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Abstract. We analyze the evolution of red and blue galaxies in different cosmic web environments
from redshift z = 3 to z = 0 using the [llustrisTNG simulation. We use Otsu’s method to classify the
red or blue galaxies at each redshift and determine their geometric environments from the eigenvalues
of the deformation tensor. Our analysis shows that initially, blue galaxies are more common in clusters
followed by filaments, sheets and voids. However, this trend reverses at lower redshifts, with red

fractions rising earlier in denser environments. At z < 1, most massive galaxies (log( 1\]\//1[9) > 10.5)

are quenched across all environments. In contrast, low-mass galaxies (log(ﬂj‘j—g) < 10.5) are more

influenced by their environment, with clusters hosting the highest red galaxy fractions at low redshifts.
We observe a slower mass growth for low-mass galaxies in clusters at z < 1. Filaments show relative red
fractions (RRF) comparable to clusters at low masses, but host nearly 60% of low-mass blue galaxies,
representing a diverse galaxy population. It implies that less intense environmental quenching in
filaments allows galaxies to experience a broader range of evolutionary stages. Despite being the
densest environment, clusters display the highest relative blue fraction (RBF) for high-mass galaxies,
likely due to interactions or mergers that can temporarily rejuvenate star formation in some of them.
The (u — r) colour distribution transitions from unimodal to bimodal by redshift z = 2 across all
environments. At z < 1, clusters exhibit the highest median colour, with stellar mass being the
primary driver of colour evolution in massive galaxies. The suppression of star formation rate (SFR)
and specific SFR (sSFR) is also most pronounced in clusters during this period. Our study suggests
that stellar mass governs quenching in high-mass galaxies, while a complex interplay of mass and
environment shapes the evolution of low-mass galaxies.



mailto:biswap@visva-bharati.ac.in
mailto:anindita.nandi96@gmail.com

Contents

1 Introduction 1

2 Data 3

3 Method 3

3.1 Identifying red and blue Galaxies with Otsu’s method 3

3.2 Identifying different morphological environments of the cosmic web 6

4 Results 8

4.1 Evolution of red and blue fractions in different cosmic web environments 8
4.2  Stellar mass dependence of the red and blue fractions in different cosmic web environ-

ments and their evolution 8

4.3 Evolution of relative red and blue fractions in different cosmic web environments 10
4.4 Stellar mass dependence of the relative red and blue fractions in different cosmic web

environments and their evolution 12

4.5 Evolution of colour across different cosmic web environments 12

4.6 Evolution of stellar mass across diverse cosmic web environments 14

4.7 Evolution of SFR across diverse cosmic web environments 15

4.8 Evolution of sSFR across diverse cosmic web environments 19

5 Discussions and Conclusions 19

1 Introduction

Galaxy colour bimodality [1-5] has been recognized for more than two decades. Observations from
large galaxy surveys reveal that galaxies cluster into two distinct groups in colour-magnitude diagrams:
a red, passive population and a blue, star-forming population. The red galaxies are typically older
and have lower star formation rates. Their red colour indicates that they have largely exhausted their
supply of gas and are composed of older, cooler stars. In contrast, the blue galaxies are actively
forming new stars, which are hotter. These galaxies are generally younger and have a higher rate of
star formation.

The implications of colour bimodality for galaxy formation and evolution are significant, as it
provides insights into the life cycle of galaxies. Galaxies follow different evolutionary pathways during
their evolution. The observed dichotomy suggests that galaxies undergo a transformation from blue to
red over time. This transformation may result from external mechanisms such as interactions, mergers,
and various environmental effects. Alternatively, internal processes, including gas depletion, stellar
evolution, and feedback mechanisms, may also play crucial roles in this transformation. Understanding
how different internal processes and external influences shape the observed bimodal colour distribution
is essential for gaining a clear picture of galaxy evolution.

Blue galaxies dominate the cosmic landscape at earlier times due to the rising gas fractions at
higher redshifts. Star formation in these galaxies is fueled by abundant gas reservoirs. Intense star
formation activity depletes the available gas, leading to a decline in the star formation rate with time.
As star formation gradually ceases with natural aging, the galaxy eventually becomes red, dominated
by older and cooler stars. In addition to natural aging, various internal physical mechanisms, such
as morphological quenching [6], mass quenching [7-10], angular momentum quenching [11]|, and bar
quenching [12], can also halt star formation in galaxies. Further, the expulsion or removal of gas from
a galaxy provides another effective route for quenching star formation. Gas loss caused by feedback
from supernovae, active galactic nuclei, shock-driven winds [14-16] and ram pressure stripping [13| can
significantly suppress star formation in galaxies.

Besides the internal processes, environment play a crucial role in transforming blue galaxies into
red galaxies. A large body of literature [4, 17-24, 26-29| shows that red and blue galaxies tend to inhabit



high-density and low-density regions, respectively. Various environment-driven mechanisms, such as
mergers [30], harassment [31, 32|, strangulation [13, 33|, starvation [34-36|, and satellite quenching
[37], can inhibit star formation and alter galaxy structures. Extensive research through simulations
[38-52] and observations [53—-68| demonstrates that interactions between galaxies, which produce tidal
torques, can trigger starbursts and change both the colour and morphology of galaxies.

The environment of a galaxy is often characterized by its local density, but this alone does
not describe the neighbourhood of a galaxy. Galaxies are part of a complex cosmic web composed of
interconnected filaments, clusters, sheets, and voids [21, 69-77], which collectively organizes and shapes
the distribution of matter and galaxies on a grand scale. Studies with N-body simulations reveal a
dynamic flow of matter within the cosmic web [78-81], moving from voids to walls, walls to filaments,
and finally into clusters.

