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ABSTRACT

We present the first results from ROMULUSC, the highest resolution cosmological hydrody-
namic simulation of a galaxy cluster run to date. ROMULUSC, a zoom-in simulation of a halo
with z = 0 mass 10'* M, is run with the same sub-grid physics and resolution as ROMULUS25.
With unprecedented mass and spatial resolution, ROMULUSC represents a unique opportunity
to study the evolution of galaxies in dense environments down to dwarf masses. We demon-
strate that ROMULUSC results in an intracluster medium consistent with observations. The star
formation history and stellar mass of the brightest cluster galaxy (BCG) is consistent with
observations and abundance matching results, indicating that our sub-grid models, optimized
only to reproduce observations of field dwarf and Milky Way mass galaxies, are able to produce
reasonable galaxy masses and star formation histories in much higher mass systems. Feedback
from supermassive black holes (SMBHs) regulates star formation by driving large-scale, col-
limated outflows that coexist with a low-entropy core. We find that non-BCG cluster member
galaxies are substantially quenched compared to the field down to dwarf galaxy masses and,
at low masses, quenching is seen to have no dependence on mass or distance from the cluster
centre. This enhanced quenched population extends beyond R»y and is in place at high red-
shift. Similarly, we predict that an SMBH activity is significantly suppressed within clusters
outside of the BCG, but show how the effect could be lost when only focusing on the brightest
active galactic nucleus in the most massive galaxies.

Key words: galaxies: clusters: general —galaxies: clusters: intracluster medium — galaxies:
dwarf — galaxies: evolution — quasars: supermassive black holes.

(e.g. Weinmann et al. 2006; Geha et al. 2012; Wetzel, Tinker &
Conroy 2012; Wetzel et al. 2013; Haines et al. 2013, 2015). The
truncation of star formation in cluster galaxies is thought be a con-
sequence of interactions with the intracluster medium (ICM) via

1 INTRODUCTION

Galaxy clusters are the most massive, and recently assembled struc-
tures in the Universe and their dense environments offer an inter-

esting astrophysical laboratory to test our current theories of galaxy
evolution. The setting of a cluster in particular enables us to probe
the dynamical processes that transform galaxies, and the interactions
with the environment that shape their evolution. The modulation of
star formation in cluster galaxies has been a subject of great interest
as current observations suggest that star formation in these galaxies
is quenched more often compared to isolated galaxies in the field

* E-mail: m.tremmel6 @ gmail.com

processes such as ram pressure stripping (e.g. Chung et al. 2007;
Merluzzi et al. 2013), ‘strangulation’ (e.g. van den Bosch et al. 2008;
Maier et al. 2016), whereby the galaxy is starved of its gas reservoir
that is not replenished due to the hot environment, or a combination
of both (Murakami & Babul 1999; Bahé & McCarthy 2015). Ad-
ditionally, interactions with other cluster member galaxies through
either mergers or fly-by events (Moore et al. 1996; Moore, Lake &
Katz 1998; Moore et al. 1999) may also play an important role in
altering the star formation history and structural evolution of cluster
member galaxies.
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The central regions of galaxy clusters are also important as
they often host the most massive galaxies in the Universe. Clus-
ter samples selected via the Sunyaev—Zel’dovich effect show that
~30 per cent of clusters have cool cores (Andrade-Santos et al.
2017), meaning the central regions of their ICM have low entropy
and short, sub-Gyr cooling times. The brightest cluster galaxies
(BCGs) in these clusters, often located near the centre, have rel-
atively low star formation rates (SFRs) compared with estimates
based on gas cooling rates that predict upwards of 100s M yr!
cooling flows (for reviews see Fabian 1994; Peterson & Fabian
2006). For BCGs, feedback from active galactic nuclei (AGNs)
powered by accreting supermassive black holes (SMBHs) is thought
to be the primary means of counteracting radiative cooling within
the central region of the halo, thereby limiting cooling flows and star
formation (e.g. Blanton et al. 2001; Babul et al. 2002; McCarthy
et al. 2008; Gaspari, Brighenti & Temi 2012; Babul, Sharma &
Reynolds 2013; Yang & Reynolds 2016; Prasad, Sharma & Babul
2017; Cielo et al. 2018a; Guo, Duan & Yuan 2018). This premise
for BCGs is supported by observations of radio lobes and X-ray
cavities (e.g. Boehringer et al. 1993; McNamara et al. 2000; Raf-
ferty et al. 2006; O’Sullivan et al. 2012), often associated with
jets (e.g. Fabian et al. 2002; Croston et al. 2011), which can both
control the supply of gas in the inner regions of the halo as well
as its ability to cool and form stars within the central galaxy.
Thus, AGN feedback seems to be crucial not only for the evo-
lution of the most massive galaxies in the Universe, but they may
also affect the structure and properties of gas in the centres of
clusters.

Multiwavelength observations of clusters, as well as gravitational
lensing studies, are now able to extract more information about the
structure of gas within clusters and the evolutionary history of their
host galaxies (e.g. Mahdavi et al. 2008; Natarajan et al. 2009; Zhang
et al. 2010; Mahdavi et al. 2013; Jauzac et al. 2015; Hitomi Collab-
oration et al. 2016; Smith et al. 2016). Numerical simulations are
critical to understand the physical processes that shape the ICM and
properties of cluster galaxies that are falling into assembling clus-
ters. Modelling the physical scale of clusters presents a challenge
for simulations due to the large dynamic range in the problem; the
virial radii of clusters are on the scales of Mpc, while the physical
processes of star formation, SMBH accretion, and feedback, as well
as various hydrodynamic interactions, operate on kpc scales and far
lower. Idealized simulations of galaxy clusters allow for very high
resolution and can be useful for understanding the detailed interac-
tions between SMBH feedback and the ICM (e.g. Ruszkowski & Oh
2010; Gaspari et al. 2014; Li & Bryan 2014; Li et al. 2015; Prasad,
Sharma & Babul 2015; Li, Ruszkowski & Bryan 2017; Prasad et al.
2017; Cielo et al. 2018a,b; Prasad, Sharma & Babul 2018). How-
ever, these simulations lack the cosmological context, the history
of hierarchical merging and gas accretion that will shape the more
detailed structures of the ICM and transform the population of
in-falling galaxies. Cosmological simulations can self-consistently
model the evolution of a galaxy cluster within a larger scale, evolv-
ing environment starting from realistic initial conditions predicated
by the standard cold dark matter model (e.g. Lewis et al. 2000).
Gas and dark matter accumulate realistically and a population of
galaxies bound to the larger cluster halo result naturally from these
simulations. Due to their relative rarity, only large volume simula-
tions have any galaxy clusters within them and, due to their size,
even zoom-in simulations of clusters are computationally expen-
sive. Recent large-scale cosmological simulations (see Table 1 for
a summary of most recent efforts), often calibrated to reproduce
observations of high-mass galaxies, have shown varying degrees

The romuLusc simulation — 3337

Table 1. Comparison with other recent cosmological hydrodynamic sim-
ulations that include haloes with Myi; > 1014 Mg as well as full radiative
hydrodynamics. Mpm and Mg, are dark matter and (average) gas particle
masses, respectively. Note that many of the lower resolution simulations
include dozens or hundreds of clusters while high-resolution simulations
like ROMULUSC and TNG50 only have one.

Name Spatial Res.” Mpm Mgas
kpc Mo Mo

ROMULUSC 0.25 3.4 x 10° 2.1 x 10°
TNG300" 15 7.9 x 107 7.4 x 100
TNG100” 0.75 5.1 x 10° 9.4 x 10°
TNG50 0.3 44 x 10° 8.5 x 10*
(in progress) - - -
Horizon-AGNY 1 8.0 x 107 1.0 x 107
Magneticum®f 10 1.3 x 10'° 2.9 x 10°
Magneticum®/ 3.75 6.9 x 108 1.4 x 108
High res - - -
Magneticum®/ 1.4 3.6 x 107 7.3 x 10°
Ultra high res - - -
C-EAGLE® " 0.7 9.6 x 10° 1.8 x 10°
EAGLE! 0.7 9.6 x 10° 1.8 x 10°
(50, 100 Mpc) - - -
Omega500/- 5.4 1.6 x 10° 2.7 x 108
MACSIS! 5.9 5.7 x 10° 1.0 x 10°
BAHAMAS™ 5.9 5.7 x 10° 1.0 x 10°
Rhapsody-G” 5.0 1.0 x 10° 1.9 x 108

Notes. “Plummer equivalent values for gravitational softening presented if
multiple given. If it varies with redshift, lowest values for low-z are pre-
sented. If it varies with particle type, dark matter values are used. When
values are presented relative to 4~!, they are converted to kpc using the
value of & corresponding to that simulation’s cosmology.

bHighest resolution versions are shown. Marinacci et al. (2018) “As of the
publishing of this paper. 9Dubois et al. (2014) Bocquet et al. (2016)
fDolag, Komatsu & Sunyaev (2016) €Barnes et al. (2017a) "Bahé et al.
(2017) 'Schaye et al. (2015)/Shirasaki, Lau & Nagai (2017) KNelson, Lau &
Nagai (2014)

Barnes et al. (2017b) "McCarthy et al. (2017) "Wu et al. (2015)

of success in reproducing and studying (among other things) BCG
masses and star formation histories (e.g. Bahé et al. 2017; Barnes
et al. 2017a; McCarthy et al. 2017; Pillepich et al. 2018; Ragone-
Figueroa et al. 2018), baryonic content and properties of the ICM
(e.g. Wu et al. 2015; Liang et al. 2016; Barnes et al. 2017a; Lau
et al. 2017), AGN feedback, and SMBH growth (e.g. McCarthy
et al. 2017; Bogdan et al. 2018), and the properties and evolution
of cluster member galaxies (e.g. Elahi et al. 2016; Bahé et al. 2017;
Pillepich et al. 2018; Zinger et al. 2018). While some simulations are
now able to produce realistic BCG masses (e.g. Ragone-Figueroa
et al. 2018), quenching star formation at later times often requires
sub-grid models for AGN feedback that are explicitly tuned to in-
crease feedback efficiency at higher masses (e.g. Weinberger et al.
2017). Such models can be very useful and are indeed necessary
at lower resolution, but their nature makes them such that the in-
teraction between SMBH feedback, halo gas, and star formation
in BCGs cannot be considered a fully emergent property of the
simulation. For studying cluster member galaxies, suites of dozens
or hundreds of simulated clusters provide a large sample of mas-
sive cluster galaxies, but the limited resolution means that they will
lack well-resolved galaxies with masses below that of the Milky
Way.

In this paper, we present initial results from the ROMULUSC zoom-
in cosmological simulation of a 1.5 x 10"*Mg galaxy cluster
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which is, to our knowledge, the highest resolution cosmological
hydrodynamic simulation of a cluster run to z = 0 to date. Ta-
ble 1 shows a list of other cosmological simulations that include
at least one galaxy cluster of M;(z = 0) > 10'4M@ to demon-
strate how ROMULUSC represents a significant improvement in both
spatial and mass resolution. It is important to note that ROMULUSC
(as well as TNG50), only includes a single low-mass galaxy cluster
while many of the other cosmological simulations produce dozens
to hundreds of more massive haloes. While such a small sample
size is certainly an important limitation, in this paper we focus
on the interactions between the ICM and SMBH feedback and the
evolution of cluster member galaxies, both of which require high
resolution to study in detail. We show how ROMULUSC compares
with various observational benchmarks in terms of several key clus-
ter properties including those of the cluster gas and the BCG. The
high resolution of this simulation allows us to resolve halo masses
as low as 3 x 10° M with >10* particles and stellar masses as
low as 107 Mg with >100 star particles (though in this paper we
make the conservative choice to focus on galaxy masses above
10¥ Mo). ROMULUSC attains a maximum resolution for hydrody-
namics of 70 pc, which has been shown in grid codes to be sufficient
to resolve ram pressure stripping (Roediger et al. 2015), although a
thorough convergence test was not done. This simulation represents
the first in a planned suite of high-mass, high-resolution zoom-in
simulations and provides a critical proof of concept for our sub-grid
models of star formation and, in particular, SMBH physics, which
have in no way been tuned to reproduce realistic galaxy clusters or
BCGs.

In Section 2 we discuss the properties of the simulation, in-
cluding relevant sub-grid physics models. In Section 3 we com-
pare bulk properties of the gas in ROMULUSC to various obser-
vations. We examine the evolution of both the BCG and other
cluster member galaxies in Section 4 and discuss our results in
Section 5. A summary is presented in Section 6 and future work
pertaining to this simulation and others planned is discussed in
Section 7.

2 THE SIMULATION

ROMULUSC is a cosmological zoom-in simulation of a small galaxy
cluster with z = 0 total mass of 1.5 x 10' M. Haloes of this mass
are generally only found in uniform volume simulations of at least
503 Mpc?. Compared with all other modern cosmological simula-
tions that include haloes of this mass, ROMULUSC has significantly
higher mass and spatial resolution (see table 1) and includes, by
z =0, 227 galaxies within the virial radius with M, > 108 M@, all
of which are well resolved with more than 10* particles per halo or
more.

