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Abstract

The formation and evolution of structures in the Universe is a highly multi-scalar process.
While galaxies and clusters of galaxies generally form bottom-up, they are embedded in even
larger structures like filaments and superclusters. In this work we will study the mass flows
connecting the these large-scale structures with clusters and galaxies.

The flow field can be generally separated into inflows of dark matter and gas, driven by
the gravitational forces, and outflows, coupled to the hydrodynamics of the gas. These flows
are a key ingredient to a number of baryonic processes. In galaxies, the balance of inflow,
outflow, and conversion of gas into stars determines the ability of a galaxy to maintain its star
formation rate. For galaxy clusters, the inflow and accretion of substructure drives turbulence
in the intra-cluster medium and can modify the hydrostatic pressure balance.

Due to their highly detailed modelling of processes on many different scales, cosmo-
logical simulations, like the hydrodynamical Magneticum Pathfinder suite provide the ideal
theoretical tool to quantify and analyse these flows. We introduce this simulation suite and
show that the environment and flow structure are key elements for accurately modelling
galaxy formation, especially at higher redshifts z > 2. We demonstrate the simple mass
scaling behaviour of accretion flows, while their spatial configuration is highly diverse. The
self-similarity found for the inflowing component is broken by outflows from galaxies being
more efficient than those from clusters. As a consequence, we show that galaxies impact the
gas distribution in their environment to relatively large scales compared to their size.

This highlights a dichotomy between in- and outflows, which we explore further. To this
end we introduce a spherical harmonics based method to quantify the anisotropy of a given
accretion field. We show that, while accretion flows are highly anisotropic, the feedback-
driven outflows are generally more spherically symmetric. Applying this formalism to sim-
ulated galaxies, we show that the flow field is closely tied to their star formation properties
and evolution.

The peculiar motions of galaxies in the linear regime make it possible to reconstruct
the local density field in our cosmic neighbourhood. Such reconstructions are the basis
for constrained cosmological simulations, where the initial conditions are perturbed in a
way consistent with the constraints in order to reproduce the observed Local Universe at
the present time. In this work, we introduce and analyse one such simulation, the SLOW
(Simulating the LOcal Web) project, which we show to reproduce the Local Universe, and
especially its superclusters, to an unprecedented degree.

Using these superclusters and their predicted bound regions, derived from an N-Body
extrapolation of the SLOW simulation into the far future, we propose a physically motivated
method to derive zoom-in initial conditions for massive galaxy clusters. We show that this
method results in very stable zoom-in regions, which is numerically advantageous.

The resulting high resolution full-physics simulations of local galaxy clusters – the Low-
erDecks set – are a valuable tool for limiting selection biases in comparing simulations to
observations. Since the simulated clusters resemble their real-world counterparts in terms of
environment and formation history, this facilitates the pinpointing of discrepancies or short-
comings in the modelled physical processes compared to observations.



II Zusammenfassung



Zusammenfassung

Die Entstehung von Strukturen im Universum findet gleichzeitig auf vielen verschiedenen
Größenskalen statt. Gebundene Strukturen wie Galaxien und Galaxienhaufen sind dabei
stark an die großskaligen Strukturen wie Filamente und Superhaufen, die sie umgeben, ge-
koppelt. Diese Arbeit beschäftigt sich mit diesen Flüssen, die großskalige Strukturen mit
Galaxien und Galaxienhaufen verbinden.

Generell können Flussbewegungen in gravitativ hervorgerufene Zuflüsse von dunkler
Materie und Gas und Ausströmungen, die durch die hydrodynamische Wechselwirkung des
Gases getrieben sind, unterteilt werden. Diese Flüsse sind ein wichtiger Bestandteil einer
Reihe astrophysikalischer Prozesse: Die Balance zwischen Zuflüssen und Ausströmung be-
stimmt das Gasreservoir, das einer Galaxie für die kontinuierliche Sternentstehung zur Verfüg-
ung steht. Im heißen diffusen Gas innerhalb von Galaxienhaufen erzeugen Gaszuflüsse bei-
spielsweise Turbulenzen, die das hydrostatische Gleichgewicht der Atmosphäre beeinflussen
können.

Da sie eine Vielzahl physikalischer Prozesse auf verschiedenen Größenskalen model-
lieren können, sind kosmologische Simulationen wie Magneticum Pathfinder ein ideales
Werkzeug, um diese Massenflüsse aus einer theoretischen Perspektive zu verstehen. Anhand
dieser Simulation erläutern wir, wie Strukturen im Universum entstehen und sich entwickeln.
Insbesondere die Sternentstehung in Galaxien hängt dabei stark von den oben genannten
Massenflüssen und Strukturen in ihrer Umgebung ab. Es kann gezeigt werden, dass diese
Faktoren insbesondere im frühen Universum (z > 2) eine wichtige Rolle bei der Regulierung
der Sternentstehung massiver Galaxien spielen.

Die Flussraten an den Grenzen gebundener Strukturen zeigen eine einfache Massenab-
hängigkeit, wie sie von der analytischen Theorie vorhergesagt wird. Dabei ist die geometri-
sche Struktur der Flussfelder komplex und divers. Darüber hinaus ist bei den Ausströmungen
keine vergleichbare Selbstähnlichkeit zu finden. Wir zeigen, dass Galaxien effizienter Masse
ausstoßen als massereichere Objekte. Dies resultiert in ausgedehnteren Einflussgebieten von
galaktischen Ausströmungen.

Um diesen Einfluss genauer zu betrachten, quantifizieren wir die Struktur des Zufluss-
feldes mithilfe einer Zerlegung in Kugelflächenfunktionen. Grundsätzlich sind die Ausströ-
mungen sphärisch symmetrischer angeordnet als die Massenzuflüsse, welche, der filamen-
tösen Struktur der Umgebung folgend, auf einige Regionen mit starken Zuflüssen konzen-
triert sind. Zudem zeigen wir, dass diese Struktur der Zuflüsse und Ausströmungen direkt
mit der Sternentstehungsgeschichte individueller Galaxien verbunden ist.

Die linearen Pekuliargeschwindigkeiten von Galaxien, verursacht durch großskalige Über-
dichten, können dazu verwendet werden, das lokale Universum zu modellieren: Das beob-
achtete Geschwindigkeitsfeld wird dabei als Randbedingung auf die statistische Realisierung
der Anfangsbedingungen für kosmologische Simulationen angewendet. Die resultierende Si-
mulation, SLOW (Simulating the LOcal Web), reproduziert lokale Galaxienhaufen bis zirka
100 Mpc Entfernung. Da insbesondere das großskalige Dichtefeld von den Beobachtungen
gut reproduziert werden kann, sind auch die geometrischen Anordnungen der simulierten
Superhaufen in guter Übereinstimmung mit den realen Regionen. Dies ermöglicht direkte
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Vergleiche der Dynamik und Zusammensetzung lokaler Strukturen zwischen Modell und
Beobachtung.

In Erweiterung der SLOW-Simulationen stellen wir eine Reihe sogenannter Zoom-in-
Simulationen vor – die LowerDecks-Simulationen – welche lokale Galaxienhaufen in ver-
besserter Auflösung resimulieren. Dabei verwenden wir insbesondere die Kernregionen loka-
ler Superhaufen, welche durch ihre gravitativen Eigenschaften numerisch vorteilhafte Grenz-
volumina darstellen. Abschließend legen wir dar, wie die mit dieser Methode erstellten di-
gitalen Zwillinge der lokalen Galaxienhaufen Beobachtungen ihrer realen Gegenstücke un-
terstützen und das Verständnis der baryonischen Physik in und um diese Galaxienhaufen
erweitern und ergänzen können.
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Chapter 1

The Origins of Structure

Wenn die Wellen über mir
zusammenschlagen
tauche ich hinab um nach Perlen zu
suchen

–Mascha Kaléko

One of the most central dichotomies in the large-scale dynamics and structure of the
Universe as well as this work is that between homogeneity and inhomogeneity. The isotropy
and homogeneity of the Universe on large scales, summarized in the so-called Cosmological
Principle, is one of the basic assumptions for almost all modern theoretical descriptions of
the cosmos. Because we, as observers, only have reasonable access to a sub-volume of the
Universe due to causality, our measurements are necessarily limited. The assumption that
the matter-energy content of the Universe is well described by some average density ρ is
therefore critical to our ability to describe the very fabric of our space-time. Nonetheless it
is precisely the deviations from this cosmic homogeneity at smaller scales, that give rise to
the rich structures we find everywhere in the cosmos. These structures, that is the galaxies
(and the groups, clusters and filaments they make up), are the main focus of this thesis. But,
as will be demonstrated throughout this work, their properties are often closely tied to the
dynamics of the cosmos as a whole. Therefore it is necessary to first consider the large
homogeneous scales of the cosmological background to be able to work towards the rich
structures that grow on spatial scales far below them.

1.1 The Canvas of Structure Formation: Space–Time
After Einstein’s paradigm-shifting publications on his theory of general relativity (Einstein,
1916), it soon became clear that this would have far-reaching implications for attempts at
describing the cosmos as a whole. A critical result of the musings of de Sitter (1917) and
Einstein (1917) was the realization that for a universe to be static and closed (i.e. spatially
finite), a consistent general relativistic description of the system was possible upon introduc-
tion of a constant extra term in the Einstein Field Equations:

Tµν = Rµν − 1/2gµνR + λgµν, (1.1)

where Tµν is the stress-energy tensor, describing the energetic contents of the Universe, Rµν,R
are the Ricci Tensor and Scalar respectively and gµν is the metric tensor. The λ-term was,
in an ironic twist in scientific history, introduced by Einstein exactly to allow the Universe
to be static. Much later, this extra term would be a key element to explain the accelerated
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expansion of the Universe (Riess et al., 1998). Nevertheless, this form of the equation is
the cornerstone of modern cosmology. It assumes that the geometry of the Universe, while
it might be complex on small scales, can be sufficiently accurately described by a single
metric, in other words that as mentioned above, the matter within it is distributed sufficiently
homogeneously on large scales.

While Einstein described a spatially spherical world, with a constant curvature deter-
mined by its matter content, de Sitter credibly demonstrated (de Sitter, 1917) that this ex-
tended version of Einsteins formula did not even need any matter to be solved. The resulting
flat de Sitter space-time remains a useful tool to this day in modelling the dynamics of the
late time Universe, as will be discussed later on in this thesis.

From Static to Dynamic However both descriptions still imagined the Universe as a static
system. It took the efforts of Alexander Friedmann (Friedmann, 1922, 1924) to generalize
these ideas in order to allow for a universe with a dynamic scale. This work was in part
motivated by growing evidence towards a systematic radial motion of nearby astronomical
objects (dubbed as nebulae at the time) (e.g. Slipher, 1917). The equations derived by Fried-
mann, employing a metric with a time-dependent scale radius for the first time are named
the Friedmann Equations: ( Ṙ

R

)2
= αρ − k

R2 +
Λ

3
(1.2)

R̈
R
=
α

2
(ρ + 3p) +

Λ

3
, (1.3)

where k is the intrinsic curvature (k = [−1, 0, 1] indicates a hyperbolic, flat and spherical
curvature respectively). Λ is Einstein’s additional constant from Eq. (1.1), while α = 8πG

3
and ρ, p describe the density and pressure of a perfect fluid. This ρ accounts for the matter
and radiation content of the Universe. In his actual derivations, Friedmann additionally
assumed a pressureless fluid with p = 0, but the derivation is identical up to the extra 3p from
the diagonal terms in the trace of Tµν. In modern cosmology the physical scale R is often
replaced by the dimensionless scale factor a(t) = R(t)/R0 (where the subscript 0 indicates the
value today), but in principle these two dynamical equations constitute humanity’s current
best understanding of the fabric of space-time.

Observables of Expansion In concrete terms, Eq. (1.2) and Eq. (1.3) relate the speed and
acceleration of the expansion of the Universe to its matter and energy content. Historically,

Ṙ
R
=

ȧ
a
= H(t) (1.4)

is called the Hubble Function, with its present day value H0 being one of the first measure-
ments from the recession velocities of galaxies as a function of their distance. This velocity
manifests itself as an observed redshift of the light from these galaxies:

z =
λ − λ0

λ0
=

1
a(t)
− 1, (1.5)

where λ0 is the intrinsic wavelength of the light and λ the observed wavelength. For cosmo-
logically small distances, measuring galaxy velocities via the redshift yields a linear relation
vr = H0d (Hubble, 1929). The value of H0 poses one of the biggest tensions in modern
cosmology, as early time measurements, extrapolated by the current standard model to the
present day consistently yield lower values H0 = 67.77 km/s/Mpc (Planck Collaboration
et al., 2016c) than local measurements of the current day expansion H0 = 73.04 km/s/Mpc
(Riess et al., 2022).
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At the far end of the velocity-distance diagram the linear relation no longer holds. Using
distances inferred from the apparent brightness of distant type Ia supernovae, Riess et al.
(1998) demonstrated early evidence for an accelerated expansion, which essentially con-
strained q = −äa/ȧ2, the deceleration parameter, to be negative.

Rest in Motion: Co-Moving Space The evolving scale factor due to expansion makes
it convenient to re-write equations for large-scale processes in co-moving units. Here, one
defines

x = r/a(t), (1.6)

where x is the co-moving position and r is the real-space position. For the velocity of ob-
jects it is similarly convenient to consider only the velocity in the co-moving frame. From
Eq. (1.6):

d
dt

r = ȧx + aẋ, (1.7)

where the first term is simply the change in physical coordinate due to expansion, the so-
called Hubble Flow. The second term is the perturbative velocity, also referred to as the
peculiar velocity

vp = aẋ. (1.8)

Unless stated otherwise, velocities in this work are exclusively the peculiar velocities. For the
cosmological simulations introduced in this work, co-moving units are especially convenient.

The Standard Model of Cosmology The exact evolution of space-time, as determined
by Eq. (1.2) and Eq. (1.3), depends on its contents encoded in the components of ρm, the
(mass-)energy density of the Universe, and Λ, a cosmological constant associated with the
phenomenological Dark Energy, responsible for the aforementioned accelerated expansion.
Together, these form the modern standard model of cosmology, the so-called ΛCDM Uni-
verse, containing dark energy (ρΛ), radiation (ρr) and matter (ρm), the latter dominated by a
collisionless mass component, the so called Cold Dark Matter (CDM).

This ingredient to the cosmological model was introduced upon early observations that
the dynamics in nearby clusters of galaxies (Zwicky, 1937) and galaxies (Roberts & White-
hurst, 1975) did not match what the visible mass of these objects could account for. It is cur-
rently still unclear what this component is comprised of, however one can reasonably assume
it to be ”cold” or at most ”warm”, i.e. characteristic velocities are in the non-relativistic or
intermediate range. If the dark matter is ”hot” there would be a strong suppression of small
scale structure from the additional pressure and this has not been observed (Bond et al.,
1982). Possible candidates for cold dark matter from particle physics are for example axion-
like particles (Duffy & van Bibber, 2009) or even more exotic combinations like axion-quark
nuggets (Sommer et al., 2024). Throughout this work and all discussed simulations, we will
assume a cold dark matter component as in the standard ΛCDM model.

If the Universe has a flat geometry, the k-term in Eq. (1.2) vanishes. In the additional
limit of a vanishing cosmological constant Λ = 0 and a purely matter dominated Universe
(Einstein-de-Sitter universe), this leaves ( ȧ

a )2 = H2 = 8πG
3 ρ. This is why ρc =

3H2

8πG is referred
to as the critical density. Modern cosmological probes (Komatsu et al., 2011, Planck Col-
laboration et al., 2016c) have indeed determined the density to be very close to this value,
indicating an almost flat geometry.

The critical density allows to bring Eq. (1.2) into its most commonly used form: We
replace ρx, the density of each species of the model with ΩX(t) = ρX(t = t0)/ρc(t = t0)× f (t),
where t0 is the present epoch and f (t) encodes the time evolution of each mean density. We
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will discuss this time evolution in the next paragraph. This replacement results in

H2(t) = H2
0(Ωm(t) + ΩΛ(t) + Ωk(t) + Ωr(t)), (1.9)

where, by construction at t = t0

Ωk = 1 − (Ωm + ΩΛ + Ωr). (1.10)

For the standard flat Λ-CDM we have therefore:

Ωm + ΩΛ + Ωr = 1 (1.11)

at t = t0.

Equations of State and Evolution The balance between individual components of the
model is not fixed. In fact, dark energy, dark matter and radiation evolve very differently
across time. This is because each component follows a different equation of state, connecting
the density to the pressure. The dependency is often parametrized with the so-called equation
of state parameter w, such that p = wρ. For a pressureless fluid, w = 0 so from conservation
of energy, as the Universe expands, ρm = ρinia−3. In general, ρX ∝ a−3(1+wX). For the dark
energy, behaving like a cosmological constant, therefore w = −1, such that ρΛ = const. As
the universe expands, the ratio ρm/ρΛ declines with a3. This means, that in the limit of large

a, the matter content of the Universe can be neglected and therefore we have ( ȧ
a ) =

√
Λ
3

and a(t) ∝ exp(
√
Λ

3 t). Similarly, for a matter dominated era (due to the extra a−3 factor)
a(t) ∝ t2/3. Radiation scales even more rapidly with time ρr ∝ a−4 due to the additional
red-shifting of individual photons by expansion (wr = 1/3). This also means that, going
back in time, not only do both the energy density of matter and radiation grow, leading to
the standard concept of a ”Big Bang” origin of the Universe, but the relativistic radiation
component actually outgrows the matter component. The consequence is an early epoch of
radiation domination with a(t) ∝ √t. From this early period, shortly after matter-radiation
equality (zeq ≈ 3400, Planck Collaboration et al. (2016c)), it is also where we receive one
of the most important cosmological signals: The relic radiation from the chaotic and hot
beginning of the Universe – the Cosmic Microwave Background (CMB).

1.2 Complexity on Top of Simplicity – The CMB and the
Beginning of Everything

The previously discussed cosmological principle – the hypothesis that the Universe is homo-
geneous on large scales – was in part validated by a serendipitous discovery by Penzias &
Wilson (1965): In the microwave band the sky does indeed look perfectly smooth and homo-
geneous in every direction. The radiation that Penzias & Wilson (1965) detected originates
from the so-called epoch of recombination, where due to the expansion of the Universe for
the first time the hot plasma of the Universe was cold enough for electrons and protons to
form neutral atomic hydrogen. As a result, the photons decoupled from the baryonic com-
ponent, allowing the former to stream freely. Because the photons and the baryons were
coupled before, the early structure of the baryons is still reflected in the temperature of the
received photons. Modern space-based microwave instruments like WMAP (Bennett et al.,
2003) and Planck (Planck Collaboration et al., 2016a, 2020) make it possible to measure this
radiation temperature to outstanding precision.
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The CMB has a blackbody temperature of T0 = 2.7255 K (Fixsen, 2009) with only
very small deviations from this temperature (O(10−5)) across the sky. Both the robust mean
temperature as well as the small fluctuations are cosmologically very meaningful.

The fact that the temperature is uniform across the sky implies that the entirety of the
last scattering surface (the surface from which we currently measure the light that decoupled
at z = zrec) implies that the entirety of the region must have been in thermal equilibrium.
Extrapolating the expansion history back to the recombination epoch however, one arrives at
the result that regions with an angular separation ⪆ 2◦ cannot have been in causal contact with
each other. This ”horizon problem” had been known already from theoretical considerations
(Rindler, 1956) pre-dating the discovery of the CMB, but its uniform temperature highlights
this issue further. One proposed solution to this issue (along with the so-called ”flatness
problem”, related to the previously discussed very small deviation of the matter content of
the Universe from ρ/ρc ≈ 1) was an inflationary period (e.g. Guth, 1981). In this model,
the Universe undergoes an extremely brief period of rapid exponential growth at very early
times (first few 10−32 s). This rapid expansion would then stretch the causality horizons to
the sizes observed in the CMB today.

The modern version of inflationary theory, developed by e.g. (Linde, 1982), was then
shown not only to reconcile the homogeneity of the Universe with our understanding of
causality but also predict the anisotropies in the CMB as well as their statistical proper-
ties from initial quantum fluctuations in the inflationary field (Mukhanov & Chibisov, 1981,
1982). Curiously, our attempts to explain the homogeneity of the CMB temperature also pro-
vided an explanation for the tiny fluctuations in that temperature. These initial fluctuations
in the density field are the seeds of all structures we can observe in our Universe today.

1.3 The Primordial Gaussian Random Field
A key prediction of the modern inflationary model is that the perturbations resulting from
the inflationary epoch are Gaussian in nature (Mukhanov, 2007). As scalar perturbations in
the metric are connected to the energy-density distribution, this means that a sample of N
points has overdensity values ζ = {δ1, δ2, . . . , δN} (where δi = δ(xi) =

ρ(xi)−ρ
ρ

) according to the
multivariate Gaussian distribution

p(ζ) =
exp(−1

2ζ
iM−1

i jζ
j)√

(2π)N det M
(1.12)

where Mi j = ⟨δi, δ j⟩ is the covariance matrix. In the limit of continuous sampling with large
N, this covariance is identical to the two-point correlation function defined by

ξ(|xi − xj|) = ⟨δi, δ j⟩, (1.13)

which completely characterises the Gaussian random field. A measure of the total variance
of the field is given by the diagonal terms of the matrix or correspondingly the one-point
correlation

σ2 = ξ(|xi − xi|) = ξ(0) = ⟨δiδi⟩. (1.14)

A more intuitive way to think about the initial Gaussian random field is in terms of its power
spectrum P(k), the Fourier transform of the correlation function, expressing the power in
fluctuations with scale λ = 2π

k . Most theoretical descriptions yield a power law shape (e.g.
Harrison (1970), Mukhanov (2007))

P(k) = Akn (1.15)
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where n defines the slope of the power spectrum.
This initial matter power spectrum can be directly inferred from the angular tempera-

ture fluctuations in the CMB and provides the starting point for numerical simulations, as we
will further elucidate in the following chapters. Similarly, it is possible to infer the matter
power spectrum at the present time from the clustering of visible structures (i.e. galaxies).
Fig. 1.1 shows this power spectrum inferred from late time probes like galaxy clustering

Figure 1.1: The matter power spectrum as measured by various different early and late-time
probes (CMB power spectrum by Planck, Galaxy clustering by SDSS and BOSS, with ad-
ditional lensing data from DES). The black line is a theoretical model power spectrum. All
power spectra were transformed to z = 0 assuming linear evolution. The grey dashed line
shows the impact of non-linear clustering at small scales. Figure 19 from Planck Collabora-
tion et al. (2020).

as well as the recombination epoch from the angular temperature fluctuations in the CMB.
A large scales (small k), this power spectrum is a pure power law with a spectral slope
nS = 0.9649 ± 0.0042 (Planck Collaboration et al., 2020), very close to unity. Connect-
ing these measurements from the present-day Universe to data from its very early epoch is
possible, as on large scales, the density perturbations evolve linearly. This fact, in combina-
tion with the Gaussian nature of density perturbations, allows for a number of powerful and
simple predictions, so we will briefly outline the linear theory of structure formation in the
following.

1.4 Linear Theory
The evolution of density perturbations that give rise to the structures observed today is largely
dominated by the perturbations in the pressureless dark matter component. We will therefore
focus on such a pressureless fluid.
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Fluid Equations The linearized fluid equations in co-moving coordinates read

∂δdm

∂t
= −1

a
∇ · v (Continuity) (1.16a)

∂v
∂t
= − ȧv

a
− ∇ϕa−1 (Euler Equation) (1.16b)

∇2ϕ = 4πGa2ρdmδdm (Poisson Equation) (1.16c)

In Eq. (1.16), v and ϕ are the peculiar velocity and the potential perturbation i.e. those are
already perturbative quantities without the uniform backgrounds (ȧx, the Hubble flow and
1/2aäx2, the background potential).

The Growth of Linear Perturbations of Dark Matter During Matter Domination Tak-
ing the divergence of the Euler equation and combining it with the Poisson and the continuity
equation leads to a second order differential equation in time:

∂2δ

∂t2 =
3
2
Ω0a−3H0

2δ − 2H(t)
∂δ

∂t
(1.17)

This second-order differential equation only contains differentials with respect to time, al-
lowing for a separation of the temporal and spatial part of the density perturbation field:
δ(x, t) = D(t) ∗ f (x), where D(t) depends on the cosmology but not on the point in space,
consequently growing the density perturbations universally. Generally the growth factor can
be written as (e.g. Peebles, 2020)

D(t) = H(t)
∫

dt
a(t)2H(t)2

, (1.18)

where by Eq. (1.2) it depends directly on the matter density and the dark energy component.
In the aforementioned matter dominated universe with negligible dark energy a(t) ∝ t2/3 ⇒
H(t) = ȧ/a ∝ t−1, this reduces to the very simple relationship

D(t) ∝ t2/3, (1.19)

or D(a) ∝ a = 1/(1+ z). In other words, the density contrast in a matter dominated Einstein-
de-Sitter universe just grows linearly with the scale factor.

Relating the Fields in Fourier space A very insightful little calculation to understand how
the velocity field is related to the density field can be performed by looking at the Fourier
transformed version of the continuity equation, Eq. (1.16a). Firstly, we write the fields in
terms of their Fourier transformed counterparts:

[δ, v, ϕ](x) =
∫

dk
2π

[δ, v, ϕ](k)e−ikx (1.20)

Switching to Fourier space in Eq. (1.16a) yields

∂δdm(k)
∂t

=
1
a

ik · v(k) (1.21)

which can be re-written by multiplying both sides with k as

v(k) =
ak
ik2

∂δdm(k)
∂t

. (1.22)
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Due to the temporal evolution of the density perturbations being separable (recall δ(x, t) =
D(t)δ(x) with the same being true for the Fourier transformed density perturbations) this
directly implies the velocity field v(x) to be a Gaussian random field as well in the linear
regime (since Fourier transforms do not change the gaussianity property). More interestingly,
since the power spectrum P(k) of a Gaussian random field is the Fourier transform of its two-
point correlation function, the extra 1/k term relating the density field to the velocity field in
Fourier space implies directly

Pδ(k) ∝ Pv(k)(k)k−2. (1.23)

In other words, smaller-scale fluctuations are suppressed in the velocity field compared to
the density field. This property makes the linear velocity field a great tool to constrain the
large-scale environment, as we will see in Chapter 9 and the following chapters.

An additional observation from the Fourier transformed fields is, that the modes do not
mix in the linear regime. Adding non-linear terms (such as the (v · ∇)v term that appears
in the general Euler Equation) would mix the modes, transferring power between the scales
and complicating the analysis significantly.

1.5 From Linear Growth to Haloes: Press-Schechter
The two ingredients of a Gaussian random field and the linear growth of initial perturbations
allow analytical calculations to reach surprisingly far into the non-linear regime: As we
will briefly discuss in the following, from these two assumptions it is possible to infer how
the mass in the Universe is distributed among the gravitationally bound haloes that host the
galaxies and clusters we observe.

1.5.1 Press-Schechter Formalism
Press & Schechter (1974) developed an analytical model for the so-called Halo Mass Func-
tion (HMF), which quantifies how mass is distributed among collapsed haloes. Its assump-
tions are almost exclusively built on the assumptions of linear theory we introduced in the
previous section. We showed how the density contrast grows as (δ(t, x) ∝ D(t)δ(ti, x)). Over-
dense regions will eventually reach a certain threshold density δc (the exact value of this
threshold is derived from the spherical collapse model by Gunn & Gott (1972)), start to col-
lapse and eventually form a halo. We will discuss this collapse in more detail in Chapter 2.
For now we just associate collapsed haloes with critical overdensities.

In order to determine the mass of such an object, one can smooth the initial Gaussian
density field by averaging the density with a spatial filter (usually the spatial spherical top
hat filter W(x,R) = 3

4πR3Θ(R − r)). This associates a smoothed overdensity field to the filter
scale R, which can be readily converted into a filter mass M, given by multiplying the mean
density with the volume of the filter M = 4π

3 ρR
3. This operation, with the right choice of

filter, ensures that the smoothed field δM is still a Gaussian random field. The quantities
defined in section 3.1 will have their corresponding partners for these smoothed fields. The
variance of the smoothed field is defined analogously to the variance of the original field:

σ2
R = σ

2
M(R) = ⟨δRδR⟩. (1.24)

As an important side note, this variance, when computed at a scale R = 8 Mpc/h (where
h is dimensionless and defined by h = H0/100 km/s) is called σ8 and is a key observable of
the density field from galaxy clustering statistics.

Moving along, the Gaussianity of the smoothed field ensures that the probability for
a single point in space reaching the threshold δc at a Mass scale M i.e. that the region
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around the point collapses into a halo of this mass is given by the Gaussian integral (compare
Eq. (1.12)):

P(δM > δc)(x) ∝
∫ ∞

δc

e
− δM2

2σM2√
2πσM

2
(1.25)

. From this basic assumption, Press & Schechter (1974) derived the following mass function:

dn
dln(M)

(M, z)dM =

√
2
π
ρ
δc(z)
σ2M

exp
(
− δc

2(z)
2σ2(M)

)
dσ (1.26)

It marked an important milestone in our understanding of cosmic structure and can make
surprisingly good predictions to this day. Taking this equality to the extreme however, a
paradox arises: Setting M → 0, σM diverges and the integral in Eq. (1.25) evaluates to 1/2.
So according to the PS formalism only 1/2 of all mass is contained in haloes. This was
initially fixed by introducing a ”fudge factor” of 2.

1.5.2 Beyond Press-Schechter

Bond et al. (1991) further formalized the approach of Press and Schechter to accurately ac-
count for the artificial factor of 2: By considering the radial overdensity structure at individ-
ual locations as Markovian random walks in σM, δ, the factor arises naturally from symmetry
arguments. Another extension of the formalism, introduced by Sheth et al. (2001), further
improved the accuracy of the resulting halo mass functions by extending the model from
(Bond et al., 1991) to allow for a variable δc to be coupled to statistics of the tidal field. This
accounts for the fact that haloes do not collapse perfectly spherically, as the previous fixed
threshold assumed, because the initial perturbations themselves are not spherical to begin
with. Modern models additionally account for baryonic effects and at the present time theo-
retical mass functions are in excellent agreement with numerical simulations (Tinker et al.,
2008, Bocquet et al., 2016).

1.6 From Bottom-Up to Top-Down: The Zeldovich Approx-
imation

Historically speaking, the approach described in the previous section represents the bottom-
up view of structure formation: Since the function σ(M), which determines the shape of
the HMF, is a decreasing function of mass (e.g. van den Bosch, 2002), lower mass haloes
will form first and then hierarchically merge into larger structures. The opposing perspective
is the top-down view on structure formation which we will discuss in the following. If
dark matter would indeed have relativistic velocities (in a ”warm” or even ”hot” dark matter
scenario, e.g. sterile neutrinos), this would be the preferred way structures form in general.
Large-scale perturbations would collapse first, due to the suppression of density fluctuations
on small scales. For a direct comparison to CDM, see Knebe et al. (2003). Nonetheless
even in the CDM case the top-down philosophy can help understand the largest observed
structures in our Universe:

In his early theoretical work on structure formation, Zel’dovich (1970) developed an
approximate mapping between a fluid elements initial (Lagrangian) position in co-moving
space and its Eulerian position at time t via

x(q, t) = q + D(t)s(q). (1.27)
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Here s(q), the initial displacement critically only depends on the initial coordinates and the
motion of the fluid element continues along the direction of initial displacement, where the
time dependence is encoded in the linear growth factor D(t). The so-called Zel’dovich ap-
proximation then assumes the displacement vector to solely depend on the linear gravita-
tional potential perturbation at the initial position (extrapolated to time t):

s(q) ∝ −∇ϕlin(q) (1.28)

From mass conservation, one can derive (Hidding et al., 2014)

ρ(x, t)dx = ρ(t)dq (1.29)

leading to
ρ(x, t)
ρ(t)

= det(
∂xi

∂q j
)
−1

, (1.30)

in other words, the density contrast depends of the Jacobian of the mapping between x and q,
the Eulerian and Lagrangian coordinates. This mapping is defined by Eq. (1.27), so inserting
this dependency and rewriting in terms of the Eigenvalues λi of the deformation tensor − ∂si

∂q j

one arrives at:
δ(x, t) + 1 =

1
(1 − D+(t)λ1)(1 − D+(1)λ2)(1 − D+(t)λ3)

(1.31)

It can be shown (Hidding et al., 2014), that the Eigenvalues λ1, λ2, λ3 will almost never be
equal. As a result the density contrast will grow anisotropically with the fastest enhance-
ment along the shortest initial axis of the deformation, forming a ”pancake”-like structure.
Depending on the exact balance of the eigenvalues, this process can produce a diverse range
of anisotropic elongated patterns. This provides an intuitive interpretation of the observed
large-scale structure, the so-called Cosmic Web (see next section). In fact, from the singu-
larities of the mapping it is possible to derive the structure of the cosmic web almost entirely
(Hidding et al., 2014).

1.7 The Cosmic Web
From this anisotropic collapse at large scales, a beautiful and complex density pattern emerges:
Massive clusters sit at the nodes of an intricate web, where they collapse almost spherically
(λ1 ≈ λ2 ≈ λ3). These node points are connected by elongated filaments of all sizes, where
there is one clear compression axis (λ1 ≈ λ2 ≫ λ3). These filaments are often themselves em-
bedded into 2-dimensional sheets, the pancake structure from the previous section, with the
collapse happening in a single preferred spatial direction λ1 ≫ λ2 ≈ λ3. Finally, the regions
where everything is outflowing (like the node case but with inverted signs for the Eigenval-
ues) are called the cosmic voids. These regions present a rather unique environment for the
few haloes forming within them due to the low ambient density and super-Hubble expansion
(Sheth & van de Weygaert, 2004), which leads to an overall suppression of structure forma-
tion (Kreckel et al., 2010, Kuutma et al., 2017). This effect can be quantified in numerical
simulations using the Void Halo Mass Function (Schiller et al. in prep inc. Seidel).

Fig. 1.2 shows the cosmic web structure in Magneticum Pathfinder Box4/uhr (Dolag
et al., 2025). As can be seen, the pattern evolves across time with filaments merging into
larger structures, and is visible in both the gas component as well as in the arrangement of
the galaxies within the simulation volume. As is evident by the hot gas represented with the
magma colour map, along major filaments, there is also significant shock heating causing
the gas distribution in these filaments to become multi-phase, while smaller filaments re-
main predominantly cold. This is the reason why the warm-hot phase of the intergalactic
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Figure 1.2: The evolution of the cosmic web in the Magneticum Pathfinder simulation vi-
sualized in the gas component (top row), with the colours differentiating between hot (red-
yellow) and cold (blue) gas, and the galaxy distribution (bottom row) at different points in
time. The side length of the simulation volume is 48 Mpc/h and the thickness of the slice is
2 Mpc/h.

medium (WHIM), an observationally elusive gas component suspected to make up 30−50%
of the total baryon budget of the Universe, is usually searched for in these regions (Churazov
et al., 2023, Zhang et al., 2024a). The complex gas structure additionally makes filaments a
rather unique environment for galaxy evolution, since, as seen in the lower panels, galaxies
align along them and they present a preferred direction of anisotropic gas accretion.

The two major nodes in the top right of the z = 0 panels highlight another structure com-
ponent, as it is comprised of two large clusters together, the region resembles an elongated
filamentary Supercluster, a cluster of clusters (even though the volume of the simulation is
not large enough at 48 Mpc/h to accurately reproduce such structures). These regions were
actually the first elements in the cosmic web to be actually observed due to their significant
overdensity in the galaxy distribution (Abell, 1961, Jôeveer & Einasto, 1978, Jõeveer et al.,
1978). In part III, this work will study these fascinating regions in greater detail and answer
the question whether, or to what degree, they are gravitationally bound.

The imprint of the structure in the galaxy distribution also allows us to observe the cosmic
web, even though the dark matter and cold gas that make up a large part of it are not directly
observable. Large modern spectroscopic galaxy surveys like the Sloan Digital Sky Survey
and the eBOSS follow-up (York et al., 2000, Ahumada et al., 2020) or the DESI survey (DESI
Collaboration et al., 2026) make the cosmic web accessible for studies and comparison to
numerical predictions. Fig. 1.3 shows an example of such a galaxy distribution from the
DESI survey. The cosmic web structure from the simulation with its complex, multi-scale
morphology clearly reproduces the observed cosmic web. The figure further demonstrates
how the cosmic web pattern fades into homogeneity, when viewed at large enough scales, in
agreement with the aforementioned cosmological principle.

1.8 The Moving Web: Local Cosmography
In our immediate cosmic neighbourhood (out to a few 100 Mpc), it is even possible to re-
veal the cosmic web dynamically using galaxies. While for distant galaxies the Hubble
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Figure 1.3: Slice through a DESI map of the Universe out to z = 4. The colour groups repre-
sent different subsamples of the survey–The bright galaxy survey (BGS) galaxies, luminous
red galaxies (LRG), emission– line galaxies (ELG), and QSOs are shown with yellow, or-
ange, blue, and green points, respectively. Figure from DESI Collaboration et al. (2026).
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Figure 1.4: The local linear velocity field as streamlines. Colours show the underlying den-
sity field, like the velocity field inferred from the Wiener Filter. The Milky Way position and
some of the prominent local clusters and groups are indicated. The slice is in the supergalac-
tic x-y plane, with a thickness of 3000 km/s (≈ 43 Mpc) centred on SGZ=0. Figure taken
from (Courtois et al., 2013).

Flow (first term in Eq. (1.7)) by far dominates the peculiar velocities of galaxies (recall
H0 ≈ 70km/s/Mpc), for nearby galaxies this is not the case. Additionally, the proximity of
these objects makes it possible to very precisely measure their distances. This is done by
calibrating their luminosities independently from known scaling relations, for example the
Tully-Fisher scaling relation between the neutral hydrogen line profile and the absolute mag-
nitude of a galaxy (Tully & Fisher, 1977). This can then used to calculate the distance to the
galaxy via the distance modulus

µ = m − M = 5 log10(d) − 5 (1.32)

i.e. the difference between the absolute magnitude M, which is inferred from the relation and
the apparent magnitude m which is measured. From Eq. (1.7) this distance then means that
it is possible to calculate the peculiar velocity by subtracting the Hubble flow term. Compi-
lations of such distance moduli for nearby (up to z ≈ 0.05) galaxies, for example the Cos-
micflows project (Tully et al., 2013, 2016, 2023) make it possible to reconstruct the local 3D
velocity field using statistical methods like Wiener Filtering to infer the missing components
(Zaroubi et al., 1999, Hoffman et al., 2015, Courtois et al., 2013). These reconstructions
(including corrections) allow us to directly access the linear velocity field from Eq. (1.23).
It is an excellent tracer of the local large-scale structure. Such reconstructions are therefore
the foundations for the constrained simulations Part III of this work is based on. Fig. 1.4
shows streamlines from the Local Universe reconstructed with this method (Courtois et al.,
2013). Most of the streamlines in the map are dominated by the so called ”Great Attractor”,
the centre of the speculated Laniakea supercluster (Tully et al., 2014), which subsumes most
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of the nearby galaxy clusters such as Virgo and Centaurus (as well as an apparent connecting
flow system between the clusters). We will introduce some of these clusters in more detail in
the following chapter, where we finally move on from the (quasi-) linear regime and mainly
gravitational dynamics into the non-linear regime of structure formation.



Chapter 2

The Highly Non-Linear Universe

The previous chapter showed how it is possible to describe the evolution of density perturba-
tions to astonishing detail using relatively simple assumptions. To fully describe the richness
of structures in the Universe, one has to, however, consider the non-linear regime where
baryonic effects additionally complicate a wholistic analytic description.

2.1 Preface – Virialization
In Section 1.5, we described how it is possible to derive halo statistics purely by analysing
the peak structure of the primordial overdensity field. One of the key assumptions in the ap-
proach by Press & Schechter (1974) was that there is a universal density threshold δc, above
which peaks in the density field can collapse into haloes. Once an overdensity decouples
from the Hubble Flow, it stops expanding, reaches a maximal size in physical space and turns
around to collapse. The required densities for this decoupling to occur can be derived from
spherical collapse theory (Gunn & Gott, 1972, Gunn, 1977, Peebles, 2020), which assumes
a spherical top-hat profile for the initial overdensity (in reality, as previously discussed, this
is likely not the case but a good general approximation). While the spherical top-hat profile
homologously collapses to infinite density, one can extrapolate the required initial density
for turnaround to occur linearly instead, using δt = D(t)δi. This yields δc = 1.686, the value
commonly used as the density threshold for the Press-Schechter formalism.

Contrary to a theoretical spherical top-hat density profile, in a real collapsing spherical
overdensity, eventually shell-crossing occurs (i.e. the mass inside a given radius M(r < R) is
no longer constant). Through the resulting energy exchange between individual shells of the
overdensity, the system will eventually relax towards virial equilibrium, which means that

2⟨T ⟩ = −⟨U⟩, (2.1)

in other words the kinetic energy of the system,U, is half of the potential energy T . From
simple energy conservation considerations, it is possible to estimate the radius in virial equi-
librium to be half the maximal radius. In the simple case of an Einstein-de-Sitter cosmology
(recall Ωm = 1,ΩΛ = 0), the density contrast at virialization is ∆vir = δvir + 1 ≈ 178, while
in a ΛCDM cosmology this will depend on the cosmological parameters as well as time
(Kravtsov & Borgani, 2012). This leads to the most commonly used definition of halo mass

Mvir = 4/3πr3
vir∆virρcrit (2.2)

the virial mass of a halo. Inside the ellipsoidal halo formed by the dark matter, the colli-
sional gas that collapses along with the dark matter can dissipate and radiate away energy.
Therefore it can concentrate even further than the dark matter and form complex structures
called galaxies.
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2.2 The Stars of the Show – Galaxies
Since cold dark matter does not emit light (exceptions might apply depending on the specific
dark matter model), the cosmic web described in the previous chapter can only be observed
via the distribution of luminous matter in the Universe. In fact, it was the distribution of
galaxies around massive clusters and superclusters (e.g. Jôeveer & Einasto, 1978, Bond et al.,
1996a), which first confirmed the cell-like structure of the cosmic web. Within their ellip-
soidal dark-matter haloes, galaxies come in a rich variety of dynamical and morphological
structure.

2.2.1 Morphology

Figure 2.1: The Hubble tuning fork as a morphological classification scheme. Ellipticals
are characterized from E0 to E7 accoring to their ellipticity. Spirals are split according to
whether they have a bar (SB) or not (S). Image from Masters (2015).

Galaxies form bottom-up from the density fluctuations discussed in the previous chapter
and can also combine into groups or even clusters via merging. From a purely morphologi-
cal perspective, as defined by Hubble (1926) and later refined by Sandage (1961), they can
be classified into categories: The simplest type are Elliptical Galaxies. These galaxies are
completely characterized by their elliptical appearance in optical light and have no distin-
guishable features. These galaxies are often found as the most massive galaxies dominating
the central regions of galaxy clusters or groups, where they are referred to as brightest clus-
ter galaxies (BCGs) or brightest group galaxies (BGGs) respectively. Hubble erroneously
referred to this class of galaxies as ”early-type” galaxies (ETGs), believing them to be the
progenitors of the second of galaxies he defined. Today it is established that these ellipticals
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are most likely the result of many galaxy mergers erasing the dynamical features found in
the other subtypes (González-Garcı́a & Balcells, 2005, Bournaud et al., 2007). As a conse-
quence, these galaxies mostly have no gas reservoir left to form stars from and show very
low star formation rates (e.g. Clemens et al., 2009).

Spiral Galaxies on the other hand, or late-type galaxies (LTGs), are very actively form-
ing stars from a rich gas reservoir. As the name suggests, these galaxies are characterised by
their spiral structure, commonly thought to be caused by density waves across a central disk
composed of stars and gas (Shu, 2016). They can be further distinguished by their central
regions into normal spiral galaxies (S) and barred spiral galaxies (SB), as well as the strength
of their central spheroidal component – the bulge – from a to c. All of these categories are
summarized in the Hubble tuning fork shown in Fig. 2.1. In the following we will outline a
more detailed model for a Milky-Way like galaxy. The mass range for galactic haloes spans
from 109M⊙ for dwarf galaxies to 1015M⊙ for the BCGs of galaxy clusters, so there is a large
variety in galaxy types and not all galaxies will fit this basic model description.

2.2.2 Structure
The typical dimensions of the galactic halo of Milky-Way-mass (Mhalo ≈ 1012M⊙) galaxy is
on the order of a few hundred kiloparsecs. A general universal profile for a dark matter halo
is given by the so-called NFW profile (Navarro et al., 1997):

ρ(r) =
ρ0

r/rS (1 + r/rS )2 (2.3)

where ρ0 and the scale radius rS are free parameters of the model. In the presence of baryons
however, which can cool and concentrate in the centre, the NFW profile will be modified
by the gas and stellar densities within the galaxy itself (Cautun et al., 2020). In the central
regions of a Milky Way-like galaxy, the gas (and as a result also the stellar component) has
settled into an angular-momentum dominated disc through energy losses from dissipative
processes, while the initial angular momentum imparted by the non-spherical gravitational
was conserved (e.g. Peebles, 1969, Porciani et al., 2002). The baryonic components of galac-
tic discs can often be modelled using exponential profiles

ρ(r, z) ∝ exp(−r/rS − z/zH), (2.4)

again dependent on some characteristic scale radius rS and a scale height zH. Usually one
distinguishes between an inner stellar disc, a thick outer stellar disc and a gas disk (mostly
neutral and molecular hydrogen), each with its own exponential profile.

Modelling the stellar bulge components of disc galaxies is interestingly similar to mod-
elling ellipticals, in that the surface brightness (or correspondingly the projected density)
follows a so-called Sérsic law (Sérsic, 1963)

I(r) ∝ exp(−Arn−1
), (2.5)

where the Sérsic index 1
n sets the curvature of the profile. This is a generalization of the ex-

ponential profile. Models of the galactic bulge of the Milky Way often employ such a model
for the central component (McMillan, 2017). In the outer haloes of galaxies, in addition to
the dominant dark matter profile, the diffuse stellar component can be described by the math-
ematically equivalent Einasto profile (Remus et al., 2016). There is evidence that this profile
even fits the dark matter haloes better than the NFW profile in the better resolved modern
cosmological simulations (e.g. Baes et al., 2011, Retana-Montenegro et al., 2012). In larger
halos, usually this region contains a number of satellite galaxies, smaller galaxies that still
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live in their own potential well within the dark matter halo. There is also a diffuse gas compo-
nent in the outer region of the galactic halo. The so-called circum-galactic medium (CGM)
is a complex multi-phase gas environment, with temperatures ranging from 104K up to a hot
ionized plasma component shock heated to the virial temperature in massive galaxies,

T = Tvir =
GMvirmp

kBRvir
, (2.6)

which is ≈ 106K for a Milky Way-mass halo (Tumlinson et al., 2017). These temperatures
make this component partially available to X-Ray observations for high mass galaxies (e.g.
Zhang et al., 2024b). It forms the boundary layer between the galaxy and its environment.
As such, understanding the physics of the CGM is key to understanding how a galaxy forms
its stars and how this star formation can be quenched.

2.2.3 The Baryon Cycle

Figure 2.2: Schematic of the galactic baryon cycle, showing recycling fountain flows, in-
flows from the environment and outflows as well as the CGM around a typical active galaxy.
The colours distinguish the cold, inflowing gas from the hotter phases in the CGM and the
outflows. Figure 1 from Tumlinson et al. (2017).

