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1 INTRODUCTION

ABSTRACT

We use the cosmo-OWLS and BAHAMAS suites of cosmological hydrodynamical
simulations to explore the separate and combined effects of baryon physics (particu-
larly feedback from active galactic nuclei, AGN) and free-streaming of massive neutri-
nos on large-scale structure. We focus on five diagnostics: i) the halo mass function; ii)
halo mass density profiles; iii) the halo mass—concentration relation; iv) the cluster-
ing of haloes; and v) the clustering of matter; and we explore the extent to which the
effects of baryon physics and neutrino free-streaming can be treated independently.
Consistent with previous studies, we find that both AGN feedback and neutrino free-
streaming suppress the total matter power spectrum, although their scale and redshift
dependencies differ significantly. The inclusion of AGN feedback can significantly re-
duce the masses of groups and clusters, and increase their scale radii. These effects
lead to a decrease in the amplitude of the mass—concentration relation and an increase
in the halo autocorrelation function at fixed mass. Neutrinos also lower the masses
of groups and clusters while having no significant effect on the shape of their density
profiles (thus also affecting the mass—concentration relation and halo clustering in a
qualitatively similar way to feedback). We show that, with only a small number of
exceptions, the combined effects of baryon physics and neutrino free-streaming on all
five diagnostics can be estimated to typically better than a few percent accuracy by
treating these processes independently (i.e., by multiplying their separate effects).

Key words: large-scale structure of Universe, cosmology: theory, galaxies: clusters:
general, galaxies: haloes

mological parameters inferred by comparing predicted and
observed aspects of large-scale structure (LSS) (e.g., Sem-

Recent simulation-based work has shown that various phys-
ical processes associated with galaxy formation (e.g., radia-
tive cooling, star formation, and feedback processes) can
significantly affect not only the predicted distribution of
baryons, but also that of the underlying dark matter com-
ponent. For example, it has been shown that both the to-
tal matter power spectrum (e.g., van Daalen et al. 2011;
Schneider & Teyssier 2015) and the halo mass function (e.g.,
Sawala et al. 2013; Cui et al. 2014; Velliscig et al. 2014; Cus-
worth et al. 2014; Schaller et al. 2015) can be affected at the
tens of percent level relative to that predicted by a standard
gravity-only dark matter simulation. If these effects are ig-
nored, they are expected to lead to significant biases in cos-
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boloni et al. 2011; Eifler et al. 2015; Harnois-Déraps et al.
2015).

However, galaxy formation is not the only process that
affects the resultant distribution of LSS. Recently, there has
been a resurgence in interest in the effects of massive neutri-
nos. This resurgence has been driven by the apparent ten-
sion in the observed abundance of massive clusters compared
to that predicted when a Planck cosmology based on the
primary CMB is adopted (e.g., Planck Collaboration et al.
2014, 2016), in conjunction with similar tensions between
the Planck primary CMB constraints and those derived from
tomographic analysis of cosmic shear data (Heymans et al.
2013; Hildebrandt et al. 2017). It has been argued that mas-
sive neutrinos can potentially reconcile this tension (e.g.,
Wyman et al. 2014; Battye & Moss 2014), although this
remains controversial (e.g., MacCrann et al. 2015). Regard-
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less of whether neutrinos resolve the tension, atmospheric
and solar oscillation experiments have found that the three
active species of neutrinos have a summed mass of at least
0.06 €V (0.1 ¢V) when adopting a normal (inverted) hierar-
chy (Lesgourgues & Pastor 2006). The fact that neutrinos
have appreciable mass and will act as a form of hot dark
matter that will resist significant gravitational collapse (due
to free streaming motion), implies that they will affect the
predicted LSS. Whether these effects are minor or dominant
in comparison to those due to galaxy formation is presently
unclear and depends on the (relatively poorly constrained)
absolute mass scale of the neutrinos and the efficiencies of
relevant feedback processes.

Given that both baryon physics and massive neutrinos
likely play a role in the formation of LSS in the Universe, it
is important to consider their combined effect and whether it
amounts to more (or less) than ‘the sum of its parts’. That
is, to what extent is there cross-talk between the baryon
physics and neutrinos? Do they suppress or enhance each
other’s effects on LSS, or can they be treated separately?

The aim of the present study is to address these ques-
tions by means of direct numerical simulation. That is,
we consider the effects baryon physics and massive neutri-
nos both separately and in combination, using the recent
cosmo-OWLS (Le Brun et al. 2014; McCarthy et al. 2014)
and BAHAMAS (McCarthy et al. 2017) suites of cosmolog-
ical hydrodynamical simulations. The two suites are com-
plementary, in that cosmo-OWLS varies the implemented
subgrid physics for stellar and AGN feedback at fixed cos-
mology (with massless neutrinos), while BAHAMAS varies the
neutrino mass for a fixed (calibrated) feedback model. We
further complement these simulations with reference dark
matter-only simulations (both with massless and massive
neutrinos). This combination of complementary simulations
provides an unprecedented opportunity to examine the ef-
fects of both baryon feedback and the free-streaming of mas-
sive neutrinos not simply in isolation, but also capturing
their combined effects on large-scale structure.

We examine five different ways of characterising LSS: i)
the halo mass function; ii) total mass density profiles in bins
of halo mass; iii) the mass—concentration relation; iv) the
spatial clustering of haloes (characterised by the 3D 2-point
autocorrelation function); and v) the clustering of matter
(characterised by the total matter power spectrum). We
demonstrate that both feedback and neutrino free-streaming
can have considerable effects on these aspects of LSS and
that, to typically better than a few percent accuracy, their
combined effects can be estimated by treating these pro-
cesses independently (i.e., by multiplying their separate ef-
fects).

The paper is organised as follows. In Section 2 we
present a brief summary of the cosmo-OWLS and BA-
HAMAS simulations. In Section 3 we examine the effects of
baryon physics and neutrinos on the abundance of haloes. In
Section 4 we examine their effects on the total mass density
profiles and the mass—concentration relation. In Sections 5
and 6 we explore how the spatial clustering of haloes and
matter (respectively) are affected. Finally, in Section 7 we
summarize and discuss our findings.

2 SIMULATIONS

We use the cosmo-OWLS (Le Brun et al. 2014; McCarthy
et al. 2014) and BAHAMAS (McCarthy et al. 2017) suites
of cosmological hydrodynamical simulations, both of which
are descendants of the OverWhelmingly Large Simulations
(OWLS) project (Schaye et al. 2010). As already noted, the
two suites are complementary, in that cosmo-OWLS varies
the implemented subgrid physics for stellar and AGN feed-
back at fixed cosmology, while BAHAMAS varies the cosmol-
ogy for a fixed (calibrated) feedback model. Below we pro-
vide a brief overview of the simulations, but we refer the
reader to Le Brun et al. (2014) and McCarthy et al. (2017)
for further details of the simulations and comparisons with
the observed properties of present-day galaxy groups and
clusters.

Table 1 provides a summary of the included subgrid
physics and the model parameter values for the various
cosmo-OWLS and BAHAMAS runs we use.

2.1 cosmo-OWLS

The cosmo-OWLS suite of cosmological hydrodynamical
simulations consists of 400 Mpc/h comoving on a side, pe-
riodic box simulations containing 2 x 10243 particles. The
simulations adopt a cosmology based on the maximum
likelihood parameter values obtained from the analysis of
WMAPT data (Komatsu et al. 2011); i.e., {Qm, Qb, Qn, 0s,
ns, h} = {0.272, 0.0455, 0.728, 0.81, 0.967, 0.704}. The al-
gorithm of Eisenstein & Hu (1999) was used to compute the
transfer function and N-GenIC' (developed by V. Springel)
was used to make the initial conditions, at a starting redshift
of z = 127. The dark matter and (initial) baryon particle
masses are ~ 3.75 x 10° h™! Mg and ~ 7.54 x 10% h™! Mg,
respectively. The gravitational softening is fixed to 4 h~!
kpc (in physical coordinates below z = 3 and in comoving
coordinates at higher redshifts).