Filaments are the largest known coherent structures in the universe [82-84]. Hydrodynamical
simulations reveal [85, 86| that more than 40% — 50% of baryonic matter is found in filaments as
the Warm-Hot Intergalactic Medium (WHIM). This diffuse medium acts as a gas reservoir that can
eventually fall into galaxies, contributing to their growth and affecting their star formation rates. The
presence of WHIM can also influence gas accretion efficiency in galaxies. Galaxies in different regions
of the cosmic web experience varying levels of gas accretion. For instance, galaxies near the centers
of filaments and sheets receive a steady supply of cold gas, which fuels star formation and increases
their mass |28, 52, 68, 87-89|. Clusters, the densest regions of the universe, typically form at the
intersections of filaments and are characterized by frequent interactions with neighbouring galaxies
and extreme environmental conditions, leading to relatively rapid transformations [13, 93, 94]. In
contrast, galaxies in lower-density regions like sheets and voids generally follow quieter evolutionary
paths with subdued star formation [95, 96]. Thus, different cosmic web environments play a crucial
role in shaping the diverse evolutionary trajectories of galaxies across the universe.

Observations reveal that star formation activity in galaxies peaked around a redshift of z ~ 2 —3
[97, 98], an era often dubbed the “cosmic noon”. The cosmic star formation rate has seen a dramatic
decline from z = 1 to z = 0 [99]. The number of massive red galaxies with fixed stellar masses has
steadily increased since z ~ 1 [100, 101]. These trends suggest significant changes in galaxy properties
in recent times, which could be crucial in explaining the observed bimodality in galaxy distributions.
It is essential to understand how the cosmic web influences the colour bimodality and its evolution.

The IustrisTNG simulation [102-107] models the formation and evolution of galaxies within the
universe. It employs sophisticated numerical techniques to simulate the complex interactions of dark
matter, gas, and stars across a vast volume of the universe. It incorporates detailed physics, including
gas dynamics, star formation, supernova feedback, and black hole growth, to provide insights into
galaxy formation and evolution. This simulation is ideal for studying the roles of different cosmic web
environments on galaxy evolution. Several works [102, 108-113] have explored quenching in galaxies
using various hydrodynamical simulations. In the present work, we will utilize data from the Illus-
trisTNG simulation to investigate how different cosmic web environments influence the transformation
of galaxy colour since a redshift of z ~ 3.

We will categorize the galaxies into red and blue populations based on their colour and stellar
mass, following a recently introduced classification scheme [114] based on Otsu’s method [115]. We will
investigate the evolution of the red and blue fractions in various cosmic web environments. Analyzing
these fractions would help us to assess the efficiency of quenching processes within each environment.
By tracking how the absolute numbers or percentages of red and blue galaxies change over time,
we can understand how quenching impacts galaxy populations in different cosmic web environments.
Additionally, we will examine the evolution of the relative red and blue fractions, which reveals how
the proportion of red or blue galaxies in a given environment compares to those in all other cosmic
environments. This comparison will reveal how the relative abundance of red and blue galaxies in each
environment influences the development of colour bimodality. We will also explore how these fractions
vary with the stellar mass of galaxies in different cosmic web environments. Studying how the stellar
mass dependence of these fractions changes in different environments would help us understand the
roles of both environment and stellar mass in shaping the colour bimodality. It is also important to
understand how different galaxy properties evolve in different cosmic web environments. To explore



this, we will examine the evolution of median colour, median stellar mass, median star formation rate
(SFR), and median specific star formation rate (sSFR) of galaxies with redshift across various cosmic
web environments.

The paper is organized into the following sections. In Section 2, we provide a detailed overview
of the data used in this work. Section 3 explains the methodology employed for the analysis. The
findings are discussed in Section 4, and Section 5 presents the conclusions drawn from our analysis.

2 Data

NlustrisTNG?! [102-107] is a suite of cosmological gravo-magnetohydrodynamical simulations built on
the moving-mesh code AREPO [116, 117]. It serves as an enhanced version of the original Illus-
tris project [118-120]. The TNG suite consists of three cosmological volumes with side lengths of
approximately 50, 100, and 300 Mpc, named TNG50, TNG100, and TNG300, respectively. Each
volume offers multiple resolution levels, such as TNG100-1, TNG100-2, TNG100-3, and similarly for
TNG300, whereas TNG50 has four distinct resolution outputs. All simulations begin at a redshift of
z = 127, using cosmological parameters from the Planck 2015 results [121]: Q4 = 0.6911, Q,,, = 0.3089,
Qp = 0.0486, og = 0.8159, ns = 0.9667, and h = 0.6774. For our analysis, we utilize the TNG300-1 run,
which offers the largest volume and highest resolution in the TNG series. The specifics of TNG300-1
are detailed in the Table 1, and our study covers redshifts from z = 3 to the present (z = 0).

Simulation Name | Volume (Mpc?) | Ngas | Npu Mparyon (M) | mpy (Mg)

TNG300-1 (302.6)3 25003 | 2500° 11 x 106 59 x 10°

Table 1: This table describes the specifications of the TNG300-1 simulation. Different columns in the
table represent the volume of the box (comoving), initial number of gas cells (Ngas), number of dark
matter particles (Npas), the target baryon mass (Mmpgryon) and dark matter particle mass (mpar).

At each redshift, we extract various galaxy properties from the publicly available group catalog,
which provides details on both halos and subhalos. The FoF algorithm is used to identify halos,
while the subhalos (or galaxies) are identified using the SUBFIND algorithm [122, 123]. In this work,
we select only galaxies with a non-zero SubhaloFlag, as a value of zero indicates a subhalo of non-
cosmological origin. Additionally, we impose a stellar mass criterion, choosing galaxies in the range

9< 10%10(]]\\/[/[(;) < 12. Stellar mass is defined as the total mass of star particles within twice the stellar

half-mass radius (7stars, 1/2) [105]. For (u — r) colour, we use the supplementary catalog provided by
[102]. The star formation rates are obtained from the SubhaloSFRinRad field in the group catalog. In
MustrisTNG, star formation is modeled following [124]. For our analysis, we use the instantaneous
star formation rate, which is the sum of the star formation rates of all star-forming gas cells within
twice the stellar half-mass radius of the galaxy.