The initial conditions for ROMULUSC are extracted from a
503 Mpc3 uniform volume, DM-only simulation. The ‘zoom-in‘ vol-
ume renormalization technique of Katz & White (1993) is used to
resimulate the Lagrangian region associated with the most mas-
sive halo in the DM-only volume with full hydrodynamic treat-
ment using the new Tree + SPH code CHANGA at higher resolu-
tion (Menon et al. 2015). Due to its ability to scale efficiently up
to 500000 cores, CHANGA is uniquely well suited to run such a
large-scale, high-resolution simulation. CHANGA includes standard
physics modules and physically motivated ingredients previously
used in GASOLINE (Wadsley, Stadel & Quinn 2004; Wadsley, Veer-
avalli & Couchman 2008; Wadsley, Keller & Quinn 2017) such
as a cosmic UV background that includes self-shielding (Pontzen
et al. 2008), star formation, ‘blastwave’ SN feedback (Stinson et al.
2006), and low-temperature metal cooling. CHANGA includes an

MNRAS 483, 3336-3362 (2019)

updated SPH implementation that eliminates artificial gas surface
tension through the use of a geometric mean density in the SPH
force expression (Ritchie & Thomas 2001; Governato et al. 2015;
Menon et al. 2015), allowing for the accurate simulation of shear-
ing flows with Kelvin—Helmbholtz instabilities. Critical to this work,
the simulation includes an updated implementation of turbulent
diffusion (Wadsley et al. 2017), shown to be an important physi-
cal process for attaining realistic entropy profiles in galaxy cluster
cores (Wadsley et al. 2008) as well as metal distributions in galaxies
(Shen, Wadsley & Stinson 2010). Further, the simulations include a
gradient-based shock detector, a time-dependent artificial viscosity,
and an on-the-fly time-step adjustment system, the combination of
which allows for a more realistic treatment of both weak and strong
shocks (Wadsley et al. 2017).

ROMULUSC is run with the same hydrodynamics, sub-grid physics,
resolution, and cosmology as the ROMULUS25 simulation (Tremmel
etal. 2017). The cosmology is ACDM with cosmological parameter
values following the most recent results from Planck (29 = 0.3086,
A =0.6914, h = 0.6777, 03 = 0.8288; Planck Collaboration XIII
2016). The simulation has a Plummer equivalent force softening, &g,
of 250 pc (a spline softening of 350 pc is used, which converges to
a Newtonian force at 2¢,). Unlike many similar cosmological runs,
the dark matter distribution is oversampled, such that we simulate
3.375 times more dark matter particles than gas particles, resulting
in a dark matter particle mass of 3.39 x 10° M and gas particle
mass of 2.12 x 10° M. This allows us to decrease numerical
noise to more accurately track black hole dynamics (Tremmel et al.
2015). At this resolution, we confidently resolve haloes as small as
~3 x 10° Mg with at least 10* particles.

Fig. 1 shows the evolution of the stellar and gaseous components
of the cluster over time. Fig. 2 shows the mass evolution of the
cluster’s main progenitor halo, which reaches 1013M@ by z = 2.
Fig. 2 also shows the times for mergers (vertical dashed lines) of
total mass ratio at least 1:10. The grey region represents an on-going
merger of total mass ratio approximately 1:8 that starts at z ~ 0.2
and continues through z = 0. The galaxy involved in this merger
can clearly be seen in the bottom left panel of Fig. 1. The galaxy
has a stellar mass that is about half of that of the central BCG. We
note that it may be possible that the lower mass galaxy could be
mistaken as the BCG, though for simplicity we only consider the
most massive galaxy to be the BCG in the following analysis. This
is also the galaxy located at the potential minimum of the main
progenitor branch of the main halo throughout the simulation. We
also choose to ignore much of the evolution during this merger and
instead focus on the cluster and BCG evolution when the cluster
environment is comparatively relaxed prior to the merger event.
As briefly discussed in Sections 3 and 4.1.2, the cluster would be
classified as a cool-core cluster for much of the simulation, with a
declining entropy profile down to ~0.01R,0 and sub-Gyr cooling
times in the core, but the merger destroys this structure, leaving
the cluster in a non-cool-core state from z ~ 0.2-0. Because the
merger is ongoing at z = 0, we cannot be sure if this is a permanent
transformation or a transient state due to the perturbation away from
equilibrium (Poole et al. 2006, 2008). This merger event and the en-
suing cool-core disruption will be explored in more detail in future
work.

2.1 Star formation and feedback

Star formation and associated feedback from supernovae are crucial
processes that require sub-grid models in cosmological simulations
like ROMULUSC. As in previous work (Stinson et al. 2006) for runs at
this resolution, star formation (SF) is regulated with parameters that
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Figure 1. Evolution of gas and stars in ROMULUSC. Four snapshots of ROMULUSC taken (from the top) at z = 2, 1, 0.5, and 0 showing stars (left-hand side),
gas column density (middle), and gas temperature (right-hand side). The temperature is averaged along the line of sight and weighted by p>. All of the plots
show the same physical region encompassing what will be R at z = 0 (the scales are also in physical units). The stars are shown in UVJ colours assuming a
Kroupa IMF. The density ranges from 1 x 107> gcm™2 (blue/black) to 0.1 gcm ™2 (pink/white). The temperature ranges from 5 x 10* K (black) to 5 x 108 K
(yellow). At early times there are a lot of cold gas filaments penetrating the halo, which triggers more star formation in cluster galaxies. At later times, the halo
is massive enough to prevent such filaments from penetrating far into the halo. Ram pressure stripping is evident in the extended tails of cold gas in the cluster
galaxies. At z = 0 there are two galaxies interacting near the centre. The less massive of the two, which makes its first pericentre passage into the centre of the
cluster around z = 0.17, is half the stellar mass of the BCG and comes from a halo one eighth the mass of the main halo.

MNRAS 483, 3336-3362 (2019)
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Figure 2. Growth of the ROMULUSC cluster. The growth in halo mass of
ROMULUSC’s main progenitor over cosmic time. By z ~ 2 the main progenitor
to ROMULUSC is as massive as the most massive halo at z = 0 in our
uniform volume simulation, ROMULUS25. Thus, ROMULUSC represents a
unique environment in which to examine galaxy evolution and an important
addition to our simulation suite. Mergers of total mass ratio 1:10 or higher
are shown as vertical dashed lines. The grey band represents the ongoing
merger starting around z = 0.17, which has a 1:8 total mass ratio and a 1:2
stellar mass ratio. In some of our analysis we will ignore the time period
associated with this merger.

encode star formation efficiency in dense gas, the coupling of SNe
to the ISM, and the physical conditions required for star formation:

(i) the normalization of the SF efficiency, ¢, = 0.15, and forma-
tion time-scale, At = 10°yr, are both used to calculate the probabil-
ity of creating a star particle from a gas particle that has a dynamical
time Zgyn

p= TES (] — i), (M)
mstar
(ii) The fraction of SNe energy that is coupled to the ISM, ey =
0.75
(iii) the minimum density, 7, = 0.2cm™3, and maximum tem-
perature, 7, = 10*K, thresholds beyond which cold gas is allowed
to form stars.

SN feedback is included via the ‘blastwave’ implementation
(Stinson et al. 2006), and gas cooling is regulated by metal abun-
dance as in Guedes et al. (2011) as well as SPH hydrodynamics and
both thermal and metal diffusion as described in Shen et al. (2010)
and Governato et al. (2015). We assume a Kroupa IMF (Kroupa
2001) with associated metal yields.

An important limitation of the ROMULUS simulations in modelling
higher mass haloes is that they only include low-temperature metal
cooling rather than a full implementation of metal line cooling, a
major coolant for higher temperature gas in groups and clusters.
Metal line cooling has been shown to affect the accretion of gas
on to galaxies in the centres of massive haloes, though feedback
from AGN is also critically important in regulating this process
(van de Voort et al. 2011b). The reason to exclude metal line cool-
ing was made based on results from Christensen et al. (2014), who
found that the inclusion of metal cooling without molecular hydro-
gen physics and more detailed models of star formation resulted

MNRAS 483, 3336-3362 (2019)

in overcooling in galaxies. The higher temperature metal cooling
requires that a true multiphase interstellar medium (ISM) is main-
tained to keep the cooling at intermediate temperatures from running
away. This means that higher resolution and clumpy star formation
from molecular hydrogen is needed. Due to the scale of the ROMU-
LUS simulations such resolution criteria are not met and so metal
cooling is not implemented.

One possible solution to the overcooling problem would be to
boost supernova feedback efficiency (e.g. Dalla Vecchia & Schaye
2012; Shen et al. 2012; Schaye et al. 2015; Sokotowska et al. 2016;
Sokolowska et al. 2018), but this will not necessarily provide a
realistic ISM or CGM/ICM. Sokotowska et al. (2016) showed for
zoom-in simulations of Milky Way-like galaxies that the inclusion
of metal-line cooling and enhanced SN feedback, while produc-
ing a reasonable stellar mass, resulted in unrealistic ISM and CGM
properties compared to simulations without high-temperature metal
cooling. Christensen et al. (2014) find that ISM models that include
both metal lines and H, physics result in galaxies with star forma-
tion histories and outflow rates more similar to primordial cooling
runs than to simulations with metal lines and no H,. Another so-
Iution would be to only allow metal cooling in diffuse gas that is
less likely to be multiphase, but determining an arbitrary threshold
where unresolved multiphase structure exists is difficult, particu-
larly at the boundary of the ISM and the CGM/ICM where the
effects will be most important for galaxy evolution, a major fo-
cus of the ROMULUS simulations. Given the severe flaws in both
of these solutions, we choose to not include metal line cooling in
ROMULLUS.

2.2 Black hole physics

One of the major improvements in the ROMULUS simulations com-
pared to previous work is the more sophisticated modelling of the
seeding, fuelling, feedback, and dynamics of black holes. Below
we summarize the model used in this work focusing particularly
on the most relevant aspect: feedback from growing SMBHs. For
more details regarding the model and the parameter optimization
used to set their free parameters the reader is referred to Tremmel
etal. (2017).

2.2.1 SMBH seeding

SMBHs are seeded in the simulation based on gas properties, form-
ing in rapidly collapsing, low metallicity regions in the early Uni-
verse. The goal is to better approximate theoretical models of SMBH
formation where they form at high redshift in lower mass, atomic
cooling haloes (e.g. Schneider et al. 2002; Bromm & Loeb 2003;
Lodato & Natarajan 2006). We isolate pristine gas particles (metal-
licity <3 x 10~*) that have reached densities 15 times higher than
what is required by our star formation prescription without forming
a star or cooling beyond 9.5 x 103 K (just below the temperature
threshold used for star formation, 10* K). These regions are collaps-
ing on time-scales much shorter than the cooling and star formation
time-scales and are meant to approximate the regions that would
result in SMBHs of mass > 10® Mg, regardless of the details of
their formation mechanism. The initial seed SMBH mass is set to
10° M and is justified by our choice of formation criteria, which
would produce black holes that are able to attain higher masses
quickly, as there is a lot of dense, collapsing gas nearby that is un-
likely to form stars. Tremmel et al. (2017) show how this method
forms most SMBHs within the first Gyr of the simulation, compared
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with the later seeding times inherent to more common approaches
that seed SMBHs based on halo mass thresholds (e.g. Springel, Di
Matteo & Hernquist 2005; Di Matteo et al. 2008; Genel et al. 2014;
Schaye et al. 2015). Unlike these other approaches, our model pro-
duces an evolving occupation fraction. At early times, small haloes
(Myir ~ 1081 M) host newly seeded SMBHs and the occupation
fraction then evolves due to hierarchical merging. For example, in
ROMULUS25 at z = 5 the SMBH occupation fraction of ~10"° Mg
haloes is ~60 per cent but at z = 0 the occupation fraction for haloes
of this mass drops to ~10 per cent.

2.2.2 SMBH dynamics

We incorporate the dynamical friction sub-grid model presented in
Tremmel et al. (2015) that permits the more accurate tracking of
SMBH orbits within galaxies. The model approximates the unre-
solved dynamical friction that should act on SMBHs by integrating
the Chandrasekar formula from the 90° deflection radius out to the
gravitational softening length. Close encounters that should occur
at this scale are important for dynamical friction, but are unresolved
due to both the gravitational softening and limited mass resolution.
This approach has been shown to produce a more realistic dynami-
cal evolution of SMBHs at the resolution of ROMULUSC (Tremmel
et al. 2015, 2018).

SMBH dynamics can be important in galaxy clusters since many
mergers at high redshift will eventually make up the central galaxy.
There are also many glancing encounters between cluster mem-
ber galaxies (Moore et al. 1996; Moore et al. 1998, 1999). How
SMBHs within galaxies respond to such perturbations can have an
effect on their growth and feedback history and so it is important
to follow their dynamics realistically. This includes their gradual
sinking to halo centre resulting from a merger as well as becoming
temporarily perturbed away from halo centre due to a merger or fly-
by interaction. This dynamical evolution can also affect the ability
for SMBHs to grow via SMBH mergers or accretion (Di Cintio
et al. 2017; Tremmel et al. 2018). We refer the reader to Tremmel
et al. (2015) for more details about the dynamical friction sub-grid
model.

