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Abstract

The process of galaxy evolution over cosmic time is not yet fully understood, since there
is a debate on the impact of galaxy collisions on the star formation and metallicity. The
local environment of the galaxy mergers could also have a large impact on the evolution of
the galaxies, but it has not yet been possible to examine it in detail. Modern simulations
with larger capacity, including the newest physical knowledge and new observations with
JWST, help us to answer these questions. Using the IllustrisTNG cosmological simulation,
we processed the catalogue data and the merger tree files of the TNG300-1 simulation. We
calculated the galaxies’ average star formation rate (SFR) and mass at redshifts between
0 < z < 15. We investigated the environment of galaxy mergers, with the focus on the local
density, and also examined how the SFR changes in merging galaxies. We compared our
findings with JWST results and highlighted differences in the star formation rate density
(SFRD) history between the models and observations.

Keywords: (cosmology:) large-scale structure of universe; methods: data analysis; methods:
numerical; galaxies: interactions

1. Introduction
Star formation in galaxies is a widely studied area, but external processes can strongly

influence the further evolution of a galaxy, leaving many questions unanswered. The
impact of galaxy mergers on star formation activity is highly debated. On one hand,
galaxy interactions can increase star formation (Hwang et al. [1]; Mihos and Hernquist [2]),
and can also trigger a rise in the star formation rate (SFR) in the merger companions
(Shah et al. [3]). Recent X-ray discoveries suggest that dwarf galaxies are likely sources
of the hot intra-cluster medium (Nath and Chiba [4]), and these merger events can lead
to energetic phenomena such as multiple core-collapse supernovae. On the other hand,
many galaxies are quenched following interactions (Moustakas et al. [5]; Ellison et al. [6];
Pontzen et al. [7]; Gabor et al. [8]). Other studies have found that galaxy mergers have only
a small effect on the star formation rate (Pearson et al. [9]).

The IllustrisTNG model Nelson et al. [10], Marinacci et al. [11], Pillepich et al. [12],
Springel et al. [13], Naiman et al. [14] is a series of different-volume cosmological gravo-
magnetohydrodynamic simulations, which include comprehensive models for galaxy
formation and evolution. The TNG simulations solve for the coupled evolution of dark
matter, cosmic gas, luminous stars, and supermassive black holes from redshift z = 127 to 0,
generating 100 resulting snapshots from z = 20 to 0. For our analysis, we used the TNG300-1
run, which has the volume of (302.6 Mpc)3.

Universe 2025, 11, 286 https://doi.org/10.3390/universe11090286

https://doi.org/10.3390/universe11090286
https://doi.org/10.3390/universe11090286
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0009-0002-1169-7053
https://orcid.org/0000-0002-1343-1761
https://orcid.org/0000-0001-5203-434X
https://orcid.org/0000-0001-6879-9822
https://orcid.org/0000-0002-5310-4212
https://doi.org/10.3390/universe11090286
https://www.mdpi.com/article/10.3390/universe11090286?type=check_update&version=1


Universe 2025, 11, 286 2 of 27

Galaxy Mergers

Galaxy mergers are intensive events when two or more galaxies interact with each
other. In recent decades, several studies have dealt with the evolution of galaxy mergers
since the investigation of the mergers mechanism can help us to understand the galaxies’
evolution, morphology, and dynamics.

The merger galaxies’ evolution is significantly different from those that do not interact
with other galaxies. Through the gravitational interaction of the collision, gas and dust
transmission can trigger different processes. Galactic inflows can enhance the central
nuclear activity Cutri and McAlary [15], Ellison et al. [16]. The star formation rate is
increasing Moreno et al. [17], Joseph and Wright [18], which is referable with the galactic
outflows Rupke et al. [19], Strickland and Heckman [20] and with the nuclear activity
Rupke et al. [21], Woo et al. [22]. Luo et al. [23] and Cibinel et al. [24] showed that 10–20%
of the galaxies with high star formation rate are galaxy mergers.

Ma et al. [25] studied the AGN feedback on the cold gas in quenching galaxies and
compared the results in the IllustrisTNG, Illustris, and SIMBA hydrodynamical simulations.
They found that galaxies contain more HI in the TNG than in the observed data, the
cumulative AGN feedback is the primary driver of the cold gas depletion, which causes
galaxy quenching. The kinetic feedback mechanism of the TNG is insufficiently strong to
push enough cold gas away from the central galaxies, leading to significant inconsistencies
with cold gas observations.

The history of the mergers’ metallicity is a highly researched area as well. In previous
works Lequeux et al. [26] and Kinman and Davidson [27] have shown the correlation of
mass and metallicity of the galaxies and the relation between the luminosity and metallicity
Rubin et al. [28]. Kewley et al. [29] investigated the luminosity-metallicity relation of galaxy
pairs, and they found that the low metallicity galaxy pairs produce more energetic central
outbursts. Others, like Ellison et al. [30] found that the interactions between galaxy mergers
indicate gas inflows into the central region, which leads to the enhanced star formation rate
and feeds the central nuclear activity as well.

Hwang et al. [1] investigated the relation between the star formation rate and density
relation in the IllustrisTNG simulation between 0 < z < 2 with galaxy samples. The galaxies
in each sample have the same comoving number density. They found that the SFR decreases
with the local density at z = 0, but at larger redshifts z ≥ 1, the SFR increases with the
density. They also showed that the gas fraction of molecular hydrogen is decreasing with
the density, independently of the redshift.

