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Chapter 1

Introduction

"Why would anyone pour milk over the sky?" Millennia ago, a thought like this � or maybe

similar � crossed the minds of humans gazing up into the night. The desire to �nd reason

and purpose for the things we see around us seems to be deeply rooted into our minds.

The long established name for our home galaxy, the Milky Way, is not only re�ecting this

pursuit for explanation, but is also a showcase for our inherent associative thinking: in the

attempt to describe and understand something, we �rst start by categorizing it in terms of

what we already know. Such also the night sky, by �nding patterns and giving names to

recognizable constellations. There must have been a turning point sometime, when people

started wondering what exactly they were seeing, and why it was there in the �rst place.

Following the road of such deceptively simple questions has led to staggering discoveries and

plot twists in the understanding of our place in the world � with the promise of much more

yet to come.

1.1 Travelling Through Cosmic History

Our Universe is believed to have formed in an instantaneous event 13.8 Gyr ago, which is

commonly referred to as the Big Bang (cf. Figure 1.1). It was followed by the in�ationary

epoch, a brief but extremely rapid expansion of the Universe. During this period, present

quantum �uctuations got "stretched out" to such extent, that they left an imprint as approx-

imately gaussian perturbations in the matter density �eld, which are ultimately accounted

responsible for subsequent structure formation (Mukhanov, 2005). But the Universe was not

quite there yet � it was so hot and dense that it took a few minutes too cool down enough by the

continued expansion to build atomic nuclei in an episode called primordial nucleosynthesis.

However, conditions were still too extreme to capture electrons and form neutral atoms. The

plasma was therefore tightly coupled to radiation, because photons interacted with free elec-

trons via Thomson scattering. As soon as the temperature dropped below the threshold for

stable atoms, the mean free path for photons increased, allowing them to move independently.

This moment of recombination de�nes a surface of last scatter, beyond which it is impossible

to see. The released photons can be observed nowadays in the microwave band � hence

referred to as cosmic microwave background (CMB) � and constitute the oldest observable

light in our Universe. Decreased in energy, i.e.redshiftedby the the Universe's expansion,
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Figure 1.1: Illustration of the Universe's past. The purple overlay represents the dark matter structure,
while the consequent stellar distribution is indicated in the image beneath.Image credit: ESA - C.
Carreau (www.esahubble.org ).

they still frame a remarkably precise and isotropic blackbody radiation with) = 2•725K,

only disturbed on small scales by tiny temperature fuctuations in the order of10� 5 (Planck

Collaboration et al., 2020). While the baryons, i.e. the matter component which interacts

with electromagnetic �elds, were coupled to radiation, dark matter has not been tied in place

by photons and thus already has began to �ow into local overdensities, forming the very �rst

structures. Now free to move, baryons plummeted into these gravitating dark matter halos.

Filled with neutral gas, the Universe transitioned into the Dark Ages, since there were still no

sources of light present. But eventually gas started to cool down, fragmenting into subclouds,

which further collapsed and ultimately formed the very �rst, extremely massive stars � the

so called Population III stars � reionzing the Universe. Thereafter collapsing and building

subsequently larger structures, Cosmic Dawn marked the onset of a new era, which led to the

formation and clustering of galaxies we observe today.

Starting from Einstein's �eld equations, Friedmann (1922) derived a set of equations, which

allowed for a dynamically evolving Universe1. He used a dimensionless parameter to describe

time dependant distances, which is now referred to as the time dependant scale factor0¹Cº.

It relates theproperdistanceA¹Cº at timeCto the distanceA0 at a reference timeC0 and yields

a time dependant recession velocity v¹Cº for distant objects:

A¹Cº = 0¹Cº � A0 =) ¤A¹Cº = v¹Cº =
¤0¹Cº
0¹Cº

|{z}
� � ¹Cº

A¹Cº• (1.1)

Such a relationship was later observationally con�rmed by Hubble (1929), which is why the

proportionality factor in Equation 1.1 for recession velocities measured today was called the

Hubble constant� 0. Since its value is still subject of active research, it is usually expressed

1cf. Nussbaumer & Bieri (2011) for a concise review on the historical timeline.
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in terms of the dimensionless parameter� as� 0 = � � 100km/s/Mpc. The discrepancy be-

tween results using di�erent observational techniques (cf. Figure 1.2) is referred to as the

Hubble tension and has nowadays initiated a debate on whether these disagreements can be

traced back to observational errors or if it indicates the presence of yet unknown physics.

If expansion would have been linear, the Hubble timeCH = 1• � 0 � 14Gyr would be the

age of the Universe. Although this is not the case,CH is still widely used as an approxima-

tion to compare time scales, since the estimated true age is only "slightly" lower with13•8 Gyr.

Figure 1.2: Fifth panel of Figure 12 by Planck Collaboration et al. (2020), demonstrating the
disagreement between di�erent missions measuring the dimensionless Hubble constant� .

While travelling through expanding space, the frequency of a photon is decreasing according

to a¹Cº / 1•0¹Cº (Binney & Tremaine, 2008), resulting in a larger, "redder" wavelength.