2.2.3 Accretion and feedback

Accretion of gas on to SMBHs is governed by a modified Bondi—
Hoyle prescription, re-derived using the same energy balance ar-
gument as Bondi—-Hoyle but including the additional angular mo-
mentum support present for rotating gas. Despite the fact that RO-
MULUSC has significantly higher mass and spatial resolution com-
pared with other cosmological cluster simulations, the Bondi ra-
dius of even the most massive SMBHs remains unresolved. In
the simulation, the properties of gas particles are defined by the
average values smoothed over a kernel of typical size at least
10percent the gravitational softening, &,. However, because in
reality dense, cool gas has a multiphase structure on scales well
below our resolution limit, this will result in gas densities and
temperatures that are systematically under- and overestimated, re-
spectively, compared with what they should be nearby the SMBH.
This will lead to artificially lower accretion rate estimates due to
the failure of the simulation to resolve the multiphase nature of
dense gas. We therefore follow Booth & Schaye (2009) and em-
ploy a density-dependent multiplicative boost factor to our modified
Bondi-Hoyle accretion rate calculation in order to account for this
unresolved multiphase structure and its impact on gas accretion on to
SMBHEs.
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Taking both angular momentum and unresolved gas structure into
account, the accretion equation has the following form:

l .
375 if Vpulk > Vo
- > Bt D72 v
M = arm(GM)"p x i if Vpue < v
(v§+c%)2 bulk 0
(2 ifn>n,
a=2q " . 2
1 ifn <n,

Values for density (p), number density (n), and sound speed (cs)
of gas near the SMBH are estimated from smoothing over the 32
nearest gas particles and accretion is not allowed to occur from gas
particles farther than 4e, (1.4kpc). The tangential velocity, vy, is
derived from the resolved kinematics of nearby gas particles and
compared to vy, the overall bulk motion of the gas that already
enters into the Bondi—-Hoyle model. This bulk motion is taken to
be the minimum relative velocity of the 32 nearest gas particles.
When either the bulk motion or internal energy of the gas dominates
over rotational motion, the accretion model reverts to the normal
Bondi-Hoyle prescription. In both cases, we add the boost factor, o,
calculated by comparing the number density of nearby gas particles
to the threshold for star formation, n,, defined in Section 2.1. For
lower densities, we assume that the gas is not sufficiently multiphase
to require such a boost, as in Booth & Schaye (2009). How much
this boost increases with density is governed by £, a free parameter,
which is set to 2.

An accreting SMBH converts a fraction of the accreted mass
into energy that is transferred to nearby gas particles. This feedback
efficiency is determined by two separate parameters: &, the radiative
efficiency, and ¢, the efficiency of energy coupling to nearby gas.
The overall feedback efficiency of the SMBH is the product of
these two values. For the purposes of optimizing free parameters,
we assume that ¢, is 0.1 and treat ¢¢ as a free parameter set to 0.02.
It should be noted that &, and &; are not totally degenerate. The
radiative efficiency is used to determine the Eddington limit, which
we assume is the highest accretion rate attainable by any SMBH in
the simulation.

Accretion and feedback are calculated during each SMBH time-
step and are meant to represent the total amount of mass and feed-
back imparted during that time. While the SMBH is growing, ther-
mal energy is transferred to the 32 nearest gas particles and they
are not allowed to undergo cooling for a time equal to the SMBH’s
time-step. SMBHs are continuously placed on the lowest global
time-step in the simulation. For the majority of the simulation, this
ends up being at most 10° yr and is more typically 103~10* yr. Fur-
ther, gas particles within each SMBH’s smoothing region (i.e. the
32 closest particles) are forced to be on a time-step within a factor
of 2 of the SMBH. These time-step criteria, as well as the brief
cooling shut-off period, ensure (1) a more continuous sampling of
accretion and feedback processes and (2) that the gas does not ar-
tificially radiate away the energy transferred by the SMBH due to
limited spatial and time resolution.

2.2.4 Comparison with other implementations of feedback

Often, the choice to impart feedback through kinetic rather than
thermal coupling is made due to numerical effects. Thermal energy
is radiated away very easily by the dense gas that is generally
near growing SMBHS. This is not physical, but rather the result of
limited spatial, mass, and time resolution. When massive, dense gas
particles are given a large amount of energy instantaneously and then
allowed to cool based on their temperature and density properties
over the course of their next time-step, they will invariably lose
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that energy well before their internal properties are able to respond
to the energy injection (Katz 1992). By forcing the SMBHs and
surrounding gas particles to have small time-steps and by turning
off cooling for a short time, we are able to better approximate
a continuous transfer of energy between an accreting SMBH and
the surrounding gas. This allows gas that is receiving feedback to
expand and become buoyant, driving large-scale, thermally driven,
collimated outflows (see Section 4.1).

Our adopted feedback model is empirically supported by velocity
profiles of observed AGN-driven outflows, which are consistent
with being energy conserving, rather than momentum conserving
(Gaspari & Sadowski 2017). Gas that receives feedback on the
smallest resolved scales of the simulation is really gas that has been
entrained in an outflow initially driven by unresolved processes.
Because energy is conserved in this outflow, it makes sense to
inject it via thermal energy along with a cooling shutoff to ensure
energy conservation. The outflow is then naturally driven by the
hot, expanding gas affected by the feedback, similar to ‘blastwave’
SN feedback (Stinson et al. 2006).

Many simulations employ a two-mode feedback prescription (e.g.
Sijacki et al. 2007; Dubois et al. 2012; Vogelsberger et al. 2013;
Weinberger et al. 2017) whereby a transition occurs between a ther-
mally driven mode of feedback during a radiatively efficient ‘quasar’
mode of SMBH activity to a radiatively inefficient ‘radio’ mode of
SMBH activity, which captures momentum-driven feedback and is
needed to reproduce the radio lobes observed in massive galaxies.
In such models, the efficiency of feedback increases for high-mass
galaxies/SMBHSs, which is needed in order to effectively prevent
overcooling. In effect, the main difference between these models
and our own is (1) our overall feedback efficiency is held constant,
(2) we always transfer energy thermally, and (3) feedback is imple-
mented in the same way for all galaxies and does not change with
redshift, SMBH mass, or galaxy mass.

The reasoning to impart kinetic feedback is supported by the
existence of relativistic jets, often associated with radio ‘bubbles’
and X-ray cavities (e.g. Fabian et al. 2002; Croston et al. 2011).
The kinetic power in such structures is thought to play a crucial
role in balancing cooling flows in the centres of galaxy clusters
(McNamara & Nulsen 2012). This process is generally modelled
in idealized simulations by imparting momentum to gas within a
region (usually a cylinder or bipolar cone) centred on the SMBH to
approximate the directional momentum coupling of gas due to the
presence of a jet (e.g. Cielo et al. 2014; Li & Bryan 2014; Prasad
etal. 2015). Not only does such a method directly prescribe the mo-
mentum and morphology of the outflow on rather large scales, but it
also assumes a direction of that momentum transfer. Cosmological
simulations (and even idealized cluster simulations) do not have the
resolution required to directly follow the spin of SMBHs and ROMU-
LUSC is no exception, so the direction of a jet is purely a result of the
sub-grid model assumptions. It has been shown that fixed direction
jet heating is unable to reproduce observed cluster gas properties
and cannot solve the overcooling problem (Vernaleo & Reynolds
2006; O’Neill & Jones 2010; Babul et al. 2013). For this reason,
simulations that attempt to model this jet process often incorporate a
changing direction, generally modelled as a precessing/re-orienting
jet (Cielo et al. 2017, 2018b) or, as is often the case in cosmologi-
cal simulations with relatively long time-steps, momentum transfer
where nearby gas is given a radial kick equally in all directions
(Weinberger et al. 2017).

How jets couple to the ISM and ICM is still an open question.
While constraining the power within these bubbles/lobes from ob-
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servations can be challenging, the fact that these lobes often en-
capsulate a power 10-1000 times that of the observed synchrotron
radiation seems a relatively robust result [but see Snios et al. (2018)
for a potential exception], implying that much of the energy caus-
ing this structure likely resides in more massive particles (De Young
2006; Birzan et al. 2008; Hardcastle & Croston 2010). It is possible,
therefore, that even with a relativistic jet the majority of feedback
energy comes from gas entrained on smaller scales. The practical
effect of a jet then would be to modulate the efficiency of feedback
coupling to gas on ~100 pc scales. Over long periods of time, this
would change how accretion itself regulates in systems dominated
by radiatively inefficient accretion processes. This would affect the
amount of SMBH accretion, but should only be a secondary effect
in terms of the large-scale environmental impact of the feedback.
Because it is not clear when a jet should or should not be active,
given that the detailed physics of accretion are not followed in the
simulation, we choose to ignore this effect and maintain a constant
feedback efficiency rather than introduce additional free parameters.
However, as is briefly discussed in Section 5.1, we do find evidence
that higher feedback efficiencies may be required for high-mass
galaxies/SMBHs.

In Section 4.2 we discuss how the interaction between AGN-
driven outflows in our simulation and gas on both small (1-10 kpc)
and large (10s—100skpc) scales naturally causes an evolution in
wind structure that overcomes the problems seen in fixed direction
outflows implemented in idealized simulations. The fact that our
model results in highly collimated outflows extending out to large
scales shows that a kinetic feedback prescription is not required to
produce such structures.

2.3 Free parameter optimization

As described in Tremmel et al. (2017), we use a novel approach for
optimizing the free parameters involved in our sub-grid models for
both stars and SMBHs and their respective feedback processes. To
do this we ran a large set of zoom-in cosmological simulations of
haloes with masses 10'%, 10''%, and 10> M, including full hy-
drodynamics, star formation, and SMBH physics. The simulations
were all run at the same resolution of ROMULUSC and ROMULUS25.
Each set of simulations was run using different parameters and
graded against different z = 0 empirical scaling relations related
to star formation efficiency, gas content, angular momentum, and
black hole growth. From a total of 39 parameter realizations tested
using these zoom-in simulations, we utilized an adapted Gaussian
process Kriging technique to pinpoint regions in parameter space
that create galaxies that most closely resemble the mean population
at z = 0 and to determine when we had converged to the optimal
choice [see appendix A of Tremmel et al. (2017) for more details].
This resulted in a complete set of sub-grid models governing star
formation, stellar feedback, and SMBH accretion and feedback that
are optimized to provide realistic z = 0 galaxies while maintain-
ing predictive power at higher redshifts and high mass (M,;; >
1012M@). Tremmel et al. (2017) demonstrated how the param-
eters result in realistic SMBH and stellar masses for galaxies in
haloes up to 10"* M as well as a realistic cosmic star formation
and SMBH accretion histories out to high redshift for field galaxy
populations. Importantly, this means that the parameters used in
ROMULUSC were in no way constrained to provide realistic results
in terms of galaxy evolution in cluster environments. The results
presented in this paper are, therefore, purely a prediction of our
model.
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2.4 Halo and galaxy extraction

For all ROMULUS simulations described in this work, haloes are ex-
tracted and catalogued using the Amiga Halo Finder (Knollmann &
Knebe 2009). Haloes are defined based on all types of particles
(dark matter, gas, and stars) and gravitational unbinding is per-
formed. The centres of haloes are defined using a shrinking spheres
approach (Power et al. 2003), which also consistently traces the
centres of the central galaxies within each halo.

3 PROPERTIES AND STRUCTURE OF THE
ICM IN ROMULUSC

In this section, we study the properties and structure of the gas
within ROMULUSC and compare these with various observations.
The temperature and entropy of cluster gas is determined by the
structure of gas that collapses into the cluster to make up the ICM as
well as further heating and cooling processes that take place within
the cluster (e.g. radiative cooling, heating from AGN, and stellar
feedback). It is also shaped by the processes of hierarchical merging
and galaxy evolution occurring prior to and during cluster formation.
Only a cosmological simulation naturally captures these different
phases of evolution. Comparing the global properties and structure
of the ICM in ROMULUSC is an important benchmark for determining
how well our model for feedback, particularly that of AGN, is able to
correctly predict ICM properties observed in cluster environments.
We show that ROMULUSC reproduces empirical scaling relations,
baryonic content, and average ICM profiles in observed clusters.
This successtul match to key physical properties is crucial and will
allow us to use ROMULUSC and future simulations of this type to
better understand the origin and evolution of the ICM as well as
galaxy evolution within cluster environments.

In the following analysis, R is defined as the radius within which
the average density is A X pc. A property such as M, is then the
mass within R,. We also will show some results at both z = 0
and z = 0.3. This is because ROMULUSC undergoes a merger with a
group at z ~ (.2 that is still on going at z = 0, causing the cluster to
be out of equilibrium. The detailed dynamical and hydrodynamical
evolution of the cluster during this period will be the topic of future
work and is beyond the scope of this paper. All results for ROMULUSC
are given using 3D radii, though we confirm that this choice makes
little difference were we to use projected quantities instead.

Current observations of gas in clusters rely on emission detectable
in X-rays, so in this section we only consider gas from ROMULUSC
that has temperatures above 10° K, or ~0.1 keV, consistent with the
rough lower limits of Chandra’s observational sensitivity. Emission
weighting is done by weighting each particle by its luminosity in
the X-ray. To estimate this, we calculate the volume emissivity,
ex, given by the following equations from Balogh, Babul & Patton

(1999):
3 ,Oka
€Ex = - ——
2 HUmpleool

T0.5
o(1+5x 107 fu/T)’

The metallicity-dependent factor, f,,, is taken to be 1, consistent
with solar metallicity. The results we present are not sensitive to this
choice. The other factors, my, ky, and 7, are the mass of hydrogen,
the Boltzmann constant, and temperature of the gas, respectively.
We derive the value of p directly for individual gas particles in the
simulation based on their tracked metal abundances and ion content.
We confirm this choice does not affect our results were we to assume

feool = 3.88 x 10 wmy,
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w = 0.59 for all gas particles. To get the luminosity of each particle,
we multiply by its volume, where the volume of the ith particle is
given by V; = m;/p;, where m; is the mass of the particle and p; is
its density.