As a galaxy acquires cold gas, either through cooling from the CGM or from the en-
vironment, this gas settles into the aforementioned gas disc due to its angular momentum,
where local instabilities fragment the neutral hydrogen into even denser cold clouds. The
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enhanced densities, in turn, allow for the formation of molecular hydrogen (Krumholz et al.,
2008). As a result, the gas cools even more efficiently through the additional energy states
and de-excitation pathways from the molecular structure. Eventually, the gas cloud exceeds
a critical mass threshold (Ebert, 1955) and collapses into multiple stars, due to further frag-
mentation during the collapse. These stars then undergo a mass-dependent evolution, during
which they can inject heavier elements Z > ZHe, or as astrophysicists call them ”metals”,
as well as energy into the surrounding medium. Additionally, massive stars (8 − 10M⊙) can
explode as core-collapse supernovae (Janka et al., 2007) at the end of their short (≈5-50
Myr according to e.g. Zapartas et al. (2017)) lifetimes. The supernova events from mas-
sive stars drive large and hot outflowing bubbles in the interstellar medium (ISM) (Romano
et al., 2025) and re-inject energy on very brief delay timescales due to the short lifetimes.
This couples the energy output to the star formation rate. The outflows, in combination with
radiative heating from an active galactic nucleus driven by a central black hole, then add to
the depletion of the gas reservoir caused by the conversion of gas into stars. In order for the
galaxy to maintain a continuous star formation rate, it therefore needs to establish a balance
between the gas mass losses and accretion from either the CGM, where previously ejected
gas can precipitate back onto the disc by cooling efficiently (Voit et al., 2015), or the cold
intergalactic medium (IGM).

This interconnection of star formation, outflows, cooling, and inflows leads to the stan-
dard picture established by (Tumlinson et al., 2017), of the so-called ”galactic fountain”.
We show the famous illustration, which admittedly has been used in countless works and
presentation for its conciseness in Fig. 2.2. The balance can be disrupted by a number of
processes: Galaxies can undergo mergers, which disrupt their gas reservoir, fall into larger
structures like groups or clusters, which removes gas via ram pressure stripping or they can
be cut off from cold inflows by their hot atmosphere. The latter is especially true for large
halo masses, where an accretion shock can effectively stabilize, leading to the picture of hot
mode accretion for massive haloes at late times (Birnboim & Dekel, 2003, Dekel & Birn-
boim, 2006). How efficiently the hot atmosphere builds up and can stop the cold inflows
can also depend on the density of the surrounding cosmic web, with dense inflows poten-
tially even penetrating the hot atmospheres of massive galaxies (Brooks et al., 2009). This
couples the baryon cycle sensitively to the large-scale environment (among other factors like
feedback efficiency).

2.2.4 Galaxies and their Environment
Both theoretical and observational studies have shown the distance of galaxies from the cos-
mic web filaments to affect stellar masses and star formation rates (e.g. Laigle et al., 2018)
as well as the metal content of galaxies. However, the degree to which the complex gas
flows in the outskirts of galactic haloes are dictated by the large-scale density field is still
not completely understood. In particular the removal of gas via outflows is highly model
dependent from a theoretical perspective (e.g. Tanner et al., 2025). Additionally, how hot
outflows interact with the inflows from the cosmic web is a key puzzle piece to constraining
galactic feedback models and baryon fractions as they directly affect the galaxies’ gas reser-
voirs. One of the key questions this work aims to address is therefore how the structure of
the inflow field of galaxies can be quantified from a numerical perspective and how this field
evolves with time. In Chapter 6, we will also explore how these flow fields are connected to
the star formation rate and kinematical properties of field galaxies. For galaxies already in-
falling into a node of the cosmic web, their proximity to the structure can furthermore affect
the amount of mergers they undergo during infall as well as the amount of ram pressure their
gas is subjected to from the hot group or cluster atmosphere.

From a purely gravitational perspective, the angular momentum of a collapsing halo is
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tied to the large-scale structure around it. Tidal torque theory connects the spin of a galactic
halo, and with it the galaxy itself, to the tidal fields from the environment torquing the halo
as it collapses (Porciani et al., 2002, Neyrinck et al., 2020, López et al., 2025). However
it is still a matter of debate how clear this signal really is in terms of the galactic spin and
disc orientation, because baryonic processes and off-axis mergers can gradually erode this
primordial signal.

2.3 The Giants – Galaxy Clusters
At the nodal intersections of the largest filaments of the cosmic web sit the most massive
bound structures in the Universe: Galaxy clusters are commonly defined at halo masses
1014 − 1015M⊙, which from Eq. (2.6) implies that they are also host to some of the hottest
gas (Tvir = 107 − 108K). These cosmic giants can contain up to thousand member galaxies
of different sizes and types. Their physical dimensions are in the Megaparsec range with
rvir ≈ 1 − 2 Mpc for the largest of these objects.

2.3.1 Stellar Component
At the centre of a galaxy cluster sits one, or even multiple, BCGs, which are usually giant
elliptical galaxies, or, to be more precise, the cD subtype (Zhao et al., 2015), which shows
a more diffuse stellar morphology than conventional elliptical galaxies. Their stellar masses
are in the M⋆ = 1012 range (Lidman et al., 2012, Ragone-Figueroa et al., 2018). This BCG is
additionally enveloped in a similarly diffuse, but dynamically distinct component, the intra-
cluster light or ICL, also known from theory as the diffuse stellar component (DSC) (Dolag
et al., 2010, Remus et al., 2017). The stellar component of clusters contains important in-
formation about their formation history, as the fraction of mass in this component compared
to the total stellar mass in the region is a direct indication of how much time the cluster
environment had to destroy and cannibalize infalling galaxies (Kimmig et al., 2023, 2025a).

2.3.2 Intra Cluster Medium
Due to its high temperatures, the gas atmosphere of galaxy clusters, the intra-cluster medium
(ICM) is readily available to X-Ray observations from the thermal Bremsstrahlung emitted
by the hot plasma (Merloni et al., 2012, Hitomi Collaboration et al., 2018, XRISM Science
Team, 2022). Like the CGM, this is a complex dynamical environment governed by physical
processes on vastly different scales:

The interaction of a galaxy cluster with its environment, and especially the mergers such
a system undergoes to reach its high mass, continuously perturb the ICM, generating strong
shocks even in the inner regions of the halo. In the outskirts of a cluster, massive mergers can
significantly push the accretion shock beyond the virial radius (Zhang et al., 2020). Addition-
ally the gravitational perturbations from mergers create sloshing motions in the gas, which
causes sharp discontinuities in temperature and, consequentially, X-Ray surface brightness
called cold fronts (Roediger et al., 2012). In combination with jets from active galactic nu-
clei (AGN) in the central BCG and ram-pressure stripped gas from infalling galaxies, these
processes make the ICM very rich in structure. This is usually highlighted by subtracting
the simple β-model (Cavaliere & Fusco-Femiano, 1976, Ettori, 2000) from observed surface
brightness maps, which describes the general density (respectively surface brightness) pro-
file of the cluster. The presence of non-thermal plasma from the central AGN jets, as well
as jets from infalling galaxies, further enhance this complexity. Fig. 2.3 shows these com-
ponents for the Perseus cluster in the Local Universe. In the X-Ray composite, which shows
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Figure 2.3: Composite image of the Perseus cluster, combining X-Ray data from eROSITA,
Chandra, XMM Newton in red (a smoothed equal weighted composite, with a radial weight
to ensure the center is dominated by the Chandra image and a background profile already
subtracted) and the LOFAR radio emission ovelayed in blue. Figure 7 from Churazov et al.
(2026).

the X-Ray surface brightness excess in red, one can see prominent substructures enveloping
the core of the cluster to the east and the west. These are possibly remnants of past mergers
along this direction, triggering a sloshing spiral of displaced ICM gas. Two infalling radio
galaxies and their ram-pressure stripped radio tails can be seen in the blue colours indica-
tion radio brightness. The stripped tails form complex patterns, indicating the motion of the
infalling structures relative to the cluster gas. Finally, in the dense centre of the cluster the
activity of the central AGN can be seen in both radio and X-Ray emission, with prominent
X-Ray cavities from the AGN, as well as a diffuse radio halo enveloping the centra BCG
(NGC 1275) (van Weeren et al., 2024). The merging activity, as well as the central AGN,
can be expected to inject turbulence at small scales as well as at larger scales into the ICM.
Understanding the degree of turbulence in galaxy clusters, as well as how the turbulence
cascades and dissipates, is an important endeavour for astrophysics and cosmology, because
cluster masses are usually inferred from hydrostatic equilibrium assumptions. Non-thermal
pressure components, such as turbulence and bulk flows from sloshing, can significantly bias
the observed masses (Ettori & Eckert, 2022, Wicker et al., 2022, Lebeau et al., 2024b). We
will revisit the turbulent structure of the ICM briefly in Chapter 13.

2.4 Dynamical State

Despite the plentiful activity in Fig. 2.3, the Perseus cluster has been historically counted
among the cool-core clusters (Churazov et al., 2003, Sanders et al., 2004). These clusters are



24 Chapter 2 – The Highly Non-Linear Universe

characterised by a very dense core region (the ICM density increases from ne = 10−4cm−2 to
10−2cm−2 towards the central region (Ota et al., 2013)), allowing the cooling times to become
short enough (O(Gyr)) for the gas to cool efficiently via X-Ray continuum emission. This
also triggers a steady cooling flow into the cluster centre, with cooling gas contracting and
lowering pressure support for the surrounding gas. This, in turn, allows the external gas to
sink closer to the core and cool (Sarazin & White, 1987, Fabian, 1994). Galaxy clusters with
these properties are usually assumed to be more dynamically relaxed, having formed most of
their mass at early times and encountered no major mergers in recent times (Hudson et al.,
2010). These hydrodynamic properties can be expected to coincide with other tracers of a
cluster’s dynamical histories, like the aforementioned intra cluster light fraction (Kimmig
et al., 2025a).

Overall, the rich physics from gravitational dynamics to cooling, star-formation, non-
thermal processes, turbulence and viscosity make galaxy clusters ideal laboratories to test
current astrophysical models.

2.5 Sunyaev Zeldovich Effect - Imprints from the Neigh-
bourhood

Galaxy clusters also impact the relic radiation from the CMB: Due to their high temperatures
and pressures, cold photons from the CMB can be Compton up-scattered off of energetic
ICM electrons. This process causes spectral distortions in the CMB power spectrum and
is called the Sunyaev Zeldovich (SZ) effect (Zeldovich & Sunyaev, 1969, Sunyaev & Zel-
dovich, 1970). It is parametrized by the Compton-y parameter, which depends on the line of
sight integral of the electron pressure:

y(Ω) =
σT

mec2

∫ rCMB

0
dr pe(Ω, r), (2.7)

where σT is the Thomson cross section and me the electron mass. The induced temperature
change in the CMB is then given by

∆T tSZ

TCMB
(ν,Ω) = g(ν)y(Ω), (2.8)

with g(ν) encoding the spectral dependence and constant across the sky. Due to the direct
pressure dependence, this allows for X-Ray independent studies of the ICM structure (Cav-
aliere & Lapi, 2014, Salvati et al., 2019, Walker et al., 2019), superclusters (Aghanim et al.,
2024) and even hot filaments connecting galaxy clusters (Bonjean et al., 2018). When there
is a bulk motion in the gas (e.g. due to peculiar motion of the whole system or intrinsic
rotation), there is the secondary kinematic Sunyaev-Zeldovich effect (kSZ) quantified by

∆T kSZ

TCMB
(Ω) = −σT

c

∫ rCMB

0
drΩ · ve(Ω, r). (2.9)

The kinematic effect is mostly subdominant, but it allows for direct measurements of cluster
peculiar velocities (Haehnelt & Tegmark, 1996). As we will discuss in more detail in Chap-
ter 13, the Sunyaev-Zeldovich effect is especially sensitive to nearby galaxy clusters due to
their large angular size on the sky.

2.6 Non-Linearity and the Argument for Simulations
The observations of fluctuations in the CMB discussed in Section 1.2 provide an accurate sta-
tistical description of the starting conditions for structure formation in the Universe. Since
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the initial conditions of the Universe are Gaussian Random fields to very good accuracy,
knowledge of the power spectrum P(k) of density and velocity fluctuations (which are lin-
early related on large scales and at early times) constrains realistic density and velocity fields
at a starting time zini. At early times and on large scales, the perturbations in the density fields
and velocity fields evolve in a linear fashion and the quasi-linear Zeldovich approximation
(Zel’dovich, 1970) allows an analytical description even beyond the linear scale (see Part I).
Even higher order dynamics can be included using Lagrangian Perturbation Theory (Buchert,
1993a,b). However to accurately model the full multi scalar evolution of the Universe and
capture structure formation processes from the cosmic web to the formation of galaxies with
all their rich dynamics simultaneously, it is necessary to discretize the problem and solve
the dynamics numerically. Additionally, the hydrodynamical interactions of the baryonic
component cannot be neglected at smaller scales. Techniques like baryon pasting (e.g. Osato
& Nagai, 2023), which semi-analytically model baryons on simulated dark matter haloes,
cannot account for the fact that baryons are tightly coupled to the gravitational evolution
on larger scales. In order to study the motions of matter across scales from superclusters
to galaxies, as this work aims to do, Hydrodynamical Cosmological Simulations are an
important theoretical tool.



26 Chapter 2 – The Highly Non-Linear Universe



Part II

Characterizing accretion flows of halos in
cosmological simulations





Chapter 3

Flows in a Box: Cosmological
Simulations

Gleich mit jedem Regengusse
Ändert sich dein holdes Tal,
Ach, und in demselben Flusse
Schwimmst du nicht zum Zweitenmal.

–Goethe, Dauer im Wechsel

In Part I, we have highlighted the degree to which it is possible to understand multi-
scale structure formation analytically and where the usefulness of feasible approximations
ends. This emphasized the need for highly resolved cosmological simulations as a tool to
study non-linear structure formation and the coupling of physical processes at vastly different
scales. In this chapter, we discuss the successes and challenges of such simulations using the
Magneticum Pathfinder suite, the mainstay of the numerical analysis in the first part of this
thesis.

3.1 Numerical Schemes: General
In order to solve the coupled differential equations describing the full non-linear evolution
of a patch of the universe, one needs to discretize them. Temporal integration is introduced
by updating the state of the system in intervals given by a discrete time step ∆t. To ensure
numerical stability, this time step needs to be sufficiently small. The gravitational evolution
of the system is then usually computed by discretizing the mass within the simulation volume
(set by Ωm) into N pseudo particles.

3.2 Gravity
The dynamics of the collisionless stellar and dark matter particles can then be computed by
numerically integrating either the direct Newtonian particle-particle forces

Fi =
∑
j,i

mim j

|ri − rj|2
, (3.1)

or by computing a grid-based gravitational acceleration by solving the Poisson equation

∇2Φ(r) = 4πGρ(r), (3.2)
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where Φ is the gravitational potential, in Fourier space. OpenGadget3 and P-GADGET3, the
codes used in this work, combine these two approaches into a so-called Tree-Particle Mesh
(PM) approach (Springel, 2005, 2010). In this method, the gravitational forces are split into
long-range and short-range forces. The short-range forces are calculated by putting the par-
ticles on an oct-tree (Barnes & Hut, 1986) for efficient computation. The simulation volume
is recursively split into cubes until the lowest level, where each sub-cube only contains a
single particle. To compute the force on a single particle from a given subdomain it is then
decided via a force accuracy estimation, whether the subdomain needs to be ”opened”. This
ensures that the sum in Eq. (3.1) has as few terms as possible since the contributions from
distant particles are summarized by the contribution of a higher-level subdomain.

The long-range forces are computed by putting the particles on a grid or mesh and solving
Eq. (3.2) via

k2Φ(k) = 4πGρ(k). (3.3)

The transition between long range and short-range forces is set by a specific truncation scale
rcut (e.g. Bagla & Ray, 2003).

3.3 Hydrodynamics
Additionally it is necessary to account for the hydrodynamical forces for the baryonic com-
ponent, specifically the gas. Solving for the hydrodynamical forces can be achieved with two
approaches: Grid-based hydro-solvers solve the (inviscid) fluid equations in their Eulerian
form:

∂ρ

∂t
= −∇ · ρv (Continuity) (3.4a)

∂ρv
∂t
= −∇ · (ρv × v + p) (Euler Equation) (3.4b)

∂ρe
∂t
= −∇ · (ρe + p)v Energy Conservation (3.4c)

where ρ and p are the density and pressure of the fluid and the energy density, e, is given
by the sum of the kinetic and internal energy densities e = u + v2/2 (see Groth et al., 2023,
and references therein). Since this is an underdetermined system of equations (6 variables, 5
equations), additionally an equation of state is assumed. For an ideal gas, this is p = (γ−1)ρu,
where γ is the polytropic index (5/3 for a monoatomic gas). Eulerian codes solve these
equations on a discrete grid. Examples for such codes are the adaptive mesh refinement
code RAMSES (Teyssier, 2002) or Athena (Stone et al., 2008) and the follow-up Athena++
(Stone et al., 2020).

The other philosophy is Lagrangian Hydrodynamics. Here instead of computing the
hydrodynamics on a grid, one follows the evolution of individual fluid parcels instead. This
approach is easily combined with the N-Body approach for gravity, since the Lagrangian hy-
drodynamical formalism just adds hydrodynamical accelerations to the gas particles. Trans-
forming between the two formalism amounts to a simple transformation of the differential
d/dtL = ∂/∂tE + v · ∇, where the subscripts indicate the Lagrangian and Eulerian derivative
respectively. Inserting this into Eq. (3.4) yields the Lagrangian version of these equations.

The simulation codes employed in this work use a Smoothed Particle Hydrodynamics
(SPH) prescription to calculate the hydrodynamical forces in a Lagrangian way. In this
formulation, the density at each Lagrangian particle position xi is smoothed using a kernel
function via

ρ(xi) =
∑

j

m jW(ri, j, hi), (3.5)
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Box0 Box1a Box2b Box2 Box3 Box4 Box5

Volume [Gpc3] 56.35 2.06 0.75 0.125 0.006 0.00032 0.000017
Boxlength [Mpc] 3820 1300 910 500 180 68 26
Boxlength [h−1Mpc] 2688 896 640 352 128 48 18

mr 2 × 45363 2 × 15123 2 × 5943 2 × 2163 2 × 813

hr 2 × 15643 2 × 5763 2 × 2163 2 × 813

uhr 2 × 5763 2 × 2163

xhr 2 × 5763

2 × 28803

2 × 15363

Table 3.1: Overview of the different box sizes and resolutions for the Magneticum Pathfinder
runs. The particle number is given as Ndm+Ngas, hence the factor of 2. Unfilled boxes around
a given resolution indicates a run that has not run until z = 0. Table 1 from (Dolag et al.,
2025).

where ri, j is the separation between particle i and j, W(..) is the smoothing kernel and hi

is the characteristic smoothing scale. The smoothing scale is computed from the average
neighbour density via

4π
3
ρihi = ⟨m⟩NgbNNgb, (3.6)

where the subscript Ngb indicates a fixed number of neighbours. This is a simulation pa-
rameter. The Magneticum Pathfinder suite discussed in this work uses NNgb = 295 (Dolag
et al., 2025). The smoothing function employed is the so called Wendland C6 function, a
polynomial function with compact support and numerically advantageous Fourier properties
(Dehnen & Aly, 2012).

There are also hybrid approaches between Eulerian and Lagrangian hydrodynamics like
the mesh-less finite mass method (MFM) which was implemented into OpenGadget3 by
Groth et al. (2023). As we focus on the runs using SPH in this work, we will discuss exclu-
sively these simulation methods in the following.

3.4 The Magneticum Suite
The work presented in Sections 3.4-3.7 has been partially submitted and accepted as Dolag

et al. (inc. Seidel) 2025, ”Encyclopedia Magneticum: Scaling Relations from Cosmic
Dawn to Present Day”

The Magneticum Pathfinder suite is comprised of seven cosmological volumes ranging from
a volume of V ≈ (3.8Gpc)3 to V ≈ (26Mpc)3. Fig. 3.1 provides an overview of these volumes
by mapping the dark matter density within a slice trough each box. The smallest volume,
Box5, was omitted due to its extremely small size relative to the largest volume, Box0. For
the largest simulation, Box0, we additionally show the gas density in the bottom half of the
upper panel of the figure. Each of these volumes were then run in a dark matter-only version
at multiple different resolutions as well as a full physics simulation including hydrodynamics
and star formation physics. Table 3.1 provides an overview of all available runs in the suite
listing the Box properties as well as the particle numbers for each available resolution. The
particle masses resolution is set by the cosmology: For dark matter and baryons respectively,
the box contains a mass of Mx = Ωx × ρcrit × VBox, resulting in a particle mass of mx =

Mx/Nx. Throughout the Magneticum Pathfinder suite, the assumed cosmology is adapted
from the WMAP-7 parameters (Komatsu et al., 2011): h = 0.704, Ωm = 0.272, ΩΛ = 0.728,
σ8 = 0.809, n = 0.963 (excluding the multi-cosmology realizations of Box1a). Magneticum
Pathfinder uses an equal number of gas and dark matter particles, in contrast to cosmological
simulation projects like the Flamingo simulations (Schaye et al., 2023). For a discussion of
potential drawbacks of the resulting unequal masses, see Ludlow et al. (2019). The particle
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Figure 3.1: Overview over the scales covered by the Magneticum Pathfinder suite of cos-
mological simulations from Gpc to kpc scales. Top panels: The simulation volumes of
Magneticum Pathfinder to scale. Box0 transitions from dm density to gas density at the
border between the magma colour-map and the blue colours. Bottom left: Zoom-in into a
massive galaxy cluster in Box2b. Hot gas is shown with the red-yellow colours and cold gas
in blue (Tcut = 104K). Bottom middle: The same galaxy cluster, showing the stellar density
visualized with Splotch (Dolag et al., 2008) and the gas density indicated by the white con-
tours. Bottom right: Two galaxies from Box4 generated with the dust radiative transfer code
SKIRT (Baes et al., 2011). Part of my personal contribution to Dolag et al. (2025).
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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

xhr 0.45 0.25 1.9 × 106 3.9 × 105 1.0 × 105

Table 3.2: Softening lengths (ϵX) and masses (mX) of dark matter, gas and stars in the Mag-
neticum Pathfinder simulations. Table 2 from Dolag et al. (2025)

mass of each simulation, its mass resolution is the most important resolution characteristic
of an SPH simulation. Additionally the gravitational softening lengths determine the scale
to which the gravitational potentials are smeared out (see the discussion about Plummer
Profiles in Section 3.2). These quantities are listed in Table 3.2 for each of the different
resolutions in the Magneticum Pathfinder suite.

All Magneticum Pathfinder simulations were performed with an updated version of the
parallel cosmological Tree-PM code GADGET-2 (Springel, 2005). The code P-GADGET3,
has since been further evolved and is planned for a public release as OpenGadget3 (see also
Groth et al., 2023).

Modifications to the hydro solver include a modified smoothed-particle hydrodynamics
scheme, with modifications such as improved thermal conduction (Dolag et al., 2004) and
a low-viscosity formulation of SPH (Dolag et al., 2005c, Beck et al., 2016) specifically to
improve the modelling of ICM physics.

3.5 Sub-Grid Modelling
While gravitational and hydrodynamical forces can be computed at the particle level follow-
ing the Lagrangian formulation in Section 3.2 and Section 3.3, galaxy formation involves
physical processes that cannot be fully resolved at the current level of computational power.
In order to simulate galaxy evolution in a cosmological box, it is therefore necessary to rely
on sub-grid modelling. The general idea is to treat each gas and star particle as an ensemble
representing a population of stars or baryons and couple the ensemble state variables, like
temperature, pressure or chemical composition to physical processes on scales smaller than
the hydrodynamical resolution (which depends on the smoothing h) via semi-analytical or
numerical models. We give a brief summary here for the most important subgrid models, for
an extensive overview refer to Dolag et al. (2025) and the references therein.

Cooling The cooling rate for each gas particle is calculated as a function of temperature
and metallicity following Wiersma et al. (2009). Cooling rates for each element traced by the
simulation are pre-tabulated from CLOUDY (Ferland et al., 1998) simulations of an optically
thin gas in photo-ionization equilibrium, taking into account background radiation from the
CMB and UV/X-ray emission from AGN and galaxies.

Star Formation Magneticum Pathfinder employs the two-phase model from Springel &
Hernquist (2003): Each gas particle is treated as a combination of hot ISM and cold gas
clouds, with the latter forming from the former when a set density threshold is reached. The
cold clouds subsequently form stars on a timescale of 1.5 Gyrs. A big advantage of the
Magneticum Pathfinder model is that not all of the cold gas is converted into a star particle
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in a single event. To account for molecular clouds converting their mass into stars with
imperfect efficiency, a single gas particle can undergo up to 4 separate star formation events,
before its mass is completely transferred to the stellar component.

Stellar Populations Each star particle then represents a population of stars with a set initial
mass function (Chabrier, 2003). This population is evolved in time, accounting for mass
losses from AGB stars, SNIa, and SNII and releasing metals and supernova energy into the
surrounding medium. The treatment of metals is extensively described by Tornatore et al.
(2007) with extensions of the metal tracing described by Dolag et al. (2017).

Stellar Feedback The model introduced by (Springel & Hernquist, 2003) includes stellar
winds driven by SNII as an effective stellar feedback mechanism. This model has effectively
two free parameters. The mass gain rate of the wind is determined by

ṀW = ηṀ⋆ (3.7)

where η is the mass loading factor, determining the outflow rate as a function of the star
formation rate. The second parameter is the velocity of the wind vW . This determines the
kinetic energy injected into the wind via

1
2

ṀWvW
2 = χϵṀ⋆ (3.8)

where χϵ is assumed as an effective supernova energy per star formation rate at 1051 erg.
Through the two equations, setting one of these parameters effectively sets the second one.
For Magneticum Pathfinder the standard choice is to set the wind velocity to a fiducial value
of vW = 350km/s.

Black Hole Model The AGN model is based on the model described by Springel et al.
(2005). BH particles themselves are collisionless and coupled to their surroundings via
accretion of mass, injection of feedback energy and merging with other black hole parti-
cles. Accretion is described by the Bondi-Hoyle-Lyttleton approximation (Hoyle & Lyttle-
ton, 1939, Bondi & Hoyle, 1944, Bondi, 1952):

ṀB ∝ αρ/(c2
s + v2)3/2 (3.9)

with cs, ρ, v the sound speed, density and relative velocity of the surrounding gas with respect
to the black hole. α is a boost factor that accounts for the lack of resolution to describe the
gas density around the actual black hole and is usually set to 100 (Springel et al., 2005).
Additionally the black hole accretion rate is always limited by the Eddington accretion rate,
i.e. the accretion rate at which the radiation pressure is equal to the gravitational force of the
black hole. The energy output of the black hole is then parametrized as

Ė f = ϵrϵ f
˙M•c2 (3.10)

where ϵr, ϵ f are the radiative efficiency and the thermal fraction respectively. ϵr is set to 0.2
in order to reproduce observations for large black hole masses (Davis & Laor, 2011) and ϵ f

is set to 0.15. Following Fabjan et al. (2010), when the accretion rate of the black hole is
below a factor of 10−2 of the Eddington rate, the black hole switches into radio mode, which
boosts ϵ f by a factor of 4 to account for the efficient heating of AGN jets via hot bubbles.
In further deviation from the model by Springel et al. (2005), the black hole mass growth is
diminished by the feedback resulting from the accretion rate at each time step. Magneticum
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Pathfinder also implements an explicit dynamical friction term based on the properties of
the surrounding halo in order to physically keep the black hole in the center of galaxies.

For Box3/uhr, several improvements to the black hole model were introduced by Stein-
born et al. (2015). The main strength of the model is the differing treatment of cold and hot
gas. α is lowered to 10 for the hot gas, while the boost factor is kept at the original 100 for
the cold gas, due to the more efficient accretion of cold gas from cold streams. Additionally,
the transition between the two feedback modes described above is smoothed and coupled to
the black hole mass instead of only the accretion rate. These changes better regulate the BH
mass growth in galactic environments of differing thermodynamical and kinematic proper-
ties, and ultimately achieve more realistic stellar masses at high redshifts (see Section 3.8,
Steinborn et al. (2015), Kimmig et al. (2025b), Remus & Kimmig (2025)).

3.6 (Sub-)Structure Identification
P-GADGET3 includes an on-the-fly structure finding toolkit, SubFind (Springel et al., 2001).
The general idea is to run a so-called Friends-of-Friends (FOF) algorithm on particles within
the simulation, grouping all particles within a linking length l into a group in a transitive
fashion (hence the name). A standard value for the linking length is 0.2dpart, where dpart is
the mean particle separation. Eke et al. (1996) showed that scaling this linking length by
∆c/Ωm, where ∆c is the critical density and, together with Ωm, factors in the cosmology,
these FOF groups reproduce the overdensity predicted for virialized haloes in the spherical
collapse model. Therefore, Magneticum Pathfinder uses this scaled linking length to obtain
FOF haloes. Substructures are then identified within these FOF haloes according to Dolag
et al. (2009) by identifying saddle points in the smoothed density field obtained from all
particle species. An additional unbinding step based on the potential of each substructure
ensures the persistence of the sub-haloes obtained this way. Because the density identifies
not only dark matter systems but also stellar overdensities and gas-rich subhaloes, the sub-
halo catalog is analogous to the galaxy population of the simulation. The most massive sub-
halo is commonly referred to as the main sub-halo, in a cluster mass halo this corresponds
to the BCG, for smaller haloes in the field, this can simply be considered an independent
field galaxy. SubFind also computes a number of properties for subhaloes and haloes. An
example is the virial mass Mvir, the mass within the sphere of radius Rvir around a halo which
encloses a spherically averaged density corresponding to the virial density

ρvir = ∆vir(z) × ρcrit. (3.11)

Here, ∆vir(z) is obtained from the cosmology according to the fitting formula given by Bryan
& Norman (1998). Unless stated otherwise, quantities like M500,gas refer to these outputs
from the structure finding with the subscript indicating the density criterion used (in this
example 500 times the critical density) as well as the particle species (in this case the gas
mass). No particle type subscript indicates that the total mass within that density contour is
used (e.g. Mvir). Using these tools we can now approach structure formation in the Mag-
neticum simulations and test how well the simulations agree with observations as well as
theory.

3.7 Fundamentals: Scaling Relations in Numerical Simu-
lations

Scaling relations are a powerful tool to analyze how structure formation proceeds in a cos-
mological simulation. Where linear theory (see Section 1.5) gives useful predictions for the
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expected distribution and growth of haloes in a cosmological volume over time, this provides
a possibility to study the effects of non-linearities and baryonic effects on the global evolu-
tion of dark matter haloes. For the baryonic component, which can be directly observed, it
can then be verified how well the hydrodynamical and especially sub-grid modelling actually
reproduces the galaxy populations observed in the real Universe (assuming that the purely
gravitational part is accurate enough, which is also dependent on the validity of the under-
lying cosmological assumptions). In this section, we therefore focus on the most general
scaling relations in each of the particle species described in the previous section.

The Halo Mass Function
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Figure 3.2: The evolution of the HMF for the different Magneticum Boxes compared to ana-
lytical expectations. For the simulated mass functions the line colours indicate the different
runs at z = 4, 2, 1, 0 respectively. The gray dashed line shows the theoretical prediction given
by the HMF defined by Tinker et al. (2008). Part of my personal contribution to Dolag et al.
(2025) (see Fig. 8).

Among the most well established scaling relations used to assess structure formation in
the Universe is the halo mass function (HMF). This function captures the purely gravitational
part of structure formation in the Universe. It has a long theoretical history beginning with
the Press-Schechter Mass Function Press & Schechter (1974) (see also Section 1.5), which
was a surprisingly accurate prediction given the simplicity of its assumptions. A critical
feature of this early model and is subsequent elaboration (Bond et al., 1991, Sheth et al.,
2001) was the sensitivity on cosmological parameters, which makes it a powerful tool for
inferring cosmological information from cluster samples (Bocquet et al., 2016). On the
small scale end, the impact of baryonic physics has been significantly constrained using
cosmological simulations and has resulted in even more accurate mass functions (Tinker
et al., 2008, Bocquet et al., 2016). Reproducing these HMFs is a valuable first baseline test
for any cosmological simulation.

Fig. 3.2 shows the HMF for the Magneticum Pathfinder simulations Box0/mr (gold dash-
dotted lines), Box2b and Box2/hr (pink dashed lines), and Box4/uhr fiducial BH (blue solid
lines) as well as Box3/uhr advanced BH (turquoise solid lines), in comparisons with the
fitted model by Tinker et al. (2008, black dashed lines). We used the fitting parameters for
∆ = 200 in combination with computing the HMF from the simulations with the M200,m

masses. As can be seen by the minuscule deviations between the different simulation boxes
and the theoretical HMF, the simulations reproduce the theoretical expectations very well
and mostly differ only with regards to the dynamic range of halo masses that can be found at
each resolution and box size.
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The Gas Mass Function
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Figure 3.3: The evolution of the GMF for the different Magneticum Boxes. For the simulated
mass functions the line colours indicate the different runs at z = 4, 2, 1, 0 respectively. As an
observational comparison, we show the data from xCOLDGASS CO data (Saintonge et al.,
2017) (grey horizontal line) and the PEP plus HerMES field from Herschel (Berta et al.,
2013) (black dashed line). Figure 10 from Dolag et al. (2025).

The second step in the formation of galaxy beyond the purely gravitational mass assem-
bly is the accretion of gas. As we will show in Chapter 4, while accreting onto haloes, the
gas behaves fairly similar to the dark matter component in terms of its overall inflow. How-
ever as it falls onto galaxies and clusters, the gas component heats and forms shocks that
fundamentally alter the dynamics from purely gravitational collapse. Additionally feedback
from star formation and black holes can drive powerful outflows that further impact the ther-
modynamical state of the gas at intermediate scales. Observationally, it is very difficult to
compute this function consistently across a large mass range, because different structures are
dominated by different gas phases: For massive halos, most of the gas is present in the form
of the hot ICM or IGM, while for galaxies the balance is tilted towards colder gas phases
like neutral and molecular hydrogen. The former is usually measured utilizing the X-Ray
and thermal Sunyaev-Zeldovich signal under the assumption of a hydrostatic equilibrium,
while the latter is inferred from tracer line ratios, Lyman-alpha absorption or the 21-cm sig-
nal. Each of these methods suffer their own unique biases and in addition, cold gas and hot
gas are very differently distributed in terms of spatial extent (e.g. Ayromlou et al., 2023).

All these factors, in addition with the intermediate stage, the warm-hot intergalactic
medium, being even more difficult to observe (e.g. Nicastro et al., 2018), while most likely
containing a large fraction of the cosmic baryon budget, make the observation of a unified
cosmic GMF non-viable. It has been independently shown that Magneticum Pathfinder re-
produces hot gas fractions obtained from state-of-the-art X-Ray data fairly well (Popesso
et al., 2026). Here we only compare with cold gas data at the low-mass end, specifically data
from the xCOLD GASS CO survey (Saintonge et al., 2017) and the combined PEP and Her-
MES field observed by Herschel (Berta et al., 2013). Both surveys find a Schechter-function
like behaviour for the gas mass function with plateaus at the low-mass end. However, Berta
et al. (2013) find this plateau to be at much lower values than Saintonge et al. (2017).

Fig. 3.3 shows the universal gas mass fractions obtained from the different simulation
volumes. Because X-Ray and SZ gas densities are usually obtained within R200, where den-
sities are sufficient for detection and the cold molecular gas traced by our reference studies
can be expected to be distributed even more centrally, we chose M500,gas as a measurement
for the total gas mass of each halo. This can then be roughly expected to be dominated by
cold gas at Mgas < 1011M⊙ and by hot gas at group masses Mgas > 1012M⊙. The simulations
with uhr, where galaxy physics can be expected to be reasonably resolved reach the masses
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Figure 3.4: The evolution of the SMF for the different Magneticum Boxes compared to
various observations. For the simulated mass functions the line colours indicate the different
runs at z = 4, 2, 1, 0 respectively. The black lines with the grey shaded errors are taken from
(Muzzin et al., 2013). Observations from the COSMOS survey (Weaver et al., 2022, 2023)
are shown with the black downwards pointing triangles. Additional observational data from
Pérez-González et al. (2008) (circles), Panter et al. (2004) (diamonds), Marchesini et al.
(2009) (tri-down), Bundy et al. (2005) (upwards pointing triangles) are shown with grey
symbols. For z=2 we include measurements from Santini et al. (2012) (blue diamonds). Part
of my personal contribution to Dolag et al. (2025) (see Fig. 9).

and observed plateau values for both Berta et al. (2013) and Saintonge et al. (2017), however
the fact that the former found a flat plateau at their lower GMF value means the simulation
data is leaning towards a shape of the GMF more compatible with the xCOLD GASS field.
In combination with reproducing the observed hot gas fractions for massive haloes, it can be
concluded that the overall gas mass budget of Magneticum Pathfinder is fairly realistic.

The Stellar Mass Function

The flip side of the gas mass budget in a given halo is the stellar mass budget. As the gas in a
system cools and forms dense clumps, it can be converted into stars. The exact evolution of
the stellar mass of a given halo is subject to a complex interplay of physical processes: Star
formation itself injects feedback energy into the surrounding medium, consequently reduc-
ing densities and regulating the star formation rate locally. Additionally, the overall heating
of the medium can influence gas inflows from the environment. Once stars are formed, they
can also be stripped away by tidal distortions from mergers or ultimately as a galaxy falls
into a galaxy cluster or group. The SMF is therefore a key metric for calibrating galaxy
formation and evolution between theory and observations. Since stellar masses are more
readily accessible observationally, there are robust observational SMFs to directly compare
how galaxy form stars in simulations with observed galaxies. Fig. 3.4 shows the stellar mass
functions in the Magneticum Pathfinder simulations. By the general agreement between the
simulation runs, it can be seen that the star formation prescription described in Section 3.5
is robust against different resolutions, with the lower resolution runs generally in agreement
with the higher resolution runs at the stellar masses where they overlap. In contrast, the
scatter between individual observed SMFs is larger, possibly due to selection effects and
different systematics. Within this relatively large scatter, simulations and observations over-
lap well across almost the entire mass and redshift range. The largest disagreement can be
found at the lowest stellar masses from z = 2 onward. Magneticum Pathfinder systemati-
cally over-predicts the abundance of galaxies from M⋆ ≈ 1010.2M⊙. A possible explanation
for this is the lack of relative efficiency of stellar winds with respect to the AGN feedback.
At the low-mass end the stellar feedback has been found to be much more important for



3.8 High(-z) Noon: Early Quenching in the Magneticum Simulations 39

effective quenching of the star formation (Wang et al., 2015). Recent tests with the Mag-
neticum Pathfinder model in preparation for the MagneticumDAWN (see Section 3.9) suite
also showed that it is important where stars are formed in less massive galaxies: Increasing
the density threshold for star formation resulted in an increase of more massive galaxies with
a simultaneous decrease at the low-mass end due to the star formation activity being more
centrally concentrated (Kimmig, 2026). Together with the improvements to the BH seeding,
this simulation suite will deliver more insights into the evolution of the SMF across cosmic
time.

At the high-mass end the Magneticum Pathfinder model produces an overabundance of
massive galaxies at late times due to over-cooling in massive groups and cluster environ-
ments. Interestingly, the data from (Muzzin et al., 2013) (black line with grey error bars),
which is taken at a slightly higher redshift than (Panter et al., 2004) (z ≈ 0.35 vs. z = 0)
indicates a slightly larger abundance at the high-mass end. This could indicate a local bias
with the dynamically relatively active clusters in the Local Universe featuring smaller BCGs,
due to their dynamical state (Kimmig et al., 2025a).

The impact of the improved model by Steinborn et al. (2015) with regards to producing
quiescent galaxies at z = 2 and higher (Steinborn et al., 2015, Kimmig et al., 2025b) can
be seen in the suppression at both the high and the low mass end and the resulting better
fit to the observational data. However, this effect is much more apparent in the fraction of
quiescent galaxies, which lead to the numerical study presented in the following section.

3.8 High(-z) Noon: Early Quenching in the Magneticum
Simulations

This chapter highlights the large-scale analysis I contributed to Kimmig, Remus, Seidel et
al., 2025, ApJ 979, 15, ”Blowing Out the Candle: How to Quench Galaxies at High

Redshift—An Ensemble of Rapid Starbursts, AGN Feedback, and Environment”

As shown in Fig. 3.4, the modified BH model from (Steinborn et al., 2015) manages to
produce galaxies with better star formation properties at high redshifts in Box3/uhr. This
proved to be of unforeseen consequentiality, when early observations from JWST (Carnall
et al., 2023, Gould et al., 2023, Long et al., 2024, e.g.) were consistently finding higher
volume fractions of massive quiescent galaxies at high redshifts (z > 3) than simulations
had seemingly previously predicted (Remus & Kimmig, 2025, Weller et al., 2025). Fig. 3.5
shows both the evolution of the total and the quenched number density for Box3/uhr as a
function of mass in the top row and compares these densities for massive galaxies to the
observed densities in the bottom row. It can clearly be seen that the simulation (which was
at the time almost 10 years old) reproduced these surprising findings with regards to the
number of massive quiescent galaxies quite well. Its unique combination of uhr resolution
and a much larger simulation volume compared to Box4/uhr allowed the star formation to
be sufficiently resolved and provided enough opportunities for massive haloes to already be
formed at high redshifts (Kimmig et al., 2025b). This presented the unique opportunity to
investigate how and why these massive quiescent galaxies had managed to accrete enough
gas, undergo a starburst, and subsequently quench on these surprisingly short timescales. In
the following we consider especially the environments of these massive quiescents in order
to assess whether their quenching behaviour is tied to the large-scale structure surrounding
them.
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Figure 3.5: Top row: Time evolution of the number density of simulated galaxies from z = 2
to z = 15. Different symbols mark the different lower mass limits applied, as indicated in
the legend. Galaxies are shown as all galaxies (left) and only the quenched galaxies (right).
For the quenched number densities the lower two mass cuts are omitted due to resolution.
Bottom row: Comparison to observations (JWST spectroscopy in pink, others in cyan). The
total sample includes all galaxies above M∗ > 1010M⊙ (left, yellow stars) and the quiescent
sample galaxies above M∗ > 3×1010M⊙ (right, blue pluses). Observed total values are taken
from Chworowsky et al. (2023), Muzzin et al. (2013), Duncan et al. (2014), Tomczak et al.
(2014), Song et al. (2016), Leja et al. (2020), Stefanon et al. (2021), Weaver et al. (2022),
Labbé et al. (2023), while quiescent values are from Long et al. (2024), Carnall et al. (2023),
Valentino et al. (2023), Straatman et al. (2014), Schreiber et al. (2018), Merlin et al. (2019),
Shahidi et al. (2020), Carnall et al. (2020), Weaver et al. (2022), Gould et al. (2023). Figure
2 from Kimmig et al. (2025b).

3.8.1 Shape of the Gravitational Environment

By measuring the relative overdensity of these massive quiescents, Kimmig et al. (2025b)
were able to show that especially after they have been quenched, these galaxies live in com-
paratively underdense environments out to relatively large scales (r ≲ 2 cMpc), in conflict
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Figure 3.6: Number of dark matter particles N (left panels) and resulting dimensionality
parameter D (right panels) as a function of radius around the quenched (blue lines) and non-
quenched (sand lines) centrals, for three redshifts (z = 4.23 to z = 2.79, top to bottom).
Median behaviors are given by the fat solid lines. In the right panels, the thin dashed lines
show the 1σ bounds of the non-quenched sample, while the quenched samples 1σ bounds
are shown as black errorbars. Also shown are the median virial radii of the quenched centrals
(vertical blue line). Part of my personal contribution to Kimmig et al. (2025b) (Fig. 12).

with findings for massive quiescent galaxies from other simulations, which found them to
rather favour overdense environments (Weller et al., 2025). Beyond the density of the gravi-
tational environment, where a galaxy sits in the cosmic web paradigm, i.e. whether it inhabits
a node, sheet, filament or void, can impact the tidal fields that affect its growth. This can ul-
timately also shape the mass inflow onto the galaxy. In order to estimate the geometry of the
environment, we computed the so-called local dimensionality parameter (Sarkar & Bharad-
waj, 2009), which quantifies how quickly the density grows locally as a function of scale. It
can be computed via

D ∝ dlog(N)
dlog(Rfilter)

, (3.12)
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with N being the number of dark matter particles (due to all particles having the same mass
mdm, this is essentially the dark matter mass within the sphere of radius Rfilter). We deter-
mined D within 100 logarithmically spaced (∆ log(R[cMpc/h]) = 1.05) spherical filters with
radii ranging from 0.1 cMpc/h to 10 cMpc/h. The idea of this parameter is as follows: How
fast the mass inside a spherical volume of Rfilter grows with increasing volume is essentially
determined by the spatial configuration of the density (assuming an otherwise homogeneous
mass distribution), in other words it grows with RD. If D = 3 it is simply distributed in a ho-
mogeneous spherically symmetric configuration, D = 2 represents a sheet-like configuration,
where the mass increases in two spatial dimensions and D = 1 represents a 1D filamentary
structure. These scenarios are clearly distinguished if the density is not at all radially depen-
dent, which is of course an oversimplification. Nonetheless, the dimensionality can give an
idea of the spatial configuration of matter around these quiescent galaxies.

Fig. 3.6 shows both the dark matter counts as a function of radius in the left panel as
well as the dimensionality D in the right panel. The generally lower relative density, that
quenched galaxies reside in is, reflected by the fact that, at radii larger than the median virial
radius (vertical blue lines), the spherically averaged mass is consistently lower for quenched
galaxies compared to the median of non-quenched galaxies. The most interesting region in
the mass profiles is around these median virial radii, where, before the time of quenching (z =
4.23, upper row), the flattening of the profile is noticeably stronger for the quiescent sample.
This is also reflected in the dimensionality with the median D among the quenched galaxies
dropping significantly below 1 and outside of the 1-σ bounds of the non-quenched sample.
This indicates a shell of very low density with a potentially weak filamentary connection as
the preferred environment of these massive quenched galaxies. After these galaxies quench,
they reside in a similar environment to their non-quenched counterparts with regards to the
dimensionality, albeit the slight underdensity of their surroundings is even more pronounced
at these times. To go from the purely dark matter density to a more complex view of the
gaseous environment, which is ultimately much more sensitive to the feedback mechanisms
responsible for the quenching, we consider as a case study, the exact environment of one of
the galaxies from the quenched set.

3.8.2 Case Study
Fig. 3.7 shows the evolution gaseous environment of an example galaxy, one of the most
massive galaxies from the quiescent set with M⋆ = 5.6 × 1010M⊙, with a quenching time
around z = 3.42, the last snapshot in the figure. The galaxy evolves in a tenuous spider-
web like environment at early times with many weak gas filaments connecting to the central
halo. As the galaxy grows in mass, just ahead of quenching (z = 5.34, z = 4.23), many of
these less dense filaments become more pronounced against the background due to merging
together. At these times, a distinct lack of structure in the lower right from the halo also
becomes noticeable, indicating a neighbouring underdensity, reminiscent of a cosmic void.
This is even more apparent in the velocity field, where the infall velocities are relatively
low in this area. Even though the galaxy accretes from all directions, the inflow from the
lower right, where the density is lower has a much lower velocity and is directly connected
to the divergence point associated with the underdensity. This discrepancy becomes even
more apparent when the galaxy quenches in the final two snaps. First the shock surface from
the bubble triggered by the starburst (black ring) and then the AGN bubble (high velocity
zone in the final snapshot) both exhibit an asymmetry into the lower right direction, where
they are much more extended. The gas flow lines curling around both surfaces show how
these bubbles effectively stop the accretion and thus the supply onto the central halo, which
prevents further star formation beyond the removal of the galaxy’s gas. It should further be
noted that both of the outflow systems happen at scales of the virial radius of the halo or
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Figure 3.7: The cosmic web and flow structure shown as projected gas density (top row) and
velocity (bottom row, heat map=amplitude, arrows=direction) around an example massive
quiescent galaxy from Box3/uhr. Both quantities are computed in a slice of dimensions
10cMpc/h × 1000ckpc/h, centred on the galaxy. The white circle indicates its virial radius
at each snapshot. Shown are snapshots at redshifts from z = 9.43 to z = 3.42 (columns, left
to right). Part of my personal contribution to Kimmig et al. (2025b) (Fig. 3).

even beyond, so the feedback in Magneticum Pathfinder clearly has effects far beyond the
galaxy itself. In the final snapshot, this is also manifested by the effective destruction of the
filamentary system present before the quenching time, with only the densest parts of these
region still visible close to the virial radius, where the feedback has visibly smoothed the
entire immediate vicinity of the galaxy.

