk,
or a bar (e.g., Athanassoula 2005; Gadotti 2026).
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Figure 3.1: Example of a stellar halo imaged with the Dark Energy Camera (DECam), found around
the Sombrero galaxy (M 104), at a distance of ∼9 Mpc. At the lower side of the halo, a tidal stream
in the form of a loop can be seen. Two satellite galaxies can also be spotted as diffuse extended
“smudges” (see figure 1 of Crosby et al. 2024): one right beneath the Sombrero galaxy, roughly
half-way in between the outer stream edge and the galaxy center, and one to the lower right of the
halo, at about the same height as the other satellite, to the left of a bright star (a tiny bit higher).
Image credit: CTIO/NOIRLab/DOE/NSF/AURA. Image processing: T.A. Rector (University of Alaska
Anchorage/NSF NOIRLab), D. de Martin & M. Zamani (NSF NOIRLab)2.

Figure 3.1 shows an example of a galaxy and its stellar halo (the Sombrero galaxy, at a
distance of about 9 Mpc; Fahrion et al. 2026). Deep imaging is required to detect the faint
halo regions, including the tidal stream seen at the bottom right of the halo.

3.1 Stellar accretion onto galaxies
While lower-mass galaxies form many of their stars themselves (in-situ stars), more massive
galaxies contain larger fractions of stars accreted from other systems where they were formed
(ex-situ stars), which can reach over 80% (e.g., Cooper et al. 2013; Rodriguez-Gomez et al.
2016; Davison et al. 2020; Remus & Forbes 2022). This is a result of the ΛCDM model,
where structure grows hierarchically from the bottom up: stars are first formed in smaller
systems and are successively accreted onto more massive structures (e.g., White & Rees 1978;
Gu et al. 2016). As satellite galaxies orbit in the gravitational potential of their host galaxies,
they experience tidal forces that strip away their mass over time. Through this process, stars
are gradually removed, and in the case of smaller mass ratios they are deposited in the halo,
thereby increasing the size of the host (e.g., Naab et al. 2009; Hilz et al. 2012). In the case of
gas-poor (dry) mergers, simulation studies have shown that minor mergers leave the inner

2https://noirlab.edu/public/images/noirlab2612a/
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regions unchanged, whereas gas-rich (wet) mergers lead to newly formed stars in the inner
galaxy (e.g., Hilz et al. 2013; Lagos et al. 2018). Moreover, more massive mergers deposit
their stellar content at smaller radii (e.g., Karademir et al. 2019). As a result, the outer halo
regions are oftentimes dominated by accreted stars (e.g., Cooper et al. 2013), but depending on
the accretion history, even the central regions can become accretion dominated (e.g., Remus
& Forbes 2022). Furthermore, the inner and outer kinematics may be affected differently
depending on the accretion history, leading to a possible decoupling of the galaxy and its halo
(e.g., Schulze et al. 2020; Pulsoni et al. 2021).

These accretion processes lead to several different types of structures that can be observed
in the outer halos of galaxies. Satellite galaxies orbit around their host galaxies and represent
those galaxies that have not yet merged with the host or been tidally disrupted. Tidal features
are the disrupting remnants of former satellite galaxies that can still be observed as coherent
LSB structures in the halo. Finally, after sufficient time has passed, an accreted galaxy
becomes fully mixed with the outer regions, now belonging to the stellar halo and thereby
increasing its mass. Like tidal features, the diffuse stellar halo can also be observed through
deep imaging, as the example shows in Figure 3.1.

3.2 Satellite systems

Satellite systems represent the current galaxy population orbiting the host within its gravitational
potential. Their distribution and kinematics are therefore influenced by the dark matter (DM)
halo, which has been leveraged to estimate the total halo mass of the Milky Way (e.g., Li et al.
2017; Fritz et al. 2020) and of other structures (e.g., Shi et al. 2024). The abundance of the
Milky Way satellite system had in fact led to an apparent tension with ΛCDM predictions,
where many more satellites were expected to be observed based on DM-only cosmological
simulations of Milky Way-mass halos (the missing satellites problem; e.g., Klypin et al. 1999;
Moore et al. 1999). This tension has been resolved through the inclusion of baryonic matter in
simulations, an improved understanding of the stellar mass-halo mass relation, and further
observations, where now high-resolution simulations agree well with the observed satellites
(e.g., Wetzel et al. 2016; Sales et al. 2022).

3.2.1 Satellite planes

Lynden-Bell (1976) already found that the Magellanic Clouds and a number of globular
clusters form a thin plane around the Milky Way. More satellites have been identified to lie
within this plane since then (e.g., Kroupa et al. 2005). Other well-known systems with satellite
planes are the Andromeda galaxy (e.g., Ibata et al. 2013) and Centaurus A (e.g., Müller et al.
2018). More recently, Heesters et al. (2021) found that about 25% of MATLAS galaxies
feature a flattened satellite plane in their outskirts, and the satellite system of NGC 4490 has
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Figure 3.2: Example of a satellite plane with highlighted satellites found around the Andromeda
Galaxy (M 31, at a distance of ∼760 kpc Li et al. 2021). The known satellite galaxies of M 31 are
indicated by the yellow circles and also appear to be orbiting in the same direction within a plane. The
wide-field image is created from ground-based photography, and the satellite galaxy image panels
on the right are from the Hubble Space Telescope survey of Andromeda’s satellite galaxies (Savino
et al. 2022). Image credit: NASA, ESA, DSS2, Alessandro Savino (UC Berkeley), Joseph DePasquale
(STScI), Akira Fujii3.

also been determined to have a plane of satellites around it (Karachentsev & Kroupa 2024).
Figure 3.2 shows the satellite plane around M 31.

3.2.2 Predictions from simulations

The observed satellite planes have led to many studies trying to understand their origin.
Simulations have predicted satellites to be arranged more isotropically, with very few systems
having such satellite planes (e.g., Pawlowski et al. 2014; Pawlowski 2021). Other studies have
found better agreement with observations (e.g., Wang et al. 2013; Pham et al. 2023), and
specifically for the Milky Way, the presence of the LMC (e.g., Vasiliev 2024) and the local
environment have been found to play an important role (e.g., Xu et al. 2023). Simulations

3https://science.nasa.gov/asset/hubble/survey-of-andromedas-satellite-galaxies/
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furthermore suggest that the arrangement of satellites is connected to the surrounding cosmic
web (e.g., Welker et al. 2018), or, like tidal features, may also be the result of galaxy interactions
and mergers (e.g., Pawlowski et al. 2011; Smith et al. 2016; Bílek et al. 2018). Some studies
have concluded that thin planes of satellite galaxies are short-lived (Fernando et al. 2017) and
that this is the case for the Milky Way (Sawala et al. 2023). However, the origin of these
satellite planes is still strongly debated (e.g., Kumar et al. 2025; Crosby et al. 2026). Finally,
there have been several methods introduced to measure the flattening and dynamics of satellite
systems to characterize them in simulations and observations (e.g., Shao et al. 2019; Förster
et al. 2022; Seo et al. 2024). While overall motivated by the satellite plane tension, it should
be highlighted that the method by Förster et al. (2022, the satellite plane data used in Chapter 4
originates from this method) was developed to quantify the flattening of satellite systems
aligned in angular momentum with each other. In conclusion, while the origins of satellite
planes are still a matter of investigation, their occurrence promises to reveal insights into the
formation histories of galaxies, which among others may be through a larger accreted group
of satellites or through a particular accretion orbit induced by the larger-scale environment.

3.3 Tidal features
As satellite galaxies are exposed to tidal forces, they form tidal features in the halo region
over time, and also interacting galaxies can lose material in the form of tidal features. Since
the galaxy outskirts as well as such features have a low surface brightness, deep imaging
is necessary to detect these faint structures that store information about the merger history
(e.g., Johnston et al. 2008). Early work by Malin & Carter (1983) already cataloged shell
systems around elliptical galaxies. Deeper LSB observations (reaching a V-band depth of
28.5 mag arcsec−2) later were able to reveal the complex diffuse intracluster light (ICL) in the
Virgo Cluster (Mihos et al. 2005). Fainter tidal features were found around individual galaxies
in subsequent studies (e.g., Martínez-Delgado et al. 2008), and brighter features were probed
around large samples of galaxies through multiple works (e.g., Tal et al. 2009; Miskolczi et al.
2011; Atkinson et al. 2013; Morales et al. 2018), mostly reaching 28 mag arcsec−2. Deeper
imaging has become available for the outskirts of nearby galaxies through the MATLAS
survey (Duc et al. 2015; Bílek et al. 2020; Sola et al. 2022) or the Stellar Stream Legacy Survey
(Martínez-Delgado et al. 2023a), reaching surface brightnesses as faint as 29 mag arcsec−2.
The features are often identified through visual inspection, but fully automated approaches
have been developed as well (e.g., Kado-Fong et al. 2018; Sola et al. 2022). However, these
automated methods sometimes encounter problems caused by their sensitivity to LSB features.

Tidal features have been found to be especially common around prolate rotating galaxies
(rotation around the major axis instead of the minor axis), indicating recent signs of interaction
and merging (Ebrová et al. 2021). Other studies have investigated the correlation of tidal
features with their local environment, finding that the local density has no effect, whereas
galaxies near galaxy cluster centers exhibit significantly fewer tidal features around them
(Adams et al. 2012). However, for the most massive elliptical galaxies, Yoon et al. (2024a)
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have found that those in lower-density environments tend to have tidal features more often.
After the publication of Valenzuela & Remus (2024, see Chapter 4), further work connecting
tidal features with the inner galaxy kinematics has been performed (e.g., Rutherford et al.
2024; Yoon et al. 2024b).

With the recent launch of Euclid and first light of Rubin, a wealth of LSB data up to
30 mag arcsec−2 is incoming across large portions of the sky, which promise to reveal diffuse
stellar structures in unprecedented quantity (e.g., Khalid et al. 2024; Urbano et al. 2025).
Having a firm understanding of the types of tidal features and their meaning is crucial to
interpret these observations.

3.3.1 Tidal feature types

Most often, three types of tidal features are distinguished: tidal shells, streams, and tails
(e.g., Bílek et al. 2020). Tidal shells are found as concentric arcs centered on the host galaxy
with a sharp outer edge (see the left panel of Figure 3.3 for an example of a shell galaxy at
a distance of 80 Mpc4). They are known to form from nearly radial mergers with the host
(e.g., Quinn 1984; Bílek et al. 2015; Pop et al. 2018; Karademir et al. 2019). Note that a
shell is actually not a coherently moving structure, but is a stellar overdensity at the orbital
apocenter of many stars oscillating within the host galaxy’s potential. With each passage of
the infalling satellite within the potential, a new shell forms on alternating sides of the central
galaxy, thereafter propagating outwards as a density wave (e.g., Quinn 1984; Ebrová et al.
2010). Studies have furthermore shown that shell systems preferentially occur around red,
massive elliptical galaxies (e.g., Kado-Fong et al. 2018) Tidal streams are the diffuse remnants
of tidally disrupted lower-mass galaxies on more circular orbits around the host galaxies (see
Figure 3.1 for an example of a galaxy with a tidal stream around it). Note that stellar streams
have also been identified around the Milky Way from Gaia phase space data of individual
stars, where many streams would not be identified purely from photometry (e.g., Borsato et al.
2020). Streams have been targeted to constrain the DM halo shape and mass of the Milky
Way (e.g., Johnston et al. 1999; Koposov et al. 2010; Law & Majewski 2010) and of other
galaxies (e.g., Pearson et al. 2022; Walder et al. 2025). Further morphological properties of
streams like feathers and bifurcation have also been studied in previous work (e.g., Amorisco
2015). Tidal tails are structures that extend away from the host galaxy caused by interaction
with another galaxy (see the right panel of Figure 3.3 for an example of a galaxy with two
tails at a distance of 140 Mpc5). Unlike shells and streams, tidal tails are made up of the stars
originating from the host galaxy itself, tidally stripped away from the inner regions in the form
of a tail. Note that some studies have also classified umbrella structures as their own class,
which generally look like a shell at the end of a stream oriented toward the host galaxy (e.g.,
Martínez-Delgado et al. 2023b, 2025).

4https://esahubble.org/images/heic1516a/
5https://esahubble.org/images/potw2252a/
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Figure 3.3: Left: Example of a galaxy with tidal shells (ESO 381-12, at a distance of ∼80 Mpc). Image
credit: NASA, ESA, P. Goudfrooij (STScI). Right: Example of a galaxy with tidal tails (ESO 415-
19, at a distance of ∼140 Mpc). Image credit: ESA/Hubble & NASA, J. Dalcanton, Dark Energy
Survey/DOE/FNAL/DECam/CTIO/NOIRLab/NSF/AURA.

3.3.2 Formation and evolution in simulations

Isolated merger simulations have been an important avenue for simulating the formation and
evolution of different types of tidal features. Early simulations were already able to show how
shells are formed on rather radial mergers (Quinn 1984), streams are tidally disrupted with a
leading and a trailing arm along their orbits around a galaxy (Oh et al. 1995), and tails are the
relics of close encounters of galaxies (Toomre & Toomre 1972). These features have recently
been examined more closely in high-resolution simulations (e.g., Amorisco 2015; Hendel &
Johnston 2015; Karademir et al. 2019; Bílek et al. 2022) with the aim of better understanding
their connection with the merger histories of galaxies. For instance, Karademir et al. (2019)
was able to disentangle where the stars are deposited depending on the merger mass and impact
parameter, and they confirmed that radial and non-radial orbits preferentially lead to shells
and streams, respectively. Bílek et al. (2022) analyzed the extreme shell system of NGC 474
through isolated merger simulations, constraining the orbital configuration necessary to form
the observed system.

Methods of identifying tidal features across large samples as in observational surveys have
also been applied to cosmological simulations. The possibility of tracing back individual
galaxies and their tidal features through time enables one to directly connect the LSB structures
to the formation histories of galaxies: as predicted by isolated merger simulations, in the
cosmological context shells also typically form through mergers on radial orbits (e.g., Pop
et al. 2018). Investigating the survival timescales in addition to the origin of different tidal
features, Mancillas et al. (2019) found that shells and streams survive longest (∼4 and 3 Gyr,
respectively) and tails are the shortest-lived features (∼2 Gyr). Studies of the appearance of
certain tidal features have also been performed in hydrodynamical cosmological simulations,
such as for shells by Pop et al. (2018), who found that more massive galaxies are more likely
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to have shells around them and that shells are typically created through infalling satellites
with low orbital angular momenta. Blumenthal et al. (2020) studied the occurrence of tidal
features in simulations in the context of interacting galaxies and reported that tidal features and
disturbed morphologies are more likely to be observed around interacting pairs of galaxies.
Vera-Casanova et al. (2022) found that the brightest stellar streams formed from early accretion
events.

3.4 Scope of this Movement
As stellar structures orbiting their host galaxies, tidal features and satellite systems are
important tracers for their hosts’ accretion histories. While satellite systems present the
galaxies currently being accreted onto the host, tidal features are the remnants of past accretion
events, often involving gas-poor satellites. Cosmological simulations are an attractive way to
study these structures in a statistical manner to provide predictions for the incoming wealth
of observations in the far outskirts of galaxies. They further allow one to connect such
present-day structures to their original properties before infall, and to investigate to what
extent they are correlated with the inner host’s properties, which are also the result of galaxy
formation.

In this Movement, I present several studies investigating tidal features in the context of
cosmological simulations and their comparison to observations. In Chapter 4, I first introduce
a full census of all three types of tidal features as well as satellite planes and correlate them
with the inner host galaxies’ kinematics. In Chapter 5, I then discuss the results of two
follow-up studies I significantly contributed to, which focused on the stellar populations of the
simulated tidal features and connecting the features back to their progenitor galaxies. Finally,
I present a brief summary of two subsequent works I contributed to in Chapter 6, where we
analyzed the connection between tidal features and kinematics in observations, and where we
investigated the presence of tidal features in different environments from several cosmological
simulations.



4
Connecting

TidalFeatures toKinematics

This chapter was published as Valenzuela & Remus (2024), A&A 686, A1821:
A stream come true: Connecting tidal tails, shells, streams, and planes

with galaxy kinematics and formation history

The long relaxation timescales in the outskirts of galaxies allow the structures therein to
survive for longer than in the inner regions, providing insights into the recent accretion history
of galaxies. Faint structures such as tidal features and special satellite configurations such as
satellite planes can be connected to past accretion events and even the larger-scale environment.
A direct imprint of the formation history of a galaxy is also found in its kinematics. While late-
type galaxies (LTGs) usually exhibit regular rotation patterns, early-type galaxies (ETGs) show
a wide variety of rotational properties. A kinematic classification of ETGs was introduced by
Emsellem et al. (2007, 2011) for the SAURON and ATLAS3D surveys, where ETGs are split
into fast and slow rotators, depending on how rotationally supported they are. These rotation
patterns are closely related to the formation of the galaxy, and slow rotators usually indicate a
more violent accretion history (e.g., Schulze et al. 2018, 2020; Lagos et al. 2022). Moreover,
special kinematic features such as kinematically distinct cores (KDCs) have been shown to
indicate specific formation pathways. For example, large, old KDCs are formed through minor
and mini mergers, in which only the inner rotating old disk is preserved (Schulze et al. 2020),

1Minor adjustments have been made, and the introduction has been adapted for this thesis.
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while small, young KDCs consist of stars that formed during major mergers with gas fractions
of 15–40% (Hoffman et al. 2010) within the last 3–4 Gyr (Schulze et al. 2017). Prolate rotation
patterns have been discussed to originate from excessive merging, often through radial orbits,
but no clear singular formation pathway has been established for these galaxies so far (Ebrová
& Łokas 2017; Hegde et al. 2022).

Between the outer faint structures and the inner kinematics, which each give a different
view on the past of a galaxy, the question then arises how these may be correlated and what
further insights the combination of the two reveals. While tidal features typically indicate
ongoing or past encounters and mergers with other galaxies, many galaxies still reside in the
outskirts of the host galaxy, forming its satellite population. These are expected to eventually
merge with the central galaxy in the future, potentially forming tidal features in the process.
Therefore, these satellites are reservoirs for future tidal features. In this paper, we are also
interested in the question whether the appearance of tidal features is influenced by the infall
of satellite galaxies being isotropic or anisotropic, that is, whether they are more common
around galaxies whose satellites are aligned in planes.

As both the internal kinematics and the faint structures found in the outskirts of galaxies are
remnants of their formation history, we investigate the correlation between these two tracers
in simulations and observations in this work. We consider features related to interactions and
mergers with other galaxies and their remnants, that is, tidal features, and also satellite planes.
We first introduce the simulations and observations in Section 4.1, followed by the details of
our methods and the definition of the relevant properties in Section 4.2. Finally, the results are
presented and discussed in Section 4.3, and we conclude in Section 4.4.

4.1 Simulations and observations

4.1.1 The Magneticum Pathfinder simulations
The galaxies classified in this work were extracted from the Magneticum Pathfinder2 simulation
suite (Dolag et al., in prep.), which consists of hydrodynamical cosmological simulations
performed with Gadget-3, an extended version of Gadget-2 (Springel 2005; for details
of the implementations, see Teklu et al. 2015). In particular, we used Box4 (uhr) (side
length: 68 Mpc, with a stellar particle mass ⟨𝑚∗⟩ = 1.3 × 106 M⊙ ℎ−1 and a softening length
𝜖∗ = 1 kpc). Galaxies were identified using a modified version of SubFind adapted for
baryonic matter (Springel et al. 2001; Dolag et al. 2009).

The galaxies from Magneticum Box4 (uhr) have been shown to agree well with observations,
including their angular momenta (Teklu et al. 2015), kinematics (Schulze et al. 2018; van de
Sande et al. 2019; Schulze et al. 2020), dynamics (Remus et al. 2017; Teklu et al. 2017; Harris
et al. 2020), and their in situ component fractions (Remus & Forbes 2022).

In this work, we included all main galaxies with virial masses 𝑀vir ≥ 7.1 × 1011 M⊙ and
stellar masses 𝑀∗ ≥ 2.4 × 1010 M⊙ to ensure a sufficient resolution for identifying stellar tidal

2www.magneticum.org
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features. Additionally, we limited the sample to galaxies with stellar half-mass radii larger
than 2 kpc, that is, twice the stellar softening length (following Schulze et al. 2018). The
resulting sample consists of 520 galaxies. Their ellipticities and 𝜆𝑅𝑒-values (a 2D projected
proxy for the angular momentum within the effective radius, 𝑅𝑒; see Section 4.2.3 for more
details) at one half-mass radius were taken from Schulze et al. (2018) and the satellite plane
properties were adopted from Förster et al. (2022). For more details of these properties, we
refer to the original papers.

4.1.2 The MATLAS sample
The observational comparison sample was taken from the MATLAS survey (introduction
by Duc et al. 2015; the full sample was presented by Bílek et al. 2020; the dwarf galaxy
sample was presented by Habas et al. 2020), which includes 177 massive ETGs with deep
optical images. The MATLAS sample is part of the ATLAS3D sample (Cappellari et al. 2011),
which comprises 260 nearby galaxies (<42 Mpc) as a complete volume-limited sample. The
MATLAS sample contains all ATLAS3D galaxies that do not belong to the Virgo cluster and
are not located near bright stars.

Specifically, we used the results obtained by Bílek et al. (2020) for the tidal features around
the 177 MATLAS galaxies, where tidal shells, streams, and tails were visually identified, and
we used the identifications of satellite planes from Heesters et al. (2021). The ellipticities and
𝜆𝑅𝑒 values at one effective radius were taken from Emsellem et al. (2011).

4.2 Methods and definitions
For the comparison between the simulated and observed galaxies, we introduce in the following
the different features and properties we used. These include the tidal features we classified,
the method with which the satellite planes were identified, and the distinction between fast
and slow rotators.

4.2.1 Tidal features: Shells, streams, and tidal arms
The three types of tidal features we considered are shells, streams, and tails. Examples of
each feature are shown in Figure 4.1. They indicate past or ongoing gravitational interactions
with other galaxies. Shells appear as circular arcs centered around a galaxy (top panel of
Figure 4.1). They have sharp outer borders and are thought to form through the radial infall
and disruption of (massive) satellites (e.g., Quinn 1984; Pop et al. 2018; Karademir et al.
2019; Bílek et al. 2022). Streams are thin slivers of stars around the host galaxy (middle panel
of Figure 4.1) that are formed through the tidal disruption of an infalling galaxy on a circular
orbit (e.g., Karademir et al. 2019; Tutukov et al. 2021). Tails are stellar arms that are stripped
from the host galaxy (bottom panel of Figure 4.1). They are the result of tidal interaction with
another galaxy, where the interaction is either ongoing or occurred recently, up to 2 Gyr ago
(Mancillas et al. 2019).
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Figure 4.1: Mock images of simulated galaxies from Magneticum Box4 (uhr) with prominent tidal
features: Shells (right; the outer two shells are marked), a stream (center), and tails (left). The mock
images were created with the software from Martin et al. 2022 for the r band.

We classified the galaxies in Magneticum with respect to the existence of these tidal features
by visual inspection of the 3D stellar component to find any sufficiently prominent features
independent of their orientation and possible projection effects. Similar to the classification of
Bílek et al. (2020) for the MATLAS sample, many people visually classified the galaxies, and
no detection algorithm was used. A key difference between the classification methods is that
the simulated galaxies were viewed in 3D, whereas the observations of the MATLAS galaxies
only provide data for one projection. We opted for this approach to use the full potential of the
simulation and find the actually existing tidal features around the simulated galaxies to obtain
results independent of projection because Pop et al. (2018) found, for example, that the shells
of only 40% of the galaxies with shells are visible in all three considered projections, whereas
most shells are only visible in two projections. By performing the classification in 3D, we
aimed to find all tidal features, which enabled us to investigate the underlying connection of
the features with the formation history and especially galaxy kinematics. The comparison
to observations is intended to determine whether the same trends are found in observations.
The comparison is not intended as a verification of the simulation. A verification like this
has already been shown in previous studies, especially for the kinematics (Teklu et al. 2015;
Schulze et al. 2018, 2020).

Seven scientists (two of which are experienced scientists in galaxies and their dynamics,
while the other five were instructed through observed examples about the look of the
different tidal features) participated in the classification, for which they were presented with
a 3D rendering of a given galaxy that was rotated to be viewed from all sides. The local
environment around the individual galaxies was visible as well. The classification was
performed independently by the participants. Each person stated whether they identified any
tidal shells, streams, and tails, or no features. Analysis of the classifications did not result in
a significant difference between the classifications of the experienced and less experienced
scientists. One difference to point out is that the more experienced scientists found that more
galaxies had streams. However, this difference was negligibly small.

In the following, we consider a galaxy to have a given tidal feature if at least half of the
participants were in favor of this. For the MATLAS classification by Bílek et al. (2020), this



4.2 Methods and definitions 39

is considered to be the case if the classification score is at least 1 (the maximum score for
them is 2, where 1 means that the respective feature is likely to be present).

We did not emulate a surface brightness limit cut for the simulations in this study. We
refrained from this approach for the following reason: First, we would have had to introduce a
model to obtain luminosities from the simulated masses, which has its own set of uncertainties,
especially as we wished to make the comparison based on the true 3D findings from the
simulations, as discussed above. Furthermore, the intrinsic mass resolution of the simulation
results in a surface brightness limit that by chance is similar to that of the MATLAS survey
when a constant mass-to-light ratio is assumed (see also Remus & Forbes 2022 for more details
of surface brightness comparisons for the simulation). While this should be kept in mind,
we therefore do not consider the comparability to be an issue given the fortunate similarity
between the simulation resolution and the surface brightness limits of the MATLAS survey.

4.2.2 Satellite planes

We considered a galaxy to have a satellite plane when at least 80% of its satellite galaxies
build a plane with a thickness ≤0.2 𝑅vir and when the in-plane angular momentum makes up
at least 90% of their total angular momentum. These properties were computed through the
momentum in the thinnest plane (MTP) method (Förster et al. 2022).

4.2.3 Fast and slow rotators, and kinematic classes

To distinguish fast from slowly rotating ETGs, we followed the approach taken by Emsellem
et al. (2011). They determined an empirical cut in the 𝜆𝑅𝑒-𝜖𝑒 plane, where 𝜖𝑒 is the ellipticity
at the effective radius. The 𝜆𝑅 value was introduced by Emsellem et al. (2007) as part of the
SAURON project, defined as

𝜆𝑅 =
⟨𝑅 |𝑉 |⟩


𝑅
√
𝑉2 + 𝜎2

� , (4.1)

with the projected radius 𝑅, the line-of-sight velocity 𝑉 , the line-of-sight velocity dispersion
𝜎, and the flux-weighted averages ⟨·⟩. The adaptation for simulations, where no fluxes but
only the masses 𝑀 are available, requires ⟨·⟩ to be the mass-weighted averages over the
quantities (e.g., Jesseit et al. 2009; Naab et al. 2014; Schulze et al. 2018), assuming a constant
mass-to-light ratio (see Schulze et al. 2018 for more details). As defined by Emsellem et al.
(2011), galaxies that fulfill 𝜆𝑅𝑒 > 0.31√𝜖𝑒 are classified as fast rotators, and all other galaxies
are classified as slow rotators.

We obtained these parameters for the simulated galaxies from the simulation for the
edge-on projections of the galaxies because this maximizes the 𝜆𝑅𝑒 values, and thus, the full
kinematic properties are best identified. The distribution of 𝜆𝑅-𝜖 using random projected
values are, however, comparable to observations, as shown by Schulze et al. (2018) and van
de Sande et al. (2019), who not only compared the simulation to observations from SAMI and
ATLAS3D, but also to other cosmological simulations.
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Galaxies were further classified based on their kinematic patterns within the half-mass
radius. The classes used for this study are regular rotators, nonrotators, KDCs, and prolate
rotators, based on the classifications from Schulze et al. (2018). These classes are similar to
those presented by Krajnović et al. (2011) for ATLAS3D galaxies, with the addition of the
prolate rotators as an individual class, while the KDCs encompass all galaxies with separate
cores independently of the outer rotation pattern.

4.2.4 Morphological classes

The galaxies from Magneticum were subdivided into morphological types using the classifica-
tion from Teklu et al. (2017) based on the 𝑏 value (Teklu et al. 2015), which is a good proxy
for distinguishing LTGs from lenticular galaxies and ETGs (Romanowsky & Fall 2012; Teklu
et al. 2015). The parameter is based on the location of the galaxies in the stellar mass-stellar
angular momentum plane and has been shown to successfully determine the morphological
galaxy types in simulations (e.g., Teklu et al. 2017; Schulze et al. 2018; Emami et al. 2021).
We distinguished between clear disk galaxies (LTGs), clear elliptical galaxies (ETGs), and
intermediate galaxies. The latter mostly contain S0-like galaxies and are thus often associated
with ETGs. In this work, we treated them separately because the formation pathways of S0
galaxies can differ from those of typical elliptical galaxies and are still debated.

4.3 Results

4.3.1 Feature statistics and mass, morphology, and size

When the galaxies with a given tidal feature are highlighted in the mass-size relation, all three
types of tidal features occur at all sizes and masses, with a clear preference for larger and more
massive systems (first three panels of Figure 4.2), that is, the fraction of galaxies with tidal
features increases with stellar mass (Figure 4.3). The figure also shows that the given mass bins
have a larger fraction of galaxies with shells in MATLAS than in Magneticum, even though
the MATLAS sample does not include the most massive galaxies with 𝑀∗ > 5.5 × 1011 M⊙,
and thus, the highest-mass bin cannot be compared to MATLAS. The lowest-mass bin also
includes relatively more streams and tails in MATLAS galaxies. Similarly, relatively more
MATLAS galaxies have any one type or multiple types of tidal feature around them than
in Magneticum. To cover the high-mass end, we included the tidal feature measurements
around brightest cluster galaxies (BCGs) by Tal et al. (2009) and Kluge et al. (2020). The
observations of Tal et al. (2009) for shells around BCGs are consistent with the simulated
fraction in the highest-mass bin, while the observations from Kluge et al. (2020) are lower
bounds for the fractions of shell and stream galaxies because of the large distance to their
observed BCGs (see Kluge et al. 2020). Simulations and observations both indicate that tidal
features are generally more common around more massive galaxies, and multiple features are
the most common around BCGs.
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Figure 4.2: Mass-size relation of the Magneticum galaxy sample. Galaxies are classified as having
tidal features or satellite planes in color.
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Figure 4.3: Fraction of galaxies with a given tidal feature (first three panels), any of the three tidal
feature types (fourth panel), or a combination of multiple different types of features (fifth panel), 𝑓feat,
in three stellar mass bins for Magneticum, MATLAS (Bílek et al. 2020), and for brightest cluster
galaxies (BCGs) from Tal et al. (2009) and Kluge et al. (2020). The masses for MATLAS galaxies are
taken from the dynamical masses obtained by Cappellari et al. (2013), which roughly correspond to the
stellar masses. The vertical lines indicate the 1𝜎 uncertainties.

When only galaxies with stellar masses 𝑀∗ ≥ 1011 M⊙ are considered, about 10% to 30%
have a given tidal feature (see Table 4.1). Streams are by far the most common of these
tidal features, while shells and tails are found with similar frequencies. The occurrence of
shells in (11± 3)% of the Magneticum galaxies agrees within the uncertainty limits with 12%
from Atkinson et al. (2013), who used a different stellar mass range and somewhat different
categories (see the discussion by Bílek et al. 2020), and (17± 7)% from Bílek et al. (2020) for
MATLAS (for the same stellar mass cut of 1011 M⊙), but the uncertainty range does not reach
the lower limit of (18± 3)% from Pop et al. (2018) for the Illustris simulation. The fraction of
galaxies with streams in Magneticum ((29 ± 5)%) is consistent with the (25 ± 9)% found for
MATLAS. Finally, the fraction of galaxies with tails in Magneticum ((12± 4)%) is larger than
that in MATLAS ((6 ± 4)%), although the values are consistent within the uncertainty limits.
Overall, the abundance of stellar tidal features found in the Magneticum Box4 simulation for
the galaxies with higher stellar masses is consistent with previous findings.

The numbers of galaxies in each morphological class containing tidal features are listed in
Table 4.2. While shells preferentially occur around ETGs, streams are found to be equally
likely in all three types, and tails are more likely in intermediate galaxies and LTGs, although
the uncertainty ranges overlap in the latter case. Because a number of galaxies feature multiple
tidal structures in their outskirts, we also determined the fraction of galaxies that contains at
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Table 4.1: Number and fraction of galaxies with a type of tidal feature.

Feature Number Fraction
Shells 14 (11 ± 3)%
Streams 38 (29 ± 5)%
Tails 16 (12 ± 4)%

Notes. Only the galaxies with stellar masses 𝑀∗ ≥ 1011 M⊙ were considered for the numbers and
fractions. The total number of galaxies analyzed in this mass range is 131.

Table 4.2: Numbers and fractions of ETGs, intermediates (Intm.), or LTGs with shells, streams, tails,
or satellite planes.

Type All Shells Streams Tails Planes
ETGs 295 17 37 9 49

(6 ± 2)% (13 ± 3)% (3 ± 2)% (17 ± 3)%
Intm. 172 4 20 12 37

(2 ± 2)% (12 ± 3)% (7 ± 3)% (22 ± 4)%
LTGs 53 0 5 5 14

(0 ± 2)% (9 ± 5)% (9 ± 5)% (26 ± 8)%
Notes. The full classified sample of 520 galaxies is considered for the numbers and fractions. The
morphological classes of the galaxies were taken from Teklu et al. (2017).

least one type of tidal feature (shells, streams, or tidal arms): (18±3)% of ETGs, (17±4)% of
intermediate type galaxies, and (17± 6)% of LTGs. Overall, the fractions of LTGs ((2± 2)%)
are similar, with multiple types of tidal feature as for intermediate-type galaxies ((3 ± 2)%)
and ETGs ((3 ± 2)%).

For the satellite planes, we find that only galaxies with stellar masses ≲1011 M⊙ are
surrounded by thin planes of satellites. This is consistent with the results from Förster et al.
(2022), who found that the more massive systems lack thin planes. We find indications that
planes are slightly more common around LTGs ((26 ± 8)%) than ETGs ((17 ± 3)%), with
the intermediate galaxies in between ((22 ± 4)%). This does not reflect the findings for tidal
features and clearly shows that the appearance of satellite planes is not directly connected to
the appearance of tidal features. This shows that tidal features do not depend on the large-scale
inflow field, but rather on the orbits and mass ratios of the infalling satellites.

The fraction of galaxies with a plane of satellites of the galaxies with certain tidal features
shows a consistent behavior between the simulation and observations (Figure 4.4). The largest
difference is found for galaxies with shells, where there is an indication that more observed
shell galaxies are surrounded by satellite planes. There is also an indication that the fraction
of galaxies without features (last vertical bar) surrounded by a satellite plane is larger than for
galaxies with tidal features (first four bars). This means that there may be a slight preference
for satellite planes to occur around galaxies without tidal features. The same slight trend is
also found when we compare the fraction of galaxies with any type of tidal feature for galaxies
with satellite planes versus galaxies without satellite planes: (13 ± 4)% of the simulated
galaxies ((25 ± 9)% for observed galaxies) with a satellite plane have at least one type of tidal
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Figure 4.4: Fraction of galaxies with a satellite plane for different types of galaxies in Box4 (uhr)
(Förster et al. 2022) and MATLAS (Bílek et al. 2020; Heesters et al. 2021): galaxies with shells,
streams, tails, at least one of these features, and with none of these features. The vertical lines indicate
the 1𝜎 uncertainties.

feature, while (19 ± 3)% ((31 ± 5)%) of the galaxies without a satellite plane have at least
one type of tidal feature.

4.3.2 Correlations of tidal features and satellite planes with kinematic
classes

Using the kinematic classification for the simulated galaxies from Schulze et al. (2018) as
described in Section 4.2.3, we determined the numbers and fractions of galaxies with the
different kinematic classes that have the respective tidal features or a satellite plane (Table 4.3).
In the table, we combined the distinct core (DC) and KDC classes into a single class of KDCs
(as also done by Valenzuela et al. 2024a; Remus et al., in prep.). The trend emerges that
regular rotators are less likely to have tidal features, with the exception of tidal tails, which are
found at a similar fraction around nonrotators and regular rotators. In contrast, nonrotators
and especially prolate rotators have higher overall fractions of shells and streams than regular
rotators, although the uncertainty limits overlap in part due to low number statistics.

We again determined the fraction of galaxies that contains at least one type of tidal feature
(shells, streams, or tidal arms): (12 ± 3)% of regular rotators, (19 ± 5)% of nonrotators,
(27± 11)% of KDCs, and (44± 17)% of prolate rotators. The much higher fraction of prolate
rotators with at least one type of tidal feature compared to any single given feature shows that
they are more likely to contain multiple tidal features in their outskirts, whereas the overlap of
different types of features around a galaxy is less pronounced for the other kinematic classes.

These results agree with those from Ebrová et al. (2021), who found that a large fraction
of observed prolate rotators are surrounded by multiple shells, and all of them show signs of
interactions. Their determined fraction of 10 out of 19 systems ((53 ± 17)%) is significantly
higher than the 3 out of 16 Magneticum galaxies ((19 ± 11)%). However, when we consider
only the simulated prolate galaxies with stellar masses of ≥1011 M⊙, which all but one of the
galaxies considered by Ebrová et al. (2021) satisfy (but only 9 of our 16 galaxies), we find that
3 out of 9 galaxies have shells ((33 ± 20)%), which is consistent within the uncertainty limits
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Table 4.3: Numbers and fractions of galaxies, with the given kinematic class having shells, streams,
tails, or satellite planes.

Type All Shells Streams Tails Planes
RR 286 2 26 8 63

(1 ± 1)% (9 ± 2)% (3 ± 1)% (22 ± 3)%
NR 108 10 16 2 19

(9 ± 3)% (15 ± 4)% (2 ± 2)% (18 ± 5)%
KDC 26 1 6 2 1

(4 ± 4)% (23 ± 10)% (8 ± 6)% (4 ± 4)%
PR 16 3 3 2 2

(19 ± 11)% (19 ± 11)% (13 ± 9)% (13 ± 9)%
Notes. Only the subset of our full sample that was kinematically classified by Schulze et al. (2018)
was considered for the numbers and fractions. This subsample comprises 436 galaxies. The
kinematic classes include regular rotators (RR), nonrotators (NR), KDCs, and prolate rotators
(PR).

with the observed fraction of 9 out of 18 from that study ((50 ± 17)%). This reflects the mass
trend for shells to be more common around more massive galaxies.

Of all kinematic classes, KDCs show the strongest probability of exhibiting a certain tidal
feature, driven by the stream feature. The fact that almost every fourth KDC has streams in its
outskirts is consistent with many KDCs having decreasing 𝜆𝑅 profiles at radii larger than the
half-mass radius, which is usually caused by merger histories dominated by small mergers
(Schulze et al. 2020). Kinematically distinct cores with these radial 𝜆𝑅 profiles are remnants
of old disks that have assembled their outskirts by multiple minor mergers on mostly circular
orbits (Schulze et al. 2020). When we traced the six simulated KDC galaxies with streams
back until redshift 𝑧 = 1, all of these galaxies had only grown in mass through mini and minor
mergers. Therefore, this connection between the appearance of a stream and a KDC feature
is a good indicator that the particular KDC was likely formed through the multiple merger
scenario and not through the gas-rich recent major merger scenario, which is the other known
formation pathway for KDCs (Hoffman et al. 2010; Schulze et al. 2017).

Finally, satellite planes again show the opposite behavior of tidal features. They are most
common around regular rotators and least common around KDCs and prolate rotators. This
shows that the alignment of satellite galaxies in a plane is not connected to the appearance of
these features or might possibly even be anticorrelated (as shown in Figure 4.4).

4.3.3 Correlations of tidal features and satellite planes with the inner
rotational support

We investigated the correlation between two known tracers of the accretion history of a galaxy,
the appearance of tidal features, and the internal galaxy kinematics. To measure the latter, we
used the position of galaxies in the 𝜆𝑅𝑒-𝜖𝑒 plane for both the observed and simulated galaxies
(top and bottom of Figure 4.5, respectively). The values of 𝜆𝑅𝑒 and 𝜖𝑒 of the observed galaxies
were obtained from a random projection, while the simulated values are the highest possible
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Figure 4.5: Galaxies classified as having tidal features or a satellite plane in the 𝜆𝑅𝑒 -𝜖𝑒 plane in the
MATLAS survey (top row) and in Magneticum Box4 (bottom row). Only the ETGs and intermediate-
type galaxies are shown for the simulated sample. The colored data points represent galaxies with the
respective feature. The large gray dots were classified as lacking the respective feature, and small gray
dots were not classified (only the case for the observed satellite planes). The values of 𝜆𝑅𝑒 and 𝜖𝑒 were
determined at one effective radius for the observations and at one half-mass radius for the simulations.
For the simulations, they were determined in the edge-on projection. The solid black lines indicate the
border between fast and slow rotators (Emsellem et al. 2011), with fast rotators lying above the border.
The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek et al. (2020)
and the measurements of the planes are taken from Heesters et al. (2021).

values because they are obtained from the edge-on projections (for the projection effects found
in this 𝜆𝑅𝑒-𝜖𝑒 space, see also the results from Cappellari et al. 2007). To do this, we limited the
simulated sample of galaxies to ETGs and intermediate-type galaxies because the MATLAS
sample does not contain LTGs. At first glance, there are no clear differences between the
distributions of galaxies with tidal features and the total sample for the observations and
simulations. The trend of shells lying around slow rotators is immediately visible only for the
simulated galaxies. Similarly, the galaxies with satellite planes are uniformly distributed and
do not show any preference for slow or fast rotation, or for particularly round or elongated
shapes (right panel of Figure 4.5).

The differences between the edge-on and random projection of galaxies in the 𝜆𝑅𝑒-𝜖𝑒 plane
were discussed in detail by Schulze et al. (2018), especially with respect to the ellipticity,
𝜖𝑒, clearly showing the problems when comparing ellipticities between simulations and
observations. In contrast, 𝜆𝑅𝑒 is more directly comparable because its values change only
slightly for most projections, except when seen nearly face on. Thus, we determined the
cumulative histograms of 𝜆𝑅𝑒 for the total simulated and observed galaxy samples, and for the
galaxies with the respective tidal features or satellite planes (Figure 4.6). Because the 𝜆𝑅𝑒

distributions of the full samples are not identical (leftmost panel), a direct comparison between
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the 𝜆𝑅𝑒 distributions of galaxies with a certain tidal feature requires a correction to the values
in the cumulative histograms. The method for this correction is described in Chapter A.

By adapting the simulated cumulative histograms to the observed parent distribution,
the colored lines in Figure 4.6 are directly comparable with each other. For the following
comparisons, we used the two-sample Kolmogorov–Smirnov test with the null hypothesis that
the underlying distributions of two random samples are the same. Very similar distributions
of 𝜆𝑅𝑒 are found for galaxies with a given tidal feature in the simulations and observations
(𝑝-values3 of 0.07, 0.32, 0.91, and 0.23 for shells, streams, tails, and planes, respectively).

For individual tidal features, we find a very clear trend that shells are mostly found around
slow rotators, both in the simulation and in observations (𝑝-values of 0.014 and 0.008 for
Box4 and MATLAS, respectively, when comparing the tidal feature 𝜆𝑅𝑒 distributions to the
simulated or observed total sample distributions). Streams have a slight preference to appear
around slow and intermediate rotators, but this is only statistically significant here for the
observations (𝑝-values of 0.23 and 0.02 for Box4 and MATLAS, respectively). Tidal tails are
found around both slow and fast rotators with similar probabilities (𝑝-values of 0.84 and 0.39
for Box4 and MATLAS, respectively). The overall trends agree with the findings of Bílek et al.
(2023), who determined a negative correlation between tidal features and rotational support. A
direct comparison is not possible, however, because the definitions of rotational support differ.

The same is also true for the satellite planes: Planes are found equally around galaxies
with any amount of rotational support in both Magneticum and MATLAS (𝑝-values of 0.09
and 0.59 for Box4 and MATLAS, respectively). While Heesters et al. (2021) stated that 40%
of their slow rotators featured satellite planes and only 16% of the fast rotators do this, they
also remarked that these results are not that statistically significant given the small number of
slow rotators in the sample. Even though the satellite planes are detected through entirely
different methods, with the observed planes being determined from 2D data (Heesters et al.
2021) and the simulated planes from 3D data, it can be expected that the general correlation
of the existence of such planes with the internal kinematics of galaxies would be found to be
similar between observations and simulations. This is precisely what we have found between
Box4 and MATLAS galaxies.

The result that shells are more common around slow rotators suggests that the processes
leading to low rotational support and the appearance of shells are related. Shells have been
found to originate from radial merger events, which are more pronounced the more similar
the two merging galaxies are in mass (e.g., Amorisco 2015; Pop et al. 2018; Karademir et al.
2019). Slow rotators are found to often have formed through merger events, in which a large
amount of mass has been accreted over a short period of time, most commonly through (major)
merger events with mass ratios higher than 1:10 (e.g., Schulze et al. 2018; Lagos et al. 2022).
Therefore, the existence of a shell strongly indicates that the observed slow rotator formed
through a recent radial merger event with a mass ratio higher than 1:10. When we trace the

3For the Kolmogorov–Smirnov test, the 𝑝-value is the probability that two samples were drawn from the
same underlying distribution, the null hypothesis. This means that the underlying distributions can be concluded
to be different for 𝑝-values below 0.05 (by convention).
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Figure 4.6: Cumulative histograms of 𝜆𝑅𝑒 for the galaxies in the MATLAS survey (dashed lines)
and in Magneticum Box4 (uhr) (solid lines). Only the ETGs and intermediate-type galaxies were
considered for the simulated sample. The first plot shows the difference in the distributions between
observations and simulations. The cumulative histograms of the simulated galaxies in the other four
panels were adapted to match the parent distribution of MATLAS to be directly comparable to the
distributions of the MATLAS survey. The colored lines lying above the dashed gray line (the overall
distribution of the MATLAS survey) indicate an increased presence of the respective tidal feature
or satellite plane for galaxies with lower rotational support compared to those with higher rotational
support. The measurements of shells, streams, and tails of MATLAS galaxies are taken from Bílek
et al. (2020), and the measurements of the planes are taken from Heesters et al. (2021).

formation history of the slow rotators with shells back in the simulation, only 2 out of the
21 simulated galaxies with shells lack mergers above a mass ratio of 1:10 occurring within
the past 4 Gyr (the lifetime of shells as estimated by Mancillas et al. 2019). In seven cases
((33 ± 13)%), the major merger that created the shells also led to a sudden strong decrease in
𝜆𝑅𝑒 , such that a previous fast rotator was converted into a slow rotator. These slow rotators
seem to have particularly late formation times, while the other slow rotators with shells have
had a low value of 𝜆𝑅𝑒 for more than 4 Gyr, six of which became slow rotators already by
𝑧 = 2. This shows that most galaxies in the simulation with shells became slow rotators at
early times, in agreement with Bílek et al. (2023), whereas roughly one-third of them just
became slow rotators at the same time as the shells were formed. Thus, in all cases where
the progenitor galaxy was a fast-rotating galaxy 4 Gyr ago, the major merger that formed the
shells also destroyed the inner rotation pattern of the galaxy.

As an example, Figure 4.7 shows the evolution of the most massive galaxy from our
sample of galaxies with shells. The orbit of the infalling galaxy that triggered the formation
of the shells is shown in red in the first row. The shells found around this galaxy were formed
through a satellite with a stellar mass ratio of 1:2.5 falling in radially at 𝑧 = 0.20 (almost
2.5 Gyr ago), then falling back in again on the other side at 𝑧 = 0.13 (1.7 Gyr ago). The
back-and-forth movement led to the double shell structure found on two sides of the galaxy
at 𝑧 = 0.07 (0.9 Gyr ago). This clearly supports the idea that shells form through mergers
on radial orbits. In the second row of Figure 4.7, the velocity maps are shown. The system
is transformed from a fast-rotating galaxy with 𝜆𝑅𝑒 = 0.36 to a slowly rotating galaxy with
𝜆𝑅𝑒 = 0.09 during the merger. Because these values are computed for the edge-on projection
of the galaxy instead of the shown projection, the transformation into a slow rotator is physical.
Finally, the last row shows the velocity dispersion, which overall increases through the merger
and also contributes to decreasing the value of 𝜆𝑅𝑒 . Remarkably, the shells seen around the
galaxy in the first row can also be clearly identified in the velocity dispersion maps, best seen
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Figure 4.7: Evolution of the first example galaxy from Figure 4.1. The shells develop after a massive
radial merger event, which also causes the value of 𝜆𝑅𝑒 to sharply drop and converts the galaxy into a
slow rotator (where 𝜆𝑅𝑒 is measured from the edge-on projection). Top: Mock images of the stellar
component from a projection in which the shells are especially clearly visible. The red lines trace the
orbit of the infalling galaxy until the respective point in time. Middle: Velocity maps. The circles
indicate the ellipses at one and three half-mass radii. Bottom: Velocity dispersion maps.

in the map at 𝑧 = 0.1 as regions of comparably low velocity dispersion. This indicates that
the kinematic studies of the outskirts of galaxies may be used to identify shells, for example,
through tracer populations such as planetary nebulae (e.g., Roth et al. 2021).

4.4 Conclusion
We classified galaxies from the Magneticum Box4 (uhr) simulation with stellar masses above
2.4 × 1010 M⊙ according to the existence of tidal features in their outskirts and used data of
satellite planes from Förster et al. (2022) to connect their appearance to the internal kinematics
of the host galaxies. We compared the results to those from Bílek et al. (2020) and Heesters
et al. (2021) for the MATLAS survey and observations of BCGs by Tal et al. (2009) and Kluge
et al. (2020). The internal kinematic properties were taken from Schulze et al. (2018) and
cover both overall rotational properties quantified by the 𝜆𝑅 parameter (Emsellem et al. 2011)
and internal kinematic patterns such as regular rotation, nonrotation, prolate rotation, and
KDCs.

The fractions of Magneticum galaxies with shells, streams, and tails are comparable
to those reported in observations and other simulations. Streams are found to be the most
common of these features, with 29% of galaxies above a stellar mass of 1011 M⊙ exhibiting
streams. We also see a clear trend with mass, with all types of features being more common
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around galaxies with higher stellar masses, in agreement with results from observations.
Galaxies with more than one type of feature are also much more frequent at high stellar masses,
indicating a much more turbulent accretion history for more massive galaxies. This agrees
well with previous studies (e.g., Remus & Forbes 2022).

Additionally, we find indications that tidal features are more common around early-type
galaxies than late-type galaxies for shells and streams. No shells were found for late-type
galaxies, while tails are most frequently found for disk-like galaxies and are rather rare around
spheroidal galaxies. This agrees well with the current scenario in which shells are formed
during massive radial merger events that would also destroy the disk of a galaxy, while streams
can occur around all types of galaxies as they are remnants of disrupted galaxies that fell
in on circular orbits (e.g., Amorisco 2015; Karademir et al. 2019). Tidal tails, on the other
hand, are best visible if a merger occurs to a disk galaxy because these galaxies are more
radially extended at a given mass and their stars are therefore less strongly bound than those
of spheroidal galaxies.

When inspecting the connection between global kinematic properties and the appearance
of tidal features, we found a remarkable agreement with observations for the distribution of
the kinematic parameter 𝜆𝑅𝑒 for galaxies that have a given type of tidal feature. For both
simulations and observations, slow rotators are most likely to have shells, while streams
preferentially occur around galaxies with low to medium rotational support. Tracing these
galaxies with shells back in time, we find that 30% of the galaxies lose their global angular
momentum through the merger event that also caused the shells. The remaining 60% of
shell galaxies had already been slowly rotating prior to the merger event that created the
shells. About half of these galaxies had lost their global angular momentum even prior to
redshifts of 𝑧 = 2. Thus, we conclude that for all such cases where the galaxy was still
rotationally supported, the massive merger event that caused the shells also led to a loss of the
suppression of the rotational support. Moreover, we find that the orbits of these shell-forming
satellite galaxies are radial, which agrees with previous simulation results from isolated merger
experiments (e.g., Amorisco 2015; Karademir et al. 2019) and from the Illustris simulations
by Pop et al. (2018).

Interestingly, we also find that shells appear in the velocity dispersion maps around their
host galaxies as regions with a low-velocity dispersion, while they do not appear in the velocity
maps. While the faint outskirts of galaxies are unlikely to be probed by IFU surveys in the
near future, kinematic tracers such as globular clusters and planetary nebulae can be used to
map these regions and might therefore help detect shell features from their velocity dispersion
distribution (e.g., Roth et al. 2021). However, more detailed studies need to expand on these
aspects in the future.

While we do not find a clear correlation between the overall rotational support of a galaxy
and the appearance of streams beyond a slight tendency for streams to be the least common
for galaxies with high rotational support, we find a connection between the appearance of
streams and an internal kinematic feature: KDCs. For these galaxies, two different formation
pathways are known: On the one hand, KDCs are made during gas-rich major mergers, with a
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lifetime of about 4 Gyr (Hoffman et al. 2010; Schulze et al. 2017). On the other hand, these
KDCs can be remnants of an old disk that grew into a spheroidal through multiple minor and
mini mergers on circular orbits that mostly populate the outskirts of these galaxies (Schulze
et al. 2020). About 30% of our KDC galaxies show stream features, the largest amount of any
given tidal feature connected to a kinematic class. These clearly indicate that the formation
pathway of these KDCs most likely corresponds to the multi-merger scenario.

The galaxies with the largest overall amount of features are prolate rotators for all types of
tidal features. This agrees with observational results by Ebrová et al. (2021) and with the fact
that there are multiple possible pathways reported for prolate rotators (i.e., Ebrová & Łokas
2017; Hegde et al. 2022), which also leads to a wide variety in possible tidal features. Overall,
the large number of tidal features (sometimes even multiple different features) found around
prolate rotators agrees with the idea that they are oftentimes formed through multiple merger
events (effectively making them overmerged galaxies, as discussed by Remus & Forbes 2022),
and thus, they are also rather frequent in high-mass galaxies.

Finally, we do not find any connection between the inner rotational support of the host
galaxies and the existence of satellite planes. We find no strong indications of a connection
between the appearance of tidal features and planes in addition to the possibility that tidal
features may preferably occur around galaxies without satellite planes. Overall, satellite
planes behave oppositely to the tidal features. They are most frequent around disk galaxies
and regular rotators. This could either imply that the large-scale structure of accretion has
no impact on the internal kinematics of a galaxy and the appearance of tidal features, or that
these planes are the prestage of the merger events that leave the tidal features and change the
kinematic properties of the host galaxy. Testing this in more detail will be an important step
forward in the future.
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PropertiesandProgenitors
ofTidalShellsandStreams

This chapter summarizes the results submitted to A&A by Stoiber, Valenzuela et al. (2025)
and to the IAU Symposium 403 proceedings by Stoiber, Valenzuela et al. (2026),

for which I significantly contributed to the project development, analysis, and interpretation:

Living the stream: Properties and progenitors
of tidal shells and streams around galaxies from Magneticum

&
Stream on: Evolution of stellar shells and streams – A case study

As the remnants of tidally disrupted galaxies, tidal shells and streams not only offer insights
into the properties of the merger itself (e.g., Karademir et al. 2019; Mancillas et al. 2019),
but also of the progenitor galaxies. This is achievable through color measurements (e.g.,
Kado-Fong et al. 2018; Khalid et al. 2026) or integral field unit (IFU) observations, from
which the underlying stellar populations can be constrained (e.g., Fensch et al. 2020). While
deep IFU observations of these low-surface-brightness (LSB) features are not yet feasible for
large galaxy samples due to the extensive telescope time needed, individual galaxies and their
tidal features have been investigated in considerable detail. Most prominently, the shell galaxy
NGC 474 (e.g., Malin & Carter 1983; Turnbull et al. 1999) has been studied in great detail
with respect to the merger (e.g., Bílek et al. 2022) as well as through IFU measurements of
one of the shells (Fensch et al. 2020), revealing its kinematics and intermediate-metallicity
stellar population.
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Since galaxies follow different scaling relations with respect to their properties (see
Section 2.2), including their stellar populations, measuring quantities like the metallicity can
reveal indications about the progenitor’s mass before its disruption. This is motivated by
the stellar mass-metallicity relation (see Section 2.2.4; e.g., Gallazzi et al. 2005; Kirby et al.
2013), where observations have shown that the stellar metallicity in massive galaxies is higher
than in low-mass galaxies. The stellar mass-metallicity relation has been used to estimate
progenitor masses for both tidal streams (e.g., Laine et al. 2016) and shells (e.g., Fensch et al.
2020). However, these types of inferences may be biased by background stellar populations of
the halo through the projection, which for massive tidal features are likely to be older and
more metal-poor. Additionally, if galaxies that become tidal features around more massive
galaxies tend to be outliers in the typical scaling relations, this would also result in biased
conclusions about the progenitor systems.

To test the validity of these inferences and their potential biases, cosmological simulations
provide an ideal way to self-consistently connect the visible tidal features to their progenitors.
This allows one to investigate to what extent the tidal feature properties can provide insights
into the progenitor galaxy. Several studies have previously analyzed the stellar populations
of tidal features in cosmological simulations. For shell galaxies, Pop et al. (2017) identified
shell galaxies in the Illustris simulation and found that the metallicity of the shells is higher
than their surroundings and that the metallicity heavily depends on the progenitor. This
was followed up by a study on the orbital properties of shell-forming mergers, where Pop
et al. (2018) found that they have overall low angular momenta, which is consistent with
other findings of rather radial orbits leading to shells (e.g., Quinn 1984; Amorisco 2015;
Karademir et al. 2019). For tidal streams, Vera-Casanova et al. (2022) connected the brightest
stellar streams to their progenitors in the Auriga cosmological zoom-in simulations for Milky
Way-mass galaxies, finding a wide range of infall times with more massive progenitors being
accreted at later times.

Similarly, cosmological simulations have been used to study the typical merger mass ratios
that led to the formation of tidal shells and streams. Mancillas et al. (2019) used zoom-in
simulations to estimate typical merger mass ratios of 1:4 for tidal shells and 1:10 for streams.
For shell galaxies, Pop et al. (2018) even determined from Illustris that more than half of the
shell systems are formed through mass ratios greater than 1:3. The reason for shells typically
originating from more massive mergers is that dynamical friction removes angular momentum
more rapidly for larger masses, thereby radializing the infall orbit (e.g., Vasiliev et al. 2022).
This means that a larger range of initial infall parameters are possible for a more massive
merger compared to less massive galaxies, which require a nearly pure radial trajectory (e.g.,
Pop et al. 2018).

This chapter presents the relevant findings of Stoiber et al. (2025, 2026) to this thesis. In
the work of Stoiber et al. (2025) we first set out to identify and systematically characterize the
tidal features around the simulated galaxies of Magneticum Box4 (uhr), in both their projected
kinematics and stellar population properties, thereby building on the results from Valenzuela
& Remus (2024, see Chapter 4). Then, by identifying the corresponding progenitor galaxies
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before the mergers, we determined the merger mass ratios and placed the progenitor galaxies
within the overall galaxy population with respect to the relevant metallicity and mass-size
scaling relations. In the work by Stoiber et al. (2026), we additionally tracked the spatial
evolution of tidally stripped stars to understand where they are deposited over time. Finally,
we investigated the origins of a curious appearance of a young stream-like feature, for which
no progenitor galaxy could be identified.

5.1 Tidal feature sample
Building on the work of Valenzuela & Remus (2024), we first selected the cataloged shell and
stream galaxies from the Magneticum Box4 (uhr) simulation (Dolag et al. 2025) with stellar
masses of 𝑀∗ ≥ 1010 M⊙ (note that this is a lower mass threshold than used by Valenzuela &
Remus (2024)). We first rotated the galaxies to be face-on, where the 3D major axis is aligned
with the x-axis. The reason for this is that we found that for the face-on projection, more
shells and streams can be visually identified compared to the edge-on or side-on views. The
difference between projections is most pronounced for shells, where the elongation axis of the
merger remnant still largely follows the merger infall direction that led to the formation of
the shells (e.g., Mancillas et al. 2019). Shells are rarely seen when viewed from the side-on
view (line of sight along the major axis) due to their morphology appearing as a spherical cap,
generally propagating along the major axis. Using stellar mock observations in the r-band
(Martin et al. 2022) for the face-on projection, we manually marked the outlines of the tidal
features, which we refer to as the projected shell or stream regions in the following.

The projected identification of these features resulted in a total of 24 shell galaxies and
56 stream galaxies for the simulated galaxies with 𝑀∗ ≥ 1010 M⊙. Compared to the original
tidal feature census of 24 shell galaxies and 66 stream galaxies, for which 3D tooling was
used, we could not identify the streams in the projected visualizations of ten of the originally
classified stream galaxies. As 17 of the galaxies feature both shells and streams, there are a
total of 63 galaxies with identified projected tidal feature regions, which we show in Figure 5.1.
Several galaxies feature multiple projected stream regions, some of which are likely part of
the same stream (e.g., UID 14247 or UID 20604). Most shell galaxies have several identified
shells on both sides, and almost all of them are located along the major axis as expected
(x-axis in each of the plots with the galaxies being rotated face-on).

5.2 Properties of shells and streams

5.2.1 Spatial properties and masses
To gain a better understanding of the general morphological properties of the identified tidal
features, we quantify the spatial properties of the shells and streams. We determined the mean
radial distance from the host’s center for each tidal feature, where we find that shells tend to
reside closer to the galaxy than streams (orange and blue distributions in the top left panel
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Figure 5.1: Projected tidal feature regions of the face-on Magneticum galaxies, with shells shown in
orange (two arcs marking the inner and outer radii) and streams in blue. The black ellipses indicate the
galaxies’ shapes at 1 and 3 𝑅1/2. The gray horizontal lines mark the physical scale of 15 kpc in each
panel. This is figure 2 from Stoiber et al. (2025).

of Figure 5.2). The median distances are at around 21 and 27 kpc for shells and streams,
respectively (vertical lines), and the distribution tails reach values of up to 75 to 100 kpc,
which correspond to the more massive galaxies in the sample, lying in the group to low-mass
cluster regimes. Note that the median half-mass radius of the simulated galaxy sample is
⟨𝑅1/2⟩ ≈ 7.3 kpc and the mock observations used for the feature identification were made out
to 7 𝑅1/2, such that the declining distribution tail toward higher distances is expected.

The shell distance distribution agrees very well with the observational results by Sola
et al. (2025b, magenta dashed line) using CFHT (Canada-France-Hawaii Telescope) images
from the MATLAS, UNIONS/CFIS, VESTIGE, and NGVS surveys, with a total of nearly
60 shell galaxies. In fact, our measured shell distance distribution is also quite similar to
that of the shell system of NGC 474 (Bílek et al. 2022, light gray dashed line). In contrast,
the extensive shell system of NGC 3923 (Bílek et al. 2015, 2016, dark gray dashed line) lies
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Figure 5.2: Top row: Distributions of the radial distance ⟨𝑟⟩ from the host’s center (left) and of the
tidal feature widths 𝑤 (right) for the shells (orange) and streams (blue) in Magneticum Box4. Observed
shell radial distances are shown for the sample of Sola et al. (2025b), for NGC 474 (Bílek et al. 2022),
and for NGC 3923 (Bílek et al. 2015, 2016). Observed stream widths are shown for the streams (solid
lines) and combined streams+tails (dash-dotted lines) samples from Sola et al. (2025b) and Pippert
et al. (2025), as well as from the STRRINGS streams sample by Sola et al. (2025a). Bottom row:
Distributions of the mean angular position ⟨𝜃⟩ (left, angle between the galaxy’s major axis and the
center of the feature region), the angular extent Δ𝜃 (middle, total angular region covered by the feature
region, as measured from the galaxy center), and of the total stellar mass contained within the projected
tidal feature region 𝑀 feat

★ , for the shells (orange) and streams (blue) in Magneticum Box4. The vertical
lines indicate the medians of the respective distributions. This is figure 3 from Stoiber et al. (2025).

closer to the galaxy center, though it should be noted that they subtracted a Sérsic light profile
from the galaxy before identifying their shells, allowing them to reveal shells in the brighter
inner galaxy regions. For streams, prominent streams have been observed to be consistent
with our stream distance distribution, for example for M 83 the stream lies between 28 and
48 kpc (Barnes et al. 2014), and for NGC 5907 the mean radial distance is 46 kpc (Laine et al.
2016). Both of those streams thereby reside in the upper range of our distance distribution
from the simulation.

As we had manually marked the projected feature regions (as shown in Figure 5.1), we
could use these contours to determine the feature widths (top right panel of Figure 5.2). For
the streams, we find a distribution and median (∼5.5 kpc) very similar to the observations of
35 galaxies with streams by Sola et al. (2025a, magenta line) from the DESI Legacy Survey,
where they also annotated their features manually on the low-surface-brightness images. The
simulated stream widths also lie in between the tidal feature samples by Sola et al. (2025b)
with 100 streams and 199 tails and by Pippert et al. (2025) with 9 streams and 4 tails, for which
we show both the pure streams width as well as the combined streams+tails width distributions.
Only Pippert et al. (2025) use a different approach for determining the feature widths, which
is by determining the full width at half maximum for Gaussian fits to the streams, which may
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bias their results to larger widths. However, given their small sample size, this may also be a
result of the limited statistics. For the shell widths it is more difficult to define their width
given that a shell is characterized by its sharp border where the stellar overdensity drops off
towards the outer regions, whereas there is no such inner cutoff to a shell. Nevertheless, we
also show the annotated shell widths for completeness (orange line), which have overall more
narrow widths than streams.

Since all the tidal features were annotated in the face-on projection of the host, we
determined the mean angular position of each feature ⟨𝜃⟩, that is, the angle between the major
axis of the galaxy and the projected feature center. We show the distribution of ⟨𝜃⟩ for shells
and streams in the lower left panel of Figure 5.2. As already seen in the feature overview panel
(Figure 5.1), the shells are largely aligned with the photometric major axis with a median
alignment below 5◦. Since a radial merger is needed to form shells (e.g., Karademir et al.
2019), this merger leads to the elongation of a galaxy along the infall axis, leading to a major
axis in the same direction. Also the prominent shell system of NGC 3923 has been found to
be oriented along the major axis (Prieur 1988). In contrast, streams are almost uniformly
distributed around the host galaxies, where they are only a little less likely to be centered
around the minor axis. However, a more extensive sample of streams would be needed to
confirm this indication. Regardless, the overall almost uniform distribution of stream angular
position shows that their more circular infall orbits (e.g., Karademir et al. 2019) do not affect
the host galaxy’s shape.

The angular extent Δ𝜃 is the total angular region covered by the tidal feature as measured
from the host’s center. The lower middle panel of Figure 5.2 shows its distribution for shells
and streams, where shells are found to have angular extents between around 30◦ to 100◦, with
a median of 72◦. Individual stream regions have the potential to almost wrap around the entire
galaxy (e.g., UID 6070 and UID 15103 as seen in Figure 5.1), but many streams are oriented
radially toward the host’s center (e.g., UID 1 and UID 15741), thereby significantly decreasing
the typical angular extent of streams (median of 33◦).

Finally, we computed the total stellar mass contained within each projected tidal feature
region, 𝑀 feat

★ . The lower right panel of Figure 5.2 shows its distribution for shells and streams,
where clearly shell regions contain overall more mass (median of 4.4 × 109 M⊙) than stream
regions (median of 1.6 × 109 M⊙). While on average shells reside slightly closer to the host
galaxy than streams (top left panel of Figure 5.2), such that the host’s halo contributes more to
the projected mass, this is not sufficient to explain the significant projected mass difference
between shell and stream regions. As a result, this suggests that shell progenitors are more
massive than stream progenitors. Compared to stream observations, our typical values are
higher than estimates for the stream of M 83 with 108 M⊙ from near-infrared observations
(Barnes et al. 2014) or of NGC 5907 with 2.1 × 108 M⊙ from the r-band (Laine et al. 2016).
Even for the sample of 35 stream galaxies (Sola et al. 2025a), lower median stream stellar
masses are found from the g- and r-bands compared to our values (6.2 × 108 M⊙). However,
as Sola et al. (2025a) subtracted a galaxy model from the flux data before determining the
stream mass, a systematic offset is expected to our values, reducing the differences between
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simulated and observed projected stream masses. In general, it should be pointed out that a
direct comparison between individual tidal feature properties is difficult: different stages of
their evolution, where mass is stripped away over time, and varying projected distances of the
progenitor’s core from the host’s center can heavily influence such measurements.

5.2.2 Kinematics and stellar population properties

As found by Valenzuela & Remus (2024) in their case study of a shell galaxy in Magneticum
Box4, the velocity dispersion within the shells is lower than within their surroundings. For the
Illustris simulation, Pop et al. (2017) found that the metallicity within shells is higher than
within their surroundings. These previous findings indicate that the projected tidal features
have distinct properties compared to the rest of the halo. In the following, we investigate
for our entire tidal feature sample how the shells and streams compare to their surroundings
with respect to the velocity dispersion, metallicity, and stellar age. For this, we used the
same face-on projection of the galaxies as before and determined the mean projected velocity
dispersion, mean metallicity, and mean stellar age within each projected tidal feature region,
all computed in a light-weighted manner from the r-band mock observations. For the streams,
this is computed across the entire stream region, whereas for the shells, we take the maximum
radial velocity dispersion and metallicity and the minimum radial age within the shell region
from radial bin slices to ensure that the actual shell structure is identified. The properties
of the stream surroundings were determined within an annulus around the host galaxy with
inner and outer radii equivalent to the radial extent of the stream. For the shell surroundings,
we selected the immediate inner and outer regions surrounding the shell within the same
circular sector, where we individually computed the projected properties and then took the
mean between the two regions. This enables a comparison with the direct surroundings of
both streams and shells.

Figure 5.3 shows how the feature properties (feat) compare to their surroundings (surr)
directly (top panels) and relatively (lower panels) for the mean light-weighted line-of-sight
velocity dispersion ⟨los𝜎⟩lw (left), stellar age ⟨𝑡★⟩lw (middle), and stellar metallicity ⟨[𝑍/H]⟩lw
(right). The velocity dispersion within shells (orange) and streams (blue) is lower than that
of the surroundings for most features, where only a few streams and a single shell show the
opposite behavior. Even including the associated scatters, roughly two thirds of tidal features
have statistically significant lower velocity dispersions than the surrounding halo. Since
streams and shells are composed of stars with bulk motions that originate from a common
progenitor, these stars dominate the light in those regions, significantly lowering the velocity
dispersion. The relative relation (bottom panel) is largely independent of feature velocity
dispersion, except that at the very lowest values the feature velocity dispersion can be much
lower, up to a factor of 0.5–0.6. These low feature velocity dispersions are also only found for
lower-mass host galaxies (less opaque data points), likely because of a combination of less
material being contained in their halos as well as lower-mass galaxies having lower velocity
dispersions in general.
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Figure 5.3: Top row: Quantity of the surroundings as a function of the tidal feature quantity for the
mean light-weighted line-of-sight velocity dispersion ⟨los𝜎⟩lw (left), stellar age ⟨𝑡★⟩lw (middle), and
stellar metallicity ⟨[𝑍/H]⟩lw (right). The 1:1 relation is indicated by the solid black lines. Bottom row:
Relative ratio of the feature quantity divided by the quantity of the surroundings as a function of the
feature quantity for the same three properties. The 1:1 relation is indicated by the dashed black lines.
The data points are colored by feature type, with shells in orange and streams in blue, and have an
opacity depending on the host galaxy’s stellar mass (see the respective color bars). The error bars
indicate the 1𝜎 scatter within each region. This is figure 4 from Stoiber et al. (2025).

The tidal feature mean stellar ages are generally similar to their surroundings (middle
panels of Figure 5.3), except for a set of eight young streams with ages below 7 Gyr, most of
which are significantly younger than their surroundings. The general stream stellar ages are
similar to those of some observed stellar streams, like of the Sagittarius stream around the
Milky Way (7 Gyr; de Boer et al. 2015), the Giant Stellar Stream around M 31 (8.8 Gyr; Brown
et al. 2006), or the stream around NGC 5907 (11.9 Gyr; Laine et al. 2016). For shells, Fensch
et al. (2020) measured an age of around 3.6 Gyr for the most prominent outer shell of NGC 474
through full spectral fitting, which is much younger than any of the stellar ages we found for
the simulated shell regions, which only reach as young as 7 Gyr. It is also younger than the
core of NGC 474 (7.7 Gyr; McDermid et al. 2015), such that it may be an outlier among shells
with a potential starburst during the collision. This may also be related to NGC 474 having
had recent star formation and being a “blue outlier” among early-type galaxies (Jeong et al.
2012; Zaritsky et al. 2014) from its bluer color and high near-UV emission.

Finally, the metallicity of the Magneticum shells is almost always higher than that of
their surroundings (right panels of Figure 5.3), consistent with the Illustris results from Pop
et al. (2017). Due to the large scatter within the shells, this is only true for about a third of
them when considering the 1𝜎 scatter. Their values range between ⟨[𝑍/H]⟩feat

lw = −0.35 and
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0.0. The prominent shell of NGC 474 was measured to have a metallicity of [𝑍/H = −0.83]
(Fensch et al. 2020), which is significantly less metal-rich than our shells. In contrast, the
Illustris shell metallicities were determined to lie well above our values, at log 𝑍/𝑍⊙ = −0.02
to 0.18. The differences in metallicity could arise from several different factors. On the
observational side, uncertainties can arise from the full spectral fitting, among others through
the age-metallicity degeneracy, and through the low-surface-brightness nature of the shell
(e.g., Worthey 1994; Boecker et al. 2020). Different galaxy formation models as employed by
Magneticum and Illustris as well as the specific yields employed for supernova and stellar
wind feedback can lead to systematic offsets between each other. Here, the key conclusion is
that shells tend to have higher metallicities than their outskirts, which is a result drawn from
both of the simulations, independent of their underlying models. The reason for this is that
shells tend to be formed by relatively massive infalling galaxies (see also the next section),
which generally have larger metallicities according to the stellar mass-metallicity relation
(e.g., Gallazzi et al. 2005) and thereby have a larger metallicity than the host’s halo.

