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1 INTRODUCTION

ABSTRACT

By means of zoom-in hydrodynamic simulations, we quantify the amount of neutral hydrogen
(H1) hosted by groups and clusters of galaxies. Our simulations, which are based on an
improved formulation of smoothed particle hydrodynamics, include radiative cooling, star
formation, metal enrichment and supernova feedback, and can be split into two different
groups, depending on whether feedback from active galactic nuclei (AGN) is turned on or
off. Simulations are analysed to account for H1 self-shielding and the presence of molecular
hydrogen. We find that the mass in neutral hydrogen of dark matter haloes monotonically
increases with the halo mass and can be well described by a power law of the form My ,(M, z)
M?3/*. Our results point out that AGN feedback reduces both the total halo mass and its H1
mass, although it is more efficient in removing H1. We conclude that AGN feedback reduces
the neutral hydrogen mass of a given halo by ~50 per cent, with a weak dependence on halo
mass and redshift. The spatial distribution of neutral hydrogen within haloes is also affected
by AGN feedback, whose effect is to decrease the fraction of H1 that resides in the halo inner
regions. By extrapolating our results to haloes not resolved in our simulations, we derive
astrophysical implications from the measurements of 2py,(z): haloes with circular velocities
larger than ~25km s~! are needed to host H1 in order to reproduce observations. We find that
only the model with AGN feedback is capable of reproducing the value of Qy by, derived
from available 21 cm intensity mapping observations.

Key words: methods: numerical — galaxies: clusters: general —cosmology: miscellaneous.

That gas, which is mainly ionized, becomes neutral once its den-
sity is high enough to be self-shielded against the exterior radiation.

The formation and evolution of galaxies is an extremely complicated
process that we do not fully understand yet. In the standard picture,
gas falls within the gravitational potential wells of dark matter (DM)
haloes, where it cools down and eventually forms stars. Galaxies
grow mainly by accreting gas from the intergalactic medium (IGM).

*E-mail: villaescusa@oats.inaf.it

© 2016 The Authors

Neutral hydrogen (H1) is one of the major gas components in galax-
ies, and it has been shown that strong correlations show up among
the H1 content and stellar mass (Catinella et al. 2010; Cortese et al.
2011; Huang et al. 2012). This is surprising because stars form from
the collapse and fragmentation of molecular hydrogen (H;) clouds,
which are created, under proper conditions, from H1 and, therefore,
the presence of neutral hydrogen does not imply that star formation
is taking place.
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From observations we know that galaxies can be classified into
two different groups. One group is dominated by blue star-forming
galaxies, which are rich in cold gas (late-type) whereas the other
group (early-type) contains red passive galaxies which host, on av-
erage, low gas fraction. The physical mechanisms responsible for
this bimodality are not yet fully understood. Among the differ-
ent mechanisms that can quench star formation there are mergers
(Toomre & Toomre 1972), gas stripping by ram pressure (Gunn &
Gott 1972; Yoon & Rosenberg 2014) and active galactic nucleus
(AGN) feedback (Ho, Darling & Greene 2008; Hughes & Cortese
2009; Leslie et al. 2016). The relative importance of the different
processes is also not well known.

In order to improve our understanding of the physical processes
responsible for galaxy formation and evolution, it is thus very im-
portant to perform observations which not only tell us about the
star formation rate and the stellar mass, but also which inform us
on the mass in neutral and molecular hydrogen, being those the
main constituents of the interstellar medium. One of the purposes
of this paper is to investigate the impact of AGN feedback on the
H1 content in groups and clusters of galaxies.

Besides using H1 to improve our understanding of galaxy forma-
tion and evolution, neutral hydrogen plays a key role in cosmology,
since it can be used as a tracer of the large-scale structure of the
Universe. Therefore, it is very important to properly model the spa-
tial distribution of neutral hydrogen, in the post-reionization epoch,
as it will be sampled, either by H1-selected galaxies (Santos et al.
2015a; Yahya et al. 2015) or via intensity mapping (Battye, Davies
& Weller 2004; Chang et al. 2010; Masui et al. 2013; Switzer et al.
2013; Santos et al. 2015b), by radio telescopes as the Giant Metre-
wave Radio Telescope (GMRT),' the Ooty Radio Telescope (ORT),
the Low-Frequency Array (LOFAR),® the Murchison Widefield
Array (MWA),* the Canadian Hydrogen Intensity Mapping Ex-
periment (CHIME),? the Five hundred metre Aperture Spherical
Telescope (FAST),® ASKAP (The Australian Square Kilometre Ar-
ray Pathfinder),” MeerKAT (The South African Square Kilome-
ter Array Pathfinder)? and the future SKA (The Square Kilometre
Array).’

Intensity mapping is a new technique to sample the large-scale
structure of the Universe which consists in performing a low an-
gular resolution survey where the 21 cm emission from individ-
ual galaxies is not resolved. By using this technique, the radio
telescopes will just measure the integrated emission from neutral
hydrogen from many unresolved galaxies. The underlying idea
is that on large scales, fluctuations in the integrated 21 cm sig-
nal will follow that of the underlying matter (Bharadwaj & Sethi
2001; Bharadwaj, Nath & Sethi 2001; Battye et al. 2004; McQuinn
et al. 2006; Chang et al. 2008; Loeb & Wyithe 2008; Bull et al.
2015; Santos et al. 2015b; Villaescusa-Navarro, Bull & Viel 2015a).
Thus, intensity mapping represents a different way to sample the
large-scale structure of the Universe and it is expected to revo-
lutionize cosmology given the very large volumes it can sample
and the spectroscopic nature of the measurements (Alonso et al.

Uhttp://gmrt.ncra.tifr.res.in/

2 http://rac.ncra.tifr.res.in/

3 http://www.lofar.org/

4 http://www.mwatelescope.org/

3 http://chime.phas.ubc.ca/

6 http://fast.bao.ac.cn/en/

7 http://www.atnf.csiro.au/projects/askap/index.html
8 http://www.ska.ac.za/meerkat/

9 https://www.skatelescope.org/
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2015; Bull et al. 2015; Santos et al. 2015b; Villaescusa-Navarro
et al. 2015a).

The function My,(M, z), which represents the average neutral
hydrogen mass hosted by a DM halo of mass M at redshift z, plays
a key role in 21 cm cosmology, since the shape and amplitude of
the 21 cm power spectrum, on large, linear scales, are completely
determined by that function. We now briefly explain the reason of
this.

On large scales, the amplitude of the 21 cm power spectrum can
be written as (see Villaescusa-Navarro et al. 2015a for a detailed
discussion)

2 2 2 1,
Pyem(k, 2) = 8Ty (2)by,(2) (1 + gﬂ(z) + gﬂ (z))
x Pn(k, 2), (D

where B(z) = f(z)/bu.(z) is the redshift-space distortion parameter
and the third factor on the right-hand side of the above equation
arises from the Kaiser formula (Kaiser 1987). by ,(z) represents the
bias of the neutral hydrogen, P (k, z) denotes the linear matter
power spectrum and the mean brightness temperature, §7T;(z), is
given by

Hy(l +2)°

8Th(z) =1
b(2) 89 ( o)

) Q,(z)h mK, €3

where H(z) and Hj are the value of the Hubble parameter at red-
shifts z and 0, respectively. & represents the value of H in units of
100kms~! Mpc~! and Q;,(z) is the ratio of the comoving neutral
hydrogen density at redshift z to the Universe critical density at
z=0, p.

Therefore, for a given cosmological model, the amplitude of
the 21 cm signal depends on the amount of neutral hydrogen, via
Qu.(z), but also on the way the Hr1 is distributed among different
haloes, i.e. on the neutral hydrogen bias, by,(z). Contrary to what
observers usually measure (the H1 mass within galaxies), the im-
portant quantity for cosmology is the function My,(M, z), which
gives the average H1 mass hosted by a halo of mass M at redshift
z. Given that function, it is straightforward to compute both Qy,(z)
and by,(z) as

Qu,(2) = %/ n(M, )My, (M, z)dM, 3)
¢ Jo

Jo n(M, 2b(M, 2)My,(M, z) dM

bin(z) = I n(M, )My (M, z)dM

“

where n(M, z) and b(M, z) are the halo mass function and halo bias,
respectively. In other words, for a given cosmological model, the
function My,(M, z) completely determines the shape and amplitude
of the 21 cm power spectrum on large scales.

The H1mass residing in galaxy clusters plays a fundamental role
in determining the value of the H1bias (see Yoon & Rosenberg 2014,
for an observational study on the cold atomic gas content of galaxies
in groups and clusters). The reason is that clusters of galaxies are
very biased objects, and therefore, if a significant amount of neutral
hydrogen is found within them, they can substantially enhance the
value of by,(z). This can be rephrased saying that the high-mass
end of the function My,(M, z) is very important since the H1 bias
strongly depends on it.
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At z == 0, the bias of Hi-selected galaxies'” have been measured
from the H1 Parkes All-Sky Survey (Barnes et al. 2001) obtaining a
value of by, g = 0.7 £ 0.1, in good agreement with the one mea-
sured from the Arecibo Legacy Fast ALFA Survey (Giovanelli et al.
2005; Martin et al. 2012, see however Marin et al. 2010 for analyt-
ical estimates of the H1 bias at z = 0 and its redshift evolution). At
(z) = 0.8, 21 cm intensity mapping observations with the Green
Bank Telescope have been used to measure the product by,(z) x
Qu.,(2), finding a value of 6.2733 x 10~* (Chang et al. 2010; Masui
et al. 2013; Switzer et al. 2013). Finally, at (z) = 2.3 the bias of
damped Lyman o absorbers (DLAs) has been recently estimated in
Font-Ribera et al. (2012) to be bppas = (2.17 £ 0.20)8%%2, where
Pr is the Lyo forest redshift distortion parameter whose value is of
order 1.