Galaxy mergers have been examined in previous publications using the IllustrisTNG
simulations: Chamberlain et al. [31] constructed a sample of the orbits of isolated low-mass
(108 < M∗ < 5 × 109 M⊙) and high-mass (5 × 109 < M∗ < 1011 M⊙) major pairs (stellar mass
ratio > 1:4) in the TNG100 simulation. They showed that the merger timescales of major
pairs in TNG100 vary with redshift, but that low-mass and high-mass pairs have equal
merger timescales at all redshifts from z = 0 to 6 if the correct separation-selection criteria
are used to pick equivalent samples of pairs. Bottrell et al. [32] presented a large public
dataset of over 750,000 synthetic galaxy images from TNG50 and TNG100 simulations.
They investigated how different types of mergers (major, minor, mini) relate to galaxy
asymmetry and star formation activity. In their analysis, they found that mini mergers, de-
spite their small mass ratios, are the primary drivers of enhanced asymmetry and elevated
star formation rates in star-forming galaxies, more so than major or minor mergers. These
mini mergers leave longer-lasting effects on galaxy structure and SFR and play a domi-
nant role in stellar mass assembly and morphological disturbance across redshifts 0.1–0.7.
Montenegro-Taborda et al. [33] examined 700 galaxy clusters from the TNG300 simula-
tion, focusing on the brightest cluster galaxies (BCGs) with M200 ≥ 5 × 1013 M⊙ and
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their evolution. On average, BCGs undergo ∼5 major mergers (µ ≥ 1/4) over their life-
times, with the combined number of major and minor mergers being roughly 1.5–2 times
higher. We define the mass ratio (µ) as the mass of the smaller galaxy divided by the mass
of the larger galaxy. At z = 0, ex situ stars contribute about 70% of the BCG stellar mass,
increasing to 90% in the intracluster light (ICL). BCG star formation rates (SFRs) peak at
z ≈ 3–4 and drop sharply around z ≈ 2–3, with most BCGs becoming quiescent by z ≈ 1.
At low redshift (z ≈ 0.4), median SFRs in BCGs exceed 0.1 M⊙ and agree well with obser-
vations after applying selection thresholds.

Recently, machine learning and deep learning methods have also played an important
role in the study of galaxy mergers: Ferreira et al. [34], Margalef-Bentabol et al. [35],
Jung et al. [36], Omori et al. [37]. A comprehensive study of galaxy interaction with the
IllustrisTNG simulations has been made in a series of papers, in which several aspects
(e.g.: star formation or quenching of the mergers) of the interactions were examined:
Patton et al. [38] explored the link between increased star formation and the presence
of nearby companion galaxies, comparing their findings with SDSS observations. In the
TNG100-1 simulation, they observed that the average specific star formation rate (sSFR)
is boosted by a factor of 2.0 ± 0.1 at separations smaller than <16 kpc. Similarly, in the
TNG300-1 simulation, they found a consistent enhancement in mean sSFR across the red-
shift range 0 < z < 1. They estimated that close companions increase the average sSFR
of massive galaxies in TNG100-1 by about 14.5%. Hani et al. [39] analyzed a sample of
post-merger galaxies (PMs) within the redshift range 0 < z < 1 and found that star-forming
PMs generally exhibit a twofold increase in star formation rate (SFR), while passive PMs
show no significant change. Their results indicate that SFR enhancement: it does not
vary with redshift, is inversely related to the stellar mass of the PM, and correlates with
the gas content of the progenitor galaxies. Mergers originating from gas-rich progenitors
show the strongest SFR boosts (1.75–2.5 times), whereas those from gas-poor progenitors
can even exhibit SFR suppression compared to matched controls. In a follow-up study,
Quai et al. [40] investigated the quenching of star formation in post-merger galaxies. They
found that quenching is relatively uncommon among star-forming PMs in the TNG sim-
ulations: only about 5% become quenched within 500 Myr of the merger event. Notably,
quenching is more frequent in systems with low gas fractions (fgas ≤ 0.1). In the same red-
shift interval (0 < z < 1), considering merger mass ratios greater than 1:10 and post-merger
stellar masses above 1010 M⊙, Byrne-Mamahit et al. [41] reported elevated supermassive
black hole (SMBH) accretion rates in post-merger galaxies. On average, these rates are
1.7 times higher than in their control sample. Additionally, post-mergers are three to four
times more likely to undergo a luminous active galactic nucleus (AGN) phase compared
to isolated galaxies. The enhanced SMBH accretion can persist for up to ∼2 Gyr after the
merger, significantly outlasting the ∼500 Myr duration of elevated star formation. The
simultaneous enhancement of both SFR and SMBH accretion is found to depend on both
the merger mass ratio and the post-merger galaxy’s gas content. Brown et al. [42] examined
the sSFR of massive galaxies (1010 M⊙ < M∗ < 1012 M⊙) at z ≤ 0.2 as a function of distance
from the nearest companion, using the TNG100-1 and TNG300-1 simulations. They discov-
ered that galaxies with nearby star-forming companions exhibit significantly higher sSFR
by a factor of 2.9 ± 0.3 in TNG100-1 and 2.27 ± 0.06 in TNG300-1 compared to isolated
counterparts. These enhancements are evident out to separations of ∼300 kpc. Conversely,
galaxies with passive companions in TNG300-1 show modest sSFR suppression (∼12%) at
separations of 100–300 kpc, and slight increases at distances below 50 kpc.

Although these earlier studies examine galaxy interactions in great detail, they still
have limitations. Firstly, the redshift interval examined is limited only to z < 1 or z < 2, while
the peak of the star formation rate is observed at a higher redshift Hopkins and Beacom [43].
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Furthermore, they examine the closest member to the galaxies, while in overdensities more
galaxies could interact with each other. Based on this, the following questions remain open:
How did the impact of galaxy collisions change in the early universe, and how did this
affect the evolution of star formation rate? How are these compared to the recent JWST
results? How dense is the environment in which colliding galaxies are located? What effect
do large numbers of dwarf galaxy collisions have on massive systems?