The simulations were carried out with a version of the
Lagrangian TreePM-SPH code GADGET3 (last described in
Springel 2005), which was modified to include new subgrid
physics as part of the OWLS project. We use all five baryon
physics models presented in Le Brun et al. (all of which
adopted identical initial conditions), along with a corre-
sponding dark matter only run. The models are:

e DMONLY: A dissipationless “dark matter-only” simula-
tion.

e NOCOOL: A standard non-radiative model; i.e., inclusion
of baryons and hydrodynamics but no subgrid modules for
radiative cooling, star formation, etc.

e REF: In addition to the inclusion of baryons and hy-
drodynamics, this model includes prescriptions for element-
by-element radiative cooling (Wiersma, Schaye, & Smith
2009a), star formation (Schaye & Dalla Vecchia 2008), stel-
lar evolution, mass loss and chemical enrichment (Wiersma
et al. 2009b) from Type II and Ia supernovae and Asymp-
totic Giant Branch stars, and kinetic stellar feedback (Dalla
Vecchia & Schaye 2008).

e AGN 8.0, AGN 8.5, and AGN 8.7: In addition to the
physics included in the REF model, these models include a

1 http://www.mpa-garching.mpg.de/gadget /
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Table 1. Included subgrid physics and model parameter values for the cosmo-OWLS and BAHAMAS runs used here. (1) Simulation
name; (2) inclusion of photoionizing ultra-violet and X-ray backgrounds according to Haardt & Madau (2001); (3) inclusion of radiative
cooling and star formation; (4) for runs with star formation, Vi, is the velocity kick (in km/s) adopted in the stellar feedback (with a
fixed mass-loading of 2); (5) inclusion of AGN feedback; (6) AT}eat is the temperature by which gas is heated by AGN feedback; (7)
Nheat 1S the number of gas particles heated by AGN feedback; (8) inclusion of massive neutrinos; (9) the summed mass of neutrinos
(assuming a normal hierarchy of neutrino masses); (10) dark matter particle mass; (11) initial baryon particle mass. A more detailed
discussion of these parameters can be found in Section 2.

(1) (2) (3) (4) (5) (6) ™M ® 9) (10) (11)
Simulation UV/X-ray Cooling and Vw AGN ATheat  Mheat v M, Mp s Mpar,init
background  star formation [km/s] feedback K] [eV] [10°Mg/h]  [108Mg/h]
cosmo-OWLS
NOCOOL Yes No - No - - No - 3.75 7.54
REF Yes Yes - No - - No - 3.75 7.54
AGN 8.0 Yes Yes 600 Yes 1080 1 No - 3.75 7.54
AGN 8.5 Yes Yes 600 Yes 1083 1 No - 3.75 7.54
AGN 8.7 Yes Yes 600 Yes 1087 1 No - 3.75 7.54
DMONLY No No - No - - No - 4.50 -
BAHAMAS
NU 0.00 Yes Yes 300 Yes 1078 20 Yes  massless 3.85 7.66
NU 0.06 Yes Yes 300 Yes 1078 20 Yes 0.06 3.83 7.66
NU 0.12 Yes Yes 300 Yes 107-8 20 Yes 0.12 3.81 7.66
NU 0.24 Yes Yes 300 Yes 1078 20 Yes 0.24 3.77 7.66
NU 0.48 Yes Yes 300 Yes 1078 20 Yes 0.48 3.68 7.66
NU 0.00 DM No No - No - - Yes  massless 4.62 -
NU 0.06 DM No No - No - - Yes 0.06 4.61 -
NU 0.12 DM No No - No - - Yes 0.12 4.58 -
NU 0.24 DM No No - No - - Yes 0.24 4.53 -
NU 0.48 DM No No - No - - Yes 0.48 4.44 -

prescription for supermassive black hole (BH) growth and
AGN feedback (Springel et al. 2005; Booth & Schaye 2009).
In brief, an on-the-fly friends-of-friends (FOF) algorithm,
with a linking length of 0.2 times the mean interparticle sep-
aration, is run during the simulation and any FOF haloes
identified with at least 100 dark matter particles that do
not already contain a BH ‘sink’ particle are seeded with
one, with an initial mass of 0.001 times the initial gas parti-
cle mass. BH particles then grow in mass via mergers with
other BH particles and through gas accretion, as described
in Booth & Schaye (2009). In terms of feedback, the BHs
accumulate the feedback energy in a reservoir until they are
able to heat neighbouring gas particles by a pre-determined
amount ATheat. cosmo-OWLS uses 1.5 per cent of the rest-
mass energy of the gas which is accreted on to the super-
massive black holes for the AGN feedback, which results in
a good match to the normalisation of the black hole scaling
relations (Booth & Schaye 2009; Le Brun et al. 2014), in-
dependently of the exact value of ATheat. The three AGN
models differ only by their value of AT} eat, which is the most
important parameter of the feedback model in terms of the
gas-phase properties of the resulting group and cluster pop-
ulation (Le Brun et al. 2014; McCarthy et al. 2017). It is set
t0 AThear = 1089 K for AGN 8.0, AThear = 108 K for AGN
8.5, and ATheat = 1087 K for AGN 8.7. Note that since the
same quantity of gas is being heated in these models, more
time is required for the black holes to accrete a sufficient
amount of gas to heat the adjacent gas to a higher tem-
perature. Therefore, increased heating temperatures lead to
more episodic and violent feedback events.

© 2014 RAS, MNRAS 000, 1-18

We note that the range of cosmo-OWLS models con-
sidered here is somewhat extreme, in that the models that
neglect AGN feedback (REF and NOCOOL) have significantly
higher total baryon fractions than observed for local X-
ray-bright galaxy groups (e.g., Sun et al. 2009), while the
AGN model with the most extreme feedback, AGN 8.7, yields
galaxy groups with gas fractions that are considerably lower
than observed. (The more moderate AGN feedback models,
AGN 8.0 and AGN 8.5, skirt the upper and lower bounds
of the observed trend between hot gas mass and halo mass
for X-ray-bright galaxy groups; see Le Brun et al. 2014.)
However, two important caveats are that: i) the role of ob-
servational selection effects is not well understood for galaxy
groups (e.g., current observations cannot rule out the exis-
tence of a population of virialized groups which are X-ray
faint and may have lower gas fractions); and ii) there are
too few observational constraints on high-redshift systems
to judge whether or not the various models are realistic at
earlier times. Bearing these caveats in mind, we have elected
to explore the trends using the ensemble of cosmo-OWLS
models.

A resolution study for cosmo-OWLS can be found in
Appendix A of Le Brun et al. (2014), where it is demon-
strated that the gas and stellar mass fractions of the sim-
ulated groups and clusters are reasonably well converged
(i.e., change by only a few percent over an increase in mass
resolution of a factor of 8).
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2.2 BAHAMAS

In common with cosmo-OWLS, the BAHAMAS suite pre-
sented in McCarthy et al. (2017) consists of 400 Mpc/h
comoving on a side, periodic box simulations containing
2 x 1024% particles. In the present study, we use a subset
of the BAHAMAS suite whose initial conditions are based on
the updated maximum-likelihood cosmological parameters
derived from the WMAP9 data (Hinshaw et al. 2013); i.e.,
{Qm, MW, Qa, os, ns, h} = {0.2793, 0.0463, 0.7207, 0.821,
0.972, 0.700}.

We also use a massive neutrino extension of BA-
HAMAS recently completed by McCarthy et al. (in prep).
Specifically, using the semi-linear algorithm of Ali-Haimoud
& Bird (2013), McCarthy et al. have run massive neu-
trino versions of the WMAP9 cosmology for several differ-
ent choices of the total summed neutrino mass, M,, ranging
from the minimum mass implied by neutrino oscillation ex-
periments of ~ 0.06 eV (Lesgourgues & Pastor 2006) up
to 0.48 eV, in factors of two. When implementing massive
neutrinos, all other cosmological parameters are held fixed
apart from os and the matter density in cold dark mat-
ter, which was decreased slightly to maintain a flat model
(i-e., so that Qp + Qecdam + Qv + Q4 = 1). The parameter og
characterises the amplitude of linear theory z = 0 matter
density fluctuations on 8h~! Mpc scales. Instead of hold-
ing this number fixed, the amplitude, As, of the density
fluctuations at the epoch of recombination (as inferred by
WMAP9 data assuming massless neutrinos) is held fixed, in
order to retain agreement with the observed CMB angular
power spectrum. Other strategies for implementing neutri-
nos are also possible (e.g., decreasing Qa instead of Qcdam)
but McCarthy et al. have found with small test simulations
that the precise choice of what is held fixed (apart from the
power spectrum amplitude) does not have a large effect on
the local cluster population. Most important is the value of
., which is related to M, via Q, = M,,/(93.14 eV h?) (Les-
gourgues & Pastor 2006) and ranges from 0.0013 to 0.0105
for our choices of summed neutrino mass. For completeness,
the runs with M, = 0.0, 0.06, 0.12, 0.24, and 0.48 eV have
og = 0.821, 0.813, 0.799, 0.766, and 0.705, respectively.

