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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 find 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 reflecting this
pursuit for explanation, but is also a showcase for our inherent associative thinking: in the
attempt to describe and understand something, we first start by categorizing it in terms of
what we already know. Such also the night sky, by finding 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 first 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 inflationary
epoch, a brief but extremely rapid expansion of the Universe. During this period, present
quantum fluctuations got "stretched out" to such extent, that they left an imprint as approx-
imately gaussian perturbations in the matter density field, 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 defines 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. redshifted by 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 𝑇 = 2.725 K,
only disturbed on small scales by tiny temperature fuctuations in the order of 10−5 (Planck
Collaboration et al., 2020). While the baryons, i.e. the matter component which interacts
with electromagnetic fields, were coupled to radiation, dark matter has not been tied in place
by photons and thus already has began to flow into local overdensities, forming the very first
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 first, 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 field 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 factor 𝑎(𝑡).
It relates the proper distance 𝑟 (𝑡) at time 𝑡 to the distance 𝑟0 at a reference time 𝑡0 and yields
a time dependant recession velocity v(𝑡) for distant objects:

𝑟 (𝑡) = 𝑎(𝑡) · 𝑟0 =⇒ ¤𝑟 (𝑡) = v(𝑡) = ¤𝑎(𝑡)
𝑎(𝑡)︸︷︷︸
≡𝐻 (𝑡)

𝑟 (𝑡). (1.1)

Such a relationship was later observationally confirmed by Hubble (1929), which is why the
proportionality factor in Equation 1.1 for recession velocities measured today was called the
Hubble constant 𝐻0. 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.

www.esahubble.org
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in terms of the dimensionless parameter ℎ as 𝐻0 = ℎ · 100 km/s/Mpc. The discrepancy be-
tween results using different 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 time 𝑡H = 1/𝐻0 ≈ 14 Gyr would be the
age of the Universe. Although this is not the case, 𝑡H is still widely used as an approxima-
tion to compare time scales, since the estimated true age is only "slightly" lower with 13.8 Gyr.

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

While travelling through expanding space, the frequency of a photon is decreasing according
to a(𝑡) ∝ 1/𝑎(𝑡) (Binney & Tremaine, 2008), resulting in a larger, "redder" wavelength.
Hence we can define the cosmological redshift 𝑧 as the relative increase in the wavelength _o

of a photon observed today, compared to its original wavelength _e when it was emitted at
time 𝑡e:

1 + 𝑧 ≡ _o
_e

=
ae
ao

=
1

𝑎(𝑡e)
, since 𝑎(𝑡0) = 1. (1.2)

This relation motivates the usage of redshift 𝑧 as a measure for elapsed time, rather than the
"true" cosmic time, since the latter is depending on the applied cosmological model, while 𝑧

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

1.2 (Modern) Talking about Structure Formation

Nowadays, the so called ΛCDM-paradigm is widely endorsed by the scientific 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 field, hence
referred to as dark energy Λ and (b) dynamically Cold 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 called galaxy clusters. They are the most massive agglomerations of dark
matter and galaxies and constitute the largest bound structures, which are continuously being
fed by inflowing material from the interconnecting filaments. 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 pathfinder 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 first 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 of gravitationally bound particles.
But since the Universe is expanding, gravity is constantly competing against this oppositely
directed force, pulling everything apart. Therefore a region needs to be sufficiently dense
with respect to the background to detach from the omnipresent expansion and start collapsing.
For this reason we can define 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

www.magneticum.org
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become common practice to parametrize it in terms of an overdensity Δc with respect to the
so called critical density 𝜌c, which would be the background in a spatially flat Universe with
no curvature, assuming a FLRW-metric. In a flat and matter-dominated (Einstein-de-Sitter)
universe, structures will collapse if they lie inside a density region with 𝜌 ≳ Δc,200 ·𝜌c = 200𝜌c

(Bryan & Norman, 1998). Hence we can define the approximate radius 𝑅200 of a structure
as the spherical region which fulfils this condition, defining its corresponding mass 𝑀200 by
counting the enclosed particles. Since these assumptions are very simplistic, the value of the
applied overdensity Δc can vary across literature and is usually specified 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,
𝑅200 and 𝑀200 are commonly referred to as the virial radius and mass, respectively, although
their definitions are fundamentally different.

1.3 Properties and Evolution of Galaxies

In general, galaxies are classified 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 a tuning fork-like shape (cf.
Figure 1.4), hence earning the sequence its nickname. It distinguishes between four different
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 ellipticity 𝜖 ≡ 1 − 𝑏/𝑎, where 𝑏/𝑎 is their apparent axis ratio.
Such a galaxy will be tagged as E𝑛, where the integer 𝑛 is increasing for higher ellipticities 𝜖 .
Their surface brightness falls off smoothely in their outskirts, without any clear boundary.
Therefore, their sizes are typically defined 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
effective radius 𝑟e. The majority of elliptical galaxies is dominated by an old stellar popula-
tion, which is attributed to gas deficiency 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 an active galactic nucleus around 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 as brightest 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 classification 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 flat 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 find lenticular 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 called ram pressure 𝑝, which is describable by hydrodynamics and
depends on the relative velocity v approximately as 𝑝 ∝ v2 (Choudhuri, 1998). Such an effect
can be observed in so called Jellyfish 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 as metallicity 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

www.supernova.eso.org
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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). Such major 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 called irregulars 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 flybys – or galaxy harassment –
deforming galaxies in the resulting tidal field. 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 called tidal 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
five 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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Figure 1.6: Compilation of observed galaxies showing signs of interactions. Image credit:
NASA/ESA (a) HST Robert Gendler (b) HST Holland Ford (c) CSA, STScI/JWST (d) HST Judy
Schmidt (e) CSA, STScI/JWST (f) HST.

(a) NGC 4038, NGC 4039 – "Antennae Galaxies" (b) NGC 4676 – "The Mice"

(c) ESO 350-40 – "Cartwheel Galaxy" (d) NGC 3923

(e) "Stephan’s Quintet" (f) IC 2431
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1.4 Dwarf Galaxies: Out of Sight, But Not Off Mind

The galaxies mentioned beforehand in context of the Hubble sequence typically have stellar
masses of log10 𝑀∗/𝑀⊙ ≳ 10. Such large masses also generate high luminosities, facilitating
their discovery. The bulk of the total stellar mass, however, is carried by objects that are
smaller than such "typical" galaxies. This was demonstrated by observations (Li & White,
2009; Baldry et al., 2012), as well as cosmological simulations through measuring the stellar
mass function (cf. Figure 1.7). It is defined as the number density of objects per stellar mass
bin and yields a dominating low-mass component in the low-redshift Universe.

Figure 1.7: Figure 4 by Schaye et al. (2015), comparing the stellar mass function in their cosmological
simulations EAGLE (lines) with observations (points) at 𝑧 = 0.1.

Albeit their frequency, such dwarf galaxies are difficult to identify because of their low
luminosities. Despite the challenge, observers have already found a diversity of dwarf
galaxies, which can vary widely in their appearance and composition, posing riddles to their
origins. Starting with dwarf ellipticals (dE) (Reaves, 1956), explorations found successively
smaller objects, such as dwarf spheroidals (dSph), characterized by low gas content and an old
stellar population. However not all dwarfs are quiescent systems, such as e.g. ultra-compact
dwarfs (UCD), which display signs of active star formation in terms of high metallicities
(Drinkwater et al., 2000). Since they are often located inside galaxy clusters (e.g. Mieske
et al., 2004), it has been speculated whether UCDs could have formed through tidal stripping
of larger galaxies (Kazantzidis et al., 2004). Another remarkable class is the ultra-diffuse
galaxy (UDG), which was established very recently by van Dokkum et al. (2015). As the
name suggests, such dwarfs exhibit extremely low luminosities, having large effective radii
compared to other objects. Although it is generally challenging to estimate the dark matter
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content of a distant galaxy – usually by inferring the total gravitating mass from velocities
of orbiting stars – observations could still deduce the non-baryonic contribution of UDGs.
Interestingly enough, they found dark matter fraction at both extremes, i.e. UDGs entirely
dominated by a dark component (e.g. Gannon et al., 2020), but also similar objects nearly
devoid of dark matter (e.g. Danieli et al., 2019).

1.5 Simulation Code Gadget-3

Simulating an astrophysical arrangement such as for example a galaxy or even a cluster of
galaxies requires a computational method not only able to treat gravitational interactions,
but also the dynamics of gas. Since the mean free path of gas particles is much smaller
than the regarded length scales, we can rest upon the hydrodynamic equations to model their
evolution. While hydrodynamic mesh codes operate by dividing the simulation volume into
a grid and calculating fluxes between adjacent cells, a Smoothed Partcle Hydrodynamics
(SPH) code decomposes the domain in terms of "particles" representative for the local mass
distribution. The time evolution of the system is then obtained by solving the hydrodynamic
equations in lagrangian form for each particle. Physical properties at each point 𝑟𝑖 can be
retrieved by summing over the contributions of a specified number of neighbouring particles
𝑁ngb, weighted by a radially symmetric smoothing kernel W( |r𝑖 − r 𝑗 |, ℎ) (cf. Figure 1.8).
The smoothing length ℎ, i.e. the radial extent of this smoothing function, is estimated for
each particle separately by counting the number of closest neighbours, until the confined
volume accommodates 𝑁ngb enclosed particles. Hence the smoothing length ℎ decreases in
regions with higher particle number densities.