The structure of this article is as follows: it begins with a theoretical introduction,
providing a brief overview of the evolution of galaxy mergers. The second chapter presents
the IllustrisTNG simulation, with a focus on the TNG300-1 model and the Merger Tree data
structure used for analysis. In the results section, we first examine the spatial distribution
of galaxies and investigate the evolution of galaxy mergers, including key properties such
as star formation rate, stellar mass, and gas mass. The latter part of the results focuses
specifically on the merger histories of the most massive subhalos. Finally, in the discussion,
we compare our findings with recent observations from the James Webb Space Telescope
(JWST), leading into our conclusions.

2. Methods
2.1. IllustrisTNG

The IllustrisTNG project is the modern version of the original Illustris project, which
includes the newest physical knowledge about the evolution of the galaxies. The TNG
simulation uses the AREPO code Springel [44] and takes the magneto-hydrodynamical
and gravitational equations into account Pillepich et al. [45], Weinberger et al. [46]. To
investigate the evolution of the galaxies, the TNG simulation uses the following cos-
mological parameters and calculates for a Newtonian gravitational field and expand-
ing Universe: ΩΛ,0 = 0.6911 , Ωm,0 = 0.3089, Ωb,0 = 0.0486, σ8 = 0.8159, ns = 0.9667,
h = 0.6774. Furthermore, the TNG model includes the following physical processes to
study the formation and evolution of galaxies: (1) Microphysical gas radiative mechanisms,
including primordial and metal-line cooling and heating with an evolving background
radiation field. (2) Star formation in the dense interstellar medium. (3) Stellar population
evolution and chemical enrichment following supernovae Ia, II, and AGB stars, individ-
ually tracking elements: H, He, C, N, O, Ne, Mg, Si, and Fe. (4) Stellar feedback-driven
galactic-scale outflows. (5) The formation, merging, and accretion of nearby gas by super-
massive black holes. (6) Multi-mode blackhole feedback operating in a thermal ‘quasar’
mode at high accretion states, and a kinetic ‘wind’ mode at low accretion states. (7) The
amplification of cosmic magnetic fields from a minute primordial seed field at early times.
The project includes three different box-size simulations, the TNG50, TNG100 and TNG300.
The TNG100 and TNG300 were first published, followed by the TNG50 Pillepich et al. [47],
Nelson et al. [48]. The parameters of the three models are summarized in Table A1, where
V is the box volume, Lbox is the simulated box side length, NGAS is the number of the
gas particles, NDM is the number of the dark matter particles, NTR is the tracing particles
number, mbaryon is the particle mass of the baryonic matter and mDM is the particle mass
of the dark matter. Each TNG simulation is divided into a different number of snapshots,
which are fixed points in the Universe’s history. Using these snapshots, we can track the
evolution of the galaxies. In our work, we are using the TNG300-1 simulation to investigate
the evolution of the spatial distribution of the galaxies. This simulation incorporates the
cosmological parameters described earlier (Planck2015), the physical models from the TNG
simulation, whose parameters are summarised in Table A2. The TNG300-1 is divided
into 100 snapshots, which are taken between z = 20.05 (13.624 Gyr Lookback time) and
z = 0.00 (present time). The time distribution of the snapshots is approximately uniform,
about 150 ± 50 million years. Using the IllustrisTNG simulation, we show that through
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the merger events of two galaxies, the average star formation rates in the descendant
galaxies are higher than before the interaction. We investigated the cosmic evolution of the
properties of progenitor and descendant galaxies and analyzed the spatial distribution of
galaxy mergers and their neighborhood. We have to note that for the galaxy mergers only
those galaxies have been investigated, which have a cosmological origin, and their stellar
mass is larger than 109 M⊙. However, for calculating the density parameter, all halos from
the FoF group catalogs were used. Since the numerical resolution limit of the galaxies may
impact the spatial distribution of subhalos, we examined galaxy distances under different
mass cuts, as detailed in Appendix B.

2.2. Galaxies and the Merger Tree

The merger tree in the IllustrisTNG simulation concludes the data of galaxy merger history.
Using this data file, we can study the colliding galaxies, before and after the merging event.
The merger tree is present in the different IllustrisTNG simulations, therefore, the TNG300-1
has its own merger tree. The merger tree uses the Sublink Rodriguez-Gomez et al. [49]
and LHaloTree Springel et al. [50] algorithm, the latter is almost identical to the method
used in the Millennium and Aquarius simulations, but in HDF5 format. In the following, we
will describe the principles of the Sublink merger tree according to Rodriguez-Gomez et al. [49]
and Pillepich et al. [12]. First, the IllustrisTNG simulations use the Friends-of-Friends (FoF)
algorithm to group nearby dark matter particles into halos. Within each FoF group, the
SUBFIND algorithm identifies gravitationally bound substructures called subhalos. These
subhalos contain not only dark matter but also baryonic components like stars, gas, and
black holes. Subhalos with sufficient stellar mass (>109 M⊙) are classified as galaxies, with
the most massive one in each FoF group typically designated the central galaxy. The merger
tree used in the TNG simulation includes the group catalog files, in which the Subfind
subhalos are present. These data files are identical to the galaxies.

A subhalo is considered a progenitor of another if and only if the second is its descen-
dant. Each subhalo can have multiple progenitors but only a single descendant, reflecting
the hierarchical nature of structure formation in the Universe. To identify the first progeni-
tor of a subhalo, the one with the most massive history is selected. This method is more
reliable than simply choosing the most massive subhalo at a given time, as it avoids errors
when progenitors have similar masses. To efficiently organize this information, a linked-list
structure is created for the simulation. Each subhalo is assigned five key pointers: the
first progenitor (with the most massive history), the next progenitor (sharing the same
descendant with slightly less mass history), the descendant, the first subhalo in the same
FoF group (typically the most massive one), and the next subhalo in the FoF group (or-
dered by decreasing mass history). This structure is stored using a depth-first method into
files, where each merger tree consists of subhaloes connected by progenitor/descendant
relationships or FoF group membership. These trees are independent of each other, en-
abling parallel processing of computationally intensive tasks, such as constructing halo
merger trees.