For both the runs with and without massive neutrinos,
the Boltzmann code CAMB? (Lewis et al. 2000; April 2014
version) was used to compute the transfer functions and a
modified version of N-GenIC to create the initial conditions,
at a starting redshift of z = 127. N-GenIC has been modified
by S. Bird to include second-order Lagrangian Perturbation
Theory corrections and support for massive neutrinos®. Note
that in producing the initial conditions for BAHAMAS, we
use the separate transfer functions computed by CAMB for
each individual component (baryons, neutrinos, and CDM),
whereas in cosmo-OWLS (and indeed in most existing cos-
mological hydro simulations) the baryons and CDM adopt
the same transfer function, corresponding to the total mass-
weighted function. Note also that we use the same random
phases for each of the simulations, implying that intercom-
parisons between the different runs are not subject to cosmic
variance complications.

2 http://camb.info/
3 https://github.com/sbird /S-GenIC

The BAHAMAS runs used here have dark matter and (ini-
tial) baryon particle masses for a WMAP9 massless neutrino
cosmology of ~ 3.85x10° h™! Mg and ~ 7.66x 108 b~ Mg,
respectively. (The particle masses differ only slightly from
this when massive neutrinos are included; see Table 1.) The
gravitational softening of the runs presented is fixed to 4 A~}
kpc, as in cosmo-OWLS.

The BAHAMAS runs were carried out with the same ver-
sion of the GADGET3 code that was used in (cosmo-)OWLS.
As noted above, to perform runs with massive neutrinos
included, McCarthy et al. used the semi-linear algorithm
developed by Ali-Haimoud & Bird (2013) (see also Bond
et al. 1980; Ma & Bertschinger 1995; Brandbyge et al. 2008;
Brandbyge & Hannestad 2009; Bird et al. 2012), imple-
mented in the GADGET3 code. Schematically, the semi-linear
code computes neutrino perturbations on the fly at every
time step using a linear perturbation integrator sourced from
the non-linear baryons+CDM potential, adding the result to
the total gravitational force. Because the neutrino power is
calculated at every time step, the dynamical responses of the
neutrinos to the baryons+CDM and of the baryons+CDM
to the neutrinos are mutually and self-consistently included.
Note that because the integrator uses perturbation theory,
the method does not account for the non-linear response
of the neutrino component to itself. However, this limita-
tion has negligible consequences for our purposes, as only
a very small fraction of the neutrinos (with lower velocities
than typical) are expected to collapse and the neutrinos as
a whole constitute only a small fraction of the total matter
density*.

In addition to neutrinos, the various BAHAMAS runs
(with or without massive neutrinos) also include the ef-
fects of radiation when computing the background expansion
rate. We find that this leads to a few percent reduction in the
amplitude of the present-day linear matter power spectrum
compared to a simulation that only considers the evolution
of dark matter and dark energy in the background expansion
rate.

BAHAMAS differs significantly from cosmo-OWLS in
terms of its approach to the choice of parameter values for
the subgrid feedback. In particular, McCarthy et al. (2017)
explicitly calibrated the stellar and AGN feedback models
to reproduce the observed present-day galaxy stellar mass
function and the amplitude of the hot gas mass—halo mass
relation of groups and clusters respectively, as determined
by X-ray observations. By calibrating to these observables,
the simulated groups and clusters are guaranteed to have
the correct baryon content in a global sense. The associated
back reaction of the baryons on the total matter distribution
should therefore also be broadly correct. McCarthy et al.
(2017) have shown that the BAHAMAS simulations repro-
duce an unprecedentedly wide range of properties of massive

4 We have explicitly tested this by comparing the predicted mass
density profiles of simulated groups and clusters using the semi-
linear algorithm with that predicted using a particle-based treat-
ment of the massive neutrinos (e.g., Viel et al. 2010; Bird et al.
2012; Castorina et al. 2015; Emberson et al. 2016), for simulations
with CDM and neutrinos but no baryons. The resulting mass pro-
files typically agree to better than two percent accuracy over the
full range of radii resolved in the simulations.

© 2014 RAS, MNRAS 000, 1-18
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Figure 1. Halo mass functions (HMFSs) for the different baryon physics runs (in the absence of neutrino physics) from cosmo-OWLS
(left) and the different collisionless massive neutrino runs from BAHAMAS (right). Colours denote the various runs (see the legend and
Table 1), while the different linestyles denote different redshifts. In the bottom left panel, the cosmo-OWLS HMF's have been normalised
by the DMONLY case, whereas in the bottom right panel the HMF's have been normalised by the massless neutrino case. Suppression of the
HMF due to AGN feedback (orange, yellow and green, left) is important at intermediate (group) masses but becomes less important at
high halo masses, where it begins to converge towards the DMONLY case (with the mass scale where the convergence occurs depending on
the AGN heating temperature AT} cat). The suppression due to feedback is only a weak function of redshift. In the collisionless neutrino
simulations (right panel), the suppression is strongest for the highest mass haloes and, in contrast to the effects of feedback, exhibits a

strong redshift dependence.

systems, including the various observed mappings between
galaxies, hot gas, total mass, and black holes.

A resolution study for BAHAMAS is presented in Ap-
pendix C of McCarthy et al. (2017), where it is demonstrated
that the gas and stellar mass fractions are reasonably well
converged (to better than ~ 10% in the case of a strong test,
and to =~ 2% in the case of a weak test, using the terminol-
ogy of Schaye et al. 2015) over the range of halo masses that
we consider in the present study.

3 HALO ABUNDANCES

3.1 Halo Mass Functions

We begin by examining the effects of baryonic physics and
the inclusion of massive neutrinos, both separately and in
combination, on the halo mass function (HMF). We define
the halo mass function, ®, as the number of haloes with
mass Maoo,crit per comoving cubic Mpc per logarithmic unit
mass; i.e., ® = dn/dlog,,(Mz200,crit), where Maoo,crit is the
mass contained within a radius that encloses a mean density
of 200 times the universal critical density at that redshift.
Haloes are identified using a standard FOF algorithm run on
the dark matter distribution, with a linking length of 0.2 in
units of the mean interparticle separation. We use the SUB-
FIND algorithm (Springel et al. 2001; Dolag et al. 2009) to
calculate the spherical overdensity mass Maoo,crit (i-€., the
mass contained within the radius that encloses a mean den-
sity that is 200 the critical density at that redshift). These

© 2014 RAS, MNRAS 000, 1-18

spheres are centred on the position of the main subhalo’s
particle with the minimum gravitational potential.

In the left panel of Fig. 1 we plot the HMF's for the var-
ious baryon physics runs (without neutrinos) from cosmo-
OWLS. For runs that lack feedback from AGN, the HMF,
as expected, largely follows that of the DMONLY case, at
least for the range of halo mass in which we are inter-
ested here. However, when one includes feedback from AGN
the situation changes significantly — gas is ejected from the
high-redshift progenitors of groups and clusters (McCarthy
et al. 2011) leading to a significant suppression (of up to
~ 20 — 30%) of the HMF at masses of ~ 10" Mgy in
Mao0,crit, in agreement with that previously reported by
Velliscig et al. (2014), who analysed a subset of the cosmo-
OWLS runs (see also Cui et al. 2014; Cusworth et al. 2014).
Note that the reduction in the baryonic mass also leads to
a shallowing of the gravitational potential well. This causes
the dark matter distribution to expand outwards becoming
less densely concentrated, and also results in a reduction in
the accretion rate onto the main progenitor (e.g., Sawala
et al. 2013; Velliscig et al. 2014), which is why the Maoo,crit
masses of individual haloes can be reduced by somewhat
more than the universal baryon fraction of Q/Q,.

The deeper potential wells of higher-mass (M2oo,crit 2
10141\/[@) systems are able to retain a larger fraction of their
baryons. Consequently, the behaviour in the HMF tends
back towards the DMONLY case at the highest masses. The
precise mass scale where the AGN runs converge towards the
DMONLY case depends on the adopted heating temperature,
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Figure 2. The fractional change in the halo mass, relative to the
DMe-only, massless neutrino case, arising from the inclusion of
baryonic feedback (left panel) and neutrino free-streaming (right
panel) at z = 0. As in Fig. 1, colours denote the various BA-
HAMAS and cosmo-OWLS runs as detailed in Table 1. Top: AGN
feedback can reduce the mass of a halo by up to ~20% at group
masses, but tends towards the DMONLY case at higher masses with
the mass scale for convergence depending on the choice of AGN
heating temperature AT} .. Bottom: The free-streaming of mas-
sive neutrinos in collisionless simulations reduces halo masses to a
similar degree at group masses, but is of increasing importance at
higher masses. These effects drive those seen in the HMFs (Fig.