To summarize, analysing the evolution of the gaseous environment of an example mas-
sive quiescent galaxy, we have seen how the environment both shapes, and is shaped by the
galaxy. The unique structure around the galaxy shapes the inflow structure around it, which
is fairly isotropic in the sense that material is flowing in from everywhere but shows a clear
bias with weakened inflows from a void like region adjacent to the halo. When the galaxy
then quenches, this direction is also the axis of maximal extend of the outflow driven by the
feedback, which reaches very large radii compared to the halo scale and disrupts both the
cosmic web as well as the inflow structure. This shows that environment does indeed shape
galaxy evolution, but it is also shaped by it.

3.8.3 Conclusions
From an environmental perspective, both the statistical evaluation of the dark matter density
structure, as well as the gas density and flows have shown that the structure and dynamics of
the mass outside a galaxy is closely tied to the internal evolution. We have shown especially
the flow field to be profoundly affected by the outflows driven by the stellar feedback and
AGN activity as well as the underlying cosmic web structure. This motivated the work on
the flow fields around haloes, which we will present in the following chapters, where we will
explore the structure of the motions on the outskirts of haloes from galaxy to cluster mass
and through cosmic time.

3.9 Sunrise over Magneticum: The DAWN Simulations
The fact that the early massive quiescent galaxies observed by JWST could actually be
produced by Box3/uhr presented an opportunity for a follow-up project: The Magneticum-



44 Chapter 3 – Flows in a Box: Cosmological Simulations

DAWN simulation suite (Kimmig, 2026) is in essence a re-run of two Magneticum Pathfinder
simulation volumes, Box2 and Box3, where the larger Box2 is re-simulated at uhr resolution
and the Box3 volume is upgraded to xhr mass resolution. And additional calibration vol-
ume, Box4/uhr was run 44 times to redshifts z ≈ 2 in order to test the impact of the sub-grid
configuration. In addition to the models described in Section 3.5, the simulations employ a
redshift-dependent black hole seeding according to

Mbh

M⋆
(z) = A × 0.00145 × 100.05z, (3.13)

where A is a free parameter (for further details see Kimmig (2026)). Furthermore, the simu-
lations were and are performed with the newest version of the OpenGadget3 code, including
an improvement of the explicit dynamical friction scheme for black holes (Damiano et al.,
2024), a black hole spin evolution model (Sala et al., 2024), an improved physical viscosity
scheme (Marin-Gilabert et al., 2022) and an updated model for the UV background (Di Fed-
erico et al. in prep.). This simulation project is currently ongoing and aims to further shed
light on the evolution of early galaxies. We will employ a specifically selected sample of the
calibration runs in Section 7.2 to test specifically how the feedback model impacts galactic
inflows.

3.10 Tackling the Multi-Scalarity of Flows
In the sections above we demonstrated that the overall growth of structure is well described
by numerical simulations (see especially Fig. 3.2). There are however tensions between the
observed and simulated galaxy stellar masses. The biggest challenge here is to modify the
models in such a way that they best reflect the accretion of cold gas and subsequent star
formation at all (sufficiently resolved) halo masses and all times simultaneously. How the
black hole and stellar feedback models are tuned can be expected to have a profound impact
on the stellar evolution of galaxies. Strong outflows from the galaxies themselves can also
weaken or cut-off the gas inflow from the cosmic web, as we showed in Section 3.8.

The next two chapters will therefore focus on the flow fields around simulated halos and
especially how the inflow rates and morphologies evolve. Similarly to the density field, the
velocity field in a cosmological volume is highly multi-scalar. To illustrate this, Fig. 3.8
shows the peculiar velocity field computed on a grid in Box4/uhr. The left column shows a
very linear flow field with very little bending of the streamlines even across the boundaries of
complex gas filaments shown in the background. This also demonstrates an issue with small
simulation volumes: The entire inflow-outflow structure of the simulation can be ascribed to
a single overdensity (the ”cross” structure in the upper right) and a corresponding void (lower
left). There is, however more than meets the eye here. By applying a filter in Fourier space
(in order to avoid artifacts we used a smoothly decreasing Butterworth filter (Butterworth,
1930), which yields better results than a sharp k-space cut) in order to filter out the large-
scale component of the velocity field, the complex small-scale structure becomes visible.
Many of the smaller substructures can be seen to exist within small peculiar flow systems
of their own. The influence of feedback on these small scale components of the velocity
field can also be observed in the form of turbulent flow-lines forming bubbles around these
systems.

This picture of multi-scale flows, separated into gravitational inflows and hydrodynam-
ical outflows is the motivation behind the numerical approach developed in the following
chapters: In order to capture the gas motions around haloes from cluster masses to galaxy
masses accurately, we quantify the scaled flows across their virial surface in the respective
halo rest-frame. We will exploit this methodology in order to quantify the flow rate as well
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Figure 3.8: Gas density (heatmap) and velocity (streamlines) in a 1 Mpc/h slice through
Box4/uhr from Magneticum Pathfinder. The left column shows the total peculiar velocity
field. In the right column, large scale fluctuations of the velocity field have been filtered out
in Fourier space, highlighting the small scale gas motions. The cutoff scale for the k-space
filter is 5 Mpc/h. The grid units for the x-y grid are 48 kpc/h per grid cell.
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as the spatial configuration of the flow field across cosmic time and show how these param-
eters impact and are impacted by the dynamics inside the haloes, connecting the large scale
environment to galaxies and clusters of galaxies.



Chapter 4

Feeding Flow: Accretion, Outflows and
Shocks in the Outskirts of Simulated
Haloes

The content of this chapter has been published as Seidel et al. 2025, A&A, 701, A192, ”Go
with the flow: The self-similar and non-linear behaviour of large-scale in- and outflows and
the impact of accretion shocks from galaxies to galaxy clusters”. Parts of the analysis were

already present in my master thesis with significant improvements and modification to the
work.

4.1 Introduction
A detailed understanding of the multi-scalar process of structure formation remains a key ob-
jective for modern cosmology and astrophysics. Since the notion of the inter-connectivity of
the large scale cosmic web was first conceived by Zeldovich in his seminal paper (Zel’dovich,
1970), it has become ever more clear that the large-scale assembly of matter into a complex
web of filaments, sheets and nodes has consequences that proliferate well into the regime
of non-linear structure formation and evolution in the galaxy regime (e.g. Papovich et al.,
2018, Castignani et al., 2022). Especially the filamentary and smooth gas flows in close
vicinity to galaxy clusters and galactic haloes are governed by a complex combination of the
gravitational environment they arise in and the internal gas physics that predominantly drive
the outflows. A comprehensive overview of the complex physics in the outskirts of galaxy
clusters is presented by Walker et al. (2019).

On the galaxy scale, the make up of the large-scale environment is widely assumed to be
a crucial factor in its star formation history, possible quenching and the galaxy’s dynamical
evolution (Galárraga-Espinosa et al., 2023). If the gravitational Universe is truly self-similar
and the morphological differences at small scales arise purely from the increased importance
of baryonic processes at smaller scales, the configuration of the gas and dark matter flow
fields around galaxy clusters and galaxies must bear some residual resemblance in global
properties, albeit scaled by the different gravitational energies involved. The outskirts of
(quasi-) virialized structures, where infalling gas and smaller structures encounter the ther-
malized medium of the already assembled larger structure for the first time are a critical test
bed for our understanding of how these structures form and accrete mass over time.

Both the hot components of the intra-cluster medium (ICM) in the outer regions of galaxy
clusters and the multi-phase circum-galactic medium (CGM) have been the focus of large
observational (e.g. Gatkine et al., 2019, Gatuzz et al., 2023) and theoretical (e.g. Churazov
et al., 2023, Bogdán et al., 2023) efforts in the recent past.
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In the standard self-similar assembly picture the radius at which the in-falling gas is
shock-heated by the already virialized atmosphere (accretion shock radius, rsh), and the
apoapsis of the first-infall orbit of dark matter (splash-back radius, rsp) are generally expected
to coincide (Shi, 2016, Dekel & Birnboim, 2006). However, recent numerical simulations
have demonstrated that encounters of merger driven shocks with the accretion shock and the
resulting merger-accelerated shock (MA-shock) can drive baryonic shocks out to multiple
virial radii in galaxy clusters, far exceeding rsp (Zhang et al., 2020) and create complex non-
spherical baryonic boundaries with gas properties rapidly changing across these surfaces.

The CGM is a key part in understanding how galaxies regulate their star formation in
a complex interplay of large-scale gas accretion, cooling flows from the cold phase CGM
and thermal feedback from star formation and active galactic nuclei (AGN) (Yu et al., 2021,
Stuber et al., 2021, Hogarth et al., 2021). The balance between pristine inflowing gas from
the cosmic web feeding the star formation in galaxies, and outflowing gas heated and en-
riched by feedback caused by the star forming activity and the central AGN is still not fully
understood. Nevertheless, it is most crucial for understanding the evolution of galaxies and
their properties through cosmic time.

A holistic theoretical understanding of structure formation and how collapsed structures
are connected to their environment is in general crucial in the exploration and interpretation
of the increasingly precise X-ray and SZ observations of the present and near future. A better
understanding of the ICM specifically and its complex non-thermal physics, such as clump-
ing, bulk flows and magnetic fields, is critical for improving mass estimates obtained from
X-ray observations for cosmology. These non-thermal processes can introduce significant
biases when assuming hydrostatic equilibrium to calculate masses. This can significantly
impact the constraining power of cluster masses on cosmological parameters (Salvati et al.,
2019, Lebeau et al., 2024c). Additionally with regards to galaxy formation a better under-
standing of the assembly of structures can aid in interpreting the highly resolved observa-
tions of inflows, outflows and feedback bubbles now resolved in many galaxy observations
(Watkins et al., 2023).

From the purely gravitational perspective, structure formation is assumed to be self-
similar, that is structures assemble the same way at all scales, owing to the scale-invariant
nature of gravity. It is then precisely the deviation from self-similarity that encodes inter-
esting information on the complex baryonic processes that set the evolution of massive and
less massive haloes apart. Balancing the reproduction of observed CGM and ICM proper-
ties simultaneously poses a formidable challenge to numerical simulations, nevertheless it
is integral to their predictive power. This work aims to tackle the mass assembly of organ-
ised structures in the Universe from a multi-scalar perspective and provide insights on the
interaction of physical processes separated by several orders of magnitude. To this end we
investigate the mass flows in the outskirts of objects from galaxy (group) to cluster masses
and analyse their gravitational and thermodynamical properties in the framework of a state-
of-the-art hydrodynamical cosmological simulation.

4.2 Methods

4.2.1 Identifying the Systems
We sampled a Catalogue of 29 × 11 = 319 randomly selected haloes in 11 logarithmic mass
bins from 1012 − 1015M⊙. The logarithmic width of each bin was was selected to ensure that
at least 29 objects existed in each mass bin while keeping the width as small as possible 1.

1the number 29 was motivated by the 29 most massive clusters from the high-resolution box (Box2b/hr) as
these are the haloes with mass Mvir > 1015M⊙, see Kimmig et al. (2023) for further details
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Figure 4.1: The four fields (density, radial velocity, temperature and metallicity) interpolated
on the spherical shells just outside the virial surface (r = 1.2rvir) shown for an exemplary
cluster from the highest mass bin (1015M⊙). The contours indicate relative to the mean
density of the shell ρ̄, 3ρ̄ and the 8ρ̄ level respectively.

We connect Box2b/hr and Box4/uhr at the 1013M⊙mass bin, where Box2b/hr still has enough
resolution to resolve the haloes sufficiently and Box4/uhr has enough haloes to build a mass
bin with a sufficiently small mass spread. Dolag et al. 2025 show the resolutions to converge
in the most relevant scaling relations for galaxies and clusters indicating that this mixing of
resolutions is justified.

When selecting haloes at different timesteps, we did not trace individual haloes back
in time but sampled new bins at each redshift, keeping the associated bin mass and not its
constituents constant. The selected haloes are exclusively selected from the field, that is
they are not bound to another, larger halo at some scale. This selection specifically excludes
galaxies and groups evolving in a cluster environment, which are not the focus of this paper.

4.2.2 Reconstructing the Peculiar Mass Flow from Simulation Data
The flow through a surface given a continuous velocity field v(x) can be generally computed
by either integrating its divergence over the enclosed volume or via the Gaussian theorem by∫

V
∇ · F dv =

∮
∂V

F · n̂ da (4.1)

. From a numerical perspective the latter method is the more sensible (integrating over a vol-
ume, scaling with r3, vs. a surface, with r2 scaling). The largest haloes in the sample reach
several Mpc in virial radius or in other words scales where the expansion of the background
cosmology becomes relevant, therefore we use peculiar velocities throughout this work. In
SPH the gas discretisation is based on representative point particles that are smoothed over a
volume of space with a density dependent kernel. To accurately model the gas flow given a
set of gas “particles” it is therefore necessary to take into account the geometry and smooth-
ing lengths of the kernels with the advantage that SPH will provide a continuous gas velocity
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field without artificial clumpiness. This ensures that there are no holes in the density/velocity
field due to the SPH particles’ clustering leaving empty pixels, which would affect the com-
putation of the geometrical properties of the flow fields in Section 4.3. To obtain a similarly
smooth velocity field for the dark matter component, equivalent smoothing lengths are com-
puted in post-processing for this species by calculating a weighted mean density at each
particle position using a simple neighbour tree.

4.2.3 Geometry

Because dark matter haloes can to first order be considered as approximately spherically
symmetric (deviations from this assumption wrt. to the matter configuration in the outskirts
are discussed in section 4.3.3) for the purpose of this investigation, we compute the flow
through spherical shells. We set up the computation of the inflow and outflow rates to be
at spherical surfaces of r ∈ [1.2, 1.4, ....., 5.0] × rvir. The peculiar particle velocities were
corrected by subtracting the centre of mass motion of the main halo the shells are centered
on.

4.2.4 Flowmaps

We use the program SMAC (Dolag et al., 2005b) to generate the flow maps. Our custom
version of this post-processing software – adding a slice based computation of the quantities
for flow computation as opposed to the standard radial binning method - uses a healpix
(Gorski et al., 2005) based tessellation of the surface to compute the SPH based gas density
at every pixel of the spherical shell. This density is calculated based on the contribution of
each particle to the pixel:

αi × ρi × w(|ri, j|), (4.2)

where αi is a geometry factor encoding the overlap of the particle with the pixel 2, ρi is the
nearest-neighbor density and w is the kernel function. We use the commonly employed cubic
spline kernel for all SMAC calculations, where

w(r̃) ∝


0, if r > 1
2(1 − r̃)3, if 1/2 ≤ r̃ ≤ 1
1 − 6r̃2 + 6r̃3 if 0 ≤ r̃ ≤ 1/2

, (4.3)

where r̃ = ri, j

rhsml
and rhsml, the neighbour-density based smoothing length is a simulation out-

put. The net flow through the i-th pixel is then the sum over all particle velocity contributions
to that pixel, weighted with the respective particle density contribution. The total net flow is
simply the sum over all pixels. For each net flow map we also generated pure inflow and pure
outflow maps in order to identify the regions of in- and outflow and analyse the components
separately. Additionally, temperature and metallicity weight maps are generated in order to
select for hot stream components and processed matter streams. Here the metallicity of a
particle is calculated as the mass fraction sum of all elements heavier (Z) than Helium (Y)
divided by the particles hydrogen mass (X) mZ/mH = (1 − X − Y)/X. We then convert this
value to solar metallicity, assuming the mass fractions from Wiersma et al. (2009).

2αi is calculated with the ratio of the particles’ smoothing length overlapping with the pixel hsmlproj,pixel

hsmlproj
. Here

hsmlproj is the projected smoothing length of the particle given by hsmlproj =
√

hsml2 − dr2, with dr being the
particles radial distance to the pixel center.
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4.2.5 Discerning In- And Outflows
To identify regions of inflow and outflow, we use two approaches that are outlined in the
following.

Pixel-based philosophy Whenever referred to as pixel-based flows, pixels are selected by
the projection of the mass-weighted net velocity vector onto the radial direction

Φi = vi · r̂i (4.4)

through each pixel, where vi is obtained with the kernel (and geometry)-weighted sum over
all particle contributions in the pixel and r̂i is the local normal radius vector. This is useful
for determining the spatial configuration of the vector field and selecting inflow and outflow
dominated pixels, respectively.

Particle-based philosophy The global quantities are computed by summing up particles
with positive and negative radial velocity separately, generating pure inflow and pure outflow
maps.

4.2.6 Theoretical Accretion Model
The fundamental theory of hierarchical structure formation can provide a theoretical first
order estimate of the accretion flows one would expect in the vicinity of a halo with given
mass. This work uses the relation for the universal mass accretion history (MAH) found by
van den Bosch (2002) to compute a theoretical relationship between the halo mass and the
expected accretion rate onto a halo of the given mass. Based on the excursion set extension of
standard Press-Schechter theory, they construct randomly sampled mass accretion histories,
which then are fit by the universal relation:

log⟨Ψ(M0, z)⟩ = −0.301
[ log(1 + z)
log(1 + z f )

]ν
, (4.5)

where M0 is the mass of the halo today (at z = 0) and Ψ is the MAH (ratio of M to M0) as a
function of M0 and redshift. The mass accretion rate can then be obtained by computing the
derivative of this MAH with regard to time:

Ṁ = M0 × d
dt
⟨Ψ(M0, z)⟩. (4.6)

The parameters z f and ν are free fitting parameters in this model, but van den Bosch
(2002) offers a recipe to directly compute them from cosmology and mass scale. Since from
a simulation perspective all information about the cosmology is present, this prescription
is used to calculate the curve. It should be noted that the van den Bosch (2002) approach
is a backwards one: It calculates the MAH starting from the properties of the haloes today
and reconstructs the assembly working towards higher redshifts. To compare the inflow of a
general mass bin to the theoretical relation we therefore extrapolated the bin mass at z = 0.25
to an expected present-day mass using the linear growth factor

Mbin,0 =
Mbin,z=0.25D0

D(z = 0.25)
. (4.7)

In this work D0 = D(z = 0) is calculated using the approximate formula found by Carroll
et al. (1992) for simplicity

g(ΩΛ,ΩM) = D/a ≈ 5
2
ΩM[Ω4/7

M −ΩΛ + (1 +
ΩM

2
)(1 +

ΩΛ

70
)]−1 (4.8)
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Figure 4.2: Exemplary total mass flow map generated with SMAC (Dolag et al., 2005b)
for Cluster 05 (left column) and Cluster 20 (right column) in the sample. Red marks the
outflow dominated pixels while the inflow dominated pixels are blue. Contours again mark
the overdensity at the 1-δ and the 8-δ level.
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We also employ an alternative approach, where the relationship between the halo mass at
z = 0.25 and the halo mass today is left as a free-fitting parameter, that is parametrising

Ṁ = α × Mbin × d
dt
⟨Ψ(α × Mbin, z)⟩. (4.9)

The two methods are compared in the following section.

4.3 Characterising the Mass Flows in the Outskirts of Mag-
neticum Haloes

In most conventional structure formation models, haloes are assumed to grow self-similarly
and bottom-up with the additional assumption of spherical collapse as the main mechanism
in the non-linear growth regime. Examples for this are the earlier described semi analytical
MAH model from van den Bosch (2002) as well as the model from Dekel et al. (2009), both
of which are built on the extended Press-Schechter formalism (EPS). However, the now well-
studied cosmic web is already a manifestation of asphericities and non-linear effects arising
in the large scale regime (Hidding et al., 2014), posing the questions whether accretion mod-
els based on sphericity and self-similarity hold in realistic cosmic environments such as fully
hydrodynamical cosmological simulations, and whether self-similarity itself might already
be broken at the large-scale flow level. Figure 4.1 shows the density, velocity, temperature
and metallicity maps resulting from the scheme described in section 2.5 for an example halo
with Mvir = 1.61 × 1015M⊙ (cluster 05). To illustrate the correlation between density and
flow, temperature and metallicity, density contours in each panel indicate the regions with
mean density and a factor of 3 and 8 times the mean density in the respective maps. As can
clearly be seen, we find dense regions to be dominated by inflow and lower temperature gas
indicating a cold filamentary inflow. In contrast underdense regions of higher temperature
indicate an isotropic outflow most effectively expanding into underdense regions. To investi-
gate this more closely, we split the maps into their inflowing and outflowing components and
analyse them separately over a large range of radii and halo masses. For this we compute
the instantaneous in- and outflow at five spherical radii (r ∈ [1.2, 2.0, 3.0, 4.0, 5.0] × rvir) of
increasing radius. An example of such a computation can be seen in Fig. 4.2 for two galaxy
clusters from the Mvir > 1015M⊙ bin, the 5-th (left column, also shown in Fig. 4.1) and 20-th
(right column) most massive cluster in Box2b/hr respectively (hereafter referred to as cluster
5 and cluster 20) for the full radial range. As can be seen, the inflow (blue colour) follows the
higher density regions radially, while the outflows (red colour) are distributed more isotrop-
ically across the underdense regions. For both haloes, the outflowing component fades at
larger radii.

4.3.1 Accretion
To obtain a more statistical view of these observations, we compute the surface based in- and
outflows for the complete sample (from Mvir = 1012 − 1015M⊙). Figure 4.3 shows the flow
rates versus halo mass at the five radial bins. The blue line in Fig. 4.3 shows the surface-
based total gas inflow of the sample while the black solid line shows the DM accretion. For
the gas inflow, we find an overall trend of rates increasing with halo mass that is consistent
across the complete radial range from 1.2 to 5.0 rvir. This clearly demonstrates gas accretion
to be a self-similar process from Milky Way-mass haloes to the most massive galaxy clus-
ters, implicating halo internal processes to be the driver of the break in self-similarity, not
the accretion flows. The comparison of dark matter (DM) inflow rates with the theoretical
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curves obtained from Eq. (4.7) (dashed black) demonstrates an over-estimation of accretion
from dark-matter-only linear theory relative to full hydrodynamics. The overall shape of the
linear infall scaling relation is nonetheless recovered well from the simulations. Strikingly,
leaving the uncertainty about final halo masses to a fitting parameter according to Eq. (4.9)
(dashed black) achieves an even better agreement between the DM infall relations, as the
normalisation brings the curves to closer agreement with each other. This is remarkable
when considering the simplicity of the underlying assumptions: The calculation of van den
Bosch (2002) is based on a purely linear evolution of the DM density perturbation field, while
the haloes considered here have significant amounts of gas and lie firmly in the non-linear
regime. Additionally, as Fig. 4.2 shows, the infall is geometrically far from the spherical
symmetry of the top-hat collapse model that the upcrossing thresholds of the excursion set
formalism are obtained from (e.g. Navarro et al., 1997), but rather is organised into filamen-
tary structures that dominate the overall accretion flow. Comparing the inflowing gas curves
(blue) of Fig. 4.3 to the DM curves shows that even close to the virial surface of the halo the
infalling gas is still tightly coupled to the DM accompanying it. Only upon encountering the
pressure supported, hotter gas closer to the halo centre at the shock surfaces (for a further dis-
cussion on where these surfaces are located, see Section 4.4) that especially massive haloes
drive in this region will this gas uncouple from the large-scale flow (Shi, 2016). The impact
of this heating on the accretion flow can be seen in comparing the theoretical gas accretion
rate (dashed blue line), obtained by multiplying the DM inflow with the cosmic baryon frac-
tion, to the measured gas flow across the five radial bins. Purely gravitationally (as derived
from the accretion model) the expected gas accretion rate is higher then the actual accretion
achieved taking hydrodynamics into account. From 1.2− 2rvir, this discrepancy is consistent
with mass, even though it is not present for the inflow computed with the model by Dekel
et al. (2009). Beyond 3rvir the less massive haloes (M < 2 × 1013M⊙) reach the theoretically
predicted gas inflow rate, while the discrepancy in the high-mass bins persists to larger radii.
This effect is visible in both the DM and the gas component. However, as can be seen by the
thin dashed line in Fig. 4.3, this discrepancy can be almost entirely attributed to the linear
extrapolation, leading to an overshooting in the theoretical estimate. Leaving the scaling as
a fitting parameter (as described in Section 4.2) leads to much better agreement.

4.3.2 Outflow
There are two main channels that can drive outflowing motion in the outskirts of an assem-
bling halo, namely the conversion of gravitational energy from mergers and accretion to
thermal energy of the gas via virialization processes and heating from AGN and star for-
mation in the galaxies present in the haloes. The outflowing component is shown in red in
Fig. 4.3. In contrast to the accretion rate, the outflowing component flattens out with in-
creasing radius, being almost completely flat at 5 rvir, breaking the self-similarity. Figure 4.4
additionally shows the relative outflow strength (mass flow rate normalized to the halo mass)
for each mass bin at the five radii. The breakdown of strong outflows at the high mass end
can be seen even more pronounced in this figure, especially at large radii.

This is most likely a manifestation of the different effectiveness of feedback processes
at different scales. At galaxy scales, processes like stellar feedback and AGN feedback can
kick gas out to several virial radii, maintaining a high outflow rate to larger relative distances,
while in galaxy clusters and massive groups the deeper potential well can balance out the
impact of heating. Note that numerical simulations employing simplified AGN feedback
schemes can additionally over-enhance the impact of the (in the case of Magneticum purely
thermal) feedback at galaxy to group scales, which we will discuss further in Section 4.6.

Because of the contrast between the thermal nature of the outflow and the gravitational
nature of the inflow, one would also expect a difference in the spatial distribution of the two
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gas components with the outflows being more isotropically distributed than the inflows due
to their thermal origin. The map-making scheme described in Section 4.2 provides the data
to verify this for the numerically simulated haloes, which we will discuss in further detail in
the following section.

4.3.3 Flow Geometry

In Figure 4.2 we showed the surface distribution of in- and outflow dominated pixels for
two example haloes. It is apparent that inflowing gas is generally more concentrated than
outflowing gas, consistent with the picture of a filamentary inflow driven by gravity versus
thermally driven outflows. To obtain a more statistical measure of the geometrical properties
of the gas distribution (or any distribution of a scalar quantity) the flow field can be reduced to
a power spectrum by computing its harmonic decomposition. Comparable techniques have
been used in the past to identify preferred directions of infall for satellite galaxies (Libeskind
et al., 2011), to measure the degree of filamentary to isotropic accretion in isolated cluster
simulations (Vallés-Pérez et al., 2020), and to study the correlation of the 2D-azimuthal
symmetries in gas and DM to various halo properties (Gouin et al., 2022). We calculate the
aspherical excess on the sphere, following closely the approach by Gouin et al. (2022). This
excess is given by the sum of all multipole moments higher than the monopole normalized
to the monopole power, truncating the sum at the 9-th order to ideally capture the large-scale
anisotropic inflow modes:

ζ =
1

C0

9∑
l=1

(2l + 1)Cl. (4.10)



4.3 Characterising the Mass Flows in the Outskirts of Magneticum Haloes 57

log10(Mvir,bin)
12 13 14 15

lo
g

10
(𝜁

)

0.0

2.5

in
out
doubled bin in uhr
doubled bin in uhr

log10(Mvir,bin)
12 13 14 15

lo
g

10
(𝜁

)

0.0

2.5 in
out
doubled bin in uhr
doubled bin in uhr

Figure 4.5: Aspherical excess of the flows parametrized by the asphericity parameter ζ at
1.2rvir (left) and 2.0rvir (right) for the in- and out-flowing components, respectively. The
violins show the vertical distribution, while the black horizontal lines show the median for
each bin. The bin present in both simulations (Box2b/hr and Box4/uhr) is plotted twice to
indicate the transition in resolution.
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A more spherically homogeneous field has less power in the non-isotropic angular modes,
thus lowering ζ with a perfectly homogenous inflow field having a ζ of 0. For a more com-
plex inflow field the exact value of ζ will depend on the spatial configuration (for example
filament thickness and alignment), so to disentangle the exact structure the full spectrum of
the spherical harmonics is necessary. A more detailed study on this parameter, the Aspheric-
ity ζ will be presented by Seidel et al. (in prep.)

Figure 4.5 shows the distribution of the asphericity for each mass bin at 1.2rvir (left panel)
and 2rvir (right panel). In agreement with expectations, the distribution of inflowing gas is
consistently more aspherical than the outflowing component. Additionally, the inflow as-
phericity exhibits a wider spread between systems. This clearly demonstrates the different
mechanisms at play for the in- and outflowing component. While gravity organises the in-
flows into filaments according to the local environment of a halo, thus exhibiting a greater
variance, the thermal processes that drive the outflows are more isotropic in nature and thus
show less variance between haloes in different environments. The stability of this discrep-
ancy across the mass range indicates, that groups and galaxies are indeed also connected to
filamentary flows, similar to their more massive counterparts. This reflects the fractal nature
of the cosmic web (Gaite, 2019), providing connectivity for galaxies and groups via low
mass filaments.

Only a slight positive mass trend is apparent, indicating that the flow geometry outside
of the virial radius is similar across the mass scales. Especially the lack of a low-mass end
enhancement is striking as this implies that the outflows generated by baryonic feedback
processes do not disturb the homogeneity of the hot gas outside of the virial surface even
for small groups. This result is remarkable because feedback strength in a galaxy varies on
small spatial scales, so one would expect more power in the high-frequency modes in the
low mass bins, where these processes contribute more to the overall outflow. A potential
reason for the missing signal here is the currently simplified sub-grid model for feedback in
the Magneticum simulations with a distinct lack of directional kinetic feedback.

A discrepancy between the two simulation volumes can be seen at the mass bin with
1013M⊙: In contrast to the mass flow rates, which are averaged over the entire spherical
surface the asphericity is enhanced in the smaller, higher-resolution Box4/uhr. A possible
explanation is that the highest mass bin of Box4/uhr by construction contains some of the
largest collapsed haloes in the box, which tend to be very active and rather atypical in small
volume cosmological simulations, so the bin value might simply not be representative for
this mass bin. An additional possible factor is the difference of resolution, leading to a better
resolved web structure around the haloes in the smaller Box4/uhr. This can be understood
by considering how the total mass is split into discrete particles: In the higher-resolution
box, particles have a smaller characteristic scale, which, when keeping the physical scale
constant, will produce a fluctuation of the flow field with a smaller minimal scale than in the
low-resolution case.

4.3.4 Redshift Evolution of the Measured Flows
In the hierarchical picture of structure formation haloes form bottom-up with low mass
haloes forming early and then collapsing into larger structures at late times (Press & Schechter,
1974). As the cosmic web assembles we thus expect the accretion flow rates of our sample of
isolated haloes to decrease with time overall. We consider the redshift evolution of the flows:
Fig. 4.6 shows the inflow (left column) outflow (middle column) and the net accretion rate
as a function of mass at different times, with the colour of the curves indicating the redshifts
across all panels. We find that the inflow rates at all halo masses decrease self similarly with
time. In contrast, the outflow is generally more stable over time than the inflow, showing
an overall decrease by a factor of 2-4 vs. a factor of 5-8 for the inflow. Both flow modes
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vary mostly self-similarly across the entire mass range with decreasing redshift, conserving
the slope of the flow-mass relationships. The consequence of relatively stronger outflows at
the low mass end, which was discussed in the previous section, can be seen in the rightmost
panel: While all haloes experience a net inflow, its strength is proportional to halo mass,
with the low-mass end exhibiting significantly lower net inflow than the massive clusters,
which breaks the self-similarity in the net accretion rate. With decreasing redshift this rela-
tionship steepens, caused by a slight increase in the slope of the outflow-mass relationship,
further highlighting the breakdown of self-similarity between the outflows in low and high
mass haloes. Cluster-size objects at late times seem to be able to compensate the relatively
weaker impact of thermal feedback more effectively at late times, steepening the outflow
mass relationship.

One possible explanation for this is that at low redshifts most cluster-sized objects have
undergone a massive merger through their assembly history and thus also have more energy
injected into their outskirts as well as merger shocks or even MAH shock fronts where the
gas is heated rapidly (Zhang et al., 2020). As this transition between feedback driven and
shock propagation driven outflows (where the latter are sourced by gravitational heating and
mergers) also impacts the chemical evolution of the gas, the following section will analyse
the shocks more closely before the interacting thermal and chemical properties of the pre-
and post-shock gas are considered.

4.4 Shocks in the Outskirts of Magneticum Haloes
Shocks play a central role in the formation of structures and the fragmentation of matter
therein. In the simplest picture of a collapsing gas cloud (e.g. Rees & Ostriker (1977))
with even slight deviations from a perfectly spherical collapse, shock heating thermalises the
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Figure 4.10: Comparison of the gas properties (Average radial velocity (left), Metallicity
(middle) and Temperature (right)) at 2.0 rvir for cluster 20. Contours the same as in Fig. 4.1
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Figure 4.11: Evolution tracks of 40 individual particles in overall metallicity (left panel)
and O/Fe ratio (right panel). Particles were selected randomly between 3rvir and 4rvir with a
radial peculiar velocity exceeding 100 km/s (outflowing) and a final metal mass exceeding
mZ/mH = 10−4. The black lines show the medians of 1000 randomly selected particles each
for three different radial ranges. The line colour indicates the temperature of the particle at
the given scale factor.

kinetic energy and critically influences further mass accretion: Depending on the ratio of
the (radiative) cooling time to the infall time tcool

tdyn
, collapse might either continue in free-fall

if cooling is efficient enough to diminish the pressure support from the heated gas (case I,
tcool < tdyn) or enter a quasi-static contraction stage with a hot atmosphere (case II, tcool > tdyn)
(Dekel et al., 2009). The distinction between these regimes is determined by the overall mass
of the system, with the transitional regime traditionally in the range of Mvir = 1010 − 1012M⊙
(Rees & Ostriker, 1977). An important distinction between the two modes of accretion is
the radius at which the shock stabilises. In the low-mass case (I) the stabilisation radius is
deep inside the DM halo (rshock ≪ rvir) while more massive haloes are expected to have their
accretion shocks stabilise on distances of the order of the virial radius or larger rshock ≥ rvir.

In the complex environment of non-linear structure formation the transition between the
rapid-cooling and slow-cooling accretion channels, namely the shock position, is signifi-
cantly impacted by additional factors: Denser gas is organised into filaments at inflow and
thus cools more efficiently and penetrates further into the halo unaffected by the shock (Dekel
et al., 2009). Furthermore, as previously mentioned, merger shocks interact with the accre-
tion shocks (Zhang et al., 2020) in the outskirts of massive clusters. Additionally the energy
injected by feedback plays a more important role at the low mass end. This affects both the
inflowing and the outflowing gas: The outflowing component is heated and can thus reach



4.4 Shocks in the Outskirts of Magneticum Haloes 63

t[Gyr]
0 5 10

r[M
pc

/h
]

0

5

10

15

rvir(z = 0.25)
lo

g
10

(T
[K

])

3

4

5

6

7

8

9
median(3rvir<r<4rvir)
median(2rvir<r<3rvir)
median(r<rvir)

Figure 4.12: Evolution tracks of the same 40 particles as in Fig. 4.11 in radial distance to the
cluster centre. The black lines again show the medians of 1000 randomly selected particles
each for three different radial ranges. The line colour indicates the temperature of the particle
at the given scale factor.



64
Chapter 4 – Feeding Flow: Accretion, Outflows and Shocks in the Outskirts of

Simulated Haloes

larger radii in the shallower potential of low-mass haloes. On the other hand feedback can
also lead to a gentle heating of the infalling gas before being shocked (Murante et al., 2012),
especially in low mass haloes. Hydrodynamical cosmological simulations like Magneticum
therefore offer a unique laboratory to study the cluster shock dynamics in realistic environ-
ments and probe for the stability of simple mass-scaling arguments like the one outlined
above.

One cannot draw precise conclusions about the position of the shocks themselves from
the flow fields alone. To assess the scale dependence of shock strength and position, we
calculate the pseudo-entropy (K), given by e.g. Zhang et al. (2020) as

K =
T
ργ−1 , (4.11)

averaged over radial shells across the complete sample, where usually an adiabatic index γ =
5/3 is assumed. Figure 4.7 shows the entropy environment in a quadratic slice of 10rvir side
length for halo 20 (1015M⊙) and halo 5 (1015M⊙) from Box2b/hr as well as halo 31 (1013M⊙)
and halo 538 (1012M⊙) from Box4/uhr. Generally it can be seen from the bright entropy
edges, where the entropy peaks before dropping off, that the accretion shocks stabilise at
much larger relative radii for the group size and galactic haloes, aided by the shallower
potential of these haloes and the thermal feedback. This can also be seen in Fig. 4.4: The
outflow strength relative to the halo mass is almost monotonically decreasing as a function of
mass at larger radii. In general, Fig. 4.7 demonstrates that the radial peaks of entropy serve
as a simplified tracer of where the outer shock surfaces lie.

We extend the radial profiles inwards to 0.6rvir in order to detect the entropy peaks if they
are found at smaller halocentric distances. Figure 4.8 shows these radial entropy profiles for
all haloes in the sample in absolute entropy (left column) and scaled to the entropy at the
virial radius (right column). There is a clear evolution in the shape of these profiles with
mass: The shocks (i.e. the entropy peaks) are smoothed out with decreasing mass of the
central halo. For the haloes that exhibit an entropy peak within the probed radial range (up
to 5rvir), it is generally broader and peaked at greater radii with decreasing mass. This is
in line with the general finding of the so-called closure radius (i.e. the radius at which the
baryon fraction reaches the cosmic mean value) to scale with halo mass, as observed across
various simulations in the group/cluster regime (Angelinelli et al., 2023). Most of the haloes
that show a distinguishable peak have it in the region between 2 − 4rvir. This is consistent
with slow cooling accretion shocks and possibly additionally merger driven outwards shock
propagation. To demonstrate this more quantitatively, Fig. 4.9 shows the radius of maximum
entropy as a function of mass for our halo sample. We find a consistent trend of decreasing
scaled radius of maximum entropy as a proxy for the approximate shock position with mass.
A possible explanation is the relatively stronger potential the gas moves into these heavier
haloes, allowing the hot post-shock gas to expand to relatively smaller radii overall. The
general dynamics can be expected to be consistent across the total mass range. We will
therefore now investigate the interaction of gas accretion and shocks specifically for a galaxy
cluster from the highest mass bin.

4.5 Case Study: Cluster 20
The thermal properties of the infalling and outflowing gas and how the two components (in-
and outflow) interact at the shock boundaries is of critical importance for many processes
internal to the halo, for example replenishment of gas reservoirs for star formation in galaxies
or the dynamical states of galaxy clusters. Because the jumps in the thermal properties of the
gas are best resolved in the largest haloes (i.e. the shocks are the most pronounced), we will
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now focus on the gas properties in one of the biggest clusters in the Magneticum simulations,
cluster 20 which was shown to be an excellent match for the observed galaxy cluster Abell
2744 by Kimmig et al. (2023). Specifically we will focus on the infall and enrichment
history of the gas that constitutes the outflowing component today. The abundance of heavy
elements is routinely used in the literature to determine the origin and enrichment time of gas
as well as potential mechanisms to strip it from its host galaxies in cluster environments (e.g.
Biffi et al., 2018). The velocity, temperature and metallicity maps for this cluster are shown
in Fig. 4.10. Consistent with expectations for an Abell 2744 counterpart, this cluster is fed
by multiple filaments, mirroring the multiple mergers it is currently undergoing (Kimmig
et al., 2023, see). We will therefore elucidate specifically the impact of the thermal structure
and accretion on the metallicity of the outflowing gas. We will then assume a more global
perspective on these gas properties in the final section.

The total metallicity of the gas found in the outskirts of clusters and its radial and az-
imuthal distribution can shed light on the overall dynamics of the infalling gas, that is where
it is cold and dense enough to form stars that provide an influx of metals. This information
can be further compounded by considering the enrichment type by analysing the mass ra-
tios of different elements predominantly generated in different enrichment processes. One
indicator for the type of enrichment and critically when it takes place is the ratio of oxygen
to iron mass in the gas, as oxygen is the most common alpha element (Kobayashi et al.,
2020). Early-type enrichment (i.e., enrichment from massive and short-lived stars on short
timescales) is predominantly generated by core-collapse supernovae type II (e.g. Nomoto
et al., 2013, Loewenstein, 2006), which produce lighter (alpha) elements in greater abun-
dance and thus increase the ratio of oxygen to iron mass. Significant late-type enrichment,
which is generated by thermonuclear supernovae type Ia, lowers this ratio if the gas is in
contact with the stellar component on longer timescales (de Plaa et al., 2007). Extending the
particle tracing method introduced by Biffi et al. (2018) to larger radii we follow the thermal
and chemical evolution of the outskirt gas as it is accreted and heated by the central cluster.

Figure 4.11 shows the evolution tracks of gas particles that end up in the outflowing
component of the cluster at the last snapshot (z = 0.25) with regards to total metallicity (left
panel) and O/Fe ratio (right panel). Here O/Fe is defined as [O/Fe] = log( mO

mFe
) − log( mO

mFe
)⊙,

using again the mass fraction from (Wiersma et al., 2009). Particles were selected from three
radial bins (1000 particles per bin) within 1rvir, between 2rvir and 3rvir and between 3rvir and
4rvir. The coloured tracks show the evolution of 40 randomly selected particles from the
outermost bin with blue indicating a cold particle temperature and red a hot temperature.
Both panels demonstrate enrichment in the outflowing component to happen primarily early
on, while the particles are infalling or in the halo centre before they are heated. Essentially
all vertical movement in the left panel (increasing overall metallicity) occurs before t ≈ 6Gyr
and critically also before the particles are heated. Once the infalling particles are heated to
the virial temperature, no new stars are formed in their surroundings as they become part
of the diffuse cluster atmosphere, stopping also the influx of metals. This is also visible in
the O/Fe ratio: Particles are first enriched by core-collapse supernovae, causing their oxygen
mass to increase relative to their iron mass. At later times, type Ia supernovae decrease this
ratio, but this process is eventually stopped once the particles are heated completely, leaving
the particles stable at relatively high oxygen to iron ratios. A second population of particles,
with a lower final oxygen to iron ratio can be seen in both panels. These particles are heated
early on, remain at low metallicities and undergo almost no type Ia enrichment. Comparing
the median lines at different radii, the difference between the enrichment processes in- and
outside the virial surface become apparent: While the two radial regions in the outskirts are
enriched early and settle on a high oxygen-to-iron ratio (see also Biffi et al., 2018), the gas
particles inside the virial radius get enriched much later and do not reach the same O/Fe
ratios due to metal influx predominantly from thermonuclear supernovae.
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Figure 4.14: Temperature of net in- and outflow as a function of mass at five radii for the full
halo sample. The spread of each bin is indicated by the red and blue vertical distributions.
The cutoff at 1014M⊙ for r ≥ 4.0rvir stems from the fact that there are no pixels with net
outflow at this scale and does not indicate zero outflow or zero temperature.
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The radial evolution of these particles is shown in Fig. 4.12. It demonstrates a similar
radial origin for the outflowing components at 3rvir to 4rvir. There are, however, also parti-
cles that rapidly get kicked to these extreme halo-centric distances despite originally being
accreted to well within 1rvir (see the lowest trajectories in the Fig. 4.12). These particles are
most likely ejected by the massive merger that cluster 20 undergoes at late times (Kimmig
et al., 2023) and demonstrates how even processes that happen on relatively long time scales
– such as cluster mergers – can influence the dynamics on very short timescales and induce
large velocities. This is also a channel through which halo-internal processes can directly
influence the dynamics in the peripheral environments of these massive clusters and as such
is an interesting subject for future work on dynamically very active cluster or supercluster
regions.

To compound the information from the purely outflowing component, Fig. 4.13 shows
the metallicity–temperature phase space for all particles in the outskirt of cluster 20 between
1.2rvir and 3.0rvir (using the final rvir at z = 0.25) for different redshifts with blue indicating
inflowing and red indicating outflowing particles. There is a clear temperature split between
the hot and cold component of outskirt gas. In overall metallicity, the hot outflowing gas is
slightly more spread out than the more pristine inflowing gas. (see also: Fig. 4.11). In the
O/Fe-T plane the outflowing gas is distributed almost identically to the inflowing component,
providing further evidence that the chemical evolution is largely stopped after infall. Note
that in this cluster, which assembles rather late in time, none of the outskirt gas particles from
z=0 show significant metal enrichment at z=4. We find that the evolution of the cluster gas
elemental abundances starts out at high-redshift being strongly alpha enhanced, matching
expectations also for the elements in the stars (Kimmig et al., 2023). As time passes, how-
ever, the gas is quickly enriched by SN Ia, strongly reducing [O/Fe] while also increasing
[Z], especially within the hot gas phase. This is consistent with cluster 20 lacking a massive
protocluster progenitor at z=4. Clusters with high Mvir > 1013M⊙ in contrast, can already
host a hot and metal enriched atmosphere, as shown by Remus et al. (2023).

In summary this study of cluster 20 largely confirms the standard picture of cluster ac-
cretion, with the gas infalling through dense and relatively cold filaments, enriching on infall
and then being heated at the shock surface or below. Figure 4.11 clearly shows the chemical
development being frozen in after the infalling phase and the subsequent heating is complete,
with the final enrichment being dependent on the conditions during infall. We now test these
findings across the whole mass sample to verify whether they generalise and are valid across
the halo mass range probed in this study or if they might break down at the low-mass end,
where the dynamics are more dominated by feedback.

4.6 Global Phase Properties of the Flowing Gas
We now extend the investigation of the thermal and chemical properties to the whole sample
to verify consistency with the findings of the previous section and to analyse the mass scaling
behaviour of these properties.

4.6.1 Temperature
Figure 4.14 depicts the mean temperature of the gas present in the halo outskirts for the full
halo sample split into in- and outflowing gas (blue and red violins). The red and blue curves
indicate the median of the respective mass bin. While Fig. 4.3 considered the total particle-
based flow, as explained in Sect. 2.6, here only pixels with a net in- or outflow are considered
for the blue and red curves, respectively. The linearity of the red and blue median curves in
Fig. 4.14–in- and outflow respectively–demonstrates a clear mass-scaling behaviour of the
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Figure 4.15: Metallicity of net (mean) in- and outflow as a function of mass at five radii for
the full halo sample. As in Fig. 4.14, the spread within each mass bin is indicated by the
vertical distributions. As in Fig. 4.14 the cut-off in the high-mass - large radius range does
not indicate zero metallicity.

gas temperature close to the virial radius. However, there is a gap between the two curves that
increases with radius and is more pronounced at the high-mass end. Notably, and inversely
to the behaviour of the mass flow shown in Fig. 4.3, for the temperature it is the inflowing
component that drops away from the mass-scaling relation at ≈ 1014M⊙ for radii > 1.2rvir,
showing a downwards kink.

The outflow (red curve), in contrast, remains stable and linear out to large radii only
decreasing slightly in temperature and showing a radial cut-off at large masses, where the
outflows do not reach as far out in terms of scaled distance. This discrepancy in temperature
can also be seen spatially in the right panel of Fig. 4.10, exemplary for cluster 20: The regions
with a dense net in-flow that dominate the overall mass inflow – effectively the filaments –
are significantly colder than the regions dominated by the thermally driven outflow. This is
a direct manifestation of the shocks discussed in chapter 4. For the clusters of Box2b/hr and
the high-mass group end, the gas falls in at a relatively cold temperature and is then heated
when it encounters the pressure supported halo atmosphere. For the less massive haloes in
both boxes however, in- and outflow are nearly in temperature equilibrium. This is possibly a
manifestation of the mass hierarchy in the two different boxes: Less massive haloes (relative
to the maximal halo mass in each box) tend to live in more active environments even when
they have not yet been accreted by more massive haloes because there are more equal or
higher mass haloes available in their vicinity to heat the surrounding gas. So the apparent
drop-off of the inflow temperature at the high-mass end of the boxes should rather be thought
of as a relative enhancement of inflow temperature for lower-mass haloes, responsible for the
downwards kink in the mass-scaling relation.
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Figure 4.16: Stacked radial O/Fe (top) and total metallicity (bottom) profiles with the same
mass colouring as in Fig. 4.8. All haloes from all bins are used.



