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ABSTRACT

We have simulated the formation of a massive galaxy cluster (MSh¢ = 1.1x10'h =1 M) in
a ACDM universe using 10 different codes (RAMSES, 2 incarnations of AREPO and 7 of
GADGET), modeling hydrodynamics with full radiative subgrid physics. These codes include
Smoothed-Particle Hydrodynamics (SPH), spanning traditional and advanced SPH schemes,
adaptive mesh and moving mesh codes. Our goal is to study the consistency between sim-
ulated clusters modeled with different radiative physical implementations - such as cooling,
star formation and AGN feedback. We compare images of the cluster at z = 0, global prop-
erties such as mass, and radial profiles of various dynamical and thermodynamical quantities.
We find that, with respect to non-radiative simulations, dark matter is more centrally concen-
trated, the extent not simply depending on the presence/absence of AGN feedback. The scatter
in global quantities is substantially higher than for non-radiative runs. Intriguingly, adding ra-
diative physics seems to have washed away the marked code-based differences present in the
entropy profile seen for non-radiative simulations in Sembolini et al. (2015): radiative physics
+ classic SPH can produce entropy cores. Furthermore, the inclusion/absence of AGN feed-
back is not the dividing line -as in the case of describing the stellar content- for whether a
code produces an unrealistic temperature inversion and a falling central entropy profile. How-
ever, AGN feedback does strongly affect the overall stellar distribution, limiting the effect of

overcooling and reducing sensibly the stellar fraction.
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1 INTRODUCTION

This paper is a continuation of the nlFTy cluster comparison
project (Sembolini et al., 2015): a study of the latest state-of-
the-art hydrodynamical codes using simulated galaxy clusters as
a testbed for theories of galaxy formation. Simulations are indis-
pensable tools in the interpretation of astronomical observations
of these objects (see for instance Borgani & Kravtsov 2011). Al-
though early N-body simulations only modeled the gravitational
evolution of collisionless effects of dark matter (White 1976; Fall
1978; Aarseth, Turner & Gott 1979), these were vital for interpret-
ing galaxy surveys and unveiling the cosmic web of the large scale
structure of the Universe. The focus of modern simulations (see e.g.
Vogelsberger et al. 2014; Schaye et al. 2015) has shifted to model-
ing galaxy formation in a cosmological context , incorporating the
key physical processes that govern galaxy formation and the intra-
cluster medium (ICM).

The details of the physical processes that are part and parcel of
building a galaxy remain uncertain. Naturally, these processes in-
clude the conversion of gas to stars and the feedback of energy and
metals from supernovae into the surrounding medium (see e.g. Voit
2005 for a review of the radiative processes which govern the evo-
lution of the baryonic component). Galaxy clusters offer an ideal
testbed for the study of these processes and their complex interplay,
precisely because their enormous size encompasses a wide range of
relevant scales. As mentioned before, the goal of modern simula-
tions is now focused on modeling galaxy formation, incorporating
the key physical processes that drive galaxy formation - such as
the cooling of a collisional gaseous component (e.g. Pearce et al.
2000; Muanwong et al. 2001; Davé, Katz & Weinberg 2002; Kay
et al. 2004; Nagai, Kravtsov & Vikhlinin 2007; Wiersma, Schaye
& Smith 2009), the birth of stars from cool overdense gas (e.g.
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Springel & Hernquist 2003; Schaye & Dalla Vecchia 2008), the
growth of black holes (Di Matteo, Springel & Hernquist, 2005), and
the injection of energy into the inter-stellar medium by supernovae
(e.g. Metzler & Evrard 1994; Borgani et al. 2004; Davé, Oppen-
heimer & Sivanandam 2008 ;Dalla Vecchia & Schaye 2012) and
powerful AGN outflows (e.g. Thacker, Scannapieco & Couchman,
2006; Sijacki et al., 2007; Puchwein, Sijacki & Springel, 2008; Si-
jacki et al., 2008; Booth & Schaye, 2009; Steinborn et al., 2015).
These processes span an enormous dynamic range, both spatial and
temporal, from the sub-pc scales of black hole growth to the accre-
tion of gas on Mpc scales from the cosmic web.

One of the main issues with radiative simulations of galaxy
clusters is that they tend to convert a large fraction of gas into stars.
Observationally, only 10-15 per cent of the baryon component of
clusters is expected to be in the stellar phase (Gonzalez, Zaritsky
& Zabludoff, 2007), but radiative runs which only include stellar
feedback are affected by overcooling and usually convert too large
a fraction of the gas (above 30 per cent) inside the cluster virial
radius into stars (Borgani & Kravtsov, 2011).

Recent work on hydrodyamic simulations has identified AGN
feedback as a suitable candidate for overcoming this problem (e.g.
Puchwein, Sijacki & Springel, 2008; Puchwein et al., 2010; Fabjan
et al., 2010; McCarthy et al., 2010; Battaglia et al., 2012; Mar-
tizzi et al., 2012; Planelles et al., 2013; Pike et al., 2014; Le Brun
et al., 2014). Heating from AGN occurs via the release of energy
during accretion of the ICM gas onto a supermassive black hole
hosted by the central cluster galaxy: this energy is sufficiently high
to remove gas from the inner regions of clusters. At the same time,
AGN heating may also be able to explain the lack of gas in the cen-
tral region of dynamically relaxed clusters (the “cool core” clus-
ters). Pre-ejection of gas by AGN in the high-redshift progenitors
of present-day clusters may also be crucial (McCarthy et al., 2011).

This is where the nIFTy cluster comparison project comes in,
building on a long history of important comparison studies of sim-
ulated clusters (e.g. the Santa Barbara project, Frenk et al. 1999,
hereafter SB99) as well as galaxies (e.g. the Aquila project - Scan-
napieco et al. 2012 - and the AGORA project - Kim et al. 2014).

© 2015 RAS, MNRAS 000, 1-20



All codes and subgrid modules attempt to model the key processes
of galaxy formation. In our first paper, Sembolini et al. (2015)
(hereafter S15), we addressed a well known issue, first highlighted
in SB99: mesh-based and traditional SPH codes produced galaxy
cluster entropy profiles that were not in agreement. Grid based
codes displayed a constant entropy core whereas traditional SPH
codes produces profiles that continued to fall all the way towards
the centre. The latter behavior was due to the artificial surface ten-
sion and the associated lack of multiphase fluid mixing in classic
SPH (e.g. Wadsley, Veeravalli & Couchman, 2008; Mitchell et al.,
2009). Modern SPH codes attempted to address the lack of mix-
ing through a variety of means: artificial conduction (Price, 2008;
Valdarnini, 2012) and pressure-entropy formulations (Ritchie &
Thomas, 2001; Saitoh & Makino, 2013; Hopkins, 2013). In S15,
we clearly showed that modern SPH is able to create clusters with
flat entropy cores that are indistinguishable from those generated
by mesh-based codes.

Here we tackle the subgrid physics implemented in a variety
of state-of-the-art codes. We extend the analysis presented in S15
by performing simulations of the same cluster with full physics
runs where codes have radiative mechanisms describing gas cool-
ing, star formation, supernova feedback, black hole accretion and
AGN feedback. We used 10 different codes (RAMSES, 2 incarna-
tions of AREPO, 7 of GADGET), allowing each method to choose
their favorite radiative processes modeled by subgrid physics. This
allows us to study how the different mechanisms, especially star
formation and AGN feedback, influence the properties of simulated
clusters. We examine the overall cluster environment and we focus
our analysis on revisiting the gas entropy profiles.

The rest of this paper is organized as follows: in Section 2 we
briefly describe the codes used and the subgrid physics adopted by
each code along with a brief description of the data set. We then
discuss our results in Sections 3-5: starting with an overview of
the bulk properties of the cluster and the effect of radiative physics
(Section 3); followed by the dark matter distribution (Section 4); we
continue our analysis by studying the baryon distribution (Section
5): in Section 5.1 we describe key properties of the gas component
such as the temperature, entropy and gas fraction, concluding our
analysis by presenting the code-to-code differences in the distribu-
tion of stars (Section 5.2). We report our conclusions in Section
6.