Thus, it is very important to model as best as possible the func-
tion My,(M, z) since the signal-to-noise ratio of the 21 cm signal
depends on it. On the other hand, the function My, (M, z) contains
important astrophysical information, giving us information on how
Hr is distributed among the different haloes and it can be con-
strained by combining observations from the Ly forest, 21 cm
intensity mapping and so on.

Theoretical models like the one presented in Bagla, Khandai &
Datta (2010) propose a phenomenological function for My,(M, z)
making the hypothesis that galaxy clusters do not host a signifi-
cant amount of neutral hydrogen. This hypothesis relies on the fact
that observations point out that galaxies in clusters are H1 deficient
(Solanes et al. 2001; Gavazzi et al. 2005, 2006; Taylor et al. 2012,
2013; Catinella et al. 2013; Dénes, Kilborn & Koribalski 2014).
In Villaescusa-Navarro et al. (2014), it was shown that this simple
model is capable of reproducing extremely well the abundance of
DLAs at redshifts z = [2.4-4], while in Padmanabhan, Choudhury
& Refregier (2015) authors claim that the model successfully repro-
duces the bias of the Hi-selected galaxies at z 2~ 0. In this paper, we
check the validity of the assumption behind the Bagla et al. (2010)
model.

The purpose of this paper is to investigate, using state-of-the-art
zoom-in hydrodynamic simulations, the amount of neutral hydrogen
hosted by groups and clusters of galaxies (i.e. the high-mass end of
the My,(M, z) function), its spatial distribution within haloes and
its evolution with time. We also test the validity of the Bagla et al.
(2010) assumptions by comparing the results of our simulations
against the prediction of that model. Moreover, we study the impact
of AGN feedback on the neutral hydrogen content of clusters and
groups and investigate the implications for 21 cm intensity mapping.

This paper is organized as follows. In Section 2.1, we describe
the hydrodynamic simulations used for this work, together with
the method used to model the spatial distribution of neutral hy-
drogen. We investigate in Section 3 the mass in neutral hydrogen
hosted by groups and clusters, its spatial distribution within haloes,
its redshift evolution and the impact of AGN feedback. In Sec-
tion 4, we compare our findings against the Bagla et al. (2010)
model and study the consequences for 21 cm intensity mapping. We
draw the main conclusions and discuss the results of this paper in
Section 5. In Appendix A, we discuss the distribution of neutral

10 Notice that this bias is different from the one defined in equation (4).
The bias of Hi-selected galaxies is defined as the value of ba l‘gal(r) =
EH1,gal(1)/ém(r) on large scales, where &y, ga(r) and &y, represent the
two-point correlation function of the Hi-selected galaxies and the under-
lying matter, respectively.
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hydrogen among galaxies belonging to groups and clusters and the
possible level of numerical contamination.

2 SIMULATIONS

In this section, we describe the set of zoom-in hydrodynamic sim-
ulations we have used for this work. We then depict the method we
employ to model the spatial distribution of neutral hydrogen and
the procedure utilized to identify DM haloes and galaxies.

2.1 Hydrodynamic simulations

Here, we provide a short characterization of the set of simulations
used in this paper. While we refer to a future work (Planelles et al., in
preparation) for a more detailed description, a first analysis of these
set of simulations can be found in the recently submitted paper by
Rasiaetal. (2015). The set of hydrodynamic simulations consists of
resimulations of 29 Lagrangian regions centred around the 29 most
massive haloes formed in a larger N-body cosmological simulation
(see Bonafede et al. 2011, for details on the initial conditions). The
simulations, performed with the TreePM-SPH (smoothed particle
hydrodynamics) GaDGET-3 code (Springel 2005), assume a flat A
cold dark matter (ACDM) cosmology with 2, = 0.24, Q, = 0.04,
Hy=72kms ! Mpc™!, ny =0.96, 03 = 0.8.

The mass resolution for the DM particles and the initial mass of
the gas particles are, respectively, mpy = 8.44 x 10° hi~' M) and
Mgas = 1.56 X 108 1! M. As for the spatial resolution, gravita-
tional force in the resimulated regions is computed with a Plummer-
equivalent softening length of € = 3.75h~! kpc (in physical units
at z < 2, while fixed in comoving units at z > 2).

An improved version of the standard SPH scheme, as discussed
in Beck et al. (2016), has been included. This new hydro scheme
includes a number of elements (such as an artificial conduction
term, a time-dependent artificial viscosity and a Wendland C* in-
terpolation kernel) which largely improves the performance of the
traditional SPH scheme. Including this new hydro scheme, different
sets of simulations, characterized by the inclusion of different sets
of baryonic physical processes, have been performed. In this work,
our reference simulations, labelled as the AGN simulations, include
the effects of the AGN feedback model recently presented in Stein-
born et al. (2015). In this model, accretion on to supermassive black
holes takes place according to the Bondi formula and is Eddington-
limited, but in contrast to the original implementation by Springel,
Di Matteo & Hernquist (2005), we compute the accretion rate sep-
arately for cold and hot gas using different boost factors (typically,
100 for cold gas and 10 for hot gas accretion). In the particular set
of simulations presented in this paper, as in Rasia et al. (2015), we
neglect any contribution from hot gas accretion. Furthermore, both
mechanical outflows and radiation contribute to the thermal energy.
Using variable efficiencies for these two components allows a con-
tinuous transition between the quasar and the radio mode. For the
radiative feedback, we fix the coupling factor to the surrounding gas
to € = 0.05. We refer to Steinborn et al. (2015) for a more detailed
description of this model.

Besides AGN feedback, our reference model also accounts for
the effects of a number of additional processes such as metallicity-
dependent radiative cooling, star formation, supernova (SN) feed-
back and metal enrichment. These processes have been included as
described in Planelles et al. (2014). Briefly, radiative cooling and
the presence of the UV/X-ray background radiation are included
according to, respectively, Wiersma, Schaye & Smith (2009) and
Haardt & Madau (2001). The sub-grid model for star formation and

MNRAS 456, 3553-3570 (2016)
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its associated feedback is implemented according to the prescrip-
tion by Springel & Hernquist (2003). Galactic winds with a velocity
of ~350kms~! characterize the kinetic feedback from SNe. Metal
enrichment is also included according to the chemical model by
Tornatore et al. (2007). We refer to this simulation set as AGN run.

We emphasize that our AGN reference model has been shown
to agree with a number of cluster observations and, therefore, to
provide a realistic population of clusters. In particular, in the recent
work by Rasia et al. (2015), it has been shown how this set of
simulations produce, in a natural way, the coexistence of cool-
core and non-cool-core clusters, with entropy and iron abundance
profiles in good agreement with observational profiles. A similar
good match with observed data is also obtained for other cluster
properties such as pressure profiles, gas and baryon mass fractions or
X-ray and Sunyaev-Zel’dovich (SZ) scaling relations (see Planelles
etal., in preparation and Truong et al., in preparation). Our reference
simulation appears to also reproduce the observed scaling between
stellar mass of the host galaxy and black hole mass, producing as
well a good estimate of brightest galaxy cluster masses.

For completeness, besides our reference AGN simulations, we
will also analyse another set of radiative simulations, labelled as
CSF, which include the same physical processes as our reference
model but for which we have turned off AGN feedback. We use
these simulations to investigate the impact of AGN feedback by
comparing the results from this set against the one from the AGN
simulations.

2.2 Neutral hydrogen distribution

We need to post-process the output of the simulations to account for
two critical processes, which are not followed by our simulations,
to properly model the distribution of neutral hydrogen: the H1 self-
shielding and the formation of molecular hydrogen, H,.

The procedure used to model the spatial distribution of neutral
hydrogen is as follows. First of all, the hydrogen mass that is neu-
tral is computed, for all gas particles in the simulation, assuming
ionization equilibrium and estimating the photoionization rate us-
ing the fitting formula of Rahmati et al. (2013a). Then, we correct
the H1 mass obtained above by modelling the presence of molec-
ular hydrogen using the model developed in Krumholz, McKee &
Tumlinson (2008, 2009) and McKee & Krumholz (2010), the so-
called KMT model, assuming that only star-forming particles host
H,.

The H1 self-shielding is taken into account by using the fitting
formula of Rahmati et al. (2013a), which we use to compute the
fraction of hydrogen that is in neutral state (i.e. both neutral hy-
drogen, H 1, and molecular hydrogen, H,). We now briefly describe
the method used here and refer the reader to Rahmati et al. (2013a)
for further details. The amount of hydrogen that is neutral is com-
puted, for each gas particle, assuming ionization equilibrium (see
for instance appendix A2 of Rahmati et al. 2013a) where the pho-
toionization rate, I'py, affecting a given gas particle is a function

of its hydrogen number density, ny,
B a
n n
1+(—”) +f[1+—H] }
no no
)]

where ["yyp is the UV background photoionization rate and ng, o,
oy, B and f are free parameters of the fitting formula whose values
we take from table Al of Rahmati et al. (2013a). We interpolate to
obtain the value of the above parameters for redshifts not covered

oy

Iphot = I'uve {(1 -
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by their table A1. We notice that we are neglecting radiation from
local sources (Miralda-Escudé 2005; Schaye 2006; Rahmati et al.
2013b) and local X-ray radiation from the hot intracluster medium
(ICM) (Kannan et al. 2015) when computing the mass in neutral
hydrogen. In Section 5, we discuss the possible consequences of
this assumption in our results.