4.6 Global Phase Properties of the Flowing Gas 71

4.6.2 Metallicity
Figure 4.15 shows the mean metallicity of the gas present in the outskirts of the sample split
by flow direction. Compared to the clear mass scaling of the temperature curves, the metal-
licity inflow curves with respect to mass in Fig. 4.15 are relatively flat, indicating that the
filaments and inflows in general are scale-independent in their chemical evolution. Notable
is also a distinct lack of radial evolution, except for the fact that for the inner radial bins,
there is a slight increase in metallicity for the massive clusters with decreasing radius. This
effect is the strongest for the mass bin centred at 2 × 1014M⊙. Generally inflows are less
metal-rich than outflows, as one would expect. The red outflowing curve has a similar shape
to the inflow at small radii. It shows an overall stronger enrichment than the inflowing gas.
This is consistent with the picture established in Section 4.4 for the individual cluster study:
As gas falls onto massive clusters, it is pre-enriched by the evolving galaxies and groups in-
falling within the filaments and this evolution stops once the material encounters the shocks
surface and is heated. The slight increase in inflowing metallicity with decreasing radius in
the high-mass bins also fits into this picture since the gas evolves in metallicity as it falls
closer to the central halo. This can also be seen in the tracks in Fig. 4.11 in combination with
Fig. 4.12.
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Figure 4.17: Redshift evolution of the temperature and metallicity at 1.2rvir (left column) and
2.0rvir (right column) as a function of mass. The bin masses are identical to the ones used in
the previous section.

However, in contrast to the inflowing material, the outflows increase in metallicity going
outwards from the central halo for the clusters (mass bins around 1014M⊙). The increase
in metallicity in the outflow for the highest mass bin is possibly a contamination effect of
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massive neighbours of these clusters contributing to the outflow with their own accretion
(dominating the mass averages due to the inflows being more dense overall). The metallic-
ity curves in Fig. 4.15 show a stronger offset relative to the vertical scatter within the bins
between outflowing and infalling material when compared to the temperature in Fig. 4.14.
There additionally is, similarly to the temperature, a noticeable discontinuity in metallicity
between the two simulations at the mass bin where they overlap at 1013M⊙. Present in both
components at small radii, this jump vanishes further out. While Box2b/hr and Box4/uhr dif-
fer in their global star formation and thus in their enrichment properties due to their different
resolutions, the ”floor” of enrichment is the same for both boxes in the relatively pristine
and low density regime of the furthest halo outskirts. At around 0.1Z⊙, most enriched gas
particles have only been impacted by one to a few supernovae during their evolution inde-
pendently of the resolution, explaining the agreement between the boxes at large radii. In
the outflowing component there is a stronger residual resolution gap, consistent with the
picture of the outflowing gas at large radii being the gas that is enriched and pushed out
during the early formation of the central galaxy, where the resolution would indeed impact
the efficiency of star formation and hence enrichment. The top panel of Fig. 4.16 shows the
radial oxygen-to-iron ratio profiles for all haloes in the sample. The profiles are consistently
flat across the entire mass range and are in agreement with previous numerical (Biffi et al.,
2017, Vogelsberger et al., 2018, Angelinelli et al., 2022) and observational (Sakuma et al.,
2011) studies on the inner regions of the ICM. There is however an apparent overall mass
trend with higher mass haloes having lower oxygen to iron ratios at each radius. This trend
is likely caused by the difference in resolution between Box4/uhr and Box2b/hr as the red
median lines calculated with the 1013M⊙ bin in both boxes indicate. Previous works have
examined differences in the cosmological star formation rates and their histories between the
resolution levels (e.g. Dolag et al., 2025) and these differences will plausibly also impact
the chemical composition of the gas, especially the O/Fe ratio, which is directly sensitive
to the timescales of star formation in the cosmological volume. The overall metallicity in
the bottom panel of Fig. 4.16 demonstrates a global trend of similar consistency across the
mass range. There is a slight negative metallicity gradient for all haloes evening out eventu-
ally as the chemical influence of the central halo vanishes at large radii. (4rvir < r < 5rvir).
Overall these findings (flat O/Fe ratio, slightly negative radial metallicity gradient and in-
creased temperature for the outflowing component) are consistent with the early enrichment
and subsequently frozen-in chemical evolution in the outskirt gas found for cluster 20. To
complete the picture from the individual cluster study, it is also necessary to consider the
temporal evolution of the scaling relations from Fig. 4.14 and Fig. 4.15, which we discuss in
the following section.

4.6.3 Redshift Evolution of Temperature and Metallicity
Figure 4.17 shows the evolution of the halo mass–gas temperature (upper panels) and halo
mass–gas metallicity (lower panels) relation close to the virial surface and further in the
outskirts. The temperature close to the virial surface decreases consistently across the mass
range with time, keeping the mass scaling stable. This is still consistent with haloes and
in consequence halo outskirts heating dynamically as they gain mass through mergers and
accretion: As we consider equal-mass bins in time as opposed to tracing individual haloes,
growing haloes will move from one bin to another in time and in consequence up the tem-
perature mass relationship. The cooling trend in the temperature-mass relation rather reflect
an overall cooling of the immediate surroundings of these objects as they evolve and accrete
mass. In contrast, there is no clear time evolution of the mass-temperature scaling relation-
ship at larger radii, which could plausibly be erased by the many factors that the temperature
of the larger-scale environments of these objects depends on.
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The metallicity evolution (lower panels) shows the picture of early enrichment and subse-
quent stagnation of the chemical evolution in the outskirt gas to be consistent across the mass
range: At both sampled radii the normalisation of the metallicity-mass relation only signif-
icantly changes at z > 1.0. At later times the previously demonstrated flat mass-metallicity
curve stabilises, showing little variation due to the enrichment in the outskirts having pre-
dominantly taken place at early times.

4.7 Conclusions
We have used the Magneticum suite of simulations to examine large-scale matter flows in the
outskirts of haloes spanning a large range of masses and to study the mass scaling behaviour
of these flows. This allowed us to determine how self-similar the accretion and outflow
processes are across the entire range of masses. The main findings of this work are:

• While the individual spatial flow configurations are complex and vary strongly from
halo to halo, the average inflows onto haloes in the simulation follow a mass scaling
relation that is consistent with the semi-analytical model for a hierarchically accreting
overdensity and that is stable in time. This is important because it implies that inputs
for mass-accretion models that do not emphasise the exact configuration of the flow
fields (e.g., the Bathtub model for the balance of mass accretion and star formation
(Dekel et al., 2013)) can be kept relatively simple and consistent across scales.

• Considering the azimuthal symmetry of the inflow and outflow fields separately, in-
flows demonstrate a significantly less isotropic distribution when compared to out-
flows. This is consistent at all scales, though possibly the isotropy of outflows at
small scales is overstated due to the feedback model used in the simulations not imple-
menting kinetic feedback which might introduce additional anisotropy at these scales.
These findings confirm the expectations of inflows being largely filamentary from cou-
pling to the large scale cosmic web, where the tidal configuration aids the pre-collapse
of these elongated structures. The consistency of this inflow anisotropy confirms this
to also be true for smaller haloes, being fed by smaller sub-filaments given by the
fractality of the cosmic web itself.

• The thermal effects break the self-similar mass scaling of the flow fields for the out-
flowing component. The stronger impact of AGN feedback on galaxy to group size
haloes can be seen as a characteristic kink in the mass scaling relation as low-mass
haloes show relatively stronger outflows at larger radii (r > 3rvir), extending previ-
ously found trends in simulations for clusters and groups in the mass scaling of the
closure radius across an even larger mass range (Angelinelli et al., 2023).

• In the Magneticum simulations galaxy and group-mass objects have flat entropy pro-
files in the outskirts to larger radii as the gas is mainly heated by the feedback pro-
cesses. In contrast, cluster-mass objects show entropy peaks that reach out to≈ 2−3rvir,
consistent with expectations for MA-shocks (Zhang et al., 2020) in the outskirts of
clusters that have undergone a massive merger recently. We report a decrease of en-
tropy peak radius with mass for the objects that do have a significant entropy peak,
consistent with previous work.

• The metals present in the outskirts of the example cluster we studied in detail are
predominantly formed during gas infall and before the gas encounters the shock sur-
face and thermalizes its kinetic energy, confirming the early enrichment scenario (Biffi
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et al., 2018). Both the total metallicity and the O/Fe mass ratio as a proxy to enrich-
ment history effectively stop evolving once the gas joins the hot expanding atmosphere
in the cluster outskirts.

• The temperature in the cluster outskirts shows a consistent mass scaling behaviour of
mass increasing with temperature with the outflows being consistently hotter than the
cold inflowing gas due to shock heating and AGN feedback.

• The degree of enrichment of galaxy cluster and galaxy outskirts is very similar with no
clear mass scaling behaviour. Overall the outflowing component demonstrates a higher
degree of enrichment compared to the inflow, and the radial profiles are consistent
with the ones found in previous work. We however report a peculiar increase of the
metallicity of outflowing gas for cluster haloes in the intermediate to large radial range
(2 − 4rvir).

In summary we find the inflows at the virial surface of haloes to be largely self-similar in
their global properties. This indicates that the CGM and the ICM couple to the large scale
environment in a similar manner when one considers the total inflow, which is dominated
by the dense filamentary environment around haloes. This result verifies that in terms of
the total inflow budget relatively simple accretion models (e.g. Dekel et al., 2009) provide
enough accuracy.

Deviations from self-similarity arise in the relatively isotropic outflowing component.
Here the different mechanisms of gas heating create significant discrepancies between galaxy
cluster and galaxy outskirts. The large extent of the shock radius for galaxy mass halos
especially significantly changes the infall structure for these objects, as the isotropic outflow
component displaces isotropic inflows from the environment out to much larger radii. This
can be expected to impact galaxy formation on much smaller scales, as previous studies
showed that the connection of a galaxy to its environment can prolong its star formation
activity (Galárraga-Espinosa et al., 2023). While the exact extent of the outflows is sensitive
to the feedback implementation, we can expect the total balance of outflow energy to be
relatively robust.

Similarly, the extended merger-driven accretion shocks we find in the outskirts of mas-
sive clusters can affect dynamical mass estimates of these structures, as it has been shown
that whether a cluster outskirt region is inflowing or outflowing significantly impacts the dy-
namical state of the gas in that region (Lebeau et al., 2024a,c). In light of future detailed
surveys of the gaseous outer regions of structures these differences between galaxy mass
and cluster mass objects can help both improve the theoretical modelling of gas physics and
interpret observational results.



Chapter 5

The Inflow Asphericity

We plan to submit this chapter to A&A as Seidel et al. 2026

Building on the previously demonstrated morphology of the inflow field, with relatively
spherically symmetric outflows in terms of flow rate and anisotropic inflows dominated by
filaments, in this chapter we will further elaborate how to quantify the flow field morphol-
ogy. To this end we introduce the inflow asphericity based on the aspherical excess in the
flow field measured in the previous chapter. Here, we only consider only the inflow field and
demonstrate how the aspherical excess, measured in two variants, the linear and the logarith-
mic inflow asphericity can effectively trace both the inflow and the outflow morphology. We
show this for an extensive test suite of mock inflow maps generated from simple assump-
tions about the environment haloes are connected to as well as for simulated haloes from the
Magneticum Pathfinder simulations.

5.1 Introduction
Galaxies, groups, and clusters of galaxies evolve from the collapse of primordial perturba-
tions in the cosmic density field. As these perturbations are never perfectly spherical, their
gravitational collapse also happens non-spherically. The resulting tidal fields give rise to a
number of dynamical and morphological phenomena such as galactic spins (Porciani et al.,
2002, Neyrinck et al., 2020) and on larger scales the cosmic web with its elongated filaments
and sheets (e.g. Bond et al., 1996a, Hidding et al., 2014).

Quantifying the morphology and topology of the cosmic web and its filaments has been
a major goal of both theoretical (Sousbie, 2011, Kuchner et al., 2021) and observational
(Hoang et al., 2023, Euclid Collaboration et al., 2025a) efforts since its first theoretical con-
ception by Zel’dovich (1970). They connect the massive clusters and superclusters that sit
at the nodes of the web and have been found to affect several internal properties of these
structures (Gouin et al., 2021, Haggar et al., 2024).

From the perspective of galaxy formation especially its influence on smaller scales is
a topic of major interest. First studies connecting galaxy properties to various parameters
quantifying the position in the cosmic web show promising correlations between internal
and external physics: Multiple studies, both observational (Alpaslan et al., 2016, Malavasi
et al., 2017, Kraljic et al., 2018, Hoosain et al., 2024) and numerical (Bulichi et al., 2024,
Hasan et al., 2024), found galaxies at the cores of filaments to be biased towards higher
stellar masses while the expected star formation rate increases with increasing distance to
the spine. This is also in agreement with theoretical expectations from excursion set theory
(Musso et al., 2018), as in the vicinity of saddle points, accretion is expected to be influenced
by the large-scale flows distorting the local velocity field.
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A key issue with connecting the cosmological environment to galaxy evolution is that an
unambiguous definition of cosmic structures is difficult to devise (Libeskind et al., 2018), due
to the complex, multi-scalar nature of the web. In simulations, where one has access to the
full density fields, this can be mitigated to a degree with multi-scalar structure identification
algorithms like NEXUS and NEXUS+ (Cautun et al., 2013). This is however not feasible
for observations, where the density environment of a galaxy can typically be constrained
only on larger scales by its surrounding galaxy distribution (Alpaslan et al., 2016, Kraljic
et al., 2018, Euclid Collaboration et al., 2025a, e.g.) and on small scales by trying to map
the circumgalactic medium and cold gas components in the outskirts of a given galaxy. The
intermediate scale gas distribution is currently only sparsely accessible to observations in
field haloes, for example.

Additionally from modelling galaxy evolution on N-body simulations it became clear
that the story of galactic gas accretion is more complex than the growth of dark matter haloes
from purely cosmological accretion. Simulation models like the semi-analytic Millennium
model (Croton et al., 2006) diverged at the low mass end of the stellar mass function at
high-z and at the high-mass end at low-z (Bell et al., 2003, Li & White, 2009). This impli-
cated galaxy scale outflows to play an important role as a regulation mechanism for accretion
and thus also star formation. Direct evidence for these regulating gas flows has since been
found observationally (Roberts-Borsani & Saintonge, 2019) and therefore most modern hy-
drodynamical cosmological simulations employ a combination of AGN and star-formation
driven outflows from sub-grid modelling that are able to bring the galaxy stellar mass func-
tions closer to the observations (Schaye et al., 2015a, Davé et al., 2019, Nelson et al., 2021,
Schaye et al., 2023, 2026, Dolag et al., 2025). Nevertheless, these models come in many
different flavours and the large-scale gas environment of galaxies has been shown to be sen-
sitive to the specific implementation of the model or even parameter choices within a given
model (Ayromlou et al., 2023). From a theoretical perspective, it is therefore a valuable ex-
ercise to consider the gas flow fields that shape these environments directly and study how
the flows are connected to the internal galaxy evolution.

As the cosmic web evolves with time (Cautun et al., 2014) and galaxies evolve in terms of
their stellar and gas content, the balance between inflow from the environment and outflows
can be expected to change as well. A baseline equilibrium state is given by the so-called
’bathtub models’, which directly relate the net gas inflow rate to the star-formation rate
(Bouché et al., 2010, Davé et al., 2012, Lilly et al., 2013). Recent numerical analysis showed
that, while galaxies generally follow these equilibrium relations at early times (z > 2), there
is a transition towards late times with fewer galaxies following a simple relation between
flow rate and star formation (Fortuné et al., 2025). This is also consistent with the finding
that massive quenched galaxies accrete relatively isotropically at high-redshift until they
quench and disrupt their environment significantly (Kimmig et al., 2025b). This disruption,
in combination with a general hot halo build-up for massive galaxies can effectively cut
them off from the cold gas inflows from the cosmic web (Dekel et al., 2009), which arise as
anisotropies in the flow field around the galaxy. From numerical simulations (Remus et al.,
2023) showed that such hot halos can already exist as early as z = 4.2 and a first observation
of a hot x-ray halo was recently published (Bogdán et al., 2026).

The morphology of the flow field around a galaxy is therefore dependent on many com-
plex processes from cosmic web evolution to stellar and AGN outflows. In this work we aim
to quantify how (an)-isotropic the inflow field is for a given halo and to this end present and
test a new parameter, the inflow asphericity (ζ) of a given simulated halo. This parameter is
computed on an input inflow field measured at a certain boundary surface (e.g. a sphere with
one virial radius) centred on the halo of interest.

In previous work we already demonstrated the flow fields on the outskirts of haloes to
be vastly diverse from a morphological perspective, nevertheless exhibiting a clear trend of
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inflows being more anisotropically distributed than the more spherically symmetric outflows
(Seidel et al., 2025b). In that paper we employed a spherical harmonics decomposition
of the flow field to measure how isotropic the flow field structure is, which gave rise to
the inflow asphericity parameter. First exploratory studies employing this parameter started
connecting the geometry of the inflow field to both the shapes (Valenzuela et al., 2024) and
the star formation histories (Fortuné et al., 2025) of galaxies, making it a promising quantity
to understand galaxy-environment connections better from a theoretical perspective. In this
work we introduce this inflow asphericity parameter and explore and verify its behaviour in
different idealized and simulated setups.

This chapter is structured as follows: In section 2, we introduce the basic methods we
used to compute the asphericity parameter from a given flow field, as well as the simula-
tions we employed to test this parameter. In section 3 we introduce idealized test cases to
assess how the asphericity parameter corresponds to basic properties of the inflow field. In
section 4 we demonstrate the spherical harmonics decomposition and the computation of the
asphericity parameter using simulated maps from hydrodynamical simulations.

5.2 Introducing the Asphericity Parameter
The idea of the asphericity parameter is to quantify how spherically symmetrical the flow
field around a given halo is, or ,conversely, how much large-scale variation there is in the
inflow field. In the idealized case of perfectly smooth and purely spherical accretion the
inflow will be the same in every direction from the perspective of an observer located within
the halo. Deviations from this can have multiple sources: Filaments and infalling secondary
haloes will create accretion hotspots, angular directions along which much more mass gets
accreted compared to the average accretion rate. Throughout this work we will refer to
this mode of accretion as the ”filamentary component”. Since major satellite mergers can
be expected to generally align with the filamentary structure (e.g. Arora et al., 2025), this
nomenclature is reasonable. Outflows on the other hand can, if they propagate out far enough,
stop accretion entirely in the directions they are launched. Our goal is therefore to quantify
these deviations from isotropic accretion as a measure of the evolution of the large scale
structure a halo is connected to, as well as the internal processes of the halo such as star
formation and AGN activity.

5.2.1 Spherical Harmonics Decomposition
In order to quantify the geometry of the inflow field we perform a spherical harmonics de-
composition. Spherical harmonics decompositions are routinely employed in cosmology to
study angular power spectra from the cosmic microwave background (e.g. Akrami et al.,
2020) or galaxy distributions (Tessore et al., 2025). Analogous to a Fourier decomposition
the general idea is to break a given function down into a sum of oscillating basis function
with a well defined degree l, analogous to the frequency in the Fourier method, and an order
m.

We decompose the inflow function f (θ, ϕ) using a set of orthogonal spherical harmonics
functions

f (θ, ϕ) =
lmax∑
l=0

m=l∑
m=−l

al,mYl,m(θ, ϕ). (5.1)

From the coefficients al,m one can compute the power spectrum [Cl] via

Cl =
1

2l + 1

l∑
m=−l

|al,m|2. (5.2)



78 Chapter 5 – The Inflow Asphericity

l=
0

(4,0),(4,4)

l=
1

(6,0),(6,5)

l=
2

l=
3

l=
4

l=
5

m=0

l=
6

m=1 m=2 m=3 m=4 m=5 m=6

Figure 5.1: Spherical harmonics as surface maps. The row corresponds to the l-degree of
the spherical harmonic, while the column indicates the order m (from 0 to 6). We show
the planar test maps (see Section 5.3) at the positions of the sectoral harmonics with the
corresponding l,m highlighted in red. We additionally show the platonic solid test maps
(see Appendix A.4): The Tetrahedron configuration is shown at the position of the pure
harmonic Y32 which has tetrahedral geometry. The two additional platonic solids which can
be represented by linear combinations of spherical harmonics in the top right columns, with
their corresponding (l,m) values given below.
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The total power in each l-mode is given by (2l + 1)Cl. The decompositions in this work are
computed using the healpy wrapper (Zonca et al., 2019) for healpix tessellated maps (Gorski
et al., 2005).

Fig. 5.1 shows these spherical harmonics as mollweide projected surface maps. We de-
liberately normalize these maps in such a way that they are comparable to the test maps
discussed in Section 5.3, namely instead of highlighting zones of positive and negative val-
ues, we focus on the positive regions here as they will be the proxies for our zones of inflow.
Where there is a 1:1 correspondence between harmonics and synthetic test cases, we show
the test maps at the appropriate position with a red frame. Additionally two of the polyhedral
setups using the platonic solids (see Appendix A.4) can be obtained by appropriately com-
bining two spherical harmonics. We therefore show the Octahedron and Icosahedron setup
in the upper right of the figure, giving the harmonics they can be obtained from.

5.2.2 Asphericity
Techniques employing either projected or spherical harmonics decompositions have been
used in the past to identify preferred directions of infall for satellite galaxies (Libeskind
et al., 2011, Arora et al., 2025), to measure the degree of filamentary to isotropic accretion in
isolated cluster simulations (Vallés-Pérez et al., 2020), and to study the correlation of the 2D-
azimuthal symmetries in gas and DM to various halo properties (Gouin et al., 2022). In this
work we calculate the aspherical excess on the sphere. This excess is given by the sum of all
multipole moments higher than the monopole normalized to the monopole power, truncating
the sum at the 9-th degree to ideally capture the large-scale anisotropic inflow modes:

ζ =
1

C0

9∑
l=1

(2l + 1)Cl. (5.3)

In principle the choice of cut-off is arbitrary, we arrive at l = 9 for the following reasons: For
l = 9 a typical angular scale of fluctuations is π/9 or 20. At the virial radius of a massive
galaxy cluster (assuming rvir = 1 Mpc) this corresponds to a physical scale of ≈ 0.35 Mpc,
which can be expected to capture the physical width of simulated cosmological filaments
at all redshifts (e.g. Yang et al., 2025). Additionally, using the combined power spectra of
2000 halos from the Magneticum simulations (see Section 5.4.1) we found that this harmonic
degree marks a transition point between the large-scale power spectrum and the smaller scale
features of a typical simulated inflow map (see Appendix A.2).

A more homogeneous field has less power in the non-isotropic angular modes, thus low-
ering ζ with a perfectly homogenous inflow field having a ζ of 0. For a more complex inflow
field the exact value of ζ will depend on the spatial configuration (for example filament thick-
ness and alignment), so to disentangle the exact structure the full spectrum of the spherical
harmonics is necessary (see the discussion in Appendix A.5).

5.2.3 Logarithmic Versus Linear Asphericity
We introduce two complementary methods to compute the large-angle fluctuations in the
flow field: From Fig. A.1 it can be seen that the computed inflow values around simulated
haloes span a wide dynamical range. Therefore the purely linear maps will be dominated
by the regions where the inflow is maximal. A way to reduce the dynamical range of a
given inflow map is to instead analyse the spatial distribution in log space instead. As will be
demonstrated in the following, computing the asphericity on the linear flow field, denoted ζlin
hereafter, is most sensitive to the dominant regions of inflow, where the flow is several orders
of magnitude above the inflow averaged over the spherical surface. Consequently it serves to
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Figure 5.2: Schematic of the Toy Model Setup.

measure the amount of inflow through filaments and infalling galaxies, where densities are
the highest. Computing the asphericity on the logged map on the other hand (ζlog) is more
sensitive to the overall covering fraction of the inflowing component on the virial surface.
This makes this variant of the asphericity more sensitive to outflows driven by the feedback
processes inside the halo, as will be demonstrated in thec

5.3 Idealized Test Cases

5.3.1 Test Setup
The inflow maps of simulated haloes are inherently complicated and a superposition of many
components both in real and in spherical harmonics space. To better illustrate how the as-
phericity parameter works, we set up a set of idealized test cases. The basic idea of these test
setups is to break the complex inflow maps down to three components:

• A filamentary component, represented by Nfil hotspots on the sphere of solid angle
extent d and a total inflow power jfil

• An isotropic component with a base inflow level j0

• Holes in the isotropic component (i.e. regions with zero value) representing regions
of outflow, characterized by either a cone or a bi-cone with a total solid angle Ωoutflow.
We parametrize this by the surface ratio foutflow, the fraction of the spherical surface
covered by the outflow.

Fig. 5.2 visualizes these three components. We adapted a Gaussian profile for the inten-
sity distribution within each filament (the cross-section corresponds to the full width at half
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Figure 5.3: Linear (left panel) and logarithmic (right panel) asphericities of the toy model.
foutflow is kept constant at 0.0. We vary the total number of filaments and the relative strength
of filamentary inflow along the x and y axis respectively.

maximum here). As the default FWHM we chose 0.2 rad, which corresponds to a physi-
cal filament width of ≈ 0.2rvir assuming the flow field is measured at the virial radius. The
goal of this idealized study is then to demonstrate how the asphericity behaves as a func-
tion of Nfil, jfil and foutflow. To this end we kept the total square integral in the filamentary
component equal between different geometrical arrangements (i.e. we always assigned a
total power

∫
j2
fil to distribute over the Nfil filaments). The resulting maps can be found in

Fig. A.3.
Fig. 5.3 demonstrates the behaviour of the two flavours of asphericity when the filamen-

tary strength jfil and number of filaments Nfil are co-varied. Each grid point represents the
asphericity of a single synthetic map. The left panel shows the behaviour of the linear as-
phericity ζlin, while the right panel shows the logarithmic asphericity, ζlog. As can be seen,
the two parameters behave orthogonally to each other: The asphericity of the linear map
is very sensitive to the number of filaments Nfil, with a strong peak at a dipole map with a
single inflowing hotspot. Since the integral of the filamentary inflow is kept constant in each
row in the figure, adding additional filaments lowers the overall asphericity. The logarithmic
variation on the other hand is only weakly sensitive to the number of filaments and peaks at
maps with a large number of inflow hotspots. This counter-intuitive positive scaling is a con-
sequence of the aforementioned normalization, which is applied in linear space. Increasing
the total inflow in the aspherical components expectedly increases both parameters, with the
logarithmic variant exhibiting a stronger relative dependence.

Fig. 5.4 shows the impact of regions of zero inflow (i.e. outflowing regions) with the
number of filaments Nfil. As in the previous figure, the left panel shows the linear asphericity
and the right panel shows the logarithmic asphericity. While increasing the opening angle of
the outflow cone doesn’t drastically change the linear asphericity, the logarithmic asphericity
is very sensitive to this due to the reduced dynamical range as can be seen by values being
more than an order of magnitude larger than for the case without holes. This strong scaling
is present for all filament configurations.

To study this behaviour of the logarithmic asphericity in greater detail we plot it against
the covering fraction of the outflow in Figure 5.5 with the other model parameters kept
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Figure 5.4: Linear (left panel) and logarithmic (right panel) asphericities of the toy model.
jfil/ jiso is kept constant at 3.0. We vary the total number of filaments and the outflow covering
fraction along the x and y axis respectively.
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Figure 5.5: Direct dependence of the logarithmic asphericity on the outflow covering frac-
tion. The red line marks typical values for galactic haloes in simulations. All other parame-
ters of the model are kept constant ( jfil/ jtot = 1, Nfil = 4). The dashed lines show the same
functional dependence computed with the extremal model parameter values Nfil = 1, 8 (dark
red) and jfil/ jiso = 0.25, 2 (dark red).
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Figure 5.6: Schematic presentation of four limiting cases with high and low ζlin and ζlog

respectively.

constant. There is a very strong power-law scaling at low covering fraction, then a transition
to a shallower slope around 10% covering fraction. In the intermediate regime the slope is
almost constant with the asphericity reaching values typically found for galactic haloes in
Magneticum (see companion paper Seidel+2026b) at around 20%. In the limit of a covering
fraction of 1 the logarithmic asphericity converges into the regime of the linear values ≃
1, as the isotropic component is completely removed, leaving only filaments and outflow
regions. As can be seen from the enveloping dashed lines, the shape of this dependency
is largely independent of Nfil and jfil/ jiso indicating that indeed the logarithmic asphericity
is largely driven by the covering fraction of the outflows. In summary Fig. 5.3 and Fig. 5.4
demonstrate that in combination ζlin and ζlog trace both to what degree the inflow is dominated
by concentrated high-inflow regions such as filaments, as well as the fraction of the halo
boundary that is actively inflowing and conversely the coverage of the outflow region. The
findings of this section are summarized in sketch form in Fig. 5.6: A high ζlog and ζlin indicate
a strongly anisotropic inflow focussed on few strongly inflowing filaments as well as an
isotropic component that is strongly disrupted by outflows. A low ζlog in combination with
a high ζlin indicates a strongly focussed inflow with an unperturbed isotropic component.
Conversely, if only ζlog is large, this is an indication of fairly isotropic inflow with multiple
infall direction in combination with strong outflow components disrupting the weak isotropic
component. The case with both parameters having low values represents the ideal case of a
very isotropic and undisrupted inflow.

These properties make the asphericity parameters ideal analysis tools to study how haloes
interact with their environment both in terms of cosmological accretion and feedback from
star formation and AGN activity.

5.4 Tests on Simulated Flow Fields

For the simulation tests, we make use of the Magneticum Pathfinder simulations (Dolag
et al., 2025) (see also Chapter 3). We compute the flow fields and asphericities for the 29
most massive galaxy clusters from Box2b/hr, classified according to their dynamical state by
Kimmig et al. (2023). Additionally, we employ a statistical sample of halos above a stellar
mass of M⋆ = 108.5M⊙ from Box4/uhr.
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5.4.1 Reconstructing the Peculiar Mass Flow from Simulation Data
The flow through a surface given a continuous velocity field v(x) can be generally computed
by either integrating its divergence over the enclosed volume or via the Gaussian theorem by∫

V
∇ · F dv =

∮
∂V

F · n̂ da (5.4)

. From a numerical perspective the latter method is the more sensible (integrating over a
volume, scaling with r3, vs. a surface, with r2 scaling). The largest haloes in the sample reach
several Mpc in virial radius or in other words scales where the expansion of the background
cosmology becomes relevant, therefore we use peculiar velocities throughout this work.
In SPH the gas discretisation is based on representative point particles that are smoothed
over a volume of space with a density dependent kernel. To accurately model the gas flow
given a set of gas “particles” it is therefore necessary to take into account the geometry and
smoothing lengths of the kernels. This ensures that there are no holes in the density/velocity
field due to the SPH particles’ clustering leaving empty pixels, which in turn ensures that
the holes in the inflow map actually correspond to real outflowing regions instead of holes in
the density field at the surface. We use the program SMAC (Dolag et al., 2005b) to generate
flow maps from the simulations. The procedure is identical to the one described by (Seidel
et al., 2025b). To demonstrate this, we applied the formalism to two example haloes from
the Magneticum simulations, namely Box2bhr. The halos are selected for their dynamical
states, we deliberately chose one relaxed galaxy cluster and one dynamically active cluster
following (Kimmig et al., 2023) (ID 5 and ID 20 respectively) at z=0.25. We used the SMAC
method described in Section 5.4.1 to compute maps from the particle data of the simulation
and measure the flow field at 1rvir for each halo. Figure 5.7 visualizes the obtained flow
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Figure 5.7: Visualization of the effect of the spherical harmonics decomposition using the
inflow field of two simulated halos from Magneticum. The top row shows the full linear
inflow field normalized by the mean inflow across the map. The dynamically active cluster
ID 20 is shown in the left column, while the more relaxed ID 5 is shown in the right column.
The bottom row shows the same map expressed only with spherical harmonics of order l = 1
to l = 10, filtering out the monopole and higher-order harmonics.

fields. It can be immediately seen from the linear inflow maps that while the toy model is
a simplification, the decomposition into small circular high flow field zones is a reasonable
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Figure 5.8: Same as Fig. 5.7 for the logarithmic flow field. The top row shows the full
logarithmic inflow field normalized by the mean logarithmic inflow across the map. The
bottom row shows the same map expressed only with spherical harmonics of order l = 1 to
l = 10, filtering out the monopole and higher-order harmonics.

morphological approximation of the inflow these halos receive, as the linear flow field is
dominated by around 2-6 hotspots on the spherical surface. As for the test cases the halo with
a greater number of distributed filamentary hotspots has a lower linear asphericity compared
to the one with fewer filaments. In the bottom row we show the maps obtained by first
computing the spherical harmonics decomposition and then setting the coefficients of all alm

with l = 0 and l > 10 to zero (essentially applying a bandpass filter). This demonstrates
how the limits of the sum in Equation (5.3) filter out the large-wavelength fluctuations in
the flow field. The individual hotspots become even more apparent in the reconstructed
maps with the smaller scale fluctuations filtered out. The dynamical state appears to not be
directly connected to the instantaneous accretion field at z=0.25 since the values for both the
relaxed and unrelaxed halo are similar. The fact that the dynamically more active cluster (ID
20) accretes more isotropically is in general consistent with the positive correlation between
connectivity and dynamical state (Gouin et al., 2021): As cluster 5 accretes through two
major hotspots compared to the six inflow hotspots in cluster 20, its linear asphericity is
higher because the flow varies on larger scales and is therefore less distributed over the virial
surface (assuming a similar total inflow). For a complete picture of the connection between
the dynamical state of galaxy clusters and their inflow asphericity, a temporal analysis is
necessary (see also the contours in Fig. 5.9), since the instantaneous flow state at the virial
scale encodes the future of mass accretion onto the cluster itself rather than the past. We
leave this thorough analysis for future work.

Figure 5.8 shows the same decomposition for the logarithmic maps. Computing the
logarithm of the flow field significantly decreases the dynamic range of inflow values, em-
phasizing the regions with zero inflow (where the outflows dominate). This can be seen in
the dark regions in the full maps. The spherical harmonics decomposition also reflects this
morphology as the lower row shows. The second halo also has a higher logarithmic aspheric-
ity value, as a larger fraction of the spherical surface is covered by these zero-inflow regions.
These two example halos show that the behaviour of the two parameters in the test sample
is indeed replicated in more complex flow fields. The spherical harmonics decomposition
and the cut-off in l− order effectively isolates the large scale fluctuations in the flow field
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corresponding to filamentary regions and infalling haloes. Additionally the decomposition
of the logged flow field measures the large-scale fluctuation between inflow and outflow. To
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Figure 5.9: Distribution in the asphericity-space of the 29 most massive galaxy clusters in
Box2b (black circles) at z=0.25. The contours show a larger sample from a higher resolution
Box (Box4/uhr) at z=0.25 (black) and z=1.3 (dark red dashed).

put these two case studies into a wider context, we show the parameters for the 29 most
massive galaxy clusters ζlin and ζlog plotted against each other in Fig. 5.9. As can be seen
from the figure, at z=0 the clusters sit at relatively low logarithmic asphericities, while in
the linear parameter two distinct groups can be seen. One set clusters at low to intermedi-
ate values while a second group can be found at rather high linear asphericities. Due to the
low number of galaxy clusters and the limited resolution of Box2b, we also compare this to
a more general halo sample from the smaller Box4uhr, where the higher resolution allows
to compute the asphericities for a larger mass range. The black contours in Fig. 5.9 show
that the cluster sample is generally in good agreement with the larger sample, matching the
striking L-shape of the contour. Overall this shows that at the present time, halo inflows are
either dominated by a highly focused filamentary component (second column in Fig. 5.6) or
a strong outflowing component (third column). In contrast, the red contours show the param-
eter space to be much more evenly occupied at higher redshifts, where strong outflows and
highly focussed inflows appear to coexist much more frequently. We will study this temporal
evolution of the morphology of inflow fields in greater detail in the companion paper to this
work by Seidel+2026b.

5.5 Summary and Conclusions
We introduced the inflow asphericity parameter, a new quantitative analysis tool for evaluat-
ing the inflow structure of haloes in numerical simulations. This tool is based on a spherical
harmonics decomposition and measures how non-isotropic the inflow field around a given
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object of interest is. Using a toy model setup to simulate the inflow across a spherical bound-
ary, we showed how the multipole decomposition works and which features this method
extracts. For this we varied a number of components of the toy model, corresponding to fil-
aments, isotropic inflow and outflowing regions. There are two complementary approaches
to analysing the flow maps: Performing the spherical harmonics decomposition on the lin-
ear field extracts the high-flow regions where mass flows are orders of magnitude above the
average mass inflow. On the other hand, using the logged inflow field isotropizes the inflow
maps significantly and the regions with zero inflow, where outflows dominate become more
important.

In combination, these two parameters help distinguish galactic accretion in four distinct
phases:

• Highly focussed, filamentary inflow in combination with a strong outflow

• Filamentary inflow with an unperturbed isotropic component, no outflow

• Isotropic inflow, disrupted by outflow

• Unperturbed isotropic inflow

These groups will help identify how a given halo is coupled to the environment in numerical
simulations. To demonstrate this, we applied the extraction method to two simulated haloes
from the Magneticum simulations. We demonstrated how the features in these more complex
flow fields were extracted by the formalism, and showed how it quantifies qualitatively visi-
ble differences in the flow fields of two distinct haloes from the simulations. By comparing
the linear and logarithmic asphericities for an extended simulation sample, we furthermore
demonstrated these two parameters to be uncorrelated, encoding different information about
the flow field.

This makes the asphericity a powerful tool to analyse environmental coupling on the in-
termediate scale just outside of collapsed haloes. With its two variants this parameter is able
to reliably trace both the inflow from the cosmic web as well as outflows from the halo inte-
rior. In the companion paper to this work, we will further analyse how these two quantities
are connected to galaxy properties like star formation rate, gas fractions and metallicities. We
will further test how sub-grid modelling influences the flow field geometry around galactic
haloes specifically.
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Chapter 6

Asphericity in Practice: Accretion at
Cosmic Dawn and Beyond

The previous chapter introduced the asphericity parameter as a measure of the flow field
isotropy at the bounding surface of a simulated halo. In this chapter we apply this formal-
ism to a large number of simulated halos from Box4/uhr in order to explore the evolution
of inflow morphologies and its connection to internal halo evolution. Fig. 6.1 shows the
evolution of hot and cold gas in Box4/uhr on a global scale. It is apparent how the cold
gas distribution with its complex filament structure is already established at high redshifts,
while the hot atmospheres of halos establish as the halos collapse. At z = 0 a stable state
appears to be reached with the complex filamentary structure found at higher redshifts sim-
plified due to smaller sub-filaments merging and the hot atmospheres, which are relatively
non-spherical at the time they are formed, stabilized into spherical shells around their central
halos. From these qualitative insights into the gas morphologies combined with the results
from the previous chapter, we expect the flow field morphology as quantified by the linear
and logarithmic asphericities to undergo a global evolution as well. Because the logarithmic
asphericity is more sensitive to the outflowing hot gas, we expect this parameter to be closely
tied to the global evolution of the hot gas atmospheres of galactic haloes. This could be a key
indicator of the overall regulation between galactic in- and outflows and as a consequence
the star formation and kinematics of the central galaxy. In the following we therefore inves-
tigate the co-evolution of the flow field morphology and important signatures of the stellar
and kinematic maturity of galaxies.

Figure 6.1: Distribution of hot gas (magma colormap) and cold gas (blue colors) density
in Box4/uhr at four redshifts. In accordance with the visualizations by Dolag et al. (2025),
cold gas is defined as all gas particles with a temperature T ≤ 104K, and additionally all
particles actively undergoing star formation. All particles not belonging to the former group
are defined as the hot gas component. The thickness of the slices is 1 cMpc at all redshifts.
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6.1 The Global Evolution of the Flow Field Morphology

Following (Dolag et al., 2025), we apply a cut in stellar mass of M∗ > 5 × 109M⊙ in order to
ensure that the galaxies within the selection haloes are resolved to a sufficient degree. Since
this work is focused on the connection of galaxies to the cosmic web, we furthermore restrict
the selection to field galaxies (i.e. galaxies that are the most massive subhaloes of their FOF
group). In order to ensure sufficient resolution of the gas dynamics, we limit the discussion
to the flow field at 1rvir here, as a direct measurement of the connection to the environment
around a given halo. Because the stellar mass cut leads to reduced statistics for Box4/uhr at
high redshifts, we additionally employ Box3/uhr as a reference for the high-z Universe.

Fig. 6.2 shows the global evolution of the inflow asphericity for both linear and logarith-
mic asphericity. Both parameters show a peaked evolution with the linear parameter peaking
very early on at z ≈ 5, while the logarithmic asphericity has its peak at around z ≈ 1.

Linear Asphericity: Evolution The early peak in the linear asphericity is consistent with
the early assembly of cold gas filaments around galaxies seen in Fig. 6.1. The linear aspheric-
ity declines monotonically after the initial spike upwards. This is consistent with filaments
merging and overall trend of filaments increasing in width found in cosmological simula-
tions (Galárraga-Espinosa et al., 2024). An increase in filament width decreases the linear
asphericity (see Fig. A.5), due to the inflow being less focused on the virial surface. There is
a plateau in this decrease around at an age of 4-5 Gyr, where the decrease stagnates. As this
is correlated with the logarithmic asphericity reaching its peak, a possible explanation for
this plateau is the interaction of the outflows with the filaments halting the overall growth of
relative filament widths, as the atmosphere could effectively disrupt the lower density inflow
regions at the outskirts of the filaments. Between Box3/uhr and Box4/uhr, there is mostly
a difference in maximal linear asphericity achieved, while the temporal profile is consistent
between the two boxes. As can be seen by the test run (dashed line) which is in agreement
with the standard Box4/uhr, this amplitude difference can most likely be attributed to the
larger box size.

Logarithmic Asphericity: Evolution The logarithmic asphericity increases with a sig-
nificant delay to the evolution of the cosmic web, reflecting the observation that the hot
atmospheres in Fig. 6.1 take time to build up against the cold gas filaments of the cosmic
web. It peaks at an age of around 5 Gyr. After this peak the logarithmic asphericity de-
creases again at a shallower slope than the previous increase. This late time decrease can
most likely be attributed to the equilibration seen in Fig. 6.1, the outflowing phase dilutes
and spherically expands at late times, allowing for a more isotropic accretion. Addition-
ally re-accretion of the ejected gas can contribute to this late-time decrease in asphericity.
This process is known as the so-called halo fountain (Oppenheimer & Davé, 2008, Tum-
linson et al., 2017). It should be noted that the median asphericities shown in this global
picture only reflects the general evolution within the simulation volume, individual galaxies
can evolve on drastically different timescales. Interestingly, there is a discrepancy between
Box4/uhr and Box3/uhr in the logarithmic parameter: The larger Box experiences a much ear-
lier and much steeper rise. Demonstrably in the test simulation, which employs a similarly
improved black hole feedback coupling model, the logarithmic asphericity rises steeper than
in the Magneticum simulation as well. There is however still a large discrepancy between
this simulation and Box3/uhr. In part, this can be explained by the more realistic large-scale
dynamics in Box3/uhr: As discussed in Section 3.8, the larger simulation of Box3/uhr cap-
tures the cosmic variance more accurately up to large scales, allowing for an earlier collapse
of relatively massive nodes of the cosmic web. However, the exact implementation of the
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Figure 6.2: Time evolution of the linear (left column) and logarithmic (right column) as a
median over all galaxies with M⋆ > 5 × 109M⊙. The curves are shown for both Box3/uhr
(teal line and shades) and Box4/uhr (blue line and shades). For the first few snapshot a test
run using Box4/uhr but with the improved BH treatment from Box3/uhr is shown using the
dashed lines.

feedback model seems to be a factor in the asphericity evolution as well. We will discuss
this point in more detail in Section 7.2.

6.2 Connecting Asphericity and Galaxy Properties
In the following we test the evolution of the logarithmic asphericity, ζlog, for different sub-
samples of host galaxies. Fig. 6.3 shows the same evolution as in Fig. 6.2 but for galaxies
split by halo mass, star formation activity and kinematic class (left to right). To distinguish
between non-quenched and quenched galaxies, following (Kimmig et al., 2025a) we use the
criterion by (Carnall et al., 2020). Specifically we compute

ss f rcut =
0.2

tH(z)
(6.1)

at each redshift (where tH is the Hubble time) and defined as active all galaxies with a specific
star formation rate (sSFR) ≥ ss f rcut and as quenched all those below. To classify the galaxies
into ETG, LTG and intermediates, we employ the b-value (Teklu et al., 2015):

b = log10( j⋆[kpc × km/s]) − 2/3 log10(M⋆[M⊙]) + log10(
√

z + 1) (6.2)

with the additional
√

z + 1 scaling factor included to account for the evolution in j⋆ (Obreschkow
et al., 2015). Using this parameter we define

type


b ≤ −4.73⇒ ETG
−4.35 > b > −4.73⇒ intermediate
b > −4.35⇒ LTG

. (6.3)

From Fig. 6.3, it is apparent that all three quantities impact the logarithmic asphericity: The
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Figure 6.3: Comparison of the logarithmic asphericity distribution between active (blue)
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at each time is indicated by the vertical lines. In congruence to Fig. 6.4, the distinction
between the two classes is made using the criterion by Carnall et al. (2020).
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Figure 6.4: Time evolution of the Box4 galaxies in asphericity space. The color indicates
the star formation rate relative to the specific star formation rate threshold given by Carnall
et al. (2020). All galaxies below that threshold are colored in black.

left column shows that there is a mass dependence for the asphericity with more massive
haloes generally peaking at earlier times and achieving higher values than their less mas-
sive counterparts. The middle column furthermore demonstrates a clear difference in inflow
asphericities between star-forming and quenched galaxies at all times. While star-forming
galaxies generally also undergo the increase-peak-decrease evolution, the overall peak is
clearly driven by the galaxies that have already quenched their star formation. This is con-
sistent with the picture of the logarithmic asphericity peak resulting from the disruption of
the isotropic inflow component by feedback driven outflows: As a galaxy undergoes a star
burst and/or a phase of heightened AGN activity, the hot gas outflow reaches the virial sur-
face of the galactic halo when the star formation activity has already been quenched by the
burst itself. Fig. 6.5 shows the evolution in asphericity space in general. At high-z the pa-
rameter space is limited to relatively low linear as well as logarithmic asphericities (despite
the median for the linear asphericity being near its peak as evident in Fig. 6.3.) In general
at later times higher values are possible due to the non-linear evolution of galactic environ-
ments. However the left panel in Fig. 5.6, with strong outflow coexisting with a very focused
inflow is only occupied during the ”peak of asphericity” phase around z = 2. Until z = 0 the
upper right corner is significantly less populated again. The color of the points in Fig. 6.4
indicates the ratio of the specific star formation rate to the expected star formation rate using
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Eq. (6.1). The trend of quenched galaxies (shown in black) settling at higher logarithmic
asphericities can be observed here as well. [discuss maybe correlations]. To examine this
in more detail we give specifically the PDF of the logarithmic asphericity for active and
quenched galaxies in Fig. 6.5. Firstly, the overall evolution of the parameter is observed in
the four redshift slices, demonstrated by the medians of both distributions (vertical lines)
increasing from z = 4 to z = 2 and then decreasing towards z = 0. Interestingly, the PDF at
z = 2, the peak of asphericity shows three distinct groups for the quenched population. There
is a group that is fairly congruent with the active population from ζlog = 0.05 to ζlog = 0.1,
albeit missing the peak close to zero. Then there is a second peak around the median (red
vertical line). A third clustering of galaxies can be found at even higher asphericities, around
ζlog = 0.25. This multi-modality of the distribution could be connected to how long ago
these galaxies quenched, and consequently how strong the hot outflows cutting the galaxy
off from the environments still are at the time the PDF is measured. We will investigate the
exact origin of these apparent sub-classes in quenched galaxies in future work. Fig. 6.6
shows a similar combination of PDFs, this time divided by dynamical type. The trend that
ETG tend to have higher logarithmic asphericities is visible in the form of an excess in the
PDF consistently through all redshifts. At z = 2 this excess is located at the same values as
the median peak and the secondary peak in Fig. 6.5, even though the signal is by far not as
clear as for the classification by star formation activity.
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6.3 Conclusions
We have explored the behavior and evolution of the inflow asphericity parameters, ζlin and
ζlog, which quantify how strongly the inflow onto haloes from their environment varies on
large angular scales. The linear asphericity, which is most sensitive to the high-inflow zones
from feeding filaments and in-falling haloes peaks at high redshifts, around z = 5, where
the filamentary structure in the baryonic component becomes prominent against the back-
ground. After this peak it declines monotonically. The logarithmic asphericity on the other
hand peaks much later at z ≈ 1.5 and exhibits a sharp increase until this point, as the hot
atmospheres of haloes, that counteract the more diffuse inflowing component, build up. This
evolution is largely consistent for different box sizes, however we find the logarithmic as-
phericity to be sensitive to the specific implementation of the subgrid physics, a point we
will further explore in Section 7.2. Furthermore, exploring the connection of the logarithmic
asphericity to mass, galaxy star formation activity and kinematical type as defined by the b-
value, we find galaxies that reach a high degree of large-scale anisotropy in the logarithmic
flow field to be predominantly high-mass, quenched and elliptical rather than disky. This
corroborates the findings discussed in Chapter 3 and especially Section 3.8, which showed
that the process of quenching leaves an imprint on the density environment of early quench-
ing galaxies. The logarithmic asphericity, as a measure for how much of the surface of a halo
is covered by in- and outflowing material offers a unique way to quantify that impact.



