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1 INTRODUCTION

ABSTRACT

Context: Post-starburst galaxies (PSBs) belong to a short-lived transition population between
star-forming and quiescent galaxies and are found in all environments and at all redshifts.
Deciphering their heavily discussed evolutionary pathways is paramount to understanding the
processes that drive galaxy evolution in general.

Aim: We aim to determine the dominant mechanisms governing PSB galaxy evolution in both
the field and in galaxy clusters.

Method: To understand the different physical processes involved in PSB galaxy evolution, we
use the cosmological hydrodynamical simulation suite Magneticum Pathfinder. At 7 ~ 0, we
identify and study a set of 647 PSBs with stellar masses M, > 4.97 - 10'°, in comparison to a
quiescent and a star-forming control sample. We track the galactic evolution, merger history,
and black holes (BHs) of PSBs and control samples over a time-span of 3.6 Gyr. Additionally,
we study cluster PSBs identified at different redshifts and cluster masses.

Results: Independent of environment and redshift, we find that PSBs, similar to the star-
forming control sample, have frequent mergers. At z = 0, 89% of PSBs have experienced at
least one merger, and 65% even had a major merger event within the last 2.5 Gyr, leading
to episodes of strong star formation. In fact, 23% of z = 0 PSBs were even rejuvenated
before being quenched again after the starburst. After the mergers, field PSBs are generally
shutdown via a strong increase in active galactic nucleus (AGN) feedback (the power output
iS PagN.psB = 3- 10°° erg/Myr). Furthermore, we find agreement with observations for both
z = 0.7 stellar mass functions and z = 0.9 line-of-sight phase space distributions of galaxy
cluster PSBs. Finally, we find that z < 0.5 cluster PSBs are predominantly infalling, especially
in high mass clusters and show no signs of enhanced AGN activity. Thus, we conclude that
the majority of cluster PSBs are shutdown via an environmental quenching mechanism such
as ram-pressure stripping, while field PSBs are mainly quenched by AGN feedback.

Key words: galaxies: post-starburst — galaxies: dynamics — galaxies: quenching — galaxies:
evolution — hydrodynamics — methods: numerical — clusters: evolution

(Belloni et al. 1995; Zabludoft et al. 1996; Dressler et al. 1999;

Post-starburst galaxies (PSBs), also referred to as E+A or k+a galax-
ies based on spectral properties (Dressler et al. 1999; Balogh et al.
1999), are characterised by a recent starburst and subsequent fast
quenching (Dressler & Gunn 1983; Caldwell et al. 1999). As such,
they offer a unique opportunity to clarify some of the debated de-
tails of both the morphological (late- to early-type) and colour (blue
cloud to red sequence) transition, which are fundamental to under-
standing galaxy evolution (Poggianti et al. 2009; Pawlik et al. 2016;
Almaini et al. 2017; Davis et al. 2019; Wild et al. 2020; Matharu
et al. 2020). Furthermore, PSBs are found in all environments and at
all redshifts, suggesting physical processes of universal importance
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Tran et al. 2003; Wild et al. 2009; Yan et al. 2009; Vergani et al.
2010; Whitaker et al. 2012; Dressler et al. 2013; Wild et al. 2016;
Pawlik et al. 2019). Their formation mechanism remains a matter of
debate: Typically, PSBs were assumed to have undergone a recent
quenching event, thus belonging to a transition population between
the blue cloud and the red sequence (Wilkinson et al. 2017; Aguerri
et al. 2018; Davis et al. 2019).

Different pathways have been proposed to explain the strong
redshift evolution (Wild et al. 2009, 2016; Maltby et al. 2018; Pawlik
et al. 2018, 2019; Belli et al. 2019) and the varying environmen-
tal abundance (Poggianti et al. 1999; Goto 2005; Wild et al. 2009;
Lemaux et al. 2017; Paccagnella et al. 2019) of PSBs. Wild et al.
(2016) propose two PSB pathways: First, at z > 2 PSBs are massive
galaxies which formed the majority of their stars within a rapid as-
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sembly period, followed by a complete shutdown in star formation.
Second, at z < 1 PSBs are the result of rapid quenching of gas-rich
star-forming galaxies. Possible candidates for this rapid quenching
include the environment and/or gas-rich major mergers (Wild et al.
2016). More recent work by Maltby et al. (2018) suggests that the
z > 1 PSB population is the result of a violent event, leading to a
compact object, whereas the z < 1 population is able to preserve
its typically disc-dominated structure, suggesting an environmen-
tal mechanism. At redshift z ~ 0.8, D’Eugenio et al. (2020) find
evidence for both a standard pathway associated with inside-out
disc formation and a gradual decrease in star formation, as well
as a fast pathway associated with a centrally concentrated starburst.
Galaxies at redshifts z < 0.05 appear to show evidence for three dif-
ferent pathways through the post-starburst phase, mostly occurring
in intermediate density environments (Pawlik et al. 2018): Firstly,
a strong disruptive event (e.g. major merger) triggering a starburst
and subsequently quenching the galaxy. Secondly, random star for-
mation in the mass range 9.5 < log(M./Mg) < 10.5 causing weak
starbursts and, thirdly, weak starburst in quiescent galaxies, result-
ing in a gradual climb towards the high mass end of the red sequence
(Pawlik et al. 2018). In general, it is clear that different PSB evolu-
tionary pathways exist, however, to date the number of and relevant
characteristics of these pathways is not well determined.

Despite ongoing arguments, observations of PSBs in the local
low density Universe generally show signs of or are consistent with
recent galaxy-galaxy interactions and galaxy mergers (Schweizer
1996; Zabludoff et al. 1996; Bekki et al. 2001; Yang et al. 2004;
Bekki et al. 2005; Goto 2005; Yang et al. 2008; Pracy et al. 2009;
Wild et al. 2009; Meusinger et al. 2017; Pawlik et al. 2018). This
is not surprising, as galaxy mergers can impact the star formation
rate (SFR) of galaxies in opposing ways: Mergers have been found
to increase (Rodriguez Montero et al. 2019; Baron et al. 2020), not
impact (Pearson et al. 2019), and decrease (Wu et al. 2020) the
SFR on varying timescales, depending on the details of the specific
merger. Mechanisms that directly impact the SFR and have been
associated with mergers include: introducing turbulence (Ellison
et al. 2018), increasing disc instabilities (Lagos et al. 2019), trig-
gering nuclear inflows via tidal interactions (Springel et al. 2005;
Goto et al. 2008), and gravitational heating, i.e. the process whereby
gas is heated and kept hot via the release of potential energy from
infalling substructure (Johansson et al. 2009b). Mergers may also
trigger the SFR indirectly: Potential mechanisms include facilitating
the central galactic black hole (BH) growth (Barai et al. 2014), thus
potentially leading to strong AGN feedback (Hopkins et al. 2013)
which may lead to galactic gas removal (Barai et al. 2014), ulti-
mately causing long term star formation suppression (Yesuf et al.
2014).

Several works highlight the relevance of active galactic nucleus
(AGN) feedback in explaining the sharp decline in the SFR found
in (PSB) galaxies (Springel et al. 2005; Yuan et al. 2010; Hopkins
et al. 2013; Baron et al. 2018; Calabro et al. 2019; Baron et al.
2020; Lanz et al. 2020; Wild et al. 2020). Nonetheless, the details
of the mechanism(s) driving the nuclear activity in the centres of
galaxies remains a major unsettled question (Steinborn et al. 2018),
especially in PSBs. Some studies find no dominant AGN role in
shutting down star formation on short timescale: zZCOSMOS survey
observations conclude that several mechanisms, both related and
unrelated to the environment, are relevant to the quenching of star
formation on short timescales (< 1 Gyr) (Vergani et al. 2010). Due
to the time delay between the starburst phase and AGN activity,
Yesuf et al. (2014) go a step further and suggest that the AGN does
not play a primary role in the initial quenching of starbursts, but

rather is responsible for maintaining the post-starburst phase. On the
other hand, Springel et al. (2005) find a complex interplay between
starbursts and AGN activity when tidal interactions trigger intense
nuclear gas inflows. SPH simulations find that the BH accretion
rate is especially relevant to the inner SFR, but the correlation is
less pronounced when using the galactic SFR (Hopkins & Quataert
2010). (Hopkins et al. 2013) suggest that strong AGN feedback is
required to explain the observed star formation shutdown in post-
merger galaxies.

Generally, galactic quenching mechanisms, i.e. processes
whereby star-formation is reduced, can be divided into two cat-
egories: mass quenching, i.e. stellar mass dependent mechanisms
which are mostly independent of the environment (e.g. SNe and
AGN feedback), and environmental quenching, i.e. mechanisms
governed by the surroundings (e.g. ram-pressure stripping and
galaxy-galaxy interactions) rather than the galaxy itself (Boselli
& Gavazzi 2006; Peng et al. 2010; Smethurst et al. 2017).

The specific environment has a strong influence on the
abundances of different types of galaxies, as evidenced by the
morphology-density relation (Dressler 1980; Goto et al. 2003):
Cluster galaxies are more likely to be characterised by reduced
star-formation than galaxies in less dense environments (Oemler
1974; Butcher & Oemler 1978; Dressler 1980; Balogh et al. 1997).
As a result, the evolution of PSBs in cluster environments differs
significantly from the evolution in lower density environments: A
study of PSBs in galaxy clusters at 0.04 < z < 0.07 indicates
that the short-timescale star formation quenching channel (ram-
pressure stripping and galaxy-galaxy interactions) contributes two
times more than the long timescale one (strangulation) to the growth
of the quiescent cluster population (Paccagnella et al. 2017).

PSBs and star-forming cluster galaxies share many properties
and are characterised by similar distributions of environment (Hogg
etal. 2006). Long-slit spectra observations of Coma cluster galaxies
suggest close kinematic similarities between star-forming and PSB
galaxies, i.e. both appear to be rotating systems and have exponential
light profiles (Caldwell et al. 1996). In a follow-up study of five
low redshift galaxy clusters, Caldwell & Rose (1997) also find
that most of the recent PSBs are in fact disc galaxies. Similarly,
kinematic classifications at z < 0.04 show that PSBs are typically
fast rotators (Pracy et al. 2013). Meanwhile, cluster PSBs at z ~ 0.55
(Pracy et al. 2010) and z ~ 1 (Matharu et al. 2020) appear to have
more similarities with early-type morphologies. Depending on how
recently and by what mechanism(s) PSBs have undergone their
starburst and subsequent shutdown, the morphological classification
likely varies from late- to early-type.

Observations of cluster galaxies suggest that interactions with
the intra-cluster medium (ICM) are highly relevant for the evolu-
tion of cluster PSBs. Coma cluster observations conclude that the
starbursts found in Coma PSBs were not the result of major mergers
(Caldwell et al. 1996). Similarly, observations of a rich z ~ 0.55
cluster argue against a merger origin, favouring a PSB shutdown
scenario involving the ICM (Pracy et al. 2010). This is further sup-
ported by the correlation between quenching efficiency and cluster
velocity dispersion, which implies that the star formation shutdown
is related to the ICM, specifically that more massive clusters quench
more efficiently (Poggianti et al. 2009). SAMI and GASP observa-
tions find additional evidence for ram-pressure stripping being the
dominant quenching mechanism in galaxy clusters: Most cluster
PSBs have been quenched outside-in, i.e. the outskirts reach unde-
tectable levels of star formation prior the inner regions (Gullieuszik
et al. 2017; Owers et al. 2019; Vulcani et al. 2020a). In summary,
the outside-in quenching, the lack of signs of interaction, the fast
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rotation, and the dense environment, all favour a scenario in which
ram-pressure stripping shuts down star formation in cluster PSBs
(Vulcani et al. 2020a).

Ram-pressure stripping also appears to influence galaxy evolu-
tion beyond direct quenching: Studies of cluster galaxies undergoing
ram-pressure stripping find that ram-pressure stripping may enhance
star formation prior to gas removal (Vulcani et al. 2018, 2020b;
Roberts & Parker 2020). Furthermore, there is evidence that an AGN
is hosted by six out of seven GASP jellyfish galaxies (Poggianti et al.
2020), i.e. a potential cluster PSB progenitor (Poggianti et al. 2016)
which is associated with long tentacles of (star-forming) material
extending far beyond the galactic disc (Poggianti et al. 2017). This
surprisingly high incidence, compared to the general cluster and
field population, suggests that ram-pressure stripping may trigger
AGN activity via nuclear gas inflow (Poggianti et al. 2017, 2020).
Similarly, the Romulus C simulation finds ram-pressure stripping
triggered enhanced black hole accretion prior to quenching (Ri-
carte et al. 2020), implying that the AGN feedback may aid in the
quenching of star formation during ram-pressure stripping. Mean-
while, Radovich et al. (2019) find that photo-ionisation by the AGN
in GASP jellyfish galaxies is the dominant ionisation mechanism.
A detailed analysis of an individual GASP jellyfish galaxy supports
the scenario in which the suppression of star formation in the central
region of the disc is most likely due to the feedback from the AGN
(George et al. 2019).

We aim to clarify the importance of different mechanisms to
the onset of the starburst phase, as well as the reasons for the sub-
sequent rapid shutdown in star formation observed in PSBs. We
discuss the Magneticum Pathfinder simulations and our PSB selec-
tion process in Section 2. In Section 3, we study the environment,
relevant distributions and the overall evolution of PSBs. The role
of mergers is investigated in Section 4. In Section 5 we analyse the
importance of the AGN and SNe feedback. Finally, we study PSB
evolution within galaxy clusters in Section 6. We discuss our results
in Section 7 and present our conclusions in Section 8.

2 DATA SAMPLE
2.1 Magneticum Pathfinder simulations

Magneticum Pathﬁnder1 is a set of large scale smoothed-particle
hydrodynamic (SPH) simulations that employ a mesh-free La-
grangian method aimed at following structure formation on cos-
mological scales, with open access to many features (Ragagnin
et al. 2017). The simulations are executed with the Tree/SPH code
GADGET-3, a development based on GADGET-2 (Springel et al.
2001; Springel 2005). In this work we use Box2 (352 (Mpc/h)?)
and Box2b (640 (Mpc/h)3). Box2 has a higher temporal resolution,
i.e. a greater number of individual SUBFIND halo finder outputs
(Springel et al. 2001; Dolag et al. 2009). Hence, it allows enhanced
temporal tracking of galaxies rather than solely considering individ-
ual static redshifts. In contrast, Box2b is larger and thus allows for
a more extended statistical sample. Box2b is only used in Section
6.2 at z = 0.9 to increase our statistical sample.

The resolution for both boxes is set to ‘high resolution’
(hr): dark matter (dm) and gas particles have masses of mgy =
6.9 - 108 i~ Mg and Mgas = 1.4+ 108 A~ 'M, respectively. Stellar
particles are formed from gas particles and have ~ 1/4 of the mass of
their parent gas particle. At this resolution level the softening of the
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dark matter, gas and stars is €4y, = 3.75 h™'kpc, €gas = 3.75 h~'kpc
and &gars = 2 h_lkpc, respectively. Box2 is comprised of 2 - 15843
particles, while Box2b is comprised of 2-28803 particles. Through-
out this paper the following cosmology is adopted (Komatsu et al.
2011): h = 0.704, Qps = 0.272, Q5 = 0.728 and Qp = 0.0451.

The astrophysical processes modelled within the Magneticum
simulations include, but are not limited to: gas cooling and star-
formation (Springel & Hernquist 2003), metal and chemical enrich-
ment (Tornatore et al. 2003, 2007; Dolag et al. 2017), black holes
and AGN feedback (Springel et al. 2005; Hirschmann et al. 2014;
Steinborn et al. 2015), thermal conduction (Dolag et al. 2004), low
viscosity scheme to track turbulence (Dolag et al. 2005; Beck et al.
2016), higher order SPH kernels (Dehnen & Aly 2012) and mag-
netic fields (passive) (Dolag & Stasyszyn 2009). For a more details
on the precise physical processes refer to Teklu et al. (2015).

The Magneticum simulations have been used in the past to
compare and interpret observations, as well as independently study-
ing various properties, including: quenching processes of satellite
galaxies in clusters (Lotz et al. 2019), the effect of baryons on large
scale structure (Bocquet et al. 2016; Castro et al. 2018), the ICL,
ICM, and IGM (Planck Collaboration et al. 2013; McDonald et al.
2014; Dolag et al. 2015, 2017; Remus et al. 2017a; Biffi et al.
2018), kinematic, dynamic, and global galaxy properties (Remus
et al. 2013, 2017b; Teklu et al. 2015, 2017; Forbes & Remus 2018;
Schulze et al. 2018; van de Sande et al. 2019; Karademir et al. 2019;
Schulze et al. 2020; Harris et al. 2020) and AGN (Hirschmann et al.
2014; Steinborn et al. 2015, 2016, 2018; Biffi et al. 2018).