Figure 1.8: An illustration of the kernel function in 2D, centered at particle 𝑖 with smoothing length
ℎ. Image credit: altered by Nghia Truong, Sreekanth Arikatla and Andinet Enquobahrie, originally
licensed by CC BY-SA 4.0 (www.creativecommons.org).

www.creativecommons.org
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The exact computation of the gravitational force acting on a particle in an 𝑁-body system
would require to sum over each particle, resulting in 𝑂 (𝑁2) operations – an immensely
expensive numerical cost for simulations involving a large amount of particles. Rather than
considering the contributions of each particle separately, it would be more feasible to sample
the gravitational field precisely in the vicinity of the particle of which we are trying to estimate
the acting force, while disregarding the substructure formed by distant particles, summariz-
ing their influence into one term. The Tree method proposed by Appel (1985) and Barnes
& Hut (1986) is exploiting this idea. In such an approach, space is subsequently divided
into volumes, until each subvolume encompasses at most one particle (cf. Figure 1.9). To
calculate the net-force on a particle, the code performs a systematic "tree-walk": starting
from the largest nodes (root), it checks whether it is sufficiently far enough away compared
to the width of the node – or in other words, whether the solid angle of that node with respect
to the particle is small enough. If so, then the mass inside that node is treated as a single
particle located at its center of mass. Otherwise this process is repeated successively for
its subvolumes until the tree-walk eventually reaches the smallest subunits (leafs) containing
single particles.

Figure 1.9: Demonstration of a Tree-algorithm. The targeted particle distribution is shown on the
left, while the resulting domain decomposition is plotted on the right. Image credit: licensed by
CC BY-SA 3.0 (www.creativecommons.org).

Large gravitational simulations like the ones described in this thesis cannot resolve each
physical, "real" body, since the numerical workload would otherwise exceed the feasible
limit. For example, each "stellar particle" in my simulations is actually representative for a
whole stellar population. For this reason, I include a softening length in the evaluation of the
gravitational force, to avoid unrealistic motions upon close encounters. The value for this
softening length was chosen with respect to the calibrations of the galaxy merger simulations
by Remus et al. (2013), scaling them according to my applied resolution.

www.creativecommons.org
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All presented simulations were performed using the Tree-SPH code Gadget-3, which adopts
the gravity force tree algorithm from its publically available predecessor Gadget-2 (Springel,
2005), but employs an improved SPH implementation by Beck et al. (2016), tackling short-
comings such as e.g. suppressed mixing in conventional SPH formalism (Agertz et al., 2007).
In my simulations, I adopted a Wendland C2 kernel (Wendland, 1995; Dehnen & Aly, 2012),
smoothing over 64 neighbouring particles. To reproduce a realistic astrophysical system, the
code needs so called subgrid modules, which encode the physics occuring below the particle
resolution. In particular, the code includes a star formation and supernova feedback model
by Springel & Hernquist (2003), which treats the interstellar gas as a two-phase structure
with cold, star-forming gas embedded in ambient hot medium. When the attributed density
of a gas particle exceeds a given threshold, it is converted into a star particle, representative
for a stellar isochrone population according to the initial mass function by Chabrier (2003).
The code incorporates radiative cooling of optically thin gas in ionization equilibrium with
an ultraviolet background (Katz et al., 1996). Supermassive black holes in the center of sim-
ulated galaxies are interacting with their surroundings via thermal feedback and are accreting
gas according to the Bondi–Hoyle–Lyttleton model (Bondi, 1952), limited by the Eddington
luminosity.

1.6 Project Idea in Context

Observations suggest that dwarf-sized galaxies contain a significant amount of mass in the
galaxy mass function of the local Universe (e.g. Sabatini et al., 2003). Nevertheless, the
variety of formation mechanisms and their respective contribution is still poorly understood.
In particular, the presence of dark matter deficient galaxies reported by observations (e.g.
van Dokkum et al., 2018, 2019; Guo et al., 2020; Mancera Piña et al., 2019; Hammer et al.,
2020) raises the need to search for different evolutionary scenarios other than the typical halo
collapse model. Clearly, it becomes crucial to consider the impact of the local environment
and to study how external forces – namely tidal interaction and ram pressure stripping – could
impact existing galaxies and thereby invoke the formation of different kinds of objects. In
that context, there have been several mechanisms proposed, such as e.g. tidal stripping of
the dwarf’s dark matter component by a massive companion or a cluster (e.g Ogiya, 2018;
Jing et al., 2019; Niemiec et al., 2019; Jackson et al., 2021), and separation between the
baryonic and non-interacting dark matter component during high velocity collisions between
several dwarf galaxies (e.g Silk, 2019; Shin et al., 2020; Lee et al., 2021; Otaki & Mori, 2023).

Another pathway discussed in the literature to produce dark matter deficient objects is the
possibility of long-lived tidal dwarfs forming in the gaseous tails ejected by galaxy mergers
(e.g. Mirabel et al., 1992; Bournaud & Duc, 2006; Bournaud et al., 2008; Kroupa, 2012). In
such a scenario, structure formation would be triggered either by gas collapse due to Jeans
instability or by local potential wells of ejected old stars, which in both cases induce fur-
ther gas accretion, triggering star formation and ultimately the birth of a new gravitationally
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bound and kinematically decoupled object (Duc, 2012). It is crucial to provide sufficiently
large gas reservoirs to spark the formation of such star forming pockets, suggesting that at
least one of the merging galaxies needs to have a high gas mass fraction (Wetzstein et al.,
2007). Due to the inherent deficiency of dark matter at the tidal formation sites, such dwarf
galaxies are expected to be dark matter poor (Barnes & Hernquist, 1992). Numerical stud-
ies of tidal dwarfs forming both in isolated mergers (Bournaud & Duc, 2006), as well as
in cosmological simulations (Ploeckinger et al., 2018; Haslbauer et al., 2019) are able to
recreate dark matter deficient tidal dwarf galaxies with a stellar population dominated by
young stars. Observations find tidal dwarfs with such properties as well (Duc & Mirabel,
1998; Rakhi et al., 2023), such as e.g. in the vicinity of NGC 5291, shown in Figure 1.10.
There are also cases reported with significant dark matter content or mixed stellar component
though (e.g. Gray et al., 2023; Román et al., 2021; Kaviraj et al., 2012). However it needs
to be stated that determining the tidal origin of dwarf galaxies in observations unambigu-
ously is difficult, especially once the optical bridges between progenitor and dwarf disappear.
Afterwards, the only established observational fingerprint to identify isolated tidal dwarf
galaxies are unusually high metallicities, since their young stellar component is forming from
ejected, pre-enriched gas (Duc, 2012). The presence of dwarf galaxies with deviant high
metallicities for their luminosity in galaxy clusters (Poggianti et al., 2001; Duc et al., 2001;
Iglesias-Páramo et al., 2003; Rakos et al., 2000) could signify a partly tidal origin, although
different scenarios could also explain such peculiarities (Conselice et al., 2003b). Simulating
the formation and evolution of tidal dwarf galaxies is challenging as well, since the necessity

Figure 1.10: Figure by Rakhi et al. (2023), showing the interacting galaxies NGC 5291 and the
Seashell falling into cluster Abell 3574. Brighter color indicates higher flux in the near ultraviolet and
hence also an increased star formation activity, while the white contours outline regions with constant
neutral hydrogen density. The direction towards the clustercentric BCG is indicated by the red arrow.
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to properly model gas fragmentation and succeeding star formation requires high resolution
(Teyssier et al., 2010). In case of an included environment, e.g. the hot gaseous atmosphere
of a galaxy cluster, it is therefore needed to resolve gas components of structures spanning
over many orders of magnitudes in mass, driving up the numerical cost of the simulation.
Nonetheless it becomes indispensable, as studies of single galaxies exposed to ram pressure
already suggest a significant environmental impact by boosting the star formation activity,
leading to Jellyfish galaxies (e.g Kapferer et al., 2009; Lee et al., 2022; Tonnesen & Bryan,
2021).

Both its location in the outskirts of a cluster, as well as convincing evidence for the presence of
new stellar structures forming in its tidal tails (cf. Figure 1.10), frames the interacting system
of NGC 5291 and the Seashell galaxy as an auspicious starting point to study the feasibility
of environmentally driven formation of tidal dwarf galaxies. Moreover, such an arrangement
prompts the intriguing question as to whether these newly formed stellar structures could even
be stripped by the cluster, populating it with low-mass objects. The aim of my project was to
model and test this possible evolutionary channel, utilising hydrodynamic simulations. I begin
by studying the behaviour of isolated galaxy mergers in Chapter 2. Introducing the cluster
in Chapter 3, I demonstrate that the environment is triggering a significantly enhanced star
formation activity in the tidal features of a merger. After analysing the evolution of stripped
tidal dwarf galaxies in Chapter 4, I discuss the implication of these results in Chapter 5 and
provide an estimate for the tidal dwarf fraction among the total dwarf galaxy population. My
conclusions are summarized in Chapter 6.



Chapter 2

Big Boom Theory: Isolated Galaxy
Mergers

"He who would learn to fly one day must first learn to stand and walk and run and climb and
dance; one cannot fly into flying."1 – it is a quite fitting description for this chapter. From the
very beginning, the ultimate goal of my project was to test the behaviour of galaxy mergers
in cluster environments. However, there were several stages which I needed to pass before I
could understand simulations of colliding galaxies, because any other approach would have
led to a merger between my project and a wall. Naturally, the first stage was devoted to
setting up isolated galaxy mergers and to obtain a feeling for their behaviour, such that I could
investigate the environmental influence later.

How does the respective orbit influence the morphology of the merger? At which distances to
the progenitors is star formation even possible? Since I was interested in producing massive
stellar structures in the tidal tails of a merger – i.e. tidal dwarf galaxies – it was clear that
I would need to include a large gas fraction in the participating galaxies (Wetzstein et al.,
2007). But could the extent of the gas reservoir have an impact on the behaviour? And what
role would resolution play in such analyses? I needed to find answers for these questions.
Therefore, this chapter is wholly dedicated to the study of isolated mergers. The general
galaxy merger setup is explained in Section 2.1. In the subsequent sections, I describe
relevant test cases and the resulting conclusions.