For galaxy mergers, a unique descendant is connected to each subhalo in three steps.
The first step is the identification of descendant candidates in the following snapshot for
each subhalo. Those candidates that have common particles with the subhalo in question
will be the unique descendants. In the next step, the descendant candidates will be scored
based on a merit function that takes into account the binding energy rank of each particle.
In the last step, the unique descendant is identified with the highest score.

It can happen that a small subhalo is passing through a larger structure, and the
algorithm can not detect it because of the low-density contrast. To deal with this problem,
it is allowed some of the subhalos to skip a snapshot to find a descendant. Once all
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descendant connections have been made, the main progenitor of each subhalo is defined as
the one with the “most massive history” behind it.

Galaxies in different merger trees are independent of each other, therefore, they may have
undergone a different evolution. We investigated this question in our previous paper and
found that the average values of the merger trees are similar to each other Koncz et al. [51].
As a consequence, it is not necessary to examine several trees to draw general conclusions
about the galaxies’ evolution, especially at high redshifts.

To analyze the time development, we investigated the galaxy mergers at different
redshifts and the local environment of those galaxies. We did not take into account redshifts
above 15, because the simulation contains only a few galaxies at high redshifts. Using
the merger tree, we selected interacting pairs with cosmological origin at each snapshot,
which share the same Descendant in the next or following snapshot. In order to show the
distribution of galaxy mergers, our analysis includes the most massive subhalos, which are
considered galaxy clusters. Using the SubhaloID of each galaxy, we selected key parameters:
position, star formation rate (SFR), stellar mass, and gas mass. The SFR was computed
as the sum of the star-forming gas cells bound to the corresponding Subhalo. The total
mass includes all bound cells, regardless of type. Stellar and gas masses were determined
within the comoving radius that encloses half of the Subhalo’s total mass. The gas fraction
was then derived from these values. Specific star formation rate was derived from the
quotient of SFR and stellar mass (M∗) bound to the corresponding Subhalo. Finally, the
star formation rate density (SFRD) was calculated as the amount of stellar mass formed per
cubic megaparsec, expressed in units of M⊙ yr−1 Mpc−3.

3. Results
3.1. Position of the Galaxies in the TNG300-1

We investigated the change of positions and the different properties of the galaxies
in the whole volume and, in a single merger tree in the TNG300-1 simulation. To map the
three-dimensional environment of the galaxies in a merger tree, we used the group catalog
files as well, which contain all of the galaxies in the simulation. We followed the method of
Das et al. [52] in investigating the galaxies’ spatial distribution. To measure the density of
the three-dimensional local environment, they use the 5th closest neighbor’s distance. They
define the local density with the ηk parameter Casertano and Hut [53] in the following way:

ηk =
k − 1
V(rk)

(1)

where rk is the k-th closest galaxy’s distance and V(rk) = (4/3)πr3
k the volume, which

belongs to the sphere with the radius rk [ckpc/h].
Using the spatial positions of the galaxies and the η density parameter, we can analyze

the evolution of the mergers’ local environment. In Figure 1, the spatial distribution of the
galaxy mergers of a merger tree and their local environment is shown. In Figure 2, all of
the galaxies’ three-dimensional positions in the TNG300-1 simulation at the redshift z = 0
are shown.
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Figure 1. Spatial distribution of the galaxy mergers in the 0th merger tree (red) and their neighborhood
(blue points) at z = 0 redshift in the IllustrisTNG 300-1 simulation. Spatial coordinates of galaxies
(SubhaloPos) are represented by red/blue points. Galaxy collisions occur only in the densest regions.
Only those galaxy mergers are shown which are connected to the chosen merger tree, therefore, no
collisions can be seen in the surrounding knots.

Figure 2. Spatial distribution of the galaxies in the TNG300-1 simulation at z = 0 redshift. The spatial
coordinates of galaxies (SubhaloPos) are represented by blue points. Galaxies form filamentary
structures where they build clusters, between these filaments are lower-density regions and voids.

To show the evolution of the local environment, we calculated the comoving (Figure 3)
and physical (Figure 4) distances of the 5th closest neighbor r5 and density parameter
for all of the galaxies in the simulation and galaxy mergers Figure 5. On these figures,
three different groups of galaxies are shown: “All galaxies”: The density and r5 parameter
were calculated for all galaxies in the IllustisTNG simulation at the redshift in question.
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“Mergers”: We selected the galaxy mergers at the given redshifts (See Section 2.2). “Clus-
ter”: All galaxies in the allocated volume defined by the merger tree in question are
counted. Between redshifts z ≈ 10 and z ≈ 6, the Universe undergoes the period of cosmic
dawn, marked by intense star formation and rapid galaxy buildup. From z ≈ 10 to z ≈ 6,
comoving distances between galaxies decrease, indicating the early stages of clustering.
Physical distances, however, remain nearly constant during this period, around 50 kpc for
all galaxies and 30 kpc for merging systems. During this era, numerous small dark matter
halos collapse, triggering the formation of the first galaxies and driving a sharp increase in
the number of observable systems. This rapid growth leads to a peak in galaxy number
density around z ≈ 6. According to the ΛCDM cosmological model, structure formation
proceeds hierarchically: small systems form first and later merge to build larger galaxies.
By z ≈ 6, a large population of small galaxies populates the Universe, but as time progresses,
many of these begin to merge, reducing the total number of distinct galaxies. After z < 6,
comoving distances for all galaxies stabilize, while those for merging galaxies continue to
decline beyond z ≈ 3. In physical coordinates, galaxy separations begin to grow after z < 5,
reaching up to∼300 kpc for the general galaxy population and∼130 kpc for mergers. Through-
out this time, merging galaxies remain systematically closer to one another than the overall
population, highlighting their presence in densely populated areas where interactions are
more frequent. Although the density parameter includes the volume around galaxies, the
average values are extremely sensitive to the number density of galaxies. Since we consider
the close neighbors around each galaxy, if the majority of galaxies appearing in the total
volume are arranged in clusters, their high number density significantly influences the overall
average. Galaxies located in voids or near voids contribute negligibly to the average due to
their low number density. As a result, when comparing the average density of a galaxy cluster
with the total volume, this value will be lower, but only a small difference can be observed.