2.2 Post-starburst selection

Galaxies are selected to have a minimum stellar mass of M, >
3.5-1019 p~ 1M, corresponding to a minimum of ~ 1000 stellar
particles for a given galaxy. The only exceptions to this stellar mass
threshold is found in Section 6, where the threshold is reduced to
M, > 3.5-10° Mg to increase the available sample size in
cluster environments. The additional use of Box2b and the lowering
of the stellar mass threshold is done to increase the abundance of
PSBs within galaxy cluster environments.

In order to differentiate between star-forming and quiescent
galaxies, the criterion introduced by Franx et al. (2008) is used
throughout this paper at all redshifts: The measure for star-formation
is given by SSFR - 7y, i.e. the specific star-formation rate SSFR
multiplied by the redshift evolving Hubble time ty. Galaxies with
a value above SSFR -ty > 0.3 are classified as star-forming, while
galaxies with SSFR - 1y < 0.3 are classified as quiescent.

Importantly, this ‘blueness criterion’ (SSFR -ty > 0.3) is time
dependent rather than merely being applicable to low redshifts.
Hence, this definition encompasses the changing star-formation his-
tory on a cosmological scale and is well suited to study and compare
galaxies at different redshifts. With this criterion, the Milky Way,
for example, would have SSFR -ty ~ 0.4 at z = 0 and, hence, be
considered star-forming (Licquia & Newman 2015).

We identify post-starburst galaxies (PSBs) in the Magneticum
simulations based on the stellar particle age and the blueness: Of
all stellar particles of a galaxy, at least 2% need to be younger
than 0.5 Gyr. In addition, the galaxy’s blueness at z ~ 0 needs to be
smaller than SSFR -ty < 0.3. These two parameters describe galax-
ies that have a sufficiently large young stellar population, while also
no longer being star-forming, i.e. galaxies that have experienced
a recent starburst. This criterion was chosen to provide a physi-
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cally motivated classification of galaxies within the Magneticum
simulations.

When considering all Box2 galaxies fulfilling these criteria we
obtain a sample of 647 PSBs at z ~ 0. This global sample provides
the basis of the majority of our analysis and is complemented by
additional specific environmental and redshift selections where nec-
essary. To understand how PSBs differ from other galaxies, we intro-
duce two stellar mass matched control (SMMC) samples: quenched
SMMC (QSMMC) and star-forming SMMC (SFSMMC) galaxies,
using the above blueness criterion for differentiation. These control
samples are selected to have the closest stellar mass match with each
individual PSB galaxy at a look-back-time (Ibt) of t;,; = 0 Gyr, while
adhering to the blueness criterion as suggested by their naming pre-
scriptions. In terms of of present-day star formation the QSMMC
sample is indistinguishable from PSBs.

In order to disentangle the details causing the starburst and
the following shutdown in star formation, we consider the temporal
evolution of PSBs. To this end, we employ two complementary
methods to track and trace both PSBs and control galaxies in Box2
of the Magneticum simulations. Firstly, we identify the main galactic
black hole particle associated with a galaxy and track this particle
and subsequently its host backwards in time. This method provides
a temporal resolution of 0.43 Gyr, as only every fourth time step
has stored particle data. Secondly, we analyse the merger trees of
the galaxies in question, yielding a complete merger history with a
temporal resolution of 0.11 Gyr.

3 ENVIRONMENT, DISTRIBUTION, AND EVOLUTION
OF POST-STARBURST GALAXIES

3.1 Quenched and PSB fractions

Understanding the abundance of specific galaxy types at different
halo masses, i.e. in different environments, is crucial for determin-
ing the relevant formation and evolutionary mechanisms of PSBs.
Specifically, the environment is key to understanding potential trig-
gers of the starburst phase and, subsequently, the causes of the
star formation shutdown. Lotz et al. (2019) already demonstrated
agreement between Box2 and observations of quenched fractions at
intermediate stellar masses log;o(M«/Mp) = [9.7, 11.3] (Wetzel
et al. 2012). We now extend our investigation to higher stellar mass
galaxies log|o(M:/Mp) = [10.70,12.00], as well as presenting
predictions of the PSB-to-quenched fraction.

Figure 1 (top) shows a number of trends and behaviours
relating to the quenched fraction: Firstly, at redshifts z < 1
the vast majority (> 80%) of galaxies in the stellar mass range
logo(M«/Mg) = [10.70,12.00] (black) are quenched, indepen-
dent of host halo mass. The only exception to this is found in the
highest stellar mass bin (log;o(M«/Me) = [11.67,12.00]), which
shows lower quenched fractions with increasing halo mass, because
above halo masses Mg cric = 101 these high mass galaxies are
dominated by brightest cluster galaxies (BCGs), which experience
episodes of star formation during accretion.

Secondly, Figure 1 shows varying agreement with observa-
tions: We find broad agreement between our z = 0.07 quenched
fractions and 0.01 < z < 0.12 observations by Wang et al. (2018),
which are based on NYU-VAGC (Blanton et al. 2005) and SDSS
DR?7 (Abazajian et al. 2009). Although our Box2 galaxies are char-
acterised by higher quenched fractions and a less distinct split be-
tween stellar masses at z ~ 0 compared to observations, observa-
tions are similarly characterised by high quenched fractions at low

redshift, especially towards higher halo mass. When comparing our
results at 0.25 < z < 1.04 to observations of central galaxies in
COSMOS groups at median redshift bins z = [0.36,0.66,0.88]
(George et al. 2011; Tinker et al. 2013), we find the strongest agree-
ment towards higher redshifts, while the lower redshift comparison
lacks good agreement. At high redshift, we compare our z = 1.32
and z = 1.71 results to SPT-SZ cluster galaxies at redshifts z =
[1.38,1.401,1.478] and z = [1.520, 1.720], respectively (Straz-
zullo et al. 2019). The cluster galaxies have stellar masses above the
common mass completeness limit logo(M«/Me) > 10.85, and
the quenched fractions are calculated for cluster radii » < 0.45r50¢
and r < 0.7rsgg (Strazzullo et al. 2019). To better compare with
our results, we convert the halo mass from M5 (Strazzullo et al.
2019) to M3q0, assuming an NFW profile with constant concentra-
tion (¢ = 5) (Pierpaoli et al. 2003). The resulting comparison agrees
well with our z = 1.32 results. Nonetheless, the trend whereby the
quenched fraction at constant stellar mass increases towards lower
redshift agrees with established models (Hopkins et al. 2008) and
simulations (Behroozi et al. 2019).

Thirdly, towards higher redshifts (z > 1) our quenched frac-
tion begins to drop and the differences between the stellar mass bins
become larger than the bootstrapped errors associated with the in-
dividual bins. At z = 1.71, we find the highest quenched fraction in
the lowest stellar mass bin logy(M./Me) = [10.70, 11.02]. This
is likely due to higher stellar mass galaxies at this redshift having
undergone more recent mass growth, which is typically associated
with star formation, thus leading to lower quenched fractions in
high stellar mass compared to low stellar mass galaxies. In brief,
environmental quenching is more effective than mass quenching at
high redshift.

When comparing the PSB-to-quenched fraction in the bottom
panels of Figure 1, we find that the qualitative behaviour remains
broadly similar at redshifts z < 1: The highest abundance of PSBs
is consistently found at low stellar and halo masses. We note, that
the PSB-to-quenched fractions at redshifts z < 0.73 are multiplied
by a factor of 10 to facilitate viewing. In other words, the PSB-to-
quenched fraction is consistently below 7% at redshifts z < 0.73.
Furthermore, the lower the redshift, the lower the PSB-to-quenched
fraction. This agrees with observations of PSBs with stellar masses
10.0 < logyo(M+/Mg) < 12.5, which find that the fraction of PSBs
declines from ~ 5% of the total population at z ~ 2, to ~ 1% by
z ~ 0.5 (Wild et al. 2016). Similarly, DEEP2 and SDSS results find
that z ~ 0 PSBs are found in relatively under-dense environments,
while at z ~ 1 they are found in relatively over-dense environments
(Yan et al. 2009).

At higher redshifts (z > 1.3) PSBs are no longer most often
found at low stellar masses. In particular, the low redshift prefer-
ence for low stellar masses appears to be inverted at high redshift.
High stellar mass galaxies at high redshift belong to the subset of
galaxies characterised by the quickest mass assembly. When high
stellar mass galaxies become quenched at high redshift, they likely
host a significant population of young stars, thus fulfilling our PSB
selection criteria. As a result the PSB-to-quenched fraction at high
redshift is highest among high stellar mass galaxies.

At low redshifts (z < 0.73), the PSB-to-quenched fraction ex-
hibits the highest abundances at low halo masses. With increasing
redshift (z > 1), the PSB-to-quenched fraction shows less prefer-
ence for low halo mass. We conclude, Figure 1 (bottom) suggests
that both the redshift and environment play an important role in the
specific evolution of PSBs.
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Figure 1. Fraction of quenched galaxies (top) and fraction of PSB-to-quenched galaxies (bottom) as a function of My, ¢ric halo mass, at different redshifts
0.07 < z < 1.71 (increasing from left to right) for all Box2 galaxies. Each panel is subdivided into four unique stellar mass bins (colour coded) and one bin
showing the behaviour across the entire evaluated stellar mass range log;,(M./Mo) = [10.70, 12.00] (black). The quenched and PSB-to-quenched fraction
is only shown if the denominator in each case is larger than 100 galaxies. Error bars are calculated via bootstrapping. Note that the PSB-to-quenched fractions
at redshifts z = [0.07,0.25,0.52, 0.73] is multiplied by a factor of 10, as indicated in the panels, in order to facilitate viewing. At z = 0.07, we compare the
quenched fraction with low redshift observations in the stellar mass range log;o (M. /Mg) = [[10.8,11.00], [11.0, 11.4]] (Wang et al. 2018). At intermediate
redshifts, we compare the quenched fractions to central galaxies in COSMOS groups (George et al. 2011; Tinker et al. 2013). In the two highest redshift panels,
we compare our results to 1.38 < z < 1.72 cluster galaxies above the common mass completeness limit log;o(M./Mg) > 10.85 within r < 0.45r500 and

r < 0.7rs500 of SPT-SZ galaxy clusters (Strazzullo et al. 2019).

3.2 Stellar mass functions of satellite galaxies

Evaluating the galaxy stellar mass distribution is critical for un-
derstanding the relative importance of different evolutionary mech-
anisms: Figure 2 shows the redshift evolution of the stellar mass
function and its various components, as well as comparisons to
observations. As such, Figure 2 provides a useful extension of Fig-
ure 1 by displaying the stellar mass distribution and an additional
component-wise split into various samples. Although we only con-
sider high mass PSBs (M, > 4.97 - 1019) for our analysis, we
have extended the stellar mass function below our mass thresh-
old, which is indicated by a vertical dashed dotted black line at
10g10(M*/M®) ~ 10.7.

Throughout the studied redshift range (0.07 < z < 1.71) dis-
played in Figure 2, the total stellar mass function (1st row) shows
little evolution. When comparing the total stellar mass function
with observations based on COSMOS / UltraVISTA (Muzzin et al.
2013), we find strong agreement at all redshifts, especially towards
lower redshifts. In contrast, the star-forming population (2nd row)
shows a significant redshift evolution and only matches observa-
tions well at high redshift. The kink in the star-forming stellar mass
function at log;(M+/Mg) ~ 10.3, which becomes more evident
with decreasing redshift, is the result of our active galactic nu-
cleus (AGN) feedback. Specifically, above these stellar masses the
AGN begins to continuously quench galaxies, leading to a rela-
tive under-abundance of star-forming galaxies in the stellar mass
range logo(M+/Mgp) ~ [10.3, 11.5] (Steinborn et al. 2015). This
difference becomes most evident when comparing our results to ob-
servational surveys based on GAMA (z < 1) (Rowlands et al. 2018)
and on UKIDSS UDS (0.5 < z < 2) (Wild et al. 2016). This relative
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lack of star-forming galaxies, compared to observations, becomes
stronger towards lower redshifts, as more galaxies host AGNS.

This effect also influences the total and quenched stel-
lar mass functions, as evidenced by the perturbation found at
log1o(M:/Mg) ~ 10.4 in an otherwise fairly smooth distribution.
Nonetheless, our quenched stellar mass functions agree with obser-
vations, especially at lower redshifts (Wild et al. 2016; Rowlands
et al. 2018).

When viewing the evolution of the PSB stellar mass function
with redshift in Figure 2, we find a significant evolution: At low
redshifts PSBs are primarily found below our stellar mass cut (ver-
tical dashed dotted black line), while they are typically found above
our stellar mass cut at high redshifts. In other words, the abundance
of PSBs above our stellar mass threshold increases significantly
with increasing redshift. This strong redshift evolution agrees with
VVDS observations, which find that the mass density of strong PSB
galaxies is 230 times lower at z ~ 0.07 than at z ~ 0.7 (Wild et al.
2009). When comparing the shape of the PSB galaxy stellar mass
function to observations (Wild et al. 2016; Rowlands et al. 2018),
we do not find close agreement. However, we note that observations
at similar redshifts, as indicated by the legend in the bottom row of
Figure 2, do not appear to show agreement either. This may be due
to different selection mechanisms: While Wild et al. (2016) derive
three eigenvectors, termed super-colours, via a principal component
analysis (PCA) of the spectral energy distribution (SED) (Wild et al.
2014), Rowlands et al. (2018) use two spectral indices based on a
PCA to distinguish different galaxy types. In contrast, we determine
the percentage of young stars formed within the last 0.5 Gyr and
the current star formation rate (SFR) (see Section 2.2). Evaluating
the SED compared to the numerical star formation may lead to dis-
crepancies. In short, the PSB stellar mass function appears quite
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Figure 2. Stellar mass functions of all Magneticum Box2 galaxies, split into total (1st row), star-forming (SF: 2nd row), quenched (Q: 3rd row) and PSB galaxies
(4th row) at different redshifts in the range 0.07 < z < 1.71 (increasing from left to right). The vertical dashed dotted black line at log;, (M. /Mg) ~ 10.7
indicates our standard stellar mass threshold. The total stellar mass function (1st row) is compared to z < 4 observations based on COSMOS / UltraVISTA,
abbreviated with M13 (Muzzin et al. 2013). The SF, Q, and PSB selection is compared to two observational surveys: Rowlands et al. (2018), abbreviated as
R18, based on GAMA (z < 1), and Wild et al. (2016), abbreviated as W16, based on UKIDSS UDS (0.5 < z < 2).
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Figure 3. Distribution of Ng,//FoF, the number of galaxies per Friends-
of-Friends (FoF) halo, of PSBs (green), quenched (QSMMC, red), and star-
forming stellar mass matched control sample (SFSMMC, blue) galaxies as
a function of look-back-time #,;. Galaxies are identified at #jp; = 0 Gyr (top
panel), thereafter their progenitors are tracked back to #jp; ~ 2.5 Gyr (bottom
panel). For a comparison, the PSB #,; = 0 Gyr distribution is included in
each panel as a solid black line. All FoFs with more than 20 galaxies are
grouped together in the last bin.

sensitive to the exact selection criteria, both in our simulation and
in observations.

3.3 Galaxy distribution within halos

Figure 3 shows the distribution of the number of galaxies per
Friends-of-Friends (FoF2) halo Ngai/For Of all PSBs identified at
z ~ 0 in Box2. All PSBs (green solid lines) were tracked from
present-day back over the last 2.5 Gyr. To better understand how
PSBs differ from other galaxies, quenched (red dashed lines) and
star-forming (blue dotted lines) stellar mass matched control sam-
ples (QSMMC and SFSMMC, respectively) of galaxies and their
evolution are shown in addition.

We find a significantly stronger evolution of Ngy/poF in the
PSB (green) and SFSMMC (blue) samples compared to the QS-
MMC (red) sample. At #j,; = 0 Gyr (top panel), the PSB, QSMMC,
and SFSMMC samples initially share a similar distribution. The
only meaningful exception being the largest bin, i.e. Nga1/For > 20,
which is a factor of ~ 3 larger for the QSMMC compared to the
PSB sample, indicating a preference of quenched galaxies for richer
membership FoF halos. In contrast, PSBs are rarely found in rich
membership FoF halos. In high membership FoF halos, star-forming
galaxies lie in intermediate ranges, centred between the other two
samples. The varying galaxy abundances in different halo mass
ranges are listed in the bottom row of Table 4. As the look-back-
time increases, we find that PSBs, and to lesser degree the SFS-
MMC galaxies, develop a clear peak around Ngy/poF ~ 3, while
values of Ngai/por = 1 experience a strong decrease. In contrast,
the QSMMC distribution remains fairly similar over time. This fun-
damental difference in evolution of PSB and star-forming galaxies
compared to quiescent galaxies suggests that the initial environ-
ment at i, = 2.5 Gyr plays an important role in influencing star
formation, and subsequently PSB galaxy evolution.

