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Abstract

Using the IustrisTNG cosmological galaxy formation 51mulat10ns we analyze the physical properties of young
quiescent galaxies at z =2 with stellar masses above 10 M(J This key population provides an unaltered probe
into the evolution of galaxies from star-forming to quiescent, and has been recently targeted by several
observational studies. Young quiescent galaxies in the simulations do not appear unusually compact, in tension
with observations, but they show unique age profiles that are qualitatively consistent with the observed color
gradients. In particular, more than half of the simulated young quiescent galaxies show positive age gradients due
to recent intense central starbursts, which are triggered by significant mergers. Yet, there is a sizable population of
recently quenched galaxies without significant mergers and with flat age profiles. Our results suggest that mergers
play a fundamental role in structural transformation, but are not the only available pathway to quench a z=2
galaxy.
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1. Introduction

One of the main challenges for models of galaxy evolution is
to explain the properties of massive quiescent galaxies and to
understand the mechanisms responsible for quenching their star
formation. The observed diversity in the structure and stellar
populations of quiescent galaxies suggests that there are
multiple quenching pathways (e.g., Schawinski et al. 2014).
One way to explore the physical processes related to quenching
is to focus on the population of galaxies that recently became
quiescent. Over the last decade, observational studies have
discovered a relatively large number of these young quiescent
systems, sometimes called post-starburst galaxies, at high
redshift (e.g., Wild et al. 2009; Whitaker et al. 2012). While old
quiescent galaxies at high redshift are remarkably small, post-
starburst systems appear even more compact (Whitaker et al.
2012; Belli et al. 2015; Yano et al. 2016; Almaini et al. 2017;
Wu et al. 2018). However, recent studies suggest that the
difference in half-light radii between young and old quiescent
galaxies at z ~ 2 is actually due to a difference in color gradient
rather than in physical size (Suess et al. 2020). This may be due
to a central population of young, blue stars, but direct
measurements of the age profiles in post-starburst galaxies
can currently be obtained only at z < 1 (D’Eugenio et al. 2020;
Setton et al. 2020).

These results raise interesting questions for current models of
galaxy quenching. Some theoretical scenarios propose that
massive quiescent galaxies form via a compact starburst
triggered by violent disk instabilities (including mergers) that
drive cold gas into the center (Dekel & Burkert 2014). A
scenario of this type can qualitatively explain the observed
sizes and colors of post-starburst galaxies at z ~ 0.8 (Wu et al.
2020). Hydrodynamical simulations have enabled detailed
studies of the relation between gas-rich processes, central
starbursts, and quenching (Zolotov et al. 2015; Tacchella et al.
2016). However, these zoom-in simulations do not include
feedback from active galactic nuclei (AGNs), which is widely
thought to be a crucial component of galaxy quenching (Bower

et al. 2006; Croton et al. 2006), and it is therefore unclear
whether they are able to reproduce realistic properties for the
global population of galaxies. Other studies include AGN
feedback and focus on understanding the interaction between
galaxy mergers, quenching, and AGN feedback (Pontzen et al.
2017; Sanchez et al. 2021), AGN activity (Sharma et al. 2021),
or structural evolution (Choi et al. 2018). On the other hand,
large-scale cosmological simulations are ideal for capturing the
vast diversity in galaxy populations and derive statistically
significant results relevant to observational surveys. Only
recently, the physical fidelity and resolution of these simula-
tions became sufficiently good to study the spatially resolved
structure of galaxies. Yet, striking a balance between simulated
volume, i.e., sample size, and resolution remains an important
aspect. In this Letter,”> we use the TNG-100 simulation from the
TlustrisTNG suite, which provides the optimal balance between
resolution and sample size, to study stellar age gradients as
signature of quenching. We focus our analysis on the galaxy
population at z =2, a key epoch marking both the peak of the
cosmic star formation rate (Madau & Dickinson 2014), and the
time when quiescent systems begin to dominate the high end of
the mass function (Muzzin et al. 2013).