The presence of molecular hydrogen, H,, is modelled using the
KMT analytic model. The molecular hydrogen fraction, fy,, defined
as fu, = My, /Mxn, where My, is the mass in molecular hydrogen
and Mxu = Mu, + My, is the mass in hydrogen which is neutral
(computed as explained in the previous paragraph), is estimated
using

fo = 1— 2B ifs <2 ©
. 0 ifs>2
where
log(1 4+ 0.6 + 0.01x2)
s = @)
0.67.
with
x = 0.756(1 + 3.12°3%%) ®)
T. = Zog/in )

where Z is the metallicity of the gas particle, self-consistently de-
scribed in our simulations, in units of the solar metallicity (Allende
Prieto, Lambert & Asplund 2001), uy is the mean mass per hydro-
gen nucleus (uy = 2.3 x 1072* g), 04 is the dust cross-section (we
take o0y = Z x 107! cm?) and ¥ is the gas surface density.!' We
assume that the extent and profile of the metallicity are governed
by the particle SPH radius and kernel, respectively. Notice that we
assume that only star-forming particles (i.e. particles with physi-
cal densities higher than ~0.1 H/ cm™>) host Hy; thus, the H1 mass
computed above only needs to be corrected in those particles.

2.3 Identification of DM haloes and galaxies

DM haloes are initially found by applying the Friends-of-Friends
algorithm (Davis et al. 1985) with a value of the linking length
parameter b = 0.16 on top of the simulation snapshots. Next, the
centre of a given halo is found by searching the particle with the
minimum value of the gravitational potential. Then, the halo radius,
Ryy, and its mass, M, are computed by requiring that the mean
density of a sphere centred on the halo centre and with that radius
is equal to 200 times the critical density of the Universe at that
redshift, p.(z), i.e.

47t
M = ?pc(Z)AC(Z)R;OO’ (10)

where A.(z) = 200. The above procedure is also used to find { M5,
Rsoo} and {Ras00, Masoo }, which are defined as above but setting
Ac(z) = 500 and A (z) = 2500, respectively. Finally, galaxies are
identified by means of the surIND algorithm (Springel et al. 2001;
Dolag et al. 2009). At z = 0, the catalogues of each, the AGN and
CSF, simulation contain approximately 450 groups and clusters.

1T'We follow Davé et al. (2013) and compute the surface density of a given
gas particle by multiplying its density by its SPH radius.
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Figure 1. Spatial distribution of matter overdensity (first row), gas over-
density (second row), temperature (third row), metallicity (fourth row) and
neutral hydrogen fraction (fifth row) from a slice of 10 A~ Mpc width
centred in the most massive halo of one of our simulated regions at
z = 0. White circles represent the location and radii of the haloes found
in that slice. Left- and right-hand panels show the results for the simulations
CSF and AGN, respectively. The units of the X- and Y-axes are h~! Mpc.

3 NEUTRAL HYDROGEN IN GROUPS AND
CLUSTERS: IMPACT OF AGN FEEDBACK

In this section, we present the main results that we obtain by
analysing the hydrodynamic simulations. In order to have a pre-
liminary visual impression of the results, we show in Fig. 1 the
spatial distribution of matter, gas, temperature, metallicity and neu-
tral hydrogen fraction around a massive cluster at z = 0 in one of our

Neutral hydrogen in galaxy clusters ~ 3557

CSF
AGN d
107 | - - Bagla et al. 2010 . 9
Sausage cluster :
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E 1011 L
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Figure 2. Neutral hydrogen mass within Rypo as a function of the halo
mass, M, for the haloes of the simulations CSF (blue dots) and AGN (red
triangles) at z = 0. The solid lines show a fit to the results using the function
My, (M, z) = ¢” M*. The dashed magenta line displays the prediction of the
Bagla et al. (2010) model. The green and brown arrows represent a lower
limit on the neutral hydrogen mass hosted by the Sausage and Virgo clusters,
respectively (see the text for details).

resimulated regions. The left and right columns display the results
for the simulations without and with AGN feedback, respectively.

In Section 3.1 we investigate the mass and spatial distribution
of H1 within groups and clusters of galaxies. We investigate the
impact of AGN feedback on the amount and distribution of H1 in
Section 3.2. In Section 3.3 we study the evolution with time of our
results. Finally, we refer the reader to Appendix A for the results on
the neutral hydrogen content in galaxies belonging to groups and
clusters of galaxies. In that appendix, we also quantify the level of
contamination of our results from spurious numerical artefacts in
our simulations.

3.1 Neutral hydrogen in groups and clusters at z = 0

For each halo of the simulations CSF and AGN, we have computed
the total neutral hydrogen mass within Ry and in Fig. 2 we show
the H1 mass versus the total halo mass, M», at z = 0.

We find that, on average, the bigger the halo, the larger the H1
mass it hosts. This behaviour takes place independently of whether
AGN feedback is switched on or off in the simulations. We find
that a simple power law of the form'? My, (M, z) = e’ M® can
reproduce the mean of our results very well. In Table 1, we show
the best-fitting values of the parameters « and y for the simulations
CSF and AGN at different redshifts. The solid lines in Fig. 2 display
those fits at z = 0. The physical interpretation of the parameters o
and y is straightforward. y represents an overall normalization: the
H1 mass of a halo of mass 147! My is given by e’ i~' M. On
the other hand, « characterizes the slope of the My,—M relation.

The green and brown arrows in Fig. 2 represent a lower limit,
although close to the actual value, on the overall H1 mass of the
Sausage and Virgo clusters estimated from Stroe et al. (2015b) and
Gavazzi et al. (2005), respectively.!® It can be seen that these lower

12 Notice that in order to give the correct units to all the terms, this relation
should be understood as My, (M, z)/(h~! Mgp) = e’ (M/(h™! M@e))~.

13 For the Sausage cluster, we consider that the approximately 100 He star-
forming galaxies detected (Stroe et al. 2015a) host an average H 1 mass equal
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Table 1. Best-fitting parameters for My,(M, z) = e M“ for the two dif-
ferent simulations and for different redshifts. The quoted values of « and y
hold when the masses of both My, and M are in units of 7~ Mgp.

Simulation z o )4
0 0.78 +0.02 0.7 +0.7
0.25 0.76 = 0.02 1.5+0.6
CSF 0.5 0.75 +£0.02 2.1+0.6
0.8 0.73 £0.02 25+£0.6
1 0.71 £0.03 32+0.8
1.5 0.69 +0.03 41408
2 0.59 +0.03 73+ 1.0
0 0.75 £ 0.02 09408
0.25 0.77 +0.02 04408
AGN 0.5 0.79 +£0.02 0.1 £0.8
0.8 0.75 +0.02 1.3+0.6
1 0.73 £ 0.03 20+£0.9
1.5 0.73 £ 0.03 2.1+1.0
2 0.65 +0.05 47+ 1.5
0-1.5 0.75 £ 0.01 1.1+£04
0-2 0.75 £ 0.01 1.3+£04

limits are a factor of ~3—4 lower than the typical H1masses we find
in the haloes of the AGN simulation with similar masses. We remark
that the H1 masses we measure in simulated galaxy clusters may
be partially affected!* by numerical artefacts that can spuriously
increase the predicted mass in neutral hydrogen by a factor of 2 (see
Appendix A). Besides, in our calculations we neglect the radiation
from local sources and from the hot ICM.

One may wonder whether the H1 masses we measure for groups
of galaxies are biased since we are selecting those haloes from
regions which contain very massive haloes. In order to answer this
question, we have selected different regions in which the mass of
the most massive halo is different and computed the H 1 mass within
groups. We find that the mass in neutral hydrogen in groups does
not depend on the mass of the most massive halo in the region. We
thus conclude that our results are not biased by limiting our study
to the highly biased regions we simulate in this work.

We have also studied the correlations between the overall gas,
stars and H1 mass in haloes. For each halo of the CSF and AGN
simulations, we have computed the H1, gas and stellar mass within
its Rygp at z = 0. In Fig. 3, we show the results. We find that the
amount of gas and the stellar mass within haloes increases with
the H1 mass, which, on the other hand, increases with the mass of
the halo. This just reflects the fact that the larger the halo the more
CDM, stars, gas and neutral hydrogen it contains.

We have also investigated the spatial distribution of neutral hydro-
gen within haloes. In each simulation suite, we have selected haloes
of approximately the same mass, in order to isolate any depen-
dence of the H1distribution on the halo mass. In particular, we have
taken all haloes with masses in three different ranges: M € [2-5] x
108 h "M@, M € [2-5] x 10 h™' M@ and M > 10° ™' M.
Next, for each halo in a given mass range, we have computed the
H1mass within a radius equal to 1/4, 1/2, 3/4 and 5/4 times Rygo. In
Fig. 4, we show the average and dispersion around the mean of the

to 2.5 x 107 M@ (Stroe et al. 2015b, Stroe, private communication). We
estimate the H1mass of the Virgo cluster by summing the H1 masses of the
296 detected galaxies from table A2 of Gavazzi et al. (2005).