For streams, there is a tendency for them to have lower metallicities compared to their
surroundings, though there are also a number of streams that have higher metallicities.
Compared to the shells, the metallicities are lower, mostly ranging from ⟨[𝑍/H]⟩feat

lw = −0.5 to
−0.15. On the observational side, the core of the Giant Stellar Stream around M 31 has been
measured to have a metallicity of [Fe/H] ∼ −0.7 to −0.5 (Ferguson & Mackey 2016), which
is at the lower end of our range. In contrast, the stream around NGC 5907 has a metallicity of
log 𝑍/𝑍⊙ = −0.3 (Laine et al. 2016), which is significantly more metal-rich and agrees well
with the simulated streams.

5.3 Progenitors of shells and streams
One of the central utilities of cosmological simulations is connecting present-day structures
with their progenitors. In the following, we trace back the tidal features to their pre-merger
progenitor galaxies and investigate the merger as well as the galaxy properties.

First, we matched the stellar particles found in each of the projected tidal feature regions
with those found in nearby satellite galaxies in the preceding snapshots, such that we were
able to identify which galaxies at earlier times correspond to the respective tidal feature in the
last snapshot. This was possible for most tidal features, with the exception of several of the
young stream-like objects, which we investigate in Section 5.4. By selecting only the particles
that were part of the identified progenitor galaxy in the last snapshot, we could disentangle the
pure and complete tidal features from the host galaxies. Figure 5.4 shows two examples of this
for a shell (top) and a stream (bottom) galaxy, where the entire host galaxies and their outskirts
are shown on the left, while the extracted tidal features are shown on the right. Clearly, much
of the tidal features is covered by the host and its halo, such that only the brightest parts
can be seen in the left maps. One can also see that the shell system is a lot more spatially
extended compared to the full stream. The reason for this is that the radial orbit of the shell
progenitor has a much closer encounter with the host and its gravitational potential, leading to
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Figure 5.4: Top row: Stellar surface density map of a galaxy (UID 13500) with a prominent shell
system (left) and of the isolated remnant of the identified shell progenitor galaxy (right). Both maps
are of the same region in the same snapshot. Bottom row: Stellar surface density map of a galaxy
(UID 7902) with a prominent stream (left) and of the entire isolated stream, which is the remnant
of the isolated stream progenitor galaxy (right). The projections and orientations are the same as in
Figure 5.1. This is figure 5 from Stoiber et al. (2025).

the stars being funneled into a wide circular sector (e.g., Quinn 1984; Hernquist & Quinn
1988). In contrast, a stream is tidally stripped along its orbit through tidal shocking at the
orbit’s pericenter and through evaporation of stars across the tidal boundary, which results in
a leading and a trailing arm that make up the total stream. In Appendix B.1, we show the
remaining isolated tidal feature structures.

5.3.1 Properties of tidal feature progenitors

With the identified progenitors, we determined their properties at merger time to characterize
the tidal feature progenitor galaxies. A central merger property is the stellar merger mass
ratio 𝑀prog

★ /𝑀host
★ , for which we show its distribution in the left panel of Figure 5.5 for shell

and stream mergers. As expected, mergers that lead to the formation of shells are on average
relatively more massive than stream mergers, with most stellar mass ratios being major and
minor and lying between 1:5 and 1:1, compared to the largely mini and minor stream mergers
of <1:5. These results are consistent with those by Pop et al. (2018) and Mancillas et al.
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Figure 5.5: Distributions of the stellar merger mass ratio 𝑀
prog
★ /𝑀host

★ (left), of the progenitor gas
mass fraction 𝑀prog
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★ ) (center), and of the morphology quantified by the 𝑏-value (right),
of shell (orange) and stream (blue) progenitors. For the 𝑏-value, the overall distribution of all galaxies
at 𝑧 = 0 (dashed black line) and 𝑧 = 0.45 (dotted gray line) are shown as well for comparison. The
early-type galaxy (ETG) and late-type galaxy (LTG) classifications are indicated by the shaded areas.
The thin vertical lines indicate the medians of the respective distributions. This is figure 10 from Stoiber
et al. (2025).

(2019). Nevertheless, we also find cases of smaller mergers leading to shells, which is then
linked to an especially radial merger orbit of the progenitor.

The gas mass fraction distribution of the progenitors is shown in the center panel of
Figure 5.5, where stream progenitors generally have higher values than shell progenitors. In
part, this may be caused by the intrinsically higher masses of shell progenitors (see figure 8 of
Stoiber et al. 2025), which tend to have lower gas mass fractions (e.g., Catinella et al. 2018;
Díaz-García & Knapen 2020). Note that here we do not distinguish between hot and cold gas,
however.

The morphological distribution of shell and stream progenitors is very similar, as quantified
by the 𝑏-value (right panel of Figure 5.5). However, compared to the overall morphological
distribution of all galaxies in the original sample at 𝑧 = 0 (black) and 𝑧 = 0.45 (gray,
corresponding to the typical redshift at which the progenitors reached their peak stellar mass),
there are fewer late-type galaxies (LTGs) among the feature progenitors. While it is not
conclusive what the primary reason for this difference is, it is possible that the typically higher
fractions of cold gas in late-type galaxies change the merger dynamics sufficiently compared
to the collisionless nature of a gas-poor merger.

To further investigate whether the tidal feature progenitors also deviate from the overall
galaxy sample in other aspects, we consider two scaling relations, within which we place the
progenitors. The first is the stellar mass-metallicity relation, which we show in the top panel
of Figure 5.6. The data points are colored by the redshift at which they reached their peak
stellar mass before the merger, 𝑧PSM, for shells (circles) and streams (triangles). In general,
the stellar masses of the progenitors tend to be more massive compared to the overall sample
(gray points at 𝑧 = 0.45 and black contours at 𝑧 = 0), which is a result of these forming the
prominent tidal features that could be identified clearly in the mock observations. Compared
to the overall galaxy sample, the feature progenitors do not have a particular bias toward
larger or smaller metallicities, but lie right on the general relation, in agreement with a stream
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Figure 5.6: Top: Stellar mass-metallicity relation. The mass-weighted mean stellar metallicity
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(uhr) for the total sample at 𝑧 = 0.45 (gray) as well as at 𝑧 = 0 (black contours), and for the shell
(colored circles) and stream (colored triangles) progenitors. Observed data points and relations are
shown for Kudritzki et al. (2021) from a galaxy evolution lookback model, for Sextl et al. (2023) from
stacked galaxy spectra, and for Kudritzki et al. (2024) as measured from individual blue supergiants.
Bottom: Mass-size relation. The stellar half-mass radius 𝑟1/2 is shown as a function of stellar mass.
The data points and contours are plotted analogously to the top panel, and the observed relation for
early-type galaxies (ETGs; dotted line) and late-type galaxies (LTGs; dash-dotted line) are shown from
Lange et al. (2015). The properties are computed at the redshift of peak stellar mass of the respective
feature progenitors, 𝑧PSM, according to which the data points are colored. This is figure 11 from Stoiber
et al. (2025).

study in the FIRE simulations (Panithanpaisal et al. 2021). Metallicity observations obtained
with different methods (Kudritzki et al. 2021; Sextl et al. 2023; Kudritzki et al. 2024) are
also consistent with the galaxy sample, where there appears to only be a tendency for higher
simulated metallicities at the high-mass end of 𝑀★ ≳ 1011 M⊙. In particular, this means that
the differences found for the metallicities of the projected tidal feature regions compared
to observations (see Section 5.2) are not a result of systematically overly high simulated
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Figure 5.7: Light-weighted mean stellar metallicity [Z/H]lw of the projected tidal feature regions
(y-axis) compared to the actual value of the corresponding progenitor galaxies (x-axis). Left: Relation
for the shells and their progenitors. Right: Relation for the streams and their progenitors. This figure
was produced by Johannes Stoiber within the scope of the work by Stoiber et al. (2025).

metallicities. Given the higher stellar masses of shell progenitors and their higher metallicities,
this is also the underlying reason for the higher projected shell metallicities found in Figure 5.3.

The second scaling relation we consider is the mass-size relation, shown in the bottom
panel of Figure 5.6. Again, the feature progenitors do not have a particular bias compared to
the overall galaxy sample, which also follows the observed mass-size relation (Lange et al.
2015). Only a small number of galaxies with very early peak stellar mass times before 𝑧 = 1.5
(dark blue) are found to be especially small, though this is consistent with the temporal
evolution of the mass-size relation (see figure 30 of Dolag et al. 2025).

Having established the actual positions of the shell and stream progenitor galaxies in the
stellar mass-metallicity relation, we next compared these to the originally observed values
for the projected tidal feature regions in Section 5.2. Figure 5.7 shows for shells (right) and
streams (left) how the stellar metallicity compares between the projected feature region and the
actual mean metallicity of the progenitor galaxy. Nearly all projected shell and stream regions
have significantly lower metallicities than the corresponding progenitor galaxies by around
0.2–0.6 dex, most likely heavily influenced by the metal-poor halo of the host galaxy. Only
one stream has a similar metallicity similar to that of the progenitor, which is due to its remnant
metal-rich core making up most of the selected stream region in an early state of its tidal
disruption. Overall, our results show that directly inferring a progenitor’s stellar mass from a
projected metallicity measurement of the tidal feature through the mass-metallicity relation is
severely biased toward lower masses because the projected metallicities are systematically
lower than the actual progenitor’s metallicity.
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5.3.2 Evolution of tidal feature spatial distributions

Since the tidal feature progenitors typically also have internal gradients such as for metallicity
and age, it is important to understand the spatial evolution of the stars that are tidally stripped
from the infalling galaxy. To this end, we studied a shell and a stream galaxy as a case study
for each type of tidal feature. For each stellar particle in the progenitor galaxy, we determined
its initial radial distance from the progenitor’s center in units of the half-mass radius 𝑟1/2 at
the same time, which we used to then track where the stars of each initial radius are deposited.

Figure 5.8 shows the evolution of a shell system over the course of almost 3 Gyr, centered
on the gravitational potential of the host galaxy, which is not shown. The stellar component is
colored by the initial radius, and we follow the infalling galaxy with a blue line for as long as
it was still identified as a satellite by the subhalo finder. The blue line traces a radial orbit, just
as expected for a shell progenitor (e.g., Karademir et al. 2019). Each shell that is formed is
labeled with an incrementing unique number, where it becomes clear that the first shells are
made up of stars that initially were in the outskirts of the progenitor galaxy (yellow shells).
Later shells contain stars from regions that originally sat closer to the progenitor’s core (orange
to purple shells). This shows how the progenitor galaxy is tidally disrupted from the outside
to the inside. The radial ordering means that intrinsic gradients found in the progenitor, such
as a metallicity gradient, should also leave their imprint in the shell system. All of the shells
propagate outward as density waves and simultaneously become fainter as they dissipate. Here
it is important to note that a shell is not a structure composed of the same stars over time, but
consisting of stars slowing down on their orbits as they reach the apocenter, after which they
fall back toward the host galaxy (e.g., Amorisco 2015). The changing stars can be seen by
following the color of the shell labeled 6, which starts with stars that initially mainly resided
within 1 𝑟1/2 (purple) and later contains stars that initially were further outside (orange).

The evolution of the example stream progenitor is found in Figure 5.9. A clear difference
from the shell progenitor is that it falls in on a much more circular orbit, as expected (e.g.,
Karademir et al. 2019). During the first orbit in the first two panels, a first tidal arm develops
from the outer regions of the progenitor (dark yellow). Over time, the stream covers an
increasingly large stretch of its orbit, with clear leading and trailing arms seen in several of
the later panels around the progenitor’s core marked by the red cross. Starting at a lookback
time of 𝑡lb = 0.85 Gyr, even the core region within 1 𝑟1/2 begins to get tidally stripped, until it
is almost fully disrupted by the last snapshot. The original stream annotation was based on
the stream region right around the core (red cross) in the last snapshot, indicating that at the
time of observation a stream can potentially only be identified by the stars originating from
the progenitor’s inner regions.

5.4 Young in-situ stream-like features
Not all the identified streams could be traced back to a progenitor galaxy. Several young
streams with ages of ⟨𝑡★⟩ < 7 Gyr do not originate from an infalling galaxy, but in fact are
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Figure 5.10: In-situ formation of a young stream-like feature (UID 6070) from a gas ring across four
snapshots (from left to right), covering a time range of ∼1.3 Gyr. The redshift of a snapshot is stated in
the top left of the top panels. Top: Gas surface mass density of the host galaxy. Middle: Gas surface
mass density (color map) of the gas from which the stars of the young stream-like feature form (white
dots). Only the stars younger than 1.2 Gyr from the originally selected projected stream region are
shown. Bottom: Stellar mock observation of the host galaxy in the r-band. The last panel in this row is
the map in which the stream-like feature was originally annotated, and the orientation is the same as in
Figure 5.1. The blue arrows in the second column indicate the position and direction of the velocity of
a satellite galaxy that potentially triggered the star formation in the gas ring (see Appendix B.2). This
is figure 12 from Stoiber et al. (2025).

formed in-situ. We traced back the stars contained in one of these stream-like features to
the gas they were formed from. We show the evolution of the gas and stars in Figure 5.10
from 𝑧 = 0.17 until the last snapshot at 𝑧 = 0.07, visualizing the gas surface density of the
entire system (top), the stars of the stream-like feature as well as the gas that formed them
(middle), and the r-band stellar mock observations (bottom). To avoid older foreground and
background stars from the host galaxy’s halo, we set an upper stellar age limit of 𝑡age ≤ 1.2 Gyr
(corresponding to a formation after 𝑧 = 0.17, the redshift of the first panel) for the stars in the
second row. It becomes apparent that the young stream-like feature was formed within a gas
ring around the host’s center, with most stars appearing in the last two panels. Interestingly, it
appears that the stars were mostly formed on one side of the gas ring, seen by the semi-circle
ring of stars (white dots) in the third panel of the second row. These young stars are luminous
and hence appear as a stream-like feature in the photometry (last panel in the third row). The
gas ring remains in place over the entire sequence of snapshots (top row).
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While the investigation of the origin of the gas ring is beyond the scope of this work, we
found that similar formation pathways lead to the other young stream-like features without
identified progenitor galaxies, making them in-situ stream-like features. For the case study
highlighted here in Figure 5.10, a potential trigger for the star formation in the gas ring is
the brief interaction with another galaxy as it passes by with the pericenter at 𝑧 = 0.14 (blue
arrows in the second column). As it passes the host galaxy in the same direction as the star
formation appears to occur, we propose that the gas in the ring is compressed through the
encounter and thereby forms stars on that side of the ring. We show the galaxy flyby in the
larger environment of the host galaxy in Appendix B.2.

5.5 Summary and conclusion

Building on the study by Valenzuela & Remus (2024), we systematically investigated the tidal
shells and streams around the galaxies of Magneticum Box4 (uhr). We first focused on the
projected properties of the features, including their spatial properties, kinematics, and stellar
populations. Overall, the results we found for the simulated galaxies are in agreement with
observed shells and streams. This is the case for individual observed tidal features (e.g., Bílek
et al. 2016, 2022) as well as for the distributions of positions and widths from larger samples
(e.g., Sola et al. 2022; Pippert et al. 2025; Sola et al. 2025b). Shells are found to reside along
the major axis of their host galaxy, just as expected from a radial merger forming the shells
and simultaneously elongating the galaxy in the infall direction.

We confirmed the prediction of Valenzuela & Remus (2024) based on their case study that
shells have lower line-of-sight velocity dispersions than their surroundings. The ages of tidal
features are overall similar to their surroundings, with the exception of some especially young
stellar streams. The metallicity of shells is generally higher than that of their surroundings,
while streams have similar or slightly lower metallicities. Overall, the stellar ages and
metallicities of the tidal features are comparable to the results from observations (e.g., Brown
et al. 2006; Ferguson & Mackey 2016; Laine et al. 2016). Still, there is a significant difference
compared to the results from full spectral fitting for NGC 474 by Fensch et al. (2020), who
measure a very young and more metal-poor stellar population within the shell, though this
may be an especially peculiar case. However, it is also possible that potential star formation
within some shells cannot be captured in the simulation without increasing the resolution or
further improving the star formation model.

We then identified the progenitor galaxies of the tidal features by tracing them backward in
time to investigate the progenitor properties. The shell progenitors in Magneticum Box4 (uhr)
differ from stream progenitors through higher merger mass ratios, higher stellar masses, and
lower gas mass fractions. In particular, the higher merger mass ratio leads to a preference for
radial infall because of dynamical friction, which is necessary for the formation of shells (e.g.,
Quinn 1984; Karademir et al. 2019). This is also consistent with previous work on shells in
the Illustris simulation by Pop et al. (2018). Nevertheless, we find that even minor mergers
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are capable of forming shells when the orbit is sufficiently radial, while most minor and mini
mergers fall in on more circular orbits, leading to streams (e.g., Mancillas et al. 2019).

Shell and stream progenitors are not outliers in the stellar mass-metallicity and mass-size
scaling relations. This also means that the age and metallicity differences to Fensch et al. (2020)
are unlikely a result of systematic differences in galaxy properties. Instead, observational
biases, improvements in the simulated star formation recipes and resolution, and larger
simulated galaxy samples are likely necessary to explain these discrepancies. We also find
that the projected metallicities measured within the projected tidal features are lower than
the intrinsic values of the progenitors, which is a result of the more metal-poor overlaying
host galaxies’ halos. This has to be taken into account in any observational attempts to
infer the progenitor galaxy’s mass through the mass-metallicity relation based on metallicity
measurements of a given tidal feature. Otherwise, progenitor masses are underestimated,
which can be seen by differing mass estimates by Fensch et al. (2020) using several methods
for the shells of NGC 474.

Tracing the evolution of infalling galaxies over time for a shell and a stream example, we
find that the outer stars are first tidally stripped from the progenitor as expected. The first
shells that are formed are therefore composed of outer stars, whereas later shells are made up
of inner progenitor stars. As a result, a metallicity gradient in the progenitor should also be
imprinted in the shell system. Stream progenitors initially develop tidal arms containing their
outer stars, but as time passes the galaxy is tidally disrupted into a stream composed of its
innermost stars. The former core region can then be observed as the brightest part of a stream
(unless covered by the host galaxy in projection).

Finally, we investigated the nature of several young stream-like features without identified
progenitors. These in fact form in-situ in their host galaxies and are therefore not actually
stellar streams in the classical sense. For an exemplary case, we find that it is formed within a
gas ring. The star formation was potentially triggered by a passing galaxy during its pericenter
passage shortly before the stars begin forming. Future studies will be necessary to develop a
deeper understanding of such occurrences.

With this study we have delivered the most extensive analysis to date of tidal shells and
streams in a cosmological simulation, analyzing their projected properties and linking them
to their progenitors. We find that the shells and streams in the Magneticum Box4 (uhr)
simulation agree very well with observations across a large range of properties from spatial
extent to stellar populations. The characterization of shell and stream merger mass ratios and
progenitor properties furthermore expand on previous studies of shells or streams. Further
work will be crucial to deliver more predictions for the currently and soon incoming wide-field
low-surface-brightness observations from the Euclid, Rubin, and Roman facilities.
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onTidalFeatures

This chapter summarizes the results published by Rutherford et al. (2024, incl. Valenzuela),
MNRAS 529, 810, and by Khalid et al. (2025, incl. Valenzuela), MNRAS 543, 3391,

for which I provided simulation data and contributed to the interpretations:

The SAMI Galaxy Survey:
using tidal streams and shells to trace the dynamical evolution of massive galaxies

&
Tidal features around simulated groups and cluster galaxies: enhancement and suppression

of merger events through environment in LSST-like mock observations

Building on the work on tidal features in Magneticum Box4 (uhr) and the analysis on the
relation between outer structures and the inner kinematics (Valenzuela & Remus 2024, see
Chapter 4), I have contributed to two subsequent studies that further investigate tidal features
and their occurrence in different galaxy populations. As tidal features are a temporary
phenomenon, their presence indicates that a merger has occurred in the last few Gyr (Mancillas
et al. 2019). Expanding on the results found for Box4 and the MATLAS survey with respect to
the inner kinematics and the presence of tidal features, we used galaxies from the SAMI survey
(Croom et al. 2012; Bryant et al. 2015) to identify tidal features and connect them to several
different galaxy properties (Rutherford et al. 2024, incl. Valenzuela). Furthermore, it remains
unclear to what extent tidal features are found around satellite galaxies as they fall into a more
massive host galaxy, which would provide insights into the merger occurrence for the infalling
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galaxies themselves. Using a tidal feature census for the galaxies in several cosmological
simulations (including Box4; Khalid et al. 2024), we thus investigated how common tidal
features are around satellite galaxies in different regions of phase space for galaxy to galaxy
cluster environments (Khalid et al. 2025, incl. Valenzuela). In the following, the central results
in the context of this thesis are presented for each of the two studies. Section 6.1 summarizes
the results by Rutherford et al. (2024), Section 6.2 summarizes the results by Khalid et al.
(2025), and Section 6.3 presents a conclusion to the two works.

6.1 Shells and inner kinematics in SAMI
Slow rotator galaxies with low values of the spin parameter 𝜆𝑅 (Emsellem et al. 2007, 2011,
also see Section 4.2.3) have typically also been characterized by being massive and having
old stellar ages, which appear to be the result of diverse formation paths (e.g., Lagos et al.
2022). While simulations have shown that in general slow rotators develop through galaxy
mergers (e.g., Di Matteo et al. 2009; Bois et al. 2011; Choi & Yi 2017; Lagos et al. 2018;
Schulze et al. 2020), some studies have found no relation between merger signatures and slow
rotators (e.g., Oh et al. 2016), indicating that the relevant mergers occurred long ago to not
be traceable anymore. Having established the correlation between tidal shells as a merger
signature and a slowly rotating host galaxy for the Magneticum Box4 (uhr) simulation and
the MATLAS survey (Valenzuela & Remus 2024), we used galaxies from the SAMI survey
(Croom et al. 2012; Bryant et al. 2015) to consolidate the connection between slow rotators
and recent mergers.

To this end, we selected galaxies from SAMI DR3 (Croom et al. 2021) that are early-
type galaxies according to the classification by Cortese et al. (2016) and that live in non-
cluster environments. These galaxies are covered by the Hyper Suprime-Cam Subaru
Strategic Program (HSC-SSP; Aihara et al. 2019), which has a surface brightness limit of
27.8 mag arcsec−2 in the r-band. We set a stellar mass criterion of 𝑀∗ ≥ 1010 M⊙, resulting in
a sample of 411 galaxies. Of these, 325 have 𝜆𝑅𝑒 measurements available from van de Sande
et al. (2017), 405 have ellipticity measurements from D’Eugenio et al. (2021), and 386 have
light-weighted age measurements from Vaughan et al. (2022).

Tidal features were identified by eye from r-band, rgb, and model-subtracted (using
mult-Gaussian expansion fits, MGE, following D’Eugenio et al. 2021) images of the individual
galaxies and their outskirts. Here we only distinguished between tidal streams and shells.
Of the total galaxy sample, there are 71 galaxies with shells and 76 with streams (18 of
which have both types of features). These fractions of galaxies with tidal features are overall
comparable to the fractions found for MATLAS (Bílek et al. 2020) and Magneticum Box4
(Valenzuela & Remus 2024). The fraction of galaxies with tidal features is highest for young
and massive galaxies, where around 35% of the galaxies with above-median stellar mass and
below-median age have tidal features, whereas this value is 10–12% for older or lower-mass
galaxies. For the total galaxy sample, neither 𝜆𝑅𝑒 nor the ellipticity 𝜖 is correlated with the
presence of tidal features.
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Figure 6.1: Location of SAMI galaxies in the 𝜆𝑅𝑒 -𝜖 plane for the total galaxy sample (left) and galaxies
with mean stellar ages below the median (right). Shell galaxies are marked in red, while galaxies
without any tidal features (regular galaxies) are marked in blue. The histograms above and to the left
of the main panels indicate the normalized probability density functions of 𝜖 and 𝜆𝑅𝑒 , respectively.
The region contained by the solid black line marks the slow rotators according to the definition by van
de Sande et al. (2021), 𝜆𝑅𝑒 < 0.12 + 0.25𝜖 and 𝜖 < 0.428, whereas galaxies outside the region are
considered fast rotators. The solid magenta line traces the theoretical prediction for edge-on oblate
galaxies with an anisotropy of 𝛽 = 0.7𝜖 . The dotted gray lines indicate the same relation, but for
different inclinations from 10◦ to 80◦. The dashed gray lines also indicate the same relation, but for
different fixed intrinsic ellipticities 𝜖intr = 0.9 to 0.35 as the viewing angle changes from face-on (𝜖 = 0)
to edge-on (𝜖 reaching the solid magenta line). These are figures 6 and 7 from Rutherford et al. (2024).

Since Valenzuela & Remus (2024) found that tidal shells are most strongly correlated with
lower values of 𝜆𝑅𝑒 , we next placed a particular focus on the SAMI shell galaxies. In the
left panel of Figure 6.1, we show the 𝜆𝑅𝑒-𝜖 plane for the SAMI galaxies with shell galaxies
highlighted in red. Considering the overall distributions of 𝜆𝑅𝑒 and 𝜖 for galaxies with shells
(red histogram) and galaxies without any tidal features (regular galaxies, blue histograms),
there is no statistically significant difference between them. For both samples, the galaxies
tend to have lower values of ellipticity and rotational support, which is expected based on the
selection of massive early-type galaxies. However, the lack of any difference between the two
samples stands in contrast to the results of Valenzuela & Remus (2024) for the simulation
Box4 and the MATLAS survey.

Only when considering solely the younger galaxies (with mean light-weighted stellar ages
younger than the median), for which the fraction of galaxies with tidal features is generally
higher, the distributions of 𝜆𝑅𝑒 and 𝜖 differ between the shell galaxies and galaxies without
tidal features (right panel of Figure 6.1). For this subsample, the young shell galaxies continue
to have similar distributions of the two parameters (comparing the red histograms between the
left and right panels), whereas the young galaxies without tidal features tend to have larger
ellipticities and higher values of 𝜆𝑅𝑒 (comparing the blue histograms between the left and
right panels). Here we finally do recover the same behavior found by Valenzuela & Remus
(2024) for Box4 and MATLAS, just that for SAMI it is limited to the younger half of galaxies.
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This trend is driven by the fraction of slow rotators among galaxies without tidal features
falling for younger galaxies, while the fraction of slow rotators among shell galaxies stays
almost constant.

If we assume that the mean light-weighted stellar age can be used as an indicator for the
time of the last major merger, this would imply that old slowly rotating galaxies had their
major merger and spin-down occur long ago, where any shell features would have dissipated
by today (based on an estimated lifetime of ∼4 Gyr, Mancillas et al. 2019). As a result, the
correlation between slow rotators and the presence of shells disappears for these old galaxies.
In contrast, for young slowly rotating galaxies a recent major merger would be more likely to
have a still observable remnant in the form of shells. For this latter case, a correlation between
slow rotators and shells emerges. These results are consistent with the idea that a spin-down
induced by a merger is only traceable through tidal shells for a limited period of time.

Finally, we also find that limiting the sample to strongly visible shells (which were also part
of the visual classification scheme), the difference of 𝜆𝑅𝑒 between shell and tidal feature-less
galaxies becomes even greater at younger ages. This indicates that weaker shell systems
formed through less impactful mergers that do not affect the inner rotation of the galaxies as
much, or through misclassified shells that are in reality a different type of feature, such as
rings or weak spiral arms.

6.2 Tidal feature occurrence for simulated satellites
In denser environments, there are two effects that can affect the likelihood of merger events.
On the one hand, more galaxies are contained in a smaller volume, such that generally more
mergers can occur. On the other hand, in the densest regions, for instance near the center of a
galaxy cluster, the relative velocities between satellite galaxies become so large that mergers
occur less frequently. Cosmological simulations and semi-analytic models have predicted that
galaxy interactions are most common in group environments and drop towards lower (field
galaxy regime) and higher (galaxy cluster regime) halo masses (e.g., Gnedin 2003; Mihos
2004; Jian et al. 2012; Omori et al. 2023). Observations have in contrast discovered that
galaxies in the cluster environment show a larger rate of post-merger features, which has been
connected to regions of lower velocity dispersion such as the outer cluster regions or within
infalling galaxy groups (e.g., Sheen et al. 2012; Oh et al. 2018; Kim et al. 2024). Putting this
in the context of infalling galaxies into the potential of a more massive host, some studies
have related the phase-space properties of satellite galaxies with their infall times into the
cluster or group (e.g., Rhee et al. 2017; Pasquali et al. 2019).

Kim et al. (2024) performed a first analysis on several observed galaxy clusters, comparing
the occurrence of merger and post-merger signatures with the location in projected phase space
(projected distance from the cluster center vs. line-of-sight velocity). They find that merging
galaxies are located predominantly in groups in the cluster outskirts, whereas post-merger
signatures are found throughout phase space. To further probe the occurrence of post-merger
signatures in different environments and thereby provide predictions for mergers of infalling
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galaxies, we employ several cosmological simulations to analyze the occurrence of tidal
features as post-merger indicators of satellite galaxies. To this end, we use the tidal feature
census of Khalid et al. (2024) for the simulations Magneticum Box4 (uhr; Teklu et al. 2015;
Dolag et al. 2025), EAGLE (Schaye et al. 2015), and TNG100 (Marinacci et al. 2018; Naiman
et al. 2018; Nelson et al. 2018; Pillepich et al. 2018; Springel et al. 2018). The tidal features
were visually identified through mock images designed to imitate the expected 10-year Vera C.
Rubin Observatory Legacy Survey of Space and Time (LSST; Ivezić et al. 2019) data with its
point spread function (PSF) and surface brightness limit of roughly 30 mag arcsec−2 in the g,
r, and i bands.

For the classification, four types were distinguished: tidal streams and tails (as one
group, in contrast to Bílek et al. 2020 or Valenzuela & Remus 2024), tidal shells, plumes
or asymmetric halos as diffuse structures in the outer regions, and double nuclei as actively
merging galaxies with two clearly distinguishable nuclei and tidal features being present.
Khalid et al. (2024) find that the tidal feature occurrences are similar between the simulations
and show the same behavior as a function of stellar and halo mass, despite differences in
employed galaxy formation models and mass resolution. Satellite galaxies with stellar masses
of log𝑀∗/M⊙ ≥ 9.5 are selected. For the environments we consider three halo mass bins
based on the host galaxy’s virial mass 𝑀200,crit (total mass within a sphere with average density
equaling 200 times the critical density of the Universe), with field galaxies (log𝑀200 = 12–13),
galaxy groups (log𝑀200 = 13–14), and galaxy clusters (log𝑀200 = 14–14.7).

To investigate the occurrence of tidal features in different regions of phase space, we
employ the regions in projected velocity-radius phase space by Pasquali et al. (2019). These
regions generally trace the infall times associated with galaxies located in the respective
regions, where they parametrized zones with values of 𝑝 = 1–7 (see Pasquali et al. 2019 for
details). We define the regions of 𝑝 = 1–2 as ancient infallers, which have average infall times
of (5± 2) Gyr, 𝑝 = 3–4 as intermediate infallers with infall times of (4± 2) Gyr, and 𝑝 = 5–7
as recent infallers, with infall times of (2 ± 1) Gyr. Note that these infall time estimates are
based on data from the group and cluster regimes, but likely do not apply to lower-mass host
galaxies. The zones are also limited to radii smaller than 𝑅200,crit (the radius within which
𝑀200,crit is determined).

While we consider the tidal feature occurrences in projected phase space in Appendix C,
we here focus on the intrinsic 3D phase space, which furthermore shows clearer trends. Note
that the originally defined regions by Pasquali et al. (2019) were defined for projected phase
space, though for this analysis they suffice as general indicators for the infall times of satellite
galaxies when directly applied to 3D phase space. Figure 6.2 shows the locations of galaxies
with and without tidal features (blue crosses and red circles, respectively) in 3D phase space
for the three halo mass bins (field galaxies, groups, and clusters, from left to right). The
ancient, intermediate, and recent infaller regions are indicated by the solid gray lines, and the
fourth outer region beyond 𝑅200,crit is separated by the dashed gray line.

Considering the fractions of tidal features, there are large differences between the three
environments. Most satellites of field galaxies in the ancient infaller region and thereby
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Figure 6.2: Phase-space diagram of satellite galaxies in host halos of three different mass bins, for
field galaxies (log𝑀200 = 12–13, left), galaxy groups (log𝑀200 = 13–14, center), and galaxy clusters
(log𝑀200 = 14–14.7, right). The phase space is made up of the 3D radial distance to the host center 𝑅,
normalized to 𝑅200,crit, and the 3D velocity relative to the host Δ𝑉 , normalized to the halo velocity
dispersion 𝜎200,crit. The markers indicate the combined sample of satellite galaxies from Magneticum
Box4, EAGLE, and TNG100, differentiating between galaxies with (blue crosses) and without (red
circles) tidal features. The solid green line indicates the median velocity as a function of radius and the
shaded region its 1𝜎 scatter. The solid gray lines mark the borders of the ancient, intermediate, and
recent infaller regions (as specified in the left panel, based on the definitions of Pasquali et al. 2019),
and the vertical dashed gray line marks the halo border of 𝑅200,crit, separating the outer fourth region
(Out). The fractions of galaxies having tidal features and their corresponding upper and lower errors
are indicated in each region. This is figure D1 from Khalid et al. (2025).

residing close to the host galaxy show tidal features (almost 75%, left panel), whereas ancient
infaller satellites in galaxy clusters are unlikely to have tidal features (less than 10%, right
panel). For group satellites, almost half have tidal features in this region (43%, center panel).
This shows how the higher velocity dispersions in the dense environments lead to fewer
galaxies showing signs of interaction, which would have to have occurred after their infall to
still be visible, based on an assumed infall time of 5 Gyr ago, which is longer than the typical
lifetime of tidal features (Mancillas et al. 2019).

In contrast, for field galaxies, the closer a satellite is to the host, the more likely it is to
undergo interactions, where more distant intermediate and recent infallers have lower tidal
feature fractions of 26% and 16%, respectively. This trend is less strong for groups, where
the largest feature fraction is still found for ancient infallers, but the lowest fraction is in fact
found for intermediate infallers. We suggest that this shows the two mechanisms working
against each other, where denser environments increase the interaction rate, but higher velocity
dispersions decrease it. Finally, the intermediate and recent infallers in galaxy clusters show
the same trend as galaxy groups, with the central difference being that ancient infallers
in clusters are much less likely to show signs of interaction, caused by the high-velocity
encounters. In all environments, the outer regions show a constant ∼18% fraction of galaxies
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having tidal features, indicating that these outer regions are still unaffected by the environment
in their vicinity. In projected phase space, these intrinsic 3D trends are found to become less
significant, but generally still show the same behavior (see Appendix C). The differences are
mostly confined to the central ancient infaller region, whereas the other three regions are largely
consistent between the feature fractions in the intrinsic regions and the projected regions, such
that for those regions the intrinsic 3D results can generally be applied to observations.

6.3 Conclusion
In two further studies, we build on the results from Valenzuela & Remus (2024) with respect
to tidal features found around galaxies in the Magneticum Box4 (uhr) simulation and the
MATLAS survey. We extended the analysis of the relation between the presence of tidal
shells and the inner galaxy kinematics to a larger galaxy sample from the SAMI survey, where
we do not recover the originally expected correlation of tidal shells preferentially occurring
around slow rotators (Rutherford et al. 2024, incl. Valenzuela). However, when reducing the
sample to the younger half of the galaxies, we again find the same correlation. This indicates a
subtlety not revealed through Box4 or MATLAS, where early major mergers that transformed
galaxies into slow rotators are not traceable anymore after several Gyr because any remnant
tidal features dissipate over time and cannot be identified anymore at the present day. In
contrast, younger slowly rotating galaxies, of which a significant fraction presumably suffered
a major merger more recently, will still display tidal shells around them.

We additionally expanded on the tidal feature statistics, differentiating not only between
environments, but furthermore between the infall regions in phase space (Khalid et al. 2025,
incl. Valenzuela). To this end, we used satellite galaxies from three cosmological simulations,
specifically Magneticum Box4 (uhr), EAGLE, and TNG100, and considered the locations
of tidal features in phase space based on the feature classifications by Khalid et al. (2024)
and the phase space infall regions by Pasquali et al. (2019). We find that the inner regions of
galaxy clusters (ancient infallers) suppress tidal features, whereas field galaxies and group
environments show increased signs of interactions in those regions. The intermediate and
recent infaller regions as well as the outer surrounding regions show tidal feature fractions
more comparable to each other. For cluster environments, we suggest that mergers occur
within infalling groups in the recent infaller region and dissipate by the time the satellites
become ancient infallers.

These studies show the necessity of extensive analyses using both observations and
simulations to statistically probe the occurrences of tidal features and their relations with
other galaxy properties. Since tidal features are post-merger signatures, such endeavors lead
to deeper insights and improve our understanding of mergers and their importance in galaxy
formation.
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Movement II

Planetary Nebulae





7
Introduction

toPlanetaryNebulae

This chapter contains parts from the introductions of Valenzuela et al. (2025b,c,d, 2026),
whose results are presented in the subsequent chapters.

Planetary nebulae (PNe) have been established as important tracers in galaxies for decades
because of their bright [O iii] 𝜆5007 emission line. They form as a late stellar evolutionary
phase for intermediate-mass stars, during which a nebula forms around the central star. This
nebula is ionized and becomes the source of multiple emission lines including [O iii] 𝜆5007,
typically the brightest among them. A PN can re-emit up to 15% of the central star’s total
luminosity through the [O iii] line (Dopita et al. 1992), which is the reason that it can be
observed even in extragalactic systems, for instance through narrow-band filters. This has
made PN detections possible out to 100 Mpc (Gerhard et al. 2005). Since PNe come from
stars, they have become popular tracers for the underlying stellar component. For this reason,
the second Movement of this thesis focuses on investigating PNe as stellar tracers and what
their properties can reveal about galaxy formation histories.

Figure 7.1 shows an example of a Galactic PN (the Necklace Nebula1, at a distance of
about 4.6 kpc), which is spatially resolved. In contrast, more distant PNe outside the Local
Group appear as point sources.

1https://esahubble.org/images/potw2117a/
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Figure 7.1: Example of a Galactic PN imaged with the Hubble Space Telescope, known as the
Necklace Nebula, at a distance of ∼4.6 kpc. At its center resides a binary star system, seen as the
central bright dot in the image. Image credit: ESA/Hubble & NASA, K. Noll.

7.1 A phase of stellar evolution

Planetary nebulae can form for intermediate-mass stars with an initial mass of around 0.8–
8 M⊙ and are a phase of their stellar evolution. For most of its lifetime, a star on the main
sequence burns hydrogen through nuclear fusion, converting it into helium (see Figure 7.2 for
an example of the evolution of a solar-mass star in the Hertzsprung-Russell diagram). Once
the hydrogen in the core has been converted to helium, the star leaves the main sequence on the
red giant branch (RGB; beginning of the red line), where hydrogen is burned in a shell around
the core and the star expands in size. When helium is able to ignite in the core (as a helium
flash for lower-mass stars of ≲2 M⊙, or more smoothly at higher masses, see Miller Bertolami
2016), the star leaves the RGB and converts helium to carbon and oxygen. Once helium runs
out, the star begins to expand again, now entering the asymptotic giant branch (AGB; end of
the red line), where helium and hydrogen are burned in two shells around the core. During this
phase, thermal pulses, where the helium shell ignites, lead to a rapid expansion of the star. In
the cooling outer layers, dust can condense and is then also pushed out through stellar winds.
As a result of these processes, the star experiences significant mass loss, which finally leaves
behind a shrinking and heating star in the post-AGB phase (brown line). As the effective
temperature increases, the high-energy photons of the central star can photo-ionize the atomic
gas in the gaseous envelope, resulting in nebular emission lines during this PN phase (pink
line). A PN thereby arises in the late stellar evolution phase of the post-AGB and lasts for
only up to 25 000–30 000 yr until the gas disperses or the ionizing radiation dies down (e.g.,
Pottasch 1984; Méndez et al. 1993). When nuclear fusion ceases in the central star, it begins to
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Figure 7.2: Evolution of the Sun in the Hertzsprung-Russell diagram with respect to its effective
temperature and total luminosity. The Sun’s current location on the main sequence is marked with
the orange point. The main sequence is indicated by the thick blue line, where the subsection of stars
that can become PNe is highlighted in cyan. The other colored lines show the subsequent stellar
evolutionary phases of the Sun after it leaves the main sequence: the red giant branch (RGB), helium
flash, and asymptotic giant branch (AGB) phases (red), the initial post-AGB phase (brown), the PN
phase (pink), and finally the white dwarf phase (purple). This is figure 2 from De Marco et al. (2025).

cool and decrease its luminosity, thereby evolving into a white dwarf (purple line). For a more
detailed description of the stellar evolution for such intermediate-mass stars, see Iben (1995).
In the following, we highlight some of the key factors for PNe regarding their stellar evolution.

Mass loss. The mass loss during the AGB phase is significant, where a star can lose 50% to
80% of its initial mass. The resulting final mass of the central star is an important quantity
that affects the star’s luminosity, which stays roughly constant during the post-AGB phase
and together with the rising temperature is responsible for the amount of ionizing radiation.
The relation between the initial and final mass is also referred to as the initial-to-final mass
relation (IFMR). It has been hard to constrain the IFMR observationally, where the reasons
include uncertainties in stellar mass measurements and the difficulty to connect the main
sequence stars to the white dwarfs at the same age and metallicity (e.g., in star clusters,
Cummings et al. 2018). Even theoretically it is difficult to predict because of the challenges of
modeling the thermal pulses during the AGB phase (e.g., Miller Bertolami 2016). Despite the
challenges, there are several measured and modeled IFMRs in the literature, which mostly
show a monotonically increasing IFMR (e.g., Miller Bertolami 2016; Cummings et al. 2018;
Cunningham et al. 2024; Hollands et al. 2024).

Stellar lifetime. Since the stellar lifetimes on the main sequence and in the post-main se-
quence phases (until the end of the AGB) are shorter for more massive stars (e.g., Miller Berto-
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lami 2016), this means that central stars of PNe in younger stellar populations are more
massive (based on the increasing IFMR). In turn, a more massive central star has a larger
luminosity (Miller Bertolami 2016) that ionizes the nebular envelope. The stellar lifetime
before the PN phase amounts to a few 100 Myr up to ∼12 Gyr for initial masses of 4 M⊙ and
1 M⊙, respectively (Miller Bertolami 2016).

Nebular emission. Because of the very low densities of the nebular gas, it is possible for
metastable excited energy levels to occur in different elements, which would normally be
collisionally de-excited in denser environments. For this reason, electron transitions for certain
ions are possible in PNe that otherwise rarely occur. This is most notably the case for the
doubly-ionized oxygen forbidden line at 5007 Å, commonly referred to as [O iii] 𝜆5007 (e.g.,
Iben 1995). When conditions are optimal, up to 15% of the central star’s total luminosity can
be re-emitted in [O iii] (Dopita et al. 1992), making PNe attractive extragalactic tracers.

7.2 Planetary nebula luminosity function
Due to their bright [O iii] 𝜆5007 line, a PN luminosity function (PNLF) can be determined for
a galaxy’s PN population. The PNLF is the histogram of the [O iii] magnitudes, 𝑚(5007),
which are obtained from the [O iii] fluxes (Jacoby 1989):

𝑚(5007) = −2.5 log 𝐹 (5007) − 13.74, (7.1)

where 𝐹 (5007) is the flux of the [O iii] 𝜆5007 line in erg s−1 cm−2. As the apparent magnitudes
are dependent on distance, the PNLF is oftentimes shown in terms of absolute magnitudes
𝑀 (5007) = 𝑚(5007) − 5 log𝐷/(10 pc), for a distance 𝐷. The shape of the PNLF has
generally been described by a function introduced by Ciardullo et al. (1989):

𝑁 (𝑀 (5007)) = 𝑐1𝑒
𝑐2𝑀 (5007) 1 − 𝑒3(𝑀∗ (5007)−𝑀 (5007)) � , (7.2)

where the parameter 𝑀∗(5007) represents the absolute [O iii] magnitude of the brightest PNe
(also referred to as the bright-end cutoff of the PNLF), 𝑐1 is the normalization, and 𝑐2 = 0.307.
An example of an observed PNLF and the overplotted fitted analytic PNLF of Equation 7.2 is
shown in Figure 7.3. Some authors have also generalized this function by allowing the value
of 𝑐2 to vary as a second parameter (e.g., Longobardi et al. 2013; Hartke et al. 2017).

7.2.1 Bright-end cutoff of the PNLF
As it was found that the bright end of the PNLF is constant at around 𝑀∗(5007) ≈ −4.5 mag
in the local Universe, independent of galaxy type and stellar population, Ciardullo et al. (1989)
introduced the PNLF as a standard candle by calibrating it through PN measurements in M 31
and its satellites. Since then, the PNLF has been determined for a large number of galaxies
in the local Universe and more distant galaxies, and has since also been assessed as being
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26 27 28 29

Figure 7.3: Observed PNLF of NGC 1399 (black circles) with the overplotted best fit PNLF
(Equation 7.2; black line), shown in apparent magnitudes. The filled circles denote the magnitude bins
where the PNe are statistically complete, the open circles where they are statistically incomplete. The
error bars show the 1𝜎 confidence intervals. This is figure 22 from Jacoby et al. (2024).

Figure 7.4: Apparent PNLF bright-end cutoff magnitudes 𝑚∗ of galaxies in the Leo I group (green
points) and Fornax cluster (red points). The blue shaded regions show the respective 1𝜎 scatter of the
cutoff magnitudes within Leo I and Fornax. The dashed lines indicate the equivalent distance offset of
±1 Mpc from the mean. The error bars show the uncertainties of the cutoff magnitudes. The number
of PNe used in each PNLF fit is indicated above or below the error bars. This is figure 3 from Ciardullo
(2022).

a reliable distance indicator (Jacoby et al. 1990a; Rekola et al. 2005; Ciardullo 2012). The
PNLF has been successfully used to measure distances for galaxies up to 10–15 Mpc, where it
has complemented other distance measurement approaches (Ciardullo et al. 2002). However,
it has been limited to within 20 Mpc because of the limitations of narrow-band filter imaging
(Roth et al. 2021). Figure 7.4 shows the variations of the apparent bright end cutoff magnitude
in the Leo I group and the Fornax cluster, where the galaxies can be expected to have almost
the same distances. The small scatter of the cutoff magnitudes underlines how little variation
there is even between different galaxy morphologies.

Advances on the observational side regarding integral field unit (IFU) measurements with
the instrument MUSE have made it possible to obtain the full spectra for each individual
pixel, thereby making the detection of PNe and the removal of contaminants possible without
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follow-up measurements in pencil beam observations. This enables the study of PNe at larger
distances, and complements previously existing methods like the PN Spectrograph (PN.S;
Douglas et al. 2002; see also the extended PN.S early type galaxy survey, ePN.S; Pulsoni et al.
2018). In turn, the PN.S has the advantage of a significantly larger field of view (100 arcmin2

vs. 1 arcmin2 for MUSE) and higher spectral resolution, which has enabled detailed dynamical
studies of galaxies using PNe (e.g., Aniyan et al. 2018, 2021, for face-on disks). Using
MUSE, several works have analyzed extragalactic PN populations, getting better data for
previously studied objects or investigating new systems (e.g., Kreckel et al. 2017; Spriggs et al.
2020; Roth et al. 2021; Scheuermann et al. 2022; Soemitro et al. 2023; Jacoby et al. 2024).
Furthermore, the high spatial resolution and the IFU nature of MUSE are expected to make it
possible to measure distances of up to 40 Mpc through the PNLF bright end, more than twice
as far compared to previous limits (Roth et al. 2021).

While the universal PNLF bright-end cutoff appears to be independent of stellar age
and metallicity, this has been found to be restricted to metallicities of 12 + [O/H] ≳ 8.5
(e.g., Ciardullo 2012). At lower metallicities, theory and observations have determined that
there is a slight dependence of the PNLF bright end on metallicity, where the bright end
becomes fainter for very metal-poor systems (e.g., Ciardullo & Jacoby 1992; Dopita et al.
1992; Ciardullo et al. 2002; Ciardullo 2010).

7.2.2 The PNLF puzzle
Despite the wide usage, the underlying physics of the universality of the PNLF has remained a
mystery in particular due to the question how old elliptical galaxies should be able to host any
PNe as bright as the ones observed at the magnitude cutoff (Ciardullo 2012). The theoretical
reason for this is that old stars at the main-sequence turnoff should be too low in mass to
produce such high emission in [O iii] during the post-AGB phase. On the other hand, young
stellar populations would be expected to have brighter intrinsic [O iii] emission. To this end,
there are observational indications that the stronger circumstellar dust extinction around more
massive stars decreases the observed flux to the bright-end cutoff over a large range of central
star masses, preventing overly luminous PNe (Jacoby & Ciardullo 2025). Over the years,
many attempts have been made to resolve the tension between theory and observations, which
is summarized in the section on PN models (Section 7.4).

7.2.3 Faint part of the PNLF
Not only has the bright end of the PNLF drawn attention, but so has the shape of the faint
part of the PNLF: the general shape was introduced in its analytical form (Equation 7.2) by
Ciardullo et al. (1989) as an exponential cutoff function with a parameter describing the slope
on the faint side based on theoretical derivations of Henize & Westerlund (1963) and Jacoby
(1980). This slope has been predicted to encode clues about the star formation history (e.g.,
Ciardullo 2010; Longobardi et al. 2013; Hartke et al. 2017) and has been investigated in
particular for the different substructures in the outskirts of M 31 (Bhattacharya et al. 2021).
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For this, Bhattacharya et al. (2021) also used the approach of fitting a superposition of two
modes of the PNLF following Rodríguez-González et al. (2015). A further interesting feature
that has been observed in the faint part of the PNLF is a dip for galaxies with recent star
formation, that is a lower abundance of PNe at an intermediate magnitude (e.g., Jacoby &
De Marco 2002; Reid & Parker 2010; Soemitro et al. 2023). Even some models have been
able to find such a dip in the PNLF for younger stellar populations (e.g., Méndez et al. 2008;
Valenzuela et al. 2019).

7.3 Planetary nebulae as stellar tracers

Arising during the late evolutionary stages of regular stars, PNe to first order trace the
underlying stellar component. For this reason, they have long been used as stellar tracers in
the outskirts of galaxies to infer the spatial and kinematic properties in the halo. However,
since PNe correspond to a very particular phase of stellar evolution, to second order the PN
population should also contain clues about the underlying stellar population properties.

7.3.1 Spatial and kinematic tracers

Spatial and kinematic studies of PNe have been performed for decades due to the ease of their
observation via the [O iii] line and because of being able to determine their radial velocities
with good accuracy (Arnaboldi et al. 1998). Surveys such as SLUGGS (Brodie et al. 2014)
and ePN.S (Pulsoni et al. 2018) have shown that PNe are generally good tracers for the stellar
light in the outskirts of galaxies. One of the first large analyses of PN kinematics was done
by Hui et al. (1995) for the massive elliptical galaxy Centaurus A, who also attempted to
determine the mass distribution of its DM halo with the PNe. This study was extended a
number of years later by Peng et al. (2004b) with an even larger sample of PNe in the outer
halo.

The kinematics of PNe have also been measured in different environments. For galaxy
clusters, they have for instance been studied in the cores and the member galaxies (Virgo
Cluster: e.g., Arnaboldi et al. 1996; Teodorescu et al. 2011; Fornax Cluster: e.g., Arnaboldi
et al. 1998; Spiniello et al. 2018), in their outer halo (e.g., Longobardi et al. 2018), and in
the intracluster regions (e.g., Arnaboldi et al. 2002, 2004). Through this research, it has, for
example, been possible to study the diffuse stellar component and to separate the stellar halos
of various member galaxies from the intracluster light. Individual galaxies have also been
targeted, such as elliptical (e.g., Coccato et al. 2009) and lenticular galaxies (e.g., Cortesi
et al. 2011, 2013a,b), and the ePN.S survey for PNe in early-type galaxies (ETGs) aims at
determining and analyzing the kinematic profiles of more than 30 ETGs by using PNe as
tracers (Pulsoni et al. 2018). Through such studies, the PN data in the outskirts has helped
further constrain the formation and merger histories of galaxies since the relaxation timescales
in the outer regions are longer, thereby providing a deeper view into the past.
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To date, there have not been many studies combining deep photometric observations of
tidal features with kinematic PN measurements to gain further insights into the past. In one
notable study, PNe were observed in a shell around NGC 474 (see Section 5.2 for a discussion
on some of its properties) through MUSE observations (Fensch et al. 2020). They were able
to kinematically associate the PNe with the shell and used the PN abundance to estimate the
mass of the shell progenitor.

7.3.2 Stellar population tracers

Through the [O iii] magnitude measurements of PNe, the information contained in a PN
population is not only limited to their spatial and kinematic properties. As discussed above,
the PNLF bright end loses its universality toward low metallicities and becomes fainter
(Section 7.2.1; Ciardullo 2010), and the faint part of the PNLF has been shown to correlate
with the stellar population (Section 7.2.3), for instance through its slope (e.g., Longobardi
et al. 2013) or through a dip in the PNLF of young galaxies (e.g., Jacoby & De Marco 2002).
Further studies indicate that the number of PNe per underlying bolometric luminosity (referred
to as the luminosity-specific PN number 𝛼) also vary with the stellar population (e.g., Hartke
et al. 2017).

A main difficulty in connecting PNe with their underlying stellar populations has been
that narrow-band imaging and slitless spectroscopy, which were otherwise used in PN surveys,
struggle to detect PNe in the central bright regions of galaxies (e.g., Hartke et al. 2026).
However, this is where stellar population properties are most easily measured. With the advent
of IFU instruments such as MUSE, co-spatial studies connecting PNe and stellar populations
in the same region and from the same data have finally become possible even in the inner
regions of galaxies (e.g., Scheuermann et al. 2022; Congiu et al. 2025; Hartke 2025). These
observational advances require an improved theoretical understanding of the PNe and their
properties to physically interpret the data.

7.4 Modeling planetary nebula populations
Overall, there have been several approaches to modeling PNe and their [O iii] emission. One
of the main difficulties is the modeling of stellar evolutionary tracks through the post-main
sequence and post-AGB phases, of which only a few exist. Some of the early tracks were
those by Schönberner (1983), Vassiliadis & Wood (1994), and Blöcker (1995). Based on
those tracks, Méndez & Soffner (1997) improved on earlier models (Méndez et al. 1993)
for the [O iii] emission of PNe to constrain the properties of the underlying PN populations
of observed galaxies. Through their model, they found that the nebulae cannot be entirely
optically thick with respect to the central star’s UV radiation to reproduce the PN abundances
in galaxies. Further PN models were developed based on photoionisation models (e.g., Dopita
& Meatheringham 1991a; Dopita et al. 1992; Marigo et al. 2004) and on hydrodynamical
PN models to further improve the properties of the [O iii] intensity (Schönberner et al. 2007;
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Méndez et al. 2008; Schönberner et al. 2010). However, these studies predicted that older
stellar populations would produce PNLFs with their bright end being significantly dimmer,
which is not observed (e.g., Marigo et al. 2004; Ciardullo 2012, stating that the PNLF bright
end should already be dimmer by more than 4 magnitudes for ages of 10 Gyr).

In the last decade, one important advancement has been a new set of post-AGB tracks for
intermediate-mass stars (Miller Bertolami 2016). These tracks feature a much faster post-AGB
evolution with timescales shorter by a factor of three to ten and with brighter post-AGB stars.
These led to several PN models being developed in recent years with a particular focus on
improving the understanding of the universal bright end of the PNLF. Overall, the brighter
post-AGB evolution has slightly diminished the large discrepancy between the observed bright
PNe in old stellar populations and the models (e.g., Gesicki et al. 2018; Valenzuela et al. 2019).
In these types of models, the prescriptions were applied to mock PNe generated according to
some empirical mass function for central stars of PNe.

Finally, further models have been developed with alternative attempts of explaining the
bright end of the PNLF, including accreting white dwarfs (WDs; e.g., Soker 2006; Souropanis
et al. 2023), blue straggler stars (e.g., Ciardullo et al. 2005), and WD mergers (e.g., Yao &
Quataert 2023). Such models focused more on the general possibility of reaching the bright
end of the PNLF rather than modeling an entire PN population, however.

7.5 Scope of this Movement
While PNe have the potential to be a powerful avenue to investigating galaxy formation
histories through their spatial and kinematic properties as well as through the details of their
PNLF, the challenges between theory and observation have limited the scope of interpreting
their observations. The existing PN models have generally been based on mock stellar
populations, oftentimes using the results from studies of Milky Way stars. However, such
stellar populations may not be representative of the diverse star formation histories seen in real
galaxies. As shown in Chapter 2, cosmological simulations provide the variety of galaxies
and stellar populations that is also found in observations.

In this Movement, I introduce the first PN model (PICS; PNe In Cosmological Simulations)
that can be applied to the galaxies of any hydrodynamical cosmological simulation, which
I developed as a part of this thesis, and present multiple applications of it to investigate
science cases from stellar and PN physics up to the galaxy regime. I describe PICS itself in
Chapter 8, which includes several parameter tests relating to stellar and nebular processes,
followed by a first application to simulated galaxies in Chapter 9. In Chapter 10, I present
a second set of parameter tests based on the extinction caused by dust expelled during the
AGB phase. In Chapters 11 and 12, I apply PICS to a large sample of galaxies to perform
a statistical analysis of the PNLF bright end and its overall shape depending on several
typical galaxy classifications. This in fact resolves much of the tension between theory and
observations, significantly improving our understanding of PNe and their populations in
galaxies. In Chapter 13, I use PICS to motivate how PNe can be used as kinematic tracers
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in tidal features, through which one can benefit from combining two different stellar tracers.
Finally, I present the results of two other PN studies that I significantly contributed to, focusing
on the comparison between the observations and models of PN populations in Chapter 14.



8
PICS:PlanetaryNebulae

InCosmologicalSimulations

This chapter was published as Valenzuela et al. (2025c), A&A 699, A3711:
The PICS Project. I. The impact of metallicity and helium abundance

on the bright end of the planetary nebula luminosity function

With the multitude of observations and modeling approaches, the continual lack of fundamental
understanding concerning the PNLF suggests that some of the previously employed assumptions
are insufficient to address the problem as a whole. Indeed, there are two central assumptions
that have been commonly made in PN models over the years that do not represent realistic
stellar populations as they are found in actual galaxies: First, models have mostly only taken
into account stellar evolution at metallicities around solar metallicity values, which has been
done with respect to their main sequence (MS) and post-MS lifetimes, the initial-to-final mass
relation (IFMR), and the post-AGB evolution (e.g., Gesicki et al. 2018; Valenzuela et al. 2019;
Souropanis et al. 2023). Furthermore, even stellar evolution models employ many recipes
based on measurements of the Sun and assume abundances based on the Milky Way (e.g.,
Miller Bertolami 2016). For example, the helium abundance has mostly been assumed to
scale linearly with metallicity, though this has been put into question recently (e.g., Clontz
et al. 2025). Second, the studies that have attempted to model the entire PN population have
set up artificial mock stellar populations with the goal of mimicking selected real galaxies

1Minor adjustments have been made, and the introduction has been adapted for this thesis.
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(e.g., Méndez & Soffner 1997; Valenzuela et al. 2019), but again relying on observations in
the Milky Way, specifically the WD mass distribution. These models therefore fall short of
accurately representing the large diversity of galaxies and star formation histories, which can
strongly vary depending on intrinsic factors and the cosmological environment.

To overcome these limitations of current PN models, we introduce PICS (PNe In Cos-
mological Simulations), a modular framework for modeling PNe within any given stellar
population, taking into account properties such as mass, age, metallicity, and the initial mass
function (IMF). In the era of hydrodynamical cosmological simulations, a new approach is
further possible: realistic stellar populations with self-consistent properties in the cosmological
context can be directly obtained for a large variety of galaxies from such simulations. With
PICS, we present the very first method for bringing PNe into cosmological simulations and
simultaneously improve on previous PN models by fully considering the metallicity and
specific abundances beyond solar values. Finally, the modular nature of the framework allows
for controlled testing of different parameters and individual models, which we will also
demonstrate in this paper.

In Section 8.1, we present the PICS model structure and the implementation of the fiducial
model, including the metallicity dependence on the individual modules. By combining
some of the modules, we then show how the metallicity and helium abundances affect the
stellar evolution relevant for PNe in Section 8.2. In Section 8.3, we present grids of PNLFs
resulting from different pairs of ages and metallicities and from varying the IFMR – these
are the building blocks for any real PNLF. Finally, we summarize the results and conclude in
Section 8.4.

8.1 Model

In the following, we describe the building blocks of the PICS model. Its target is to take a given
single stellar population (SSP) parameterized by a set of properties and determine the contained
PN population. The obtained PN properties in particular include the magnitude of the emitted
[O iii] line, as it is the primary intrinsic observable quantity of an extragalactic PN. This
procedure will make it possible to apply PICS to both observed galaxy star formation histories
discretized by SSPs and to the stellar particles extracted from cosmological simulations
(Soemitro et al. in prep.; Valenzuela et al. in prep.). The end result is then a full population of
PNe for an entire system like a galaxy or galaxy cluster.

The model is designed to be modular, meaning that the individual parts described in the
following can be replaced with different underlying models, and the selection of models will
also be continuously expanded in future versions. In this work, we present the fiducial model
and some alternative relations for the IFMR and how they affect the PNLF. The source code
and more information on using the model are made available online.2 A summary of the
general model functionality is presented in the proceedings by Valenzuela et al. (2025d). The

2https://lucasvalenzuela.de/PICS/
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correction for nebular metallicity and the inclusion of circumnebular extinction are presented
here for the first time.

8.1.1 Single stellar population properties
An SSP represents the population of stars having formed from a gas cloud where all the
member stars share the same underlying age and chemical composition. The distribution of
stellar masses within the SSP is given by an IMF. In its simplest form, the input SSP properties
need to include its total mass, an IMF, and its age. The age is needed to determine the initial
mass range of stars now residing within the PN phase after having left the AGB track. The IMF
is used to determine the fraction of stars that are within that initial mass range, and the total
mass sets the absolute number of those stars. In addition to these properties, further quantities
significantly influence the processes relevant for stellar evolution and PNe: in particular, we
show in this work that the stellar metallicity is a vital parameter that affects the duration of
stellar evolution on the MS and post-MS. In the future, individual abundances like helium or
𝛼-element abundances will also be added as quantities that are taken into account.

In this work, each SSP is parameterized with the following quantities:
• IMF, for this work we only consider that by Chabrier (2003)
• total mass 𝑀tot of the SSP
• age 𝑡, that is the time since the formation of the SSP stars
• metallicity 𝑍 , in this work quantified as the initial metal mass fraction: 𝑍 =

𝑀met,init/𝑀tot,init. As a point of reference, the solar metallicity lies between 𝑍 = 0.01
and 0.02 (e.g., Asplund et al. 2009; Caffau et al. 2011; von Steiger & Zurbuchen 2016;
Asplund et al. 2021).

8.1.2 Stellar lifetime function
In the context of PN modeling, we define the stellar lifetime as the time from the birth of a
star until it leaves the AGB phase and enters the post-AGB phase, during which a star can
become a PN. It therefore roughly corresponds to the combined MS and post-MS lifetimes
from other works (e.g., Renzini 1981; Renzini & Buzzoni 1986; Padovani & Matteucci 1993).
The purpose of this module in PICS is to return the initial stellar mass of the stars that now
are passing through the PN phase after the age 𝑡. Due to the short-lived nature of the PN
phase (assumed as 30 000 yr here), the time spent after the departure from the AGB phase
is negligible for the initial mass of the star. Then, disregarding binary interactions, we can
assume that all PNe in a single stellar population are descendants of stars with the same initial
mass.

For this work we took the lifetimes of the stellar evolution simulations from Miller Bertolami
(2016), given in their tab. 2. For each of their considered metallicities (𝑍 = 0.0001, 0.001, 0.01,
and 0.02) and initial masses (ranging from 𝑀init = 0.8–4.0 M⊙, depending on the metallicity),
we added up all the stated lifetimes: MS, red giant branch (RGB), core He-burning, early
AGB, and thermally pulsing AGB (TP-AGB) phases as an M-type and carbon star. Taking
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Table 8.1: Lifetime function double power law fit parameters.

𝑍 𝑎low 𝑘 low 𝑎high 𝑘high
0.0001 11.80 −3.58 7.98 −2.55
0.001 9.72 −3.52 6.54 −2.45
0.01 6.41 −3.45 4.64 −2.45
0.02 5.95 −3.40 4.75 −2.65

Notes. The fit parameters are for the low (≤1.5 M⊙) and high initial masses (≥1.5 M⊙) at the given
metallicities 𝑍 from Miller Bertolami (2016), parameterized as 𝑡/Gyr = 𝑎 × (𝑀init/M⊙)𝑘 .

these lifetimes and the initial masses from Miller Bertolami (2016), we fit a double power law
for each of the four metallicities (𝑍 = 0.0001, 0.001, 0.01, and 0.02) by fitting a power law to
the lower masses up to and including 1.5 M⊙ and a power law to the higher masses starting at
1.5 M⊙ (i.e., with one value in common). Table 8.1 shows the fitting parameters for the free
parameters of

𝑡/Gyr = 𝑎 × (𝑀init/M⊙)𝑘 (8.1)

for the low and high masses at the four metallicities, which lead to very good descriptions of
the original data points, even in logarithmic space.

These fits only correspond to the four discrete metallicities from Miller Bertolami (2016).
To obtain a continuous representation of the lifetime function across metallicities, we found
the following relations to describe the change of the four double power law parameters with
metallicity3:

𝑎low = 78.27 × 𝑍0.649 + 5.67, (8.2)

𝑎high = 107.5 × 𝑍0.880 + 4.58, (8.3)

𝑘 low = −0.943 × 𝑍0.400 − 3.38, (8.4)

𝑘high = −3.29 − 0.654 × (log 𝑍) − 0.124 × (log 𝑍)2. (8.5)

The lifetime is then determined as the maximum between 𝑡low and 𝑡high computed from the
respective power law parameters obtained from the stated relations. The lifetime function
is shown for the original and some selected further metallicities in Figure 8.1, showing
the continuous nature of the here derived expression. In Section 8.2, we present how the
extrapolation of this relation to higher metallicities compares to detailed evolutionary models
computed at such higher metallicities.

The obtained lifetime functions at the four original metallicities (Equations 8.2 to 8.5) as
well as at intermediate and one lower metallicity (𝑍 = 0.00001) are shown in Figure 8.1 as
lines, colored by metallicity. The circular points indicate the values obtained from tab. 2 of
Miller Bertolami (2016) and lie directly on the respective thick solid functional lines. The
thin lines, which are at interpolated and lower metallicities, lie between the thick lines, just as
they should. The power law slope 𝑘high becomes steeper with decreasing metallicity, such
that the extrapolation to 𝑍 = 0.00001 leads to a very small change in slope towards larger

3See the implementation in the source code on GitHub for the exact values with more significant digits.
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Figure 8.1: Lifetime function of stars until they reach the post-AGB phase as a function of their
initial mass. Top: Linear axes. Bottom: Logarithmic axes, which makes it easier to distinguish the
individual lines and data points. The points are from the models by Miller Bertolami (2016), and the
lines are the fit relations to those data points. The thick lines are at the same metallicities as the ones
from the original models (𝑍 = 0.0001, 0.001, 0.01, and 0.02) and the thin lines are at 𝑍 = 0.00001,
0.0003, 0.003, and 0.014, where the latter three values are the logarithmic midpoints of the original
metallicities.

masses. We therefore conclude that our determined analytical lifetime function is suitable for
metallicities of at least 𝑍 = 0.00001–0.02.

While other PN studies have generally implicitly or explicitly assumed a fixed metallicity
for their underlying mock stellar populations, oftentimes 𝑍 = 0.01 or 𝑍 = 0.02 (e.g., Gesicki
et al. 2018; Souropanis et al. 2023; Valenzuela et al. 2019), Figure 8.1 shows that the metallicity
plays a very significant role for stars of any age. For a fixed stellar age, varying the metallicity
from low values of 𝑍 = 0.0001 to 𝑍 = 0.02 results in a change of more than 𝑀init = 0.2 M⊙.
In contrast, large absolute changes of stellar age for 𝑡 ≳ 5 Gyr only slightly affect the initial
mass, which becomes relevant towards lower masses as the mass approaches the minimum
viable mass for PNe to form, however. For old elliptical galaxies the metallicities tend to be
high (e.g., Li et al. 2018), which means that especially for those types of galaxies it is important
to take into account the actual underlying stellar metallicity. The implications of a higher
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metallicity are the following: at a fixed stellar age, more metal-rich stars now passing through
the PN phase are more massive than metal-poor stars that are PNe because more metal-rich
stars evolve more slowly at a fixed stellar mass. This leads to more massive central stars with
higher temperatures and luminosities, thus giving rise to brighter PNe, which is a possible
way of populating the bright side of the PNLF with PNe from older stellar populations.

8.1.3 Initial-to-final mass relation

Having obtained the initial mass of stars that are now PNe, the IFMR is next used to determine
the final mass based on the initial mass and metallicity of the star, that is how massive the
central star of the PN is. This relation has been mainly investigated through WD stars in
star clusters in the solar neighborhood (e.g., Cummings et al. 2018), though it has also been
estimated from composite stellar populations (e.g., El-Badry et al. 2018).

For the fiducial model, we create a metallicity-dependent IFMR based on the values
obtained from the models of Miller Bertolami (2016), which includes the four metallicities
𝑍 = 0.0001, 0.001, 0.01, and 0.02, just as for the lifetime function (Section 8.1.2). To sample
more data points between the simulated pairs of initial and final mass values at each metallicity,
a forward-looking quadratic interpolation (Bhagavan et al. 2024) is used. Then, a 2D linear
interpolation is applied between the four logarithmic metallicities to the more finely sampled
values, which is the resulting metallicity-dependent IFMR. This IFMR can be applied in two
extrapolation modes: for metallicities outside of the range of 𝑍 = 0.0001–0.02, the values at
the respective bounding metallicity can be used as a constant beyond that value, or the linear fit
can be extrapolated beyond the original metallicity range. In Figure 8.2, we show the resulting
IFMR with extrapolated values at the same metallicities as shown for the lifetime function in
Figure 8.1, plus the higher metallicity of 𝑍 = 0.05. The colored dots show the original data
points from table 2 of Miller Bertolami (2016), between which the interpolation took place.

The dependence on metallicity of the IFMR shows that more metal-rich stars at a fixed
initial mass end up having lower final masses than metal-poor stars. As more massive stars
are hotter and more luminous in the post-AGB phase and thus lead to brighter PNe, this
counteracts the effect that metallicity has on the lifetime function, which leads to stars with
higher initial masses entering the PN phase.

It is worth noting that the metallicity dependence of the IFMR of the models of Miller Berto-
lami (2016) is a consequence of the adopted winds. The metallicity dependence of cold
winds is still poorly understood, in particular in the first RGB phase. The resulting theoretical
IFMRs should therefore be taken as educated guesses. Most reliable IFMRs come from
semi-empirical studies of star clusters in the solar neighborhood, which are only available for
near-solar metallicities, however.

As the IFMR in general and also its metallicity dependence are still poorly understood, it is
important to better understand the dependence of the resulting PNe in a given SSP on the used
IFMR. For this, we additionally consider four IFMRs derived from observed WDs in the Milky
Way: Cummings et al. (2018) determined their IFMR from 80 WDs located in 13 star clusters,
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Figure 8.2: Initial-to-final mass relation of stars. The points are from the models by Miller Bertolami
(2016), and the lines in the corresponding colors are the fit relations to those data points. The thick
lines are at the same metallicities as the ones from the original models (𝑍 = 0.0001, 0.001, 0.01,
and 0.02) and the thin lines are at 𝑍 = 0.00001, 0.0003, 0.003, 0.014, 0.05, where the middle three
values are the logarithmic midpoints of the original metallicities. Additionally, four observationally
based IFMRs from nearby WD measurements at solar metallicity are shown from Cummings et al.
(2018), El-Badry et al. (2018), Cunningham et al. (2024), and Hollands et al. (2024), as well as the 1𝜎
uncertainty band of Cunningham et al. (2024).

El-Badry et al. (2018) estimated the IFMR from Gaia measurements of over 1000 WDs within
100 pc fo the Sun, Cunningham et al. (2024) studied 40 WDs with spectroscopic measurements
from Gaia data within 40 pc of the Sun, and Hollands et al. (2024) studied 90 WD binaries from
Gaia data with distances of up to 250 pc. All four of these IFMRs correspond to near-solar
metallicities. We also show IFMRs from the four studies in Figure 8.2, where we use the
adopted MIST-based IFMR of Cummings et al. (2018) and linearly extrapolate the IFMRs
down to lower initial masses, as Cunningham et al. (2024) and Hollands et al. (2024) only fit
their IFMRs down to 1 M⊙, and Cummings et al. (2018) to 0.83 M⊙. The uncertainties of
these IFMRs are on the order of 𝜎𝑀final ≈ 0.025 M⊙, for which we also show the uncertainty
region of Cunningham et al. (2024). Further, the systematic uncertainties are on the order of
0.1 M⊙, as seen by using different underlying stellar evolution model is employed (Cummings
et al. 2018). Only the low-mass IFMR from El-Badry et al. (2018) produces significantly
lower final masses than the other relations. According to Cunningham et al. (2024), the
reason for this is that El-Badry et al. (2018) use a different method for obtaining the minimum
WD mass that can be created through single stellar evolution. While these relations are all
monotonic, we note that it is still debated whether this is the case or if there is a dip around
𝑀init ≈ 1.5–2 M⊙ (e.g., Marigo et al. 2020) due to the large uncertainties.