2. Simulation Data and Sample Selection
2.1. MustrisTNG

The INustrisTNG project (Marinacci et al. 2018; Naiman
et al. 2018; Nelson et al. 2018; Pillepich et al. 2018a; Springel
et al. 2018) is a series of large-scale cosmological magnetohy-
drodynamical simulations that model galaxy formation and
evolution, including cooling, star formation, stellar feedback
and AGN feedback. We use data from TNG100-1, the highest
resolution realization of the TNG100 series using the web-
based API (Nelson et al. 2019). The side length of the

3 The code used in our analysis is available on GitHub under a GPL-2.0
license https://github.com/pathakde /Pathak_2021; a copy of these data were
deposited in Zenodo (Pathak et al. 2021).
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simulation volume is 75k '~ 100Mpc (comoving), the
baryon mass resolution is 1.4 x 10°M. per particle, the
gravitational softening length for dark matter and star particles
at z=2 is 0.5 kpc (proper), and the adaptive softening of the
gas component has a minimum of 62 pc (proper). The Planck
Collaboration et al. (2016) cosmological parameters are
adopted. Gravitationally bound structures are identified using
the SUBFIND algorithm (Springel et al. 2001) and are linked
across snapshots to generate merger trees with the SUBLINK
algorithm (Rodriguez-Gomez et al. 2015). All TNG model
parameters used are described in Pillepich et al. (2018a).
Details on the physical models used in TNG, in particular the
models for star formation, stellar, and AGN feedback, can be
found in the two TNG method papers (Weinberger et al. 2017;
Pillepich et al. 2018b).

The simulated galaxy population in TNG100 has been
extensively analyzed and compared to observations in the
literature. Most relevant to this work, Genel et al. (2018) found
the sizes of simulated galaxies to be in rough agreement with
observations (also at z=2, the focus of the present study).
Additionally, Weinberger et al. (2018) traced back quiescent
galaxies from z=0 to the time of quenching and found that
during quenching, most galaxies exhibit increased levels of
kinetic mode AGN feedback, and only a small sub-population
show substantial energy injection via luminous AGN. This
implies that in IlustrisTNG, most galaxies do not quench via
luminous AGN, and hints toward kinetic AGN feedback being
responsible for quenching.

2.2. Sample Selection

We focus our analysis on the z =2 snapshot of the TNG100
simulation, for which we select all 1045 galaxies with stellar
mass M, >10'%° M. We split this sample into 850 star-
forming galaxies and 195 quiescent galaxies using a threshold
in specific star formation rate (averaged over the last 100 Myr)
of 107'%° yr~!, which is an order of magnitude below the main
sequence at z~ 2 (Speagle et al. 2014). We further split the
quiescent population into subsamples according to the mass-
weighted average stellar ages. The main focus of this work is
on the 41 young quiescent galaxies with an average age
younger than 1.15 Gyr. We choose this age threshold because it
yields a number density of 1.5 x 107> Mpc >, which is roughly
equal to the observed number density of massive post-starburst
galaxies at high redshift (Wild et al. 2016; Belli et al. 2019).
Selecting the sample via such abundance matching reduces
biases due to possible differences in quenching times between
simulations and observations.* We also define the two control
populations of intermediate-aged quiescent galaxies (mass-
weighted average stellar age between 1.15 and 1.5 Gyr, 81
systems), and old quiescent galaxies (mass-weighted average
stellar age older than 1.5 Gyr, 73 systems).

The star formation histories for each of the four populations
are illustrated in Figure 1. Most young quiescent galaxies show
a peak in star formation between 0.5 and 1 Gyr of lookback
time, followed by rapid quenching. The star formation histories
of intermediate and old quiescent galaxies feature pronounced
peaks at increasingly early cosmic times.