Figure 3. Average comoving distance of the 5th closest neighbor galaxy r5 for all galaxies (black), in
a galaxy cluster (blue) and for merger galaxies in a merger tree (red) at different redshifts. Galaxy
mergers appear in much denser regions at all redshifts compared to the selected galaxy cluster.
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Figure 4. Average physical distance of the 5th closest neighbor galaxy r5 for all galaxies (black), in
a galaxy cluster (blue) and for merger galaxies in a merger tree (red) at different redshifts. Galaxy
mergers appear in much denser regions at all redshifts compared to the selected galaxy cluster.

Figure 5. Comparison of the η5 density parameters (left y axis) and galaxy number density (right y
axis) average at different redshifts (z) for all galaxies in the TNG300-1 simulation (black), for a galaxy
cluster (blue) and the galaxy mergers (red). The η5 density parameter counts with the distance of the
5th closest neighbor for each galaxy, if its value is larger, the galaxies are closer to each other. Galaxy
mergers appear in much denser regions at all redshifts compared to all galaxies. At z = 0, mergers
occur only in the densest galaxy filaments.

3.2. Star Formation Rate and Gas

From the different parameters first, we analyzed the star formation rates of the galaxies,
comparing the progenitors and descendants values at different redshifts, Figure 6. This
figure shows the galaxy mergers mean star formation rate on a logarithmic scale versus
the redshift. Galaxies after the merger event are represented by green color, which are
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the descendant (‘desc’) galaxies. Galaxies colored red are the progenitor galaxies, which
selection method was described earlier.
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Figure 6. Merger galaxies average star formation rate (<SFR>) on logarithmic scale versus redshift
(z). Each point represents the average SFR at a given redshift. Progenitor galaxies (the most massive
ones) are shown with red, NextProgenitors of these galaxies with blue, and their Descendant galaxies
marked with green color. The star formation rates of the descendant galaxies have higher values at
all redshifts than the progenitors. The peak of the curve is at around z = 4, where it is one order of
magnitude higher than the Progenitors’ value.

NextProgenitor (‘next’) galaxies are shown in blue, which are the galaxies with the
second largest mass history. The Progenitor galaxies were sorted by redshift, therefore,
their value is consistent, but the Descendant galaxies can sometimes skip a Snapshot, and
the NextProgenitors can occur in the previous or the following Snapshot as well. This
means that to a selected redshift, not all of the Descendants are in the following Snapshot
(they skip a Snapshot), and not all of the NextProgenitors are in the Snapshot in question,
but in the previous one, or some cases in the following one. Despite these, the descendant
galaxies are at lower redshifts than the Progenitors and NextProgenitors.

Since we focus on the average values of the galaxy parameters, not the individual
differences, we have used the following approximation: the average values of the NextPro-
genitor galaxies are shown at the same redshift as the Progenitors, and the Descendant
galaxies are in the following Snapshot. It can be seen in Figure 6 that the galaxies’ average
star formation rates are higher than before the merger event at all redshifts. The Descendant
galaxies’ SFR are higher than the Progenitors at all redshifts. The Descendants SFR has
its peak at around z ≈ 4, where there is a difference of an order of magnitude compared
to the Progenitors, which supports the theoretical and observed hypothesis that through
the merger of galaxies, the star formation rate is increasing. The Progenitor galaxies’ SFR
peak appears between z = 2–4, the Nextprogenitors are, by definition, smaller and younger
galaxies than the Progenitors, therefore, their SFR is one order of magnitude smaller in
most cases. The evolution of the star formation rate of different types of galaxies is similar,
but the galaxy mergers have reached their peak at a higher redshift, while the lower mass
galaxies have their peak later.

To answer the question of why there is a difference between the star formation rate
history of the different types of galaxies, we investigated the galaxies’ mass history. In
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Figure 7 the galaxies’ average total mass is shown. The progenitors and descendants
galaxies’ average mass increases with time after z < 8, while the nextprogenitors’ mass
remains approximately the same. There is only a slight increase at 0 < z < 7, with a peak at
z = 2. Compared to the SFRH, there is no correlation between the average total mass and
the star formation rates. Descendant galaxies have higher mass than other galaxies. This is
because massive galaxies are involved in several galaxy collisions, therefore their average
mass is also higher, especially at low redshifts, where most of the galaxy mergers take place
at the center of galaxy clusters.
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Figure 7. Merger galaxies average total mass (<Mtot>) on logarithmic scale versus redshift (z). Each
point represents the average mass at a given redshift. Progenitor galaxies (the most massive ones) are
shown with red, NextProgenitors of these galaxies with blue, and their Descendant galaxies marked
with green color. The masses of the descendant galaxies have higher values at all redshifts than
the progenitors.

In Figures 8 and 9, the average stellar mass and the average gas mass are shown,
respectively. The stellar mass of galaxies is increasing with time monotonic, like the gas
mass. Only the NextProgenitor galaxies have one order of magnitude lower gas mass at
redshift 0 than at z = 1 or 2. Smaller progenitor galaxies have less gas content than the
trend would indicate. As we look at the gas fraction of these galaxies Figure 10, it can be
seen that until z = 6, Progenitors and Descendants had the same fraction, after which the
descendant galaxies’ gas fraction became the lowest. In general, all of the galaxies’ gas
fraction is decreasing, which explains the higher star formation rate.

