MNRAS 000, 000-000 (2017)

Preprint 9 July 2019 Compiled using MNRAS IATEX style file v3.0

Evolution of star formation rate-density relation over
cosmic time in a simulated universe: the observed reversal

reproduced

1,2% : ia1,2 : 1,2
Ho Seong Hwang"=*, Jihye Shin"*{ and Hyunmi Song 1
1 Korea Astronomy and Space Science Institute, 776 Daedeokdae-ro, Yuseong-gu, Daejeon 34055, Korea
2School of Physics, Korea Institute for Advanced Study, 85 Hoegiro, Dongdaemun-gu, Seoul 02455, Korea

Accepted XXX. Received YYY; in original form ZZZ

1 INTRODUCTION

ABSTRACT

We use the IlustrisTNG cosmological hydrodynamical simulation to study the evo-
lution of star formation rate (SFR)-density relation over cosmic time. We construct
several samples of galaxies at different redshifts from z = 2.0 to z = 0.0, which have
the same comoving number density. The SFR of galaxies decreases with local den-
sity at z = 0.0, but its dependence on local density becomes weaker with redshift.
At z 2 1.0, the SFR of galaxies increases with local density (reversal of the SFR-
density relation), and its dependence becomes stronger with redshift. This change of
SEFR-density relation with redshift still remains even when fixing the stellar masses
of galaxies. The dependence of SFR on the distance to a galaxy cluster also shows a
change with redshift in a way similar to the case based on local density, but the rever-
sal happens at a higher redshift, z ~ 1.5, in clusters. On the other hand, the molecular
gas fraction always decreases with local density regardless of redshift at z = 0.0 — 2.0
even though the dependence becomes weaker when we fix the stellar mass. Our study
demonstrates that the observed reversal of the SFR-density relation at z 2 1.0 can be
successfully reproduced in cosmological simulations. Our results are consistent with
the idea that massive, star-forming galaxies are strongly clustered at high redshifts,
forming larger structures. These galaxies then consume their gas faster than those in
low-density regions through frequent interactions with other galaxies, ending up being
quiescent in the local universe.
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(e.g. Cucciati et al. 2006; Cooper et al. 2007; Hwang & Park
2009; Grossi et al. 2018; Pelliccia et al. 2019). Understand-

Galaxy environments strongly affect the physical prop-
erties of galaxies through various physical mechanisms
(Boselli & Gavazzi 2006; Park & Hwang 2009). These envi-
ronmental effects result in tight correlations between galaxy
properties and environment: e.g. morphology-density rela-
tion (e.g. Dressler 1980; Postman & Geller 1984), star for-
mation rate (SFR)-density relation (e.g. Balogh et al. 1998;
Lewis et al. 2002; Gémez et al. 2003), colour-density rela-
tion (e.g. Hogg et al. 2003; Blanton et al. 2005).

These relations have been extensively studied in the lo-
cal universe (Blanton & Moustakas 2009), and have been ex-
plored at high redshifts using several deep field survey data
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ing this environmental dependence of galaxy properties and
its evolution with redshift is very important in modern astro-
physics because it provides strong constraints on the model
of galaxy formation and evolution (Peng et al. 2010). More-
over, thanks to recent cosmological hydrodynamical sim-
ulations that have implemented diverse baryonic physics
(Dubois et al. 2014; Vogelsberger et al. 2014; Schaye et al.
2015; Khandai et al. 2015; Pillepich et al. 2018a), we can di-
rectly test the predictions from simulations with the results
from observations.

Among many correlations between galaxy properties
and environment, the SFR-density relation has been received
particular attention because of its dramatic change with red-
shift; the spatially averaged SFR of galaxies decreases with
local density at low redshifts, but increases with local density
at high redshifts (i.e. z ~ 1.0). This is known as the rever-
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sal of SFR-density relation (Elbaz et al. 2007; Cooper et al.
2008).