Overall, there is a general agreement on what the IFMR looks like within the measurement
uncertainties and their large systematics, where the theoretical metallicity-dependent IFMR
from Miller Bertolami (2016) predicts overall lower final masses at solar metallicity than
the observationally based IFMRs, especially at final masses of 𝑀init ≈ 1.5–3 M⊙ around the
potential dip. Still, the small differences in final mass can lead to significant changes in the
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resulting PN properties, especially moving towards final masses below 0.6 M⊙. In Section 8.3,
we investigate how the different IFMRs impact the resulting PN population with respect to
their PNLF.

8.1.4 Post-AGB stellar evolution tracks
With the final mass of the star in question, the evolving properties of the central star can be
obtained from post-AGB stellar evolution tracks. In particular, the luminosity 𝐿 and effective
temperature 𝑇eff can be directly obtained with the tracks in the Hertzsprung-Russell diagram,
given the final mass and an identifying time. For PICS, we assume the lifetime of a PN can
be up to 30 000 yr (Valenzuela et al. 2019). For a given central star, the time since leaving
the post-AGB phase is therefore randomly drawn from a uniform distribution between 0 and
30 000 yr, as the timescale is negligible compared to the timescale of the MS and post-MS.

In this work, we use the post-AGB tracks of the H-burning stars from Miller Bertolami
(2016) and interpolate them to obtain the central star luminosity and effective temperature as a
function of metallicity, final mass, and the post-AGB age (see Appendix D.1 for details on the
interpolation). Following the approach of Valenzuela et al. (2019), we take the post-AGB age
to be the time since the temperature reached a value of 𝑇eff = 25 000 K (log𝑇eff/K ≈ 4.40).
The interpolated post-AGB tracks at two final masses of 𝑀final = 0.55 and 0.58 M⊙ (of which
only the former mass was explicitly computed by Miller Bertolami 2016) for a range of
different metallicities can be seen in Figure 8.3. Clearly, the interpolations successfully
produce intermedial values, in particular between the originally simulated metallicities. For
metallicities outside of the range between 𝑍 = 0.0001 and 0.02, we simply use the respective
tracks at 𝑍 = 0.0001 or 𝑍 = 0.02.

Additionally, it can here be seen that more metal-poor stars at a fixed final mass have a
higher luminosity and can reach higher temperatures than metal-rich stars, as was also shown
by Miller Bertolami (2016). Like the metallicity-dependent IFMR from Miller Bertolami
(2016) presented in Section 8.1.3, this counteracts the effect the lifetime function has that
one would expect more metal-rich stars to host brighter PNe, as well as the lower number
of oxygen atoms in the nebula, which is also expected to limit the brightness of the [O iii]
line.. The dependence of the maximum luminosity and effective temperature of a star on its
metallicity and age is therefore not trivial.

8.1.5 Planetary nebula model
The central star properties can finally be used to infer the PN emissions. Particularly, the [O iii]
intensity is of great importance for studies of extragalactic PNe. Additionally, properties such
as the H𝛽 intensity may be of further relevance and has been studied for extragalactic PN
populations as well (e.g., Reid & Parker 2010).

In this work we use the PN model from Valenzuela et al. (2019). To our knowledge it is
the only current PN model that not only addresses the brightest PNe at the bright end of the
PNLF, but can also be used to produce dim PNe that are consistent with observations, while
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being applicable to large numbers of central stars without exceedingly high computational
cost. The model computes the maximum total intensity of H𝛽 emission assuming optical
thickness, 𝐼 (H𝛽), based on the luminosity of the central star luminosity and its blackbody
radiation given by the effective temperature. Next, the ratios between 𝐼 (H𝛽) and the intensity
of the [O iii] emission line 𝐼 (5007) that have been observed for PNe in the Milky Way and
the LMC are used to empirically obtain 𝐼 (5007) for a given PN. This ratio is drawn from a
Gaussian distribution and is modified by some physically motivated prescriptions based on
stellar mass and temperature. We give an overview of this prescription in Section D.2.1.

Finally, an absorbing factor 𝜇 is applied to the intensities to account for ionizing stellar
photons that are not absorbed by the nebula. The absorbing factor is equivalent to the fraction
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of ionizing photons that are actually absorbed and is simply multiplied with the previously
obtained intensity to get the observed value of 𝐼 (5007). The absorbing factor for a given star
is drawn randomly because of possible asymmetries in the nebula that can lead to a leakage
of ionizing photons (for more details see Méndez & Soffner 1997; Valenzuela et al. 2019).
Additionally, its maximally allowed value is decreased over the lifetime of the PN, which
accounts for the nebula dissipating over time. The prescription for the absorbing factor is
described in Section D.2.2. One aspect that is not included in the model of Valenzuela et al.
(2019) is the internal dust extinction, which becomes more important for younger stars (e.g.,
Jacoby & Ciardullo 2025), which means in general for higher stellar masses. We add this
effect as a further step in the PICS framework in Section 8.1.6.

In Figure 8.4 we show the post-AGB tracks in the Hertzsprung-Russell diagram of stars
with certain final central star masses at metallicities of 𝑍 = 0.001, 0.01, and 0.02. The data
points show individual PNe at evenly spaced ages between 0 and 30 000 yr starting from the
given track reaching 𝑇eff = 25 000 K. The PNe are colored according to their [O iii] 𝜆5007
absolute magnitude, 𝑀 (5007) = −2.5 log 𝐼 (5007) − 13.74 with 𝐼 (5007) being the intensity
seen 10 pc away, as defined by Jacoby (1989). According to the model, the brightest PNe for a
given central star mass are located on the rising temperature track, after which the intensity of
the [O iii] line decreases again due to the dissipation of the nebula over time and the eventual
drop of the star’s luminosity. Here it also becomes apparent how quickly more massive stars
(𝑀final ≳ 0.6 M⊙) evolve along the tracks compared to less massive stars, for example at
𝑍 = 0.001: two data points are separated by 50 yr, which means that after only a little more
than 100 yr, a central star of mass 0.8 M⊙ reaches its peak temperature. As a result, even
though more massive stars have the potential of developing brighter PNe, the likelihood of
observing such a PN in its bright stage is much lower for more massive stars due to their fast
evolution.

The PN model by Valenzuela et al. (2019) was originally developed for use with the
post-AGB tracks from Miller Bertolami (2016) at a metallicity of 𝑍 = 0.01 and the [O iii] to
H𝛽 intensity ratio was empirically based on Milky Way and LMC PNe, which span a range of
metallicities. As there is no obvious step in the model’s recipes where it would be trivial to
add a direct dependence on metallicity, in this work we apply the PN model to central stars
of all metallicities without modification. While the model therefore statistically works well
enough for composite populations of PNe that roughly have the same metallicity distribution
as the Milky Way and LMC PNe, the intrinsic dependence on metallicity is lost, where lower
abundances of oxygen should generally lead to less [O iii] emission. For this reason, only
applying the PN model by Valenzuela et al. (2019) to especially metal-poor PNe will result in
overluminous PNe.

Multiple studies have investigated the dependence of the maximum [O iii] flux on the
metallicity. This relation is not straightforward as [O iii] is also one of the primary coolants
of the nebula (e.g., Jacoby 1989). Using nebular models, Jacoby (1989) found that small
changes in the metallicity at solar-like abundances resulted in variations of the [O iii] flux by
the square root. Later models by Dopita et al. (1992) and Schönberner et al. (2010) showed
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a quadratic form in logarithmic space around solar abundances for the peak luminosity of
a given PN (see fig. 27 from Schönberner et al. 2010). In this work we consider all three
possible relations as direct corrections to the obtained [O iii] fluxes, extrapolating them beyond
solar abundances to both low and high metallicities. As the nebular model by Valenzuela
et al. (2019) was not based on a particular metallicity to which a simple nebular metallicity
correction can be applied, we needed to estimate a base metallicity 𝑍base of the model from
which it is possible to use the abundance differences to determine the correction required
for the [O iii] flux. Because Milky Way and LMC PNe were used for creating the empirical
model by Valenzuela et al. (2019), the value has to be equal to or lower than the maximum
metallicities of both galaxies. The overall more metal-poor LMC has an upper metallicity
of around 𝑍 = 0.008 (Harris & Zaritsky 2009), which is consistent with the upper oxygen
abundance found for its PNe of 12 + log(O/H) = 8.5–8.6 (Dopita & Meatheringham 1991b;
Richer 1993). At the same time the base metallicity value may not be too low as the observed
nebulae have to have a sufficient amount of oxygen available to become PNe in the first place.
We therefore estimate this base metallicity as 𝑍base = 0.007, a value near the upper metallicity
value of the LMC and also roughly half of the solar metallicity. We decided on this value
because it is within the reasonable metallicity range of both the Milky Way and the LMC.
However, it is important to note that this is not a physically derived value due to the nature of
the empirical model being based on a distribution of metallicities.

For the square root relation of Jacoby (1989), we obtain a nebular metallicity correction
factor of

𝑝5007,J89(𝑍) =
�
𝑍

𝑍base

�0.5
. (8.6)

For Dopita et al. (1992), we assumed a linear conversion between the metallicity and oxygen
abundance [O/H], so with our choice of the base metallicity we obtain a correction factor of

𝑝5007,D92 = 10log 𝐹5007,D92 (log 𝑍/𝑍⊙)−log 𝐹5007,D92 (log 𝑍base/𝑍⊙) , (8.7)

log 𝐹5007,D92( [𝑍]) = −0.8791 + 0.1459[𝑍] − 0.3013[𝑍]2, (8.8)

where the latter equation is taken from their eq. 4.1 with [𝑍] = log 𝑍/𝑍⊙ and we take
𝑍⊙ = 0.0134 from Asplund et al. (2009), which is also the solar metallicity that Schönberner
et al. (2010) assumed in their models. Finally, for Schönberner et al. (2010) we fit two
quadratic functions to their data points for their two final masses and used the mean of each of
the fit parameters to obtain the following correction factor:

𝑝5007,S10 = 10log 𝐹5007,S10 (log 𝑍/𝑍⊙)−log 𝐹5007,S10 (log 𝑍base/𝑍⊙) , (8.9)

log 𝐹5007,S10( [𝑍]) = −0.24( [𝑍] − 0.78)2. (8.10)

We show the direct comparison of the three correction factors as a function of metallicity in
Section D.3. As the correction factor only depends on metallicity, the values of 𝑀 (5007) in
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Figure 8.4 are simply offset by a fixed value per panel when applying one of the three nebular
metallicity corrections.

While the nebular metallicity relations from the three works were originally constructed
to describe how the fluxes of the brightest PNe vary with metallicity, we have decided to
use these relations for correcting the [O iii] fluxes of all PNe irrespective of their properties.
We also note the caveat of applying the nebular metallicity correction to the resulting fluxes
from the model by Valenzuela et al. (2019): as the model was tuned to PNe with a range of
metallicities, having to pick a single base metallicity from which the correction is determined
leads to an excessive brightness of PNe on the slightly metal-rich side and an excessively
strong dimming on the slightly metal-poor side. As the disadvantages of not applying such a
correction outweigh this caveat, however, we pick as the fiducial model the nebular metallicity
correction by Dopita et al. (1992), which does not boost the [O iii] flux as much as the other
two relations (see Figure D.1).

Finally, we comment on the fact that for our current fiducial nebular model, we only take
into account the general metallicity mass fraction 𝑍 and not any specific abundances. On the
one hand, this has the big advantage of keeping the model simple, especially in light of the
large parameter space already spanned through the stellar evolution models, which has also
been the focus for this paper. With the aim of applying PICS to cosmological simulations, most
chemical evolution models are not yet able to find good agreement with observed abundances,
whereas the total metallicity mass fractions are in general consistent with observations. On the
other hand, the simple linear scaling assumptions of different abundances like helium, oxygen,
and iron with 𝑍 are certainly not entirely correct and may lead to systematics and biases in
the modeled PN emission lines. For instance, accounting for alpha elements independently
of iron-peak elements may be relevant when treating galaxies with different star formation
histories like typical elliptical versus disk galaxies. Similarly, increased helium abundances
could affect the number of ionizing photons available to ionize hydrogen (e.g., Osterbrock &
Ferland 2006). As the focus of this paper is on the advances of stellar evolution modeling in
the context of PNe, treating the nebular physics with a more detailed model will be the subject
of future work, further improving the PICS model.

8.1.6 Circumnebular extinction

During the AGB phase stars create and eject dust through their stellar winds, which may
lead to extinction of the PN emission. As more massive stars evolve more quickly along
the post-AGB tracks and thus reach high temperatures to ionize the nebula shortly after the
AGB phase, these PNe would suffer a larger extinction than PNe of low-mass stars when they
reach their brightest [O iii] magnitude. Ciardullo & Jacoby (1999) suggested that this effect
could explain how the bright end of the PNLF is even universal for PNe in younger stellar
populations, where the central stars of the PNe would be more massive. For the bulge of M 31,
Davis et al. (2018) found that a significant fraction of the brightest PNe are strongly extincted.
Most recently, Jacoby & Ciardullo (2025) presented the observed relation between central
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star mass and circumnebular extinction measured for the brightest PNe in the LMC and M 31,
which they fit through linear relations. Their work extends on Ciardullo & Jacoby (1999) and
presents strong indications that this effect indeed could explain how younger galaxies have the
same universal bright-end cutoff of the PNLF as the circumnebular extinction could bring the
overly bright PNe down to the cutoff.

As PICS has the objective to produce PN properties for direct comparison with observations,
accounting for circumnebular extinction is an important last step for obtaining the actually
observed [O iii] flux. While it is in part possible to determine the circumnebular extinction of
PNe in the Local Group, this is impossible for most extragalactic systems. The relations for
extinction as a function of final mass provided by Jacoby & Ciardullo (2025) are only valid
for the PNe in the brightest magnitude. As the dust becomes more diffuse over the lifetime of
a PN, the extinction is expected to decrease. Under the assumption that the evolution of dust
extinction is the same for all PNe, we derived the extinction relation as a function of post-AGB
age that recovers the relation by Jacoby & Ciardullo (2025) for the PNe at metallicity 𝑍 = 0.01
as they reach their peak brightness. We chose the metallicity of 𝑍 = 0.01 as a reasonable value
between the expected metallicities of the brightest PNe in M 31 and the LMC. We note that
using slightly lower or higher metallicities do not affect the resulting extinctions significantly.

We first determined the post-AGB age corresponding to the maximal brightness as a
function of final mass at 𝑍 = 0.01 and fit the following broken linear relation to it (see
Section D.4 for the details of the derivation):

𝑀final,bright = max

(
1.014 − 0.1704 log(𝑡post−AGB/yr)
0.729 − 0.0479 log(𝑡post−AGB/yr)

)
(8.11)

In this work we use the combined orthogonal regression fit to the bright LMC and M 31 PNe
of Jacoby & Ciardullo (2025, Combined OR in their table 2), which takes the corresponding
brightest final mass as argument (independent of what the actual final mass is):

𝑐H𝛽 = 7.05𝑀final,bright/M⊙ − 3.97, (8.12)

where the extinction in H𝛽, 𝑐H𝛽, is used to obtain the [O iii] extinction, 𝐴5007, through the
Cardelli et al. (1989) extinction law with 𝐴𝑉 = 𝑅𝑉𝐸 (𝐵 − 𝑉), 𝑅𝑉 = 3.1, and 𝐸 (𝐵 − 𝑉) =
𝑐H𝛽/1.47 (Ciardullo & Jacoby 1999):

𝐴5007 =
𝑐H𝛽

1.47
(𝑅𝑉𝑎(𝑥) + 𝑏(𝑥)) , (8.13)

where 𝑎(𝑥) and 𝑏(𝑥) are defined for the optical/near-infrared range in eqs. 3a and 3b from
Cardelli et al. (1989) with 𝑥 = 1 µm/5007 Å. In this way, the extinction only depends on the
post-AGB age of a PN. While in this work we only apply the one circumnebular extinction
relation from Jacoby & Ciardullo (2025), we will investigate the effects of variations of the
relation in a forthcoming paper (Valenzuela et al. in prep.).



102 Chapter 8 – PICS: Planetary Nebulae In Cosmological Simulations

8.1.7 Number of planetary nebulae

The previous sections dealt with the modeling of a single PN based on the IMF, age and
metallicity of the SSP. How many PN this SSP produces is additionally dependent on the
total mass. For this the IMF is integrated between the initial mass obtained from the SSP age
(Section 8.1.2) and the initial mass obtained from the SSP age minus 30 000 yr because those
are the stars that are still in the PN phase. The integrated value is then multiplied with the total
mass to obtain the expected total number of PNe in that SSP. The actual integer number is then
determined by rounding down or up randomly based on the decimal places, for example an
expected value of 10.2 would lead to 10 PNe being selected with an 80% chance and 11 PNe
with a 20% chance.

The number of PNe is obtained after the initial stellar mass has been found from the
lifetime function. The final mass and the PN properties are then determined individually
for each of those PNe since values such as the post-AGB age or the absorbing factor can be
different for PNe even within the same SSP.

8.2 The effect of metallicity and helium abundances

8.2.1 Metallicity

In the previous section it can be seen that multiple aspects of the emergence of PNe depend on
the metallicity: For a given initial mass, more metal-rich stars remain on the MS and post-MS
for a longer period of time (Figure 8.1), and they lose more mass assuming the IFMR from
Miller Bertolami (2016), leading to smaller final masses after the AGB phase (Figure 8.2).
For the post-AGB tracks at a given final mass, more metal-rich stars have lower luminosities
and reach lower maximum temperatures before entering the cooling track (Figure 8.3). Finally,
while not depicted in this work, stars of a given final mass move along the Hertzsprung-Russell
diagram at roughly the same speed, that is they heat up and cool down on a similar timescale
(fig. 8 of Miller Bertolami 2016).

It is not directly clear from the individual relations themselves how the metallicity affects
the central stars of the PNe when combining the lifetime function and the IFMR. To shed more
light on this, we show how the final stellar mass depends on the age with varying metallicity in
the left panel of Figure 8.5. For a large age range, most of the metallicities lead to similar final
masses: at ages of 2–7 Gyr all but 𝑍 = 0.001 lie closely together, and at ages of 5–11 Gyr,
all but 𝑍 = 0.05 lie closely together. Based on this model, this implies that there is a nearly
universal final mass relation with age independent of metallicity for these ages, with variations
of around 0.01–0.02 M⊙ at a given age. For lower and higher ages, however, the final masses
begin to deviate more from one another. For stellar populations less than 2 Gyr old, stars
becoming PNe that are more metal-rich tend to have smaller final masses. For ages above
8–10 Gyr and with 𝑍 > 0.001, the trend emerges under the current model assumptions that
more metal-rich stellar populations produce PNe with larger final masses due to their longer
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Figure 8.5: Final masses as a function of stellar lifetime (left) and of initial mass (right) for selected
metallicities (𝑍 = 0.0001, 0.001, 0.01, 0.02, and 0.05) based on the models of Miller Bertolami (2016).
The final mass y-axis range is reduced to the primarily relevant values in the regime of older stellar
populations of 𝑡 > 2 Gyr. For the initial-to-final mass relation, the masses reaching the post-AGB phase
after 𝑡 = 2, 4, 6, 8, 10, and 12 Gyr are marked with circles.

lifetimes compared to their lower-mass counterparts. While these trends are not monotonic in
the shown metallicity range, old stellar populations that are especially metal-rich above solar
metallicity produce significantly more massive central stars of PNe than at lower metallicities,
still reaching final masses of 0.55 M⊙ after 9 Gyr.

Based on these relations, we can now highlight the importance of taking the metallicity
into account for especially metal-rich systems: if one were to follow the approach of some
previous studies of assuming a fixed roughly solar-like metallicity of 𝑍 = 0.01 (e.g., Gesicki
et al. 2018; Valenzuela et al. 2019), then for ages above 5 Gyr the final masses at that fixed
metallicity would be systematically lower than if taking the correct higher metallicity into
account (see the left panel of Figure 8.5). The information can also be presented in the IFMR
plot from Section 8.1.3 by marking specific times along the IFMRs at each metallicity. The
right panel of Figure 8.5 shows the IFMR for a more limited range of initial and final masses
than shown in Figure 8.2 where the points along the IFMRs are marked at equally spaced
lifetimes between 2 and 12 Gyr. Especially at higher metallicities it can be seen that very old
stellar populations with 𝑡 > 6 Gyr have stars of higher initial and final masses reach the PN
phase, resulting in old and metal-rich elliptical galaxies having more massive central stars of
PNe than the old stellar population of a more metal-poor spiral galaxy, for example.

One caveat of the above conclusions based on the highest shown metallicity 𝑍 = 0.05
is that this metallicity lies outside the range originally modeled by Miller Bertolami (2016).
Since those models only reached a metallicity of 𝑍 = 0.02, it cannot simply be assumed
that the extrapolation of the lifetime function to higher metallicities is applicable using the
fit analytic relation (Section 8.1.2). One difficulty in this matter is that stellar evolution
and in particular the AGB phase are still poorly understood for super-solar metallicity stars.
This is largely due to such metal-rich stars being mostly observed only in the Galactic bulge
or in M 31 for massive stars (e.g., Pietrinferni et al. 2013; McDonald et al. 2022). Some
studies have run models for super-solar metallicity stars, including the PARSEC (Bressan et al.
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2012) and BaSTI (Pietrinferni et al. 2013) stellar evolution models, additionally Althaus et al.
(2009) investigated potential high-metallicity progenitors of WDs, and Nanni et al. (2014) ran
super-solar metallicity models to study the dust production in pulsing AGB stars. As stated by
Pietrinferni et al. (2013), there are differences between their BaSTI and the PARSEC models
in part because of different initial helium abundance assumed in the models.

8.2.2 Helium abundance

Not only the initial helium abundance is uncertain: its scaling with the overall metallicity
has been primarily measured at lower metallicities in the Milky Way and in H ii regions.
Mostly, studies have quantified a slope Δ𝑌/Δ𝑍 as the cosmic production rate of helium, which
has been estimated to be between 1 and 3 (e.g., Jimenez et al. 2003; Izotov & Thuan 2004;
Casagrande et al. 2007). However, not all authors assume a linear slope, especially at the
lowest metallicities (e.g. Keszthelyi et al. 2024). While Miller Bertolami (2016) assumed a
slope of 2 for the initial abundances of the stellar evolution models, it is unclear how exactly the
helium-to-metallicity relation continues beyond the upper metallicity of 𝑍 = 0.02. Casagrande
et al. (2007) even suggest that the slope becomes smaller towards higher metallicities, though
the large uncertainties of the helium abundances and the metallicities make it difficult to draw
definite conclusions on the true relation.

For these reasons, we ran two additional models following the procedure by Miller Bertolami
(2016) with a super-solar metallicity of 𝑍 = 0.05. The first assumes the same linear relation
between the helium abundance 𝑌 and metallicity 𝑍 of 𝑌 = 0.245 + 2𝑍 (i.e., 𝑌 = 0.345,
linear He), whereas the second assumes that a saturation of helium is reached at the linearly
determined value at 𝑍 = 0.02 (i.e., 𝑌 = 0.285, cutoff He). The lifetime functions of the MS
and post-MS for stars with these initial abundances as a function of the initial stellar mass are
shown in Figure 8.6 as the blue (linear He) and red (cutoff He) data points. Additionally, the
values from the analytic relation obtained in Section 8.1.2 are shown as lines for the original
four metallicities as well as for the extrapolated metallicity 𝑍 = 0.05. We find that the blue
linear helium data points at 𝑍 = 0.05 lie very close to the relation at the lower metallicity
𝑍 = 0.02 (light-orange line), whereas the red cutoff helium data points at 𝑍 = 0.05 also
correspond to the extrapolated analytical function at 𝑍 = 0.05 (yellow line).

The newly run models show that the lifetime not only depends on metallicity, but is
also heavily influenced by the helium abundance at 𝑍 = 0.05. Another finding is that the
overall trend of the lifetimes increasing with metallicity is not valid when extrapolating the
linear relation between 𝑌 and 𝑍 beyond 𝑍 = 0.02. This can be qualitatively explained by the
following: in general, an increase of 𝑍 leads to higher bound-free opacities in the star, which
lowers the radiative energy transport and overall luminosity. More metal-rich stars thus spend
more time on the MS and post-MS. This is the case at lower metallicities, where the hydrogen
abundance only minimally increases with higher 𝑍 . However, at higher metallicities, a relative
increase of 𝑍 results in a significantly larger change of the helium abundance following the
linear relation of 𝑌 = 0.245 + 2𝑍 . As the hydrogen abundance is given by 𝑋 = 1 −𝑌 − 𝑍 , the
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Figure 8.6: Lifetime function of stars until they reach the post-AGB phase as a function of their
initial mass. The lines are the fit relations to the models of Miller Bertolami (2016) with original
metallicities of 𝑍 = 0.0001, 0.001, 0.01, and 0.02, as in Figure 8.1. Here the extrapolation of these fits
to 𝑍 = 0.05 is also shown. The points are the results of newly run models following the procedure
of Miller Bertolami (2016) for 𝑍 = 0.05, and the lines are the fit relations to those data points. The
linear helium abundance is at 𝑌 = 0.345 and the cutoff helium abundance at 𝑌 = 0.285. The thick
lines are at the same metallicities as the ones from the original models (𝑍 = 0.0001, 0.001, 0.01, and
0.02) and the thin lines are at 𝑍 = 0.00001, 0.0003, 0.003, and 0.014, where the latter three values are
the logarithmic midpoints of the original metallicities.

higher value of 𝑌 means that the total amount of available hydrogen is decreased, resulting in
less fuel for the MS and thus shorter MS lifetimes. Moreover, a higher helium abundance
implies a higher mean molecular weight of the stellar material. Due to the high sensitivity
of luminosity on the molecular weight (𝐿 ∝ 𝜇4; Kippenhahn et al. 2013), this leads to a
larger luminosity and faster fuel consumption. In summary, when extrapolating the linear
relation between 𝑌 and 𝑍 , the stellar lifetime increases with metallicity until the rising helium
abundance counteracts that effect, leading to similar lifetimes at 𝑍 = 0.05 and 𝑍 = 0.02. In
contrast, letting the helium abundance saturate and stay constant for values of 𝑍 ≥ 0.02 means
that the lifetimes continue to increase with metallicity.

For the saturated (cutoff) helium abundance, it is interesting that the simulated MS and
post-MS lifetimes are overall very similar to the analytically computed values at 𝑍 = 0.05 for
stars with initial masses 𝑀init ≳ 1.5 M⊙, but slightly higher at lower masses. This indicates
that the extrapolation based on the lower metallicities (i.e., the analytic function that was
fit to the original data points) corresponds to a slightly higher helium abundance than the
saturated helium simulation. A thorough analysis of how the helium abundances affect the
stellar lifetimes and the resulting PN populations is beyond the scope of this paper, however.
It will be the subject of a future study.

Due to the poor observational constraints with respect to the𝑌 -𝑍 relation, we conclude that
the analytically derived lifetime function from Section 8.1.2 at super-solar metallicities is still
consistent with the stellar evolution simulations within the uncertainties of the observed helium
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abundances. Moreover, there is recent observational evidence for the helium abundance to
saturate beyond a certain metallicity as measured for Omega Centauri (Clontz et al. 2025).
First evidence supporting the usage of this function even at high metallicities is presented by
Valenzuela et al. (2025d), where the fiducial model of PICS was applied to several galaxies
from a cosmological simulation, spanning a wide range of star formation histories, ages,
and metallicities. The thereby obtained PN populations and their PNLF are consistent with
observations and give a robust view of PNe, as will be fully shown in detail in the next paper
of this series (Valenzuela et al. in prep.). In a future study we will further investigate how
different assumptions regarding the helium abundances affect the PN populations of galaxies
with different star formation histories in detail. Comparing the observed PN populations with
modeled PNe based on simulated galaxies may even provide an independent way of probing
the production rate of helium at high metallicities. In the following sections we apply the
analytic function from Section 8.1.2 for all metallicities.

8.3 Single stellar population PNLFs
In Section 8.2 we have highlighted the importance of the metallicity and helium abundance
when considering some of the individual blocks required to model the PNe within a stellar
population. We now showcase how the SSP age and metallicity affect the resulting PNe by
exploring the parameter space for the fiducial PICS model. For this, we paired ten SSP ages
between 𝑡age = 0.25 and 13 Gyr with six metallicities between 𝑍 = 0.0001 and 0.08 to run
PICS on and obtain corresponding PNLFs. To overcome the stochastic nature of the PN model
itself with respect to the post-AGB age and the absorbing factor that determines the opacity of
the nebula, we ran PICS on 106 stars for each pair of age and metallicity, with equally spaced
post-AGB ages between 0 and 30 000 yr.

8.3.1 PNLFs with nebular metallicity correction

As a first step, Figure 8.7 shows the PNLFs without accounting for circumnebular extinction
for a grid of SSPs with different ages (constant age per row) and metallicities (constant
metallicity per column), that is the 𝑀 (5007) histograms for the 106 PNe. The colors represent
the approaches to correcting for the nebular metallicity of Jacoby (1989), Dopita et al. (1992),
and Schönberner et al. (2010) that were presented in Section 8.1.5, while the black PNLFs
were created from PNe without applying such a correction and functions as a reference for
what the corrections are doing. Statistically, the PNLFs in a given column are always shifted
by the same amount relative to each other due to the way the metallicity corrections are
implemented as a function solely of metallicity. For each panel, the final mass of the central
stars is stated in the bottom right corner.

The effect of accounting for nebular metallicity is immediately obvious when comparing
the left to the right columns: at low metallicities, the [O iii] brightness drops considerably
(colored lines), removing any PNe at 𝑍 = 0.0001 from bright magnitudes of 𝑀 (5007) < −4
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Figure 8.7: Single stellar population PNLFs depending on the age and metallicity for the fiducial
model without circumnebular extinction, varying the nebular metallicity correction applied. Rows
correspond to the different ages and columns to the metallicities. The final masses are computed from
the IFMR of Miller Bertolami (2016) and are stated in the lower right corner of each panel. In the
cases where the initial mass values lie outside the modeled range, only a dash is shown (this is only the
case for two panels in the top right and one in the bottom left). The PNLFs are obtained from 106

stars of the respective final mass with equally spaced post-AGB ages between 0 and 30 000 yr. For the
black PNLFs no nebular metallicity correction factor was applied, whereas the colored lines include
the corrections by Jacoby (1989), Dopita et al. (1992), and Schönberner et al. (2010). The bright-end
cutoff is marked by the vertical gray dashed line at 𝑀 (5007) = −4.5.
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compared to the metallicity-independent nebular model (black line), while at high metallicities
the correction leads to overall brighter PNe. The corrections are close to zero at 𝑍 = 0.01,
which is due to the chosen base metallicity of 𝑍base = 0.007 at which the corrections are
defined to not change the [O iii] brightness. Among the three metallicity correction relations,
the simple square root law by Jacoby (1989) always leads to the brightest PNe (yellow). At
high metallicities, the relation by Dopita et al. (1992) enhances the PN brightness the least, as
is expected from Section D.3, and again reaches a correction factor of 1 at around 𝑍 = 0.08,
such that the purple and black lines are nearly the same in the last column of Figure 8.7.

The first finding is that not all combinations of age and metallicity contribute to the bright
end of the PNLF at around 𝑀 (5007) = −4.5 (e.g., Ciardullo 2012), marked by the vertical
gray dashed lines. Especially old stellar populations with ages of 𝑡age ≳ 8–10 Gyr generally
produce fainter PNe. Note, however, that when nebular metallicity effects are not taken into
account, the model predicts much brighter PNe at 𝑍 = 0.0001 and 𝑍 > 0.04. The final masses
of the PNe in the stellar populations not reaching the bright end for the most part lie around
𝑀final ∼ 0.51–0.55 M⊙. This range lies well below the expected maximum final masses of
older observed stellar population from previous studies needed to explain the brightest PNe
(e.g., Méndez 2017; Valenzuela et al. 2019).

For intermediate-age stellar populations with 𝑡age ∼ 2–8 Gyr, the bright end of the PNLF
is well populated with PNe. Brighter nebulae are found for lower ages. When accounting for
the nebular metallicity (colored lines), this is only true for intermediate to high metallicities of
𝑍 ≳ 0.001. Even at 𝑍 = 0.001, the older intermediate-age stellar populations (𝑡age ≳ 6–8 Gyr)
do not reach the bright end. Interestingly, there is a maximum of the non-metallicity-corrected
PNLF between 𝑀 (5007) = −4.5 and −4.0 for a number of the age-metallicity combinations
in this intermediate-age regime, with a slow decline of the PNLF towards fainter PNe. This
maximum is simply shifted to other magnitudes for the metallicity corrections. All of the
SSP PNLFs here feature the recognizable typical shape of observed PNLFs, just with shifts
towards brighter or fainter magnitudes. For the intermediate ages, the final masses lie between
around 0.55 and 0.59 M⊙. This approximately lies in the expected maximum central star final
mass range for intermediate-to-old stellar populations as found by Valenzuela et al. (2019)
based on modeling PNe in mock stellar populations.

The younger stellar populations at 𝑡age < 0.5 Gyr only feature the typical PNLF shape at
the higher metallicities when not accounting for nebular metallicity (black lines). In contrast,
lower-metallicities lead to much brighter PNe existing even well beyond 𝑀 (5007) = −5.0. At
high metallicities, the nebular metallicity corrections of Jacoby (1989) and Schönberner et al.
(2010) also lead to such bright PNe. The absolute numbers are overall much lower than for
older stellar populations, which is a result of the much faster evolution along the post-AGB
tracks for these more massive central stars (𝑀final ≳ 0.6). The stars reside on the heating track
for only a short period of time (see the widely spaced data points in Figure 8.4 for the more
massive central stars) before cooling down and dropping in luminosity, thus making bright
nebulae around those massive stars rather rare.
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8.3.2 PNLFs with circumnebular extinction

The fact that the PNLFs discussed in the previous section are able to reach magnitudes much
brighter than the observed cut-off value is very likely due to the PN model of Valenzuela et al.
(2019) not incorporating circumnebular dust extinction. The circumnebular dust extinction
has been observed to rise with increasing PN brightness, thus pushing the brightest PNe back
down to the bright end cutoff (e.g., Davis et al. 2018; Jacoby & Ciardullo 2025). In Figure 8.8
we show the full grid of PNLFs with respect to their unextincted and dust-extincted [O iii]
magnitudes. The unextincted PNLFs (dotted) are the same as those shown in Figure 8.7
for the non-metallicity dependent PNLFs (black) and those corrected for nebular metallicity
(colored) through the relations of Dopita et al. (1992) and Schönberner et al. (2010). We do
not show the PNLF by Jacoby (1989) to keep the figure from being too cluttered and since the
simple square root relation is most likely the least accurate of the three. The solid PNLFs
move to dimmer magnitudes by taking into account time-dependent dust extinction according
to the Combined OR linear relation for circumnebular extinction, which is stronger in the early
post-AGB phase. As a result, the extinction is seen the strongest for the fast evolving PNe of
younger ages (top rows), where for 𝑡age = 0.25 Gyr none of the PNe reach the brightest two
magnitudes of the universal PNLF anymore (𝑀 (5007) < −2.5). At older ages of 𝑡age ≳ 6 Gyr,
there is practically no more extinction that can be observed: the solid and dotted PNLFs are
almost perfectly overlayed.

For lower-to-intermediate ages of 1–4 Gyr, the extinction affecting the brightest PNe is
on the order of 0.25–0.75 mag and also varies slightly with metallicity. This is expected as
the lifetime function and the IFMR both affect the resulting final masses and thus how fast
they evolve. Figure 8.8 nicely shows that circumstellar extinction is able to lower the SSP
cutoff magnitude to the actually observed cutoff value of 𝑀 (5007) = −4.5 for the age range of
1–4 Gyr. At younger ages with generally higher final masses, the adopted prescription leads to
much higher extinction for the brightest PNe and is on the order of 1.5–2.5 mag for all but the
highest metallicity. Only at 𝑍 = 0.08 the lower final masses at young-to-intermediate ages
lead to significantly lower circumnebular extinction of the bright end. The extent to which
this is true naturally depends on the nebular metallicity correction applied, as for example the
relation by Schönberner et al. (2010) leads to significantly brighter PNe at the metal-rich end
of 𝑍 ≳ 0.02. Even the circumnebular extinction recipe does not bring down the brightest PNe
to the bright end for intermediate-aged metal-rich populations (𝑡age ∼ 0.5–6 Gyr, 𝑍 ≳ 0.02)
for Schönberner et al. (2010). We conclude that the fiducial model involving the nebular model
by Valenzuela et al. (2019) with the correction by Dopita et al. (1992) is the most realistic
with respect to our expectations from observations as it properly accounts for metallicity and
simultaneously does not over-enhance the brightness of PNe at high metallicities.

As a result, we find that correcting for nebular metallicity through the relation of Dopita
et al. (1992) and additionally accounting for circumnebular extinction (Jacoby & Ciardullo
2025) leads to a grid of PNLFs that are in general consistent with observations with respect to
the bright end. They offer the basis for interpreting the observed PNLFs of composite stellar
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Figure 8.8: Single stellar population PNLFs depending on the age and metallicity for the fiducial
model with different nebular metallicity corrections applied and showing the effect on the PNLFs from
circumnebular dust extinction. The structure of the grid and the amount of PNe sampled for each PNLF
are the same as in Figure 8.7. For the black PNLFs no nebular metallicity correction factor was applied,
whereas the colored lines include the corrections by Dopita et al. (1992) and Schönberner et al. (2010).
The dotted PNLFs are the same as those shown in Figure 8.7 and the solid PNLFs additionally take into
account the circumnebular extinction from Jacoby & Ciardullo (2025) as described in Section 8.1.6.
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populations. At the same time, the fact that the PNLFs vary significantly between different
nebular metallicity corrections also indicates that improved modeling will be necessary to
decrease the systematic uncertainties seen between methods. Developing a refined nebular
model is beyond the scope of this work, however.

8.3.3 PNLFs with different IFMRs

In Section 8.1.3 we presented several IFMRs in addition to the one by Miller Bertolami (2016)
used in the fiducial PICS model, namely those by Cummings et al. (2018), El-Badry et al.
(2018), Cunningham et al. (2024), and Hollands et al. (2024). In Figure 8.9 we show the
consequence of adopting an IFMR that does not depend on metallicity by using the latter four
IFMRs instead of that of the fiducial PICS model by Miller Bertolami (2016). The black
lines are the same as the blackberry lines in Figure 8.8 from the fiducial PICS model with
the nebular metallicity correction by Dopita et al. (1992), while the colored lines correspond
to the obtained PNLFs using the IFMRs of Cummings et al. (2018), El-Badry et al. (2018),
Cunningham et al. (2024), and Hollands et al. (2024). The different IFMRs only show a
similar PNLF for younger ages of around 𝑡age ≲ 6 Gyr, and only the PICS fiducial IFMR
shows a deviating behavior at higher metallicities in this age range with a larger number of
PNe, but at the same time a fainter bright end of the PNLF. In the context of circumnebular
extinction, as the final masses now vary even within a single panel based on which IFMR was
used, the effect of extinction is different for each PNLF because of the final mass influencing
how fast the central star evolves. This can especially be seen for the young metal-rich panels,
where the dotted and solid black lines lie almost on top of each other for the fiducial model
using the IFMR by Miller Bertolami (2016), while the other IFMRs lead to much higher final
masses, thus resulting in significantly stronger extinction at the bright end (the colored solid
lines lie much further to the right than their dotted counterparts).

The values of age and metallicity where similar PNLFs are found for all IFMRs roughly
correspond to the initial mass range of 𝑀init ≳ 1.3 M⊙ in which the alternative IFMRs do
not lead to higher final masses than at even the lowest metallicities of the fiducial models
(Figure 8.2). In contrast, for lower initial masses and thus for older stellar populations,
Figure 8.2 shows that in particular the IFMR by Cummings et al. (2018) surpasses the final
mass values of the fiducial model at all metallicities. At the lowest initial masses around
𝑀init ≈ 0.9 M⊙, both the models of Cummings et al. (2018) and Cunningham et al. (2024)
show higher final masses than the fiducial models because their values result from linear fits in
this mass range without a drop towards lower initial masses (in contrast to the fiducial model
and that by Hollands et al. 2024). Since this leads to final masses of 𝑀final ≳ 0.55 M⊙, even
such old low-mass stars are able to produce bright PNe, as seen by the bright PNe in turquoise
and red in Figure 8.9 for older systems of 𝑡age ≳ 8 Gyr. Overall, the PNe produced with the
IFMR by Cummings et al. (2018) can be the brightest at older ages. The PNLFs obtained with
their IFMR are surprisingly similar in bright end and shape across most ages and metallicities
with only minor shifts of the bright end. Among the other four IFMRs, differences in the
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Figure 8.9: Single stellar population PNLFs depending on the age and metallicity for the fiducial
model using the nebular metallicity correction by Dopita et al. (1992) and with variations of the
IFMR (colored). The IFMRs are from Miller Bertolami (2016) in black, and Cummings et al. (2018),
El-Badry et al. (2018), Cunningham et al. (2024), and Hollands et al. (2024) in turquoise, magenta,
red, and light blue, respectively. The structure of the grid and the amount of PNe sampled for each
PNLF are the same as in Figure 8.7. The dotted PNLFs are constructed from the intrinsic [O iii]
magnitudes and the solid PNLFs additionally take into account the circumnebular extinction from
Jacoby & Ciardullo (2025) as described in Section 8.1.6.
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bright end cutoff of up to half a magnitude can be found between the different IFMRs for
𝑡age = 6 Gyr, one magnitude at 8 Gyr, and more than 2–3 magnitudes in stellar populations
older than 10 Gyr. Finally, for the IFMR by El-Badry et al. (2018) the especially low final
masses obtained from initial masses of 𝑀init ≲ 2 M⊙ lead to PNe dropping out of the brightest
magnitudes of the PNLF for 𝑡age ≳ 4 Gyr for metallicities approximately up to the solar value
(a lack of magenta PNLFs in the center to bottom left panels). At higher metallicities this
is the case for 𝑡age ≳ 6 Gyr (𝑍 = 0.04) and 𝑡age ≳ 8 Gyr (𝑍 = 0.08) as a result of the longer
lifetimes of metal-rich stars leading to higher initial masses at a given age.

Despite the sharp drop in the IFMR of Hollands et al. (2024) towards lower masses in the
range of 𝑀init ≲ 1 M⊙, which is even more extreme than the fiducial model shows, the light
blue lines for Hollands et al. (2024) at high ages and metallicities show that bright PNe can
still be produced (bottom right panels in Figure 8.9). This is a consequence of the alternative
IFMRs not depending on metallicity, while the metallicity still influences the lifetime function,
where higher metallicities lead to more massive stars reaching the post-AGB phase for a
given SSP age. Because of the drastic drop of the final mass with lower initial masses, old
low-metallicity SSPs do not produce bright PNe when using the IFMR by Hollands et al.
(2024), leading to a lack of the light blue PNLFs in the bottom left panels in Figure 8.9.

For the younger ages at high metallicities (top right panels), it may seem curious that
all alternative IFMRs lead to similar bright PNLFs before accounting for circumnebular
extinction, whereas the fiducial IFMR by Miller Bertolami (2016) leads to a slightly dimmer
bright end, but a significantly higher number of PNe. The reason for this can be understood
by considering Figure 8.2. For young ages, the initial masses are above 2 M⊙. In this range,
the high metallicity fiducial IFMRs show much lower final masses than the alternative IFMRs.
The final masses are still high enough to produce relatively bright PNe, but not quite as bright
as those obtained with higher final masses. However, the stars with lower final masses move
more slowly across the Hertzsprung-Russell diagram before cooling down, thus allowing the
nebula to survive for a longer period of time. The result is a larger number of PNe that can be
observed.

The grid of PNLFs with different assumed IFMRs shows that the assumed IFMR strongly
affects the PNLF that can be expected from a given stellar population, in particular for older
systems. It is interesting that it is the regime of old stellar populations, where the abundance of
PNe at the bright end has been a puzzle for a long time, that shows the highest sensitivity to the
IFMR. This shows that understanding the IFMR dependence on metallicity (i.e., understanding
the dependence of cold winds on metallicity) will play a significant role in the understanding
of PNe and the PNLF in old stellar populations. We also note that here no potential intrinsic
scatter of the IFMR is accounted for, which will also affect the resulting PN populations and
the brightest PNe through the variations of the final mass (see also the discussion by Jacoby
& Ciardullo 2025). Finally, even though the metallicity is not considered for the alternative
IFMRs themselves, the metallicity dependence of the lifetime function and the post-AGB
tracks leads to a shift of the bright end of the PNLFs, which can mostly be summarized as
having a brighter PNLF cutoff at higher metallicities.
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8.3.4 Normalized PNLFs

While the PNLF grids shown until this point were each constructed for a fixed number
of 106 PNe and are useful for investigating the parameter space of the PICS model, their
normalization still lacks the direct comparability to observations with respect to the underlying
stellar populations. Since the PN central stars have different initial and final masses depending
on the age and metallicity (the final masses are noted in the bottom left corner of each
panel in Figure 8.7), varying numbers of PNe are expected to be found if the total SSP
mass or luminosity is kept constant, based on the IMF. In Figure 8.10 we show the Dopita
et al. (1992) nebular metallicity-corrected and circumnebular-extincted PNLFs for a fixed
number of 106 PNe as shown in the other PNLF grids (black), for a fixed total stellar mass
of 𝑀∗ = 1012 M⊙ assuming a Chabrier (2003) IMF (red), and for a fixed total bolometric
luminosity of 𝐿bol = 1012 L⊙ based on the GALAXEV CB07 SSP models by Bruzual &
Charlot (2003) using a Chabrier (2003) IMF (orange).

For the luminosity-normalized PNLFs (orange), there are relatively more PNe compared
to the fixed-number PNLFs (black) for older ages. The reason for this arises from the fact
that younger stellar populations are intrinsically brighter than older ones, thus resulting in
less total mass when keeping the total bolometric luminosity constant. In turn, this leads to
a smaller number of PNe for young ages. The normalization to bolometric luminosity also
gives us the possibility to determine the luminosity-specific PN numbers, typically denoted
by 𝛼. As our model produces complete samples of PNe for a given SSP, it is possible to
compute the actual value of 𝛼 without having to assume an underlying PNLF shape based
on which the number is estimated by extrapolation. Instead, the 𝛼 value is obtained directly
from counting the number of PNe in a given SSP brighter than a given magnitude. As the
model can produce extremely dim magnitudes for objects that are essentially not PNe anymore,
we limited the 𝛼 determination to PNe with 𝑀 (5007) ≤ +3.5, which corresponds to the
8 brightest magnitudes with an assumed bright-end cutoff of 𝑀 (5007) = −4.5. We chose
this magnitude range to align with the estimation of Buzzoni et al. (2006) on PNe spanning
roughly 8 orders of magnitude. The values of 𝛼 for the same grid of SSPs found in Figure 8.10
are shown in Table 8.2, using the extincted PICS fiducial model and the same bolometric
luminosity prescription by Bruzual & Charlot (2003) as described above. Note that this
approach differs from that of Buzzoni et al. (2006) through our full modeling of PNe: we can
simply count the PNe and do not have to make assumptions on the specific evolutionary flux,
but rather can infer it from the model results themselves (see below).

These values for the most part lie between 5×10−7 L⊙−1 for solar metallicities of 𝑍 = 0.01–
0.02 and ages of 𝑡age ≳ 2 Gyr, which drop towards lower metallicities and ages, and rise towards
higher metallicities and ages. These results are generally on the same order of magnitude as
what Buzzoni et al. (2006) found, except that they find 𝛼 to correlate much more strongly with
age and much less with metallicity. The trend with metallicity that we find is largely due to the
metallicity-dependent stellar evolution models employed from Miller Bertolami (2016) with
respect to the stellar lifetimes and the IFMR, which was not taken into account by Buzzoni
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Figure 8.10: Single stellar population PNLFs depending on the age and metallicity for the fiducial
model with the nebular metallicity correction by Dopita et al. (1992) and circumnebular extinction
by Jacoby & Ciardullo (2025), normalized to different quantities. The structure of the grid and the
amount of PNe sampled for each PNLF are the same as in Figure 8.7. The black lines are the PNLFs
obtained from 1 × 106 stars of the respective final mass with equally spaced post-AGB ages between
0 and 30 000 yr. The red PNLFs are normalized to a total mass of 1012 M⊙ assuming a Chabrier IMF
(Chabrier 2003). The orange PNLFs are normalized to a total bolometric luminosity of 1012 L⊙ based
on the GALAXEV CB07 SSP models by Bruzual & Charlot (2003) using a Chabrier IMF.
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Table 8.2: Luminosity-specific PN numbers 𝛼 of the SSP PNLFs.

𝑡age 𝑍
(Gyr) 0.0001 0.001 0.01 0.02 0.04 0.08
0.25 – 0.429 2.036 2.075 – –
0.5 0.033 1.419 2.845 3.348 3.125 2.669
1.0 0.138 2.467 3.555 4.224 3.602 3.157
2.0 0.432 3.580 5.511 5.390 5.093 3.925
4.0 0.825 3.341 5.413 5.101 6.642 5.460
6.0 1.370 3.655 5.245 5.486 5.326 6.084
8.0 2.151 4.986 5.763 5.640 5.844 7.025
10.0 1.825 3.880 5.758 5.892 5.937 5.344
12.0 – – – 6.391 6.148 5.642
13.0 – – – – 6.277 5.787

𝛼 in units of 10−7 L⊙−1

Notes. The luminosity-specific PN numbers 𝛼 are given in units of 10−7 L⊙−1, and are given for
the brightest 8 magnitudes below the typical bright-end cutoff of 𝑀 (5007) = −4.5 for each SSP
PNLF. Each row corresponds to the given age 𝑡age and each column to the given metallicity 𝑍 .
The values were computed from the constant luminosity PNLFs shown in Figure 8.10 using the
extincted PICS fiducial model with metallicity correction by Dopita et al. (1992), circumnebular
extinction by Jacoby & Ciardullo (2025), and the same bolometric luminosity prescription by
Bruzual & Charlot (2003).

Table 8.3: PN visibility lifetimes 𝜏PN.

𝑡age 𝑍
(Gyr) 0.0001 0.001 0.01 0.02 0.04 0.08
0.25 – 5.20 21.54 20.60 – –
0.5 0.27 11.86 22.09 23.87 24.73 26.86
1.0 0.86 15.82 24.90 26.39 25.95 26.84
2.0 2.54 16.83 25.29 27.09 27.02 26.26
4.0 5.32 19.34 26.34 27.27 27.22 26.86
6.0 7.78 20.42 26.90 27.29 27.24 26.88
8.0 11.69 26.54 27.23 27.37 27.15 26.85
10.0 9.53 19.43 26.68 27.64 27.43 26.82
12.0 – – – 28.32 27.59 27.14
13.0 – – – – 27.55 27.28

𝜏PN in units of 103 yr
Notes. The PN visibility lifetimes 𝜏PN are given in units of 103 yr and are determined from the
PNe resulting from the SSPs for the brightest 8 magnitudes below the typical bright-end cutoff
of 𝑀 (5007) = −4.5. Each row corresponds to the given age 𝑡age and each column to the given
metallicity 𝑍 .
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et al. (2006). Our smaller trend with age, however, could arise from the assumption of the
nebular model from Valenzuela et al. (2019) that PNe have a maximum lifetime of 30 000 yr.
While this assumption is likely sufficient for most observed PNe, the dimmest PNe may very
well also occur after this time frame. This could increase the total number of PNe for older
stellar populations since their central stars have lower masses and thus evolve more slowly
along the stellar tracks, leading to a slower loss of temperature and luminosity.

As Buzzoni et al. (2006) discuss, the 𝛼 parameter can be linked to the PN visibility
lifetime 𝜏PN. For the PICS model, it is possible to directly extract this lifetime for each
age and metallicity as the time that a PN has a magnitude of 𝑀 (5007) ≤ +3.5. From the
106 modeled PNe uniformly sampled across 30 000 yr for each SSP, we took the fraction
of PNe in that magnitude range as the factor to be multiplied with 30 000 yr to obtain the
respective PN visibility lifetime, which we show in Table 8.3 for the same SSP grid. Around
solar metallicity of 𝑍 = 0.01–0.02, the visibility lifetimes roughly range between 25 000 and
28 000 yr for SSP ages 𝑡age ≥ 1 Gyr. Lower metallicities and ages lead to shorter PN visibility
lifetimes, similar to the trends seen with 𝛼 as expected. Note that the values do not reach
the full 30 000 yr because of the stochastic nature of the model by Valenzuela et al. (2019)
through the absorption parameter, which accounts for possible optical transparency of the
nebula. This can drop the [O iii] flux below the 8 magnitudes for the faintest PNe. Further,
these values of the PN visibility lifetime are affected by the model’s choice of 30 000 yr, a
matter that will be addressed through improved nebular models in the future. From 𝛼 and
𝜏PN the specific evolutionary flux can be determined as their fraction B = 𝛼/𝜏PN (Buzzoni
et al. 2006). For instance, at 𝑍 = 0.01 and 𝑡age = 6.0 Gyr, the specific evolutionary flux
is B = 1.95 × 10−11 L⊙−1 yr−1, which exactly lies in the upper range shown in fig. 1 from
Buzzoni et al. (2006).

In the literature the use of 𝛼2.5 has commonly been used due to the fact that observationally
one is generally restricted to only the brightest magnitudes of the PNLF (e.g., Jacoby et al.
1990a; Longobardi et al. 2013; Hartke et al. 2017). Hereby only the 2.5 brightest magnitudes
are taken into account for the luminosity-specific PN number. We show the predicted values
of 𝛼2.5 and their corresponding visibility lifetimes 𝜏PN,2.5 in Section D.5.

For some nearby galaxies it has been possible to measure a statistically complete PNLF
down to six magnitudes below the bright cutoff (e.g., Reid & Parker 2010; Bhattacharya et al.
2019), which has revealed significant variations of the PNLF shape at its faint end. We show
the same grid of normalized PNLFs as in Figure 8.10 up to a magnitude of 𝑀 (5007) = +2 in
Appendix D.6, which is around 6.5 magnitudes below the bright end of the PNLF. These will
be relevant in upcoming studies to compare the models with such nearby deep observations
and provide a means for interpreting the variations of the PNLF shape. We highlight two
insights from the extended magnitude PNLF grid: first, we find the dip or “camel” shape
previously found in some galaxies with recent star formation like the Magellanic Clouds or
NGC 300 (Jacoby & De Marco 2002; Reid & Parker 2010; Peña et al. 2012; Soemitro et al.
2023) and simulations of mock stellar populations with more massive central stars (Méndez
et al. 2008; Valenzuela et al. 2019). Here we find that this dip already arises from the PNLF
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of a sole SSP and is not necessarily the result of multiple stellar populations overlapping
with each other, as has for example been proposed by Rodríguez-González et al. (2015). As
proposed by Ciardullo (2010), the physical reason for the dip is that more massive post-AGB
stars can host brighter PNe on their heating track than lower-mass stars, but their extremely
fast evolution leads to them cooling down very quickly, resulting in a rapid decline of the
[O iii] emission before reaching a moderate brightness, where their evolution slows down and
PNe accumulate, which is where the PNLF rises again. Second, the differences in shape and
slope found at the faint end of the PNLF in observations indicate that these individual SSP
PNLFs will help better understand and interpret the different behaviors found at the faint end
of the PNLF, for example for PN populations in M 31 and its outskirts (Bhattacharya et al.
2021).

As a final comment, since any given stellar population is made up of many SSPs, any
observed or simulated PNLF is in fact a superposition of these SSP PNLFs. In an upcoming
study, we will use this fact to present a test using resolved star formation histories of observed
galaxies to compare the PICS-predicted PNLF based on the observationally inferred stellar
populations to the actually observed PNLF. With those tests we will demonstrate how
successfully PICS is capable of modeling accurate PN populations self-consistently.

8.4 Summary and conclusion
This first paper in a series introduces PICS (PNe In Cosmological Simulations), a modular
framework that models the PN population contained within an SSP. The SSP is described by
its total mass, age, IMF, and optionally by its metallicity and/or further abundances. For our
fiducial model, we consider the SSP metallicity mass ratio and use the metallicity-dependent
lifetime function, IFMR, and post-AGB tracks from Miller Bertolami (2016) to model the
central stars of the PNe. The nebula and its [O iii] emission are modeled using the method
from Valenzuela et al. (2019) and we account for the nebular metallicity according to the
results by Dopita et al. (1992). Finally, time-dependent circumnebular dust extinction is
applied to the [O iii] emission derived from the observed relation by Jacoby & Ciardullo
(2025). PICS thus produces the main observable quantity of extragalactic PNe and can be
employed to compare theoretical models and hydrodynamical cosmological simulations with
observations, which in turn can be used to interpret the properties of the PNe and underlying
stellar populations.

We show how the initial metallicity of the star affects the stellar evolution relevant to
PNe: higher metallicities lead to more massive stars reaching the post-AGB phase later than
their lower-metallicity counterparts, while the final masses after the AGB phase are lower at
constant initial mass. Higher metallicities also lead to lower luminosities and temperatures of
the central stars for a fixed final mass. Considering both the lifetime function and the IFMR,
the effect of the metallicity is strongest at ages below 3–4 Gyr, where lower metallicities lead
to more massive PN central stars, and at higher ages above 6 Gyr, where higher metallicities
lead to more massive central stars (Figure 8.5). The effect on final mass becomes strongest
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at very young and at very old ages. The final mass is important for the maximal brightness
of 𝑀 (5007) that can be reached throughout the post-AGB phase and reaching higher final
masses will increase the probability of finding such a PN at the bright end of the PNLF.
Furthermore, these relations provide the first indications that the metallicity is relevant for
older stellar populations, in particular as these are oftentimes more metal-rich in massive
elliptical galaxies than in disk galaxies like our own Milky Way.

One important finding of this work is that for high-metallicity stars, the metallicity is
not the only property affecting the lifetime of stars. While higher metallicities generally do
increase the opacity of the star, leading to longer lifetimes, the accompanying increase of the
helium abundance counteracts this trend due to higher main sequence luminosities and less
available fuel. As the relation of helium abundance with metallicity is still poorly constrained
from observations, in particular at high metallicities, we explored the parameter space ranging
from a linearly increasing helium abundance with metallicity to a constant helium abundance
of 𝑌 = 0.285 above a metallicity of 𝑍 = 0.02. Such a constant helium abundance above a
certain metallicity would be in line with recent observations of the metallicity of the stellar
population of the globular cluster Omega Centauri (Clontz et al. 2025).

Assuming the linear relation, the lifetime function does not lead to longer timescales at
higher metallicities above 𝑍 = 0.02 anymore, whereas assuming a saturation of the helium
abundance results in longer lifetimes at 𝑍 > 0.02. The helium abundance relation is therefore
especially relevant for metal-rich stellar populations, as it governs how the lifetime function
behaves for the individual stars. A higher helium abundance causes shorter lifetimes, leading
to less massive stars becoming PNe after a given time at fixed metallicity. This in turn means
that the brightest possible magnitudes 𝑀 (5007) are dimmer. If the helium abundance is
capped, however, the stellar lifetimes increase, leading to more massive central stars at older
ages for super-solar metallicity stellar populations. Based on the metallicities originally
used by Miller Bertolami (2016) of 𝑍 = 0.0001–0.02, we derived an analytic expression for
the lifetime function, whose extrapolation lies between the simulated values for linear and
constant helium abundance relations, but closer to the latter. Thus, for the fiducial model, we
pick the constant helium abundance relation due to it lying closer to the analytic function.
Since longer lifetimes of metal-rich stars increase the occurrence of bright-end PNe in old
stellar populations, our findings indicate that a saturation of the helium abundance at high
metallicities could be part of the solution for the universal bright-end cutoff of the PNLF. The
implications would be that high-metallicity stars have longer lifetimes than expected from
models assuming non-saturated helium abundances. In future studies we will extend our
stellar grids to include the effect of the helium abundance consistently with the prediction
from cosmological models.

To obtain a complete overview of how the SSP metallicity and age affect the resulting PN
population, we produced a grid of PNLFs, each corresponding to a fixed pair of metallicity
and age. The PNLF shapes are generally consistent with each other and have a varying bright
end cutoff: older SSPs generally contain less luminous PNe. However, at older ages above
6 Gyr, higher metallicities again lead to brighter PNe forming. In addition, at almost all



120 Chapter 8 – PICS: Planetary Nebulae In Cosmological Simulations

ages the lowest metallicities of 𝑍 = 0.0001 and 𝑍 = 0.001 lead to a significant dimming of
the PNe through any of the three nebular metallicity corrections we have implemented in
this work (Jacoby 1989; Dopita et al. 1992; Schönberner et al. 2010), especially compared
to not accounting for the nebular metallicity. In particular, the brighter old and metal-rich
PNe could in part explain how old elliptical galaxies still retain a similar bright end of the
PNLF compared to disk galaxies as they tend to be especially metal-rich. The grids of SSP
PNLFs presented in this work set the theoretical foundation for interpreting the relations of the
observed PNLF bright end with properties of the underlying stellar populations with respect
to their age and metallicity.

We also present a grid of extended PNLFs down to six magnitudes below the bright end
cutoff, which are needed for comparison and interpretation of PN studies of Local Universe
galaxies, where it has been possible to obtain statistically complete samples even of very
faint PNe, for example in the LMC or M 31 (Reid & Parker 2010; Bhattacharya et al. 2021).
The extended PNLFs reveal that the “dip” or “camel shape” of the PNLF with a minimum
at around 𝑀 (5007) ≈ −2–0, which has previously been seen in observations (e.g., Jacoby
& De Marco 2002; Reid & Parker 2010; Peña et al. 2012; Soemitro et al. 2023) and models
(e.g., Méndez et al. 2008; Valenzuela et al. 2019), is in fact an intrinsic property of PNe
with more massive central stars and arises even in SSPs. It is thereby not only a result of
two or more modes of PNLFs from multiple stellar populations, as has been suggested by
Rodríguez-González et al. (2015). Of course, any real PNLF is a superposition of SSP PNLFs,
which can lead to an even larger variety of observed faint PNLF shapes. This carries the
potential of being another independent diagnostic tool for investigating the underlying star
formation history and metallicity properties of galaxies and their formation histories, which
we will also be presenting with a self-consistent test on observations in an upcoming study.

Through the PNLF grids we investigate the effects of applying different nebular metallicity
corrections, which are critical to avoid overly luminous extremely metal-poor PNe. The square
root law by Jacoby (1989) is the relation first found for solar-like metallicities and enhances
the brightness of metal-rich PNe very strongly when extrapolated, and leads to the smallest
dimming of metal-poor PNe. In contrast, the relations by Dopita et al. (1992) and Schönberner
et al. (2010) enhance it less significantly at the metal-rich end, and the relation by Dopita et al.
(1992) the least. Applying circumnebular extinction further decreases the brightness of the
brightest PNe of very young stellar populations, such that the bright end of the PNLF can only
be found at solar-like and higher metallicities for stellar ages of ≳1 Gyr.

Finally, we studied how different IFMRs affect the resulting PN populations by considering
metallicity-independent IFMRs determined from the solar neighborhood in the Milky Way in
addition to the relation used for the fiducial model from Miller Bertolami (2016). Most of the
various IFMRs (except that by El-Badry et al. 2018) do not change the SSP PNLFs much for
younger stellar populations of ≲6 Gyr. However, at larger ages the metallicity-independent
IFMRs mostly lead to brighter PNe being produced, in part even reaching the bright-end cutoff
for the IFMR by Cummings et al. (2018). The reason for this is that some of these IFMRs do
not see the final stellar masses drop as steeply towards low initial masses as the relations by
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Miller Bertolami (2016). Only the IFMR by El-Badry et al. (2018) predicts much lower final
masses in the low-mass regime, that is for old stellar ages. As a result, no PNe are produced
in the brightest 4 magnitudes for ages of ≳6 Gyr for this IFMR. Furthermore, the lack of
metallicity dependence means that at high metallicities the PN central stars are more massive
than when employing the metallicity-dependent IFMR, in turn leading to on average brighter
PNe. The implications for the existence of bright PNe in old stellar populations are very
important: The IFMR, in particular at initial masses of 𝑀init ≲ 1.2 M⊙, plays a significant
role in how massive the central stars are and therefore how bright the PNe can get. Getting
better constraints and developing a more robust theoretical understanding of the mass loss in
the AGB phase is therefore essential for explaining the observed bright end of the PNLF in
old stellar populations.

With PICS, we have laid the groundwork for populating cosmological simulations with
PNe, thereby producing PN populations based on self-consistent star formation histories within
a cosmological context. On the theoretical side, this allows us to make predictions for the
PNLF behavior based on statistically significant samples of galaxies with diverse morphologies
and star formation histories, which will aid our understanding of the universal bright end of the
PNLF. Furthermore, the modular structure of PICS makes parameter studies possible, where
controlled changes to one specific block in the pipeline can be used to understand its effect on
the resulting PN population, just as done for the IFMR in this work. For the observational
side, it will be possible to compare the modeled PN populations to observations by identifying
appropriate simulated galaxy analogues, and to offer an interpretation for the observed PNe
and their properties.

To conclude, we have shown in this study that it is essential to account for both the
metallicity and helium abundances in PNe models, as well as improving the observations
and models of the IFMR. These factors all particularly affect the brightest PNe, leading us
one step further in our understanding of the universal bright end of the PNLF, which we will
explore in more detail in future studies.
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9
ThePNLFfrom

RealisticStellarPopulations

This chapter was published as Valenzuela et al. (2025d), IAU Symposium 384, 691:
PICS: Planetary Nebulae in Cosmological Simulations –

Revelations of the Planetary Nebula Luminosity Function from Realistic Stellar Populations

A key finding of the PICS (PNe In Cosmological Simulations; Valenzuela et al. 2025c; see
Chapter 8) framework is that taking metallicity into account for PNe is crucial to obtain
PNe at the bright end of the PNLF. This not only applies to the effects metallicity has on
the initial-to-final mass relation (IFMR; e.g., Marigo et al. 2004) and nebular physics (e.g.,
Jacoby 1989; Dopita et al. 1992), but also to the stellar lifetimes, where more metal-rich stars
have longer lifetimes before reaching the post-asymptotic giant branch (post-AGB) phase
(Romero et al. 2015). However, for certain use cases, metallicity-independent stellar lifetimes
are employed, for instance in many cosmological simulations.

With the advent of hydrodynamical cosmological simulations in the past decade, it has
become possible to obtain more realistic stellar populations with a large variety of cosmological
star formation histories that are self-consistent with the actual assembly history of the simulated
galaxy itself. In this work, we present the first application of the PICS framework to simulated
galaxies from a cosmological simulation, with two objectives: to underline the importance of
using metallicity-dependent stellar lifetimes for the PNLF shape to remain universal across

1Minor adjustments have been made, and the introduction has been adapted for this thesis.
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different galaxies with realistic stellar populations, and to verify the normalization of a
modeled PNLF with a volume-complete sample of PNe in the Milky Way. In Section 9.1,
we describe the setup of the PICS framework used for this work. In Section 9.2, we present
first results from applying PICS to a cosmological simulation, focusing on the relevance of
metallicity and the reproduction of the Milky Way PNLF. Finally, we summarize and conclude
our findings in Section 9.3.

9.1 PICS model
To introduce PNe in cosmological simulations, the PICS method provides a modular framework
for determining the population of PNe for a given single stellar population (SSP). As each
stellar particle in a cosmological simulation represents an SSP, this allows one to apply PICS
to all the stellar particles in such a simulation in post-processing. As a result, PNe are obtained
with all the inherited properties from their parent stellar particles, such as spatial and kinematic
information or their ages, and with the properties of the PNe themselves, such as the [O iii]
𝜆5007 (from hereon simply referred to as [O iii]) magnitude or the central star mass.

The framework consists of a sequence of models that determine the PNe population for
an SSP, which is defined by its age, total mass, initial mass function (IMF), and its element
abundances. In its basic form, the sequence is the following (note that here we used an early
version of PICS without nebular metallicity correction or circumnebular extinction, both
described in the introduction paper; Valenzuela et al. 2025c); see Sections 8.1.5 and 8.1.6:

1. Lifetime function for the SSP, through which the initial mass of the stars reaching the
post-AGB phase can be determined from the SSP age.

2. IFMR, from which the central star mass is obtained.
3. Post-AGB stellar evolution tracks, which provide the central star properties for a given

post-AGB age, that is the time passed since leaving the AGB. In particular, the stellar
properties consist of the effective temperature and luminosity of the star.

4. Planetary nebula model, which determines the nebular properties, most importantly the
[O iii] magnitude.

For (1), the lifetime function, we consider two different prescriptions: The first is composed
of the main sequence lifetime from Padovani & Matteucci (1993), which is the one used in the
Magneticum Pathfinder simulations (the implemented stellar evolution models are described
by Tornatore et al. 2007), and the post-main sequence lifetime from Renzini & Buzzoni
(1986). The second is the group of lifetime functions as obtained from Miller Bertolami
(2016), which vary with metallicity. The left panel of Figure 9.1 shows the lifetime functions,
where it can be seen that the lifetime function from Padovani & Matteucci (1993) and Renzini
& Buzzoni (1986) is most similar to the lifetime function at a metallicity of 𝑍 = 0.01 from
Miller Bertolami (2016). It also becomes apparent that more metal-rich stars reach the PN
phase after significantly longer times than metal-poor stars of the same initial mass. This is
due to the impact of metallicity on bound-free opacities, which leads to larger luminosities at
lower metallicities.
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Figure 9.1: Left: Lifetime functions from the main sequence plus post-main sequence lifetime
functions by Padovani & Matteucci (1993) and Renzini & Buzzoni (1986), respectively, and from the
total lifetimes as computed by Miller Bertolami (2016) for different metallicities, 𝑍 , given the initial
mass of a star. The lifetime functions for 𝑍 = 0.04 and 0.08 are extrapolated from the four computed
ones. Right: Initial-to-final mass relations for the four computed metallicities from Miller Bertolami
(2016).

For (2) and (3), the IFMR and post-AGB stellar evolution tracks, respectively, we use
the metallicity-dependent results from Miller Bertolami (2016). The IFMRs for the four
metallicities used by Miller Bertolami (2016) are shown in the right panel of Figure 9.1. All of
the models are interpolated between the metallicities. The lifetime functions are extrapolated
beyond the originally computed metallicities, as running new stellar evolutionary simulations
for the higher metallicities is beyond the scope of this work. In future studies, we will have
such simulated results available to replace the extrapolations. Finally, for (4), the PN model,
we use the empirical model presented by Valenzuela et al. (2019), which is also based on the
assumption that PNe can be optically thin, thus losing some of their [O iii] intensity. The
model will be presented in detail in a full paper (Valenzuela et al. 2025c).

9.2 Application to a cosmological simulation
As a first test in applying the model to a cosmological simulation, we use the Magneticum
Pathfinder2 Box4 (uhr) simulation, which has a side length of 68 Mpc and an average stellar
particle mass of 1.8 × 106 M⊙. We assume a Chabrier IMF (Chabrier 2003) as also used
within the simulation. For more details on the simulation and an overview of comparisons
with observations, see Teklu et al. (2015) and Valenzuela & Remus (2024), respectively.

9.2.1 The importance of metallicity

In recent studies of the PNLF through modeling, it has been customary to only consider
PNe of a single fixed solar-like metallicity of 𝑍 = 0.01 or 𝑍 = 0.02 (e.g., Gesicki et al.
2018; Valenzuela et al. 2019; Souropanis et al. 2023; Yao & Quataert 2023). To evaluate

2www.magneticum.org
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Figure 9.2: Top: Obtained PNLFs for two simulated galaxies (left and right panel each show the
results for one galaxy) by running PICS with the models for 𝑍 = 0.01 (gray) and with the full
metallicity-dependent models (black). Bottom: Final mass distributions of the PN central stars for the
same two galaxies and running the same two varieties of PICS model sequences (in gray and black as
for the top row).

the importance of taking the actual metallicities of PNe into account, we apply PICS with
two different model sequences to the cosmological simulation. For the first, we only use the
relations given for a metallicity of 𝑍 = 0.01 from Miller Bertolami (2016) and the lifetime
function from Padovani & Matteucci (1993) and Renzini & Buzzoni (1986). For the second,
we apply the full metallicity-dependent models to the stellar particles.

We applied the two model sequences of PICS to two different galaxies in the simulation,
thus obtaining two PNe populations with [O iii] magnitudes for each galaxy, leading to two
PNLFs per galaxy. This led to very different results between the two galaxies. The first galaxy,
which has a stellar mass of 𝑀∗ = 1.8 × 1010 M⊙, an average stellar age of ⟨𝑡age⟩ = 6.5 Gyr,
and an average metallicity of ⟨𝑍⟩ = 0.013, features the well-known PNLF bright end cutoff
for both model sequences (top left panel of Figure 9.2). In contrast, the second galaxy, which
is much more massive, older, and more metal-rich (𝑀∗ = 1.2 × 1011 M⊙, ⟨𝑡age⟩ = 9.3 Gyr,
⟨𝑍⟩ = 0.022), only features a normal PNLF for the metallicity-dependent model sequence, but
completely lacks the brightest PNe when disregarding the metallicity on the stellar lifetimes
(top right panel of Figure 9.2).

The reason for the large differences between the two PNLFs of the second galaxy can be
found in the distribution of the final masses of the PN central stars (bottom row of Figure 9.2).
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Figure 9.3: Planetary nebula luminosity functions of PNe in the Milky Way within 2 kpc of the Sun
from Frew (2008) (black dots), for the modeled PNe within a sphere of 2 kpc radius with its center in
the disk, 8 kpc away from the center of a selected simulated galaxy (black line), and for the modeled
PNe within 2 kpc of the center of the simulated galaxy (red line). The simulated galaxy is a disk galaxy
with a mass similar to that of the Milky Way. The PNe were modeled using the metallicity-dependent
lifetime functions. Note that the 𝑀 (5007)-axis reaches much deeper magnitudes than the ones in
Figure 9.2.

While the 𝑍 = 0.01 model predicts final stellar masses of mostly 𝑀final < 0.54 M⊙, the
metallicity-dependent model finds final masses of up to 𝑀final,max = 0.57 M⊙, which is only
slightly lower than the required maximum final mass as obtained by Valenzuela et al. (2019)
for old stellar populations. This is a consequence of the lifetimes being longer for any given
stellar mass at higher metallicities (left panel of Figure 9.1), leading to the metal-rich, more
massive stars reaching the PN phase at later times than metal-poor stars of the same mass. As
the second galaxy is old and relatively metal-rich, the effect is strongly visible, whereas the
first galaxy has metallicities close to the assumed 𝑍 = 0.01 of the metallicity-independent
model, thus only leading to minor changes in the PNLF and final mass distribution. As a
result, the metallicities clearly cannot be neglected in the general case when modeling the
PNLF.