Hence we can de�ne thecosmological redshiftI as the relative increase in the wavelength_o

of a photon observed today, compared to its original wavelength_e when it was emitted at

timeCe:

1 ¸ I �
_o

_e
=

ae

ao
=

1
0¹Ceº

– since0¹C0º = 1. (1.2)

This relation motivates the usage of redshiftI as a measure for elapsed time, rather than the

"true" cosmic time, since the latter is depending on the applied cosmological model, whileI

can be directly measured by comparing wavelengths of observed lines to laboratory values.

1.2 (Modern) Talking about Structure Formation

Nowadays, the so called� CDM-paradigm is widely endorsed by the scienti�c community

as the standard model for cosmology. The name encodes its two essential contributions,

namely (a) an accelerated expansion of the Universe, driven by a yet unknown �eld, hence

referred to as dark energy� and (b) dynamicallyCold Dark Matter. Growing hierarchically

by accretion and mergers with nearby accumulations, halos continue to increase in their mass.
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Since baryons contribute only a small fraction to the total matter content in the Universe, they

follow the gravitational potential of collapsed dark halos, eventually condensing into stars

and galaxies at their center. Hence light can be used as a tracer for the underlying dark matter

distribution and reveals the gravitationally dominated Large Scale Structure. At least on large

scales, such observations verify the notion of the cosmological principle � namely a homoge-

neous and isotropic Universe � and is also reproduced by cosmological simulations. However,

our very existence is attributed to deviations from such a plain distribution. Gravitational

collapse onto inhomogeneities led to the present Cosmic Web (cf. Figure 1.3), characterized

by massive nodes calledgalaxy clusters. They are the most massive agglomerations of dark

matter and galaxies and constitute the largest bound structures, which are continuously being

fed by in�owing material from the interconnecting �laments. Enormous cavities with low

densities in between these structures lead to the impression of a sponge-like appearance.

Figure 1.3: Visualization of the matter distribution in a cosmological simulation from the Mag-
neticum path�nder simulations (Box2b/hr). Brown and blue indicate cold and hot gas temperatures,
respectively, while galaxies are colored in white.Image credit: Klaus Dolag (www.magneticum.org).

To characterize collapsed matter structures, naturally one will �rst try to assign masses,

which would enable to compare them with each other. However this is not as straightforward

in astrophysical context � where does one "object" end and where does the next begin?

In principle, we are interested in the cumulative mass ofgravitationally boundparticles.

But since the Universe is expanding, gravity is constantly competing against this oppositely

directed force, pulling everything apart. Therefore a region needs to be su�ciently dense

with respect to the background to detach from the omnipresent expansion and start collapsing.

For this reason we can de�ne the boundary of an object � and thereby also its enclosed mass

� as the radial distance to its center beyond which the density undercuts a threshold. The

value of this threshold depends on the underlying cosmological model. Nowadays it has
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become common practice to parametrize it in terms of an overdensity� c with respect to the

so called critical densitydc, which would be the background in a spatially �at Universe with

no curvature, assuming a FLRW-metric. In a �at and matter-dominated (Einstein-de-Sitter)

universe, structures will collapse if they lie inside a density region withd & � c,200�dc = 200dc

(Bryan & Norman, 1998). Hence we can de�ne the approximate radius' 200 of a structure

as the spherical region which ful�ls this condition, de�ning its corresponding mass" 200 by

counting the enclosed particles. Since these assumptions are very simplistic, the value of the

applied overdensity� c can vary across literature and is usually speci�ed in the subscript of

the radius or mass estimate. After detaching from the background, the system will eventually

strive for virialization, i.e a dynamically steady state. Considering that only particles within

these regions can be gravitationally bound and eventually collapse into a virialized structures,

' 200 and" 200 are commonly referred to as the virial radius and mass, respectively, although

their de�nitions are fundamentally di�erent.

1.3 Properties and Evolution of Galaxies

In general, galaxies are classi�ed according to their morphology. To this end, astronomers

are consulting the so called Hubble sequence, proposed by Hubble (1936) and later extended

by Sandage (1961). The associated types are typically aligned in atuning fork-like shape (cf.

Figure 1.4), hence earning the sequence its nickname. It distinguishes between four di�erent

classes: ellipticals (E), lenticulars (S0, SB0) spirals (S, SB) and irregulars (Irr).

Elliptical galaxies, also called early-types, display an amorphous appearance and are char-

acterized according to their ellipticityn � 1 � 1•0, where1•0 is their apparent axis ratio.

Such a galaxy will be tagged as E=, where the integer= is increasing for higher ellipticitiesn.

Their surface brightness falls o� smoothely in their outskirts, without any clear boundary.