2.1 General Setup of a Galaxy Merger

The individual late-type galaxies participating in the merger were initialized using the method
presented by Springel et al. (2005), which builds a stellar disc with associated cold gas mass
fraction 𝑓gas, a stellar bulge and a dark matter halo with a central black hole. The stellar and
gaseous disc follow an exponential surface density profile given by

Σ𝑖 =
𝑀𝑖

2𝜋𝑙𝑖
exp

(
− 𝑟

𝑙𝑖

)
. (2.1)

1Friedrich Nietzsche
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The subscript 𝑖 ∈ [∗, gas] represents the stellar or gas component, whereas 𝑙𝑖 and 𝑀𝑖 denote
the exponential scale length and total mass in the corresponding component. By default, both
scale lengths (i.e. of the stellar disk and gas) have the same value.

Both the bulge and dark matter component are modelled by the spherically symmetric
Hernquist profile (Hernquist, 1990)

𝜌𝑘 (𝑟) =
𝑀𝑘

2𝜋
𝑎𝑘

𝑟 (𝑟 + 𝑎𝑘 )3 , (2.2)

where the subscript 𝑘 ∈ [b, dm] denotes the bulge or dark matter component, while 𝑎𝑘 and
𝑀𝑘 are the scale length and total mass of the respective halo. In default mode, the scale
length of the bulge is parametrized in terms of the disk scale length to 𝑎b = 0.2𝑙∗. In case
of the dark matter component, the Hernquist distribution was selected since its total mass
converges and associated analytical distribution functions allow an easier implementation
than an NFW profile (Navarro et al., 1997). To not lose touch with common descriptions
of haloes in cosmological simulations, 𝑀dm is set to be equal to the mass enclosed within
𝑟200 in an NFW profile with matching central density, i.e. 𝜌NFW = 𝜌dm for 𝑟 ≪ 𝑟200, where
𝑟200 is the radius at which the mean enclosed dark matter density is 200 times the critical
density of the Universe. Using this condition, the scale length 𝑎dm is determined by the NFW
concentration parameter 𝑐 through Eq. 2 in Springel et al. (2005), which is set to 𝑐 = 12 for
all disk halos.

Figure 2.1 depicts an examplary initial condition of a galaxy with a total mass of 𝑀tot =

2 × 1011 𝑀⊙ and gas mass fraction in the disk of 𝑓gas = 0.2. In this case, the particle
resolution is equal for all components, namely 𝑚 = 3 × 106 𝑀⊙. Dark matter is not included
in this illustration, since it would dominate the whole field of view. It is worth to note that the
isotropic sampling of the bulge (plotted in red) causes visible outliers in the outskirts of the
galaxy. However, this inconsistency with respect to real galaxies is entirely negligible, since
these stars constitute an insignificant fraction of the total stellar body and the whole object is
surrounded by spherically distributed dark matter particles anyway.

After initializing the galaxies, I used a routine provided by Karademir et al. (2019) to create
a merger configuration. The initial separation between the galaxies, as well as their impact
angle and orientation of the disks are free parameters. Their relative velocity is set to
Δ𝑣 = 𝑟200/𝑡ff parallel to the x-axis, where 𝑟200 is the virial radius of the larger galaxy and 𝑡ff

the associated free-fall time in its spherically symmetric potential.2

2For reference, the value of Δ𝑣 is similar to the respective virial velocity 𝑣200.
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Figure 2.1: Initial condition of a late-type galaxy with total mass of 𝑀tot = 2×1011 𝑀⊙ and resolution
𝑚 = 3 × 106 𝑀⊙.

2.2 Testing Various Orbits

In the beginning, particular focus was on reproducing the general merger features between
NGC 5291 and the Seashell galaxy, observed in the cluster Abell 3574 (cf. Figure 1.10). After
finding such a merger configuration, one could then later place it in a cluster environment and
meet predictions about the fate of the observed object by analysing the simulation outcomes.
Thus, I searched for configurations, which could simultaneously reproduce the following two
morphological features:

(a) Far extended tidal arms in both directions

(b) Two merging stellar nuclei in the centre with different sizes

Before fine-tuning the individual galaxies, I first tested what general morphological differ-
ences one could observe by varying the orbits in a 1:1 galaxy merger. The first column of
Figure 2.2 displays the initial conditions of four different configurations, while the second
and third column illustrate their respective time evolution. The impact angle and relative
orientation of the disks are the only difference between each scenario, while the initial sepa-
ration is constant at 60 kpc. Each participating galaxy has a total mass of 𝑀tot = 2×1011 𝑀⊙,
while the gas mass fraction in the disk is at 𝑓gas = 0.2. This corresponds to about 15% of
the total baryonic component. Gas is plotted in blue, whereas the black and red markers are
tracing stars which initially belonged to the disk and bulge component, respectively. New
stars forming from the gas after the beginning of the simulation are drawn in yellow. In the
following, I summarize the main conclusions for each orbit.
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Figure 2.2: Morphology evolution test of four different configurations for a 1:1 major merger. Each
galaxy has a total mass of 𝑀tot = 2 × 1011 𝑀⊙ and resolution 𝑚 = 3 × 106 𝑀⊙ per particle.
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• Config. A: Implementing an asymmetric disk constellation unsurprisingly also leads
to irregular tidal features. The two disks have a relative angle of 90◦, while the impact
angle with respect to their velocity is 20◦. Since the total spins of both galaxies are not
aligned, the tidal tails are not forced to be symmetric in both directions (with respect
to the plotting plane). Thus, we see only one dominant tidal tail, while the other is less
pronounced. Simultaneously, there are two distinguishable stellar cores in the merger
centre visible (middle panel). At later stage, the remnant develops the morphology of
a lenticular galaxy.

• Config. B: Since their disks lie in the same plane, the galaxies behave like ballet dancers
– symmetrically and on-edge. The spins of both galaxies are aligned and as in config.
A, they initially move under an impact angle of 20◦. Momentum conservation causes
the formation of two equally sized tidal tails, which in unison display a characteristic
S-shape. Although there is separation of gas occurring in the centre after first close-
passage, only one large stellar nucleus is produced by this configuration. Afterwards,
the remnant settles to a late-type galaxy, while the collapsing tidal tails leave their
imprint as faint spiral features. This is particularly interesting, since in the literature
major mergers are generally expected to form early-type galaxies as their final remnant.

• Config. C: Set on a circular orbit by an impact angle of 90◦ with aligned disks, this
merger displays similar features as configuration B, although on a larger timescale.
Here, it takes more time to reach first close passage between the galaxies due to the
increased impact parameter. Therefore, the tidal tails are not visible yet (third row,
middle column), while these features are already in full blossom in the case of a smaller
impact angle (second row, middle column). The tidal arms are winding up in the fol-
lowing development and lead to spiral features, which are still dominant almost 2 Gyr
after the beginning of the simulation.

• Config. D: Finally, I tested a radial merger, where the disks are twisted against each
other by an angle of 45◦. Upon impact, we can see traces of shells forming around
the merging core, while also exhibiting two mildly pronounced streams in opposite di-
rections. After settling down, the remnant reaches an equilibrium morphology, which
resembles an early-type galaxy.

In general, my simulations reproduced the result of the merger studies performed by Ka-
rademir et al. (2019). Specifically, impact angles above a certain threshold produce tidal
tails, whereas mergers with smaller collision angles are displaying shells as their dominant
feature. Regarding my search of a suitable merger constellation to reproduce NGC 5291,
three candidates exhibit at least one of the two criteria set above: A, B and C. Although the
asymmetric configuration A is able to produce two distinct stellar nuclei, it does not form
extended streams in both directions. On the other hand, B and C develop dominant tidal tails
but do not display two distinct merging nuclei simultaneously. Since A and B only differ
in the orientation of the disk plane, I chose to continue my tests with these configurations.
Hence, to improve the similarity to the observed galaxy merger NGC 5291, I left the initial
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orbit study with two hypotheses:

(i) To form two distinct stellar nuclei in the centre, I would need a merger ratio different
from 1:1, since symmetry caused equally sized cores in this sample.

(ii) Developing further extended tidal tails may be possible by implementing more massive
galaxies in the merger, as well as by increasing the initial separation or impact angle.

2.3 Changes With Resolution

Figuratively speaking, each particle in a SPH formalism represents the collective mass dis-
tribution around its position. Sampling the total distribution with more particles naturally
decreases each of their masses, which in principle enables to resolve less massive structures
in the simulation. Figure 2.3 compares the morphology of galaxy mergers in two different
resolutions about 850 Myr after the beginning of the simulation. The left-hand side shows a
merger between two disks having a relative angle of 90◦ (Config. A in Figure 2.2), whereas
on the right-hand side both disks are initially aligned in a plane (Config. B in Figure 2.2).
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Figure 2.3: Comparison of merger morphology in two projections for config. A and B (cf. Figure 2.2)
with varying resolution. The marker opacity for the improved resolution is decreased accordingly.

Compared to the tests in Section 2.2, I changed the mass ratio of the merger to 2:1 and
increased the initial separation, as well as the mass of each participant. Thus, the larger and
smaller galaxy now have virial masses of 𝑀200,a = 1.4×1012 𝑀⊙ and 𝑀200,b = 0.7×1012 𝑀⊙,
respectively, and are initialized with a relative distance of 120 kpc. The left column for each
of the two configurations shows a simulation with 𝑚bar = 6.5 × 105 𝑀⊙ per each baryonic
particle (i.e. stars and gas), while the right column displays the exact same system, but
with ∼10x higher resolution. Obviously, both runs in each configuration reproduce a similar
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morphology. Substructures and density gradients, however, are more pronounced in the cases
with higher resolution – especially for the gas component. Hence we can trace the low-density
regions at the tip of the gaseous tidal tail more accurately by sampling the volume with more
particles.