Similarly, the average SFRs of cluster galaxies are
lower than those of field galaxies in the local uni-
verse (e.g. Boselli & Gavazzi 2006; Park & Hwang 2009;
von der Linden et al. 2010). Then, the SFR increases with
redshift for both cluster and field galaxies, but cluster galax-
ies show much faster increase of SFR than field galaxies.
In the result, the SFRs of cluster galaxies, on average, are
higher than those of field galaxies at high redshifts (e.g.
z 2 1.3 in Alberts et al. 2014; Tran et al. 2010). Although
the difference in SFR between cluster and field galaxies
at high redshifts can vary depending on cluster sample,
some studies also found that the SFRs of cluster galaxies
are, on average, not lower than those of field galaxies (e.g.
Brodwin et al. 2013; Alberts et al. 2016).

The reversal of SFR-density relation was initially
claimed by Elbaz et al. (2007) using the data from the
GOODS deep field (Giavalisco et al. 2004), and has been
examined in other deep fields even though some could not
reproduce exactly the same trend (e.g. Scoville et al. 2013;
Ziparo et al. 2014). Interestingly, there were some attempts
to reproduce the evolution of SFR-density relation using nu-
merical simulations, but many of them failed to reproduce
such a reversal (e.g. Elbaz et al. 2007; Scoville et al. 2013).

To our knowledge, Tonnesen & Cen (2014) is the only
study that succeeded in reproducing the reversal of SFR-
density relation using hydrodynamical simulations. They
could successfully reproduce the observed SFR- and colour-
density relations at z = 0 and 2z = 1 even though their
analysis is limited to only the two epochs and the box size
is rather small (i.e. 21 x 24 x 20 h™* Mpc?).

Here, we use a recent cosmological hydrodynamical sim-
ulation with large volumes to study the evolution of SFR-
density relation in more detail. Among many recent cos-
mological simulations with baryonic physics (e.g. Horizon-
AGN: Dubois et al. 2014, Illustris: Vogelsberger et al. 2014,
EAGLE: Schaye et al. 2015 MassiveBlack-II: Khandai et al.
2015), we analyse the most recent one, the HlustrisTNG
(Pillepich et al. 2018a). We focus on the evolution of SFR-
density relation with redshift by analysing the simulation
data in a way similar to the observational data. We de-
scribe the simulation data we use in Section 2, and exam-
ine the evolution of SFR-density relation in Section 3. We
discuss and summarize the results in Sections 4 and 5, re-
spectively. Throughout, we adopt cosmological parameters
as in the TNG simulation: Qa0 = 0.6911, 2,,,0 = 0.3089,
Q0 = 0.0486, 0g = 0.8159 and ns = 0.9667 and h = 0.6774
(Planck Collaboration et al. 2016). All quoted errors in mea-
sured quantities are 1o, and spatial quantities and coordi-
nates are expressed in comoving units.

2 DATA

The IllustrisTNG is a suite of cosmological hydrodynamic
simulations (Pillepich et al. 2018a), which is composed of
three simulations with different volumes: TNG300, TNG100
and TNG50. Each number refers to the length of a side in
the simulation box, corresponding to roughly 300, 100, and
50 cMpc. For each simulation box, there are three types of
simulations with different mass/spatial resolutions of dark

matter particles/gas cells. For each resolution, there are two
types of simulations depending on the inclusion/exclusion
of gas dynamics (i.e. dark matter only vs. hydrodynamical).
The simulation is run with the moving-mesh code AREPO
(Springel 2010), and starts from a high redshift at z = 127
(ageuniverse = 11.44 Myr) to the current epoch at z = 0
(ageuniverse = 13.80 Gyr).