Chapter 7

Intermission: Further Testing of the
Asphericity Parameter

7.1 Flow Resolution: Sensitivity to the Discretization

In Chapter 5 we demonstrated how holes in the inflow field, caused by outflowing material
from the inner regions of the halo drives especially the logarithmic inflow asphericity (see
particularly Section 5.3). This raises a rather technical question: The shape and extent of
these outflowing regions is determined by the overlap of particles on the edge of inflowing
regions and particles inside outflowing regions. Due to the adaptive nature of the smoothing
scale in SPH (see Section 3.1), this means that the aforementioned particles at the transition
between in and outflow will be particles with large smoothing lengths due to their low am-
bient densities. Fig. 7.1 illustrates this effect: Shown is the logarithmic inflow map for the
same halo at two different resolutions. The white pixels are the regions where the outflow
dominates. While both maps resemble each other in terms of the dominant inflow hot spots,
it can clearly be seen that the additional smoothing in the lower resolution halo leads to a
significant underestimation of the extent of the outflows. Consequently, one also would un-
derestimate the logarithmic asphericity. This effect is also measureable on the global scale,
using a large sample of halos: Fig. 7.2 shows the evolution of the asphericity in Box2/hr com-
pared to Box4/uhr. While the linear asphericity is largely similar in terms of its median value
between the two boxes, in the logarithmic asphericity the resolution lowers the obtained
values drastically. While Box2/hr shows a peaked logarithmic asphericity with comparable
timings to Box4/uhr, the dynamic range is much smaller with values only reaching to ≈ 20%

uhr, log = 0.348 hr, log = 0.032

Figure 7.1: Logarithmic inflow map of the same Magneticum halo (Box4) in two different
mass resolutions. The logarithmic asphericities are given above.
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Figure 7.2: Asphericity evolution across time compared between hr and uhr resolution. Left
panel shows the linear asphericity, while the right panel shows the logarithmic asphericity

of the values at uhr resolution. Clearly, the visual difference in Fig. 7.1 is present in the
simulation volume as a whole. Therefore we focused on Box4/uhr in the previous chapter for
its suitable resolution to capture the information in both parameters.

7.2 DAWN of Asphericities: Model Dependence of the Pa-
rameter

Since the logarithmic asphericity is sensitive to the outflows driven across the virial surface,
one can reasonably assume this parameter to be sensitive to the parameters of the sub-grid
model employed to describe the physical processes that drive outflows. In the following
we systematically test the most important parameters of the Magneticum Pathfinder model
using the verification and testing runs created for the MagneticumDAWN simulation suite.
We group these runs into four categories according to the part of the sub-grid model they
affect.

Stellar Feedback This group consists of runs altering the stellar feedback, either by en-
hancing the star formation rate through a lower density threshold for star formation or by
increasing the wind velocity.

Black Hole Feedback This set aims to costrain the effects of black holes injecting the feed-
back energy more efficiently into the surrounding medium. Additionally we include a model
with the feedback efficiency being dependent on the black hole spin parameter following
Sala et al. (2024).

Black Hole Seeding Mass More massive black holes at high redshifts could also result in
stronger outflows or faster growth of the outflow covering fraction. Therefore we include
also two runs with modified seeding masses for the black holes. One adapts the redshift
dependent seeding described by Kimmig (2026) where the seeding mass decreases with time



7.2 DAWN of Asphericities: Model Dependence of the Parameter 97

𝜁 l
og

0.0

0.1

0.2

z
7 345

z
7 345

t[Gyr]
1 2 3

𝜁 l
o
g

0.0

0.1

0.2

t[Gyr]
1 2 3

D_ref M4

M3 D_sf

D_wind

D_ref M4

M3 D_efhi

D_eflo D_ef

D_ref M4

M3 D_bhmod

D_bhhi

D_ref M4

M3 D_soft
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blue line) and Box3/uhr (dark green line) from Magneticum Pathfinder.
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Run Wind velocity SF threshold BH Growth BH Seeding Special
Magneticum 350 0.5 100 fixed –
Box4-AA 450 0.1 50 fixed –
Box4-AI 450 0.05 50 fixed –
Box4-AJ 550 0.1 50 fixed –
Box4-AB 450 0.1 50 fixed higher ϵ f

Box4-AC 450 0.1 50 fixed lower ϵ f

Box4-AD 450 0.1 50 fixed spin coupled ϵ f

Box4-AH 450 0.1 50 K10 –
Box4-AF 450 0.1 50 fixed, 5e-5 –
Box4-AF 450 0.1 50 fixed gas softening =1.4

Table 7.1: Adaptation of Table 2.3 from (Kimmig, 2026). We show only the runs used
in this work, grouped into fiducial (colour here), stellar feedback (color here), black hole
feedback (color here), black hole seeding (color here) and softening test (color here). Note
that the Magneticum Pathfinder simulations were run with a much older version of the code
and therefore also employed a larger gravitational softening length of 1.4kpc/h, while the
fiducial value for the MagneticumDAWN simulations was 0.75 kpc/h. Box4-AF therefore is
the high softening test case for the newer runs.

in order to avoid quickly growing black holes at low redshifts. The second run seeds black
holes at 10 times higher mass than the fiducial value (10−4 vs. 10−5M⊙/M⋆ fiducial.)

Softening Test Additionally we measure the asphericity for a run re-implementing the
higher gravitational softening length from Magneticum Pathfinder into the simulation as a
sanity check. Table 7.1 lists these runs and their specific parameter combinations. For the
full overview, we refer the reader to Kimmig (2026).

As the fiducial runs we use the Magneticum Pathfinder uhr simulations, as well as a
baseline simulation from the test set: Fig. 7.3 shows the four groups in the redshift range
where the runs had available snapshots. Strikingly, the only parameter variation to have any
significant impact on the evolution of the logarithmic flow asphericity is the variation of
the stellar feedback group. Especially the simulation with the higher wind velocity shows
a strong increase compared to the fiducial run and the Magneticum Pathfinder simulations.
There is a slight indication of this effect being especially strong at high redshifts z > 3.5 as
the slope flattens out for the strong winds run, while for the fiducial run the slope increases
at this point. Decreasing the star formation density threshold almost self similarly lifts the
logarithmic asphericity to higher values, as stars form more easily in that simulation, and
are consequently able to inject more feedback energy into the surrounding medium. A very
interesting observation is that the evolution is extremely unaffected by all black hole proper-
ties except for possibly the redshift dependent seeding showing an enhanced asphericity later
on. However, due to the relatively high final redshift of the reference run, how large the dis-
crepancy grows until z = 2 is impossible to deduce. Expectedly, the gravitational softening
length has no impact on the evolution of the logarithmic asphericity, as the softening mostly
affects encounters in high-density regions. Therefore this runs serves as an additional verifi-
cation run and shows the global logarithmic asphericity to be robust in different iterations of
the same simulation.
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7.3 Summary
In this chapter we have performed additional tests with regards to the two previously intro-
duced parameters for the flow field morphology, the linear and logarithmic asphericity. We
have shown that how well a numerical simulation can resolve the transition region between
dense inflows and diffuse outflows profoundly affects the logarithmic parameter, which traces
the surface fraction of the outflows. The linear asphericity is largely unaffected by this, be-
cause it traces the configuration of the dense inflow regions. Using a set of simulations with
varied sub-grid model parameters, we have additionally shown the logarithmic asphericity to
be strongly connected with the stellar winds resulting from the star formation activity within
the central galaxy. This is consistent with the findings from the previous chapters, where
we demonstrated the galaxies with the largest outflow covering fractions to be the ones al-
ready quenched, possibly driven by a preceding massive starburst such as the ones found for
the massive quiescent galaxies investigated in Section 3.8 and Kimmig et al. (2025a). These
findings further solidify that a galaxy’s ability to drive out its gas via strong winds is a crucial
part in especially high redshift quenching.
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Chapter 8

Further Flowing

This chapter briefly summarizes published work where the inflow asphericity was tested
against galaxy and halo properties. For each of these papers I provided data for the plots

shown in the respective section and helped with interpreting the results.

8.1 Die Aspherically: Galaxy Classes and Asphericity.

This section has been partially published as Fortuné et al. 2025, A&A 704 A185, ”Die
Hard: The on-off cycle of galaxies on the star formation main sequence”. I provided the

asphericity data for Figure 12.

A galaxy’s star formation activity can be classified beyond simply calling galaxies with star
formation rates (SFRs) below a certain threshold value quenched. In the picture of an equi-
librium between gas depletion from star formation and gas inflow from the environment,
it is reasonable to postulate a certain equilibrium state (commonly referred to as the bath-
tub model see for example Bouché et al. (2010), Lilly et al. (2013), Burkert (2017)). This
theoretical equilibrium then gives rise to the so-called Star Formation Main Sequence, a
scaling relation between the stellar mass of a galaxy and its star-formation rate. Galaxies in
this equilibrium state, i.e. that fall onto this scaling relation can be assumed to continuously
form stars. Fortuné et al. (2025) showed, using observationally calibrated star formation
main sequences at various redshifts in combination with Box4/uhr, that galaxies that actually
stay in this regulated state throughout their evolution are relatively rare. Tracing a sample of
1282 central galaxies throughout their evolution, the authors were able to identify five main
groups of galaxies:

• Main Sequence: Galaxies that stay on the main sequence throughout their history.
The Milky Way was widely assumed to fall into this category, however recent analyti-
cal calculations were able to show this to be implausible due to its current stellar mass
(Kimmig, 2026, as well as Kimmig et al. 2026 to be submitted)

• Quenched Early: Galaxies that drop more than 0.5 dex below the main sequence
before z = 1.

• Quenched Late: Galaxies that drop more than 0.5 dex below the main sequence after
z = 1.

• Quenched Late: Galaxies that drop more than 0.5 dex below the main sequence after
z = 1.



102 Chapter 8 – Further Flowing

Figure 8.1: Figure 12 from Fortuné et al. (2025).
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• Rejuvenators: Galaxies that are considered as quenched at some point during their
history, but return to the main sequence later. These galaxies can also undergo multiple
cycles of quenching and rejuvenation

• Caught: Galaxies that maintain a constant but sub-main sequence star formation rate
which lie on the main sequence at low redshifts, because the main sequence itself shifts
to lower values. Therefore these galaxies are ’caught’ by the main sequence.

Fortuné et al. (2025) then analyse these galaxies for various properties such as their merger
rates, kinematics and inflow rates compared to the steady state inflow rate. For the scope of
this work however it is of interest, how the flow field morphology corresponds to these star
formation history.

Fig. 8.1 shows the asphericity evolution for the five classes. In the top panel it can be
seen, that main sequence galaxies experience a much less pronounced evolution through-
out their histories. This is in stark contrast to all the other classes that drop below the star
formation sequence at least once during their lifetime. Notably the early quenching and
late quenching galaxies each undergo a strong peak, but offset in time corresponding to the
delayed quenching of the latter group. Rejuvenating galaxies exhibit a much weaker peak
at times comparable to the early quenching galaxies. A possible explanation is that these
galaxies experience a starburst at similar times to the early quenching galaxies, but can later
recover their star formation rates, due to the outflows not being as strong and consequently
not stopping further accretion as efficiently as for the galaxies that stay quenched. The caught
category presents an interesting case as well, due to an early peak in logarithmic asphericity
following a steep drop and subsequent main sequence like evolution. This very early dis-
ruption of their infall structure apparently allows them to maintain a constant, albeit low star
formation rate, which in turn is then compatible with late time main sequence star formation
rate.

In summary, Fortuné et al. (2025) further corroborate the evidence that the star forma-
tion evolution of galaxies is strongly tied to how affected their gaseous environments are by
feedback. This is manifested by the classes identified by the authors showing different evo-
lution with regards to their logarithmic asphericity, with each group’s quenching behaviour
largely reflected in their gas flow field. In future work we will investigate this connection
even further, utilizing the full statistical power of the DAWN flagship runs.

8.2 Shaped by the Flow: Galaxy Halo Shapes and Aspheric-
ity

This section has been partially published as Valenzuela et al. (inc. Seidel) 2024, A&A 690
A206, ”Galaxy shapes in Magneticum - I. Connecting stellar and dark matter shapes to

dynamical and morphological galaxy properties and the large-scale structure”. I provided
the asphericity data for Figure 14.

As we demonstrated in Chapter 5, the linear asphericity is most sensitive to how focussed
the inflow is on the dominant inflow directions set by filaments and neighbouring structures.
The tidal environment of haloes has long been known to affect their shape (Chen et al., 2016,
López et al., 2025, e.g.). An interesting connected question is how strongly these tidal fields
are also imprinted in the gas flow field. Valenzuela et al. (2024) investigated the stellar and
dark matter shapes of haloes in Box4/uhr at z = 0 and how they are correlated and connected
to the kinematics. To this end they quantified the shapes of the haloes in terms of three
parameters:
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Figure 8.2: Figure 14 from Valenzuela et al. (2024).

• The ratio of the second largest to largest eigenvalues of the mass distribution tensor
q =
√
λ2/λ1

• The ratio of the smallest to the largest eigenvalue
√
λ3/λ1, a measure for the sphericity

of the halo, where s=1 indicates a perfectly spherical halo.

• The Triaxiality T = 1−q2

1−s2 , measuring whether a halo is oblate (0 ≤ T < 1/3), triaxial
(1/3 ≤ T < 2/3, or prolate (2/3 ≤ T ≤ 1).

Fig. 8.2 shows these parameters computed for the full dark matter haloes at z = 0 plotted as a
function of the linear asphericity. The triaxiality and q appear to be completely uncorrelated
with ζlin. There is however a weak correlation with the sphericity s. The more the gas
inflow of a halo is concentrated on a few dominant inflow zones, the less spherical the dark
matter halo. The correlation is not a strong one, but given the fact that the halo shape at
z = 0 represents the time integrated result of all infall epochs the halo underwent during its
evolution, whereas the inflow asphericity measures the instantaneous gas inflow morphology
only at z = 0, it is quite remarkable that there is a correlation at all.

In summary we have shown the linear asphericity to be connected to the dark matter halo
shape at z=0. The more ellipsoidal the halo is at that time the higher the linear asphericity. In
future work we will aim to connect the asphericity parameter also to more common structure
components, like filaments and sheets, which are also connected to the shape of the dark
matter haloes embedded within them.

8.3 Summary and Conclusions

In this brief overview we have highlighted further connections between the inflow asphericity
parameter and galaxy properties. In agreement with Chapter 6, we showed that dividing the
global evolution curve of the logarithmic asphericity according to the star-formation classes
introduced by Fortuné et al. (2025) reveals the peak in the evolution to be driven by galaxies
that quench at some point during their evolution. Galaxies that never leave the main sequence
on the other hand do not disrupt their inflow field as strongly as the quenched group due to
them never undergoing a quenching outflow period. This further highlights the importance
of the gaseous environment of galaxies in their star formation evolution.
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The linear asphericity could be demonstrated to be indeed connected to the gravitational
environment of a galaxy: Galaxies with a strongly anisotropic linear inflow field, that is
galaxies with dominant filamentary regions, tend to be more ellipsoidal than galaxies without
a strong linear asphericity. This lends further support to the picture established in Chapter 5
and Chapter 6, that the linear flow field traces strongly the large-scale environment and the
logarithmic asphericity the baryonic feedback interaction with the resulting flow field.
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Part III

Flows in the Local Universe





Chapter 9

Going Local: From Cosmological
Simulations to Constrained Simulations

And now for something completely
different.

–John Cleese, And Now for Something
Completely Different (TV Series)

This chapter is based on the introduction of the simulation techniques published in Seidel et
al. 2025, A&A 702, A243, ”Simulating the LOcal Web (SLOW) - IV. Not all that is close will
merge in the end: Superclusters and their Lagrangian collapse regions”. The version in this

work includes several additions and updates.

One challenge when comparing cosmological simulations to observational data is that such
comparisons can usually only be done in a statistical sense. The initial density field of a cos-
mological simulation resembles the observed Universe only in terms of the power spectrum
P(k) of density fluctuations, while the phases are entirely random and thus do not generally
reproduce the exact same structures we observe in the real Universe. Testing the simulation
models against real-world observations is complicated by this, especially for observations of
physical processes that require a high spatial resolution, severely limiting the statistics due
to limiting samples to nearby structures. One example for this is the observed low velocity
dispersions from line broadening in local galaxy clusters (Aharonian et al., 2016, XRISM
Collaboration et al., 2025, Zhang et al., 2026), which is in significant tension to simulation
averages (Truong et al., 2024) (even though simulations can in principle reproduce the ob-
served dispersions). For such a discrepancy, it is a priori unclear whether the deviation stems
from an incompleteness of the hydrodynamical modelling (e.g. viscosity additionally sup-
pressing turbulence) in the simulations, or if the observed local clusters are just in the tail of
the population of clusters with similar general properties.

One approach to mitigating this problem is to attempt to construct the simulations in such
a way, that simulated structures are as similar as possible in terms of their environment and
formation history to actual observed structures. This can be achieved by subjecting the initial
density field of the simulations to constraints, usually derived from observations of the large
scale density or velocity fields in the Local Universe. Simulations of this kind are commonly
referred to as Constrained Simulations.
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9.1 Constrained Simulations
The goal of constrained simulations is to generate large-scale environments that are not only
compatible with random Gaussian initial fluctuations but also match the locally observed
structures such as galaxy clusters, groups, and the cosmic web in our neighbourhood. The
idea of subjecting the Gaussian random fields for numerical simulations was already pro-
posed by Bertschinger (1987). In the past decade, with the availability of better and better
data from the Local Universe, this approach to cosmological simulations has gained signifi-
cant traction with a number of different methods and constraints being used. The approaches
can be roughly divided into two groups: Constrained simulations based on galaxy num-
ber density information and simulations with constraints based on galaxy peculiar velocity
data. The Coruscant simulations are examples of the former approach (Dolag et al., 2005a).
Additionally constrained simulations based on Bayesian forward modelling (Kitaura et al.,
2012, Heß et al., 2013) such as the Sibelius simulations (Sawala et al., 2022) take galaxy
density as an input, but add dynamical modelling. Using velocity data has the distinct ad-
vantage of implementing information about an underlying field that fluctuates on a larger
scale than the density field, thus providing better large-scale constraints. Simulations using
galaxy velocities to build constraints include the CLONES simulations (Sorce, 2018, Sorce
et al., 2021), which the HESTIA suite (Libeskind et al., 2020) and the SLOW set of initial
conditions and simulations (Dolag et al., 2023) are based on. Previous galaxy cluster and
large-scale studies using constrained realizations obtained with these methods include, but
are not limited to: analysis of the pressure profiles of a digital Virgo clone, accounting for
projection effects (Lebeau et al., 2024c) and the variation in the splash-back radius of Virgo
when estimated with different tracers (Lebeau et al., 2024a). Additionally, Malavasi et al.
(2023) studied the connectivity of a simulated Coma cluster counterpart to the cosmic web
and compared simulated properties to the observed Coma cluster. Large-scale studies with
constrained simulations investigated the local galaxy distribution (McAlpine et al., 2022)
and velocity waves in the local Hubble diagram as a diagnostic tool for cluster potentials and
masses (Sorce et al., 2024) and aimed at constraining the local magnetic field (Dolag et al.,
2005b). On larger scales yet, a possible impact of local clusters on CMB anomalies via the
thermal and kinematic Sunyaev–Zeldovich effect was quantified by Jung et al. (2024).

9.2 The SLOW Simulation Suite
The following chapters in this work will be mainly based on the SLOW suite of constrained
cosmological simulations (Dolag et al., 2023, Hernández-Martı́nez et al., 2024, Seidel et al.,
2025b). We therefore describe the methods and basic principles of the construction of con-
strained simulations using this specific suite as an example.

9.2.1 Initial Conditions
The starting point of the constrained initial conditions is the Cosmicflows-2 catalogue of
distance moduli and redshifts (Tully et al., 2013). From this, the peculiar radial velocities
of the respective groups and galaxies can be inferred. Additionally, a grouping scheme is
applied (Sorce & Tempel, 2017), which factors out the collapse motions of galaxies grav-
itationally bound to a specific group or cluster (finger-of-god-effect) and provides a more
robust distance through averaging over group members. A number of additional bias correc-
tion procedures are subsequently applied to the raw data in order to maximize the accuracy
and robustness of the reconstruction and handle the shot noise and intrinsic uncertainty from
the Cosmicflows-2 data (Sorce, 2015, Sorce et al., 2017, Sorce & Tempel, 2018). From this
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data, the cosmic displacement field (s(q) in Eq. (1.27)) is then inferred using a Wiener Filter
technique (Zaroubi et al., 1995, 1999). Using this displacement field, the reverse Zeldovich
approximation is then applied to the tracers to relocate them to their positions at zini (Doumler
et al., 2013), this amounts to rewinding the quasi-linear evolution of the Universe, applying
Eq. (1.27) with the displacements reversed. The initial radial velocities of the tracer galaxies
are replaced by the 3D velocities inferred by the Wiener Filter in order to accurately factor
in the uncertainties in the peculiar radial velocities (Sorce et al., 2014), which prevent the
velocity field from being completely described by just the radial velocities (which would be
the case for an ideally sampled linear velocity field). The final initial conditions are then
obtained by applying the constrained realization algorithm introduced by Hoffman & Ribak
(1991) to the reconstructed velocities. The method of obtaining the initial conditions is de-
scribed in comprehensive detail by (Hoffman & Ribak, 1991, Hoffman, 2009, Sorce, 2015,
Sorce et al., 2017, Sorce, 2018, Dolag et al., 2023).

A closely related alternative method to obtain the initial conditions from velocities is
to obtain the initial density field by forward modelling, essentially running small PM N-
Body simulations and updating the density field in a Bayesian way in order to reproduce the
observed final velocities. This approach has the advantage of relaxing the assumptions of
linearity in the formerly described method but suffers from biases of its own. One example
of such a method is the Hamlet-PM code described by (Valade et al., 2026).

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

768 11 3 2.0 × 1010 3.8 × 109 9.5 × 108

1536⋆ 5.4 1.5 2.5 × 109 4.7 × 108 1.2 × 108

3072 2.7 0.75 3.1 × 108 5.8 × 107 1.5 × 107

6144 0.75 0.35 3.8 × 107 7.1 × 106 1.8 × 106

Table 9.1: Resolution level conventions in the SLOW suite of simulations. The ⋆ symbol
indicates the settings of the current full physics fiducial run SLOW − FP15363.

9.2.2 Simulation Runs

Starting from a set of low-resolution constrained white noise, the resolution was increased
self-consistently by adding shorter wavelength density fluctuation to the matter power spec-
trum and finally generating initial particle positions from the upscaled velocity fields. This
was done using the Ginnungagap software1 (Pilipenko et al., 2025) . With the basis field be-
ing a 5123 white noise field in a box of 500 Mpc/h side length (realization 8 from CLONES),
SLOW covers a number of up- and down-scaled resolutions, which can be found in Ta-
ble 9.1. The following work will focus on the SLOW volume currently combining the most
complete subgrid physics (including feedback from active galactic nuclei, AGNs) with the
highest resolution, termed the SLOW − FP15363 run. All simulations were performed us-
ing the smoothed-particle hydrodynamics (SPH) code OpenGadget3, which expands on the
Tree-SPH code Gadget2 (Springel, 2005). The SLOW − FP15363 run employs a subgrid
model largely identical to the Magneticum suite of simulations (Dolag et al., 2025) discussed
in Chapter 3. All simulations in the SLOW suite assume a Planck-like cosmology(Ωm=0.307
; ΩΛ=0.693 ; H0=67.77 km s−1 Mpc−1 and σ8=0.829, see Planck Collaboration et al., 2014).

1https://code.google.com/p/ginnungagap/
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Name Resolution afinal Nsnaps,future

Clairvoyant 768 1000 1
Clairvoyant Redux⋆ 768 1100 27
Clairvoyant Hires 1536 1100 27

Table 9.2: Clairvoyant runs. The ⋆ symbol indicates the run used by (Seidel et al., 2025a).

9.3 Looking Ahead: The Clairvoyant Suite
In order to study the late-time dynamics of Local superclusters (see the following chapter),
we additionally performed N-Body runs of the SLOW initial conditions that ran into the
far future. This small suite of simulations is called the Clairvoyant set. The first run was
performed using the 768 initial conditions from SLOW and ran until a scale factor a = 1000.
Subsequent simulations followed to improve spatial resolution and optimize the snapshot
density. In order to test the convergence of the initial simulation these runs were also ran to
an even higher scale factor. An overview of the N-Body forward runs is given by Table 9.2.
All additional settings were identical to the SLOW setup for the respective resolutions (see
Table 9.1). Using these forward runs in combination with the full-physics SLOW runs, we
now turn towards the supercluster regions in the Local Universe.



Chapter 10

SLOW-ly Growing Giants: Superclusters
in Constrained Simulations

This chapter is published as Seidel et al. 2025, A&A, 702, A243, ”Simulating the LOcal
Web (SLOW) - IV. Not all that is close will merge in the end: Superclusters and their

Lagrangian collapse regions”.

10.1 Introduction: Superclusters

Descriptions of the large-scale structure of the universe usually categorize components of the
overarching structure, the cosmic web (Bond et al., 1996b, van de Weygaert & Bond, 2008),
according to their collapse mode. Two dimensional collapsing structures are called sheets,
linear collapsing structures are called filaments, and the intersection points of filaments,
where the most massive clusters are located are called nodes.

Superclusters, as arrangements of galaxy clusters, fall somewhat outside of these three
categories since their definition is elusive and encompasses a variety of different morpholo-
gies, masses and collapse modes. For example, these regions have been dynamically identi-
fied with their basins of attraction, regions within which all large-scale flow lines (disregard-
ing the background evolution) converge to a single point (Tully et al., 2014). Subsequent
work has shown this definition to cleanly partition the entire cosmological volume into dis-
crete regions (Dupuy et al., 2019) and these regions then encompass matter organized into
all three components of the cosmic web and even voids. Other work (Einasto et al., 2018,
2019) defines superclusters as regions enclosed by contours of enhanced density – or, cor-
respondingly, luminosity – within the cosmic web itself partitioning nodes and sections of
filaments according to their density contrast. Studies of the morphologies of the superclus-
ters obtained with these methods yielded two main morphological groups of superclusters
using Minkowski functionals: Spider superclusters formed around one central massive ob-
ject fed by multiple filaments and filament superclusters where the mass is more evenly
distributed along one massive filament giving rise to a more elongated geometry (Einasto
et al., 2007b). Einasto et al. (2007b) additionally connected these types to the richness of
the region, with filaments representing the richest superclusters, while spiders were found to
be in general poorer. An even more restrictive definition is given by the ”superstes” cluster,
coined by Chon et al. (2015), comprised only of components that are actually gravitationally
bound to each other. All of these definitions capture a different aspect of the largest matter
arrangements in the universe and can thus yield radically different properties.

Supercluster regions are of considerable interest from a number of different perspec-
tives: They host a large number of bridges and filaments connecting galaxy clusters in a
pre-merging state making them prime targets for a number of thermal and non-thermal emis-
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sion processes as well as the influence of different environments on galaxy evolution (e.g.
Aghanim et al., 2024). Additionally these massive structures have been investigated in stud-
ies aimed at understanding large scale magnetic fields (e.g. Xu et al., 2006). Finally, as the
largest coherent density perturbations in the universe, they decouple from the Hubble flow
last and in fact only a few of these objects have been shown to be already actively collapsing
(Pearson & Batuski, 2013, Pearson et al., 2014, Reisenegger et al., 2000). This relatively
pristine state allows studies of the primordial configuration of matter density perturbations
from a cosmological perspective.

The Local Universe in particular is host to numerous peculiarities that possibly can chal-
lenge the current canonical cosmological model but at the very least point towards the local
volume as being an outlier in terms of large-scale structure. Examples for such features are
the local sheet (Einasto & Miller, 1983, Böhringer et al., 2021) which is a 100 Mpc pancake
in the Local Universe and contains, among other structures, the local supercluster (Peebles,
2023). The local superclusters specifically have gathered significant observational and ob-
servational interest recently: Odekon et al. (2022) investigated the correlation of the in-fall
velocity field and the density field, as well as the connection of redshift dispersion and mass
(Odekon et al., 2024) of simulated filaments similar to the Perseus-Pisces supercluster in
order to constrain a characteristic in-fall velocity from the observational data. Böhringer
et al. (2025) examined the galaxy populations around these massive structures, specifically
the Perseus-Pisces supercluster, and identified a structure extending over 400 Mpc, which
they dubbed Quipu. Further studies found significant local over- (Makarov & Karachentsev,
2011) or underdensities (Böhringer et al., 2020) depending on the tracer for the underlying
matter distribution used and supercluster structures that strain predictions of the cosmolog-
ical model for the most massive structures in the universe (Sheth & Diaferio, 2011) though
there is ongoing debate whether these structures can actually be reconciled with standard
expectations (Sawala et al., 2025). These features can play an important role in resolving or
contextualizing current tensions between cosmological parameters obtained from local data
and derived from the CMB (assuming the standard cosmological model) such as H0 and σ8.

In the following we will use the simulations introduced in Chapter 9 and introduce the
prominent local supercluster regions that arise in the Local Universe model. Furthermore
we will study the late time dynamics of these regions and compare their final masses to
analytical predictions and the supercluster masses estimated from linking schemes at z=0.

10.2 Methods

10.2.1 Cross-identification of Structures

Starting from four catalogs of local supercluster members with galaxy cluster masses (Boeh-
ringer & Chon (2021), Boehringer et al. (2021), Merluzzi et al. (2015), and Monteiro-
Oliveira et al. (2022)), B1, B2, M, and MO hereafter, respectively, we first found the counter-
parts for the most massive clusters in each region in the catalog by Hernández-Martı́nez et al.
(2024) (the exception here being the Hercules supercluster, where we expand on the catalog
of Hernández-Martı́nez et al. (2024) by identifying A2147, see Section 10.3.1). In a second
step, we searched for the secondary members using the observed separation of the main and
the secondary as a starting point. We first identified all companions for the simulated main
cluster, i.e., halos within 50 Mpc/h with masses above 1 × 1013(Mvir). The search radius
was chosen such that the maximal observed companion cluster distance max(robs) = 38.77
Mpc/h (UGC3355) was contained with a margin within the search region. The mass limit
was chosen mainly due to mass resolution limitations. For each observed companion we then
searched for a match among the simulated companion candidates using the observed relative
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position of the main cluster and the observed companion. This relative position vector, added
to the position of the simulated main halo, gives an “ideal” counterpart position with respect
to the configuration of the region. The two main criteria for picking a companion match are
the deviation from this ideal configuration given by the difference in distance from the main
halo and the angular distance to the ideal position and the mass agreement of the compan-
ion. By using these criteria, we aim to ensure that the companion matches we identify are
found in a spatial configuration that resembles the observed supercluster structure (in 3D)
and mimic the mass distribution in the supercluster. Fig. B.7 gives a visual illustration of
this process. In the rare cases where the aforementioned criteria yield two or more good can-
didates we select the objects best matching additional observed properties specifically M500

and LX,500. Due to the uncertainties in the observed 3D positions, which are not taken into
account in the cross-identification process this can be considered a conservative estimate of
how well the regions are reproduced.

To give an idea of the morphology of the resulting structures we then created mock all-
sky observations in X-ray luminosity (0.1-2.4 keV band) and Compton-y using the program
SMAC (Dolag et al., 2005b). The observer position was chosen according to Dolag et al.
(2023), so all regions are viewed in the same projection. This perspective does not necessar-
ily reflect the selection criterion, which employs the 3D arrangement of the clusters. As an
observational reference for the produced Compton-y morphologies we used a Compton-y all-
sky map extracted from Planck data (Planck Collaboration et al., 2016d) using the MILCA
algorithm (Hurier et al., 2013) and cleaned for regions with high CO emission according
to Khatri (2016) to which the Planck bands used for Compton-y measurements are also
sensitive. As an X-ray reference observation, we used the all-sky ROSAT data at 1.5 keV
(R6+R7=0.76-2.04 keV) from the ROSAT All-Sky Survey (RASS) (Snowden et al., 1997).
The map was smoothed with a Gaussian kernel (σ = 10 arcmin). For the regions with a
smaller field of view (Shapley, Hercules, Coma), we employed a different smoothing kernel
size (σ = 5.4 arcmin) and used only R7 (1.05-2.04 keV).

10.2.2 Quality Assessment of the Crossmatches
To verify that the cross-identified regions stem from the constraints on the large-scale matter
distribution obtained from the Local Universe rather than the intrinsic statistical clustering
properties of the simulation, we introduced an angular two-point significance criterion, ex-
panding on the approach described by Hernández-Martı́nez et al. (2024). The basic idea is
to obtain an “uncertainty volume” based on the deviation of the position of the simulated
cluster from the observed position. Based on this volume, one can then estimate the proba-
bility of finding the observed structure randomly by sampling this volume many times in an
unconstrained simulation. This is equivalent to performing a null hypothesis test with the su-
percluster regions obtained from an unconstrained simulation serving as the null hypothesis.
To obtain good statistics for the relevant mass range, we use Box0 of the Magneticum suite
of simulations. This simulation features a volume of 2688 Mpc/h3 with a 1.73 × 1010M⊙
dark matter mass resolution and 5575 halos with masses exceeding 1015M⊙.

Fig. 10.1 visualizes how the probabilities were calculated for the pair case. First, the ex-
pected position of the less massive companion was calculated by obtaining robs, the relative
distance vector of the observed counterpart, and adding this vector to the simulated position
of the main halo. This expected position (x2,exp) together with the position of the simulated
companion (M2,sim) and the main halo (M1) spans a triangle with the opening angle Θ. The
volume corresponding to the spherical volume used for the one-point case by Hernández-
Martı́nez et al. (2024) is then the cone obtained by rotating this triangle around the bisector
of Θ. This cone covers a solid angle of dΩ ≈ πΘ2 (for small Θ), which quantifies how close
the simulated companion is to the expected position in the reference coordinate system of
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the main halo. We estimated the probability of finding the companion within dΩ by sam-
pling random cones centered on randomly selected massive clusters (we chose a threshold of
Mvir > 1015M⊙ to sample only the most massive regions which can be expected to have the
highest occurrence of massive companions) in the reference simulation. We then counted the
frequency of companions with a mass equal to or larger than the mass of the SLOW coun-
terpart. In total we sampled 106 cones in 5575 main halo vicinities. We further required that
the companions lie in the radial range rsim − drsim,obs/2 < r < rsim + drsim,obs/2 to sample the
supercluster regions in a similar radial regime. The geometric significance is therefore given
by

ppair = 1 − Nfound

Ncones
, (10.1)

the inverse of the fraction of cones sampled that contain at least one companion of M >
M2,sim. Because we leave the mass for the randomly sampled companions unbounded toward
more massive objects and because we take the observed relative positions of the secondary
clusters as ground truth, without accounting for the uncertainties these positions themselves
carry, the methods introduced above provide a conservative estimate of how well the simu-
lations reproduce these regions.1

Figure 10.1: Schematic of how the two-point significances are estimated based on the radial
(dr) and angular (dΩ) separation of the simulated secondary cluster, M2, to the expected
position (x2,exp). The red color indicates the part of the cone that is used as a “significance
volume” to compute the probability of obtaining the geometric arrangement randomly.

10.2.3 Simulating Ahead: The Clairvoyant N-body Forward Simula-
tion Suite

To analyze to what degree the cross-identified supercluster regions are actually collapsing nu-
merically, we performed forward simulations using a lower resolution (7683) of the SLOW
initial conditions set and let the dark matter particles (no gas particles were considered)
evolve until a scale factor of a = 1000, equivalent to 119 Gyrs into the future or the equiv-
alent cosmological redshift of z=-0.999 (it should be noted here that negative redshifts are
not physically meaningful but serve as an illustrative temporal parameter), corresponding to
roughly 8tH with tH = 1/H0 and our assumed h = 0.6777. This specific time was chosen to

1This process can also be understood as defining a spatial metric D(r, dr, dΩ). It is then possible to calcu-
late for each cluster Dsim = D(robs, drsim,obs, dΩ) and compute ppair(Dsim,Msim) as the fraction of companion
clusters of a mass of at least Msim, where D > Dsim with regards to a randomly sampled observed position in
the reference simulation.
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ensure that the rapid expansion of the background due to dark energy domination has frozen
in all large-scale evolution. As was already remarked upon by Nagamine & Loeb (2003),
this causes the simulation itself to speed up at late times. We then ran the Subfind structure
finder in an identical setup to the parent simulation on this evolved “final” state in order to
identify final halos.

10.3 Results

Table 10.1: Reference set and cross-identified member clusters

Region Reference
Observed members Mvir ≥ 1014M⊙
(all members) Counterparts

Maximum Influence radius
[Mpc/h] at z=0

Shapley M 4(11) 6 15.95
Perseus-Pisces B2 7(22) 8 9.90
Coma B1 5(13) 4 13.93
Virgo B1 1(5) 3 8.70
Centaurus B1 2(10) 4 12.71
Hercules(core) MO 2(4) 3 10.94
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Figure 10.2: Simulated mock Compton-y map (projection from 5-350 Mpc) from SLOW
(left) and observed Compton-y map (right) from Planck (Planck Collaboration et al., 2014).
Similarly to (Dolag et al., 2023), the simulated map employs a larger dynamic range to high-
light the imprints of the local clusters. SLOW cross-identified supercluster members com-
pared to selected observationally obtained supercluster regions using the catalogs from Boeh-
ringer & Chon (2021), Boehringer et al. (2021), Proust et al. (2006), Monteiro-Oliveira et al.
(2022). The different colors indicate the regions: C=Centaurus, CO=Coma, H=Hercules,
PP=Perseus-Pisces, SH=Shapley, and V=Virgo (Local supercluster).

10.3.1 Superclusters in the SLOW Simulations
As the most massive and galaxy rich assemblages of matter, superclusters can be expected
to be among the most well constrained regions in the SLOW simulations. Since the con-
straints are derived from the galaxy peculiar velocity field, their high galaxy density results
in a well-sampled velocity field in these regions. We selected supercluster regions and mem-
ber clusters from three observational supercluster catalogs and identified the corresponding
regions in the SLOW simulations by utilizing the crossmatched most massive clusters in the
simulation as described by Hernández-Martı́nez et al. (2024). We then identified the com-
panion clusters and groups as outlined in the previous section. The general properties of the



118 Chapter 10 – Superclusters in Constrained Simulations

six supercluster regions for which we find viable counterparts with the methods introduced
above are shown in Table 10.1. As can be seen from the table, we are able to identify counter-
parts for most of the massive supercluster members in the observational catalogs. Fig. 10.2
shows the distribution of these regions on a simulated full-sky Compton-y map generated
with SMAC (Dolag et al., 2005b) and centered on the SLOW optimal center from Dolag
et al. (2023). The colored dots indicate each respective supercluster and show the simulated
superclusters to reproduce the general spatial arrangement of the observed regions.

The crossmatched member clusters are listed in Table B.1 arranged by region and with
their most important properties. To provide more details on each region and the exact ar-
rangement of the member clusters, we show a four-panel figure for each supercluster -
Fig. 10.3 for the Shapley supercluster and Fig. 10.5 for Perseus-Pisces. The remaining four
regions can be found in Appendices B.2 to B.5. The four panel plots/Superclusters are struc-
tured as follows. The top row (panels A and B) compares a mock image from the simulation
(A) and the respective X-ray observation (B). For an easier comparison of simulated and ob-
served fluxes, both maps are normalized to the mean flux within R500c of the simulated and the
observed Coma cluster, respectively. To give a better idea of the underlying structure, panel
A shows the gas density contours of the mock region in thin white (2D gas overdensity levels
of [1.25, 20] ∗ ρ̄image) and thick white lines, respectively. The density was calculated using
SMAC and a suitable projection depth to capture all of the member clusters, and smoothed
with a Gaussian kernel (σ = 4.5′) to compute smoother contours. In the bottom row we
show the predicted Lagrangian collapse volume of the supercluster calculated from the for-
ward simulation described in Section 10.2.3 at different points in time. This Lagrangian
volume is given by the Friends-of-Friends (FOF) group at the last snapshot (at z=-0.999). In
the left panel (C) it is shown in the initial conditions with the individual member Lagrangian
volumes overplotted. In the right panel (D) the Lagrangian volume is shown at z=0 in the
context of the surrounding large-scale structure. Note that it is primarily the linear scale
of the density, or rather the velocity field, that is constrained by the observational data for
SLOW. Additionally resolution effects from the simulation itself can already impact halos in
this mass regime even if they are induced in the correct place by the constraints. Therefore
we do not expect the low-mass member clusters and groups (M ≈ 1013M⊙) to be reproduced
accurately and focus on the most massive member clusters for the cross identification.

The Shapley Supercluster Region

The Shapley supercluster as identified by Merluzzi et al. (2015) consists of four massive core
members: A3558, A3556, A3562 and A3560. As can be seen in panels A and B of Fig. 10.3,
we recover A3558 and A3560 (numbers 1 and 4 in the plots/Superclusters) in consistent
positions in SLOW. Additionally, we find three more members of the outer supercluster,
namely A3571, A1736 from Proust et al. (2006) and A3559 which is also identified by
Merluzzi et al. (2015) but less massive. Shapley is one of the most massive supercluster
structures observed to date (Zucca et al., 1993). This region, especially its central core has
been the focus of many multiwavelength studies, investigating radio and X-ray evidence
for sloshing at the center of A3560 (Venturi et al., 2013), nonthermal signatures of group-
cluster interaction in the region between A3562 and A3558 (Venturi et al., 2022) as well as
optical and spectroscopic analysis of substructures and filaments connecting the supercluster
members (Merluzzi et al., 2015). A recent study performed a blind extraction of the full
filamentary network from the galaxy distribution and connected the star formation activity
of the galaxies in the region to the supercluster environment and its filamentary structure
(Aghanim et al., 2024). The relatively large distance of the Shapley supercluster, with a
redshift range of z ∈ [0.04, 0.055] (Proust et al., 2006), puts it at the very edge of the SLOW
region one could reasonably expect to be constrained. Evaluating the tracer galaxy positions
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from Cosmicflows-2, we find only a single galaxy velocity within the collapse volume of
the region (see also Fig. B.8). Nevertheless, this structure is recovered to striking detail.
The characteristic large-scale arrangement can be clearly seen in Fig. 10.3, with the gas
density contours indicating the central filamentary structure connecting A3558 (1) to A3560
(4) and A3571 (2) as found by Aghanim et al. (2024). Additionally, the structure connecting
A3559 (6) and A1736 (3), which is also identified as a filament by Aghanim et al. (2024),
can be seen in the underlying gas density. In addition to these morphological agreements,
Fig. 10.4 shows the two-point significances discussed in Section 10.2.2 for four exemplary
member clusters. The small separation angles (

√
Ωsim, (vertical red lines) for these members

(in combination with their high masses) lead to a very low probability of random detection,
quantitatively solidifying the agreement from the projection in Fig. 10.3.

A notable distinction from the observed supercluster is the stage of the merger in the core
of the region: A3558 and A3562 have already merged at z = 0 in the simulation forming
a double core that is already identified as a single halo and additionally undergoes another
merger briefly before z=0 (likely responsible for the lack of a counterpart for A3556). These
slight offsets in merging state/time occur quite often and most likely arise from the positional
uncertainties that can significantly shift the in-fall history in collapsing systems. Additional
uncertainty factors for these histories are introduced by the assumed background cosmology,
the linking criterion of the halo finder, and possibly the exact numerical implementation of
the simulation code.

A3532: Differences between one-point and two point results The distant member cluster
A3532 illustrates how considering the relative positions of the member clusters - as opposed
to the distance to their observed position - can impact the cross-identification of SLOW clus-
ters with observed counterparts. The match identified by Hernández-Martı́nez et al. (2024)
is selected because its mass in combination with the small distance to the observed position
of A3532 gives it a high one-point significance. Relative to the Shapley SC core A3558, the
previous counterpart is, however, in the wrong position, indicating another simulated cluster
as a better counterpart based on the arrangement of the wider region. The previous match is
found to be a better fit for A3559 with respect to the supercluster structure. Fig. 10.3 shows
the situation. Cluster 6 is the previous match, now identified with A3559 and cluster 5 the
new counterpart for A3532. The resulting two-point significances for the two matches can
also be seen in Fig. B.6, quantitatively demonstrating the alternative match to be in a better
position with respect to the supercluster environment. This is the only supercluster member
also identified by Hernández-Martı́nez et al. (2024) where the supercluster environment in-
dicates a different counterpart to the method used in that work, so a disagreement between
the two methods appears to be a rare occurrence and can likely be attributed to the previously
discussed sparsity of constraints in this particular region.

The Perseus-Pisces Supercluster Region

The Perseus-Pisces complex, as was identified by Boehringer & Chon (2021), is notable by
its filamentary and branching morphology (Einasto et al., 1980) and comprises seven high-
mass members; namely, A426, AWM7, CIZAJ0300.7+4427, 3C129, A262, NGC507, and
UGC3355. We identified counterparts for all of these members (see the third section of
Table B.1) and reproduced this filamentary appearance to a striking degree. This can be seen
in the top row of Fig. 10.5: the V-like structure of the main branches of the filament given
by A426 (1), AWM 7 (2), and UGC2562 (3) found in the observation is reproduced by the
simulated region, as is indicated by the gas density contours connecting the two companions
to A426.
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The Coma Supercluster Region

The Coma supercluster or, as it is alternatively called, the Great Wall (Gott et al., 2005),
has five massive member clusters identified by Boehringer & Chon (2021): A1656, A1367,
A1185, MKW4, and NGC4325. We find counterparts for the first four of these clusters in the
SLOW simulation. The main halo A1656 – the Coma cluster – is one of the most prominent
and best-studied structures in the Local Universe. The properties of the crossmatched mem-
bers are listed in Table B.1. The region spanning the triangle of the Coma cluster, MKW4,
and A1185 constrains this supercluster region especially well, as can be seen from the red
dots in Fig. 10.2 and in more detail in Fig. B.1 where a zoom-in view of the region is provided
both in observations and in simulations, as well as the collapse structure of the supercluster
and its large-scale (dark matter) environment.

The Local Supercluster Region

The Local supercluster is a typical spider-type supercluster (Einasto et al., 2007a), dominated
by one central rich cluster (Virgo) which is also the only member of this region from the
catalog by Boehringer & Chon (2021) above 1014M⊙. We identify a match for this cluster as
well as another less massive system, NGC5846, from the catalog in the SLOW simulations.
Otherwise, the Virgo supercluster is composed of galaxies in a filamentary arrangement.
This property is well reproduced by SLOW, as can be seen in the lower right figure of the
four panel plot Fig. B.3 and in the three projections of Fig. B.7, with the dominant filament
being the Virgo-Centaurus filament. Additionally, we identify a promising counterpart for
one of the “traditional” local supercluster members; namely, the M94 group (sometimes
referred to as CVn or CVn I group), which was omitted in the catalog by Boehringer &
Chon (2021). The Local SC is the most tentative FOF association described by Boehringer
& Chon (2021), requiring alleviation of the criteria the authors apply. Several of the smaller
groups that the authors list as members of the structure fall below the luminosity limit applied
to the other superclusters and additionally they list the giant ellipticals M86 and M87 as
separate members, despite belonging to the Virgo cluster itself. The problem of the relatively
low mass of the members identified by Boehringer & Chon (2021) is further aggravated
in the simulations by the uncertainty of the center, i.e., the position of the observer in the
model Universe (see Dolag et al. (2023)). Additionally, as an extremely close-by region
the geometric distortions of a shift in center are expected to be the most severe for this
supercluster. Correspondingly, the members of this region – defined by Boehringer & Chon
(2021) – have only relatively weakly constrained counterparts in the simulation, or rather no
counterparts at all are identified with our methods, as is the case for some of the observed
clusters.