Temperatures calculated within a given radius (i.e. T5q0) are cal-
culated excising the inner 0.15Rsy, consistent with observations
(see Liang et al. 2016, and references therein). Specific entropy
is calculated at a given radius using the widely accepted proxy,
S(r), related to the thermodynamic specific entropy by ds o< dinS
(Balogh et al. 1999). This value, which we shall refer to as ‘entropy’
hereafter, is given by

S0y =25 “)

The masses for the observed clusters are typically calculated using
X-ray observations and assuming hydrostatic equilibrium. This has
been found to underestimate the halo mass using both hydrodynamic
simulations (Nagai, Vikhlinin & Kravtsov 2007) and lensing obser-
vations (Hoekstra et al. 2015). When presenting observations with
X-ray-derived halo masses, we multiply the published masses by a
factor of 1.3 to account for this bias. Nowhere are our conclusions
sensitive to the inclusion of this correction value.

Fig. 3 shows the baryonic, hot gas, and stellar mass fractions
within Rsoy for ROMULUSC plotted against a large sample of ob-
served clusters and groups. In all cases, ROMULUSC is consistent
with observations, though slightly on the high end of the scatter.
This is an important result. As discussed in Section 4.1, the central
galaxy is quenched by the presence of large-scale outflows driven
by a central AGN. Such outflows can affect the ability for gas to cool
on to the central BCG by either balancing the radiative cooling of
the gas or by expelling it entirely. The fact that ROMULUSC results in
realistic stellar and gas mass fractions means that star formation is
suppressed without unrealistically evacuating large amounts of gas.
This has been an issue in some cosmological simulations (Genel
et al. 2014), where the solution has been to modify the nature of
AGN feedback in massive systems (Weinberger et al. 2017). Our
results shown here are similar to what has been found in other recent
cosmological cluster simulations (e.g. Barnes et al. 2017a; Pillepich
et al. 2018).

Fig. 4 plots the relationship between mass and the ICM temper-
ature within Rsgo for observed groups and clusters, with the results
from ROMULUSC overplotted as blue points. Here the temperature
for ROMULUSC is taken as an average between the mass-weighted
and emission-weighted temperatures, shown by Liang et al. (2016)
to be a better approximation for the spectroscopic temperature that
an observer would derive (Mazzotta et al. 2004; Vikhlinin 2006).
We confirm that our results are insensitive to this choice. The results
from ROMULUSC match the observed relationship well at both z =0
and z = 0.3. In order to not include denser gas within substructure
(see Zhuravleva et al. 2013), we only include gas with densities
less than 500p. This value was arrived at empirically, as more
strict cuts lower temperature estimates because they remove hot
cluster gas outside 0.15Rs0o and less strict cuts also lower tempera-
ture estimates because they miss dense substructure. Our results are
insensitive to the exact choice of density threshold, in part because
emission weighting is only used when the values are averaged with
mass-weighted values. For future, more detailed analysis of the ICM
a more careful approach will be used to remove substructure gas.
However, for the purposes of this paper the simple, single density
cut approach is sufficient.

Fig. 5 plots the entropy calculated within 1kpc wide annuli at
both Rsop and Rjsoo for observed groups and clusters with the re-
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Figure 3. The baryon content of clusters. The total baryon fraction (top), hot gas fraction (middle), and stellar fraction (bottom) by mass in both observed
clusters (Lin, Mohr & Stanford 2003; Sanderson, O’Sullivan & Ponman 2009; Sun et al. 2009; Balogh et al. 2011; Gonzalez et al. 2013; Lagana et al. 2013)
and ROMULUSC (blue points). All mass fractions for ROMULUSC are within a factor of two of the mean observations at similar masses and within the scatter. We
only show z = 0 values for ROMULUSC, but confirm that there is negligible evolution in this respect from z = 0.3. All observations are for local (redshift below

~0.1) clusters, though the Lagana et al. (2013) data extend out to higher redshifts.

sults from ROMULUSC plotted as blue points at both z = 0.3 and
z = 0. Again, the average between mass- and emission-weighted
temperature values is used, following Liang et al. (2016). The elec-
tron density is calculated as a volume-weighted average within each
annulus. At Rspp, ROMULUSC lies comfortably among the observed
low mass clusters. Closer to the centre, the entropy is slightly lower
in ROMULUSC compared with the average of observations but it is
still within the lower edge of observed clusters. The results are in-
sensitive to the width of the annuli. Once again, we exclude gas
with density greater than 5000 y;.

Fig. 6 plots gas temperature, entropy, density, and pressure pro-
files for ROMULUSC at z = 0.3-0.5 and compares each to the av-
erage profiles observed in cool-core clusters (Arnaud et al. 2010;
McDonald et al. 2013, 2014) as well as the average density profile
for all clusters (McDonald et al. 2017). While we only include hot
(>10° K) gas in our analysis, no density criterion is used to generate
these profiles. For entropy and pressure we derive Psgy and Sso in
the same way as described in McDonald et al. (2014) using Tsgo
and the average density. The average density is calculated from the
electron density, following McDonald et al. (2014, 2017). For pres-
sure we also normalize by f(M) = (Msp/3 x 10"h5)Mg)*'? in
order to compare effectively with clusters of different mass and as-
suming the universal pressure profile derived in Nagai, Kravtsov &
Vikhlinin (2007).

In the density profile, we see that ROMULUSC matches well with
the overall cluster population down to ~0.2Rs¢y, which is where
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deviations from self-similarity are seen in observed clusters (Mc-
Donald et al. 2013, 2017). Below this scale, ROMULUSC fits well to
the median density profile for cool-core clusters from McDonald
et al. (2013). The average observed entropy, pressure, and temper-
ature profiles are all calculated from cool-core selected clusters, so
ROMULUSC matches them well down to small scales, although the
temperature inside 0.2Rsg is biased high. The error bars for these
average fits are standard errors from the mean (standard deviation
divided by ~/N) and there is actually a wide range of temperatures
from individual observations spanning 0.5-2 Tsoy within 0.2Rs0
(see fig. 13 in McDonald et al. 2014).

We stress that the mass of ROMULUSC is significantly lower than
the clusters examined in McDonald et al. (2014, 2017), which
may also affect this comparison. Although the pressure profiles
are normalized accordingly assuming a universal profile (Nagai
et al. 2007), the fact that the data from Arnaud et al. (2010) is
for clusters of mass more similar to ROMULUSC might be why we
match those results better within 0.2Rsq, where self-similarity is
no longer valid. We use 3D profiles while the observations are not
deprojected, though as shown in McDonald et al. (2014) the depro-
jected profiles are nearly identical to the projected ones for observed
clusters.

Matching the observed structure and baryonic content of the ICM
is a particularly important result because, as we will explore further
in Section 4.1, by z = 0.3-0.5 the central AGN has already been
(and continues to be) very active in the cluster. The AGN feedback
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Figure 4. The temperature of the ICM. The observed relationship between group and cluster masses (Msgg) and the core excised temperature, Tso9. The open
blue circle represents ROMULUSC at z = 0 and the solid circle at z = 0.3, when the cluster is still in equilibrium prior to the in-fall of a galaxy group and what
will be an on-going merger at z = 0. To calculate the temperature we use an average between the emission-weighted and mass-weighted results for diffuse
(p < 500pit), hot gas detectable by X-ray observatories (7' > 0.1 keV). This decision is based on results from Liang et al. (2016) showing that this average
better approximates results from more detailed spectroscopic models at this mass scale and are therefore closer to what an observer would see. Our results are

insensitive to this choice.
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Figure 5. The entropy of the ICM. The observed relationship between entropy and overall cluster temperature. The blue points represent results from
ROMULUSC at z = 0 (open) and z = 0.3 (solid). The entropy is measured within 1 kpc thick annuli at Ry509 (bottom) and Rsog (top). Like in Fig. 4, we take the
average between mass- and emission-weighted values for temperature to calculate entropy. Again, only diffuse, hot gas is included in the analysis.

in ROMULUSC is able to suppress cooling without disrupting the a long-term balance to ICM cooling without disrupting the ICM
cool-core structure, similar to the observed clusters that maintain a structure. The effect of feedback is also why we see such strong
stable entropy profile over long time-scales (McDonald et al. 2014). fluctuations in the temperature and entropy profiles at very small
In observations and in ROMULUSC, AGN feedback is able to provide radii.
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Figure 6. The structure of the ICM. Radial profiles of the temperature, entropy, pressure, and density of the ICM gas in ROMULUSC (grey bands). The grey
bands correspond to the range of profiles from z = 0.3-0.5. This redshift range was chosen because it corresponds to a period in the simulation prior to the
late-time major merger where the cluster still has a cool core. It is also a similar redshift range as the clusters examined in McDonald et al. (2014). At z <
0.3 the in-falling group causes increasing disturbance away from equilibrium. As stated in the text, we will examine the effect of this merger on the ICM
properties in future work. Overplotted are the results from McDonald et al. (2013, 2014, 2017). For pressure we also compare with results from Arnaud et al.
(2010) which are at lower redshifts, but include more similar mass clusters to ROMULUSC. All observed data sets are selected to be cool-core clusters, except
for the mean density profile from McDonald et al. (2017). Overall, ROMULUSC fits well with average profiles of cool-core clusters. Compared to McDonald
etal. (2014) ROMULUSC has slightly high temperature and pressure within the inner 0.2Rs5¢g, but matches well with the Arnaud et al. (2010) results for pressure
within 0.2Rs00. The density profile matches well with the average profile for all clusters from McDonald et al. (2017), but deviates from self-similarity on
small scales where it matches much better median density profile for clusters selected to have low-entropy cores (McDonald et al. 2013).

4 GALAXY EVOLUTION IN CLUSTERS

Now that we have established that ROMULUSC results in a cluster
with realistic ICM properties, we turn our focus to the evolution
of galaxies within the cluster environment. ROMULUSC represents a
relatively rare, dense environment. For reference, the cluster attains
Moy = 2 x 1083 Mg by z = 2, a mass equivalent to the highest
mass halo in the ROMULUS25 25° Mpc? uniform volume simulation
at z = 0 (see Fig. 2). ROMULUSC therefore traces galaxy evolution
within a very dense environment out to high redshift and, in this
sense, represents an important addition to the galaxies followed in
ROMULUS25. The fact that ROMULUS25 has the same resolution and
sub-grid physics as ROMULUSC means that we can self-consistently
compare galaxy properties and evolution between the two simula-
tions in order to examine the effects of a dense environment (ROMU-
LUSC) compared to more isolated galaxies in the field (ROMULUS2S).
The resolution of the ROMULUS simulations means that we can re-
solve the evolution of dwarf galaxies in cluster environments better
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than ever before. While in the following analysis we focus on the
population of galaxies and their bulk properties, in future work we
will study the evolution of the internal structures of cluster galaxies
over a wide range of stellar masses.

4.1 The brightest cluster galaxy

The most unique cluster galaxy is, of course, the most massive,
BCG which, in ROMULUSC, lies in the centre of the halo. This
is the first time a galaxy of this size has been simulated at such
high resolution in a fully cosmological simulation. Not only will
examining this galaxy help us to better understand the interaction
between AGN feedback, the central ICM, and the evolution of the
BCQG, it also represents an important test of our sub-grid physics.
As stated in Section 2.3, the sub-grid recipes for star formation, SN
feedback, and SMBH physics were calibrated to reproduce observed
lower mass galaxies (MW mass and below) and, as demonstrated by
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Figure 7. The brightest cluster galaxy. A uvj image of the brightest cluster
galaxy in ROMULUSC at z = 0 down to 26 mag arcsec > to show structure on
larger scales. The lack of recent star formation has made the galaxy appear
very red. Two orthogonal views are shown. There is no longer any stellar
disc structure.

Tremmel et al. (2017), have shown success in reproducing observed
properties of galaxies in haloes as massive as 10'* M. The ability
of such a model to extend over two orders of magnitude in halo
mass and still produce realistic central galaxies is a testimony to the
success of our optimization routine. It also means that our results
are purely a prediction of our simulation with no tuning for cluster
environments.

Fig. 7 shows a synthetic image of the stars in the BCG from two
different angles at z = 0. The galaxy is being disturbed by an on-
going merger, causing a shell-like structure in the diffuse stars. The
morphology is that of a dense stellar core with an extended stellar
halo and little recent star formation. The stars associated with the
cluster halo not inside of substructure extends out to large radii
and are difficult to observe. Recent observations have been able
to examine the stellar mass of the central galaxy and its extended
stellar halo with unprecedented detail (Gonzalez et al. 2013; De-
Maio et al. 2018; Kravtsov et al. 2018). In Fig. 8 we plot the stellar
mass within 50 kpc of halo centre in ROMULUSC to compare with
recent observations by DeMaio et al. (2018) and Kravtsov et al.
(2018) as a function of Msy,. We also show the results of abundance
matching presented in Kravtsov et al. (2018). The stellar mass of
the ROMULUSC BCG is slightly high relative to abundance match-
ing results and a factor of ~2 higher than the median observed
value. While in the simulation we are able to take a 3D stellar
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Figure 8. Stellar mass halo mass relation. The relationship between the
mass of the central BCG and Msgo for ROMULUSC (blue point) as well as
recent observations from Kravtsov, Vikhlinin & Meshcheryakov (2018) and
DeMaio et al. (2018) (black diamonds and grey triangles). Following the
observations we compare with here, we consider the stellar mass within
50kpc from halo centre. Again, we do not plot the z = 0.3 values because
there is negligible change from z = 0. The BCG in ROMULUSC is within a
factor of ~2 of the median observed BCG stellar mass and matches well
with abundance matching results derived from updated luminosity functions
(Kravtsov et al. 2018).

mass profile, we confirm that projection effects along different lines
of sight make no difference in our results. While these results are
similar to BCG masses found in lower resolution cosmological
simulations (e.g. Pillepich et al. 2018), recent work presented in
Ragone-Figueroa et al. (2018) has resulted in more realistic BCG
masses, though higher star formation at low redshift compared to
observations.