1).

with higher heating temperatures increasing this mass scale,
as one would anticipate based on the strong dependence of
the baryon fraction on the AGN heating temperature re-
ported previously by Le Brun et al. (2014) and McCarthy
et al. (2017). At lower masses (below 10'3Mg), the trends
for the AGN cases also tend back towards the DMONLY case.
This is due to inefficient accretion onto the black holes. The
precise location of this convergence in the simulations, how-
ever, is sensitive both to the initial mass of black hole sink
particles and the halo mass at which they are seeded.

In contrast, neutrino free-streaming (right panel of
Fig. 1) preferentially suppresses the high-mass end of the
HMEF (see also Costanzi et al. 2013). This is due to the fact
that the effect of the free-streaming of massive neutrinos on
the linear matter power spectrum grows with time, and ap-
pears in the clustering statistics from the collapse redshift of
the cluster. Consequently, more massive objects, which col-
lapse later in CDM-based cosmologies, are more strongly af-
fected by neutrino free-streaming. The strength of this sup-
pression also varies strongly as a function of the summed
neutrino mass, with higher values leading to a stronger re-

duction of the HMF. Interestingly, while the suppression due
to baryonic feedback (left panel of Fig. 1) is only weakly de-
pendent on redshift, the massive neutrino runs show stronger
evolution with redshift.

While Fig. 1 shows the change in number density at
fixed halo mass, we also want to explicitly examine the
change in halo mass at fixed number density, since this is
more physical (i.e., feedback and neutrinos do not affect
the abundance of haloes, they alter their masses). In order
to determine the effects of baryonic feedback and neutrino
free-streaming on individual haloes, we construct a matched
set of haloes across all simulation runs. Haloes are matched
using the unique particle IDs for the dark matter parti-
cles. For each particle assigned to a halo in the DM-only,
massless neutrino case, the particle with the matching ID is
identified in each of the other simulations. In each case, the
halo in each case containing the highest number of identi-
fied particles is selected as the match. This method finds
matches for ~ 83% and ~ 90% of haloes in the cosmo-
OWLS and BAHAMAS cases respectively, for haloes in the
range 12 < log(Ma00,crit/Me) < 15 where the Maoo,crit value
under consideration is that of the halo in the DM-only, mass-
less neutrino case.

We show in Fig. 2 the fractional change in halo mass as
a function of the mass in the dark matter only, massless neu-
trino case. Unsurprisingly, the behaviour of the alteration to
halo mass arising from baryonic feedback and neutrino free-
streaming is almost identical to their effects on the HMF
(Fig. 1).

Henceforth, when using the matched sample of haloes
we use for each halo the values of Magg and ra0p that corre-
spond to the matching halo in the DM-only, massless neu-
trino case

8.1.1 Separability

While the effects of baryon physics and neutrino free-
streaming have individually been investigated in a number
of previous studies (although generally with much poorer
statistics), their combined effect has not been examined. In
particular, it is unclear to what extent the baryonic effects
(particularly gas expulsion from AGN feedback) and neu-
trino free-streaming are separable. That is, can these pro-
cesses be treated independently, or do they amplify (or per-
haps suppress) each other?

To answer this question, the top panel of Fig. 3 com-
pares the HMFs of the BAHAMAS runs that include both
baryon physics and massive neutrinos (curves) with that ex-
pected if the feedback and free-streaming are treated sepa-
rately (crosses). Specifically, we characterise the suppression
due to AGN feedback alone as the ratio of the HMF of the
BAHAMAS hydro run with massless neutrinos (NU 0.00) to
that of the BAHAMAS DMONLY run with massless neutrinos
(NU 0.00 DM), and we characterise the suppression due to
neutrino free-streaming alone as the ratios of the various BA-
HAMAS DMONLY runs with massive neutrinos (NU 0.00 DM,
NU 0.06 DM, NU 0.12 DM, NU 0.24 DM, and NU 0.48 DM)
to the BAHAMAS DMONLY run with massless neutrinos (NU
0.00 DM). We then multiply these separate suppression fac-
tors to obtain the combined suppression, such that the mul-

© 2014 RAS, MNRAS 000, 1-18
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Figure 3. Comparison of the halo mass functions arising when
simultaneously simulating baryonic feedback and neutrino free-
streaming, and those calculated by multiplying the separate ef-
fects of baryonic feedback in the absence of neutrinos and the
effects of neutrino free-streaming in the absence of baryons. Top:
Curves display the HMFs arising when simultaneously simulating
neutrino free-streaming and baryonic feedback. The multiplica-
tive calculations are displayed by crosses. In both cases, colours
correspond to different values for the summed neutrino mass while
solid, dashed and dotted curves display the results at redshifts of
0, 1 and 2 respectively. Bottom: The ratio of each simultaneous
simulation to the corresponding multiplicative prediction. The
two cases agree to within a few percent accuracy over the full
range of halo masses and redshifts that we have examined.

tiplicative prediction for the HMF is given by:

0] P
CI)AN/I;;“X:(I)NUODM'< NUXDM>.< NU 0 ) (1)
®NU 0 DM ONU 0o DM

where NU X DM is the chosen collisionless run with mas-
sive neutrinos. Note that these calculations are carried out
exclusively in the context of the BAHAMAS simulations in
order to test the separability of feedback and neutrinos at
fixed cosmology, as described in Section 2.2.

The bottom panel of Fig. 3 shows the ratio of the HMF
of the self-consistent simulations i.e., with both baryons and
neutrinos present together) to that predicted by the treat-
ing the baryons and neutrinos separately (i.e., we take the
ratio of the lines and crosses in the top panel of Fig. 3).
As can be seen, multiplying the separate effects of baryon
physics and neutrino free-streaming reproduces their com-
bined effect obtained when both are included simultaneously
remarkably well. The self-consistent HMFs are reproduced
to a few percent accuracy by combining the separate effects
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Figure 4. Two tests of the separability of the effects of neutrino
free-streaming and baryon physics on halo mass. Top: The effect
on the halo mass due to baryon physics at different fixed val-
ues of the summed neutrino mass for a matched set of haloes.
Colours correspond to the different values for the summed neu-
trino mass. The effect of baryon physics on the halo mass is in-
dependent of the choice of summed neutrino mass to approxi-
mately 1% accuracy. Bottom: The effect on the halo mass due to
neutrino free-streaming for different physics models, normalised
to the collisionless case. Solid and dashed lines correspond to
the dark matter-only results and those of the BAHAMAS feedback
model respectively. The effect of neutrino free-streaming is inde-
pendent of the implemented baryon physics.

of neutrinos and baryons in a multiplicative fashion® over
the full range of halo masses, summed neutrino masses, and
redshifts that we consider.

It is perhaps somewhat surprising that the effects of
baryon physics and neutrinos can be treated independently
in this way. For example, an implication of eqn. (1) is that a
halo whose mass has been reduced (relative to a dark matter-
only sim) by neutrino free-streaming is not any more suscep-
tible to gas expulsion by AGN feedback than a halo of the
same mass in a massless neutrino case. In other words, the
effects of baryon physics or neutrino free-streaming in a sim-

5 We note that we have also experimented with combining the
separate effects of neutrinos in additive fashion, by adding the
mass loss due to baryons alone to that from neutrino free-
streaming alone and comparing the resulting halo mass function
with that derived from the self-consistent simulations with both
effects present simultaneously. We find, however, that this gener-
ally results in a poorer reproduction of the HMF predicted by the
self-consistent simulations, whereas the multiplicative treatment
works very well over all mass ranges.
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Figure 5. Evolution of the comoving halo space densities above different mass thresholds [i.e., n(Mago,crit > Mihresholds 2)] for the
different baryon physics runs in the absence of neutrino physics using cosmo-OWLS (left) and in the absence of baryon physics using
the different collisionless massive neutrino runs from BAHAMAS (right). Solid, dashed, and dotted curves correspond to threshold masses
of 1012 Mg, 10’3 Mg, and 10 Mg, respectively. The bottom left panel shows the halo space densities for the baryon physics models
normalised to the DMONLY case, while the bottom right panel shows the massive neutrino models normalised to the dark matter-only
massless neutrino (NU 0.00 DM) case. The introduction of AGN feedback results in a suppression of the halo space density that is
nearly independent of redshift, while the suppression above a fixed mass threshold due to neutrino free-streaming increases strongly with
increasing redshift, particularly for models with high values of the summed neutrino mass.

ulation with both present are almost of the same magnitude
as when one of these processes is omitted.