4 We also verified that our conclusions do not change with a threshold of
1 Gyr, as used in Suess et al. (2020).
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3. Structural Properties of Galaxies
3.1. Sizes

In order to explore the relation between quenching and
structural transformation, we calculate the effective radii of the
simulated galaxies. We retrieve the multi-band photometry
generated with the Bruzual & Charlot (2003) library for each
stellar particle, and calculate the three-dimensional half-light
size of each galaxy in the rest-frame U- and V-bands. For the
purpose of this work we ignore dust attenuation, and assume
that the luminosity of a stellar particle depends only on stellar
age, metallicity, and mass (Vogelsberger et al. 2013). The first
two panels of Figure 2 show the U-band and V-band effective
sizes as a function of stellar mass for our sample, color-coded
by the galaxy populations as defined in the previous section.
Generally speaking, we find that in TNG100 star-forming
systems are the largest at fixed stellar mass. This aspect was
studied in Genel et al. (2018) and found to be in agreement
with observations. Within the quiescent population, we find
that young galaxies are larger than old galaxies in the V-band,
and about the same size in the U-band. This is in tension with
observations at 0.5 <z<2.5, in which young quiescent
systems are found to be the most compact type of galaxy
(Whitaker et al. 2012; Belli et al. 2015; Yano et al. 2016;
Almaini et al. 2017; Wu et al. 2018).

Because the size difference between young and old quiescent
galaxies depends on the band in which the effective radii are
measured, these two galaxy populations must have substan-
tially different color gradients. More precisely, the young
quiescent population must have a nearly flat color gradient
because its sizes are roughly the same in both bands, whereas
older galaxies are more compact in the redder filter and
therefore must have strong negative gradients (i.e., redder in the
center). These results are in qualitative agreement with recent
observational findings based on multi-band space-based
imaging (Suess et al. 2020). We also calculate the half-mass
sizes, which can be considered as the “true” size measurements,
and we still find a tension between simulations and observa-
tions. As shown in the third panel of Figure 2, in TNG100
young quiescent galaxies are much larger than old systems,
while the half-mass size of observed galaxies seem to be
roughly independent of their age (Suess et al. 2020). Finally,
the last panel of Figure 2 shows the ratio between the half-mass
and half-light size, which is a measure of the color gradient, as
a function of stellar age. Our sample (star symbols) follows a
weak but clear trend of decreasing color gradient with stellar
age, which is in qualitative agreement with the observational
measurements of Suess et al. (2020; circles). The observed
gradients feature a substantially larger scatter than the TNG
measurements, but this is explained at least in part by the effect
of observational uncertainties and the small number of
quiescent galaxies available in Suess et al. (2020).

We conclude that in our simulated sample, young quiescent
galaxies are larger than in observations, but the color gradient
trend is correctly reproduced, suggesting that TNG100 is able
to capture, at least partially, the physical processes responsible
for the formation of quiescent galaxies at z = 2. Color gradients
are an important observational property of galaxies, and reflect
gradients in stellar age, metallicity, and /or dust reddening. The
TNG100 simulation does not include dust, and we checked that
the stellar metallicity profile is approximately the same for the
four galaxy populations. This means that the color gradients in
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Figure 1. Star formation histories for the four galaxy populations. For the star-forming population we only show 80 randomly drawn galaxies, for clarity. The curves
are binned over 100 Myr and normalized by the total mass formed by z = 2. In each panel, a thick line marks the median trend. The data and software to generate this
Figure are available on Zenodo:10.5281/zenodo.5093727 (GitHub: https://github.com/pathakde/Pathak_2021).
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Figure 2. The first three panels show the effective sizes calculated in the rest-frame U-band, rest-frame V-band, and using the stellar mass distribution, as a function of
total stellar mass. Galaxies are color-coded according to the populations defined in Section 2.2. For the star-forming population we only show 80 randomly drawn
galaxies; we also omit the intermediate quiescent population from the first three panels for clarity. Stars mark the median values for each population. The last panel
shows the ratio of half-mass and half-light (in the rest-frame V-band) size as a function of stellar age, for the three subsamples of quiescent galaxies. Star symbols mark
the medians for the TNG galaxies, and empty circles mark the medians for the Suess et al. (2020) observed sample at 1.5 < z < 2.5. The 30th—70th percentile regions
for both the simulation (hatched) and observations (shaded) are shown. The data and software to generate this Figure are available on Zenodo:10.5281/

zen0do0.5093727 (GitHub: https://github.com/pathakde/Pathak_2021).

our simulated sample are mainly driven by gradients in the
stellar ages.