14 Notice that we estimate the numerical contamination for very massive
galaxy clusters to be ~30 per cent. Thus, it is unlikely that differences among
our simulations and observations are only due to spurious H1 blobs.
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Figure 3. For each halo of the AGN (red) and CSF (blue) simulations at
z = 0, we have computed the gas, stars and neutral hydrogen mass within
Ro00. The upper panel shows the gas mass versus the H1 mass, while the
bottom panel displays the stellar mass versus the H1 mass.

H 1 mass within those radii normalized to the H1 mass within Ry
as a function of r/Ry( for the three different mass ranges and for
the two different simulations.

By construction, the point at r/Ry = 1 has a value of
My (r|M, 2)/ My, (Rxo|M, z) equal’® to 1 and therefore its dis-
persion is 0, independently of the simulation setup, redshift and
mass range. We find that the results can be well fitted by a law of
the form My, (r|M, 2)/ My (Ra00| M, 2) = (r/ Rago)?. In Table 2, we
show the best-fitting value of § for the three different mass bins and
the two simulations at different redshifts. The dashed lines of Fig. 4
display those fits at z = O (upper row), z = 0.5 (middle row) and
z =1 (bottom row). We notice that the fits only use the points with
r < Ry, i.e. the data points with r = 5Ryyy/4 are not included in
the fit.

Our results point out that for the simulation CSF the value of
B, which measures the steepness of the function My, (r|M, z),

15 The notation My, (r| M, z) denotes the H1 mass within a radius 7 of a halo
of mass M at redshift z.
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Figure 4. Neutral hydrogen mass within a radius r, normalized by the H1 mass within Rygp, as a function of r/R»qo for haloes in the mass range M € [2-5] x
10" 1= My (left column), M € [2-5] x 10" h~! My (middle column) and M > 10'> h~' My (right column) at z = 0 (upper row), z = 0.5 (middle row)
and z = 1 (bottom row) for the haloes of the simulation CSF (blue) and AGN (red). For each halo, we have computed the H 1 mass within 0.25, 0.50, 0.75, 1.00
and 1.25 times Ry, and the points with the error bars display the average and dispersion around the mean of the results. For clearness, we have displaced the
results of the AGN simulation by A(r/R200) = —0.01. Dashed lines show a fit to the results using the functional form My,(r)/Mu,(R200) = (r/ Ra00)P. The
best-fitting values of B are specified in Table 2.

Table 2. Best-fitting value of 8 (My,(r|M, z)/Mu,(Ra00|M, z) = (r/Ra00)?) for the two different simulations at redshifts z = 0,
0.5 and 1. Entries with ‘-’ indicate that there are not enough haloes in that redshift and mass range to properly derive the value of S.

Mass range (! M@]

Simulation z [2-5] x 1013 [2-5] x 104 =101

0 0.75 £ 0.05 0.80 £ 0.06 0.966 + 0.007
CSF 0.5 0.62 £ 0.02 0.87 £ 0.03 -

1 0.60 & 0.01 - -

0 0.98 + 0.04 0.96 + 0.05 1.09 £ 0.05
AGN 0.5 0.83 +0.03 0.94 + 0.04 -

1 0.81 4 0.04 - -
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Figure 5. Impact of AGN feedback on the mass and H1 content of groups and clusters at z = 0. We carry out a halo-by-halo comparison among the simulations
CSF and AGN. Left (middle): ratio between the mass (H1 mass) of corresponding haloes in the simulations AGN and CSF versus the mass (H1 mass) of the
CSF halo. The dashed horizontal line represents the case where the masses (H1 masses) of the AGN and CSF haloes are the same. Right: ratio between the
H1 masses of corresponding haloes in the simulations AGN and CSF versus the ratio of their halo masses. The dashed line in that panel represents the curve
My, AGN/MHu i, cskF = Maon/Mcsr. The colour of each point indicates the H1 mass of the CSF halo (left- and right-hand panels) and its total mass (middle

panel).

increases with the halo mass, while for the simulation AGN the
value of B is compatible, within 20, with 1 for all mass ranges.

3.2 Impact of AGN feedback

Now we study the impact that AGN feedback induces on the mass
and spatial distribution of neutral hydrogen in galaxy groups and
clusters. As expected, when AGN feedback is turned on, the mass in
neutral hydrogen of a given halo decreases on average (see Fig. 2).
This happens because AGN feedback injects energy to the gas, in-
creasing its temperature and therefore avoiding the formation of
neutral hydrogen. This can be seen more clearly in the upper panel
of Fig. 3 where we show, for each halo in the CSF and AGN simu-
lations, the mass in gas versus the mass in neutral hydrogen. It can
be seen that the mass in gas does not change much by switching
on or off AGN feedback (see the halo-by-halo comparison below),
while haloes in the CSF simulations contain a larger H1 mass be-
cause the gas in the appropriate conditions to host H11is hotter when
AGN feedback is on. By fitting the results to a law of the form
My, (M, z) = e’ M*, we find that AGN feedback does not change
much the slope of the function My ,(M, z) (« = 0.78 for CSF and
a = 0.75 for AGN) but its effect is mainly to shift the overall
amplitude of that function (y = 0.7 for CSF versus y = 0.9 for
AGN).

We notice that AGN feedback also affects the halo mass function
(Cui, Borgani & Murante 2014; Velliscig et al. 2014; Khandai et al.
2015). In particular, it is expected that haloes in simulations with
AGN feedback would be smaller and lighter than those found in
simulations with no AGN feedback. Thus, one may wonder whether
the H1 mass deficit in haloes where AGN is on, with respect to the
same haloes where AGN is off, is just due to the fact that those haloes
are smaller, i.e. simply because there is less gas in haloes when AGN
feedback is switched on. In order to answer this question, we have
performed a halo-by-halo comparison between the simulations CSF
and AGN. In order to match a halo in the simulation CSF with the
corresponding one in the simulation AGN, we require the distance
among their centres to be smaller than 15 per cent of the halo radius
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and, in any case, that the distance is lower than 150 comoving
h~! kpc.

In the left-hand panel of Fig. 5, we plot the ratio between the
mass of a given halo in the AGN simulation and the mass of the
same halo in the simulation CSF as a function of the CSF halo mass.
Our results point out that, on average, AGN feedback reduces the
total mass of galaxy groups by ~5-10 per cent, while in clusters its
effect is less important: haloes more massive than ~10'° =1 Mg,
have almost the same total mass, independently of whether AGN
feedback is switched on or off. The reason of this behaviour is that
AGN feedback is more effective at removing baryons in low-mass
haloes than in the most massive ones.

The middle panel of Fig. 5 displays the ratio between the neutral
hydrogen mass of corresponding haloes of the simulations CSF
and AGN as a function of the Hi mass of the halo in the CSF
simulation. The colour of each point represents the total mass of
the CSF halo. We find that AGN feedback can dramatically change
the neutral hydrogen content of groups and clusters of galaxies.
While in terms of total mass, AGN feedback can decrease the mass
content by up to 20 per cent, when focusing on the H1content, AGN
feedback can suppress its abundance by more than 95 per cent. We
note however that we have found a few haloes where the H1 content
increases when AGN feedback is on (see the points above the dashed
horizontal line in the middle panel of Fig. 5).

Finally, in the right-hand panel of Fig. 5, we show the ratio
between the total masses versus the ratio of the H1 masses for
corresponding haloes in the CSF and AGN simulations. As can be
seen in that plot, the majority of points fall below the y = x line,
demonstrating that AGN feedback is more efficient at removing H1
gas than matter. In other words, the H1 deficit we find in haloes
where AGN feedback is switched on, in comparison to the same
haloes with no AGN feedback, does not arise because those haloes
are smaller, but it is mainly due to effects induced by AGN feedback.

Regarding the impact that AGN feedback induces on the spatial
distribution of neutral hydrogen within haloes, we can see from
Fig. 4 that the steepness of the My, (r|M, z)/ My, (Rx0| M, z) ratio
is higher in the simulations where AGN feedback is on. This means
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Figure 6. Redshift evolution of the My,(M, z) function for the simulation without and with AGN feedback, left-hand and middle panel, respectively. Each
point represents the H1 mass inside R of a halo of mass M, with the colour of the point indicating the redshift (see the legend). For each redshift, we fit the
results to a law of the form My,(M, z) = e” M“. The solid lines represent the best fits at the different redshifts. The right-hand panel shows the ratio between
the fit to the My,(M, z) function in the AGN and CSF simulations, as a function of the halo mass, at the different redshifts.

that the fraction of H1 residing in the inner regions of the haloes
is higher when AGN feedback is not active. This effect increases
with decreasing halo mass, pointing out that AGN feedback impacts
more strongly on the regions near the halo centre, especially in the
group regime.

3.3 Redshift evolution

In this subsection, we investigate the time dependence of the func-
tions My,(M, z) and My,(r|M, z).

For each halo of both simulations with and without AGN feed-
back, at redshifts z =0, 0.25, 0.5, 0.8, 1, 1.5 and 2 we have computed
the neutral hydrogen mass hosted by the halo within R,(. In Fig. 6,
we show the results for the CSF (left) and AGN (middle) simu-
lations. We find that our results can be fitted by the same law we
discussed in Section 3.1, My,(M, z) = e” M*, i.e. a linear relation
between the logarithms of My, and M. In Table 1, we show the
best-fitting values for o and y for the two different simulations at
the different redshifts. We also show in Fig. 6 with solid coloured
lines the fits.