We explore the separability of baryon physics and neu-
trino free-streaming further in Fig. 4. In the top panel we
show the effect of baryon physics on the halo mass at dif-
ferent fixed values of the summed neutrino mass. That is,
for a fixed value of the summed neutrino mass, we compare
(take the ratio of) the masses of a matched set of haloes
in the hydrodynamical and dissipationless simulations. We
plot the median ratio in bins of halo mass.

To an accuracy of approximately 1 percent, the effect on
the median halo mass due to baryon physics is independent
of the choice of summed neutrino mass.

In the bottom panel of Fig. 4 we show the effect on
the halo mass due to neutrino free-streaming for two dif-
ferent physics models: the dark matter-only case and the
BAHAMAS calibrated feedback model. Here we again see that
the effects of neutrino free-streaming are nearly independent
of the included baryon physics. Thus, the level of accuracy
with which the simple separability assumption reproduces
the self-consistent neutrinos+baryon physics simulations in
Fig. 3 is no coincidence, it reflects the fact that these pro-
cesses truly are approximately independent of one another.

3.2 Cluster Counts

In Fig. 5 we show the effects of baryon physics and neu-
trino free-streaming on the halo space density for haloes
with masses exceeding different threshold values of 10'2 Mg,
10" Mg, and 10** Mg. At a given redshift, the space den-

sity is computed by simply integrating the HMF above a
given mass threshold®. The halo space density, or ‘number
count’, is more closely linked to what is typically measured
observationally, as many surveys do not have a sufficiently
large volume to robustly measure the HMF, particularly at
high masses.

The top panels of Fig. 5 demonstrate that the evolution
of the halo space density is sensitive to baryon physics and
the presence of massive neutrinos, although the dependen-
cies on halo mass and redshift are clearly stronger. In the
bottom panels of Fig. 5, we effectively remove the halo mass
dependence by showing the ratio of the halo space density
with respect to that predicted by the DMONLY case (left) or
with respect to the NU 0.00 DM case (right) for the differ-
ent mass thresholds. The bottom left panel of Fig. 5 shows
that AGN feedback reduces the abundance of haloes of fixed
mass (as shown previously, e.g., Cusworth et al. 2014; Vellis-
cig et al. 2014). We find that the suppression does not evolve
significantly with redshift. By contrast, the abundance of
haloes above a fixed mass threshold becomes increasingly
suppressed at high redshift by neutrino free-streaming, par-
ticularly for high mass thresholds and high summed neutrino
masses (bottom right panel of Fig. 5). We can understand
the latter result by recognizing that by considering haloes
above a fixed mass threshold, we are considering increasingly

6 Note that because of the steepness of the HMF, the total halo
space density is dominated by haloes with masses near the chosen
threshold value.
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Figure 6. Median radial total mass density profiles in 0.5 dex mass bins for different baryon physics models in the absence of neutrino
physics at fixed cosmology. Individual panels correspond to mass bins in the dark matter-only, massless neutrino simulation with the
stated ranges of log(M355 o3, /M@ ). Haloes in other simulations were binned using the mass of their matched DM only, massless neutrino
equivalent and rgp0 corresponds to that from the DM only, massless neutrino run. Line colours correspond to runs with different subgrid
prescriptions for baryon physics as in Figs. 1 and 5. The vertical dashed line marks the location of three times the gravitational softening
length from the halo center. The inclusion of baryonic cooling results in much higher central densities while leaving the outskirts
largely untouched compared to the NOCOOL case. The introduction of AGN heating redistributes material from the central regions
(r/r200 < 0.1) to the outskirts (r/r200 > 0.5). This effect is greatest at low halo masses.

rare systems with lower initial overdensities when moving to
higher redshift (e.g., a 10*®* Mg at z = 2 will correspond to
a massive cluster today).

As was the case for the HMF, we find that the combined
effects of baryon physics and neutrino free-streaming on the
integrated halo space density can be recovered to a few per-
cent accuracy by treating the baryon physics and neutrino
effects separately (i.e., multiplicatively), but for brevity we
do not show this here.

4 HALO STRUCTURE

Having explored the separate and combined effects of feed-
back and massive neutrinos on the overall abundance of
haloes, we now examine their effects on the internal struc-
ture of haloes. In particular, we examine the spherically-
averaged density profiles in bins of halo mass and the halo
mass—concentration relation.

4.1 Total mass density profiles

In Figs. 6 and 7 we plot the median total mass density (in-
cluding stars, gas, and dark matter) profiles in bins of halo
mass. Each panel corresponds to a different halo mass range
(each 0.5 dex in width), ranging from log(Ma2o0,crit /M@ ) =
13 to 15.5 (top left to bottom right). Fig. 6 shows the effects
of baryon physics in the absence of massive neutrinos on the
total mass density profiles, while Fig. 7 shows the effects

© 2014 RAS, MNRAS 000, 1-18

of neutrino free-streaming in the absence of baryon physics.
To reduce the dynamic range of the plots, we have scaled
the mass density by r? (i.e., so that an isothermal distribu-
tion would correspond to a horizontal line). Note that the
subpanels show the profiles normalised to that predicted by
the DMONLY case (Fig. 6) or the dark matter-only case with
massless neutrinos (i.e., NU 0.00 DM; Fig. 7).

Because baryon physics and neutrino free-streaming al-
ter the masses of haloes, a selection based on the masses
extracted directly from each of the simulations will in gen-
eral result in somewhat different samples of haloes from the
different simulations in a given mass bin. This is not ideal
for our immediate purpose, since our aim is to isolate the
physical effects of feedback and neutrinos on a given set of
haloes. We therefore first select haloes from the DMONLY
(Fig. 6) and NU 0.00 DM (Fig. 7) runs and then identify
the corresponding haloes in the baryon and massive neu-
trino runs using the unique particle IDs for the dark matter
particles as discussed in Section 3.1. Therefore, the various
panels in Figs. 6 and 7 correspond to bins of total mass in
the dark matter-only, massless neutrino simulations for a
matched set of haloes. Similarly, the values of 7200 employed
in the construction of the profiles are those of the matching
DM-only, massless neutrino case halo.

Fig. 6 shows that the inclusion of baryonic physics can
significantly alter the radial total density profile away from
the standard NFW shape. In the absence of radiative cool-
ing and AGN feedback, the baryons closely trace the dark
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Figure 7. Median radial total mass density profiles in 0.5 dex mass bins for different neutrino physics models in the absence of baryonic
physics at fixed cosmology. As in Fig. 6, the panels correspond to different mass bins with the stated ranges in log(M‘;g‘O%’z"t/M@) and
haloes are binned on the mass of the matched DM-only, massless neutrino halo. Different neutrino masses are denoted by colour as in
Figs 1 and 5. The vertical dashed line marks the location of three times the gravitational softening length from the halo center. Neutrino
free-streaming lowers the amplitude of the mass density profiles while approximately preserving their NFW-like shape (within the virial

radius).

matter resulting in minimal alteration to the profile (e.g.,
Lin et al. 2006). However, the activation of radiative cool-
ing, star formation and stellar feedback causes much higher
central densities with a corresponding reduction in the den-
sity between 0.08 and 1 7200 of ~ 10%, as seen by com-
paring the REF and NOCOOL cases. AGN heating somewhat
counteracts this effect, reducing central densities while re-
distributing material to the outer regions of the halo. While
the density profiles of all three AGN models examined here
are similar between 0.08 and 1 ra00, higher values for AGN
heating result in higher densities beyond r200 and lower den-
sities in the central regions of the halo. The redistribution
of material causes the scale radius to increase relative to the
DMONLY case. This makes intuitive sense as the more en-
ergetic (albeit comparatively infrequent) outbursts of AGN
with higher heating temperatures will eject more mass from
the progenitors of the halo and cause a greater degree of ex-
pansion of the dark matter. The effects of baryonic physics
become less important in higher mass bins, due to the deeper
potential wells of these systems.