The Centaurus Supercluster Region

The Centaurus supercluster, as was identified by Boehringer & Chon (2021), hosts only
two massive structures, A3526 and NGC5044. We find a counterpart for A3526 in the
SLOW simulation and additionally identify matches for three of the less massive systems,
NGC4936, AS0753, and A3574E. Whether the Hydra and Centaurus supercluster region is
composed of one joint supercluster rather than two separate agglomerations is a matter of
debate in the literature. Boehringer & Chon (2021) find these regions to be separate using
their luminosity-weighted linking length. However, in the SLOW simulation, the distance
of Hydra and Centaurus is reduced significantly (rsim = 9.6 Mpc) compared to the observed
distance (robs = 30.9 ± 6.0 Mpc)2. As a result, the two clusters are gravitationally bound

2Relative distance and error are based on the positions and velocity uncertainty given by Tully (2015)
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together with Hydra falling onto Centaurus. Thus the supercluster regions are merged into
one, consequently also biasing the masses in the region toward higher masses. The closer
proximity of the Hydra cluster compared to the observed Centaurus supercluster additionally
changes the geometry of the region, complicating the identification of clear counterparts for
the member clusters, especially NGC5044, the most massive secondary cluster in this region.

The Hercules Supercluster

Cross-identification of A2147 Because (Hernández-Martı́nez et al., 2024) do not find a
counterpart for the main cluster of the Hercules supercluster structure, namely A2147, ap-
plying their search criteria, we start by trying to identify a counterpart with a slightly ex-
tended search radius. In their study on the Hercules supercluster core, Monteiro-Oliveira
et al. (2022) give a total mass of 13.5+2.1

−1.7 × 1014M⊙, placing it well into the mass regime of
the most massive halos in the simulation box. This means that a detection, even at a higher
distance to the observed position, is likely to be reliable. We identify a candidate halo at
robs = 53.54 Mpc/h separation from the observed position. We computed the M500-based
significance as described by Hernández-Martı́nez et al. (2024) for this detected counterpart.
The resulting probability is p = 0.043, indicating a detection probability of 95.7%, indicating
that this halo is a viable counterpart (see also Fig. B.5).

The Hercules supercluster core itself is a concentrated structure (rpro j ≈ 9 Mpc according
to observations (Monteiro-Oliveira et al., 2022)) constituted by three main structures: A2147,
A2151 (Hercules cluster), and A2152. Monteiro-Oliveira et al. (2022) additionally identified
two massive sub-clumps not previously identified in the structure. In the SLOW simulation,
A2147 as the central halo is fed by at least three filaments (see the contours in Fig. B.4) along
which other massive groups and clusters such as A2151 and A2152 fall in. Both of these in-
falling structures have counterparts in the SLOW simulation. However, in the catalog by
Boehringer et al. (2021) only the low-mass tail of the larger supercluster region lies within
the survey volume, leading to relatively low-mass members (1013 − 1014M⊙) in their study.
Due to their distance to the supercluster core and the low masses, we currently do not find
reliable counterparts for these structures in SLOW.

10.3.2 The Future of Bound Structures
In the linear picture of structure formation, initial density fluctuations of small to intermedi-
ate wavelengths enter their collapse and virialization phase first, followed by the long wave-
length modes. For this reason, galaxies and even clusters of galaxies form relatively early
on in a phase of moderate background cosmology expansion. The biggest structures, how-
ever, namely superclusters, are only just forming today, making the cosmological context
they evolve in a quite different one to the matter-dominated background Universe at z = 0.5
and higher. Their relatively young dynamical age at the present time makes superclusters
hard to separate and it is unclear to which degree structures that appear connected in ob-
servations can actually start collapsing and form virialized structures. In Section 10.2.3 we
introduced the additional forward propagated box of the SLOW initial conditions. Fig. 10.6
shows a slice through this Clairvoyant simulation at the present time and in the far future.
It demonstrates the evolution of the cosmic web to be already almost progressed to its final
morphological state at the present time. It should be noted here that this standstill occurs
only in co-moving space, in real space the frozen structure is rapidly drifting apart.

There is little to no late time evolution in co-moving space at the largest scales, consis-
tent with previous numerical experiments (e.g., Nagamine & Loeb, 2003, Busha et al., 2003,
Hoffman et al., 2007, Araya-Melo et al., 2009). Collapsing overdensities separate into gravi-
tational “islands” with all flows between those regions halted by the rapid expansion pulling
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theses islands apart in real space. For similar reasons, while the voids continue to empty out
after the present time, there is also a significant amount of matter that is left behind in the
voids, never reaching the walls on its outflowing trajectory.

The suppression of structure formation is also reflected in the evolution of halo masses.
Fig. 10.7 shows the halo mass in the Clairvoyant simulation and its evolution with cosmic
time. While the halo mass function (hmf) evolves to some degree after z = 0, barely reach-
ing objects with masses of 1016M⊙, its evolution is severely slowed down. Additionally, it is
precisely the largest structures that assemble after the present time, with a completely halted
evolution at the group to small cluster mass end. This reflects the assembly of the super-
cluster structures that are dynamically still very young at the present time. Beyond 60 Gyr
the evolution of large-scale structures is strongly suppressed in co-moving space, as can be
seen by the last halo mass function lines completely overlapping at the high-mass end even
though there is not one finite point in time when it is halted completely.

Fig. 10.8 shows the mass evolution of the halos associated with the superclusters intro-
duced in the previous section in the Clairvoyant simulation. We furthermore show the
evolution of the most massive halo in the simulation volume overall (black line) as a refer-
ence for the general structure evolution in the box. Generally, two classes of superclusters
can be identified with respect to their mass growth history: those that have already assem-
bled their mass fully at the present time (Perseus and Virgo); and superclusters that undergo
significant mass accretion and major mergers in the future before freezing out.

The most prominent example of such late-growing superclusters is Shapley: this super-
cluster experiences two major mergers in the future, associated with the infalls of A3560
and A3571, respectively. A common peculiarity of these late-time mergers is that the virial
mass of the halos actually decreases again after reaching a peak after the secondary clus-
ter has fallen in. This peculiarity can also be understood with the late time merger of the
Shapley supercluster with A3571 (the rightmost spike of the blue curve in Fig. 10.8). While
A3571 reaches the cluster center against the expansion of the background and can thus be
considered bound to the survivor cluster, a significant amount of its mass is lost again by the
subsequent puffing up of the halo. This leads to particles being ejected to radii where they
can rejoin the Hubble flow, keeping them from collapsing to the final virialized object and
subsequently decreasing the mass within a virial radius of the halo again (although in total
the mass increases).

The effect of post merger-relaxation has been studied by Lee et al. (2018), albeit at z=0.
They find that significant post-merger mass losses are common, with low-mass halos being
more strongly affected by this effect than high-mass halos. Interestingly at z=0 in their
highest mass bin centered at log(M[M⊙]) = 13.45 they find a fraction of ≈ 5% of halos
that experience a mass-loss greater than 10% of the peak mass (i.e., the maximum mass the
halo reaches in the merging process). In our (statistically not significant) sample, 50% of
halos lose more than 10% of their peak mass, with Coma achieving the highest loss fraction
of ≈ 16% (see also Table 10.2). Considering the mass trend found by Lee et al. (2018)
and the masses of the halo sample in this work, this is a strong indication that this mass-
loss process is much more drastic in the late-time Universe, aided by the rapid expansion.
Another distinction to the mass loss studied by Lee et al. (2018) is that for the late-time
mergers the mass loss is generally not recovered through re-accretion of the lost material.
This is illustrated by the trajectory of Hercules in Fig. 10.8: due to the final major merger
happening early enough (t ≈ 18Gyr), the supercluster is able to recover nearly all of its
peak mass after an initial post-merger mass loss. In contrast, the mass lost by the last major
mergers, in for example Coma, is lost to the Hubble flow and never recovered.

The concept of “unbound” particles was previously discussed in the literature by, for
example, Behroozi et al. (2013), though this study was limited to massive halos that do not
undergo a major merger after z=0. Nevertheless the finding that simple energy considerations
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are poor predictors of whether particles are actually bound to a given structure is in excellent
agreement with the diversity of mass history trajectories and irregular collapse volumes we
find in this study (see e.g., Fig. 10.3 and the more detailed discussion in Section 10.3.3).

Freeze-Out Time

To more accurately estimate the freeze-out time, the time at which structure formation is
stopped completely, we considered the mass assembly histories of the most massive struc-
tures; namely, the most massive supercluster from the sample, the Shapley supercluster, and
the halo with the largest final mass in the box overall (black line) shown in Fig. 10.9. Though
the overall mass growth is already suppressed significantly after ≈ 2tH, there is still consider-
able growth in mass for both halos after this point, finally evening out at a freeze out time of
t ≈ 50 Gyr (the most massive halo in the simulation evens out its growth to a growth rate of
less than 0.1% of its final mass (Mvir,fin = 5.5× 1015M⊙) per Gyr at 52.85 Gyr). Additionally,
Fig. 10.10 shows a histogram of the assembly fractions of the 10000 most massive halos in
the final snapshot at five points in time in the future. This evolution solidifies the impression
from Fig. 10.9 of there being a non-negligible fraction of halos still evolving in the far future.
From the median at 3tH it can be seen that the average massive halo still assembles approxi-
mately 4% of its final mass beyond that point. Interestingly, compared to the simulation run
by Nagamine & Loeb (2003), which used a similar approach and found a freeze-out time
of about 30 Gyr in the future (or ≈ t0 + 2tH with their parameters) this convergence time
is further in the future the SLOW simulation seems to still assemble structures beyond this
point in time. It should be noted, however, that this is quite hard to judge from the halo mass
function alone, since Fig. 10.7 seems to be in good agreement with Figure 2 in (Nagamine
& Loeb, 2003). We conclude from this that the observed late-time evolution in this does not
necessarily contradict the previous result. Rather, it expands on what (Nagamine & Loeb,
2003) found for their simulations. Nagamine & Loeb (2003) used different cosmological
parameters (Ω0 = 0.3,ΩΛ = 0.7, h = 0.7, σ8 = 0.9) and a smaller simulation volume with
vacuum boundary conditions. The assumed cosmology can impact the exact timing of the
freeze-out: the slightly higher dark energy density and larger H0 used by (Nagamine & Loeb,
2003) shift the freeze out closer to z=0 because the background expansion dominates against
gravity at an earlier time. A sensitivity to the σ8 used for the simulation is also likely as the
strength of the clustering can additionally affect the exact collapse times.

Additionally the freeze-out time can be impacted by the boxsize as a larger box contains
longer wavelength density perturbations compared to a smaller volume. As the superclusters,
being the largest bound structures in the volume, are expected to sit at the peaks of these
large-scale fluctuations, one would expect a constructive effect on the evolution of these
regions in the slightly larger box of SLOW and thus a shortening of the freeze-out time.
However without a dedicated experiment, the relative importance of these effects is difficult
to assess. We leave this experiment for future work as it is beyond the scope of this first
study on the SLOW superclusters.

Whether SLOW Predicts that the Milky Way Will Fall onto Virgo

At the present time, the Local Group has a measurable peculiar velocity with respect to the
Hubble flow in the direction of the Local supercluster (e.g., Lynden-Bell et al., 1988). This
raises the question of whether the Local Group itself might be bound to the Local super-
cluster. Previous numerical works, for example, tackled this question from both a numerical
(Nagamine & Loeb, 2003) and an analytical (Chon et al., 2015) perspective. All current
evidence points toward the Local Group receding away from the Local supercluster in the
future due to cosmic expansion. We can verify this result in the SLOW simulation by us-
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ing the collapse volume of the Local supercluster from the Clairvoyant simulation. Since
there is no direct counterpart for the Local Group in SLOW, we use the box center as the
first proxy for its position. This choice is reasonable, since the constraining data are by con-
struction centered on our position in the Universe. A second plausible choice would be the
SLOW-optimal center given by Dolag et al. (2023) as the Milky Way position taking into
account the distortions that affect the positions of local galaxy clusters. Fig. 10.11 shows
both of these proxies and their position relative to the collapse volume of the Local Super-
cluster. In agreement with previous works, the SLOW simulation predicts the Local Group
to be unbound from its closest supercluster as the collapse volume of the Local Supercluster
does not contain either choice for the Milky Way, or rather Local Group position. Chon et al.
(2015) also compared the peculiar velocity of the Local Group toward the Virgo cluster of
about 220 km/s with the velocity necessary for collapse, which they computed to be about
800 km/s at the position of the Local Group. Computing the center-of-mass dm velocity of
a spherical region of 500 kpc/h around both our Local group position proxies, we measure
a Virgo-centric inflow of 272 km/s for the SLOW optimal center and 316 km/s for the box
center. 3In agreement with the collapse volume, these velocities show that neither center is
bound to the Virgo cluster. In addition the SLOW optimal center reproduces the observed
Virgo-centric in-fall velocity quite well. Similarly to (Nagamine & Loeb, 2003), we also
computed the total peculiar velocities at the SLOW optimal center. We find a total velocity
of 625 km/s with respect to the Box rest frame, in great agreement with the observed CMB
dipole of 620 ± 15 km/s (Planck Collaboration et al., 2020). This also indicates the collapse
volumes computed in this work to generally agree with analytical expectations, which we
shall explore further in the next subsection.

10.3.3 Collapse Regions
What constitutes a supercluster region from a physical perspective is an inherently ambigu-
ous question. The definitions from previous works can be summarized into the following
three criteria:

1. Density criteria, i.e., selecting a region enclosed by some density contour (e.g., Boeh-
ringer & Chon (2021), Boehringer et al. (2021)).

2. Dynamical criteria, i.e., selecting mass tracers converging onto a local attractor (e.g.,
Dupuy et al. (2019)).

3. Boundness criteria, i.e., selecting a region that will collapse onto a structure in the
future respecting the background evolution of the cosmology (e.g., Araya-Melo et al.
(2009), Dünner et al. (2006), Chon et al. (2015)).

There have been a number of theoretical and numerical approaches toward determining the
collapsing or bound fraction of a given overdense region based on the evolution of a spheri-
cal overdensity with regards to a homogeneous background cosmology (Nagamine & Loeb,
2003, Busha et al., 2003, Dünner et al., 2006, Hoffman et al., 2007, Araya-Melo et al., 2009,
Pearson & Batuski, 2013, Chon et al., 2015). These works all aimed at deriving a critical
density (or mass given an observed radius) a region needs to be able to form a single struc-
ture in the future. The derivation by Busha et al. (2003) arrived at a critical density ratio
of Ωc = 5.56 for a marginally collapsing shell at a → ∞. In contrast, by relaxing the as-
sumption of particles moving with the Hubble flow at the present time and working purely
with spherical collapse theory Dünner et al. (2006) obtained a lower critical density ratio of

3To improve the sampling of the velocity field locally, these velocities are based on a higher resolution
30723 (non-hydro) run of the SLOW-Box
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Ωc = 2.36, a value later confirmed by Chon et al. (2015) to be stable across different cos-
mologies. Chon et al. (2015) referred to those collapsing regions as superstes clusters (lat.
survivor) because they are able to survive the accelerated expansion of the Universe at late
times and in the future. These objects are systematically smaller and contain less mass than
the supercluster regions obtained with criteria 1 and 2 and rather represent the dense cores
of these associations, see (Chon et al., 2015) whereas especially the dynamically defined
“basins of attraction” – i.e., the regions from which all large-scale flow lines converge on a
single point – have been shown to partition a given cosmological volume completely (Dupuy
et al., 2019).

In numerical simulations, criterion 3 is accessible by letting the gravitational part of the
simulation propagate far into the future and keeping track of which parts of an associated
region reach the center at tfinal. A first-order approach to this is simply evaluating the FOF
groups in the final snapshot, as described in Section 10.3.1. This method associates every
particle that comes within a linking length of a supercluster member particle with the se-
lected supercluster. It will conservatively include every particle that reaches the supercluster
center, which has some technical benefits for creating a new class of zoom-in initial condi-
tions for galaxy cluster and supercluster simulations further discussed in a companion paper
to this work (Seidel, Dolag and Sorce in prep.). For a direct comparison between the method
used in this work and purely theoretical approaches, Chon et al. (2015) calculate the extent
of the collapsing region (maximum radius to which the overdensity necessary for collapse is
fulfilled) of the Shapley supercluster and the Local supercluster at z=0. Fig. 10.12 shows the
comparison between this radius and the convex hull of all FOF particles from Clairvoyant
for both structures. It can be seen that the total extent is in good agreement, with devia-
tions arising mainly from the more adaptive shape of the Lagrangian region for the Shapley
supercluster, while the collapse volume for Virgo is larger than estimated from the in-fall
velocity structure by (Chon et al., 2015). A possible explanation for this is the slightly larger
total mass in the Virgo counterpart in SLOW, but this is a small difference and the veloci-
ties in Section 10.3.2 showed the dynamics to be in good agreement between observed and
simulated Virgo region (at the position of the Local Group), so this discrepancy needs to be
explored in further detail in future work. Table 10.2 lists the final collapse masses of the

Table 10.2: Survivor halos of the local superclusters

Region Nm MFoF Mvir Mest (reference) M(z=0)
Mfin

Mfin
Mpeak

Shapley 3 72.86 44.42 500.0a 0.42 0.86
Perseus-Pisces 2 18.09 12.13 249.0 (B2) 0.87 0.99
Coma 2 47.08 29.52 168.0 (B1) 0.64 0.84
Virgo 2 16.59 11.91 25.0 (B1) 0.84 0.98
Centaurus 2 34.56 21.59 56.0 (B1) 0.47 0.89
Hercules 3 38.13 24.05 21 ± 2 (MO) 0.64 0.99

a(Proust et al., 2006)
Note: For each region we list number of accreted members and their masses at the final

snapshot (a = 1000). All masses are given in units of 1014M⊙.

introduced regions. It is apparent that conventional linking methods such as the ones used
to link the superclusters in the catalogs B1,B2 and (Proust et al., 2006) systematically over
predict the mass that is actually bound to these superclusters. This usually only contains the
central most companion halos as can be seen in Table B.1. The exception from this in our
sample is the Hercules supercluster, where the mass estimate from the observation is based
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only on the innermost core members, which are gravitationally bound to the central halo
due to their proximity at z=0 according to Clairvoyant. Notable is also that the two most
massive regions in the local supercluster set have the lowest ratios of FOF mass to mass con-
tained within the virial volume. This fact is related to the mass loss these halos experience
when they undergo a massive merger, as discussed earlier. The lost particles stay within the
FOF density contour but remain frozen outside of the virial surface due to the background
expansion.

One of the predictions made by spherical collapse models such as the one of Dünner et al.
(2006) is the critical density contrast of marginally collapsing regions at z=0: Ωcol =

ρcol
ρcrit

.
Numerically we computed this ratio for the collapsing supercluster regions (ΩSC) from the
forward simulation via

ΩSC =
ρSC

ρcrit
=

MSC

ρcritVSC,z=0
, (10.2)

where MSC is the mass of all particles in the previously defined collapse regions and VSC,z=0 is
the volume occupied by them at z=0 estimated by computing their 3D convex hull. Fig. 10.13
shows how the present-time density contrast of these particle groups compares to the theo-
retical predictions from spherical collapse theory (Dünner et al., 2006). It is apparent that,
while the theoretical prediction is a good estimate, the scatter of the numerically obtained
densities of the collapse volumes is quite high. Because the spherical estimate from Dünner
et al. (2006) considers only radial motions, there is a straightforward explanation for the clus-
ters exhibiting a higher density ratio than predicted. These halos develop in different tidal
environments and, due to these large-scale tidal fields, accrete angular momentum differ-
ently. Since angular momentum hinders the gravitational collapse, a higher density contrast
is needed for the region to be bound. This argument is similar to the one used by Dünner
et al. (2006) to explain the difference to the numerical experiments performed by Busha et al.
(2003), which yielded a significantly higher critical density. As can be seen from Fig. 10.9
and from the masses in Table 10.2, even particles that make it into the final FOF group
can actually end up and freeze (in co-moving space) outside the halo by virtue of the finite
timescale of virialization. A prerequisite for this complication is a very late in-fall as demon-
strated by the in-fall of A3571, as discussed before. An overall consequence of this is a more
diffuse final dark matter halo, as is evident from the density contrasts in Fig. 10.13 for the
Shapley and Coma supercluster regions.

10.4 Summary and Conclusions
We used the SLOW constrained simulations of the Local Universe to study nearby super-
clusters. By matching these structures and their member clusters pairwise to their observed
counterparts, we are able to compare basic properties of these clusters, such as their masses,
their relative positions, and their X-ray luminosities, to observations. By running an N-Body
version of SLOW, the Clairvoyant suite, into the far future (z=-0.999), we are furthermore
able to determine the final masses of these superclusters and discern which member clusters
are actually bound to them. We furthermore compare these results to previous numerical and
theoretical estimates. Our main conclusions are:

1. In total we cross-identified supercluster members in six observationally identified re-
gions in the SLOW simulation with their observed counterparts. Most of the superclus-
ter members with masses exceeding 1014 can be reliably recovered in the simulation,
providing a number of viable targets for future studies and expanding on the existing
catalog of cross-identified galaxy clusters in the SLOW simulation from Hernández-
Martı́nez et al. (2024). Examples of such future targets include the Shapley super-
cluster core (A3558, A3571, A3560, and A3562), where the planned high-resolution
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zoom-in simulations based on the collapse volumes introduced in this work can pro-
vide insightful comparisons and context for the rich multiwavelength observational
data for this region.

2. We introduced a quantitative method of estimating how likely a given crossmatched
galaxy cluster pair is a result of the constraints rather than random clustering from
the simulation. According to this criterion, only a few of these members can be con-
fused with random cluster pair arrangements, with the majority of (77% of secon-
daries) cross-identifications exceeding 80% significance. This shows that the SLOW
simulation not only reproduces the massive clusters within supercluster regions with
unprecedented accuracy, but additionally also mimics their 3D geometric arrangement
by providing suitable structures close to the positions where one would expect them
based on the observed 3D arrangement of the member clusters within the supercluster.
This builds on previous works concerning the environments and collapse dynamics of
local galaxy clusters (e.g., Sorce et al. (2024), Malavasi et al. (2023)) and will con-
tribute to future studies of the detailed properties of the individual member clusters,
such as their turbulent pressure support and nonthermal and thermal emission features,
as the environments these members evolve in are well constrained.

3. The Clairvoyant forward N-Body integration of the SLOW initial conditions shows the
local dominant galaxy clusters to have largely finished their evolution by t = 33 Gyr,
with the less massive regions such as Perseus and Virgo effectively reaching their final
gravitational state at z = 0.

4. A notable feature of the late-time evolution is the massive mergers some of these clus-
ters undergo as late as t = 2tH. In this process these structures undergo as much as a
16% loss of their peak mass. This is a significantly higher fraction of merger mass loss
than previous work found for z=0 (Lee et al., 2018). At late times in the Λ-dominated
Universe, these mass loss processes appear to be enhanced. Furthermore, for these
very late-on mergers the peak mass is never reached again due to the particles freezing
out in co-moving space (or accelerating away with the Hubble flow in real space).

5. In general the Clairvoyant volume completely stops its mass evolution approximately
40 Gyrs in the future when the most massive node in the simulation stops growing.
Compared to previous results (Nagamine & Loeb, 2003, Hoffman et al., 2007), this
shows that individual structures still significantly evolve at late times, even with struc-
ture formation being hindered by the rapid expansion. However, small changes in the
assumed cosmology and numerical modeling can significantly impact the exact timing
of these late-stage dynamics.

6. Determining the density ratios of the Lagrangian collapse regions of massive clusters
at z = 0 shows good agreement with predictions from spherical collapse theory, with
the scatter explained by the different accretion histories these objects undergo after the
present epoch.

Building on these results, in future work we plan to study the supercluster regions introduced
above in greater detail, additionally making use of zoomed-in initial conditions built on the
Lagrangian collapse regions shown above (Seidel, Dolag, and Sorce in prep.). Furthermore
we plan to identify supercluster regions in the SLOW simulations with a blind search in order
to compare these superclusters with the set introduced in this work.
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Figure 10.3: Top left: Shapley supercluster region in the SLOW simulation with the cross-
identified counterparts: 1:A3558, 2:A3571, 3:A1736, 4: A3560, 5:A3532, and 6:A3559. The
white bar indicates 10 Mpc at the distance of the main cluster in both the simulated and the
observed image. The white contours show the 2D gas overdensity levels of [1.25, 20]∗ ¯ρimage.
The gas density was computed in a spherical shell of 47 Mpc/h thickness centered on the
main cluster. Top right: Same FOV as the one viewed by ROSAT. Bottom left: Supercluster
core region (black) according to the Clairvoyant N-Body forward simulation in the initial
conditions (z = 120) with the member clusters from Table B.1 overplotted as colored dots.
Bottom right: Collapse region (red) and its environment at z = 0.
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Figure 10.4: Two-point probabilities for the Shapley member clusters as a function of the
opening angle

√
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the secondary cluster to the main. The shaded gray regions reflect the mass uncertainty of the
secondary halo. The vertical red line indicates the deviation angle measured in the SLOW
simulation. The x value of the intersect of this line with the angular probability function gives
the probability of finding the secondary within the deviation cone in a random simulation.
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Figure 10.5: Perseus-Pisces supercluster region in the SLOW simulation with the cross-
identified counterparts: 1: Perseus (A426), 2: AWM 7, 3: UGC2562, 4: 3C129, 5: A262,
6: CIZAJ0300.7+4427, 7: NGC507, 8: UGC3355. The white contours show the 2D gas
overdensity levels of [1.25, 20] ∗ ¯ρimage. The gas density was computed in a spherical shell
of 54 Mpc/h thickness centered on the main cluster. Top right: Same region as viewed by
ROSAT. Bottom left: Supercluster core region according to the Clairvoyant N-Body forward
simulation in the initial conditions (z = 120).Bottom right: Collapse region (red) and its
environment at z = 0.
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Chapter 11

Local Safari: Comparing Unique
Structures between Simulations and
Observations

This chapter briefly summarizes miscellaneous publications and further work with the
SLOW simulation suite I was directly involved in.

Dolag et al. (2023), Hernández-Martı́nez et al. (2024) and Seidel et al. (2025a) showed the
SLOW simulations to resemble the Local Universe in unprecedented fashion: Beyond prop-
erties of the density field on the linear scales, which is well constrained by a robust sampling
of the velocity field, and the immediate vicinity of our position in the cosmos, the SLOW
simulations, by virtue of the many years of work on the constraints (Hoffman & Ribak,
1991, Sorce, 2018), managed to also reproduce clusters at greater distances and match the
groupings and geometrical arrangements of the real-world local clusters. On one hand, this
provides a unique chance to correctly factor in local anomalies for cosmological studies as
we will see in the following section.

On the other hand the advent of the modern era of X-Ray astronomy makes these ad-
vancements in constrained simulations even more opportune: All-sky surveys like the survey
conducted with eROSITA (Merloni et al., 2012, Predehl et al., 2021) provide unique insights
into the large scale structure and extended gas distribution around local clusters, allowing
searches for the elusive WHIM components in filaments connecting clusters (Veronica et al.,
2022, Dietl et al., 2024) and better statistical studies of their large-scale arrangements (Liu
et al., 2024). At the same time, the unprecedented spectral resolution of XRISM and the Re-
solve spectrometer (XRISM Science Team, 2022) allows deeper insights into the thermal and
turbulent structure of the ICM and connect it to their dynamical states as well as constrain
the impact of AGN.

For those reason, a reference set of simulated galaxy clusters that individually match
observed clusters in terms of their environment and accretion history has great potential for
the task of furthering our understanding of how the ICM builds up and evolves from a multi-
scalar perspective, because it essentially allows to effectively marginalize the environmental
impact and study how different model properties affect the agreement between theory and
observations.

This chapter will feature several projects focussing on objects of interest from the SLOW
simulation. The first section is specifically impacted by the immediate neighbourhood of
local clusters and the second and third section introduce the A3667 Bridge and the Fornax
region. As an overview of the current state of the SLOW local neighbourhood of clusters,
Fig. 11.1 provides an overview of all currently cross identified structures. The dominance
of the Virgo cluster due to its proximity can clearly be seen from the figure. This will
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Figure 11.1: The combined SLOW Local Universe, merged from Dolag et al. (2023),
Hernández-Martı́nez et al. (2024), Seidel et al. (2025a) with the updated counterpart from
Dietl et al. (2024) (see Section 11.2). The underlying colour map is the mock Compton-y
parameter, calculated with SMAC to a depth of 350 Mpc/h.

be an important point in the following section, where we constrain the effect these local
anisotropies, especially the large-angular size ones like Virgo, have on the large-scale end of
the CMB via the SZ effect (Sunyaev & Zeldovich, 1970).

11.1 Local Imprints on the CMB
The contents of this section are published as Jung et al. (incl. Seidel) 2024, A&A 692 A180,

”Revisiting the CMB large-scale anomalies: The impact of the Sunyaev-Zeldovich signal
from the Local Universe”. I contributed the simulated tSZ and kSZ maps from SLOW and

Magneticum Pathfinder.

In Part I, the homogeneity and isotropy of the universe were introduced as foundational
principles of modern cosmology. As was specifically discussed in Section 1.2, the CMB
as seen by modern instruments such as Planck (Planck Collaboration et al., 2016b), largely
confirms this hypothesis. However several anomalies were found in the signal, many of
which had been already measured in the WMAP or even the COBE missions to later be
confirmed by Planck (for a review, see Schwarz et al., 2016). They are called anomalies,
because they violate either the isotropy assumption or are incompatible with a pure Gaussian
random field. The most prominent examples are: The cold spot, a very large region of
reduced CMB temperature incompatible with standard assumptions of gaussianity (e.g. Cruz
et al., 2005, Vielva, 2010), the lack of correlation at scales θ > 60 (e.g. Hinshaw et al., 1996,
Copi et al., 2015), the quadrupole-octopole alignment (e.g. de Oliveira-Costa et al., 2004),
a peculiar alignment of the so-called vector harmonics indicating a violation of isotropy, and
the hemispherical asymmetry (e.g Eriksen et al., 2004, Kester et al., 2023) an inconsistency
between the power spectra of hemispheres divided by an axis orthogonal to the ecliptic plane.
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Figure 11.2: Local tSZ and kSZ maps generated with SMAC (Dolag et al., 2005b) from the
SLOW observer position following (Dolag et al., 2023).

These signatures could point to new physics violating the very foundations of Λ-CDM
cosmology and many exotic models have been proposed in the past to explain them (e.g.
Byrnes & Tarrant, 2015, Jazayeri et al., 2017, Agullo et al., 2021). There is however a pos-
sible alternative explanation: Very Local anisotropies can be expected to introduce spectral
distortions on the CMB via the thermal and kinematic Sunyaev-Zeldovich effects described
by Sunyaev & Zeldovich (1970) (see also Eq. (2.8) and Eq. (2.9)). Using the SLOW simu-
lations, Jung et al. (2024), therefore set out to constrain the effect the Local Universe could
potentially have on these anomalies. Fig. 11.2 shows the Sunyaev-Zeldovich distortions cre-
ated by the Local Universe via tSZ (left image) and kSZ (right image). Both maps, but
especially the tSZ map, can be seen to be dominated by a few massive structures. Especially
the Virgo cluster near the pole is extremely prominent due to its proximity and resulting large
angular size. In fact Jung et al. (2024) showed the Virgo cluster to be the dominant factor
in the large-scale tSZ power spectrum and produced a tension between both theoretical tSZ
power spectra and even a statistical set of 27 synthetic observers on a grid throughout Box2
from Magneticum Pathfinder as well as the SLOW volume. This is further evidence, that
the local volume is somewhat of an outlier in terms of nearby structures, as was discussed in
Section 9.1.

The idea was then to combine these locally obtained tSZ maps with a set of statistically
generated CMB maps compatible with the Planck power spectrum, in order to assess whether
the local distortions could account for the aforementioned anomalies in the actual Planck
CMB (for technical details on the synthetic CMB realizations, we refer the reader to Jung
et al., 2024). The analysis was limited to the tSZ because at the frequency of the synthetic
CMBs, 143 GHz, the tSZ is by far the dominant effect (due to the functional form of the g(ν)
factor in Eq. (2.8)).

For three anomalies, Jung et al. (2024) then calculate estimators for each synthetic CMB
map. The quadrupole-octopole alignment is quantified by S QO which is the sum of the three
octopole vectors projected onto the quadrupole direction. The hemispherical asymmetry is
quantified via Ad, which essentially measures the difference in variance of the pixel values
in disjunct patches of the sky. The lack of large-scale correlation is quantified with S 1/2,
which is the square integral of the angular two-point correlation function from angles 60 < θ
S 1/2 =

∫ 1/2

−1
C(θ)2d(cosθ). For the exact details of how these estimators are computed, we

refer the reader to Jung et al. (2024). Each statistic is first computed for the pure CMB
maps and compared to the value in the actual Planck CMB. Jung et al. (2024) find a high
significance for each of the anomalies: The Planck quadrupole-octopole alignment larger
than 541 out of 600 simulated CMBs from the SEVEM set and larger than 91 out of 100
Commander simulations. With similar significance the authors find an excess variance in
the supergalactic southern hemisphere, with the asymmetry of Planck in the 97th and 99th
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Figure 11.3

percentile for the two simulation sets respectively. Finally the lack of correlation of the
Planck CMB is found to be completely incompatible with the synthetic sets.

From this calibration of the synthetically generated CMB maps under the assumptions of
gaussianity and isotropy, the authors then apply the SLOW tSZ spectral distortions to assess
the impact of the local LSS. Fig. 11.3 shows the effect the local tSZ has on the quadrupole-
octopole alignment, the hemispherical asymmetry and the lack of correlation from top to
bottom. Due to the dominance of the Virgo cluster in the tSZ power spectrum each set is
additionally shown with the cluster masked. It can be immediately seen for all three anoma-
lies, that the impact of the local tSZ on the overall anomalies is a few percent at best. The
strongest effect (indicated by the widest distribution) is found for the lack of correlation on
large scales, but even there the discrepancy is much larger between the statistically generated
CMBs and the observed Planck CMB. S 1/2,Planck is less than half the value of the lowest sim-
ulated CMB value (Jung et al., 2024), making even the most generous Local tSZ deviation
from the lowest panel in Fig. 11.3 of about 10 percent not nearly sufficient to cover the gap
to the real CMB.
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Figure 11.4: The A3667-A3651 system in X-Ray surface brightness. Left panel: Wavelet-
filtered eROSITA image (Figure 2 from Dietl et al. (2024)) The white circles indicate r200

and 3r200 for each cluster respectively. Right panel: The same region in SLOW simulated
X-Ray surface brightness produced with SMAC in the 0.1-2.4 keV band. The white circles
indicate r200 for each cluster. Adapted form of Figure 9 from Dietl et al. (2024).

In summary using the spectral distortions from the local LSS in SLOW, Jung et al. (2024)
were able to convincingly demonstrate that this effect can not be the origin of the most
famous anomalies in the CMB.

11.2 A3667-A3651 Bridge
The contents of this section are published as Dietl et al. (incl. Seidel) 2024, A&A 691 A286,

”Discovery of a > 13 Mpc long X-ray filament between two galaxy clusters beyond three
times their virial radii”. I contributed the mock X-Ray maps and the electron density profile

of the SLOW filament.

The A3667-A3651 pair of galaxy clusters is a well-known system (Arp & Russell, 2001).
Especially A3667 exhibits a number of interesting features indicating that the cluster is in an
active state and possibly also underwent mergers in the past. The most prominent features
are an extended Radio Relic (Rottgering et al., 1997) and a prominent cold front in the central
region of the cluster (Ichinohe et al., 2017).

Dietl et al. (2024) used this pair to try and identify extended emission in the region
between the two galaxy clusters. Filamentary regions between galaxy clusters are present
promising candidates to detect the ever-elusive WHIM, ionized gas at 105−107K representing
the pre-heated gas accreting onto filaments. Due to its low density, direct observation is
challenging, even with modern X-Ray or Microwave instruments (Yao et al., 2012, Churazov
et al., 2023), even though it could constitute as much as one third of the entire baryon budget
of the universe and could help relieve the so called ”missing baryon” problem (e.g. Persic &
Salucci, 1992).

In order to increase the detection probability, usually either stacking of multiple systems
is employed (e.g. Zhang et al., 2024a, Isopi et al., 2025) or campaigns focus on systems
that are already strongly interacting and only connected by short filaments (< 10Mpc) (e.g.
Bonjean et al., 2018), where the gas is already being compressed by the two merging clus-
ters. The eROSITA survey has allowed unprecedented strides in the detection of the diffuse
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Figure 11.5: Electron density profiles for the observed A3667 filament compared to the
SLOW cylinder and a statistical sample from IllustrisTNG (Galárraga-Espinosa et al., 2021).
Figure 12 from Dietl et al. (2024).

material in the outskirts of cluster systems, for example the filamentary structure enveloping
the merging pair A3395 and A3391 (Reiprich et al., 2021). The novelty of the study by
Dietl et al. (2024) is then the detection of extended emission in the soft X-Ray band along a
structure > 10 Mpc connecting two separated clusters, A3667 and A3651. This marks the
first detection of this kind of structure.

The left panel of Fig. 11.4 shows this extended structure imaged in the 0.3–2.0 keV band
of eROSITA. The projected separation of the two clusters was determined to be 13 Mpc, with
an estimated 3D filament length of 25-31 Mpc based on the redshift difference between the
two clusters and assuming them to be moving towards each other, compressing the filament.

In the right panel the corresponding region is shown in the SLOW simulation in a mock
image created with SMAC (Dolag et al., 2005b) in the 0.1-2.4 keV band. The mass ratio
and individual clusters are in good agreement, as can be seen from Table 12.2 ((M1/M2)sim =

2.1, (M1/M2)obs = 1.8). Strikingly, the constrained simulation reproduces the morphology of
the cluster pair as well. The elongated emission found in the observations can also be seen,
with a similarly curved and off-axis structure relative to the connecting line between the two
clusters. The separation between the simulated clusters is slightly below the assumed sepa-
ration from the observed data at 21 Mpc. This agreement provided a unique opportunity: It
was possible for the first time to directly compare a filamentary density profile one-to-one be-
tween an observed and a simulated filament. Since the observational electron densities were
measured along the connecting line between the two clusters, we chose a similarly simple
approach for measuring the density profile from the simulation: A central spine was selected
from the peak of the integrated density along the connecting line between the cluster pair,
and subsequently the density was calculated from the total gas within cylindrical shells of in-
creasing radius. Fig. 11.5 shows the obtained density profiles with an additional comparison
to a sample of filaments obtained from a conventional cosmological simulation. The simu-
lated filaments consistenty underestimate the gas density compared to the values obtained by
Dietl et al. (2024). The profile for the SLOW filaments lies closer overall to the total gas den-
sity in Ilustris TNG than the density profile purely for WHIM, which makes sense, because
we applied no halo masking to the SLOW filament. But even the higher densities obtained
this way is unable to reach the observed densities. Nevertheless shape of the SLOW profile,
with its extended shoulder at larger radii matches the observed density profile closer than the
statistical filaments, which exhibit a steeper slope in the outskirts. This is ultimately an effect
of the measurement along a straight line, rather than following the exact density ridge of the
filament, leading to denser parts of the structure contributing at larger radii. The similarity of
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the simulated and observed slope at 1-2 Mpc distance from the centre corroborates the visual
impression from Section 11.2 that the two structures have similar curvature. Summarizing,
we have confirmed the discovery of an extended and elongated filament-like gas structure dis-
covered in the eROSITA all-sky survey to be also present in the SLOW simulation, matching
in terms of the overall size of the system and with regards to the cluster masses, as well as
the general morphology of the system. We cannot confirm however the unusually high gas
densities inferred from the observational data for the simulated filament. Overall the SLOW
filament is similar to simulated filaments from non-constrained simulations in terms of total
gas mass in the region, despite closely resembling the observed filament. This discrepancy
could be due to systematics in the observational data or the scaling between X-Ray luminos-
ity and electron density. Another possible explanation is the contribution from unresolved
collapsed haloes elevating the observed emission (the authors find a corresponding central
overdensity of δc = 200, an overdensity corresponding to the inner few Mpc of a massive
galaxy cluster). The resolution of the SLOW simulation might not accurately reproduce the
physical processes determining the gas budget of these smaller haloes, causing them to ac-
crete onto the filament with most of their gas already heated and stripped or expelled. We
will explore this possibility in the future, using the zoom-in re-simulations described in the
next chapter and possibly also different simulation models. This will further help elucidate
the dynamics of the baryonic component and especially the WHIM in these dynamically
highy active systems.

11.3 Fornax
The contents of this section are published as Reiprich et al. (incl. Seidel) 2025, A&A 703

A9, ”The SRG/eROSITA all-sky survey – View of the Fornax galaxy cluster”. I contributed
the mock X-Ray, stellar, and gas density maps as well as additional information about the

infall state of the simulated system.

Another class of viable targets are nearby clusters, where the large angular size allows high-
resolution studies of the gas density and allows to follow the gas to much lower densities in
general, ideal for WHIM searches. The two largest galaxy clusters in terms of angular size
are the Virgo cluster and the much less massive Fornax cluster, both of which were part of
the eROSITA program (McCall et al., 2024, Reiprich et al., 2025).

The Fornax galaxy cluster has been the target of many observational campaigns in the
past. X-Ray studies with XMM-Newton and Chandra have revealed an active history in the
centre, with one of the two giant elliptical galaxies falling in and triggering sloshing motions
as well as cold fronts (Su et al., 2017b,a). A population of faint dwarfs and UDGs was dis-
covered by Muñoz et al. (2015) and studies with infalling galaxies allowed a study of the
impact of the infall direction on the survival of cold disks (Ding et al., 2023). Additionally,
not just the past of the system, but also its future appears to be turbulent, with the infalling
Fornax A group (Drinkwater et al., 2001) nearby and the whole system embedded in a com-
plex filamentary superstructure (Raj et al., 2024). The Fornax A group also allows unique
studies of the pre-processing of gas within a group that is itself infalling into another cluster,
especially with its rich neutral hydrogen structure as seen by MeerKAT (Kleiner et al., 2021).

Fig. 11.6 shows the Fornax region as viewed by eROSITA with the most important large-
scale morphological features highlighted. There is a bridge of gas in the direction of the
Fornax A group as well as multiple finger-like protrusions and X-Ray surface brightness
excesses to the north- and southwest. The galaxy density contours (obtained from NED)
reveal differences to the gas component: In several directions, but most strikingly at the po-
sition of Fornax A, the galaxy density peaks are significantly offset from the peaks of X-Ray
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Figure 11.6: Wavelet-filtered eROSITA image in the energy band 0.2– 2.3 keV. Overlaid are
galaxy density contours obtained from the NED catalogue (black contours). Characteristic
X-Ray emission features as well as the scale radii for the main cluster are highlighted in
white. Figure 10 from Reiprich et al. (2025).

surface brightness. This could potentially reflect intra-group gas sloshing motions or even
ram-pressure from the outer cluster gas acting only on the collisional component of the in-
falling group. Furthermore the galaxy density contours exhibit a clear east-west elongation.
Fig. 11.7 shows the same region in the SLOW 1536/agn run. As in the previous section the
mock X-Ray image was created with the program SMAC (Dolag et al., 2005b) and the same
eROSITA-like energy band of 0.1-2.4 keV was applied. From the black contours indicat-
ing the gas density as well as the X-Ray surface brightness it is immediately clear, that the
bridge to Fornax A is also present in the simulation. Additionally, the south-western finger
can also be seen extending into this bridge structure (lower right). The north-western finger
has a similar surface brightness hot-spot, however in the SLOW simulation this is a projected
structure, which is far outside the actual Fornax region, as can also be seen by the contours
which are computed in a 25 Mpc thick slice around the cluster. However there is also some
extension in the north-western direction indicated by a slight bending in the contours toward
the right top direction, which corresponds to excess 1 and potentially Finger 1 in Fig. 11.6.
Overall, the perturbed X-Ray morphology and the dominant infalling structures are excep-
tionally well reproduced in the simulation. Furthermore, considering the white contours,
which indicate the stellar component, a similar offset between gas and stars seems to exist
at the position of the Fornax A counterpart. Similarly, the observed east-west elongation
is visible in the simulated stellar component, matching the observed galaxy density. The
time resolution of the SLOW simulation snapshots unfortunately is insufficient to confirm
the intra-group sloshing hypothesis for the offset of the stellar component around Fornax A.
Nonetheless, the simulation predicts this subgroup to be on first in-fall, in agreement with the
common understanding of this system’s history and because it is well outside of the clusters
r200, ram pressure stripping seems unlikely. In future work, we plan to study this systems
dynamics at greater spatial and temporal resolution in order to constrain its dynamics more
precisely.

To summarize, the Fornax A counterpart in the SLOW simulation appears to be an excel-
lent match in terms of large-scale morphology and gas distribution, reproducing many of the
interesting X-Ray low surface brightness features identified by eROSITA. This makes this
region a promising candidate for future studies of gas stripping and connections between
large-scale structures and dynamical features in the ICM. The high-resolution re-simulations
we will discuss in the following chapters are especially promising for this endeavour, since
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Figure 11.7: The Fornax cluster viewed in SLOW simulated X-Ray surface brightness pro-
duced with SMAC in the 0.1-2.4 keV band. The white dashed circle indicates r200. Black
contours show the gas density within a 25 Mpc thick slice centered on the Fornax cluster po-
sition. The contour levels are in the interval [0.8, 6.0] × ρ(r200). The white contours indicate
the stellar density in the same slice. Figure 16 from Reiprich et al. (2025).

they allow to follow the dynamics in much greater detail than the cluster-centric SLOW
parent simulation.

11.4 Conclusions
During the course of this section, we have further demonstrated the potential of constrained
simulations of the Local Universe. We have used a realistic SZ-effect foreground to rule
out local biases being responsible for long-standing cosmological conundrums stemming
from anomalies in the CMB. Furthermore we have demonstrated how the realistic large-
scale structure built from the constraints reproduces local structures exceptionally well in
terms of their large-scale gas distribution. To this end, we compared two special systems,
the extended bridge between A3667 and A3651, and the nearby Fornax cluster to their real-
world counterparts as observed by eROSITA. We found the counterparts for both regions
to be in very good morphological agreement with observations, while there were some in-
teresting discrepancies especially with regards to the overall density of the observed versus
the simulated filament. Understanding these discrepancies in the baryonic component in a
system that is well reproduced in terms of the large-scale dynamics provides a unique op-
portunity to deepen our understanding of the assembly and evolution of such filamentary
systems, and possibly even aid in further detections of the warm-hot gas phase in the Local
Universe.

In the following chapter we will introduce a zoom-in follow-up project based on the con-
strained environments of the SLOW simulations. The significantly improved resolution of
these zoom-in simulations will allow us to model and study the gas distribution and dynamics
in more detail than the base SLOW simulation suite.
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Chapter 12

Level Up: Re-Building the Local
Universe in High Definition

We plan to submit this chapter to A&A as Seidel et al. 2026

12.1 Introduction

One of the biggest challenges in studying the Universe is the multi-scalar nature of physi-
cal processes in nature. In astrophysics, dynamics on Megaparsec to Gigaparsec scales can
be non-trivially connected to processes on Parsec to Kiloparsec scales. Large cosmologi-
cal numerical simulations including hydrodynamics are especially suited to study structures
and processes on large and small scales simultaneously. There is, however a computational
trade-off that needs to be considered: Ideally one wants to simulate a large enough region
to capture the largest actively collapsing density perturbations - or there is a risk of large
structures being affected by boundary effects or simply not forming at all (e.g. Bagla & Ray,
2005). On the other hand, the spatial resolution needs to be high enough to allow to follow
hydrodynamics and even higher, when galaxy formation physics has to be followed (Stein-
metz & White, 1997), or the turbulent dynamo process in the ICM has to be resolved within
a magneto-hydrodynamical framework. (Steinwandel et al., 2024). This has become ever
more important in the age of large-scale galaxy surveys like Euclid and LSST, which can
probe galaxies down to stellar masses as low as 108M⊙ (Euclid Collaboration et al., 2025b,
Ivezić et al., 2019). For this reason current cosmological simulations have to skirt the bound-
ary of modern high performance computing.