The TNG is the successor of the Illustris simulation
(Vogelsberger et al. 2014), and has improved in many as-
pects. For example, the largest simulation box in TNG is 300
cMpc wide, which is larger than before (100 cMpc); this al-
lows us to study large-scale galaxy clustering with small cos-
mic variance, and to identify rare, massive galaxy clusters. A
new effective AGN feedback implementation seems to work
better in reproducing the observed trends of galaxies such
as colour-magnitude diagrams (Nelson et al. 2018). A cosmic
magnetism is also considered. More detailed information is
available in their presentation papers (Pillepich et al. 2018b;
Springel et al. 2018; Nelson et al. 2018; Naiman et al. 2018;
Marinacci et al. 2018).

We use the data from the TNG300 (largest volume in
the TNG simulation), which was publicly released in 2018
(Nelson et al. 2019). Among several versions of the TNG300
simulations, we use the one that has the highest mass res-
olution with gas dynamics (i.e. TNG300-1). The number
of dark matter particles is 2500% in a simulation box of
(302.6 cMpc)®. The mass of dark matter particles is 5.9 x 107
Mg. The TNG provides 100 snapshot data from z = 20.05
(ageuniverse = 0.18 Gyr) to z = 0.0 (ageuniverse = 13.80 Gyr).

The galaxy catalogue we use® is the output from the
SUBFIND subhalo finding algorithm (Springel et al. 2001).
Among several physical parameters of galaxies available in
this catalogue, those we mainly adopt in this study are
star formation rate, stellar mass, r-band absolute magni-
tude and molecular hydrogen mass. The star formation rate
is the sum of the individual star formation rates of all gas
cells in a subhalo. The stellar mass is the total mass of all
member star particles bound to a subhalo. The r-band ab-
solute magnitude is the total magnitude of member star
particles, which is modelled with stellar population mod-
els (Nelson et al. 2018). The molecular hydrogen mass is
adopted from Diemer et al. (2018, 2019). Among five hy-
drogen mass measurements based on different models, we
adopt the one based on Gnedin & Draine (2014); the use of
different models does not change our conclusions.

To make fair comparisons between different redshifts, at
each redshift we make a sample of galaxies with the same co-
moving number density. We choose the galaxy number den-
sity, corresponding to the one used for the observational data
of the Sloan Digital Sky Survey (SDSS; York et al. 2000):
e.g. 4.43 galaxies cMpc™ as in Hwang et al. (2010). There-
fore, there are 122,764 galaxies in the TNG simulation box
of (302.6 cMpc)?® at each redshift. To make a galaxy sample
similar to the magnitude-limited samples as in many obser-
vations, we first sort the galaxies in a given snapshot accord-
ing to their r-band absolute magnitudes. We then select top
122,764 bright galaxies at each redshift, which results in the
samples with the same number density.

I http://www.tng-project.org/data/docs/specifications/
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Figure 1. Physical parameters of galaxies in the IllustrisTNG as a function of local density (ns) at z = 0.0. Black points are individual
galaxies, and red points with lines are means of black points. The errorbars are derived from the resampling method. (top left) star
formation rate, (middle left) stellar mass, (bottom left) specific star formation rate, (top right) spatially averaged star formation rate,
(middle right) mass fraction of molecular hydrogen gas (fu, = Mu,/Mstar). We display only 3% of the data for clarity.
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Figure 2. Similar to Fig. 1, but for z = 1.0.
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Figure 3. SFRs (top left), average SFRs (top right) and mass fraction of molecular hydrogen (bottom left) of galaxies as a function of
local density (ns) for different redshifts from z = 2.0 to z = 0.0. The grey line is for the SDSS galaxies in the local universe (Fig. 17 in
Hwang et al. 2010). The molecular hydrogen masses are available only for the redshifts at z = 0.0, 0.5, 1.0, 1.5 and 2.0. (bottom right)

Stellar mass distribution of the galaxies in our samples.