2 THE CODES

The initial nIFTy cluster comparison project, as presented in Sem-
bolini et al. (2015), included 13 codes - RAMSES, ART, AREPO,
HYDRA and 9 variants of the GADGET code. In this study, we
consider the subset of these codes in which full radiative subgrid
physics has been included. A comprehensive summary of the ap-
proach taken to solve the hydrodynamic equations in each of these
codes can be found in S15; here we provide a brief recap of this
summary, with a focus on a description of the sub-grid physics im-
plemented in each code. Table 1 lists the codes included in this
work and their basic characteristics (the definition of modern and
classic SPH codes, as well as that of grid-based and moving-mesh
codes, is provided in Section 2 of S15).

© 2015 RAS, MNRAS 000, 1-20
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2.1 Mesh-based Codes

Grid-based

Ramses (Teyssier, Perret) Ramses is an adaptive mesh refinement
code. For fluid dynamics a directionally unsplit, second order Go-
dunov scheme with the HLLC Riemann solver is used. The N-body
solver is an adaptive particle mesh code, for which the Poisson
equation is solved using the multi-grid technique. The grid is adap-
tively refined on a cell-by-cell basis, following a quasi-Lagrangian
refinement strategy whereby a cell is refined into 8 smaller new
cells if its dark matter or baryonic mass grows by more than a fac-
tor of eight. Time integration is performed using an adaptive, level-
by-level, time stepping strategy. Parallel computing is based on the
MPI library, with a domain decomposition set by the Peano-Hilbert
space filling curve.

Cooling & Heating: Gas cooling and heating is performed assum-
ing coronal equilibrium with a modification of the Haardt & Madau
(1996) UV background and a self-shielding recipe based on Aubert
& Teyssier (2010), with an exponential cut-off of the radiation flux
with critical density neric = 0.01 H/em™3. All Hydrogen and He-
lium cooling and heating processes are included following Katz,
Weinberg & Hernquist (1996). Metal cooling is added using the
Sutherland & Dopita (1993) metal-only cooling function at solar
metallicity, multiplied by the local metallicity of the gas in solar
units. In this particular project, we use also a temperature floor
T. = 10* K to prevent spurious fragmentation of our relatively
poorly resolved galactic discs.

Star Formation: Star formation is implemented as a stochastic pro-
cess using a local Schmidt law, as in Rasera & Teyssier (2006). The
density threshold for star formation was set to n, = 0.1 H/cc, and
the local star formation efficiency per gas free fall time was set to
5 per cent.

Stellar Population Properties & Chemistry: Each star particle is
treated as a single stellar population (SSP) with a Chabrier (2003)
IMF. Mass and metal return to the gas phase by core collapse super-
novae only. A single average metal specie is followed during this
process and advected in the gas as a passive scalar, to be used as an
indicator of the gas metallicity in the cooling function.

Stellar Feedback: In this project, no feedback processes related to
the stellar population are used.

SMBH Growth & AGN Feedback: The formation of SMBH particle
is allowed using the sink particle technique described in Teyssier
et al. (2011). When the gas density is larger than the star formation
density threshold, a boost in the Bondi accretion rate is allowed, us-
ing the boost function o = (n/n.)* proposed by Booth & Schaye
(2009). The SMBH accretion rate is never allowed to exceed the
instantaneous Eddington limit. SMBH particles are evolved using
a direct gravity solver, to obtain a more accurate treatment of their
orbital evolution. SMBH particles more massive than 10° Mg, are
allowed to merge if their relative velocity is smaller than their pair-
wise scale velocity. Less massive SMBH particles, on the other
hand, are merged as soon as they fall within 4 cells from another
SMBH particle. The AGN feedback used is a simple thermal energy
dump with 0.1c? of specific energy, multiplied by the instantaneous
SMBH accretion rate. .
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Table 1. List of all the simulation codes participating in the second part of the nIFTy cluster comparison project, feedback models included, stellar (CSF) and

AGN, and different versions if present.

Type Code name CSF  AGN  Versions Reference
Grid-based RAMSES Y Y RAMSES-AGN  Teyssier et al. (2011)
Moving mesh AREPO Y Y AREPO-IL Vogelsberger et al. (2013, 2014)
Y N AREPO-SH
Modern SPH G3-X Y Y
G3-PESPH Y N Huang et al. (in prep.)
G3-MAGNETICUM Y Y Hirschmann et al. (2014)
Classic SPH G3-Music Y N G3-Music Sembolini et al. (2013)
G2-MusicPI Piontek & Steinmetz (2011)
G3-OWLS Y Y Schaye et al. (2010)
G2-X Y Y Pike et al. (2014)

Moving mesh

Arepo (Puchwein) Here we use two different versions of
AREPO: one including AGN feedback (AREPO-IL) and one not
including it (AREPO-SH).

AREPO uses a Godunov scheme on an unstructured moving
Voronoi mesh; mesh cells move (roughly) with the fluid. The main
difference between AREPO and traditional Eulerian AMR codes is
that AREPO is almost Lagrangian and Galilean invariant by con-
struction. The main difference between AREPO and SPH codes
(see next subsection) is that the hydrodynamic equations are solved
with a finite-volume Godunov scheme. The version of AREPO
used in this study conserves total energy in the Godunov scheme,
rather than the entropy-energy formalism described in Springel
(2010). Detailed descriptions of the galaxy formation models im-
plemented in AREPO can be found in Vogelsberger et al. (2013)
and Vogelsberger et al. (2014), but the key features can be summa-
rized as follows (hereafter we describe the features of AREPO-IL,
the radiative models used for AREPO-SH are the same than G3-
MUusIC, and are listed later in this section).

Cooling & Heating: Gas cooling takes the metal abundance into
account. The metal cooling rate is computed for solar composi-
tion gas and scaled to the total metallicity of the cell. Photoioniza-
tion and photoheating are followed based on the homogeneous UV
background model of Faucher-Giguere et al. (2009) and the self-
shielding prescription of Rahmati et al. (2013). In addition to the
homogeneous UV background, the ionizing UV emission of nearby
AGN is taken into account.

Star Formation: The formation of stars is followed with a multi-
phase model of the interstellar medium which is based on Springel
& Hernquist (2003) (hereafter SHO3) but includes a modified effec-
tive equation of state above the star formation threshold, i.e. above
a hydrogen number density of 0.13 cm ™3

Stellar Population Properties & Chemistry: Each star particle is
treated as a single stellar population (SSP) with a Chabrier (2003)
IMF. Mass and metal return to the gas phase by AGB stars, core
collapse supernovae and Type la supernovae is taken into account.
Nine elements are followed during this process (H, He, C, N, O,
Ne, Mg, Si, Fe).

Stellar Feedback: Feedback by core collapse supernovae is implic-
itly invoked by the multiphase star formation model. In addition, we
include a kinetic wind model in which the wind velocity scales with

the local dark matter velocity dispersion (vw ~ 3.70pm,1p) The
mass-loading is determined by the available energy which is as-
sumed to be 1.09x 10° erg per core collapse supernova. Wind par-
ticles are decoupled from the hydrodynamics until they fall below
a specific density threshold or exceed a maximum travel time. This
ensures that they can escape form the dense interstellar medium.

SMBH Growth & AGN Feedback: SMBHs are treated as collision-
less sink particles. Particles with a mass of 10°h™ M, are seeded
into halos once they exceed a mass of 5x10'°A~'M. The BHs
subsequently grow by Bondi-Hoyle accretion with a boost factor of
a = 100. The Eddington limit on the accretion rate is enforced in
addition. AGN are assumed to be in the quasar mode for accretion
rates larger than 5 per cent of the Eddington rate. In this case 1
per cent of the accreted rest mass energy is thermally injected into
nearby gas. For accretion rates smaller than 5 per cent of the Ed-
dington rate, AGN are in the radio mode in which 7 per cent of the
accreted rest mass energy is thermally injected into spherical bub-
bles (similar to Sijacki et al. 2007). Full details of the black hole
model are given in Sijacki et al. (2014).

2.2 SPH Codes
Modern SPH

Gadget3-X (Murante, Borgani, Beck) G3-X code is a develop-
ment of the non-public GADGET3 code. It includes an improved
SPH scheme, described in Beck et al. (2015). Main changes with
respect to the standard GADGET3 hydro are: (i) an artificial con-
duction term that largely improves the SPH capability of follow-
ing gas-dynamical instabilities and mixing processes; (ii) a higher-
order kernel (Wendland C4) to better describe discontinuities and
reduce clumpiness instability; (iii) a time-dependent artificial vis-
cosity term to minimize viscosity away from shock regions. Both
pure hydrodynamical and hydro/gravitational tests on the perfor-
mance of our improved SPH are presented in Beck et al. (2015).