In Figure 11, we present the time evolution of the specific star formation rate
(sSFR = SFR/M∗) to explore how star formation efficiency changes over cosmic time.
Across all galaxy types, the sSFR exhibits a similar evolutionary trend. At early times,
galaxies display relatively high sSFR values, with log10(sSFR [Gyr−1]) exceeding 1. How-
ever, as the universe evolves, the sSFR steadily declines. By redshift z = 6, the sSFR has
already dropped below 1, indicating a reduction in star formation activity per unit stellar
mass. Throughout this evolution, the descendant and next-progenitor galaxies maintain
nearly identical sSFR values across all redshifts. Progenitor galaxies, however, tend to show
slightly lower sSFR values at high redshifts, while at lower redshifts, their sSFR becomes
somewhat higher. In the redshift range 0 < z < 1, the log sSFR values lie between −2.0 and
0, marking a significant decline in star formation efficiency. This drop in sSFR at z < 1 can
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be attributed to multiple factors. One major contributor may be the increase in stellar mass
of the most massive galaxies, particularly among the descendants. However, the decline
in star formation rate (SFR) itself appears to play an even more critical role during this
period. Interestingly, not only does the gas fraction rise, but the absolute gas mass also
increases significantly. This accumulation of gas is likely linked to the high frequency of
galaxy mergers occurring in this epoch, a topic that will be discussed in more detail in the
following section.
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Figure 8. Merger galaxies average stellar mass (<M∗>) on logarithmic scale versus redshift (z). Each
point represents the average stellar mass at a given redshift. Progenitor galaxies (the most massive
ones) are shown with red, NextProgenitors of these galaxies with blue, and their Descendant galaxies
marked with green color.
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Figure 9. Merger galaxies average gas mass (<Mgas>) on logarithmic scale versus redshift (z). Each
point represents the average gas mass at a given redshift. Progenitor galaxies (the most massive
ones) are shown with red, NextProgenitors of these galaxies with blue, and their Descendant galaxies
marked with green color.
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Figure 10. Merger galaxies gas fraction (µgas) versus redshift (z), where µgas = Mgas/Mstar. Each point
represents the average gas fraction at a given redshift. Progenitor galaxies (the most massive ones) are
shown with red, NextProgenitors of these galaxies with blue, and their Descendant galaxies marked
with green color. At high redshifts, progenitors and descendant galaxies had more and similar amounts
of gas fraction, at low redshifts, descendants have less gas compared to the stellar mass.
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Figure 11. Merger galaxies specific star formation rate (<sSFR>) on logarithmic scale in Gyr versus
redshift (z). Each point represents the average specific star formation rates at a given redshift.
Progenitor galaxies (the most massive ones) are shown with red, NextProgenitors of these galaxies
with blue, and their Descendant galaxies marked with green color.

In Figure 12, we analyze the relationship between the SFR of descendant galaxies and
their surrounding local galaxy density. At relatively low local densities, specifically below
≈12 (galaxy/Mpc3), we observe minimal star formation activity associated with galaxy
mergers. However, as the local density increases into the intermediate range of roughly
14 to 25 galaxy/Mpc3, there is a marked and rapid increase in star formation, suggesting that
moderate-density environments may be more conducive to triggering star-forming events,
possibly due to increased interactions and gas inflow. Interestingly, beyond a threshold density
of about 25 galaxy/Mpc3, the star formation rate begins to decline. This suppression of star
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formation at higher densities may indicate the onset of environmental quenching mechanisms,
such as ram-pressure stripping, or feedback from active galactic nuclei (AGN), which inhibit
the gas supply necessary for continued star formation. These trends highlight the complex
interplay between environment and star formation in galaxy evolution.

Figure 12. Galaxy mergers average star formation rate versus the galaxy density. Galaxies star
formation is highly increasing at the density ∼16 galaxy/Mpc3, but at more dense environments the
SFR is decreasing. Extremely dense regions could cause the quenching of galaxies.

3.3. Massive Subhalos

The most massive central galaxies are key players in the evolution of galaxy clusters.
Due to their dominant positions and large gravitational influence, these galaxies tend
to be involved in a significantly higher number of interactions and collisions compared
to less massive systems. This high frequency of mergers and dynamical activity makes
them particularly valuable for studying the effects of galactic interactions on galaxy evo-
lution. Unlike smaller galaxies that may experience only a handful of minor encounters,
these massive systems provide a more dynamic environment where the consequences of
collisions can be observed more clearly. For this reason, we have conducted a detailed in-
vestigation of three massive subhalos: ID0, ID736368, and ID1018388. Our analysis focused
primarily on the stellar mass growth and gas mass evolution throughout cosmic time. In
Figure A1 (Appendix A), we present a comparison of the star formation rate (SFR), shown
in red, and the gas fraction, displayed in green, for each subhalo. At high redshifts (z > 3),
all three subhalos exhibit relatively high gas fractions, reaching values up to 10%. This is
indicative of gas-rich systems in the early Universe, when ample cold gas was available to
fuel future star formation. However, during these early epochs, the galaxies show little to
no star formation activity, which is why the SFR is not visible in the initial portion of the
figure. Starting around z ≈ 3, the star formation rate begins to rise noticeably across the
galaxies. This increase coincides with a sharp drop in the gas fraction, suggesting that gas
is being rapidly consumed and converted into stars. From z ≈ 3 to z ≈ 1, the gas fraction
remains below its earlier levels, although it shows a gradual increase during this period.
This trend may be attributed to a series of gas-rich mergers, which likely replenish the gas
supply, as supported by evidence shown in Figure A5, where the number of mergers is de-
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termined by identifying all progenitor galaxies that merge into the same descendant galaxy
at a given redshift. Similar patterns are also observed in the evolution of the total gas mass,
as illustrated in Figure A3. These figures reveal that the gas mass generally declines as
star formation ramps up, but shows periodic increases, again likely due to merging events
or accretion from the surrounding environment. Furthermore, the relationship between
star formation rate and stellar mass is analyzed in Figure A2. Between redshifts z ≈ 6 and
z ≈ 3, both the SFR and stellar mass grow at a similar rate, indicating a close connection
between gas consumption and stellar mass buildup. This parallel growth eventually levels
off and becomes more stable in the redshift range 1.5 < z < 3. While all three galaxies follow
this general pattern of synchronized SFR and stellar mass increase, their evolutionary
paths also reflect the influence of other complex events, such as feedback processes or
environmental effects, which may modulate their growth trajectories. Lastly, we calculated
the gas depletion time, defined as tdepl = Mgas/SFR, to better understand how efficiently
these galaxies convert gas into stars. The results are shown in Figure A4. In the early
Universe, each subhalo exhibits a gas depletion time of approximately 10 Gyr, although
this value shows considerable variability. As the Universe evolves toward lower redshifts,
the gas depletion time decreases dramatically, dropping to around 0.1 Gyr. Interestingly, all
three galaxies display this same overall trend, highlighting a universal shift toward more
efficient star formation in the later stages of cosmic history.