For the simulations with no AGN feedback, we find that the
slope of the My,—M relationship, given by «, decreases with red-
shift, pointing out that the relative differences in the H1 content
between haloes of different masses are smaller at high redshift
than at low redshift. Moreover, the overall normalization of the
My, (M, 7) function, given by y, increases its value with redshift.
This means that, for haloes with masses lower than ~10'4 ! Mp,
the neutral hydrogen content of haloes with a fixed mass increases
with redshift, being the effect more pronounced in haloes with low
masses.

Our results for the simulations with AGN feedback switched on
point out that « increases with redshift until z ~ 0.5 while at higher
redshifts it decreases its value. y, on the other hand, decreases its
value up to z ~ 0.5 and increases its value at higher redshifts. We
find that a single fit to all results between redshift O and redshift 1.5
is a very good description of the data, and we show in Table 1 the
best-fitting values.

The right-hand panel of Fig. 6 displays the ratio between the fit
to the My,(M, z) function in the simulations with AGN feedback
on and off, at different redshifts. We find that for all masses and
redshifts, the ratio is always below 1, demonstrating once again the

effect of AGN feedback reducing the amount of neutral hydrogen.
It is interesting to point out that AGN feedback tends to suppress the
H1 mass by roughly 50 per cent, with a very weak dependence on
redshift and halo mass. Indeed, the ratio M4{SN/ MSSF is very stable
around 0.5 while varying the halo mass by four orders of magnitude
and from redshift z = 0 to 2. We notice that the quantity plotted in
that panel is just eAGN Jf“AGN /(e¥csF pfecsk) where AGN and CSF
stand for the value of « and y for that simulation (see Table 1). The
mass dependence of that quantity is therefore given by MYAGN~VYCsE,
Atz > 0, yagn > Y csr and thus the ratio increases with mass, while
at z = 0 the opposite situation takes place, inducing a change of
slope as can be seen in the red line in that panel. We note that within
lo, the value of yagn — Ycsk 1s also compatible with a positive
number at z = 0.

We have also investigated the time evolution of the spatial dis-
tribution of neutral hydrogen within haloes. In the middle and bot-
tom row of Fig. 4, we show the results of computing the ratio
My, (r|M, 2)/ My, (Rx0|M, z), as a function of r/Ryy at redshift
z = 0.5 (middle) and z = 1 (bottom). We notice that there are some
situations in which the number of haloes is either O or very small
(for instance haloes with masses larger than 10" /="' M at z > 1).
In these cases, we do not show the results.

We find that at redshifts higher than z = 0, the fraction of the
total neutral hydrogen that resides in a given halo is higher in the
inner regions in simulations where AGN feedback is switched off.
The same conclusions hold at z = 0 (see Section 3.1). At z = 0.5,
we also observe the same trend with halo mass that we find at z = 0:
the differences between the results in simulations with and without
AGN feedback decrease with increasing halo mass.

As with the results at z = 0, we find that a very simple law, of
the form My, (r|M, z)/ Myu,(Rxp0| M, 2) = (r/R200)‘3, canreproduce
very well our measurements. In Table 2, we show the best-fitting
values of the parameter § for different halo mass ranges and red-
shifts. Our results point out that for groups of galaxies ([2-5] x
1083 4! M) the value of B decreases with redshift, both for sim-
ulations with AGN feedback on or off. This means that the fraction
of H1 that is located in the inner regions of a halo with a fixed mass
increases with redshift (at least until z = 1). At z = 0.5, we find
that the value of § increases with the halo mass, independently of
the simulation used, a trend that we already found at z = 0. Fi-
nally, the redshift evolution of S for galaxy clusters is less evident,
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with B increasing for the CSF simulations and decreasing for the
AGN simulations. Notice however that given the error in the fits,
the results at the two different redshifts are compatible at 1o

4 COMPARISON WITH THEORETICAL
MODELS AND IMPLICATIONS FOR
INTENSITY MAPPING

In this section, we compare our results against the predictions of
the Bagla et al. (2010) model and study the implications for 21 cm
intensity mapping.

As discussed in the introduction, the shape and amplitude of the
function My ,(M, z) are of primary importance for future surveys
that aim at putting constraints on the cosmological parameters using
intensity mapping. We now compare our findings with the theoreti-
cal model of Bagla et al. (2010), which has been commonly used in
the literature to perform forecasts (Camera et al. 2013; Villaescusa-
Navarro et al. 2014, 2015a,b; Bull et al. 2015; Carucci et al. 2015)
and to create mock 21 cm intensity mapping maps (Seehars et al.
2015).

Bagla et al. (2010) proposed a functional form for the My,(M, z)
function as follows:

M (M. 2) = { FO s if Mun(@) <M (n
0 otherwise,

where the values of the free parameters M,n(z) and My (z) are

taken in correspondence to the masses of haloes with circular ve-

locities equal to v, = 30 km s~ and vy = 200 km s~} at redshift

z, respectively. f3(z) is also a free parameter, and its value is chosen

to reproduce the H1 density parameter Qy,(z).

With a dashed magenta line, we show in Fig. 2 the prediction
of the Bagla et al. (2010) model for the function My,(M, z) at
z = 0. We find that the Bagla model underestimates the neutral
hydrogen content of both clusters and groups of galaxies. The de-
viations are however more dramatic in galaxy clusters (for haloes
of 10" ™! Mg, differences are of two orders of magnitude), with
the Bagla model predicting that those haloes should host about the
same H1 mass while our results indicate that the neutral hydrogen
mass increases with the mass of the host halo. Notice that the Bagla
model also underpredicts, by almost one order of magnitude, the
lower limits on the H 1 masses of the Sausage and Virgo clusters (see
Section 3.1). By extrapolating our results to smaller haloes, we find
that the prediction of the Bagla model agrees pretty well with our
fitting formula, for haloes with masses lower than ~10'> A~! Mg
when AGN feedback is switched off, while when it is switched on
the Bagla model overpredicts the neutral hydrogen content of those
haloes.

Notice that we are restricting our analysis to the model 3 of
Bagla et al. (2010), which physically is the one best motivated
among the three different models proposed by those authors. In their
model 1, Bagla et al. (2010) proposed that haloes with circular
velocities larger than 200 km s™' (~2 x 102 h™' M@ at z = 0)
do not host any Hr1 at all. This is clearly in tension with our results
but also with the lower limits on the H1 mass of the Sausage and
Virgo clusters. The model 2 of Bagla et al. (2010) lies in between
models 1 and 3, and therefore the discrepancies among our results
and the observational limits will be larger than those obtained by
employing the model 3. We therefore concentrate our analysis in
the model 3 of Bagla et al. (2010).

We notice that the fact that the Bagla model underestimates
the neutral hydrogen mass in massive haloes has important con-
sequences with what respects the spatial distribution of H1, as we
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shall see now. As we discussed in the introduction, two of the most
important quantities for 21 cm intensity mapping are average neutral
hydrogen density in units of the Universe critical density, 2y, and
the bias of that distribution with respect to the one of total matter,
by,. These quantities can be easily computed once the shape and
amplitude of the function My,(M) are known. In Fig. 7, we show
with a dashed magenta line the values of Qy,, by, and by, 2y, that
we obtain by using the Bagla model as a function of the minimum
mass of haloes that host H1, M,;, at z = 0 (left column) and z = 0.8
(right column).

As we have discussed above, the Bagla model has one free pa-
rameter, f3(z), whose value is chosen to reproduce the value of
Qu.(2). In our case, we follow Crighton et al. (2015) and we as-
sume Qy,(z) = 4 x 1074(1 + 2)°°, in excellent agreement with the
observational measurements at z = 0 by Zwaan & Prochaska (2006),
Braun (2012), Martin et al. (2010) and Delhaize et al. (2013) and
at z ~ 0.8 by Rao et al. (2006). We show these observational mea-
surements as coloured bands in the upper panels of Fig. 7. Thus, by
construction, the value of Qy, does not depend on M,,;, when using
the Bagla model. On the other hand, the value of by, does depend
on Myin, as shown in the middle panels of Fig. 7. We find however
that the dependence of by, on My, is very weak, with by, ranging
only from ~0.85 to ~0.92 at z = 0 and from ~1.03 to ~1.15 at
z = 0.8 when M,,;, is varied over two orders of magnitude.

The bottom panels of Fig. 7 show the value of Qy,by, as a function
of Mpin. We remind the reader that the relevant quantity for 21 cm
intensity mapping is the product Qy,by, (see equation 1) and not the
values of Qy, and by, separately. Given the fact that Qy,(z) is fixed
in the Bagla model, and that by ,(z) barely changes with My, itis not
surprising that the quantity Qy,by, exhibits such a weak dependence
with M. At z ~ 0.8, 21 cm intensity mapping observations have
determined the value of Qy,by, to be 6.2ff:g x 10™* (Chang et al.
2010; Masui etal. 2013; Switzer et al. 2013). In the bottom-left panel
of Fig. 7, we show with a coloured green band those results. We find
that Bagla model reproduces very well those observations, as was
already pointed out in Padmanabhan et al. (2015). Unfortunately,
no measurements of Qy,by, are available at other redshifts.

We have also used the fitting function which reproduces the re-
sults of our simulations, extrapolating it to halo masses below the
resolution limit of our simulations, considering, as in the Bagla
model, that only haloes above M, host H1. In other words, we
have modelled the function My,(M, z), according to the results of
our simulations, as

e’M*  if Mpin(z) <M

My, (M, z) = { 0 otherwise, "

where the values of the parameters o and y are given in Table 1.
We take the values of @ and y at z = 0 and 0.8 from Table 1. In
Fig. 7, we show the value of Qy,, by, and Qy,by, as a function of
M min, Wwhich we obtain using the above My, (M, z) function for both
the CSF and AGN simulations. We also show with coloured bands
around the mean value the variation of the results arising from the
1o uncertainty in the value of @ and y from Table 1.