A slightly high stellar mass for the BCG may imply that the
efficiency for SMBH feedback coupling should be increased from
our fiducial values. This would allow more energetic feedback for
less SMBH growth. Currently, in order to attain highly energetic
feedback, the SMBH needs to grow rapidly (given our 2 per cent
coupling efficiency and 10 per cent radiative efficiency). Such rapid
growth requires a lot of relatively dense gas in the cluster cen-
tre, which would also lead to star formation. Additional physical
processes seem to be common in higher mass systems, such as rela-
tivistic jets and associated radio lobes (Dunn & Fabian 2006). These
additional processes associated with radiatively inefficient accretion
could effectively increase the coupling efficiency of SMBHs in high
mass systems, relative to the value we implement here which is held
constant across all black holes in the simulation.

While we only have a sample of one simulated BCG, the fact
that the stellar mass is within even a factor of ~2 of the median
of observed BCGs (and near the upper end of the observed scatter)
and eventually ceases any substantial star formation is an important
result. While outflows from SMBHs that reach out to large radii
are important, ROMULUSC demonstrates that modelling such out-
flows through mechanical prescriptions, which require additional
assumptions and free parameters, is not necessarily required. Our
implementation of thermal AGN feedback, which is implemented
the same way for all black holes in all haloes, appears adequate to
match current observations.
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4.1.1 The connection between AGN feedback and BCG quenching

Several previous cosmological simulations have demonstrated the
importance of AGN feedback in regulating star formation in mas-
sive galaxies (Di Matteo, Springel & Hernquist 2005; Teyssier et al.
2011; Schaye et al. 2015; Sijacki et al. 2015; Beckmann et al. 2017;
Pontzen et al. 2017) and the same is true for ROMULUSC. The reso-
lution of ROMULUSC allows us to examine the interaction between
the central AGN, the ICM, and the gas content and star formation
history of the central BCG with unprecedented detail. Fig. 9 shows
the specific SFR (sSFR) within 0.1R,yy and the feedback energy
(€,€ s Mc?) imparted by the central SMBH (taken to be the brightest
SMBH inside 10 kpc of halo centre at any given time). The SMBH
feedback rates are presented in 100 Myr bins to reduce the noise
and better show overall trends. The SFR of the BCG is calculated
in 10 Myr bins.

The specific star formation history closely follows the change
in SMBH activity. This is particularly evident at early times. For
every trough in the sSFR there is a peak in SMBH activity and when
there is a period of SMBH quiescence there is a rise in sSSFR. There
are a few instances with particularly powerful (E > 10* ergs™')
feedback events, but the one occurring at ~8-10 Gyr is the longest.
There is a shorter period of energetic AGN activity at 6—7 Gyr, and
another phase occurring at 4-6 Gyr that is less continuous. It is
only during this final 2 Gyr long episode that large-scale, powerful
outflows persist (Fig. 11) and star formation finally plummets in the
BCG.

It is common for cool-core clusters to have non-negligible star
formation ranging from several to 10s and sometimes up to 100s
Mg yr™' (e.g. Bildfell et al. 2008; Loubser et al. 2016). Consis-
tent with these observations, the BCG in ROMULUSC maintains an
SFR around 1-10M@ yr~' even after the sSFR drops well below
10~"" yr~! and the central galaxy would be considered quenched.
This low level star formation continues until the cool core of the
cluster is disrupted by an infalling group at z ~ 0.2. For the purposes
of our analysis here we do not focus on the ICM or BCG evolution
during this merger, which is still ongoing at z = 0, but analysis of
the impact of this event will be the focus of future work. The star
formation history of the BCG is remarkably similar to the median
sSFR values presented in Bonaventura et al. (2017), which are de-
rived from IR detections of clusters. The McDonald et al. (2016)
results use multiple methods to estimate star formation at various
wavelengths, but find that cool-core clusters have systematically
higher SFRs compared to their overall sample, which could explain
why ROMULUSC, which maintains a cool core until z ~ 0.2, would
also have comparatively more star formation.

It is important to remember that the thermal coupling of AGN
feedback is a local phenomenon in the simulation. Energy is trans-
ferred only to the 32 nearest gas particles (generally within ~100 pc
of the SMBH). Any outflows that are generated are the natural con-
sequence of hydrodynamic processes occurring as a result of this
thermal heating.

Fig. 10 shows the central region of ROMULUSC at z = 0.53, just
after the sSFR begins to decline and the AGN begins a prolonged
period of activity. Different properties of the gas are shown, aver-
aged by mass along a 30 kpc slab (5 kpc for the inset figures), except
for the column density plots which are all integrated over 100 kpc,
similar to observed radio sources and X-ray cavities that can extend
out to 10s to over 100kpc from the centre of the BCG (e.g. Mc-
Namara et al. 2000, 2009; McNamara & Nulsen 2012; O’Sullivan
et al. 2012). The large-scale, collimated outflow is clearly seen
in the temperature and entropy figures, which both have velocity
fields overplotted. The outflowing gas is typically travelling at a few

MNRAS 483, 3336-3362 (2019)

thousands of kms~! and extends beyond 0.1Ry. Such large-scale
outflows dissipate their energy through shocks, as well as turbu-
lent dissipation, and are able to contain cooling within the central
regions of the halo. Shocks can be seen in the pressure plot propa-
gating through the innermost core of the halo. Two cavities can be
seen in the column density figure. They are associated with the end
of the outflow and are reminiscent of X-ray cavities (or radio lobes)
expanding due to the injection of hot, high pressure gas from the
outflows.

Fig. 11 shows several time-steps between 5 and 11 Gyr. Large-
scale outflows from the AGN are commonplace throughout the
simulation, but the powerful outflows taking place at > 8 Gyr are
able to finally quench star formation. The onset of quenching and
these powerful outflows are coincident with a prolonged phase of
SMBH activity with feedback rates exceeding 10* ergs™' nearly
continuously over 2 Gyr.

The outflows also interact with the ICM on larger scales and
change directions due to bulk shear flows. Such mechanisms involv-
ing ‘ICM weather’ have been suggested as a way to overcome the
problems with fixed-direction jets (e.g. Heinz et al. 2006; Soker &
Bisker 2006; Morsony et al. 2010; Mendygral, Jones & Dolag 2012).
At the time shown in Fig. 10 (z = 0.53) we do find a shear velocity
of ~100kms~! between the gas at scales below 50kpc from the
cluster centre and that between 50 and 100 kpc. We also measure
a shear of ~60km s~! between 0-30 and 30-60 kpc. These values
are relatively small and consistent with other cosmological simula-
tions (Lau et al. 2017) and slightly lower than results from Hitomi’s
observations of the Perseus cluster (Hitomi Collaboration 2016).
We confirmed that the central BCG is not moving significantly with
respect to the centre of mass of the cluster (as measured from a
variety of different radial scales). Rather, the shear observed here is
likely due to a recent pericentre passage of a cluster galaxy. Shear
velocities as low as 100300 km s~! may be able to have a substan-
tial impact on outflow structure (Hardcastle, Sakelliou & Worrall
2005). Of course, the structure of the outflow is developed over a
long period of time while here we only examine a single snapshot.
A deeper analysis is needed to better understand this large-scale
evolution of the wind structure, which will be conducted in future
work.

4.1.2 The effect of AGN feedback on the ICM

AGN feedback does not limit star formation by evacuating nor
directly heating gas in the inner cluster core. Fig. 12 plots the mass
of gas within 0.1Ryy as a function of time. The overall supply of
gas rises at early times while the cluster progenitor is still growing
rapidly (see Fig. 2), then remains nearly constant from ~4 Gyr
onwards. However, following the series of very powerful feedback
events at r > 8 Gyr, the cold gas (or, equivalently, the HI gas, which
is tracked self-consistently in the simulation) supply declines along
with the sSFR. During this time when quenching is in progress
or completed (8-11.7 Gyr), the AGN is not drastically increasing
the entropy or cooling time of the gas. Fig. 13 shows the time
evolution of the mass-weighted entropy and cooling time profiles
for ROMULUSC. Within the central ~0.05R;p, both entropy and
cooling times are low and indicative of a cool-core/relaxed ICM.
The time during which the central BCG is becoming quenched is
marked between two vertical dashed lines. The cluster core is able
to survive with low entropy and cooling time-scales of ~10% yr
throughout the period where star formation is quenching. This is
consistent with observed findings that cool-core clusters are more
likely to host radio-loud AGN (e.g. Mittal et al. 2009). It is also
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Figure 9. Star formation and SMBH feedback history. The specific star formation rate (blue, averaged over 10 Myr bins) and feedback rate of the central
SMBH (red, averaged over 100 and 500 Myr bins for solid and dashed lines, respectively) for the BCG in ROMULUSC. The SMBH feedback traces both
accretion and feedback energy imparted by the SMBH on to nearby gas. Dips in the sSFR are often associated with peaks of SMBH activity. The peak of
activity beginning around 8 Gyr and persisting through 10 Gyr is associated with the final quenching of the BCG. The sSFR history of the RoMULUSC BCG
is remarkably close to the average evolution observed in clusters from Bonaventura et al. (2017), but slightly high compared to results from McDonald et al.
(2016). The range in time shown is cut off just prior to the infall of the group seen in Fig. 7. The merger destroys the cool core, a topic to be explored in future

work.

in agreement with high-resolution simulations of isolated galaxies,
which show how AGN-driven outflows have little direct effect on
the gas within their host galaxy (Gabor & Bournaud 2014).

The vertical solid line indicates the time where a major merger
with a nearby group causes the cool core to be destroyed, an event
that is apparent in the nearly flat entropy and cooling time profiles
after this time. As stated previously, we will examine this merger
event and cool-core destruction in future work, but use it here as
an illustrative comparison between the effect of a major merger and
that of AGN feedback.

4.2 Cluster member galaxies

An important advantage of ROMULUSC'’s resolution is the ability to
better resolve cluster galaxies down to smaller masses than ever
before. Our threshold for what is ‘resolved’ in ROMULUSC is very
conservative. In the following analysis we only consider haloes
of total mass at least 3 x 10° M, corresponding to a minimum
dark matter particle count of ~10* per halo. We compare galaxy
evolution in the cluster and protocluster environments simulated in
ROMULUSC to galaxy evolution in isolated field galaxies simulated
in ROMULUS2S.

The zoom-in Lagrangian region used to model ROMULUSC ex-
tends, at z = 0, approximately out to 2R,po. We only include galax-
ies in our analysis that are ‘uncontaminated’ with low-resolution
dark matter particles, thereby selecting only those galaxies that lie
well within the high-resolution region. We still caution that galaxies
near the boundaries may still have been affected by the lower reso-
lution regions nearby, but even when we include all uncontaminated
galaxies in the zoom region such affected galaxies would be rare.
While we do discuss projection effects in the following sections,
all results are presented using 3D radial bins relative to the cluster
centre. Having only a single system makes ROMULUSC more sus-
ceptible to spurious results due to the exact choice of projection.

Further, because of the limited zoom-in region size, we would still
not be able to approximate the full effects of contamination from
non-cluster galaxies at large radii.

In order to compare with galaxy evolution in relatively low-
density environments, we extract central, relatively isolated galax-
ies from ROMULUS25 based on the criteria that they do not ex-
ist within Rp of any halo hosting a central galaxy of similar or
greater stellar mass. For galaxies in ROMULUS25 with stellar masses
below 10'° M), we apply an additional criteria that they be no
closer than 1.5 Mpc from any galaxy with stellar mass greater than
2.5 x 10'" M, to be considered isolated field galaxies. This is mo-
tivated by results from Geha et al. (2012) that show environmental
quenching in low-mass galaxies taking place at such scales. Follow-
ing the results of Munshi et al. (2013) that account for limitations in
observing the total stellar mass of a galaxy, we define the observed
stellar mass of a halo’s central galaxy to be 0.6M, o1, Where M, o is
the total stellar mass of the halo. We confirm that at the halo masses
we examine here, and given our criteria for isolated galaxies, our
results would not change were we to explicitly remove satellite
galaxy contributions, which do not account for a significant portion
of the total stellar mass.

4.2.1 Environmental quenching

In order to obtain a self-consistent picture of quenching in both RO-
MULUSC and ROMULUS2S5, we define a star forming main sequence
based on central, isolated galaxies in ROMULUS25. We follow a
similar procedure to observations (e.g. Bluck et al. 2016) and fit
the median values of the SFR within 0.1 dex bins of stellar mass
between 10% and 10'°M@. We find a best-fitting main sequence
of log (SFR) = 1.206 x log (M,)-11.7 for z = 0. While this dif-
fers from main sequence definitions derived from observations in
both slope and normalization, for stellar masses between 10% and
10'"M the fit lies within the 0.5 dex scatter associated with the
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Figure 10. Outflows in action. Images of temperature (top left), entropy (top right), pressure (bottom left), and column density (bottom right) of cluster gas at
z =0.53 (t = 8.41). Each large panel is a mass-weighted slice along a 30 kpc slice through the centre of the cluster. The inset panels are 5 kpc slices zooming
into the central regions. The exception to this is the density plot, which is a 100kpc slice for all panels in order to better show the structure of the gas. A
large-scale outflow is clearly seen in the temperature and entropy plots, which also overlay the velocity field. The gas in the outflow is moving at 1000s kms~1.
The structure of the outflow is less clear in the pressure plot; the outflow has a similar pressure as the ambient gas, which is how it is able to maintain its
collimation. The tips of the outflow show a high-pressure, low-density region, which can be seen to create bubbles in the gas, similar to what is observed in
X-ray cavities. Although the outflow is powerful, it coexists with low entropy, 10° K, rotationally supported core. Shocks can be seen propagating through the
inner regions in the pressure plot, helping to balance the cooling as seen in, e.g. Li et al. (2015).

observed main sequence. We take any galaxy whose star formation
is a factor of 10 below our fitted main sequence to be quenched at
z =0. To calculate star formation, we use the formation times of star
particles within each halo and calculate the average formation rate
in the previous 25 Myr. However, because of limited mass resolu-
tion, the smallest possible SFRs are quantized and therefore subject
to numerical noise. For haloes that formed only two or fewer parti-
cles in the previous 25 Myr (corresponding to an SFR of 0.064 M,
yr~"), we calculate the SFR averaged over the previous 250 Myr
instead. We confirm that our results are insensitive to the choice of
time-scale over which to measure SFR except for the lowest mass
galaxies.