9.2.2 Normalization and shape of the PNLF

While we have shown that the general shape of the PNLF is qualitatively in agreement with
observations, the question remains whether the absolute number of PNe found at a given
[O iii] magnitude is comparable with observations, that is the normalization of the PNLF. To
not only compare this for the brightest PNe, but obtain a result reaching faint PNe as well, we
decided to use the PNLF measured for PNe within 2 kpc of the Sun by Frew (2008). That
PNLF is estimated to be statistically complete up to six orders of magnitude below the bright
end cutoff and can be seen in Figure 9.3.
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From the simulation, we selected a disk galaxy from Magneticum Box4 (uhr) with a Milky
Way-like stellar mass (𝑀∗ = 3 × 1010 M⊙) to determine an analogous PNLF in the outer
regions of the disk. For this, we only considered the stellar particles within a radius of 2 kpc
from a point in the disk 8 kpc away from the galaxy center. The average stellar age in that
region is ⟨𝑡age⟩ = 5.6 Gyr and the average metallicity ⟨𝑍⟩ = 0.027, which is overall similar to
the solar neighborhood. The resulting PNLF from PICS using the metallicity-dependent model
sequence is very similar to that from Frew (2008), lying only around 0.2 dex higher than the
observed PNLF at the dim end and dropping off slightly earlier at the bright end (Figure 9.3).
As the simulated galaxy is of course not an exact Milky Way-analog, it is expected to also
have differences with respect to its PNLF. However, the fact that the overall normalization
and absolute number of PNe down to six orders of magnitude below the bright end are in
agreement between the observations and simulations shows that the PNLF normalization
obtained from the basic metallicity-dependent PICS model sequence is reasonable. In addition,
it also shows that the assumption of PNe sometimes being optically thin is necessary to obtain
the correct normalization since optically thick PNe lead to more particles being ionized and
thus more [O iii] emission. It should be noted that a perfect comparison is not only difficult
because of the differences between the simulated galaxy and the Milky Way, but also because
of the circumstellar extinction not being taken into account for the Milky Way PNe.

Finally, we also determined the PNLF of the inner stellar particles within 2 kpc of the
galaxy center (red line in Figure 9.3). Due to the larger density of stars in the center, there
are significantly more PNe in this region. Additionally, the shape of the PNLF is different
than that of the disk, which is likely due to the bulge of the simulated galaxy being younger
and more metal-rich than the disk (unlike the Milky Way bulge). This difference in stellar
population affects the shape of the PNLF, as already observed in previous studies (e.g., Reid &
Parker 2010; Valenzuela et al. 2019; Bhattacharya et al. 2021) and will be further investigated
in a future study.

9.3 Summary and conclusion
In this work, we have presented first results from a novel method of integrating PNe
in cosmological simulations through post-processing, called PICS (PNe In Cosmological
Simulations). The method consists of a sequence of models that define the stellar lifetime
function, the initial-to-final mass relation, the post-AGB stellar evolutionary tracks, and the
nebular model. We employ the models of Miller Bertolami (2016) and Valenzuela et al. (2019)
and use the lifetime function from Padovani & Matteucci (1993) and Renzini & Buzzoni
(1986), which has been used independently of metallicity in the past, to compare the effect that
metallicity-dependent models have: We show that a reasonable bright end of the PNLF of old
metal-rich stellar populations can only be obtained when taking into account that metal-poor
stars reach the PN phase more quickly than metal-rich stars of the same mass.

We also demonstrate that the metallicity-dependent model sequence of PICS is capable of
producing the same shape and normalization (i.e., the same absolute number of PNe) of the
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PNLF as is observed in the Milky Way disk around the Sun, down to at least six magnitudes
below the bright end of the PNLF. As a result, PICS is shown to produce reasonably accurate
populations of PNe and PNLFs for different underlying stellar populations. This work therefore
lays the foundation for a more detailed analysis of the drivers behind the properties of the
PNLF as well as for studies of the PNLF for galaxies across a diverse range of morphologies
and formation histories, promising to significantly improve our understanding of the PNLF.
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CircumnebularExtinction
AroundPlanetaryNebulae

This chapter was published as Valenzuela et al. (2025b),
Front. Astron. Space Sci. 12, 17090471:

The PICS project. II. Circumnebular extinction variations
and their effect on the planetary nebula luminosity function

The tension regarding the observed universal bright end of the PNLF involves two sides,
which theoretical models have had to address: limiting the [O iii] brightness for PNe in young
stellar populations, which would have more massive PN central stars compared to those in
older populations, and increasing the [O iii] brightness for PNe in old stellar populations (e.g.,
Ciardullo 2022). One proposal for bringing the brightness down for PNe in younger stellar
populations has been the self-extinction through the dust formed in the winds during the
asymptotic giant branch (AGB) phase preceding the PN phase (e.g., Ciardullo & Jacoby 1999;
Ventura et al. 2014). Based on their findings and a model, Jacoby & Ciardullo (2025) showed
how this circumnebular extinction seems to exactly compensate for the increasing potential
brightness of PNe with more massive central stars over a large mass range, which could in
part explain the constant PNLF bright-end cutoff. Considering the brightest PNe in the bulge
of M 31, Davis et al. (2018) found very large circumnebular extinctions, implying intrinsic
brightnesses well beyond the expectation for an older stellar population. Their results are

1Minor adjustments have been made, and the introduction has been adapted for this thesis.
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also consistent with studies of other nearby galaxies (e.g., Méndez et al. 2005; Reid & Parker
2010). Furthermore, circumnebular extinction has been suggested as a way to understand
the connection between UV measurements of post-AGB stars and PN central star candidates
(Sarzi et al. 2011). The findings demonstrate that understanding the effects of circumnebular
extinction on the bright end of the PNLF and on individual PNe is crucial to properly interpret
the observations in both local and distant galaxies.

Recently, theoretical modeling of PNe has made large advances through the novel PICS
(PNe In Cosmological Simulations) framework (Valenzuela et al. 2025c,d; see Chapter 8), a
model that traces all the properties necessary to obtain a realistic PN population for any given
single stellar population (SSP). Since it is built in a modular fashion, it allows one to study
precisely how variations in the models and parameters impact the resulting PN and PNLF
properties for any stellar population.

In this work, we use PICS to investigate how the chosen circumnebular extinction recipe
affects the bright-end cutoff of the PNLF of different SSPs and compare the individual modeled
extinctions of the bright PNe to observations. In Section 10.1, we give a brief overview of the
PICS model and the extinction recipes tested. We then present the results in Section 10.2 and
discuss them in Section 10.3.

10.1 Method
We use the fiducial model of the PICS framework presented by Valenzuela et al. (2025c), for
which we test how the resulting PN properties change based on variations of the circumnebular
extinction model. In the following, we give a brief overview of PICS and the circumnebular
extinction recipe variations we tested.

10.1.1 PICS model

The PICS framework is composed of several modules that for a given SSP predict the PN
population found therein. Such an SSP is parameterized by its total mass, age, metallicity,
and initial mass function (IMF). In the PICS fiducial model, these properties are used to first
determine the initial mass of the central stars of the current PNe through the lifetime function
(Miller Bertolami 2016). The final stellar mass is obtained from the initial-to-final mass relation
(IFMR) and the stellar properties from the post-AGB stellar tracks from Miller Bertolami
(2016). All three of these steps are metallicity-dependent. Based on the stellar properties, the
nebular model by Valenzuela et al. (2019) is applied together with a metallicity correction
from Dopita et al. (1992). The nebular model also accounts for the possibility of the nebula
being optically thin to the ionizing photons. The primary resulting quantity is the [O iii] flux,
𝐹 (5007).

As shown by Jacoby & Ciardullo (2025), the [O iii] flux can be significantly extincted by
circumnebular dust that was expelled through the AGB winds. The extinction is expected
to decrease over time during the post-AGB phase as the dust and nebula diffuse into the
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interstellar medium (ISM) with age. The fiducial PICS model accounts for a post-AGB
time-dependent circumnebular extinction consistent with the empirical findings from Jacoby
& Ciardullo (2025), where we define the post-AGB time as the time after the central star
reaches an effective temperature of 𝑇eff = 25 000 K. The implemented extinction recipe is
solely a function of post-AGB time of the central star, which in particular means we here
assume it is independent of stellar mass.

To derive this equation, an intermediate step has to be taken because the relations from
Jacoby & Ciardullo (2025, table 2) between stellar final mass and extinction, 𝑐(H𝛽), are
derived only from the brightest PNe. For this, we determined the post-AGB time at which a
central star (with a metallicity of 𝑍 = 0.01) of given final mass reaches its brightest intrinsic
[O iii] magnitude. This will be needed to derive an “equivalent brightest PN final mass”.
The relation by Jacoby & Ciardullo (2025) returns an extinction based on the final mass of
a brightest PN. From these two relations, we derived a direct dependence of extinction on
post-AGB time: From the post-AGB time we obtain the “equivalent brightest PN final mass”,
from which we finally get the extinction. Because we make the simplifying assumption that
the extinction depends only on post-AGB time and not on stellar mass, we use the resulting
relation for all PNe. For the fiducial PICS model, we use their orthonormal regression fit to
the combined Large Magellanic Cloud (LMC) and M 31 sample of PNe, the Combined OR
(orthogonal regression) fit (from the table of Jacoby & Ciardullo 2025).

By running PICS for a given SSP, the result is a population of PNe, each with an [O iii]
magnitude. The resulting PNe differ from each other because the nebular model by Valenzuela
et al. (2019) is stochastic in nature. Two reasons for this are the randomly drawn post-AGB
lifetime and the randomness of the optical thickness of the nebula. In this work, we leave the
fiducial PICS model fixed, with exception of the circumnebular extinction treatment. The
variations thereof are described in the following.

10.1.2 Circumnebular extinction variations

While we used the Combined OR fit of Jacoby & Ciardullo (2025) for the fiducial PICS model,
they also provided five additional fits to their PN data, varying both the subsample of PNe
(Combined, LMC, M 31) and the fitting method (OR; ordinary least squares, OLS). They also
include a fit that optimizes the final mass range over which the bright-end cutoff magnitude
remains constant at 𝑀∗(5007) ∼ −4.5 (named Optimized, see more details in Sect. 5 of Jacoby
& Ciardullo 2025).

For the Combined OR fit, we assumed a metallicity of 𝑍 = 0.01 for the post-AGB evolution
needed for the intermediate step (see the previous section). However, for the pure M 31 and
LMC fits, it is more appropriate to assume metallicities that would more closely match those
expected for their respective brightest PNe. Only for the Combined and Optimized fits did
we assume 𝑍 = 0.01. For the LMC fits, we used 𝑍 = 0.007 based on the upper metallicity
found for the LMC and its PNe (e.g., Dopita & Meatheringham 1991b). For M 31, we used a
solar-like metallicity of 𝑍 = 0.015, based on metallicity measurements of luminous PNe in
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M 31 (e.g., Balick et al. 2013). For each of the metallicities, we fit a broken linear fit (above
and below 𝑀final = 0.60 M⊙) to the relation of final mass versus post-AGB time at which an
optically thick PN reaches its brightest [O iii] luminosity, analogously to the 𝑍 = 0.01 fit by
Valenzuela et al. (2025c, appendix D). The derived relations for the two metallicities are the
following:

𝑀𝑍=0.007
final,bright/M⊙ = max

(
1.023 − 0.1740 log(𝑡post−AGB/yr)
0.714 − 0.0432 log(𝑡post−AGB/yr)

)
, (10.1)

𝑀𝑍=0.015
final,bright/M⊙ = max

(
0.956 − 0.1477 log(𝑡post−AGB/yr)
0.743 − 0.0531 log(𝑡post−AGB/yr)

)
, (10.2)

where the respective maximum of the two linear terms is taken. Based on the fit parameters
presented in table 2 of Jacoby & Ciardullo (2025), the extinction 𝑐(H𝛽) is finally determined
according to

𝑐(H𝛽) = S × 𝑀final,bright + 𝐼, (10.3)

where 𝑆 is the slope and 𝐼 the intercept. One important note is that 𝑀final,bright is not to be
confused with the actual final mass of a PN. It is rather the “equivalent brightest PN final
mass” as described in Section 10.1.1, based on the post-AGB time of a given PN (which can
have any other final mass), and needed as input for the fits by Jacoby & Ciardullo (2025).

In addition to the relations taken directly from Jacoby & Ciardullo (2025), we also
considered a shift of the OR extinction relations of Δ𝑐(H𝛽) = +0.08. The motivation for this
shift arises in Section 10.2.1 and is explained there in detail. Finally, the extinction in H𝛽 is
converted to 𝐴5007 according to eq. 13 of Valenzuela et al. (2025c).

The result is an [O iii] extinction, 𝐴5007, as a function of post-AGB time, which we show
in Figure 10.1. All recipes produce broken linear relations of 𝐴5007 with respect to the
logarithmic post-AGB time and have the break at around 200 yr. The OR models have a
significantly higher extinction than their OLS counterparts at young ages, but in turn have
a slightly lower extinction at ages beyond ∼1500 yr. The modified OR models with the
+0.08 shift have a slight offset to larger extinction by Δ𝐴5007 = +0.18. Between the different
underlying observed PN samples, the LMC relations have the most extinction until about
1000 yr, with the LMC OLS relation being similar to the M 31 OR fit. The Combined relations
respectively lie in between the LMC and M 31 relations, but align more closely with M 31 at
later times. The Optimized relation leads to slightly stronger extinctions than the M 31 OR
model.

These variations of the circumnebular extinction recipe were implemented within the
PICS framework as described. They are used in the following to investigate their effect on the
resulting PN population properties.
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Figure 10.1: Circumnebular extinction of [O iii], 𝐴5007, as a function of post-AGB time of the central
star for the different extinction recipes tested. The recipes are based on the relations by Jacoby &
Ciardullo (2025) for the extinction 𝑐(H𝛽) versus core mass for the brightest PNe in M 31 and the
LMC. The colors indicate the Combined (blue), LMC (green), M 31 (orange), and Optimized (purple)
fits, and the line styles denote the respective OR (solid), shifted OR (dotted), and OLS (dash-dotted)
fits for all but Optimized. The dotted OR fit + 0.08 lines are based on their OR relations shifted by
Δ𝑐(H𝛽) = +0.08.

10.2 Results
While the recipe for extinction was derived from the maximal brightness of PNe with a given
final stellar mass, the nebular model by Valenzuela et al. (2019) allows for escaping ionizing
fractions and different [O iii] to H𝛽 flux ratios. This leads to the possibility of dimmer PNe
arising, leading to a range of possible [O iii] magnitudes for a given final mass and post-AGB
time.

10.2.1 Extinction of H𝛽

As the recipe for circumnebular extinction was informed through the observations by Jacoby &
Ciardullo (2025), this allows for a direct consistency check for the actually derived extinction
values of the resulting PN population from the PICS model. To this end we ran PICS for
an LMC-like PN population of 𝑍 = 0.007, for which we only kept those with extincted
magnitudes 𝑀 (5007) ≤ −3.5 for comparison with the observational sample. We ran PICS
with the extinction recipes based on the LMC OR, OLS, and the shifted OR relations. The
𝑐(H𝛽) extinctions of the bright PNe are shown in the left panel of Figure 10.2, where the lines
indicate the median extinctions found for the bright PNe at the individual final masses, and
the shaded regions the 1𝜎-scatter. The observed extinctions of the LMC PNe are indicated
with black points. The same is shown for an M 31-like PN population of 𝑍 = 0.015 in the
right panel for the analogous three M 31 extinction fits to the observed M 31 PNe.
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Figure 10.2: Circumnebular extinction of H𝛽, 𝑐(H𝛽), as a function of stellar final mass for the brightest
observed and modeled PNe assuming different extinction recipes. LMC-like PNe (𝑍 = 0.007) are
shown on the left and M 31-like PNe (𝑍 = 0.015) on the right. Bright PNe are selected according to
𝑀 (5007) ≤ −3.5, analogously to the observed PNe (black circles) as selected by Jacoby & Ciardullo
(2025). The lines indicate the medians and the shaded regions the 1𝜎-scatter of the extinction values at
the respective final masses. The extinction recipes correspond to the input fit relations from Jacoby &
Ciardullo (2025), orthonormal regression (OR), shifted OR by Δ𝑐(H𝛽) = +0.08, and ordinary least
squares (OLS).

For both PN populations, it can be seen that the OR model (light green and light orange)
leads to overall lower extinctions of the PNe compared to the observations, though the slope
stays the same. In contrast, the OLS model (dashed blue and red) results in too much extinction
at lower masses (≲0.56 M⊙) and underestimates the extinction at higher masses (≳0.59 M⊙)
because of its overall more shallow slope.

We find that the OR models lead to systematically too low values of 𝑐(H𝛽) by around 0.08.
For this reason, we implemented a shifted OR relation with Δ𝑐(H𝛽) = +0.08. For the shifted
models the PN extinction distributions are indeed brought into much better agreement with
the observations (dark solid lines in Figure 10.2).

The motivation for such a shift is that the observations on which the relations are based
are of the brightest PNe within one magnitude of the bright-end cutoff, and not only of the
very brightest PNe. In contrast, our implemented recipe assumes the extinction from the fits
of Jacoby & Ciardullo (2025) to correspond to the point in time where the PNe are at their
brightest. After the time of reaching its brightest [O iii] flux, a PN drops in brightness and
the extinction declines. Such PNe could still reside in the brightest magnitude, but would
have a lower extinction. For this reason it is expected that the average extinction of the
brightest PNe (𝑀 (5007) ≤ −3.5) will be underestimated through the application in the PICS
model, suggesting that a correcting shift is necessary. We conclude that the shifted OR recipe
leads to the most compatible extinctions with observations and that the shift is reasonable for
adaptation within the PICS framework.
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10.2.2 Extinction effects on the PNLF
Having verified the agreement of the modeled circumnebular extinction with the original
observations, we next tested how much the variations of the extinction recipe actually affect
the PNLF and its bright end. Running PICS for a sufficiently large number of PNe that arise
from an SSP of certain age and metallicity produces the PNLF expected for such an SSP.
Figure 10.3 shows a grid of such SSP PNLFs for five different metallicities from 𝑍 = 0.001 to
0.08 and ten SSP ages between 0.25 and 13 Gyr, using no circumnebular extinction (dotted
black lines) and the different extinction recipes as described in Section 10.1 (solid lines for
OR, dotted for shifted OR, and dash-dotted for OLS).

As expected, the extinction is the highest for the young SSPs with high-mass PN central
stars, leading to dimmer bright-end cutoffs for the extincted PNe (colored lines) compared
to the non-extincted PNe (dotted black lines) in the upper rows. Here it becomes clear that
the OLS recipes lead to the smallest amount of dimming (dash-dotted lines) for young SSPs,
followed by the OR (solid lines) and shifted OR recipes (dotted colored lines). Compared to the
Combined OR recipe used in the fiducial PICS model, most extinction recipes lead to brighter
PNLFs, except for the two LMC OR recipes. However, these differences become noticeably
smaller for ages of 1 Gyr and older, reducing the differences between the circumnebular
extinction recipes to ≲0.5 mag. These differences between the tested recipes remain rather
constant for the metallicity range considered (𝑍 = 0.001–0.08) and also moving towards older
SSPs. For the oldest SSPs of 𝑡age ≳ 8 Gyr, the dimming becomes zero or near-zero for all
but the OLS recipes. This is related to the more shallow slope of the OLS relations (see
Figure 10.2), resulting in a generally stronger extinction even at the lower final masses below
0.55 M⊙.

Having been optimized to recover a constant bright-end across a range of masses that is as
large as possible, the Optimized PNLFs (purple lines in Figure 10.3) show a PNLF dimming
that is right in the middle of the alternative models for younger SSPs. This leads to a slightly
brighter cutoff than 𝑀∗(5007) = −4.5 for some SSPs, but it quickly approaches a negligible
dimming for older SSPs when the lower-mass PNe become intrinsically dimmer. Thus, the
Optimized recipe produces the most constant PNLF cutoff across SSPs of different ages and
metallicities using the PICS model.

10.2.3 Extinctions of de-reddened PNe
Finally, we investigated the relation of intrinsic de-reddened [O iii] magnitudes with their
circumnebular extinctions. For this, we ran PICS for 100 000 PNe at an intermediate metallicity
of 𝑍 = 0.01 with different circumnebular extinction recipes, 1000 PNe each for 100 uniformly
spaced ages between 0.25 and 10 Gyr. The relation of their intrinsic [O iii] magnitudes,
𝑀dered(5007), with the [O iii] extinction, 𝐴5007, is shown in Figure 10.4. We also included
observations of bright PNe from four nearby galaxies, as compiled by Davis et al. (2018).
These are from M 31 (Davis et al. 2018), the LMC (Reid & Parker 2010), NGC 4697 (Méndez
et al. 2005), and NGC 5128 (Walsh et al. 2012). The dashed line marks the location of the
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Figure 10.3: Grid of SSP PNLFs for different metallicities (columns; 𝑍 = 0.001, 0.01, 0.02, 0.04,
0.08) and ages (rows; 𝑡age = 0.25 to 13 Gyr for the different circumnebular extinction recipes tested
(colored lines), as well as without extinction (dashed black lines). The observed universal bright-end
cutoff of 𝑀 (5007) = −4.5 is indicated by the dashed gray lines.
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Figure 10.4: Circumnebular extinction of [O iii], 𝐴5007, versus the intrinsic de-reddened [O iii]
magnitude, 𝑀dered(5007), of observed and modeled PNe for three different circumnebular extinction
recipes. Left: Combined OR. Middle: Combined OR with a shift of Δ𝑐(H𝛽) = +0.08. Right:
Combined OR with the same shift of +0.08 and an added normally distributed scatter in 𝑐(H𝛽) of
𝜎 = 0.1. The values of the observed PNe are taken from Davis et al. (2018), who observed PNe in
the bulge of M 31 and compiled the data from other works for three other galaxies: the LMC (Reid &
Parker 2010), NGC 4697 (Méndez et al. 2005), and NGC 5128 (Walsh et al. 2012). The dashed gray
lines indicate the bright-end cutoff of the PNLF of 𝑀 (5007) = −4.5.

bright-end cutoff for PNe of different extinctions. In the left and middle panels, the Combined
OR and shifted Combined OR recipes were applied, respectively. The elevation to higher
extinctions can immediately be seen for the shifted OR recipe: first, the bulk of PNe reach
higher values of 𝐴5007, and second, there are fewer PNe that reside in the regime brighter
than the bright-end cutoff (region below the dashed gray line). Overall, most PNe have lower
extinction values of 𝐴5007 ≲ 0.5 and 0.75 for OR and shifted OR, respectively. This stands in
contrast to the observed PNe, where the extinctions of the PNe are more uniformly distributed.
Only NGC 4697 contains a large fraction of PNe with 𝐴5007 ≲ 0.5, but still has a significant
amount of them at higher extinctions (3 out of 12), unlike the modeled PNe. Additionally,
there is a larger fraction of intrinsically bright observed PNe with 𝑀 (5007) ≲ −5.0 compared
to the modeled PNe.

Since the observed extinctions are much greater than the modeled ones in both cases (left
and center panel of Figure 10.4), we decided to add a random normally distributed scatter
to 𝑐(H𝛽) after applying the respective linear relation from Jacoby & Ciardullo (2025). The
motivation is that any asymmetric nebulae would be expected to also have varying amounts of
dust along different lines of sight, thus changing the circumnebular extinction. We tested an
additional Gaussian scatter with 𝜎 = 0.1 applied to the shifted Combined OR relation. This
chosen value leads to a slightly larger scatter than is observed in the 𝑐(H𝛽) relation showed
in Figure 10.2, but which still has the same median behavior as the non-scattered versions.
In the right panel of Figure 10.4 we show how the 𝐴5007 extinctions are able to reach higher
values due to the increased scatter. However, even with this, the large relative amount of
high-extinction PNe found in the observations is still not recovered. Finally, PNe brighter than
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the bright-end cutoff (those found below the dashed diagonal line) are now on average also
further away from the cutoff, with several ending up at magnitudes close to 𝑀 (5007) ∼ −4.8.
Therefore, the larger scatter on the one hand increases the extinctions that can generally be
reached, but on the other hand also leads to overly bright PNe, though there are also occasional
observations of such PNe (e.g., Jacoby et al. 2024, fig. 59). We conclude that the simple
additional scatter for the extinction is not sufficient in bringing the modeled and observed
[O iii] extinctions in agreement.

10.3 Discussion

For the [O iii] circumnebular extinction, 𝐴5007, the largest effect of the different tested
extinction recipes is found at the beginning of the post-AGB phase (Figure 10.1). Because
only the more massive central stars can come near the bright end within this short time frame
due to their faster heating (e.g., Miller Bertolami 2016), the only SSP PNLFs that experience
significant extinction differences between the recipes are those of the youngest SSPs with
𝑡age ≲ 0.5 Gyr (Figure 10.3). This implies that in particular the early behavior of dust build-up
in the nebula is of great importance for the resulting amount of circumnebular extinction.
However, given that the implemented recipes were based on the empirical results of extinction
related to final mass from Jacoby & Ciardullo (2025), we note that the regime of very large
extinction is largely beyond the originally fitted range of 𝑐(H𝛽) ≲ 0.5 (𝐴5007 ≲ 1.2). In turn,
this range covers most of the PN lifetime after 200 yr, where the differences are much smaller
as they are more constrained by the observations.

Overall, the modeled PNe have similar extinctions to the observed PNe for the different
recipes, but neither the pure OR nor OLS recipes reproduce the same median extinction-final
mass relation as the observations (Figure 10.2). This shows that the average extinction relation
of the PNe in the brightest magnitude is not the direct desired input relation for the PICS model
(Valenzuela et al. 2025c), though the slope of the OR recipe is similar to that of the observed
median relation. We addressed this offset by shifting the OR relations up by the respective
amount of Δ𝑐(H𝛽) = 0.08. However, in the future ideally the relation between extinction and
final mass will be informed by a larger sample of PNe that directly lie at the bright end to
limit the scatter around the fitted relation (see the discussion by Jacoby & Ciardullo 2025).

Despite the Combined OR recipes reaching the second highest extinctions (after the LMC
OR recipes; see Figure 10.1) and generally reproducing the relation between extinction and
final stellar mass, it is curious that the models using Combined OR do not reach as high
extinctions for a full PN population as found in nearby galaxies (Figure 10.4). Even when
including a scatter for the extinction that would produce higher values, the distribution still
does not match the observations. There are multiple possible reasons for this discrepancy. For
one, the modeled stellar population is artificially created with PNe at uniformly spaced ages
and thus does not represent the true star formation history of any of the four observed galaxies.
However, from the model side the only realistic possibility to obtain a similar amount of
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high-extinction PNe would be to have a much larger fraction of younger stars, which is likely
not the case for the observed galaxies.

Furthermore, potential model-intrinsic issues of the recipes used by PICS could lead to PN
populations that do not entirely match the observed PNe. While the PNLF properties and many
relations like the extinction-final mass relation do agree with observations, the properties of
individual PNe could still be systematically offset because of unknown degeneracies. Another
possible explanation is that PICS is missing relevant channels for forming PNe at the bright
end, for example accreting white dwarfs (e.g., Soker 2006; Souropanis et al. 2023), blue
stragglers (e.g., Ciardullo et al. 2005), and white dwarf mergers (e.g., Yao & Quataert 2023),
which could result in different extinction properties. These additional possible pathways are
supported by the evidence that a significant fraction of PNe are in binary systems (Jones
& Boffin 2017; Jacoby et al. 2021; Csukai et al. 2025). Additionally, a random scatter of
the final mass through the IFMR as proposed by Jacoby & Ciardullo (2025) could also
increase the number of bright PNe with higher extinctions. Systematic biases in the extinction
determination for the observations could lead to a preference of higher extinctions being
predicted for the PNe. Then the slope parallel to the bright-end cutoff line seen in Figure 10.4
for M 31 and NGC 4697 could also be the result of selection bias coupled to systematically
higher extinctions.

Finally, it is interesting to consider the effects that metallicity would have on the extinction,
which are not accounted for in the tested recipes. At higher metallicity, there should be more
metals to contribute to the formation of dust for equal stellar masses. As also pointed out by
Jacoby & Ciardullo (2025), curiously their derived relations between extinction and final mass
show no significant differences between M 31 and the LMC PNe, even though the PNe in the
bulge of M 31 have roughly twice the metal mass fraction as those in the LMC. The LMC
PNe even seem to reach higher extinctions at a given final mass (Figure 10.2), though this
seems to stand in contrast to the overall lower measured [O iii] extinctions (Davis et al. 2018),
seen in Figure 10.4.

To conclude, while circumnebular extinction surely plays a central role in limiting the [O iii]
magnitude of PNe in intermediate-to-younger stellar populations to the universal bright-end
cutoff, the details around its dependency on other physical properties are not straightforward.
While recipe variations in the PICS model affect the youngest stellar populations the most due
to being the least constrained observationally, the general discrepancies between the modeled
extinctions and those determined from observations make it very difficult to disambiguate
between the recipes. Further observations and advances on the understanding of circumnebular
dust evolution will be necessary to improve the modeling.
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11
Solving theMystery
of thePNLFCutoff

This chapter presents the current status of work to be submitted
as Valenzuela et al. (in prep.):

Solving the mystery of the planetary nebula luminosity function cutoff

The tension caused by the observed universal bright end of the PNLF and the lack of a
theoretical explanation for it has been a long-standing issue in PN studies (e.g., Ciardullo 2010,
2022). In the last decade, updated post-AGB stellar evolutionary tracks helped overcome
some of the original conflict through overall more massive and thus brighter central stars
(Miller Bertolami 2016; Gesicki et al. 2018; Valenzuela et al. 2019). However, to date, none
of the proposed solutions have been shown to actually explain the universality of the PNLF
for real galaxies.

To actually verify whether a model can explain the universal PNLF bright-end cutoff, it is
necessary to employ realistic stellar populations found in the different galaxy morphologies
and test the PN models on these. In this work, we apply the newly developed model Planetary
nebulae In Cosmological Simulations (PICS; Valenzuela et al. 2025c; see Chapter 8) to the
galaxies from the hydrodynamical cosmological simulation Magneticum (Dolag et al. 2025; see
Chapter 2) to investigate whether the PN model together with a galaxy formation simulation can
reproduce the observed PNLF properties. The stellar populations from Magneticum thus have
self-consistent star formation histories related to the galaxy morphology in the cosmological
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context. This allows us to produce the PNLFs for galaxies of all morphological types and
test whether the combination of cosmological star formation histories from Magneticum and
full stellar evolution modeling from PICS can finally explain the universality of the PNLF
bright-end cutoff.

11.1 Methods
In the following, we introduce the relevant methods for this work. We first introduce the
employed PN model and describe how we perform PNLF fits to the PN [O iii] magnitudes,
followed by an overview of the cosmological simulation and the selected galaxy sample
therein.

11.1.1 PN properties from the PICS model
The PN properties in the simulated galaxies are obtained with the fiducial PICS model
(Valenzuela et al. 2025c), which determines the PN populations for single stellar populations,
each with a given initial mass function (IMF), total mass, age, and metallicity (here used
as the mass ratio 𝑍 = 𝑀met/𝑀tot). It first employs the results from a metallicity-dependent
stellar evolution model (Miller Bertolami 2016) to compute the central star properties of the
PNe: the lifetime function, which gives the time it takes a star on the main sequence to reach
the post-AGB phase as a function of initial stellar mass, additionally the initial-to-final mass
relation (IFMR), and the post-AGB evolution tracks of the central star. Next, an empirical
nebular model with a recipe for nebular transparency is employed to obtain the [O iii] flux
(Valenzuela et al. 2019), where additionally a correction is applied to account for the metallicity
(Dopita et al. 1992) relative to the zero point of 𝑍 = 0.007 (Valenzuela et al. 2025c). Finally,
an empirical relation for the circumnebular extinction is applied based on the core mass of the
central star (Jacoby & Ciardullo 2025).

We ran PICS on the individual stellar particles of each considered galaxy in the cosmological
simulation. This provides us with the total PN population for the collection of stellar particles
representing the discretized star formation history of the respective simulated galaxy. The
result is a list of 𝑀 (5007) values per galaxy, from which the PNLFs can be computed.

11.1.2 PNLF fitting
Taking the values of 𝑀 (5007) obtained from PICS for each of the galaxies, we compute their
PNLF and fit the generalized form of the PNLF to it (Longobardi et al. 2013). This is done by
a least-squares method applied to the cumulative PNLF to avoid issues with binning. The
three free parameters are the bright-end cutoff value 𝑀∗(5007), an exponential slope, and
a normalization for the PNLF. To obtain accurate values for 𝑀∗(5007), we only fit the PNe
with magnitudes brighter than 𝑀 (5007) ≤ max(−3.5,𝑀min + 1), where 𝑀min is the [O iii]
magnitude of the brightest PN found in the galaxy. This ensures a minimum magnitude range
of 1 mag of the PNLF to be fitted.



11.2 PNe reaching the bright end 145

Not all PNLF fits are successful in converging, such that we discard the non-converged
fits. This only affects 2.5% of elliptical and 0.1% of lenticular galaxies, leaving us with
2958 elliptical, 2374 lenticular, and 1186 disk galaxies. Additionally, some of the PNLF fits
that converged have significantly brighter cutoff values than the brightest PN magnitude in a
galaxy. This happens most often for galaxies with low numbers of PNe at the bright end. For
those cases, we fit the PNLF through a maximum likelihood method (described in Sect. 3.2 of
Scheuermann et al. 2022) for the same PNe as the least-squares method and assuming a fixed
slope of 𝑐2 = 0.307, that is assuming a classical PNLF. This method performs better for low
numbers of PNe, but for PNLFs with individual especially bright PNe it is too sensitive to
the brightest PN. For that reason, we only use this method as a fallback for the poor-quality
least-squares PNLF fits. For a more detailed description of the fitting methods, refer to
Section 12.1.2 and Appendix F.1.

11.1.3 Cosmological simulation

The hydrodynamical cosmological simulation Magneticum Box4 (uhr) was run with the
smoothed-particle hydrodynamics (SPH) code Gadget-3 (a modified version of Gadget-2;
Springel 2005) has a box side length of 68 Mpc and an average stellar particle mass of
1.8 × 106 M⊙. The galaxies were identified with SubFind (Springel et al. 2001; Dolag et al.
2009). For this study, we used all central and satellite galaxies from the last simulation
snapshot at 𝑧 = 0.06 with stellar masses of 𝑀∗ ≥ 2 × 109 M⊙, where these are determined as
the total stellar mass contained within 0.1 𝑅vir (Dolag et al. 2025). For the morphological
classification, we used the kinematic description thereof through the galaxy position in the
stellar specific angular momentum-mass plane, quantified by the 𝑏-value (Teklu et al. 2015):

𝑏 = log
𝑗∗

kpc km s−1 − 2
3

log
𝑀∗
M⊙

, (11.1)

where 𝑗∗ = 𝐽∗/𝑀∗ is the specific angular momentum, measured within 3 𝑅1/2 with 𝑅1/2 being
the 3D half-mass radius of the galaxy (Dolag et al. 2025). The morphologies are then defined
as (Valenzuela et al. 2024a):

• disk galaxy: 𝑏 ≥ −4.35,
• lenticular galaxy: −4.73 < 𝑏 < −4.35,
• elliptical galaxy: 𝑏 ≤ −4.73.

For this work, we only contrasted the disk and elliptical galaxies to demonstrate the two extremes
of the morphological spectrum. The galaxy sample contains 2958 disk, 2374 lenticular, and
1186 elliptical galaxies.

11.2 PNe reaching the bright end
The PNe found at the bright end of the PNLF could originate from very different initial
properties of their central stars. We evaluate which PNe are actually capable of reaching the
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bright-end cutoff for a range of different initial central star properties. There are two important
relations that impact what brightness individual PNe can reach over their own lifetime of
around 30 000 yr. The first is the PN central star mass (𝑀final) that is reached for different
metallicities (defined here as metal mass fractions 𝑍 , where solar metallicity is 𝑍⊙ ≈ 0.015;
Asplund et al. 2021) at fixed stellar population age, where higher central star masses can lead
to higher intrinsic [O iii] emission. The top panel of Figure 11.1 shows that at super-solar
metallicities, the central star mass as modeled by the fiducial PICS model (Valenzuela et al.
2025c) decreases with increasing metallicity for young stellar populations younger than 1 Gyr,
whereas for older stars, the star mass increases with metallicity. The stellar population ages
range from 0.4 to 12.0 Gyr and are colored by different colors. Only at ∼1 Gyr is there an
initial rise with metallicity up to a peak star mass at around 𝑍 = 0.04 before declining again.
In particular, this means that old metal-rich PNe are expected to be brighter in [O iii] emission
than old solar-metallicity PNe. The second important relation is that circumnebular extinction
is higher for massive stars at peak luminosity due to their fast heating after leaving the AGB.
It has been observationally determined that there is a linear relation between central star mass
and extinction in [O iii], 𝐴5007 (Jacoby & Ciardullo 2025; Valenzuela et al. 2025b). Therefore,
the extinction as a function of metallicity at fixed stellar population age qualitatively behaves
similarly to the relation with the central star mass for the more massive younger central stars,
where extinction declines with increasing metallicity (bottom panel of Figure 11.1).

In Figure 11.2, we track the temporal evolution of the maximal [O iii] magnitudes 𝑀 (5007)
for individual PNe of different metallicities and stellar ages, as modeled by the fiducial PICS
model (Valenzuela et al. 2025c). Here, we investigate the maximal [O iii] brightness to
determine the potential that PNe in a given stellar population have to reach the bright-end
cutoff of the PNLF, thereby assuming them to be optically thick. Optically thin PNe (e.g.,
caused by asymmetries) would evolve similarly, but with dimmer magnitudes. We ran PICS
for a single PN of given stellar age and metallicity for post-AGB ages 𝑡PN = 0–30 000 yr,
which is the PN lifetime from the nebular model (Valenzuela et al. 2019). As the model is
stochastic with respect to the optical thickness of the nebula, we ran the model 1000 times per
post-AGB age to estimate the maximally possible brightness of such a PN. The figure thus
shows the magnitude evolution for the brightest PNe in the given stellar populations. Most
other PNe will actually be less luminous due to a lack of optical thickness, for example because
of spatial asymmetries. Solar metallicity PNe are shown in the top panel, and the super-solar
metallicities 𝑍 = 0.04 and 0.06 are shown in the middle and bottom panels, respectively. For
sub-solar metallicities, the brightest magnitudes obtained for PNe are expected to become
significantly dimmer towards lower metallicities (Jacoby 1989; Schönberner et al. 2010), thus
not contributing as much to the bright end. We show the temporal evolution tracks for lower
metallicities in Appendix E.1.

The general shape of the magnitude evolution shows a brightening of the PN over time,
which corresponds to the stellar heating on the post-AGB track (Miller Bertolami 2016).
This occurs over a shorter period of time for more massive central stars found in younger
stellar populations (darker lines), and it takes longer for less massive stars (lighter lines).
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Figure 11.1: Final central star mass (𝑀final; top) and circumnebular extinction at maximum brightness
(𝐴5007; bottom) as a function of metallicity for PNe of different stellar ages from PICS (Valenzuela
et al. 2025c). More massive stars can produce a brighter [O iii] emission, while the extinction at
maximum brightness is linearly related to mass and dims the emission (Jacoby & Ciardullo 2025). The
circumnebular extinction reaches zero below a mass of around 0.56 M⊙.

Here the high extinction at early PN times particularly dims the PNe from the younger stellar
populations, which becomes less significant with increasing metallicity as expected from
Figure 11.1. After reaching the peak luminosity, the nebula continues dissipating and the star
cools down slowly after reaching its maximum temperature. Note that the double peak seen
for many of the magnitude evolutions is a numerical artifact of the nebular model and does
not imply an underlying physical process.

The PICS model predicts that, for the selected metallicities, PNe reach the bright-end
cutoff for a short time over a large range of stellar population ages. At solar metallicity
(top panel) this is the case for ages of 0.5–6 Gyr as can be seen by the two corresponding
purple lines touching the bright-end cutoff (gray dashed line). At 𝑍 ≳ 0.04 (middle panel)
the age range for which PNe reach the bright-end cutoff increases to 0.4–8 Gyr. Only older
stellar populations beyond 8 Gyr (yellow) are not able to populate the bright end of the PNLF.
The youngest and most massive PNe do not reach these bright values due to the even more
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Figure 11.2: Temporal evolution of the magnitude 𝑀 (5007) for optically thick PNe of different stellar
ages (indicated by the colors) at solar and super-solar metallicities (𝑍 = 0.015, 0.04, 0.06 from top
to bottom, corresponding to log 𝑍/𝑍⊙ = 0.0, 0.4, and 0.6, the first being solar, see Asplund et al.
2021) over the PN lifetime of 30 000 yr from PICS (Valenzuela et al. 2025c). The circumnebular dust
extinction decreases over the PN lifetime, which significantly dims the peak brightness of the youngest
PNe. The observed bright-end cutoff value of 𝑀∗(5007) = −4.5 is marked by the horizontal dashed
lines.

significant circumstellar extinction around the corresponding massive central stars (Jacoby &
Ciardullo 2025).

For our own Sun of mass 1 M⊙, the corresponding maximal PN brightness evolution it
could follow is the 10 Gyr line at solar metallicity 𝑍 = 0.015 (orange line in the top panel
of Figure 11.2). The model predicts that in around 5.5 Gyr, when our Sun becomes a PN, it
could contribute to the PNLF of the Milky Way with a magnitude of up to 𝑀 (5007) = −2.5
at its maximum luminosity. This brightest phase would last around 1000 yr, as seen by the
width of the peak of the orange curve at 𝑡PN ∼ 10 000 yr in the top panel. However, the Sun is
not sufficiently massive or metal-rich to reach the bright end of the PNLF.

In summary, older PNe can reach brighter magnitudes the higher their metallicity is due to
the higher central star mass (top panel of Figure 11.1), but the oldest PNe always lack the
stellar luminosity and temperature to reach the bright end. For the PNe that actually reach the
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bright end, the time they remain there strongly depends on the intrinsic properties and ranges
from around 100 yr (e.g., 𝑡age = 0.5 Gyr at 𝑍 = 0.015) to a couple 1000 yr (e.g., 𝑡age = 6.0 Gyr
at 𝑍 = 0.04). Overall, it is very promising that the PNe across a large range of ages can reach
the bright end. Next we can verify whether this is sufficient to produce PNLFs for realistic
galaxies with a universal bright end consistent with observations.

The differences in bright-end cutoff magnitude and scatter at around log𝑀∗/M⊙ ≈ 10–11
for Box4 seen in Figure 11.4 can be explained by the different stellar populations found in
the elliptical and disk galaxies. Figure 11.3 shows the mass-weighted mean stellar ages and
metallicities as functions of the stellar mass, revealing significant differences in the stellar
ages, in particular around the relevant mass range of log𝑀∗/M⊙ ≈ 10–11. In this range,
elliptical galaxies tend to be older than disk galaxies by around Δ𝑡age ≈ 1–2.5 Gyr. With the
similar mass-metallicity relation for both types of galaxies (see Dolag et al. 2025 for more
details about this relation in Magneticum and comparisons to observations), the generally
older stellar populations of elliptical galaxies beyond ∼9 Gyr lead to overall dimmer PNe,
which also affects the bright-end cutoff. Observations and models also show that there is an
expected decrease of bright PNe in older stellar populations (Soemitro et al. 2025). In contrast,
the more massive elliptical galaxies have higher metallicities, which increases the potential
PN brightness towards the bright-end cutoff magnitude at those super-solar metallicities
(Figure 11.2).

11.3 The universal bright end of the PNLF

For the application of PICS to realistic galaxies, we use the Magneticum Box4 (uhr) simulation,
which has been shown to agree well with observations across a large range of galaxy properties
(Teklu et al. 2015; Dolag et al. 2025). To test the universality of the PNLF across morphologies,
we select disk and elliptical galaxies from the simulation with stellar masses of𝑀∗ ≥ 2×109 M⊙.
We apply PICS to each of these galaxies to obtain a complete PN population per galaxy. From
their [O iii] magnitudes, the PNLF is computed and we fit an analytical form of the PNLF with
an exponential cutoff to it (Ciardullo et al. 1989; Longobardi et al. 2013). For each galaxy, the
bright-end cutoff then arises directly from the fit to its PNLF, such that we obtain a bright-end
cutoff per galaxy.

In Figure 11.4 we show the PNLF bright-end cutoff 𝑀∗(5007) as a function of stellar mass
for the two morphological types, disk (blue) and elliptical (red) galaxies. The lines indicate
the respective median of 𝑀∗(5007) and the shaded regions the 1𝜎 scatter of the values. The
observed value of 𝑀∗(5007) = −4.5 is marked by the horizontal dashed line. We find an
astonishing similarity between the median cutoffs of disk and elliptical galaxies with differences
of only Δ𝑀∗(5007) ∼ 0.1–0.25 across the entire considered mass range. Disk galaxies have
a slightly brighter median cutoff value than elliptical galaxies for log𝑀∗/M⊙ ∼ 9.8–11,
which is the same tendency that has always been theoretically expected, just without the
large systematic difference. This therefore provides the first theoretical demonstration of the
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Figure 11.3: Mass-weighted mean stellar age 𝑡age (top) and metallicity 𝑍∗ (bottom) as functions of
stellar mass for the simulated galaxies of the Magneticum Pathfinder Box4 (uhr) simulation, split by
morphological type into disk (blue) and elliptical (red) galaxies. The solid lines show the respective
median age or metallicity value, with the shaded regions indicating the 1𝜎 scatter.

observed universality of the PNLF between galaxies of different morphologies for a large
statistical sample.

Additionally, there is a surprising constancy of the median cutoffs across the entire mass
range, where disk galaxies show no significant dependence of 𝑀∗(5007) on their stellar mass
for the considered mass range. Elliptical galaxies also feature a very constant behavior of the
cutoff value, but become brighter as the mass increases above log𝑀∗/M⊙ ≳ 10.2. In contrast,
the cutoff of lower-mass elliptical galaxies becomes brighter with decreasing mass. These
results finally support the observed universality of the PNLF bright-end cutoff across disk and
elliptical galaxies for a large range of galaxy masses.

Since Magneticum Box4 (uhr) was only run until 𝑧 = 0.06, we also fit the PNLFs to stellar
populations with artificially increased ages to correct for the difference to 𝑧 = 0 and present
the results in Appendix E.2. There the dip toward fainter cutoff magnitudes increases for
ETGs around 𝑀∗ ≈ 1010 M⊙ due to their generally older ages increasing even further into
the regime where PICS struggles to form PNe at the bright end (Valenzuela et al. 2025c).
We also ran PICS on the galaxies in the simulation TNG50 (Nelson et al. 2019), which has
a smaller volume than Magneticum Box4, and found the same universal PNLF cutoff (see
Appendix E.3), except that the median cutoff of elliptical galaxies is only dimmer by up to
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Figure 11.4: Bright-end cutoff magnitude 𝑀∗(5007) as a function of stellar mass for the simulated
galaxies of the Magneticum Pathfinder Box4 (uhr) simulation, split by morphological type into disk
(blue) and elliptical (red) galaxies. The solid lines show the respective median 𝑀∗(5007) value, with
the shaded regions indicating the 1𝜎 scatter. The observed bright-end cutoff value of 𝑀∗(5007) = −4.5
is marked by the horizontal dashed line. Galaxies of both morphologies feature PNLF cutoffs around
the observed value over a large range of stellar masses.

∼0.1 mag than that of disk galaxies, and there is no dip in the ETG cutoff relation. Both
simulations therefore support the theoretical motivation of a universal bright end of the PNLF.

While here the cutoff median is found to be universal, the scatter differs for morphologies
and stellar masses. Elliptical galaxies at all masses have a larger scatter than disk galaxies, and
lower-mass galaxies have a larger scatter for a given morphology. These differences arise from
the larger variety of star formation and enrichment histories of both lower-mass and elliptical
galaxies. Observationally, the dimmer cutoff values have been found for more metal-poor
galaxies like the Small Magellanic Cloud or NGC 5253 (Ciardullo 2010). The scatter to lower
PNLF cutoffs for elliptical galaxies found in the simulation at around 𝑀∗ = 1010 M⊙ is further
also consistent with the lower values observed in the local Universe for metal-poor galaxies
(Ciardullo 2010) or for the dim PNLF cutoff galaxies based on tip of the red-giant branch
(TRGB) distance measurements (Scheuermann et al. 2022). It is also consistent with PNLF
measurements of the low-metallicity outskirt regions of the Andromeda Galaxy (Bhattacharya
et al. 2021), though these observed systems are of even lower mass than we can study in the
simulation.

11.4 Discussion and conclusion

Clearly, the combination of a cosmological simulation with the full treatment of metallicity-
dependent stellar evolution and of the nebula itself is necessary to solve the mystery of the
universal bright end of the PNLF. In a previous study investigating the bright-end cutoff
through the newly computed post-AGB stellar tracks from 2016 (Miller Bertolami 2016), the
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authors investigated PNe at solar metallicity and considered artificial star formation histories
with simple assumptions on the nebular opaqueness (Gesicki et al. 2018). The authors found
a large range of ages for which PNe are able to reach the bright end of the PNLF (Gesicki et al.
2018), though they only showed the post-AGB 𝑀 (5007) evolution without application of
circumnebular extinction. Our results here demonstrate that with consideration of super-solar
metallicities, the bright end is reached by PNe with an even broader range of ages. In particular,
these high metallicities aid the production of bright PNe in old elliptical galaxies despite
their overall older ages, for which dimmer PNe would be expected. On the other hand, single
stellar populations and simplified composite stellar populations fall short of being adequate
representations of real galaxies, thus being insufficient to fully test PNLF properties.

Nevertheless, the difference in scatter of the bright-end cutoff for disk and elliptical
galaxies shows that the star formation histories do in fact affect the PNLF bright end, just not in
the systematic way that had originally been expected from theory. Additionally, the downward
scatter of the bright-end cutoff increases towards lower stellar masses up to 𝑀∗ ∼ 1010 M⊙,
especially for elliptical galaxies, in line with the observed mass-metallicity relation (Gallazzi
et al. 2005; Kudritzki et al. 2024) and the observed dimmer cutoffs at lower metallicities
(Ciardullo 2010). This also shows how the diversity found in lower-mass galaxies directly
impacts the range of possible PN populations found therein, providing a direct prediction for
comparison with local Universe observations of PNe. The lowest-mass galaxies are made
up of far fewer particles in the simulation and contain supermassive black holes near the
resolution limit, which can affect the star formation histories and ongoing star formation rates.
This low-mass regime and the scatter of 𝑀∗(5007) for these galaxies should therefore be
taken with some caution. In contrast, for TNG50, the resolution is higher and there is no
significant increase of 𝑀∗(5007) or an obvious decrease in scatter, which can be linked to
the different stellar population properties of the galaxies caused by differences in the galaxy
formation model.

To conclude, this study shows how the overall behavior of PNe in their cosmological
context leads to a universal bright-end cutoff across a large range of morphologies and stellar
masses and simultaneously predicts differences in the cutoff scatter depending on the galaxy
properties. In the future, these can be further tested through an increased number of targets
for PN studies, both in the low-mass regime as well as at higher masses.
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ThePNLF

inCosmologicalSimulations

This chapter presents the current status of work to be submitted
as Valenzuela et al. (in prep.):

The PICS Project. III. The planetary nebula luminosity function in cosmological simulations

The PNLF has been observed for many galaxies over the years, ranging from elliptical galaxies
(e.g., Jacoby et al. 1990a; Arnaboldi et al. 1994; Méndez et al. 2001; Teodorescu et al. 2011;
Hartke et al. 2017) over lenticular (e.g., Ciardullo et al. 1991, 2002) to disk galaxies (e.g.,
Ciardullo et al. 1989; Jacoby et al. 1989; Feldmeier et al. 1997; Bhattacharya et al. 2019;
Scheuermann et al. 2022). Across these measurements, the universality of its bright-end cutoff
magnitude 𝑀∗(5007) has remained at odds with theoretical models (e.g., Méndez & Soffner
1997; Marigo et al. 2004; Ciardullo 2010). Understanding the origins of the bright-end cutoff
and general shape of the PNLF has been the target of multiple theoretical studies (e.g., Méndez
et al. 1993; Gesicki et al. 2018; Valenzuela et al. 2019; Souropanis et al. 2023; Yao & Quataert
2023), though the limitation has been that they do not self-consistently model an entire PN
population that can be directly compared to the observations.

In the past, PNe have mostly been measured in the outskirts of galaxies outside our Local
Group because of the lower surface brightness compared to the inner galaxy regions (e.g., Hui
et al. 1993; Arnaboldi et al. 1994, 1996; Méndez et al. 2001; Peng et al. 2004b; Douglas et al.
2007). As a result, many observed PNLFs do not actually represent the total PN populations
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of the respective galaxies, but rather of their outskirts. On the other hand, PNe have long been
observed in the bulge of M 31 (e.g., Ciardullo et al. 1989), across the Magellanic Clouds (e.g.,
Ford & Jacoby 1978; Jacoby 1980; Meatheringham et al. 1988; Jacoby et al. 1990b; Reid &
Parker 2010), or in M 32 (e.g., Sarzi et al. 2011), and as of recently, MUSE observations have
enabled the detection of PNe in the centers of other elliptical galaxies in recent years (e.g.,
Spriggs et al. 2020; Roth et al. 2021; Scheuermann et al. 2022; Jacoby et al. 2024; Congiu
et al. 2025; Ennis et al. 2026). Galaxies can have intrinsic radial stellar population gradients,
where age (e.g., Zibetti et al. 2020; Parikh et al. 2021; Liao & Cooper 2023) or metallicity
(e.g., Kobayashi & Arimoto 1999; Tortora et al. 2010; Parikh et al. 2021) vary radially. For
this reason, the inner and outer PNLFs can be expected to show differences, where several
studies have investigated the properties of the PNLF at different radii (e.g., Hartke et al. 2020;
Congiu et al. 2025; Soemitro et al. 2025).

On the theoretical side, PNe have mostly been studied based on mock stellar populations
around solar metallicity (e.g., Méndez et al. 1993; Méndez & Soffner 1997; Schönberner et al.
2007; Valenzuela et al. 2019). To reliably model PNe for more complex star formation histories,
the newly developed PICS (PNe In Cosmological Simulations) framework (Valenzuela et al.
2025c,d) has adopted the approach of modeling PNe self-consistently for single stellar
populations (SSPs) with a given stellar age and metallicity, finding that taking into account
the metallicity is crucial for old stellar populations. Cosmological simulations offer an ideal
environment to obtain diverse star formation histories in galaxies that are self-consistent with
their cosmological evolution and assembly histories. Because these types of simulations
generally contain stellar particles that represent SSPs, PICS can be directly applied to these and
predict a PN population for each stellar particle. While first case studies have been successfully
completed with PICS on simulated galaxies (e.g., Valenzuela et al. 2025d; Soemitro et al.
2025; Hartke et al. in prep., see Chapter 14), it is important to perform a comprehensive study
on a larger galaxy sample to understand the underlying PN populations in a more statistical
manner, which corresponds to the main objective of the PICS project (hence the acronym
PICS).

In this work we present the first systematic study of PN populations and their PNLFs
modeled in simulated galaxies from different cosmological simulations. By splitting the
galaxies into commonly used classes based on several global galaxy properties, we make
predictions for the PNLFs measured in such systems and analyze the PNLF behavior between
galaxy classes. We additionally compare the PNLFs found in the inner and outer regions of
galaxies to identify trends that may be relevant when measuring PNe in a certain subregion of
a galaxy. This work is structured as follows. In Section 12.1, we introduce the models and
simulations as well as the PNLF fitting methods and the galaxy classifications employed. We
then present and discuss the PNLFs of the different galaxy classes with respect to their shapes
and bright-end cutoff magnitudes in Section 12.2. We finally summarize our findings and
conclude in Section 12.3.
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12.1 Methods

In the following, we describe the PN model and the method used to fit the analytical PNLF
to the PN populations in each galaxy. We then introduce the cosmological simulations used
for this study as well as the galaxy sample selection and the different galaxy classification
schemes used throughout this work.

12.1.1 PICS model for planetary nebulae

We model PNe with the framework PICS (PNe In Cosmological Simulations; Valenzuela
et al. 2025c,d), which models PN populations for SSPs given their properties. Specifically,
the relevant SSP input quantities for PICS are the IMF, total mass, age, and metallicity as a
metal mass fraction 𝑍 = 𝑀met/𝑀tot. While PICS is a modular framework for the different
stellar evolution phases and the nebular properties needed for the PN [O iii] magnitude, in this
work we use the fiducial model as presented by Valenzuela et al. (2025c). The stellar lifetime
function, initial-to-final mass relation, and post-AGB stellar evolution tracks are all taken
from the metallicity-dependent models of Miller Bertolami (2016). The empirical nebular
model presented by Valenzuela et al. (2019) predicts the PN [O iii] magnitude based on the
central star properties and takes into account a random optical thickness for the possibility
of optically thin nebulae (e.g., Méndez et al. 1992).The [O iii] emission is then modified by
a metallicity correction based on the results of Dopita et al. (1992). Finally, an empirical
model for circumnebular extinction is applied, which builds on the observations of Jacoby
& Ciardullo (2025) (also see Valenzuela et al. 2025b for a study on how variations in the
circumnebular extinction influence the PN [O iii] magnitudes). For the details of the individual
models, please refer to Valenzuela et al. (2025c). The PICS model has successfully been
compared with Milky Way PNe in the solar neighborhood (Valenzuela et al. 2025d), and it has
been used to interpret and explain observations of elliptical galaxies (Soemitro et al. 2025).

The hydrodynamical cosmological simulations used in this work contain stellar particles
that represent SSPs (see Section 12.1.3). Therefore, we apply PICS to each stellar particle to
obtain a PN population for the respective SSP, assuming a Chabrier (2003) IMF. The PNe
obtained for the stellar particles of a given simulated galaxy together form the galaxy’s PN
population.

12.1.2 Planetary nebula luminosity function fitting

From each PN population of a galaxy, we create the PNLF from the individual [O iii]
magnitudes, 𝑀 (5007). We fit an analytic PNLF function in two different manners to each
measured PNLF, both of which come with their own advantages and drawbacks. The classical
analytical PNLF by (Ciardullo et al. 1989) as a function of the absolute [O iii] magnitude
𝑀 (5007) is

𝑁 (𝑀 (5007)) = 𝑐1𝑒
𝑐2𝑀 (5007) 1 − 𝑒3(𝑀∗ (5007)−𝑀 (5007) � , (12.1)



156 Chapter 12 – The PNLF in Cosmological Simulations

where 𝑐1 is the normalization constant, 𝑐2 = 0.307 is the slope at dim magnitudes, and
𝑀∗(5007) is the absolute bright-end cutoff magnitude with an observed value of around
−4.5 (e.g., Ciardullo 2010; Jacoby et al. 2024). Leaving 𝑐2 as a free parameter results in the
generalized PNLF (e.g., Longobardi et al. 2013).

Cumulative PNLF fitting

For the first approach, following Bhattacharya et al. (2019), we fit the generalized PNLF
(Equation 12.1) by a least-squares method applied to the cumulative PNLF (Rodríguez-
González et al. 2015), given as

𝑁 (≤ 𝑀) = 𝑐1𝑒
𝑐2𝑀


𝑒𝑐2𝑀

𝑐2
+ 1

3−𝑐2
𝑒3𝑀∗−(3−𝑐2)𝑀 −  1

𝑐2
+ 1

3−𝑐2

�
𝑒𝑐2𝑀

�
, (12.2)

where we shortened 𝑀 (5007) and 𝑀∗(5007) to the abbreviated forms 𝑀 and 𝑀∗. The fit
to the cumulative distribution is preferred as it avoids the arbitrary choice of bins, which
can bias the resulting PNLF fit. We perform the fit to the bright PNe with 𝑀 (5007) ≤
max(−3.5,𝑀min(5007) + 1), that is, to the PNe brighter than −3.5 mag, or to the PNe within
1 mag of the brightest PN in the galaxy, whichever threshold includes the larger magnitude
range. This approach ensures that the bright end of the PNLF is sufficiently accounted for,
even for PN populations without any particularly bright PNe. Simultaneously, it limits the fit
to the brightest PNe such that deviating PNLF shapes in the dimmer regime from the analytical
functions do not impact the fit significantly as the primary purpose of the fits is to obtain
the bright-end cutoff 𝑀∗(5007). The downside of this method is that the fit does not always
converge, and in some cases the PNLF cutoff is selected to be much too bright when there
is a small sample of PNe. For these reasons, we needed a fallback method to use when the
cumulative fitting fell short.

Maximum likelihood PNLF estimation

The second PNLF fitting approach we employ is by maximum likelihood estimation (MLE).
This kind of method has oftentimes been used to fit the PNLF in the literature (e.g.,
Ciardullo et al. 1989; Scheuermann et al. 2022) and is robust even for small sample sizes
of PNe. We apply the method as described by Scheuermann et al. (2022), where the
PNLF normalization is given by the number of PNe up to the fitting magnitude threshold
of 𝑀 (5007) ≤ max(−3.5,𝑀min(5007) + 1). The logarithmic likelihood for a PNLF is
determined by the sum of logarithmic probabilities of each PN existing at its magnitude,
logL =

P
𝑖 log 𝑝(𝑀𝑖 (5007)). Here the individual probabilities are computed as the integral

over the PNLF multiplied with a Gaussian, where we assume a small fixed magnitude
uncertainty of 𝜎𝑚 = 0.01 mag for all PNe. To our knowledge, this integral has previously only
been computed numerically, which is computationally expensive, especially when used in the
context of a Markov Chain Monte Carlo (MCMC) method. We show in Appendix F.1 the
analytical solution to the integral, which is computationally significantly faster.
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We apply the MLE method to all galaxies fitting the classical PNLF with the sole free
parameter of 𝑀∗(5007) through MCMC with 50 000 iterations, from which we determine
the bright-end cutoff through the median value, ignoring a burn-in phase of the first 2000
iterations. While this method is ideal for small numbers of PNe and for PNLFs that have
a clear exponential cutoff at the bright end, it does not deal well with overluminous PNe.
The MLE method leads to best-fit bright-end cutoffs that are dominated by the brightest PN,
regardless of the remaining PNLF shape. For this reason, we only use the determined MLE
bright-end cutoff in the cases where the cumulative PNLF fitting method fails to converge or
where it leads to a bright-end cutoff beyond 0.3 mag brighter than the brightest PN.

12.1.3 Cosmological simulations
To test the effects of the PNLF on realistic galaxies with self-consistent star formation histories
in a cosmological context, we apply PICS to the simulated galaxies from several cosmological
simulation suites. These were run with different galaxy formation models, such that the
resulting stellar populations and galaxy properties can differ, which would also affect the PN
populations. In the following, we give a brief overview of the simulations used in this work.

Magneticum Pathfinder

The Magneticum Pathfinder simulation suite (Dolag et al. 2025) consists of a set of cosmological
simulations covering a large range of resolutions and sizes. They were run with Gadget-3, a
modified version of Gadget-2 (Springel 2005) with improved physics treatments (see Dolag
et al. 2025 for details). The simulations were run with ΛCDM parameters corresponding to
the seven-year results of WMAP (Komatsu et al. 2011): ℎ = 0.704, ΩΛ = 0.728, Ω𝑚 = 0.272,
Ω𝑏 = 0.0456, 𝜎8 = 0.809, and 𝑛𝑠 = 0.963. Due to its high resolution, we here use the
hydrodynamical simulation Magneticum Box4 (uhr) for the study of PN populations in
the simulated galaxies, which has a volume of (68 Mpc)3, a mean stellar particle mass of
⟨𝑚∗⟩ ≈ 1.8 × 106 M⊙, and a stellar softening length of 𝜖∗ ≈ 1 kpc. This particular simulation
was run to 𝑧 ≈ 0.066, corresponding to a lookback time of 𝑡lb ≈ 0.88 Gyr. The galaxies were
identified with a baryonic-compatible version of SubFind (Springel et al. 2001; Dolag et al.
2009). Magneticum Box4 has been shown to agree well with galaxy properties across a wide
range of properties, including angular momenta (e.g., Teklu et al. 2015), kinematics (e.g.,
Schulze et al. 2018; van de Sande et al. 2019; Schulze et al. 2020), dynamics (e.g., Remus
et al. 2017; Harris et al. 2020; Remus & Forbes 2022), faint structures in the outskirts (e.g.,
Valenzuela & Remus 2024; Stoiber et al. 2025), star formation (e.g., Kudritzki et al. 2021;
Fortuné et al. 2025), and stellar populations (e.g., Dolag et al. 2025).

IllustrisTNG

The IllustrisTNG simulation suite consists of a set of cosmological simulations targeting
galaxies at several different resolutions and sizes. For this work, we use TNG50 (Nelson et al.
2019; Pillepich et al. 2019), which was run with arepo (Springel 2010) with an updated galaxy
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formation model. The simulation uses a ΛCDM cosmology consistent with Planck 2015
results (Planck Collaboration 2016): ℎ = 0.6774, ΩΛ = 0.6911, Ω𝑚 = 0.3089, Ω𝑏 = 0.0486,
𝜎8 = 0.8159, and 𝑛𝑠 = 0.9667. The simulation volume of TNG50 is (52 Mpc)3, the stellar
particle mass is 𝑚∗ ≈ 8.5 × 104 M⊙, and the stellar softening length is 𝜖∗ ≈ 0.3 kpc. The
galaxies were identified with SubFind (Springel et al. 2001; Dolag et al. 2009). These
simulations have been used to compare galaxy population properties to observations, including
stellar populations (e.g., Boecker et al. 2023), kinematics (e.g., Pillepich et al. 2019; Pulsoni
et al. 2020), morphology (e.g., Rodriguez-Gomez et al. 2019), faint structures in the outskirts
(e.g., Khalid et al. 2024), and star formation (e.g., Piotrowska et al. 2022; Popesso et al. 2023).
In this work we use this simulation to demonstrate whether there is an expected systematic
difference that could be related to different galaxy formation models.

12.1.4 Galaxy sample and classifications
For the simulated galaxies, we compute the stellar mass 𝑀∗ within 0.1 𝑅vir around the
stellar center of mass following the method of Valenzuela et al. (2024a). From each of the
simulations, we include the galaxies (central galaxies as well as satellites) with stellar masses
𝑀∗ ≥ 2 × 109 M⊙ in our sample. Because we are primarily interested in the stellar population,
we do not apply further selection criteria such as on the size. In the following, we introduce
the five galaxy classification schemes we use in addition to the distinction between central and
satellite galaxies to split the galaxy population. Table 12.1 shows an overview of the number
of galaxies in each simulation and the different classes.

Morphology

For a morphological classification, we follow the definition of Teklu et al. (2017) for disk,
elliptical, and intermediate simulated galaxies based on the 𝑏-value (Teklu et al. 2015). The
𝑏-value is defined by a galaxy’s location in the stellar angular momentum-stellar mass plane,
which is closely related to the morphology (Romanowsky & Fall 2012; Teklu et al. 2015). It has
already been used in several simulation studies (e.g., Schulze et al. 2018; Emami et al. 2021).
The class of intermediate galaxies mostly consists of lenticular galaxies. This classification
scheme is particularly useful for simulations as the dynamic information contained in the
angular momentum is less affected by resolution compared to the intrinsic shapes of galaxies.

Star formation

For the star formation, we distinguish between star-forming, star-bursting, and quiescent
galaxies. We define the SFR thresholds following the observed star-forming main sequence
(SFMS) by Popesso et al. (2023) because of the good agreement with the simulations (see also
Fortuné et al. 2025). For this, we define all galaxies with a SFR more than 0.5 dex above the
SFMS at the given stellar mass to be star-bursting, those more than 0.5 dex below the SFMS
as quiescent, and the rest as star-forming. This follows common definitions such as that by
Bluck et al. (2020), though we combine their green valley and quenched classes as quiescent.
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Table 12.1: Galaxy counts for the different classes in the cosmological simulations.

Magneticum Box4 (uhr) TNG50
Class Total Centrals Satellites Total Centrals Satellites
total 6518 3991 2527 2204 1299 905

General centrals 3991 3991 0 1299 1299 0
satellites 2527 0 2527 905 0 905

Morphology
disk 1186 827 359 1334 903 431
intermediate 2374 1553 821 465 251 214
elliptical 2958 1611 1347 405 145 260

Star formation
star-bursting 65 45 20 103 65 38
star-forming 1634 1172 462 1375 1003 372
quiescent 4819 2774 2045 726 231 495

Kinematics fast rotator 874 546 328 2127 1268 859
slow rotator 317 226 91 76 30 46

Age
young 1677 1178 499 1484 999 485
middle-age 4185 2530 1655 616 278 338
old 656 283 373 104 22 82

Metallicity
metal-poor 936 661 275 50 40 10
solar 4582 2760 1822 1201 807 394
metal-rich 1000 570 430 953 452 501

Notes. The total counts are the sum of the central and satellite galaxy counts for a given class. Note
that for Magneticum Box4 (uhr), only the more massive galaxies have kinematic classifications.
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Kinematic behavior

For the kinematic classification, we separate the galaxies into slow rotators and fast rotators.
We follow the definition by Emsellem et al. (2011) first introduced for the ATLAS3D survey
according to a galaxy’s location in the 𝜆𝑅-𝜖 plane, where 𝜆𝑅 parametrizes the extent to which
a galaxy is rotationally or dispersion dominated from the line-of-sight kinematics (Emsellem
et al. 2007), and 𝜖 is the 2D ellipticity. For the computation of these parameters, we follow
Schulze et al. (2018) by first rotating the galaxies edge-on before determining these quantities
to maximize the line-of-sight rotational properties and avoid random projection effects. Both
parameters are computed for a radius of 1 𝑅𝑒, and 𝜆𝑅 is determined from light-weighted
kinematic maps to ensure compatibility with observations. These values are computed
following Dolag et al. (2025), which are only determined for galaxies with stellar masses
above 2 × 1010 M⊙ for Magneticum Box4 (uhr) because of its more limited mass resolution
compared to TNG50. We consider galaxies with 𝜆𝑅 > 0.31

√
𝜖 to be fast rotators, the others

are slow rotators (Emsellem et al. 2011).

Stellar age

For the stellar age classification, we distinguish between young, middle-age, and old galaxies.
We measure the stellar age of a galaxy following Dolag et al. (2025) as the mean mass-weighted
age 𝑡age of all stellar particles within 3 𝑅1/2, where 𝑅1/2 is the 3D half-mass radius. We define
the old galaxies to have ages of >10 Gyr, which is a threshold that has been used in recent PN
work (e.g., Soemitro et al. 2025) due to this being the age range in which current PN models
like PICS are not able to populate the bright end of the PNLF (see fig. 10 of Valenzuela
et al. 2025c). Since there is only a small number of galaxies with young ages of a few Gyr
in the simulations, we defined the young galaxies to be those with ages of <7 Gyr, and the
middle-age galaxies with ages of 7–10 Gyr.

Stellar metallicity

For the stellar metallicity classification, we classify galaxies as metal-poor, solar, and metal-
rich galaxies. We measure the stellar metal mass fraction 𝑍 of a galaxy following Dolag et al.
(2025) as the mean mass-weighted metal mass fraction of all stellar particles within 3 𝑅1/2.
Assuming a solar metallicity of 𝑍⊙ = 0.015 (Asplund et al. 2021), we compute the metallicity
[𝑍] = log 𝑍/𝑍⊙. We then define the metal-poor galaxies by [𝑍] < −0.2, solar metallicity
galaxies by −0.2 ≤ [𝑍] ≤ 0.1, and metal-rich galaxies by [𝑍] > 0.1. These thresholds were
chosen to keep the number of galaxies in each class from becoming too small in all considered
cosmological simulations.

12.2 PNLFs of the galaxy classes
Based on the galaxy classifications, we investigated to what extent the PNLF and its bright-end
cutoff magnitude 𝑀∗(5007) vary depending on different galaxy properties. In this section, we
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study the modeled PNLFs and their scatter for each class and then compare them between the
inner and outer regions of the galaxies, where stellar population gradients oftentimes play an
important role.

12.2.1 PNLF variations among simulations

We ran PICS on each simulated galaxy to obtain the PN populations and their magnitudes,
from which we determined the PNLFs. To make the PNLFs comparable to each other, we
normalized each PNLF to a total stellar mass of 1011 M⊙ based on the galaxy’s actual stellar
mass. In Figure 12.1 we show the median PNLFs for each class in the different classification
schemes (one panel per classification scheme) with their 1𝜎 scatters (shaded regions). Across
all classes, the bright-end cutoff magnitudes of the median PNLFs appear to deviate at most
by 0.2 mag from the observed cutoff magnitude of 𝑀∗(5007) = −4.5 mag, except for the old
galaxies having a significantly fainter cutoff at around −3.9 mag. As a first result, this shows
that the age of a galaxy is the most significant factor in determining where the bright end of
the PNLF lies. This is further supported by the three age classes (young, middle-age, and
old) having the smallest scatters of the PNLF compared to the classes of other classification
schemes. Of course, this does not contradict our previous findings that metallicity plays an
important role (Valenzuela et al. 2025c), however, the metallicity effect carries more weight
when the stellar age is held constant. In general, most of the scatter in the PNLFs of the
classification schemes besides age is a result of the galaxies having a variety of ages in each
class.