As expected, given the fact that AGN suppresses the H1 content
of haloes, for a fixed value of M,,, the value of Qy;, is always lower
when using the My,(M, z) function from the AGN simulations than
from the CSF simulations. We find that in order to reproduce the
value of Qy,(z) from observations, haloes with circular velocities
higher than ~20kms~' at z = 0 and ~25kms™! at z = 0.8 are
required to host H1 when AGN feedback is turned off. On the other
hand, when AGN feedback is on, we conclude that haloes with
circular velocities higher than ~25kms~!, at both z = 0 and 0.8,
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Figure 7. We use the functions My, (M) from the Bagla et al. (2010) model (purple dashed line) and from the fit to the simulations (red and blue solid lines;
accompanying coloured areas indicate the variation of the results according to the fitting errors) to compute the value of Qy, (upper panel), by, (lower panel)
and Qy by, at z = 0 (left column) and z = 0.8 (right column). We extrapolate the fits to halo masses lower than the simulation resolution limit assuming that
haloes with masses lower than My, do not host any H1. The plots show the results as a function of Mp,;,. The coloured bands in the upper-left panel display
the value of Qp,(z = 0) from observations (Zwaan & Prochaska 2006; Martin et al. 2010; Braun 2012; Delhaize et al. 2013) and in the upper-left panel the
value of Qp,(z = 0.53 &£ 0.38) from Rao, Turnshek & Nestor (2006). The green band in the bottom-right panel shows the measurement of Qp,by, at z ~ 0.8

from Switzer et al. (2013).

should host H1. Notice that the standard Bagla model assumes that
only haloes with V. > 30kms~' contain H1.

The value of the H1 bias, which we computed using equation
(4) and making use of Sheth & Tormen (1999) and Sheth, Mo &
Tormen (2001) models for the halo mass function and halo bias,
respectively, points out that the H1 bias is higher in the CSF model
at z = 0, in comparison with the AGN model, for all values of
M, whereas the opposite situation takes place at z = 0.8. We
notice that the value of the H1 bias does not depend on Qy,, but
just on the way the Hr1 is distributed among the different haloes.
This implies that for the AGN and CSF models, for which we use

My, (M, z) = e’ M*, the value of the H1 bias only depends on «.
Thus, the reason why the H1 bias is higher in the CSF model at
z =0, in comparison with the AGN model, is simply because « has
a higher value in the CSF model at z = 0. The same argument holds
at z = 0.8, where the CSF model has a lower value of « than the
AGN model.

By comparing the results of the AGN and CSF models with those
of the Bagla model, we find that at z = 0, and for the values of
M., considered, the H1 bias is always higher in the AGN and CSF
models. The reason of this behaviour is again the distribution of
H1 among the different haloes: in the CSF and AGN models, a
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significant amount of H1 is placed on clusters of galaxies, which
are very biased objects and therefore it is not surprising that the
value of the H1 bias increases in those models. On the other hand,
at z = 0.8 we find that the value of the H1 bias in the AGN and
CSF models is higher than the one of the Bagla model only if M,
is higher than ~10° h~! M. This is again a consequence of the
distribution of H1 among the different haloes.

Finally, in the bottom panel of Fig. 7, we show the value of
Qu,by, as a function of M,,;, for the AGN and CSF models. We
find that the CSF model predicts a value of Qy,by, significantly
higher than those of the AGN and Bagla models, in disagreement
with the observational measurements at z = 0.8 by Switzer et al.
(2013). On the other hand, the AGN model is capable of reproducing
those measurements extremely well for almost all M,,;, masses. It
is interesting to notice that for a value of M, ~ 25km s~1, for
which the AGN model is capable of reproducing the observed value
of Qy, at both z = 0 and 0.8, the value of Qy by, is very similar
among the AGN and Bagla models.

We now discuss the robustness of our results. As we saw in Sec-
tion 3.1, our results overpredict the H1 mass in the most massive
haloes by a factor of 3—4. This opens different possibilities. The first
one is that our simulations predict correctly the H1 mass in groups
and small clusters but overpredict the neutral hydrogen mass in the
most massive haloes. In that case, the quoted values of 2y, and
by, will barely changed since the amount of H1 in those haloes is
small.'® The second possibility is that our simulations overpredict
the value of My,(M, z) for all halo masses. In that case, the value
of y will decrease keeping fixed the value of «. Under those cir-
cumstances, the value of by, will remain unchanged but the value
of both Qy, and Qy,by, will decrease by a factor of 3—4, putting the
model in difficulties to reproduce the observational results. Finally,
it could happen that our simulations overpredict the H1 mass in the
most massive clusters but underpredict the H1 mass in small groups
(due to resolution limitations and because numerical contamination
is stronger in clusters than in groups). In that situation, the value of
o will decrease, affecting both the value of the H1 bias, which will
decrease, and the value of Qy,, which will increase.

5 SUMMARY AND DISCUSSION

Future radio surveys will sample the large-scale structure of the
Universe by detecting the 21 cm emission from cosmic neutral hy-
drogen. Two different techniques can be employed for cosmological
studies: (1) perform an H1 galaxy survey, where individual galaxies
are detected and (2) use the intensity mapping technique to carry
out a low angular resolution survey where the integrated emission
from many galaxies is measured. It has been recently pointed out
that using an instrument like the future SKA, the constraints on
the cosmological parameters will be much tighter if the intensity
mapping technique is employed (see Bull et al. 2015).

16 We have explicitly checked this by repeating the analysis using the func-
tion

e ME, if My <M
My,(M, Z) = e’ M* imein(Z) g M < Minax (13)
0 otherwise,

with Mpx = 5 X 101 p! M@, and we found that differences are very
small. Notice that this function will be able to explain the H1 masses of the
Virgo and Sausage clusters.
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In order to extract the maximum information from these surveys,
exquisite knowledge of the spatial distribution of neutral hydrogen
is needed from the theoretical side. A key ingredient for doing
cosmology with 21 cm intensity mapping is the function My,(M, z),
which represents the average mass in neutral hydrogen that a halo
of mass M at redshift z hosts. The reason is that once that function
is known, one can compute the bias of the H1, the value of Qy,(z)
and 67,(z), and predict the shape and amplitude of the 21 cm power
spectrum on large, linear scales.

It is thus very important to model that function as best as pos-
sible, in order to properly predict the bias and the amount of H1,
which in the end will determine the expected signal-to-noise ratio
of a given survey. The function My,(M, z) also carries very impor-
tant astrophysical information, since neutral hydrogen represents an
intermediate state between the highly ionized gas in the IGM and
the dense molecular hydrogen that will end up forming stars. The
amount of H1 in haloes of different mass is largely affected by the
astrophysical processes that are undergoing in them, and therefore,
we can use the function My,(M, z) to improve our understanding
of the physical processes affecting the formation and evolution of
galaxies.

In this paper, we have studied the high-mass end of the My,(M, z)
function using a set of zoom-in hydrodynamic simulations. Our sim-
ulations comprise two different sets, one in which AGN feedback
is switched off (CSF) and another one which incorporates AGN
feedback (AGN). All simulations incorporate metal-dependent ra-
diative cooling, metal enrichment, SN feedback and star formation.
We have post-processed the output of the simulations to account for
two critical processes needed to properly model the spatial distri-
bution of H1: the H1 self-shielding and the formation of molecular
hydrogen. To correct for the former, we use the fitting formula of
Rahmati et al. (2013a) while for the latter we employ the KMT
model (Krumholz et al. 2008, 2009; McKee & Krumholz 2010).

We find that the larger the mass of a halo, the higher the neutral
hydrogen mass it contains, a result that holds at all redshifts studied
in this paper (z € [0-2]) and for haloes in the CSF and AGN
simulations. We find that the results of the simulations can be well
fitted by a law of the form My,(M, z) = e” M*. In Table 1, we show
the best-fitting values of y and « at different redshifts and for the
two different simulation sets.

We have also investigated the spatial distribution of neutral hy-
drogen within haloes. In particular, we have studied the function
My, (r|M, z), 1i.e. the function that gives the average H 1 mass within
a radius r for a halo of mass M at redshift z. We find that for both
haloes in the CSF and AGN simulations, the function My, (r|M, z)is
well described by a law of the form My, (r|M, z)/ Mu,(Rao0|M, 2) =
(r/Rx00)P. Our results point out that the value of 8 increases with
the halo mass, implying that the fraction of H1residing in the inner
regions of the halo decreases with the halo mass. We also observe
a dependence of B with redshift: for a fixed halo mass, the value of
B decreases with redshift.

We have paid special attention to the effect that AGN feedback
induces on the amount and spatial distribution of neutral hydrogen
by comparing results among the CSF and AGN simulations. Re-
garding the function My,(M, z), we find that AGN feedback acts
by decreasing the total amount of neutral hydrogen hosted by a
given halo. Our results point out that the value of the slope of the
function My, (M, z) is not significantly changed by AGN feedback,
being its main effect to modify its overall normalization. We find
that on average, AGN feedback decreases the neutral hydrogen con-
tent a halo hosts by ~50 per cent, with a weak dependence on halo
mass and redshift.
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AGN feedback also induces a shift in the value of the parameter
B, meaning that the spatial distribution of neutral hydrogen within
haloes is also affected by that process. We find that AGN feedback
reduces the fraction of H1 that is located in the halo inner regions,
i.e. AGN feedback tends to increase the value of 8.