Cooling & Heating: Gas cooling is computed for an optically thin
gas and takes into account the contribution of metals, using the
procedure of Wiersma, Schaye & Smith (2009), while a uniform
UV background is included following the procedure of Haardt &
Madau (2001).

Star Formation: Star formation is implemented as in Tornatore
et al. (2007) , and follows the star formation algorithm of SHO3

© 2015 RAS, MNRAS 000, 1-20



— gas particles above a given density threshold are treated as multi-
phase. The effective model of SHO3 describes a self-regulated,
equilibrium inter-stellar medium and provides a star formation rate
that depends upon the gas density only, given the model parameters.

Stellar Population Properties & Chemistry: Each star particle is
considered to be a single stellar population (SSP). We follow
the evolution of each SSP, assuming the Chabrier (2003) IME.
We account for metals produced in the SNela, SNell and AGB
phases, and follow 15 chemical species. Star particles are stochas-
tically spawned from parent gas particles as in SHO3, and get
their chemical composition of their parent gas. Stellar lifetimes are
from Padovani & Matteucci (1993); metal yields from Woosley &
Weaver (1995) for SNell, Thielemann et al. (2003) for SNela, and
van den Hoek & Groenewegen (1997) for AGB stars.

Stellar Feedback: SNell release energy into their surroundings, but
this only sets the hot gas phase temperature and, as a consequence,
the average SPH temperature of gas particles. Supernova feedback
is therefore modeled as kinetic and the prescription of SHO3 is fol-
lowed (i.e. energy-driven scheme with a fixed wind velocity of 350
km/s, wind particles decoupled from surrounding gas for a period
of 30 Myr or until ambient gas density drops below 0.5 times the
multiphase density threshold).

SMBH Growth & AGN Feedback: AGN feedback, follows the
model described in Steinborn et al. (2015). Nevertheless, while this
model includes a Bondi-Hoyle like gas accretion (Eddington lim-
ited) onto SMBH, distinguishing the cold and the hot component
(their Eq. 19), here we only consider the cold accretion, using a
fudge-factor acotq = 100 in the Bondi-Hoyle formula. In other
words, anot = 0. The radiative efficiency is variable, and it is eval-
uated using the model of (Churazov et al., 2005). Such a model out-
puts separately the AGN mechanical and radiative power as a func-
tion of the SMBH mass and the accretion rate; however, here we
sum up these powers and give the resulting energy to the surround-
ing gas, in form of purely thermal energy. We set the efficiency of
AGN feedback/gas coupling to €5, = 0.05.

We tuned the parameters of our new hydro scheme using the
tests presented in Beck et al. (2015), and those of the AGN model
for reproducing observational scaling relations between SMBH
mass and stellar mass of the host galaxies. We note that we did
not make any attempt to tune parameters to reproduce any of the
observational properties of the ICM. First results on the application
of this code to simulations of galaxy clusters, including the repro-
duction of the Cool Core/ Non-Cool Core dichotomy, can be found
in Rasia et al. (2015).

A black hole (BH) of mass 5x10°h ™My, is seeded at the
centre of each friends-of-friends (FoF) group whose mass exceeds
2.5%10*1h ' Mg and which does not already contain a BH.

Gadget3-PESPH (February, Davé, Katz, Huang) This version
of GADGET uses the pressure-entropy SPH formulation of Hop-
kins (2013) with a 128 neighbour HOCTS(n=5) kernel and the
time-dependent artificial viscosity scheme of Morris & Monaghan
(1997).

Cooling & Heating: Radiative cooling using primordial abun-
dances is modeled as described in Katz, Weinberg & Hernquist
(1996), with additional cooling from metal lines assuming photo-
ionization equilibrium following Wiersma, Schaye & Smith (2009).
A Haardt & Madau (2001) uniform ionizing UV background is as-
sumed.

Star Formation: Star formation follows the approach set out in

© 2015 RAS, MNRAS 000, 1-20
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SHO3, where a gas particle above a density threshold of ng = 0.13
em™ is modeled as a fraction of cold clouds embedded in a
warm ionized medium, following McKee & Ostriker (1977). The
star formation rate obeys the Schmidt (1959) law and is propor-
tional to nllf’, with the star formation timescale scaled to match
the z=0 Kennicutt (1998) relation. In addition, the heuristic model
of Rafieferantsoa et al. (2014), tuned to reproduce the exponential
truncation of the stellar mass function, is used to quench star for-
mation in massive galaxies. A quenching probability Pg, which de-
pends on the velocity dispersion of the galaxy, determines whether
or not star formation is stopped in a given galaxy; if it is stopped,
each gas particle eligible for star formation first has its quenching
probability assessed, and if it is selected for quenching then it is
heated to 50 times the galaxy virial temperature, which unbinds it
from the galaxy.

Stellar Population Properties & Chemistry: Each star particle is
treated as a single stellar population with a Chabrier (2003) IMF
throughout. Metal enrichment from SNela, SNell and AGB stars
are tracked, while 4 elements — C, O, Si and Fe — are also tracked
individually, as described by Oppenheimer & Davé (2008).

Stellar Feedback: Supernova feedback is assumed to drive galactic
outflows, which are implemented using a Monte Carlo approach
analogous to that used in the star formation prescription. Out-
flows are directly tied to the star formation rate, using the relation
Mwind = nxSFR, where 7 is the outflow mass loading factor.
The probability for a gas particle to spawn a star particle is calcu-
lated from the subgrid model described above, and the probability
to be launched in a wind is n times the star formation probabil-
ity. If the particle is selected to be launched, it is given a velocity
boost of v, in the direction of v X a, where v and a are the parti-
cle instantaneous velocity and acceleration, respectively. This is a
highly constrained heuristic model for galactic outflows, described
in detail in Davé et al. (2013), which utilizes outflows scalings ex-
pected for momentum-driven winds in sizable galaxies (¢ > 75km
s!), and energy-driven scalings in dwarf galaxies. In particular, the
mass loading factor (i.e. the mass outflow rate in units of the star
formation rate) is 7 = 150km s~ ' /o for galaxies with velocity
dispersion o > 75km s’ , and n = 150km s~' /o? for o < 75km

st.

SMBH Growth & AGN Feedback: These processes are not in-
cluded.

Gadget3-Magneticum (Saro) G3-MAGNETICUM is an advanced
version of GADGET3. In this version, a higher order kernel based
on the bias-corrected, sixth-order Wendland kernel (Dehnen & Aly,
2012) with 295 neighbors is included. The code also incorporates
a low viscosity scheme to track turbulence as original described
in Dolag et al. (2005) with improvements following Beck et al.
(2015). Gradients are computed with high-order scheme (Price,
2012) and thermal conduction is modeled isotropically at 1/20th
of the Spitzer rate (Dolag et al., 2004). The simulation is run with
a time-step limiting particle wake-up algorithm (Pakmor et al.,
2012). The models adopted for cooling, star formation and stellar
feedback are the same that in G3-X, but with different parameters.

Cooling & Heating: The simulation allows for radiative cooling
according to (Wiersma, Schaye & Smith, 2009) and heating from a
uniform time-dependent ultraviolet background (Haardt & Madau,
2001). The contributions to cooling from each one of 11 elements
(H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe) have been pre-computed us-
ing the publicly available CLOUDY photoionization code (Ferland
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et al., 1998) for an optically thin gas in (photo-)ionization equilib-
rium.

Star Formation: We model the interstellar medium (ISM) by us-
ing a subresolution model for the multiphase ISM of Springel &
Hernquist (2003). In this model, the ISM is treated as a two-phase
medium, in which clouds of cold gas form by cooling of hot gas,
and are embedded in the hot gas phase assuming pressure equilib-
rium whenever gas particles are above a given threshold density.

Stellar Population Properties & Chemistry: We include a detailed
model of chemical evolution according to Tornatore et al. (2007).
Metals are produced by SNII, by supernovae type Ia (SNIa) and
by intermediate and low-mass stars in the asymptotic giant branch
(AGB). Metals and energy are released by stars of different masses,
by properly accounting for mass-dependent life-times (with a
lifetime function according to Padovani & Matteucci 1993), the
metallicity-dependent stellar yields by Woosley & Weaver (1995)
for SNII, the yields by van den Hoek & Groenewegen (1997) for
AGB stars, and the yields by Thielemann et al. (2003) for SNIa.
Stars of different masses are initially distributed according to a
Chabrier initial mass function (IMF; Chabrier 2003).