During my project, I am ultimately interested in the formation of dwarf galaxies in the tidal
features of a merger and their evolution with time. We already see in the isolated test cases
studied in this chapter, that there are stellar structures accumulating in the high-density re-
gions of the gas tails. However, they do not survive for longer than a few 100 Myr after
their formation, since all extended tidal features are destined to fall back into the potential
well at the centre due to lacking external influences. The hypothesis is that – upon placing
the merger into a cluster environment – it might be possible to strip tidal dwarfs from their
progenitor, which would unlock a new evolutionary channel towards the formation of dwarf
galaxies. To maximize the chances of a stripping event, the merger itself needs to provide
favorable conditions, namely the formation of massive stellar substructures far enough away
from the merger center, such that the cluster is able to snatch them from their parents. Apart
from finding such an advantageous merger configuration, resolution may play a role in sim-
ulating such structures as well, since a decreased particle mass might enable to model gas
cloud fragmentation and cooling on smaller scales, possible leading to an increased stellar
component forming during the interaction.

To study the impact of resolution on the formation of tidal dwarf galaxies, I compiled a
histogram of the radial distance at which new stellar particles formed in the tidal tails of con-
figuration A in Figure 2.4, where orange bars indicate the run with lower resolution, while the
simulation with higher resolution is plotted in blue. The number of counts is cumulative up
until the moment of the snapshot shown on the right-hand side, ∼850 Myr after the beginning
of the simulation. The tidal region used for the compilation of the histogram on the left-hand
side is plotted in red. To extract the tidal tails, I applied two simple conditions: the particles
needed to have a minimum distance of 20 kpc to the closest of the two present black holes,
while also being in a region with high gas density above some threshold value. The former
requirement avoids contamination by the galactic center, while the latter prevents counting
of low-density material surrounding the site almost isotropically after the merger.

Although there are much more stellar particles forming with increasing resolution due to
decreasing mass per particle, we can see in the plot below the histogram in Figure 2.4, that
the integrated stellar mass per radial bin remains approximately the same. Hence this "low"
resolution is already high enough to properly resolve gas fragmentation. Sampling with more
SPH particles will only increase the numerical cost without allowing to resolve additional
relevant substructures. Repeating the same procedure for configuration B does not lead to
qualitatively different results, as we can see in Figure 2.5. Curiously, there is even a slight
increase in integrated stellar mass in the case of lower resolution for radial distances between
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30 kpc and 40 kpc. However, this is equivalent to only a few particles in the simulation and
thus does not present a robust statistical difference.
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Figure 2.4: Star formation in tidal tails against radial distance to centre of mass (CoM) for config. A.

By comparing the histograms of the two different merger setups with each other, we can notice
that configuration B produces more total stellar mass in the tidal features, as well as farther
extended stellar tails. The "frontal" collision in configuration A leads to larger dynamical
friction, since the material cannot move away from the merging centre after first close passage
as smoothly as in the other setup. In configuration B, on the other hand, the aligned spins
of the galactic disks lead to two dominant tidal tails by force of symmetry, enhancing the
chances of forming new stellar structures. Therefore, this study highlighted configuration
B as a promising candidate for future simulations involving environmental effects, since it
provides more favorable conditions for tidal dwarf galaxy formation.
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Figure 2.5: Star formation in tidal tails against radial distance to centre of mass (CoM) for config. B.

2.4 Impact of Galaxy Properties

At this point, I have tested the impact of orbit and resolution on the capacity to provide
favorable conditions for tidal dwarf galaxy formation. Naturally, the next step is to investigate
the influence of the individual galaxy properties on the merger morphology. In particular,
my attention was focused on the role of the gas component, since new star structures can only
be built from it in the first place. Hence it is necessary to provide a large gas reservoir in
the merger, which is able to nourish the star formation pockets in its tidal tails, to ultimately
produce a high number of dwarf galaxies after the impact (e.g. Wetzstein et al., 2007). Mean-
while, the extent of the cold gas disk could influence the morphology of the tidal features as
well, since the position of a gas particle impacts how far it can be ejected by the interaction.
Observations found neutral gas in galaxies to be much further extended than the stellar disk
(e.g. Briggs et al., 1980; Martin, 1998), which motivates to test larger gas disk radii as well.

Figure 2.6 demonstrates morphological differences, which develop by varying the galaxy
properties in the merger, while the geometrical arrangement remains constant at configura-
tion B (cf. Section 2.2). The upper tile indicates the initial condition for each configuration,
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Figure 2.6: Morphological differences arising by implementing different galaxy properties.
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whereas the two tiles beneath show the merger state at two different times. Each of these tiles
has two rows, which display a 2:1 and 3:1 in the upper and lower row, respectively. Above
each column, I list the attributes which specify the properties of the initialized galaxies. The
baryonic resolution for each simulation is at𝑚bar = 6.5×105 𝑀⊙, since I have found this value
to be sufficient to properly resolve star formation (cf. Section 2.3). The same compilation,
but implementing the geometrical orbit of configuration A, is supplemented in the Appendix
(Figure A1).

In the first three test cases – i.e. B1-3 – I implemented a galaxy with Milky-Way like virial
mass of 𝑀200,𝑎 ∼ 1012𝑀⊙ as the more massive progenitor, while varying the gas disk size
and mass in the different configurations. Comparing the development between setup B1 and
B2 illustrates the impact of the gas disk extent. Both mergers have an equally massive gas
reservoir, but in B2 the gas in each galaxy is distributed across a larger disk with twice as
high exponential scale length 𝑙gas (cf. Equation 2.1) than in B1. This circumstance leads to
longer and wider tidal tails in B2, which are both still clearly distinguishable ∼1 Gyr after
the beginning of the simulation. Introducing different gas mass fractions for both galaxies
also leaves an imprint on the morphology, as we can see in configuration B3. Here, the
more massive collision partner provides a smaller gas mass reservoir than compared to setups
B1 and B2, which restricts the gas amount being able to be ejected by the merger. As a
side note, the resulting asymmetry in the tidal tails poses as a demonstration of "division
of labor" between the interacting galaxies – clearly, the smaller gas tail originated from the
gas-poorer galaxy, while the tidal sibling must have built up from the gas-rich galaxy, since
the tail is indistinguishable from its equivalent in B2. Finally in configuration B4, I increased
the galaxy masses by a factor of ∼3 compared to setups B1-3, while the other parameters
are set as in B2. In this case, first close passage between the central black holes happens
sooner – since their relative velocity is higher – and leads to a spectacular morphology with
enormous tidal features. Such massive galaxies, however, are quite rare and the total mass
of this complex is exceeding the observed comparison merger between NGC 5291 and the
Seashell galaxy anyway. Regardless, I decided to include this setup in my compilation to il-
lustrate the effect of altering the total galaxy mass, but also as eye-candy for the diligent reader.

Thus we have ascertained that a larger gas disk also leads to farther extended gaseous tidal
tails. But is that also the case for the stellar component? By a short look on Figure 2.7 we
can confirm this supposition. Here I count the number of stellar particles per radial bin and
distinguish between the old star population originating from the bulge or disk and new stars
formed since the beginning of the simulation. The moment for this snapshot is at 𝑡 ∼850 Myr,
when the tidal features of the merger are much pronounced (cf. Figure 2.3). The left-hand
side shows the case with small gas extent (B1), while the right-hand-side displays the exact
same merger but with larger gas disks in the initialized galaxies (B2). Naturally, the majority
of new stars in both configurations is close to the merger centre. In the outskirts, however,
we can distinguish a clear trend towards larger radial distances reached by new stars in the
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Figure 2.7: Stellar distribution with respect to center of mass (CoM) at 𝑡 ∼ 850 Myr.

case with further extended gas mass reservoirs. As already discussed above in Section 2.3,
such circumstances supply more advantageous conditions for a tidal dwarf galaxy to become
dynamically decoupled from its progenitor as soon as environmental tears are included.

2.5 Extended Merger Catalog

I conclude this chapter of isolated merger studies by providing a compilation of 70 different
setups of 2:1 major mergers, where the larger progenitor has a Milky-Way like total mass
(∼ 1012𝑀⊙). In each simulation I varied the galaxy properties, as well as their relative impact
angle. This collection can be divided in two dynamically different categories: one half of
these simulations includes plane-parallel disks, while the other 35 setups initialize perpendic-
ular galactic disks (equivalent to configuration B and A in Figure 2.2, respectively). Since the
former case was proven to grant more beneficial circumstances for subsequent dwarf galaxy
formation due to the ejection of two equally dominant tidal tails (Section 2.3), I include this
catalog here, while the rest is attached in the appendix in Figures A2a to A2d.

Figure 2.8a displays the initial conditions, with their evolution for three different times shown
in the subsequent Figures 2.8b to 2.8d. In each row, I vary the impact angle between 0◦ and
90◦, while the initial separation between the galactic centers remains constant at 120 kpc. The
first column initializes a prograde, gas-poor merger ( 𝑓gas = 0.2), with normal-sized bulges
(𝑎b = 0.2𝑙∗, cf. Section 2.1) and similar extents for stars and gas in the disks (𝑙gas = 𝑙∗). In
each different column, I modify one of those attributes while leaving the rest fixed. Column II
includes gas-rich galaxies ( 𝑓gas = 0.2), column III displays large bulges (𝑎b = 𝑙∗) and column
IV implements large gas disks (𝑙gas = 2𝑙∗). Finally, column V reveals the development of a
retrograde merger, while all galaxy properties compared to column I remain the same.
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Figure 2.8: Variance of galaxy properties and impact angle in a 2:1 merger with plan-parallel disks.
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Figure 2.8: Variance of galaxy properties and impact angle in a 2:1 merger with plan-parallel disks.
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Figure 2.8: Variance of galaxy properties and impact angle in a 2:1 merger with plan-parallel disks.
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Figure 2.8: Variance of galaxy properties and impact angle in a 2:1 merger with plan-parallel disks.
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Chapter 3

Introducing the Cluster: Preliminary
Tests

Before stepping into the realm of full scale galaxy merger simulations in clusters, I first needed
to set up such an environment. Subsequently followed the nerve-racking tests whether there
actually is any qualitative impact on the evolution of a merger at all. It turns out, there
definitely is! Hence this chapter is describing the transition phase between my initial isolated
merger study and the final analysis of the cluster impact. In Section 3.1, I explain the
implementation of a cluster, while its numerical stability is ensured in Section 3.2. Thereafter,
Section 3.3 is serving as proof of concept that elevated star formation activity and stripping
of tidal features induced by the cluster is indeed occurring.