3.2. Age Profiles

We construct the age profile for each galaxy by grouping the
star particles in radial bins, each containing 2% of the total
amount of stars, and calculating the median stellar age in each
bin. The results are shown in Figure 3, separately for each of
the four galaxy populations. Thick lines mark the population
median trends, calculated using the star particles of all galaxies
collectively (this increases the weight of individual massive
galaxies and compensates for their lower number). The age
profiles of the three quiescent populations show a systematic
vertical shift, which is simply due to the selection in median
ages used to define our subsamples. Partly because of this, each
quiescent population appears uniform, whereas the star-

forming population, which does not have an age cut, shows a
greater diversity. More importantly, there is a clear trend in the
slope of the age profiles: most galaxies have a negative slope
between 0.8 and 8 kpc with the notable exception of the young
quiescent population, which features a slightly positive slope.
Figure 3 thus confirms that the age profiles are the cause for the
difference in the mass—size relations measured in the rest-frame
U- versus V-band. Old systems have an older center, which
therefore is redder, while for young quiescent galaxies the
center is younger and bluer than the outskirts.

To investigate the evolution of the age profiles, we follow
each galaxy back in time to z=3 and forward in time to
z=1.5, and we plot the median age profile for each of the four
populations in Figure 3. The slope of the age profile tends to
become increasingly negative with time across all populations.
Moreover, the positive slope seen for young quiescent galaxies
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Figure 3. Radial age profiles for the four galaxy populations (thin lines). For the star-forming population we only show 80 randomly drawn galaxies, for clarity. The
median for each population is shown in thick unbroken lines. The median for the main progenitors at z = 3 (thick dotted line) and the descendants at z = 1.5 (thick
dashed line) are also shown. The data and software to generate this Figure are available on Zenodo:10.5281 /zenodo.5093727 (GitHub: https://github.com/pathakde/

Pathak_2021).
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Figure 4. Age profiles of young quiescent galaxies, with separate panels for galaxies with at least one significant merger that contributes at least 10% of the z =2
stellar mass (“with merger”: left panel) and those without such a merger (right panel). The data and software to generate this Figure are available on Zenodo:10.5281/

zen0do0.5093727 (GitHub: https://github.com/pathakde/Pathak_2021).

is acquired and lost in a short period of time, and the z =3
progenitors of these galaxies have age profiles that are
effectively indistinguishable from those of star-forming
galaxies. This indicates that the unique age profiles found in
young quiescent galaxies at z =2 are not inherited from their

progenitors: some event, possibly connected with the quench-
ing process, is required.

4. The Role of Mergers

To test whether the unusual age profiles of young quiescent
galaxies are associated with galaxy mergers, we further split
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Figure 5. Stacked normalized histograms showing the radial distribution of stellar ages in each galaxy population. All stellar particles of all galaxies in a given
population are split into five age bins; the colored bands show the fractional contribution of each bin to the total stellar mass, as a function of radius. Galaxies are
divided according to whether they experienced (bottom row) or did not experience (top row) a significant merger prior to z = 2. The number of galaxies in each
category are indicated in brackets. The data and software to generate this Figure are available on Zenodo: 10.5281/zenodo.5093727 (GitHub: https://github.com/

pathakde/Pathak_2021).

our samples of galaxies by the presence or absence of a
significant merger. Using the merger identification algorithm of
Rodriguez-Gomez et al. (2015), we define “with merger” those
galaxies whose most massive merger contributed at least 10%
of their z = 2 stellar mass. The rest of the population are labeled
“without merger.” We use this merger criterion to split the
population of young quiescent galaxies into two groups, and
we show their age profile separately in Figure 4. Young
quiescent galaxies that experienced at least one merger show
strongly positive age gradients, while young quiescent galaxies
that evolve without such a significant merger have flat age
profiles. The median time since the most significant merger for
young quiescent galaxies is 0.61 Gyr. This corresponds to the
peak of star formation and the onset of quenching in most
young quiescent galaxies, as shown in Figure 1.