At f1pe = 2.5 Gyr the overwhelming majority of halos in which
PSBs (and SFSMMC galaxies) are found, host Ny, /pop ~ 2 — 4

2 A FoF linking length of 0.16 times the mean DM particle separation is
used (Dolag et al. 2009). Thereafter, each stellar and gas particle is associated
with the nearest DM particle and ascribed to the corresponding FoF group,
provided one exists, i.e. has at least 32 DM particles (Dolag et al. 2009).
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galaxies. This differs significantly from QSMMC galaxies, which
are most often found in halos hosting one galaxy. In contrast, PSBs
are rarely found with Ng,j/poF = 1, indicating that they are usually

not found in isolation?. The similarity between the PSB and SFS-
MMC distributions at #j,; = 2.5 Gyr, shown in the bottom panel of
Figure 3, suggests that star formation is associated with the relative
abundance of galaxies in the direct environment. When connecting
the initial abundance of galaxies within the FoF halo with the de-
crease in the number of galaxies found at lower look-back-times,
a mechanism linked to the interaction with other galaxies appears
likely. Specifically, Figure 3 suggests that galaxy-galaxy processes,
such as mergers with nearby galaxies, are important in supporting
star formation, as well as possibly being linked to the starburst phase
and the following star formation shutdown which characterise PSBs.

3.4 A closer look: Evolution of massive post-starburst
galaxies

In Table 1 we introduce six massive PSBs, which we study in
more detail alongside the total population of 647 PSBs. These six
massive PSBs are chosen based on their high stellar mass, i.e. higher
number of stellar particles, which allows a more detailed (spatial)
examination of the involved physical processes. Table 1 lists relevant
galactic and halo properties of the six PSBs at #jp = 0 Gyr. Similar
to the vast majority (89%) of the global 647 PSB sample (see bottom
row in Table 4), five of our six massive PSBs are found in halos
with halo mass Mg crit < 1083 M.

Figure 4 shows the diverse distributions of the number of stars
born at a given look-back-time for the six massive PSBs: The first
(last) three IDs of Table 1 are displayed in the top (bottom) row. The
star formation histories shown in Figure 4 vary: While some massive
PSBs are characterised by consistent star formation in recent look-
back-times (pink, blue), others show recent strong star formation
(black). Both Table 1 and Figure 4 show that massive PSBs with
very different properties and star formation histories are captured
by our criteria outlined in Section 2.2 and that the star formation
events of PSBs can be (triggered) rather differently.

3.5 Main sequence tracks

Figure 5 shows the positions of post-starburst (PSB: green) and star-
forming (SF: blue) galaxies and their progenitors in the stellar mass
- star formation rate (SFR) plane from left to right at z = 0.4 (Ist
panel), peak PSB star formation (2nd panel), z = 0.1 (3rd panel),
and the evolution of the six massive PSBs (4th panel) introduced in
Table 1. To compare the behaviour with observations, we have added
main sequence fits (shaded regions) for redshifts z = 0.4 and z = 0.1
(Speagle et al. 2014; Pearson et al. 2018). The six massive PSBs in
the right panel are identified at z = 0.07 (crosses), i.e at f,; = 0 Gyr.
The PSB progenitors are then tracked backwards in intervals of
fie ~ 0.11 Gyr, yielding additional data points (small diamonds).
PSB progenitors are tracked to maximum redshift of z = 0.42 (trian-
gle), i.e. to f1p; ~ 3.6 Gyr, depending on how recently their BHs have
been seeded (see Section 5.2 for more details). Additionally, the rel-
ative deviation of galaxies from the observationally based redshift
evolving main sequence (MS) fit (Pearson et al. 2018) is plotted in
the top panels, i.e. AMS[z]/MS|[z] = (SFR[z] — MS|z])/MS|z].

3 We note that the number of galaxies found in a given halo is a function
of resolution and thus the differences in relative abundance between galaxy
types is a more robust quantity.
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Figure 4. Star formation history, i.e. distribution of born stars as a function
of look-back-time, of the six massive PSBs introduced in Table 1. First row
IDs from left to right: 430674, 472029, 625491. Second row IDs from left
to right: 711135, 417642, 659121. Coloured vertical lines indicate merger
events (more easily visible in Figure 9): major (solid), minor (dashed), and
mini (dotted). Black dashed line indicates maximum merger tree look-back-
time, i.e. only recent mergers with #1,; < 3.6 Gyr shown.

In other words AM S[z]/MS[z] = 0 galaxies lie on the main se-
quence, positive (negative) values correspond to the factor they lie
above (below) the main sequence.

The z = 0.4 display of PSB (green) and SF (blue) galaxies
in Figure 5 (1st panel) shows no meaningful difference between
the two populations. Both populations match the behaviour of the
general distribution of the main sequence of Magneticum galaxies
at the same redshift, which is shown in the underlying grey density
distribution. Furthermore, the general Box2 Magneticum galaxy
distribution (grey), as well as the PSB and SF galaxies are well
described by observational fits at the z = 0.4 (Speagle et al. 2014;
Pearson et al. 2018). We note that the least amount of galaxies are
found in the first panel, compared to second, and especially the third
panel of Figure 5, because not all galaxies can be traced back to
higher redshifts. Furthermore, at z = 0.4 galaxies with SFR = 0 are
not shown due to the logarithmic scaling.

The second panel in Figure 5 displays the distribution of
PSB and SF galaxies at the height of PSB star formation within
fire < 1.48 Gyr, i.e. since z = 0.19. If available, the corresponding
SFSMMC galaxy to a given PSB galaxy is displayed, otherwise a
random unique SFSMMC at the same redshift is shown for compar-
ison. The median PSB peak star formation occurs at z = 0.13, i.e. at
fibe = 0.75 Gyr. When comparing the two populations we find that
PSBs are characterised by higher SFRs than SFSMMC galaxies, as
illustrated by the dashed horizontal lines indicating the median of
each population at different stellar mass intervals. We note that the
recent SFR of the most massive progenitors, as shown in Figure 5,
need not be linked to a young stellar population at 1, = 0 Gyr, as
is expected for PSBs. This is evidenced by the fact that within our
PSB sample we have a galaxy which has no star formation over the
evaluated time-span, as illustrated by the green diamond found on
the black horizontal line showing galaxies with SFR(< 0.02) = 0
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ID M. [Mp]  SSFR -ty  Mgs Mol  Mcgs [Mo]l  Mpu [Mo]l  Mago.crit [Mo] — Raoo [kpe]  #Galaxies in halo
430674  1.55 - 101 0.18 6.57-10"  1.42-10" 5.32-107 6.70 - 1012 405 13
472029  1.52-10'! 0.00 6.42-101"  9.58.1010  2.25.108 7.67 - 1012 424 6
625491  1.24-10'! 0.21 2.09-101"  921-.101%  8.02-107 2.21-1012 280 3
711135  1.20 - 10! 0.05 1.30-10""  3.40-1019  8.10-107 1.45-10'2 243 1
417642 1.11-10'! 0.00 9.04-1010  7.43.10'0 1.76 - 108 1.09 - 1013 477 8
659121 1.08 - 10! 0.00 1.90 10" 6.36 - 1010 1.20 - 108 1.96 - 1012 269 1

Table 1. Overview of properties of six massive PSBs at z ~ 0 which are studied in greater detail. From left to right: (1) SUBFIND identification (2) Stellar mass,
(3) Blueness, (4) Gas mass, (5) Cold gas mass, (6) BH mass, (7) Halo mass, (8) Halo radius, (9) Number of galaxies in halo. All values are given at #jp,; = 0 Gyr.
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Figure 5. PSB progenitor evolution in the stellar mass - star formation rate plane. 1st panel (from left to right): PSB (green) and SFSMMC (blue) progenitors
at z = 0.4, i.e. at f1, = 3.6 Gyr. 2nd panel: Peak star formation rate (SFR) for each PSB and corresponding SEFSMMC. 3rd panel: PSBs and SF galaxies at
z = 0.1, i.e. iy = 0Gyr, and their median SFR values. The shaded regions in the first and third panels provide redshift dependent observational fits to the
main sequence (Speagle et al. 2014; Pearson et al. 2018). 4th panel: Evolution of a subset of six massive PSBs (see Table 1), which are tracked through time,
ending at iy = 0 Gyr (crosses). Each step (small diamonds), represents an incremental increase of i ~ 0.11 Gyr, ultimately arriving at the furthest tracked
progenitors at a maximum #p; = 3.6 Gyr (triangles). The grey density distribution shows the abundance and location of all Magneticum Box2 galaxies at
z = 0.4 (Ist panel) and z = 0.4 (3rd and 4th panel). For plotting purposes, in the 2nd and 4th panel, galaxies with SF R < 0.02 are artificially set to zero, i.e.
SFR(< 0.02) = 0. For reference, a recent Milky Way stellar mass estimate M, yw ~ 6 - 1010 Mo has been included (black X) in the 3rd panel (Licquia &
Newman 2015). The top panels show the relative deviation from the redshift evolving main sequence, i.e. AM S[z]/M S[z] = (SFR[z]-MS[z])/MS|z],

for each population featured in the main panel below (Pearson et al. 2018).

(2nd panel). In other words, galaxies need not have formed stars
in situ to host a young stellar population, rather, as is the case for
the mentioned PSB galaxy, young ex situ stars can also be accreted
during mergers, leading to a young stellar population in the merger
remnant at t,; = 0 Gyr.

The distribution of PSB and SF galaxies at z = 0.07 is shown
in the third panel of Figure 5. The dichotomy found at #, = 0 Gyr,
i.e. at our identification time, is the result of our selection criteria
(see Section 2.2): By design, PSBs are quenched, while the SFS-
MMC sample is characterised by star formation. When comparing
to observations, we find that this dichotomy is well described by ob-

servations (Speagle et al. 2014; Pearson et al. 2018). Furthermore,
we see that the SF galaxies appear as an extension of the grey den-
sity distribution describing the abundance of all Box2 Magneticum
galaxies, while the PSBs scatter below the main sequence. We note
that the relative deviation from the evolving main sequence shown
above the third panel uses a redshift of z = 0.09, as the observational
fit is no longer defined at z = 0.07 (Pearson et al. 2018), the redshift
showing Magneticum results.

The fourth panel of Figure 5 shows that massive PSB pro-
genitors are found significantly above the main sequence prior to

their quiescent phase at fjp; = 0Gyr (crosses). PSB progenitors
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display prolonged strong star formation episodes, with SFRs con-
sistently being significantly larger than the redshift evolving main
sequence (Pearson et al. 2018). Generally, independent of the dura-
tion, starbursts of massive PSB progenitors are found in the range
5 < AMS[z]/MS[z] < 20 above the redshift evolving main se-
quence.

In Figure 5, we find both galaxies that continuously remain
above the main sequence as well as galaxies that experience rejuve-
nation, i.e. galaxies which were initially below the main sequence
butrise above it during their starburst phase. The starburst timescales
(t,) differ widely and are within the range g, ~ (0.4 —3) Gyr. This
spread in timescales is a reflection of the different star formation
histories prior to the starburst. As the global 647 PSB sample is
tracked backwards, the sample size is reduced, especially if BHs are
recently seeded. This results in a sample size of 455 tracked PSB
progenitors, which reach a ty,; > 2.5 Gyr. Of these 455 successfully
tracked PSBs, 105 are considered to be rejuvenated galaxies, i.e.
23%. Independent of whether galaxies are rejuvenated or show sus-
tained star formation, they show a sharp decline in star formation at
the end of the starburst phase. Typically, this decline to passive lev-
els of star formation happens within < 0.4 Gyr. This conflicts with
our understanding of the typical behaviour of field galaxies, which
make up the vast majority of our sample (see last row of Table 4),
as field galaxies generally experience a gradual decline in average
SFR (Noeske et al. 2007). In other words, the (massive) PSBs in
Figure 5 not only show enhanced, often sustained, starbursts, but
also experience an abrupt cessation of star formation, the details of
which are discussed in Section 5.

4 THE ROLE OF MERGERS

It is well established that galaxy mergers impact the galactic star
formation rate (SFR), both directly (Springel et al. 2005; Johansson
et al. 2009b; Ellison et al. 2018; Lagos et al. 2019) and indirectly
(Hopkins et al. 2013; Barai et al. 2014; Yesuf et al. 2014). How-
ever, the nature and relevant parameters of the mergers and how
they influence the SFR is still debated. For example, while the
SIMBA cosmological simulations find an increasing impact (Ro-
driguez Montero et al. 2019), observations based on SDSS, KiDS,
and CANDELS find that mergers do not significantly impact the
SFR, compared to non-merging systems (Pearson et al. 2019), and
observations based on 32 PSBs from LEGA-C suggest that mergers
likely trigger the rapid shutdown of star formation found in PSBs
(Wu et al. 2020). To disentangle this complex relationship between
mergers and the SFR, we investigate mergers in Box2, both on an
individual basis as well as statistically.

4.1 Case study: Gas evolution

The case study of one typical PSB (progenitor), selected from Table
1 (ID=417642), is shown in Figure 6. The goal is to map the (cold)
gas evolution as a means of investigating the initial triggering of the
starburst and the following starburst phase. To uncover the mecha-
nisms involved, Figure 6 shows the evolution of the star formation
history (1st column), the gas phase (2nd column), and indepen-
dent projections of the spatial gas distribution (3rd-5th column) as
a function of look-back-time for the selected PSB (progenitor). To
better visualise the evolution of the gas involved in the recent star-
burst phase, all star-forming gas at #j; = 0.43 Gyr, i.e. one time-step
before the shutdown, is identified and subsequently coloured green.
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These identified gas particles maintain their green colouring both
prior to and after this look-back-time.

When considering higher look-back-times in Figure 6, we find
that the onset of star formation at #j; ~ 2 Gyr coincides with a close
galaxy-galaxy interaction, followed by a major merger event at fj, =
0.75 Gyr (see solid red vertical line in Figure 4). The period between
fibe ~ (0—2) Gyr is characterised by prolonged star formation. This
is not an exception, but rather most PSB progenitors experience
recent merger events (see Table 2). It appears that the initial close
galaxy-galaxy interactions and the subsequent mergers provide a
mechanism by which gas is transported inwards, increasing the
number of gas particles above the density threshold (2nd column)
required for star formation. The increase in the supply of cold, dense
gas within the PSB progenitor then enables the starburst.

Similarly to the vast majority of PSBs surveyed in this man-
ner, we find a strong diffusion of gas at #j; = 0 Gyr, following
the starburst phase. This is displayed in the first row of columns
two to five in Figure 6. In column two, we find a strong decrease
in gas density, accompanied by an overall increase in temperature
within a timescale of # ~ 0.4 Gyr, as evidenced by the distribution
of previously star-forming gas (green) over the entire density and
temperature regime. This behaviour at low look-back-times is mir-
rored in the spatial domain (3rd-5th column), which also provides
evidence for a strong redistribution of previously star-forming gas
(green). Although the spatial distribution widens, large cold gas
reservoirs remain within the PSB galaxy at #,; = 0 Gyr, agreeing
with recent observations (Yesuf & Ho 2020). We reviewed the gas
evolution of multiple different PSBs and verified that the behaviour
shown in Figure 6 is not an exception, but rather typical for our
(massive) PSB sample.

‘When viewing the evolution of the star formation history in col-
umn one of Figure 6, the relative weighting of different components
appears to change as time progresses. For example, at ), = 1.68 Gyr
the onset of the starburst appears to be significantly stronger (com-
pared to the older stars) than at lower look-back-times. Investigating
this behaviour, we found that a significant population of older stars
are accreted onto the PSB progenitor, thus impacting the relative
abundance of different components of the star formation history. In
other words, during the presented merging process, more ex-situ
old stars are accreted than young in-situ stars are formed.

4.2 Merger statistics

To extend the case study conducted in Section 4.1 by a statistical
analysis, we begin by evaluating the merger history of the z ~ 0
global 647 PSB sample. In addition, we also analyse the two (qui-
escent and star-forming, respectively) stellar mass matched control
samples QSMMC and SFSMMC. The results of the merger tree
evaluation for these samples are listed in Table 2.