One solution for this are so called zoom-in techniques (e.g. Frenk et al., 1996, Tormen
et al., 1997, Dolag et al., 1999, 2004, Jenkins, 2010, Bonafede et al., 2011, Hahn & Abel,
2011) that are widely applied to particle-based simulations as well as hydrodynamical grid
codes. Here, the resolution of the simulation is increased in a specific Lagrangian volume
of interest, with the rest of the pseudo-particles simulated at a lower resolution to save com-
putational cost. A major challenge of this approach is to choose the Lagrangian region in
such a way that low-resolution and high-resolution particles mix as little as possible for the
duration of the simulation. This mixing can introduce spurious energy transfers due to parti-
cles of different masses interacting. This is especially an issue in the high-resolution region,
where high-mass boundary particles would not only interact with high-resolution dark matter
particles but additionally the collisional baryonic particles and stellar particles, which have
even smaller masses in most numerical simulations (in our Magneticum-like approach this is
simply the dark matter mass multiplied by the cosmological baryon fraction).

Because of this, a major issue of modern multi-mass zoom-in simulations is contam-
ination - the intrusion of high-mass low-resolution boundary particles deep into the high-
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BS1996 E1998 Hutt B2006 Dianoga The300 C-EAGLE Rom-C TNG-C PICO SLOW-C
Ncluster 10 10 8 3 27 324 30 1 325 25 45

M200c,max
[1015h−1 M⊙]

2.4 1.8 2.3 1.3 3.2 2.6 2.5 0.2 2.5 ∼ 2.5 1.5

Lparent
[h−1cMpc]

150 180 479 192 1000 1000 2169 34 680 1000 500

Rclean
[Rvir]

0.1-2.6 4-8 3.7-8.1 5.0-6.0 0.1-7 - - 0.15-5.0 1.1-4.8 ≈ 10

mDM
[h−1 M⊙]

3.2 × 1011 1.8 × 1010 2 × 109 4.8 × 108 3.3 × 106 1.5 × 109 6.6 × 106 2.3 × 105 4.1 × 107 4.0 × 107 3.9 × 107

Table 12.1: Overview of the characteristic of different zoomed cluster simulations cam-
paigns. From left to right BS1996 (Bartelmann & Steinmetz, 1996), Eke11998 (Eke et al.,
1998), Hutt (Dolag et al., 2004), B2006 (Borgani et al., 2006), Dianoga (Bonafede et al.,
2011), The300 (Cui et al., 2018), C-EAGLE (Barnes et al., 2017), Romulus-C (Tremmel
et al., 2018), TNG-Cluster (Nelson et al., 2024), PICO (Tevlin et al., 2025) and SLOW-
Cluster (this work). Listed are the number of clusters in the set, the size of the parent box,
the size of the cleaned region, e.g. the (typical) distance from the center to the clusters to
the nearest boundary particles at z = 0 and the mass of the dark matter mass particles at the
highest resolution available for the set.

resolution region. (Oñorbe et al., 2014) demonstrated that while the effect of contamination
on purely gravitational dark matter dynamics weak in terms of general halo properties, even
a small amount of boundary particles can alter sensitive baryonic properties. They showed
the gas density profiles and baryon fractions to be significantly altered in haloes with con-
tamination versus the uncontaminated case, with an overall effect of a decreased baryonic
density in the contaminated halos. The authors furthermore showed that the high-mass in-
truders can add as sink particle for the gas creating additional unphysical substructures. As
the aim of zoom-in simulations is precisely to resolve the small scale gas dynamics in greater
detail than pure cosmological simulations, it is therefore critical to keep the contamination
as low as possible.

This chapter is structured as follows: In section 2 we describe historical and current
zoom-in simulations as a direct reference. In section 3 we introduce our method in detail. In
section 4 we compare the results from our simulations to the previously described reference
simulations. Section 5 provides a summary and final discussion of our findings.

12.2 A Brief History of Cluster Zoom-In Simulations
From the very beginnings of galaxy cluster simulations it became clear that, in order to
model the ICM physics with enough detail to predict observational properties of clusters,
it is necessary to boost the resolution of cosmological volume simulations in the regions
where those clusters form. The first such cluster zoom-in initial conditions were created by
running a low resolution parent box to z = 0, identifying over-densities corresponding to
massive clusters, tracing them back to the initial conditions and resampling cubic regions
around this volume with higher resolution particles. Table 12.1 lists a selection of sets for
different zoom-in cluster initial conditions together with their properties. The first sets of
this kind were employed to, for example, study the impact of sub-structures on the strong
lensing signal (Bartelmann et al., 1995) and predictions of the evolution of X-ray scaling
relations for clusters (Eke et al., 1998). These sets typically contained ten clusters with
masses of ≈ 1015h−1M⊙ extracted from parent simulations with sizes of ≈ 300Mpc. Those
where also used to study the evolution of magnetic fields (Dolag et al., 1999) as well as
to address biases for different mass estimates for galaxy clusters (Bartelmann & Steinmetz,
1996, Dolag & Schindler, 2000).

With the introduction of ZIC (Tormen et al., 1997) a significant advance was made, as
here the region which was replaced with high resolution particles could be described by a
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Figure 12.1: Thin slice of one cMpc/h through a galaxy clusters from the different simulation
sets, showing a 70 cMpc/h region. Shown are for different cluster ICs the high resolution
particles (black) and the different layers of boundary particles (red and blue). Top row shows
the initial state, bottom row shows the evolved systems at z=0. From left to right: on cluster
from Eke1998 (Eke et al., 1998), Hutt (Dolag et al., 2004), Nifty (e.g. The 300) (Cui et al.,
2018), Dianoga (Bonafede et al., 2011) and SLOW cluster set (this work). The gray circles
mark 1,3,5 and 10 times the virial radius.

cubic lattice, based on 163, 323 or 643 cells which allowed to extract high-resolution volumes
of arbitrary shapes. It also introduced a iterative procedure, where low resolution zoom-in
simulations were used to refine that region to have the final cluster free of contaminating
boundary particles while minimizing the required volume. Another advantage of ZIC is that
it allows to place an arbitrary number of high resolution particles within the zoom-in region
and the tool therefore does not depend on an underlying mesh where spatial resolution can
be only increased by factors of two. This was originally used to extract a small set of massive
clusters with masses of 1015h−1M⊙ (Hutt, Dolag et al., 2004) from a 479h−1Mpc box (Yoshida
et al., 2001) as well as creating three extremely high resolution clusters (B2006, Borgani
et al., 2006) from a 192h−1Mpc, full hydrodynamical simulation (Borgani et al., 2004). Later
the same technique was applied to a 1h−1Gpc box to extract the Dianoga set of 24 massive
(e.g. M > 1015h−1M⊙), Coma like clusters (Bonafede et al., 2011). These sets of initial
conditions were especially created to have a large boundary particle free region enclosing
them, e.g. Rclean > 3.5Rvir (Hutt) and Rclean > 5Rvir (Dianoga). Among many other studies,
they have been used to study the thermodynamics of the ICM (Fabjan et al., 2011), the role
of AGN feedback for galaxy clusters (Planelles et al., 2014), the chemical enrichment of the
ICM (Biffi et al., 2017) and intra-cluster light properties (Dolag et al., 2010). Recently, the
resolution of these initial conditions have been further increased and reached levels of 109

particles within individual clusters, allowing to fully resolve the turbulent dynamo within the
ICM (Steinwandel et al., 2024).

The three-hundred (The300) project (Cui et al., 2018) consists of 324 galaxy clusters ex-
tracted from a 1h−1Gpc parent box using MUSIC (Hahn & Abel, 2011). Also here, arbitrary
volumes can be defined, but spatial resolution can be only increased by factors of two and
there was no iteration to optimize for contaminating boundary particles used when creating
the initial conditions. Therefore, as listed in table 12.1, there are clusters where boundary
particles are present within the virial radius. The set was originally simulated employing a
number of different models such as Gadget-X (Springel, 2005, Beck et al., 2016), Gadget-
music (Sembolini et al., 2013) and a selection of semi-analytical models for galaxy formation.
Recently, this was extended to include a GIZMO-SIMBA (Cui et al., 2022) variant. Studies
carried out with this suite include, but are not limited to exploring the connection between the
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dynamical state and the morphology of these clusters (De Luca et al., 2021), filament detec-
tion studies (Kuchner et al., 2021, Cornwell et al., 2023) and environment-galaxy connection
studies (Wang et al., 2018).

An even larger parent box of 2169h−1Mpc in size is used in the C-EAGLE project
(Barnes et al., 2017). This set consist of 30 zoom in galaxy clusters in the mass range
from 1014 − 1015.4M⊙, that include as well the Hydrangea (Bahé et al., 2017) set of clusters
simulated specifically to study galaxy formation. Simulations were run with the EAGLE
model (Schaye et al., 2015b) with a modified P-Gadget3 from (Springel, 2005). The sim-
ulations were used to study the infall of gas onto galaxy clusters through filaments (Vurm
et al., 2023), the galaxy mass functions in those regions (Negri et al., 2022) as well as the
disruption of infalling satellite galaxies (Bahé et al., 2019).

To push the resolution to much higher level, the Romulus-C project (Tremmel et al.,
2018) features a low mass galaxy cluster with 2×1014h−1M⊙. It is selected from a 34h−1Mpc
parent box from the Romulus cosmological simulations (Tremmel et al., 2017) and run with
an identical setup in terms of hydrodynamics and sub-grid modeling. The project, due to its
high mass-resolution, focused mainly on member galaxies and specifically dwarf galaxies,
investigating environmental quenching and thermal AGN feedback effects (Tremmel et al.,
2017) as well the formation of ultra-diffuse galaxies in cluster environments (Tremmel et al.,
2020).

The TNG-Cluster project (Nelson et al., 2024) pushed for a large set of clusters with
higher resolution than the The300 set. It is suite of 325 galaxy clusters selected from a
680h−1Mpc parent box and therefore has a similar mass range than previous projects and
was ran with the TNG Model (Weinberger et al., 2017, Pillepich et al., 2018) using the
Arepo code (Springel, 2010). Similar to the The300 project, there was no iterative approach
when selecting the initial volumes. Here, even more of the clusters suffer from boundary par-
ticles within the virial radius (see discussion in Nelson et al., 2024). It features an improved
resolution compared to The300. Science results include a possible connection of ICM veloc-
ities to halo and galactic properties (Ayromlou et al., 2024), a prediction for X-ray velocity
dispersion measurements from Perseus (Truong et al., 2024), cool-core and non-cool core
fractions of these clusters (Lehle et al., 2024) as well a study on the hot CGM of cluster
satellites and how it can be retained by its host and observed in the X-ray band (Rohr et al.,
2024).

The PICO cluster project (Berlok et al. in prep., Tevlin et al., 2025) is a recent zoom-in
campaign for clusters using the Arepo/TNG Model. It is based on an increased parent box
which has a size of 1h−1Gpc and the zoom-in regions are increased so that there a no bound-
ary particles within the virial radius of the clusters at z = 0. It contains 25 clusters performed
with the Arepo-2 code and the TNG galaxy formation model. Its focus lies on studies of
plasma physical processes in the ICM, such as anisotropic viscosity and conduction and cos-
mic rays. The simulations have been used so far to demonstrate an accelerated magnetic field
amplification via dynamo processes through including galaxy formation physics, especially
at higher redshifts. (Tevlin et al., 2025).

To allow a more compact overview of these different campaigns for cluster zoom-in
simulations, we list some general properties of the aforementioned studies in table 12.1.
Among the properties we list the size of the parent box, the mass of the galaxy clusters and
the typical size of the region free from boundary particles. In addition, figure 12.1 shows
a slice through the initial condition as well as the same slice in the z = 0 cluster for the
subset of these studies where we could access these data. All figures are to the same scale
to better visualize the differences in the high-resolution volume extraction methods and the
degree and spatial distribution of contamination by low-resolution particles. We also include
an example from the cluster initial conditions of this work for comparison.

As mentioned, the studies mentioned above typically select the high resolution region
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by finding particles within a certain distance or in the Friends-of-Friends (FOF) group of
the central structure at z=0. Some are using iterative approaches to improve the size of the
volume, which subsequently remains uncontaminated. However, they al. commonly start
from a sphere with an arbitrary radius around the cluster at z = 0 to trace back the volume
for the high resolution region within the initial conditions. In this work we propose an
extension to this procedure in order to capture the dynamics of the region more accurately:
We run an N-body only version of the parent simulation to the far future in order to reliably
predict which particles interact with the central structures during the simulation time. This
method allows us to create initial conditions with far more stable high-resolution regions
than the traditional methods provide even with a generous safety margin. As a test set for
this method we employ the highest resolution version of the SLOW (Simulating the Local
Web) simulation, which bases on the realization number 8 of CLONES (Sorce, 2018). We
construct a set of constrained initial conditions for which we extract the Lagrangian collapse
regions of local cluster and supercluster analogues with our method.

12.3 Methods: SLOW Cluster ICs
The methods introduced in this section for obtaining zoom-in ICs are in principle applicable
to any particle based simulation box. In this work we demonstrate the basic principles of the
IC extraction using the realization 8 of CLONES (Sorce, 2018), the so called SLOW con-
strained simulation (Dolag et al., 2023). These simulations reproduce the local large scale
density field with all its peculiarities (Dolag et al., 2023) and have the additional advantage
that the zoom-in regions obtained this way contain the simulated analogues of some of the
most well studied clusters in the local Universe (see Table 12.2) and their specific environ-
ments. For a discussion of general properties of these local clusters and supercluster regions
see Hernández-Martı́nez et al. (2024), Seidel et al. (2025a).

12.3.1 Clairvoyant - The Parent Simulation
The parent simulation for the initial conditions generation is a pure N-Body version of the
SLOW simulation at various resolution levels, including versions with 7683, 15363 and 30723

resolution elements. For tracing the structures we used the initial conditions with 30723

particles in a 500 h−1Mpc side length box, giving a mass resolution of mdm = 3.1×108h−1M⊙.
The method of obtaining the initial conditions for the parent box is described in detail in
previous works (Sorce, 2018, Dolag et al., 2023), thus we limit the discussion here to a brief
overview: From the Cosmicflows-2 catalogue of distances and peculiar velocities (Tully
et al., 2013) which suffers from shot noise and intrinsic uncertainty, the local velocity field is
reconstructed using a Wiener Filter technique of variance minimization (Zaroubi et al., 1995,
1999). There are a number of sophisticated bias correction procedures that are applied both
to the raw data and the reconstructed field, to maximize the efficacy of the reconstruction,
for details refer to: Sorce (2015), Sorce et al. (2017), Sorce & Tempel (2018), Sorce (2018).

We performed a standard gravity-only run using these constrained ICs. Instead of using
z = 0 as the reference point for the zoom-in region extraction, as is done usually, we let the
simulation propagate past this point to a scale factor of a = 1000. The N-Body forward run
is performed using OpenGadget3 (OpenGadget3 collaboration in prep., refer to Groth et al.,
2023, and references therein), based on Gadget2 (Springel, 2005). It incorporates several
updates including an optimized tree-walk and an improved domain decomposition (Ragagnin
et al., 2016). We apply the Subfind algorithm (Springel et al., 2001, Dolag et al., 2009)
on the fly to all simulation outputs to obtain the Friends-of-Friends (FOF) particle groups.
All simulations we ran adopt a background cosmology according to Planck Collaboration
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et al. (2016c) with H0 = 67.77 km s−1 Mpc−1, Ωm = 0.307115, ΩΛ = 0.692885, and Ωb =

0.0480217.

12.3.2 Cluster target selection
Using constrained SLOW simulations, we can focus the generation of initial conditions on
a number of identified analogues of local galaxy clusters (Hernández-Martı́nez et al., 2024)
as well as their large-scale arrangements, the local superclusters (Seidel et al., 2025a). This
provides a unique opportunity to study these well-observed regions in greater detail than
previously possible. We therefore prioritized the selection to firstly cover the supercluster
regions introduced by (Seidel et al., 2025a) as the first target volumes for the test set. This
set contains the Coma and Virgo superclusters, the Perseus-Pisces supercluster, the Shapley
supercluster and the Hercules supercluster. In addition, we added regions of high interest,
including the A3667-A3651 region, where an elongated X-ray filament was discovered re-
cently (Dietl et al., 2024), as well as the A2199/97 region which is another well-known
cluster pair (e.g. Rines et al., 2001). Additional clusters were added to the set based on
the XRISM target selection (XRISM Science Team, 2022) for PV, A01 and A02, with the
long-term goal to provide high-resolution counterparts of these clusters for one-to-one ICM
velocity structure comparisons (Groth et al., 2026). A large number of these clusters also
overlap with the ACCEPT databases (Cavagnolo et al., 2008, 2009, Baldi, 2014) provid-
ing exquisite X-ray coverage and also have a large overlap with clusters where deep optical
images allow investigations of the intra cluster light (ICL) properties (Kluge et al., 2025).
Therefore our first set consists of 20 regions containing 30 of the coss-matched galaxy clus-
ters. The details of this regions and the associated clusters are listed in table Table 12.2. We
have also identified 20 more regions for which we will create the zoom-in initial conditions
in the future.

12.3.3 Constructing the High-Resolution Volume
The common approach for defining a region of interest to re-simulate with higher resolution
is to select the halo of interest at z=0 and define all particles in the simulation within a virial
radius or multiples of the virial radius as the target Lagrangian region. These particles can
then be traced back to the initial condition of the box and there define the high-resolution
volume, where subsequently the resolution is enhanced with one of the methods described
below. The size one sets for the initial selection of the Lagrangian region aims to ensure
that flows between the low-resolution volume and the high-resolution volume are minimized
and at the same time keep the volume as small as feasible to reduce computational cost. To
optimize this selection process, we propose an alternative approach for this pre-selection of
the Lagrangian volume. This method is both shape-free already in the pre-selection process
(as opposed to the spherical radii being used traditionally) and additionally incorporates
dynamical information from a forward propagated auxiliary run of the parent box to ensure
that the boundary surface of the high resolution region deforms as little as possible during
the re-simulation.

By letting the gravitational part of the parent SLOW simulation propagate into the far
future (a = 1000, as described in Paper I), we are able to extract a finally collapsed halo
for a given structure by running the Subfind algorithm on the final snapshot output instead
of the state of the simulation at z=0. Contained within this ”final halo” are all dark matter
particles that are gravitationally bound to the region. To further ensure boundary stability
we incorporate the local particle velocities to extend this Lagrangian volume adaptively. The
bounding surfaces are computed using a HealPIX tesselation (Gorski et al., 2005) of a sphere
centered on the target halo. Since nearby, but non-merging massive structures can impact the
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stability of such a boundary significantly through tidal interactions, we hierarchically merge
adjacent Lagrangian Volumes of galaxy clusters with the volume of interest.

The complete process to compute the Lagrangian volume is then as follows

1. Extract FOF group from the snapshot at a = 1000

2. Create a Healpix tessellated distance map of these particles, where each angular pixel
is mapped to the largest FOF particle distance within the angular bin

3. Starting at this distance for each pixel, compute the radial velocity

4. For each pixel with a negative (inward) radial velocity, compute the radial velocity
profile and set as the new pixel value the distance at which the radial velocity crosses
zero.

5. Repeat this process for close by massive structures

6. Find all particles that lie within any of the resulting bounding surfaces

Tracing the set of particles obtained with this method back to the initial conditions of
the forward run, we obtain the final selection volume by once again putting the particles on
a HealPIX distance map and setting the maximal radial distance within each pixel as the
boundary radius in the corresponding angular bin. To obtain a smoother boundary we addi-
tionally upscale this map to a higher resolution and smooth over it with an angular gaussian
kernel.

12.3.4 Multimass Layering
There are several methods to combine volumes of different resolution into one simulation.
The approach we use in this work is comparable to the multimass approach employed by the
ZIC code (Tormen et al., 1997): We start by creating several instances of the parent box in
different resolution levels using the GINNUNGAGAP1 code (Pilipenko et al., 2025). Par-
ticles within the high-resolution selection volume are extracted from the highest resolution
box. We then add several boundary layers (depending on the target resolution) by upscal-
ing the selection volume self-similarly several times and selecting the particles between the
boundary surfaces from initial conditions of decreasing resolution. An example of such a
region and its enclosing can be seen in figure 12.2. The current highest resolution grid we
are using is the 61443 realization of the box. Additionally we keep the 30723, 15363, 7683

and 3843 realizations as low resolution version of the full box for boundary selection and
lower resolution test zoom-ins. This allows for a combination of five layers of decreasing
resolution (61443−3843) for the highest resolution zoom-ins and, correspondingly, four lay-
ers for the second highest (30722 − 3843). We thus call these the L5 and L4 sets respectively
with the L5 being the ”gold standard” set.

This layering dampens possible spurious effects from very high-mass and low-mass par-
ticles interacting. We ensure mass conservation by checking first if a given particle of the
low resolution grid lies within the applied boundary and obtaining its children from the high
resolution grid if this is the case. The fact that particles can be obtained self-consistently
from the different full-box resolution grids is a major advantage of pre-computing the box in
all applied resolutions beforehand instead of increasing the resolution exclusively in the des-
ignated volume. In the future, we plan to extend the current range to even higher resolutions
for the zoom-in regions as well as lower resolution versions based on the 30723 resolution
for testing. Both operations are feasible within the GINNUNGAGAP framework.

1https://github.com/ginnungagapgroup/ginnungagap
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Figure 12.2: Layered initial conditions from the SLOW Perseus counterpart with five res-
olution levels. Each color represents a different mass resolution, resolution decreases with
increasing radius.

12.4 Results
We ran the dm-only version of the initial conditions generated with the method introduced
above. The resulting structures at z = 0 can be seen in Figure C.1 for 30 local galaxy
clusters found within the Lagrangian region set. As can be seen from the figure some of
these regions contain multiple local cluster analogues because they are actively merging
supercluster regions at z = 0 (for further details see Seidel et al. (2025a)). As can already
be gathered from the gray circles in Fig. C.1 as well as the boundary distances shown in the
lower left panels, the initial conditions provide an unprecedented level of cleanliness, with
boundary particles at least ∼ 6rvir, in some cases even far beyond ∼ 10rvir, removed from any
of the clusters of interest.

12.4.1 Cleanliness
Figure 12.1 visualizes the evolution of zoom-in initial conditions including the SLOW cluster
set. As can be seen from the top row of the figure, the high resolution and boundary regions
of the SLOW cluster initial conditions are comparable in size their historical predecessors.
In the bottom row, showing the final state at z=0, however it becomes apparent that the
adaptive nature of the SLOW cluster set, taking into account the whole collapsing region
around the central structure, helps the boundary to be much more stable across time. In
the final snapshot there is no boundary particle (shown in red) within 10 virial radii of the
cluster of interest, a clean region extent that none of the comparison initial conditions can
reproduce. For a more quantitative comparison between previous simulations and our initial
conditions, we show the minimum encounter distance distribution for various comparison
sets and all the 30 SLOW cluster from our 20 selected volumes in Figure 12.3. The lowest
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Figure 12.3: Distribution of the minimum encounter distance for the different IC sets. Gray
lines mark 1,3,5 and 10 Rvir as also indicated as circles in figure 12.1.

SLOW encounter distances are comparable to or exceed most of the other simulation suites’
highest encounter distances. This shows that the SLOW cluster IC achieve unprecedented
cleanliness, which will allow a much larger region to be studied from a hydrodynamical
perspective and ensures that the central cluster or clusters are absolutely free of spurious
effects caused by low resolution dark matter particles. This additionally allows to properly
study the immediate environment of the cluster, including the filaments which are connecting
the cluster to the cosmic web.

12.4.2 Mixing Layer

Figure 12.4 shows the co-evolution of the minimal encounter distance for low-resolution par-
ticles and the maximal encounter distance for high-resolution particles for one of the SLOW
clusters and two clusters from other IC sets for comparison. Effectively these two curves
give the evolution of the mixing layer, where high-resolution particles and low-resolution
particles co-exist. The evolution of the SLOW cluster shows the mixing layer to be relatively
stable for this set: Both the minimal boundary distance and the mixing layer stay almost
constant from a = 0 to a = 1 for the SLOW cluster cluster. For the Dianoga set, where the
target size of the clean regions was set to ≈ 5rvir, the depth of the mixing layer is only slightly
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increasing. Nevertheless the clean region is significantly shrinking as the initial cutout is still
within the in-fall region of the final structure. In addition, we added the reported behavior
of the initial and final size of the sphere of boundary particles (Nelson et al., 2024) as well
as its distribution for all TNG-Clusters as colored histogram at z=0. The reason why the
contamination in the TNG-Clusters is significant higher than in the Dianoga clusters, despite
starting from similarly sized Lagrangian Volumes is the fact that the creation of the Dianoga
cluster used several iterations to obtain a optimized description of the shape of the region in
the initial conditions.

Because the regions from the SLOW IC set can be highly aspherical we additionally
show the angular distribution of mixing layer thickness for the 20 simulation volumes, cen-
tering on the most massive cluster in Figure 12.5. This statistic is computed by putting the
high-resolution particles and the boundary particles on a healpix map (NSIDE=16) and then
subtracting the minimal boundary particle distance from the center from the maximal high-
resolution particle distance. For comparability we added the distances D to the global min-
imal boundary particle distance rmin for each cluster, so the actual maximal high-resolution
particle distances are not reflected by this statistic. From the figure we see that for all of the
clusters, the mixing layer is small compared with the overall size of the clean region. Some
of the clusters additionally exhibit a separation region, where there are no high resolution
particles overlapping the boundaries (shown by the tails of the histograms that lie to the left
of the minimal boundary distance).

Figure 12.4: Evolution of the boundary layer for the SLOW cluster (black), Dianoga cluster
(blue) and TNG Cluster (red), always expressed in units of the virial radius of the cluster. The
lower line indicates the minimum distance of a boundary particle to the cluster center. For
the SLOW/Dianoga cluster a typical cluster is shown, while for the TNG clusters the median
value is shown and the histogram at a=1 (e.g. z=0) shows the distribution, where the yellow
region shows 10% of the cluster population, the orange 20% and the red the remaining 70%.
The upper lines show the maximum distance of high resolution particles, so together with
the lower line they mark the mixing layer between boundary and high resolution particles,
where physical processes can be significantly influenced by this mixing.

12.5 Conclusions
We introduced a novel method for constructing zoom-in initial conditions achieving high-
resolution regions that are free of contamination from low-resolution particles to an un-
precedented degree. To evaluate this method, we constructed a suite of regions encompass-
ing prominent galaxy clusters from the SLOW suite of constrained simulations. In total we
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Figure 12.5: Minimal boundary distances for the individual regions from the SLOW cluster
set (red vertical lines) at z=0. The dark blue violins additionally show the histogram of
mixing layer thickness D + rmin across an NSIDE=16 healpix map centered on the main
cluster. Values < rmin therefore indicate a negative thickness, i.e. the high resolution particles
and the low resolution particles are separated at z=0.

evolved 20 such regions, containg 30, cross identified clusters, utilizing two resolution levels
until z=0 to evaluate for their cleanliness. We find the following:

1. The boundaries, which are composed of layers of particles of decreasing resolution
(and conversely increasing mass) are extremely stable across time, showing very little
deformation and crucially shrinking

2. All 30 clusters are free of any boundary particles to within at least 6 rvir, half of them
have clean volumes even beyond ≈ 9rvir. This significantly improves on previous
zoom-in initial condition suites.

3. There is a certain degree of high-resolution particles diffusing outwards, however these
so-called mixing layers are small compared to the size of the pristine volume (≈ 10%)

Due to these properties, our method is ideally suited for carrying out high-fidelity hydrody-
namical simulations including the large scale cluster environment and the filaments which
connect the clusters to the cosmic web. In future work we will introduce a set of fully hy-
drodynamical simulations of the set presented in this paper. This will be the first large set
of such re-simulations built on constrained counterparts of real local Universe clusters. With
the mass resolution achieved, we will also for the first time be able to study galaxy forma-
tion in these realistic large scale environments. Due to the large uncontaminated volume
encompassing these clusters, this additionally makes it possible to study the large scale envi-
ronmental effects of galaxy clusters and their surrounding filaments on galaxy formation in
great detail. These advantages make these simulations invaluable for interpreting the results
from ongoing observational campaigns. We plan to generate detailed X-Ray mock obser-
vations and spectra in order to provide theoretical predictions and comparisons for the ICM
dynamics and morphology as observed by Chandra, XMM and XRISM, as well as through
the eROSITA all-sky survey for these local clusters. As the large-scale environment of our
clusters is well-constrained, we will also be able to carry out novel galaxy population studies
in the future, expanding on the work which has been already done on the Coma and Virgo
cluster.
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Name Ngal MS im
500c MObs

500c XS G YS G ZS G

Virgo 305 6.5 4.8 -3.6 10.4 -1.6
Perseus 447
A426 – 5.1 – 59.2 2.2 -24.6
AWM7 – 0.5 – 60.1 -6.7 -23.2
Bridge 4
A3667 – 4.4 5.8 -156.8 -111.3 66.7
A3651 – 2.1 3.2 xxx xxx xxx
A2029 4 6.0 6.8 -92.6 142.4 141.4
A1795 0 1.8 4.5 6.3 201.7 28.2
Clstr pair 43
A2199 – 3.0 2.1 -13.0 48.8 97.1
A2197 –
Hydra 1859
A1060 – 2.6 – -21.2 9.9 -19.4
A3526 – 6.2 1.3 -22.7 11.3 -13.2
A754 1 1.9 6.7 -34.3 78.5 -144.3
A085 3 6.6 6.1 50.8 -143.1 25.9
A3395 49 7.0 3.0 -53.3 -43.2 -101.7
Shapley 22
A3558 – 9.3 4.4 -141.0 66.1 -37.2
A3571 – 4.0 4.7 -142.4 54.1 -33.9
A3560 – 3.2 – -145.5 60.6 -39.7
A1736 – 3.3 – -137.5 65.6 -22.6
A3559 – 1.6 – -131.1 32.9 -59.9
A496 2 4.2 4.3 -13.3 -94.5 -83.5
Hercules 30
A2147 – 2.8 2.5 -77.42 77.33 100.6
A2151 – 1.2 1.4 -77.4 69.1 100.6
A2152 – 0.4 0.6 -76.5 79.8 101.6
Coma 972
A1656 – 9.5 5.3 -2.9 82.3 -9.1
A1367 – 1.1 1.8 -2.9 71.4 -18.7
Fornax 32 0.4 — 4.5 -6.6 -21.5
A2256 3 1.7 6.2 115.9 96.3 79.4
A119 191 5.8 3.4 73.6 -117.3 -24.9
A644 2 5.0 5.1 -26.5 70.6 -204.2
A1644 491 4.4 3.7 -97.3 64.9 -5.7
A3266 9 8.6 6.6 -60.0 -93.2 -128.1

Table 12.2: Set of galaxy clusters in the IC set. We list general properties like masses
and position taken from the parent box. Additionally, Ngal indicates the number of galaxy
velocities from (Tully et al., 2013) within the convex hull of the Lagrangian region, giving a
measure of how well constrained the density field for the zoom-in simulation is.



Chapter 13

Graduating from the LowerDecks:
Combining High-Resolution Zoom-In
Simulations of the Local Universe with
State-of-the-Art Observational Data

The method for creating pristine initial conditions described in the previous section made it
possible to create a large set of high-resolution zoom-in simulations containing digital clones
of some of the most well-studied galaxy clusters in the Local Universe. The high mass
resolution of the L5 runs provides the opportunity to study these systems in unprecedented
detail, expanding on the project outlined in Chapter 11. The simulations were performed with
an updated version of the Magneticum Pathfinder version of OpenGadget3 (Groth et al.,
2023), similar to the code version employed for the MagneticumDAWN runs. The main
changes to the simulation model are an updated version of the dynamical friction module
for black holes (Damiano et al., 2024) as well as a spin evolution model coupled to the
feedback efficiency of black holes (Sala et al., 2024). Fig. 13.1 gives an overview of all
galaxy clusters in the thus far completed full-physics simulation runs. As can be seen by
the frame colours, which indicate overlap with the XRISM targets in the PV phase and the
two General Observation phases (AO1, AO2) respectively (XRISM Science Team, 2022).
Many regions, such as the Shapley supercluster members (A3558, A3571) or the A3667-
A3651 region and the Fornax cluster discussed in Chapter 11 can be seen to be quite active
with respect to their large-scale environment and exhibit strongly distorted stellar densities
and X-Ray contours due to interaction. In order to assess how these environments affect the
turbulent structure of the ICM, the stellar component, the general galaxy population and the
neutral gas reservoir, in this chapter we will highlight exploratory studies performed with the
current Local zoom-in set.

Name/Res dm/gas agn

Season 1
Virgo/L4(a) v0 –
Virgo/L5(a) v0 v0
Coma/A1656/L4 v1 –
Coma/A1656/L5 v1 v1
Perseus/A426/L4 v2 –
Perseus/A426/L5 v2 v2
Fornax/L4 v3 –

continued on next page
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Name/Res dm/gas agn

Fornax/L5 v4 v4
A2029/L4 v4 –
A2029/L5 v4 v1
Bridge/A3667/L4 v2 –
Bridge/A3667/L5 v2 v0
Shapley/A3558/L4 v1 –
Shapley/A3558/L5 v1 v0
A1795/L4 v1 –
A1795/L5 v1 v1
A2199/L4 v3 –
A2199/L5 v3 v3
Hydra I/L4 (A1060) v1 –
Hydra I/L5 v1 v2
A085/L4 v1 –
A085/L5 v1 v0
A496/L4 v3 –
A496/L5 v3 v3
Hercules/L4 v1 –
Hercules/L5 v1 v1
A3395/91/L4 v1 –
A3395/91/L5 v1 v1
A2256/L4 v2 –
A2256/L5 v2 v2

Season 2
A754/L4 v4 –
A754/L5 v4 v4
A119/L4 v1 –
A119/L5 v1 v1
A644/L4 v1 –
A644/L5 v1 v1
A1644/L4 v1 –
A1644/L5 v1 v1
A2319/L4 v1 –
A2319/L5 v1 v1
A3158/L4 v1 –
A3158/L5 v1 v1
A3266/L4 v1 –
A3266/L5 v1 v1

Table 13.1: Overview of all LowerDecks regions with a completed full physics (agn) run
to date. For initial conditions that were iterated once or several times adding neighbouring
structures as described in Chapter 12, we denote this fact with the version (vx). v0 indi-
cates the first verification ICs, which in some cases already could be used for full-physics
simulations.
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Figure 13.1: Zoom-in suite of the simulated local clusters in LowerDecks. Stellar surface
density and X-ray surface brightness (contours). XRISM PV targets are marked in orange,
XRIMS AO1 targets in red and AO2 targets in a darker red.

13.1 Turbulent pressure fractions
The content of this section has been published as Groth et al. (inc. Seidel) 2025, ApJ 100
75, ”Turbulence in Simulated Local Cluster Analogs: One-to-one Comparisons between

SLOW and XRISM/Hitomi”. I contributed the initial conditions for the simulations.

An important physical process in the evolution of the ICM is the so-called turbulent cascade
(e.g. Vazza et al., 2012, Mohapatra et al., 2020) where energy is transferred from large-scale
gas motions like bulk flows and shocks with spatial dimensions of order 1 Mpc down to
kpc scales and beyond, depending on the viscosity of the ICM, where it is dissipated into
thermal energy. These motions can effectively act like an extra pressure component beyond
the pure thermal pressure of the gas. Because galaxy cluster mass estimates for cosmology
are usually built on assumptions of hydrostatic equilibrium, this non-thermal pressure is a
very important bias to constrain (Wicker et al., 2022, Ettori & Eckert, 2022). Projection
effects complicate this bias estimation additionally as was recently shown using a Virgo
clone simulation (Lebeau et al., 2024b).

Interestingly, recent observational efforts to constrain the amplitude of this turbulent
component by measuring velocity dispersions from the broadening of X-Ray lines in the
ICM have yielded surprising results: They found consistently lower velocity dispersions for
Perseus (Aharonian et al., 2016, Hitomi Collaboration et al., 2018) and similarly for Coma
(XRISM Collaboration et al., 2025) and Centaurus (Audard et al., 2025) than previously ex-
pected from numerical simulations (Truong et al., 2024, Groth et al., 2025). The inferred
turbulent pressure fractions were consequentially equally low at around 4%. Using the SPH-
only runs for Virgo, Coma, and Perseus from the LowerDecks set (see Table 13.1), Groth
et al. (2026) set out to establish the first one-to one comparisons of the turbulent pressure
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Figure 13.2: Radial turbulent pressure profiles for Coma (red), Virgo (green) and Perseus
(cyan) at redshift z = 0. Active clusters are plotted with a dashed line, while relaxed clusters
are indicated by a solid line. Observed turbulent pressure fractions by Hitomi (cyan) and
XRISM (red) are overplotted with their uncertainties where available. In addition, mean
values for relaxed (solid black) and active (dashed black) clusters by Groth et al. (2025),
including the central 1-σ scatter as an error bar. Figure 3 from Groth et al. (2026).
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fraction in the ICM with observations.
Fig. 13.2 shows the resulting turbulent pressure profiles compared to the Hitomi data

for Perseus and the two Coma pointings from XRISM as well as a statistical sample from
Groth et al. (2025), split into dynamically active and relaxed clusters. The Perseus simu-
lation reproduces the dynamics observed by Hitomi excellently. Virgo, as the most relaxed
cluster shows the lowest pressure fractions out of the set, highlighting the importance of the
dynamical state in determining the ICM turbulence. Even Coma, which is classified by the
authors as the most dynamically active cluster among the three and one of the most dynami-
cally active galaxy clusters in general, demonstrates a turbulent pressure fraction consistent
with the dynamically active comparison set mean in the inner region. While the XRISM
observations for Coma are below the simulated profile consistently, they are in agreement
within the error bars of the simulated runs. Especially the outer regions, where the simu-
lated turbulent fraction is much higher than the observations and even exceeds the statistical
sample might be sensitive to timing differences in the simulations: There is some indication
for the Coma cluster in the SLOW simulation to be slightly underdeveloped with respect to
the real system (see e.g. Fig. 13.3 where especially the inner region is less massive than
observations generally infer). This could be related to spatial shifts of the overdensity modes
that merge to form the final cluster caused by uncertainty in the constraints. Future analysis
will consider this region in an advanced state (i.e. a simulation ran a few 100 Myr into the
future) to determine whether the timing can account for the difference between observations
and constrained simulations.

In summary, Groth et al. (2026) have shown, that accurate one-to-one comparisons for
the turbulent pressure fraction in local galaxy clusters can help relieve the tension between
observations and simulations significantly. Furthermore having the full 3D information and
formation histories for these clusters can help disentangle selection effects in observations
and perhaps even motivate future pointings in order to better understand the connection be-
tween environment and small scale effects in the ICM (such as for example the impact of
connecting filaments or the turbulence driven by the AGN). Furthermore the timing differ-
ences with respect to the merging state of the constrained clusters and the resulting differ-
ences in the turbulence structure of the ICM provide valuable information to the constrained
simulations pipeline and could help improve the constraints even further in the future.

13.2 ICL+BCG: A Dynamical Tracer
The content of this section is planned to be submitted as part of Kimmig et al. (inc. Seidel)

2026, ”Intra-cluster light as a dynamical clock for galaxy clusters: Insights from the
SLOW/LowerDecks simulated local cluster equivalents”. I contributed the initial

conditions for the simulations.

As massive galaxy clusters evolve, so does their stellar component. Accreted galaxies are
eventually destroyed by tidal forces and added to either the central BCG or the ICL compo-
nent of the cluster. (Kimmig et al., 2025a) showed that as this process happens on similar
timescales for different galaxy clusters, the fraction of the stellar mass in a given cluster that
is found in the ICL and BCG components, i.e. not associated with a bound substructure like
a galaxy is directly related to the clusters dynamical age: The earlier the cluster forms, the
more time it had to dissolve the relatively massive substructures from its primary assembly,
and consequently the higher the ICL+BCG stellar mass compared to the total stellar mass.

Fig. 13.3 shows the mass assembly history for the 25 most well-studied clusters from the
LowerDecks set. What was seen before in the turbulent pressure fractions for Coma, Virgo
and Perseus in Fig. 13.2 is directly confirmed here: Coma is by far the most dynamically
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Figure 13.3: Mass assembly histories of the LowerDecks clusters. Shown are the evolution
of the M500 and the M200 respectively, additionally X-Ray Masses by Reiprich & Böhringer
(2002) (blue pluses) as well as SZ Masses from the publicly available SZ cluster database
1are given as estimates of the current cluster mass where available. The dashed lines indicate
the mass (horizontal line) and the redshift (vertical line) at which the cluster reaches half of
its present-day mass. Figure taken directly from Kimmig et al. 2026 in prep.

active clusters out of the three clusters, and in fact the cluster has one of the lowest formation
redshifts out of the set of 25 shown in Fig. 13.4. On the other hand, the Virgo cluster is
among the earliest assembled clusters in the set and can therefore be considered to be dy-
namically relaxed. Interestingly for the supercluster regions and pairs, it can be seen that the
most massive clusters in the regions are forming quite early and are therefore dynamically
relaxed at z=0. Notable examples for this are the Shapley supercluster region, where A3558
is the earliest formed cluster out of the set and despite a very close by merging substructure
that can be seen in Fig. 13.1, which is even already part of the FOF group, as was discussed in
Chapter 10, this cluster is still very spherical and relaxed (as indicated by the circular X-Ray
contours in Fig. 13.1). Similarly for the A3667-A3651 regions, as well as for the Hercules

1http://szcluster-db.ias.u-psud.fr/sitools/client-user/SZCLUSTER_DATABASE/

project-index.html



13.3 The Galaxy Population of the Coma Cluster 165

supercluster (with A2147 being the main cluster of that region), the most massive structures
are very early formed and dynamically relaxed, because the massive mergers that finally as-
semble the supercluster core into a single region lie mostly in the future as was shown by the
Clairvoyant future MAH for these structures (see Fig. 10.8). A notable intermediate case
is the Perseus cluster with a relatively early assembly combined with a recent re-ignition of
merging activity. This could be the reason of the somewhat contradictory observational ev-
idence for this cluster being a cool-core cluster, whilst at the same time showing signs of at
least intermediate recent activity (e.g. van Weeren et al., 2024, Zhang et al., 2026). Fig. 13.4
shows the ICL+BCG fraction as a dynamical tracer compared to two other indicators: The
gas center shift shown in the middle panel is caused by the collisionless stars behaving dif-
ferently to the gas component, causing a shift between the gas centre of mass and the actual
position of the BCG. As the cluster relaxes, this shift decreases in amplitude, causing the
negative correlation that can be seen in Fig. 13.4. Another dynamical tracer closely related
to the ICL+BCG fraction is the total mass present in substructures, which is also negatively
correlated to the formation redshift and can be understood as the flip side of the increasing
ICL+BCG fraction with increasing formation redshift, as the more substructures dissolve
dynamically in the cluster environment, the more their stellar components will contribute
to the ICL and the BCG. Overall, Fig. 13.4 shows the LowerDecks clusters to be in good
agreement with previous work, indicating that the formation redshifts of nearby clusters can
be well-constrained from observations of the ICL with instruments like Euclid (Kluge et al.,
2025).

In this section, we showed the mass assembly history of the LowerDecks sample of local
galaxy clusters, and shown the stellar component in these clusters to be a reliable tracer for
their formation time. Directly related to the stellar properties of the ICL and BCG is the
galaxy population of a cluster, which we will examine in the next section specifically for the
Coma cluster.

13.3 The Galaxy Population of the Coma Cluster
The content of this section has been submitted to ApJ as part of Zöller et al. (inc. Seidel)
2026, ”Galaxy Luminosity Function of the Coma Cluster from Deep u’-g’-r’ Wendelstein

Imaging Data”. I contributed the simulated luminosity functions.

Another advantage of a 1:1 cluster reference set is that it is now possible to compare directly
galaxy populations in specific regions with reduced selection biases compared to conven-
tional fields. A powerful tool of quantifying galaxy populations numerically are so-called
galaxy luminosity functions (GLF), which are closely related to the stellar mass functions
discussed in Chapter 3. Similarly to stellar mass functions, these GLFs can be described
by a Schechter function (Schechter, 1976), which is built on the basic assumptions of halo
masses from Press & Schechter (1974), but critically allows for a so-called faint-end slope α
to describe the increase towards less luminous galaxies. This faint end is sensitive to many
physical processes: Early predictions from dm-only numerical simulations and their over-
prediction of smaller satellites to what was found in e.g. the Milky Way (Klypin et al., 1999)
lead to the so-called ”Missing Satellite Problem”, which were later shown to be alleviated
by introducing baryonic physics, which in the low-mass regime can severely impact the sur-
vivability of dm haloes as well as affect the efficiency at which gas is converted to stars (e.g.
Brooks et al., 2013). This means however that, from a numerical perspective the behaviour
of the GLF at the faint end is very sensitive to the feedback model choice and configuration.
Additionally even alternative cosmological models, such as warm dark matter, could impact
this faint end slope (Bullock & Boylan-Kolchin, 2017).
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Figure 13.5: Coma G-Band luminosity function of the Coma cluster compared between the
Wendelstein Wide Field Imager (fit lines + blue symbols) and the LowerDecks counterpart
(yellow and orange symbols). Figure from Zöller et al. (2025).

Therefore it is important to separate as many possible impact factors as possible and
understand how each effect impacts the GLF separately. One of the approaches to do this is
to directly compare the GLF extracted from a nearby galaxy cluster, where one can resolve
individual galaxies and expect good completeness for the faint end, to a simulated cluster
with environmental properties and formation history as similar as possible to the observed
cluster. Zöller et al. (2025) extracted the g-Band luminosity function of the Coma Cluster in
a 1.5 square degree FOV using the Wendelstein Wide-Field Imager (Kosyra et al., 2014) at
the 2.1 m Fraunhofer telescope at the Wendelstein in the Bavarian alps (Hopp et al., 2014).
Fig. 13.5 shows the Double-Schechter fits as well as the individual data points from the
observational data compared to the LowerDecks Coma counterpart. The different observer
distances are reflected in the yellow and orange points: The authors assume a distance of
93.85 Mpc (from their measured luminosity distance), while the SLOW counterpart is 122
Mpc from the SLOW optimal observer following (Dolag et al., 2023). Correcting for this
discrepancy, by selecting the simulated galaxies in a real-space (orange diamonds) rather
than angular FOV (yellow crosses) brings the observed and simulated data at the faint end
closer together.

There are other discrepancies to be found however: The intermediate-magnitude rise
of the simulated GLF (mag = −22 − mag = −18) is significantly suppressed with respect
to the observed galaxies. This in turn is compensated with an excess number of galaxies
at ≈ −19.8, while the faint end is in excellent agreement, when using the corrected FOV.
The overall shape of the simulated GLF makes a double-Schechter fit unviable, but the faint
end slope was determined to be α = −1.37 ± 0.04, slightly shallower than the observed
(α2 = −1.539+0.024

−0.024 from the double-Schechter fit). A possible interpretation of the ”bump”
behaviour of the simulated GLF is the relatively aggressive AGN feedback of the fiducial run
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z=-0.0

Figure 13.6: View of the Fornax region in LowerDecks. The colour map indicates the
smoothed dark matter density field. The dashed circles indicate r500c, r200c and rvir from
inside to outside. Galaxies are indicated as black dots with the size of the dots scaled by√

M⋆. The white contours indicate the HI density. The outer contours mark a column density
of NHI = 6 × 1012/cm2 with densities increasing by a factor of 1.5 for each contour.

used for this analysis. This could truncate galaxies growing into the mag = −21 range early,
when the AGN feedback triggers and thus accumulate them at overall lower luminosities
where the bump is found. However precisely determining the origin of this discrepancy
will require the additional modified physics run (e.g. using the DAWN model). The faint-
end slope poses another challenge with the shallower slope potentially being a result of the
resolution given that the chosen magnitude cut-off at -15.5 corresponds to a stellar mass
of ≈ 109M⊙, which is roughly 400 stellar particles per galaxy at the 6144 resolution (see
Section 9.1). Additionally this region in the GLF can be expected to be significantly impacted
by the stellar winds, which are the main regulating mechanisms at these lower stellar masses.