Interestingly, all PNLFs converge to an almost identical point at 𝑀 (5007) ≈ −1.7 mag
with a surprisingly small scatter before moving apart again at fainter magnitudes. This behavior
has not been documented before for PICS, but may be related to the assumed maximum PN
lifetime of 30 000 yr and the dimming of the [O iii] emission. This magnitude still lies at
brighter magnitudes compared to where the additional exponential term becomes relevant for
the deep observed PNLFs for M 31 substructures, which is roughly 5 mag below the bright
end (Bhattacharya et al. 2021). Also looking at the deep modeled SSP PNLFs of Valenzuela
et al. (2025c, fig. F.1), it is not apparent where the PNLF convergence comes from. While
investigating this further is beyond the scope of this work, one of the future plans for PICS is
to examine the faint end of the PNLF in more detail and to improve on the currently employed
nebular model of Valenzuela et al. (2019).

Just as the universality of the PNLF has been discovered to hold across different mor-
phologies (e.g., McMillan et al. 1993; Feldmeier et al. 1997; Ciardullo et al. 2002), we here
also find closely aligned PNLFs for disk, intermediate, and elliptical galaxies (top left panel).
The expected age trend of disk galaxies tending to have younger stellar populations, followed
by intermediate and elliptical galaxies that are increasingly old, is found through the slight
shift of the PNLFs toward fainter magnitudes. Also, the larger scatter of elliptical galaxies
indicates how they have a larger diversity in ages right around the limit of PICS to produce
PNe at the bright end, as seen by the Box4 analog galaxies used by Soemitro et al. (2025).
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Figure 12.1: Median PNLFs of galaxy classes in Magneticum Box4 (uhr) from the different
classification schemes, that is, morphology, star formation, kinematic behavior, age, and metallicity,
from top to bottom and left to right, respectively. For each galaxy class, the normalized PNLFs to
a total stellar mass of 1011 M⊙ are considered, where for each magnitude bin in steps of 0.2 mag the
median (solid lines) and the 1𝜎 scatter (shaded regions) are computed. The observed bright-end cutoff
magnitude 𝑀∗(5007) = −4.5 mag is marked by the vertical dashed gray lines.

These differences lead to more significant changes in the slope of the PNLF, where elliptical
galaxies have steeper PNLF slopes around 𝑀 (5007) = −3.5 mag compared to intermediate
and disk galaxies (the latter having the most shallow slopes). The slopes are a result of
the much stronger variations in slope found for the age classifications, where older stellar
populations have overall fewer bright PNe. These results support observational findings of
differing PNLF slopes depending on the fraction of low-mass stellar cores or stellar age, where
there is evidence that older stellar populations have steeper PNLFs (e.g., Longobardi et al.
2013, 2015).
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Ciardullo et al. (2004) had also previously proposed that star-forming galaxies have more
shallow PNLFs, where the PNLFs of M 33 and the SMC flatten at 𝑀 (5007) ≳ −3.5 mag,
in excellent agreement with our results for star-bursting and star-forming galaxies (middle
left panel). For these two classes, we find no significant differences between their PNLFs,
which is likely due to their definition according to the current SFR: this corresponds to stellar
populations with ages well below the regime where PNe are expected to be seen, due to their
rapid evolution in the post-AGB phase (Miller Bertolami 2016) and their high circumnebular
extinction (e.g., Jacoby & Ciardullo 2025). Also note that the number of star-bursting galaxies
is rather low (see Table 12.1). Quiescent galaxies, on the other hand, have PNLFs similar to
those of elliptical galaxies, both with respect to the median as well as to the scatter. This is
unsurprising since many elliptical galaxies are found to be quiescent (e.g., Renzini 2006). The
difference between the PNLFs of quiescent and star-forming/star-bursting galaxies is similar
to that between disk and elliptical galaxies.

For the kinematic classification between fast and slow rotators (bottom left panel), we
find that the fast rotator PNLFs are closer to those of elliptical and quiescent galaxies, except
that they also have a larger scatter toward brighter magnitudes. This is due to the limited
galaxy sample of Magneticum Box4 for which we determined the kinematic properties
(𝑀∗ ≥ 2 × 1010 M⊙), which leads to a lower fraction of disk galaxies with younger stellar
populations. Additionally, many elliptical galaxies are in fact fast rotators (e.g., Emsellem
et al. 2011). Since slow rotators are essentially only comprised of elliptical galaxies, this most
likely leads to the further shift of the PNLF toward fainter magnitudes and a steeper slope.
The large scatters seen for both classes, however, suggest that this kinematic classification is
not as closely related to the stellar populations relevant for PNe as the other classes. However,
the general independence of these quantities means that combining kinematic information
with deep observations of PNe should deliver further insights into the past of a galaxy, such as
has been exploited from some observations (e.g., Sambhus et al. 2006; Bhattacharya et al.
2021; Hartke et al. 2022, in prep., see Chapter 14).

Focusing on the PNLFs split by galaxy age classes (middle right panel), as stated earlier we
find the clearest differences between PNLFs, all classes also having small scatters. The largest
scatter is found for middle-age galaxies despite its comparatively small age range of 7–10 Gyr.
This shows the importance of the ages approaching 10 Gyr for the PNLF in PICS, as also
discussed by Valenzuela et al. (2025c). This general trend with age is weaker than predicted
by previous models (e.g., Marigo et al. 2004), but arises from the same issue of old stellar
populations containing PN central stars that are not massive and luminous enough to produce
a sufficiently bright [O iii] emission in their nebula (e.g., Ciardullo 2012; Valenzuela et al.
2019). These PNLFs also reveal the actual origin of differing slopes in the modeled PNLFs,
where old stellar populations lack the brighter PNe, but still reach the same convergence point
at 𝑀 (5007) ≈ −1.7 mag just like the younger galaxies, thus resulting in a steeper slope (also
see Longobardi et al. 2013, 2015; Ciardullo et al. 2004).

There are observational indications that the dimming of the PNLF bright-end cutoff for old
galaxy ages is not as strong as found by PICS. For example, Soemitro et al. (2025) determined
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through full spectral fitting that most of their studied elliptical galaxies have mean ages of
around 12–13 Gyr. All of these galaxies have bright-end cutoffs of 𝑀∗(5007) ≈ −4.5 mag,
which in fact become even brighter when assuming alternative distance measures to the
galaxies. Based on our findings here, reaching the universal bright-end cutoff for such old
galaxies should be the exception, not the norm. However, the total stellar mass, the precise star
formation histories, and possible measurement systematics must also be taken into account to
draw more final conclusions. For the PICS models, this means that further PN pathways such
as blue stragglers should be explored in the future, which also have the potential to resolve
this tension (e.g., Ciardullo et al. 2005).

The PNLFs of the metallicity class (bottom right panel) show the interesting trend of
more metal-poor galaxies having brighter PNLF cutoffs, which at first seems counter-intuitive.
However, this has to be considered in the context of the stellar ages, which are not held fixed
here: as elliptical galaxies tend to be old and metal-rich, whereas disk galaxies are generally
younger and more metal-poor, the resulting PNLFs of the metal-rich galaxies are mostly
driven by their older ages. The fact that not all metal-rich galaxies purely consist of old stars
can be seen by the large scatter of their PNLFs. Metal-poor and solar metallicity galaxies do
not have any significant differences between them. Finally, we tested the effect of restricting
the galaxy sample to only the central galaxies, finding that it leads to overall slightly brighter
PNLF cutoffs for those that currently reside at fainter magnitudes than −4.5 mag.

As Magneticum Pathfinder implements a different galaxy formation model than Illus-
trisTNG, we can expect the galaxy properties and their stellar populations to differ between the
two simulation suites. We thus also applied PICS to the IllustrisTNG simulations to investigate
to what extent the predictions for the PNLFs vary depending on the galaxy formation model
employed. In Figure 12.2 we show the median PNLFs (normalized to 𝑀∗ = 1011 M⊙) with
their scatters for each class of the different classification schemes in the same way as for
Magneticum Box4 (uhr) in Figure 12.1. Note that here the kinematic classification is applied
to the entire galaxy sample, unlike for Box4 (see Section 12.1.4). The first important finding
is that in general, the PNLFs take on the same shapes as in Box4. We also recover the
convergence point of the PNLFs at 𝑀 (5007) ≈ −1.7 mag, indicating that this is indeed more
closely related to the PICS model itself and not to the particular star formation histories.
We also again find the clearest distinction between PNLFs for the age classes, which again
have small scatter. A significant difference to the Box4 PNLFs, however, is the tendency of
all PNLFs except for those of the old galaxies to look rather similar to those of the young
and middle-age galaxies. In particular, they also have elevated numbers of bright PNe at
𝑀 (5007) ≳ −3 mag compared to the Box4 galaxies, leading to even more shallow slopes.
This is related to the systematically younger galaxies in TNG50 compared to Box4 despite
Box4 only having reached 𝑧 = 0.066 , such that most TNG50 galaxies fall in the young and
intermediate-age classes (see Table 12.1). Another systematic difference is the significantly
higher metallicity in TNG50, leading to an enhanced brightness of the PNe, which is especially
relevant for the older stellar populations. For the stellar population differences, we refer the
reader to Dolag et al. (2025, figs. 27 and 28) and Boecker et al. (2023, fig. 13) for Magneticum
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Figure 12.2: Median PNLFs of galaxy classes from the different classification schemes as in Figure 12.1,
but for the galaxies in TNG50.

and IllustrisTNG, respectively. We also investigate their differences with respect to the
modeled PNe in a companion paper (Valenzuela et al. in prep., see Chapter 11).

As a result, the disk, intermediate, and elliptical galaxies have PNLFs that resemble
each other more than the Box4 morphological classes. The biggest difference between the
three classes besides slight changes in brightness is the increased scatter for the elliptical
galaxies. The increased scatter for the classes that contain the older elliptical galaxies, that
is, the quiescent, slow-rotator, and metal-rich galaxies, is seen for the other classification
schemes as well. Similar to Box4, the star-bursting and star-forming, and the metal-poor and
solar metallicity galaxies have nearly indistinguishable PNLFs. Compared to Box4, here the
PNLFs of the fast rotator galaxies are more similar to those of the disk galaxies because of the
kinematic classes having been determined for all TNG50 galaxies instead of only the more
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massive galaxies. Since galaxy age is the most relevant factor for the shape of the PNLF,
the PNLFs for the age classes are quite similar to those of Box4. Besides the systematic
differences to Box4, the general relative trends between classes with respect to the PNLF
brightness and shape as well as its scatter for the galaxies within a class remain the same.

12.2.2 PNLF variations in the inner and outer regions

Since PNe have mostly been measured in the outskirts of galaxies due to the lower surface
brightness (e.g., Hui et al. 1993; Arnaboldi et al. 1996; Douglas et al. 2007), with some
exceptions in the Local Group (e.g., Ciardullo et al. 1989; Reid & Parker 2010; Sarzi et al.
2011), our findings shown above for the total PN populations are not directly comparable to
those PNLF measurements. As newer instrumentation has allowed for PNe to be detected
even in the centers of other elliptical galaxies (e.g., Spriggs et al. 2020; Roth et al. 2021),
PNLFs are now also being measured for these inner regions beyond the Local Group. For
these reasons, it is useful to present the predictions for inner and outer PN populations, not
only for comparisons with observations, but also to investigate intrinsic trends within the
galaxies. These could arise from age or metallicity gradients in the galaxies that affect the
stellar populations in the inner and outer regions (e.g., Kobayashi & Arimoto 1999; Parikh
et al. 2021; Liao & Cooper 2023).

Following the general concept of Stoiber et al. (2025), we split the PNe of each simulated
galaxy in two subpopulations, those within 1 𝑅1/2 and those outside (considering the actual
3D radial distances). Given the definition of 𝑅1/2, this means that the inner and outer PNLFs
arise from the same underlying stellar mass, specifically, from half of the total galaxy’s stellar
mass. Figure 12.3 shows the median normalized PNLFs of the inner and outer regions of the
Magneticum Box4 (uhr) galaxies for the same set of classes as in Figure 12.1, normalized
to half of the previously used stellar mass, 𝑀∗ = 5 × 1010 M⊙. In general, we find that the
inner and outer PNLFs do not differ significantly, both following the median behavior of the
total PNLFs seen in Figure 12.1. Yet there are several interesting indications of radial trends,
which we highlight in the following.

For the morphological classes, the disk and elliptical galaxies experience opposite radial
trends. The outer PNLFs of disk galaxies appear to have a slightly larger number of brighter
PNe than the inner regions, whereas the outer PNLFs of elliptical galaxies have fewer bright
PNe than the inner regions, also having a larger logarithmic difference between the median
PNLFs. The PNLF slope differs especially for the elliptical galaxies, where the outer regions
have steeper slopes. This points to generally older stellar populations in the outskirts of the
simulated elliptical galaxies, leading to the smaller number of bright PNe. The slope of the
outer PNLF of elliptical galaxies is in excellent agreement with the observations of the halo
PNe of NGC 4697 (black points; Méndez et al. 2001), though the observed bright end is
still more consistent with the typical value of 𝑀∗(5007) = −4.5 mag compared to the fainter
elliptical galaxy bright end. A more complete comparison would have to take into account
further information of star formation histories and stellar mass, which is beyond the scope of
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Figure 12.3: Median PNLFs of galaxy classes in Magneticum Box4 (uhr) from the different classification
schemes as in Figure 12.1, but split for the inner (𝑟 < 𝑅1/2; solid lines) and outer (𝑟 ≥ 𝑅1/2; dashed
lines) PN populations. The normalization is chosen as half of that used for Figure 12.1 because of the
split in two subpopulations, 𝑀∗ = 5 × 1010 M⊙. In the morphology panel (top left), we over-plot the
suitably re-scaled statistically complete part of the PNLF of NGC 4697 (black dots; Méndez et al. 2001)
to compare directly to the median outer elliptical regions. The observed bright-end cutoff magnitude
𝑀∗(5007) = −4.5 mag is marked by the vertical dashed gray lines.

this work. Lastly, the lower number of bright PNe in the outer regions stands in contrast to
multiple observations of the luminosity-specific PN number 𝛼 increasing toward the outskirts
of galaxies (e.g., Longobardi et al. 2013; Hartke et al. 2017, 2020). In future work we will
investigate to what extent this discrepancy is due to the PN model, observational biases, or
specifics of the stellar population gradients. On the other hand, the simulated disk galaxies do
exhibit the observed trend, which has also been found for disk galaxies (e.g., Bhattacharya
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et al. 2019). This may be related to younger stellar populations tending to reside in the outer
disk (e.g., Wang et al. 2011).

The star-bursting galaxies present another interesting case: like the elliptical galaxies,
their outskirts have a smaller number of bright PNe (≲ − 2.5 mag) than the inner regions.
While the starburst itself cannot directly contribute to the PNLF because those young stellar
populations would not yet produce sufficiently bright PNe if any at all, there appears to be a
general behavior of star-bursting galaxies to contain more PNe in the outer regions. However,
this behavior may be a result of low number statistics for these galaxies (see Table 12.1).
There is also a very slight indication of slow rotators and old galaxies featuring the opposite
trend, that is, having slightly more bright PNe than in the outer compared to the inner regions.
As especially old galaxies are more likely to accrete younger structures in their outskirts,
younger stars would be deposited in their halos, increasing the probability of obtaining brighter
PNe in those regions. The inner and outer PNLFs of all other classes have generally similar
behaviors to each other, where the outer regions have slightly fewer bright PNe, most likely
due to a slightly positive age gradient. However, the differences are well within the scatter of
PNLFs (see Figure 12.1) and should not be over-interpreted. Since Box4 (uhr) was only run
to 𝑧 = 0.066, we show the PNLFs based on stellar populations with accordingly increased
ages in Appendix F.2.

We also show the inner and outer PNLFs for the TNG50 galaxies in Figure 12.4 for
comparison with Box4. Curiously, in almost all cases the trend is contrary to the Box4
galaxies. Most classes show that they have more PNe in the outer compared to the inner
regions, with the exception of old galaxies (again the opposite of Box4). This is especially
seen for disk, star-bursting/star-forming, and fast rotator galaxies, as well as all metallicity
classes, and may be related to negative age gradients found in disk galaxies (e.g., Wang et al.
2011). However, it is unclear why this trend is not found for any of the other classes that
typically contain disk galaxies, such as star-bursting and star-forming galaxies. For the old
galaxies, the outer regions are most likely less metal-rich, resulting in higher 𝛼-values for old
stellar populations beyond 10 Gyr (see Valenzuela et al. 2025c). Comparing the outer PNLF
of the elliptical galaxies to the PNLF data points for NGC 4697, we find that the observed
PNLF slope is much steeper, unlike the outer PNLFs found in Box4.

12.2.3 PNLF bright-end cutoff magnitude

For each of the simulated galaxies, we fit the PNLFs as described in Section 12.1.2 to obtain
the respective bright-end cutoff magnitudes 𝑀∗(5007). In Figure 12.5 we show the median
value of 𝑀∗(5007) as a function of stellar mass for the different classes and classification
schemes, arranged as in Figure 12.1. In general, we observe as before a remarkable constancy
of the bright-end cutoff magnitudes, even across multiple orders of magnitude in mass. The
scatter found for 𝑀∗(5007) is larger than observed within the galaxies of individual observed
galaxy groups or clusters, however (e.g., Spriggs et al. 2021; Ciardullo 2022). The overall



12.2 PNLFs of the galaxy classes 169

1.0

1.5

2.0

2.5

3.0
lo

g
N

disk
intermediate
elliptical

TNG50

inner
outer

1.0

1.5

2.0

2.5

3.0

lo
g

N

star-bursting
star-forming
quiescent

young
middle-age
old

−5 −4 −3 −2 −1
M(5007)

1.0

1.5

2.0

2.5

3.0

lo
g

N

fast rotator
slow rotator

−5 −4 −3 −2 −1
M(5007)

metal-poor
solar
metal-rich

Figure 12.4: Median inner and outer PNLFs of galaxy classes from different classification schemes as
in Figure 12.3, but for the galaxies in TNG50.

shifts in magnitude of the PNLFs between the classes are consistent with the findings above,
but we discover that there are some significant trends with mass that are only revealed now.

As the main factor for the PNLFs, we find that the age classes reveal the largest differences
between the cutoff magnitudes. While the young and middle-age galaxies have almost entirely
constant bright-end cutoffs across the mass range, the old galaxies show a clear correlation
with stellar mass. Old low-mass galaxies have significantly fainter values of 𝑀∗(5007), with
a median of −3.8 mag for the least massive bin of ∼2 × 109 M⊙. This value becomes brighter
toward higher masses until it reaches the observed value of −4.5 mag at ∼2 × 1011 M⊙, where
it remains. There are three key factors that lead to this increase in cutoff brightness with mass.
First, because of the stellar mass-metallicity relation (Gallazzi et al. 2005; Kudritzki et al.
2024; Dolag et al. 2025), massive galaxies are more metal-rich and therefore can produce
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Figure 12.5: Median PNLF bright-end cutoff magnitudes 𝑀∗(5007) as a function of stellar mass 𝑀∗
for the galaxy classes in Magneticum Box4 (uhr) from the different classification schemes, that is,
morphology, star formation, kinematic behavior, age, and metallicity, from top to bottom and left to
right, respectively. For each mass bin, the median (solid lines) and the 1𝜎 scatter (shaded regions) are
computed. The observed bright-end cutoff magnitude 𝑀∗(5007) = −4.5 mag is marked by the vertical
dashed gray lines.

brighter PNe (see Valenzuela et al. 2025c). Second, massive galaxies generally also have a
larger fraction of intermediate-age stellar populations, which can populate the bright end of
the PNLF (see Soemitro et al. 2025). Third, more stars mean the probability increases that the
bright end of the PNLF is fully sampled and captured. The deviating bright-end cutoff from
−4.5 mag found for old galaxies is the principal cause for galaxies in other classes to find
fainter median cutoffs and larger downward scatters, specifically for elliptical and metal-rich
galaxies, and to lesser extent also for quiescent galaxies. In contrast, galaxies of all other
classes follow the universal bright-end cutoff remarkably well. We conduct a more detailed
analysis of the differences for the morphological classes in the companion paper, Valenzuela et
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al. (in prep., see Chapter 11). Finally, the lack of a trend for metal-poor galaxies having fainter
cutoffs is because of our threshold choice of [𝑍] < −0.2, which is still roughly 0.2 dex higher
than the metallicity below which the bright end of the PNLF is expected to become fainter
(e.g., Dopita et al. 1992; Ciardullo et al. 2002; Scheuermann et al. 2022). In Appendix F.3,
we show what effect it has to restrict the galaxy sample to the central galaxies, finding that it
leads to overall more constant values of 𝑀∗(5007). For TNG50, we show the same relation
between 𝑀∗(5007) and stellar mass in Appendix F.4, where due to the systematically younger
ages the other classes find almost no deviation of 𝑀∗(5007), except for the trend that we also
found for old galaxies in Box4.

12.3 Conclusion
We have applied the PN model PICS (Valenzuela et al. 2025c) to the galaxies in several
cosmological simulations to investigate their PNLFs with respect to common galaxy classifi-
cation schemes. Specifically, we classify the simulated galaxies according to morphology, star
formation, kinematics, stellar age, and stellar metallicity. This presents the first systematic
study of the PNLF through the combination of a theoretical PN model and galaxies from
cosmological simulations, which have self-consistent star formation histories in a cosmological
context.

By comparing the median PNLFs and their shapes for each galaxy class, we find that the
galaxies generally follow the expected PNLF shape found in observations and also have their
cutoff around the observed value of 𝑀∗(5007) ≈ −4.5 mag. The key driver for the bright-end
cutoff magnitude as well as for the slope of the PNLF is a galaxy’s mean age. Older galaxies
have fainter cutoff magnitudes and thereby also feature steeper PNLF slopes. The strongest
effect of this is seen at around 10 Gyr, where PICS does not produce PNe at the bright end
anymore. The other classes largely follow this trend to different degrees, depending on the
distribution of galaxy ages within the respective classes. As a result, elliptical, quiescent, slow
rotator, and metal-rich galaxies all have PNLFs that tend toward fainter magnitudes due to them
containing a larger fraction of old galaxies. Curiously, there is a point at 𝑀 (5007) ≈ −1.7 mag
where the PNLFs appear to converge to similar PN numbers in that bin. We suggest that this
may be related to the assumed PN lifetime of 30 000 yr in the nebular model.

Between the cosmological simulations, these trends are found for the simulations Mag-
neticum Box4 (uhr) and TNG50, with the difference that TNG50 has systematically younger
and more metal-rich galaxies, thus resulting in the PNLFs deviating less from each other
besides for the age classification. Compared to observations, more galaxies are expected to
be older and less metal-rich. The PNLFs of young and middle-age galaxies appear to be
consistent with expectations from observations. The steeper slope of the PNLF for older
stellar populations is also generally in agreement with observations. However, as we find
the lower-mass old galaxies to have a significantly fainter cutoff magnitude, this stands in
contrast with PNLF measurements of old elliptical galaxies, where 𝑀∗(5007) ≈ −4.5 mag
is also reached. Interestingly, more massive old galaxies (𝑀∗ ≳ 2 × 1011 M⊙) are again
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predicted to have the observed bright-end cutoff magnitude, primarily due to a larger amount
of intermediate-age stars (e.g., Soemitro et al. 2025). While the age measurements may be
subject to systematic biases, it seems likely that additional pathways for PNe to arise from old
stellar populations have to be considered, such as through blue stragglers (e.g., Ciardullo et al.
2005) or a scatter in the stellar initial-to-final mass relation (e.g., Jacoby & Ciardullo 2025).

Finally, we considered how the PNLFs vary between the inner (<1 𝑅1/2) and outer (>1 𝑅1/2)
regions of the simulated galaxies. Here the cosmological simulations predict different relative
behavior, which is coupled to different galaxy formation models and the resulting stellar
population gradients in the galaxies. While in Box4, young and middle-age galaxies have
nearly identical PNLFs, but slightly fewer bright PNe in the outer regions, and old galaxies
have slightly more bright PNe, the exact opposite is true for TNG50, with stronger differences
between the inner and outer PNLFs. These predictions can be tested by comparing the PNLF
slopes to observations. For instance, comparing the outer elliptical galaxy PNLF with the
observations of NGC 4697, Box4 recovers the steep slope, whereas TNG50 does not. However,
Box4 does not reproduce the PNe at the bright end, though an in-depth comparison will require
taking more properties such as star formation history and galaxy mass into account. In both
simulations, disk galaxies have more bright PNe in their outskirts, which is consistent with
observations of higher luminosity-specific PN numbers in the outer regions (e.g. Bhattacharya
et al. 2019), whereas for elliptical galaxies this is only the case in TNG50, but at the cost of
overly young stellar populations and more shallow PNLF slopes.

In summary, this study has revealed a surprising constancy of the PNLF shape and cutoff
magnitude obtained from theoretical models, which relieves much of the tension surrounding
the PNLF between theory and observations from the past decades, underlining the theoretical
basis for using the PNLF as an extragalactic distance indicator. Through the systematic
analysis, however, we have also identified several points of tension between the models
and observations that require further investigation on both sides. In particular, improved
measurements of stellar populations that can be linked to their PNe are a promising avenue,
where in particular IFU instruments like MUSE or MICADO at the upcoming ELT (e.g.,
Sturm et al. 2024; Hartke 2025) can pave the way forward for a better understanding of PNe
and their capabilities as tracers.
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StreamPhotometry

CombinedwithPNKinematics

This chapter was submitted as Valenzuela et al. (2026)
to the IAU Symposium 403 proceedings:

Deep Imaging Meets Motion:
Complementing Stream Photometry Through Planetary Nebula Kinematics

Current and upcoming wide-field deep imaging facilities like Euclid, Rubin, and Roman
will deliver vast amounts of low-surface-brightness data in the outskirts of galaxies (e.g.,
Trujillo et al. 2021; Euclid Collaboration 2022; Martin et al. 2022). These outer structures
not only hold clues to the formation history of the host galaxy, but also to its underlying
gravitational potential (e.g., Hendel & Johnston 2015; Pearson et al. 2022). As tidal streams
are the extended remnants of tidally disrupted galaxies (see Movement I) orbiting a more
massive host galaxy, these structures are useful in constraining the host galaxy’s potential.
Stellar streams have been used to this end by tracing their morphology and reconstructing
their orbit, not only in the Milky Way from 6D phase space information (e.g., Koposov et al.
2023; Starkman et al. 2023), but also extragalactically (e.g., Walder et al. 2025).

On the extragalactic front, the projected view of faint integrated stellar light complicates
the process of modeling the gravitational potential due to the limited information available.
Pure photometric information provides the means to constrain the form of the potential, but
an additional velocity measurement is necessary to obtain absolute values for the scale radius
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and enclosed total mass (e.g., Pearson et al. 2022; Walder et al. 2025). Line-of-sight velocity
measurements of faint structures are currently possible for individual tidal features (e.g.,
Fensch et al. 2020), but this will not be feasible for the wealth of upcoming deep photometric
observations of galaxy outskirts. As a possible solution, kinematic tracer populations such
as planetary nebulae (PNe) could be employed, as they have long been used to trace the
low-surface-brightness Universe given their bright emission in [O iii] 𝜆5007 (e.g., Arnaboldi
et al. 1994; Méndez et al. 2009).

Hydrodynamical cosmological simulations have proven to be useful tools to study and
interpret the occurrence of low-surface-brightness structures (e.g., Pop et al. 2018; Mancillas
et al. 2019; Valenzuela & Remus 2024; Khalid et al. 2025; Stoiber et al. 2025). Additionally,
PN models have made significant advances in recent years, where new methods like PICS (PNe
In Cosmological Simulations; Valenzuela et al. 2025c; see Chapter 8) have been developed to
model PNe in cosmological simulations and provide direct counterparts to compare to PN
observations.

In this work, we present a first case study applying the PN model PICS (Valenzuela
et al. 2025c) to the simulation Magneticum Pathfinder (Dolag et al. 2025) to predict the
effectiveness of PNe in tracing the dynamics of a stream. In Section 13.1, we introduce the
simulation and tidal feature sample from which the stream is selected as well as the PICS
framework. In Section 13.2, we analyze the galaxy halo and stream kinematics, for which
we then demonstrate how well the PNe trace them. Finally, we summarize and conclude our
findings in Section 13.3.

13.1 Simulation and model
To investigate the usefulness of kinematic tracer populations for tidal features, cosmological
simulations with a sufficient resolution are needed as they contain galaxies with self-consistent
star formation histories in a cosmological context. In this section, we first introduce the
cosmological simulation used in this work and the census of tidal features found therein,
followed by a description of the PN model that we applied to the stellar component.

13.1.1 Magneticum Pathfinder simulation

The Magneticum Pathfinder simulation suite (Dolag et al. 2025) includes simulations ranging
from large cosmologically relevant volumes down to smaller high-resolution box sizes useful
for galaxy studies. For the investigation of tidal features, we use Magneticum Box4 (uhr),
which has a side length of 68 Mpc and was initialized with 2 × 5763 DM and gas particles
(stellar particle masses 𝑚∗ = 1.3 × 106 M⊙ ℎ−1 and softening length 𝜖∗ = 1 kpc). It was run
with an extended version of Gadget-2 (Springel 2005) with smoothed-particle hydrodynamics
(SPH). For details about the implemented physics, refer to Dolag et al. (2025). The galaxies
were identified with SubFind, adapted for baryonic simulations (Springel et al. 2001; Dolag
et al. 2009).
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The galaxies and associated scaling relations in Box4 have been shown to agree well with
observations (Dolag et al. 2025), including their outer kinematics (e.g., Schulze et al. 2020),
dynamics (e.g., Harris et al. 2020), and matter distribution and in situ component fractions
(e.g., Remus & Forbes 2022). For the simulated galaxies, we have created a census of tidal
features around the galaxies in previous work and showed that their occurrence as well as
connection to the inner galaxy kinematics is consistent with observations from MATLAS
(Valenzuela & Remus 2024), with subsequent work finding good agreement with the SAMI
survey (Rutherford et al. 2024). In a follow-up study, we compared the sizes and positions
of streams and shells between the simulation and several observations, again finding good
agreement (Stoiber et al. 2025). As a result, the Magneticum Box4 (uhr) simulation is an ideal
simulation for the purposes of studying tidal features and their dynamics in closer detail.

13.1.2 Tidal feature census

For the tidal feature census by Valenzuela & Remus (2024), streams, shells, and tails were
visually identified around 520 galaxies with stellar masses of 𝑀∗ ≥ 2.4 × 1010 M⊙ and
half-mass radii of 𝑅1/2 > 2 kpc. The classification resulted in 62 galaxies with streams,
21 with shells, and 26 with tails, where the fraction of galaxies with a given type of feature
increases with stellar mass, just as in observations (see fig. 3 of Valenzuela & Remus 2024).
By tracing the stellar particles of each tidal feature back in time, we additionally identified
the respective progenitor galaxies, enabling us to separate the present-day features from the
galaxy and halo (Stoiber et al. 2025). This is particularly important in the context of this
work for separating the feature dynamics from that of the halo. An example galaxy with a
prominent stream is shown in the left panel of Figure 13.1, which we use in this work for the
case study. The host galaxy has a mass of 𝑀∗ = 4 × 1011 M⊙ and a projected half-mass radius
of 𝑅1/2 = 13.5 kpc, while the stream originates from a galaxy with 𝑀∗ = 2.4 × 1010 M⊙. The
stream wraps around the galaxy, with a still identifiable core located at the top of the stream.

13.1.3 The PICS model

We obtain the PN populations from the PICS framework (Valenzuela et al. 2025d,c), which
models the relevant physical processes for PNe given a stellar particle that represents a single
stellar population. Stellar evolution including the post-asymptotic giant branch (post-AGB)
phase and initial-to-final mass relation is followed through the metallicity-dependent models
by Miller Bertolami (2016). The nebular [O iii] emission is determined through an empirical
nebular model (Valenzuela et al. 2019) with a metallicity correction motivated from theory
(Dopita et al. 1992). Finally, circumnebular extinction is accounted for through an empirical
relation from recent observations (Jacoby & Ciardullo 2025; Valenzuela et al. 2025b). The
result is a population of PNe with their respective [O iii] magnitudes. The model has already
been successfully used to interpret observations of elliptical galaxies and their PN populations
(Soemitro et al. 2025).
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Figure 13.1: Right: Mock observation of a prominent stream to the upper left of its host galaxy from
Magneticum Box4 in the r-band with overplotted PNe modeled with PICS (orange points) in the outer
galaxy regions. The galaxy is viewed from a random projection. Left: Stream separated from the host
galaxy, as identified by the stellar particles originating from the stream progenitor galaxy. The PNe
associated with these stellar particles are overplotted in blue. The PNe shown in both panels are those
brighter than the threshold absolute magnitude of 𝑀 (5007) ≤ −2.0 mag, which corresponds to the
PNe in the brightest 2.5 mag below the bright-end cutoff. Both panels have a side-length of 140 kpc
and cover the same area.

Applying the fiducial PICS model to the selected galaxy with the prominent stream reveals
a PN population that largely follows the underlying stellar component in spatial distribution.
Because the PNe are modeled for the individual stellar particles, we were also able to separate
those belonging to the stream from those of the host galaxy. The orange and blue points
in Figure 13.1 show the PNe in the brightest 2.5 mag of the PNLF, where for old elliptical
galaxies a luminosity-specific PN number on the order of around 𝛼2.5 ∼ 10−8 L⊙−1 is expected
from observations (i.e., the number of PNe per underlying bolometric luminosity; e.g., Hartke
et al. 2022).

13.2 Tracing tidal stream dynamics

Given the identified tidal features with their positions and spatial distributions, it is possible
to model the potential of the host galaxy. In particular, there are significant efforts for this
based on streams in the outskirts (e.g., Pearson et al. 2022; Walder et al. 2025). However,
because of uncertainties in distance to the respective systems, the constraints are generally
limited to a relative description of the density profile. To determine the absolute mass of the
host halo, a single line-of-sight velocity measurement of a given stream is in fact sufficient. In
the following, we present the stellar kinematics of the example galaxy as well as of its tidal
stream and to what extent it is traced by the PNe.
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Figure 13.2: Line-of-sight stellar velocity maps of the same galaxy and stream as in Figure 13.1 with
the same projection and area displayed. The color map ranges from −150 to 150 km s−1 for the dark
red and dark blue extremes, respectively. The color opacity is furthermore set by the r-band flux shown
in Figure 13.1, with fainter regions appearing more white in the velocity maps. Right: Velocity map
of the entire galaxy including the stream. Left: Velocity map of the stream stellar particles. For the
visualizations, each of the stellar particles is smoothed according to the local density, after which the
displayed line-of-sight velocities in each pixel are determined by the light-weighted mean.

13.2.1 Dynamical decomposition of the stellar component

To this end, we show the line-of-sight stellar velocities as they would be observed for the
entire galaxy in Figure 13.2 (left panel), as well as the line-of-sight velocities of the separated
stream stellar particles (right panel). The halo shows a clear sign of ordered rotation around
a rotational axis drawn from the top right to the bottom left. Interestingly, this is slightly
misaligned with respect to the inner galaxy shape and its position angle (PA), which is
generally related to the merger history (e.g., Foster et al. 2016; Schulze et al. 2020; Valenzuela
et al. 2024a). The stream kinematics are hardly visible in the full galaxy velocity map, where
only a slight drop in velocity can be seen at the top right of the galaxy (left panel), which
corresponds to the location where the stream is best visible in the photometric map (left panel
of Figure 13.1). The pure stream kinematics primarily show how the stream follows an orbit
around the host, but also to what extent phase space mixing has already made the strongly
stripped stellar component (seen to the very right in the maps) nearly indistinguishable from
the rest of the halo component (comparing the right-most region between the left and right
panels).

13.2.2 Planetary nebulae as kinematic tracers for tidal features

While only one kinematic measurement along the stream would suffice to anchor the halo
mass in absolute terms, the question arises to what extent it is possible to obtain this from
individual PNe without knowing whether they belong to the stream or halo. In Figure 13.3,
we show the same PN population as in Figure 13.1, but colored by line-of-sight velocity
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(top row). The PN kinematics overall show the same behavior as the stellar kinematics in
Figure 13.2, that is, they clearly trace the halo’s global rotation. Given that PNe trace the stellar
component, this was to be expected. Additionally, now the individual line-of-sight velocities
of the PNe simultaneously provide some insight into the underlying velocity dispersion, where
in particular in the inner regions there are strongly varying PN line-of-sight velocities found
close together.

The following rows show the zoomed-in region of the bright upper stream part with
the overplotted PN population colored by velocity. They show the PNe with varying
magnitude limits per row where the first of those rows shows the largest magnitude range of
𝑀 (5007) ≤ −2.0 mag (same as the top row of Figure 13.3), followed by −3.0 and −3.5 mag.
The decreasing number of PNe with each row raises the stochasticity of whether it is possible
to detect a sufficient number of PNe associated with the stream to obtain the necessary
corresponding velocity measurement. While the stream kinematics are clearly traced by the
brightest 2.5 mag PNe (right panel in the second row of Figure 13.3, 𝑀 (5007) ≤ −2.0 mag),
there are few PNe in the brightest 1 mag (fourth row) with only five PNe lying along the main
stream section seen on the right side of the right zoom-in panel. The additional halo PNe seen
within the stream in the left zoom-in panel of the fourth row hinder a precise estimate of the
stream dynamics.

For the intermediate deep PN sample of the brightest 1.5 mag (third row of Figure 13.3,
𝑀 (5007) ≤ −3.0 mag), the stream PNe are sufficient to trace the stream dynamics well
through their line-of-sight velocities (right panel). In particular, the smooth velocity gradient
along the brightest stream section is recovered, from light blue points at the top to dark red
points at the bottom right. Further including the halo PNe (left panel), the PNe found within
the projected brightest stream section still largely trace the stream dynamics, with only some
contaminating outliers. The total stream mass displayed in the zoomed-in panels of the right
column is 𝑀∗,zoom-stream = 6.7 × 109 M⊙, which corresponds to between a third and a fourth
of the original progenitor galaxy’s mass.

This means that for a massive stream such as in the case study here, detecting the brightest
1.5 mag PNe is sufficient to obtain a robust dynamic measurement of the stream along the
brightest section of the stream. This method even promises to deliver a velocity gradient
along the stream, which is expected to further improve the constraints that can be placed on
the absolute halo mass of the host galaxy with methods such as those employed by Pearson
et al. (2022) and Walder et al. (2025).

13.3 Summary and conclusion
In this work, we have applied the PICS framework for modeling PNe (Valenzuela et al. 2025c)
to the cosmological simulation Magneticum Box4 (uhr; Dolag et al. 2025) to investigate to
what extent PN kinematics can trace the dynamics of tidal streams. We present a case study
for a prominent tidal stream around a massive elliptical galaxy, where the line-of-sight stellar
kinematics along the stream show a clear velocity gradient. By applying different brightness
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Figure 13.3: Mock observations of the same galaxy and stream as in Figures 13.1 and 13.2 with
overplotted PNe colored by their line-of-sight velocities. The color map ranges from−150 to 150 km s−1

for the dark red and dark blue extremes, respectively. Top row: Same projection and area as shown
in Figures 13.1 and 13.2, where only PNe are displayed that are brighter than a magnitude limit of
𝑀 (5007) ≤ −2.0 mag, just as in Figure 13.1. Bottom rows: Zoomed-in region of the bright upper
stream part, where the overplotted PNe are subject to magnitude cuts of 𝑀 (5007) ≤ −2.0, −3.0, and
−3.5 mag, from top to bottom. These correspond to the brightest 2.5, 1.5, and 1.0 mag of the PNLF,
respectively. The zoomed-in region has a width of around 36.5 kpc.
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cutoffs for the PNe with respect to their bright [O iii] emission line, we analyze to what
extent the stream can be disentangled from the underlying halo kinematics solely based on the
PN line-of-sight velocities and positions. Over the brightest stream region with a mass of
6.7 × 109 M⊙, the brightest 1.5 mag PNe are sufficient to recover the stream dynamics within
the host galaxy’s halo.

As a result, we show that PNe are effective tracers of the underlying stellar kinematics,
even for tidal streams when they are massive enough. Moving towards lower-mass tidal
features, deeper observations will be required to obtain a sufficient sample of PNe. We
find that tracer populations are an attractive alternative to expensive low-surface-brightness
kinematic measurements for obtaining the velocity data, which are needed to recover the halo
profile and mass from stream detections (e.g., Pearson et al. 2022; Walder et al. 2025). In the
era of wide-field deep photometric surveys, where tidal features are being discovered around
increasingly large samples of galaxies (e.g., Martínez-Delgado et al. 2023a; Gordon et al. 2024),
PN surveys targeting the tidal features are a viable approach to complement the photometry.
In particular, wide-field narrow-band imaging can be used to identify PN candidates. Later
spectroscopic follow-up measurements could then deliver the relevant kinematic information.
We conclude that PN kinematics are a feasible way forward for delivering the much-needed
complementary information to the low-surface-brightness imaging of galaxy outskirts from
the observational side.
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PlanetaryNebulae

asStellarPopulationTracers

This chapter summarizes the results published by Soemitro, Valenzuela et al. (2025),
A&A 704, A303, and by Hartke, Ennis, Valenzuela et al. (in prep.),

for which I contributed the simulation and model analysis:

Towards precision cosmology with improved PNLF distances using VLT-MUSE:
III. Impact of stellar populations in early-type galaxies

&
The halo of M105 and its group environment as traced by planetary nebulae populations:

III. Metallicity-dependent variations in the planetary nebula populations

One of the novelties of the PICS framework (Valenzuela et al. 2025c) is that it takes into
account several stellar population properties to fully model the relevant processes from stellar
evolution to the nebular emission itself. For this reason, it is possible to compare its predictions
in a direct manner to PN observations within galaxies that have measured stellar population
properties. The previous chapters have mainly dealt with the predictions from applying PICS
to cosmological simulations, showing that it resolves several of the tensions previously found
between theory and observations of PNe (see in particular Chapters 8, 11, and 12). However,
it is also important to understand to what degree PICS can reproduce and explain the observed
PN populations in individual galaxies.

Observationally, there have been significant advances made in the past two decades on the
measurement of stellar populations from integrated spectra. In particular, new possibilities
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have opened up through integral field unit (IFU) observations with the MUSE (Multi Unit
Spectroscopic Explorer; Bacon et al. 2010) instrument at the Very Large Telescope (VLT).
Its spectral resolution in the optical regime and high spatial resolution across a 1 arcmin2

field of view make it possible to perform spatially resolved stellar population synthesis for
extragalactic systems to an unprecedented degree. Furthermore, it covers the relevant emission
lines to identify PNe and PN interlopers such as H ii regions or supernova remnants, including
the primary emission line [O iii] 𝜆5007, but also H𝛼, H𝛽, and the doublet [S ii] 𝜆𝜆6717, 6731
(e.g., Reid & Parker 2010; Roth et al. 2021). The IFU nature of MUSE has additionally
enabled the identification of PNe further in the inner regions of galaxies with higher stellar
surface brightness (e.g., Spriggs et al. 2021; Scheuermann et al. 2022; Soemitro et al. 2023;
Congiu et al. 2025). As a result, it is possible to directly link the PNe and their underlying
stellar populations from the observational side (e.g., Galán-de Anta et al. 2021; Ennis et al.
2026), which is ideal to compare with the results from PICS.

Two of the challenges for theoretical models of PN populations have been related to
properties of the PNLF. The first is how its bright-end cutoff of 𝑀∗(5007) may vary with
properties such as age and metallicity (e.g., Marigo et al. 2004; Ciardullo 2012). The second
concerns the luminosity-specific PN number 𝛼 = 𝑁PN/𝐿bol, the number of PNe brighter than a
given magnitude per bolometric luminosity of the underlying stellar component (Jacoby 1980),
where 𝛼 has been observed to increase toward the outer regions of galaxies (e.g., Doherty
et al. 2009; Longobardi et al. 2013; Hartke et al. 2020). This increase in luminosity-specific
PN number likely arises from a gradient in stellar population properties, which is generally
difficult to measure out to large radii due to the low surface brightness of galaxy outskirts,
however. Despite the challenging observations, several empirical relations between 𝛼 and
the underlying stellar populations have been studied in the past (e.g., Ciardullo et al. 2005;
Buzzoni et al. 2006), finding that 𝛼 decreases with older stellar ages.

The MUSE instrument provides a promising avenue for approaching these questions
through improved stellar population measurements with full spectral fitting compared to
methods using line indices (e.g., Ciardullo et al. 2005). Specifically, this allows us to connect
the PNLF measures of 𝑀∗(5007) and 𝛼 to the underlying stellar ages, metallicities, and their
respective distributions. To help interpret the findings, state-of-the-art models like PICS can
be applied to simulated analog galaxies that are selected to match the observed objects. By
investigating the simulated and observed counterparts in the same way, the properties and
relations can be compared and physically interpreted. In addition to the complex composite
stellar populations found in galaxies from cosmological simulations, parameter tests of PICS
with single stellar populations (SSPs) are furthermore useful to put observations in context
with respect to the basic parameters of age and metallicity.

This chapter presents the relevant findings of Soemitro et al. (2025) and Hartke et al. (in
prep.) on comparing individual observed PN populations with their stellar populations from
observations and models. In the work by Soemitro et al. (2025), we build on the previous
studies by Roth et al. (2021) and Jacoby et al. (2024), which used archival MUSE data of
nearby galaxies (≲30 Mpc) to identify their PNe and use the PNLFs as distance indicators to
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obtain an independent value for 𝐻0. We targeted the central regions of five early-type galaxies
(ETGs) in their sample to analyze the PN properties and stellar populations, specifically the
ages and metallicities. With the aim of comparing and interpreting the observed results
through theory, we additionally ran PICS on simulated analog galaxies selected for each
observed galaxy to study the modeled PN populations with respect to 𝑀∗(5007) and 𝛼.

In the work by Hartke et al. (in prep.), we build on the previous studies by Hartke et al.
(2020, 2022), which used photometric and PN Spectrograph (PN.S; Douglas et al. 2002)
observations to analyze the PNe in the halo and intra-group light (IGL) around the ETG M 105.
By complementing the data with MUSE observations of the center of M 105, we were able
to compare the underlying stellar metallicities and PN properties between the core, the halo,
and the envelope (tracing the IGL). We then applied the PICS model to a grid of SSP models
with different ages and metallicities. We compared its predictions to the observations in the
three galaxy regions with distinct metallicities with the aim to understand the invariance of
𝑀∗(5007) as well as the large increase of 𝛼 in the envelope.

14.1 Observed ETGs and their simulated analogs
In the following, we introduce the ETG sample and the simulated galaxy analogs used by
Soemitro et al. (2025). For each of the galaxies, we split the PN populations into an inner and
an outer component to then be able to compare their trends with the stellar populations. This
has the advantage that systematics from different observational conditions are avoided and
that the distance is the same, thereby allowing relative statements about quantities such as the
bright-end cutoff of the PNLF.

14.1.1 Observational data

We selected five ETGs from the samples of Roth et al. (2021) and Jacoby et al. (2024), which
all have more than 80 PNe identified. This ensures a good measurement of the PNLF cutoff,
even when splitting the PNe into two subsamples, as it requires more than 30 PNe in the
brightest magnitude of the PNLF (Roth et al. 2021; Jacoby et al. 2024). Each of these galaxies
has archival MUSE data available for their cores, for which we show the flux maps of two
of them in Figure 14.1. Based on the PNe identified in the archival MUSE data of each of
these galaxies, we split them into an inner and outer equal-number subsample according to
the elliptical galaxy isophotes (orange circles and purple squares split by the middle black
ellipse). The innermost region is also avoided due to the high surface brightness limiting
the PN detection completeness (inner black ellipse), and the outer limit is given by the most
elliptically distant PN (outer black ellipse).

For each of the PN subsamples, we fit the classical form of the PNLF (Equation 7.2)
with 𝑐2 = 0.307 through a maximum likelihood fit following the method by Chase et al.
(2023). This approach takes into account foreground Galactic extinction according to (Schlafly
& Finkbeiner 2011). From the best fit, we obtained the bright-end cutoff 𝑀∗(5007) and
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Figure 14.1: Subsamples of the PNe overlaid on the MUSE flux maps for two of the five studied ETGs
(NGC 1351 and NGC 1380). The equal-number PN subsamples are positionally selected between
elliptical isophotes (black lines) with the inner PNe shown as orange circles and the outer PNe as
purple squares. These are two of the panels in figure 1 from Soemitro et al. (2025).

the luminosity-specific PN number within the brightest 0.5 mag, 𝛼0.5, assuming the V-band
bolometric correction by Buzzoni et al. (2006).

We then performed stellar population synthesis for each of the subsample regions given by
the elliptical isophotes to obtain the most likely distributions of stellar ages and metallicities.
The spectral fitting was done with pPXF (Cappellari & Emsellem 2004; Cappellari 2023) using
the sMILES SSP models (Knowles et al. 2021, 2023) with a grid of 53 ages, 10 metallicities,
and 4 alpha abundances ([𝛼/Fe]) assuming the universal Kroupa (2001) IMF (here we do
not discuss the results on the alpha abundances, for more details on them and their results,
see Soemitro et al. 2025). Based on the resulting SSP mass weights, we computed the mean
light-weighted ages and metallicities [M/H] as well as their statistical errors. We additionally
constructed the star formation histories according to the SSP ages and subdivided them into
three age bins, separated by the age limits at 2 and 10 Gyr. These were chosen based on the
findings by Valenzuela et al. (2019) that PN central masses of 0.53–0.58 M⊙ are needed to
explain the PNLF of the ETG NGC 4697, which correspond to stellar ages of around 2–10 Gyr
(Miller Bertolami 2016; Valenzuela et al. 2025c). At the higher-mass end, several authors
have stated that central stars at the PNLF cutoff require masses larger than 0.58 M⊙ (e.g.,
Schönberner et al. 2007; Gesicki et al. 2018) or around 0.57–0.58 M⊙ (e.g., Galera-Rosillo
et al. 2022; Morisset et al. 2023, for PNe in M 31). These three age bins allow us to disentangle
which stellar populations contribute the most to the production of bright PNe in a composite
stellar population. For more details on the spectral fitting methodology, refer to Soemitro et al.
(2025). We show an overview of the relevant galaxy properties in Table 14.1.
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Table 14.1: Properties of the five ETGs studied. We list the number of PNe 𝑁PN, the PNLF distance
𝐷 from Jacoby et al. (2024), the effective radius 𝑅𝑒 in kpc and arcsec from Forbes et al. (2017) and
Iodice et al. (2019a), the semi-major axes of the elliptical isophotes defining the two PN subsample
regions 𝑎1/2/3, and the 𝑔 − 𝑟 color from Iodice et al. (2019b), just for NGC 1351 from Watkins et al.
2022 and converted via the method of Jester et al. 2005. The data are composed of tables 1 and 2 from
Soemitro et al. (2025) and additionally include the 𝑔 − 𝑟 colors.

Galaxy 𝑁PN 𝐷/Mpc 𝑅𝑒/kpc 𝑅𝑒/′′ 𝑎1/′′ 𝑎2/′′ 𝑎3/′′ 𝑔 − 𝑟
NGC 1052 86 17.9 1.9 21.9 9.9 28.4 59.9 –
NGC 1351 86 19.0 2.5 27.6 5.2 24.8 60.3 0.791
NGC 1380 112 16.6 5.9 72.7 8.5 52.9 222.5 0.59
NGC 1399 232 17.6 29.5 346.0 15.2 44.3 111.1 0.7
NGC 1404 107 18.8 18.4 201.5 5.6 25.2 57.7 0.71

14.1.2 Simulated analog galaxies

To interpret the observed properties of PN populations and their differences between galaxies
and their radial behaviors, we use PICS applied in post-processing to the Magneticum Box4
(uhr) simulation (Dolag et al. 2025). Since the simulation run only reaches 𝑧 ≈ 0.066, which
corresponds to a lookback time of 0.88 Gyr, the stellar ages can reach at most 12.9 Gyr. In
this work, the stellar ages are not adapted for this as the general trends with stellar populations
should be unaffected by this.

To select six simulated analog galaxies for each observed object, we took into account the
morphological type (i.e., only elliptical and lenticular galaxies) and the literature values for
the effective radius and the 𝑔 − 𝑟 color (see Table 14.1). To reduce the selection of simulated
galaxies to the most suitable analogs for a given observed galaxy, we first discarded galaxies
classified as late-type by their morphology as measured by the 𝑏-value (Teklu et al. 2015)
according to the same classification as used in Section 4.2.4. Next we only kept galaxies with
effective radii within 30% of the observed effective radius and with 𝑔 − 𝑟 colors within an
absolute difference of ±0.4. Finally, we defined a metric to identify the best six candidates
out of these remaining galaxies by

𝑚 =

�
𝑅𝑒,sim − 𝑅𝑒,obs

0.3𝑅𝑒,obs

�2
+
� (𝑔 − 𝑟)sim − (𝑔 − 𝑟)obs

0.4

�2
, (14.1)

where we took the galaxies with the lowest values of 𝑚 as analogs. We only skipped duplicate
analogs across different observed galaxies. The 𝑔−𝑟 color term was not applied for NGC 1052.
The reason for limiting the number of selected analogs per observed galaxy is the limited
simulation volume, through which there are only a small number of galaxies that can actually
be used as suitable analogs when matching specific galaxy properties. We therefore decided on
selecting six analogs per observed galaxy as the compromise between not being restricted to a
single analog galaxy and still being sufficiently similar in galaxy properties to the observations.

For each of the galaxy analogs, we ran the fiducial PICS model on each stellar particle
belonging to the respective galaxy, resulting in a PN population with their corresponding
positions and 𝑀 (5007) magnitudes. To obtain two PN subsamples per galaxy in radial bins
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like in the observations, we used the values of 𝑎1, 𝑎2, and 𝑎3 given in Table 14.1 and converted
them from arcsec to kpc, assuming the listed PNLF distances. We oriented each analog
simulated galaxy in a random direction and then defined the two elliptical radial regions
according to its 2D shape with the inner and outer semi-major axes converted to kpc from the
values given in Table 14.1. The PNe located in the respective projected regions are used as the
corresponding PN subsamples to compare to the observations. We fit the generalized PNLF
as described in Section 12.1.2 to the PN populations through the cumulative method and
obtain values for 𝑀∗(5007) and 𝛼0.5, for which we divide the number of PNe in the brightest
0.5 mag by the total bolometric luminosity determined with the models by Bruzual & Charlot
(2003). We also computed the mean mass-weighted stellar ages and metallicities [M/H] in
each region, and we determined the mass fraction of stars in each of the three age bins split at
2 and 10 Gyr.

The analog galaxies have self-consistent cosmological star formation histories and thereby
serve as the hosts of PN populations that arise from the composite stellar populations, which
we can directly compare with the observed galaxies. Furthermore, the differences between
the simulated galaxies allow us to gain a deeper understanding of the underlying physics
and on the connection between the PNe and the stellar populations. It should be noted that
the simulated galaxies were not formed in targeted constrained simulations to reproduce
the observed systems, but were taken as the most suitable analogs from an independent
cosmological simulation.

14.2 Comparison to simulated analog galaxies

As we did not select the analogs based on age or metallicity, we first compared these two
properties between the observations and the simulation. For each observed galaxy, we
computed the mean and standard deviation of the stellar properties for the inner and outer
regions of the respective analog galaxies. We show the comparison between observed and
simulated mass-weighted stellar ages and metallicities in Figure 14.2 for the inner and outer
galaxy regions. The ages are systematically younger for four of the simulated galaxies by up
to 5 Gyr, which is significantly more than the offset caused by the simulation having stopped
at 𝑧 = 0.066 (0.88 Gyr). Only NGC 1351 has consistent ages in both the observations and
simulations. The differences could arise from systematics in the galaxy color selection or
from an overly extended late-time cosmic star formation history in the simulations, though
comparisons with high-redshift observations do not support that scenario for Magneticum
Box4 (uhr; see figure 12 of Dolag et al. 2025 for the cosmic star formation rate density
compared to observations). On the observational side, systematics caused by the employed
spectral libraries lead to larger total uncertainties (see appendix A of Soemitro et al. 2025),
and it is possible that there are further biases with possible effects from the age-metallicity
degeneracy (e.g., Worthey 1994; Boecker et al. 2020). Between the inner and outer galaxy
regions there is no clear age correlation, which is consistent with studies showing that ETGs
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Figure 14.2: Comparison between the observed (obs) and simulated (sim) stellar populations in the
inner (filled markers) and outer (open markers) galaxy regions of the five ETGs (see the legend), for the
mean mass-weighted age (left) and metallicity [M/H] (right). The dashed line indicates the one-to-one
relation. The error bars for the observed properties show the statistical uncertainties from the spectral
fitting, while those for the simulated properties show the scatter among the six analog galaxies. This is
figure 7 from Soemitro et al. (2025).

generally have rather flat age gradients (e.g., Parikh et al. 2021), though there are differing
results on this matter (e.g., Zibetti et al. 2020; Liao & Cooper 2023).

In contrast, the metallicities lie nearly on the one-to-one line between the observed and
simulated galaxies, with the exception of NGC 1351, which is curiously also the only galaxy
that is consistent in age. Across both observations and the simulation, there is evidence
for a negative metallicity gradient (i.e., higher metallicities in the inner regions), which is
consistent with observations of larger samples of ETGs (e.g., Kobayashi & Arimoto 1999;
Tortora et al. 2010; Parikh et al. 2021). However, the metallicity differences between inner
and outer regions are comparable to the respective error bars.

In the following, these analog galaxies are used to compare the modeled PN populations
to the observations. For this, it is important to keep the general similarities and systematic
differences of the stellar populations in mind.

14.2.1 Stellar populations and the PNLF bright-end cutoff
We first consider the bright-end cutoff magnitude of the PNLF, 𝑀∗(5007), in the observed
galaxies. The left panels of Figure 14.3 show the relation between 𝑀∗(5007) and the two stellar
population properties, metallicity and age. There is no clear correlation of the bright-end cutoff
with these parameters, which is not overly surprising for two reasons: first, the bright-end
cutoff has been found to be universal across different galaxy types (e.g., Ciardullo et al. 1989,
2002; Spriggs et al. 2021), and second, the absolute magnitudes in the left panels are set
according to the distance determined through the PNLF method, which already assumes
a universal cutoff. However, the lower metallicity of NGC 1351 ([M/H] ≈ −0.4 to −0.3)
actually comes close to the regime where dimmer bright-end magnitudes would be expected
from theory and observations (e.g., Dopita et al. 1992; Ciardullo 2012), though there is
significant scatter observed in this range. The relative differences between the 𝑀∗(5007)
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Figure 14.3: Observed bright-end cutoff magnitude 𝑀∗(5007) of the PNLF compared to the underlying
stellar metallicity (top) and age (bottom), where the absolute magnitudes are determined assuming
three different distance measures: PNLF (left), SBF (middle), and TRGB (right). The five galaxies
are shown with respect to their inner (solid markers) and outer (open markers) regions. The error
bars indicate the statistical uncertainties. The PNLF distances are taken from Roth et al. (2021) and
Jacoby et al. (2024), and they assumed a cutoff magnitude of 𝑀∗(5007) = −4.53 and −4.54 mag,
respectively. The SBF distances are taken from Tonry et al. (2001) and Blakeslee et al. (2009), and the
TRGB distances from Anand et al. (2024). Currently, there are no TRGB distance measurements for
NGC 1052 and NGC 1351. The dash-dotted horizontal lines indicate the mean cutoff value, and the
shaded areas indicate its standard deviation. This is figure 9 from Soemitro et al. (2025).

values of the inner and outer regions still give insight into its sensitivity to the changes in
the stellar population properties. Since these differences are smaller than the error bars, we
conclude that the relative differences of age and metallicity within the galaxies do not have a
significant effect on the bright-end cutoff.

The left two columns of Figure 14.3 show the same relations for the absolute cutoff
magnitudes, but assuming two other distance measures for the galaxies, the surface brightness
fluctuations (SBF; middle; Tonry & Schneider 1988) and tip of the red giant branch (TRGB;
right; Lee et al. 1993) methods. In both cases we find an increased scatter of 𝑀∗(5007) and
a systematic shift toward brighter magnitudes by 0.25 mag for SBF and 0.2 mag for TRGB,
originating from larger inferred distances. The offset of PNLF distances to the SBF method is
well known and may be caused by errors in the assumed internal extinction of the galaxies,
which would affect PNLF and SBF distances in opposite directions (e.g., Ciardullo et al.
2002; Ciardullo 2012). For the TRGB distances, it is possible that metallicity corrections are
necessary to correct the zero-point (e.g., Bellazzini et al. 2001; Rizzi et al. 2007), though
solving these systematic offsets is beyond the scope of this work. For both alternative distance
measures, we find no clear trends between 𝑀∗(5007) and the metallicities or ages. Only the
dimmer SBF cutoff magnitude for NGC 1351, which has a lower metallicity and age, indicates
that metal-poor and younger stellar populations could lead to a dimmer bright-end cutoff,
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Figure 14.4: Bright-end cutoff magnitude 𝑀∗(5007) of the PNLF for the simulated analog galaxies
compared to the underlying stellar metallicity (left) and age (right). The galaxies are shown with
respect to their inner (solid markers) and outer (open markers) regions. The error bars indicate the
scatter among the six analog galaxies per observed counterpart. The dash-dotted horizontal lines
indicate the mean cutoff value, and the shaded areas indicate its standard deviation. Note that the
ranges of the x- and y-axes differ from Figure 14.3. This is figure 10 from Soemitro et al. (2025).

which for metallicity would be consistent with expectations (e.g., Dopita et al. 1992; Ciardullo
2012). A TRGB measurement for this galaxy would be interesting to verify this result for
NGC 1351. In general, the zero-point differences between the methods appear to be unrelated
to stellar population details.

For the simulated analog galaxies, there is no correlation of 𝑀∗(5007) with the metallicity
(left panel of Figure 14.4). In contrast to the observations, the analogs of two of the galaxies
have significantly fainter bright-end cutoffs by around ∼0.3 mag (NGC 1052 and NGC 1351),
though they also have the largest scatter. Both having on average solar metallicities, the
metallicity is unlikely to be the reason for the fainter 𝑀∗(5007). Turning to the relation
with age (right panel), there is little correlation with 𝑀∗(5007), except for the indication that
younger galaxies are less likely to have faint bright-end cutoffs (which is consistent with the
SSP models of Valenzuela et al. 2025c). Here, the overall older ages of the NGC 1351 analogs
(≳10 Gyr) are likely a main reason for the dimmer PNe, together with the comparatively small
size (Table 14.1), which implies a lower mass and thereby fewer PNe that could potentially
populate the bright end. While the NGC 1052 analogs are on average younger by around
1.5 Gyr, the even smaller size (Table 14.1) is likely responsible for the relatively faint cutoffs.
Overall, individual simulated galaxies with a combination of low metallicities ([M/H] ≲ −0.1)
as well as old ages (≳10 Gyr) can have cutoff values of up to 𝑀∗(5007) ≈ −4.0 mag. At the
other extreme, individual young and metal-rich galaxies can have cutoffs significantly brighter
than −4.5 mag. As a result, the simulated analog galaxies display a wider range of cutoff
values while still finding an average value of 𝑀∗(5007) = −4.49 mag, in excellent agreement
with the empirically expected universal cutoff.

Finally, we considered the relative differences of 𝑀∗(5007) and the stellar population
properties between the inner and outer regions of the galaxies. However, we did not find
any clear trends between these differences, which may also be related to the statistical errors
of the PNLF fits to the limited numbers of PNe. While previous studies have shown that
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𝑀∗(5007) varies with metallicity, this is restricted to metal-poor systems (e.g., Dopita et al.
1992; Ciardullo et al. 2002; Bhattacharya et al. 2021), whereas the galaxies studied here are
sufficiently metal-rich ([M/H] > −0.4) for this to have an effect.

14.2.2 Stellar populations and the luminosity-specific PN number

Related to the bright-end cutoff magnitude itself are the PNe that actually populate the bright
end of the PNLF. To better understand the relation of these brightest PNe with the underlying
stellar population, we consider the luminosity-specific PN number 𝛼0.5 = 𝑁PN,0.5/𝐿bol, where
𝑁PN,0.5 is the number of PNe in the brightest 0.5 mag of the PNLF. In the simulation, this value
is the actual count of PNe brighter than 𝑀 (5007) < −4.0 mag, while for the observations, it
is determined from the best-fit PNLF parametrization (Equation 7.2).

Drawing on the star formation histories determined for the observed and simulated galaxies
through the three age bins (limits at 2 and 10 Gyr), we compared the stellar mass fractions in
each of these bins to 𝛼0.5 (Figure 14.5). Note that in the literature, 𝛼2.5 is commonly used as
a measure of the brightest to intermediate PNe, which has been put in relation with stellar
populations (e.g., Buzzoni et al. 2006; Longobardi et al. 2013; Hartke et al. 2017). The top
row shows the relations for the observations in each of the three age bins (left to right), where
there is no correlation with the youngest stars (<2 Gyr), which show a very low mass fraction
(<5%), as expected from rather quiescent ETGs. In contrast, both of the other age bins show a
correlation with 𝛼0.5: for the intermediate age bin (2 Gyr ≤ 𝑡age ≤ 10 Gyr), 𝛼0.5 increases with
larger stellar mass fraction in that age range (dash-dotted green line in the middle panel), and
the opposite is true for the oldest age bin (𝑡age > 10 Gyr; dash-dotted green line in the right
panel). Both of these linear correlations have a 𝑝-value of 0.001, which means the relation is
statistically significant. At first sight the trend seems to be primarily driven by NGC 1351,
which has a much larger amount of intermediate-age stars (≳30%) compared to the other
galaxies (≲10%). However, even without taking into account NGC 1351 in the fit, we still find
the same overall trends (dashed brown lines), though the 𝑝-value increases to 0.11, meaning
that the result is not statistically significant anymore. Further measurements of galaxies with
more intermediate-age stars will be needed to verify the trends found here.

For the simulated analog galaxies (bottom row of Figure 14.5), there is also no clear
correlation between the young mass fraction and 𝛼0.5 (left panel), similar to the observations.
Again, the young mass fraction is rather low (≲10%). While the intermediate-age mass
fractions are overall significantly higher (and therefore the old mass fraction lower) because of
the systematic age differences (Section 14.2), we again find a positive correlation with 𝛼0.5

(and a negative correlation for the old mass fractions). Here the 𝑝-values for the correlations
are 0.01 and 0.02 for intermediate and old ages, respectively, which are both statistically
significant. While the slopes are shallower than the observed fits, the observed values at
lower 𝛼0.5 (∼1 × 10−9 L⊙−1) lie very close to the extrapolated simulated fit, indicating good
agreement with the observations despite the systematic age offset of the simulations. The
observed and simulated correlations are consistent with the results by Valenzuela et al. (2019,
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Figure 14.5: Top: Observed luminosity-specific PN number 𝛼0.5 in the brightest 0.5 mag of the PNLF
compared to the underlying stellar age mass fractions in three bins of young (<2 Gyr), intermediate
(2–10 Gyr), and old (>10 Gyr) stars. The five galaxies are shown with respect to their inner (solid
markers) and outer (open markers) regions. The error bars indicate the statistical uncertainties. The
dash-dotted green lines indicate the linear fits for the intermediate-age and old bins, and the shaded
areas indicate the fit uncertainty range. The dashed brown lines are the linear fits excluding the data
points of NGC 1351. Bottom: Same relations as in the top panels, but for the simulated analog galaxies.
The error bars indicate the scatter among the six analog galaxies per observed counterpart. This is
figure 12 from Soemitro et al. (2025).

2025c) that the bright-end of the PNLF is populated by PNe with ages between 2 and 10 Gyr.
For older stellar populations to reach the bright end, further pathways such as blue straggler
stars (e.g., Ciardullo et al. 2005) or a scatter of the initial-to-final mass relation (e.g., Jacoby &
Ciardullo 2025) would be necessary.

Comparing the 𝛼0.5 values with the metallicity [M/H], we see for both simulations (left)
and observations (right) in Figure 14.6 that 𝛼0.5 is higher in more metal-poor galaxies. The
linear fit is shallower for the observations (comparing the dash-dotted green lines), but again
the statistically significant correlation (𝑝 = 0.001) in the observations becomes statistically
insignificant without taking NGC 1351 into account (𝑝 = 0.48). In the simulations, the scatter
is relatively large among the galaxies and also among the respective analog galaxies for a
given observation (seen by the error bars), leading to a larger uncertainty of the fit with a
non-statistically significant correlation (𝑝 = 0.33). Nevertheless, the slight trend found here
is consistent with some findings of high 𝛼 parameters in the metal-poor outskirts of ETGs
(e.g., Longobardi et al. 2013, 2015; Hartke et al. 2017, 2020). As for the trend with ages,
additional galaxies with a stellar population similar to that of NGC 1351 are needed to confirm
the present results, especially given that NGC 1351 is an outlier in multiple respects. In both
the simulation and the observations, there is no clear trend between the inner and outer parts
of the galaxies with respect to their values of 𝛼0.5. Differences in the conclusions of previous
studies with respect to a trend with metallicity (e.g., Ciardullo et al. 2005; Galán-de Anta
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Figure 14.6: Luminosity-specific PN number 𝛼0.5 in the brightest 0.5 mag of the PNLF compared to
the underlying stellar metallicity [M/H] from the simulated analog (left) and observed (right) galaxies.
The five galaxies are shown with respect to their inner (solid markers) and outer (open markers) regions.
The simulated error bars indicate the scatter among the six analog galaxies per observed counterpart,
and the observed error bars the statistical uncertainties. The dash-dotted green lines indicate the linear
fits, and the shaded areas indicate the fit uncertainty range. The dashed brown line for the observations
is the linear fit excluding the data points of NGC 1351. These are two of the panels in figure 13 from
Soemitro et al. (2025).

et al. 2021) may be related to variations in 𝛼-element abundances [𝛼/Fe], which includes
oxygen. Since PICS currently does not take into account 𝛼-element abundances, we refer to
Soemitro et al. (2025) for a more detailed discussion of [𝛼/Fe] for the five ETGs, where there
is a positive correlation with 𝛼0.5.

14.3 Observations of M 105

In the following, we present the observational data of M 105 used by Hartke et al. (in prep.),
which combines observations from multiple instruments and programs. The two preceding
works by Hartke et al. (2020, 2022) analyzed PNe from the extremely-extended PN.S (e2PN.S)
ETG survey and from narrow-band photometry from Suprime-Cam at the Subaru telescope
(Miyazaki et al. 2002), which are shown in the right panel of Figure 14.7. Of the 319 PNe with
line-of-sight velocity measurements from e2PN.S, Hartke et al. (2022) determined 225 of them
to be associated with M 105 (colored points) and the rest with NGC 3384 (gray points), where
both galaxies are part of the Leo I group. The M 105 PNe are colored by the probability to be
associated with the envelope (tracing the IGL) of M 105, 𝑤envelope. The 137 PNe identified
with Suprime-Cam have more accurate [O iii] magnitude measurements (with uncertainties
of 𝑚(5007) of around ±0.05 mag) compared to PN.S (±0.2 mag) and are indicated by the
dark gray circles. We split the PN population into three components: core (inner effective
radius 𝑅eff = 2.7 kpc, as measured by Capaccioli et al. 1990), halo (1–7.5 𝑅eff), and envelope
(≳7.5 𝑅eff). The PNe detected in the inner 1 arcsec2 MUSE region are considered the core
PNe. The PNe from Hartke et al. (2022) with 𝑤envelope ≤ 0.5 are classified as halo PNe,
and the others are envelope PNe. For each of the PN subsamples, we fit the classical PNLF
(Equation 7.2 with 𝑐2 = 0.307) following Scheuermann et al. (2022) and assuming the SBF
distance of 10.3 Mpc obtained by Tonry et al. (2001).
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Figure 14.7: Positions of PNe around M 105. Left: Central region of M 105 as measured with MUSE
in the reconstructed r-band with overplotted PNe (red stars). Right: Environment of M 105 and the
detected PNe from PN.S data belonging to M 105 (colored points) and NGC 3384 (gray points) based
on the decomposition of Hartke et al. (2022). Dark gray circles indicate PNe with accurate [O iii]
magnitude measurements from Suprime-Cam (Hartke et al. 2020). The color of PNe belonging to
M 105 indicates the probability of being associated with the envelope, 𝑤envelope. The solid black
square shows the region observed by MUSE shown in the left panel, and the dashed and dotted black
rectangles mark the halo and envelope regions observed by HST (Harris et al. 2007; Lee & Jang 2016),
respectively. The length of the effective radius 𝑅eff = 2.7 kpc is indicated by the top blue bars in both
panels, and by the blue ellipse in the right panel. This is figure 1 from Hartke et al. (in prep.).

In this work, we also used data from the MUSE wide-field mode commissioning, during
which the center of M 105 was also observed. The PNe were identified in the MUSE data
using an automated version of the DELF method (Roth et al. 2021; Ennis et al. 2026), building
on the version used for the five ETGs discussed in Section 14.1.1, and by removing interlopers
like supernova remnants, H ii regions, or other background sources. The PNe detected in the
MUSE data are shown in the left panel of Figure 14.7.

We also determined stellar population properties from the MUSE data using GIST (Bittner
et al. 2019), measuring a mean light-weighted stellar metallicity of [M/H] = 0.04 and an
age of 12.4 Gyr for this core region. To compare the core to the halo and envelope, we use
the results from Harris et al. (2007) and Lee & Jang (2016) for the outer regions from red
giant branch (RGB) stars observed with the Hubble Space Telescope (HST). For the halo, the
stellar metallicity is [M/H] = 0.01 and the age 12 Gyr, and for the envelope, the metallicity is
[M/H] = −1.10 and the age also 12 Gyr. The halo and envelope regions observed with HST
are shown as dashed and dotted rectangles in Figure 14.7.
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14.4 Comparison to PNe modeled in single stellar popula-
tions

In the following, we compare the stellar population properties found for the three components
(core, halo, and envelope) with the PN populations associated with them. We additionally
employ theoretical results from the fiducial PICS model (Valenzuela et al. 2025c) for SSPs,
using the results from the SSP grid shown in Figure 8.10.