Stellar Feedback: The hot gas within the multiphase model describ-
ing the ISM is heated by supernovae and can evaporate the cold
clouds. A certain fraction of massive stars (10 per cent) is assumed
to explode as supernovae type II (SNII). The released energy by
SNII (103! erg) triggers galactic winds with a mass loading rate
proportional to the star formation rate (SFR) with a resulting wind
velocity of vy, =350 km/s.

SMBH Growth & AGN Feedback: Our simulations include pre-
scriptions for the growth of black holes and the feedback from ac-
tive galactic nuclei (AGN) based on the model of Springel et al.
(2005a) and Di Matteo, Springel & Hernquist (2005) with the
same modifications as in Fabjan et al. (2010) and some new, mi-
nor changes as described below. The accretion onto black holes
and the associated feedback adopts a sub-resolution model. Black
holes can grow in mass by either accreting gas from their environ-
ments, or merging with other black holes. The gas accretion rate
is estimated by the Bondi-Hoyle Lyttleton approximation, (Hoyle
& Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952). The black
hole accretion is always limited to the Eddington rate and a char-
acteristic boost factor of 100 is applied as only the accretion to
large scale is captured. Unlike in Springel et al. (2005a), in which
a selected gas particle contributes to accretion with all its mass, we
include the possibility for a gas particle to accrete only with a frac-
tion (1/4) of its original mass. A fraction r = 0.1 of the accreted
mass is converted into energy, and a fraction f = 0.1 of this energy
is then thermally coupled with gas within the smoothing length of
the BH, weighted using the same SPH kernel used for the hydro-
dynamics. Following Sijacki et al. (2007), when the accretion rate
drops below a given threshold, it is assumed that there is a transi-
tion from a OquasarO mode to a OradioO mode of AGN feedback,
and the feedback efficiency is enhanced by a factor of 4. In con-
trast to Springel et al. (2005a), we modify the mass growth of the
BH by taking into account the feedback, e.g., AMpy o (1 — 7).
Other more technical modifications on the BH dynamics with re-
spect to the original implementation have been included. We refer
the reader to Dolag et al. (2015) & Hirschmann et al. (2014) for
more details, where we also demonstrate that the bulk properties of
the AGN population within the simulation are quite similar to the
observed AGN properties.

Classic SPH

Gadget3-OWLS (McCarthy, Schaye) This is a heavily modified
version of GADGET3 using a classic entropy-conserving SPH for-
mulation with a 40 neighbor M3 kernel.

Cooling & Heating: Radiative cooling rates for the gas are com-
puted on an element-by-element basis by interpolating within pre-
computed tables (generated with the CLOUDY code; cf. Ferland
et al. 2013) that contain cooling rates as a function of density, tem-
perature and redshift calculated in the presence of the cosmic mi-
crowave background and photoionization from a Haardt & Madau
(2001) ionizing UV/X-ray background (further details in Wiersma,
Schaye & Smith, 2009).

Star Formation: Star formation follows the prescription of Schaye
& Dalla Vecchia (2008) — gas with densities exceeding the crit-
ical density for the onset of the thermogravitational instability is
expected to be multiphase and to form stars (Schaye, 2004). Be-
cause the simulations lack both the physics and numerical resolu-
tion to model the cold interstellar gas phase, an effective equation
of state (EOS) is imposed with pressure P o p4/ 3 for densities
nu > n. where n. = 0.1cm™>. As described in Schaye & Dalla
Vecchia (2008), gas on the effective EOS is allowed to form stars at
a pressure-dependent rate that reproduces the observed Kennicutt-
Schmidt law (Kennicutt, 1998) by construction.

Stellar Population Properties & Chemistry: The ejection of met-
als by massive- (SNell and stellar winds) and intermediate-mass
stars (SNela, AGB stars) is included following the prescription of
Wiersma et al. (2009). A set of 11 individual elements are followed
(H, He, C, Ca, N, O, Ne, Mg, S, Si and Fe), which represent all the
important species for computing radiative cooling rates.

Stellar Feedback: Feedback is modeled as a kinetic wind (Dalla
Vecchia & Schaye, 2008) with a wind velocity vy, = 600kms™*
and a mass loading n = 2, which corresponds to using approxi-
mately 40 per cent of the total energy available from SNe for the
adopted Chabrier (2003) IMFE. This choice of parameters results in
a good match to the peak of the SFR history of the universe (Schaye
et al., 2010).

SMBH Growth & AGN Feedback: Each black hole can grow either
via mergers with other black holes within the softening length or
via Eddington-limited gas accretion, the rate of which is calculated
using the Bondi-Hoyle formula with a modified efficiency, setting
B = 2 as in Booth & Schaye (2009). The black hole is forced to sit
on the local potential minimum, to suppress spurious gravitational
scattering (Springel et al., 2005b). Feedback is done by storing up
the accretion energy (assuming €, = 0.1, ey = 0.15) until at least
one particle can be heated to a fixed temperature of Tagn = 108K
(Booth & Schaye, 2009). A friends-of-friends algorithm is run on
the fly and FOF haloes with at least 100 dark matter particles (and
that do not yet have a black hole particle) are seeded with a black
hole particle. The initial mass of this particle is set to 10™2 times
the (initial) gas mass.

Gadget2-X (Kay, Newton) This is a modified version of the
original GADGET2 Tree-PM code that uses the classic entropy-
conserving SPH formulation with a 40 neighbor M3 kernel. A de-
tailed description of the code can be found in Pike et al. (2014), but
its key features can be summarized as follows.

Cooling & Heating: Cooling follows the prescription of Thomas &
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Couchman (1992) — a gas particle is assumed to radiate isochori-
cally over the duration of its timestep. Collisional ionization equi-
librium is assumed and the cooling functions of Sutherland & Do-
pita (1993) are used, with the metallicity Z=0 to ignore the increase
in cooling rate due to heavy elements. Photo-heating rates are not
included but the gas is heated to a minimum 7' = 10*K at z < 10
and ng < 0.lcm™3.

Star Formation: Star formation follows the method of Schaye &
Dalla Vecchia (2008); it assumes an equation of state for the gas
with ng > 0.1cm ™3, with an effective adiabatic index of Yef =
4/3 for constant Jeans mass. Gas is converted to stars at a rate
given by the Kennicutt-Schmidt relation (Schmidt, 1959; Kenni-
cutt, 1998), assuming a disc mass fraction f; = 1. The conversion
is done stochastically on a particle-by-particle basis so the gas and
star particles have the same mass.

Stellar Population Properties & Chemistry: Each star particle is
assumed to be a single stellar population with a Salpeter (1955)
IMFE.

Stellar Feedback: A prompt thermal Type II SNe feedback model
is used. This assumes that a fixed number, Nsn, of gas particles are
heated to a fixed temperature, Tsn, with values of Nsy = 3 and
Tsn=10" K chosen to match observed hot gas and star fractions (cf.
Pike et al., 2014). Heated gas is allowed to interact hydrodynami-
cally with its surroundings and radiate.

SMBH Growth & AGN Feedback: A variation on the Booth &
Schaye (2009) model is used. Black holes are seeded in friends-
of-friends (FOF) haloes with more than 50 particles at z = 5, at
the position of the most bound star or gas particle, which is re-
placed with a black hole particle. The gravitational mass of the re-
placed particle is unchanged but an infernal mass of 10°h™ Mg
is adopted for the calculation of feedback. Each black hole can
grow either via mergers with other black holes within the soften-
ing length or via Eddington-limited gas accretion, the rate of which
is calculated using the Bondi-Hoyle formula with a modified effi-
ciency, setting S = 2 as in Booth & Schaye (2009). The black hole
is forced to sit on the local potential minimum, to suppress spu-
rious gravitational scattering. Feedback is done by storing up the
accretion energy (assuming €, = 0.1, ey = 0.15) until at least one
particle can be heated to a fixed temperature of Tacn = 3 x 103K.
This high temperature was chosen for high-mass clusters to match
their observed pressure profiles — a lower temperature causes too
much gas to accumulate in cluster cores because there is insuffi-
cient entropy to escape to larger radius).