3 Method

The primary objective of this study is to classify galaxies in the HlustrisTNG simulation into red
and blue populations according to their stellar mass and redshift, and to investigate how cosmic web
environments and stellar mass influence their evolution.

3.1 Identifying red and blue Galaxies with Otsu’s method

Otsu’s thresholding technique [115], originally designed for image segmentation, separates data into two
groups by minimizing the intra-class variance (variance within each group) and maximizing the inter-
class variance (variance between groups). This method iterates through all possible thresholds, selecting
the one that provides the optimal separation between the two classes. This technique is particularly
useful when the data distribution is bimodal, as is the case with the (u — r) colour distribution of

"https://www.tng-project.org/
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Figure 1: This figure shows the distribution of galaxies in the (u — r) colour-stellar mass plane across
each redshift, with the dividing line (determined by Otsu’s method) distinguishing the red and blue
populations.

galaxies, where we observe two peaks corresponding to the blue cloud and the red sequence. Recently,
[114] proposed a method for classifying galaxies into two groups: the “blue cloud” (younger, star-forming
galaxies) and the “red sequence” (older, passive galaxies) based on the Otsu’s technique.

The primary steps in this method are as follows.

1. Histogram Calculation: We first calculate the histogram of the (u — r) colour for all galaxies in

our sample, using a specific number of bins M. The histogram is then normalized by the total
number of galaxies N = Zi‘il n; where n; corresponds to the number of galaxies in the i*" colour

bin. This ensures that the sum of the probabilities for all bins equals to one i.e Zf‘i 1pi =1

where p; = i

Class Probabilities: For a given threshold, the galaxies are divided into two groups: blue cloud
(BC) and red sequence (RS). The probability of each class occurring is calculated based on the
proportion of galaxies in each group relative to the total sample. If the threshold is at the k-th
bin, the blue cloud is represented by the first k bins, while the red sequence is represented by
the bins from k£ 4 1 to the end. The class probabilities are given by,



k
Ppc = Zpi = w(k) (3.1)
=1
and

M
Prs= Y pi=1-w(k). (3.2)
i=k+1

. Class means and Class variances: We calculate the mean colour and variance for both groups for
each threshold value.

The means of the blue cloud and the red sequence are calculated as,

Lpe = Zf:1 Tip; _ K
Ppc w(k)

and

M
Zi:k+1 TiPg _ KT — Mk
Pgs 1 —w(k)

RS = (3.4)

Here, x; represents the (u —r) colour corresponding to the ¥ bin. The mean up to the £ bin is
given by uj = Zle x;pi, while up = Zi‘il x;p; denotes the mean of the entire distribution. It is
important to note that Pgo + Prs = 1 and that ur = Ppc upo + Prs ptrs for every threshold.

Similarly, the class variances are estimated as,

O'BC PBC (35)
and
2
0_12%5 _ Zl_k+1($z ,URS) Di (36)

. Intra-class variance and Inter-class variance: The intra-class (within-class) variance (¢02,) and
the inter-class (between-class) variance (07,) are calculated as,

0oe = PO 0Be + PrS 0hs (3.7)
and

ot = Ppc Prs (1Bc — 1rS) (3.8)

The total variance a% is the sum of the two variances,

J:QF = U?UC + agc (3.9)

It is important to note that both o2 and o7, are dependent on the selected threshold, while o7
remains independent of it.



Number of galaxies

Redshift All 9 < logyg ($) <105 | 105 < logyg ($=) <12

Total Red Blue Total Red Blue Total Red Blue

0 253140 | 130751 | 122389 | 225075 | 105417 | 119658 | 28065 | 25334 | 2731

0.1 253212 | 120682 | 132530 | 225135 | 96243 | 128892 | 28077 | 24439 3638

0.2 252546 | 112362 | 140184 | 224612 | 89094 | 135518 | 27934 | 23268 | 4666

0.3 251329 | 105559 | 145770 | 223692 | 83375 | 140317 | 27637 | 22184 | 5453

0.4 249659 | 96073 | 153586 | 222588 | 75211 | 147377 | 27071 | 20862 | 6209

0.5 247760 | 90513 | 157247 | 221341 | 71415 | 149926 | 26419 | 19098 | 7321

0.7 242859 | 81067 | 161792 | 218375 | 64601 | 153774 | 24484 | 16466 | 8018

1 231933 | 73719 | 158214 | 210682 | 60488 | 150194 | 21251 | 13231 8020

1.5 199307 | 69796 | 129511 | 184161 | 61093 | 123068 | 15146 | 8703 6443

2 157394 | 66878 | 90516 | 147377 | 61740 | 85637 | 10017 | 5138 4879

3 84438 | 46230 | 38208 | 80992 | 44559 | 36433 | 3446 | 1671 1775

Table 2: This table shows the total number of galaxies with nonzero SubhaloFlag and stellar masses
within 9 < log;( Aj\//[[g) < 12 in IllustrisTNG simulation for each snapshot from redshift 0 to 3. It also
lists the number of red and blue galaxies identified with the Otsu’s method at each redshift in different
mass ranges.

5. Threshold Selection: The optimal threshold is the one that minimizes the intra-class variance
o2 ., which is equivalent to maximizing the inter-class variance agc. In practice, this threshold
can be found by iterating through the possible values and selecting the one that satisfies these
conditions. This yields a threshold that is not affected by binning choices, making it a reliable
approach for classifying red and blue galaxies [114]. This method offers a robust and parameter-
free way to classify galaxies into the blue cloud and red sequence based on their (u — r) colour

and stellar mass.

There are distinct relationships between colour and stellar mass or absolute magnitude. Therefore,
a single colour threshold cannot be justified for galaxies of varying masses and luminosities. We divide
the entire sample into several independent stellar mass bins and apply this technique to each of these
bins separately. This provides us a dividing line between the two populations in the colour-stellar mass
plane at each redshift (Figure 1). We also tabulate the number of red and blue galaxies in two different
mass ranges between redshift 3 to 0 in Table 2.