14.4.1 Stellar populations and the PNLF bright-end cutoff

The bright-end cutoff 𝑀∗(5007) of the PN populations in all three components are similar
to each other, with values of −4.60+0.21

−0.33, −4.48+0.10
−0.15, and −4.42+0.15

−0.23 mag for the core, halo,
and envelope, respectively. Note that the slightly fainter bright-end cutoff for the envelope
could be related to the small number of PNe brighter than the completeness limit to which
the PNLF was fit, consisting of only 10 PNe (compared to 24 and 31 for the core and halo,
respectively). We show the relation of 𝑀∗(5007) with metallicity in Figure 14.8, where we
compare the data points for the three components to the theoretical predictions of Dopita
et al. (1992, gray line) and Valenzuela et al. (2025c, cross markers and dotted lines). The
core and halo data points for M 105 agree well with the predictions by Dopita et al. (1992).
For PICS, only the intermediate-age PICS models (≲6 Gyr) follow a similar relation, thereby
leading to similar cutoff magnitudes as the core and halo observations. However, older
stellar populations, as measured for M 105, lead to much fainter cutoffs at [M/H] ≈ −0.1,
by 1.5–2 mag. The differences become more severe for the metal-poor envelope: while the
observed bright-end cutoff is only slightly fainter than for the core and halo, the theoretical
models all predict significantly dimmer cutoffs (by ≳0.6 mag), even for intermediate-age
and young stellar populations that follow the relation of Dopita et al. (1992). Based on this
comparison, there is a clear lack of bright PNe in the PICS models for old stellar populations,
and simultaneously the question is raised why the envelope PNe do not exhibit a fainter PNLF
cutoff magnitude compared to the more metal-rich core and halo PNe.

14.4.2 Stellar populations and the luminosity-specific PN number

For each of the three components, we determined the luminosity-specific PN number 𝛼2.5

of the brightest 2.5 mag of the PNLF fits to the corresponding PNe. Figure 14.9 shows the
observed values of 𝛼2.5 as a function of metallicity compared to the predictions by Buzzoni
et al. (2006, top panel) and Valenzuela et al. (2025c, bottom panel). Buzzoni et al. (2006)
assumed an initial-to-final mass relation with a mass loss parameter of 𝜂 = 0.3 (Iben &
Renzini 1983), for which we scaled the 𝛼8 values to 𝛼2.5 according to the classical PNLF form
by Ciardullo et al. (1989). The values by Valenzuela et al. (2025c) are taken from Table D.1,
which are based on the actual counts of PNe brighter than −2 mag. The observations show a
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Figure 14.8: Bright-end cutoff magnitude 𝑀∗(5007) of the PNLF as a function of metallicity compared
between observations and models. The observations are for the core (red triangle), halo (red circle),
and envelope (blue square) PNe, where the error bars indicate the measurement uncertainties. The
theoretically predicted relation from Dopita et al. (1992) is shown as the gray line. For the PN
populations obtained from PICS by Valenzuela et al. (2025c) for different SSPs, we take the respective
brightest PN magnitude (i.e., the brightest magnitude that each PNLF reaches in Figure 8.10), indicated
by the cross markers. The PICS models of the same SSP age are connected with dotted lines and
colored according to the respective SSP age. No data points are plotted for some of the youngest and
oldest models at lower metallicities where no PNe are predicted by PICS. This is figure 9 from Hartke
et al. (in prep.).

significantly higher value of 𝛼2.5 in the metal-poor envelope compared to the halo and core at
solar metallicity, with the core having the lowest 𝛼2.5 value.

The model predictions interestingly show contrasting results as a function of age and
metallicity. Buzzoni et al. (2006) predict 𝛼2.5 being rather constant as a function of metallicity
at old ages and showing a decrease toward higher metallicities around the solar value at
younger ages. They also find an increase in 𝛼2.5 toward older stellar ages. As a result, their
predictions are close to the observed 𝛼2.5 value for the envelope of M 105 at old ages, while
the more metal-rich but equally old PN populations in the core and halo have significantly
lower values compared to the corresponding predictions for 12 Gyr. In contrast, Valenzuela
et al. (2025c) predict rather constant values of 𝛼2.5 at intermediate-ages of 2–8 Gyr, but an
increase of 𝛼2.5 toward super-solar metallicity systems at older and younger ages. Their results
for old stellar populations agree well with the observed values for M 105 in the core and halo,
but at the low metallicity of the envelope, only the much younger stellar population of 6 Gyr
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Figure 14.9: Luminosity-specific PN number 𝛼2.5 for the brightest 2.5 mag of the PNLF as a function
of metallicity [M/H] compared between observations of M 105 and models by Buzzoni et al. (2006,
top) and Valenzuela et al. (2025c, bottom). The observations are for the core (red triangle), halo (red
circle), and envelope (blue square) PNe, where the error bars indicate the measurement uncertainties.
The model lines connect data points corresponding to the same SSP age, which also determines the
color. No data points are plotted for some of the youngest and oldest models at lower metallicities
where no PNe are predicted. Note that the axis and color bar ranges are different between the top and
bottom panels. This is figure 10 from Hartke et al. (in prep.).

would match the observed envelope value. Each of the models therefore can explain one part
of the observations, but fails to be in agreement with the other.

One possibility to resolve some of the tension between the models with respect to 𝛼2.5

lies in its assumed scaling from 𝛼8 (the luminosity-specific number of PNe in the brightest
8 mag) by Buzzoni et al. (2006), based on the classical PNLF form by Ciardullo et al. (1989).
Assuming a bright-end cutoff magnitude of 𝑀∗(5007) ≈ −4.5 mag and a faint-end slope
of 𝑐2 = 0.307, the scaling between the two quantities becomes log10 𝛼8 ≈ log10 𝛼2.5 + 1.
However, the faint part of the PNLF can take on different slopes (e.g., Longobardi et al. 2013;
Hartke et al. 2017), include an additional exponential term (Bhattacharya et al. 2021), or
contain dips (e.g., Jacoby & De Marco 2002; Hernández-Martínez & Peña 2009; Longobardi
et al. 2015, 2018; Soemitro et al. 2023). These features have been related to the underlying
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stellar populations and have also been found in PN models (e.g., Méndez et al. 2008; Gesicki
et al. 2018; Valenzuela et al. 2019, 2025c), indicating that the classical form of the PNLF
cannot be assumed to hold over eight magnitudes below the bright end.

In the top two panels of Figure 14.10, we compare the model predictions of Buzzoni et al.
(2006) and PICS (Valenzuela et al. 2025c, see the values in Table 8.2) for 𝛼8 as a function of
stellar age for different metallicities. While Buzzoni et al. (2006) predict a slow increase of 𝛼8

with stellar age independent of the metallicity, PICS finds a steep increase at young ages of
≲2 Gyr, followed by an almost constant value with age, and there is an overall trend of larger
𝛼8 with metallicity. Only for the lowest metallicity at around [M/H] ≈ −2, there is a more
gradual increase across the ages, and 𝛼8 is significantly lower than for higher metallicities.
Overall, the values around solar metallicity (green) agree well between the two models for
old ages at ≳10 Gyr. We also show the results of the typically used scaling between 𝛼8

and 𝛼2.5 through the models of Valenzuela et al. (2025c) in the bottom panel (also see the
corresponding values of 𝛼2.5 in Table D.1). Clearly, the relations with stellar age differ from
the actual values of 𝛼8 predicted from PICS (middle panel). This is especially the case for low
metallicities (where no bright PNe are found in the brightest 2.5 mag) and for ages larger than
∼8 Gyr for solar and super-solar metallicities (green and yellow), where 𝛼8 is actually higher
than suggested by 𝛼2.5.

The tension between models and observations with respect to 𝑀∗(5007) and 𝛼2.5 could
also be related to missing physics in the models or observational biases as discussed in
Section 14.2.2. For the analysis performed for M 105, we also propose that the presence of
intermediate-age stars could explain the more luminous PNe as well as the higher luminosity-
specific PN number in the metal-poor envelope. While several observations agree that the
stars are overall old in the outer halo (e.g., Vazdekis et al. 1997; Trager et al. 2000), Harris
et al. (2007) noted how stars older than ∼5 Gyr differ little in color, such that the presence of
an intermediate-age stellar population is not excluded. However, Harris et al. (2007) ruled out
younger stellar populations based on the resolved stellar observations. Also for the core of
M 105, it is actually composed of a composite stellar population instead of an SSP (as implicitly
assumed in the figures shown here), where a subset of stars in the intermediate-age regime
could bring the observational results closer to the predictions as suggested in Figure 14.5.

14.5 Summary and conclusion
From MUSE archival data, we have analyzed the stellar and PN populations in a total of six
ETGs to compare them to the results from simulations and models. The IFU measurements
with MUSE enable PNe to be detected and stellar population synthesis to be performed from
the same data. For each of the five ETGs from the samples of Roth et al. (2021) and Jacoby
et al. (2024), we split the identified PNe into an inner and an outer group to compare them
based on the variations of the stellar populations parameters. We further selected six simulated
analog galaxies per observed galaxy based on morphology, size, and color, for which we
modeled the PN populations with the framework PICS to perform the analysis analogously.
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Figure 14.10: Luminosity-specific PN number 𝛼8 for the brightest 8 mag of the PNLF as a function of
stellar age compared between the models by Buzzoni et al. (2006, top) and Valenzuela et al. (2025c,
middle), additionally including the typically used scaling of log10 𝛼8 ≈ log10 𝛼2.5 + 1 applied to the
results from Valenzuela et al. (2025c, bottom). The data points and connecting dashed lines are colored
by metallicity [M/H]. This is figure 11 from Hartke et al. (in prep.). No data points are plotted for
some of the more metal-poor models at older ages where no PNe are predicted.

Furthermore, building on the results of Hartke et al. (2020, 2022), we combined PN and stellar
population data of the outskirts of M 105 from PN.S and HST with MUSE commissioning
data of the galaxy’s core. This yielded measurements for three components: the core of M 105
within an effective radius, its halo, and the extended envelope as a tracer of the IGL in the
Leo I group. We compared these results to the predictions by Dopita et al. (1992), Buzzoni
et al. (2006) and Valenzuela et al. (2025c) for SSPs.

To relate the PNe to the underlying stellar populations, we considered several properties.
For the PNe, we determined their PNLF bright-end cutoff magnitude 𝑀∗(5007) and the
luminosity-specific PN number 𝛼 for the PNe brighter than a certain magnitude. For the
stellar population, we considered the stellar age and metallicity, and for the five ETGs, we
also considered the stellar mass fractions within three age bins (with limits at 2 and 10 Gyr).
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Across all observations, we recover similar PNLF bright-end cutoffs for PN populations
belonging to the same galaxy (where the distance does not vary) despite variations in stellar
populations, and in general do not find a significant dependence on age or metallicity. The
same holds true for the simulated galaxies, though there is a larger scatter to brighter and
fainter cutoff magnitudes, similar to the observed scatter when assuming SBF or TRGB
distance measures. While the simulated analogs are systematically younger than the measured
observed ages, we still find a strong positive correlation of 𝛼0.5 with the stellar mass fraction
of intermediate-age stars (2–10 Gyr) for both the observed and simulated galaxies. This is
accompanied by a negative correlation with the stellar mass fraction of old stars (>10 Gyr). We
conclude that most PNe near the bright-end cutoff of the PNLF originate from intermediate-age
stellar populations. The relation of 𝛼0.5 with metallicity has a larger scatter, but we find
indications of 𝛼0.5 being larger for metal-poor systems from both the observed and simulated
galaxies.

From the core, halo, and envelope regions of M 105, we find that the PNLF bright-end
cutoff remains rather constant despite metallicity differences of an order of magnitude. In
contrast, 𝛼2.5 is significantly higher in the metal-poor envelope than in the core and halo at
solar metallicity. These results stand in conflict with models predicting 𝑀∗(5007) to get
significantly dimmer toward lower metallicities. Even the core and halo cutoff magnitudes
are only consistent with PNe from younger stellar populations according to the PICS model.
Moreover, while the 𝛼2.5 values of the core and halo are consistent with old stellar populations
from PICS, and 𝛼2.5 of the envelope PNe is consistent with the predictions for old stellar
populations of Buzzoni et al. (2006), the models do not agree with 𝛼2.5 of the respective other
component(s). To resolve these tensions, we propose two possible factors. On the model side,
further physics may need to be included. On the observational side, the results indicate that a
small fraction of intermediate-age stars may be present in addition to the overall old stellar
population. Such intermediate-age and metal-poor stars could have been accreted through
mini mergers (e.g., Amorisco 2017; Nipoti 2025).

To conclude, these first comparisons between the predictions from PICS and observations
of PNe and their underlying stellar populations mark a major step forward for PN studies.
Future refinements to the models will allow us to explore further possibilities regarding the
formation of bright PNe, especially in metal-poor or old stellar populations. Additionally,
more observations connecting PNe to the stellar populations and improved stellar population
synthesis methods will be necessary to draw a fuller picture of PN populations and their
origins. To this end, the upcoming era of extremely large telescopes such as the ELT will
begin enabling these kinds of measurements in much higher quality and at significantly larger
distances.
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Movement III

Globular Clusters





15
Introduction

toGlobularClusters

This chapter contains parts from the introductions of Valenzuela (2023) and Valenzuela et al.
(2024b, 2025a), whose results are presented in the subsequent chapters.

As bright and compact star clusters, globular clusters (GCs) have long been studied in the
Milky Way (MW) and many other galaxies. They have generally been found to be old and
metal-poor, with no compelling evidence for residing within their own dark matter halos.
With masses between 104 and 106 M⊙ and sizes of only a few pc (Baumgardt & Hilker 2018),
GCs appear as bright point sources outside the Local Group, where they have been detected
out to very large distances at 𝑧 ≈ 0.44 (∼1.7 Gpc) with JWST (Harris et al. 2025), and even
to 𝑧 ≈ 1.4 through gravitational lensing (Mowla et al. 2022). Their old ages and the fact
that they are found in galaxies of all types and masses enable them to be used as tracers for
galaxy formation, evolution, and multiple present-day galaxy properties. For this reason, the
third Movement of this thesis focuses on investigating GCs as stellar tracers1 and what their
properties can reveal about galaxy formation histories.

1In this context, the term stellar tracer should not imply that the underlying stellar component is necessarily
traced by GCs, but rather that GCs consist of stars and can be used as tracers for the host galaxy.
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Figure 15.1: Example of a GC imaged with the Hubble Space Telescope, known as Messier 54, at
a distance of ∼25 kpc. It is associated with the Sagittarius Dwarf Elliptical Galaxy, a satellite of the
Milky Way. Image credit: ESA/Hubble & NASA.

Figure 15.1 shows an example of a GC belonging to the MW’s dwarf satellite Sagittarius
(M 542, at a distance of about 25 kpc), which is spatially resolved. In contrast, more distant
GCs outside the Local Group generally appear as point sources.

15.1 A type of star cluster

As massive and dense agglomerates of stars, GCs are a type of star cluster that is gravitationally
bound, unlike open clusters. Compared to them, they are overall more massive (∼104

to 106 M⊙) and significantly more compact, with half-mass radii between 1 and 30 pc (as
measured by Baumgardt & Hilker 2018 for the GCs in the MW). In terms of their size and
luminosity, GCs lie directly next to ultracompact dwarfs (UCDs), which are more luminous
and larger (see Figure 15.2), but appear to be a distinct class of objects (Brodie et al. 2011).
In general, GCs have been measured to be old, with ages mostly beyond ∼10 Gyr in the
MW (e.g., Forbes & Bridges 2010; Massari et al. 2023) and are believed to have had their
formation peak before that of cosmic star formation, potentially playing an important role in
early galaxy formation and reionization (e.g., Renzini 2017; Gratton et al. 2019). Moreover,
GCs have been found to be metal-poor, with metallicities of MW GCs being measured to be
in the range of [Fe/H] ∼ −2.2 to −0.6 (e.g., Forbes & Bridges 2010; Dotter et al. 2010, 2011;
VandenBerg et al. 2013). With respect to their origins, testing theoretical predictions of GC
formation is challenging due to their old ages. However, with the recent launch of JWST and

2https://esahubble.org/images/potw1145a/
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Figure 15.2: Magnitude-size relation of different types of stellar structures, where the half-light
radius is shown as a function of absolute magnitude (or luminosity, see the top axis) in the V-band.
The annotated galaxy types include GCs, ultracompact dwarfs (UCD), extended clusters (EC), dwarf
spheroidals (dSph), dwarf ellipticals (dE), compact ellipticals (cE), and giant ellipticals (gE). This is
the top panel of figure 8 from Brodie et al. (2011).

observations of young stellar clusters in strongly-lensed high-redshift galaxies, new insights
into their formation are likely to emerge in the near future.

Further internal properties of GCs are also matters of ongoing research, which are briefly
mentioned here, but are not central to the aims of the subsequent chapters. Analyses of
stellar populations within GCs have shown that nearly all GCs host significant spreads of
abundances, indicative of multiple stellar populations within them (e.g., Renzini 2008; Bastian
& Lardo 2018). The most massive GC in the MW, Omega Centauri, even features a wide
metallicity range among its stars, which has been interpreted as being the remnant of an
accreted dwarf galaxy (e.g., Lee et al. 1999; Bedin et al. 2004; Bastian & Lardo 2018). Many
exotic objects are found in GCs due to the high fraction of binary star systems, including
blue stragglers, millisecond pulsars, and X-ray binaries (Gratton et al. 2019). Binaries are
furthermore important for the dynamical evolution of GCs as they lead to dynamical heating
(e.g., Heggie 1975; Hills 1975). Over time, mass segregation can occur where massive
stars are concentrated toward the center (e.g., Spitzer 1969; Hillenbrand & Hartmann 1998;
Guszejnov et al. 2022). Several internal and external processes such as dynamical evaporation,
stellar evolution, and tidal shocks additionally lead to mass loss of a GC (McLaughlin & Fall
2008; Baumgardt et al. 2019; Webb et al. 2019, e.g.,), where tidal arms can also be seen
extending from some GCs (e.g., Odenkirchen et al. 2003).

In the following, further details are outlined on two important topics concerning GCs.
They relate to the formation of GCs and are relevant to the subsequent chapters.
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Ages. While measurements of their ages have large uncertainties, observations of GCs in
and beyond the MW suggest that they are generally old, with ages mostly older than 10 Gyr
(e.g., Salaris et al. 1997; Cohen et al. 1998; Strader et al. 2005; VandenBerg et al. 2013; Usher
et al. 2019). Some galaxies have been found to contain younger GC populations as well, with
ages below 8 Gyr (e.g., Sharina et al. 2006) or even below 3 Gyr (e.g., Goudfrooij et al. 2001b;
Sharina et al. 2006; Chomiuk et al. 2008; Martocchia et al. 2018; Sesto et al. 2018), though
such systems still contain a significant old GC population (e.g., Goudfrooij et al. 2001a, for
NGC 1316, consistent with models of 14 Gyr old GCs), and only lower-mass galaxies like
the Magellanic Clouds may host mostly younger GCs, where the SMC only has GCs below
8–9 Gyr, with most lying around 2–5 Gyr (e.g., Parisi et al. 2014).

Formation scenarios. Despite GCs having been studied in detail in galaxies, their formation
is still poorly understood. Many different theoretical approaches have been formulated for GC
formation, with early ideas proposing them to have formed before galaxies in gravitationally
bound clouds (Peebles & Dicke 1968), through infalling cold gas fragmentation (Fall & Rees
1985) or formation through a gas-rich merger (Ashman & Zepf 1992). Later ideas included
GCs forming in their own dark matter (DM) halos (e.g., Bromm & Clarke 2002; Bekki 2006;
Boley et al. 2009) and GCs being former nuclear star clusters (e.g., Mackey & van den Bergh
2005; Lee et al. 2009). Some of the recent proposals are based on colliding scenarios like
dwarf galaxy mergers (Lahén et al. 2019) or collisions of DM subhalos (Madau et al. 2020).
Other scenarios include relative streaming velocities between baryons and DM (e.g., Naoz &
Narayan 2014; Lake et al. 2021, though it has been put into question whether this channel
could reach sufficiently high masses, see Schauer et al. 2021), formation within accreting
gas filaments (van Donkelaar et al. 2023), accreted nuclear star clusters within dwarfs (Gray
et al. 2025), or disc fragmentation (Mayer et al. 2025). However, as of yet it is still under
debate which of these channels are actually responsible for the formation of real GCs and how
frequent they are.

15.2 Globular cluster systems
Considering the entire GC system of a galaxy has been a key to better understanding both
GCs and their host galaxies. In the following, I highlight the observed color bimodality of GC
systems and then give an overview of extragalactic and Galactic GC systems as well as what
can be learned from them.

15.2.1 Color bimodality

Observations have shown that there is a color bimodality of GCs around more massive galaxies,
where the GCs come in two groups of colors and metallicities: red, metal-rich GCs, and
blue, metal-poor GCs (e.g., Brodie & Strader 2006; Usher et al. 2012). The fraction of red
GCs has been found to increase with halo mass (Harris et al. 2015). The MW itself has long
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Figure 15.3: Color distribution of the GC system in NGC 4278 with a clear bimodality. The empty
and filled histograms indicate the candidate and confirmed GCs, respectively. The solid curve shows
the mixture model fit to the candidate histogram. This is the middle right panel of figure 5 from Pota
et al. (2013).

been known to have a bimodal metallicity distribution (e.g., Zinn 1985). An example of a
particularly strong GC color bimodality for a galaxy is shown in Figure 15.3. Both types
are found in most massive galaxies, where the red GCs tend to populate the inner regions
and trace the stellar light distribution (e.g., Peng et al. 2004a; Schuberth et al. 2010; Dolfi
et al. 2021), whereas blue GCs lie further out and can have a different spatial distribution
(e.g., Forbes et al. 1997; Schuberth et al. 2010; Faifer et al. 2011; Kluge et al. 2023). These
differences have suggested that red and blue GCs are formed through different pathways (e.g.,
Forbes et al. 2018a): blue GCs may tend to form in small galaxies at early times, later being
accreted onto more massive galaxies (e.g., Côté et al. 1998; Schuberth et al. 2010; Forbes &
Remus 2018), whereas red GCs may later form after the gas has been enriched, for example in
starbursts caused by major gas-rich mergers (e.g., Ashman & Zepf 1992; Goudfrooij et al.
2001b; Schuberth et al. 2010; Harris et al. 2017b). However, the origin of this bimodality and
the GC formation itself are still matters of research, and several formation mechanisms are
currently being discussed (e.g., Kruijssen 2015; Kang & Lee 2021).

15.2.2 Extragalactic globular clusters

It has been found that GC systems are more abundant in more massive galaxies, where the
mass of the galaxies’ dark matter halos is strongly correlated with the number of GCs (e.g.,
Blakeslee et al. 1997; Harris et al. 2017a). This relation has in fact been found to be nearly
linear and reaches from the dwarf galaxy regime (where galaxies can have as little as one GC
or none at all; Forbes et al. 2018b) up to galaxy clusters with tens of thousands of GCs (Harris
et al. 2016; Burkert & Forbes 2020). Even exotic systems such as ultra-diffuse galaxies (UDGs)
with high DM fractions and abundant GC systems compared to their stellar component appear
to follow this relation (e.g., Burkert & Forbes 2020; Forbes & Gannon 2025). In contrast,
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the stellar mass of galaxies is not as closely correlated to the GC counts due to the nonlinear
behavior and scatter of the stellar mass-halo mass relation (e.g., Harris et al. 2017a). As a
result, the tight relation with the DM halo mass has led to GC abundances being used as a
tracer for halo masses of galaxies (e.g., Spitler & Forbes 2009).

Beyond GC counts, multiple studies have attempted to infer GC stellar population statistics
from extragalactic GC systems (see an overview of age measurements in Section 15.1; e.g.,
Puzia et al. 2005; Strader et al. 2005; Mora et al. 2008; Usher et al. 2019). A challenge for
these types of studies is that, in contrast to GCs in the MW and its neighborhood, extragalactic
GCs are observed as point sources. Because of this, measuring their ages is subject to large
uncertainties, as only the integrated GC properties can be measured. For this reason, stellar
population models and evolutionary tracks have to be used for extragalactic systems to estimate
the ages.

15.2.3 Galactic globular clusters

In contrast to most extragalactic GCs, in the MW the stars of GCs can be individually
observed, such that reasonably good measurements of their ages and metallicities can be
determined through the color-magnitude diagram (CMD), which has been done for various
GC subsamples in the MW (e.g., Salaris & Weiss 1998; Dotter et al. 2008; Marín-Franch
et al. 2009). Figure 15.4 shows an example for the age determination of a MW GC by fitting
isochrones to the CMD data of the cluster stars. Many of the now close to 200 known GCs in
the Milky Way have been studied with respect to their stellar populations, including many
recently detected GC candidates located in the Galactic bulge (e.g., Garro et al. 2024).

In the last decade, Gaia measurements have furthermore added phase space information
on over a billion stars in the MW. From the wealth of data, the phase space properties of
GCs have also been determined (e.g., Gaia Collaboration 2018a; Vasiliev 2019; Vasiliev &
Baumgardt 2021), which has helped uncover more details of the early MW’s history (e.g.,
Deason & Belokurov 2024). From the field stars, new structures in the phase space have been
identified that likely fell into the MW at early times, such as Gaia-Sausage/Enceladus (GSE;
Belokurov et al. 2018; Helmi et al. 2018). The GC phase space information has also provided
researchers with the means to distinguish in-situ and ex-situ formed GCs (e.g., Belokurov &
Kravtsov 2024; Chen & Gnedin 2024a) or even attempt to associate GCs with their progenitor
host galaxy (e.g., Massari et al. 2019; Myeong et al. 2018; Forbes 2020; Callingham et al.
2022). As a result, the GC system of our own MW can be used as a dynamical probe and
tracer of the assembly history in a uniquely powerful way.

15.3 Globular clusters as stellar tracers
Owing to their old ages, GCs have co-evolved with their host galaxies over cosmic time,
indicating their potential to serve as valuable tracers for galaxy formation. Their spatial
distribution and kinematics have long been used to trace properties in the outskirts of galaxies.



15.3 Globular clusters as stellar tracers 209

Figure 15.4: Color-magnitude diagram (CMD) of the stars (red points) in the MW GC NGC 6362 with
four isochrone fits overplotted (black lines). Left: Full CMD showing the stellar main sequence (MS;
straight sequence beginning at the lower right), the red giant branch (RGB; the upper curved sequence
ending at the top right), and the subgiant branch (section right after the MS turnoff between the MS
and RGB). Right: Zoom on the MS turnoff region, where the differences between the isochrone fits
are more clearly seen. This is the relevant region for determining the age. The parameters of the four
isochrones are shown in the bottom left of the left panel, stating the distance modulus (DM), color
excess (E(6-8)), metallicity ([Fe/H]), alpha abundance ([𝛼/Fe]), and the four ages used: 11, 12, 13,
and 14 Gyr, with the oldest age corresponding to the isochrone with the shortest MS section. This is
figure 3 from Dotter et al. (2010).

However, given the massive and compact nature of GCs, their formation must be linked to
significant star formation and thus they should also serve as tracers for the past star formation.

15.3.1 Spatial and kinematic tracers

Because of their intrinsic brightness, GCs have also been used as tracer populations in the
outskirts of other galaxies to study their mass distribution, kinematics, and formation history.
One of the early large kinematic studies of GC systems was conducted by Peng et al. (2004a)
for Centaurus A, a giant early-type galaxy (ETG), to constrain its evolution by studying the
ages, metallicities, and kinematics of the GCs. They found that red GCs tend to match the
kinematics of the planetary nebula population in their kinematic behavior, whereas blue GCs
showed differences in their velocity dispersion and less kinematic correlation to the stars.
Many GC studies have since then been performed on galaxy clusters and their member galaxies
(e.g., Bridges et al. 2006; Lee et al. 2010; Strader et al. 2011; Li et al. 2015; Pota et al. 2015;
Zhang et al. 2015; Fahrion et al. 2020) as well as on individual galaxies (e.g., Forbes et al.
2011; Foster et al. 2011; Norris et al. 2012; Dowell et al. 2014), including the Milky Way (e.g.,
Piatti 2019) and M 31 (e.g., Veljanoski et al. 2013, 2014). Moreover, systematic investigations
of GC spatial and kinematic properties have also been made possible through surveys like
SLUGGS (e.g., Pota et al. 2013; Brodie et al. 2014; Alabi et al. 2017; Dolfi et al. 2021). These
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studies have collectively drawn a picture of GCs being good tracers for the enclosed mass and
the spatial distribution of the DM halo (e.g., Zhu et al. 2014; Veršič et al. 2024b) and for past
accretion events (e.g., Coccato et al. 2013), where red GCs generally trace the stellar light and
blue GCs sometimes deviate from it (e.g., Dolfi et al. 2021). As described in Section 15.2.1,
the color bimodality has been put into relation with the formation pathways of the GCs, where
the blue GCs would tend to have formed ex-situ and were then later accreted onto the main
galaxy, thus tracing the accreted halo, whereas red GCs would mostly have formed in-situ
and thereby trace the in-situ material (e.g., Li & Gnedin 2014; Harris et al. 2015; Forbes &
Remus 2018). Support for this idea has also been found through observations of the blue GCs
following the DM halo measured through X-ray gas emission (e.g., Forte et al. 2005; Forbes
et al. 2012; Kluge et al. 2023).

15.3.2 Tracers of past star formation

Because of their dense and massive nature and being composed of nearly equal-age stars,
the conditions under which GCs formed require massive gas clouds and high gas pressure.
Such expectations are motivated by observations in the local Universe for young massive
cluster formation (e.g., Wei et al. 2012; Kruijssen 2026). Several studies have connected
GC formation to giant molecular clouds (GMCs) with high pressure (e.g., Harris & Pudritz
1994; Elmegreen & Efremov 1997), where it has been found that their maximum mass is
correlated with the local star formation rate (Kravtsov & Gnedin 2005). With high surface
density clumps of molecular gas having been detected in the interstellar medium (ISM) of
star-forming galaxies at redshifts of 𝑧 ∼ 2–3 (e.g., Genzel et al. 2010; Swinbank et al. 2011),
where conditions are intensified within merging galaxies, these present environments suitable
for the formation of the metal-rich GCs (Shapiro et al. 2010). Recent observations of strong
clustered star formation at even earlier redshifts with HST and JWST have further made clear
that the general conditions needed for GC formation are already met within the first billion
years of the Universe, even if it is still unclear whether these objects survive to the present
day (e.g., Vanzella et al. 2023; Adamo et al. 2024; Messa et al. 2024; Mayer et al. 2025). As
old surviving clusters, GCs are the relics of early galaxy assembly and their populations can
therefore be expected to serve as tracers for past intense star formation episodes.

15.4 Modeling globular cluster populations
To investigate the formation and evolution of GCs, numerous GC models have been developed
to improve our understanding concerning GCs. These models are developed to explain GC
properties seen at 𝑧 = 0, and many provide a means to constrain the details of their formation
as well as to predict what clues today’s GC populations can reveal about galaxy formation. One
of the most common approaches has been to study GCs through empirical and semi-analytic
GC formation models applied to cosmological merger trees. For this, different formation
prescriptions have been employed, including high-redshift GC formation (e.g., Boylan-Kolchin
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2017), gas pressure and density conditions El-Badry et al. (2019); Carleton et al. (2021);
De Lucia et al. (2024), accretion rate criteria (e.g., Li & Gnedin 2014; Choksi et al. 2018;
Chen & Gnedin 2023, 2024b; Pal et al. 2026). One of the central findings has been that the
linear relation between GC numbers and the DM halo mass (see Section 15.2.2) is a result
of hierarchical merging and the central limit theorem and is almost unaffected by the GC
formation details.

Some models also build on the GC color bimodality to form GCs through two pathways
such as early formation in small galaxies and later formation in gas-rich mergers or strong
accretion (e.g., Beasley et al. 2002a; Valenzuela et al. 2021). These types of models enable
one to test the parameter space of a limited number of free parameters for a large number
of galaxies and can improve our understanding of the statistical properties of GC formation
that are necessary to reproduce GC properties and relations as they are observed today
(see Section 15.2). In particular, the model by Valenzuela et al. (2021) was able to show
that two formation pathways are necessary to overcome previous limitations of empirical
and semi-analytic models, which did not manage to reproduce the observed GC systems in
lower-mass galaxies and simultaneously a reasonable GC age distribution. Some models
additionally tag particles with GCs in galaxy simulations to trace their spatial and kinematic
properties (e.g., Chen & Gnedin 2022, 2023). Despite not all models tracing GC spatial
properties, many even implement recipes for mass loss and cluster disruption (e.g., Choksi
et al. 2018; Chen & Gnedin 2022).

Another group of GC models has explored GC formation and evolution through the
use of sub-grid models applied to isolated or cosmological hydrodynamical simulations,
where the GC formation sites are inferred through the local gas properties, but are not
actually resolved (e.g., Bekki et al. 2005; Kruijssen et al. 2011). An especially well-known
model is E-MOSAICS (Pfeffer et al. 2018), which was applied to galaxies from the EAGLE
cosmological simulation (Schaye et al. 2015), where stellar particles keep track of their
sub-grid clusters. Many subsequent studies have used E-MOSAICS to analyze the star and
cluster formation histories, to connect the GCs to the early assembly of the host galaxies, or to
study the underlying DM potential, among others (e.g., Kruijssen et al. 2019a; Reina-Campos
et al. 2019; Trujillo-Gomez et al. 2021; Dolfi et al. 2022; Reina-Campos et al. 2023). Building
on the E-MOSAICS model, Reina-Campos et al. (2022) more recently developed an updated
model for stellar clusters, EMP-Pathfinder, which they applied to the same galaxies to test
different cluster formation and evolution prescriptions.

In recent years, a number of very high-resolution simulations have been performed to
resolve GC formation through different models and scenarios (e.g., Kim et al. 2018; Lahén
et al. 2019; Schauer et al. 2021; McKenzie & Bekki 2021; Reina-Campos et al. 2025). While
such high-resolution simulations have shed light on potential formation mechanisms of GCs,
in contrast to the empirical and semi-analytical models they are not suitable for a statistical
comparison with observations of large or numerous GC systems as they are restricted to small
volumes or very early times because of their large computational cost. Finally, there are
several models that focus on the evolution and kinematics of GC systems and seed the GCs
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according to certain spatial distributions or by tagging stellar or DM particles at a specific
time (e.g., Bekki et al. 2005; Veljanoski & Helmi 2016; Amorisco 2019; Carlberg & Keating
2022; Doppel et al. 2023; Pagnini et al. 2023). Such models are not suitable for studying GC
formation, however.

15.5 Scope of this Movement
As the GC color bimodality has inspired models with two distinct formation pathways, the
question arises what other implications these models have and what their predictive power
is. One of the best testbeds for such a study is the MW itself because of the wealth of data
available on its GCs and past accretion history. Furthermore, the availability of a large number
of models for GC formation means that these can be compared with each other to learn about
the consequences of different model approaches. The recent measurements of high-redshift
young stellar clusters from JWST have additionally opened up the question whether these
young clusters could be the progenitors of present-day GCs.

In this Movement, I build on the GC model with dual formation pathways that I developed
previously to this thesis (Valenzuela et al. 2021), where in Chapter 16 I first summarize the
model itself together with the properties of the two formed GC populations and quantify the
connection between the GCs and the DM accretion history. In Chapter 17, I then test the
model prediction that the GC age distribution should trace past gas-rich mergers on the MW
as well as nearby galaxies, finding evidence for a GC formation episode during the encounter
with Gaia-Sausage/Enceladus, the MW’s last major merger. Furthermore, I present the first
cross-model comparison of six state-of-the-art GC models and connect their predictions of
GC formation times to the high-redshift observations of young stellar clusters in Chapter 18.
Finally, I summarize the results of a further work I contributed to in Chapter 19, where
we model the DM halo of Centaurus A from GC dynamics and gain insight into its recent
assembly through a comparison with cosmological simulations.



16
GlobularClustersas
DarkMatterTracers

This chapter was published as Valenzuela (2023), Mem. Societa Astronomica Italiana 94, 471:
Lights in the Dark: Globular clusters as dark matter tracers

Empirical models of globular clusters (GCs) have proven useful for studying GC populations
and their formation in a statistical manner. As introduced in Section 15.4, many of these
models are built on merger trees obtained from cosmological simulations or through generating
mock merger trees. As observations have found that the number and total mass of GCs
correlate linearly with the virial mass of the host system (e.g., Blakeslee et al. 1997; Harris
et al. 2017a; Forbes et al. 2018b, see Section 15.2.2), empirical GC models have been used to
investigate the origins of this correlation. Such studies have shown the linear relation between
the GC abundances and the halo virial masses to result from hierarchical merging and the
central limit theorem. The models have generally either assumed GCs to form at very early
times (e.g., Beasley et al. 2002a; Boylan-Kolchin 2017; Burkert & Forbes 2020) or to form by
high accretion rates with sufficient available gas (e.g., Beasley et al. 2002a; Choksi et al. 2018;
El-Badry et al. 2019). However, the former models do not take younger GC populations into
consideration, while the latter models only find GC populations in the more massive galaxies,
which does not agree with the results from Forbes et al. (2018b).

1Minor adjustments have been made, and the introduction has been adapted for this thesis.
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To address this issue, Valenzuela et al. (2021) introduced a model that combines both
pathways of GC formation, finding that only the combination of the two can reproduce the
observations: the relation between virial mass and GC numbers as well as the observed GC
age distribution. Another key finding was that the GC number of a galaxy at a fixed virial
mass is related to the amount of smoothly accreted matter onto the host dark matter halo.

This work expands on the findings of Valenzuela et al. (2021) by considering the individual
contributions of the two GC formation pathways to the age distribution and by quantifying the
relation between GC abundances and dark matter smooth accretion. This provides a direct
measure of the extent to which GCs trace past smooth accretion, a quantity that is otherwise
very difficult to measure. In Section 16.1, the GC model and its two formation pathways are
summarized, followed by an analysis of the GC age distribution and its decomposition into the
two GC subpopulations. In Section 16.2, the relation between GC numbers and dark matter
smooth accretion is quantified, and finally Section 16.3 concludes this work.

16.1 Globular cluster model
The two GC formation pathways employed by the model from Valenzuela et al. (2021) follow
the idea that GCs are either formed in small galaxies at early times or in gas-rich mergers of
more massive galaxies. Both pathway models are kept as simple as possible to allow probing
the whole parameter space, meaning that the number of free parameters is kept to a minimum.
These models track the number of GCs in each galaxy and the individual GC formation times.
They were run on the merger tree of a dark matter-only cosmological simulation with a side
length of 30 Mpc within the empirical model emerge (Moster et al. 2018). The stellar and
gas components are empirically inferred from the dark matter halos and their merger trees by
emerge. For more details on this see Moster et al. (2018).

Small Halo Pathway In the first model, GCs are formed as soon as the virial mass of a
galaxy surpasses a threshold seeding mass, the first free parameter. On average one GC is
formed: either 0, 1, or 2 are formed at random. By adapting the threshold seeding mass, the
observed relation between the virial mass and the number of GCs from Burkert & Forbes
(2020) can be reproduced (left panel of Fig. 16.1). However, when comparing the cumulative
age distribution of the GCs, the model lacks the younger GCs found in local galaxies by Usher
et al. (2019) (left panel of Fig. 16.2). Clearly, the model forming GCs in small halos is not
sufficient for explaining the observed GC populations.

Wet Merger Pathway The second model follows the one introduced by Choksi et al. (2018):
when the mass accretion rate surpasses an accretion rate threshold (the first free parameter),
GC formation is triggered. The total GC mass is determined from the cold gas mass through
a conversion factor (the second free parameter), from which the number of GCs formed is
derived by an exponential cluster initial mass function with a slope of −2. This model only
forms GCs in galaxies with virial masses above roughly 1010.5 M⊙ and therefore lacks the
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Figure 16.1: Relation between the virial mass and the number of GCs of galaxies in observations
(Burkert & Forbes 2020) and from the GC models. From left to right the first model, the second
model, and the combined models, respectively. The solid blue lines indicate the fit relation to the
observed galaxies. The virial masses of the simulated galaxies are shown with a random measurement
uncertainty of 0.3, 0.25, and 0.25 dex, respectively.
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Figure 16.2: Age distributions of three local galaxies including the Milky Way (Usher et al. 2019)
compared to the mean age distributions of the modeled GC populations in the two relevant virial mass
bins (i.e., the age probability density function of the GCs found in an individual observed galaxy in
color, and of all GCs around galaxies within the respective virial mass bins in gray). The GC age 𝑡age
indicates the lookback time of the GC formation, with the corresponding formation redshift 𝑧 shown
on the top x-axes. All panels show the GCs from the dual formation pathway model, where the first
two panels show only the GCs formed through the small halo pathway and the wet merger pathway,
respectively. The third panel shows the total GC population.



216 Chapter 16 – Globular Clusters as Dark Matter Tracers

GCs in low-mass galaxies as seen in the middle panel of Fig. 16.1. This model is therefore
also not sufficient to explain the GC observations.

Dual Formation Pathway Running both models at the same time makes it possible to
reproduce the GC number-virial mass relation again (right panel of Fig. 16.1), and in contrast
to the first model, now also results in a similar age distribution to that of the Milky Way
and NGC 1407 for simulated galaxies of the corresponding virial mass bins (right panel of
Fig. 16.2). This arises from the much younger GCs formed in wet mergers (middle panel of
Fig. 16.2). In summary, the first pathway contributes the older GC population, whereas the
second forms younger GCs. Varying the parameters either leads to an increasingly non-linear
relation between the number of GCs and the virial mass, or to much too old GC populations,
or to unreasonably low or high thresholds for GC formation in wet mergers (for more details,
see Valenzuela et al. 2021).

16.2 Smooth accretion
Despite the limited number of free parameters, the model results in a non-negligible scatter
of GCs for a given virial mass. The main driver of this scatter is the amount of smoothly
accreted matter throughout a galaxy’s formation history, where anything that was accreted
with a virial mass below 108.8 M⊙ (the GC seeding mass of the first model) is considered to
have been smoothly accreted. The relation between the logarithmic over- or underabundance
and the above- or below-average smooth accretion for galaxies with the same virial masses is
anti-correlated with a slope of roughly −1 (Fig. 16.3). In conclusion, this means that galaxies
with more GCs than average have had less smooth accretion than other galaxies of the same
virial mass and vice versa.

16.3 Conclusion
By combining two common approaches to empirically modeling GCs in a dual formation
scenario, GC numbers and ages can be found that agree with those observed in galaxies of all
masses. The individual models either fail to obtain young GC populations or lack GCs in
dwarf galaxies. The necessity of two formation pathways suggests that also the spatial and
kinematic properties of GCs may trace different aspects of galaxies. First results on red GCs
tracing the stellar light and blue GCs tracing the dark matter halo (Kluge et al., in prep.) are a
good indication for distinct formation pathways of these GC populations, as proposed by the
model. Furthermore, the over- or underabundance of GCs with respect to the average number
found in galaxies of the same virial mass gives a measure for the smooth accretion onto a
galaxy, a nearly untraceable property of galaxy formation history.
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17
TracingWetMergers
ThroughGCAges

This chapter was published as Valenzuela et al. (2024b), A&A 687, A1041:
Galaxy archaeology for wet mergers:

Globular cluster age distributions in the Milky Way and nearby galaxies

Over the course of galaxy formation and evolution, in situ formed structures mix with accreted
matter, concealing their origin and thereby the formation history of the galaxy. Through
precise measurements of star and gas properties, such as their distribution in space, their
velocities, their chemical compositions, and the stellar ages, it is possible to disentangle
many of the individual clues on the formation history. This is the aim of galaxy archaeology
(e.g., Freeman & Bland-Hawthorn 2002; Binney 2013; Helmi 2020). In particular, stellar
structures and overdensities, such as stellar streams and other tidal features, can reveal details
on a galaxy’s history, where especially stellar streams are generally the remains of a tidally
disrupted satellite galaxy. This has been done extensively for the Milky Way (MW; e.g.,
Helmi et al. 1999; Belokurov et al. 2006, 2007; Bell et al. 2008; Shipp et al. 2018), aided
particularly by the Gaia mission (Gaia Collaboration 2016, 2018b, 2023) in recent years with
6D phase-space data (e.g., Helmi et al. 2018; Helmi 2020; Prudil et al. 2022; Malhan et al.
2022; Ruiz-Lara et al. 2022). It is also possible to detect tidal features for other galaxies in
a more limited way through photometric and integral field unit (IFU) observations. Such

1Minor adjustments have been made, and the introduction has been adapted for this thesis.
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identified structures have also been connected to the merger history of their host galaxies in
observations (e.g., Bílek et al. 2020, 2023; Chandra et al. 2023) and simulations (e.g., Bullock
& Johnston 2005; Johnston et al. 2008; Amorisco 2015; Hendel & Johnston 2015; Pop et al.
2018; Karademir et al. 2019; Valenzuela & Remus 2024; see Movement I). However, all of
these are tracers for stellar-dominated merger events and cannot trace the gas that has been
accreted through such mergers.

For our own Galaxy, data are available in unprecedented detail, including measured proper
motions. By detecting kinematic substructures of stars clustered in phase space, it has been
possible to identify a number of past and ongoing mergers for the MW. The Sagittarius Dwarf
Spheroidal Galaxy was the first merger discovered with the MW through positional and
line-of-sight kinematic data by Ibata et al. (1994). Using Hipparcos data and line-of-sight
distances and velocities, Helmi et al. (1999) discovered substructures in the inner halo now
known as the Helmi streams. Through the Gaia mission and the 6D kinematic data that
were obtained for stars in the MW, a large number of halo stars were found to have distinct
kinematics in phase space, which were attributed to a major merger event that is expected to
have taken place around 10 Gyr ago, Gaia-Sausage/Enceladus (GSE; Belokurov et al. 2018;
Haywood et al. 2018; Helmi et al. 2018; Mackereth et al. 2019). It is the last major merger
that the MW experienced, as well as the most massive one, forming a large part of the stellar
halo. There are also other interpretations of the kinematic signatures, however, that the local
halo cannot be dominated by GSE alone, but is composed of the remains of multiple mergers
over a prolonged time (e.g., Donlon et al. 2020, 2022; Donlon & Newberg 2023). Finally,
Myeong et al. (2019) find a second group of halo stars kinematically and chemically different
from GSE stars with overall retrograde motions, which they attribute to a separate merger
event, referred to as Sequoia. Further groups of stars in phase space have been found, which
are likely the debris of disrupted galaxies that fell into the MW, though the connection to
specific merger events is not yet clear (see Dodd et al. 2023 and Horta et al. 2023 for a current
overview of structures found in phase space).

Through Gaia data, globular clusters (GCs) in the MW have also been used to further
disentangle the Galactic formation history. Based on their 6D phase-space properties and
their age-metallicity relations, some studies have linked the GCs with their likely progenitor
host galaxies (Myeong et al. 2018; Massari et al. 2019; Forbes 2020; Horta et al. 2020;
Callingham et al. 2022; Belokurov & Kravtsov 2024; Chen & Gnedin 2024a), such as to the
MW itself as in situ GCs, or to some of the inferred accreted galaxies. These studies also
reveal unassociated groups of GCs with low and high orbital energies, where it is proposed
that a group of unassociated low-energy GCs are part of a further past merger event (Massari
et al. 2019; Forbes 2020; Callingham et al. 2022). Similar structures in phase space with
overlapping properties are identified through different methods (e.g., Kruijssen et al. 2019b;
Forbes 2020; Horta et al. 2021, 2023). However, it has also been shown that GCs can migrate
in phase space over time, potentially making it difficult to disentangle the origin of GCs based
on their phase-space properties alone (Pagnini et al. 2023). An overview of the positions on
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the sky and in phase space of the streams and GCs detected in the MW can be found in the
figures of Riley & Strigari (2020), Malhan et al. (2022), and Mateu (2023).

While the ages of MW GCs can be measured with reasonable accuracy through the
color-magnitude diagram (CMD; see Section 15.2.3), obtaining reliable age estimates for
extragalactic GCs is much more difficult (Section 15.2.2). Ages have been estimated from
photometric studies of the integrated light of extragalactic GCs (e.g., Chies-Santos et al.
2011; Georgiev et al. 2012; de Brito Silva et al. 2022), a technique which will also become
increasingly important with the upcoming generation of observatories such as Euclid, the
Nancy Grace Roman Space Telescope, and the Vera C. Rubin Observatory (e.g., Lançon et al.
2021; Dage et al. 2023; Usher et al. 2023). Even integrated spectroscopic measurements of
extragalactic GCs are oftentimes biased towards younger ages compared to the CMD method.
This bias arises from hot horizontal branch (HB) stars, whose presence is degenerate with
younger stars (e.g., Worthey 1994; de Freitas Pacheco & Barbuy 1995; Beasley et al. 2002b;
Cabrera-Ziri & Conroy 2022) and even causes issues when using state-of-the-art models (e.g.,
Perina et al. 2011; Gonçalves et al. 2020). This has been done for GCs in galaxies in the Local
Group (e.g., Beasley et al. 2005; Schiavon et al. 2013; Wang et al. 2021) and for selected
nearby galaxies (e.g., Usher et al. 2019).

In this work, we use a recent empirical GC formation model with two formation pathways
(Valenzuela et al. 2021; Valenzuela 2023, see Chapter 16, the first pathway forms GCs in
small halos, while the second forms GCs in gas-rich mergers) to study how its second pathway
of forming GCs in gas-rich wet mergers (e.g., Ashman & Zepf 1992) can help shed light on
the formation history of the MW and other nearby galaxies. The model has been shown to
agree well with the observed numbers of GCs in galaxies from dwarf to galaxy cluster masses,
where a linear relation has been found to exist between the number of GCs and the dark matter
(DM) halo virial mass (e.g., Blakeslee et al. 1997; Harris et al. 2017a; Forbes et al. 2018b), as
well as with GC age distributions of the MW and nearby galaxies. We introduce the GC model
and observational data in Section 17.1. In Section 17.2, we present a bimodal feature found in
the observed GC age distribution of the MW and how it could be related to the predictions of
the GC model. We then test and discuss these predictions in detail for the MW in Section 17.3
and for other nearby galaxies in Section 17.4. Finally, we summarize and conclude the results
in Section 17.5.

17.1 Data & method
In the following, the empirical GC model and the GC observational data used in this work are
presented. The main property studied is the GC age distribution of galaxies.

17.1.1 Globular cluster model

In this work, we used the empirical GC formation model introduced by Valenzuela et al.
(2021), which builds on previous models and investigations by Boylan-Kolchin (2017), Choksi
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et al. (2018), and Burkert & Forbes (2020). The model employs two formation pathways for
GCs: The first, the small halo pathway, forms GCs in small haloes as soon as a halo’s virial
mass surpasses a given threshold value, 𝑀seedGC. With equal probability, 0, 1, or 2 GCs are
formed. The second, the wet merger pathway, is the formation pathway introduced by Choksi
et al. (2018) and triggers GC formation when the relative halo mass accretion rate surpasses a
given threshold value, 𝐴min. The formed number of GCs is then determined by converting
the available cold gas mass 𝑀gas to a total GC mass via a conversion factor, 𝜂GC (Kravtsov &
Gnedin 2005; Li & Gnedin 2014; Choksi et al. 2018; Valenzuela et al. 2021):

𝑀GC = 1.8 × 10−4𝜂GC𝑀gas. (17.1)

By assuming a cluster initial mass function of

𝑑𝑁

𝑑𝑀
∝ 𝑀−2, (17.2)

the expected number of formed GCs is obtained as (combining eqs. 3, 6, and 7 of Valenzuela
et al. 2021)

⟨𝑁⟩ = exp
�
𝑊

�1.8 × 10−4𝜂GC𝑀gas

𝑀min

��
− 1, (17.3)

where𝑊 is the Lambert𝑊 function, 𝜂GC = 0.5 for the best-fitting model, and 𝑀min = 105 M⊙
is the minimum mass that a GC needs at formation time to survive for a few Gyr (Li & Gnedin
2014; Choksi et al. 2018). For more details on the models, see Valenzuela et al. (2021). Note
that recent work by Chen & Gnedin (2023) now uses a smaller value of 𝑀min = 104 M⊙,
although they note that GCs with low initial masses of for example 104 M⊙ have an estimated
lifetime of around 1 Gyr at 3 kpc distance of the center of a MW-mass galaxy. The model
only tracks the numbers of GCs per galaxy and their formation times, but does not include
metallicities. This limits the comparison with observations to only the GC ages, though
the available measured metallicities can be used as indicators for the formation sites of the
observed GCs. In contrast, for the modeled GCs this information is already known.

The GC model was applied to the merger tree of a DM-only simulation of side length
30 Mpc with a DM particle mass of 𝑚DM = 7.90× 106 M⊙ that was run with the TreePM code
Gadget-3 (Springel 2005). The empirical model emerge (Moster et al. 2018) provides the
model with the baryonic matter content per galaxy. Because the model only tracks the number
of GCs in each galaxy and at what times they were formed, the model parameters were fit to
match observations of the numbers of GCs, since those are available for a sufficiently large
sample: the GC numbers are taken from Burkert & Forbes (2020). The GC age distributions
are consistent with those found by Usher et al. (2019) for the MW and three SLUGGS galaxies
(SAGES Legacy Unifying Globulars and GalaxieS; Brodie et al. 2014), and the fractions of
GCs formed through the wet merger pathway agree with the red GC fractions measured by
Harris et al. (2015). For more information on the comparability to observations and how the
model parameters affect the resulting GC properties, see Valenzuela et al. (2021).
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17.1.2 Globular cluster observational data

A variety of observed GC age measurements from the literature are used in this work for
selected galaxies in the Local Universe. These use different methods to obtain the GC ages
and are presented in the following. For all of the measured samples, it is important to keep in
mind that while the absolute ages have large uncertainties and are difficult to measure even in
the MW itself (e.g., Ying et al. 2023, for M 92), within a given GC sample they are subjected
to the same systematic uncertainties, resulting in much more precise relative ages. This is
important for the study of GC age distributions, where the features in the distribution itself are
given by the relative ages as opposed to the absolute ones.

Milky Way

The MW is the only galaxy besides its own satellites for which it is currently possible to obtain
accurate CMDs of its GCs. This allows for a much more exact determination of their ages
and has been done in multiple studies for different sized samples of GCs. In this work, we
considered three of these as compiled by Kruijssen et al. (2019b), and additionally investigated
the mean ages of those three studies in Section G.1.1:

• Forbes & Bridges (2010) with a sample of 92 GCs,
• Dotter et al. (2010, 2011) with a sample of 68 GCs,
• VandenBerg et al. (2013) with a sample of 54 GCs,
• Kruijssen et al. (2019b) with a sample of 96 GCs, which contains the mean GC ages

from the previous three studies.

The sample from Forbes & Bridges (2010) is based on a number of previous age
measurement studies (Salaris & Weiss 1998; Bellazzini et al. 2002; Catelan et al. 2002;
De Angeli et al. 2005; Carraro et al. 2007; Dotter et al. 2008; Carraro 2009; Marín-Franch et al.
2009), of which 64 GCs were measured using the Advanced Camera for Surveys (ACS) from
the Hubble Space Telescope (HST) through the ACS survey for Galactic GCs (Sarajedini et al.
2007; Marín-Franch et al. 2009) to obtain relative ages. They were normalized to absolute
ages with the Dartmouth models of Dotter et al. (2007). While that sample is restricted
to the inner 20 kpc of the MW, the age measurements of further GCs were supplemented
from the other works. The sample from Dotter et al. (2010, 2011) is for the most part also
based on the GCs measured through the ACS survey of Galactic GCs using the photometric
catalog from Anderson et al. (2008), and the remaining GCs were observed with further
HST/AST measurements. Lastly, the GC age measurements from VandenBerg et al. (2013)
were computed from the same photometric catalog of the ACS survey of Galactic GCs
as Marín-Franch et al. (2009) used, but employing the stellar evolutionary tracks from
VandenBerg et al. (2012). It should be noted that while not all these objects are necessarily
actual GCs, but in part also nuclear star clusters, metal complex clusters, or a combination
thereof (e.g., McKenzie et al. 2022), we refer to all of them simply as GCs in this work.
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In addition to the three CMD age samples of the MW GCs, we also included two GC age
samples obtained through integrated measurements, as this is also what one is restricted to for
other galaxies:

• Usher et al. (2019) with a sample of 61 GCs. Their measurements are obtained through
combining photometry and spectroscopy, to which stellar population models are fitted
using a Markov chain Monte Carlo (MCMC) method.

• Cabrera-Ziri & Conroy (2022) with a sample of 32 GCs, of which we removed the
3 spurious young GCs (see their section 6.1, where they detail how the spectral fit
residuals indicate whether the best fit for a young GC is real or spurious, which is a
result of the simple single population HB star model that they use). These have also
been shown to be much older from CMD measurements. Compared to Usher et al.
(2019), Cabrera-Ziri & Conroy (2022) used spectroscopy only, but additionally took the
hot horizontal branch (HB) stars into account in their modeling of the integrated stellar
population measurements.

For the MW, additional GC properties can be determined that are not possible to obtain
for other galaxies at the moment. Six-dimensional phase space measurements have been
made available for many MW GCs through Gaia (Gaia Collaboration 2018a; Vasiliev 2019),
which Massari et al. (2019) used to assign the likely origin of the individual GCs. Their list
of progenitors for the GCs consist of the MW itself (i.e., in situ formed GCs in the disk or
bulge), the GSE galaxy, the Sagittarius dwarf, the Helmi Streams, the Sequoia galaxy, and
unassociated high- and low-energy GCs. Forbes (2020) used the age-metallicity relation
(AMR) to improve these progenitor assignments and propose that the unassociated low-energy
GCs belong to a single progenitor dwarf satellite, which they dub Koala and is likely related
to or overlaps with Kraken (Kruijssen et al. 2019b) and Heracles (Horta et al. 2021, 2023).
Further work was done by Callingham et al. (2022), who used a chemo-dynamical model and
hydrodynamical simulations of MW-like galaxies to associate the GCs with their progenitor
hosts. Their assumed accretion events largely align with those used by Massari et al. (2019)
and Forbes (2020). Chen & Gnedin (2024a) have recently applied clustering techniques to
chemical, spatial, kinematic, and age properties of the GCs to associate the GCs with the MW,
GSE, Sagittarius, and other ex-situ-formed GCs. It should be noted that due to the ongoing
observations and work on this topic, this is a rapidly evolving field. The identifiers of the GCs
were available to us for the CMD age samples and for the sample of Cabrera-Ziri & Conroy
(2022), such that we could cross-match the ages for those four samples to the progenitor
assignments. For this work, we use the assignments made by Forbes (2020), though using the
assignments from Massari et al. (2019), Callingham et al. (2022), or Chen & Gnedin (2024a)
do not change the statistical findings presented in this work when we did the analysis using
those instead (also see Section G.1.2 for an analysis using the associations from Callingham
et al. 2022 and Chen & Gnedin 2024a).
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M 31

As the nearest more massive galaxy to the MW, the Andromeda galaxy (M 31) is an ideal
galaxy for which GCs can be identified and analyzed, since observations have much better
resolution and better signal-to-noise values than for more distant galaxies. For M 31, we used
two different studies for the GC ages:

• Wang et al. (2021) with a sample of 343 clusters, of which we used the 293 old GCs
(𝑡age > 1.5 Gyr) in this work,

• Usher et al. (2024) with a sample of 290 clusters,
• Cabrera-Ziri et al. (in prep.) with a sample of 286 GCs, of which we used the 136 GCs

whose ages are sufficiently constrained.

The sample from Wang et al. (2021) was observed with the Large Sky Area Multi-Object
Fiber Spectroscopic Telescope (LAMOST; Cui et al. 2012; Luo et al. 2015). The GC ages
were then determined based on the obtained integrated spectra and multi-band photometry
from Beijing-Arizona-Taiwan-Connecticut (BATC; Ma et al. 2015) and Sloan Digital Sky
Survey (SDSS; Peacock et al. 2010). For the old clusters, they fit the spectra using an empirical
stellar spectra library and the measured colors using an MCMC method. Their ages are all
younger than 10 Gyr, however, which is likely a consequence of their underlying models and
almost certainly not actually the case for the majority of M 31’s GCs (e.g., Beasley et al. 2005;
Caldwell et al. 2011; Schiavon et al. 2013). Their ages should therefore be taken with caution.
The GC age determinations from Usher et al. (2024) were also made from photometric and
spectroscopic measurements, where the photometry was obtained with SDSS (mostly from
Peacock et al. 2010) or from the Pan-Andromeda Archaeological Survey (PAndAS) Canada
France Hawaii Telescope MegaCam for the halo GCs not covered by SDSS (Huxor et al. 2014).
Usher et al. (2024) used the same method as Usher et al. (2019), for which they fit the stellar
spectra using an MCMC method.

The integrated spectra measurements of Cabrera-Ziri et al. (in prep.) use the same method
as applied for the MW GCs presented by Cabrera-Ziri & Conroy (2022). Their GC sample
is selected from the inner halo of M 31, of which 150 have only a lower bound on their age,
leaving 136 GCs with sufficiently constrained ages to study their distribution. The reason
for the large number of lower age bounds is that their method is able to determine that the
metal-poor GCs with a horizontal branch are very old, but not what exact age they have
(>9 Gyr in all cases, and >12.5 Gyr is the median lower bound) due to degeneracies between
the ages and horizontal branch properties. This also means that the resulting age distribution
has a selection bias towards metal-rich GCs, which means that the metal-poor GCs typically
accreted through smaller galaxies are removed. This should be kept in mind, though we
believe that the consequences for this work are not severe since we focus on GCs formed
during mergers, which produce younger GCs at generally higher metallicities. GCs formed
through such mergers tend to be younger by on average 2–3 Gyr, having their formation peak
at an age of roughly 10 Gyr (see fig. 2 of Valenzuela 2023).
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NGC 3115 and NGC 1407

The age measurements for 116 GCs in NGC 3115 and 213 GCs in NGC 1407 were made by
Usher et al. (2019) by combining photometry and spectroscopy to fit the stellar spectra using
an MCMC method. The spectral data were obtained through the SLUGGS survey (Brodie
et al. 2014) and the photometric data are from Arnold et al. (2011) using the Suprime-Cam of
the Subaru telescope.

17.2 Age dating wet mergers with GCs in the Milky Way
Having the observational data, we investigated some reoccurring features in the GC age
distributions with the aim of verifying if such features can be explained by the model. In
the following, we present our initial findings from the observations and what predictions the
model makes with respect to these.

17.2.1 GC age distribution observations in the Milky Way
As the galaxy for which the best data exists, we first considered the GC age distribution of the
MW. In two of the available samples, the ages appear to have a bimodal or even multimodal
distribution, which are shown in Figure 17.1. For both Forbes & Bridges (2010) and Usher
et al. (2019), the main peak of the distribution is at 13 Gyr. There is also a slight second peak
in the distribution of Forbes & Bridges (2010) at around 11 Gyr, while for Usher et al. (2019)
there are two small peaks between 8 Gyr and 10 Gyr. Since the data from Forbes & Bridges
(2010) are composed of multiple different studies, we show the age distribution only of the
largest of the underlying GC age studies from Marín-Franch et al. (2009) in Section G.1.3 (it
includes 64 of the 92 GCs), which also features the age bimodality. Thus, the bimodality seen
for Forbes & Bridges (2010) is not the result of combining multiple studies with different
systematic uncertainties. Studies of the age-metallicity relationship for MW GCs have shown
that there are multiple branches of GCs corresponding to the in situ formed GCs and different
progenitor galaxies that fell into the MW (e.g., Kruijssen et al. 2019b; Forbes 2020), which
could be what is seen as a multimodal age distribution. The peaks in the age distributions align
well with the estimated infall times of Sagittarius (8–9 Gyr ago) and Sequoia (∼10 Gyr ago;
Forbes 2020), and of the GSE merger event, the last major merger that the MW experienced
(Helmi et al. 2018; Haywood et al. 2018): around 8 Gyr to 11 Gyr ago according to Belokurov
et al. (2018) and around 10 Gyr ago according to Helmi et al. (2018). With an estimated
merger mass ratio of 1:4 (Helmi et al. 2018; Gallart et al. 2019), GSE is expected to have
been a gas-rich major merger that triggered a starburst in the disk of the MW (e.g., Helmi
2020; Ciucă et al. 2023). There is also evidence for this from stellar population measurements,
where Gallart et al. (2019) found a clear peak of high star formation at around 9.5 Gyr ago.

Of course, the findings from the observed age distributions are accompanied by some
caveats: First of all, GC age measurements are subject to large uncertainties, especially for the
older ages (see the solid lines in Figure 17.1, which are the distributions smoothed by Gaussian
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Figure 17.1: Globular cluster age distributions in the MW from Forbes & Bridges (2010) and Usher
et al. (2019), with sample sizes of 92 and 61 GCs, respectively. The boxy lines are the actual histograms,
while the smooth curves show the distributions smoothed by the measurement uncertainties. These are
computed through a summation over normal distributions with the respective ages as the means and
their uncertainties as the standard deviations. The shaded region between 8 Gyr and 11 Gyr indicates
the estimated time of the GSE merger (Belokurov et al. 2018; Helmi et al. 2018).

kernels given by the measurement uncertainties). Still, a large part of these uncertainties
are systematic effects, such that the relative ages can still be trusted more than individual
absolute ages. Second, the sample sizes are not large enough to make any kind of statistically
significant statements, in particular for the few GCs that make up the minor peaks in the age
distributions. Third, bringing together the estimated time of the GSE merger event and the
time of the GC age distribution peaks is far from having established a causal relation between
the two. However, since the features are present in the data and the time also aligns with that
of the GSE merger event, GC formation models can be employed to investigate if there is a
theoretical basis for a causal connection.

17.2.2 Model predictions

The model introduced by Valenzuela et al. (2021) consists of two GC formation pathways,
of which one allows GCs to form through wet mergers containing a sufficient amount of
cold gas. To study what the model predicts for galaxies such as the MW, we first extracted
MW-like galaxies from the simulation to which the GC model was applied. For this, we
selected MW-mass galaxies by their virial mass of 𝑀vir = 1–2 × 1012 𝑀vir, which applies to
21 simulated galaxies. Out of these, there are two with GC age distributions that best match
the distribution measured by Usher et al. (2019) for the MW in terms of their cumulative
distributions, which is shown in the top panel of Figure 17.2. The analogs were selected using
the measurements by Usher et al. (2019) instead of one of the CMD measurements since the
model was originally calibrated by Valenzuela et al. 2021 to be in agreement with the ages
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measured by Usher et al. 2019 to have a comparison with multiple galaxies. A recalibration of
the model to the CMD age distributions is unsuitable because it would surpass the scope of this
work and would only provide one single galaxy with a sufficient number of CMD-measured
GC ages. The conclusions drawn in the following are still applicable to the model in general,
independent of the age calibration that was used. We show the GC age distributions and the
accretion histories of the other 19 MW-mass galaxies in Section G.2.

Both of the simulated galaxies have roughly bimodal GC age distributions with a minor
peak at around 9 Gyr to 10 Gyr (middle panel of Figure 17.2). Assuming a measurement
uncertainty of 0.75 Gyr for each GC age continues to show a clear bimodality in one case
(orange distribution), but only leaves a hint for the other case (red distribution). This shows
that even if there is a bimodal age distribution, the large measurement uncertainties for GC
ages can make it difficult to actually confirm it in practice.

The underlying reason for these peaks in the age distributions becomes apparent when
studying the accretion histories of the two galaxies: both of them experience a major merger
in the same time period as the GC formation bursts (bottom panel of Figure 17.2). The
mergers occur at the same time as the GSE merger is estimated to have happened (8–11 Gyr
ago). The two accretion histories differ strongly in their later evolution, however: while the
galaxy with the more pronounced bimodal GC age distribution only experiences mini to minor
mergers afterwards (orange line in the bottom panel of Figure 17.2), the other galaxy has
a second major merger at a later time of around 2–4 Gyr ago (red line). The lack of GCs
having formed around that time is a clear indication that the merger was rather gas-poor (i.e.,
dry). The formation history of the first galaxy is therefore more similar to that inferred for
the MW (“MW-analog”), while the other galaxy has had a much more violent recent history
(“non-MW-analog”). The fact that the non-MW-analog GC age distribution seen in the middle
panel of Figure 17.2 is more similar to the observed one by Usher et al. (2019) only indicates
that the major merger around 10 Gyr ago is more similar to the GSE merger in terms of their
GCs formed. However, the second major merger around 2–4 Gyr ago is in no way comparable
to the MW, making it the non-MW-analog. As shown for the other 19 MW-mass galaxies in
Section G.2, the peaks in their GC age distributions also correspond to gas-rich merger events,
while those mergers that do not leave a strong imprint in the GC age distribution are the dry
mergers that the galaxy experienced.

In conclusion, the model makes the following predictions: wet mergers with a large amount
of cold gas are capable of producing a bimodal or even multimodal GC age distribution for a
galaxy, providing an indication for a type of event that is generally difficult to trace through
other means. However, dry mergers with little to no cold gas do not result in noticeable
signatures in the GC age distributions. This is the case for the majority of late-time mergers,
but at higher redshifts gas-rich mergers are increasingly more common and beyond 𝑧 ≈ 2 the
most common kind of merger event (e.g., Bournaud et al. 2011). Thus, GC ages provide a
means to probe the very early turbulent formation times of galaxies by tracing their massive
wet merger events.
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Figure 17.2: GC ages and virial mass evolutions of two selected modeled MW-mass galaxies compared
to the observed GC ages in the MW. Top: Cumulative GC age distributions of the MW from Usher et al.
(2019) (blue) and of two modeled GC populations in simulated MW-mass galaxies from Valenzuela
et al. (2021) (red and orange). Middle: Age distributions of the same three GC populations as in the top
panel. The smooth distributions are smoothed using an assumed uncertainty of 0.75 Gyr for the GC
ages. These are computed through a summation over normal distributions with the respective ages as
the means and their uncertainties as the standard deviations. For the sample from Usher et al. (2019),
the distribution was scaled by a factor of four to be comparable to the modeled populations. Bottom:
Dark matter virial mass evolution of the two modeled galaxies, showing their accretion histories. The
shaded region between 8 Gyr and 11 Gyr indicates the estimated time of the GSE merger (Belokurov
et al. 2018; Helmi et al. 2018).



230 Chapter 17 – Tracing Wet Mergers Through GC Ages

17.3 Discussion: GCs in the Milky Way

Having the model prediction that wet mergers leave an imprint on the GC age distribution of a
galaxy, we tested it through the available GC measurements in the MW. For this we could
make use of additional properties currently unavailable for GCs around other galaxies, such as
kinematic phase-space information and more accurate age measurements.

17.3.1 Milky Way diagnostics

To address some of the caveats brought up in Section 17.2.1, we used further data available on
the MW GCs to study to what extent the model prediction can be applied to the MW and its
GC population. Using the GC progenitor assignments by Forbes (2020), the age distributions
for four of the samples (Forbes & Bridges 2010; Dotter et al. 2010, 2011; VandenBerg et al.
2013; Cabrera-Ziri & Conroy 2022) can be split up by those assignments. Figure 17.3 shows
the age distributions for the GCs formed in situ in the MW and those associated with GSE
and the other GC host progenitors, for each of the four samples. This figure uses the age
uncertainties to smooth the distributions. For the total GC age distributions see Figure G.1,
which shows that for the smoothed distributions, only the total age distribution from Forbes &
Bridges (2010) shows a hint at a bimodality. This bimodality is smoothed out when taking the
mean GC ages from Kruijssen et al. (2019b), which may lead to GC age biases (discussed in
Section G.1.1). See Section G.1.4 for the unsmoothed age distributions plotted as histograms
for the most relevant GC host progenitor groups that correspond to Figure 17.3.

The two smaller samples from VandenBerg et al. (2013) and Cabrera-Ziri & Conroy (2022)
do not reveal further information besides an indication for the low-energy GCs to have formed
at slightly later times for the measurements by VandenBerg et al. (2013). In contrast, both of
the other samples show that there is a physical reason for the bimodal GC age distribution
shown in Figure 17.1: in the largest sample by Forbes & Bridges (2010), it is clearly seen that
the younger peak seen in Figure 17.1 at 11 Gyr is dominated by GSE-associated GCs, with
contributions from the Helmi Streams and the high-energy GCs. This is less pronounced in
the sample by Dotter et al. (2010, 2011), where the high-energy GCs contribute most of the
young GCs, albeit there is also a significant contribution from GSE. The fact that these GCs
have a different origin than the other MW GCs is known through the age-metallicity relation
(e.g., Leaman et al. 2013; Kruijssen et al. 2019b; Forbes 2020), in which the GCs associated
with GSE and the other progenitor galaxies follow their own tracks. While the Sagittarius
dwarf is expected to have fallen into the MW around 8–9 Gyr ago on a most likely rather
circular orbit, its extended time range of GC formation could be a result of tidally induced
star cluster formation during its orbit around the MW while there was still enough cold gas
available (e.g., Williams et al. 2022, for a study on young clusters with ages of around 2 Gyr
in the Small Magellanic Cloud, which are suggested to have formed through tidal interactions
with the Large Magellanic Cloud).
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Figure 17.3: Globular cluster age distributions in the MW from Forbes & Bridges (2010), Dotter
et al. (2010, 2011), VandenBerg et al. (2013), and Cabrera-Ziri & Conroy (2022), split up according to
their likely progenitors from Forbes (2020). The shown classifications are the MW, GSE, unassociated
high-energy GCs (H-E), unassociated low-energy GCs (L-E, which was given the name Koala by
Forbes 2020), the Helmi Streams (H99), Sequoia (Seq), and Sagittarius (Sag). The total number of
GCs in the respective sample is indicated in the top left. The distributions are computed from the GC
ages and their uncertainties through a summation over normal distributions with the respective ages as
the means and their uncertainties as the standard deviations. The shaded region between 8 Gyr and
11 Gyr indicates the estimated time of the GSE merger (Belokurov et al. 2018; Helmi et al. 2018). See
Figure G.6 for the corresponding histograms of the most relevant GC progenitor groups without taking
the uncertainties into account.