Thus, it appears that positive age gradients are caused by
galaxy mergers. To further explore this process, in Figure 5 we

show the normalized stacked histograms of stellar ages as a
function of radius in each galaxy population. Radial percentile
bins consistent with those in previous figures are used for
binning stellar particles. At each radial bin, we show the overall
stacked distribution of stellar ages, normalized by the total
stellar mass within the bin to account for the high concentration
of stars close to the center. In most galaxy populations we find
that the relative contribution of stars formed in the last Gyr
peaks at a radius between 3 and 10 kpc, leaving mostly older
stars in the central 3 kpc. The only exception is represented by
the population of young quiescent galaxies that experienced a
merger: in these systems, young stars peak at the galaxy center,
and dominate the inner 3 kpc.

This represents conclusive evidence for an intense and
centrally concentrated starburst that is associated with a merger
event. The positive age gradients in the population of young
quiescent galaxies, therefore, are caused by the formation of
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young stars in the center following a merger. Importantly, this
process does not take place in every young quiescent galaxy,
meaning that mergers are not required in order to trigger the
quenching of massive galaxies. However, because the majority
of young quiescent galaxies do experience mergers (27 out of
45, i.e., 60%), this process has a measurable effect on the
median age profile of the population.

5. Discussion
5.1. Comparison to Observations

We find that the age gradients are slightly positive in young
quiescent galaxies and strongly negative in older systems.
Assuming that dust attenuation and metallicity do not vary
strongly with radius in quiescent galaxies, our results can be
directly translated into color gradients. Thus, we confirm the
observational results of Suess et al. (2020), who showed that
young quiescent galaxies are bluer (i.e., younger) in the center
compared to older systems. Ideally, we would compare our
analysis to direct measurements of age gradients, so that
uncertainties due to the treatment of dust and metallicity (both
in the simulations and in the observations) can be avoided.
However, such measurements are extremely challenging, as
they require deep and spatially resolved spectroscopy. Recent
studies were able to measure age gradients in post-starburst
galaxies at intermediate redshift (z ~ 0.7), but a consensus has
not emerged yet: while D’Eugenio et al. (2020) reported
slightly positive age gradients, Setton et al. (2020) found flat
age profiles. At higher redshift it is currently impossible to
resolve quiescent galaxies, but direct measurements can be
obtained in rare cases by taking advantage of gravitational
lensing. So far only two such galaxies at z~2 have been
studied in detail, and both feature flat age gradients (Akhshik
et al. 2020; Jafariyazani et al. 2020). However, the stellar ages
of these systems are relatively old, and we would not classify
them as young quiescent galaxies.

5.2. The Relationship between Mergers and Quenching

Our results show that mergers trigger central starbursts and
fundamentally change the age profile for the majority of young
quiescent galaxies. Yet, we also find a sizable population of
recently quenched galaxies that are quenched without mergers
nor starbursts, and that have flat age profiles. This result
suggests the existence of different pathways to quenching for
z="2 massive galaxies, at least in the TNG simulations. By
using the key signature of positive age gradients, observations
can in principle identify those galaxies in which quenching was
associated with a merger. By measuring the frequency of
positive age gradients, and what is the observed diversity in age
profiles among recently quenched galaxies, it will be possible
to accurately establish the role played by mergers in the real
universe. Using the more indirect probe offered by color
gradients, Suess et al. (2021) conclude that high-redshift
galaxies must follow a range of pathways to quenching, some
of which may include a central starburst. Hopefully, direct
measurement of age gradients in large samples at z ~ 2 will be
obtained by upcoming facilities such as the James Webb Space
Telescope.