3 RESULTS

Fig. 1 shows the dependence of physical parameters of galax-
ies as a function of local density (ns) at z = 0.0. There
could be many ways to determine the environment of galax-
ies (Muldrew et al. 2012), but we take a simple approach
as often used in the analysis of observational data (e.g.
Baldry et al. 2006; Hwang et al. 2010). The local density
here is the galaxy number density measured in a volume of a
sphere defined by the distance to the 5th nearest neighbour
galaxy. The physical scale for the local environment probed
by this measure varies with the galaxy number density of the
sample, but for our samples the physical scale corresponds
to 0.1 — 10.6 cMpc. The top left panel shows that the SFR
of individual galaxies, on average, decreases with local den-
sity as expected. The stellar mass in the middle left panel
increases with density. In the result, the specific SFR (SFR
per stellar mass, bottom left) decreases with local density,

consistent with observational results in the local universe
(e.g. Balogh et al. 2004).

We also compute the spatially averaged SFRs, <aSFR>
(top right panel), which was used for the finding of the re-
versal of SFR-density relation in Elbaz et al. (2007). This
is the mean SFR of the galaxies within a sphere of 1 cMpc
centred on a target galaxy (not volume average, but num-
ber average), which is different from a simple mean SFR
in bins of local density (e.g. red points in top left panel).
This quantity is similar to a smoothed SFR in a given posi-
tion. Thus, it shows a correlation between the star formation
activity and the local density better than the SFR of indi-
vidual galaxies that can sometimes be very noisy. The top
right panel of Fig. 1 shows a trend for such an average SFR;
it decreases with local density, similar to observational data
in the local universe (e.g. Fig. 8 in Elbaz et al. 2007 and Fig.
17 in Hwang et al. 2010). The mass fraction of cold gas (i.e.
fi, = Mu,/Mstar) in the middle right panel decreases with

MNRAS 000, 000-000 (2017)



10.0F

1.0}

<aSFR> (Mg yr™')

e [0.001, 0.032]
o [0.032, 1.000]
e [1.000, 100.0]

[0 2 I N T T T T

n, (galaxies cMpc™)]

0.0 0.5 1.0 1.5 2.0
redshift

Evolution of SFR-density relation 5

1.00: T T T T T

[0 0 N I T T T T

0.0 0.5 1.0 1.5 2.0
redshift

Figure 4. (Left) Evolution of average SFRs as a function of redshift for different local density bins. (Right) Similar to left panel, but

molecular hydrogen mass fraction.

local density, consistent with observations (e.g. Grossi et al.
2016).

Fig. 2 is similar to Fig. 1, but for the data at z = 1.0.
The galaxy number density and the methods calculating all
the parameters are consistent with those at z = 0.0. Interest-
ingly, the SFRs of individual galaxies do not decrease with
local density (top left panel), which is different from those
at z = 0.0. However, the stellar masses and the specific
SFRs, respectively, increase and decrease with local den-
sity (middle and bottom left panels), which is similar to
those at z = 0.0. The change of SFRs with local density
is more prominent in the plot of average SFRs (top right
panel), which shows an increase of SFR with local density
(i.e. reversal of SFR-density relation) as seen in the obser-
vational data. The trends for higher redshifts (i.e. z > 1.0)
are similar to the case at z = 1.0 (see Appendix A for more
plots), but the increase of SFRs with local density is more
pronounced. Interestingly, the specific SFRs do not increase
with local density even at high redshifts, which could sug-
gest that the reversal of SFR-density relation is solely driven
by the change of stellar mass with local density; we discuss
this effect in detail in Section 4.2.