3.1 General Setup of a Cluster

To create initial conditions for the cluster, I used the method described by Donnert (2014). In
this model, the cluster consists of two spherically symmetric distributed components, namely
a dark matter halo and hot gas atmosphere, i.e. the intracluster medium (ICM). There is no
need to include a stellar component to the cluster apart from the analysed galaxy merger since
the stellar component typically composes only a small fraction of the total cluster mass and
because galaxy mergers inside the virialized region of a galaxy cluster are rare due to the
high velocity dispersion of the cluster members.

Following the same arguments as in the setup of the dark matter component of a galaxy, the
cluster halo is modelled by a Hernquist distribution (cf. Equation 2.2), which closely follows
an NFW-profile in the inner regions, but declines steeper at larger radii and thus results in
a finite total mass. The ICM, on the other hand, is modeled by the 𝛽-model (Cavaliere &
Fusco-Femiano, 1978), which is motivated by observations (Croston et al., 2008). Thus we
have

𝜌ICM(𝑟) = 𝜌0

(
1 + 𝑟2

𝑟2
𝑐

)−3𝛽/2
, (3.1)

where 𝜌0 is the central gas density and 𝑟𝑐 the core radius of the gas distribution. Following
the cluster simulations by Mastropietro & Burkert (2008), the exponent parameter is set to
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𝛽 = 2/3. The baryon fraction inside the virial radius 𝑅200 of the cluster is 𝑓bar = 0.14.

Although the cluster in which the observed comparison merger NGC 5291 is taking place has
a mass about twice as high (Oh et al., 2018), I chose the virial mass of the simulated cluster
to be 𝑀200 = 1014𝑀⊙ throughout this work. I decided on this value as a compromise to
stay in the range of typical cluster masses, while keeping the computation time at bay, since
simulating the galaxy cluster is quite expensive due to the large number of SPH particles.

3.2 Cluster Stability Test

Before I could start examining environmental influences on the evolution of a galaxy merger,
I needed to ascertain that the cluster model is behaving well and stays stable for a significant
period of time. For this purpose, I initialized a cluster with a virial mass of 𝑀200 = 1014𝑀⊙

and probed its density evolution over ∼1 Gyr. Such a test does not require profuse resolution,
which is why I chose a coarse sampling, resulting in a particle mass of 𝑚dm = 3.6 × 109 𝑀⊙

and 𝑚ICM = 0.7 × 109 𝑀⊙ for dark matter and gas, respectively. The left-hand side of
Figure 3.1 shows the mass density for both components, which was estimated by counting the
particles present in logarithmically equidistant spherical shells and weighting them with their
respective mass. To illustrate the appearance of the cluster, its spatial distribution is drawn
with the same color coding as in the histogram beside, namely black for the dark matter halo
and cyan for the hot gas atmosphere. The radial distance 𝑅 to the center of mass is plotted in
terms of the object’s virial radius 𝑅200 = 957 kpc, which follows from the applied virial mass
by assuming a Hubble parameter of ℎ = 0.7. The line opacity increases with each progressive
snapshot.

Apart from the innermost regions, the cluster is absolutely stable up to its outskirts at 3𝑅200.
The small volume of the spherical shells close to the centre cause the density estimate to be
overly sensitive for the number of enclosed particles, which undergo constant in- and outflow
due to the endeavored equilibrium. These fluctuations are therefore no reason for concern,
particularly because the central regions are not relevant for my experiment anyway. Galaxy
mergers can only take place if their relative velocities are low enough in the first place – this
prerequisite is typically not met inside the virialized region of a cluster, where its dispersion
velocity is already too high. Besides, a proper model of the innermost cluster areas would
require a central massive galaxy anyway. Hence the stability of the environment is assured at
the relevant regions around its virial radius and in the outskirts, allowing to proceed towards
galaxy merger simulations in a cluster.
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Figure 3.1: Left: Density evolution in a cluster over a period of ∼1 Gyr. The line opacity increases
with proceeding time. Right: Particle distribution in the initialized cluster.

3.3 Changes in Merger Evolution Through the Cluster

Arranging a merger inside a cluster required two additional fundamental choices for the
initial conditions, namely the starting position and velocity of both galaxies with respect to
the cluster. As explained in Section 3.2, their initial distance to the cluster center should not
be chosen to low, since in reality the dispersion velocities between cluster members inside
virialized regions are too high to permit collisions. However, mergers certainly do happen
while the members are still flowing towards the cluster inside filaments of the Large Scale
Structure. The relative velocity between objects in such regions is comparable to their virial
value, as already encoded in the isolated merger initial conditions (cf. Section 2.1). With these
considerations in mind, the galaxy merger was decided to be initialized at a radial distance
of 2𝑅200 with a relative velocity of 𝑉200 for all participating particles with respect to the
cluster center. 𝑅200 and 𝑉200 refer to the virial radius and velocity of the cluster, respectively.
The galaxy interaction itself was initialized as a prograde merger with a mass ratio of 2:1
and plane-parallel, gas-rich disks ( 𝑓gas = 0.8). The large impact angle and initial separation
between the central black holes of 𝛼 = 36◦ and 𝑑sep = 140 kpc, respectively, was chosen to
create advantageous conditions for the formation of pronounced tidal tails (cf. Chapter 2).
To maximize the star formation resolution while also keeping the computational cost at bay, I
relied on my results from Section 2.3, choosing 𝑚bar = 6.5×105 𝑀⊙ and 𝑚dm = 3.2×106 𝑀⊙

for the baryonic and dark matter component, respectively. Since I am particularly interested in
the interaction between the hot ICM and the cold gas carried by the galaxies, I implemented
the same particle resolution for both of these components, because otherwise my results
could be contaminated by numerical artifacts. Due to the enormous amount of SPH particles
contributed by the cluster, such a choice led to skyrocketing numerical costs. Nevertheless it
is worthwhile, as we will see soon.



34 Chapter 3 – Introducing the Cluster: Preliminary Tests

100 50 0 50 100

100

50

0

50

100

In
si

de
 C

lu
st

er

t = 284 Myr
Disk
Bulge

Gas
New Stars

100 50 0 50 100

t = 852 Myr

100 50 0 50 100

t = 1420 Myr

100 50 0 50 100
x [kpc]

100

50

0

50

100

Is
ol

at
ed

100 50 0 50 100
x [kpc]

100 50 0 50 100
x [kpc]

100

50

0

50

100

y 
[k

pc
]

100

50

0

50

100

y 
[k

pc
]

Figure 3.2: Morphology evolution of a galaxy merger in a cluster environment. The isolated merger
is shown in the row below for comparison.

Figure 3.2 illustrates the spectacular differences in the merger morphology caused by inter-
actions with the environment (top row) compared to the isolated test case (bottom row). The
galaxies are falling radially into the cluster and therefore experience ram pressure in that
direction, which in this case is parallel to the x-axis. I do not plot the intracluster gas here,
to highlight the arising differences in the distribution of tidal gas. The impact of the strong
headwind can be seen in the first column before the merger even has happened as "fraying"
of the galactic gas disk. Later on, ram pressure continues to rip off the low-density tips of the
gaseous tidal tails (middle column). At this point we can already notice another crucial envi-
ronmental influence: this continuous push by the ICM causes the tidal tails to become thinner
and more compact. The upper feature disperses entirely, since its rotation causes the local
gas to experience elevated ram pressure due to the increased relative velocity. The lower arm,
however, has a decreased relative velocity and therefore experiences lower ram pressure than
the rest. Hence it manages to harbour its gas, while also undergoing substantial compression
due to open exposure to the headwind. This process eventually triggers the genesis of several
star forming pockets inside that tidal tail, which are then collectively stripped together with
the whole tidal complex (right column).

To demonstrate the drastic behavioural shifts in terms of star formation activity, I trace at
which radial distance with respect to the merger center new stars are forming in the tidal tails
(cf. Section 2.3) and count the number of these particles per radial bin in Figure 3.3. The
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Figure 3.3: Star formation in tidal tails against radial distance to the progenitors’s center of mass for
galaxy mergers with included (darkgreen) and excluded (lightbrown) environment.

count is cumulative up until the moment of the third column in Figure 3.2. I plot the simulation
with an included environment in darkgreen, while the isolated case is shown in lightbrown.
The elevated density inside the tidal tails exposed to the ICM leads to significantly higher
star formation rates compared to the isolated merger. On top of that, we can see how the
environment is enabling star formation at much farther distances to the merging progenitors.
Such newly formed tidal dwarf galaxies are therefore only loosely bound to their parents’
potential well, enabling them to ultimately escape into the cluster. These results are of major
importance for this thesis, since in principle my project could be boiled down to one question:
Can environmental interactions pose as an evolutionary channel towards low-mass objects
through stripping of tidal dwarfs galaxies? Now finally, Figures 3.2 and 3.3 prove – yes, it is
in fact possible.
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Chapter 4

Stripped Tidal Dwarf Galaxies: a
Quantitative Analysis

At this point, the groundwork is finally set for the real experiment. I have established in
the chapter before, that cluster environments causes significant changes in the behaviour of
the galaxy merger. In particular, I found much further extended tidal features, elevated star
formation activity and stripping of newborn tidal dwarf galaxies from their progenitor. Such
circumstances inspire several exciting questions: What kinds of new objects are forming?
Are these stripped tidal dwarfs able to persist under the hostile cluster conditions? What is
their long-term evolution? Therefore, I performed a simulation campaign in high resolution
of galaxy mergers in a cluster environments. I summarize the parameters and qualitative
results of the sample in Section 4.1. The results are reviewed in the subsequent Sections,
where I analyse and compare the simulation outcomes and give answers to the questions
above.