We have also performed a halo-by-halo comparison among the
simulations CSF and AGN. We find that AGN feedback decreases
both the H1 mass and total halo mass. We then asked ourselves
whether the deficit in H1 we find in simulations with AGN feedback
may just be due to the fact that those haloes are simply smaller and
therefore they host less Hi1. We find that AGN feedback is more
effective at reducing the amount of neutral hydrogen than the total
mass.

We have investigated the neutral hydrogen content in galaxies
belonging to groups and clusters. We find that in groups of galaxies
most of the overall H 1 mass resides within galaxies, while in clusters
the fraction of the total H 1 mass made up of neutral hydrogen within
galaxies is small. The reason is that in massive clusters gas can be
more efficiently stripped from galaxies, mainly by the interaction
with the hot, diffuse, ICM. It is worth reminding that numerical
effects may create spurious blobs of H1 that may bias our results.
We have quantified the importance of these non-physical effects and
we find that they are not important for groups, while for clusters
they can contribute to the overall Hi mass. We conclude that the
simulated H 1 masses within clusters can only be trusted at this stage
within a factor of 2.

We have compared our results for the My, (M, z) function against
the prediction of the model by Bagla et al. (2010). We conclude that
the Bagla et al. (2010) model dramatically underpredicts the amount
of neutral hydrogen that resides in clusters of galaxies (by more than
two orders of magnitude for haloes with masses of 10" h~' M),
while in groups of galaxies the model and our results agree better,
in particular for the simulation with AGN feedback on.

We derive consequences for 21 cm intensity mapping by ex-
trapolating our results for the My,(M, z) function below the mass
resolution limit of our simulations. The fact that galaxy clusters host
a much higher mass in neutral hydrogen than the one predicted by
the Bagla model implies that, at z = 0, the bias of the H1 will be
significantly higher than the one obtained by employing the Bagla
model. We stress that the bias of the H 1 depends only on the slope of
the My, (M, z) function and not on its overall normalization. On the
other hand, the value of Qy,(z) depends explicitly on the normaliza-
tion of the function My,(M, z). We find that in order to reproduce
the value of Q2y4,(z) from observations, haloes with circular veloc-
ities higher than ~20km s, atz=0,and ~25kms~' at z = 0.8
must host H1 when AGN feedback is off, while for the simulations
where AGN feedback is on we conclude that haloes with circular
velocities higher than ~25km s~' must host neutral hydrogen. We
emphasize that the important quantity for 21 cm intensity mapping
is Qy,by,, which determines the signal-to-noise ratio of the signal.
We find that the CSF model predicts a much higher value of Qy,by;,
than the AGN and Bagla models, in tension with observations at
z = 0.8. On the other hand, the AGN and Bagla models are ca-
pable of reproducing those observations very well and at z = 0,
and assuming that only haloes with circular velocities higher than
~25kms~! host H1, both models predict a similar value of Qy,by,.
We therefore conclude that although the Bagla model underpredicts
the mass of H1 in galaxy clusters, it is a well-calibrated model for
21 cm intensity mapping.

We emphasize that our AGN simulations overpredict the H1mass
of the Virgo and Sausage cluster by a factor of 3—4, and this may bias
our conclusions for 21 cm intensity mapping. It could happen that
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our simulations only overpredict the H1 mass of the most massive
clusters. In that case, the consequences for intensity mapping will
be unchanged, since the H 1 mass in those haloes is only a small frac-
tion of the overall H1 mass. On the other hand, if our simulations
overpredict the H1 mass of all haloes, very low circular velocity
haloes will need to host H1 in order to reproduce observations. It
may also happen that our simulations overpredict the H1 masses of
very massive haloes while they underpredict the H 1 masses of small
groups. This situation may arise since numerical contamination is
more important in clusters than in groups and due to the limited res-
olution of our simulations. In that case, the slope of the My,(M, z)
function will decrease, impacting the value of the H1 bias, which
will decrease, and the value of Qy,, which will increase. We plan
to use data from observations to study the My, (M, z) function
and distinguish among the above different possibilities in a future
paper.

Finally, we propose our own model for the My, (M, z) function
which comes out from the results of our hydrodynamic simula-
tions with AGN feedback and that by construction will be able to
reproduce the observational constraints. We suggest to model the
function My, (M, z) as

OMUD  if Myin(z) <M
MHI(M7 Z) = (14)

0 otherwise,

with @(z) = 3/4, in agreement with the results of our AGN sim-
ulations. M ,;,(z) represents the mass of the smallest halo that is
capable of hosting H1 at redshift z and y(z) is the value of the
overall normalization of the My, (M, z) function. Notice that we are
assuming that effects such as radiation from local sources and from
the ICM and the limited resolution of our simulations only affect
the value of y(z) and not the one of «(z), which may not be the
case. In our model, we will further assume that M,,;,(z) does not
depend on redshift.

The values of My, and y(z) can be obtained by requiring that
the function My,(M, z) reproduce observations of both Qy,(z) and
bHIQH[(Z = 08)

y(@) oo

€ 3/4
Qui2) = — n(M, )M dM (15)
Pe Min
ev(0.8)
Quibni(z =0.8) = —; (16)
Pe
x/ n(M,0.8)b(M,0.8)M>*dM, (17)
Mmin

where pg, n(M, z) and b(M, z) are the actual value of the Uni-
verse critical density, the halo mass function and the halo bias,
respectively. The value of Qy,by, at z = 0.8 has been measured
in Chang et al. (2010), Masui et al. (2013) and Switzer et al.
(2013) obtaining a value equal to 6.2%%3 x 107*. The value of
Qu,(z) has been measured by different authors at different red-
shifts. A parametrization has been recently proposed by Crighton
etal. (2015), Qu,(z) = A(1 + z)”, with A = (4.00 + 0.024) x 10~*
and y = 0.60 £ 0.05. Thus, our model for the My,(M, z) func-
tion will, by construction, reproduce the observations and at the
same time the shape of that function will be in agreement with
the results of our hydrodynamic simulations. We finally notice that
since the contribution of spurious H1blobs could be more important
in clusters than in groups, and since the limited resolution of our
simulations may also impact on the H1 mass of small groups, the
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actual value of «(z) might be lower than 3/4 or alternatively, the
My, (M, z) may exhibit a plateau on the high-mass end.

We conclude by pointing out some effects that may impact on
our results. First of all, the resolution of our simulations!” does not
allow us to follow the evolution of neutral hydrogen within small
galaxies. The stability and robustness of our results should there-
fore be checked against resolution. We leave this for a future work.
Secondly, the value of €24, in our simulations is ~20 per cent lower
than the one found by Planck (2, = 0.049; Planck Collaboration
XIII 2015). We expect that if there is more gas in the Universe,
there will be more neutral hydrogen. Thirdly, we notice that in our
analysis we have neglected the radiation from local sources and
X-ray emission from the hot ICM. Accounting for these effects
would require including a radiative-transfer description of the local
radiation field that it is beyond the scope of the present paper. On
the other hand, the mismatch between the positions of the H1 blobs
and the galaxies within clusters in our simulations may significantly
decrease the importance of the radiation from local sources. And
finally, a more profound and detailed analysis is required to iden-
tify the nature (physical/numerical) of the neutral hydrogen clouds
outside galaxies we find in our simulations. We plan to investigate
these points in a future paper.
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APPENDIX A: NEUTRAL HYDROGEN IN
GALAXIES AND NUMERICAL ARTEFACTS

In this appendix, we examine the neutral hydrogen content in galax-
ies, its overall contribution to the total H 1 mass in groups and clusters
and the numerical problems our simulations may face.

A very interesting question to address would be: how does the
H1mass function (HIMF) change as a function of the halo mass? In
other words, how does the distribution of H1 mass in galaxies vary
with the mass of the halo?

In order to address that question, we have computed, for each
subhalo, its stellar and neutral hydrogen mass. In the upper panel
of Fig. Al, we show, for each halo in the simulations with AGN
feedback, the total number of subhaloes, together with the number
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Figure Al. For each halo of the AGN simulations, we compute the total
number of subhaloes (blue points), the number of subhaloes with star parti-
cles (green points) and the number of subhaloes with neutral hydrogen (red
points) at z = 0. The upper panel shows the different number of subhaloes
as a function of the halo mass, while the middle panel displays the fraction
of subhaloes hosting stars and neutral hydrogen. The bottom panel shows
the average H1mass per galaxy, computed by dividing the halo H1 mass by
the total number of galaxies.
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Figure A2. Effect of gas stripping in galaxy clusters. The panels show the spatial distribution of matter (top-left), gas (top-right), stars (bottom-left) and
neutral hydrogen (bottom-right) centred on a halo of mass M = 1.1 x 10 2~" M at z = 0. The x- and y-axes show the positions in ~~! Mpc; the width
of the slices is equal to the diameter of the halo, which is ~1.5 4~ Mpc. It can be noticed that in the majority of the cases, the positions of the H1 blobs are
slightly displaced with respect to the positions of the galaxies. The white circles represent the halo Rog.

of subhaloes hosting stars and the number of subhaloes containing
Hi.