It is curious, however, that there appears to be a hint at a non-unimodal age distribution
within the GSE GCs, which can be seen more clearly for Forbes & Bridges (2010) than for
Dotter et al. (2010, 2011) in Figure 17.3. The bimodality is also present when only using the
GC ages from the subsample of Marín-Franch et al. (2009) (Section G.1.3) as well as when
using the mean GC ages from Kruijssen et al. (2019b). The bimodality is even slightly more
prominent when using those ages, despite the overall distribution being more smoothed out
(Section G.1.1). Additionally, it is also present when using the GC progenitor associations
from any of Massari et al. (2019), Callingham et al. (2022), or Chen & Gnedin (2024a), and
it is actually much more clearly visible for their classifications (Section G.1.2). The GCs
associated with GSE are therefore shown to have an age bimodality across multiple different
studies of their ages and association models with the GSE. The reason the bimodality is not
seen in the samples from Dotter et al. (2010, 2011) and VandenBerg et al. (2013) is that they
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each only contain 13 GCs associated with GSE, compared to 21 GCs from Forbes & Bridges
(2010). Considering the raw age data without uncertainties, both distributions are actually
bimodal (Figure G.6), with the caveat of there being a very small amount of GCs involved.

Still, if the signal is real, it can be brought together with the model prediction in a
straightforward manner. As the model forms GCs in small halos at early times (first pathway as
described in Section 17.1.1), a GSE satellite galaxy hosts its own GCs as it falls into the MW.
We refer to these GCs as the accreted GCs in the following. Assuming there is enough cold
gas available, the major merger event then triggers GC formation through the gas collision and
tidal forces between the two galaxies (merger-induced GCs in the following, second pathway
as described in Section 17.1.1; Ashman & Zepf 1992; Williams et al. 2022). This scenario
leads to multiple properties arising for the GCs: (1) The age distribution of the combined
early-formed accreted and merger-induced GCs is bimodal. (2) Assuming that GSE brings in
its own cold gas, many of the merger-induced GCs are also formed from that gas, or a mixture
of that and the MW’s gas and therefore have similar metallicities and phase-space properties as
those of the accreted GCs. This would then also lead to such GCs being associated with GSE
through an analysis of phase-space and the age-metallicity relation. (3) Assuming the merger
leads to violent gas interactions, it is possible that some recently formed merger-induced GCs
are ejected from the overall orbit of GSE, leading to unassociated high-energy GCs. In that
case, the high-energy GCs could also be associated with GSE and thus the bimodality in
the GSE GC age distribution would be even more enhanced. It is also possible for GCs to
distribute themselves further apart in phase space through other dynamical processes as shown
by Pagnini et al. (2023), potentially ending up in the high-energy regime. This may occur in
a similar fashion to the Splash (e.g., Bonaca et al. 2017; Belokurov et al. 2020), a group of
more metal-rich stars in the MW halo that appear to have been formed in situ and dynamically
ejected around the time of the GSE merger (e.g., Belokurov et al. 2020; Ciucă et al. 2023). Of
course, this would not result in a change in age and metallicity of the formed GCs, though
Ciucă et al. (2023) argue that the GSE merger could have first driven down the metallicity,
which was then again enriched by the induced starburst.

While it is not possible to prove this theory with the current state of GC age precision
and the difficulties of kinematic associations, the GC formation model indicates that the GCs
associated with GSE are not only those that were brought in by the accreted galaxy (e.g.,
Côté et al. 1998), but also those that were formed through the wet merger (e.g., Ashman &
Zepf 1992). Additionally, it is possible that some of the unassociated high-energy GCs were
also formed in the process of the GSE merger, though it should be noted that many of those
GCs have lower measured metallicities than those associated with GSE (Forbes 2020). In
turn, this could be a result of the metallicity lowering through the merger (Ciucă et al. 2023).
However, analyzing and modeling the details of GC metallicities in such a gas-rich major
merger scenario are beyond the scope of this work and will be addressed in a future study.
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Table 17.1: Predicted number of GCs, 𝑁GC,formed, formed through the GSE merger with the MW for
different assumed MW total cold gas masses, 𝑀gas,MW. The GSE galaxy is assumed to have had a cold
gas mass of 6.62 × 109 M⊙ (Vincenzo et al. 2019).

𝑀gas,MW/M⊙ 𝑁GC,formed
1.0 × 1010 6
2.5 × 1010 11
5.0 × 1010 17
7.5 × 1010 22

17.3.2 Model diagnostics

From Equation 17.3 it is possible to obtain the number of GCs expected from the model
to form through a merger event based on the cold gas mass, 𝑀gas. Vincenzo et al. (2019)
estimated GSE to have brought in a cold gas mass of 6.62×109 M⊙. For the MW, we estimated
a range of possible cold gas masses by determining the cold gas masses of galaxies at 𝑧 = 2
in a hydrodynamical cosmological simulation since the simulation that our GC model was
applied to only contains DM particles. For this, we used Magneticum Pathfinder2 Box4 (uhr)
(with a side length of 68 Mpc and a gas particle mass of 𝑚gas = 1.0 × 107 M⊙) because it
has the necessary resolution to resolve MW-like galaxies and their formation well, and at
the same time it is large enough to contain a large sample of MW-like galaxies, from which
we can draw conclusions about the expected gas mass at 𝑧 = 2. The galaxies contained
within it have been shown to agree well with observations across a broad range of properties
(see Teklu et al. 2015 for details on the implementations and Valenzuela & Remus 2024 for
an overview of comparisons to observations). For the galaxies at 𝑧 = 2 with virial masses
5×1011 M⊙ ≤ 𝑀vir ≤ 8×1011 M⊙, the typical cold gas mass (which we define as star-forming
gas particles with temperatures below 105 K) is 𝑀gas = (2.1 ± 0.6) × 1010 M⊙. We computed
the expected numbers of formed GCs for a range of different MW cold gas masses between
1.0 × 1010 M⊙ and 7.5 × 1010 M⊙, leading to 6 to 22 GCs being formed (Table 17.1).

As seen in the GC age distribution from Forbes & Bridges (2010), there are 12 out of
21 GCs with available ages associated with GSE and 7 out of 9 unassociated high-energy GCs
in the time range of GSE and the secondary peak of the overall MW GC age distribution.
While the latter GCs are surely not all related to the GSE merger, the GC sample also does not
include all GCs found in the MW (around 50–60%). Overall, the number of GCs expected
from the model to be formed through such a merger aligns well with the observed number
of GCs found to be associated with GSE or to be unassociated with high energies, while
also taking into account the statistical incompleteness of the GC sample. This supports the
prediction that multimodal GC age distributions can be used to trace wet mergers.

2www.magneticum.org
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17.4 Discussion: Extension to nearby galaxies

While the GC age measurements are by far the most accurate for the MW due to resolved
measurements of the clusters, the general properties from integrated GC age measurements can
still give indications about the wet merger history of the host galaxy, through the relative ages
between the GCs. One of the galaxies studied by Usher et al. (2019) is NGC 3115, a fast-rotating
S0 field galaxy with stellar mass 𝑀∗ = 9 × 1010 M⊙ and virial mass 𝑀vir = 1.2 × 1012 M⊙
(Forbes et al. 2016, assuming an NFW profile such that the virial mass is a factor 10 larger
than the DM mass within 8 𝑅𝑒, where 𝑅𝑒 is the effective radius, the radius within which half
the light of the galaxy is emitted). It has 550 ± 80 GCs (Harris et al. 2013) and features
multimodal age distributions (based on 116 measured GC ages from Usher et al. 2019; top
panel of Figure 17.4). The multimodal behavior of the ages is even retained when smoothing
the histogram with a Gaussian kernel of 1.5 Gyr (smooth line), which is a value we selected to
illustrate the effect of smoothing that can be caused by measurement uncertainties. There is
in fact a galaxy in the simulation that has a very similar GC age distribution as NGC 3115,
which can here be seen in the middle panel of Figure 17.4 (the similarity of the distributions
is seen especially well in the cumulative distributions shown in fig. 17 of Valenzuela et al.
2021). The simulated galaxy has a virial mass of 𝑀vir = 1.8 × 1012 M⊙, similar to that of
NGC 3115, and a total of 525 GCs, consistent with NGC 3115, which places it 0.2 dex above
the mean linear scaling relation from Burkert & Forbes (2020), but still within the observed
scatter. Interestingly, both the observed and simulated ages feature three minor peaks in the
distribution without smoothing over it, although this could very well be a coincidence given
the large uncertainties for the observational measurements. For the simulation this means that
there were overall three especially gas-rich mergers leading to an increased amount of GC
formation. This occurred during a time of steady assembly between 6 Gyr and 12 Gyr ago
(bottom panel of Figure 17.4).

This agrees well with the inferred formation history of NGC 3115 obtained through
kinematics from IFU data and tracer populations, the metallicity profiles, its mass distribution,
and the study of its morphological components: it is believed to have experienced an early
gas-rich accreting phase followed by a lack of significant mergers thereafter (Arnold et al.
2011; Guérou et al. 2016; Zanatta et al. 2018; Poci et al. 2019; Dolfi et al. 2020; Buzzo et al.
2021). In particular, this supports the prediction of GC ages being able to trace wet mergers,
also for galaxies outside the Local Group.

Such behavior is not the norm, however. This could already be seen from the median age
distributions presented by Valenzuela et al. (2021) for all the virial mass bins, which show
that generally GC populations are dominated by old GCs like those of the MW. For most
galaxies, GC formation bursts are too close in time to the oldest GC populations to be able to
distinguish them without having further properties available like in the MW, or the bursts are
not significant enough due to a lack of cold gas as gas-rich merger events become less and less
frequent with time.
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Figure 17.4: GC ages and virial mass evolution of the modeled NGC 3115-analog galaxy compared
to the observed GC ages in NGC 3115. Top and middle: Age distributions of the GC population in
NGC 3115 from Usher et al. (2019), with a sample of 116 GCs, and of the modeled GC population in
an NGC 3115-analog galaxy from Valenzuela et al. (2021) with 525 GCs. The smooth distributions are
smoothed using an assumed uncertainty of 1.5 Gyr for the GC ages. These are computed through a
summation over normal distributions with the respective ages as the means and their uncertainties as
the standard deviations. Bottom: Dark matter virial mass evolution of the simulated NGC 3115-analog
galaxy, showing its accretion history.

One such case is M 31, for which the GC age measurements of Wang et al. (2021), Usher
et al. (2024), and Cabrera-Ziri et al. (in prep.) show no clear bimodal distribution (Figure 17.5).
There is a hint at some additional modes between 6 Gyr and 10 Gyr ago in the data from Usher
et al. (2024) and Cabrera-Ziri et al. (in prep.) (middle and lower panel). The numbers of GCs



236 Chapter 17 – Tracing Wet Mergers Through GC Ages

in these modes are small for the latter study (6 around 6–8 Gyr ago and 8 around 8–10 Gyr ago)
and the uncertainties of the GC age measurements are large compared to the individual age
peaks (smooth curves in the middle and lower panel), so we cannot exclude that they originate
from statistical uncertainties. If they do not, this would indicate only small gas-rich mergers
given the small numbers of GCs produced. As discussed in Section 17.1.2, the absolute ages
of the measured distributions should not be compared with those of Wang et al. (2021) due to
differences in the measurement techniques, which led to the much younger determined ages
for Wang et al. (2021). In terms of their relative ages, however, all of the samples show that
significant features in the GC age distributions are not found for all galaxies and strong features
are only visible for mergers that have a sufficient amount of gas. Additionally, which features
are identifiable in GC age distributions will always depend on how large the measurement
errors are, which smooth out the data, which first removes the signatures from smaller mergers
or those with smaller gas fractions. Thus, the method is the most reliable in detecting wet
mergers with large mass fractions. Finally, note that the sample from Cabrera-Ziri et al. (in
prep.) is biased towards metal-rich GCs (Section 17.1.2). However, gas-rich major mergers
are expected to involve the more metal-rich GCs as opposed to metal-poor ones, such that we
believe the implications of our analysis to be unaffected.

Observationally, it has been proposed that M 31 experienced a major merger at around
2 Gyr ago, possibly with the progenitor of M 32 (D’Souza & Bell 2018a,b; Hammer et al.
2018). A large peak in star formation between 2 Gyr and 4 Gyr ago in the disk and outskirts
of M 31 (Bernard et al. 2012, 2015; Williams et al. 2017) is likely related to this event. Using
planetary nebulae, Bhattacharya et al. (2023) find further evidence for a wet major merger of
M 31 2.5 Gyr to 4 Gyr ago. In fact, the full sample by Wang et al. (2021) also includes young
stellar clusters with ages below 1.5 Gyr, which could potentially also have been formed as a
result of the gas brought in by the merger and would not be referred to as GCs yet. Similarly,
the distribution by Usher et al. (2024) shows GCs with these kind of young ages as well as
GCs with ages around 3–4 Gyr, and Cabrera-Ziri et al. (in prep.) also find one GC with an age
of 2.5 Gyr, which could coincide with that merger.

It has also been determined that the star formation rate was very low before the recent
peak, with most stars having formed prior to 8 Gyr ago (Williams et al. 2017). Due to the
smooth and very massive stellar halo observed for M 31, it is estimated that the merger history
was dominated by many smaller accretion events (e.g., Ibata et al. 2014; Mackey et al. 2019).
This scenario is supported by the model prediction presented in this work, in which no single
sufficiently massive merger exists that would lead to a significant GC formation burst.

Finally, the massive elliptical galaxy NGC 1407 also lacks a significant second peak in its
GC age distribution, though there is a tail with a slight peak towards younger ages around
6–9 Gyr ago and potentially another around 10 Gyr ago (Figure 17.6). Due to the integrated
age measurements, this could be the result of underestimated ages for those GCs as the peak
again consists of only very few GCs. Overall, it appears that from the GC ages NGC 1407 has
not experienced any massive wet mergers since the early buildup phase of the galaxy, and at
most a later merger with a low cold gas fraction. In the latter case, it should be expected that
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Figure 17.5: Globular cluster age distribution in M 31 from Cabrera-Ziri et al. (in prep.), Usher et al.
(2024), and Wang et al. (2021), with sample sizes of 136 GCs, 290 GCs, and 293 GCs, respectively. The
ages in the sample of Wang et al. (2021) correspond to their determined old clusters (𝑡age > 1.5 Gyr).
For further comparisons with previous GC age determinations in M 31, see fig. 8 of Wang et al. (2021).
The smooth lines show the distributions smoothed by the measurement uncertainties. These are
computed through a summation over normal distributions with the respective ages as the means and
their uncertainties as the standard deviations for Usher et al. (2024) and over log-normal distributions
for the other two data sets. Note that for the logarithmic uncertainties, the visualization in linear space
is skewed with respect to the peak.
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Figure 17.6: Globular cluster age distribution in NGC 1407 from Usher et al. (2019) with a sample
size of 213 GCs. The smooth line shows the distribution smoothed using an assumed uncertainty of
1.5 Gyr for the GC ages. These are computed through a summation over normal distributions with the
respective ages as the means and their uncertainties as the standard deviations.

there would also be a sign of late star formation activity in the stellar populations themselves.
In fact, Spolaor et al. (2008) found from their stellar population measurements of NGC 1407
that the stars are uniformly old, having formed around 12 Gyr ago.

A kinematically decoupled core (KDC) hints at a major merger of NGC 1407 with gas
fractions between 15% and 40% (Hoffman et al. 2010; Schulze et al. 2017). While Forbes &
Remus (2018) find that a simulated galaxy from Magneticum with a similar size and mass as
NGC 1407 had a late major merger around 8 Gyr ago, it was not selected based on further
properties such as stellar ages or metallicity gradients. However, Ferré-Mateu et al. (2019)
find in their observations of NGC 1407 that the KDC is slightly younger than the rest of the
galaxy (we estimate a difference of around 1 Gyr based on their fig. 5), suggesting that a wet
major merger could have occurred slightly later than the early buildup of the galaxy. This
scenario is compatible with the GC age distribution found by Usher et al. (2019): the lack
of late gas-rich mergers is consistent with no large amount of late GC formation, and the
slight peak in the GC ages could be related to the wet major merger that formed the KDC.
Such a merger is expected to have had a relatively high gas fraction (Hoffman et al. 2010),
potentially forming many GCs as a result. However, due to the violent nature of such a merger,
many of those systems would likely be disrupted in the same process, leading to a smaller
peak in the age distribution. Since the GC sample analyzed by Usher et al. (2019) is biased
towards central GCs due to the SLUGGS survey having been focused on the inner regions, it
is expected that it would be more likely to pick up signatures from major mergers.
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17.5 Conclusion

In this work, we have used the GC formation model from Valenzuela et al. (2021) with dual
formation pathways to predict that massive wet mergers with enough cold gas can leave an
imprint on the age distribution of the GC population in the host galaxy. This imprint results in
a bimodal or even multimodal distribution, indicating when the wet mergers occurred. This
prediction is in part also a consequence of the idea that red GCs tend to form through mergers
that also induce star formation, thus resulting in properties that overall trace the underlying
stellar component, such as spatial, kinematic, or chemical properties (e.g., Brodie & Strader
2006; Pota et al. 2013; Dolfi et al. 2021). In contrast, mergers with little to no gas are not
traced by the GC ages since the lack of gas means that no significant number of GCs could be
formed in the process.

The prediction is discussed for the MW in detail. We find that a hint at bimodality
visible in the pure GC age distributions compiled by Forbes & Bridges (2010) can be further
disentangled by combining the data with phase-space information on the GCs to map which
galaxy progenitors the GCs are likely associated with (e.g., Massari et al. 2019; Forbes
2020; Callingham et al. 2022; Chen & Gnedin 2024a). We find the later peak in the GC age
distribution to correspond to the GCs associated with GSE, the last major merger of the MW
(Belokurov et al. 2018; Helmi et al. 2018), and in part also to the unassociated high-energy
GCs and the GCs of the Helmi Streams. In fact, the age distribution of the GSE GCs appears
to also have a bimodality. Since GSE is expected to have been a massive and gas-rich merger,
we suggest that GSE not only brought in its own older GCs, but also formed a second group
of GCs through the merger with the MW. The second group of GCs would be located near the
first in phase space and lie on the same age-metallicity relation, as is also found for them in
the observations. We further suggest that some of the unassociated high-energy GCs may also
originate from the GSE merger, since it is possible that the violent merger dynamics would
eject some GCs, or that GCs migrate away in phase space over time (Bonaca et al. 2017;
Belokurov et al. 2020; Pagnini et al. 2023).

Two simulated MW-mass galaxies with similar GC age distributions as the MW are found
to both have had a wet major merger around the same time as GSE (around 8 Gyr to 10 Gyr
ago). One of the two then evolved only through smooth accretion and mini and minor mergers,
as is believed to have been the case for the MW. In contrast, the other simulated galaxy
encountered a dry merger at later times that is not traced by the GC ages, (for those kind of
mergers, other kind of indicators have to be used).

We also tested the model with three other observed galaxies, NGC 3115, M 31, and
NGC 1407, for which GC ages have been obtained. For NGC 3115, the observed GC age
distribution is clearly multimodal with a considerable population of younger GCs that are
7–11 Gyr old. We were able to find a simulated galaxy of comparable virial mass and a
similar GC age distribution. It underwent an early phase of multiple wet mini and minor
mergers that led to the formation of the younger GC population, after which it experienced no
further significant mergers. This agrees well with the expected formation history of NGC 3115
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inferred from other tracers (Arnold et al. 2011; Guérou et al. 2016; Poci et al. 2019; Buzzo
et al. 2021) and supports the prediction that additional modes in the GC age distribution trace
wet mergers.

The GC age distribution of M 31 features no bimodality, indicating that it experienced
no significant late wet mergers. However, it shows two or even three small peaks in the GC
age distributions at 2–3 Gyr and at 7 and 9 Gyr, indicating either small merger events with
large gas fractions or large merger events with low gas fractions, with the former being more
likely than the latter. Since these peaks are small and the uncertainties are large, this is not
conclusive, however. Similarly, NGC 1407 features no clear bimodality, but a possible second
late peak in the GC age distribution may be related to an early wet major merger that led
to the kinematically distinct core found in the overall very old galaxy. These are examples
for the most common case for galaxies: the simulation predicts that strong peaks in the GC
age distribution with GCs younger than around 12 Gyr clearly indicate a massive wet merger
event and that small wet mergers can still leave minor peaks in the GC age distribution. Dry
mergers, however, leave no imprints in the GC age distributions.

To conclude, the age distribution of GCs can be used as a tracer for wet mergers of
galaxies, which are generally more difficult to infer from observations: while the old age
peak of the GC age distribution does not help in constraining the merger history as here
the old populations from the main progenitor of a galaxy mix with the old GCs brought in
through other merging galaxies of all kind, the young GCs with ages less than around 11 Gyr
are formed in the otherwise untraceable wet merger events. However, due to the current
large observational uncertainties in determining GC ages from integrated measurements,
further development of the age determination techniques will be essential to better understand
individual galaxies’ formation histories. Finally, increasing the number of galaxies with
accurate GC age measurements will also help improve our understanding of GC formation
and set more constraints on current GC formation models. We thus propose that this is
a good method to infer the wet merger times of extragalactic galaxies from observations.
With the advent of observatories such as Euclid, the Nancy Grace Roman Space Telescope,
and the Vera C. Rubin Observatory, applying photometric methods to obtain GC ages from
such observations has the great potential of providing deeper insight into the early gas-rich
formation history of galaxies.
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high-redshift stellar cluster formation times from different globular cluster models

A matter of current research is how early the first star clusters were able to form. Observations
with JWST are now revealing compact young star clusters in high-redshift galaxies at redshifts
up to 𝑧 = 10 in strongly lensed galaxies (e.g., Vanzella et al. 2022b, 2023; Adamo et al. 2024;
Mowla et al. 2024). These measurements indicate that bursty star formation already occurs
very early on in the Universe. However, the open question remains how these star clusters
evolve with time and whether they could be the progenitors of the GCs we observe today at
𝑧 = 0. Studies of intermediate- to high-redshift systems like the Sparkler galaxy suggest that
GCs formed very early can at least survive to redshifts of 𝑧 = 1.4 (e.g., Mowla et al. 2022;
Forbes & Romanowsky 2023).

A natural approach to addressing the connection between the observed high-redshift star
clusters and today’s GCs is through models such as those summarized in Section 15.4. These
models are not only diverse with respect to the implementation of GC formation and evolution,
but also with respect to the galaxy formation model: some use the intrinsic properties of
the hydrodynamic simulation (e.g., Pfeffer et al. 2018; Reina-Campos et al. 2022; Doppel

1Minor adjustments have been made, and the introduction has been adapted for this thesis.
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et al. 2023), whereas most of the models use an underlying empirical or semi-analytic model
for galaxy formation (e.g., Beasley et al. 2002a; Choksi et al. 2018; El-Badry et al. 2019;
Valenzuela et al. 2021; Chen & Gnedin 2022). Even though such models are created to match
some collection of properties at 𝑧 = 0, they are highly diverse in their overall approach and
implementation. Despite this diversity, there is a general lack of direct comparison between
models in the literature. As none of the models is currently tuned to match high-redshift
observations, they each make predictions with respect to the formation times and formation
environments of GCs. In this work, we present the first side-by-side comparison of numerous
different GC models, for which we study their predictions for GC ages and the formation
redshifts of surviving GCs.

As the ages of GCs in the Milky Way (MW) can be measured through the distribution
of their individual stars in the colour-magnitude diagram (CMD; see Section 15.2.3), they
have significantly smaller uncertainties than measurements of GC ages in other galaxies.
Additionally, most models have focused on MW-like galaxies or at least included such
simulated host galaxies in their analyses. For these reasons, we perform the GC model
comparison for MW-like galaxies and compare the results to the measurements in our own
MW. We aim to present the range of direct predictions regarding the ages of GCs, thereby
laying the groundwork for improving on these models in the future.

The paper is structured as follows: in Section 18.1, we introduce the observational data for
our MW as well as the GC models that we use in our comparison. Next, we investigate in
Section 18.2 whether the models are capable of reproducing the observational data for the GC
age distribution in the MW, followed in Section 18.3 by the predicted GC age distributions for
MW-mass galaxies for the models that have been applied to a larger number of such galaxies.
In Section 18.4, we present the predicted formation redshift distributions of surviving GCs
and compare these to recent high-redshift observations of young star clusters. Finally, we
summarise and conclude in Section 18.5.

18.1 Data
For this work, we collected GC age data from multiple observational and theoretical studies.
The observations are of the GCs in the MW and we selected GC formation models that have
been run on MW-like galaxies. In the following, we introduce the data sets and detail which
criteria were used to define MW-like galaxies for the theoretical studies. If applicable, we
also state which selection criteria we apply to the GCs, such as mass or metallicity cuts. Note
that the definition of a galaxy being “MW-like” or a MW analogue depends on the scientific
question and has no single answer (see also Pillepich et al. 2024). As a result, the different
theoretical studies have also applied several different approaches to selecting MW analogues,
some more and some less restricting. In this work, we decided to use the term MW-like for
any galaxy that was selected by more criteria than just halo or stellar mass, such as it being
disc-dominated or having an early formation history, for example. In contrast, MW-mass refers
to any galaxy having been purely selected based on mass criteria. For all the plots in this and
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Figure 18.1: Age distributions of observed GCs in the MW. The ages are taken from Forbes & Bridges
(2010), Dotter et al. (2010, 2011), VandenBerg et al. (2013), and Kruijssen et al. (2019b). The ages
from the latter work are the mean ages from the other three studies, which we show as the black
distribution. The smooth curves are determined from the sum of normal distributions at the individual
age measurements with standard deviations equal to the individual age uncertainties.

the subsequent sections we show the ages and equivalent redshift scales at the bottom and top
of the panels according to the cosmological parameters ℎ = 0.6781 and Ω𝑀 = 0.308.

18.1.1 Observations
We include three compilations of MW GCs that use resolved CMD data to determine the
GC ages, all of which have sample sizes of more than 50 GCs. We took the ages and
their uncertainties from Kruijssen et al. (2019b) for the following samples, as well as their
determined mean GC ages based on the three studies:

• Forbes & Bridges (2010): 92 GCs compiled from multiple previous studies that measured
their ages (Salaris & Weiss 1998; Bellazzini et al. 2002; Catelan et al. 2002; De Angeli
et al. 2005; Carraro et al. 2007; Dotter et al. 2008; Carraro 2009; Marín-Franch et al.
2009),

• Dotter et al. (2010, 2011): 68 GCs, whose ages were all obtained through the same
method,

• VandenBerg et al. (2013): 54 GCs, whose absolute ages were measured consistently for
the sample of Marín-Franch et al. (2009),

• Kruijssen et al. (2019b): 96 GCs with the mean ages determined from the three other
studies.

The GC age distributions of the four studies are shown in Figure 18.1. The age distribution
from Kruijssen et al. (2019b) is the one that we will also use to compare to the modelled
GC ages as it takes the mean of the other studies, thereby giving us the current best absolute
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estimate of an individual GC’s age. This is the best approach for the purposes of this study,
where absolute ages are our main concern. In contrast, in many cases the relative GC ages are
of greater importance, such that combining different studies should then be avoided.

18.1.2 Stellar particle tracer model
The model for GC formation by Renaud et al. (2017) uses the stellar particles within a
simulated galaxy as tracers for GC candidates. Only stellar particles that were formed at
lookback times of more than 10 Gyr are considered for this and are classified as accreted
and in-situ formed based on their formation sites. There is no maximum age that the GC
candidates could have due to the first GC formation times still being unknown. This model
was run on a cosmological hydrodynamic zoom-in simulation of a MW-like galaxy, which
has a virial mass of 𝑀200 = 1.3 × 1012 M⊙ at 𝑧 = 0 in the parent simulation (where 𝑀200 is
the mass within the radius enclosing a volume containing a density 200 times higher than
the mean density of the Universe) and a stellar mass of 𝑀∗ = 4.1 × 1010 M⊙ at 𝑧 = 0.5, the
last point in time of the zoom-in simulation. The last major merger of the galaxy occurred at
𝑧 ≈ 2 with a mass ratio of 1:10, similar to the predicted last major merger of the MW, the
GSE (e.g., Belokurov et al. 2018; Helmi et al. 2018).

The modelled GC candidates statistically represent the properties of the accreted and
in-situ formed clusters. At the same time, as they were directly obtained from the stellar
particles, their ages also trace the overall star formation history of a simulated MW-like galaxy
before 10 Gyr ago. The ages we used in this work are those found in the bottom panel of fig. 8
of Renaud et al. (2017). Since the formation efficiency is likely different between accreted
and in-situ formed GCs, we kept the two subpopulations of GCs separate in the analysis for
this work. The total population of GC candidates is then a superposition of these two. Their
used cosmological parameters are ℎ = 0.702 and Ω𝑀 = 0.272. We show the relevant ranges
of galaxy and GC population properties in Table 18.1 for this and the other models presented
in the following.

18.1.3 E-MOSAICS model
The E-MOSAICS model (MOdelling Star cluster population Assembly In Cosmological
Simulation within EAGLE; Pfeffer et al. 2018) couples MOSAICS (Kruijssen et al. 2011,
2012) onto the EAGLE galaxy formation model (Crain et al. 2015; Schaye et al. 2015) as a
subgrid cluster model. When gas particles form stellar particles in the simulation, a certain
fraction of the formed stellar particle mass is considered to be contained in stellar clusters in a
subgrid fashion depending on the local gas density, velocity dispersion, and temperature. This
designated cluster mass is distributed over a cluster population according to an initial cluster
mass function (ICMF) set as an exponentially cut-off power law (Schechter 1976). Mass loss
and disruption of GCs are accounted for according to the tidal forces measured throughout
time. For the study of GCs, they only take the clusters with masses above 𝑀GC > 105 M⊙
and low metallicities of −2.5 < [Fe/H] < −0.5 into account to get around the issue of
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Table 18.1: Galaxy properties of the GC model studies and from the our MW: the number of MW-mass
galaxies analysed (𝑁gal), their virial and stellar mass ranges (𝑀vir and 𝑀∗), the number of GCs contained
in the individual galaxies (𝑁GC), the mean and standard deviation of 𝑁GC, and the mean and standard
deviation of the ages of all the GCs. The virial mass definitions are 𝑀200 for Renaud et al. (2017),
Kruijssen et al. (2019a), Reina-Campos et al. (2022), and Valenzuela et al. (2024b); total mass of
the system according to the applied subhalo finder for Chen & Gnedin (2024b); and halo mass for
De Lucia et al. (2024). The GC-limited sample of De Lucia et al. (2024) is further selected according
to 𝑁GC. Note that the differences in GC number and average GC age are the result of the different
galaxy samples. For the values measured from observations, the virial mass estimate is from Bobylev &
Baykova (2023), which has also been proposed to be larger by other more recent works (e.g., Kravtsov
& Winney 2024), the stellar mass from Licquia & Newman (2015), 𝑁GC from Garro et al. (2024), and
we computed ⟨𝑡age⟩ using the mean GC ages from Kruijssen et al. (2019b).

Model Study 𝑁gal 𝑀vir/(1012 M⊙ ) 𝑀∗/(1010 M⊙ ) 𝑁GC ⟨𝑁GC ⟩ ⟨𝑡age ⟩/Gyr
Stellar particle tracer Renaud+17 1 1.3 4.1 (at 𝑧 = 0.5) – – 11.4 ± 0.7
E-MOSAICS Kruijssen+19 6 0.7–2.2 0.8–4 60–330 130 ± 100 10.3 ± 2.1
EMP-Pathfinder ReinaCampos+22 21 0.6–2.3 0.4–6.5 140–1250 400 ± 240 8.1 ± 3.5
Rapid mass growth Chen&Gnedin24 3 1.1–1.4 4–8 160–180 170 ± 10 11.2 ± 1.4
Two-phase DeLucia+24 12 884 0.8–3 2–8 0–11 100 290 ± 590 9.5 ± 1.7
Two-phase (GC-limited) DeLucia+24 1140 0.8–3 2–8 170–250 205 ± 25 10.8 ± 1.1
Dual formation pathway Valenzuela+24 21 1–2 1.6–4.4 220–700 400 ± 120 11.1 ± 2.3
MW Observations – 1.1 ± 0.4 6.1 ± 1.1 ≳200 – 11.9 ± 1.3

“under-destruction” of GCs due to the multiphase ISM not being modelled. This would
mostly affect younger, metal-rich GCs that spend more time orbiting the gas discs of their host
galaxies.

Pfeffer et al. (2018) and Kruijssen et al. (2019a) ran the E-MOSAICS model for the volume-
limited sample of 25 zoom-in cosmological simulations of present-day MW-mass galaxies
contained in the 25 Mpc volume from the EAGLE project. The galaxies have virial masses
of 𝑀200 = 7 × 1011 M⊙–3 × 1012 M⊙ and stellar masses of 𝑀∗ = 8 × 109 M⊙–4 × 1010 M⊙ at
𝑧 = 0. For this work, we extracted the ages of the GC systems within the six galaxies found
in fig. 3 of Kruijssen et al. (2019a). Those galaxies cover the full range of virial and stellar
masses of the parent sample of 25 galaxies and were specifically chosen by Kruijssen et al.
(2019a) to show the variation of GC system properties found within the whole sample of
simulations. Their used cosmological parameters are ℎ = 0.6777 and Ω𝑀 = 0.307.

18.1.4 EMP-Pathfinder model

The EMP-Pathfinder model (Reina-Campos et al. 2022) addresses the issue of clusters
disrupting too slowly in E-MOSAICS by including the physics of the multiphase nature of the
ISM in the simulations. The shock-driven disruption of clusters by the cold gas in the ISM is
necessary to reproduce the mass distribution of old GCs in the MW. The model follows that of
E-MOSAICS with some changes concerning GCs, including the ICMF model, the disruption
treatment, and GC size prescriptions. Mass loss and disruption of GCs are accounted for
through tidal forces. Dynamical friction is applied to the clusters in post-processing.

EMP-Pathfinder was run for 21 of the MW-mass galaxies used in the E-MOSAICS project
with the same zoom-in initial conditions. All six galaxies for which we have the E-MOSAICS
GC data are among these galaxies. The virial masses range from 𝑀200 = 6 × 1011 M⊙–
2.3×1012 M⊙ and stellar masses from 𝑀∗ = 4×109 M⊙–6.5×1010 M⊙. While Reina-Campos
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et al. (2022) focus their analysis on the clusters older than 10 Gyr for a large part of their work,
this approach is not appropriate for our aim of studying the intrinsic predictions of GC models
with respect to the GC ages. For this reason, we first set a GC mass cut of 𝑀GC ≥ 104 M⊙ to
be comparable to the mass range of GCs observed in the MW (Baumgardt & Hilker 2018),
and then applied the same metallicity cut as Kruijssen et al. (2019a) for E-MOSAICS of
−2.5 < [Fe/H] < −0.5. Additionally, we also consider the GC age distributions without
the metallicity cut, though it should be noted that the large amount of young clusters is
artificial and reflects their numerical choices for the star formation prescription. Their used
cosmological parameters are ℎ = 0.6777 and Ω𝑀 = 0.307, the same as used in E-MOSAICS.

18.1.5 Rapid mass growth model
The GC formation model employed by Chen & Gnedin (2024b) is based on that introduced
by Choksi et al. (2018): when the relative virial mass accretion rate of a galaxy surpasses a
certain threshold value (a free parameter of their model, found to be ¤𝑀halo/𝑀halo > 0.5 Gyr−1),
GC formation is triggered. To obtain the available cold gas mass, analytic stellar mass-halo
mass and gas mass-stellar mass relations are applied to the virial masses of the galaxies as
well as prescriptions for the evolution of their scatter. The available cold gas mass is then
converted to the total formed GC mass by an efficiency factor. The number of GCs is obtained
by sampling from a Schechter (1976) ICMF. Young stellar particles or DM particles in local
density peaks are then tagged with the formed GCs to trace their evolution thereafter. Mass
loss and disruption of GCs are accounted for according to the tidal forces measured throughout
time.

Chen & Gnedin (2024b) presented three MW-like galaxies with this GC model. Those
galaxies were selected by their total mass, circular velocity, and accretion history, where the
last major merger must have occurred between 10–12 Gyr ago to resemble a GSE merger and
secular evolution thereafter. Two of the MW-like galaxies are from TNG50, and one is from
a DM-only zoom-in simulation of a galaxy group resembling the Local Group (introduced
by Brown & Gnedin 2022; Chen & Gnedin 2023). The galaxies cover mass ranges of
𝑀vir = 1.1 × 1012 M⊙–1.4 × 1012 M⊙ and 𝑀∗ = 4 × 1010 M⊙–8 × 1010 M⊙ at 𝑧 = 0. For the
GCs, we only take into account those with masses of 𝑀GC ≥ 104 M⊙ for comparability with
the observed MW GCs, just as we also did for the EMP-Pathfinder GCs. The cosmological
parameters are ℎ = 0.6774 and Ω𝑀 = 0.3089 for TNG50 and ℎ = 0.68 and Ω𝑀 = 0.31 for
the Local Group simulation.

18.1.6 Two-phase model
De Lucia et al. (2024) use a semi-analytic two-phase model for GC formation and evolution
based on the model of Kruijssen (2015), where stellar clusters are formed from cold gas in
the galaxy disc depending on the cold gas surface density and the angular momentum. The
galaxy properties are obtained from the semi-analytic model GAEA (GAlaxy Evolution and
Assembly; Hirschmann et al. 2016; Xie et al. 2017), which is run on DM-only simulations
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and populates the DM haloes with baryonic properties based on the merger histories. The
stellar clusters are evolved through time taking into account mass loss and disruption until a
galaxy merger is able to eject the clusters into the halo. Note that as a semi-analytic model,
the actual GC spatial properties are not traced. Only the clusters that the model ejects into the
halo as a consequence of a merger are considered to be GCs.

The model was run alongside GAEA for the Millenium Simulation (Springel et al. 2005),
a DM-only cosmological simulation with a box length of 685 Mpc. They define their MW-like
galaxy selection as being disc-dominated (bulge-to-total mass ratio 𝐵/𝑇 < 0.2) and that
are central galaxies with virial masses of 𝑀vir = 8 × 1011 M⊙–3 × 1012 M⊙ at 𝑧 = 0. To
make the galaxy selection more comparable with those of the other studies selected in this
work, we further add a stellar mass criterion of 𝑀∗ = 2 × 1010 M⊙–8 × 1010 M⊙, leading
to a total of 12 884 galaxies. For the GCs, we only take into account those with masses
above 𝑀GC ≥ 104 M⊙, just as for some of the previously presented models. No metallicity
cut is applied. As the number of GCs in those galaxies varies greatly (see Table 18.1), we
also consider a second more limited sample of galaxies, taking only those into account with
170–250 GCs (this is the case for 1140 galaxies, whereas 8146 galaxies have fewer GCs
and 3598 have more). This number range is based on the estimated number of GCs found
in the MW of 170 with measured kinematics (Vasiliev & Baumgardt 2021) and more than
200 including newly identified GCs in the bulge region (Garro et al. 2024). Their used
cosmological parameters are ℎ = 0.73 and Ω𝑀 = 0.25.

18.1.7 Dual formation pathway model

The model by Valenzuela et al. (2021) employs two GC formation pathways, where GCs are
either formed in low-mass galaxies when the virial mass surpasses a certain threshold value of
around 6× 108 M⊙ or when a galaxy experiences a large accretion rate. The second formation
pathway follows the rapid growth model introduced by Choksi et al. (2018) and on which
the model by Chen & Gnedin (2024b) is based, see Section 18.1.5. The galaxy properties
are obtained from the empirical galaxy formation model EMERGE (Moster et al. 2018). No
GC mass loss or disruption is accounted for, therefore the model traces only the formation of
surviving GCs. Since we only analyse the ages of GCs having survived until 𝑧 = 0, this is not
an issue for this work.

The model was run alongside EMERGE for a DM-only cosmological simulation of side length
30 Mpc. The MW-mass galaxies were selected as the 21 central galaxies with virial masses of
𝑀vir = 1 × 1012 M⊙–2 × 1012 M⊙, of which two were identified as having a similar GC age
distribution to the MW, with one having an accretion history that resembles an early GSE-like
merger followed by no significant accretions (Valenzuela 2023; Valenzuela et al. 2024b). The
MW-mass galaxies have stellar masses ranging 𝑀∗ = 1.6 × 1010 M⊙–4.4 × 1010 M⊙. Their
used cosmological parameters are ℎ = 0.6781 and Ω𝑀 = 0.308.
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18.1.8 Other models

There are some GC models that do not create GCs according to a physical formation
prescription, but place them into galaxies according to unrelated criteria that assume an
already existing GC population in a particular circumstance. Even though these models are
tuned to GC properties at 𝑧 = 0, they therefore do not predict GC formation times, but rather
inform about other GC properties. We mention two such models in the following, as well as
one that was only very recently introduced.

The model by Boylan-Kolchin (2017) tests what the average host mass of GCs at 𝑧 = 6
needs to be to reproduce the numbers of GCs in galaxies at 𝑧 = 0, assuming that the surviving
GCs already exist at 𝑧 = 6. For this reason, their model simply places all GCs in the galaxies
at 𝑧 = 6, and can thus not be used to predict GC ages.

The GC model by Doppel et al. (2023) follows that of Ramos-Almendares et al. (2020) and
places GCs in satellite galaxies at the time of accretion onto a more massive host galaxy by
tagging DM particles, thus following the general spatial and orbital properties of the infalling
satellite galaxy. This means that the model does not use any prescription to physically form
GCs and thereby the GC “seeding times” only trace the GC infall time onto the host galaxy
rather than the actual GC formation. The model therefore does not predict any GC ages. They
apply the model to the 39 most massive groups and clusters in the cosmological simulation
TNG50. Two of those systems are also among the objects classified as MW analogues
by Pillepich et al. (2024). Those are galaxies with stellar discs, stellar masses of around
𝑀∗ = 3×1010 M⊙–1.5×1011 M⊙, and have no other massive galaxies above 1010.5 M⊙ within
a 500 kpc environment. For completeness, we show the GC seeding times as tracers of their
infall times onto the main galaxy in Section H.1.

Finally, a very recent addition to GC models is presented by Chen et al. (2025), where GCs
are formed in subclouds that appear from fragmentation of turbulent gas when dark matter
haloes accrete matter rapidly at high redshifts. Two populations of GCs are formed through
two channels, the first by compression by gravity or supernova feedback, the second by cooling
in metal-poor subclouds, which results in an older metal-poor and a younger metal-rich GC
population. In this work, we discuss the results from the studied models with those presented
by Chen et al. (2025) when possible.

18.2 GC age distributions for MW-like galaxies

In the following we compare the GC age predictions of the different models with each other
and with observations. For the models which have been applied to a large sample of galaxies,
we here focus on those galaxies with the most similar GC age distributions as the observed
GCs in the MW.
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18.2.1 Modelled GC age distributions

For each of the GC models introduced in the previous section, we show the modelled GC age
distributions for some of the MW-like galaxies the models were applied to in Figure 18.2,
always including the mean observed MW GC ages from Kruijssen et al. (2019b) for reference
and better comparability (black line in each panel). To visualise the differences of the typically
old GC ages the best, the age axis is restricted to values between 𝑡age = 5 Gyr–15 Gyr. As not
all the studies only have GC ages in that range, we additionally show the full age distributions
in Section H.2.

In the top left panel, the in-situ (red) and accreted (blue) GC age distributions of Renaud
et al. (2017) are shown, as well as the total GC age distribution (dotted), assuming equal
numbers of in-situ and accreted GCs. In the top right panel, the GC age distributions are shown
of all six E-MOSAICS galaxies from fig. 3 of Kruijssen et al. (2019a). In the middle left panel,
the four galaxies with the on average oldest GCs are shown from EMP-Pathfinder (Reina-
Campos et al. 2022) with solid lines, where the metallicity cut as described in Section 18.1.4
is applied. The age distributions of all star clusters without an additional metallicity cut
are shown with dotted lines. This leads to the inclusion of a large population of metal-rich
clusters that are young. In the middle right panel, the three MW-like galaxies from Chen &
Gnedin (2024b) are shown. The distribution in the lightest colour is from the Local Universe
simulation, the two darker ones from TNG50. In the bottom left panel, four galaxies from the
GC-limited sample by De Lucia et al. (2024) are shown, meaning they have 170–250 GCs.
The four galaxies were selected from the galaxies with the oldest GC populations. Finally, in
the bottom right panel, four galaxies from Valenzuela et al. (2024b) are shown, two of which
were selected by the authors as having similar GC age distributions as the MW (the two lighter
colours), and two additional ones with old GC populations (the two darker colours).

Here we focus first on these galaxies selected to be similar to the MW in terms of their
GC age distributions, but some of the models have GC ages available for more MW-mass
galaxies that may have significantly different assembly histories and morphologies than our
MW. We present and discuss their varieties of GC age distributions as predictions for other
MW-mass galaxies in Section 18.3 for the models where this is possible. Before discussing
these differences in more detail, we would like to reiterate what the aim is of this side-by-side
comparison, and what it is not. All of the studies define a sample of MW-mass or MW-like
simulated galaxies, for which they compare the respective GC populations to that of our
MW. For this reason, the benchmark for these systems is the MW itself and our aim in
this work is to lay out the predicted GC ages side by side of the current GC models for the
MW-like galaxies. However, as each of the studies applied their GC model to one or multiple
simulated galaxies or generated merger trees, and only the galaxies from E-MOSAICS and
EMP-Pathfinder (Kruijssen et al. 2019a; Reina-Campos et al. 2022) overlap, the shown age
distributions are results of potentially entirely different assembly histories and are subject to
a whole range of baryonic physics and galaxy formation models. Furthermore, each study
selects MW-mass/MW-like or MW analogue galaxies according to their own criteria, and
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Figure 18.2: Age distributions of modelled GCs in MW analogues compared to the observed GC
ages in the MW. The full age distributions reaching to 𝑡age = 0 Gyr are shown in Figure H.2. The
observed GC ages are the mean values taken from Kruijssen et al. (2019b) and are shown in each
panel as the black line. The modelled GC ages are from Renaud et al. (2017), Kruijssen et al. (2019a),
Reina-Campos et al. (2022), Chen & Gnedin (2024b), De Lucia et al. (2024), and Valenzuela et al.
(2024b). The dotted blackberry line for Renaud et al. (2017) is the combined age distribution of the
in-situ (red) and accreted (blue) GC age distributions, assuming an equal number of underlying GCs
for each group. For the other models the colours are selected to be darker for galaxies with older mean
GC ages. The dashed lines for Reina-Campos et al. (2022) correspond to the same galaxies as the
solid distributions of equal colour, with the difference that no metallicity cut was applied to the GCs,
which results in a large population of young star clusters. This is best seen in Figure H.2. The age
distributions are determined from the sum of normal distributions at the individual age measurements
with standard deviations equal to the individual age uncertainties. For the modelled GCs, we assume a
uniform age uncertainty of 0.5 Gyr.

different definitions concerning the resulting GC populations are used, such as the mass or
metallicity cuts, which can in particular affect their age distribution. As a consequence, we
do not claim to be able to fully interpret the differences found between the models as such
differences will arise from a combination of factors that all play a role.
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All the considered GC models are capable of producing GCs for certain MW-like galaxies
that have overall old GCs (𝑡age ≳ 8 Gyr), just as is the case for the MW. To zeroth order, this
means that these GC models are consistent with each other and with observations. Of course,
having six models each with their own approach to GC formation, differences concerning their
predicted GC formation times are not surprising as the details surrounding GC formation are
still poorly understood. These differences can also be directly seen in Figure 18.2. Additionally,
the observed GC ages have large systematic uncertainties on the order of 1 Gyr–2 Gyr, such
that the observed age distribution has to be taken with caution. However, there is in general
consensus about the MW GCs being particularly old, most likely as a result of the early
formation history (e.g., Helmi et al. 2018).

18.2.2 Differences between the models

While the model by Renaud et al. (2017) simply assumes any stellar particle older than 10 Gyr
to be a potential host of a GC, this means that their age distributions in fact traces the early
star formation history of the MW-like galaxy until 𝑡age = 10 Gyr. Clearly, the accreted (blue)
stars are on average slightly older than the in-situ formed stars (red), by ∼1 Gyr. Still, the
observed MW GCs are measured to be even older than the accreted stars, again by around
1 Gyr for the peak formation times. This shows that even the peak early star formation before
𝑡age = 10 Gyr in their simulated MW-like galaxy occurs later than the peak GC formation in
our MW. Other studies have also determined the GCs being older than the field stars (e.g.,
Harris & Harris 2002; Peng et al. 2008; Reina-Campos et al. 2019). Assuming this prediction
from their simulation is correct and considering the findings that the cosmic star formation
peaked around 𝑧 ∼ 2 (Madau & Dickinson 2014; Driver et al. 2018), this means that the
formation of surviving GCs does not follow the early star formation history (𝑧 > 2) of a galaxy,
but occurs earlier. The large systematic uncertainties of the observed ages could again bring
the simulated and observed distributions into agreement, however.

For the E-MOSAICS and EMP-Pathfinder models, the GC ages tend to be younger than
found in the MW, with the exception of the oldest E-MOSAICS GC system, which also appears
to experience a second GC formation burst at around 𝑡age ∼ 10 Gyr. While this at first may
look similar to the result of an early merger like the GSE, those younger GCs were actually
formed in another galaxy that merged much later in time (Kruijssen et al. 2019a). The older
measured MW GCs could be an indication that none of the 25 selected E-MOSAICS galaxies
has an accretion history that is as early as that of the MW. However, for both E-MOSAICS and
EMP-Pathfinder it is necessary to apply additional cuts to the metallicity to exclude especially
metal-poor and metal-rich GCs, where the latter GCs are also mostly young. This cut is
applied to differentiate the GCs from young/open clusters in those models. The effect of not
applying such a cut can be seen for the EMP-Pathfinder GCs from the dashed lines. Being the
only two subgrid models implemented within hydrodynamical cosmological simulations, this
implies that there are still open questions concerning the exact GC formation conditions and
their disruption. In particular for GC disruption, major advances were already made between
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E-MOSAICS and EMP-Pathfinder by including the cold ISM, but this appears to not have
strongly affected the first formation times of GCs.

Despite being the study with the by far largest sample of galaxies, even when only
considering the galaxies with 170–250 GCs, the oldest GC age distributions from De Lucia
et al. (2024) barely reach the high observed GC ages in the MW. This is also mentioned by
the authors, who state that the GC systems are systematically younger than the observed MW
GCs by ∼1 Gyr, though again the systematic uncertainties of the observations could be a part
of the reason. Interestingly, the spread of GC ages is much smaller than for most of the other
models except for Renaud et al. (2017). This is likely the result of individual merger events
producing many GCs at once by ejecting clusters from the disc into the halo, or because of a
coarse time binning, which would lead to the appearance of many GCs forming at once. In
Section 18.3 we present further GC age distributions of different mean ages from De Lucia
et al. (2024) and discuss why it is more likely that individual merger events are the cause for
most of their GC formation.

Chen & Gnedin (2024b) selected three MW-like galaxies from two simulation suites
using multiple criteria based on the properties and formation history of the MW to identify
best-matching MW analogues. One of their galaxies has an especially old GC population with
an age distribution similar to that of the MW (dark red), while both of the other galaxies have
a more significant GC formation peak at 𝑡age = 9 Gyr–11 Gyr, which roughly corresponds to
the time range in which at least one major merger was enforced to exist to mimic the infall of
GSE. Such a massive merger at early times will have been gas-rich and thus is expected to
form a large population of GCs in the rapid mass growth model of Chen & Gnedin (2024b),
as predicted by Valenzuela et al. (2024b) using the same model assumptions.

Similarly, the selected galaxies from Valenzuela et al. (2024b) show old GC ages consistent
with the measured ones from the MW. These also feature secondary formation peaks between
𝑡age ∼ 8 Gyr and 11 Gyr, indicating major merger events around that time. As their model
includes a second formation pathway beyond the one employed by Chen & Gnedin (2024b),
which populates dwarf galaxies in low-mass haloes with GCs at early times, it is not surprising
that the GCs are slightly older than those of Chen & Gnedin (2024b) and that the secondary
peaks at GSE infall times are less pronounced compared to the oldest GC population.

18.2.3 Empirical and subgrid GC models

Interestingly, the empirical models (i.e., models where the GC formation prescription is based
on empirical or semi-analytic prescriptions, regardless of whether particle tagging is applied)
tend to form the oldest GC populations. While Kruijssen et al. (2019a) find one galaxy in
E-MOSAICS with an especially early burst of GC formation, that galaxy only has around
60 GCs in total with masses above 𝑀GC ≥ 105 M⊙ and also has a later GC formation peak with
a longer tail towards younger ages ending at 𝑡age ∼ 8 Gyr. While this does not affect the relative
distribution of ages, it still means that none of the E-MOSAICS galaxies actually forms a large
absolute number of GCs earlier than 𝑡age ∼ 12 Gyr, which is also the case for EMP-Pathfinder.
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The reason for the empirical models overall forming the earlier GCs is likely related to them
being independent of the implemented baryonic physics in hydrodynamical cosmological
simulations as they assume observationally-based scaling relations for the baryonic galaxy
properties, such as star formation rate, cold gas mass, and stellar mass. As cosmological
simulations have had issues with reproducing observed early star bursts, relying on these
prescriptions for GC formation may be leading to GCs forming at the wrong times, even if the
local physical formation conditions were perfectly understood.

On the other hand, the empirical models of Chen & Gnedin (2024b) and Valenzuela et al.
(2024b) do not follow the self-consistent formation of galaxies within their DM haloes, but
assume average scaling relations to apply. As a result, the GC populations of individual
galaxies have to be considered as realisations based on correct galaxy merger histories, but
with average baryonic properties. However, these scaling relations and the approach of forming
GCs in gas-rich systems with rapid mass growth lead to very old GCs, as is expected from
observations. Nevertheless, the disadvantage of using average scaling relations is that galaxies
will overall have little gas at later times, therefore making late GC formation much rarer in
galaxies, regardless of the individual assembly histories. This means that galaxies falling
outside the norm with large gas amounts will not be directly covered by these models, in
particular in the model by Valenzuela et al. (2021, 2024b), who directly employ the scaling
relation for the gas depletion time without taking into account its scatter, whereas the stellar
mass-halo mass relation is intrinsically dealt with in the underlying empirical galaxy formation
model EMERGE. Chen & Gnedin (2024b) include prescriptions for the scatter of the scaling
relations, among them that of Behroozi et al. (2013) for the stellar mass-halo mass relation. In
particular for the stellar mass-halo mass relation, a large scatter may be necessary to obtain
the amount of bright galaxies observed with JWST at high redshifts (e.g., Mason et al. 2023;
Mirocha & Furlanetto 2023; Shen et al. 2023). Increasing this scatter would lead to a larger
population of more massive galaxies, which in turn could give birth to more massive stellar
clusters at formation time and modify the resulting age distribution of surviving GCs. This
issue is in part circumvented in the model by Valenzuela et al. (2024b) through the free
parameter of the formation pathway in low-mass galaxies.

The model by De Lucia et al. (2024) takes the middle ground between the subgrid and
empirical models: implemented within a semi-analytic galaxy formation model, baryonic
properties are inferred for the DM haloes through the semi-analytic model based on the
merger histories. The model thus does not spatially resolve the internal gas behaviour, just
like the empirical models. At the same time, it applies a similar GC formation prescription as
employed in E-MOSAICS, being based on the approach of Kruijssen (2015).

As small time differences in the early Universe correspond to much larger differences
in redshift than at later times, the variations of predicted GC formation ages in fact imply
significantly different epochs of GC formation in cosmological terms. With the ongoing
observations of heavily star-forming galaxies at high redshifts with JWST (e.g., Claeyssens
et al. 2023; Adamo et al. 2024; Mowla et al. 2024), narrowing down our understanding of
GC formation will be vital to compare the predictions of improved models with the observed
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systems as well as to find to what extent massive star clusters at high redshifts are the
progenitors of today’s GCs. This will be further discussed in Section 18.4.

18.3 GC age distributions for other MW-mass galaxies
While some of the considered studies only have GC data available for a small number of
MW-like galaxies that we could fully show in Figure 18.2, we have data available for a larger
sample of MW-mass galaxies from EMP-Pathfinder (Reina-Campos et al. 2022), De Lucia
et al. (2024), and Valenzuela et al. (2024b). These studies can therefore be used as a broader
prediction to other MW-mass galaxies. In the case of De Lucia et al. (2024), this applies
to MW-mass disc galaxies, whereas the galaxies from EMP-Pathfinder and Valenzuela et al.
(2024b) are MW-mass galaxies of all types.

In Figure 18.3 we show the whole range of predicted GC age distributions for MW-mass
galaxies from EMP-Pathfinder, De Lucia et al. (2024), and Valenzuela et al. (2024b). For
De Lucia et al. (2024), we show the distributions considering all their selected galaxies (second
row), and the distributions only considering the selected galaxies with 170–250 GCs contained
in them (third row; see Table 18.1 for the properties of the galaxies and GC systems). Sorting
the galaxies by their mean GC ages, we plotted the median and the 1𝜎 and 2𝜎 younger and
older GC populations from each study, with darker colours indicating the older systems.

The first striking difference is the range that the age distributions of the three models cover.
The youngest GC populations in EMP-Pathfinder include a significant fraction of GCs having
ages smaller than 𝑡age ∼ 5 Gyr and even 3 Gyr, and the median to oldest GC populations have
peak formation times of 𝑡age ∼ 10 Gyr to 12 Gyr. This indicates that most of their MW-mass
galaxies have relatively old GC populations, but the younger half of the GC populations
extends far into the late times of the Universe. Similarly, the six galaxies from E-MOSAICS
seen in Figure 18.2 span a variety of different ages, with most of the GC populations having
relatively old ages (𝑡age ≳ 10 Gyr). However, due to the GC data only being available for six
galaxies, we cannot draw further conclusions from the spread of age distributions.

The model from De Lucia et al. (2024) has peak formation times between 𝑡age ∼ 7 Gyr
and 13 Gyr. The five selected GC age distributions shown for the GC-limited galaxy sample
(third row) have formation peaks relatively evenly distributed with time, indicating that the
resulting mean GC ages of the galaxies are roughly normally distributed, with a slightly longer
tail towards younger ages. It can also be seen that the spread of GC formation is larger the
later the GCs are formed, also resulting in a lower relative age peak (as each age distribution
is normalised). This would mean that GCs are formed over shorter periods of time in the early
Universe. Besides two of the galaxies with constrained GC number having minor secondary
GC formation peaks (the two with the younger GC populations), all of the shown galaxies
have age distributions dominated by a single GC formation peak. For the full galaxy sample,
the GC ages span the same range as for the GC-limited sample. In both galaxy samples the
peaked GC ages imply that the formation of surviving GCs is actually tied to single events
that create GCs in a very short period of time, as was already suggested in Section 18.2. This
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Figure 18.3: Age distributions of modelled GCs in MW-mass galaxies compared to the observed GC
ages in the MW. The observed GC ages are the mean values taken from Kruijssen et al. (2019b) and
are shown in each panel as the black line. The modelled GC ages are from Reina-Campos et al. (2022),
De Lucia et al. (2024) when considering all MW-like galaxies (second row) and when considering only
galaxies with 170–250 GCs (third row), and Valenzuela et al. (2024b). For each study, five example
galaxies are shown: computing the mean GC age for each galaxy, here the median galaxy and the 1𝜎
and 2𝜎 outlier galaxies hosting younger or older GCs are shown. The colours are chosen to be darker
for older GC populations.
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is likely the result of merger events leading to the ejection of clusters from the disc into the
halo, where they are considered as GCs in the model. Clusters are subject to mass loss and
disruption in the disc before they are ejected, such that mergers will mostly only eject clusters
having formed shortly before the event while older clusters would have already been disrupted
for the most part.

In contrast to the first two studies, the model from Valenzuela et al. (2024b) always
produces a dominant old population of GCs with ages of 𝑡age > 11 Gyr. The reason for this
old population in their model is the formation pathway of forming GCs in small haloes as
soon as they surpass a certain threshold virial mass. As this mass is rather low and in the
regime of dwarf galaxies, this leads to significant GC formation at these early times. As these
small haloes are the building blocks of the assembling more massive galaxies, they provide the
proto-MW-mass galaxies with old GCs. Most of the younger GCs are then formed through the
second formation pathway of rapid accretion onto the central galaxy, leading to the younger
bumps of the GC age distribution seen for the five galaxies in the bottom panel of Figure 18.3.

As can seen by the vastly different possible GC age distributions predicted by the various
models, there is still a large disagreement concerning how young the GC population of an
individual MW-mass galaxy can actually be. While the studies by Kruijssen et al. (2019a),
Reina-Campos et al. (2022), and De Lucia et al. (2024) predict the existence of some MW-mass
galaxies having no or only very few old GCs and to varying degrees how young an entire GC
population can be, the model from Valenzuela et al. (2024b) always contains a significant
fraction of old GCs. On the even more extreme side, Boylan-Kolchin (2017) assumed that
all GCs had been formed by 𝑧 = 6 for their model. Traditionally, it has been assumed that
the bulk of GCs are old with ages of 𝑡age ≳ 10 Gyr (Côté et al. 1998; Strader et al. 2005)
based on the findings in our own MW and on more GC age estimates in nearby galaxies (e.g.,
Usher et al. 2019, 2024; Cabrera-Ziri et al. in prep.). Some galaxies also have been found
to feature young massive clusters (YMCs), which have properties that are consistent with
those expected for GCs right after formation time (e.g., Beasley et al. 2002a). Of the galaxies
that have been studied for these purposes, NGC 3377 stands out as a peculiar galaxy having
a large young population of GCs (Usher et al. 2019). However, even this early-type galaxy
is measured to have many old GCs. The question thus stands whether MW-mass galaxies
with purely younger GCs or YMCs exist, such as has been observed for certain lower-mass
galaxies like the SMC (e.g., Parisi et al. 2014). More estimates of GC ages in other MW-mass
galaxies will be needed to discern between the models. For this, even rough estimates of the
ages will be sufficient, which may even be possible through photometric age determinations.
This will especially be relevant for the recently launched and upcoming large area low surface
brightness surveys like Euclid, Rubin, and Roman.

As an important point to keep in mind, we want to highlight that the definitions of GCs
vary across models. Some differences are directly given by the mass-cuts intrinsically used
by the models or applied by us to the GC data, such as the lower-mass cut: the GCs we
show for E-MOSAICS have 𝑀GC ≥ 105 M⊙, for EMP-Pathfinder and Chen & Gnedin (2024b)
𝑀GC ≥ 104 M⊙, and the GCs from the model of Valenzuela et al. (2024b) have initial masses
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of 𝑀GC,init ≥ 105 M⊙. Metallicity cuts to the E-MOSAICS and EMP-Pathfinder remove
metal-rich GCs with mostly young ages that are assumed to be artificial due to under-disruption
and an overproduction of clusters at 𝑧 < 1, respectively. Finally, there is only a fuzzy line
between what would be identified as a GC, a YMC, or an open cluster from observations as
well as from models. It is therefore also difficult to tell in what way the GC output of a model
would have to be compared with YMCs or even open clusters in addition to GCs.

Clearly, the currently available GC models have very different predictions concerning the
variety of GC age distributions in MW-mass galaxies. These deviations are significant enough
that the differences in galaxy masses, morphologies, or in the definitions of GCs will not be
sufficient to bring all the predictions in agreement. To summarise the range that the models
cover: some of them predict that every single MW-mass galaxy should have a dominant old
GC population with 𝑡age > 10 Gyr (e.g., Valenzuela et al. 2024b), whereas others predict that
roughly a third of MW-mass disc galaxies have most of their GCs being younger than 5 Gyr
(e.g., Reina-Campos et al. 2022). Having investigated the overall ages of the GCs in the
models, we turn to the high-redshift formation times of surviving GCs from the same set of
models in the next section.

18.4 Predictions for high-redshift clusters
For the recent and ongoing observations of clustered star formation in high-redshift galaxies
with HST (e.g., Messa et al. 2024) and JWST (e.g., Claeyssens et al. 2023; Vanzella et al. 2023;
Adamo et al. 2024; Mowla et al. 2024), we test in the following what predictions can be made
from the GC models with respect to such star clusters in high-redshift potential progenitors
of MW-mass galaxies. In Figure 18.4, we show the GC formation time distributions of the
same set of galaxies from each of the six GC models as shown in Figure 18.2, just with the
redshift plotted uniformly along the x-axis instead of age. For this, we converted the ages to
the corresponding formation redshifts according to the original cosmologies applied by the
respective authors (see Section 18.1). For the GCs by De Lucia et al. (2024), the ages were
only available with equal-width age bins, such that the distribution becomes more discrete in
redshift-space at high redshifts. For this reason, the lines are dashed and we included the age
bin edges in grey for reference.

The redshifts of some of the high-redshift star clusters found with JWST are marked by
short vertical black lines, which include the Sunrise arc (𝑧 = 6.0; Vanzella et al. 2023), the
Cosmic Grapes (𝑧 = 6.072; Fujimoto et al. 2025), MACS J0416 (𝑧 = 6.143; Messa et al.
2025), the Firefly Sparkle (𝑧 = 8.304; Mowla et al. 2024), and the Cosmic Gems arc (𝑧 = 10.2;
Adamo et al. 2024; Bradley et al. 2025). Their host galaxies are expected to grow to be
MW-mass galaxies. For an overview of the current high-redshift observations of star clusters,
see Pfeffer et al. (2025).

Taking the formation time distribution from Renaud et al. (2017) as tracer for the overall
star formation history of a MW-like galaxy, it can be seen that the surviving GCs produced by
the other models generally start forming at earlier times than the rest of the stars. All models
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Figure 18.4: Formation redshift distributions of surviving modelled GCs in MW analogues. The
formation redshifts are from Renaud et al. (2017), Kruijssen et al. (2019a), Reina-Campos et al. (2022),
Chen & Gnedin (2024b), De Lucia et al. (2024), and Valenzuela et al. (2024b). The short vertical
black lines denote the redshifts of star clusters from the strongly lensed systems observed by Vanzella
et al. (2023), Fujimoto et al. (2025), Messa et al. (2025), Mowla et al. (2024), and Adamo et al. (2024),
in increasing redshift order. The dotted blackberry curve for Renaud et al. (2017) is the combined age
distribution of the in-situ (red) and accreted (blue) GC age distributions, assuming an equal number of
underlying GCs for each group. As the GC ages for the galaxies from De Lucia et al. (2024) are only
available in equally-spaced age bins that are relatively wide at high redshifts, the curves are plotted
with dashes and the bin edges are indicated as vertical grey lines, with the last bin edge reaching a
redshift of 𝑧 ≈ 8.9. For all the models, the formation redshift distributions are determined from the
sum of normal distributions at the individual formation redshift with standard deviations equal to the
individual redshift itself until 𝑧 = 0.5, and beyond that equal to 0.5. This prevents the smoothed curves
from surpassing 𝑧 = 0 by too much in the plots.
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have similar predictions with respect to the peak formation redshifts for the surviving GC
populations: these lie around 𝑧 = 1–3 and vary from galaxy to galaxy. This corresponds
to the observed formation time of young massive clusters at 𝑧 = 2.4 in the Sunburst galaxy
(Vanzella et al. 2022a) and it is slightly after current observations at 𝑧 = 4-5 of young massive
clusters (e.g., Vanzella et al. 2022b; Messa et al. 2024). Only the oldest galaxies from the
sample of De Lucia et al. (2024) all have no young GC population and have peak formation
redshifts somewhere between 𝑧 = 3 and 𝑧 = 8. Most of the GC systems in their model do
not have surviving GCs being formed before 𝑧 = 6, however. Also Chen et al. (2025) show a
peak age at 𝑧 = 5 (see their fig. 9). Additionally, one of the E-MOSAICS galaxies has two
similarly dominant formation peaks at 𝑧 ≈ 2 and at 𝑧 ≈ 5. While the peak formation time is
therefore quite consistent among the models, the spread to higher redshifts varies significantly:
the overall star formation as traced by the model of Renaud et al. (2017) begins at 𝑧 = 5
and 𝑧 = 6 for the in-situ and accreted components, respectively. This is also the case for
EMP-Pathfinder, with one of the systems even reaching surviving GC formation times as early
as 𝑧 = 7. E-MOSAICS shows a similar behaviour for most of their galaxies, though one in
particular has an especially early surviving GC formation burst starting at 𝑧 = 7–8. For the
high-redshift clusters formed in E-MOSAICS, Pfeffer et al. (2025) also compares the brightest
cluster properties with recent JWST and HST observations.

The model by Chen & Gnedin (2024b) produces more surviving GCs at these larger
redshifts, but only start their formation slightly earlier, at 𝑧 = 6–10 for the very first GCs of
some of their galaxies. The formation tail towards high redshifts is even longer for Valenzuela
et al. (2024b), where for the shown MW-like galaxies the surviving GC formation rate per
redshift slowly increases almost linearly, starting at around 𝑧 = 12. For these models that
use empirical scaling relations, increasing the scatter of the halo mass-stellar mass relation
could lead to more massive galaxies and star clusters in lower-mass halos, resulting in earlier
formed surviving GCs. This approach may be necessary to find better agreement with JWST
observations of bright galaxies at high redshifts of 𝑧 ≳ 9 (e.g., Mason et al. 2023; Shen
et al. 2023). The initial formation time of surviving GCs in the model by Chen et al. (2025)
is even slightly earlier at 𝑧 = 14 (see their fig. 9). Finally, the only information at higher
redshifts we can extract from the binned data of De Lucia et al. (2024) is that there is a
non-significant number of surviving GCs formed in the range of 𝑧 = 5.5–9, with none being
formed before 𝑧 = 9. However, as these are among the oldest GC systems of almost 700
galaxies, this prediction is not valid for the majority of their MW-mass galaxies. Linking
this to the high-redshift observations marked with the vertical black lines, clearly the model
that predicts that the star clusters at 𝑧 > 8 could very well survive until today is the one by
Valenzuela et al. (2024b). With a much lower probability of this happening, its is principally
also possible according to E-MOSAICS and the model by Chen & Gnedin (2024b).

The models with younger surviving GC populations at 𝑧 = 0 are therefore either inconsistent
with these observational findings, or they predict that almost none of the high-redshift star
clusters would turn into a GC at present day, as this would require more of the oldest GCs
having formation times at higher redshifts. The models with the older GC populations (Chen
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& Gnedin 2024b; Valenzuela et al. 2024b; and for certain galaxies Kruijssen et al. 2019a;
De Lucia et al. 2024), in contrast, find a larger number of GCs formed at high redshifts (𝑧 ≳ 6),
thereby suggesting that a larger fraction of the high-redshift star clusters could in fact be the
progenitors of today’s GCs around MW-mass galaxies.

High-resolution simulations of the early Universe have been able to trace the formation of
potential proto-GCs at high redshifts. For instance, Phipps et al. (2020) list the properties of
several stellar clusters having been formed in the cosmological simulation FiBY (First Billion
Years) before 𝑧 = 6, though the identified clusters all have masses below 3 × 105 M⊙, which is
at and below the lower end of the inferred cluster masses from observations at those redshifts
(e.g., Messa et al. 2024; Mowla et al. 2024). It is therefore even less likely than for the observed
clusters that the lower-mass systems identified in the simulation would survive to become GCs
at 𝑧 = 0. Mayer et al. (2025) find stellar clusters forming at 𝑧 > 7 through disc fragmentation
and discover a very similar mass surface density distribution of their objects compared to
those observed at similar redshifts (e.g., Mowla et al. 2024; Adamo et al. 2024). The stellar
clusters formed through high-resolution proto-galaxy mergers in the FIRE simulation (Kim
et al. 2018) and in dwarf galaxy mergers (Lahén et al. 2019) are found to have masses up to
106 M⊙ (Lahén et al. 2019), consistent with some of the observed high-redshift clusters.

One central question is how many of high-redshift galaxies actually contain massive star
clusters, as current observations are still rather limited in number. Combining such a value
with the GC models run for a diverse set of galaxies will be able to predict the surviving star
cluster fraction as a function of redshift. Observations of systems at intermediate redshifts
already indicate that their GCs must have formed at very early times of 𝑧 = 7–11, as found
by Mowla et al. (2022) for the Sparkler at 𝑧 ≈ 1.4, though also with significant systematic
age uncertainties, which strongly affect the corresponding formation redshifts. This indicates
that some of the early formed massive bound star clusters survive until at least intermediate
redshifts.

More observations at high redshifts and further discriminating between the current GC
models will bring further insight into the connection of GCs and star clusters and clumps at
high and low redshifts, including what fraction of the observed high-redshift clumps would be
expected to survive to present day, and if this depends on the mass or type of the galaxies in
question.

18.5 Conclusion
In this work, we present the first side-by-side comparison of multiple current GC formation
models, for which we collected GC age data from the GC models applied to MW-mass and
MW-like galaxies to compare their age distributions with each other and with observations
of the GCs in the MW as well as observations of star clusters at high redshifts. We give a
detailed overview of the models and their methods for forming and evolving GCs side-by-side
alongside their individual definitions for galaxies being MW-like and for the GCs themselves.
Among the models are subgrid models applied to zoom-in hydrodynamical cosmological
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simulations (Kruijssen et al. 2019a; Reina-Campos et al. 2022), empirical models applied to
merger trees of cosmological simulations (Chen & Gnedin 2024b; Valenzuela et al. 2024b),
and GC models implemented within semi-analytic models of galaxy formation (De Lucia et al.
2024), as well as a simple tagging prescription of old stellar particles in a hydrodynamical
simulation (Renaud et al. 2017). The objective of this direct comparison of the model results
is to present in a clear way the range of predictions that current GC models make, which lays
the foundation for future development and improvement of such models.

For a selection of MW-like galaxies, we find that all of the considered models are in
general capable of forming GCs at ages older than 10 Gyr as is observed for the MW. While
the model by Renaud et al. (2017) can be used as a tracer of the regular star formation history
at early times, the current best estimates for the MW GC ages indicate that GCs are formed
earlier than the overall stellar population. While it should be noted that the MW GC absolute
ages have large uncertainties, the E-MOSAICS (Kruijssen et al. 2019a) and EMP-Pathfinder
(Reina-Campos et al. 2022) galaxies show slightly younger age distributions offset by 1–3 Gyr
depending on the simulated galaxy. Only one old E-MOSAICS galaxy is directly consistent
with the best age estimates for the MW GCs. For a carefully selected sample of MW-like
galaxies according to their merger histories, Chen & Gnedin (2024b) find very similar age
distributions. Valenzuela et al. (2024b) find the overall oldest GC age distributions, which are
also similar to those observed. Finally, the oldest systems of the large sample by De Lucia
et al. (2024) have peak surviving GC formation times consistent with the MW.