4.1 Configuration of the Simulation Sample

Following the arguments presented in Section 3.3, I choose the starting distance of the galaxy
merger to be at 2𝑅200 ≈ 1.9 Mpc, while their initial velocity with respect to the cluster is
taken to be 𝑉200 ≈ 670 km/s. 𝑅200 and 𝑉200 refer to the virial radius and velocity of the
cluster, respectively. The implementation details of the cluster, consisting of a dark matter
halo and hot gas atmosphere, can be found in Section 3.1. To investigate the orbital impact on
the emerging satellite dwarf population, I vary the impact angle Θ of the merger with respect
to the cluster. Specifically, I implement a radial infall, i.e. Θ = 0◦, and two elliptical orbits
with Θ = 25◦ and Θ = 45◦, respectively. Meanwhile, the galaxies’ orientation towards the
cluster centre and the merger configuration remains the same. I implement the same merger
as in the initial environmental studies in Chapter 3 – namely a prograde, gas-rich merger with
a mass ratio of 2:1 and plane-parallel disks, colliding with a large impact angle. Such an
orbit is equivalent to configuration B from the isolated merger studies in Chapter 2, which
is why I used this letter in the parameter description in Table 4.1a. The geometrical setup is
illustrated in Figure 4.1.
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Table 4.1: Main parameters of initialized simulation sample.

(a) Impact values with respect to cluster center.

Config. Angle Θ Parameter 𝑑
[◦] [Mpc]

B0 0◦ 0
B25 25◦ 0.8
B45 45◦ 1.3

(b) Virial masses, radii and velocities of objects.

𝑀200 𝑅200 𝑉200
[1012 𝑀⊙] [kpc] [km/s]

Cluster 100 957 670
Galaxy a 1.4 229 160
Galaxy b 0.7 181 127

d V200

a

b

2R200cluster
center

Merger
CoM

Figure 4.1: Illustration of the implemented simulation sample. The setups vary in their impact angle
Θ according to Table 4.1a.

The main parameters of the created cluster and two galaxies are listed in Table 4.1b. I chose
the same resolution 𝑚bar = 6.5 × 105 𝑀⊙ for all gas particles in the simulation volume, i.e.
for those initially associated to the galaxies, as well as for those contained by the cluster.
This way, the simulation can properly resolve gas interactions between the cluster and the
galaxies, without contaminating the results with numerical artifacts due to different resolu-
tions between the SPH particles. The stellar resolution is the same as for the gas, while the
dark matter resolution is 𝑚dm = 3.2 × 106 𝑀⊙. The total simulation volume is a cube with
boxlength 2 · 3.75 · 𝑅200,cluster = 7.2 Mpc.

Tidal dwarf galaxies are formed and stripped in all three orbit configurations. On its left hand
side, Figure 4.2 shows a snapshot1 of configuration B45. I rendered gas and young stars in
yellow and lightblue, respectively, using the raytracing visualization software Splotch (Dolag
et al., 2008). This Figure highlights the significant gas compression occurring in the tidal
features, which in turn triggers pockets with elevated star formation activity. This process is
induced by the merger impact, as well as by ram pressure through the intracluster gas, with
the latter being more dominant at larger distances to the merger centre. This process gives
birth to pockets with high star formation, highlighted by circles in Figure 4.2. Although
there are tidal dwarfs which eventually fall back into their progenitor (dashed circles), the
majority of them is able to escape the local potential and starts to evolve independently (solid

1The full movie is available on YouTube: https://youtu.be/EQyEK1qQAhU?si=ut7LaY2GTI5yf4kB

https://youtu.be/EQyEK1qQAhU?si=ut7LaY2GTI5yf4kB
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circles). The right hand side of Figure 4.2 displays the spatial distribution of stripped tidal
dwarfs (black dots) formed by a galaxy major merger moving through a cluster ∼3 Gyr after
the beginning of the simulation (configuration B45). The dashed line traces the trajectory
of the galaxy merger, while the blue background indicates the intracluster gas. Curiously, I
also find two stripped tidal dwarfs in this simulation configuration, which form a rotationally
supported double-system for ∼2 Gyr, after which they merge and become a single dwarf
galaxy (orange circles in Figure 4.2). In the radial infall scenario B0, all dwarf structures are
quickly destroyed after about 1-2 Gyr by tidal forces upon passage through the cluster centre.
In the elliptical orbits B25 and B45, however, the dwarf galaxies manage to survive much
longer for up to ∼4 Gyr, while spiraling inwards towards the cluster centre.

V200

2R200

Figure 4.2: Left: Simulated galaxy merger on an elliptical orbit (B45) in a cluster. Right: Tracks of
stripped tidal dwarf galaxies inside a cluster.

4.2 Evolution in Phase Space

By visually inspecting the simulation in real and phase space, I identify the position and
extent of dwarf galaxies, which are disassociated from the galaxy merger remnant. I start
to analyse the dwarf galaxies ∼300 Myr after the first stellar clumps started forming in the
tidal tail of the merger, because they first needed to get stripped before one could identify the
structures as isolated dwarfs. Figure 4.3 displays two examples of dwarf galaxies forming
on a radial (upper panels) and elliptical (lower panels) orbit in the cluster. The top and
bottom row of each case show the distribution in real and phase space, respectively, while the
columns are snapshots at three different times. The stellar content of the dwarf, identified at
the moment of the middle panel, is traced in red. The gas density is visualized in blue, while
stars are plotted in yellow or grey in real and phase space, respectively. For estimating the
clustercentric distance in the phase space plots, I compared the relative position of a particle
to the center of mass of the cluster. The population around 𝑟 = 0 visible in these figures
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corresponds to stars forming at the cluster center, since by construction the cluster initially
does not have a BCG, which is why the gas starts to cool and ignite star formation there.

It is clearly visible, how the stellar content of the traced dwarf is seeded in the high density
regions of the tidal tail in both simulations. The radial scenario causes a rapid infall, resulting
in a swift stripping event of tidal features due to increased ram pressure. A merger on an
elliptical orbit, on the other hand, is able to harbour its tails for a longer period. Accordingly,
stellar structures have more time to develop in that case. Their traces are already visible in the
earliest panel of Θ = 45◦ as a characteristic edges in the tidal tail. They are a consequence of
ram pressure, which is exercising a headwind on the gas component from the left hand side,
but inherently is not acting on the embedded stellar population. Yet, the gravitational potential
of these pockets is dominated by the mass of the gas. The new stellar population, forming out
of collapsed gas, is naturally located in the regional potential wells. As a result, stars are also
being stripped as soon as gas clumps are being ripped from the progenitor by the environment.

After detaching from their parents, the tidal children begin to develop independently. This
becomes apparent by comparing the position in phase space between the dwarf and the
merger remnant (the largest symmetric structure), indicating that the tidal object is becoming
dynamically decoupled. Constantly under pressure because of the ICM, the dwarf galaxies
are exhibiting high star formation rates. Although continuously converting their gas content
into stars, they still maintain their gas-dominated composition. At the moment of the middle
panel, the dwarfs have total masses of 𝑀tot, B0 = 8 × 108 𝑀⊙ and 𝑀tot, B45 = 7 × 108 𝑀⊙

with gas mass fractions of 10% and 24% for the radial an elliptical merger orbit, respectively.
Meanwhile, they are completely devoid of dark matter, as they originated from the tidal sites
outside the progenitor’s potential well center, where less dark matter particles were present.
The dwarfs do not keep their full stellar body during their evolution though. We can see in
the uppermost middle panel, that the dwarf galaxy is developing a leading tail of stars. This
curiosity will be addressed in further detail in Section 4.7.

In case of the radial infall scenario, the system naturally evolves on a shorter timescales, since
the merger reaches high density regions inside the cluster much faster. Hence I also have
chosen a shorter timestep between consecutive panels for B0 to be half as long (∼0.5 Gyr),
than for B45 (∼1 Gyr), in order to properly visualize the environmental impact on the dwarf
galaxy. The evolution in the bottom panel (Θ = 45◦) is mainly dominated by interactions with
the ICM, hence the dwarf continues to move on an autonomous orbit. The object on a radial
orbit, however, leads a more turbulent lifestyle. Having almost none angular momentum with
respect to the cluster, the progenitor, as well as its tidal dwarf galaxies are destined to fall into
this massive central potential well, visible as the dark blue spot in the latest time panel. As a
result, all structures are "stretched" out both in real and phase space by the tidal field, which
even rips the traced dwarf apart into two separate remains.
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Figure 4.3: Real space vs. phase space distribution of a dwarf forming on merger orbits B0 (top)
and B45 (bottom) for three different moments in its evolution. The timestamp at the top specifies the
period elapsed since the beginning of the simulation.
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4.3 Mock Images

For illustration purposes, I created mock observations of a few stripped tidal dwarfs in
Figure 4.4, using the software by Martin et al. (2022). The first two on the left show dwarfs
from the radial infall scenario (B0), while the other two on the right display objects forming
on an elliptical orbit (B45). Since most of the dwarfs form at similar times in the same
environment – namely, the tidal tail of the merger – we can observe alignment in some cases,
which creates the effect of "pearls on a string". The rightmost panel, on the other hand,
shows a rotationally supported double-system of dwarf galaxies, which was formed from two
separate tidal dwarfs in the merger (cf. orange circles in Figure 4.2). I identify it as one
dwarf, since it is a gravitationally bound system and – depending on the resolution of the
telescope – it could be classified as one object in observations as well.

Figure 4.4: Mock observations of simulated tidal dwarfs.