To summarize the change of SFR-density relation with
redshift, we show, in Fig. 3, the SFRs (top left) and the
average SFRs (top right) of galaxies as a function of local
density for all the redshifts we analyse at z = 0.0 — 2.0. For
comparison, we also show the change of SFRs of the SDSS
galaxies with local density as a grey line, which is adopted
from Fig. 17 of Hwang et al. (2010). It should be noted that
the methods to compute the spatially averaged SFRs and the
local density are not perfectly the same between simulation
and observational data (e.g. Elbaz et al. 2007; Hwang et al.
2010). The main difference between the two is the volume
used for computing the average SFR and the local density.
For example, in simulations <aSFR> is the mean SFR of
the galaxies within a sphere of 1 cMpc centred on a target
galaxy, but in observations it is the mean SFR of the galax-
ies that have velocities relative to a target galaxy less than
1500 km s~ 'and the projected distance less than 1 cMpc.
This difference is simply because we use the snapshot data
of the TNG simulations, which do not provide the radial ve-
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locities of galaxies from an observer. This requires lightcone
data, which are not yet available from the TNG simulations.
Therefore, the grey line for the SDSS data should not be di-
rectly compared with the lines derived from the TNG data,
but should be only used as a guide line.

The top panels of Fig. 3 show that both individual and
average SFRs decrease with local density at low redshifts
(reddish lines). Then, the dependence gradually changes
with redshift, and finally the SFR increases with local den-
sity at high redshifts (i.e. z = 1): reversal of SFR-density
relation. The bottom left panel shows the molecular gas
fraction of individual galaxies as a function of local density
for different redshifts. At all redshifts, the gas fraction de-
creases with local density. The gas fraction systematically
increases with redshift, consistent with observations (e.g.
Scoville et al. 2017); this increase is known to be respon-
sible for the systematic increase of specific SFRs of galaxies
with redshift (e.g. Fig. 18 in Elbaz et al. 2011; Sargent et al.
2014). However, the increase of gas fraction with redshift is
slightly faster in high-density regions than in low-density re-
gions; the gas fraction at the lowest-density bin increases
~3 times from z = 0.0 to z = 2.0, but the fraction at the
highest-density bin increases ~10 times.

To show the change of environmental dependence of
SFRs with redshift in a different way, we plot the average
SEFRs of galaxies as a function of redshift for three local
density bins in the left panel of Fig. 4. The average SFR in-
creases with redshift for all density bins, consistent with the
expectation from an increase of gas fraction with redshift
(e.g. Scoville et al. 2017). However, the increase is steeper
for high-density regions. Thus, at low redshifts, the aver-
age SFR is lower in high-density regions than in low-density
regions, but at high redshifts, the SFR is higher in high-
density regions than in low-density regions. In the result,
there is a crossing of SFRs between different density bins
around z ~ 0.7; this corresponds to the redshift when the
SFR-density relation is almost flat (see top panels of Fig. 3).
At z 2 0.7, the average SFRs of galaxies in high-density re-
gions are always higher than those of galaxies in low-density
regions, which is the reversal of the SFR-density relation.
The right panel shows the change of gas fraction with red-



6 H.S. Hwang, J. Shin and H. Song

10.0F

1.0F

SFR (Me yr™")

<aSFR> (Me yr™")

100 P,

0.01F

2 1.5 1
l"/ Rvir

T T T T T
100F =—3 - &+ = ;
LOF l\i\i\i\/g ]
———oz = 2.00
———z = 150
o1k z = 1.00 i
: —oz = 0.75 ]
z = 0.50
oz =025
— z = 0.00 | |
2 1.5 1 0.5 0
r/Rvir
+
10 M 3
g
z
z i
Eo 1014_ % i
10" L L L I L

redshift

Figure 5. Similar to Fig. 3, but for the galaxies centred on galaxy clusters at several redshifts. The clustercentric radius is normalized
by a virial radius of each cluster. (bottom right) Cluster mass as a function of redshift.

shift. The gas fraction is always higher in lower density re-
gions than in higher density regions regardless of redshift
at z = 0.0 — 2.0, but the difference between low and high-
density regions decreases with redshift.

4 DISCUSSION

We use the IllustrisTNG cosmological hydrodynamical sim-
ulation to study how the SFR-density relation evolves over
cosmic time at z = 0.0 — 2.0. We could successfully repro-
duce the reversal of SFR-density relation observed for high-
redshift galaxies at z ~ 1.0 (Elbaz et al. 2007).