Gadget3-MUSIC (Yepes, Sembolini) This is the original code
adopted for MUSIC-2 dataset (Sembolini et al., 2013), simulated
using a modified version of the GADGET3 Tree-PM code that uses
classic entropy-conserving SPH formulation with a 40 neighbor
M3 kernel. The basic SHO3 model was used, the key features
of which can be summarized as follows. In this work we also
present Gadget2-MUSIC, an alternative version of MUSIC per-
formed using the radiative feedbacks described in Piontek & Stein-
metz (2011) (G2-MuUsICPI since now on).

Cooling & Heating: Radiative cooling is assumed for a gas of pri-
mordial composition, with no metallicity dependence, and the ef-
fects of a background homogeneous UV ionizing field is assumed,
following Haardt & Madau (2001).

Star Formation: The SHO3 model is implemented.

Stellar Population Properties & Chemistry: A Salpeter (1955) IMF
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is assumed, with a slope of -1.35 and upper and lower mass limits
of 40M¢ and 0.1M respectively.

Stellar Feedback: This has both a thermal and a kinetic mode; ther-
mal feedback evaporates the cold phase within SPH particles and
increases the temperature of the hot phase, while kinetic feedback
is modeled as a stochastic wind (as in SHO3) — gas mass is lost due
to galactic winds at a rate M., which is proportional to the star for-
mation rate M. «, such that Mu, = nM «, with n = 2. SPH particles
near the star forming region will be subjected to enter in the wind
in an stochastic way. Those particles impacted upon by the wind
will be given an isotropic velocity kick of vy =400 km/s and will
freely travel without feeling pressure forces up to 20 kpc distance
from their original positions

SMBH Growth & AGN Feedback: These processes are not in-
cluded.

Colour & line style scheme In all the radial plots below we dis-
tinguish codes including AGN feedback from codes which only in-
clude stellar feedback. The first group is identified by dashed lines
and the second one by solid lines. Each code is identified by a dif-
ferent color. In all the plots, the codes are ordered by decreasing

crit

gas fraction at R5qy from left to right (or top to bottom).

2.3 The Data

We use zoom simulations of clusters produced with a variety of
codes running full physics (FP) models, building upon the dark
matter only and non-radiative simulations of S15. The initial con-
ditions for our zoom simulations were drawn from the MUSIC-
2 cluster catalog (Sembolini et al. 2013; Sembolini et al. 2014;
Biffi et al. 2014) ! of re-simulated halos from the MultiDark cos-
mological simulation . All the data from the parent simulation
are accessible online through the MultiDark Database®. Our cho-
sen cosmology corresponds to the best-fitting ACDM model to
WMPA7+BAO+SNI data (Q2m = 0.27, Q, = 0.0469, QA = 0.73,
os = 0.82,n = 0.95, h = 0.7, Komatsu et al. 2011). The effective
resolution of these simulations is mpy = 9.01 x 108 h’lM@ and,
for the SPH codes, mgas = 1.9 x 10° h™'Mg.

The mass of a gas element naturally varies in our mesh codes.
Star particle masses varies from code to code depending on how
many generations of stars a gas element produces and the mass of
the gas element being converted into a star particle.

All the halos were identified and analyzed using
the Amiga Halo Finder, AHF (Gill, Knebe & Gibson
2004; Knollmann & Knebe 2009; freely available from
http://popia.ft.uam.es/AHF).

3 BULK PROPERTIES

Before we focus on the various components of our simulated
clusters, we analyze the impact that the different subgrid models
adopted in full physics simulations (FP) have on the bulk proper-
ties of the cluster.

1 Specifically, it is cluster 19 of MUSIC-2 dataset; all the initial conditions
of MUSIC clusters are available at http://music.ft.uam.es

2 A dark-matter only simulation containing 20483 particles in a
(1h~1Gpc)? cube performed using ART (Kravtsov, Klypin & Khokhlov,
1997) at the NASA Ames Research centre (Prada et al., 2012)

3 www.cosmosim.org
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Figure 1. Values of fgas and fstar as calculated at A, = 500 for the dif-
ferent codes. The green area corresponds to the phase space supported by
observations. Codes including AGN feedback are represented as diamonds,
codes not including AGN feedback as triangles.

As already mentioned in Section 1, one of the main goals of
modern simulations is to give a description of the baryonic (galax-
ies and ICM) component of clusters which succeeds in reproducing
observational results. We therefore start our analysis by testing how
the different codes used in this work compare with measurements
of the gas and stellar components as provided by observations. We
show in Figure 1 the values of fgas as calculated at RENE, the ra-
dius enclosing A, = 500 times the critical density (the gas fraction
with respect to the total mass of the cluster) against those of fstar
(the star fraction) evaluated at the same overdensity. The green area
indicates the range of values allowed by observations; as observa-
tional results still do not agree (e.g. Gonzalez et al. 2013 invokes
higher gas fractions for massive clusters with respect to previous re-
sults, see Section 5 for a more detailed discussion), we set very non-
restrictive limits to the extreme permitted values: 0.11 < fgas <
0.174 (the value of the cosmic ratio according to WMAP7) and
0.005 < fstar < 0.03. We see that most of the codes not including
AGN feedback show values of the stellar fraction which have been
ruled out by observations, although they are able to reproduce the
gas content. In this work we do not use an observational approach
to estimate baryonic masses (e.g. measuring the gas fractions from
synthetic X-rays observations), but we estimate the masses by sim-
ply counting the number of particles inside a fixed radius.

Figure 2 shows a selection of global properties calculated
within RSHS, the radius enclosing 200 times the critical density:
radius, mass, mass-weighted gas temperature, gas and stellar frac-
tions, shape parameters (here we report the values of the minor
semi-axes, b and ¢, normalized to that of the major semi-axis, a) and
the one dimensional velocity dispersion, opm. The first feature is
that the scatter in FP simulations is higher than in the non-radiative
(NR) case (see S15). The mean values for the total mass, radius,
shape (with the exception in this case of RAMSES-AGN) and DM

velocity dispersion are extremely close to those in the non-radiative
runs and still have very low scatter (less than 2 per cent).

More importantly, pronounced differences lie in the baryonic
sector. The temperature (4.3 keV, corresponding approximately to
5x107K) is ~20 per cent higher in FP simulations than in NR mod-
els (3.7 keV) and has a scatter around 5 per cent compared to that
of 2 per cent registered in the NR comparison. The gas fraction
is lower than what was found in the non-radiative case (as some
of the gas has been converted to stars), especially for the codes
which do not include AGN feedback. The overall fractions show
significant scatter: fgas ~ 0.12 — 0.18 and a code-to-code scat-
ter of 30-40 per cent; the discrepancies are more dramatic for the
stellar component, where fsiar varies between 0.01 — 0.05 . The
total baryon fraction (foar = fgas + fstar) shows a more moder-
ate scatter (around 10 per cent) and most of the codes show val-
ues around 0.16, very close to the cosmic ratio (here we adopt the
value -used for our simulations- of 2/, ~ 0.174 reported using
WMAP7+BAO+SNI data by Komatsu et al. 2011). RAMSES-AGN
is the outlier, showing a baryon fraction that is slightly larger than
the cosmic ratio (fpar ~ 0.18). Interestingly, we observe a trend in
the AGN codes, from RAMSES-AGN to G3-OWLS the tempera-
ture tends to increase and at the same time, the gas fraction tends to
decrease. This may suggest a variation in feedback strength from
left-to-right (as more and more gas is expelled, the remaining gas
is hotter).

Figure 3 shows how the main global cluster properties re-
ported in Figure 2 changed in full physics simulations with respect
to the NR runs reported in S15. The quantities that exhibit less scat-
ter (e.g. mass and radius) are, as expected, also the ones whose val-
ues were basically unchanged with respect to the NR models, with
differences lower than 1 per cent (only for RAMSES-AGN some of
these values are 5 per cent higher than its NR version) and scatters
between 1 and 3 per cent. The temperature and gas fraction, which
depend only on the baryon component and are therefore more af-
fected by radiative processes, exhibit higher differences: as the gas
is heated by the different energy injection mechanisms included in
the FP simulations, temperatures are on average 10 per cent higher
(with the only exception of RAMSES-AGN, which registers a tem-
perature a few per cent lower than its NR model) with a scatter of
7 per cent. Furthermore, as part of the baryon component is now
converted into stars, the gas fraction is now substantially lower: we
find a median value of 15 per cent and a scatter of 13 per cent.
On the other hand, the methods with the lowest portion of baryons
converted into stars (see Section 5.2), such as RAMSES-AGN and
G3-X, show a gas fraction very close to the value registered for
the corresponding NR version. The total baryon fraction is either
almost unaltered or 5-10 per cent lower than in the NR case for
almost all the codes.