3.2 Identifying different morphological environments of the cosmic web

We classify galaxies into different morphological environments within the cosmic web using a Hessian-
based method [125, 126]. This method relies on the eigenvalues and eigenvectors of the deformation
tensor to identify voids, sheets, filaments, and clusters.

The deformation tensor Tj; is derived from the Hessian matrix of the gravitational potential field
®, defined as:

%P

T =
K (91'18.%']

(3.10)

where z; and x; are the spatial coordinates. The gravitational potential ® is computed by solving the
Poisson equation
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Figure 2: This figure displays the distribution of galaxies in various cosmic web environments at
z =0, from a 20 Mpc thick slice of the IllustrisTNG simulation.

Ve =4 (3.11)

Here, 6 = L;é is the density contrast, with p representing the local density and p the average
density. To calculate the potential, we apply the Cloud-In-Cell (CIC) scheme to construct a discrete
density contrast field on a grid. This field is smoothed using an isotropic Gaussian filter with a width
of 4 Mpc.

Next, we compute the Fourier transform of the gravitational potential:

d=Gp (3.12)

where G is the Fourier transform of the Green’s function of the Laplacian operator, and p is the

density in Fourier space. By transforming the potential back into real space, we calculate the tidal
tensor using numerical differentiation.

Based on the signs of the three eigenvalues A1, A2, and A3 (where A\; > Ao > \3), galaxies are
classified into different cosmic web environments as follows:

1. Void: A, A2, A3 <0
2. Sheet: A1 >0, Ao, A3 <0
3. Filament: A1, A2 >0, A3 <0

4. Cluster: A1, Ao, A3 >0

Each type represents a distinct geometric environment in the cosmic web, with voids being un-
derdense and clusters representing the densest regions.



4 Results

4.1 Evolution of red and blue fractions in different cosmic web environments

In this subsection, we examine the evolution of the fraction of red and blue galaxies in various envi-
ronments within the cosmic web. The red fraction (RF) and blue fraction (BF) in any cosmic web
environment are respectively defined as RF = nR’an and BF = n;:ﬁ' Here, nrp and np are the
number of red and blue galaxies in the same environment. The top left and bottom left panels of Fig-
ure 3 illustrate these fractions across different cosmic web environments. Although the blue fraction
can be obtained by simply subtracting the red fraction from one, they are separately shown here for
the sake of completeness.

At redshift z = 3, the blue fraction is highest in clusters, followed by filaments, sheets, and voids.
Specifically, the blue fraction is ~ 48% in clusters and around 40% in voids. Although the differences
in blue fraction across environments at z = 3 are not substantial, the trend suggests that overdense
regions were more conducive to star formation in earlier times. This may arise due to the presence of
larger gas reservoirs in these regions.

As redshift decreases, the blue fraction increases in all cosmic web environments. However, this
trend reverses at lower redshifts, with the blue fraction declining and the red fraction rising. The blue
fraction decreases and the red fraction increases at specific redshifts, with inflection points occurring
at z = 1.5 for clusters, z = 0.7 for filaments and sheets, and z = 0.5 for voids. At z < 1.5, red fractions
dominate in clusters, followed by filaments, sheets, and voids. By z = 0, the red fraction becomes 75%
in clusters, 45% in filaments, 34% in sheets, and 30% in voids.

These results indicate an environment-dependent trend in galaxy colour transformation. Physical
mechanisms that suppress star formation are more dominant in clusters and become effective earlier.
This may be due to gradual gas depletion from ongoing star formation and faster gas exhaustion from
interaction-induced starbursts in high-density regions. Suppression of star formation is less effective in
filaments and least effective in sheets and voids, as evidenced by a high blue fraction (~ 68%) in these
environments. This is also supported by a relatively smaller reduction in the blue fraction in sheets
and voids from their respective peak values (~ 78% at z = 0.5).

We now divide our galaxy sample at each redshift into two distinct mass bins: 9 < log( M, ) <10.5

Mg
and 10.5 < log( J\J‘//[Ig) < 12 to examine the evolution of red and blue fractions in lower and higher mass
galaxies separately. Results for these two mass bins are presented in the middle and right panels of
Figure 3. The middle panels display the evolution of red and blue fractions for the lower mass bin,
which includes approximately ~ 90% galaxies of the entire sample (Table 2). The results for the lower
mass bin are quite similar to those for the entire sample for this reason.

The results for the higher mass bin, containing about ~ 10% of the galaxies, are shown in the
right panels of Figure 3. Even for the galaxies in the higher mass bin at z = 3, we observe a higher
blue fraction and a lower red fraction in clusters compared to filaments and sheets. However, the red
fraction steadily increases across all environments as redshift decreases, indicating that star formation
is gradually suppressed in massive galaxies regardless of their environment. Notably, the blue fraction
in voids increases between z = 2 and z = 1, suggesting that massive galaxies in voids may follow
different evolutionary trajectories compared to those in other cosmic web environments.

4.2 Stellar mass dependence of the red and blue fractions in different cosmic web envi-
ronments and their evolution

We also examine the red and blue fractions as functions of stellar mass within each geometric envi-
ronment. Figure 4 and Figure 5 show these results across different redshifts. The bottom right panels
of these figures reveal that at z = 3, clusters generally have a higher blue fraction and a lower red
fraction across nearly all masses. The blue fraction in filaments is lower than in clusters but higher
than in sheets and voids throughout the entire mass range. However, the larger error bars for voids
and sheets limit the statistical significance of these differences. Between z = 3 — 1.5, we observe
that in each geometric environment, the blue fraction increases significantly in lower mass galaxies
(log( %@ < 10.5). The blue fraction in lower mass galaxies do not exhibit a strong dependence on the
geometric environment during this period. A clear environment-dependent trend emerges at z < 1.
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Figure 3: The panels in this figure display the red and blue fractions across various cosmic web
environments, plotted as a function of redshift for different mass ranges. The 1o Binomial errorbars

are shown at each data point.
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We find that in clusters, the red fraction of lower mass galaxies increases from approximately ~ 40%
to ~ 70% between redshifts 1 and 0. For higher mass galaxies, the red fraction rises from about ~ 80%
to ~ 95% in all environments over the same period. Further, ~ 40% of galaxies in filaments are red,
compared to around ~ 30% in sheets and voids. This indicates that the quenching of lower mass
galaxies is strongly influenced by their environment at z < 1, while quenching in more massive galaxies
is less affected by their embedding geometric environments during the same period.