We study the evolution of SFR-density relation in two
ways. One is to examine the SFR-density relation at different
redshifts. We therefore use several snapshot data provided
by the TNG simulation, and systematically look into the
change of the relation with redshift (e.g. Fig. 3). The average
SFR of galaxies decreases with local density at low redshift,
but becomes almost flat at z ~ 0.7. The SFR increases with
density since then, and the dependence becomes stronger
with redshift. The other way is to examine the change of
average SFR with redshift by fixing the local density (e.g.
Fig. 4). The average SFR of galaxies increases with redshift

for any density bins, but the increase is much faster in high-
density regions. Then, the crossing of SFRs between low-
and high-density regions happens at z ~ 0.7 when the SFR-
density relation is almost flat. At z = 0.7, the average SFRs
of high-density regions are always higher than those of low-
density regions, and the difference between high- and low-
density regions becomes larger with redshift.

4.1 Evolution of SFR-density Relation in the

Galaxy Cluster Environment

The crossing of SFRs between different environments is also
expected from a comparison of SFRs (or infrared luminosi-
ties) between field and cluster galaxies even though the
crossing redshift can vary depending on the galaxy sample
(e.g. Fig. 5 of Alberts et al. 2014). In this regard, to bet-
ter examine the environmental dependence of SFRs in very
high-density regions that are not often resolved with typi-
cal local density indicators (e.g. ns in this study), we show
the dependence of SFRs and the mass fraction of molecular
hydrogen on the distance to a galaxy cluster in Fig. 5. The
top left panel shows the SFRs of individual galaxies as a
function of distance to a galaxy cluster. The galaxy sample
at each redshift is the same as the one used in the previ-
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ous section. To calculate the distance to a galaxy cluster for
each galaxy in the sample, we first identify 50 most massive
galaxy clusters at each redshift from the halo catalogues in
the TNG300-1 (see the bottom right panel for the mass dis-
tribution of the cluster sample). We then plot the SFRs of
the galaxies close to those massive clusters as a function of
distance to a galaxy cluster (normalized by virial radii of
clusters).

As expected, the SFRs of the galaxies at low red-
shifts decrease with decreasing clustercentric radius, consis-
tent with observational results (e.g. Boselli & Gavazzi 2006;
Park & Hwang 2009; von der Linden et al. 2010). Similar to
the dependence on local density, the dependence of SFR
changes with redshifts, but the change is not as dramatic
as the case based on the local density. Even at z = 2.0,
the SFR remains almost flat at r/Rvi: 2 0.5, and increases
only at 7/Ryix < 0.5. The average SFRs in the top right
panel shows a similar trend. Interestingly, the SFRs in high-
density regions (i.e. 7/Ryir < 0.5) are systematically higher
than those in low-density regions only at z > 1.5. This red-
shift is higher than the redshift that shows the reversal of
SFR-density relation based on local density (i.e. z > 1.0);
this difference will be more discussed later in this section.
The mass fraction of molecular hydrogen in the bottom left
panel also decreases with decreasing clustercentric radius at
all redshifts. The increase of molecular hydrogen mass frac-
tion with redshift is more prominent in high-density regions,
consistent with the results based on local density.

4.2 What Causes the Reversal of the SFR-density
Relation?

Galaxy properties are strongly affected by both internal
(e.g. stellar mass) and external factors (e.g. environment)
(Peng et al. 2010), which suggests that the SFR-density re-
lation may not be simply the outcome of environmental
effects. To examine whether the SFR-density relation is
mainly driven by the difference in stellar mass of galax-
ies at different density bins, we plot in Fig. 6 the average
SEFRs as a function of local density for different redshifts
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by narrowing the mass range of the sample galaxies (i.e.
10" < M,/Ms < 2 x 10'; blue horizontal bands in the
middle left panels of Figs. 1 and 2). The left panel shows
that the SFR-density relation still changes with redshift de-
spite the small mass range, indicating a clear role of galaxy
environment in the relation.