4. Discussion
In our study, we investigated whether there is any relationship between the global

merger history and the star formation history of the Universe according to the Illus-
trisTNG simulation.

If we compare the Progenitor and Descendant galaxies, we find that the latter have
1–2 orders of magnitude higher star formation rates than the Progenitors (Figure 6). The
curve differs from the total average of all galaxies SFR in the Universe, with a maximum
at around z ≈ 2–3 Hopkins and Beacom [43] since the peak of the mergers SFR is at higher
redshift, z ≈ 4, and the NextProgenitor galaxies have their peak at lower redshift. Using
the same simulation Patton et al. [38] investigated merger galaxies’ star formation rate and
found that massive galaxies’ star formation rate density is increasing by 14.5%. Hani et al. [39]
investigated galaxy mergers and found that the SFR of the sample examined at 0 ≤ z ≤ 1
increased by a factor of 2, and they could not find an evolution in time at this interval.

Using the TNG300-1 simulation, we calculated the average star formation rate density
for all galaxies at different redshifts (Figure 13). We found that the SFRD peak is at z = 2.57.
In our previous work, we examined the SFRD in the TNG100-1 simulation Joó et al. [54]. If
we compare the different Illustris simulations, we find that there is a slight difference in the
SFRD history. The peak in the TNG100-1 is at z = 2.73, with a little higher value than in the
TNG300-1 result, and in the Illustris simulation is at a bit lower redshift Pillepich et al. [45].

From the comparison of the galaxy merger star formation history, we can conclude that
on average, Descendant galaxies have 1–2 orders of magnitude higher star formation rates
than the Progenitors. The evolution of the specific star formation rate (sSFR) in merging
galaxies reveals a notable decline in star formation efficiency over recent cosmic timescales,
particularly within the redshift range of 0 < z < 2, which shows a good agreement with
the recent COSMOS and GOODS surveys Ilbert et al. [55]. This decline is primarily driven
by a significant reduction in the star formation rate itself. Over a broader period, from
z ≈ 8 to z ≈ 1, galaxies experienced a steady depletion of their gas content, largely due to
intense star formation activity that consumed available gas. However, in the more recent
epoch (0 < z < 2), interactions and mergers with gas-rich dwarf galaxies contributed to
a resurgence in the gas supply and led to a marked increase in the gas fraction of these
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systems. Despite this influx of gas, the efficiency with which galaxies convert gas into
stars has continued to drop, suggesting a decoupling between gas availability and star
formation activity in the later stages of galactic evolution. An interesting next step would be
to investigate non-merger galaxies that reside in environments similar to those of merging
systems. Comparing their properties, such as gas fraction, SFR, and mass evolution, could
offer valuable insights into the role of mergers in galaxy evolution. For instance, non-
merger galaxies might retain higher gas fractions, exhibit steadier SFR, or follow different
stellar mass growth trends compared to their merging counterparts. In our study, we
also analysed the evolution of galaxy environments by measuring the local density and
the 5th nearest neighbor distance (r5) for all galaxies, mergers, and cluster galaxies in the
IllustrisTNG simulation across different redshifts. We found that, from z ≈ 10 to z ≈ 6,
comoving distances between galaxies decrease, indicating the early stages of clustering.
Physical distances, however, remain nearly constant during this period, around 50 kpc for
all galaxies and 30 kpc for merging systems. After z < 6, comoving distances for all galaxies
remain constant, while those for merging galaxies continue to decline beyond z ≈ 3. In
physical coordinates, galaxy separations begin to grow after z < 5, reaching up to ∼300 kpc
for the total galaxy population and ∼130 kpc for mergers. Moreover, galaxy mergers
consistently occur in denser regions throughout the entire time interval.
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Figure 13. TNG300 cosmic star formation history for all galaxies in the simulation volume. We
calculated SFRD values for each redshift z close to a whole number, with a few extra data points
added close to the maximum. These values are shown as orange dots. We then fitted these data points
with a quadratic B-spline with a smoothing parameter of 0.01, interpolated to 100 bins between zmin

and zmax. We found the bin with the maximum log10(SFRD) value of ≈−1.24 at redshift z = 2.57.

Comparison with JWST Observations

New JWST observations make it possible to study galaxies at earlier times than ever
before. This also gives the opportunity to compare simulational results to observations at
high redshifts which was not possible before the JWST era.