4 DARK MATTER

A visual comparison of the density field centered on the cluster
at z = 0 is presented in Figure 4 and density profiles are shown
in Figure 5. Although all the codes successfully recover the same
object and its main features (e.g. the position of the main subhalo,
which in the maps is located at 7 o’clock close to RSy, except for
RAMSES-AGN, which seems to have a slightly different merger
phase), the dark matter distribution differs significantly more than
what was found in S15 for the dark matter-only and non-radiative
models.

These differences in the dark matter distribution arise in re-
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Figure 2. Global properties of the cluster produced by different codes. All
quantities are computed within REB%. From top panel to bottom panel: (1)
the one-dimensional velocity dispersion of the dark matter, (2) the axial
ratio (b/a in black, ¢/a in red), (3) the mass-weighted temperature, (4)
the gas fraction (black), the star fraction (red) and the total baryon fraction
(blue), (5) the radius and (6) the total cluster mass. The solid lines represent
the median value for each one of the plotted quantities and the dashed lines
= the 1-o scatter.

sponse to the baryons. As baryons cool they can pull in dark mat-
ter with an effect similar to adiabatic contraction (Eggen, Lynden-
Bell & Sandage 1962; Zel’dovich et al. 1980). This contraction may
look surprising at first sight as dark matter dominates the mass bud-
get of the cluster, exceeding baryonic matter by a factor of ~ 6.
However, the gravitational field in the central regions of a halo is
dominated by stars, which formed from the condensations of cool-
ing baryons. The amount of the contraction was studied for the first
time in cosmological simulations by Gnedin et al. (2004) (and re-
cently revisited by Capela, Pshirkov & Tinyakov 2014). These stud-
ies indicated that cooling and star formation can produce clusters
and galaxies with central dark matter densities that are an order
of magnitude higher than analogues in non-radiative runs. Duffy
et al. (2010) studied the effects of feedback from star formation
and AGN, finding large variations and much less contraction when
AGN feedback is included.

Of greater significance is the variety in the dark matter distri-
butions, most easily seen in the radial profiles of Figure 5. The first
notable systematic is that codes which exhibit a stronger contrac-
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Figure 3. Ration between the same global properties shown in Figure 2 and
the same values calculated for the correspondent NR runs and shown in
Figure 4 of S15. The solid lines represent the median value for each one of
the plotted quantities and the dashed lines +1%.

tion are those which do not include AGN feedback (G3-MUsIC,
G2-MusIcPI, AREPO-SH), with the exception of G3-PESPH.
These codes have inner regions (R < 100h~'kpc) with densities
a factor of 2 higher than the other codes. Many studies show that
simulations of clusters that lack a physical mechanism to stop the
central cooling of the gas are affected by the problem of overcool-
ing (e.g. Suginohara & Ostriker 1998; Lewis et al. 2000; Tornatore
et al. 2003; Nagai & Kravtsov 2004). These codes have a notably
higher fraction of the baryons in the form of cold gas and stars
within the virial radius than inferred from observations, 30-50 per
cent vs 10-20 per cent, and are expected to produce more stars (see
Section 5.2 for a more detailed discussion). This picture fits with
their higher dark matter concentrations.

Codes that include AGN feedback do not have such a pro-
nounced contraction, with dark matter profiles similar to that re-
ported for NR runs (see Figure 2 in S15). The interesting exception
noted before is G3-PESPH, which has a profile similar to G2-
X and G3-X. Among the AGN codes, AREPO-IL experiences the
smallest contraction, a factor of 2 less than the other codes. As the
contraction is related to the star formation efficiency, it is no sur-
prise to find that AREPO-IL is one of the codes with the fewest
stars (see Figure 13 in Section 5.2).

The profiles not only show systematic differences, the code-to-
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code scatter in full physics simulations is considerably higher (up
to a factor of 5 between the two different versions of AREPO at
the center of the halo) than that observed in the DM-only and non-
radiative runs (see Figures 1, 2 and A1l of S15), where differences
never exceeded 20 per cent. This scatter occurs primarily in the
central regions. The cluster outskirts show a scatter of < 10 per
cent. The large difference between the two different versions of
AREPO confirms how the dark matter distribution depends on the
subgrid physics adopted, and in particular by how energy is injected
into the gas reservoir.

5 BARYONS

We now focus on the baryons in our simulated clusters. We show
the z = 0 gas and stellar distributions of some relevant cluster
properties produced by each code in Figures 6-13.

5.1 Gas

A visual comparison of the gas density field centered on the cluster
at z = 0 is presented in Figure 6. There is a substantial amount of
variation in the central gas density, with some methods (AREPO-
IL, G3-X, G2-MusiIcPI, G3-OWLS) having significantly larger
extended nuclear regions. Some codes appear to show numerous
small dense gas clumps in the cluster outskirts, especially those in-
cluding AGN feedback: in this case AGN prevents gas from cooling
and forming stars, and therefore more gas is left in these substruc-
tures. More significantly, we observe that different subgrid physics
applied to the same code (AREPO) produces very different gas
environments.

Figure 7 allows a visual comparison of stellar density distri-
butions. The projected stellar densities appear to show even more
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variation. RAMSES-AGN, AREPO-IL and G3-X have dense stellar
objects whereas AREPO-SH, G3-MUSIC and G2-MUSICPI have
significantly more extended stellar distribution. G3-OWLS also
has an extended intra-cluster stellar halo but also has numerous
stellar concentrations. Moreover, features of the gas distribution do
not map to features in the stellar distribution, i.e., an extended gas
distribution does not necessarily produce an extended stellar distri-
bution. For instance, both G2-X and RAMSES-AGN show a very
high gas concentration in the core, but the latter produces a much
more limited star distribution.

The gas differences seen in Figure 6 are also evident in the ra-
dial gas density profiles presented in Figure 8. The code-to-code
scatter in the central regions is ~ 40 per cent and decreases in
the outskirts of the cluster. The outliers are G3-PESPH, which
produces the lowest central density in the core (a factor of 2 3
times smaller), and RAMSES-AGN, which has the highest. In the
outskirts the differences among codes are much more contained at
overdensities lower than 2500 (although RAMSES-AGN, AREPO-
IL and G3-X show slightly higher gas densities). Interestingly, we
also notice that G3-MUSIC and AREPO-SH, which adopt the same
star formation model (SHO3), show very similar gas fraction pro-
files in the outskirts. The scatter is generally higher than in the non-
radiative case (see Figure 6 of S15). As anticipated visually by Fig-
ure 6, the same hydrodynamics code with different subgrid physics
produces different gas distributions (e.g. AREPO). Furthermore,
in the behavior of the gas density there is not a clear distinction
between grid-based and modern SPH codes on the one hand and
classic SPH on another hand as highlighted in the NR case (Figure
6 of S15).

We next show in Figure 9 the radial mass-weighted tempera-
ture profiles, defined as:

T > Timy
mw Zz ™ ;

ey
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where m; and T; are the mass and temperature of the gas parti-
cles/cells. The code-to-code scatter is large, especially at the cen-
ter of the cluster. G3-OWLS, G3-MAGNETICUM, RAMSES-AGN
and G2-X show a central temperature inversion, similar to that ob-
served in non-radiative, classic SPH simulations: the inner temper-
ature is 2 — 3 times smaller than the peak value, which here is
8 — 10 keV. In particular, G3-MAGNETICUM shows a very sharp
temperature inversion at R ~ 0.12~*Mpc: this effect is probably
due to overcooling, as a large portion of the gas in the core is con-
verted into a massive gaseous BCG. In contrast, all the other codes
display rising profiles going towards the the core, a behavior that is
observed in modern SPH and mesh-based non-radiative simulations
(see Figure 7 of S15). The typical peak temperature for this cluster
in these codes is 10— 13 ke V. The outlier amongst the codes with no
temperature inversion is AREPO-SH, which has an inner temper-
ature exceeding 20 keV. Intriguingly, pronounced differences be-
tween codes including and not including AGN feedback are not vis-
ible. It is also interesting that some classic SPH codes (such as G3-
MusIc), which in the non-radiative simulations produce a central
temperature inversion, now produce monotonically rising tempera-
ture profiles (in agreement with Rasia et al. 2014, which pointed out
that radiative processes decrease the tension in temperature profiles
between classic SPH and adaptive-mesh codes).