4.3 Evolution of relative red and blue fractions in different cosmic web environments

The red and blue fractions provide the proportion of two populations in any particular environment.
We can use the relative red fraction (RRF) and the relative blue fraction (RBF) to study the relative
abundance of red and blue galaxies in various cosmic web environments. The RRF and RBF are

; — _ (mR)i _ __(nB)i , ,
respectively defined as RRF = ST and RBF ST s where (ng); and (np); are the

numbers of red and blue galaxies in i*"-type environment. Here i runs from 1 to 4 covering 4-types of
cosmic web environment. We examine the evolution of the RRF and RBF across different cosmic web
environments, as shown in the top and bottom left panels of Figure 6. The RRF and RBF represent
the proportions of red and blue galaxies, respectively, within a specific environment compared to other
cosmic environments. The top and bottom left panels of Figure 6 reveal that in filaments and sheets,
the RRF decreases and the RBF increases with decreasing redshift. Conversely, clusters show an
opposite trend where the RRF increases and the RBF decreases as redshift decreases. Throughout the
entire redshift range, filaments consistently have the highest RBF. At lower redshifts (z < 1), clusters
exhibit the highest RRF compared to other environments.

The middle and right panels of Figure 6 present the RRF and RBF for lower and higher mass
bins, respectively. The trends observed in the lower mass bin mirror those of the entire sample, given
that most galaxies belong to the lower mass category. In the higher mass bin, the behavior of the
RRF and RBF is less intuitive. Specifically, both RRF and RBF decrease in clusters with decreasing
redshift, while they increase in filaments and sheets. For higher mass galaxies, clusters have higher
RRF and RBF than filaments at earlier times (z > 1), but this trend reverses at z ~ 1, with filaments
surpassing clusters in both RRF and RBF'. This counter-intuitive result can be explained by examining
the relative proportions of galaxies in different cosmic web environments.

Figure 7 illustrates the evolution of the relative fractions of galaxies in filaments, sheets, clusters,

,10,
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Figure 7: The panels in this figure show the evolution of the relative fraction of galaxies in different
cosmic web environments with redshift for different mass ranges. The 1o Binomial errorbars are shown
at each data point.

and voids for the entire sample and the two distinct mass bins. The left panel of Figure 7 shows that
filaments generally have the highest galaxy abundance, followed by clusters, sheets, and voids across
the entire redshift range. The proportion of galaxies in filaments and sheets increases with decreasing
redshift, while the proportion in clusters decreases. These trends are also evident in the lower mass
bin, as depicted in the middle panel of Figure 7. In the high mass bin, the proportion of galaxies in
filaments and clusters evolves differently, as shown in the right panel of Figure 7. There is a crossover
around z ~ 1, after which filaments have a higher proportion of galaxies compared to clusters. Prior
to z = 1, clusters dominate in terms of galaxy proportion.

The anomalous results in the right panels of Figure 6 are explained by the trends observed in the
right panel of Figure 7 and Figure 3. For high mass galaxies, RF increases and BF decreases in all
types of cosmic web environments, with comparable values across different environments (Figure 3).
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Consequently, the magnitudes of the RRF and RBF are primarily determined by the proportions of
galaxies in different environments. The trends observed in the right panel of Figure 7 are reflected in
the top and bottom right panels of Figure 6, with crossovers in RRF and RBF occurring at different
redshifts due to the varying red and blue fractions in filaments and clusters.

It may be noted that the red fraction (RB) and blue fraction (BF) are complementary to each
other, meaning that their sum always equals 1. However, this relationship does not extend to the
relative red fraction (RRF) and relative blue fraction (RBF). In other words, knowing the RRF does
not allow us to directly infer the RBF.

4.4 Stellar mass dependence of the relative red and blue fractions in different cosmic
web environments and their evolution

We now examine the RRF and RBF across different cosmic web environments as functions of stellar
mass and their evolution from redshift 3 to 0. The various panels in Figure 8 display the RRF as a
function of stellar mass in different cosmic web environments at different redshifts. The results indicate
that in both filaments and sheets, the RRF is lower at higher masses and higher at lower masses. The
RRF in filaments and sheets at lower masses decreases with decreasing redshift. Conversely, clusters
exhibit an opposite trend, where the RRF is higher at higher masses and lower at lower masses. In
clusters, the RRF at higher masses remains relatively stable with redshift, while at lower masses, it
gradually increases as redshift decreases. At z ~ 1, the RRF at lower masses becomes comparable
between filaments and clusters. However, below this redshift, clusters tend to dominate at lower
masses, while filaments become more prominent at intermediate masses. At low redshifts, the RRF
in clusters exceeds that of all other environments at both low and high masses. This suggests that
low-mass red galaxies in clusters may represent quenched satellites, while high-mass red galaxies may
be massive centrals. Interestingly, the RRF in clusters and filaments shows two distinct crossovers
at intermediate masses. Between these crossovers (10.5 < log(%—g) < 11), the RRF in filaments
surpasses that of all other environments. It may be worthwhile to mention here that the right panels
of Figure 6 indicate that, at lower redshifts, both RRF and RBF dominate in filaments for masses
log(%—g) > 10.5. However, a closer examination reveals that this dominance is confined to the mass

range 10.5 < log(]]\\g—g) < 11. There are only a small number of red and blue galaxies with masses

log(

A%’;) > 11, and these primarily reside in clusters.