Kim et al. [56] derived the cosmic star formation history (CSFH) using mid-IR source
counts of JWST/MIRI observations (Ling et al. [57]; Wu et al. [58]) combined with previous
source counts (Oliver et al. [59]; Serjeant et al. [60]; Pearson et al. [61]; Takagi et al. [62];
Pearson et al. [63]; Davidge et al. [64]. Their results show good alignment with previ-
ous works up until z ≈ 3, all results agreeing on the star formation rate density having
a maximum between z = 1 and z = 2. We show a comparison between the CSFH of
Kim et al. [56] and our calculated SFRD data points for TNG300 in Figure 14. We found
a shallower peak of 10−1.24 at a higher redshift z = 2.57. This difference motivates further
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investigation into whether it may arise from the older CSFH census used to calibrate the
TNG300 models or other factors.

Figure 14. Comparison between the Cosmic Star Formation History (CSFH) derived by Kim et al. [56]
from recent JWST observations and our calculated SFRD data points for TNG300.

Suess et al. [65] examined massive (log(M∗/M⊙) ≥ 10.5), quiescent galaxies in the
JWST GOODS-S field at redshifts between z = 0.5 and z = 3, and found, that these galaxies
have five companions within 35 kpc on average. This is significantly lower than what we
calculated for the first merger tree of the TNG300 volume, which we show in Figure 3.
One source of this difference could be a high amount of very faint subhalos in the simulation
above the detection limit of JWST, however, it is an interesting question for a possible
future investigation.

Amongst the most spectacular findings of JWST is how early in the Universe we see
already evolved galaxies. Atek et al. [66] revealed three galaxy candidates with masses
log(M∗/M⊙) > 9 at redshift z between 8.88 and 9.78 in the JWST deep field towards the
massive lensing cluster SMACS0723. Labbé et al. [67] found six galaxies with masses
log(M∗/M⊙) > 10 in the redshift range from z = 7.4 to z = 9.1. Looking for these massive
galaxies in the TNG300 volume, we found, that 1.36 % of all the galaxies at redshift
z = 9 have masses log(M∗/M⊙) > 10, with the first ones appearing as early as in the first
snapshot at z = 20. This indicates that the TNG300 model allows for the early formation of
massive galaxies.
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Appendix A. Additional Figures to the Three Investigated Massive Galaxies

Figure A1. Star formation rate history (red line) and the gas fraction of galaxies (green dots) versus
the redshift at 0 < z < 8. On the three panels, different subhalos are shown: ID 0 (top), ID 736368
(middle), and ID 1018388 (bottom).
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Figure A2. Star formation rate history (red line) and the stellar mass of galaxies (green dots) versus
the redshift at 0 < z < 8. On the three panels, different subhalos are shown: ID 0 (top), ID 736368
(middle), and ID 1018388 (bottom).
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Figure A3. Star formation rate history (red line) and the gas mass of galaxies (green dots) versus
the redshift at 0 < z < 8. On the three panels, different subhalos are shown: ID 0 (top), ID 736368
(middle), and ID 1018388 (bottom).
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Figure A4. Deplation time of galaxies (green dots) versus the redshift at 0 < z < 8. On the three panels,
different subhalos are shown: ID 0 (top), ID 736368 (middle), and ID 1018388 (bottom).
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Figure A5. Number of mergers (orange dots) and the gas mass of galaxies (green dots) versus the
redshift at 0 < z < 8. On the three panels, different subhalos are shown: ID 0 (top), ID 736368 (middle),
and ID 1018388 (bottom).
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Appendix B. Mass Cuts for r5 Distances
To demonstrate how the numerical resolution limits of the smallest subhalos impact

our results, we plotted the r5 distances using various low-mass thresholds for both all
galaxies (Figure A7) and galaxy mergers (Figure A6). To calculate the r5 distances for
different mass cuts, we first collected all subhalos at the relevant redshifts. We then
selected only those galaxies with masses above a given threshold. Finally, we computed
the distances to the nearest neighboring galaxies separately for galaxy mergers and the
full set of remaining galaxies. For galaxy mergers, all remaining galaxies above the mass
threshold were included as potential neighbors. The evolution of r5 is consistent across
all mass cuts for both cases. For mass thresholds of 108.8 and lower, the results are nearly
identical or show only minor differences. However, at a higher threshold of 109, the
galaxy distances increase by approximately 10 kpc. This is expected, as higher mass cuts
exclude more galaxies. When comparing mergers to the full galaxy sample, we observe
similar trends, indicating that including all subhalos does not significantly affect the
overall results.

Figure A6. Average physical distance of the 5th closest neighbor ( r5) for merger galaxies, with
different low-mass cuts at various redshifts. Because of the negligible differences, the figure shows
significant overlap among the data points, especially at lower mass cuts.
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Figure A7. Average physical distance of the 5th closest neighbor ( r5) for all galaxies, with different
low-mass cuts at various redshifts. Because of the negligible differences, the figure shows significant
overlap among the data points, especially at lower mass cuts.

Appendix C. Parameters of the TNG Simulations

Table A1. Parameters of the three TNG simulation volumes.

TNG50 TNG100 TNG300

V [Mpc3] 51.73 110.73 302.63

Lbox [Mpc/h] 35 75 205
NGAS - 21603 18203 25003

NDM - 21603 18203 25003

NTR - 21603 2 × 18203 25003

mbaryon [M⊙] 8.5 × 104 1.4 × 106 1.1 × 107

mDM [M⊙] 4.5 × 105 7.5 × 106 5.9 × 107

Table A2. Additional parameters for the TNG300 simulation.

Parameter Value

side length of simulation box [ckpc/h] 2.05 × 105

average gas cell mass [1010 M⊙/h] 7.43 × 10−4

dark matter particle mass [1010 M⊙/h] 3.98 × 10−3

number of dark matter particles 1.5625 × 1010

number of gas tracer particles 1.5625 × 1010

starting redshift 127.0
ending redshift 0.0
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