This definition of ‘quenched’ does differ from some observa-
tions, including Wetzel et al. (2012), who adopt a flat threshold
of 107" yr~!. Based on our main sequence definition, quenched
galaxies are defined on a mass-dependent specific SFR threshold
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between 107" and 107'%3yr~! at z = 0 across the stellar mass
range we cover. Wetzel et al. (2012) find what would be considered
a nearly constant main sequence in specific SFR, while our main
sequence has a slight evolution with mass. As discussed briefly in
Bluck et al. (2016), because the simulations are not equipped to fully
mimic the SFR diagnostics that observers use, such a definition al-
lows us to define a quenched threshold that is fully self-consistent
for our simulated galaxies while still maintaining the ability to com-
pare with observations that have a different distribution of (inferred)
SFRs. Our definition is also not reliant on the factor of ~2 difference
between the total stellar masses of our simulated galaxies and those
that would be inferred by observations (Munshi et al. 2013), which
would add further uncertainty to our results. Finally, this threshold
definition allows us to derive self-consistent quenched fractions at
different redshifts. We confirm that changing our threshold to a flat
sSFR value of 107! yr=! will affect the z = 0 classification of a
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Figure 11. AGN-driven outflows over time. Snapshots of the gas temperature and velocity field in the inner regions of ROMULUSC over cosmic time. Each
image shows the same projection, modulo rotations about the y-axis in order to best image capture any outflow structures present. The colours are the same
as Fig. 10. The temperatures are mass-weighted averages along a 2 kpc slice centred at halo centre. It is clear that the winds evolve in direction, shape, and
magnitude. The direction is dictated by the rotation of gas in the inner 10-20 kpc of the halo as well as the larger scale motions of the ICM. Between 8 and
10 Gyr, the outflows are particularly strong, corresponding to a period of both high SMBH activity and declining star formation in the BCG (see Fig. 9).

handful of the most massive galaxies in both ROMULUS25 and RO-
MULUSC, bringing the quenched fraction lower for the highest mass
bin in both simulations but still within the 68 per cent confidence
interval for our fiducial definition (see Fig. 14). We also confirm
that our definition of quenched is consistent with a definition based
on UVIJ colours (e.g. Whitaker et al. 2011).

Fig. 14 plots the quenched fraction of galaxies as a function
of mass for both ROMULUS25 (blue) and ROMULUSC (orange). In
both simulations there are >20 galaxies per bin (>100 for the
lowest masses) except for the highest mass bins that contain 7

and 12 galaxies for ROMULUSC and ROMULUS2S5, respectively. For
ROMULUSC galaxies, here we only consider those within Ry of the
cluster centre in order to compare directly with observations from
Wetzel et al. (2012). The quenched fractions from ROMULUS25 are
mostly consistent with results from SDSS (Bluck et al. 2016) at
higher masses, following the same increasing trend with stellar
mass, although the quenched fractions from ROMULUS25 are biased
low, particularly in the highest mass bin. However, the fact that our
predictions are roughly consistent with observations and follow the
same trend in gradually increasing with mass is encouraging. More
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Figure 12. Central gas content of the BCG. The total (black line), cold
(blue solid), and HI (blue dashed) gas masses within the central 0.1 R for
ROMULUSC. Large-scale feedback from the central SMBH taking place after
8 Gyr results in depletion of cold gas in the central regions without affecting
the overall gas supply.

work is needed to explain this discrepancy which is beyond the
scope of this paper.

At the low mass end, ROMULUS25 predicts very low quenched
fractions, similar to observations. However, at the lowest masses
our fractions of several percent are still significantly higher than
observations from Geha et al. (2012). Exploring this difference
in more detail is beyond the scope of this paper, but can be due
to several factors. Our definition of quenched is based on direct
SFRs from the simulation, as opposed to Geha et al. (2012), where
quenching is defined on the basis of Ho emission as well as old
stellar ages derived from Dugp. It is possible that low level and/or
recent star formation in these small galaxies would make them
non-quenched in the Geha et al. (2012) definition. There is also
evidence that a subset of low-mass galaxies have low gas fractions
and emission consistent with AGN (Bradford et al. 2018), which
could provide enough H e« to make a galaxy appear star forming.
In future work we plan on doing a more in-depth analysis of the
dwarf galaxy population in ROMULUS25 and comparing it in a more
self-consistent way to observations. For the purposes of this work,
the important point is that we predict very low quenched fractions
for low-mass galaxies in isolation.

For ROMULUSC, the highest mass bins are overall comparable to
the results from Wetzel et al. (2012), but we do not see the same
trend with stellar mass. Of course, given our relatively low num-
ber statistics at the higher masses, such a trend would be difficult
to resolve. Here we have also tailored our bins to match those
used in Wetzel et al. (2012) at masses greater than 10°7 M@, but
we combine the final two in order to have enough galaxies in the
bin. We do predict significantly higher quenched fractions at M, =
10°7- 191 M. We see a significant difference in the quenched frac-
tion at high masses between cluster and field environments, unlike
observations (Wetzel et al. 2012; Bluck et al. 2016). This is likely
due to the fact that ROMULUS2S5 underproduces quenched galaxies
at higher masses, making the environmental effects of the cluster
more apparent.

For low-mass galaxies, ROMULUSC predicts a nearly constant
quenched fraction as stellar masses get smaller. The trend with
stellar mass observed at high masses by Wetzel et al. (2012) there-
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fore does not continue to lower mass galaxies, with 80—100 per cent
of galaxies below 10'° M predicted to be quenched within Rygo
independent of their stellar mass. This is in stark contrast to galax-
ies in the field from both observations and ROMULUS25. While the
ability to observe such low-mass galaxies is limited, there have
been detailed observations within a small number of nearby clus-
ters that show a significant population of quenched dwarf galaxies
(e.g. Drinkwater et al. 2001; Weinmann et al. 2011; Balogh et al.
2016; Roediger et al. 2017; Habas et al. 2018). Weinmann et al.
(2011) find varying results as to how quenched fractions change
with galaxy mass. For Virgo and Coma they find little dependence
on luminosity, but clear dependence in Perseus. In all three cases,
the quenched fractions presented in Weinmann et al. (2011) range
from ~70-90 per cent for dwarf galaxies. The quenched fractions
in ROMULUSC are on the high end of these observed clusters, though
not inconsistent. These results are also consistent with Geha et al.
(2012), who find that the quenched population of low-mass galaxies
quickly increases with proximity to higher mass galaxies, even out-
side of Ryy. Finally, we also note that these results are consistent
with lower resolution cluster simulations (e.g. Bahé et al. 2017) that
will be discussed further in Section 5.2.

Fig. 15 plots the fraction of quenched galaxies as a function of
radial distance from the cluster centre at z = 0 for two stellar mass
bins. The high-mass bin was chosen to match that probed by Wetzel
et al. (2012) and we find that our results are biased high in compar-
ison. According to Fig. 14, this is due to the 10°7-'%! M galaxies
being more quenched in ROMULUSC than in the Wetzel et al. (2012)
observations. For these higher mass galaxies we choose the radial
bins such that each bin contains 10 galaxies. We confirm that, were
we to only include galaxies with M, > 10'° M@, our values would
be much more similar to the Wetzel et al. (2012) results. Again we
note that projection effects can affect the results from observations
such that these points should be considered lower limits, particu-
larly at large separations where contamination from the field can
be important. Indeed, we find that the quenched fractions in several
radial bins decreases for ROMULUSC if we were to use the projected
distances, though the exact effect depends on the line of sight.

While at high masses the radial dependence is difficult to esti-
mate based on the large error bars, we do see some evidence for a
decreasing quenched fraction with radius, though possibly not as
steep as that presented in Wetzel et al. (2012). For the low-mass bin,
we find with more confidence that there is no radial dependence,
and the quenched fraction remains steady at ~80-100 per cent out
beyond Rygo. There is some evidence that the quenched fraction
does fall off beyond ~1.5R5q0, but we would need a larger sample
of galaxies and a larger zoom-in region in order to know for sure.

Our results indicate that the processes causing galaxy quenching
in high-density environments are much more efficient compared to
the field for all but possibly the highest mass galaxies. For low-
mass galaxies, this process is particularly efficient and seems to
act evenly at all distance scales. It has been suggested that the
main process leading to galaxy quenching in cluster environments
is ram pressure stripping and has been supported by observations
(e.g. Smith et al. 2010; Merluzzi et al. 2013; Boselli et al. 2014;
Roediger et al. 2015; Haines et al. 2013, 2015) as well as both
hydrodynamic simulations and analytic models (e.g. Murakami &
Babul 1999; Hester 2006; Bahé & McCarthy 2015; Mistani et al.
2016; Zinger et al. 2018). This would explain why observations
of higher mass cluster member galaxies have a quenched fraction
that negatively correlates with distance, but we predict such radial
dependence does not exist for lower mass galaxies. Ram pressure is
more efficient at stripping a small galaxy. For a higher mass galaxy
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Figure 13. Survival of the cool core. Entropy and cooling time profiles as a function of time for ROMULUSC. Up until the onset of a major merger, marked by
the vertical black line, the entropy profile remains steeply declining towards the centre of the halo and the cooling times remain below 1 Gyr, both important
characteristics of a cool-core cluster. Between 8 and 10 Gyr, the star formation and amount of cold gas in the central regions declines due to the large-scale
AGN feedback, but the cluster maintains a low-entropy core with sub-Gyr cooling times. Following the major merger, the entropy profile flattens out and the

cooling times become several Gyr, consistent with non-cool-core systems.
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Figure 14. Quenching as a function of stellar mass. The fraction of quenched galaxies as a function of stellar mass for both ROMULUSC (orange points) and
ROMULUS25 (blue diamonds). At all but the highest masses we find that satellite galaxies in ROMULUSC have a much higher quenched fraction than isolated
galaxies. Our results are consistent with the quenched fraction found by Wetzel et al. (2012), but due to small number statistics we cannot confirm that we also
see a trend at high mass. At low masses we find the quenched fraction remains nearly constant at 80-90 per cent. Error bars represent the 68 per cent binomial
confidence interval (Cameron 2011). The open points are also from Geha et al. (2012) and represent upper limits.

with a larger gas disc, such processes would take longer and require
higher ram pressure, thus becoming more efficient for orbits passing
closer to halo centre.

In order to examine the process of quenching in more detail, we
follow the evolution of each galaxy that is quenched at z = 0 in
ROMULUSC within 2R, the extent of our high-resolution region at
z = 0. Fig. 16 plots cumulative distribution functions for various
properties of quenched galaxies in ROMULUSC: their final distance
from the cluster centre, the distance at which they become quenched,

their minimum distance prior to quenching, and the redshift at which
they become quenched. In order to determine when a galaxy is
quenched, we compare to the main sequence fitted to ROMULUS25
data as described above. To account for an evolving main sequence,
we perform fits at z = 1, 2, and 3 in addition to our z = O fit and
compare galaxies to the main sequence by interpolating between
each main sequence. To see whether quenching occurs differently
at different masses, we split our sample into high- and low-mass
bins around M, = 10°7 M@ . We choose this splitting because it
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Figure 15. Quenching as a function of position in a cluster. The quenched fraction as a function of distance from halo centre for two mass bins. At high mass
(blue, open points; chosen to match the masses of observed cluster galaxies from Wetzel et al. 2012) our values are high compared with observations, but as
explained in the text this is due to the lowest mass galaxies in this bin. At low masses we predict that no trend exists. At all radial distances low-mass galaxies
have a quenched fraction of 80-90 per cent. Error bars represent the 68 per cent binomial confidence interval (Cameron 2011).

corresponds to the lower mass limit of the Wetzel et al. (2012)
study and represents a rough boundary below which observations
of galaxies in cluster environments is limited to a handful of nearby
systems. Note that our time resolution for tracking galaxy evolution
is limited to ~100 Myr, the time between saved snapshots.

We see little difference between high-mass and lower mass galax-
ies in terms of their quenching redshift, their z = O final distance to
the cluster centre, and the distance at which they become quenched.
We do, however, see a significant difference in the minimum dis-
tance relative to the cluster centre achieved prior to quenching.
Massive, quenched galaxies are more likely to have orbits that take
them closer to halo centre before they quench. This supports the
idea of ram pressure stripping being the dominant process acting
on in-falling cluster galaxies, at least at higher masses. At lower
masses multiple processes affect the galaxies’ gas supply. First,
36 percent of lower mass galaxies have been satellites of haloes
prior to cluster in-fall. These galaxies therefore experienced a phase
of ‘pre-processing’ by hot halo gas in another halo. At lower masses,
galaxies are also more susceptible to ram pressure stripping because
of their shallower potential and often explosive stellar feedback pro-
cesses (Murakami & Babul 1999; Bahé & McCarthy 2015). This
difference may also be due to massive galaxies/haloes sinking faster
due to dynamical friction, potentially combined with ram pressure
taking longer to strip more massive discs. We will examine the role
of ram pressure stripping as a driving force of galaxy quenching in
more detail in future work.