We present the RBF as a function of stellar mass across different cosmic web environments and
redshifts in the various panels of Figure 9. Our analysis reveals that in both filaments and sheets,
the RBF is lower at higher masses and higher at lower masses. Specifically, the RBF in filaments and
sheets at lower masses increases as redshift decreases. Between redshift z = 1 — 0, filaments exhibit a
significantly higher RBF (~ 0.55) compared to other environments for galaxies having log(]]\\;—g) < 11.
This indicates that filaments host a diverse population of galaxies, encompassing both passive and star-
forming galaxies. The less aggressive environmental quenching in filaments allows for a wider range
of evolutionary stages. Interestingly, despite being the densest environment, clusters show the highest
RBF for high-mass galaxies (log( ]]\\445 > 11) even at lower redshifts. This suggests that clusters are
highly dynamic environments where interactions or mergers might temporarily reignite star formation
activity in some high mass galaxies.

4.5 Evolution of colour across different cosmic web environments

We present the distributions of (u — r) colour across various cosmic web environments at different
redshifts, ranging from z = 3 to z = 0, as shown in different panels of Figure 10. At z = 3, the (u —r)
colour distribution in each environment is unimodal, with a peak around (u —r) ~ 0.7. As redshift
decreases, this peak shifts towards higher (v —r) values, indicating the aging of stellar populations. By
z = 2, the colour distribution begins to show bimodality. The bimodality becomes most pronounced
in clusters, followed by filaments, sheets, and voids. In clusters, the peak corresponding to the red
sequence grows rapidly, eventually surpassing the peak of the blue cloud in this environment at z = 0.5.
The emergence of distinct bimodality across all environments suggests that the colour transformation
can occur in any cosmic web environment.
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Figure 8: This shows the RRF as a function of stellar mass for different geometric environments at
different redshifts between 3 to 0. We show the 1o Binomial errorbars at each data point.
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Figure 10: This figure shows the PDF of (u — r) colour in different cosmic web environments at
different redshifts.

In the top left panel of Figure 11, we show the median (u — r) colour of galaxies in various cosmic
web environments as a function of redshift. Since z ~ 2, the median colour in clusters begins to diverge
from that in other environments and increases rapidly after z > 1. Meanwhile, the median colour in
filaments starts to differ from that in sheets and voids after redshift 1. At z < 1, clusters exhibit the
highest median colour, followed by filaments, sheets, and voids.

The top right and bottom panels of Figure 11 illustrate the evolution of the median colour in
each environment for lower and higher mass bins. The lower mass bin shows trends similar to the
combined sample due to the large number of galaxies in this bin. The bottom panel reveals that the
median colour for more massive galaxies (10.5 < log(]\]\//[[—g) < 12) increases steadily at z < 1, with little
variation across different environments. This suggests that the colour evolution of the more massive
galaxies is primarily driven by mass and is less dependent on their environment. This reaffirms our
findings in subsection 4.1 and subsection 4.2.

4.6 Evolution of stellar mass across diverse cosmic web environments

We present the stellar mass distributions of galaxies across different environments from z =3 to z =0
in Figure 12. At higher masses, galaxies are predominantly found in clusters, followed by filaments,
sheets, and voids. Conversely, at lower masses, the distribution is dominated by galaxies in voids, with
fewer in sheets, filaments, and clusters. This trend indicates that massive galaxies are more common
in clusters and filaments, while less massive galaxies are more prevalent in sheets and voids. At z < 2,
we observe the emergence of a bump in the stellar mass distribution around log(]]\% ~ 10.5) in each
environment. The bump becomes more pronounced in all environments after z = 1 suggesting an
increase in the number of intermediate-mass galaxies during this period.

In the top left panel of Figure 13, we show the evolution of the median stellar mass of galaxies
across different cosmic web environments. It shows that as redshift decreases, the median mass of
galaxies increases in all environments. At each redshift, the median mass is highest in clusters, followed
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Figure 11: This figure shows the evolution of median (u — r) colour in different cosmic web environ-
ments with redshift. The top left panel shows the results for the entire sample. The top right panel
and the bottom panel show the results for the lower and higher mass bin respectively. The 1o errorbars
are calculated using 50 bootstrapped realizations from the original data.

by filaments, sheets, and voids. The top right and bottom panels of Figure 13 show the results for
lower and higher mass bins, respectively. In the top right panel, we observe that the median mass of
galaxies in filaments and sheets increases steadily between z = 1 and z = 0. However, at z < 1, the
growth rate of the median mass for lower mass galaxies in clusters slows down significantly compared
to those in filaments and sheets. The bottom panel shows that the median stellar mass for high mass
galaxies remains stable between z = 3 and z = 1.5, followed by a gradual increase up to the present.
This suggests that these galaxies undergo a period of minimal mass growth during the earlier stages of
cosmic evolution, likely indicating that major mergers are less frequent at higher redshifts. The steady
increase in median stellar mass at z < 1.5 points to more significant mass accumulation in later stages,
possibly due to mergers and accretion.

It may be interesting to note that while the median colour of massive galaxies is quite similar
across different environments (as shown in Figure 11), their median mass differs significantly.

4.7 Evolution of SFR across diverse cosmic web environments

The SFR distributions of galaxies in various cosmic web environments are shown at different redshifts
in the panels of Figure 14. The peak location of the SFR distribution shifts from log(SFR) = 0.75
to log(SFR) = —0.5 over the redshift range z = 3 to z = 0. While the peak locations differ slightly
across cosmic web environments between redshifts z = 3 and z = 1, they converge to nearly the same
log(SFR) value at z < 1. The peak amplitude is highest in voids, followed by sheets, filaments, and
clusters.

We show the evolution of the median SFR in different environments in the three panels of Fig-
ure 15. The top left panel shows that the median SFR is highest in clusters, followed by filaments,
sheets, and voids until z = 1.5. The median SFR in clusters becomes smaller than the other geometric
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environments at z < 1. The results for the lower mass bin, shown in the top right panel of Figure 15,
exhibit a similar trend to that observed in the entire sample. The bottom panel of Figure 15 indicates
that the median SFR for massive galaxies (log(%—g) > 10.5) drops to zero at z ~ 1.5 across all environ-
ments, suggesting that star formation in high-mass galaxies is strongly suppressed in the low-redshift
universe.