Mergers are defined by their progenitor stellar mass ratios as
follows: mini mergers 1:10 - 1:100, minor mergers 1:3 - 1:10, and
major mergers 1:1 - 1:3. The first data row lists the sample size of
successfully constructed merger trees. This value is less than the
total sample size (647), as merger trees only exist over the entire
evaluated time-span of f,; = 2.5 Gyr if the main progenitor was
formed prior to this time-span. The next three rows list the total
number of identified mergers (galaxies can have multiple mergers
of the same type) for each type. The next three rows in Table 2
display the percentage of the analysed merger trees which identify
at least one merger event of the respective type. The last row lists the
percentage of galaxies with at least one merger event, independent
of the type.
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Figure 6. Case study of the gas evolution of one of the PSBs (417642), as introduced in Table 1. The first column shows the star formation history as a function
of look-back-time, while the second column shows the gas phase diagram at different look-back-times. The next three columns display the evolution of the
spatial distribution (co-moving side length 100h~ ck pc) of gas (black), cold gas (blue), i.e. T < 10° K, and star-forming gas (orange). To better understand
the evolution of the gas involved in star formation, all star-forming gas at ,; = 0.43 Gyr (green) is identified and tracked through all look-back-times to reveal
its origin, as well as its distribution at #j,; = 0 Gyr. The tracked gas (green) uses a smaller symbol size, to show the over-plotted star-forming gas (orange) in the
background. The "x’ at the centre of the spatial distribution marks the black hole of the PSB (progenitor).

Table 2 shows that the PSB sample is characterised by an abun-
dance of merger events. This agrees with low redshift observations,
which find that PSBs are associated with interactions and/or merg-
ers (Zabludoff et al. 1996; Bekki et al. 2001; Yang et al. 2004;
Goto 2005; Yang et al. 2008; Pracy et al. 2009; Wild et al. 2009;
Meusinger et al. 2017; Pawlik et al. 2018). Specifically, 64.7% of
PSBs experience a major merger within the last 2.5 Gyr. In con-
trast, only 9.4% of QSMMC galaxies experience a major merger
within the same time-span, while this percentage rises to 58.1%
for SFSMMC galaxies. Compared to the QSMMC, the PSB sam-
ple experiences a factor of ~ 7 more major merger events. When

comparing the samples, we find close similarities between the PSB
and SFSMMC sample, i.e. both show an abundance of mergers. In
contrast, the QSMMC sample is characterised by a low abundance
of mergers and differs significantly from the other two samples.
However, it is not clear that this is typical for PSBs identified at
higher redshifts.

In Section 3, we showed the redshift evolution of both the
PSB-to-quenched fraction and the PSB stellar mass function. In
this context, we investigate the abundance of mergers at redshift
z = 0.9, in the same manner as outlined for our global z ~ 0 PSB
sample. This is motivated by the desire to separate the redshift
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Criterion PSBs QSMMC  SFSMMC
Analysed trees 632 646 630
Z(Nmini) 343 114 285
Z(Nminor) 295 53 260
2( Nmajor) 465 65 415
N> 1 mini 40.7% 14.1% 33.7%
N 1minor 37.3% 7.4% 33.8%
Nz 1major 64.7%  9.4% 58.1%
N> 1merger 88.9% 23.4% 79.7%

Table 2. Overview of different merger abundances of our global z ~ 0
identified PSB sample and its stellar mass matched control (SMMC) sam-
ples, subdivided into quiescent (QSMMC) and star-forming (SFSMMC)
samples. The first data row displays the number of successfully analysed
merger trees out of the 647 galaxies traced for each sample over the time-
span tipy = (0.0 — 2.5) Gyr. The next three rows list the total number of
mergers X(N) encountered over the evaluated time-span, subdivided into
the following classes and stellar mass ratios: Mini 1:10 - 1:100, Minor 1:10
- 1:3, Major 1:3 - 1:1. The subsequent three rows list the percentage of
galaxies with respect to the analysed merger trees, which encountered at
least one merger event of the respective type (N>1). The last row shows the
percentage of galaxies which encountered at least one merger, independent
of type.

Criterion PSBs QSMMC  SFSMMC
Analysed trees 10520 10596 10479
2 (Nmini) 8559 4899 8692
Z(Nminor) 6747 2439 6832
2 (Nmajor) 6014 1638 6822
Nz imini 50.7% 33.6% 51.3%
N I minor 50.5% 20.6% 50.1%
N> 1major 47.3% 14.3% 52.7%
N> Imerger 92.6% 51.9% 92.3%

Table 3. Same as Table 2 but showing an overview of different merger
abundances of z ~ 0.9 identified PSBs (also with M, > 4.97 - 10" Mg)
and their control galaxies (QSMMC and SFSMMC). The first data row
displays the number of successfully analysed merger trees out of an initial
PSB sample size of 10624. The galaxies were traced for each sample over the
time-span fjp; = (6.5 — 9.0) Gyr. The next three rows list the total number
of mergers X(N) encountered over the evaluated time-span, subdivided
into the mini, minor, and major mergers. The subsequent three rows list
the percentage of galaxies with respect to the analysed merger trees, which
encountered at least one merger event of the respective type (V). The last
row shows the percentage of galaxies which encountered at least one merger,
independent of type.

evolution of identically selected samples from differences resulting
from different (later) environmental selections. We choose redshift
z = 0.9 because we also study the merger abundance in the cluster
environment (see Section 6.4) and compare it to observations (see
Section 6.2) at this redshift.

As established by Figures 1 and 2, the abundance of PSBs
increases with increasing redshift. Table 3 reflects this too, as sig-
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nificantly more PSBs are identified at z = 0.9 (10624 galaxies),
compared to z ~ 0 (647 galaxies). Beyond this, we find that: Firstly,
the percentage of galaxies which experience more than one merger
(last row) increases, especially for the QSMMC sample (factor ~ 2),
less so for the SFSMMC sample (increase by ~ 12%), and least for
the PSB sample (increase by ~ 3%). Secondly, the similarity be-
tween the PSB and the SFSMMC sample remains, as both continue
to show similar (high) merger abundances compared to the QSMMC
sample. Thirdly, the overall increase in the abundance of mergers is
especially driven by more mini and minor mergers at z = 0.9. This
behaviour at z ~ 0.9 agrees with LEGA-C observations at z ~ 0.8,
which find that central starbursts are often the result of gas-rich
mergers, as evidenced by the high fraction of PSB galaxies with
disturbed morphologies and tidal features (40%) (D’Eugenio et al.
2020).

Albeit differences existing between Tables 2 (z ~ 0) and 3
(z = 0.9), the link between recent (in relation to the identifica-
tion redshift) star formation and the abundance of mergers appears
strong. To summarise, although PSBs are quiescent at identification
redshift, they are characterised by recent (strong) star formation.
The similarity with respect to merger abundances between star-
forming and PSB galaxies is likely driven by the ability of mergers
to trigger starbursts on short timescales and to provide cold gas
on longer timescales to otherwise exhausted galaxies (Genzel et al.
2010; Hirschmann et al. 2012). In short, we find strong evidence
that mergers are linked to increased star formation, while their ab-
sence is linked to quiescent levels of star formation. Consequently,
the high abundance of mergers appears to be central to the evolution
of PSB galaxies, while likely also playing an important role in the
subsequent shutdown.

4.3 Cold gas fractions

As the timescales of the galaxy-galaxy interactions prior to the
detection of a merger event vary widely, depending on the spe-
cific geometry of the encounter, we do not individually correlate
merger events with the onset of the starburst phase. Rather, to
more closely evaluate the properties of the detected mergers and
to investigate their differences, we determine the cold gas fractions
Jegas = Mcold, gas/ M prior to mergers for the z ~ 0 PSB, QSMMC,
and SFSMMC samples. The cold gas fraction is calculated within
three half-mass radii r < 3R; 5, where the half-mass radius is de-
fined as the radius of a three dimensional sphere containing half of
the total galactic stellar mass. We choose Ry, as its use is well
established within our simulations and it is often considered equal
to the observationally attained effective radius R, (Teklu et al. 2015;
Remus et al. 2017b; Teklu et al. 2018; Schulze et al. 2020). We tested
the impact of choosing different half-mass radii (/R 2 = [0.5,5])
on fegas and found consistent behaviour for varying half-mass radii.

Figure 7 shows the distribution of cold gas fractions fcgas
within three half-mass radii r < 3Ry 2, split up into main (left) and
satellite progenitors (right). We further split the sample into major
(top), minor (middle), and mini (bottom) mergers. When a merger
event is registered, we determine the cold gas fraction prior to the
merger event, i.e. we identify the progenitors peak stellar mass in
the < 0.4 Gyr before the event is registered and determine the cold
gas fraction at this time-step. Each progenitor is then assigned to
the respective merger type distribution. This is done separately for
the PSB (green), QSMMC (red), and SESMMC (blue) sample. The
solid vertical lines indicate the median values of each population,
while the shorter dashed vertical lines indicate the percentiles 15.9%
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Figure 7. Distribution of cold gas fraction fogas = Mcold,gas/ M- within three half-mass radii r < 3Ry, for main (left) and satellite progenitors (right).
The distributions are further split into major (top), minor (middle), and mini (bottom) mergers and show the behaviour of the PSB (green), QSMMC (red), and
SFSMMC (blue) samples. The solid vertical lines indicate the median values of each population, while the shorter dashed vertical lines indicate the percentiles
15.9% and 84.1% respectively, i.e. the 1 o~ region. In contrast to all other panels, the panel on the bottom right shows a four times larger fegqs domain.

and 84.1% respectively, i.e. the equivalent 1 o~ region of Gaussian
distribution.

All panels showing the individual main progenitor distribution
(left) in Figure 7 display similar distributions for different merger
ratios. The reason for this is that independent of the given merger
ratio, by definition, the merging main progenitor has the same cold
gas fraction. Every time a merger occurs, the population of main
progenitors is sampled, resulting in a similar cold gas fraction dis-
tribution for all main progenitors, independent of the merger ratio.

In contrast, each sample of satellite progenitors (right) shows
an evolving behaviour with merger type. Figure 7 (right) displays
that the fcgas distribution for each sample migrates towards higher
Jegas values as the stellar mass ratio between main and satellite
progenitor decreases, i.e. when moving towards smaller mergers. In
a nutshell, less massive merging satellite progenitors have higher
relative abundances of cold gas.

We find that the behaviour of the cold gas fraction distribu-
tion of the PSB and SFSMMC sample is similar with fegas(r <
3R1/2) ~ (0.8 — 1.0) for the main progenitors. The PSB and SF-
SMMC satellite progenitors have similar cold gas fractions albeit
showing an expected (see above) stronger variance between merger
types. In contrast to the PSB and SFSMMC galaxies, Figure 7 shows
that the QSMMC sample consistently has lower fcgas values: The
quiescent main progenitors (left) have fegas(r < 3Ryj2) ~ 0, ie.
compared to their stellar mass almost no cold gas is present in the
galaxies. The satellite progenitors (right) also show that satellites
which merge via major or minor mergers into the QSMMC sample
typically have lower cold gas fractions, compared to the PSB and
SFSMMC sample.

Taking all this into account, it appears that Figure 7 provides
some evidence for galactic conformity, i.e. the effect whereby prop-
erties, e.g. the star formation rate, of satellite galaxies appear corre-
lated to the properties of the central galaxy (Kawinwanichakij et al.
2016; Teklu et al. 2017; Tinker et al. 2017, 2018). In other words,
star-forming and PSB main progenitors appear more likely to merge

with satellite progenitors which have similarly high cold gas frac-
tions, while quiescent main progenitors appear more likely to merge
with satellite progenitors which exhibit more cold gas depletion, i.e.
lower fegas-

The bottom right panel of Figure 7 shows a distinct exception to
the previously described behaviours, resulting in a four times larger
domain being shown. The mini mergers of satellite progenitors show
a significantly flatter distribution of fcgas, While simultaneously
having significantly higher fcgas values. This is likely the result of
infalling cold gas over-densities being classified as mini mergers or
gas-rich satellites merging with their host. Subsequently, the low
number of stellar particles compared to the abundant (cold) gas
particles, drives high values of fcgas. Due to the low resolution
of mini merger satellite progenitors, this panel is less relevant to
understanding mergers, while still showing that (cold) gas inflow is
relatively similar (fegas(r < 3Ryj2) ~ 4.0 = 5.5) for all analysed
samples, with the highest values found in the QSMMC sample.

5 SHUTDOWN OF STAR FORMATION
5.1 Active galactic nucleus and supernova feedback

We investigate both the active galactic nuclei (AGN) as well as
the supernovae (SNe) feedback energy output as a means to better
understand the processes involved in shutting down star formation.
Specifically, we want to shed light on processes which are linked
to the short timescale (¢ ~ 0.4 Gyr) redistribution and heating of
previously star-forming gas, as discussed in Section 4.1. We choose
these mechanisms in particular because they are able to deposit large
amounts of energy on short timescales (Springel et al. 2005; Voit
etal. 2015; Wild et al. 2020), thereby potentially strongly impacting
star formation.

As a precaution, we also investigated the typical depletion
timescales of cold gas in PSB progenitors during peak star for-
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mation. We find the timescales to be significantly higher (fgep) ~
(2-5) Gyr) than the short shutdown timescale (¢shudown S 0.4 Gyr)
found throughout our PSB sample. In other words, PSBs progenitors
do not appear to run out of gas, rather the reservoir of cold, dense
gas is abruptly heated and/or redistributed, leading to a shutdown
in star formation, as demonstrated in Figure 6.

We calculate the AGN power output PN based on the change
in BH mass AMpy between time steps (At = 0.43 Gyr) (Hirschmann

et al. 2014):
PagN = (erer AMpy - ¢*) /At (1

where e, = 0.2 is the fraction of energy which is thermally coupled
to the surrounding gas, and ey is a free parameter usually set
to ey = 0.15 (typical for simulations following metal dependent
cooling functions (Booth & Schaye 2009, 2011)).

As we are especially interested in SNe which release their
energy on short timescales, our focus is on short lived, i.e. mas-
sive, stars. Therefore, supernovae Type II (SNell), which arise
at the end of the lifetime of massive stars, provide the domi-
nant source of supernovae feedback in our analysis (Chevalier
1976). Following the star formation model by Springel & Hernquist
(2003), we expect an average SN energy release per stellar mass of
eN =4 - 1048 ergM@‘l. Combining this with the star formation
rate SF R at each time step, (temporal resolution At = 0.11 Gyr), we
receive the following estimation for the SNe power output Pgne:

Pgn =€esn - SFR )

The results of these calculations are shown in Figure 8 for vary-
ing stellar mass cuts: On the left-hand side each data point displays
the median AGN power output calculated from the difference in
BH mass between time-steps, as indicated in Equation 1. Following
Equation 2, data points in the right figure display the SNe power
output estimation based on the current star formation rate (SFR).
When the median SFR is zero, which is the case for the entire QS-
MMC sample, the SNe power output is zero too. Both figures shown
in Figure 8 show the respective median values, as well as the 30%
and 70% percentile as error bars (additionally shaded on the right).
The different temporal resolution between the two figures is the
result of using the BH particle data on the left, which due to storage
constraints is only saved every 0.43 Gyr, and using SUBFIND data
on the right, which is available every 0.11 Gyr (see Section 2.2).

We find the maximum median SNe power output for M, >
4.97-10'9 Mg (bottom panel right) PSB galaxies to be Psne,psp <
2-10% erg/Myr. In contrast, the maximum median AGN power
output is PAGN,psB = 3 - 1036 erg/Myr for the same stellar mass
selection (bottom panel left). In other words, Figure 8 shows that the
AGN outweighs the SNe power output by an order of magnitude,
especially at recent look-back-times.