As the mass fraction of molecular hydrogen in high-
density regions decreases with decreasing redshift faster than
in low-density regions, one can expect that the environment-
dependent evolution of gas fraction is responsible for the re-
versal of the SFR-density relation. According to the bottom
left panel of Figure 3, the gas fraction at the lowest-density
bin increases ~3 times from z = 0.0 to z = 2.0, but the frac-
tion at the highest-density bin increases ~10 times. This
can imply an increase of SFR by a factor of (10/3)** = 5 if
we assume a simple Schmidt-Kennicutt law with a slope of
1.4 for the conversion between gas and star formation rate
densities (Schmidt 1959; Kennicutt 1998). When we com-
pare the change of SFR between lowest- and highest-density
bins in the top panels of Figure 3, the ratio of increase in
SFR between the two density bins is ~ 5. This ratio is con-
sistent with the one for the increase in gas fraction, which
can suggest that the change of gas fraction is responsible
for the evolution of environment-dependent SFR. However,
this does not fully explain the trend. It should be noted that
the mass fraction of molecular hydrogen is always lower in
high-density regions than in low-density regions even at high
redshifts when the average SFR in high-density regions is
higher than in low-density regions. In addition, even when
we fix the stellar mass, the average SFR still increases with
density at z > 1.5, but the gas fraction changes little with
local density (right panel of Fig. 6; see also Darvish et al.
2018 for similar observational results). This suggests that
there would be another factor in addition to the gas frac-
tion, which affects the star formation activity of galaxies:
e.g. environment. In other words, there should be a mech-
anism, which can make the overall star formation rates in
high-density regions higher than those in low-density regions
at high redshifts (i.e. reversal of the SFR-density relation)
even though the gas fraction in high-density regions is not
higher than that in low-density regions.
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As Hwang et al. (2010) and Tonnesen & Cen (2014) dis-
cussed, an important factor behind the evolution of the
SFR-density relation is how the fraction of massive, star-
forming galaxies changes with local density through cos-
mic time. This could be related to the observational find-
ing that the star-formation main sequence shows a bend-
ing at high masses and the bending evolves with redshift
(Whitaker et al. 2015; Schreiber et al. 2015). Here the bend-
ing means that the SFRs of massive star-forming galaxies
are lower than the extrapolations from the best-fit relation
for less massive galaxies. The bending of the main sequence
is more pronounced at lower redshifts, which means that
the difference between the measured SFRs of more massive
galaxies and the expected ones from less massive galaxies
increases with decreasing redshift. As high-density regions
tend to host more massive galaxies and the bending of the
main sequence is more pronounced at lower redshifts, the
decrease of average SFRs with redshift in high-density re-
gions where more massive galaxies exist can be accelerated
than that in low-density regions.

There are several explanations for the bending of
the star-formation main sequence, which include a growth
of bulge component as a consequence of the increased
merger activity in groups and an environment-driven gas
removal/consumption process (Popesso et al. 2019). In the
hierarchical picture of galaxy formation, these phenomena
could be understood as the results of continuous interactions
and mergers with other galaxies. In more detail, at high
redshifts, galaxies overall have large amounts of cold gas,
which can be easily converted into stars. Then, the galaxies
in high-density regions consume their gas faster than those in
low-density regions through galaxy-galaxy interactions and
merging (Hwang et al. 2011, 2012; Pan et al. 2018) that are
generally expected to be more frequent than in low-density
regions. Therefore, in high-density regions at high redshifts,
there could be many massive, star-forming galaxies, form-
ing larger structures such as galaxy groups/clusters; indeed,
massive, star-forming galaxies are strongly clustered at high
redshifts (e.g., Farrah et al. 2006; Gilli et al. 2007). In the
end, at low redshifts, those galaxies become gas poor and
quiescent, being dominant in high-density regions.