It is important to note that in this study we are referring
exclusively to the immediate effects of mergers in cosmic noon
galaxies (similar to Pontzen et al. 2017), which are different
from the effects of mergers over cosmic time (e.g., Choi et al.
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2018). Indeed the latter effect on the distribution of stars will
cause the discussed signatures to fade away, highlighting the
need to study recently quenched galaxies to learn about the
quenching process.

5.3. Inside-out or Outside-in Quenching?

One additional result visible in Figure 5 is the fact that in
both star-forming and older quiescent galaxies the population
of young stars does not peak at the center, but around 5 kpc.
This is likely due to different physical reasons (in situ
formation for star-forming systems versus accretion for
quiescent systems), but has the result that all these galaxies
must experience an inside-out growth, and are becoming larger
with time. This is in general agreement with observations;
however, we caution that our age profile measurements should
not be directly compared to the profile of specific star formation
rate, which is what is usually measured at high redshift
(Tacchella et al. 2015; Nelson et al. 2016). In fact, one could
say that the population of galaxies undergoing a merger-
induced central starburst is experiencing ‘“outside-in quench-
ing,” even though the specific quenching mechanism in TNG,
by construction, is placed at the center of the galaxy. Moreover,
the central starburst is likely responsible for the formation of a
bulge (Tacchella et al. 2019), which may be consistent with
observations of dust-obscured star formation at z ~ 2 (Tadaki
et al. 2020). After this bulge is formed, its additional mass
concentration will lower naturally the specific star formation
rate in the center (Abramson et al. 2014), which is in fact
observed in TNG (Nelson et al. 2021). Such a system may then
be assigned an “inside-out quenching” label when in fact it just
completed an “outside-in” process. The confusion is due partly
to the fact that the specific quenching mechanism (in this case,
AGN feedback) is only one among many physical processes
that are responsible for the galaxy transformation.

5.4. Limitations and Future Improvements

While we consider the merger—age gradient correlation a
robust prediction of the model, there are remaining discrepan-
cies: unlike in observations, in IllustrisTNG young quiescent
galaxies are larger than old quiescent galaxies. There are a
variety of possible reasons for this.

1. Dust: The emitted radiation might be partially absorbed
by dust, leading to different observed sizes. Because we
are comparing galaxies at very different stages of their
evolution, with vastly different star formation histories,
quasar activities, and gas properties, it is likely that the
resulting dust properties in these galaxies are very
different and need to be taken into account to obtain
unbiased size measurements.

2. Resolution: The size of the young stellar populations is of
the same order as the gravitational softening length
(0.5 kpc), thus even if stars would initially form more
centrally concentrated, the limited mass resolution would
lead to substantial numerical inaccuracies and prevent
such a centrally peaked density distribution to be
accurately modeled (Ludlow et al. 2019).

3. Gas modeling: The employed Springel & Hernquist
(2003) hybrid multiphase interstellar medium model, and
the implicit equilibrium assumption between the hot and
cold phase, might not be a good approximation for these
central starbursts and lead to an underestimation of the
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stellar mass formed in them (Sparre et al. 2015), thus not
altering sizes enough compared to star-forming galaxies.

4. AGN feedback modeling: The model used in IllustrisTNG
is by no means unique. While current cosmological
volume simulations agree upon the need of AGN
feedback to reproduce realistic z =0 galaxies, the way
AGN feedback operates differs from simulation to
simulation. The degree to which the presented results
depend on AGN feedback modeling is an obvious next
step to explore, and will either solidify the theoretical
prediction, or open a new indirect probe into the nature of
AGN feedback.

In the coming years, progress in the available observational
and modeling capabilities will enable further exploration of the
relation between merger-induced starbursts and quenching in
massive galaxies at z ~ 2.
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