Therefore, their sizes are typically de�ned as the distance from its center within which half of

the object's total light is contained. This extent is then referred to as the half light-radius or

e�ective radiusAe. The majority of elliptical galaxies is dominated by an old stellar popula-

tion, which is attributed to gas de�ciency and hence low interstellar medium (ISM) content,

leading to a reddish color. Compared to the star formation activity of other types, ellipticals

are usually quiescent. However, starburst episodes can happen even in early-type galaxies

due to environmental interactions such as in a merger with a gas-rich galaxy (e.g. Hau et al.,

1999). If an elliptical galaxy is large enough, it can ignite anactive galactic nucleusaround its

central supermassive black hole � a comparably small but very bright accretion disk, emitting

in all wavebands. Such massive ellipticals are often found in the center of galaxy clusters,

surrounded by a dim stellar halo � the intracluster light (ICL) � reaching to the outskirts of

the cluster. Due to their high luminosity compared to neighbouring objects, they are often

referred to asbrightest cluster galaxy(BCG) and are believed to form by hierachical assembly

involving major mergers (Dubinski, 1998). Subjected to tidal torques in the giant halo of the

cluster, stars are continuously stripped from galaxies, which then start to orbit independently
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Figure 1.4: Galaxy classi�cation scheme by Hubble and Sandage.Image credit:Zooniverse, ESO
(www.supernova.eso.org ).

and establish the ICL.

Spiral galaxies, also referred to as late-types, are characterized by their �at disk with epony-

mous features containing young stellar populations and dust lanes. The spirals are a con-

sequence of a density wave moving through the disk's ISM, continuously triggering the

formation of new stars along its way and granting them their bluish appearance. The central

bulge is distinguished by an old stellar population and has an either spherical or barred shape �

similar to ellipticals, albeit much smaller. According to this morphology, the spiral is labeled

as S or SB galaxy with a spherical or barred bulge, respectively, while an ensuing small letter

encodes the state of the spiral arms. In between the morphology of an elliptical and spiral

galaxy, observations also �ndlenticular galaxies with stellar disks and bulges, but missing

spiral features due to the lack of gas. It has been speculated that such galaxies could emerge

from late-types by environmentally driven depletion of their gas content (van Gorkom, 2004).

A key driver for this could be the intracluster medium (ICM), i.e. the hot gaseous atmosphere

of galaxy clusters. Moving through this "sea" of gas, the ISM contained by a galaxy will

experience a drag force calledram pressure?, which is describable by hydrodynamics and

depends on the relative velocity v approximately as? / v2 (Choudhuri, 1998). Such an e�ect

can be observed in so called Jelly�sh galaxies � disks falling face-on into clusters, thereby

developing a trail of lost gas with distinct star forming knots (cf. Figure 1.5).

Ongoing star formation activity and subsequent stellar feedback in galaxies causes a con-

tinuous enrichment of their ISM with elements heavier than hydrogen and helium. The

concentration of these constituents is commonly referred to asmetallicity and serves as a

tracer for the star formation history of both early-type and late-type galaxies. These terms

are fossil from the initial hypothesis, that the former transition into the latter over time. In

fact, it seems to be the opposite. Spiral galaxies form from accumulated gas in halos, which
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Figure 1.5: Combined image of ESO 137-001, using the Hubble Space Telescope (optical) and
Chandra X-ray telescope.Image credit: NASA, ESA, CXC.

gradually cools and settles into a disk by redistributing its angular momentum and ultimately

igniting star formation there. Elliptical galaxies, on the other hand, were demonstrated in

simulations to assemble by mergers of spiral galaxies � a violent process, able to drive out the

carried gas content (e.g. Gerhard, 1981; Burkert & Naab, 2003). Suchmajor mergers� i.e.

collisions between galaxies with comparable sizes � convert the orderly motion of stars into

random directions, while the colliding gas is triggering star formation across the collisional

debris. Such encounters of gas-rich galaxies are referred to as wet mergers, while the case

of gas absence is called dry. The so calledirregulars in the Hubble sequence are often

the aftermath of a collision (e.g. shown in pioneering simulations by Toomre & Toomre,

1972), although they can also be caused by mere galactic �ybys � orgalaxy harassment�

deforming galaxies in the resulting tidal �eld. But the most spectacular tidal features are

produced by mergers, driving out material over length scales multiple times the size of the

galaxies. Figures 1.6a and 1.6b display two beautiful examples of peculiar galaxies producing

such structures calledtidal tails, which are typically formed by encounters with relatively

large impact parameters. However, if a disk galaxy collides face-on with another system,

it can cause a rapidly expanding density wave in radial direction, causing a luminous ring

of young stars around its progenitor (cf. Figure 1.6c). After settling down, such a radial

merger can lead to shell-like traces around the galactic centre (Karademir et al., 2019) as

e.g. in Figure 1.6d. Of course, mergers are not compelled to be binary interactions only,

although they are more probable. Figure 1.6e shows Stephan's Quintet � a constellation of

�ve galaxies appearing to be next to each other. In fact, "only" four of them are interacting,

since NGC 7320 in the upper left is actually located much closer to Earth then the rest (Moles

et al., 1998). Nevertheless it is still an impressive showcase for a multiple merger, likewise

the triple merger IC 2431 (cf. Figure 1.6f).
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