When we focus on very high-density regions such as
galaxy clusters, various cluster-driven quenching mecha-
nisms related to the hot gas of clusters (Boselli & Gavazzi
2006) are expected to play a role in addition to the processes
mentioned above. Therefore, the decrease of SFRs in cluster
regions starts earlier than any other environments. This is
what the top panels of Fig. 5 shows; the SFRs in the cen-
tral regions of clusters (i.e. r/Ryir < 0.5) are systematically
higher than those in the other regions only at z > 1.5, which
is a higher redshift than the redshift that shows the rever-
sal of the SFR-density relation based on local density (i.e.
z > 1.0). This can explain why some studies do not find obvi-
ous increase of SFRs with decreasing clustercentric radius at
high redshifts (z 2 1; e.g. Brodwin et al. 2013; Alberts et al.
2016) and/or do find quenching of star formation activity in
the central regions of clusters at z ~ 1.5 (Strazzullo et al.
2019) despite the expectations from the increase of SFRs
with local density.

The environmental dependent evolution of star forma-
tion activity of galaxies is consistent with the observational
results for other galaxy properties (e.g., Capak et al. 2007;

Hwang & Park 2009). For example, Hwang & Park (2009)
showed that the early-type galaxy fraction changes much
faster in high-density regions than in low-density regions,
which results in a weaker correlation between galaxy mor-
phology and local density at high redshifts than at low red-
shifts. Again, this could be the results of frequent galaxy-
galaxy interactions in higher density regions at high red-
shifts that accelerate the morphological transformation of
late-type galaxies into early-type galaxies along with the
quenching of star formation activity.

5 SUMMARY

We use the IllustrisTNG cosmological hydrodynamical sim-
ulation to study the evolution of SFR-density relation at
z = 2.0—0.0, and successfully reproduce the observed rever-
sal of SFR-density relation at high redshifts. Our primary
results are:

(i) The SFR of galaxies decreases with local density at
z = 0.0, but its dependence on local density becomes weaker
with redshift. At z 2 1.0, the SFR of galaxies increases with
local density (i.e. reversal of SFR-density relation), and its
dependence becomes stronger with redshift. This change of
SEFR-density relation with redshift still remains even when
fixing the stellar masses of galaxies.

(if) The dependence of SFR on the distance to a galaxy
cluster shows a trend similar to the one based on local den-
sity. However, the change of the dependence with redshift is
not as dramatic as the one based on local density. This dif-
ference could be because in clusters there are cluster-driven
quenching mechanisms in addition to the processes related
to frequent galaxy-galaxy interactions and merging.

(iii) The gas fraction of molecular hydrogen always de-
creases with local density regardless of redshift at z =
0.0 — 2.0 even though the dependence becomes weaker when
we fix the stellar mass.

Our results are consistent with the idea that massive,
star-forming galaxies are strongly clustered at high red-
shifts, forming larger structures. They then consume their
gas faster than field galaxies through frequent interactions
with other galaxies, ending up being quiescent in the local
universe. We plan to study in detail the connection between
galaxy interactions and the dramatic change of environmen-
tal dependence of galaxy properties using the cosmological
hydrodynamical simulations including the TNG.
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Figure A1l. Physical parameters of galaxies in the IllustrisTNG as a function of local density (ns) at z = 1.5. Black points are individual
galaxies, and red points with lines are means of black points. The errorbars are derived from the resampling method. (top left) star
formation rate, (middle left) stellar mass, (bottom left) specific star formation rate, (top right) spatially averaged star formation rate,
(middle right) mass fraction of molecular hydrogen gas (fu, = Mu,/Mstar). We display only 3% of the data for clarity.
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Figure A2. Similar to Fig. Al, but for z = 2.0.
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