4.4 Dwarf Tracks Inside the Cluster

Dwarf galaxies forming in a radial infall scenario quickly reach the cluster centre due to lack
of initial angular momentum, whereas objects forming on elliptical merger orbits naturally
survive for a longer period of time. As visible in Figure 4.5, most of them spiral inwards, while
continuously loosing momentum due to friction between the dominating gas component of
the galaxies and the intracluster gas. The grey background indicates the cluster gas density,
while the different shades of orange (B25) and blue (B45) represent progressively advancing
time in the dwarf tracing. Curiously, there is an outlier in terms of dynamical behaviour
in B45, which quickly adapts a radial orbit and moves much slower than the rest. This is
the smallest dwarf galaxy in that sample, which barely surpasses the resolution threshold,
having a final gas and stellar mass of 𝑀gas = 4× 107 𝑀⊙ and 𝑀∗ = 106𝑀⊙, respectively. The
comparably small mass causes the dwarf to loose its angular momentum due to friction on
much shorter timescales, while ram pressure is also simultaneously slowing down the radial
infall of the gaseous dwarf galaxy. A massive object, on the other hand, is less impacted by
environment, such as as the dwarf in B25 tracing a hook-like orbit, resulting in the largest
final clustercentric distance within the sample.
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Figure 4.5: Tracks of stripped tidal dwarf galaxies in a cluster over a time period of ∼4 Gyr.
Consecutively lighter shades indicate progressively later times, with a time step of ∼0.5 Gyr between
evaluations.

4.5 Categorizing the Zoo

To understand what kind of objects are forming, I compare the simulated dwarfs in Figure 4.6
with a a broad range of types observed in the nearby Universe. This figure shows how
different types of objects populate distinct regions in the stellar size vs. luminosity plane.
The vast majority of observed objects, spanning from giant ellipticals to stellar clusters, was
compiled by Brodie et al. (2011). I also include data of ultra-diffuse galaxies (UDGs) for
comparison, indicated by triangles. UDGs in the Coma cluster by van Dokkum et al. (2015)
are plotted in grey, while the lightblue and pink triangles represent gas-rich field UDGs by
Jones et al. (2023) and the two UDGs NGC1052-DF4 and DF2 by Cohen et al. (2018),
respectively. The latter case has been speculated to have formed through a high-velocity
collision of gas-rich galaxies (Lee et al., 2021; van Dokkum et al., 2022). In the upper panel,
I plot the time evolution of stripped tidal dwarf galaxies from all three simulations (B0,
B25 and B45) in purple for three different times, being ∼2 Gyr apart and distinguished by
consecutively lighter shades. The bottom panel is the exact same figure, but distinguished
in the dwarfs’ respective merger orbit. Their luminosity of the simulated dwarf galaxies was
estimated by applying age dependant mass-to-light ratios provided by Sextl et al. (2023) for
each stellar particle. Comparing their position to the observed objects, we see that the tidal
dwarf galaxies mostly populate a gap between compact and dwarf ellipticals (cE, dE) and
dwarf spheroidals (dSph). Curiously, there is also a small overlap between observed UDGs
and our simulated dwarf galaxies at the large size end. This overlap is observed at earlier
stages during the first∼2 Gyr of their evolution, since the dwarfs tend to decrease in stellar size
during their infall in the cluster (cf. Section 4.7). In summary, these results are suggesting
that environmental stripping of tidal dwarf galaxies could be an evolutionary channel towards
a variety of low-luminosity objects, such also for gas-rich, dark matter deficient UDGs.
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Figure 4.6: Relationships between half-light radii and visual band luminosities for various types of
objects observed in the local Universe, as well as for the simulated tidal dwarf galaxies. Grey circles
show stellar systems in our local environment including giant, compact & dwarf ellipticals (gE, cE &
dE), dwarf spheroidals (dSph), ultra-compact dwarfs (UCD) and globular & extended clusters (GC &
EC) compiled by Brodie et al. (2011). Grey triangles represent ultra-diffuse galaxies (UDG) observed
in the Coma cluster by van Dokkum et al. (2015). Colored triangles show special cases of UDG,
namely gas-rich field UDG in lightblue by Jones et al. (2023) and NGC1052-DF2 and DF4 in pink by
Cohen et al. (2018).
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4.6 Gas Mass Loss

Since they originate from the tidal gas tail of the galaxy merger, the stripped tidal dwarfs
exhibit high gas mass fractions and are generally dark matter deficient, as becomes apparent
by Figure 4.7, which shows their gas vs. total mass. The three tested orbit scenarios
of a galaxy merger falling into a cluster with an infall angle of Θ = 0◦, 25◦ and 45◦ are
represented by red, orange and blue markers, respectively. Consecutively lighter shades
represent progressing time between 𝑡 = 0 − 4 Gyr with time steps of ∼0.5 Gyr. Young
dwarfs are entirely gas dominated, but increase their stellar mass component over time due
to ongoing star formation, boosted by ram pressure. The slight decrease in total mass points
towards environmental gas stripping as well. Interestingly, the dwarfs with the largest gas
mass reservoir also experience the highest relative gas mass loss.
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Figure 4.7: Gas mass vs. total mass of stripped dwarfs galaxies. The dashed black line indicates a
1:1 relationship, while the grey contours represent a 10%, 50% and 80% decline.

4.7 Radial Shrink

Figure 4.8 shows the dwarfs’ evolution tracks in the stellar mass vs. gas mass plane over
a period of ∼ 1.5 Gyr with a time step of ∼ 0.5 Gyr between evaluations. The grey
horizontal line indicates a resolution threshold of five stellar particles, while the blue and red
arrows indicate dwarfs from the elliptical (Θ = 45◦) and radial (Θ = 0◦) merger orbit case
respectively. In principle, the gas content of a dwarf can decrease in two ways - it either is
converted into stars or it is stripped by the environment. The former case implies that the
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sum of the gas and stellar mass will stay constant, which is represented by the black contours.
Therefore, dwarfs will follow these lines if they are not experiencing gas stripping and decline
to the left with respect to the contours if they lose gas mass to the environment. Meanwhile,
the stellar mass of the dwarfs keeps rising, which becomes apparent by looking at the right
plot of Figure 4.8. As in the left hand side plot, it again shows the stellar mass on the y-axis,
but this time against the stellar half mass radius on the x-axis. The color coding is the same
as before, whereas the contours indicate linearly increasing mean stellar density, i.e. we have
𝜌∗ ∝ 𝑀∗/𝑟3

∗,1/2 = 𝑐𝑜𝑛𝑠𝑡. along a contour line.
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Figure 4.8: Time evolution of simulated tidal dwarfs forming due to galaxy merger on an elliptical
(blue) and radial (red) orbit in a cluster. Traced over 1.5 Gyr, with Δ𝑡 ∼ 0.5 Gyr. Open circles indicate
that the dwarf was destroyed afterwards. The grey horizontal line indicates a threshold of five stellar
particles. Left: Gas mass vs. stellar mass. Tracks follow contours if no gas is stripped. Right: Stellar
half-mass radius vs. stellar mass. Contours indicate linearly increasing 𝜌∗. The outlier with large half
mass radii is in fact a bound dwarf double system.

Although their stellar mass keeps rising, almost all dwarfs decrease their stellar radius over
time, as already mentioned in the previous section (cf Figure 4.6). I argue that the decreasing
stellar half mass radii are a consequence of the ongoing gas compression, which forces the
gas to become compact and in turn restricts the stellar extent, since the stars need to follow
the gravitational potential dominated by the gas. This is also supported by the fact that many
of the analysed dwarfs display a leading tail of stars, which were previously traced to be in
the corresponding dwarf galaxy (cf. Figure 4.3). Since the total mass is dominated by the
gas, the dwarfs’ dynamical behaviour will be governed by forces acting on this component.
Consequently, the movement of a dwarf through the cluster is slowed down by the intracluster
gas. Stars, on the other hand, do not experience ram pressure. These stars, which are at a
larger distance to the dwarf centre, are therefore more prone to escape its potential in the
opposite direction from which ram pressure is pushing on the gaseous dwarf. As a result, the
dwarfs can only keep stars at their very centre, which results in small stellar half mass radii.
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4.8 Time Evolution in Detail

Figure 4.9 demonstrates the time evolution of the gas mass 𝑀gas, stellar mass 𝑀∗, clus-
tercentric distance 𝐷Cluster and distance to the merger remnant 𝐷gal of the three simulated
scenarios with cluster infall angles Θ = 0◦ (red), Θ = 25◦ (orange) and Θ = 45◦ (blue). Open
circles indicate that the dwarf galaxy was not present anymore at the subsequent tracing
time. Dwarfs forming in the wake of a galaxy merger moving radially towards the cluster
(B0) do not survive longer that ∼1.5 Gyr because they reach the cluster centre at that point.
Comparing the left-hand side panels with each other, we see a clear trend of decreasing gas
masses, while the stellar masses rise due to active star formation. The abrupt decline in
stellar mass of some dwarfs is explained by close passage and hence tidal stripping by the
cluster centre, after which many are destroyed. The other disrupted dwarfs in that sample
do not show the decline in stellar mass because they are destroyed much quicker due to their
lower initial mass, which is not resolved in this tracing with coarse time steps of ∼0.5 Gyr.
While the merger remnant is moving on a splashback orbit, most tidal dwarfs continue to
spiral into the cluster for the two elliptical cases. After 4 Gyr, there are still 3 and 4 dwarf
galaxies present for the two elliptical orbit scenarios B25 and B45, respectively. At this
point, they have already reached large distances in the order of the cluster’s virial radius to
their progenitor (cf. third panel in Figure 4.9). These showcases demonstrate that isolated
dwarf galaxies in clusters can be of tidal origin and be present for a significant fraction of the
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Figure 4.9: Time evolution of stripped tidal dwarfs forming due to a galaxy merger on three different
orbits in a cluster. Open circles indicate that the dwarf is destroyed afterwards due to close passage
by the cluster centre. The grey horizontal line in the bottom left figure represents a threshold of five
stellar particles.
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Hubble time.