Fig. 7 shows that, to a first approximation, the im-
pact of neutrino free-streaming alone (i.e., with no baryons
present) is to lower the overall amplitude of the mass den-
sity profiles within r200 while approximately preserving the
NFW-like shape. In effect, the free-streaming of massive neu-
trinos acts primarily to reduce the mass of a given halo. Be-
yond ~ 1200, however, there is also a change in shape, as is
evident from the ‘oscillatory’ feature in the subpanels that
show the ratio of the profiles with respect to that of the
massless neutrino case. Physically, we interpret this feature
as being due to the less evolved state of collapse of clusters

in the simulations with massive neutrinos. In the language
of clustering, the scale that marks the transition from the
‘1 halo’ term (i.e., the profile of the central halo) to the ‘2
halo’ term (the clustering of other nearby systems), as well
as its amplitude, is altered by neutrino free-streaming. We
plan to explore the use of this feature as a constraint on the
summed neutrino mass in a future study.

As in Section 3, we investigate to what degree the two
processes may be treated independently. In Fig. 8 we com-
pare the results of simulation runs combining baryon physics
and neutrino free-streaming (curves) with those obtained by
multiplying together the strengths of the two effects in iso-
lation, this time for the radial density profiles (crosses). Our
formalism for this is identical to that shown in eq. (1), with
the HMF exchanged for the radial density profile:

P(T)%[ﬁltx = p(r)Nvu o DM

() () ®

As can be seen, the combined effects are reproduced to an
accuracy of a few percent in all but the very central regions
of the halo (r < 0.05r200), with the exception of the highest
mass bin where we have comparatively poor statistics.

It is important to note here that in Fig. 8 we have re-
verted back to an unmatched set of haloes. That is, we have
used the self-consistent masses from each of the simulations
for this test.

© 2014 RAS, MNRAS 000, 1-18
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Figure 8. Comparison of the median radial total mass density profiles of haloes arising when simulating baryonic feedback and neutrino
free-streaming simultaneously (curves) and with that calculated by multiplying their separate effects (crosses). Haloes are binned using
their self-consistent masses from each of the simulations, with the mass ranges for each bin stated in units of log(Ma2g0,crit/M@e). Line
colours correspond to runs with different neutrino masses as in Figs 3 and 4, and the vertical dashed line shows the location of three
times the gravitational softening length from the halo center. The two cases agree to within a few percent at r > 0.05r200, with the
exception of the highest mass bin where we have relatively poor statistics.

4.2 Mass—concentration relation

The internal structure of CDM haloes in cosmological sim-
ulations is known to depend on their formation history,
in that systems that collapsed earlier tend to have higher
present-day concentrations on average than those that col-
lapsed later on (e.g., Wechsler et al. 2002). This sensitivity
is linked to the evolution of the (background) density of
matter in the Universe, such that systems that collapsed
earlier on had to have a higher physical density (in an abso-
lute sense) to be overdense with respect to the background
density, which was higher at earlier times. In CDM models,
low-mass haloes typically collapse before high-mass haloes
and, when combined with the evolution of the background
density, this gives rise to the expectation that low-mass sys-
tems ought to be more concentrated than high-mass haloes,
a result which is borne out in high resolution cosmological
simulations (e.g., Bullock et al. 2001; Eke et al. 2001; Neto
et al. 2007).

As we have seen in Section 4.1, non-gravitational pro-
cesses (e.g., feedback) and neutrino free-streaming also al-
ter the internal structure of collapsed haloes, and therefore
ought to modify the mass—concentration relation. Here we
examine the separate and combined effects that these pro-
cesses have on this relation.

As is customary, we define the concentration param-
eter, ca, as the ratio of the radius enclosing an overden-
sity of A times the critical density, ra to the NFW scale
radius, rs (i.e., ca = ra/rs). We derive two estimates of
the scale radius (and therefore the concentration), by fitting

© 2014 RAS, MNRAS 000, 1-18

NFW profiles to the total and dark matter mass density
profiles, respectively. Below we present results for the case
of A = 200. When deriving estimates of the scale radius, we
fit the NFW profile over the radial range 0.1 < r/r200 < 1.0
for halo masses of log(Ma200,crit /M@) = 13, noting that by
adopting a minimum radius of 0.1 7299 we largely avoid the
region dominated by stars that is typically not well fit by
the NFW form for these haloes. We exclude haloes below
this mass as the star dominated region approaches the scale
radius (see Fig. 6).7. To give approximate equal weighting to
the different radial bins over the range that we consider, we
actually fit to the quantity p 2, as done in several previous
studies (e.g., Neto et al. 2007). We derive concentration esti-
mates for each individual halo satisfying Maoo,cris > 102 Mg
in all of the simulations.

The resulting c200 values are binned into equally-spaced
logarithmic mass bins (0.5 dex width) between 13.0 and 15.0
in log (M200,crit /Mg ). In each bin we calculate the mean con-
centration value, {c200), the standard deviation (0, (cy0)) Of
the intrinsic scatter around (c200), and the mean halo mass,
(Ma2g0,crit)- As the scatter in ca2g0 is approximately log nor-
mal, (c200) and oy, (cyg,) Were computed by fitting a Gaus-
sian distribution to the histogram of the c200 values in 100
equally-spaced logarithmic bins spanning 3 dex centred on
an estimate for the mean value.

Previous studies found that the distribution of mass

7 Note that 75 > 0.1 raoo for the halo mass ranges under consid-
eration.
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Figure 9. Best fit total mass ¢(M) relations for different baryon physics models in the absence of neutrino physics in the WMAP7
cosmology (left) and for different Y M, values in the absence of baryonic physics in WMA P9 cosmology (right) at z = 0. Halo masses are
those from each of the individual simulations (i.e., not the matched DM-only masses). Stars mark the locations of the mean concentration
value in each 0.5 dex mass bin, solid lines display the best-fit power laws to these means with the functional form of equation 3. The
upper panel displays these in log(c) - log(M) space, while the lower panel displays the same data normalised to the best fit for the the
relevant DM only model. Increasing > M, results primarily in a reduction of the amplitude of ¢(M) with respect to the bMONLY NU 0.00
DM model with minimal alteration to the gradient. Conversely, baryonic feedback alters both the amplitude and the gradient.

and concentration values for DMONLY haloes in N-body sim-

ulations at z = 0 was well fitted by a power law of the
form
Ma "
eca(Ma)=A- | — . 3
A( A) <MF'iducial) ( )

Gao et al. (2008) demonstrated that a power law of this
form continued to be a good fit to samples of haloes in N-
body simulations out to redshifts of 2, although the value of
the parameter A varied as a function of z. We follow Duffy
et al. (2008) and parametrise this redshift dependence by
expanding Eqn. 3 to the form

L) (14 z)c ) (4)

ca(Ma)=A-
A( A) (MFiducial

Note that at fixed redshift, the A and C parameters in Eqn. 4
are degenerate. Therefore, when we present the results of our
analysis below at z = 0 we present fits to Eqn. 3. However,
we include the results of fitting Eqn. 4 over the redshift range
0 < z < 2 in Table Al in the Appendix.

Figure 9 displays the best-fit z = 0 total
mass—concentration relations from equation 3 for different
baryon physics models in the absence of neutrino physics
in the WMAPT cosmology (left panel), and for the differ-
ent Y M, values in the absence of baryonic physics in the
WMAP9 cosmology (right panel), using the self-consistent
masses from each simulation (i.e., for an unmatched set of
haloes).

Consistent with previous studies (e.g., Duffy et al.
2010), we find that the inclusion of efficient feedback results
in a lowering of the amplitude of the mass—concentration re-

lation (left panel of Fig. 9). There is also a slight shallowing
of the relation with respect to the DMONLY case, driven by
the increasing importance of feedback with decreasing halo
mass. Note that the mass—concentration relation is altered
in two ways: the profile shapes (and therefore the scale ra-
dius) are altered by feedback (Fig. 6) and the overall halo
mass is also affected. By comparing the results to those for
a matched set of haloes (not shown), we find that the main
effect is from the increase in the scale radius as opposed to
the lowering of the halo mass.

In the right panel of Fig. 9 we see that neutrino free-
streaming lowers the amplitude of the mass—concentration
relation and also has a slight effect on its shape. As in the
case of feedback, this is due both to a (slight) change in
the shapes of the profiles (an increase in the scale radius)
and to a lowering of the overall halo mass. By analysing
the mass—concentration relation for a matched set of haloes
(not shown), we deduce that the change in the halo mass is
more important than the change in the scale radius for halo
masses above ~ 14.5 in log(Ma200,crit /M@ ), while the reverse
is true at lower masses.