As expected, we find that the total number of subhaloes increases
with the mass of the halo, a trend that is also followed by the number
of subhaloes hosting stars. We notice that, in general, the number
of galaxies (i.e. subhaloes containing stars) will be smaller than the
total number of subhaloes. This happens because sUBFIND identifies
subhaloes up to the resolution limit (fixed in subhaloes with at least
32 particles). Thus, very small subhaloes are expected to not contain
any star particle.

On the other hand, we find that the number of subhaloes hosting
neutral hydrogen does not increase with the halo mass, and that
its number is never above ~10 (see also Hess & Wilcots 2013,
for a similar analysis with observations). This is mainly due to gas
stripping by the ICM.'® This effect, originated by the interaction
of the galaxy gas with the hot, diffuse, ICM, is expected to be
more efficient at removing gas of the galaxies residing in the most
massive haloes. In the middle panel of Fig. A1, we show the fraction
of subhaloes hosting H1 as a function of the halo mass. Indeed, we
find that this fraction quickly decreases with the mass of the halo,
pointing out that gas stripping is more efficient in clusters than in
groups. Notice that in groups of galaxies (Myao ~ 10" 1™ M)
the fraction of subhaloes hosting H1 is comparable to the fraction
of subhaloes with stars.

18 We have also identified some cases in which gas stripping is produced by
gravitational collision.
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In order to further check our gas stripping hypothesis, we plot
in Fig. A2 the spatial distribution of matter, gas, stars and neutral
hydrogen for a halo of mass M = 1.1 x 10" i~ Mg from the AGN
simulations at z = 0. We find that the total number of subhaloes
identified by suBFIND is equal to 67. Among those, 52 host stars but
only 2 have neutral hydrogen (one of them being the cD galaxy).
As can be seen, the positions of the neutral hydrogen blobs do not
perfectly match, in the majority of the cases, the positions where
stars are found. It is worth pointing out that overdensities in the
matter field have correspondence in the distribution of stars, in the
same way as overdensities in the gas distribution match the positions
of the H1 blobs, but in general there is a small displacement among
matter/stars and gas/H1. This just points out that whereas stars
follow the same dynamics as CDM, gas behaves differently.

In most of the cases, the positions of the H 1 blobs are just slightly
displaced with respect to the positions where subhaloes are located.
This small displacement is however enough for sUBFIND to fail at
linking the gas to the subhaloes, and indicates that gas stripping has
taken place recently. We notice that since most of the galaxies do
not have neutral hydrogen, surIND finds that the biggest subhalo
of a given halo (that we refer to as the cD galaxy) hosts a very
large amount of H1. The reason for this is that, since the spatial
positions of the H1 blobs and the galaxies are different, the neutral
hydrogen blobs are accounted for in the largest subhalo, and not
in the different galaxies. We find that in the 96 and 91 per cent of
the haloes, the H1 in their galaxies (mainly coming from the cD
galaxy) account for more than 90 and 95 per cent of the overall halo
H1 content, respectively.
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Figure A3. Distribution of neutral hydrogen in a very massive cluster of
mass M = 1.28 x 102 p~! M at z = 0. The neutral hydrogen fraction
decreases quickly towards the centre of the halo.

Unfortunately, the problems discussed above do not allow us to
study the dependence of the HIMF on halo mass. As a very rough
approximation, we plot in the bottom panel of Fig. Al the average
H1mass per galaxy, computed by dividing the overall Hi mass in a
given halo by the total number of subhaloes within it, as a function of
the halo mass. We warn the reader that the numbers quoted in the y-
axis have to be taken with caution, since these results clearly depend
on the resolution of the simulations: the higher the resolution, the
larger the number of subhaloes it will be found, while the total H1
mass is not expected to depend that strongly on resolution. In other
words, the important thing in that plot is the trend rather than the
absolute scale. Our results point out that the average H1 mass in
galaxies decreases with the mass of its host halo, although there is
a rather large scatter in the trend. Therefore, H1-poor galaxies are
more likely to be found in clusters of galaxies than in groups.

Even though in our simulations we cannot directly link H1 to
galaxies, we can still compare our results against some observational
results. For instance, it is known that the fraction of galaxies with
H1 detected by surveys declines towards the centre of the haloes
(see for instance Hess & Wilcots 2013; Yoon & Rosenberg 2014).
In Fig. A3, we plot the spatial distribution of neutral hydrogen
within a massive cluster of mass M = 1.28 x 105 h7' Mg at
z = 0 taken from the AGN simulations. It can be seen that towards
the halo centre the H1 clouds are smaller and the average neutral
hydrogen within them quickly decreases, the same trend as seen in
observations.

It is not obvious whether the gas blobs we find represent a phys-
ical situation (e.g. gas stripping by the ICM; see for instance Sun,
Donahue & Voit 2007; Jachym et al. 2014), a numerical artefact of
our hydrodynamic solver, where residual errors in our SPH scheme
prevent the disruption of those H1 blobs, or a mix of the two. In
order to address this issue, one could run simulations with differ-
ent SPH methods or with grid methods, and investigate how results
change. Besides, the stability of our result should be verified against
resolution. This is however beyond the scope of this paper and we
leave it for a future work.

Two important questions naturally then show up: (1) How impor-
tant is the H1 mass outside galaxies? and (2) How important is the
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H1mass arising from numerical artefacts on the overall H1 content
of haloes?

In order to address the first question, we have computed, for each
halo of the AGN simulations at z = 0, the H1 mass within its R»q
which is located within galaxies. We have taken special care of the
cD galaxy, since the output of SUBFIND will assign to it most of the
H1 blobs. In order to circumvent this problem, we have computed
the H1 mass of the cD galaxy as the H1 mass contained in a sphere
of radius of 50 /="' kpc'?. In the left-hand panel of Fig. A4, we show
the results using this procedure together with the results taking all
H1 within R,p0. We find that the H1 mass hosted by galaxies in
clusters is much lower than its overall H1 mass, while for groups
the difference is much smaller. The right-hand panel of Fig. A4
shows the ratio, for each halo, between the H1 mass in galaxies
and the overall H1 mass. It can be seen that for groups, the H1
mass in galaxies is very similar to the overall H1 mass while for
galaxy clusters the galaxy content in H1 is a rather small fraction
of the overall halo neutral hydrogen mass. In the left-hand panel of
Fig. A4, we also display the prediction of the Bagla et al. (2010)
model for the My,(M, z) function. Our results point out that the
Bagla et al. (2010) model reproduces pretty well our measurements
of the My,(M, z) function when the contribution of H1 outside
galaxies is removed, although the scatter is very large. We note
however again that the Bagla model is inconsistent with the lower
limit on the H1mass from the Sausage and Virgo clusters.

In order to address, at least partially, the question of how impor-
tant is the H 1 mass in blobs whose nature is not physical but simply
numerical, we have run SUBFIND, on top of all of our resimulated
regions at z = O for the simulation with AGN feedback, allowing it
to identify gas clouds as subhaloes. We have then identified blobs
of gas as subhaloes with no CDM and star particles in them. The
reason for doing this is that we expect the numerical blobs to show
up as isolated and concentrated clouds of gas. Therefore, SUBFIND is
likely to identify these structures as purely gaseous subhaloes, while
stripped gas will be more diffuse and thus susrIND will not recog-
nize it as subhaloes. In Fig. A5, we show, for each halo, the overall
H1mass within Ry together with the H1 mass within galaxies and
within the blobs.

We find that for groups, the H1 mass in numerical blobs is just a
small fraction of the overall H1 mass, while for galaxy clusters the
H1 mass in those blobs is much larger and surpasses the H1 mass
within galaxies. In the right-hand panel of Fig. AS, we plot, for
each halo, the ratio between the H1 mass in numerical blobs over
the overall H1 mass. We find that the contribution to the overall H1
mass from numerical blobs (notice that we are assuming that all
purely gaseous subhaloes are numerical, which may not be true) is
below 50 per cent in the majority of the cases. Thus, we conclude
that the results of this paper are robust against numerical problems
and the H1 masses we quote can be trusted within a factor of 2
for galaxy clusters while the H1 mass within groups is much less
sensitive to these issues.

We however emphasize that a more detailed study is required in
order to more closely address the nature of the isolated H1 blobs
we find in our simulations. Notice that H1 clouds without optical
counterparts have been found in Davies et al. (2004), Minchin et al.
(2005), Kent et al. (2007), Koopmann et al. (2008), Taylor et al.
(2012, 2013) and Janowiecki et al. (2015). We plan to address this
in a future paper.

19 We notice that our results are robust against reasonable variations in the
size of the cD galaxy.
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Figure A4. Neutral hydrogen mass outside galaxies. For each halo in the AGN simulations, we have computed the H1 mass within Ryoy at z = 0. The red
points in the left-hand panel show the results as a function of the halo mass together with the best fit obtained by using the expression My, = ¢’ M“. For
each halo, we have also computed the H1 mass residing only in galaxies, and the blue triangles in the left-hand panel display the results. The green and brown
arrows represent a lower limit on the neutral hydrogen mass hosted by the Sausage and Virgo clusters, respectively. The right-hand panel shows the ratio, for
each halo, between the H1 mass in galaxies over the whole neutral hydrogen mass.
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Figure A5. Himass in numerical blobs. For each halo of the AGN simulations at z = 0, we have computed all H1 mass within R (blue stars), the H1 mass
in galaxies (red points) and the H1 in blobs (subhaloes with no stars and DM; green triangles), and we show the results in the left-hand panel. For clearness,
we only display the results for one single region. The right-hand panel shows the ratio between the H1 mass in blobs and the overall H1 mass for all haloes.
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