Figure 8 (left) shows negligible differences between PSB and
SF galaxies at M, > 4.97 - 1010 Mg (bottom panel): Both sam-
ples show a recent increase in AGN feedback, which is significantly
larger than that of the quenched sample, especially towards more
recent look-back-times. However, with increasing stellar mass the
difference between PSB and SF galaxies increases. Specifically, at
the highest stellar mass, i.e. M. > 1-10'" Mg (top panel), the
difference at 71 = 0 Gyr is of order one magnitude between PSBs
(PagN.psB ~ 10°7 erg/Myr) and SF (Pagn.sp ~ 10°° erg/Myr)
galaxies. In contrast to the recent elevation in AGN feedback found
in PSB and to a lesser degree in SF galaxies (depending on the
stellar mass cut), AGN feedback of quiescent galaxies shows no
meaningful temporal evolution and only a weak stellar mass evolu-
tion (PAGN,Q ~ 1053 erg/Myr in highest stellar mass bin).
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In Figure 8 (right) the PSB and SF galaxies show similar me-
dian SNe feedback. However, even at M, > 4.97-1010 Mg (bottom
panel), where PSB and SF galaxies show the most similarities, we
see a large spread in SNe feedback in the SF sample, while PSBs
show a smaller spread in the distribution of SNe feedback. Indepen-
dent of stellar mass, this is especially the case at recent look-back-
times, tj; ~ [0.1, 1] Gyr: During this period PSBs are typically
experiencing their starburst phase. As a result, the SFR is elevated
throughout the entire sample, which due to its linear relation to the
SNe feedback (see Equation 2) results in a tighter and slightly ele-
vated distribution compared to SF galaxies, as evidenced by smaller
error bars. Meanwhile, the quiescent galaxy sample is continuously
characterised by a lack of SNe feedback, as no meaningful star for-
mation occurs in the sample during the evaluated time span. As
dictated by our selection criteria, PSBs show a strong decrease in
SNe feedback energy.

In addition to our statistical analysis, we consider the AGN
and SNe feedback of the six massive example (see Table 1). Figure
9 shows the AGN (left) and SNe (right) evolution split into three
panels, showing the six massive PSBs (top), as well as the control
samples: QSMMC (middle) and SF (bottom). Furthermore, we have
added vertical lines indicating specific merger events colour coded
to match the associated galaxy: When evaluating the last 3.5 Gyr,
we find that the PSB sample is characterised by the most merger
events (16), followed by the SFSMMC sample (10) and the QSMMC
sample (2). As previously established in Sections 4.1 and 4.2, this
further highlights the significance of mergers for the evolution of
(massive) PSBs.

Similarly to the comparison between AGN and SNe feedback
shown in Figure 8, Figure 9 also shows that the AGN feedback
significantly outweighs the SNe feedback, especially at recent look-
back-times. Specifically, within the last time step (fjp; < 0.43 Gyr)
all six PSBs have an AGN feedback (PAGN,PSB 2 1057 erg/Myr)
which outweighs the SNe feedback (PsNe,psB S 10%° erg/Myr) by
more than an order of magnitude. Furthermore, Figure 9 shows
that most of the mergers (vertical lines) in the PSB sample occur
within the last ~ 1.5 Gyr, i.e. during the same time in which the
AGN power output increases by up to ~ 2 orders of magnitude.
As a rough comparison, we calculate an estimation of the spherical
binding energy (Eping = 3GM?2/5R) of the massive PSBs using
the My crit halo mass and Rpgp radius as displayed in Table 1
for M and R, respectively. The resulting estimation is shown in the
top left panel of Figure 9 as horizontal lines above fjp > 2.5 Gyr.
To compare with the power output, the horizontal binding energy
lines use a different scale [10°° erg] as indicated by the legend. Five
out of the six massive PSBs have binding energies with Epjpg <
10! erg and the most massive PSB (shown in Figure 6) has a
binding energy of Epjng = 1.278 - 1061 erg. Most binding energies
are found within an order of magnitude of the AGN energy released
within the last time step f,; < 0.43 Gyr, which further highlights
the strong impact the AGN has on (massive) PSBs. Furthermore,
we note that the extensive amount of power deposited by the AGN
(PAGN.PSB 2 1057 erg/Myr) during #j; < 0.43 Gyr is correlated
with the gas temperature increase, gas density decrease, and general
redistribution of gas seen in Figure 6 at f,; = 0 Gyr. Thus, we find
strong evidence that the AGN is connected and probably responsible
for the shutdown of the star formation in PSBs.
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5.2 Black hole growth statistics

To complement the analysis in Section 5.1, we additionally quantify
the black hole (BH) growth for our different samples. We calculated
both the relative and absolute BH growth: Indeed, only 7.8% of
QSMMC galaxies, compared to 60.2% and 62.7% of the SEFSMMC
and PSB galaxies respectively, at least double their BH mass over
the last 2.5 Gyr. In absolute terms, 80.1% of PSB and 73.7% of
the SEFSMMC galaxies experience a significant mass growth of
AMgy > 107 Mg, while this is only the case for 18.7% of the
QSMMC galaxies.

To better visualise the scales involved in the BH mass growth
over a period of 2.5 Gyr, we introduce ygy:

MgH [#1pe = 0 Gyr] — My [#1pe = 2.5 Gyr]
Mg [t = 2.5 Gyr]

Figure 10 (left) shows ygy for PSB (colour coded according to
the galactic accreted gas mass Mgas) and QSMMC (black) galaxies
as a function of stellar mass. As indicated by the legend, different
symbols indicate the host halo mass M crit, translating into three
types of environment: field galaxies (x), group galaxies (square),
and cluster galaxies (triangle).

Figure 10 (left) clearly shows that, in contrast to QSMMC
galaxies, PSBs are consistently found at higher values of ygy. This
is in line with previously established behaviour (see Section 5.1),
where PSBs exhibit a significantly stronger AGN feedback, i.e. BH
mass growth, than the QSMMC comparison sample. Interestingly,
it appears that the PSB population inhabits distinct regions in the
stellar mass - ypy plane. Most noticeably, there appears to be a
bimodality, centred around two PSB populations found at ygy ~ 2,
i.e. a BH growth by a factor of ~ 100, and ygg ~ 0, i.e. a doubling
of the BH mass over the last 2.5 Gyr.

After reviewing the merger histories and BH parameters of
the PSB galaxies found in these two distinct regions, we find that
the ygg ~ 2 population is characterised by recently seeded BHs
at fjpy = 2.5Gyr. Our BHs are represented by collisionless sink
particles, which are seeded with an initial mass of 4.6 - 10 Mg in
galaxies with stellar mass M, > 2.3 - 1010 Mg (Steinborn et al.
2015). The BHs are seeded below the Magorrian relation, i.e. the
relation between BH and bulge mass (Magorrian et al. 1998). In
practice, this means that recently seeded BHs experience an initial
rapid BH mass growth at fairly constant stellar masses (Steinborn
et al. 2015). In contrast, the ygy ~ O population is characterised
by BHs that have already reached the Magorrian relation at fj; =
2.5 Gyr. Despite the numerical effects associated with seeding BHs,
from a physical point of view, the important distinction between
PSB and QSMMC galaxies remains: PSBs are characterised by a
significantly stronger BH mass growth.

The right panel in Figure 10 shows that the ygy bimodality
found in the left panel is not reproduced when evaluating the stellar
mass growth yp;, (using Equation 3, but substituting Mgy with
M.,). Rather, we find that far fewer QSMMC galaxies experience a
non-negligible stellar mass growth over the considered time-span,
At ~ 2.5 Gyr. As a result, Figure 10 (right) is underpopulated with
QSMMC galaxies. This contrast between PSB and QSMMC galax-
ies further highlights the statistically rich merger history of PSBs,
which are overwhelming located around yy, ~ 0, i.e. experience a
doubling in stellar mass within 2.5 Gyr.

As previously established in Section 3, galaxies in Figure 10
are overwhelmingly found at lower stellar masses, i.e. close to our
mass cut. Furthermore, Figure 10 appears to show a weak correlation
between stellar mass and gas accretion, as low stellar mass PSBs are

vBH = logio 3)
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more likely to have low gas accretion (red and orange), while gas
accretion appears to increase (blue) towards higher stellar masses.
We also investigated the correlation between stellar mass and stellar
mass accretion via mergers, finding a stronger correlation than in
Figure 10. This is not surprising, as mergers provide the dominant
pathway for stellar mass growth for massive galaxies, while in-situ
star formation becomes less relevant (Bournaud & Elmegreen 2009;
van Dokkum et al. 2010; L’ Huillier et al. 2012; Lackner et al. 2012;
Rodriguez-Gomez et al. 2016; Qu et al. 2017; O’Leary et al. 2020).

Figure 11 maintains much of the nomenclature introduced in
Figure 10 (left). However, the colour bar now displays the BH
particle count (BHPC) growth, i.e. the amount of BHs. This provides
a comparison between the accretion of BH particles and smooth
accretion, i.e. the process whereby (diffuse) gas is continuously
accreted (Bournaud & Elmegreen 2009; L’ Huillier et al. 2012). To
facilitate the visual analysis, Figure 11 also displays the densities
(grey) of the control samples, QSMMC (left) and SFSMMC (right),
rather than the individual data points.

The comparison between the QSMMC (left) and SFSMMC
(right) samples in Figure 11 shows the clear distinction between
the two control populations (grey). The overlap between the PSB
and SFSMMC sample far exceeds that of the PSB and QSMMC
sample. In short, both the merger (see Table 2) and BH (see Figure
11 right) history of PSBs and star-forming galaxies closely match,
albeit PSBs being classified as quiescent at #j = 0 Gyr. This shows
that, when no further stellar mass selection is chosen (as is done
in the left panel of Figure 8) and the major merger progenitor cold
gas content is not taken into consideration (see Figure 7 top right),
PSBs essentially behave like star-forming galaxies until their recent
shutdown in star formation.

The majority of BHs in Figure 11 do not appear to accrete
any other BHs (red), suggesting that BH growth in our simulation
typically happens via smooth accretion rather than through the ac-
cretion of other BHs. When examining Figure 11 more closely, we
find a weak correlation between increasing stellar mass and increas-
ing number of accreted BHs. Again, this is not surprising as larger
stellar mass galaxies typically grow their stellar mass via mergers
(van Dokkum et al. 2010; L"Huillier et al. 2012; Qu et al. 2017).
As a result more massive galaxies are more likely to merge with
satellites which already host a seeded BH, increasing the likelihood
of the main BH accreting a satellite BH. The weak correlation be-
tween stellar mass and accreted BHs agrees with our expectations
of a hierarchical growth model in a ACDM universe in which large
halos are formed late via the coalescence of smaller ones (Navarro
et al. 1997; Cole et al. 2000; Bower et al. 2006).

Table 4 displays the BH growth ypg for the PSB, QSMMC,
and SFSMMC samples as a function of halo mass, i.e. local environ-
ment. The horizontal lines in Figure 11 indicate the different ypgy
subdivisions of Table 4. As PSB and SFSMMC galaxies typically
experience a more rapid evolution, i.e. their BHs have been more
recently seeded, the sample size of galaxies evaluated over 2.5 Gyr
is smaller for PSBs (424) and SFSMMC (411), compared to the
QSMMC sample (641).

The last row of Table 4 shows that 89.4% of all PSB, 79.1% of
QSMMC, and 85.0% of SFSMMC galaxies are found within a field
environment (Moo ¢rit/Mo < 1013y at firt = OGyr. In contrast
to 7.3% of QSMMC galaxies, only 1.9% of PSB and 2.9% of
SFSMMC galaxies are found in clusters (M2, crit/Mo > 1014).
This trend reflects the results obtained in Section 3.3, i.e. that PSBs
att1p; = 0 Gyr are overwhelmingly found in halos with few satellites.

QSMMC galaxies belong to the only sample with a non-
negligible population in the ypy < —3.8 regime (see Figure 11).
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Figure 10. Based on Equation 3, the left figure shows the black hole mass growth yp g over a period of 2.5 Gyr, as a function of stellar mass. The colour bar
displays the accreted gas mass onto the tracked galaxy due to mergers. The right figure shows the stellar mass growth ypy, , following the same prescription
as Equation 3, however using stellar mass rather than BH mass. Both figures show the PSB sample (coloured points, green contours) and the QSMMC
sample (black points, pink contours) with contour lines indicating 60% and 20% of the maximum densities. The symbols used encode the halo mass, i.e. the
environment: Moo, crit/ Mo < 1013 (X), 1013 < Moo, it/ Mo < 104 (squares), and Mg crit/Mo > 1014 (triangles). To avoid cluttering of points due to an
increased stellar mass range, one lone high mass galaxy (logio(M./M,) = 11.98) is excluded from the figures. Only galaxies which experience a BH (left)

and stellar mass (right) growth are displayed.
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Figure 11. Same as the left Figure 10, but the colour bar encodes the growth of the BH particle count (BHPC) over the last 2.5 Gyr, i.e. the number of BH
particles accreted by the main BH. Additionally, the control samples are shown as grey density distributions: QSMMC (left) and SFSMMC (right).

Moreover, galaxies found at these low ypp values, i.e. BHs with
stagnated growth, are more likely to be found in clusters (62.2%)
and groups (28.9%). As galaxy clusters are characterised by an
abundance of hot gas and cluster galaxies have high relative veloc-
ities, inhibiting galaxy mergers, satellite galaxies have very limited
opportunities to replenish their (cold) gas reservoir. Consequently,
cluster galaxies have a lower likelihood of gas inflow reaching the

galactic centre, resulting in low BH growth, and less numbers of
PSBs.
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M>00,erit /Mo < 1013 %]

10" < Maoo crie/Mo < 101 [%]

M0, crit/Mo 2 1014 [%]

Selection PSBs QSMMC SFSMMC PSBs QSMMC SFSMMC PSBs QSMMC SFSMMC
vyBH 2 1.0 95.6 91.7 87.5 3.8 8.3 10.8 0.6 0 1.7
1.0 >y 2 -2.0 85.2 82.8 86.2 12.1 12.7 10.8 2.7 4.5 3.1
-2.0>ygHa > -3.8 100 84.7 65.4 0 124 26.9 0 29 7.7
vBH < -3.8 - 8.9 0 - 28.9 100 - 62.2 0
3>yBH > -6 89.4 79.1 85.0 8.7 13.6 12.0 1.9 7.3 2.9

Table 4. Different subdivisions of ypg (see Equation 3), partitioned based on the horizontal lines in Figure 11 as a function of different halo masses for the

PSB (424), QSMMC (641), and SFSMMC (411) samples.

6 POST-STARBURST GALAXIES IN GALAXY
CLUSTERS

As observations suggest that the evolution of PSBs differs consider-
ably with environment, we now focus on galaxy clusters (Poggianti
et al. 1999; Goto 2005; Wild et al. 2009; Lemaux et al. 2017;
Paccagnella et al. 2019). Particularly, we want to understand how
the environment, specifically galaxy clusters, influence PSB galaxy
evolution. To increase our sample size, we lower the mass threshold
in this section to include galaxies with at least 100 stellar particles,
i.e. M. > 4.97 - 10° M. This does not include Table 5 and Figure
16, where the stellar mass threshold (M, > 4.97 - 1010 Mp) is kept
the same to allow direct comparisons with Table 3 and Figure 8.

6.1 Galaxy cluster stellar mass function comparison

We extend our study of the global stellar mass functions shown in
Figure 2 by considering the high density environment and com-
paring to a catalogue of galaxy cluster candidates detected in the
Ultra-Deep-Survey (UDS) (Socolovsky et al. 2018). Socolovsky
et al. (2018) study the environment dependent galaxy evolution in
the redshift range 0.5 < z < 1.0 using the UDS. They identify 37
clusters, 11 of which contain more than 45 members. This results
in a sample of 2210 galaxies, which provide the basis for the stellar
mass function calculation (Socolovsky et al. 2018).

To compare with the observations, we follow a similar, yet not
identical, prescription: Due to redshift uncertainties, Socolovsky
et al. (2018) sample the volume of cylinders centred on clusters
with height Hyj = 250 Mpc. Thereafter, they remove the contam-
inants by statistically subtracting the field galaxies in each cylin-
der (Socolovsky et al. 2018). To not unnecessarily introduce sta-
tistical contamination, we consider smaller cylinders with height
Hcy) = 5Mpc. In both cases, the cylinder has radius Rgpy = 1 Mpc
and the stellar mass and the number of satellites N is calculated
inside the cylinder. Following Socolovsky et al. (2018), we select
only those clusters with a member range of 20 < N < 135 and
stellar mass within 1 Mpc of 101129 < M, /Mg < 10124 Subse-
quently, each cluster is considered along three random yet linearly
independent spatial axes, increasing our sampling.

A total of 8406 Magneticum clusters fulfil the above crite-
ria, with a total of 182213 member galaxies with stellar mass
M, > 4.97 - 10° Mg, of which 43084 are star-forming, 139129
are quiescent, and 7704 are identified as PSBs. The cluster and
galaxy counts are the total values across all three spatial axes, i.e.
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Figure 12. Stellar mass functions comparing Magneticum Box2 satellite
galaxies to Socolovsky et al. (2018) at z = 0.7 in the group and cluster
environments. The black solid line indicates the fit to the stellar mass func-
tions by Socolovsky et al. (2018), while the coloured triangles represent
the Magneticum results. The black solid fit line extends to the 90% mass
completion limit. The different panels show the stellar mass functions of
the star-forming (SF: top), the quiescent (Q: middle) and the post-starburst
(PSB: bottom) populations. The Magneticum results are normalised by a
factor of & = 1/300 to fit the arbitrarily normalised cluster observations
(see Socolovsky et al. (2018)).

are up to a factor of ~ 3 larger than the uniquely identified objects
within Box2.