4.8 Evolution of sSFR across diverse cosmic web environments

We show the distribution of specific star formation rate (sSFR) across cosmic web environments at
various redshifts in the panels of Figure 16. While the star formation rate (SFR) measures the degree
of star formation in a galaxy, sSFR normalizes this rate by its stellar mass. This normalization is
crucial for comparing star formation activity across galaxies of different sizes, offering insights into the
efficiency of star formation relative to galaxy mass. The panels in Figure 16 reveal trends similar to
those seen in Figure 14. Specifically, the peak of the sSFR distribution in each environment shifts
towards more negative values as redshift decreases. This gradual shift points to both internal and
external mechanisms leading to the aging and transformation of galaxies in each type of environment.
The peak amplitude is highest in voids, followed by sheets, filaments, and clusters. This indicates
that, for a given stellar mass, star formation is strongest in less dense environments and becomes
progressively weaker as the environment grows denser.

The median sSFR across different environments is shown in Figure 17. The top left panel indicates
that, unlike the median SFR, there are no statistically significant differences in the median sSFR
across environments in the redshift range 1.5 < z < 3. As redshift decreases, sSFR decreases in all
environments. At z < 1, clusters exhibit the lowest median sSFR, with filaments showing somewhat
higher sSFR compared to clusters between z = 1 and z = 0. Sheets and voids have the highest and
similar median sSFR in this redshift range. The top right panel presents results for the lower mass bin,
which mirrors the trends observed in the entire sample for the reasons discussed earlier. The bottom
panel of Figure 17 displays results for the higher mass bin. This panel shows similar trends but with
larger differences in median sSFR across environments. It is interesting to note that the median sSFR
for massive galaxies in voids tends to increase between z = 2 and z = 1, though this trend is difficult
to confirm due to large errorbars for the galaxies in voids.

5 Discussions and Conclusions

We study the evolution of red and blue galaxies in different cosmic web environments using IllustrisTNG
simulation. Our key findings are summarized as follows.

(i) We track the evolution of the red and blue fractions across different cosmic web environments
from redshift z = 3 to z = 0. Initially, blue galaxies are more prevalent in clusters compared to other
geometric environments. This trend reverses at lower redshifts. The red fraction starts to rise after
specific redshifts for each environment, with clusters experiencing earlier suppression of star formation
compared to filaments, sheets, and voids. The massive galaxies show a consistent increase in red
fractions over time in all environments.

(ii) We analyze the red and blue fractions as a function of stellar mass across different environments
at various redshifts. At z = 3, clusters have a higher blue fraction and lower red fraction compared
to other environments at all masses, with filaments showing an intermediate blue fraction. Over
time, the red fraction increases in higher mass galaxies and decreases in lower mass galaxies at all
environments until z = 1.5. A pronounced environment-dependent trend emerges at z < 1 during
which all environments show a significant increase in the red fraction at higher masses. On the other
hand, clusters show a significant rise whereas other environments display a moderate increase in the red
fraction at lower masses. The quenching in lower mass galaxies is more influenced by their geometric
environment compared to the higher mass galaxies.

(iii) We study the relative fractions of red and blue galaxies across different cosmic web environ-
ments. Filaments and sheets show a decrease in the relative red fraction (RRF) and an increase in the
relative blue fraction (RBF) with decreasing redshift, while clusters exhibit the opposite trend. For
lower mass galaxies, the trends in RRF and RBF are consistent with the entire sample. For higher
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mass galaxies, clusters initially have higher RRF and RBF than filaments. This trend reverses around
z ~ 1. The differences in RRF and RBF across different geometric environments are primarily decided
by the varying proportions of galaxies in these environments.

(iv) We investigate how the RRF and RBF of galaxies change with stellar mass and redshift in
various cosmic web environments. Initially, the RRF is higher for lower mass galaxies in filaments
compared to those in clusters. However, as redshift decreases, the RRF in clusters gradually surpasses
that in filaments. The RRF in clusters at lower masses increases with decreasing redshift, making
clusters dominant for low-mass red galaxies and filaments for intermediate masses. The RRF for
clusters dominates at higher masses at all redshifts. It does not change significantly across the redshift
range 3 — 0, implying that massive (log(%—g) > 11) red galaxies are mostly found in galaxy clusters. At
lower masses, the RRF in clusters remains between ~ (30 — 40)% in this redshift range. On the other
hand, RBF in filaments consistently have a higher relative proportion (~ (50 — 60)%) of blue galaxies,
particularly at lower masses. This suggests that they host a diverse galaxy population, most likely due
to less intense environmental quenching. The clusters, despite being densest, exhibit highest RBF at
higher masses, indicating potential rejuvenation of star formation through interactions or mergers.

(v) The (u —r) colour distribution of galaxies is unimodal at higher redshift and gradually shifts
towards redder values over time, eventually showing bimodality by z = 2, with the red peak growing
most in clusters. At z < 1, clusters have the highest median colour followed by filaments, sheets, and
voids. The median colours of massive galaxies do not differ significantly across various environments in
this redshift range implying that colour evolution is largely driven by mass rather than environment.

(vi) Clusters exhibit highest median mass followed by filaments, sheets and voids at all redshifts.
The median stellar mass of galaxies increases with decreasing redshift across all environments. We
observe a slower growth of median mass for lower mass galaxies in clusters at z < 1. In contrast,
the median mass for higher mass galaxies remain stable during z = 3 — 1.5 and gradually increases
at z < 1 in all environments. The median SFR declines with decreasing redshift in all environments,
with clusters dominating until z = 1.5. At z < 1.5, the median SFR in clusters levels out across
environments and then decreases relative to others. Notably, the median SFR for massive galaxies
drops to zero in all environments at z < 1.5, indicating suppression of star formation in high-mass
galaxies. The median sSFR decreases in all environments with decreasing redshifts with no significant
differences across environments until z = 1.5. At z < 1.5, clusters exhibit the lowest median sSFR
and voids and sheets exhibiting the highest values. The higher mass galaxies show larger variations in
sSFR. across environments.