Importantly, Fig. 16 also shows how the dependence of quench-
ing processes on the position within a cluster can be quickly erased
simply by orbital dynamics. The upper left-hand panel implies that
quenching in high-mass galaxies on average requires closer ap-
proaches to the cluster centre compared with lower mass galaxies.

MNRAS 483, 3336-3362 (2019)

However, by the time the galaxies quench, this difference is no
longer apparent. This is expected if these galaxies are on more ec-
centric orbits when they quench, as would be the case if they were
to quench soon after their initial in-fall before they have virialized,
in agreement with results from the Magneticum simulations (Lotz
et al. 2018). These radially plunging orbits would take the galaxies
near the cluster centre, where they experience a large amount of ram
pressure, and then quickly take them back out towards the cluster
outskirts. If this first passage is enough to quench star formation,
and if the orbit is radial enough, then the galaxy can quickly be
taken very far from the cluster centre by the time it quenches. As
time goes on, the orbits evolve, particularly as in-falling galaxies
virialize and feel the effects of dynamical friction.

4.2.2 The evolution of star formation in cluster galaxies

We follow the evolving population of galaxies within 2R,y of the
cluster’s main progenitor halo in ROMULUSC in order to examine
how the population changes over time relative to field galaxies.
Fig. 17 shows the quenched fraction of this population of galaxies
in ROMULUSC (orange) as a function of their stellar mass at z = 0,
0.5, 1.0, and 2.0. At each redshift we compare to the population
of central, non-interacting galaxies from ROMULUS2S5 (blue). We
find that the enhanced quenched fraction for low-mass galaxies is
well established at high redshift. Note that Fig. 16 does not indicate
that any z = O cluster galaxy quenches prior to z = 2. This is
because all of the galaxies that are quenched at higher redshifts
have since merged with another galaxy, most commonly the BCG,
or have been otherwise disrupted or stripped so as to no longer be
considered resolved substructure in the simulation (based on our
very conservative definition of what is adequately resolved).
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Figure 16. When and where cluster satellites quench. Cumulative distribution functions for quenched massive (blue) and low-mass (red) cluster galaxies.
Upper right-hand side: The distribution of minimum distances relative to the cluster centre prior to quenching. Upper left-hand side: The distance at which
the galaxies quench (fall below 1 dex relative to the main sequence). Lower left-hand side: The distance of the galaxies at z = 0. Lower right-hand side: The
redshift when the galaxies quench. There is little distinction between high- and low-mass quenched galaxies in all cases, but for the minimum distance to the
cluster centre achieved prior to quenching. High mass quenched galaxies are more likely to have had orbits that took them closer to the cluster centre. This

distinction, however, is mostly lost by z = 0.

4.2.3 Black hole growth in cluster galaxies

ROMULUSC is the first cosmological cluster simulation to include all
three of the following: (1) realistic SMBH dynamics (Tremmel et al.
2015, 2018), (2) SMBH accretion that accounts for the kinematics
of gas within the galaxy (Tremmel et al. 2017), and (3) SMBH
formation criteria that requires no a priori assumptions about halo
occupation of SMBHs, seeding them in small haloes (108-10'° M@p)
at early times (Tremmel et al. 2017). All of this, combined with the
high resolution of ROMULUSC means that we can accurately follow
SMBH evolution within cluster member galaxies, whose gas, as well
as overall morphology, is undergoing tremendous evolution through
interactions with both the ICM and other galaxies. Our model allows
SMBHs to exist and dynamically evolve within low-mass and high-
mass galaxies alike. They are also seeded within those galaxies
early enough such that they experience the full effects of the dense
cluster environment along with their host galaxy.

Taking galaxies once again within 2Ry at different redshifts,
we examine their SMBH activity compared with the field. Fig. 18
shows the 25th (dotted), 50th (dashed), and 75th (solid) percentiles
in average SMBH Eddington ratio over the previous 100 Myr for the
SMBH with the highest accretion rate in each galaxy as a function of
galaxy mass. The average Eddington ratio is calculated by solving
the following equation for fgq.

&)

(1 — 100M,
M0+AM:M()CXP |:fEdd ( €)< 00 yr):| s

€ TEdd

where M, is the initial mass of the SMBH at ¢ty = #(z) — 100 Myr
(#(z) is the time at any given redshift) and AM is the amount of
growth that took place during the previous 100 Myr. The character-

istic time-scale for Eddington limited accretion, #gqq, is given by the
following equation given a Thomson scattering cross-section, o',
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Figure 17. Quenching over cosmic time. The fraction of quenched galaxies as a function of stellar mass in ROMULUSC (orange) and ROMULUS25 (blue) at four
different redshifts. All galaxies within 2Ry are shown. The enhanced quenching seen in high-density environments like ROMULUSC is in place even at high
redshift and for low-mass galaxies. Error bars represent the 68 per cent binomial confidence interval (Cameron 2011).

and the mass of a hydrogen atom, my,.

orc

IRad = m (6)
Using this relation allows us to account for the fact that the Ed-
dington accretion rate is evolving continuously as the SMBH mass
grows. This relation for exponential mass growth is equivalent to
what is actually used to calculate mass growth during each SMBH
time-step, At, in the simulation (AM = M x At) in the limit as
Atltgqq goes to zero (Volonteri et al. 2013). Given that the average
SMBH time-step in ROMULUSC is at most ~10° yr (compared with
fgaa ~ 5 x 108 yr) this is not a bad assumption to make. Never-
theless we confirm that our results remain the same were we to
calculate fgyq using < Mpy > / Megq, averaged still over the previ-
ous 100 Myr and MEqq calculated using the black hole mass at the
end of the time bin.

InFig. 18 we see that at lower redshifts there is a dearth of actively
growing SMBHs compared to the field that is especially drastic for
lower mass galaxies. Looking out to higher redshift, the population
of cluster SMBHs with the highest Eddington ratios become more
similar to that of the field. Still, out to z = 2 we see there remains
a much more significant population of SMBHs in cluster member
galaxies that experience very little growth or none at all.

Observations of AGN in clusters, particularly those that are X-
ray selected, generally can only pick out the highest accretion rates.
We find that, while the distribution of Eddington ratios in cluster
galaxies is significantly different from the field at all redshifts, the
population of bright AGN may not show such a stark difference
at all redshifts. In Fig. 19 we plot the fraction of galaxies hosting
SMBHs that would result in luminous AGN as a function of galaxy

MNRAS 483, 3336-3362 (2019)

stellar mass for two bolometric luminosity thresholds similar to ob-
servational limits for AGN detection in the X-ray (e.g. Rosario et al.
2013, 2015). As with the average Eddington ratios, the average lu-
minosity over the previous 100 Myr is used. At the highest redshifts,
the population of luminous AGN is similar between the field and
the cluster environments. At lower redshifts, the higher luminos-
ity AGN remain mostly similar to the field, but the low-luminosity
AGN population, particularly those in low-mass galaxies, becomes
significantly lower in ROMULUSC.

5 DISCUSSION

5.1 The success of thermally coupled AGN feedback

The ability of a thermally coupled feedback prescription for SMBHs
to create large-scale, naturally collimated winds is an important
result of ROMULUSC with critical implications for the cosmolog-
ical simulation community. It demonstrates that previous failures
of thermal coupling of AGN feedback to limit star formation in
massive galaxies, often used as justification for implementing more
complicated mechanical feedback models (e.g. Ragone-Figueroa
et al. 2013; Choi et al. 2015), are not intrinsic to thermal feedback.
Rather, we argue that it is the result of limited resolution. With high
resolution in mass, space, and time, we are able to more effectively
model the interaction between the AGN and surrounding nearby
gas because that gas is able to appropriately respond to the influx
of thermal energy (in part due to our brief cooling shutoff). The
inference that limited resolution leads to an overcooling of gas is
not a new concept and has previously been examined in relation
to stellar feedback (Katz 1992) and galaxy clusters (Lewis et al.
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Figure 18. SMBH growth over cosmic time. The distribution of Eddington ratios for SMBHs in different environments. The 25th, 50th, and 75thpercentiles are
shown for SMBHs in different mass galaxies in high-density environments (ROMULUSC, orange) as well as relatively isolated galaxies in the field (ROMULU2S,
blue). In the cluster environment, there is a much more significant fraction of SMBHs that are growing at extremely low rates and in some cases not going at
all. This occurs at all mass scales and at all redshifts. The highest Eddington ratio SMBHs are most similar between the different environments, especially at

higher redshift.

2000), but ROMULUSC demonstrates that the solution to the problem
for energy input from AGN does not have to lie in a kinetically cou-
pled feedback (i.e. where particles are pushed rather than heated)
or a very high coupling efficiency. This is not to say that there are
not important physical motivations behind implementing kinetic or
variable efficiency models (e.g. outflows and jets observed to exist
in massive galaxies), but this must be properly separated from the
issue of overcoming a numerical limitation.

The fact that the thermal feedback naturally forms collimated
outflows is an interesting result. This is likely due to both the mor-
phology of the gas near the SMBHs (the outflowing gas will take the
path of least resistance) and the angular momentum of the gas that
receives feedback and drives the base of the outflow. The transfor-
mation of an initially isotropic outflow into a collimated outflow on
large scales is a well-studied phenomena. Various works on stellar
winds have shown that when an initially isotropic outflow inter-
acts with a medium with anisotropic density and pressure, it will
elongate and form a jet-like structure along the steepest pressure
gradient (Konigl 1982; Canto, Tenorio-Tagle & Rozyczka 1988;
Raga & Canto 1989). As the jet propagates, it can remain collimated
due to external pressure support when certain conditions are met in
both the ambient medium and the velocity of the jet relative to its
internal sound speed (Konigl 1982; Begelman, Blandford & Rees
1984). The jet-like structures we see in ROMULUSC are therefore
the direct consequence of an initially spherical outflow interacting
with the denser gas in the cluster core that has a disc morphology.
Indeed when this structure is destroyed by the merger at z ~ 0.2,
the black hole’s activity declines by almost two orders of magni-

tude and the bipolar outflows are no longer present. More idealized,
high-resolution simulations of AGN feedback also have shown that
a purely thermal model can drive asymmetric, large-scale outflows
in Milky Way-mass galaxies (Gabor & Bournaud 2014).

It is important to note that our sub-grid models for stellar and
SMBH physics have all been optimized based on reproducing em-
pirical relations at Milky Way and dwarf mass scales. The results
presented in this work are therefore purely a prediction of our model
and have been in no way constrained to produce a realistic BCG
or ICM. From this perspective, the results presented here from RO-
MULUSC are fully emergent from our sub-grid prescriptions. That
ROMULUSC reproduces many key observed properties of clusters
and cluster galaxies is a significant success of our sub-grid model
and our optimization process, but it also implies that the physics of
star formation and, in particular, SMBHs, does not have to be par-
ticularly different in cluster environments, as it is in many other cos-
mological simulations through the implementation of ‘two-mode*
AGN feedback (e.g. Weinberger et al. 2017; Pillepich et al. 2018).

A logical next step in exploring the physics of AGN feedback
would be to make the coupling and/or radiative efficiency variable
over the lifetime of the SMBH. This would affect the overall balance
between SMBH growth and feedback. For a higher efficiency, less
accretion is required for the same energetic effect. Less accretion
means that the SMBH grows less over time and that gas near the
SMBH does not need to be as cool or dense and so there may also
be less star formation. Possibly, the fact that we see a relatively
high stellar mass in our BCG compared with observations is an
indication that a more efficient feedback is required at high masses.
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Figure 19. The population of luminous AGN. The fraction of galaxies hosting SMBHs that have a luminosity above a threshold of 10*? (open points) and

10% (closed points) ergs™!

as a function of stellar mass at four different redshifts. Luminosities are averaged over the previous 100 Myr. Note that we do

not include z = 0 because the black hole properties are only followed to z = 0.05 in ROMULUS25. Low-luminosity AGN are much more affected by their
environment while high-luminosity AGN, which occur only in more massive galaxies, seem relatively insensitive to being in a cluster versus relatively isolated
galaxy. Both AGN fractions evolve significantly with redshift such that, by z = 2, both are very similar to the field. This is in contrast with Fig. 18, which
shows a substantial population of very low Eddington ratio SMBHs. When only focusing on high luminosity (which means high accretion rate) much of the
difference in environment seen in the Eddington ratio vanishes, leading to claims that observed high-redshift AGN population in clusters are similar to or even
enhanced compared with the field. Error bars represent the 68 per cent binomial confidence interval (Cameron 2011).

The final mass of the BCG’s central SMBH is 100 M@, which is a
factor of a few above the black hole mass stellar mass relation given
our BCG’s stellar mass. While there is mounting observational evi-
dence in support of overly massive black holes in BCGs and groups
(e.g. McConnell & Ma 2013; Mezcua et al. 2018), this could be
additional evidence that higher feedback efficiency is needed. Such
a model could be justified by observations of different feedback
mechanisms, such as jets and radio bubbles in the centres of clus-
ters. However, there remains a lot of uncertainties and adopting such
a model would require the addition of several free parameters.