We combine the gas density and temperature to produce the
radial gas entropy profiles shown in Figure 10, where we adopt the
definition of entropy commonly used in the observational X-ray
literature:

S(R) = Lj?(m, )

ne’ " (R)
where n. is the number density of free electrons of the gas. We ob-
serve that the differences between modern and classic SPH meth-
ods that had been displayed for the non-radiative case (see Figure
8 of S15) have been washed away to a certain extent with the in-
clusion of radiative subgrid physics. Radiative processes dominate

the effect that different treatments of artificial viscosity and en-
tropy dissipation have on the entropy profile. That is not to say that
codes produce the same profile. Codes with temperature inversions
(G3-MAGNETICUM, G2-X) still stand out. However, the key re-
sult is that classic SPH codes such as G3-MUSIC and G3-OWLS
no longer produce declining entropy profiles with decreasing ra-
dius: they now exhibit an almost-flat entropy core. The other classic
SPH code, G2-X, still displays a falling entropy inner profile. Sub-
grid physics can wash away the differences between classic SPH
and mesh codes. Interestingly, the modern SPH code G3-PESPH,
which produced a falling inner entropy profile more similar to clas-
sic SPH in NR simulations than to other modern SPH methods,
is now indistinguishable from the AREPO-SH entropy profile. We
also note that the introduction of radiative physics in the mesh code
AREPO has pushed the entropy profile in the opposite direction. In
non-radiative runs, AREPO produces flat entropy cores but it now
has a shallow slope in both its subgrid versions. The grid-based
code RAMSES shows an almost flat entropy core, although signif-
icantly lower than some classic SPH codes such as G3-MUSIC. An-
other key result is that AGN feedback does not seem to play a dom-
inant role in governing the entropy profile (e.g. the G3-MUSIC and
G3-X entropy profiles are similar). In general, codes produce an
“almost-flat” central entropy profile, matching the observed over-
all X-ray profiles (see e.g. Walker et al. 2012). X-ray observations
show flat entropy cores for NCC clusters and declining entropy pro-
files for CC clusters (see also Rasia et al. 2015 for a discussion on
the effect of AGN wvs artificial diffusion on the entropy profiles and
their relative importance in establishing the cool-coreness of clus-
ters).

A natural follow-up question to ask is whether similar
(dis)agreement between codes is seen for the gas fraction (see Fig-
ure 11):

e[S (5 e

Another key result of S15 was that classic SPH codes typically
have very baryon rich cores, Y gas(R<0.1h™ Mpc) >0.4, whereas
newer SPH schemes, mesh codes and AREPO produce cores with
Ygas(R < 0.1h7*Mpc) < 0.2. Full physics simulations contain
little gas in the central regions as a result of star formation, re-
gardless of the code used. RAMSES-AGN, AREPO-IL, G2-X and
G3-X show a gas fraction that is significantly higher than for the
other codes at RSEY, and, in the case of RAMSES-AGN, it exceeds
the cosmic ratio outside RSLyo: as shown in Figure 3, its value at
RSHY is even higher than in the NR case.

The key systematic difference between codes arises from
AGN feedback, which produces in RAMSES-AGN, AREPO-IL and
G3-X the most evident effect (with the last two showing very sim-
ilar results). AGN feedback increases gas fractions throughout the
cluster with respect to radiative runs with no AGN, especially out-
side RS5y. G3-OWLS is the only code including AGN feedback
which has baryon fractions similar to codes with SN feedback only.
This difference is in stark contrast to the non-radiative simulations,
where Ygas(R > R$ES0) ~ 0.8 with a moderate scatter.

Given the systematic differences presented here, a natural
question to ask is which code+subgrid physics is in reasonable
agreement with observations of the cluster environment, especially
with the aim of using the gas fractions of simulated clusters for
cosmological purposes. As pointed out by various studies on the
gas fraction of galaxy clusters based on X-ray observations (e.g.
LaRoque et al. 2006; Ettori et al. 2010; Zhang et al. 2010; Maughan

© 2015 RAS, MNRAS 000, 1-20
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Figure 10. Radial entropy profile at z = 0. Format similar to Fig. 8.

2014), gas is expected to account for around 11-12 per cent of the
total mass at RSy, which corresponds to approximately 65-70 per

cent of the cosmic ratio.

Some AGN codes are in tension with these observations and
have Ygas > 90 per cent (which corresponds to more than 15 per
cent of gas with respect to the total mass). All the other codes are
largely compatible with these results, and these include include
methods both with and without AGN feedback. Moving inward
to smaller radii, Zhang et al. (2010) and Vikhlinin et al. (2009)
find lower values (around 9-10 per cent) at RS5Y,, in keeping with
the general trend of falling gas fractions seen in all simulations
(whether NR or not). These values are achived in our comparison
by the same set of codes that were found to be in agreement with

observational results at REG.

Nevertheless, in a recent work Gonzalez et al. (2013) sug-
gested that massive clusters may have a higher gas content than
what was reported by most of observational studies, estimating a
gas fraction around 14 per cent for Mg5N > 2x 10 Mg : these re-
sults would support the high gas fraction obtained by codes includ-
ing AGN, such as RAMSES-AGN, AREPO-IL and G3-X. This is
supported also by Pratt et al. (2009), which suggests at the same
overdensity fgas ~14 per cent for massive clusters, measuring val-
ues up to 16 per cent for individual clusters.

© 2015 RAS, MNRAS 000, 1-20

5.2 Stars

Here we do not examine the stellar component in detail, i.e., the
properties of the galaxies, but defer such an analysis to a compan-
ion paper, (Elahi et al., in prep.). Instead we only focus on the over-
all stellar profiles presented in Figures 12-13. These figures show
that the stellar distribution does not extend as far as the gas or dark
matter distributions and that galaxies dominate the baryonic con-
tent of the central regions. As before, however, the profiles show
major code-to-code scatter and systematic differences, and gener-
ally a clear separation between codes including and not including
AGN feedback, with one notable exception, G3-PESPH. The pro-
files of the star density are shown in Figure 12. All the codes which
only include stellar feedback and not AGN show very concentrated
stellar densities, around a factor of 5 larger than those of the codes
which do include AGN. G2-MUSICPI is the code with the highest
stellar density within RS0,

Unlike the gas densities, the disagreement does not vanish at
the cluster outskirts: gas density profiles are mainly determined by
gravity in the outskirts, while star formation is determined by local
cooling/feedback. The residuals are flat and non-zero out to well
past RESE, as shown in the upper panel of Figure 12; at RS5S there
is still an order of magnitude difference between the code with
the highest stellar density (AREPO-SH) and that with the lowest

(RAMSES-AGN).

Similarly to the case of the gas component, we define the star
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fraction as:

and we show the profiles in Figure 13.

Most codes (actually all but AREPO-IL, and to a lesser extent
RAMSES-AGN and G3-X) have stellar dominated central regions
(Ystar > 1). The importance of AGN feedback in preventing over-
cooling is indicated by the fact that only codes without AGN feed-
back typically have Ygtar a factor of 2-3 larger than the rest, not
only in the cluster core but also in the outskirts. In fact, at RS5S, the
codes including AGN feedback already have Ystar < 20 per cent,
while for the others the star component still accounts for around 40
per cent of the cosmic ratio. At R4S all the codes with AGN feed-
back show values of Ystar below 10 per cent, while codes with only
stellar feedback have a mean value of 30 per cent. RAMSES-AGN,
AREPO-IL and G3-X are the codes which most efficiently reduce
star formation, showing Ysiar < 10 per cent already at R$5S. In-
terestingly, G3-PESPH is again an outlier in the codes that do not
include AGN feedback, having similar Ystar profiles to G3-X and
G2-X. Amongst all the codes, AREPO-IL is the only one which
does not show a monotonically-falling star fraction, exhibiting a
small inversion in the cluster core (this may be due to an offset be-
tween the BCG and the cluster center). In general, AGN feedback
decreases the stellar fraction by a factor of 80-100 per cent.