Figure 12 shows the z = 0.7 galaxy cluster stellar mass function
of star-forming (blue), quenched (red) and PSB (green) galaxies.
Similarly to the total sample shown in Figure 2 at z = 0.7, the cluster
PSB stellar mass function has two bumps at log(M./Mg) ~ 9.7
and log(M./Mg) ~ 10.4 and is dominated by the low stellar mass
end. However, the amplitude of the PSB bumps differs between the
total and cluster sample. Furthermore, we find fewer star-forming
and thus more quiescent galaxies in the cluster environment at low
stellar mass compared to the total sample (Figure 2).
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The observations in Figure 12 are fitted by Schechter functions
(star-forming and quiescent satellite galaxies) and double Schechter
functions (PSBs), respectively (Baldry et al. 2008; Pozzetti et al.
2010). As the stellar mass functions discussed in Socolovsky et al.
(2018) are arbitrarily normalised, the Magneticum results were
also normalised to fit the observational data. Specifically, the Mag-
neticum results (triangles) were multiplied by a factor of ¢ = 1/300
to vertically adjust them to the observations. As shown in Figure
12, the shape of the cluster galaxy stellar mass functions from Mag-
neticum are in very good agreement with observations (see also
Steinborn et al. (2015)).

There are only two discrepancies: First, the star-forming distri-
bution which, similar to Figure 2, lacks good agreement for masses
between 10.5 < log(M./Mgp) < 11.2. As discussed in Section 3.2,
this is due to the onset of the AGN feedback. Second, we find evi-
dence for rare massive cluster PSBs which are not found in the sig-
nificantly smaller observational sample. Further evidence for good
agreement is provided by the replication of the PSB plateau in the
mass range 10.0 < log(M./Mg) < 10.5, indicating a preferential
intermediate mass range.

6.2 Line-of-sight velocity: Observational comparison

In Figure 13, we show the normalised line-of-sight phase space
velocity vios/v200,crit Of the PSBs at z = 0.9 as a function of the
cluster-centric 2D projected radius, R/r200 crit» for both Box2 and
Box2b and compare to observations by Muzzin et al. (2014). The
left panel shows results using our standard stellar mass threshold
M, > 4.97 - 10!°Mg, while the right panel shows all galaxies
down to the the lower stellar mass threshold (M, > 4.97 - 10° Mg)
previously used in Lotz et al. (2019). We show both stellar mass
thresholds in Figure 13 to establish the similarity before continuing
our analysis including all galaxies down to the lower stellar mass
cut, so as to increase our phase space sampling (relevant especially
to Figure 15).

Magneticum PSBs are shown as density maps and are scaled
to the maximum density of the PSB galaxy population. The dashed
black lines enveloping the density map in Figure 13 are based on the
virial theorem and are introduced to provide a relationship between
the velocity and the radius via |viys/v200,crit| ~ [(R/ r200,crit)71/ 2.
A proportionality factor of 1.6 is introduced to scale the enveloping
dashed black lines. The factor is motivated by the strongest outlier
of the observational data (Muzzin et al. 2014) and is used to filter
out interlopers, i.e. galaxies that are only attributed to a cluster due
to the LOS projection.

Muzzin et al. (2014) consider data based on the Gemini Clus-
ter Astrophysics Spectroscopic Survey (GCLASS). They investigate
the line-of-sight (LOS) phase space of these 424 cluster galaxies
at z ~ 1, of which 24 are identified as PSBs according to an ab-
sence of Oy emission while also hosting a young stellar population
(D, (4000) < 1.45) (Zahid & Geller 2017).

To sample a similar volume as the observations, a cylinder
of height 179Mpc was used. The cylinder height was calculated
by evaluating the scatter around the mean observed redshift, o,
resulting in o, = 0.036 (van der Burg et al. 2013). The projections
were considered along three linearly independent spatial axes. We
identified 20371 PSBs in 1239 clusters.

We find that both the PSBs identified by Muzzin et al. (2014)
and by Magneticum exhibit a strong preference for the inner re-
gion of the clusters independent of the used lower mass cut
(see Figure 13). The inner over-density of PSBs found between
R ~ (0.15 = 0.5) r200,crit matches observations well. Of the 20371

identified PSBs, 14790, i.e. 73%, are found inside rp00 crit- A
subset of 9263 satellite galaxies, i.e. 45%, are even found inside
R < 0.5r200,crit- The normalised distributions projected onto each
axis further demonstrate the close agreement between observations
and our simulation. The PSB galaxy preference for a distinct region
of phase space, namely R ~ (0.15 — 0.5) Raqg,crit. Suggests a com-
mon cause: Most likely an environmental quenching mechanism
leads to the shutdown of previously (strongly) star-forming galaxies
on a timescale that brings them about halfway through the cluster
until star formation is shutdown. This agrees with previous phase
space results concerning the fast quenching of star-forming satellite
galaxies in clusters (Lotz et al. 2019).

To better disentangle the underlying mechanisms potentially
involved in triggering the starburst and subsequent shutdown in star
formation of PSBs in galaxy cluster environments, we extend our
investigation beyond the LOS phase space observational compari-
son. Using much of the same nomenclature as Figure 13, Figure 14
shows the PSBs within a 3D sphere instead of projections. Thus,
Figure 14 no longer shows the PSBs inside a cylindrical volume
which is the basis of the projected LOS population but a 3D sphere
of radius 210, crit» and therefore the sample of PSBs is smaller,
i.e. only 5185 PSBs are plotted. Of this population, 3401 PSBs (or
66%) are infalling, i.e. vaq/v200,cric < 0. This is similar to the 69%
infalling PSBs found in the LOS population. In addition to PSBs
typically being characterised by infall, Figure 14 shows an abun-
dance of PSBs in the inner cluster region. Furthermore, it appears
that the PSB population, when compared to e.g. the older quiescent
cluster population in Lotz et al. (2019), is not well mixed within the
cluster, clearly indicating a recent infall.

6.3 Radial velocity as function of cluster mass and redshift

To better understand the relevant evolutionary pathways of PSBs in
galaxy clusters, we analyse the normalised radial velocity of cluster
PSBs as a function of the 3D cluster-centric radius at different cluster
masses and redshifts. Figure 15 shows an overview of four different
cluster mass ranges at redshifts 0.06 < z < 1.18.

We find that cluster PSBs in all halo mass ranges at redshifts
z < 0.5 have unusually negative radial velocities, i.e. they are in
the process of infall. This means that they are either on their first
infall into the cluster or are returning to the cluster after they have
left it, typically referred to as backsplash galaxies (Pimbblet 2011).
However, when evaluating cluster PSBs, we find negligible evidence
for backsplash orbits, rather the vast majority of cluster PSBs are
experiencing their first infall.

In addition to showing that cluster PSBs are overwhelmingly
characterised by infall, Figure 15 also reveals two important trends:
Firstly cluster PSBs become increasingly infall dominated towards
higher cluster masses, suggesting a density dependent environmen-
tal quenching mechanisms, such as ram-pressure stripping. This
agrees with observations, which find that processes linked to the
termination of star formation in galaxy clusters are more effective
in denser environments (Poggianti et al. 2009; Raichoor & Andreon
2012). For example, ram-pressure stripping is linearly dependent
on the intra-cluster-medium (ICM) density, thus higher mass clus-
ters are more efficient in quenching, i.e. the quenching timescale is
shorter (Gunn & Gott 1972; Lotz et al. 2019). In this case, higher
mass clusters show an increased likelihood of cluster PSBs being
fully quenched before they pass their pericenter.

Secondly, we find that cluster PSBs become slightly more infall
dominated towards lower redshifts, especially visible in the transi-
tion from z ~ 1.2 to z ~ 0.5 in the lowest cluster mass regime in
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Figure 13. Post-starburst (PSB) galaxy normalised line-of-sight (LOS), Vios/V200.crit» Phase space comparison between Muzzin et al. (2014) (red triangles)
and Magneticum Box2 and Box2b (green) at z = 0.9 in dependence of the cluster-centric projected radial profile, R/rgo,cri. Left: All galaxies above
M, >4.97-1010 M. Right: All galaxies above M, > 4.97 - 109 M. Satellite galaxies hosted by clusters in the mass range 1-10'4 < M0 crit/Mo < 20- 1014
are shown, following criteria outlined in Muzzin et al. (2014). The contour lines highlight the regions where the density is 50% and 75% of the maximum
density. The histograms depict the relative abundance of each population projected onto the respective axes. The enveloping dashed black lines corresponds to

[Vios/ v200,crit| ~ 1.6](R/ rzoo,cm)_l/ 2| and is used to exclude interlopers.
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Figure 14. Same as Fig 13 but showing the normalised radial velocity
Vrad/ V200, crit @s a function of the 3D radius r /7200 crit. The enveloping black
line is no longer used to filter out galaxies, it only remains to guide the eye.

Figure 15. This is likely driven by the fact that clusters at z ~ 1.2,
compared to clusters in the same mass range at z ~ 0.5, have an in-
creased likelihood of currently undergoing cluster mergers. In other
words, clusters at z ~ 1.2 are typically not relaxed, while clusters
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of similar mass at z ~ 0.5 have had enough time to at least centrally
relax. Therefore, the same mass clusters at z ~ 1.2 are on average
more disturbed, which in turn implies a less relaxed and hot ICM.
Under these circumstances, the quenching efficiency is inhibited and
thus cluster PSBs, on average, are able to penetrate deeper into the
galaxy cluster before ram-pressure stripping quenching is efficient.

Considering these findings a picture of cluster PSB galaxy
evolution in our simulation emerges, which strongly favours envi-
ronmental quenching, e.g. ram-pressure stripping, as the responsi-
ble shutdown mechanism of cluster PSBs, in contrast to our results
found for the field PSBs. Specifically, independent of whether an
additional starburst is triggered during cluster infall or the PSB pro-
genitors were previously experiencing significant star formation,
the cluster environment appears to shut down the star formation
during infall. This rapid shutdown increases the likelihood of pre-
viously star-forming/star-bursting galaxies to be classified as PSBs.
Consequently, it appears that PSBs in galaxy clusters share a similar
shutdown mechanism, rather than necessarily sharing the same SFR
increasing mechanism.

6.4 Cluster merger statistics

Following the same approach as in Section 4.2, we analyse merger
abundances in Table 5 to understand their statistical relevance to the
evolution of cluster PSBs. Of the 411 projection independent PSBs
with stellar mass M, > 4.97 - 1019 Mg identified within galaxy
clusters in Box2 at z = 0.9, we successfully trace 410 PSBs to
z = 1.7, i.e. over a time-span of ~ 2.5 Gyr.

‘When comparing cluster PSBs (Table 5) with non environmen-
tally selected PSBs (Table 3) in the redshift range 0.9 < z < 1.7, we
find very similar merger abundances for all samples. For example,
92.9% of cluster PSBs and 92.6% of non environmentally selected
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Figure 15. Box2 PSB galaxy (M, > 4.97 - 10° M) normalised radial velocity Viad/Vv200,crit @s @ function of 3D radius 7 /7200 crit for different cluster masses
and redshifts. Columns from left to right have the following redshifts: z = 1.18, z = 0.47, z = 0.25, and z = 0.06. Rows from top to bottom have the following
cluster masses: M2g0 crit > 9 - 101 Mo, Moo crit = (6=9) - 10'* Mo, Mago crit = (3—6) - 10'* Mg, and Magg crie = (1-3) - 10" M. The colour bar displays
the relative phase space number density normalised to the maximum value of each individual panel. The contour lines correspond to regions showing 20% and
60% of the maximum density in each panel. The horizontal dashed line marks vy,q/v200,cric = 0: PSBs above this line are moving outwards with respect to the
cluster centre, while PSBs below this line are moving into the cluster. The empty panels are the result of a lack of clusters in the given redshift and cluster mass

range.

PSBs both at z = 0.9 have experienced at least one merger event
within the last ~ 2.5 Gyr. Additionally the similarity between the
PSB and SFSMMC sample appears independent of the environment
surveyed, further providing evidence for the importance of mergers
for (recently) star-forming galaxies in our simulation. The only dif-
ference we find between Tables 5 and 3 is a slightly higher abundance
of mini (57.1%) and minor (55.6%) mergers and a slightly lower
abundance of major mergers (43.2%) in cluster PSBs, compared to
mini (50.7%), minor (50.5%), and major (47.3%) mergers of non

environmentally selected PSBs. Beyond these small differences the
abundances found in Table 5 agree with the analysis presented in
Section 4.2.

6.5 Active galactic nuclei and supernovae

As observations suggest that ram-pressure stripping may trigger
AGN activity (Poggianti et al. 2017; George et al. 2019; Poggianti
et al. 2020), we investigate the AGN and SNe feedback of cluster
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shown are based on the results displayed in Table 3. The different panels show increasing z = 0.9 stellar mass cuts, M, > [4.97,6,7,8,9, 10] - 1010 Mo,
from the lower to top panel. Both figures show the median, as well as the 30% and 70% percentiles as error bars for each population.

Criterion PSBs QSMMC  SFSMMC
Analysed trees 410 409 405

2 (Nmini) 370 197 400

2 (Nminor) 290 98 293

2 (Nmajor) 216 94 238
N> 1mini 57.1% 32.8% 53.6%
N> iminor 55.6% 20.3% 51.4%
N> Imajor 43.2% 20.8% 49.9%
N> 1merger 92.9% 53.1% 91.9%

Table 5. Following the nomenclature as introduced in Table 2, but showing
results for cluster galaxies in the redshift range 0.9 < z < 1.7 (compare to
Table 3 in the same redshift range without an environmental selection). Of the
411 uniquely identified cluster PSBs with stellar mass M, > 4.97 -10'° Mg
in Box2 at z = 0.9, 410 progenitors were successfully traced over a time-
span of 2.5 Gyr. PSB, QSMMC, and SFSMMC galaxies are selected so as
to reproduce the cluster criteria outlined in Muzzin et al. (2014) (see Section
6.2).

PSBs at z = 0.9. We follow the method presented in Section 5.1
closely, with the exception that, instead of using the global z ~ 0
PSB sample, we use the cluster PSB sample presented in Table 5.
Following the same nomenclature as Figure 8, Figure 16 shows the
AGN (left) and SNe (right) power output for the PSB (green), SFS-
MMC (blue), and QSMMC (red) samples. We note that ¢, = 0 Gyr
corresponds to the identification redshift z = 0.9. Furthermore, we
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note that at z ~ 1 the time-steps in our simulation become larger,
which leads the change in abundance of data points in Figure 16 at
fibe ~ 0.5 Gyr. As the feedback energy is normalised per unit time,
this does not impact our results.

Figure 16 (left) shows no clear signs of an increase in recent
AGN activity. As established in Section 6.3, cluster PSBs belong
to a population of recently in-fallen galaxies. Consequently, if ram-
pressure stripping would trigger AGN feedback, we would expect a
signal within the last ~ 1 Gyr (Lotz et al. 2019). However, we find
no evidence for enhanced AGN activity. In fact, it appears that the
AGN activity for all samples has been (gradually) declining since
tibe ~ 2 Gyr. Furthermore, there appears to be no strong stellar mass
evolution for the PSB and SFSMMC samples. Only the QSMMC
sample shows signs of a stellar mass evolution: As the stellar mass
increases, the onset of the decline in AGN activity at fj; ~ 2 Gyr
begins earlier, while the QSMMC AGN power output at tjp; ~ 0 Gyr
increases by a factor ~ 2 between the lowest and highest stellar mass
selection.

In contrast, the SNe power output, i.e. the SFR, shows signs
of small increase in activity starting at tj; ~ 0.5 Gyr for both the
PSB and SFSMMC sample. However, as Figure 16 (right) shows, at
fibt ~ 0.2 Gyr the PSB and SFSMMC samples diverge: The PSBs
experience a short timescale decrease in star formation, reaching
quiescent levels of star formation according to our blueness crite-
rion, while the SFSMMC galaxies continue to experience an ele-
vated star formation with signs of a small increase. The fact that
SFSMMC galaxies are able to sustain star formation despite being
located in a high density environment is likely due to their tangential
infall orbits, ideally at large cluster-centric radii (Lotz et al. 2019).
Figure 16 (right) also appears to show no indication of a stellar
mass evolution: The only exception being the QSMMC sample,
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which appears to be characterised by more recent quenching with
increasing stellar mass.