In analogy to our exploration of the halo masses, we
have examined to what extent the effects of baryon physics
and neutrino free-streaming on the mass—concentration re-
lation can be treated separately (i.e., does it reproduce the
combined effect, when both baryons and massive neutrinos
are present). We find that in a relative sense treating these
effects separately reproduces the combined result to a few
percent accuracy, as would be expected from the similar suc-
cess in recovering the density profiles (see Fig. 8). For brevity
we do not show this here.

© 2014 RAS, MNRAS 000, 1-18
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heating temperature under consideration. Neutrino free-streaming also increases the amplitude, with the strength of the effect depending

sensitively on the precise value of the summed neutrino mass.

5 HALO CLUSTERING

Having quantified the effects of feedback and neutrino free-
streaming on the masses and internal structure of haloes, we
now proceed to examine their separate and combined effects
on the spatial distribution of haloes. Specifically, we focus
here on the clustering of FOF haloes in bins of halo mass, as
characterised by the 3D two-point autocorrelation function.
We examine the clustering of matter in general in Section 6.

We compute the autocorrelation function, £, of FOF
groups as the excess probability (with respect to a random
distribution) of having another FOF group present at a par-
ticular distance; i.e.,

DD(r)

where DD(r) and RR(r) are the ‘data’ and ‘random’ pair
counts in radial bins. We compute RR analytically, assum-
ing the FOF groups are spread homogeneously throughout
the simulation volume at the mean density of haloes of the
particular mass range under consideration. We compute & in
20 logarithmic radial bins between 0.1 and 100 ™' comov-
ing Mpc.

In Fig. 10 we show the separate effects of baryon physics
(left panel) and neutrino free-streaming (right panel) on the
autocorrelation in three different halo mass bins. Consis-
tent with the results of van Daalen et al. (2014), we find
that AGN feedback increases the amplitude of the autocor-
relation by ~ 10%, with the precise shift depending on the
halo mass range and the AGN heating temperature. Neu-
trino free-streaming has a qualitatively similar effect, with
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the shift depending sensitively on the adopted mass range
and the summed mass of neutrinos, M, .

At first sight it is odd that the inclusion of massive
neutrinos leads to an increase in the amplitude of the halo
clustering signal, given that it is well known that neutrinos
suppress the matter power spectrum (e.g., Bond et al. 1980,
see also Section 6). The origin of this apparent inconsistency
lies in the fact that we are plotting the clustering signal in
bins of halo mass in Fig. 10 and that we are using the self-
consistent masses from each of the simulations when placing
the FOF groups into halo mass bins. Since feedback and neu-
trino free-streaming affect the halo masses (they generally
lower them with respect to the DMONLY case with massless
neutrinos), the clustering signal will be different for differ-
ent simulations simply because we are considering a differ-
ent set of systems for each simulation. Indeed, van Daalen
et al. (2014) have shown that, in the case of massless neu-
trino simulations, the increased amplitude of the large-scale
autocorrelation in hydrodynamical simulations with respect
to the DMONLY case can be entirely accounted for by the
change in halo mass.

We confirm the findings of van Daalen et al. (2014) in
the left panel of Fig. 11, where we use our halo matching
technique to identify a common set of haloes for the different
simulations. Specifically, we bin haloes by their correspond-
ing masses in the DMONLY case. To a high level of accuracy,
we find that on scales r > 7200 the clustering is unaffected
by baryon physics when considering a common set of haloes
(i.e., feedback does not push haloes around).

The situation is different in the case of neutrino free-
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Figure 11. Real-space 2-point halo autocorrelation functions (€) for the different baryonic physics models in the absence of neutrino
physics from cosmo-OWLS (left) and the different collisionless massive neutrino runs from BAHAMAS (right). The bottom left panel
shows ¢ for each of the baryonic physics models normalised to the DMONLY case, while the bottom right panel shows the massive neutrino
models normalised to the dark matter-only massless neutrino (NU 0.00 DM) case. In contrast to Fig. 10, solid, dashed and dotted curves
correspond to & for matched haloes in mass bins of 1012 — 103 Mg, 10 — 10™Mg and 10™ — 105Mg in M‘;a‘oogﬁ‘t respectively, i.e.
selecting the same set of haloes in each simulation. As can be clearly seen from the bottom-left panel, the large-scale clustering of a
chosen set of haloes is, to a very high level of accuracy, unaffected by baryon physics. Conversely, neutrino free-streaming can suppress

the amplitude of the halo autocorrelation function by ~ 10%.

streaming, however, which we consider in the right panel
of Fig. 11. In particular, when we account for the effects
of changes in the halo mass, by adopting a common set of
haloes, we find that the large-scale clustering signal is now
suppressed by ~ 10%. Physically this makes sense, since the
free-streaming of the neutrino background acts to delay the
growth of fluctuations (i.e., it suppresses the matter power
spectrum). This result is useful for galaxy surveys that com-
pare with semi-empirical models such as SHAM, or with SA
models, which are based on the masses of haloes in DMONLY
simulations. However, it is important to note that for obser-
vational surveys that use directly measured masses, e.g. by
combining with galaxy-galaxy lensing, it is Fig. 10 that is
most directly relevant.

In Fig. 12 we test how well treating the effects of baryon
physics and neutrino free-streaming separately (i.e., multi-
plicatively) reproduces their combined effects on the cluster-
ing of massive haloes. For this test, we use the self-consistent
halo masses from each simulation, rather than identifying a
common set of haloes and binning using masses from the
massless DMONLY run. The top panel of Fig. 12 compares
the clustering signal measured directly from the hydrody-
namics+neutrino simulations (curves) to that predicted by
treating these two processes separately (crosses). So, for ex-
ample, the prediction for the NU 0.24 case would be to mul-
tiply the clustering signal of the massless DMONLY run, NU
0.00 DM, by the ratio of the hydrodynamics to DMONLY case
with massless neutrinos (i.e., NU 0.00/NU 0.00 DM) and by
the ratio of the massive to massless neutrino cases in the
absence of baryon physics (i.e., NU 0.24 DM/NU 0.00 DM).

The bottom panel of Fig. 12 shows the ratio of the pre-
diction arising from the multiplicative approach to the self-
consistent calculation.

We find that for » > 1h 'Mpc and 12 <
log(Ma00,crit /Me) < 14, the combined effects of neutrino
free-streaming and baryons physics can be reproduced ex-
tremely well (1-2% accuracy), by considering these effects
separately, independently of the choice of summed neutrino
mass, M,. This agreement worsens slightly in our highest
mass bin, where the two cases deviate by ~ 10% at large
radii for the highest summed neutrino mass.

6 MATTER CLUSTERING

As a final LSS diagnostic, we now consider the effects of
baryon physics and massive neutrinos on the total matter
power spectrum. We compute the matter power spectra us-
ing the GenPK code®.

In Fig. 13 we show the separate effects of baryon physics
(left panel) and neutrino free-streaming (right panel) on the
matter power spectrum at three different redshifts. Consis-
tent with the previous findings of van Daalen et al. (2011),
we find that AGN feedback suppressed the matter power
spectrum on small scales (k = 1 h/Mpc), at levels of up to
10-20%. Neutrino free-streaming also suppresses the mat-
ter power spectrum, but over a wider range of scales (up to
the free-streaming scale ~ 100 Mpc, Ali-Haimoud & Bird

8 https://github.com/sbird/GenPK
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Figure 12. Comparison of the real space 2-point halo autocor-
relation functions (£) arising when simulating baryonic feedback
and neutrino free-streaming simultaneously (curves) and those
calculated by multiplying the separate effects of baryonic feed-
back in the absence of neutrinos and the effects of neutrino
free-streaming in the absence of baryon physics (crosses). Solid,
dashed and dotted lines correspond to & for haloes in mass bins of
10'2 — 1013Mg, 1013 — 10 Mg and 104 — 1015Mg in Mago,crit
respectively. The bottom panel shows each of the multiplicative
models normalised by the corresponding combined case. The mul-
tiplicative treatment recovers the combined result with a few
percent accuracy for » > 1h~!Mpc independent of the chosen
summed neutrino mass in all but the highest mass bin.