Each of the two elliptical cases B25 and B45 displays a noticable outlier at the high gas mass
end, which convert gas into stars with exceptionally higher rates. Their large size facilitates
the formation of cold, star forming clouds embedded in the dwarf galaxy, which is surrounded
by hot intracluster medium, while also stabilizing the dwarf against tidal shear in the cluster
as well. There is another different peculiar object – a dwarf in the B25 configuration – whose
stellar and gas component is sheared into two separate objects after 𝑡 = 2 Gyr. At that point,
is has reached a stellar mass of ∼2×108 𝑀⊙. One of the descendant is completely made out
of stars and continues to be present in the cluster, whereas the other inherits the available gas
mass reservoir but evaporates after 𝑡 = 2.5 Gyr.



Chapter 5

Contribution of Tidal Dwarf Galaxies to
Dwarf Population

While early studies estimated that all dwarf galaxies could be of tidal origin (Okazaki &
Taniguchi, 2000), follow-up surveys deduced much smaller fractions: 16% in the observa-
tional sample of Sweet et al. (2014), 10% by Bournaud & Duc (2006) in which the authors
simulated isolated galaxy major mergers, and even as low as 6% by Kaviraj et al. (2012),
who performed a statistical observational investigation of tidal dwarf galaxies in the local
Universe. The latter study employed the result of Bournaud & Duc (2006), that in condi-
tions favorable for tidal dwarf formation – being wet, prograde major mergers with mass
ratios between 1:1-4:1 and incline between the two orbital planes ≤40◦ – only 1-2 massive
(𝑀 > 108𝑀⊙) tidal dwarfs per merging galaxy survive for at least 1 Gyr. However, this
conclusion can be only valid in case of a negligible environment, since the simulation sample
consists of isolated galaxy mergers. The main reason for the low number of tidal dwarfs per
merger in their study is that the only structures able to survive for a long period of time, are
those which have high initial masses and form far enough away from the progenitor galaxies,
such that they are not disrupted by the parents’ tidal field. In this chapter, I have shown that
the number of massive tidal dwarf galaxies formed by a major merger can be significantly
higher when environmental interaction is taken into account. Since the aim was a proof of
concept using three exemplary orbit configurations, my dwarf production rate is not a robust
statistical prediction. Still, to demonstrate the potential increase of the true tidal dwarf galaxy
fraction in the local Universe, I repeat the estimation performed in Section 6 by Kaviraj et al.
(2012), but using the dwarf formation rate from my simulations.

The observational sample studied by Kaviraj et al. (2012) suggests that only ∼18% of wet
major mergers produce tidal dwarf galaxies. In conditions which allow long-lived tidal dwarfs
– i.e. no radial infall and thus no rapid tidal disruption by the cluster – I produce ∼6.5 stable
(present for >1 Gyr), massive (𝑀 > 108𝑀⊙) tidal dwarf galaxies in the configurations C45 (6
dwarfs) and C25 (7 dwarfs), respectively. Hence I estimate that 0.18×6.5 = 1.17 tidal dwarfs
form per wet, major merger event. By integrating an empirically motivated major merger
rate, Conselice (2007) concluded that each massive galaxy experiences ∼4 major mergers in
its lifetime. Since early interactions before 𝑧 = 1 are expected to be dominated by gas-rich
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galaxies (e.g. Kaviraj et al., 2009) and at most one major merger usually happens after that
time (e.g. Conselice et al., 2003a; Lin et al., 2004; Jogee et al., 2009), this indicates that,
statistically, a massive galaxy experiences ∼3 wet, major mergers. Considering earlier works
(Bournaud, 2010), which found that ∼50% of massive tidal dwarf galaxies (i.e. 𝑀 > 108𝑀⊙)
survive a significant fraction of the Hubble time – i.e. present for several Gyr – I arrive
at 3 × 0.5 × 1.17 = 1.76 long-lived tidal dwarfs per massive galaxy. The observed galaxy
mass function of the Coma cluster (Secker & Harris, 1996) suggests a ratio between dwarf
galaxies with 𝑀 > 108𝑀⊙ to massive galaxies of ∼5.8. Using this value, I therefore conclude
that the ratio of tidal galaxies among dwarfs in clusters could be as high as∼30% (= 1.76/5.8).

I stress that several oversimplifying assumptions entered into this estimate. As pointed out by
Kaviraj et al. (2012), this approach assumes a constant tidal dwarf production rate over cosmic
time, even though mergers at higher redshift are expected to be more gas-rich, amplifying
the probability of forming tidal dwarf galaxies. Moreover, I assessed the probability (namely
∼50%) of the dwarfs’ long-time survival by applying the statistical result from the isolated
merger simulations of Bournaud & Duc (2006), in which the reason for short lifetimes was
tidal disruption by the progenitor. Although the limiting factor in my sample is the hostile
cluster environment, the survival fraction in my simulations is still in a similar range. Finally,
the orbit of the galaxy merger in the cluster was also not taken into account. It determines
both the survival rate of tidal dwarfs getting destroyed in the cluster centre, as well as the
impact angle between the tidal tails and the direction of ram pressure, which lead to a different
number of gaseous dwarf galaxies per merger being able to escape the parents’ gravitational
potential. Nevertheless, my results demonstrate that – within these plain assumptions – the
tidal dwarf fraction is most probably higher than currently adopted in the literature.



Chapter 6

Summary and Conclusion

The goal of this thesis was to test the viability of environmentally driven tidal dwarf formation
by galaxy mergers in clusters and to examine if such low-mass objects could be stripped from
their progenitor, thus populating the cluster with isolated dwarf galaxies. First, I layed the
groundwork in Chapter 2 by investigating the evolution of isolated major mergers. In partic-
ular, I searched for configurations producing extended tidal tails of gas such as in the well
observed merger in cluster Abell 3574, involving NGC 5291 and the Seashell galaxy. Varying
the orbit and properties of the simulated galaxies, I find prograde, gas-rich mergers with large
impact angles to be promising candidates for reproducing the aforementioned constellation.
Since this work was mainly concerned with the formation of small stellar associations, I tested
whether the simulated star formation activity was increasing with improved resolution, but
found no such correlation for the tested values in the high-resolution range. To demonstrate
the variety of possible tidal morphologies, I finally compiled a catalog with the time evolution
of 70 simulated galaxy mergers, varying the impact angle and orientation of the galactic discs.

Thereafter, I initialized a galaxy cluster consisting of a dark matter halo and hot gaseous
atmosphere in Chapter 3 and ensured its numerical stability. Placing a galaxy merger into
such an environment yielded substantially altered results compared to the isolated cases tested
beforehand. Exposed to ram pressure, the tidal gas condenses into thin, compact tails, trig-
gering a remarkably high star formation rate across the entire tidal complex. Eventually, the
continued environmental influence indeed caused the young tidal dwarf galaxies to escape
from their progenitor’s potential.

Chapter 4 was dedicated to the detailed analysis of the formation and evolution of such
stripped tidal dwarf galaxies. To this end I conducted three simulations, initializing a galaxy
merger in a cluster with varying impact angle towards the cluster centre. All three config-
urations produce such isolated low-mass objects. Decoupled from their cradle, the dwarf
galaxies begin to evolve independently, increasing their distances to the merger remnant up
to ∼Mpc. Since they originate from the tidal tail of the merger, these stripped tidal dwarfs are
generally dark matter deficient, i.e., the gas component dominates their total mass. The gas
and stellar mass range of the found dwarfs is 𝑀gas ≈ 107 − 109 𝑀⊙ and 𝑀∗ ≈ 106 − 108 𝑀⊙,
respectively, while the stellar half mass radii typically lie between 𝑟∗1/2 ≈ 102 − 103 pc.
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Moving through the ICM, these objects continue to exhibit high star formation rates due to
ram pressure, while curiously decreasing their stellar half mass radii, resulting in diverse
dwarf galaxy types. I traced the evolution of the stripped tidal dwarfs over a time period of
∼4 Gyr after the merger event, in which the dwarf galaxies spiral towards the cluster centre
with varying tempo. With time, they either evaporate due to their low initial mass, or are
disrupted by tidal fields as soon as they reach the cluster centre. However, there are still intact
dwarf galaxies present even ∼4 Gyr after the merger event, having clustercentric distances in
the order of 10 kpc to a few 100 kpc. This finding demonstrates that such objects can prevail
for a significant fraction of the Hubble time.

Compared to the isolated merger simulations by Bournaud & Duc (2006), the experiments
presented in this work produce a significantly higher tidal dwarf production rate due to envi-
ronmental interaction. To evaluate the resulting contribution on the total dwarf population,
I compared this tidal dwarf production rate to the observed galaxy mass function in clusters
in Chapter 5. According to this calculation, the fraction of dwarf galaxies with tidal origin
could be in the order of ∼30%. That value is significantly higher than in currently adopted es-
timates by the literature, since the latter do not consider environmentally supported formation
scenarios.
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Figure A1: Morphological differences arising by implementing different galaxy properties. This
figure is the counterpart to Figure 2.6, implementing a different orbit.
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Figure A2: Variance of galaxy properties and impact angle in a 2:1 merger with perpendicular disks.
This figure is the counterpart to Figure 2.8a, implementing a different orbit.
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(a) Initial conditions for merger catalog.
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Figure A2: Variance of galaxy properties and impact angle in a 2:1 merger with perpendicular disks.
This figure is the counterpart to Figure 2.8b, implementing a different orbit.
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Figure A2: Variance of galaxy properties and impact angle in a 2:1 merger with perpendicular disks.
This figure is the counterpart to Figure 2.8c, implementing a different orbit.
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Figure A2: Variance of galaxy properties and impact angle in a 2:1 merger with perpendicular disks.
This figure is the counterpart to Figure 2.8d, implementing a different orbit.
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