Generally, integrated over the evaluated time-span, both the
AGN and SNe feedback shown in Figure 16 is significantly stronger
than at z ~ 0 in Figure 8. As discussed in Section 5.2, recent BH
seeding leads to an over-estimation of BH growth. Given the same
stellar mass threshold, this becomes more relevant towards higher
redshift, as galaxies need to assemble their mass in a shorter time
period, i.e. more rapidly. As such, it appears likely that recent BH
seeding impacts our z = 0.9 cluster sample. This likely explains the
strong median AGN feedback at high look-back-times. Nonethe-
less, the fact that the AGN feedback does not increase towards
recent look-back-times holds and suggests that AGN feedback is not
relevant to shutting down star formation in cluster PSBs. This is fur-
ther supported by the similarity in AGN feedback between the PSB
and SFSMMC sample: While the former population is quenched at
1ot = 0 Gyr, the latter is not. Compared to low redshift, we also find
a higher median SNe feedback at z = 0.9. This, however, appears
purely physical as the star formation, and thus the SNe feedback,
was significantly stronger at higher redshift compared to low red-
shift (Heavens et al. 2004). To conclude, we find that cluster PSBs
are shutdown via environmental quenching with no evidence that
additional galactic feedback is triggered.

7 DISCUSSION
7.1 Environment and redshift evolution

We find that PSBs at low redshift are more frequently found in low
halo mass environments and that the PSB-to-quenched fraction in-
creases with redshift (Figure 1). The preference for low halo masses
is further strengthened by the fact that 89.4% of z ~ 0 PSBs are
found in halos with Magg crit/Mo < 1013 (Table 4). This agrees
with DEEP2 and SDSS results which find low redshift PSBs in
relatively under-dense environments (Goto 2005) compared to high
redshift PSBs (Yan et al. 2009). Similarly to the decline of the PSB-
to-quenched fraction with decreasing redshift found in our simula-
tion (Figure 1), observations also show that the fraction of PSBs
declines from ~ 5% of the total population at z ~ 2, to ~ 1% by
z ~ 0.5 (Wild et al. 2016). We note that MOSFIRE observations at
z ~ 1 find a higher number of PSBs, relative to star-forming galax-
ies, in clusters than in groups or the field (Lemaux et al. 2017).
Considering that we determine the abundance of PSBs with re-
spect to quiescent galaxies, a comparison is difficult, however, as
fewer star-forming than quiescent galaxies are found in high density
environments (Dressler 1980; Goto et al. 2003), and our PSB-to-
quenched fraction does not show a strong preference for low halo
mass at z ~ 1 (Figure 1), agreement seems plausible. Given these
points, it appears that PSB galaxy evolution is strongly redshift
dependent, favouring decreasing environmental densities towards
lower redshifts, supporting the idea that the formation mechanism
of PSBs is affected by redshift and environment.

Similarly, we also find a strong stellar mass function evolu-
tion (Figure 2): The abundance of PSBs above our stellar mass
threshold increases significantly with increasing redshift, match-
ing VVDS observations which find that the stellar mass density
(logo(M«/Mg) > 9.75) of strong PSB galaxies is 230 times higher
at z ~ 0.7 than at z ~ 0.07 (Wild et al. 2009). In contrast, when
comparing the PSB galaxy stellar mass function shape to observa-
tions at redshifts 0.07 < z < 1.71 (Wild et al. 2016; Rowlands et al.
2018) and the observations with each other, we do not find close

agreement. These discrepancies are likely due to the stellar mass
function sensitivity to the exact selection criteria of PSBs. Interest-
ingly, when comparing the PSB stellar mass function at z = 0.7 to
observations in the group and cluster environment (Figure 12), we
find close agreement, including the double Schechter behaviour.

7.2 The impact of mergers

Evaluating PSBs in relation to the star-forming main sequence (Fig-
ure 5) shows that during their starburst phase, which is often cor-
related with recent mergers (Figure 9 and Table 2), massive PSBs
are found significantly above the normalised redshift evolving main
sequence (Speagle et al. 2014). Considering our global low redshift
PSB sample, of which 89% have experienced a merger in the last
2.5 Gyr, we find that during peak star formation PSBs are found
a few times above the main sequence, showing a wide spread in
their distribution. This behaviour matches observations by Pearson
et al. (2019), which, on one hand, find that mergers have little ef-
fect on the SFR for the majority of merging galaxies, but, on the
other hand, also find that an increasing merger fraction correlates
with the distance above the main sequence, i.e. mergers can induce
starbursts. Furthermore, simulations by Di Matteo et al. (2008) sug-
gest that strong starbursts, where the SFR is increased by a factor
> 5, are rare and only found in 15% of major galaxy interactions
and mergers. Hani et al. (2020) highlights the impact of mergers on
the SFR: Star-forming post-merger galaxies, which make up 67%
of their post-merger galaxies identified in the IllustrisTNG simu-
lation experience on average a SFR increase by a factor of ~ 2.
This behaviour is in qualitative agreement with the correlation be-
tween mergers and the SFR increase found in our star-forming and,
to a stronger extent, PSB galaxies (Figure 5). Additionally, when
studying adjacent galaxies in [llustrisTNG, Patton et al. (2020) find
that the presence of closest companions boost the average specific
SFR of massive galaxies by 14.5%. This agrees with our study of
an individual PSB in Figure 6, where we find an increase in star
formation prior to identifying a merger event while another galaxy
is in close proximity.

Figure 5 also shows that 23% of the tracked PSBs were pre-
viously quiescent, i.e. have undergone rejuvenation. When compar-
ing quiescently star-forming, quenching, and rejuvenating galaxies
in the EAGLE simulation, Trayford et al. (2016) find that ~ 1.6%
and ~ 10% of all galaxies can be characterised as fast and slow
rejuvenating galaxies, respectively. In other words, although (fast)
rejuvenation is generally rare, rejuvenation may well be a relevant
pathway for the evolution of PSBs. Consistent with the high merger
abundances throughout our PSB sample, observations find quies-
cent galaxies may undergo rejuvenation events, e.g. via (gas rich)
minor mergers, triggering the required starburst phase found in PSBs
(Fang et al. 2012; Young et al. 2014; Belli et al. 2017; Rowlands
et al. 2018; Yesuf & Ho 2020).

Even when solely considering isolated merger simulations,
much of the ambiguity concerning the quenching impact of merg-
ers remains: Different types of mergers have been associated with
varying quenching impacts, both directly, e.g. by introducing tur-
bulence (Ellison et al. 2018), and indirectly, e.g. by facilitating BH
growth (Hopkins et al. 2013; Barai et al. 2014). For example, binary
galaxy merger simulations find that the termination of star formation
by BH feedback in disc galaxies is significantly less important for
higher progenitor mass ratios (Johansson et al. 2008, 2009a). Simi-
lar studies find that galaxies, which are dominated by minor merging
and smooth accretion in their late formation history (z < 2), expe-
rience an energy release via gravitational heating which is sufficient
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to form red and dead elliptical galaxies by z ~ 1, even in the absence
of SNe and AGN feedback (Johansson et al. 2009b). Meanwhile,
SPH simulations of major mergers demonstrate that consistency
with observations does not require BH feedback to terminate star
formation in massive galaxies or unbind large quantities of cold gas
(Debubhr et al. 2011). When linking the BH accretion rate with the
galaxy-wide SFR, the disc galaxy mergers in the hydrodynamical
simulations by Volonteri et al. (2015), typically find no temporal
correlation and different variability timescales. However, when av-
eraging over time during ~ (0.2 —0.3) Gyr long merger events, they
find a typical increase of a factor of a few in the ratio of BH accre-
tion rate to SFR (Volonteri et al. 2015). This qualitatively agrees
with our results shown in Figures 8 and 9, that the recent AGN feed-
back increase in PSB and star-forming galaxies correlates with high
merger abundances. Note, however, that not all simulations agree in
that mergers and AGN feedback are correlated (e.g. Hayward et al.
(2014)).

The ambiguous nature of merger impacts is also reflected in our
results: Using a statistical approach, i.e. comparing merger abun-
dances at z ~ 0 (Table 2), we find that 88.9% of PSBs, 23.4%
of quenched (QSMMC), and 79.7% of star-forming stellar mass
matched control (SFSMMC) galaxies experience at least one merger
within the last 2.5 Gyr. The high merger abundance found in both
our PSB and our SEFSMMC sample highlights the varying merger
impact: While our PSB sample is considered quiescent at z ~ 0,
the reverse is true for SFSMMC galaxies with similarly rich merger
histories, especially compared to the QSMMC sample. A similar
behaviour is found when considering merger abundances at z = 0.9
(Table 3). Our high merger abundance broadly agrees with obser-
vations of local PSBs in SDSS, which, in their youngest age bin
(< 0.5Gyr), classify at least 73% of PSBs, far more than their
control sample, as distorted or merging galaxies Meusinger et al.
(2017). Generally, observations of PSBs in the local low density
Universe are associated with galaxy-galaxy interactions and galaxy
mergers (Zabludoff et al. 1996; Bekki et al. 2001; Yang et al. 2004;
Goto 2005; Yang et al. 2008; Pracy et al. 2009; Wild et al. 2009;
Pawlik et al. 2018), in excellent agreement with our results.

When evaluating the cold gas fractions of PSB, QSMMC,
and SFSMMC galaxies within three half-mass radii (Figure 7), we
find wide agreement between PSB and SESMMC galaxies, which
show a preference for higher cold gas fractions, especially at higher
merger mass ratios, i.e. towards minor and mini mergers. This is
in line with observations, which find evidence for gas-rich mergers
triggering central starbursts (Pawlik et al. 2018; D’Eugenio et al.
2020), fast quenching (Belli et al. 2019), and that recently merged
galaxies typically are a factor of ~ 3 more atomic hydrogen rich
than control galaxies at the same stellar mass (Ellison et al. 2018).
The only difference between PSB and SFSMMC galaxies is found
for the satellite progenitor populations in major mergers (Figure
7): The merging satellite progenitors of PSBs are characterised by
a lower cold gas fraction compared to the SFSMMC sample. The
subsequent lower cold gas content of post merger PSBs, compared
to SFSMMC galaxies, may be linked to a higher likelihood of a sub-
sequent shutdown in star formation. The implication being that less
cold gas is available to maintain star formation, in addition to heat-
ing and/or redistribution of the available cold gas being supported
at constant feedback. We note that the main progenitors of PSB and
SFSMMC galaxies are typically already characterised by an abun-
dance of cold gas prior to the merger. Meanwhile, the QSMMC
sample is consistently found at lower cold gas fractions.
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7.3 Shutting down star formation

As shown for our global z ~ 0 PSB sample (Figure 8) and the sub-
set of six massive PSBs (Figure 9), we find a significant increase in
AGN feedback at recent look-back-times and towards higher stellar
masses. The importance of AGN feedback in shutting down PSBs
is also evidenced by the decreasing agreement between the oth-
erwise often similarly behaving PSB and SFSMMC sample with
increasing stellar mass. As the fraction of galaxies hosting an AGN
is a strong function of stellar mass (Best et al. 2005), the apparent
lack of strong AGN activity in the SFSMMC sample, compared
to the PSB sample at high stellar masses, is a strong indicator of
the AGN quenching effectiveness. In addition, the short shutdown
timescale (Figure 5), the redistribution and heating of gas (Figure
6), the correlated BH growth (Figures 10 and 11), and the compara-
tively weak SNe energy (Figure 8) all suggest that merger triggered
AGN feedback generally is the dominant shutdown mechanism of
PSBs at low redshift. However, we can neither fully exclude other
causes, nor do all PSBs necessarily experience the same shutdown
sequence. Nonetheless, it appears likely that merger facilitated BH
growth, which triggers AGN feedback, plays an important, albeit
not necessarily exclusive, role in mediating between the starburst
and post-starburst phase within our simulation at low redshifts. This
agrees with previous Magneticum results, which found that merger
events are not statistically dominant in fuelling mechanisms for nu-
clear activity, while still finding elevated merger fractions in AGN
hosting galaxies compared to inactive galaxies, pointing towards an
intrinsic connection between AGN and mergers (Steinborn et al.
2018). Generally, the importance of AGN feedback in explaining
the sharp decline in the SFR found in (PSB) galaxies is also sup-
ported by several other works (Springel et al. 2005; Yuan et al. 2010;
Hopkins et al. 2013; Baron et al. 2018; Calabro et al. 2019; Baron
et al. 2020; Lanz et al. 2020; Wild et al. 2020).

We find evidence for the simultaneous mechanical expulsion
and heating of previously star-forming cold gas (Figure 6). The
rapid shutdown in this and similar examples (Figure 5) happens on
timescales of fghydown S 0.4 Gyr, which, due to the short timescale,
generally favours AGN feedback as the expected quenching mech-
anism (Wild et al. 2020). Although much of the dense cold gas
is heated, some cold gas remains in the recently quenched galaxy
(Figure 6). The fact that significant amounts of cold gas are redis-
tributed on short timescales rather than only being directly heated
may provide an explanation to observations which find significant
non star-forming (molecular) gas reservoirs in PSBs (Zwaan et al.
2013; French et al. 2015). This also agrees with other simulations,
suggesting that the SFR is quenched with feedback via gas removal,
with little effect on the SFR via gas heating (Barai et al. 2014). Fur-
thermore, the large amounts of molecular gas found in PSBs rules
out processes such as gas depletion, expulsion, and/or starvation as
the dominant shutdown mechanisms (French et al. 2015), which is
supported by the results presented in this work.

7.4 Post-starburst galaxies in galaxy clusters

Cluster PSBs are typically infalling, especially towards lower red-
shift and higher cluster masses (Figure 15). This matches previous
results concerning the quenching of satellite galaxies in clusters
(Lotz et al. 2019), showing that star-forming galaxies are more likely
to be on their first infall, especially for higher mass clusters, indicat-
ing that ram-pressure stripping typically quickly shuts down star for-
mation already during the first infall of satellite galaxies. This higher
quenching effectiveness matches other simulations which find a sim-
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ilar significant enhancement of ram-pressure stripping in massive
halos compared to less massive halos (Arthur et al. 2019). In fact,
several observations suggest that environmental quenching mech-
anisms, such as interactions with the ICM (Poggianti et al. 2009;
Pracy et al. 2010) or specifically ram-pressure stripping (Gavazzi
et al. 2013; Gullieuszik et al. 2017; Paccagnella et al. 2017; Ow-
ers et al. 2019; Paccagnella et al. 2019; Vulcani et al. 2020a), are
responsible for the abundance of PSBs in galaxy clusters.

Generally, different populations of satellite galaxies, e.g. in-
falling, backsplash and virialised, occupy distinct regions of phase
space (Oman et al. 2013). Hence, the clear preference of cluster
PSBs for infall (Figure 15) provides a strong indication for environ-
mental quenching such as ram-pressure stripping. This is also re-
flected in the PSB galaxy preference for distinct cluster-centric radii
(R ~ (0.15 = 0.5) r200,crit) found in projections (Figure 13), show-
ing excellent agreement with observations (Muzzin et al. 2014). It
also agrees with SAMI observations of recently quenched cluster
galaxies, which are exclusively found within R < 0.6 Ry and show
a significantly higher velocity dispersion relative to the cluster pop-
ulation (Owers et al. 2019). Similarly, GASP observations find that
PSB galaxies avoid cluster cores and are characterised by a large
range in relative velocities (Vulcani et al. 2020a). Furthermore, both
the SAMI and GASP phase space behaviour is consistent with recent
infall, suggesting that PSBs could be descendants of galaxies which
were quenched during first infall via ram-pressure stripping (Owers
et al. 2019; Vulcani et al. 2020a). Providing multiple lines of evi-
dence, Vulcani et al. (2020a) conclude that the outside-in quenching
(Owers et al. 2019; Matharu et al. 2020), the morphology, and kine-
matics of the stellar component, along with the position of GASP
PSBs within massive clusters point to a scenario in which ram-
pressure stripping has shutdown star formation via gas removal.
This is in excellent agreement with our findings.