2013). While the suppression due to neutrino free-streaming
is largely insensitive to the redshift, that due to baryonic
feedback grows by a factor of ~ 2 between z =2 and z =0

In Fig. 14 we show the combined effects of baryon
physics and neutrino free-streaming (curves) and compare
this with the predicted power spectra when these effects are
treated separately and then multiplied (crosses). The predic-
tions reproduce the power spectra from the self-consistent
simulations to typically better than 2% accuracy over the
full range of redshifts and summed neutrino masses we have
considered for wavenumbers of k& < 10 h/Mpc. This re-
sult provides some reassurance for existing studies that have
treated these processes independently (e.g., Harnois-Déraps
et al. 2015).

7 SUMMARY AND DISCUSSION

We have used the cosmo-OWLS and BAHAMAS suites of cos-
mological hydrodynamical simulations to explore the sep-
arate and combined effects of baryon physics (particularly
AGN feedback) and neutrino free-streaming on different as-
pects of large-scale structure (LSS), including the halo mass
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function and halo number counts, the spherically-averaged
density profiles and mass—concentration relation, and the
clustering (autocorrelations) of haloes and matter.

From this investigation we conclude the following:

e AGN feedback can suppress the halo mass function by
~20—30% relative to the DMONLY case on the scale of galaxy
groups and clusters, a result which is largely insensitive to
redshift (Fig. 1, left panels), as also found by Velliscig et al.
(2014). Neutrino free-streaming preferentially suppresses the
high-mass (cluster) end of the HMF, with a strong depen-
dence on redshift and the choice of summed neutrino mass
(Fig. 1, right panels).

e In terms of mass density profiles, the inclusion of bary-
onic physics, and in particular radiative cooling and AGN
heating, produces higher central (due to cooling) and pe-
ripheral densities (due to gas ejection), with lower densities
at intermediate radii (due to gas ejection), relative to the
DMONLY case. The gas expulsion leads to an expansion of
the dark matter, such that the NFW scale radius increases
(Fig. 6). To a first approximation, the free-streaming of mas-
sive neutrinos reduces the amplitude of the mass density
profiles while approximately preserving their shape within
the virial radius (Fig. 7). However, there is a change in the
shape of the profile just beyond the virial radius, such that
the radius that marks the transition from the ‘1 halo’ to the
‘2 halo’ term decreases with increasing summed neutrino
mass.

e Free-streaming of massive neutrinos results in a reduc-
tion in the amplitude of the mass—concentration relation
by ~ 10% (depending on the summed neutrino mass) with
only minimal alteration to its slope (Fig. 9, right panels).
This is due both to a lowering of the overall halo mass
and a slight increase of the scale radius. By contrast, AGN
feedback alters both the amplitude and the slope of the
mass—concentration relation (Fig. 9, left panels), as also
found by Duffy et al. (2010). The amplitude shift here is
due mainly to an increase in the scale radius, driven by the
expansion of the dark matter halo due to gas expulsion from
feedback. The change in slope reflects the increased impor-
tance of feedback for groups relative to clusters.

e In bins of halo mass, both AGN feedback and neu-
trino free-streaming result in an apparent enhancement of
the amplitude of the 2-point halo correlation function on
large scales (r > 7200), by ~ 10% with respect to the
DMONLY case with massless neutrinos at z = 0 (Fig. 10). In
the case of simulations with baryons and massless neutrinos,
this is due entirely to the effect on the halo mass (so that the
mass bins contain different systems in different simulations)
rather than a true alteration of the spatial distribution of
haloes (Fig. 11, left panels), consistent with the findings of
van Daalen et al. (2014). In the case of simulations with
massive neutrinos, when we account for the change in halo
mass we find that the large-scale clustering of haloes is actu-
ally suppressed relative to a massless neutrino case (Fig. 11,
right panels), as expected.

e On small scales (k 2 1 h/Mpc) the matter power spec-
trum can be suppressed by AGN feedback by up to 10-20%
at z = 0, consistent with the previous findings of van Daalen
et al. (2011). This factor increases by a factor of ~2 be-
tween z = 2 and z = 0 (Fig. 13, left panels). Neutrino
free-streaming also suppresses the matter power spectrum,
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Figure 13. Matter power spectra for different baryon physics models in the absence of neutrino physics in the WMAPT cosmology (left)
and for different Y M, values in the absence of baryonic physics in the WMAP9 cosmology (right) at z = 0. As in Fig. 1, colours denote
the various runs (see the legend and Table 1), while the different linestyles denote different redshifts. The bottom left panel shows matter
power spectra for the cosmo-OWLS runs normalised to the DMONLY case, whereas in the bottom right panel the collisionless BAHAMAS
runs have been normalised by the massless neutrino case. Baryonic feedback suppresses the matter power spectrum by 10-20% on small
scales (k 2 1 h/Mpc). In contrast, the suppression due to neutrino free-streaming depends strongly on the choice of summed neutrino
mass and has an effect over a much wider range of scales. The suppression due to baryonic feedback grows by a factor of ~ 2 between
z =2 and z = 0, whereas the level of suppression resulting from neutrino free-streaming is only weakly dependent on redshift.

but over a much wider range of scales (see also Semboloni
et al. 2011). This suppression is nearly insensitive to redshift
but depends strongly on the adopted summed neutrino mass
(Fig. 13, right panels).

e We have investigated the extent to which the effects of
baryon physics and neutrino free-streaming can be treated
independently. The procedure of multiplying together the
magnitudes of the two effects when taken in isolation re-
produces their combined effects to typically a few percent
accuracy for the halo mass function (Fig. 3), the mass den-
sity profiles (Fig. 8), the mass—concentration relation, and
the clustering of haloes (Fig. 12) and matter (Fig. 14) over
ranges of 12 < Maoo,erit /Mo < 15, 12 < Mago,erit /Mo <
14.5, 12 < M200,crit/M® < 14 and 0.04 < k [h/MpC] < 10,
respectively. Our simulation-based matter power spectrum
findings are therefore consistent with those of Mead et al.
(2016), who explored the degeneracies between feedback,
massive neutrinos, and modified gravity in the context of
a modified ‘halo model’ formalism (see Mead et al. 2015 for
further details).

Our work has demonstrated that both AGN feedback
and neutrino free-streaming can have a considerable impact
on LSS. They should therefore both be included in cosmolog-
ical analyses. Through the use of self-consistent cosmological
simulations we have shown that, to a high degree of accuracy,
these processes are separable (i.e., can be treated indepen-
dently), which should considerably simplify the inclusion of
their effects in cosmological studies that adopt, for exam-
ple, the halo model formalism or the linear matter power

spectrum (e.g., from CAMB). While we have no reason to
expect that altering the background cosmology should alter
the separability of these effects, we caution that we have only
explicitly tested the separability in the context of a WMAP
9-yr cosmology. Further work is therefore required to test
this result over a wider range of cosmological parameters.
In a future study we will examine the constraints that
can be placed on the absolute mass scale of neutrinos from
comparisons to current LSS data (McCarthy et al., in prep).
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APPENDIX A: FITS TO
MASS-CONCENTRATION RELATIONS

Here we provide the best fit powerlaw parameter values
to the mass—concentration relations of the various cosmo-
OWLS and BAHAMAS runs.
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Table A1. Best-fit values for the coefficients of eq. (4) for z = 0 — 2 and Mp;queiar = 10"*Mg, and the 1 — o log-normal scatter of
concentration values around the best fit relation

DM Tot
A B C scatter A B C scatter

NocooL  4.878 -0.099 -0.507 0.340 4.720 -0.062 -0.457 0.339
REF 4.650 -0.112 -0.360 0.353 4.124 -0.111 -0.327 0.353
WMAPT7 AGN 8.0 4.105 -0.061 -0.391 0.363 3.614 -0.105 -0.424 0.363
AGN 8.5 3917 -0.073 -0.432 0.364 3.599 -0.108 -0.462 0.364
AGN 8.7 3.842 -0.071 -0.461 0.369 3.640 -0.094 -0.485 0.369

NU 0.00 4.553 -0.072 -0.467 0.373 4.099 -0.114 -0.515 0.373
NU 0.06 4.498 -0.070 -0.458 0.374 4.063 -0.112 -0.511  0.375
WMAP9 ~Nu0.12 4411 -0.074 -0.449 0.373 3.985 -0.114 -0.504 0.375
NU 0.24 4329 -0.070 -0.446 0.374 3.901 -0.111 -0.499 0.376
NU 0.48 4.055 -0.068 -0.402 0.385 3.646 -0.108 -0.450 0.386

Duffy et al. (2008) 411 -0.084 -0.47
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