Our study suggests that both stellar mass and geometric environments play an important role in
galaxy evolution. The higher density regions host a larger fraction of blue galaxies during z = 3 — 2,
implying they provide a more favourable environment for star formation. However, the environmental
factors start to dominate at z < 2 reversing this trend. We find that at z < 1, most of the massive
galaxies (log( Jj\‘;g) > 10.5) are quenched irrespective of their geometric environments. This is consistent
with AGN feedback model in the [ustrisTNG simulations which suggests that AGN feedback is highly
effective in massive central galaxies (log( ﬁ@) > 10.5) [128]. Kinetic feedback from super-massive black
holes (SMBHs) is the key mechanism driving the quenching of star formation in massive galaxies [129].
The fraction of quenched galaxies in TNG300 is in the range (30—80)% percent in the stellar mass range
10192 — 1015 My, [127]. Our results (Figure 3, Figure 4) are consistent with these findings. So the AGN
feedback may have played a dominant role in quenching the high mass galaxies in all environments.
However, the AGN feedback model in IllustrisTNG shows reduced effectiveness in quenching galaxies of
intermediate and lower masses [128]. At lower masses (log( ]\]‘fg) < 10.5), quenching is largely controlled
by environment. The fraction of red galaxies at lower masses increases with decreasing redshift at each
geometric environment. At lower masses, clusters host the highest fraction of red galaxies followed
by filaments, sheets and voids. Low mass galaxies often undergo environmental quenching before
they become part of their current host group. The pre-processing can involve interactions with other
galaxies or the effects of the surrounding medium, leading to a reduction in their gas reservoirs and

star formation rates.

The relative fractions of red and blue galaxies (RRF and RBF) are influenced by both stellar
mass and geometric environment. Generally, RRF increases and RBF decreases in clusters as redshift
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decreases. In contrast, filaments and sheets exhibit the opposite trend. At higher masses, both RRF
and RBF in clusters decline with decreasing redshift, while in filaments, both show a steady increase.
This anomalous behavior can be largely attributed to a growing relative abundance of intermediate and
high-mass galaxies in filaments. Interestingly, clusters, despite being the densest environments, display
the highest RRF and RBF for galaxies with masses log( ]\]\/f,[g) > 11. This suggests that massive galaxies
are predominantly located in clusters, where most are quenched, although some may be rejuvenated
through interactions or mergers. In contrast, filaments host a more diverse galaxy population as
evidenced by the higher RBF and RRF at lower masses (log( Aj\fg < 11). At lower masses, filaments
exhibit relative red fractions (RRF) comparable to clusters, yet host nearly 60% of blue galaxies. This
suggests that the milder environmental quenching in filaments enables galaxies to undergo a wider
range of evolutionary stages. A recent study [90] using the SIMBA simulation [91] suggest that shock
heating in filaments can inhibit star formation. Another study [92] with the IlustrisTNG simulation
finds that satellite galaxies are especially susceptible to such quenching. Our results are consistent
with these findings. The low-mass quenched galaxies in filaments may represent satellite populations,
while the star-forming galaxies may correspond to central galaxies with intermediate masses.

Our study reveals several key trends in galaxy evolution across different geometric environments
over time. At higher redshifts, the (u — r) colour distribution is unimodal but turns into bimodal by
z = 2, particularly in clusters, which have the highest median colour at z < 1. The median colour
and stellar mass of galaxies increases steadily from z = 3 ato z = 0. For massive galaxies, a steady
increase in median colour across all environments, with little variations across environments, suggests
that the process driving the reddening of massive galaxies is fairly uniform across the cosmic web.
This could indicate that the quenching mechanisms, such as AGN feedback, which cause galaxies to
evolve from blue to red, operate similarly across different environments. In contrast, the significant
differences in median stellar mass across environments suggest that the growth of galaxy mass is more
sensitive to the local cosmic web environment, with different environments supporting different rates of
stellar mass buildup. This might reflect environmental factors influencing galaxy mergers or accretion
more strongly than colour evolution. This is further supported by the decline in SFR and sSFR across
all environments, with massive galaxies showing a sharp reduction in these rates at lower redshifts,
regardless of their environment.

We also compare our results with the earlier studies on galaxy evolution with hydrodynamical
simulations. [109] investigate the evolution of galaxy colour using the EAGLE simulation [130] and find
that the red sequence forms around z ~ 1 due to the quenching of low-mass satellite galaxies and AGN
feedback in more massive central galaxies. [111] demonstrate using TNG100 and TNG300 that between
70% and 90% of central and satellite galaxies with masses greater than or equal to log(%—g) > 10 are
predicted to be quenched in the redshift range 0 < z < 0.5. [110] demonstrate that in the EAGLE
simulation, the quenching time scales for both central and satellite galaxies decrease with increasing
stellar mass. They observe an increase in the fraction of passive galaxies at lower redshifts. Another
study [112] using the TNG simulation finds that slow-quenching galaxies are approximately twice as
common as fast-quenching galaxies in the redshift range of 0.7 < z < 2. More recently, [113] study
the roles of local density and interactions on the evolution of red and blue galaxies in the redshift
range 0 < z < 3 using the EAGLE simulation. They report that red galaxies tend to occupy denser
regions and show significantly stronger clustering compared to blue galaxies at z < 2. They also find
a substantial decrease in the blue fraction in paired galaxies at z < 1 suggesting significant roles of
interactions in galaxy evolution. Our results are consistent with these findings. Further, Our findings
also align with the observational studies [97-99, 131], reinforcing the effectiveness of hydrodynamical
simulations as a valuable tool for investigating galaxy formation and evolution.

Our study indicates that quenching at higher masses is mainly driven by stellar mass, whereas
quenching in intermediate- and low-mass galaxies is influenced by a complex interplay between stellar
mass and environment. We conclude that both stellar mass and cosmic web environments play a
significant role in shaping colour bimodality and driving overall galaxy evolution.
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