When comparing merger abundances at z = 0.9 between non
environmentally selected PSBs (Table 3) and cluster PSBs in (Ta-
ble 5), we find broad agreement: Both samples are characterised
by high merger abundances, i.e. in both samples ~ 93% of PSBs
experience at least one merger event in the past 2.5 Gyr. In contrast
to the non environmentally selected sample, cluster galaxies have
slightly fewer major mergers (47.3% vs. 43.2% for PSBs). It appears
that mergers are important in enabling the conditions necessary for
(strong) star formation in cluster PSB progenitors, while it remains
unclear what impact they have on shutting down star formation in
cluster PSBs. In contrast to the majority of cluster PSB galaxy ob-
servations, observations of the Cl J1604 supercluster at z ~ 0.9
indicate that galaxy mergers are the principal mechanism for pro-
ducing PSBs in clusters, while both interactions between galaxies
and with the ICM also appear effective (Wu et al. 2014). As found
by observations (Owers et al. 2019; Vulcani et al. 2020a) and our
results (Figure 15), cluster PSBs belong to a population of recently
in-fallen galaxies. Hence, it appears likely that PSB progenitors
have had ample opportunity to experience mergers in the outskirts
of clusters prior to infall, likely positively impacting recent star for-
mation, thereby building a young stellar population necessary for
their later identification as PSBs. As discussed in Section 7.2, the
impact of mergers is varied and need not lead to a subsequent shut-
down in star formation, e.g. via triggering AGN feedback. It seems
plausible that ram-pressure stripping is more efficient in shutting
down star formation than merger triggered mechanisms, and hence
is the dominant shutdown mechanism in cluster PSBs.

In a previous paper, we found evidence for a starburst 0.2 Gyr
after satellite galaxies first fall into their respective clusters, i.e.
after crossing the cluster virial radius for the first time (Lotz

et al. 2019). Specifically, we found that the average normalised
blueness, i.e. SSFR - ty, of satellite galaxies with stellar masses
M, > 1.5-10'0Mg shows a significant starburst lasting ~ 0.2 Gyr.
As discussed by Lotz et al. (2019), this is likely driven by the onset
of ram-pressure stripping which triggers a short starburst, followed
by a complete shutdown in star formation within < 1 Gyr, often
on shorter timescales. Observations of local cluster galaxies under-
going ram-pressure stripping come to similar conclusions: Ram-
pressure likely drives an enhancement in star formation prior to
quenching (Vulcani et al. 2018; Roberts & Parker 2020). Similarly,
cluster galaxies undergoing ram-pressure stripping in the GASP
sample show a systematic enhancement of the star formation rate:
As the excess is found at all galacto-centric distances within the
discs and is independent of both the degree of stripping and star
formation in the tails, Vulcani et al. (2020b) suggest that the star
formation is most likely induced by compression waves triggered by
ram-pressure stripping. Furthermore, HST observations have found
strong evidence of ram-pressure stripping first shock compressing
and subsequently expelling large quantities of gas from infalling
cluster galaxies, which experience violent starbursts during this in-
tense period (Ebeling et al. 2014). When evaluating the median
SNe feedback, i.e. the SFR, at z = 0.9 for cluster PSBs (Figure
16), we find on average no evidence for a strong starburst at re-
cent look-back-times. However, this signal likely correlates more
strongly with cluster-centric radius (e.g. Lotz et al. (2019)). Hence
it does not seem surprising that we find no signal. To better under-
stand cluster PSB galaxy evolution, we also investigated whether
cluster PSBs are found in the vicinity or crossing of cluster shock
fronts: We found no evidence for an increased abundance of cluster
PSBs near shocks.

Observations of GASP jellyfish galaxies undergoing strong
ram-pressure stripping find that the majority host an AGN (Pog-
gianti et al. 2017; George et al. 2019; Poggianti et al. 2020) and
that the suppression of star formation in the central region is driven
by AGN feedback (Radovich et al. 2019). Similarly, the Romulus
C simulation finds evidence for ram-pressure stripping triggering
AGN feedback, which may aid in the quenching process (Ricarte
et al. 2020). When comparing these results to our study of median
AGN feedback in cluster PSBs at z = 0.9 (Figure 16), we find no ev-
idence for a recent increase in AGN feedback. However, we note that
such an increase would likely correlate more strongly when evaluat-
ing the AGN feedback as a function of cluster-centric radius, which
goes beyond the scope of this paper. While observations based on
the UKIDSS UDS conclude that a combination of environmental
and secular processes are most likely to explain the appearance of
PSBs in galaxy clusters (Socolovsky et al. 2019), all our evidence
(Figures 15 and 16) suggests that environmental quenching in the
form of ram-pressure stripping leads to the shutdown in star forma-
tion found in our cluster PSBs.

7.5 Numerical considerations

In addition to the ambiguous involvement of various physical mech-
anisms, the implementation and approximation of known physical
mechanisms in simulations comes with its own set of challenges.
For example, many simulations underestimate the effectiveness of
feedback due to excessive radiative losses (Dalla Vecchia & Schaye
2012), which, in turn, are the result of a lack of resolution and in-
sufficiently realistic modelling of the interstellar medium (Schaye
et al. 2015). Zheng et al. (2020) highlights the difficulty of repro-
ducing very young PSBs in simulations, potentially indicating that
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new sub-resolution star formation recipes are required to properly
model the process of star formation quenching.

Generally, we note that the identification and comparison of
Magneticum PSBs to observations may be influenced by a number
of effects: As discussed in Lotz et al. (2019), we measure the star
formation rate rather than the colour of galaxies. In other words,
we determine the star formation directly and instantaneously, rather
than via the indirect, at times delayed, observation of local and/or
global galactic properties. However, the galaxies selected in Box2
do not reproduce the detailed morphologies, especially concerning
the cold thin discs, found in observations. Hence, we cannot cap-
ture the details of mechanisms which act on scales similar to our
gas softening (€gas = 3.75 h~'kpc). This, for example, becomes rel-
evant during ram-pressure stripping, where cold thin discs, depen-
dent on infall geometry, provide additional shielding compared to
more diffuse galactic configurations, thereby impacting quenching
efficiencies and timescales. These limitations need to be addressed
with the next generation of cosmological simulations.

8 CONCLUSIONS

In order to understand the physical mechanisms leading to the for-
mation of post-starburst galaxies (PSBs), i.e. the reasons for both
the onset of the initial starburst and the abrupt shutdown in star
formation, we studied the environment and temporal evolution of
PSBs with stellar mass M, > 4.97 - 1019 Mg. To this end, we used
Box2 of the hydrodynamical cosmological Magneticum Pathfinder
simulations to resolve the behaviour of PSBs at varying redshifts
0.07 < z < 1.71 both throughout our whole box volume as well as in
specific environments such as galaxy clusters. The principal sample
studied consists of 647 PSBs, identified at z ~ 0, i.e. a global sample
spanning the whole box volume. Throughout our analysis the be-
haviour and evolution of PSBs is compared to star-forming (SF) and
quiescent (Q) stellar mass matched control (SMMC) galaxy samples
at different look-back-times (Ibt). Furthermore, Magneticum PSBs
are compared with observed quenched fractions (George et al. 2011;
Tinker et al. 2013; Wang et al. 2018; Strazzullo et al. 2019), stellar
mass functions (Muzzin et al. 2013; Wild et al. 2016; Rowlands et al.
2018), and the star formation main sequence (Speagle et al. 2014;
Pearson et al. 2018) at different redshifts. Especially, we compare
Magneticum galaxy cluster PSBs to observed high environmental
density stellar mass functions (Socolovsky et al. 2018) and the clus-
ter phase space behaviour at high redshift (Muzzin et al. 2014). Our
results are summarised as follows:

e At z ~ 0 PSBs and SF galaxies both are characterised by an
abundance of mergers: 89% of PSB and 80% of SF galaxies experi-
ence at least one merger event within the last 2.5 Gyr, compared to
23% of quiescent galaxies. Over the same time-span, 65% of PSB,
58% of SF, and 9% of quiescent galaxies experience at least one
major merger (M, ratio: > 1:3) event. This established similarity
in merger abundances between PSB and SF galaxies is also found
at redshift z ~ 0.9, both when evaluating the entire box volume as
well as when specifically selecting galaxy cluster environments.

e Inspecting z ~ 0 PSB, quiescent, and SF galaxies with M, >
4.97-1010 Mg, we find that the AGN feedback, which is associated
with recent mergers, consistently outweighs the supernova (SNe)
feedback. Within the last 0.5 Gyr, the difference between AGN and
SNe feedback increases significantly: While the maximum median
SNe power output for PSBs is PsNe psp < 2- 10% erg/Myr, the max-
imum median AGN power output is PAGN,pSB = 3 10°0 erg/Myr.
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In contrast to the SF galaxies, PSBs are characterised by in-
creasing AGN feedback with increasing stellar mass: At stellar
masses M, > 1- 1011 Mg, the AGN feedback at z = 0 of PSBs
(PAGN,PSB ~ 1037 erg/Myr) is an order of magnitude larger than
that of SF galaxies (PAGN,SF ~ 10%6 erg/Myr), which is similarly
larger than that of quenched galaxies (PAGN,Q ~ 109 erg/Myr).
This strongly indicates that the star formation in PSBs generally is
shut down by AGN feedback.

e In our global z ~ 0 PSB sample we find that during the star
formation shutdown, typically at 71, < 0.4 Gyr, galactic gas, espe-
cially previously star-forming gas, is often abruptly heated, while
simultaneously being redistributed. This results in a sharp decrease
in the (cold) gas density. This is often correlated with a recent strong
increase in black hole mass, triggering significant AGN feedback.

e In contrast to SF galaxies, PSBs in our global sample, espe-
cially at f1p; = [0.1, 1] Gyr, show less spread, i.e. are more continu-
ous in the distribution of SNe feedback energy. As the star formation
rate (SFR) linearly impacts the SNe feedback, the smaller spread in
the distribution of PSB SNe feedback in combination with slightly
elevated median SFRs during recent times, compared to SF galax-
ies, is a reflection of the recent starburst phase. As the stellar mass
increases, the median PSB SNe feedback increases slightly and the
difference to SF galaxies, which continue to be associated with a
wider distribution in feedback, becomes stronger.

e When evaluating the cold gas content prior to mergers in our
global sample, PSB and SF progenitors show similar cold gas frac-
tions (fcgas ~ 0.9) for the main progenitors. However, when con-
sidering cold gas abundances of satellite progenitors, i.e. not the
most massive progenitors prior to major merger events, PSBs are
characterised by lower cold gas fractions (fcgas ~ 0.4) compared
to SF satellite progenitors (fegas ~ 0.7). This is also reflected in
the different abundance of satellite major merger progenitors which
have low cold gas fractions: ~ 40% of PSBs compared to ~ 30%
of SF galaxies have fcgas < 0.1. This indicates that, statistically,
PSBs have less cold gas available following major mergers than SF
galaxies, leading to a higher likelihood of a subsequent shutdown
in star formation.

e Prior to the star formation shutdown, PSB progenitors exhibit
both sustained long term star formation (¢ ~ 3 Gyr), as well as short
starbursts (r ~ 0.4 Gyr). During the starbursts, independent of the
duration, massive PSB progenitors are found at least a factor of
AMS[z]/MS[z] Z 5 above the redshift evolving main sequence.
Of the tracked PSBs in our global sample, 23% are rejuvenated
galaxies, i.e. were considered quiescent before their starburst. At
z ~ 0.4, Magneticum Box2 main sequence galaxies agree well
with observations, while at z ~ 0.1 our galaxies lie slightly above
observations (Speagle et al. 2014; Pearson et al. 2018).

o At fipy ~ 2.5Gyr, PSB and SF progenitors from our global
sample are rarely found in isolated halos, whereas quenched pro-
genitors are most often found in isolated halos. This initial difference
between the PSB and SF versus quenched distribution of galaxies
within a given halo, becomes indistinguishable at #,; ~ 2.5 Gyr.
This indicates that common initial conditions, i.e. an abundance, al-
beit not saturation, of galaxies in the immediate vicinity, are shared
among SF and PSB galaxies, enabling the rich merger history found
in these populations.

e We compared the Box2 total, SF, quenched, and PSB stellar
mass functions (SMF) at multiple redshifts 0.07 < z < 1.71 to
observations, finding broad agreement (Muzzin et al. 2013; Wild
et al. 2016; Rowlands et al. 2018): While the total and quenched
SMF agree well with observations over the evaluated redshift range,
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the agreement for SF galaxies improves with increasing redshift.
Meanwhile, PSB SMFs show that both the agreement between sim-
ulation and observations, as well as between observations, is subject
to variation. When comparing stellar mass functions in group and
cluster environments at z = 0.7, we are able to closely reproduce
the observations (Socolovsky et al. 2018). In particular, similarly to
observations, we also find evidence for a PSB plateau in the stel-
lar mass range 10.0 < log(M./Mg) < 10.5 in group and cluster
environments.

e At redshifts z < 1, PSBs are consistently found close to our
stellar mass threshold (M, > 4.97 - 10!°My) and at low halo
masses. Towards higher redshift the abundance of PSBs increases
significantly, especially at higher stellar masses. Overall, the PSB-
to-quenched fraction increases with redshift, most significantly be-
tween z ~ 1.3 and z ~ 1.7.

o To compare with line-of-sight (LOS) phase space observations
of cluster PSBs at z ~ 1 (Muzzin et al. 2014), we environmentally
selected PSBs in the same halo mass range 10" < M>00,crit/Mo <
2-101%) and found close agreement with observations. In particular,
cluster PSBs are preferentially located in a narrow region of phase
space with projected cluster-centric radii R ~ (0.15 —0.5) R0, crit-
The fact that both simulated and observed cluster PSBs are found
in the same preferential region of phase space suggests a shared
environmentally driven mechanism relevant to the formation of
PSBs, which is specific to galaxy clusters, such as ram-pressure
stripping. When evaluating cluster PSBs at different redshifts and
cluster masses, we find that cluster PSBs at z < 0.5 are overwhelm-
ingly infall dominated, especially towards higher cluster masses.
This further supports the idea that, different to the PSBs in the
field, ram-pressure stripping shuts down star formation of previ-
ously active galaxies, thus leading to the identification of cluster
PSBs within a distinct region of phase space.

o Cluster PSBs further show no signs of significantly increased
AGN or SNe feedback at recent look-back-times. In other words,
we find no evidence suggesting that AGN feedback is triggered
via ram-pressure stripping during cluster infall for PSBs. We also
find no evidence that the AGN is responsible for quenching cluster
PSBs. This is further supported by the similarity in AGN feedback
between the PSB and SF sample: While the former population is
quenched at #1p¢ = 0 Gyr, the latter is not. Hence, we conclude that
cluster PSBs are primarily shut down via environmental quenching,
likely ram-pressure stripping.

To summarise, PSBs with stellar mass M, > 4.97 - 1010 Mg at
z ~ 0 typically evolved as follows: Firstly, PSB progenitors, which
at f1p = 2.5 Gyr are predominantly found in halos with more than
one galaxy, experience a merger event. Specifically, 89% of PSBs
experience at least one merger within the last 71, = 2.5 Gyr, with
65% undergoing at least one major merger. Secondly, the merger
provides additional gas and/or facilitates the inflow of gas onto
the PSB progenitor, often triggering a starburst phase. After the
merger, the BH accretion, and thereby the AGN power output
(PAGN,PSB = 3+ 10%6 erg/Myr), typically increases significantly,
leading to a quick shutdown in star formation often accompanied
by a dispersal and heating of (previously star-forming) gas. Lastly,
a PSB galaxy remains, i.e. a galaxy with a young stellar population
and quiescent levels of star formation.

Strikingly, this evolution is different for PSBs found in galaxy
clusters: While cluster PSBs also experience an abundance of merg-
ers, leading to star formation enhancement, they are found in a
distinct region of phase space, implying a shared environmentally
driven quenching mechanisms. Moreover, cluster PSBs are usu-

ally just at first infall, especially in higher mass clusters, favouring
a density dependent quenching mechanism such as ram-pressure
stripping. In other words, although the merger abundance, associ-
ated with an increased SFR in cluster PSB progenitors prior to their
infall, is similar to our global sample, the reason for the shutdown
in star formation is not.

To conclude, we find that PSBs experience starbursts due to
merger events, independent of their environment, but the quenching
mechanisms strongly depend on environment: While AGN feed-
back is the dominant quenching mechanism for field PSBs, PSBs
in galaxy clusters are quenched by ram-pressure stripping due to
the hot cluster environment. Thus, for field galaxies their cold gas
fraction prior to quenching from the AGN is important to whether
they stay star-forming or become PSBs, while for cluster PSBs their
infall orbit is the most important factor for quenching, as discussed
already by (Lotz et al. 2019). This likely leads to very different fun-
damental properties of PSBs in the field and clusters, but to study
this in detail remains to be done in a future study.
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