As discussed in Section 2.1, ROMULUSC does not include metal
line cooling, an important coolant for warm/hot ICM gas in the
centres of massive haloes. This will affect the accretion history of
the central galaxy in massive haloes. van de Voort et al. (2011b)
show that metal line cooling will impact the accretion history of gas
in the central galaxies hosted in the most massive haloes at both
early and late times. However, AGN feedback also has a significant
effect on gas inflow on to galaxies in massive haloes (van de Voort
et al. 2011a,b). The relative roles of metal line cooling and AGN
feedback in regulating the cooling of the ICM and star formation in
the central galaxy is uncertain. Exploring this further will require
simulations that self-consistently model the ISM and CGM/ICM
with full metal line cooling and molecular hydrogen physics, as well
as significantly higher resolution than even what we have attained
with ROMULUSC.

MNRAS 483, 3336-3362 (2019)

5.2 Star formation in cluster member galaxies

The lack of star formation we see in cluster member galaxies is
consistent with both observations (e.g. Drinkwater et al. 2001; van
den Bosch et al. 2008; Weinmann et al. 2011; Haines et al. 2013,
2015; Boselli et al. 2014; Balogh et al. 2016; Bluck et al. 2016;
Habas et al. 2018) as well as recent simulation work (e.g. Bahé &
McCarthy 2015; Oman & Hudson 2016; Shao et al. 2018; Zinger
etal. 2018). Itis interesting that we do not see any radial dependence
for low-mass galaxy quenching. This is however not very surpris-
ing. Observations of such low-mass galaxies are generally limited
to only a few clusters in the local Universe. Weinmann et al. (2011)
do find evidence of radial dependence for dwarf galaxy quench-
ing in Virgo, which is somewhat similar in mass to ROMULUSC

(Urban et al. 2011), but not in the more massive Perseus cluster. We
do still find some evidence for radial dependence at the higher mass
end of our low-mass bin (10° < M, < 10°7 Mg, not plotted), but
any such dependence seems to go away at the lowest masses, which
are both hard to observe and dominate our low-mass bin shown in
Fig. 15. Quenching rates that depend little on radial distance are
consistent with theoretical results from Zinger et al. (2018), who
find that the virial shock extends out to 2R,y and can cause sig-
nificant ram pressure stripping of smaller galaxies even before they
in-fall beyond Ry, in addition to pre-processing. While Bahé et al.
(2017) also find significant quenching at low masses in the Eagle
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simulation, they discuss how this might be a resolution effect, as
they also see significant quenching of low-mass galaxies in lower
density environments (Schaye et al. 2015) due to stellar feedback
creating discs that are more unstable to stripping. As explored in
Schaye et al. (2015), the quenching at the low-mass end is resolution
dependent, but in the highest resolution EAGLE simulation, which
is of similar resolution to ROMULUS, they find reasonable quenched
fractions down to stellar masses of 108 Mg, as we find for isolated
field dwarfs in ROMULUS2S5 (see Fig. 14).

Analysis of cluster galaxies in the Virgo cluster by Boselli et al.
(2014) indicate that at lower masses ram pressure stripping is likely
the dominant source of quenching in the inner regions of the halo.
Zinger et al. (2018) show that although ram pressure is crucial
in stripping away hot halo gas even at large radii, much closer
approaches to the cluster core are required to destroy star forming
discs. This process often leads to strangulation of star formation
by stripping away the supply of gas from galaxies but not directly
destroying their discs. However, it has been shown that the inclusion
of feedback processes, which in isolation create galactic outflows
and fountains, make ram pressure more effective by making the
ISM more susceptible to being stripped (Murakami & Babul 1999;
Bahé & McCarthy 2015). Thus, it is not surprising that we see an
enhanced quenched population of low-mass galaxies extending out
to large radii.

This picture of ram pressure-dominated quenching is also con-
sistent with our result that more massive galaxies tend to quench
after falling closer to the cluster centre. Ram pressure stripping will
be less efficient in these galaxies due to their deeper potential well
and massive gaseous disc. Feedback processes that can enhance this
stripping are also less effective for the same reason and so higher
amounts of ram pressure are needed to destroy the gaseous disc.
It is also possible that this difference is due to a combination of
ram pressure stripping taking longer in more massive galaxies and
shorter orbital decay time-scales for more massive sub-haloes. We
will conduct a more detailed analysis relating ram pressure to both
star formation and SMBH activity (see Sections 4.2.3 and 5.3).

The majority (71 percent) of the galaxies that quench beyond
R»00 iIn ROMULUSC have been pre-processed as satellites of another
in-falling halo. Such pre-processing has been used to explain ob-
servations of quenched galaxies at large cluster-centric radii (Fu-
jita 2004; Haines et al. 2015). Still, a significant fraction of these
quenched galaxies in ROMULUSC that quench far from the cluster
centre have never been within Ry of another galaxy, including the
main halo (i.e. they are not backsplash galaxies). This could imply
that cluster galaxies can experience unique interactions with their
environment without requiring them to be a satellite prior to cluster
infall, as shown in previous simulations (Bahé et al. 2013; Zinger
et al. 2018).

5.3 AGN activity in cluster member galaxies

Like star formation, we find that SMBH activity is significantly
decreased in cluster environments, in agreement with low-redshift
observations of luminous AGN in clusters compared to the field
(Haines et al. 2012; Ehlert et al. 2013, 2014). The fact that only
the most massive cluster galaxies host more luminous AGN with
high accretion rates at lower redshift is also consistent with obser-
vations (Pimbblet et al. 2013). Observations have also indicated that
the AGN population in clusters evolves significantly with redshift,
eventually meeting or even surpassing the AGN fractions in the field
(Lehmer et al. 2013; Martini et al. 2013). ROMULUSC also shows a
significant evolution with redshift, where higher luminosity, higher
Eddington ratio AGN become more common at all masses outto z =
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2. Importantly, while the fraction of luminous AGN in cluster galax-
ies matches closely with the field values at z = 2, consistent with
observed clusters, it is clear that looking only at the SMBHs with
the highest accretion rates does not give the full picture. Rather,
we predict a much more substantial population of extremely low
Eddington ratio (or even completely dormant) SMBHs in the clus-
ter environment at all stellar masses and redshifts. This population
will not be observed in most AGN surveys, which will generally be
limited to sources with higher accretion rates. One potential way to
distinguish this affect is to examine the dynamics of galaxies host-
ing AGN. Haines et al. (2012) show that luminous AGN in clusters
tend to reside in in-falling galaxies, indicating that SMBH activity
does indeed decline as the galaxies interact with the ICM.

It is important to note that with our limited volume and only a
single cluster we do not completely sample the rarer, much higher
luminosity SMBH growth events (Ly, > 10*ergs™'). However,
our results indicate that the picture of how the cluster environment
affects SMBH growth may be quite different if one only focuses
on high-luminosity AGN compared with the much more common
low and intermediate luminosity sources. The fact that we find the
brightest AGN mostly in higher mass galaxies indicates that the
extent to which ram pressure has been able to strip the galaxy’s
gas supply may be the deciding factor. It may also be possible
that ram pressure can drive some SMBH activity in these higher
mass galaxies (Poggianti et al. 2017; Marshall et al. 2018). We will
examine the connection between SMBH activity, galaxy gas supply,
and ram pressure stripping in more detail in future work.

6 SUMMARY

We have presented first results from ROMULUSC, the highest resolu-
tion cosmological simulation of a galaxy cluster to date. The simu-
lation is able to resolve cluster member galaxies with unprecedented
detail down to dwarf galaxy mass scales. With a novel approach to
SMBH physics (Tremmel et al. 2015, 2017) and spatial resolution
of the order of 100 pc, ROMULUSC is able to resolve the internal pro-
cesses of galaxies from cluster dwarfs to BCGs with unprecedented
detail. While ROMULUSC lacks metal line cooling, as discussed in
Sections 2.2.4 and 5.1 this choice was made based on previous
studies demonstrating the problems with including it in simulations
that are unable to resolve multiphase gas. This should be consid-
ered a limitation of our model to the same extent as including metal
line cooling without the necessary resolution should be considered
a limitation in other (generally lower resolution) simulations. Fur-
ther, ROMULUSC represents an important test to our sub-grid models,
particularly those related to SMBH growth and feedback, as they
have only been optimized to produce realistic galaxies for haloes
100 times smaller than the main halo of ROMULUSC. We demonstrate
that ROMULUSC is consistent with observations in terms of baryonic
content, bulk properties, and structure of the ICM, stellar mass,
and star formation history of the BCG, and quenched fractions for
higher mass cluster member galaxies.

We show that the central BCG in ROMULUSC has a star formation
history consistent with the average sSFR of BCGs observed out
to high redshift, finding that local maxima and minima in the star
formation history are closely associated with lower and higher levels
of SMBH activity, respectively. Large-scale, collimated outflows
are ubiquitous throughout the simulation and the longest period of
sustained SMBH activity (8—10Gyr) is associated with the final
quenching of star formation in the BCG as well as particularly
powerful outflows. The final stellar mass of the BCG is within a
factor of 2 of the median of the stellar masses observed in similar
mass haloes. Importantly, the large-scale outflows that are critical
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to this quenching co-exist with a low-entropy core that maintains
a short (<1 Gyr) cooling time. The effect of the AGN feedback is
to limit the ability for halo gas to cool on to the central galaxy,
rather than directly heat the gas to high temperatures (and entropy)
or blow it away (e.g. McCarthy et al. 2011; Pontzen et al. 2017).

The fact that a simple AGN feedback model with thermally cou-
pled, isotropic energy injection is able to drive powerful outflows
that are naturally collimated in morphology is a major success and
demonstrates that the failure of thermal AGN sub-grid feedback
prescriptions have been limited not by inherent physics, but by poor
resolution in time, space, and mass. The strength of this simple
approach is that the large-scale nature of the outflows are purely a
prediction of the model and not something placed by hand in the
simulation through explicit kinetic feedback. The model also does
not assume any characteristic mass scale at which different feedback
modes become dominant. The motions of gas are driven by both
local morphology (i.e. the morphology and angular momentum of
the gas in the centre of the cluster) as well as larger scale cluster
‘weather’ driven by cluster galaxies and overall turbulence in the
ICM. Our approach does include a (brief) cooling shutoff for gas
that receives feedback in order to avoid any spurious overcooling.
While this is physically motivated by the fact that feedback does not
occur instantaneously, higher resolution simulations are still needed
to self-consistently model the coupling of AGN feedback to gas on
100 pc scales. The high BCG stellar mass and black hole mass in
ROMULUSC might be indicative that a higher feedback efficiency
is required for SMBHs, a natural consequence if, as observations
indicate, additional physical processes such as coupling to AGN
jets are occurring on small scales preferentially for more massive
galaxies/SMBHs.

Beyond the BCG and its central SMBH, we examine the evolving
population of cluster member galaxies. We demonstrate the success
of both ROMULUSC and our uniform volume simulation, ROMU-
LUS25, in reproducing the observed fraction of quenched galaxies
as a function of stellar mass in cluster environments and the field,
respectively. Taking advantages of the high resolution of ROMU-
LUSC we predict that 80-100 per cent of low mass (M, < 10'° M)
galaxies are quenched at z = O regardless of stellar mass or dis-
tance from the cluster centre, a fraction that is more than 10 times
higher than that of isolated galaxies that almost never quench at
low mass. More massive quenched galaxies in ROMULUSC have or-
bits that have taken them systematically closer (D, ~ 0.4 Ryp)
to the cluster centre prior to quenching while less massive galaxies
tend to quench farther out (D,;;; ~ 0.6 Ryp0). A significant frac-
tion of galaxies (~25 per cent) quench before falling beyond Ry
and 71 per cent of these galaxies have previously been satellites of
another in-falling galaxy. This means that ~7 per cent of cluster
galaxies quench beyond R,y yet have not been pre-processed as a
satellite of another halo. These galaxies may have been quenched
by the larger-scale cluster environment, consistent with results from
Zinger et al. (2018). The enhanced fraction of quenched galaxies
is in place even at z = 2 within 2R, at all but the very highest
masses.

Finally, we examine the population of SMBHs in ROMULUSC and
find that overall SMBH growth is significantly suppressed in the
cluster environment at all masses and redshifts. While the popu-
lation of the highest Eddington ratio SMBHs, particularly those in
more massive galaxies, become closer to field SMBHs at higher red-
shifts, the distribution of Eddington ratios in the cluster environment
remains quite different. Thus, we predict, consistent with observa-
tions, that the most luminous AGN population evolves significantly
with redshift and by z = 2 even relatively low-luminosity AGN (L,
> 10*? erg s~') become similar to the field. The population of AGN
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most affected by the cluster environment is low-luminosity AGN,
which are generally missed in observational studies of AGN.

7 FUTURE WORK AND SIMULATIONS

As mentioned throughout the paper, significant follow-up analysis
is planned to better understand the detailed consequences of ram
pressure stripping and pre-processing on star formation and SMBH
accretion in cluster member galaxies. Also, a more detailed analysis
of the structure and evolution of AGN winds and how they affect
star formation and cooling in the BCG will take place in future
work. The nature of SPH allows us to easily track the evolution of
gas that directly receives AGN feedback and that which becomes
entrained in large-scale winds, allowing us to better understand the
morphology of these outflows and why star formation shuts off
when it does.

ROMULUSC is the first of a planned suite of zoom-in simula-
tions of massive haloes. Currently, we have several more zoom-
in simulations planned including group-scale haloes (My =
3-5 x 101 Mg) as well as more massive clusters (Map =
2 x 10"—1 x 10'5 Mg). These simulations, combined with the
small galaxy groups in ROMULUSC (Mag0 ~ 10'%571* M o)) will allow
us to further explore galaxy evolution and SMBH feedback in differ-
ent environments and in the most massive galaxies. The success of
our fiducial simulation that we present here is very encouraging and
indicates that our sub-grid physics implementations are very much
up to the task of modelling galaxy and SMBH evolution correctly
within these unique environments.
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