Measurements of the stellar mass of galaxy clusters from ob-
servations still do not agree: for massive clusters, Giodini et al.
(2009) and more recently Gonzalez et al. (2013) reported a star
fraction between 1 and 2 per cent (corresponding to about 5-10 per
cent of the cosmic ratio for WMAP5-WMAP7 cosmologies), while
Sanderson et al. 2013 give a value closer to 3 per cent (15-20 per
cent of the cosmic baryon fraction). In spite of these discrepancies,
observations seem to agree that in massive clusters of galaxies the
star mass does not exceed 3 per cent of the total cluster mass.

Previous works on the baryon contents of hydrodynamical
simulations of galaxy clusters have pointed out that methods only
including stellar feedback produce an excess of stars (see for in-
stance Sembolini et al. 2013) and star fractions not lower than
5 per cent, while codes which take advantage of AGN feedback
are able to reproduce stellar masses compatible with observations
(e.g. Planelles et al. 2013). Other detailed comparisons between
hydrodynamic simulations and observations can be found in Mc-
Carthy et al. (2010) and Le Brun et al. (2014). Our results con-
firm this trend, as all the codes with AGN feedback succeed in re-
covering stellar fractions below 3 per cent at Rghy. Interestingly,
G3-PESPH is the only code with only stellar feedback which re-
ports a stellar fraction more similar to that of the methods includ-
ing AGN feedback. This can be explained considering the wind
model adopted by G3-PESPH, which strongly suppresses low-
mass galaxies using high mass loading. This results in a slower
buildup of massive galaxy progenitors at early epochs and less dry
merger growth within cluster environments at later epochs (see e.g
Oppenheimer et al. 2010; Davé, Oppenheimer & Finlator 2011;
Davé, Finlator & Oppenheimer 2011).

Nevertheless, as discussed in the previous section, some codes
with AGN feedback show an excess of gas mass in their outskirts
which makes their values for the gas fraction incompatible with
observational results. Surprisingly, codes that include cooling, star
formation, and SN feedback are in better agreement with these ob-
servations than some of those that also include AGNs, which can
give baryon fractions that are too high.

It is also interesting that the codes that recover the most realis-

residuals

Lo 2 nvow

PR (PYYTTTY PRSI, FYevPYYITFrvveeee

G3-Magnet.

--------- G3-OWLS
—— ArepoSH

[| ———— G3-MUSIC

G2-MUSICpi | .-

Tgas (< R) [fgs (< RY(Q/2)]
& s

0.0

R [h™" Mpc]

Figure 11. Cumulative radial gas fraction profile at z = 0. Format similar
to Fig. 8.

2 E
© 3
=] -
he] 3
a =
£ E
-- Ramses-AGN
-- ArepolL
r -- G3-X 1
G2-X
G3-PESPH
10'® G3-Magnet. .
_ \ --------- G3-OWLS
— S ArepoSH
o STy N G3-MUSIC
< r s G2-MUSICpi | T
=
< 10" -
2
= | T
= F 4
¢ 5
= 1021 | |
I
I
I
L | ]
I
I
10" e . R R
0.1 1.0
R [h™" Mpc]
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tic results of the gas and stellar fractions are in general those which
have been previously calibrated with observations: for instance, in
G3-OWLS the AGN heating temperature has been tuned in order
to synthetically reproduce X-ray, SZ and optical cluster properties
matching with observations (see Le Brun et al. 2014); G2-X cali-
brated its AGN model to match the pressure profiles measured by
Planck (Planck Collaboration et al., 2013), and tuned the SN feed-
back parameters to get reasonable agreement with the gas and star
fractions (see Pike et al. 2014).

© 2015 RAS, MNRAS 000, 1-20
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6 SUMMARY & CONCLUSIONS

This work is the second paper of the nlFTy cluster comparison
project series. In the first nIFTy paper, 13 different codes have been
used to simulate the same massive cluster, describing the baryon
component only by means of non-radiative hydrodynamics: we
showed that modern SPH codes are able to reproduce the same re-
sults as grid-based codes - same gas density and temperature pro-
files and a large constant entropy core (S15).

Here, we have studied how cluster properties and code-to-
code discrepancies change when the the realism of the description
of the baryon component is improved by adding radiative mecha-
nisms - such as cooling, star formation, supernovae feedback, black
hole accretion and AGN feedback. We have investigated the perfor-
mance of 10 modern astrophysical simulation codes - RAMSES,
2 versions of AREPO and 7 versions of GADGET with different
SPH implementations. All the simulations have been run using a
common set of parameters (e.g. time step accuracy, gravitational
softening, dimension of the particle mesh) adopted for S15, but al-
lowing each method to choose the radiative processes modeled by
subgrid prescriptions.

We find that - in contrast with what we reported for non-
radiative comparison- the differences between classic SPH, modern
SPH and grid-based codes are now washed away by the differences
in the subgrid physics. The main discrepancies are between codes
which include AGN feedback and those which only consider stellar
feedback. For instance, the two versions of AREPO show signif-
icantly different results in the gas and star fraction. Nevertheless,
AGN feedback does not always play a dominant role: in particular,
entropy profiles do not seem to be sensitive to the inclusion of AGN
feedback. Nevertheless, the addition of radiative models seems to
drastically change the entropy cores produced by different codes.

Our main results can be summarized as follows:

e Global properties of the cluster -such as the total mass or
shape- as calculated at RSH¢ are recovered by all the codes with
little scatter (less than 2 per cent) and values extremely close to

the non-radiative case. The discrepancies are more evident when
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we consider baryon properties: temperatures are on average 20 per
cent higher than the NR runs with a scatter of 5 per cent. The star
fraction - which is the global property most strongly dependent on
the chosen subgrid physics- has a scatter larger than 60 per cent.

o Although all the codes (except for RAMSES-AGN in some
cases) agree well on main the features of the cluster, the dark matter
distribution appears to have larger scatter amongst the codes than
in the of case of the dark matter-only and non- radiative models.
This happens in the central regions, where the gravitational field of
the cluster is dominated by stars. The dark matter is pulled in by
cooling baryons and stars. The codes which do not include AGN
feedback, which are those with the highest cooling rates and star
fraction in the center, are therefore the ones with the highest dark
matter concentrations in the core.

e The gas density profiles show a larger scatter than in the non-
radiative case. In this case, we do not observe any difference be-
tween grid-based, modern and classic SPH codes; similarly, AGN
feedback does not seem to play a dominant role.

e Temperatures are higher than in the non-radiative case and
have a large scatter. Some of the codes show a central temper-
ature inversion, similar to that observed in non-radiative, classic
SPH simulations; other codes have a temperature which behaves
monotonically, as for modern SPH codes in the non-radiative case.
Interestingly, in the full physics case some codes which in their
non-radiative version were exhibiting a central inversion of the tem-
perature now show a monotonically decreasing profile (e.g. G3-
MUSIC).

e Entropy profiles are strongly affected by radiative processes
and they present a completely different scenario than in the non-
radiative case. The differences between classic SPH codes , which
showed an entropy profile falling towards the cluster center, and
grid-based and modern SPH codes, which showed a flat entropy
core, have now disappeared. Most of codes produce an Oalmost-
flatO central entropy profile, matching the overall X-ray profiles
observed. AGN feedback is not necessary to flatten entropy pro-
files.

e As expected, codes including AGN are able to limit the prob-
lem of overcooling and produce a star content compatible with ob-
servations. Codes with only stellar feedback show extremely star-
dense cores and an excess of stars also in the outskirts.

AGN feedback seems also to increase the fraction of gas at all the
cluster radii, especially in the outskirts. Comparison with observa-
tional studies of the gas fraction at RShs, and RELS show that some
of the codes including AGN produce an excess of gas of around
15-20 per cent. Codes which have been previously calibrated with
observations generally get more realistic results for the gas and star
fractions.

The next papers of the nIFTy cluster comparison series will in-
vestigate in more detail how the different codes and physical mech-
anisms adopted describe a wide range of cluster properties: an up-
coming work (Elahi et al., in preparation) will study more deeply
the properties of the star component and of substructures; another
work (Cui et al., in preparation) will focus on the differences be-
tween dark-matter only, non radiative and full physics runs. Subse-
quent papers will look at the recovery of cluster properties such as
X-ray temperature and Sunyaev-ZelOdovich profiles, gravitational
lensing, the cluster outskirts and hydrostatic-mass bias, all of which
will add to our understanding of how consistently the results of dif-
ferent codes can inform our understanding of galaxy cluster prop-
erties.
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