In summary, we have created a one-to-one comparison between the Coma GLF obtained
from an optical observation and its LowerDecks simulated counterpart. We find the lumi-
nosity functions to be in good agreement generally with some discrepancies in the faint end
slope of the GLF and a peculiar depression and following excess at intermediate luminosities.
In future work, we will explore how different sub-grid models, as well as further improved
mass resolution impacts these results, helping to understand which physical processes shape
the galaxy populations of individual clusters.

13.4 Cold Gas in the Fornax Region
Before galaxies fall into a galaxy cluster to form the galaxy population investigated in the
previous section, they are believed to undergo pre-processing. Processes described by this
term are environmental mechanisms, such as tidal or ram-pressure stripping, that transform
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the galaxies gas content and may even quench it entirely before it ever enters the cluster
atmosphere. This can happen in groups (Bianconi et al., 2018, Bahé et al., 2019) and poten-
tially even upon infall onto filaments (Stephenson et al., 2024).

Neutral atomic hydrogen (HI) gas, as the dominant component of the ISM and a key
indicator for the gas reservoir fuelling a galaxy’s star formation is an ideal tracer for these
pre-processing mechanisms. Its morphology has been shown to trace well both gravitational
(de Blok et al., 2018, Kleiner et al., 2019) and hydrodynamical (Cowie & McKee, 1977,
Chung et al., 2007, Jaffé et al., 2015) stripping processes.

One of the most promising laboratories for studying the HI component in a number of
different environments is the Fornax cluster. Due to its proximity, as previously discussed,
observations are able to map this regions with great spatial resolution. A HST survey uti-
lizing the COS spectrograph is currently ongoing using quasar sight lines to map out the
HI absorption across the entire region (Burchett et al., 2023). On the emission side, the
MeerKAT Fornax survey is targetting the region in the 21cm band. Previous observations
with this instrument were focussed primarily on the Fornax A group (Serra et al., 2019,
Kleiner et al., 2021) which is a promising region to study group preprocessing in an active
infalling group environment.

While constrained simulations can not yet be expected to exactly reproduce the dynamics
and configuration of such an infalling group due to these processes being highly non-linear,
assessing how the large-scale gravitational and gaseous environment translates into stripping
dynamics in these regions can be a valuable method to understand and contextualize the
observed HI morphologies. Kleiner et al. (2021) discovered multiple galaxies exhibiting
signs of stripping through their HI distortions as well as independent HI systems, the authors
hypothesized to be the result of a stripped infalling galaxy.

To provide a first numerical reference in this section we will explore the cold gas mor-
phology of the LowerDecks Fornax and Fornax A counterparts in order to determine how
it matches observational results and if this information may be used to inform the ongoing
surveys searching for the HI in the cluster and its surroundings.

13.4.1 Methods: Post-Processing the HI Content
The modified Magneticum Pathfinder model employed in the zoom-in simulation run does
not itself trace the ionization balance of the gas particles and as such no direct output ex-
ists for molecular, neutral and ionized hydrogen fractions. However this can be directly
inferred using the density, temperature and metallicity information from the simulation. We
implemented an approach to calculate the HI content particle-wise based on the work of
Villaescusa-Navarro et al. (2016) and Ködel (2018) into our SPH density interpolation rou-
tine, which interpolates the HI masses of particles using a cubic-spline kernel. Star-forming
particles allow for a temperature-independent treatment, since the model from (Springel &
Hernquist, 2003) traces the fraction of gas in neutral cold clouds.

In general, the neutral fraction of hydrogen can be estimated assuming ionization equi-
librium, optically thin gas allowing recombination radiation to escape freely, and a fixed UV
background (Rahmati et al., 2013). The authors provide a fitting function for the photoion-
ization rate from radiative transfer simulations:

Γphot

ΓUVB
= (1 − f )[1 + (nH/n0)β]α1

+ f [1 + nH/n0]α2 , (13.1)

where the values of the fitting parameters are provided for different redshifts and we input the
UV background ΓUVB from (Haardt & Madau, 2001), which is the fiducial UV background
in the Magneticum Pathfinder model. The photoionization equilibrium is then written as

η(Γphot + Γcol) = α(1 − η)2nH, (13.2)
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50kpc

Figure 13.7: Top Panel: MeerKAT contours overplotted over an optical gri image (Iodice
et al., 2016). The outermost contour represents a column density of NHI = 6 × 1019/cm2,
column densities increase by a factor of 3n for the n-th contour. Figure directly taken from
Kleiner et al. (2021). Bottom Panel: Same as Fig. 13.6, but zoomed-in on the Fornax A
region. The red arrow indicates the position of Fornax. For the Galaxies, we additionally
show the velocities relative to their common centre of mass. The inner contours mark a
column density of NHI = 6× 1019/cm2, while the outer contours outline NHI = 6× 1017/cm2

and NHI = 6 × 1015/cm2.
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where η is the ratio of HI to total hydrogen number densities nHI/nH, and α and Γcol are
the recombination and the collisional ionization rates respectively. Both of these rates are
computed by Rahmati et al. (2013) using fitting functions and depend only on the temperature
of the gas particle. Using this equilibrium equation and computing the hydrogen number
density and mass nH,mH from the density, total mass and metallicity of the gas particle, we
can then calculate the neutral hydrogen mass of the particle by solving for η.

For star-forming particles, the cold gas fraction fcold is readily available from the simula-
tion data. Here, we employ the model developed by Krumholz et al. (2008, 2009), McKee &
Krumholz (2010) describing a spherical cloud of molecular hydrogen shielded by a layer of
neutral hydrogen with a sharp transition between the two species. For the incident radiation
field, as well as for the properties of shielding dust, we assume the approximations introduced
by (Villaescusa-Navarro et al., 2016), which effectively renders the fraction of molecular hy-
drogen, fH2 , a pure function of the metallicity Z and the surface density Σ = ρ × rSPH of the
gas particle. The HI mass of a star-forming particle is then obtained by subtracting the ob-
tained molecular hydrogen mass from the cold hydrogen mass (assuming the cold gas com-
ponent is completely neutral, which is one of the assumptions in the star formation model)
MH,cold = fcold × (mgas − mgas,≥He), where mgas,≥He is the sum of all non-hydrogen elements
in the gas particle and can be obtained from the metallicity output of the simulation. The
underlying assumption of the model is that HI exists in a two-phase equilibrium between a
warm and a cold neutral atomic hydrogen phase. Consequently this assumption breaks down
in regimes, where either one of the phases is disfavoured by the pressure environment of
the gas. In the high-pressure environment of nuclear star-bursts only the cold component is
stable, while in the diffuse medium in the outer disks of galaxies one would expect only the
warm component to be stable (Krumholz et al., 2009). Since we apply this model only for
star forming particles and only at z = 0, long after the main peak of SFR in the following
work, this effect can be neglected. However it can be a limitation of this methodology at
earlier times.

13.4.2 The HI Distribution in the Fornax Region
Fig. 13.6 shows the large-scale HI distribution in the Fornax region obtained with this method
(white contours). Interestingly, beyond the significant HI assembling along the main filamen-
tary structure, which also includes the Fornax A region at the top right of the outer boundaries
of the Fornax cluster, there are multiple HI systems in the lower density regions orthogonal
to the central filament. These systems, such as the double lobe structure to the right of the
virial boundary and the extended finger like structure to the left of the cluster could be in-
teresting accreting targets for studying the deformation and overall HI content of infalling
structures. In future work we will assess the agreement of the filamentary structure to the
observed cosmic web structure as determined by e.g. Raj et al. (2024) and provide HI mass
functions divided by sub-regions in order to assist the observational efforts to understand the
stripping and pre-processing dynamics in the region.

For Fornax A specifically, Fig. 13.7 shows the MeerKAT HI detections with the blue
contours. Below, we show the same region in the LowerDecks Fornax zoom-in with white
contours indicating the HI column density. In the simulated image the inner contours are
configured in such a way that they match the column density of the outer blue contours at
NHI = 1.2 × 1019/cm2 in the MeerKAT image. The outer contours of the simulated im-
age show the further extent of the HI systems going beyond what can currently be observed
by MeerKAT. Even though the group is not virialized in the simulation and lacks the clear
group centre with the NGC1316-NGC1317 pair, there are interesting parallels in the HI mor-
phologies between the simulated and observed systems. Similarly to the MeerKAT image,
the simulated Fornax A group contains a number of ”free” HI clouds not associated with a
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galaxy or dm overdensity, some of which can reach quite large spatial extents. Active strip-
ping can be seen in the offsets between galaxies and their HI components in the opposite
direction to their motion within the group, for example the galaxy on the left edge of the
image, where the HI centre is clearly lagging behind the galaxy. Finally, even though the
simulated HI contours are generally more spherical, many of them also show clear distor-
tions and extended bridge-like features connecting individual clouds. All of these features
show a dynamically active system with infalling galaxies that are actively being stripped of
their HI content in a comparable fashion to the observed systems. In future work, we plan to
follow the infalling galaxies in the Fornax A group individually and trace their HI accretion
and stripping through time. This data will be a valuable reference to the data the MeerKAT
Fornax survey will yield in the future.

In this section we have introduced a method to calculate the HI distribution from numer-
ical simulations. We have explored the HI morphology for the LowerDecks Fornax cluster
counterpart. First comparisons with the MeerKAT survey map of the HI distribution in the
infalling Fornax A group demonstrate this simulation suite to be a potentially valuable refer-
ence point for future HI observations in the Local Universe.

13.5 Conclusions
Throughout this chapter we have introduced the LowerDecks set of constrained zoom-in
simulations of local galaxy clusters and superclusters. Summarizing the first scientific re-
sults obtained from these simulations, we have shown this simulation project to be a promis-
ing reference for exploring the physics of local structures on multiple scales. For the ICM,
we have shown the local counterparts of Coma and Perseus to more closely reproduce the
low turbulent pressure fractions observed with XRISM than simulation averages predict,
pointing to these clusters possibly being outliers in their mass range. For the stellar compo-
nent, we demonstrated that nevertheless the local clusters lie on expected scaling relations
between their formation redshift and the fraction of stars in the ICL+BCG component, mak-
ing constraints on the formation time of the real world clusters also a possible validation
method for the constrained simulations. Furthermore we found the galaxy population of the
Coma cluster to be generally well reproduced by the LowerDecks simulation, with present
discrepancies allowing for further development of the sub-grid physics that regulate the star-
formation in these cluster galaxies. Finally, we presented a proof-of-concept study on the
neutral gas distribution in the Fornax region, comparing the simulated HI contours in the
Fornax A group to current MeerKAT observations. We find in general a good agreement in
the morphology of the fragmented and deformed HI clouds, even though the group is in a
dynamically different state to the real system. Future observations constraining the large-
scale distribution in this region will enable us to study the infall and stripping dynamics
in a realistic digital clone environment of a group infalling into a cluster and elucidate the
pre-processing happening in such groups.

All of these preliminary results highlight the potential of high-resolution digital clones of
galaxy clusters in the Local Universe. By widening the scope of physical processes resolved
in the simulations, they make it possible to fully leverage the constrained environments ob-
tained from the local large-scale structure and additionally feed back even more data into the
constrained simulations pipeline in order to improve the reconstructions even further.



Part IV

Conclusion





Chapter 14

Confluence: Summary and Conclusions

This work has aimed to elucidate the connection between large-scale structure and the evo-
lution of bound structures like galaxies and clusters of galaxies. The main paradigm this
connection was studied under was the gravitational and hydrodynamical flow of matter. As
the main analysis tool we have used hydrodynamical cosmological simulations, which can
model these flows in their full non-linear richness and also accurately factor in baryonic
effects like stellar and black hole feedback on small scales.

14.1 In and out of the Box: Accretion and Outflows
In the first part of this work we focussed on the Magneticum Pathfinder simulation suite
(Dolag et al., 2025), a state-of-the art hydrodynamical simulation. We demonstrated how
structures form over time in that simulation and, comparing with observation of the baryonic
structure, discussed the successes and shortcomings in replicating observed galaxy and clus-
ter populations. Specific attention was given to the high-redshift Universe, where numerical
simulations often fall short in replicating the massive quiescent galaxies observed by the cur-
rent JWST mission. We demonstrated that a simulation combining a large enough volume to
allow for massive overdensities to form early with a high resolution can in fact replicate the
observed quenched fraction (Kimmig et al., 2025b, Remus & Kimmig, 2025). By analysing
the sample of galaxies with respect to their gravitational environment, we showed that these
early quiescents, which undergo a rapid quenching starburst, tend to form in slightly under-
dense regions with a shell of very low density usually surrounding them. This is then also
reflected in the gas inflows, which, while initially visible in all directions around the galaxy
get disrupted quite easily by the inset of feedback-driven outflows, demonstrating the impor-
tance of the large-scale environment around these galaxies and especially the flow field. We
addressed the following key questions:

14.1.1 How Self-Similar Are In- and Outflows?

To understand the balance of in- and outflow and how this balance evolves in greater detail,
we developed a halo-centric method for numerically computing the gas flow across a spher-
ical boundary surface (Seidel et al., 2025b). We showed that the gas flows onto collapsed
haloes have a complex morphology in terms of flow rate across the surface, but nonetheless
follow the simple mass scaling law predicted by linear theory on average. The complex mor-
phology is mainly driven by the highly anisotropic inflows, which generally are focussed
onto a few dense high-flow regions where the filaments intersect the virial surface of the
halo. The outflowing component, on the other hand is more isotropic and break the self-
similarity, with lower mass halos driving significantly stronger outflows relative to their halo
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masses compared to group- and cluster mass haloes. Consequently, these lower-mass haloes
are able to relatively extend their heated diffuse gas to larger radii, resulting in a flat entropy
profile, while higher mass haloes show a clear accretion shock from 1-3 rvir where the max-
imum radius is consistent with merger accelerated accretion shocks. We also showed the
outflows to be more metal rich than the inflows in general, as the gas mixes with metal rich
gas from the central structure. Nonetheless, most of the enriched gas found in the outflows
at z = 0 was found to have been enriched upon infall indicating a possible pre-processing
scenario.

14.1.2 How Can the Morphology of the Accretion Field Be Quantified?

Building on the anisotropy of the inflowing component, we introduced the inflow aspheric-
ity parameter (Seidel et al. 2026, submitted), which is built on a CMB-like spherical har-
monics transform of the inflow field across the virial surface. We tested the behaviour of this
parameter extensively with simplified model inflow maps built on simple assumptions of a
combination a decomposable field with a filamentary (i.e. concentrated) and an isotropic
inflow component, as well as spherically symmetric outflows disrupting the isotropic inflow.
Using this, we could demonstrate that using the linear flow field, one reliably constrains on
how many hot spots the inflow is distributed and how concentrated these hot spots are. Com-
puting the spherical harmonics decomposition on the logarithm of the flow field however,
provided a direct measurement of how effectively outflows can displace the inflows on the
halo boundary.

14.1.3 How Is the Evolution of the Flow Field Connected to Galaxy
Properties?

Following up on this, we therefore analysed the evolution of the inflow asphericity through
time using a population of simulated halos from the Magneticum Pathfinder suite. Both
linear and logarithmic asphericities exhibit a peaked evolution, with the linear parameter
peaking early indicating the early formation of the cosmic web structure. We also demon-
strated the imprint of this structure in the flow field at z = 0, where there is a correlation
between the linear asphericity and the halo ellipticity (Valenzuela et al., 2024), as the dark
matter halo is shaped by the same tidal field that generates the inflows.

The build-up of the feedback-driven outflows on the other hand, causes the logarithmic
asphericity to increase at a slower rate and as a consequence peak significantly later. Both
the linear and the logarithmic asphericity decrease monotonically with time, most likely due
to filament evolution and galactic fountain processes, which create a diffuse and isotropic
re-accretion. Connecting the parameter to the star-formation rate of the individual galax-
ies showed the logarithmic asphericity to be connected to quenched galaxies at early times
(z = 2) due to these galaxies having effectively removed their gas reservoir which is ad-
ditionally stopping additional inflow. This is also consistent with the fact that the peak of
asphericity an individual galaxy reaches is correlated with its complete star formation his-
tory: Galaxies that quench at least once during their lifetime drive significantly stronger
outflows after quenching resulting in a more anisotropic inflow field. In contrast galaxies
that continuously form stars never reach a comparable peak in their flow field anisotropy.
This connection is also visible in the kinematics, where early-time galaxies reach slightly
higher peak asphericities than rotation dominated systems.
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14.2 SLOW Flow: The Local Universe
In the second part of this work we focussed on constrained simulations of the Local Uni-
verse. Specifically we used the SLOW simulation suite (Dolag et al., 2023), which is built
from a reconstructed local velocity field using observed galaxy velocities (Sorce, 2018).
These simulations combine a realistic linear density field on large scales, forming accurate
counterparts for many of the local galaxy clusters (Hernández-Martı́nez et al., 2024), with the
non-linear galaxy formation and hydrodynamics of a conventional cosmological simulation.
Using these simulations, we aimed to answer the following questions:

14.2.1 Can Peculiar Local Structures Explain Observed CMB Anoma-
lies?

Observations of the CMB show a couple of anomalies that seemingly violate basic assump-
tions about the isotropy of the Universe. From this the question arises, whether these anoma-
lies can be explained by the ICM of the Local galaxy clusters distorting the background ra-
diation. Using SZ-effect maps from the SLOW simulation in combination with statistically
generated synthetic CMB maps, we showed (Jung et al., 2024) that this is not the case.

14.2.2 How Well Are Local Superclusters Reproduced by SLOW?

Because the velocity field gives relatively large-scale constraints on the density field (recall
Eq. (1.23)), it is not guaranteed that a supercluster-like overdensity constrained by the data
will necessarily form clusters at the position in the region where the real-world clusters are
located. Non-linear effects and even hydrodynamics could significantly impact the masses
and relative positions of such supercluster member clusters. To test how well this works in
the SLOW simulations, we developed a quantitative criterion that evaluates how closely the
relative arrangement of supercluster members matches their real-world counterparts (Seidel
et al., 2025a). We then applied this criterion to six known supercluster arrangements from
Local Universe catalogues (Boehringer & Chon, 2021, Boehringer et al., 2021, Monteiro-
Oliveira et al., 2022). This showed the SLOW superclusters to reproduce the real-world
alignments very well. Replicating these cluster-cluster arrangements is a key part of the
potential that simulations like SLOW hold for advancing our understanding of the physics
of the ICM. It allowed us to undertake one-to-one comparisons to observations with regards
to the large-scale gas distribution in cluster-cluster filaments (Dietl et al., 2024) and the
actively merging Fornax cluster (Reiprich et al., 2025). In both cases we could provide
dynamical context to the observed structures and our data further emphasized a striking
difference between simulated filament density profiles and observed ones. This also lead
us to the question of how these structures move with respect to each other, and how bound
supercluster in general really are:

14.2.3 How Bound Are Local Superclusters?

Using an N-Body version of the SLOW simulation, the Clairvoyant runs (Seidel et al.,
2025a), we simulated the gravitational evolution of the Local Universe beyond the present
day. After approximately 40 Gyrs, structure formation has sufficiently been slowed down
by the background expansion to allow for the computation of final collapsed halos, which
will accrete no more mass. We showed that even though supercluster regions do not collapse
spherically, the density contrast of their bound region at the present day is surprisingly well
predicted by spherical collapse models (Dünner et al., 2006). However this bound core only
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makes up a small fraction of the entire supercluster region due to the gravitational collapse
freezing out at late times. Only some of the local clusters, like Coma, undergo massive merg-
ers in their future, while the more relaxed structures like Virgo and Perseus do not accrete
massive secondary clusters. Finally, we could show that the SLOW simulation provides ad-
ditional evidence that the structure of the Local Universe implies our Milky Way not to be
bound to the nearest cluster Virgo. We will forever be free after all! The bound volumes of
the supercluster regions provided us with a key ingredient for taking Local Universe models
a step further:

14.2.4 How Can We Construct Stable and Clean Initial Conditions for
Cluster Zoom-Ins?

Because the collapse volumes resulting from the Clairvoyant simulation represent the final
set of particles that will ever accrete onto a given halo, we could use these Lagrangian vol-
umes, to pre-select regions in the initial conditions of the simulation which will deform only
marginally and contain the target halo. From this principle, we created a set of 20 zoom-in
regions, where the mass resolution can be locally enhanced. The collapse volumes ensure
that there is minimal mixing between particles of different mass resolution, avoiding spuri-
ous energy transfers between such particles. Simulating these initial condition until z = 0 we
showed that there are indeed minimal flows around the boundaries of these regions, ensur-
ing that the central galaxy clusters are uncontaminated by low-resolution particles at least to
6 × rvir. This allowed us to perform high-resolution re-simulations of 30 local galaxy clus-
ters that retain the information from the constrained large-scale structure. These simulations,
the LowerDecks suite, will be a valuable tool for future high-resolution observations of the
Local Universe

14.3 Future Flows: Outlook
In showing the first one-to-one comparisons between the LowerDecks clusters and obser-
vations, Chapter 13 provides a glimpse at the future. We demonstrated how the constrained
counterparts for local clusters like Coma, Virgo and Perseus can be used to model and under-
stand the turbulent structure of the ICM in greater detail (Groth et al., 2026). Constraining
environmental impacts like filamentary inflows or merger configurations, will help to com-
plement future observations of the ICM dynamics, like XRISM, which are limited by their
small spatial footprint but offer high spectral resolution. Since the large-scale turbulence is
driven by inflows and accretion, the spherical inflows framework presented in Chapter 4 and
Chapter 5 can further help understand the observed dispersions. Applying this, we will be
able to link bulk flow systems in the ICM and other dynamical features like cold fronts and
shocks directly to the large-scale flow field from a theoretical perspective. Understanding
the turbulent structure of the ICM and filaments is important for constraining the amplifica-
tion of magnetic fields via the turbulent dynamo (e.g. Vazza et al., 2014), for which we plan
future magnetohydrodynamical simulations of local clusters and filaments.

Furthermore, as we showed, the stellar component of these local clusters provides valu-
able information about their dynamical states (see Kimmig et al. (2025a) and Kimmig et al.
2026 in prep.). This connection can be a valuable tool in combination with high resolution
studies of the ICL in local clusters, such as EUCLID (Kluge et al., 2025). Discrepancies
in the global ICL+BCG fractions between observations and simulations should be relatively
model independent and can help quantify small timing differences between the real clusters
and their digital clones. Utilizing this information, it will then be possible to further improve
the simulation data for ICM dynamics by taking these timing differences into account. In a
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second step, this information and the spatial distribution of such offsets will help improve
the next generation of these constrained simulations even further.

The mass resolution of the LowerDecks suite makes it possible to also study the galaxy
populations of the Local Universe. While we do not expect individual galaxies to be con-
strained by the observational data, the galaxy populations of local clusters can further elu-
cidate their structure and dynamical states. In comparisons to observations, such as the first
one-to-one comparison for the Coma cluster we introduced (Zöller et al., 2025), these con-
strained clusters can drastically lower the impact of selection effects from simulations and
make it possible study what current hydrodynamical models may lack to accurately describe
the real Universe.

Since the simulation volumes are rather large, they usually also contain not only the
cluster regions, but additionally large filaments and voids. This will inform future studies
on the distribution of HI gas and the WHIM phase in these special environments. To further
highlight this point, we presented a preliminary view of the neutral gas distribution in the
Fornax region, where the ongoing MeerKAT Fornax survey will provide valuable insights
into the accretion and stripping of this gas phase in the highly active region. We pointed
out interesting regions with extended HI filaments in the LowerDecks simulation, as well as
some indication for pre-processing in the infalling Fornax A group, which is in agreement
with MeerKAT results (Kleiner et al., 2021). In the future we plan to connect these two
datasets together with Lyman-alpha tomography observations of the same region (Burchett
et al., 2023), to provide a full picture of the cold gas dynamics in the Fornax region. This will
also shed light on the effectiveness of group and filament pre-processing. Here, the large-
scale velocity field, combined with the non-linear motion of galaxies, can provide valuable
information about the infall dynamics of the observed HI systems.

To summarize, in light of exciting new observations across the electromagnetic spectrum,
the tools and data presented and analysed in this work will hopefully provide the foundation
of many more theoretical and observational studies. By understanding especially potential
local biases stemming from our place in the Universe better, we will be able to learn a lot
more about how this marvellous place really works.



Appendix A

Asphericities

A.1 Calibrating the absolute values for normalization

In order to configure the numeric values of the test maps in a realistic manner instead of
setting arbitrary values, we used the simulations as calibration for these test maps. To that
end, we computed a cumulative log histogram from the pixels of the inflow maps of 100
randomly chosen haloes. We then normalized the inflow values with the halo masses to
account for the mass-inflow relationship (see Seidel et al., 2025b).

Figure A.1: Stacked histogram of inflow pixels for 100 halos at z=0.

A.2 Truncation of the sum

To motivate the choice of cut-off degree (l = 9) for the computation of the asphericity pa-
rameter, Fig. A.2 shows the combined spectrum for 2000 simulated halos from Magneticum
at z=0. The curve shows a characteristic dip at this specific wave number transitioning to a
high-frequency rise at higher angular frequencies.
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Figure A.2: Mean power spectrum of 2000 halos from Box4. The shaded area shows the
standard error of the curve, while the blue vertical line marks the low-pass cut-off point for
the large-scale part of the spectrum chosen throughout this work.
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Figure A.3: Visualization of the three parameter variations for the toy model grids in Fig. 5.3
and Fig. 5.4.
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A.3 Variation of the parameters

A.4 Special Cases

Figure A.4: Reconstruction of the Icosahedron setup with the spherical harmonics from l = 3
to l = 6.

The tests in Section 5.3 are setup with the simplest geometry: A planar configuration
with all filaments in one plane. In terms of the spherical harmonics, this corresponds to the
terms with |m| = l, the so-called sectoral harmonics. We additionally tested the behaviour
of the asphericity using more complex geometries, making use of the full 3D information
encoded in the flow maps.

Polyhedral configuration The simple planar setup corresponds to only a small subset of
the spherical harmonics functions. In order to test more complex configurations we addition-
ally constructed a set of symmetrical configurations derived from the five so-called platonic
solids. These regular polyhedra are relatively simple to construct and provide a more general
test case for infall geometry configurations. Following the procedure from the previous sec-
tion we set up circular regions with a Gaussian profile at each vertex of each platonic solid.
This provided five additional maps with 4,6,8,12 and 20 regions for the Tetrahedron, Octa-
hedron, Cube, Icosahedron and Dodecahedron respectively. For the platonic solid setups,
the simple correspondence between number of inflow regions and l degree with maximum
power breaks down because modes with l , m play a role for these symmetries. As a specific
example, the Icosahedron configuration with 12 vertices can be completely represented by
a linear combination of the m modes with degree l = 6 (see Fig. A.4). This makes these
setups an ideal test case for the behaviour of the asphericity parameters in more complex
geometries.

A.4.1 Impact of the configuration on the asphericity parameter
To ensure that the asphericity parameter is not affected by any specific geometry or choice
of filament width, we test the simple relationship between filament number and asphericity
for a number of different configurations. Additionally the possible impact of resolution is
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studied, since the spatial smoothing lengths can significantly impact the spherical harmonics
decomposition.
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Figure A.5: Dependence of the linear asphericity on the Number and thickness of inflow
hotspots in the test setup. The coloured curves from black to blue show the asphericity with
increasing hotspot width. jfil/ jiso is kept constant at 6/8 and fout = 1.0. The grey curve
shows the same asphericity continued by the platonic solid setups (see previous section).
Additionally the green dotted line shows the logarithmic asphericity, which is identical to
the linear asphericity at fout = 1.0

A.5 Spherical harmonics and filament connectivity

From the value of the asphericity parameters itself, it cannot be conclusively derived how
many filaments are feeding a specific system. This raises the question of whether this can be
inferred from the full spectrum of alm. A first order approximation is to use the l mode where
the power spectrum of a given map is maximal. Fig. A.6 shows that (blue line) this works for
the planar test maps (up to order 7, where the individual spots essentially form a single band,
leading to a dipole -like power spectrum). For the platonic solid setups, this simple approach
is no longer valid because morphologically these configurations are much more similar to
tesseral harmonics with zones at multiple latitudes and longitudes. For tesseral spherical
harmonics with 0 < m < l, the 2m meridian zero lines and the l − m parallel isolatitude zero
lines (Whittaker & Watson, 2021, e.g.) separate the spherical surface into 2m(l − m + 1)
zones, half of which correspond to a peak in the flow field. Therefore an estimate of the
number of peaks in a given map can be obtained from the l,m of the maximal |alm| of the
decomposition.
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Figure A.6: Power spectra of the whole suite of idealized test cases with 1-8 hotspots.

A.6 Orthogonality of the Spherical Harmonics
Since the spherical harmonics decomposition we perform in this work is computed numer-
ically, it is worthwhile to check how well this approximation holds for the inflow maps
from the simulations but even more so the synthetic test map set. A good measure for the
convergence of the numerical decomposition is the total power conservation: The spherical
harmonics decomposition, similarly to i.e. a Fourier decomposition should obey a Parseval
identity: ∫

f 2dA !
=
∑

(2l + 1)cl, (A.1)

namely the total power of the function is expected to be conserved in the power spectrum of
the decomposition. Effectively this is a measure for the orthonormality of the numerically
computed harmonics. Additionally, since the numerical decomposition is computed up to a
truncation order lmax, which is usually set to 2-3 NSIDE, the power conservation also depends
on the completeness of the orthonormal basis. Fig. A.7 shows this scaling for four different
map types, two obtained from simulated maps, one synthetic map from Section 5.4.1 and a
reference map created by realizing a randomized power spectrum of spherical harmonics. As
expected, all maps exhibit a ”safe” region, where the Parseval identity holds well, which con-
tains the truncation order employed throughout this work. After exceeding around 5 NSIDE,
the decomposition breaks down as the frequency of the spherical harmonics approaches the
sampling frequency of the healpix maps. More interestingly, at the low frequency end, both
the simulated inflow maps as well as the synthetic maps show a much faster completeness,
reaching identity at much smaller lmax than a map with a randomized power spectrum would.
Since the synthetic maps scale almost identically to the simulated maps, they can be expected
to be a faithful representation of the flow fields, validating the tests performed throughout
this work.
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Figure A.7: Scaling of the Parseval Identity for spherical harmonics with the truncation l-
mode of the decomposition. Shown is the scaling behaviour for a simulated inflow field
(blue), a smoothed simulated field (red), a test map generated from spherical harmonics with
randomized coefficients (green) and an example synthetic inflow map from Section 4.2. The
pixel resolution of all maps is kept at NSIDE=128.



Appendix B

Superclusters

B.1 Local supercluster members
We present the full list of local supercluster members for reference in Table B.1. The bound
members (indicated by the blue shading) make up ≈ 50% of the visually identified members,
though this varies from region to region. For Hercules, for example, the whole region is
bound to A2147, indicating a very evolved supercluster region. Perseus, on the other hand
only has one additional bound substructure. This shows the diversity of the dynamical states
these supercluster regions are in at z = 0 in the SLOW simulation. Additionally the geometry
of most of the cluster arrangements matches the observed structure of the regions quite well,
as indicated by the low residual probabilities p. The large-scale constraints of the simula-
tion appear to induce the non-linear collapse of the clusters at the right positions within the
supercluster density perturbations.
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Cluster/
Group

SGsim SGobs M200 LX Mvir M500 pX Y Z X Y Z Sim Obs Sim Obs Sim Obs Sim Obs

A3558
Shapley -141.91 66.10 -37.17 -130.29 78.70 -3.64 13.07 - 13.25 17.4† 17.38 37.10 9.32

4.41
±0.273 -

A3571 -142.64 54.10 -33.88 -109.39 58.57 4.39 5.93 - 5.45 21.2†
±0.3

7.09 8.76 4.04
4.67
± 0.21 0.030

A3560 -145.74 60.55 -39.70 -130.96 73.42 -2.58 5.55 - 4.23 4.17†
±0.17

6.88 3.40♭ 3.21 - 0.002

A1736 -137.66 65.92 -22.87 -117.47 83.34 -0.73 4.74 - 3.65 8.51†
±0.87

6.68 18.20 3.28
1.63
+0.46
-0.52

0.003

A3559 -134.88 61.53 -24.59 -121.23 78.36 -0.93 2.30 - 0.79 - 3.14 0.2♭ 1.57 - 0.04

(+A3530)
A3532 -158.49 89.78 -55.89 -141.76 101.20 -27.98 4.22 - 2.04 ±0.17

0.08† 5.28 ± 4.4
8.9 2.68 - 0.000

A426
Perseus 59.22 2.13 -24.58 49.94 -10.73 -12.98 8.07 13.66 5.81 37.88 10.63 16.3 5.10 - -

AWM 7 60.08 -6.71 -23.32 49.90 -13.20 -9.41 0.73 3.72 0.08 4.64 0.90 4.8 0.53 - 0.127

2562
UGC 101.39 -2.36 -27.86 85.97 -19.41 -19.40 0.80 0.45 0.81 0.15 1.15 1.81 0.42 - 0.019

CIZAJ
0300.7
+4427

81.61 -21.57 -39.01 85.13 -17.63 -14.87 1.66 3.70 0.86 4.65 2.09 8.4 1.15 - 0.008

3C129 55.55 11.33 -28.56 56.90 2.82 -24.05 1.82 3.41 0.80 4.07 2.29 7.80‡ 0.86 - 0.097
A262 64.51 -12.44 -2.90 42.41 -19.81 -1.60 1.21 2.26 0.75 2.06 1.38 2.82 0.93 - 0.215

NGC507 49.14 -22.50 -32.42 40.34 -23.03 2.24 1.72 1.20 0.35 0.73 2.04 1.10‡ 1.27 - 0.194

3355
UGC 95.07 1.84 -55.58 69.62 18.69 -28.81 1.58 1.18 0.47 0.73 2.04 3.32 1.10 - 0.32

A1656
Coma -2.93 82.27 -9.14 0.48 72.79 10.59 15.17 8.53 14.71 17.79 18.60 15.9 9.50

5.29
± 0.20 -

A1367 -2.89 71.35 -18.73 -2.94 68.62 -12.68 1.67 2.55 0.58 2.53 2.18 5.4 1.08
1.76
± 0.14 0.106

A1185 24.59 112.10 -27.24 16.31 99.93 -25.16 3.35 1.22 2.49 0.78 4.37 11.8 2.01
1.27
± 0.19 0.012

MKW4 -27.22 51.95 -16.53 -22.11 57.35 -12.78 0.80 1.32 0.86 0.88 0.90 0.618 0.57 - 0.19

Virgo -3.60 10.36 -1.64 -3.37 14.71 -0.66 8.3 1.64 7.13 0.88 9.8
6.3
± 0.9 6.49

4.76
± 0.55 -

group
M94 5.46 7.51 2.34 1.24 5.08 0.87 0.45 - 0.14 0.52 0.03 0.36 - 0.036

5846
NGC -20.25 1.19 22.86 -9.16 13.29 10.08 0.13 0.36 0.08 0.05 0.46 0.84 0.23 0.14∗ 0.152

/A3526
Centaurus -22.82 11.21 -13.26 -34.25 14.93 -7.56 8.58 3.27 10.05 3.76 10.07 10.8 6.17

1.23
± 0.11 -

4936
NGC -15.97 11.66 -23.04 -28.37 18.76 -3.56 0.91 0.44 0.33 0.15 1.18 0.23§ 0.63 - 0.288

AS0753 -42.15 7.50 6.38 -37.60 18.51 3.53 0.82 0.52 0.65 0.20 1.01 1.65 0.56 - 0.356
A3574E -35.04 14.30 -23.29 -43.45 25.86 3.00 2.27 0.60 1.12 0.25 2.78 1.93 1.64 0.32∗ 0.049

A2147
Hercules -77.42 77.33 100.57 -26.06 71.85 86.49 13.02

13.5
+2.1
-1.7

14.44 7.49†
± 0.40

15.3 53.1 9.82 2.51∗ 0.049

A2151 -77.40 69.12 100.58 -22.47 71.88 87.34 1.65
2.88
+0.31
-0.27

0.80 2.33†
±0.07

1.90 2.88 1.21 1.38∗ 0.136

A2152 -76.53 79.80 101.63 -27.38 78.01 96.31 0.61
0.74
+0.13
-0.10

0.70 0.64∗ 0.81 0.72 0.43 0.6∗ 0.202

Table B.1: Supercluster members and their properties compared to observations. All masses
are in units of 1014M⊙ and X-ray Luminosities are given in units of 1043erg/s/h2, measured
in the 0.1 to 2.4 keV band if not specified otherwise. The base catalog for these properties
are B,B1,M and MO. Where data was incomplete we used (Piffaretti et al., 2011) (*) and
(Ikebe et al., 2002) (†) to supplement information. The dynamical masses are obtained from
Tully (2015) with supplementary data from Pinzke et al. (2011) (‡), Mendel et al. (2008)
(♢), Makarov & Karachentsev (2011) (§), M (♭) and MO (Hercules supercluster). Each
subsection of the table lists the most massive or main member first. The blue shading in the
names column indicates whether the member is bound to the supercluster core according to
the method described by Section 10.3.3. The probabilities (p) in the last column represent the
probability that a given supercluster member is identified purely by chance as introduced in
Section 10.2.2. The main halos of the regions do not have an associated probability with this
method. We refer to Hernández-Martı́nez et al. (2024) for the significance of these matches.
The probability for A2147, the only main halo in this work not identified by Hernández-
Martı́nez et al. (2024) is computed according to the method outlined in that study, see also
Section 10.3.1. This is indicated by the violet color.

B.2 The Coma supercluster region

Fig. B.1 shows the very well reproduced Coma region, with Virgo in the foreground.



188 Chapter B – Superclusters

10 Mpc/h

1

2

3

4

1

2

3

4

x[cMpc/h]
-60 -40 -20 0 20 40 60

y
[cM

pc
/
h]

-80

-60

-40

-20

0

20

40

x[cMpc/h]
-20 0 20

-20

0

20

1: A1656 2: A1367

3: A1185 4: MKW4

Figure B.1: The Coma supercluster region in the SLOW simulation compared to ROSAT.
The gas density for the contours was computed in a spherical shell of 34 Mpc/h thickness
centered on the main cluster.

B.3 The Centaurus supercluster region
Fig. B.2 shows the Centaurus region with the Hydra counterpart that does not belong to the
supercluster set according to the observations.
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Figure B.2: The Centaurus supercluster region in the SLOW simulation compared to ROSAT.
The gas density for the contours was computed in a spherical shell of 20 Mpc/h thickness
centered on the main cluster.

B.4 The Local Supercluster
In Fig. B.3 the Virgo supercluster can be seen with a filament connecting Virgo to the M94
group.
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Figure B.3: The Local supercluster region in the SLOW simulation compared to ROSAT.
The gas density for the contours was computed in a spherical shell of 27 Mpc/h thickness
centered on the main cluster.

B.5 The Hercules Supercluster Region

Fig. B.4 shows A2147 with the two nearby clusters A2151 and A2152, where the gas den-
sity contours show the Hercules cluster A2151 to be isolated from the central structure while
A2152 is directly connected to it, in agreement with Monteiro-Oliveira et al. (2022). Never-
theless both companion clusters are bound to A2147.
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Figure B.4: The Hercules supercluster region in the SLOW simulation compared to ROSAT.
The gas density for the contours was computed in a spherical shell of 14 Mpc/h thickness
centered on the main cluster.
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Figure B.5: Match probability of A2147, following Hernández-Martı́nez et al. (2024)

B.6 A2147
Because A2147, the most massive halo of the Hercules supercluster, does not have a coun-
terpart defined by Hernández-Martı́nez et al. (2024), we evaluate the match we identify in
this work with the method used in that work. The resulting probability cited in Table 10.1 is
visualized in Fig. B.5.

B.7 Comparison of geometric significance and one-point
significance

Fig. B.6 shows the how the two point significance introduced above changes between the
two candidates for A3532. The better relative position of the counterpart in this work gives
it a higher significance from the supercluster structure.
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Figure B.6: Two-point probabilities of the match for A3532 as identified by Hernández-
Martı́nez et al. (2024) (left panel) with the one-point approach and in this work taking the
supercluster arrangement into account (right panel).
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B.8 Selecting from the local halo distribution.
Starting from the main clusters of supercluster regions, which are often well reproduced in
their simulation due to their mass and richness, we use the structure of supercluster regions to
identify the more unconstrained secondaries. To this end we first take the observed positions
of the main and the secondary to match in super-galactic coordinates and calculate robs, as it
is also used in the two-point significance approach described in Section 10.2.2. This gives an
indication for the rough relative position of the desired halo, based on which we then select
halo candidates and pick the best matches in terms of mass, angular separation and radial
separation with regards to the observed relative position. A visualization of this process is
shown in Fig. B.7.
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Figure B.7: SLOW halos in the vicinity of the Virgo (center) counterpart in three different
projections. The point sizes are scaled with the square root of the virial masses. The red line
indicates the vector separating the observed counterpart of the secondary halo to be matched
(here NGC5846) and the observed primary (the Virgo cluster).

B.9 Constraint tracer distribution
The SLOW simulation uses galaxy velocities from Cosmicflows-2 to build the constraints.
Therefore the degree to which the simulation volume can be considered as ”constrained”
depends on the density of observed galaxies, as well as the accuracy of the distance mea-
surement. To demonstrate the limitation (and how the simulation can reproduce structures
even where the constraints are already sparse), we bin the number density of Cosmicflows-2
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galaxies across our simulation volume and additionally weight these counts with the relative
velocity error. Fig. B.8 shows this distribution in the SGX, SGY projection and demonstrates
the Shapley supercluster (red contour) to be located in an area with already very low galaxy
counts. The good agreement with observations in morphology and member cluster arrange-
ment is therefore likely an indirect result of the velocity field being well-sampled along a
filament connecting this structure to the more central regions where the constraint density is
much higher.
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Figure B.8: Weighted counts of galaxy tracers using the signal to noise ratio (velocity ampli-
tude:velocity error) computed from the Cosmicflows-2 database. The red contour shows the
region of influence of the Shapley supercluster along with the position of A3558 in white.



Appendix C

Zoom-in Initial Conditions

C.1 The SLOW cluster zoom-IC suite
As mentioned in the main chapter the full SLOW cluster set contains 30 local galaxy clus-
ters in 20 regions. We show the full sample at the final snapshot in Fig. C.1. Consistent
with previous figures, the regions can be highly aspherical, nevertheless they remain free
of boundary particles out to large distances from the central structure. For the regions con-
taining multiple clusters (e.g. the Shapley supercluster region) it is apparent that, while the
overall region is centred on the dominant structure, the secondary clusters stay similarly un-
contaminated as they belong to the same basin of influence and can thus be cleanly isolated
from the surrounding box.
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Figure C.1: Thin slice of one cMpc/h through the different galaxy clusters belonging to
the first set of the SLOW Cluster selection. Shown is a 100 cMpc/h region with the high-
resolution particles scattered in black, the first boundary in red and subsequent outer bound-
aries in blue with opacity decreasing with increasing distance from the central cluster. The
supercluster regions containing multiple clusters are indicated with the orange frames. The
gray circles indicate 1,3,5 and 10 times the virial radius of the respective cluster.
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Lu Y., Ownsworth J., Ashby M. L. N., et al.: The Mass Evolution of the First Galaxies:
Stellar Mass Functions and Star Formation Rates at 4 < z < 7 in the CANDELS GOODS-
South Field. Monthly Notices of the Royal Astronomical Society 444, 2960 (2014)

Dünner R., Araya P. A., Meza A., & Reisenegger A.: The Limits of Bound Structures in
the Accelerating Universe. Monthly Notices of the Royal Astronomical Society 366, 803
(2006)

Dupuy A., Courtois H. M., Dupont F., Denis F., Graziani R., Copin Y., Pomarède D., Libe-
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López P., van de Weygaert R., & Merchán M.: Spinning Masters: On the Impact of Tidal
Forces and Protohalo Size on Early Spin Evolution. Monthly Notices of the Royal Astro-
nomical Society 543, 2222 (2025)

Ludlow A. D., Schaye J., & Bower R.: Numerical Convergence of Simulations of Galaxy
Formation: The Abundance and Internal Structure of Cold Dark Matter Haloes. Monthly
Notices of the Royal Astronomical Society 488, 3663 (2019)

Lynden-Bell D., Faber S. M., Burstein D., Davies R. L., Dressler A., Terlevich R. J., &
Wegner G.: Photometry and Spectroscopy of Elliptical Galaxies. V. Galaxy Streaming
toward the New Supergalactic Center. ApJ 326, 19 (1988)



214 References

Makarov D. & Karachentsev I.: Galaxy Groups and Clouds in the Local (Z∼ 0.01) Universe.
MNRAS 412, 2498 (2011)

Malavasi N., Arnouts S., Vibert D., de la Torre S., Moutard T., Pichon C., Davidzon I.,
Kraljic K., Bolzonella M., Guzzo L., et al.: The VIMOS Public Extragalactic Redshift
Survey (VIPERS): Galaxy Segregation inside Filaments at z ≃ 0.7. Monthly Notices of the
Royal Astronomical Society 465, 3817 (2017)

Malavasi N., Sorce J. G., Dolag K., & Aghanim N.: The Cosmic Web around the Coma
Cluster from Constrained Cosmological Simulations - I. Filaments Connected to Coma at
z = 0. A&A 675, A76 (2023)

Marchesini D., van Dokkum P. G., Förster Schreiber N. M., Franx M., Labbé I., & Wuyts S.:
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Argüeso F., Arnaud M., Arroja F., Ashdown M., et al.: Planck 2015 Results. I. Overview
of Products and Scientific Results. Astronomy and Astrophysics 594, A1 (2016a)

Planck Collaboration, Ade P. A. R., Aghanim N., Akrami Y., Aluri P. K., Arnaud M., Ash-
down M., Aumont J., Baccigalupi C., Banday A. J., et al.: Planck 2015 Results. XVI.
Isotropy and Statistics of the CMB. Astronomy and Astrophysics 594, A16 (2016b)

Planck Collaboration, Ade P. A. R., Aghanim N., Arnaud M., Ashdown M., Aumont J.,
Baccigalupi C., Banday A. J., Barreiro R. B., Bartlett J. G., & al. e.: Planck 2015 Results.
XIII. Cosmological Parameters. 594, A13 (2016c)

Planck Collaboration, Aghanim N., Arnaud M., Ashdown M., Aumont J., Baccigalupi C.,
Banday A. J., Barreiro R. B., Bartlett J. G., Bartolo N., et al.: Planck 2015 Results - XXII.
A Map of the Thermal Sunyaev-Zeldovich Effect. A&A 594, A22 (2016d)

Planck Collaboration, Aghanim, N., Akrami, Y., Arroja, F., Ashdown, M., Aumont, J., Bac-
cigalupi, C., Ballardini, M., Banday, A. J., Barreiro, R. B., et al.: Planck 2018 Results - I.
Overview and the Cosmological Legacy of Planck. antike und abendland 641, A1 (2020)

Planelles S., Borgani S., Fabjan D., Killedar M., Murante G., Granato G. L., Ragone-
Figueroa C., & Dolag K.: On the role of AGN feedback on the thermal and chemody-
namical properties of the hot intracluster medium. MNRAS 438, 195 (2014)

Popesso P., Biviano A., Marini I., Dolag K., Vladutescu-Zopp S., Csizi B., BiffiV., Lamer G.,
Robothan A., Bravo M., et al.: The Hot Gas Mass Fraction in Halos - From Milky Way-like
Groups to Massive Clusters. Astronomy & Astrophysics 707, A362 (2026)

Porciani C., Dekel A., & Hoffman Y.: Testing Tidal-Torque Theory – I. Spin Amplitude and
Direction. Monthly Notices of the Royal Astronomical Society 332, 325 (2002)



218 References

Predehl P., Andritschke R., Arefiev V., Babyshkin V., Batanov O., Becker W., Böhringer H.,
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