An important point to keep in mind for this is always that the different MW-like galaxies
can have very different accretion histories, thus preventing an apples-to-apples comparison
of the ages. For this reason, we also compared the variety of age distributions expected for
MW-mass galaxies based on the larger galaxy samples from Reina-Campos et al. (2022),
De Lucia et al. (2024), and Valenzuela et al. (2024b). While the model by Valenzuela et al.
(2024b) predicts that every galaxy has a significant old GC population, the GC systems from
De Lucia et al. (2024) show a roughly normal distribution of peak GC formation times,
with half of their galaxies having most GCs being younger than 10–11 Gyr. The model by
Reina-Campos et al. (2022) even predicts that roughly a third of MW-mass disc galaxies have
most GCs being younger than 5 Gyr and lack an old GC population. Discerning between
these models will therefore be possible by estimating rough ages of GCs in nearby galaxies.
This means that it is critical that further observations of GCs around other galaxies in the
MW mass range be performed and ages be estimated for them, such as what has been done
for M 31 (e.g., Usher et al. 2024). Recent and upcoming large area low surface brightness
surveys like Euclid, Rubin, and Roman will provide the means necessary to perform such
rough measurements to increase the statistics of GC ages.

Finally, we compared the formation redshifts of surviving GCs from the models to the
observed formation times of star clusters in high-redshift galaxies from HST and JWST. The
models consistently predict a peak formation redshift of 𝑧 = 1–3, depending on the individual
galaxy. However, the tail towards higher redshifts varies significantly. Some models begin
producing the first surviving GCs at 𝑧 = 5–7 (Renaud et al. 2017; Kruijssen et al. 2019a;
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Reina-Campos et al. 2022), while others produce surviving GCs even earlier at 𝑧 = 6–10 (Chen
& Gnedin 2024b) and 𝑧 = 12 (Valenzuela et al. 2024b). Compared to recent observations of
star clusters in strongly-lensed galaxies at 𝑧 = 6–10 (e.g., Vanzella et al. 2023; Mowla et al.
2024; Adamo et al. 2024), the models with older GC populations predict that at least some of
these systems could survive until present day, whereas other models are either inconsistent
with these observations or predict that such systems are always disrupted over cosmic time.
Increasing the sample of high-redshift star clusters in observations will be of great value for
combining these with GC models to obtain predictions for the chances of survival and thus
statistically quantifying how many of such star clusters are in fact proto-GCs.

In the future, this type of model comparison will be extended to further GC properties to
test to what extent and for which use cases each of the models can be appropriately applied. To
overcome the limitations of comparing GCs obtained within galaxies with different properties
and accretion histories, this should ideally be carried out by running each of the models for
the same galaxy initial conditions.
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This chapter summarizes the results published by Veršič et al. (2024a, incl. Valenzuela),
A&A 687, A80, for which I provided simulation data and contributed to the interpretations:

Shapes of dark matter haloes with discrete globular cluster dynamics:
The example of NGC 5128 (Centaurus A)

As bright sources that can be detected far out in the outskirts of galaxies, globular clusters
(GCs) can provide the spatial and kinematic information necessary to constrain the underlying
gravitational potential and its properties, thereby giving insights into the dark matter (DM)
halo. Drawing on my expertise in galaxy outskirts and GCs from simulations and models, I
contributed to a study targeting the nearby massive early-type galaxy Centaurus A (NGC 5128),
which has a large number of GCs with line-of-sight velocity measurements. Centaurus A is
furthermore a particularly interesting target due to strong evidence of recent accretion or even
a major merger based on shells, streams, and young halo stars (e.g., Malin et al. 1983; Rejkuba
et al. 2011; Crnojević et al. 2016; Wang et al. 2020).

Dynamical modeling techniques have enabled the study of the central stellar component
of galaxies and their shapes in recent years (e.g., Jin et al. 2020; Santucci et al. 2022; Thater
et al. 2025), though a similar approach for the outer halo is much more difficult because of
the low surface brightness. These outer regions are dominated by DM (e.g., Deason et al.
2012; Cappellari et al. 2013) and can reach mass fractions of up to 90% for massive galaxies
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(e.g., Harris et al. 2020). Predictions from DM-only cosmological simulations suggest that
DM halos are nearly spherical in shape (e.g., Allgood et al. 2006; Valenzuela et al. 2024a)
with tendencies toward being prolate or triaxial (e.g., Bailin & Steinmetz 2005; Hayashi et al.
2007). To probe the DM halo in observations, luminous tracer populations in the outskirts can
be used to trace the underlying DM-dominated potential.

For Centaurus A, an elliptical or lenticular galaxy (Harris 2010) with stellar mass
𝑀∗ = 1.6 × 1011 M⊙ (Hui et al. 1995) and expected to host roughly 2000 GCs (Harris et al.
2006), the outskirts have long been studied through its population of planetary nebulae (PNe;
Hui et al. 1993, 1995; Peng et al. 2004b; Walsh et al. 2015) and GCs (e.g., Peng et al. 2004a,c;
Woodley et al. 2010a; Hughes et al. 2021). Based on those results, several studies have
determined the spherical mass distribution of the halo using the kinematic tracers (e.g., Peng
et al. 2004b; Woodley et al. 2007; Hughes et al. 2021; Dumont et al. 2024). Furthermore, in
particular the PN kinematics have been used to predict a strong triaxiality of the stellar halo and
the underlying potential (e.g., Hui et al. 1995; Peng et al. 2004b; Pulsoni et al. 2018). In this
work, we use dynamical modeling to test how well the assumption of a spherical gravitational
potential of its halo holds when considering GCs as dynamical tracers. In Section 19.1, we
present the dynamical modeling technique and its results for the halo of Centaurus A. We then
discuss the meaning of the results in light of cosmological simulations in Section 19.2 and
finally conclude in Section 19.3.

19.1 Dynamically modeling the halo of Centaurus A
As tracers for the halo of Centaurus A, we use the photometric catalog of around 3200 GC
candidates from Taylor et al. (2017) using the Dark Energy Camera (Taylor et al. 2016) for a
region spanning radii out to over 150 kpc, which are shown as gray points in the left panel of
Figure 19.1 (assuming a distance of 3.8 Mpc, 1 arcmin corresponds to 1.1 kpc, Harris 2010).
Furthermore, we use the line-of-sight velocity measurements of the inner GCs from Hughes
et al. (2021), where a sample of 482 GCs has both photometric and kinematic data available
(blue points). Their spatial distribution already indicates an elongated structure reaching into
the quadrants II and IV.

The dynamical modeling used in this work is the Jeans Anisotropic multi-Gaussian
expansion (JAM; Cappellari 2008) method, which assumes relaxed and phase-mixed tracers of
the underlying potential. However, Centaurus A has been suggested to have had a major merger
around 6 Gyr ago with the final merger of the galaxies 2 Gyr ago (Wang et al. 2020), and the
GC population has been found to also feature an intermediate-age and young subpopulation
(e.g., Woodley et al. 2010b), indicating that not the entire GC population is relaxed. For this
reason, we identified a relaxed subpopulation of GCs by analyzing different luminosity bins
and the spatial distributions of the respective GCs in the inner and outer quadrants seen in
the left panel of Figure 19.1, where the most promising subpopulation of GCs is that with
intermediate luminosities (see Veršič et al. 2024a for details on the determination of this
subpopulation). These GCs were then used to construct a relaxed tracer density profile.
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Figure 19.1: Left: Spatial distribution of GC candidates from Taylor et al. (2017, gray points) and GCs
with kinematic measurements from Hughes et al. (2021, blue points) centered around Centaurus A.
The dashed and solid blue circles indicate radii of 30 and 130 arcmin, respectively. The eight quadrants
(inner and outer) are separated by the horizontal and vertical blue lines. The number of GCs with
kinematic measurements in each quadrant are stated below the Roman quadrant number. Right:
Underlying stellar velocity field for the inner halo region of Centaurus A (note the axis scale) obtained
from PNe by Pulsoni et al. (2018), with overplotted line-of-sight velocities for the individual GCs from
Hughes et al. (2021). The solid black line indicates the position angle (PA) of the stellar component
from Dufour et al. (1979). The physical scale is 1.1 kpc per 1 arcmin. These are figures 1 and 4 from
Veršič et al. (2024a).

We furthermore verified that the line-of-sight GC dynamics agree sufficiently well with
the point-symmetric velocity map determined from PNe by Pulsoni et al. (2018), which can
be seen in the right panel of Figure 19.1. Here, the underlying velocity map is that of the PNe,
with the colored points indicating the line-of-sight velocities of the GCs from Hughes et al.
(2021). For the stellar surface density of the halo, we combined data from the inner regions by
Dufour et al. (1979) with red giant branch (RGB) star data for the outer regions by Rejkuba
et al. (2022).

The dynamical model was then set up to include seven free parameters. The DM halo
is described by an NFW profile (Navarro et al. 1996, 1997) with virial mass 𝑀200 and
concentration 𝑐200, and its shape is parametrized by the intrinsic flattening 𝑞DM, where the
symmetry axis is fixed to that of the stellar component. The remaining four free parameters
are the mass-to-light ratio 𝑀∗/𝐿𝐵 to scale the stellar surface density, the inclination 𝑖, and
the orbital properties of the tracer population, the anisotropy 𝛽𝑧 (radial vs. vertical motion)
and rotation parameter 𝜅 (ordered vs. disordered motion). We then determined the best-fit
parameters through axisymmetric JAM modeling and finding the posterior distributions based
on the likelihood function determined from the line-of-sight velocities and the predicted
velocity dispersion (for details refer to Veršič et al. 2024a). After several fitting iterations,
the concentration was tied to the virial mass according to the mass-concentration relation
(Correa et al. 2015), and the inclination was fixed to 90◦ because it was not possible to further
constrain it throughout the first iterations.
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Figure 19.2: Posterior distributions of five free parameters for the JAM modeling, the DM halo mass
𝑀200, its intrinsic flattening 𝑞DM, the stellar mass-to-light ratio 𝑀∗/𝐿𝐵, the orbital tracer anisotropy
𝛽𝑧 , and the orbital tracer rotation parameter 𝜅, from the top left to the bottom right. The distributions
for the red and blue GC subpopulations are indicated in red and blue, respectively, and the black lines
indicate the joint posterior for the DM and stellar properties parameters (those in the first row). The
thin lines indicate the posterior distributions for different parameter pairs, whereas the thick lines are
the joint probabilities from all pairs. This is figure 10 from Veršič et al. (2024a).

Since the GCs around Centaurus A show a bimodal color distribution and the red and
blue GCs exhibit distinct kinematics (e.g., Peng et al. 2004a), we model the two tracer
subpopulations separately. The resulting posterior distributions of the five remaining free
parameters are shown in Figure 19.2 for the red and blue GCs (thick red and blue lines,
respectively), as well as the posterior distributions from the joint subpopulations for the DM
and stellar parameters (black lines). The differing orbital parameters 𝛽𝑧 and 𝜅 for the red and
blue GCs show that they indeed have different kinematics in the halo, supporting the idea
of them having experienced different formation pathways (e.g., Forbes et al. 2018a). Both
subpopulations show slight rotation, with red GCs having larger rotation (𝜅) and exhibiting
isotropic behavior. Blue GCs, on the other hand, have negative cylindrical anisotropy 𝛽𝑧. Both
the red and blue GC dynamics lead to similar DM and stellar parameters, where we find a
virial mass of log𝑀200/M⊙ ≈ 12.3, an intrinsic DM halo flattening of 𝑞DM = 1.45+0.78

−0.53, and a
mass-to-light ratio of 𝑀∗/𝐿𝐵 ≈ 3.0 M⊙ L⊙−1. The value of 𝑞DM greater than one means that
the DM halo is prolate in shape. While the lower error bound means that it is still consistent
with a spherical matter distribution, the posterior distribution clearly favors a prolate halo
shape.

19.2 Comparison with simulations
Since the symmetry axis of the DM halo was fixed to that of the oblate stellar component, it
is elongated along the stellar minor axis. This means that the major axis of the DM halo is
misaligned with respect to that of the stellar component, which for instance is disfavored for the
Milky Way (e.g., Law et al. 2009; Debattista et al. 2013; Han et al. 2023) and Milky Way-like
disk galaxies in simulations (e.g., Prada et al. 2019). To assess the meaning of the configuration
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found for Centaurus A, we measured the shapes of the galaxies and their DM halos in the
Magneticum Box4 (uhr; Teklu et al. 2015; Dolag et al. 2025) and TNG100 Marinacci et al.
2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich et al. 2018; Springel et al. 2018
simulations following a procedure similar to those described by Valenzuela et al. (2024a) and
Pulsoni et al. (2021), which corresponds to method S1 from Zemp et al. (2011). For this, we
selected simulated analog galaxies in the mass ranges of 𝑀vir = 3 × 1012–3 × 1013 M⊙ and
𝑀∗ = 1–5 × 1011 M⊙ and that have oblate stellar distributions and prolate DM halos. We
determined the shapes according to the triaxiality 𝑇 = (1 − 𝑞2)/(1 − 𝑝2) with axis ratios
𝑞 = 𝑏/𝑎 and 𝑝 = 𝑐/𝑎 for the three ellipsoidal axes 𝑎 ≥ 𝑏 ≥ 𝑐, where we define 𝑇 < 1/3 as
oblate and 𝑇 > 2/3 as prolate.

We then determined the angles between the stellar minor axis and the DM halo major
axis, where the preferred configuration of Centaurus A has a small such angle. In the
two simulations, 12 galaxies in Magneticum Box4 and 17 galaxies in TNG100 have oblate
stellar components and prolate DM halos. In each of the simulations, only one galaxy has a
configuration similar to that expected for Centaurus A with a small angle (≲20◦) between
the stellar minor axis and the DM halo major axis. Both of the galaxies show clear signs of
ongoing or recent interaction, indicating that this type of configuration is rare and most likely
associated with significant mergers.

19.3 Conclusion
Using a photometric and kinematic sample of GCs in the outskirts of the massive early-type
galaxy Centaurus A, we dynamically model the DM halo. The red and blue GCs exhibit distinct
dynamical properties, pointing toward different formation pathways for the two subpopulations
(e.g., Forbes et al. 2018a). The resulting DM halo and stellar properties are consistent between
the best fits for the red and blue GCs. In particular, we constrain the intrinsic flattening of the
halo, finding evidence that it is not spherical, but prolate and elongated along the minor axis
of the oblate stellar component. By employing analog galaxies from the Magneticum Box4
(uhr) and TNG100 simulations based on virial mass, stellar mass, and the intrinsic galaxy and
halo shapes, we investigate under what circumstances this galaxy-halo configuration occurs.
Both simulations indicate that this orientation of a prolate DM halo along the minor axis of an
oblate stellar component is very rare, where the sole galaxy in each of the two simulations with
such a configuration shows clear signs of ongoing or recent interaction. The DM halo inferred
from the GC system of Centaurus A therefore supports previous findings that the galaxy has
undergone a significant merger in the past few Gyr that led to this particular elongation of the
DM halo. We conclude that GCs are useful dynamical tracers and are capable of constraining
halo properties that give insights into the past formation histories of their host galaxies.
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20
Summary&Conclusion

Understanding the observed diversity of galaxies and deciphering their formation histories
remains a central goal of galaxy physics. In this thesis, I explored this problem through
three stellar tracers: the stellar component, planetary nebulae (PNe), and globular clusters
(GCs). Using cosmological simulations, primarily the Magneticum Pathfinder simulation
(Dolag, Remus, Valenzuela et al. 2025), and tracer population models, I investigated how
these tracers encode information about galaxy assembly to make predictions for and compare
to observations. In the following, I summarize the main results for each stellar tracer and
conclude with an outlook on their complementary roles in future studies of galaxy formation
in the era of large-scale surveys.

20.1 Results from the stellar component
For the stellar component, this thesis focuses on tidal features as tracers of galaxy assembly
histories. A central result is that tidal shells preferentially occur around slowly rotating
galaxies in simulations and observations, with streams showing the same but slightly weaker
trend (Valenzuela & Remus 2024). For the shells, this indicates that outer tidal structures and
inner galaxy kinematics are linked through radial merger events that lead to the formation
of shells and simultaneously reduce the rotational support of the central galaxy. Some
observational evidence indicates that this relation only holds for shell galaxies with younger
stellar populations, implying that the connection between slow rotation and tidal features
weakens as the latter dissipate over time (Rutherford et al. 2024, incl. Valenzuela). Prolate
rotators are particularly likely to host tidal features, consistent with merger-driven formation
scenarios. Galaxies with kinematically distinct cores (KDCs) show a preference for hosting
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streams, suggesting assembly histories dominated by mini and minor mergers that preserve
the inner galaxy rotation while reducing the outer rotational support. In contrast, I find no
significant correlation between the inner galaxy kinematics and the presence of satellite planes,
indicating that satellite configurations are more closely related to the larger-scale environment
than to the galaxy itself.

Beyond these correlations, tidal features provide direct insight into the properties of their
progenitor galaxies. I show that shells generally originate from more massive progenitors
than streams, which is also reflected in their higher metallicities, and that both types tend to
have lower velocity dispersions than the surrounding stellar halo (Stoiber, Valenzuela et al.
2025). Furthermore, I demonstrate that projected metallicity measurements in the feature
region significantly underestimate the actual progenitor mass when directly applying the
mass-metallicity relation because of contamination from halo stars. As a result, the biases
predicted by simulations have to be taken into account when inferring progenitor galaxy
properties such as mass, metallicity, or age. Tracing the evolution of streams and shells further
reveals how their morphology and stellar populations change over time because of outside-in
stripping (Stoiber, Valenzuela et al. 2026), and that some young stream-like features can arise
in situ rather than through accretion.

By extending the analysis to galaxies that themselves are satellites of more massive galaxies,
I further show that the occurrence of tidal features depends strongly on the environment and
the satellite’s location therein (Khalid et al. 2025, incl. Valenzuela). The results show a clear
suppression of tidal features in the central regions of galaxy clusters, whereas they exhibit
enhanced frequencies in the vicinity of field galaxies and at the center of galaxy groups.

To conclude, tidal features emerge as powerful tools for tracing a galaxy’s formation
history. In particular, the combination of tidal features with the inner galaxy kinematics offers
a new avenue to disentangle specific formation pathways for galaxies, which will be of great
interest with upcoming deep imaging surveys through Euclid, Rubin, and Roman.

20.2 Results from planetary nebulae
For PNe, this thesis focuses on establishing their theoretical connection to the underlying
stellar populations and assessing their use as tracers of galaxy formation histories. A major
outcome of this work is that the long-standing puzzle of bright PNe observed in old galaxies
can largely be resolved through self-consistent modeling of PNe within their parent stellar
populations and in galaxies with realistic star formation histories. Through the development
of PICS (PNe In Cosmological Simulations; Valenzuela et al. 2025c), I show that the universal
bright-end cutoff of the PN luminosity function (PNLF) can be reproduced across a wide
range of stellar ages and metallicities. Metallicity emerges as a key ingredient in producing
bright PNe at old ages, while circumnebular extinction is essential for regulating the bright
end in younger populations (Valenzuela et al. 2025b).

By systematically varying the underlying model parameters and assumptions, I demonstrate
that the details of the PNLF are sensitive to the initial-to-final mass relation (IFMR) of stars,
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nebular physics, and circumnebular extinction. With PICS I am able to separate out the
individual effects of these components, finding that in particular changes to the IFMR can lead
to significantly brighter or dimmer PNLFs. Applying PICS to a simulated Milky Way-like
galaxy successfully reproduces the shape and normalization of the observed local PNLF,
supporting the reliability of the modeled PN populations (Valenzuela et al. 2025d).

Extending the application of PICS to the whole galaxy population obtained from different
cosmological simulations, I find that the PNLF bright-end cutoff remains remarkably stable
across galaxy masses and morphologies (Valenzuela et al. in prep. a). This is the first
time that theoretical work fully models the PN populations for galaxies with cosmologically
self-consistent star formation histories. It is finally capable of reproducing the universal
bright-end cutoff of the PNLF, a long-standing problem in PN research. The universality even
holds across different galaxy classifications including by morphology, star formation, inner
kinematics, and stellar metallicity. However, there is still significant scatter toward dimmer
bright-end cutoffs for some lower-mass galaxies, which I relate to their stellar age. In general,
I find that the dominant driver for differences of the typical PNLF between the different classes
is in fact the stellar age, where old galaxies have systematically fainter PNLFs with steeper
slopes below the cutoff. Nevertheless, the PNLF cutoff is overall very similar between the
other classes, and stronger differences can be seen in the shape of the faint PNLF, suggesting
these can be leveraged to place constraints on the underlying stellar populations.

I further show that PNe are not only stellar population tracers, but also powerful tracers of
diffuse structures. Applying PICS to a tidal stream around a simulated galaxy, I demonstrate
that observations of the brightest PNe are sufficient to disentangle the stream kinematics from
the underlying stellar halo (Valenzuela et al. 2026). This enables constraints on the host
galaxy’s gravitational potential and halo mass, establishing PNe as effective dynamical tracers
that complement deep photometry of low-surface-brightness structures.

Comparisons with observed PN populations generally support the results from the PICS
framework, where I find a consistent relation between intermediate-age stellar populations and
the number of bright PNe for both the simulations and observations (Soemitro, Valenzuela et al.
2025). However, persistent discrepancies for old and metal-poor stellar populations indicate
that the brightest PNe in these environments are not yet fully understood and may point either
to limitations in current modeling or to a significant fraction of undetected intermediate-age
stellar populations in the observations (Hartke, Ennis, Valenzuela et al. in prep.).

To conclude, this thesis has set a new milestone for theoretical PN modeling, which for
the first time delivers a self-consistent theoretical explanation for much of the universality
of the PNLF bright-end cutoff. First successful applications show that the details of the
PNLF can provide insights into the underlying star formation history of a galaxy and that PNe
are powerful tracers of low-surface-brightness dynamics. Simultaneously, the tensions still
found between theory and observations highlight the key open questions that remain on PN
populations.
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20.3 Results from globular clusters

For the GCs, this thesis focuses on their use as tracers of assembly and merger histories as
well as of halo dynamics. I show that GC populations encode information not only about
halo mass, but also about accretion history. Building on an empirical GC model with two
distinct formation pathways (Valenzuela et al. 2021, developed prior to this thesis), I find that
deviations from the mean GC number-halo mass relation directly trace the amount of smooth
accretion experienced by a galaxy, establishing GC populations as probes of halo growth and
assembly history (Valenzuela 2023).

Leveraging the GC ages, I further demonstrate that their age distributions preserve
signatures of past gas-rich merger events (Valenzuela et al. 2024b). For the observed
Milky Way GCs, this allows me to connect a bimodality in the GC age distribution to Gaia-
Sausage/Enceladus (GSE; the last major merger of the Milky Way ∼8 Gyr ago), confirming
the model prediction that significant gas-rich accretion events leave identifiable imprints in
the GC ages. This is further supported by the successful application to several other nearby
galaxies. More generally, I find that GC age distributions are effective tracers of early gas-rich
mergers, while later gas-poor accretion events leave much weaker signatures.

To place these findings in a broader theoretical context, I conduct the first direct comparison
of six state-of-the-art GC models with respect to their predicted age distributions for Milky
Way-like galaxies (Valenzuela et al. 2025a). While all of the models are capable of successfully
forming old GCs (≳10 Gyr), they differ substantially in their predictions for younger GC
populations for a more general sample of Milky Way-mass galaxies, revealing systematic
differences in their underlying formation assumptions. Forthcoming large photometric surveys
like Euclid, Rubin, and Roman will help further distinguish between competing GC formation
scenarios through coarse GC age estimates as the predictions differ so significantly.

I also investigate the possible connection between present-day GCs and the young stellar
clusters now being observed at high redshift. While all GC models predict a consistent peak
of GC formation at intermediate redshifts of 𝑧 = 1–3, they differ strongly in the formation
times of the first surviving clusters. This shows how the models offer different expectations for
whether the high-redshift clusters can survive to become present-day GCs. More observations
and age measurements will be needed to further establish the connection between high-redshift
and present-day clusters, where additional work on the ages of high-redshift clusters has
already appeared in the meantime (e.g., Claeyssens et al. 2026; Whitaker et al. 2026).

To conclude, GCs are effective tracers for galaxy formation across a wide range of
timescales, as they originate from the earliest assembly phases of galaxies and act as powerful
indicators for past gas-rich merger events. This thesis also lays the groundwork for more
detailed model comparisons needed to improve on current approaches in the next generation
of GC models.
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20.4 A symphony on the past
Our understanding of galaxy formation has made large advances in recent years through
new observational facilities as well as improved computational techniques. With multiple
large-area surveys now coming online and upcoming extremely large telescopes, significantly
more data will become available for present-day galaxies, which require robust theoretical
frameworks for physical interpretation. As deciphering the entire past of an individual galaxy
remains an exceptionally challenging task, it is of great importance to combine the different
tracers available to us to gain comprehensive insights into its formation history. To this
end, the three stellar tracers discussed in this thesis present different perspectives on the
past, which I have addressed through a combination of simulations and models. While the
faint stellar outskirts can be probed through deep photometry and trace the recent accretion
and interactions well, adding PN measurements can deliver the corresponding kinematics
and place constraints on the underlying stellar populations. Meanwhile, the red and blue
GC populations may serve as distinct tracers for in-situ and accreted components as well as
contribute to the overall spatial and dynamical properties of the halo. Lastly, the GCs and
their stellar populations open up the window to the early formation times of their host galaxies
and the otherwise elusive gas-rich merger events in the past. Taken together, the three stellar
tracers provide complementary insights into galaxy formation histories, each probing different
aspects of their past. In this sense, they form parts of a larger whole: a symphony on the past,
reflecting the complexity of galaxy formation across cosmic time.
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A
Rescaling

theCumulativeDistribution

This is the appendix of the publication by Valenzuela & Remus (2024), A&A 686, A182,
presented in Chapter 4.

The cumulative histogram of the simulated galaxies can be adapted to be directly comparable
with that of the observations in the following way: Qualitatively, the 𝜆𝑅𝑒-values are divided
into bins. Each bin contains a different total number of observed and simulated galaxies, as
well as different numbers of observed and simulated galaxies with a given tidal feature. To
make the latter numbers directly comparable to each other, the number of either the observed
or the simulated galaxies with the given feature has to be multiplied with the ratio of the total
numbers of galaxies in that 𝜆𝑅𝑒 bin. In this work, we chose this to be the numbers of simulated
galaxies with the given feature that are rescaled by the aforementioned ratio. The cumulative
distribution is then obtained through summing over the individual bins up to a given value of
𝜆𝑅𝑒 .

Quantitatively, taking into account that there are different underlying distributions of
values of 𝜆𝑅𝑒 in the observations and the simulation and that the samples have different
sizes, this means that for any interval Δ𝜆𝑅𝑒 , there is a different number of observed galaxies
𝑁obs(Δ𝜆𝑅𝑒) and of simulated galaxies 𝑁sim(Δ𝜆𝑅𝑒). From these, the ratio of observed to
simulated galaxies can be determined through 𝑞(Δ𝜆𝑅𝑒) = 𝑁obs(Δ𝜆𝑅𝑒)/𝑁sim(Δ𝜆𝑅𝑒). We
used this fraction 𝑞(Δ𝜆𝑅𝑒) to then make the number of simulated galaxies with a given
feature that lie within such an interval directly comparable with the number of observed
galaxies with that feature 𝑁obs,feat(Δ𝜆𝑅𝑒). For the 𝜆𝑅𝑒 values of the simulated galaxies
that have a given feature, 𝜆1

𝑅𝑒
≤ · · · ≤ 𝜆

𝑁sim,feat
𝑅𝑒

, where 𝑁sim,feat is the number of simulated
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galaxies with the feature, it is sufficient for cumulative histograms to choose the intervals
Δ𝜆1

𝑅𝑒
= [0;𝜆1

𝑅𝑒
],Δ𝜆2

𝑅𝑒
= (𝜆1

𝑅𝑒
, 𝜆2

𝑅𝑒
], etc. This results in a set of 𝑁sim,feat intervals, for which

the weightings of the 𝜆𝑅𝑒 values of the simulated galaxies with the respective feature are given
by the factors 𝑞(Δ𝜆𝑅𝑒). The sum over all these weightings then defines the rescaled number
of simulated galaxies with the given feature, and the cumulative histogram can be determined
through

𝑁cum(≤𝜆𝑖𝑅𝑒
)

𝑁tot
=

P𝑖
𝑗=1 𝑞(Δ𝜆

𝑗
𝑅𝑒
)P𝑁sim,feat

𝑗=1 𝑞(Δ𝜆 𝑗𝑅𝑒
)
. (A.1)
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TidalFeatureCompilation

This is part of the appendix of the submitted publication by Stoiber, Valenzuela et al. (2025),
presented in Chapter 5.

B.1 Overview of the extracted tidal shells and streams
For each of the tidal shells and streams found in the last snapshot of Magneticum Box4 (uhr),
we identified their progenitor galaxies at the preceding snapshots (see Section 5.3). Here we
show all the isolated shell and stream systems that we obtained by tracing forward the stars
belonging to the progenitor galaxies. The isolated shell systems are shown in Figure B.1 and
the streams in Figure B.2. The surface density maps were created in the same way as the right
panels of Figure 5.4, where the maps are centered on the host galaxy, but the host itself is not
shown. Note that some of the galaxies have streams from different progenitors and therefore
show up in several panels (e.g., UID 0 and UID 1414).

B.2 Potential trigger for an in-situ stream-like feature
As discussed in Section 5.4, the stream-like feature shown in Figure 5.10 is formed in-situ
within a gas ring around the host galaxy. A potential trigger for its formation is a brief
encounter with a passing galaxy that has its pericenter on the side of the gas ring at 𝑧 = 0.14
that begins forming stars shortly after. We show the flyby in Figure B.3 within the larger
environment of the host galaxy from the face-on (top row; same orientation as Figure 5.10,
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Figure B.1: Stellar surface density maps of the isolated shell systems in Magneticum Box4 (uhr),
obtained by tracing the stars forward in time from the galaxy that was identified to be the progenitor of
the shells. The projections and orientations of the maps are the same as in Figure 5.1. This is figure B.1
from Stoiber et al. (2025).

see the white square here) and edge-on (bottom row) views. Overplotted on the stellar surface
density maps is the traced orbit of the flyby galaxy (dashed cyan line) and its velocity vectors
along the orbit (blue arrows), where the first pericenter passage to the host galaxy occurs
shortly before the second panel at 𝑧 = 0.14. Less than 0.5 Gyr later, at 𝑧 = 0.10, a significant
amount of young stars have been formed within the gas ring in the direction of the incoming
galaxy flyby. We thus propose that this encounter caused the in-situ star formation within the
gas ring.
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Figure B.2: Stellar surface density maps of the isolated streams in Magneticum Box4 (uhr), obtained
by tracing the stars forward in time from the galaxy that was identified to be the progenitor of the
streams. The projections and orientations of the maps are the same as in Figure 5.1. This is figure B.2
from Stoiber et al. (2025).
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Figure B.3: Orbit of a galaxy passing by the host galaxy that forms a young stream-like feature in its
gas ring across the same four snapshots as seen in Figure 5.10. The panels show the stellar surface
density maps of the larger environment for the face-on (top) and edge-on projections of the host
galaxy. The face-on projection is the same as found in Figure 5.10, where the white squares indicate
the depicted regions in that figure. The flyby galaxy’s orbit (cyan line) is traced until the respective
snapshot, with the velocity vectors indicated along it (blue arrows). The positions at the four snapshots
shown here are marked by the cyan circles.



C
Tidal features

inprojectedphasespace

This appendix presents the projected tidal feature fractions found in the publication
by Khalid et al. (2025, incl. Valenzuela), MNRAS 543, 3391,

presented in Chapter 6.

In Section 6.2, we show the tidal feature occurrences and fractions in 3D phase space
around field galaxies, galaxy groups, and galaxy clusters. However, direct measurements
in observations only deliver the projected distances and line-of-sight velocities of satellite
galaxies for 2D phase space. While the actual intrinsic physical properties are obtained from
3D measurements as provided by the simulations, an important aspect is also the prediction
for observations as a means to interpret incoming observational data. Furthermore, the
comparison between intrinsic and projected information also reveals the extent to which trends
are weakened and information is lost.

Figure C.1 shows the occurrence of tidal features in projected phase space for the same
field galaxy, galaxy group, and galaxy cluster regimes as shown in Figure 6.2 for 3D phase
space. The same overall trends are recovered as in the intrinsic 3D phase space, where fewer
ancient infaller satellites show tidal features in the more massive environments. However, the
intrinsically very high fractions are reduced for field galaxies and galaxy groups (from 73% to
60% and from 43% to 35%, respectively), and the intrinsically very low fraction is increased
for clusters (from 8% to 13%) due to the projection leading to the intrinsic regions mixing
somewhat. The intermediate and recent infaller regions as well as the outer satellites show
small differences, indicating that the intrinsic predictions for these regions can also be applied
to observations.
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Figure C.1: Projected phase-space diagram of satellite galaxies in host halos of three different mass
bins, for field galaxies (log𝑀200 = 12–13, left), galaxy groups (log𝑀200 = 13–14, center), and galaxy
clusters (log𝑀200 = 14–14.7, right), similar to Figure 6.2. The phase space is made up of the 2D
projected radial distance to the host center 𝑅, normalized to 𝑅200,crit, and the line-of-sight velocity
relative to the host Δ𝑉LOS, normalized to the halo line-of-sight velocity dispersion 𝜎LOS. The markers
indicate the combined sample of satellite galaxies from Magneticum Box4, EAGLE, and TNG100,
differentiating between galaxies with (blue crosses) and without (red circles) tidal features. The solid
green line indicates the median velocity as a function of radius and the shaded region its 1𝜎 scatter.
The solid gray lines mark the borders of the ancient, intermediate, and recent infaller regions (as
specified in the left panel, based on the definitions of Pasquali et al. 2019), and the vertical dashed
gray line marks the halo border of 𝑅200,crit, separating the outer fourth region (Out). The fractions of
galaxies having tidal features and their corresponding upper and lower errors are indicated in each
region. This is figure 4 from Khalid et al. (2025).
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This is the appendix of the publication by Valenzuela et al. (2025c), A&A 686, A182,
presented in Chapter 8.

D.1 Post-AGB track interpolation
Here we present how the post-AGB tracks provided by Miller Bertolami (2016) are interpolated
(see Section 8.1.4 for the corresponding section in the main text). For the post-AGB tracks,
we take the output tables from Miller Bertolami (2016), which each consist of 101 points of
equivalent position along the tracks in the Hertzsprung-Russel diagram, with precomputed
luminosity, effective temperature, and post-AGB time since a temperature of log𝑇eff/K = 3.85
was reached. The tables are available for between 12 and 20 final masses for each of the four
metallicities 𝑍 = 0.0001 (12 between 𝑀final = 0.525 and 0.800 M⊙), 𝑍 = 0.001, 𝑍 = 0.01,
and 𝑍 = 0.02 (each of them have 20 tables for final masses between 𝑀final = 0.525 and
1.000 M⊙). As we follow the approach of Valenzuela et al. (2019) in this work to define the
post-AGB age as the time since a temperature of𝑇eff = 25 000 K was reached, the precomputed
post-AGB ages are shifted accordingly in the individual tables. To interpolate the tracks for
arbitrary metallicities, final masses, and post-AGB ages, we perform linear interpolations on
the logarithmic metallicity and the final mass to find the eight relevant equivalent points on
the tracks corresponding to the two adjacent metallicities, final masses, and post-AGB ages.
The luminosity and effective temperatures are then determined from these eight points by
trilinear interpolation, the result of which can be seen in Figure 8.3.
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D.2 Nebular model recipes

The nebular model by Valenzuela et al. (2019) as described in Section 8.1.5 employs empirical
relations for the intensity ratio between 𝐼 (5007) and 𝐼 (H𝛽) and for the absorption factor that
accounts for the possibility of optically thin nebulae and their dissipation over time. In this
appendix we describe these recipes in more detail to present the final model from Valenzuela
et al. (2019), which was built on previous versions by Méndez et al. (1993) and Méndez &
Soffner (1997).

D.2.1 Intensity ratio recipe

After having obtained 𝐼 (H𝛽) assuming a blackbody spectrum based on the luminosity and
effective temperature of the central star, the relative intensity of 𝐼 (5007) is determined
empirically. For this we consider three different cases based on 𝑇eff:

• 𝑇eff ≤ 30 152 K: 𝐼 (5007) is set to zero.
• 30 152 K < 𝑇eff ≤ 60 000 K: The intensity is set to 100 𝐼 (5007)/𝐼 (H𝛽) = 0.0396𝑇eff/K
−1194 based on the linear relation derived by Méndez et al. (1993) in their eq. 5.

• 𝑇eff > 60 000 K: First, a random value 𝐼rel is drawn from a normal distribution with
a mean of 9.50 and a standard deviation of 3.75, truncated to 0 if a negative value is
drawn. As Valenzuela et al. (2019) describe, the steep drop-off at the high end of the
distribution has to be taken into account to avoid overly high values of 𝐼 (5007): First,
for 𝐼rel > 12 the value is decreased by ((𝐼rel − 12)/8)1.5. If it is then still larger than 15,
it is further decreased by (𝐼rel − 15)/5. Finally, if the value is still larger than 18, 𝐼rel

is simply set to a uniformly random value between 18 and 19 and then truncated to a
maximum value of 18.5. In a last step, for low central star masses of 𝑀final ≤ 0.55 M⊙
that are hot and luminous with log(𝐿/L⊙) > 3 and 𝑇eff > 75 000 K, the value of 𝐼rel is
multiplied with 0.4 as described by Valenzuela et al. (2019). This value of 𝐼rel is finally
used to obtain 𝐼 (5007) by 𝐼 (5007) = 𝐼rel𝐼 (H𝛽).

D.2.2 Absorption factor recipe

The absorption factor 𝜇 used by Valenzuela et al. (2019) is determined through a linear
combination based on central star mass, effective temperature, and post-AGB age relative to
reaching the highest combination of effective temperature and luminosity at the knee of the post-
AGB tracks. The post-AGB time to the knee is approximated through the analytical relation
𝑡knee = 0.0239𝑀−21.82

final . The absorption factor is a value between 0 and 1 that is multiplied with
the originally obtained value for 𝐼 (5007) to account for a lack of optical thickness and nebular
dissipation. First, a generator value 𝜇gen is randomly drawn between 0 and 1 from a uniform
distribution. For the cooling tracks with post-AGB ages larger than 1.1 times the time to reach
the knee, the absorption factor is determined as 𝜇 = (0.1+0.9𝜇0.9

gen) × (1− 𝑡post−AGB/30 000 yr)
to account for the nebulae becoming transparent over time. For the heating tracks until the knee,
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Figure D.1: Nebular metallicity correction factor 𝑝5007 as a function of metallicity for the relations
given by Jacoby (1989), Dopita et al. (1992), and Schönberner et al. (2010), as well as for having no
metallicity dependence. The relations are set up to reach a value of 𝑝5007 = 1 at the base metallicity
𝑍base = 0.007.

three temperature ranges are considered, where linear interpolation is applied for temperatures
between the respective limits:

• log𝑇eff/K < 4.51: For the beginning of the heating track, 𝜇 is set to min(0.4 + 𝜇gen, 1)
to account for generally more opaque PNe.

• 4.68 < log𝑇eff/K < 4.85: For low-mass central stars below 0.535 M⊙, 𝜇 = 0.03 +
0.17𝜇gen is used to obtain overall low values of 𝜇 because of their slow post-AGB
evolution, such that the nebulae already dissipate during this time. In contrast, for
higher-mass central stars above 0.557 M⊙, 𝜇 = 0.2 + 0.8(1 − 𝜇2

gen) is applied, which
allows for high values of 𝜇. Linear interpolation is applied for the mass range in between
these mass limits.

• log𝑇eff/K > 4.95: For low-mass central stars below 0.535 M⊙, 𝜇 = 0.03 + 0.17𝜇gen

is again used to account for their slow evolution along the post-AGB tracks. For
higher-mass central stars above 0.557 M⊙, 𝜇 = 0.1 + 0.9𝜇gen is applied, which now
leads to lower values of 𝜇 with a higher probability compared to at lower effective
temperatures due to the time that has passed. Linear interpolation is again applied for
the mass range in between these mass limits.

For the time between 1 and 1.1 times the time to reach the knee of the post-AGB track, and
for the effective temperatures between the ranges listed above, linear interpolation is applied
between the respective obtained values for 𝜇. As a final step, 𝜇 is truncated to the range
between 10−8 and 1.
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D.3 Nebular metallicity
In Figure D.1 we show the nebular metallicity correction factor 𝑝5007, which is multiplied
by the obtained [O iii] fluxes from the model by Valenzuela et al. (2019), as a function of
metallicity. The relations are taken from Jacoby (1989), Dopita et al. (1992), and Schönberner
et al. (2010) and are described in detail in Section 8.1.5. If no metallicity dependence is taken
into account, the flux remains the same with a factor of 1 (black line). As we selected the
base metallicity 𝑍base = 0.007 based on which the corrections are computed, all lines run
through 𝑝5007 at that metallicity. Because the values of 𝑝5007 do not lead to as heavily boosted
or dimmed [O iii] fluxes, we selected the relation by Dopita et al. (1992) for the fiducial PICS
model.

D.4 Circumnebular extinction
The relations for circumnebular extinction by Jacoby & Ciardullo (2025) are only derived from
the brightest PNe of M 31 and the LMC, and they are only dependent on the final stellar mass.
In Section 8.1.6, we describe our choice of using PNe of metallicity 𝑍 = 0.01 to obtain the
post-AGB ages at which the maximal brightness can be reached. Here we present the detailed
derivation of this relation. We first modeled the intrinsic [O iii] flux evolution throughout the
PN lifetime of 30 000 yr for final masses 𝑀final = 0.53–1.00 M⊙ at 𝑍 = 0.01, taking at each
timestep the maximal brightness based on 10 000 realizations of the nebular model. For each
final mass, we then determined the post-AGB age 𝑡post−AGB at which the highest flux is reached.
We selected 50 equally spaced values in the final mass range, for which the brightest post-AGB
ages are shown in Figure D.2, using the stellar evolution relations by Miller Bertolami (2016)
and the nebular model by Valenzuela et al. (2019).

As the relation for the logarithmic brightest post-AGB ages appears to be well-described by
a broken-line fit, we fit two linear relations to the final masses smaller and larger than 0.60 M⊙
(red and orange lines, respectively). Since in our recipe we need to invert this relation to obtain
the corresponding final mass for a given post-AGB age, we perform the fits as a function of
post-AGB age. The analytical form is given in Equation 8.11. This approach ensures that
a PN at its maximum brightness experiences the extinction from the derived relation from
Jacoby & Ciardullo (2025), while simultaneously accounting for dust dissipating over time.

D.5 Luminosity-specific bright PN numbers
In Section 8.3.4 we presented the luminosity-specific PN numbers (𝛼) and the visibility
lifetimes (𝜏PN) for all PNe with magnitudes brighter than 𝑀 (5007) = +3.5, as obtained for the
individual SSPs. This limiting magnitude is based on the assumption that PNe span roughly 8
magnitudes of brightness (e.g., Buzzoni et al. 2006). However, in practice it is impossible to
measure the entire population of PNe in a galaxy, where for most galaxies outside the Local
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Figure D.2: Post-AGB age 𝑡post−AGB at which PNe at metallicity 𝑍 = 0.01 reach the brightest possible
[O iii] flux as a function of final mass 𝑀final. The black data points mark the determined values from
the model for 50 equally spaced final masses between 0.53 and 1.00 M⊙ , and the red and orange lines
are the linear fits to the values below and above 𝑀final = 0.60 M⊙, respectively.

Table D.1: Luminosity-specific PN numbers 𝛼2.5 of the SSP PNLFs.

𝑡age 𝑍
(Gyr) 0.0001 0.001 0.01 0.02 0.04 0.08
0.25 – – – 9.000 – –
0.5 – 0.006 0.049 0.040 0.090 0.415
1.0 – 0.103 0.443 0.364 0.255 0.483
2.0 – 0.173 0.807 0.682 0.631 0.389
4.0 – 0.340 1.116 0.814 1.086 0.869
6.0 – 0.584 1.531 1.173 1.074 1.164
8.0 – 0.001 1.082 0.849 1.280 1.438
10.0 – – 0.052 0.214 0.850 0.655
12.0 – – – 0.087 0.138 0.681
13.0 – – – – 0.094 0.579

𝛼2.5 in units of 10−7 L⊙−1

Notes. The luminosity-specific PN numbers 𝛼2.5 are given in units of 10−7 L⊙−1, and are given for
the brightest PNe with 𝑀 (5007) ≤ −2.0 for each SSP PNLF. Each row corresponds to the given
age 𝑡age and each column to the given metallicity 𝑍 .
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Table D.2: PN visibility lifetimes 𝜏PN,2.5.

𝑡age 𝑍
(Gyr) 0.0001 0.001 0.01 0.02 0.04 0.08
0.25 – – – 0.00 – –
0.5 – 0.05 0.38 0.28 0.71 4.17
1.0 – 0.66 3.10 2.28 1.83 4.11
2.0 – 0.81 3.70 3.43 3.35 2.60
4.0 – 1.97 5.43 4.35 4.45 4.28
6.0 – 3.26 7.85 5.84 5.49 5.14
8.0 – 0.01 5.11 4.12 5.95 5.49
10.0 – – 0.24 1.00 3.93 3.29
12.0 – – – 0.39 0.62 3.27
13.0 – – – – 0.41 2.73

𝜏PN,2.5 in units of 103 yr
Notes. The PN visibility lifetimes 𝜏PN,2.5 are given in units of 103 yr and are determined from the
PNe with 𝑀 (5007) ≤ −2.0 resulting from the SSPs. Each row corresponds to the given age 𝑡age
and each column to the given metallicity 𝑍 .

Group one is limited to the brightest couple of magnitudes. For this reason, 𝛼2.5 has become
a relevant measure for the luminosity-specific PN number for those PNe with magnitudes
within the brightest two and a half magnitudes of the PNLF (e.g., Jacoby et al. 1990a; Buzzoni
et al. 2006; Longobardi et al. 2013; Hartke et al. 2017). For the values of each of the SSP
PNLFs, we assume a fixed PNLF bright-end cutoff of 𝑀 (5007) = −4.5 and count all PNe
brighter with 𝑀 (5007) ≤ −2.0. In Table D.1 we show the values of 𝛼2.5 for the SSP PNLFs,
analogously to Table 8.2 with the bolometric luminosities obtained through the GALAXEV
CB07 SSP models of Bruzual & Charlot (2003) using a Chabrier (2003) IMF. Compared to 𝛼,
these values are necessarily lower as the magnitude range is smaller. The values are generally
compatible with results from observational work, where typically observed values are on the
order of 𝛼2.5 ∼ 10−8 L⊙−1 (e.g., Longobardi et al. 2013), which corresponds to values for
ages of 𝑡age ∼ 10–12 Gyr, depending on metallicity (see Table D.1). The corresponding PN
visibility lifetimes 𝜏PN,2.5 are shown in Table D.2, which indicate the time a PN spends being
brighter than 𝑀 (5007) = −2.0. These are also smaller than the values of 𝜏PN (Table 8.3) by
necessity.

D.6 Extended PNLFs
In Figure D.3 we show the same set of SSP PNLFs as in Figure 8.10 for a grid of different ages
and metallicities, just increasing the plotted magnitude range to fainter PNe at 𝑀 (5007) = +2.
Here it is much more obvious that most of the individual PNLFs drop towards fainter PNe and
many in the young to intermediate age range (𝑡age ≲ 6 Gyr) then again have a rising number
of PNe towards the faintest magnitudes. This “camel” shape has previously been found in
both observations and simulations of PNe, in particular in younger systems (e.g., Jacoby &
De Marco 2002; Reid & Parker 2010; Valenzuela et al. 2019), where the dip in the SMC occurs
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at a slightly dimmer magnitude of 𝑀 (5007) ≈ −0.5 (Jacoby & De Marco 2002). This is
consistent with the grid of PNLFs shown here, where the SSP models in Figure D.3 show that
this shape can also arise within a pure SSP and it is not dependent on the correct superposition
of different SSP PNLFs. In contrast, it is possible to wash out the camel shape by combining
multiple SSP PNLFs as their peaks are located at different magnitudes and their shapes also
differ in declining and increasing slope. The extreme rise in PN number at dim magnitudes
for the youngest stellar populations of 𝑡age ≲ 0.5 Gyr arises from the circumnebular extinction
decreasing with post-AGB age. This means that the extinction affects the intrinsically brightest
PNe in the early post-AGB phase the strongest. In contrast, the older, but much dimmer PNe
are hardly affected by the extinction. The PNLF is thereby effectively squashed towards dim
magnitudes.
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Figure D.3: Single stellar population PNLFs depending on the age and metallicity for the fiducial
model with the nebular metallicity correction by Dopita et al. (1992) and circumnebular extinction by
Jacoby & Ciardullo (2025), normalized to different quantities. This grid of PNLFs shows the same
plots as seen in Figure 8.10, except that the 𝜆5007 magnitude range is extended to dimmer PNe by four
magnitudes. The black lines are the PNLFs obtained from 1 × 106 stars of the respective final mass
with equally spaced post-AGB ages between 0 and 30 000 yr. The red PNLFs are normalized to a total
mass of 1012 M⊙ assuming a Chabrier IMF (Chabrier 2003). The orange PNLFs are normalized to
a total bolometric luminosity of 1012 L⊙ based on the GALAXEV CB07 SSP models by Bruzual &
Charlot (2003) using a Chabrier IMF.
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This is the appendix of the work to be submitted by Valenzuela et al. (in prep.),
presented in Chapter 11.

E.1 Maximal metal-poor PN [O iii] magnitude evolution

In Figure 11.2 we only show the PN brightness evolution for solar and super-solar metallicities.
These are the metallicities most relevant to the bright-end of the PNLF for old and typically
more metal-rich elliptical galaxies (see Figure 11.1). To capture the full metallicity dependence
of the post-AGB evolution of the brightest PNe of a given stellar population, we show the
𝑀∗(5007) evolution for lower metallicities of 𝑍 = 0.001, 0.005, and 0.01 in Figure E.1.
The trends seen for the higher metallicities are continued into the metal-poor regime: the
brightness of the youngest PNe (dark lines) becomes even dimmer due to their quicker heating
and the strong circumnebular extinction right after the AGB phase. The oldest PNe (yellow
and orange lines) heat much more slowly and reach their peak [O iii] brightness towards the
end of their PN lifetime of 30 000 yr. Additionally, the maximum PN brightness is dimmer
for the metal-poor PNe. For the lowest metallicity of 𝑍 = 0.001, PNe of all ages are not able
to reach the observed bright-end cutoff.
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Figure E.1: Temporal evolution of the magnitude 𝑀 (5007) for optically thick PNe of different stellar
ages (indicated by the colors) at sub-solar metallicities (𝑍 = 0.001, 0.005, 0.01 from top to bottom,
corresponding to log 𝑍/𝑍⊙ = −1.2, −0.5, and −0.2) over the PN lifetime of 30 000 yr from PICS
(Valenzuela et al. 2025c). The circumnebular dust extinction decreases over the PN lifetime, which
significantly dims the peak brightness of the youngest PNe. Metal-poor PNe have less oxygen available
in their nebulae and are therefore more limited in their [O iii] emission. The observed bright-end cutoff
value of 𝑀∗(5007) = −4.5 is marked by the horizontal dashed lines.

E.2 PNLF bright end in Box4 at 𝒛 = 0

Since Magneticum Box4 (uhr) was only run to 𝑧 = 0.06, which corresponds to a lookback
time of 0.88 Gyr, the stars are in fact younger than they would be at 𝑧 = 0. While there would
certainly be more stars that formed during this time span, we reran PICS for all Box4 galaxies
assuming stellar ages increased by 0.88 Gyr to approximate the present-day PN populations.
Their resulting PNLF bright-end cutoff magnitudes as a function of stellar mass are shown in
Figure E.2 for elliptical and disk galaxies for direct comparison with Figure 11.4. The dip
toward dimmer bright-end cutoffs around 1010 M⊙ becomes even deeper by around 0.2 mag
as a result of the older stellar populations, where the maximum [O iii] brightness becomes
noticeably dimmer (Figure 11.2). While young PNe are missing entirely, many old elliptical
galaxies will likely not have formed further stars during the last billion years, thereby leaving
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Figure E.2: Bright-end cutoff magnitude 𝑀∗(5007) for stellar populations extrapolated to 𝑧 = 0 by
increasing the stellar ages by 0.88 Gyr, as a function of stellar mass for the simulated galaxies of
the Magneticum Pathfinder Box4 (uhr) simulation, split by morphological type into disk (blue) and
elliptical (red) galaxies. The solid lines show the respective median 𝑀∗(5007) value, with the shaded
regions indicating the 1𝜎 scatter. The observed bright-end cutoff value of 𝑀∗(5007) = −4.5 is marked
by the horizontal dashed line. The older stellar ages increase the magnitude dip at 1010 M⊙ compared
to Figure 11.4.

their PN populations and bright-end cutoff magnitudes unchanged. The importance of the
stellar ages produced by the simulation is therefore high and affects the extent to which the
bright-end cutoff is truly universal, which also motivates the inclusion of IllustrisTNG, a
second simulation with different galaxy physics.

E.3 Stellar populations and bright-end cutoff in TNG50
As a second simulation, we also used the hydrodynamical cosmological simulation TNG50
at the highest available resolution (TNG50-1) (Nelson et al. 2019). It was run with the
moving-mesh code Arepo (Springel 2010) and has a box side length of 52 Mpc, and a
stellar particle mass of 8.5 × 104 M⊙. The galaxies were identified with SubFind, just as for
Magneticum. We selected all central and satellite galaxies from the last simulation snapshot
at 𝑧 = 0 with stellar masses of 𝑀∗ ≥ 2 × 109 M⊙, just as for Magneticum Box4. We computed
all properties using the same methodology as for the other simulation. This results in a galaxy
sample of 405 elliptical, 465 lenticular, and 1334 disk galaxies.

The stellar populations in TNG50 differ from those of Magneticum Box4: Figure E.3
shows significantly younger stellar populations across all masses compared to Box4 (seen in
Figure 11.3), especially below 𝑀∗ = 1010 M⊙. Additionally, the metallicities are higher in
TNG50 for all stellar masses. This is due to the differences in the employed galaxy formation
models including the stellar and active galactic nuclei (AGN) feedback prescriptions. The
elliptical galaxies feature higher metallicities at the low-mass end compared to the more
massive galaxies (dashed red line), which is the result of satellite galaxies having been enriched
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Figure E.3: Mass-weighted mean stellar age 𝑡age (top) and metallicity 𝑍∗ (bottom) as functions of
stellar mass for the simulated galaxies of the TNG50 simulation, split by morphological type into
disk (blue) and elliptical (red) galaxies. The solid lines show the respective median age or metallicity
value for the central galaxies only, with the shaded regions indicating the 1𝜎 scatter. The dashed lines
show the median values for the total galaxy sample including satellites, which have been significantly
enriched with metals by their host galaxies, particularly seen by the metallicity rise at the low-mass end.

by their host galaxies. The large fraction of satellite galaxies at those lower masses dominates
the scaling relation, such that we here also plot the relations for the central galaxy sample
(solid lines), which recovers the expected mass-metallicity relation.

We show the TNG50 equivalent to Figure 11.4 of Magneticum Box4 with the PNLF
bright-end cutoff 𝑀∗(5007) as a function of stellar mass in Figure E.4. The universality of
the PNLF cutoff across morphology and mass is even clearer here than in Box4, varying
only by at most 0.1 mag, with disk galaxies having slightly brighter cutoffs than elliptical
galaxies. The cutoff value at lower masses is brighter for TNG50 compared to Box4, which is
a consequence of the TNG50 galaxies being systematically younger and more metal-rich than
those in Box4 (Figure E.3). Still, while the stellar populations within TNG50 vary significantly
between the two morphologies and across stellar masses, only the scatter of 𝑀∗(5007) differs:
it increases toward the low-mass end, and it is larger for elliptical compared to disk galaxies.
The current theoretical state is therefore that the universal bright-end cutoff of the PNLF is
robust against stellar population variations as long as the overall stellar age is not too old.
Future improvements to the model such as through blue stragglers or variations of the IFMR
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Figure E.4: Bright-end cutoff magnitude 𝑀∗(5007) as a function of stellar mass for the simulated
galaxies of TNG50, split by morphological type into disk (blue) and elliptical (red) galaxies. The solid
lines show the respective median 𝑀∗(5007) value, with the shaded regions indicating the 1𝜎 scatter.
The observed bright-end cutoff value of 𝑀∗(5007) = −4.5 is marked by the horizontal dashed line.
Galaxies of both morphologies feature PNLF cutoffs around the observed value over a large range of
stellar masses.

(e.g., Jacoby & Ciardullo 2025) could improve this for obtaining bright PNe even in old stellar
populations.
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F
PNLFs

ofSimulatedGalaxyClasses

This is the appendix of the work to be submitted by Valenzuela et al. (in prep.),
presented in Chapter 12.

F.1 Maximum likelihood estimation of the PNLF
The maximum likelihood estimation method includes summing over the individual probabilities
𝑝(𝑀) of a PN existing at its magnitude 𝑀 given a specific PNLF function (see Section 12.1.2).
These probabilities are determined through the integral over the PNLF multiplied with
a Gaussian at the PN magnitude with a standard deviation of the magnitude uncertainty
(Scheuermann et al. 2022), for which we use a fixed value of 0.01 mag:

𝑝(𝑀) =
∫

𝑁 (𝑀′)𝜙(𝑀′,𝑀 ,𝜎) d𝑀′, (F.1)

where 𝑁 (𝑀′) is the PNLF (Equation 7.2) and 𝜙(𝑀′,𝑀 ,𝜎) is the Gaussian function with
mean 𝑀 and standard deviation 𝜎, evaluated at 𝑀′:

𝜙(𝑀′,𝑀 ,𝜎) = 1√
2𝜋𝜎

exp
�
− (𝑀′ − 𝑀)2

2𝜎2

�
. (F.2)

The indefinite integral is solved with the error function:
∫

𝑁𝜙 d𝑀′ =
𝑐1
2

�
𝑒𝐴𝑀+𝐴2𝜎2/2+3𝑀∗

erf

𝐵(𝐴𝜎2 + 𝑀 − 𝑀′)� (F.3)
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− 𝑒𝑐2𝑀+𝑐2
2𝜎

2/2 erf

𝐵(𝑐2𝜎

2 + 𝑀 − 𝑀′)� � , (F.4)

with 𝐴 = 𝑐2 − 3 and 𝐵 = 1/(
√

2𝜎). The definite integral from 𝑀′ = −∞ to +∞ eliminates
the error function terms because of the limits at ±∞ equaling ±1. The resulting probability
then becomes

𝑝(𝑀) = 𝑐1

�
𝑒𝑐2𝑀+𝑐2

2𝜎
2/2 − 𝑒𝐴𝑀+𝐴2𝜎2/2+3𝑀∗�

. (F.5)

In practice, the analytical computation led to a speed-up of over two orders of magnitude
compared to the numerical integration.

F.2 Corrected ages in Magneticum Box4 (uhr) for 𝒛 = 0
Since Magneticum Box4 (uhr) was only run to 𝑧 = 0.066, the stellar ages should be
systematically older as that corresponds to a lookback time of 𝑡lb ≈ 880 Myr. In Section 12.2,
we do not correct for this age difference since that would mean that the galaxy properties would
not be self-consistent with the PN populations anymore, and stars that would theoretically
form in that time span would not be accounted for. Figure F.1 shows the same grid of median
PNLFs for the different classes for Box4 as Figure 12.1, but with all stellar ages increased
by 880 Myr to account for the missing time span until 𝑧 = 0. The main difference to the
unmodified-age results is that the PNLFs shift slightly toward fainter magnitudes, which is
especially noticeable for the elliptical, quiescent, slow rotator, old, and metal-rich galaxies.
These correspond to the galaxies that are most likely to have old stellar populations, where the
increased age leads to fainter PNLFs for the PICS model (see Valenzuela et al. 2025c).

F.3 Central galaxies in Magneticum Box4 (uhr)
In Section 12.2, we only show the PNLFs and 𝑀∗(5007) values for the total population of
galaxies. Figure F.2 shows the same grid of median PNLFs for the different classes for Box4
as Figure 12.5, but only for the central galaxies (i.e., without the satellite galaxies) Compared
to the total galaxy sample, a clear difference is that the dip of 𝑀∗(5007) toward fainter
magnitudes at around log𝑀∗/M⊙ ∼ 10.4 seen for the elliptical galaxies is more shallow. This
is a result of lower-mass old galaxies having overall brighter cutoff magnitudes, but also of the
relatively smaller number of old central galaxies compared to the total sample (see Table 12.1.
The other cutoff magnitudes remain very similar to the results for the total Box4 galaxy sample
seen in Figure 12.5.

F.4 PNLF bright-end cutoff magnitudes in TNG50
Figure F.3 shows the bright-end cutoff magnitude of the PNLF 𝑀∗(5007) as a function
of stellar mass for the different classes and classification schemes for TNG50 in the same
way as for Magneticum Box4 in Figure 12.5. Besides a slightly increased brightness of the
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Figure F.1: Median PNLFs of galaxy classes from the different classification schemes for Magneticum
Box4 (uhr) as in Figure 12.1, but with the PNe modeled with stellar ages increased by 880 Myr to
modify the ages to the ones they would have at 𝑧 = 0.

cutoffs compared to Box4 (at 𝑀∗(5007) ≈ −4.55 mag), the central finding is that 𝑀∗(5007)
is significantly more constant across all classes except for the old galaxies, and it also has
a much smaller scatter. Only the old galaxies show the same correlation of 𝑀∗(5007) with
stellar mass as Box4 featured, and for the same reasons: mass-metallicity relation, increased
intermediate-age stellar mass fraction, and higher probability of populating the bright end of
the PNLF with more stars.
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Figure F.2: Median PNLF bright-end cutoff magnitudes 𝑀∗(5007) as a function of stellar mass 𝑀∗
from the different classification schemes in Magneticum Box4 (uhr) as in Figure 12.5, but only for the
central galaxies.
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Figure F.3: Median PNLF bright-end cutoff magnitudes 𝑀∗(5007) as a function of stellar mass 𝑀∗
from the different classification schemes as in Figure 12.5, but for the galaxies in TNG50.
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G
TheMilkyWay

GCAgeDistribution

This is the appendix of the publication by Valenzuela et al. (2024b), A&A 687, A104,
presented in Chapter 17.

G.1 Milky Way globular cluster age distributions

G.1.1 Age distributions of all globular clusters

The age distributions of the full GC samples of Forbes & Bridges (2010), Dotter et al.
(2010, 2011), VandenBerg et al. (2013), Kruijssen et al. (2019b), Usher et al. (2019), and
Cabrera-Ziri & Conroy (2022) are shown in Figure G.1. The values from Kruijssen et al.
(2019b) are obtained through the mean ages from the first three samples, all of which used
CMD measurements, which leads to the total distribution being further smoothed out. Since
not all of the CMD samples contain all 96 GCs from that study, the mean ages of the individual
GCs will be biased towards younger or older ages depending on which samples they are
contained in due to differences in the systematic uncertainties between the samples.

Nevertheless, the bimodality in the GSE GC age distribution is still clearly visible
(Figure G.2), if not even clearer than in the top left panel of Figure 17.3 for the ages from
Forbes & Bridges (2010). This strongly indicates that the found bimodality is an actual feature
and not a statistical artifact.
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Figure G.1: Globular cluster age distributions in the MW from Forbes & Bridges (2010), Dotter et al.
(2010, 2011), VandenBerg et al. (2013), Kruijssen et al. (2019b), Usher et al. (2019), and Cabrera-Ziri
& Conroy (2022), smoothed by the measurement uncertainties. The curves are computed through a
summation over normal distributions with the respective ages as the means and their uncertainties as
the standard deviations. The shaded region between 8 Gyr and 11 Gyr indicates the estimated time of
the GSE merger (Belokurov et al. 2018; Helmi et al. 2018).
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Figure G.2: Globular cluster age distributions in the MW from Kruijssen et al. (2019b), split up
according to their likely progenitors from Forbes (2020). The shown classifications are the MW,
GSE, unassociated high-energy GCs (H-E), unassociated low-energy GCs (L-E, which was given the
name Koala by Forbes 2020), the Helmi Streams (H99), Sequoia (Seq), and Sagittarius (Sag). The
curves are smoothed by the measurement uncertainties, which are computed through a summation
over normal distributions with the respective ages as the means and their uncertainties as the standard
deviations. The shaded region between 8 Gyr and 11 Gyr indicates the estimated time of the GSE
merger (Belokurov et al. 2018; Helmi et al. 2018).
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Figure G.3: Globular cluster age distributions in the MW from Forbes & Bridges (2010), split up
according to their likely progenitors from Callingham et al. (2022). The shown classifications are the
MW, GSE, unassociated high-energy GCs (H-E), unassociated low-energy GCs (L-E, which was given
the name Koala by Forbes 2020), the Helmi Streams (H99), Sequoia (Seq), and Sagittarius (Sag). The
shaded region between 8 Gyr and 11 Gyr indicates the estimated time of the GSE merger (Belokurov
et al. 2018; Helmi et al. 2018).

G.1.2 Alternative progenitor associations

While we used the GC progenitor associations from Forbes (2020) in this work, it makes no
qualitative difference to use the associations determined by other studies. For instance, the
data from Callingham et al. (2022) show a somewhat different distribution of GCs among
GSE, the Helmi Streams, and the low-energy GCs, but the GC age distributions of GSE still
features a bimodal distribution (Figure G.3). This bimodality is visible in a much more distinct
way when compared with the top left panel of Figure 17.3, which shows the distributions for
the GC associations determined by Forbes (2020). Similarly, when using the associations
from Chen & Gnedin (2024a), Figure G.4 shows that the age distributions change for GSE and
Sagittarius (the only two ex-situ groups they specifically identify), but again the bimodality
of the GSE-associated GCs persists. This time, the younger peak at 11 Gyr is significantly
stronger than the ones seen from the associations of Forbes (2020) and Callingham et al.
(2022), which would mean that potentially more GCs were formed through the GSE merger.

G.1.3 Age distributions of a single study

The GC sample of Forbes & Bridges (2010) is composed of multiple different studies (see
Section 17.1.2), of which the largest subsample is of Marín-Franch et al. (2009), which
includes 64 of the 92 GCs. As combining several GC studies could cause problems due to
different systematic biases, we show the single GC study by Marín-Franch et al. (2009) in
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Figure G.4: Globular cluster age distributions in the MW from Forbes & Bridges (2010), split up
according to their likely progenitors from Chen & Gnedin (2024a). The shown classifications are the
MW, GSE, Sagittarius (Sag), and other ex-situ formed GCs (other). The shaded region between 8 Gyr
and 11 Gyr indicates the estimated time of the GSE merger (Belokurov et al. 2018; Helmi et al. 2018).

Figure G.5. Both the bimodality of the overall GC age distribution as well as in the GSE GC
age distribution are clearly visible. This demonstrates that these bimodalities do not result
from combining several GC studies, but in fact come from a single study.

G.1.4 Age histograms
The unsmoothed age distribution of the MW are shown in Figure G.6 for the four GC samples
by Forbes & Bridges (2010), Dotter et al. (2010, 2011), VandenBerg et al. (2013), and
Cabrera-Ziri & Conroy (2022), using the progenitor associations given by Forbes (2020). It
becomes apparent that GSE, the unassociated high-energy GCs, and the GCs from the Helmi
Streams are important contributors to the second peak in the total GC age distribution. The
smoothed distributions according to the measured age uncertainties are found in Figure 17.3.

G.2 Other Milky Way-mass modeled globular cluster age
distributions

As we found 21 MW-mass galaxies in the simulation with virial masses of 𝑀vir = 1–
2 × 1012 𝑀vir, but only discussed the two of them with GC age distributions most similar
to those observed in the MW (see Section 17.2.2), we here present the other 19 simulated
galaxies. Figure G.7 shows their GC age distributions (top of each of the four double panels)
and their respective virial mass evolutions in the same color (bottom of the double panels).
From the top left to the bottom right, the galaxies are sorted by their formation time, that
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Figure G.5: Globular cluster age distributions in the MW from Marín-Franch et al. (2009), split
up according to their likely progenitors from Forbes (2020). The shown classifications are the MW,
GSE, unassociated high-energy GCs (H-E), unassociated low-energy GCs (L-E, which was given the
name Koala by Forbes 2020), the Helmi Streams (H99), Sequoia (Seq), and Sagittarius (Sag). The
curves are smoothed by the measurement uncertainties, which are computed through a summation
over normal distributions with the respective ages as the means and their uncertainties as the standard
deviations. The shaded region between 8 Gyr and 11 Gyr indicates the estimated time of the GSE
merger (Belokurov et al. 2018; Helmi et al. 2018).

is at what time the galaxy reached half of the virial mass that it has at 𝑧 = 0, where the
galaxies formed the earliest are shown at the top left. It can immediately be seen that the
galaxies formed the earliest also have the oldest GC populations, whereas the later-formed
galaxies have increasingly young GC subpopulations. The time of the youngest GC formation
peak is furthermore strongly correlated with the formation time as seen in Figure G.8. From
the MW-analog, we also obtain a prediction for the formation of the MW itself of around
9–10 Gyr, which corresponds to 𝑧 = 1.3–1.7. Overall, the ages of the youngest GCs also
directly mark the time of the last major wet accretion event, as expected from the GC model.

Overall, the oldest GC population is almost always the dominant one (with the exception
of the double-peaked age distributions in the upper left panel shown in pink and in the upper
right panel shown in blue). In these two cases, there are nearly as many of the oldest GCs as
the second youngest peak in the age distribution contains.
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Figure G.6: Globular cluster age distributions in the MW from Forbes & Bridges (2010), Dotter et al.
(2010, 2011), VandenBerg et al. (2013), and Cabrera-Ziri & Conroy (2022), split up according to their
likely progenitors from Forbes (2020). The shown classifications are the total population (all), GSE, the
unassociated high-energy GCs (H-E), and the Helmi Streams (H99). The total number of GCs in the
respective sample is indicated in the top left. The shaded region between 8 Gyr and 11 Gyr indicates
the estimated time of the GSE merger (Belokurov et al. 2018; Helmi et al. 2018). See Figure 17.3 for
the corresponding age distributions smoothing the data points through their uncertainties.
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Figure G.7: Age distributions of the globular clusters in 19 simulated MW-mass galaxies and their
virial mass evolutions plotted below the respective age distributions in the same colors for each galaxy.
The distributions are smoothed using an assumed uncertainty of 0.5 Gyr for the GC ages. The galaxies
shown in the top left panels are the galaxies that reached half of their 𝑧 = 0 virial mass at the earliest
time, followed by the galaxies in the top right panel. The galaxies in the bottom right panel are those
that reach half of the current virial mass the latest. The galaxy with the dashed virial mass evolution
line has an issue with the merger tree, but the GC population is correct.
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Figure G.8: Correlation between the age of the youngest GC peak in their age distribution (𝑡last GC peak)
and the formation time of the MW-mass simulated galaxies (𝑡form), colored by the virial mass at
𝑧 = 0. The youngest peak is required to have an absolute value above 10. The formation time of a
galaxy is taken as the lookback time at which the galaxy has reached half of its virial mass at 𝑧 = 0.
The MW-analog and non-MW-analog from Figure 17.2 are additionally circled in orange and red,
respectively.
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GCModelAgeComparisons

This is the appendix of the publication by Valenzuela et al. (2025a), MNRAS 537, 306,
presented in Chapter 18.

H.1 Globular cluster formation time distributions of other
models

As the GC seeding times from the model by Doppel et al. (2023) are not physical formation
times due to the GCs being seeded at the time of infall of satellite galaxies (see Section 18.1.8),
we did not include these times in the main analysis of this work. For completion, we show the
distribution of GC seeding times for the two TNG50 MW analogue galaxies for which the
GC model was run in Figure H.1. This is effectively the model’s prediction for the time of
GC accretion. The seeding times are overall much later than the observed and modelled GC
ages as seen in Figure 18.2. While some GCs appear to be accreted earlier than 10 Gyr ago,
the majority of GCs have been accreted within the last ∼3 Gyr. This indicates that these MW
analogues have had a different accretion history than our MW, as the majority of observed
MW GCs have either been formed in-situ in the early formation of the Galaxy or were accreted
with GSE around 8 Gyr–11 Gyr ago.

The question still arises in what way this model also includes in-situ formed GCs, as these
would be expected either to be formed in-situ in the main progenitor branch of the merger
tree and thus not ever be accreted, or to be formed in another galaxy and “accreted” at very
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Figure H.1: Seeding time (𝑡created) distributions of the modelled GCs in two simulated MW analogue
galaxies in TNG50 from Doppel et al. (2023).

early times, thereby effectively belonging to the in-situ GC population. The overall lack of
early accreted GCs indicates that either these galaxies have had much later accretion histories
compared to the MW, leading to a very small early in-situ GC component, or that in-situ GCs
are for the most part missing in the model.

H.2 Ages including young GCs
As some of the models like E-MOSAICS (Kruijssen et al. 2019a) and EMP-Pathfinder
(Reina-Campos et al. 2022) include significant amounts of GCs younger than 5 Gyr, we show
the full GC age distributions from Figure 18.2 with ages reaching until the present day in
Figure H.2. The selected host galaxies are the same as those in Figure 18.2.
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Figure H.2: Age distributions of modelled GCs in MW analogues compared to the observed GC ages
in the MW. This plot shows the same GC age distributions as in Figure 18.2, but with ages extending to
values of 𝑡age = 0 Gyr. The dashed lines for EMP-Pathfinder correspond to the same galaxies as the
solid distributions of equal colour, with the difference that no metallicity cut was applied to the GCs,
which results in a large population of young stellar clusters.
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