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ABSTRACT

Massive neutrinos are expected to influence the formation of the large-scale structure of
the Universe, depending on the value of their total mass, ¥ m,. In particular Planck data
indicate that a non-zero ¥ m, may help to reconcile cosmic microwave background data with
Sunyaev—Zel’dovich (SZ) cluster surveys. In order to study the impact of neutrinos on the SZ
and X-ray cluster properties we run a set of six very large cosmological simulations (8 2~ Gpc?
comoving volume) that include a massive neutrino particle component: we consider the values
of ¥m, = (0, 0.17, 0.34) eV in two cosmological scenarios to test possible degeneracies.
Using the halo catalogues extracted from their outputs we produce 50 mock light cones
and, assuming suitable scaling relations, we determine how massive neutrinos affect SZ and
X-ray cluster counts, the y-parameter and its power spectrum. We provide forecasts for the
South Pole Telescope (SPT) and extended Roentgen Survey with an Imaging Telescope Array
cluster surveys, showing that the number of expected detections is reduced by 40 per cent
when assuming ¥ m, = 0.34 eV with respect to a model with massless neutrinos. However
the degeneracy with og and €2, is strong, in particular for X-ray data, requiring the use of
additional probes to break it. The y-parameter properties are also highly influenced by the
neutrino mass fraction, f,,, with (y) oc(1 — fv)zo, considering the cluster component only, and
the normalization of the SZ power spectrum is proportional to (1 — f,)>~**. Comparing our
findings with SPT and Atacama Cosmology Telescope measurements at £ = 3000 indicates
that, when Planck cosmological parameters are assumed, a value of X m, >~ 0.34 eV is required
to fit with the data.

Key words: neutrinos — methods: numerical —galaxies: clusters: general —cosmology: the-
ory —large-scale structure of Universe — X-rays: galaxies: clusters.

0.05eV! (see Lesgourgues & Pastor 2006, 2012, 2014; Lesgourgues

1 INTRODUCTION

The Standard Model (SM) of particle physics predicts the existence
of three active neutrino species: the electron (v.), muon (v,,) and tau
(v;) neutrinos. These leptonic particles are chargeless and interact
only via the weak force making them very elusive and difficult
to study and leaving many open questions about their physical
properties and on the possible existence of additional sterile species
(see Mohapatra et al. 2007, for a review). While the SM originally
assumed neutrinos to be massless, the discovery of leptonic flavour
oscillations suggests that they have a non-zero mass, fixing the lower
limit for the sum of neutrino masses to X m, = m,,, +m,, +m,_ 2,
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et al. 2013; Gonzalez-Garcia 2014, and references therein). This
opens the possibility to study neutrino properties also via their
gravitational interaction.

From the cosmological point of view the presence of a thermal
neutrino component has two important effects. First, since they be-
come non-relativistic after the epoch of recombination they behave
as an additional component in the radiation-dominated era, modi-
fying the radiation density term

1 T4 %N 1
+§ 11 eff | Py (D

! More specifically, ¥ m, must be greater than approximately 0.06 eV in the
normal hierarchy scenario and 0.1 eV in the degenerate hierarchy.

Pr=py +py=
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where p, and p, are the photon and neutrino energy densities,
respectively, and N is the effective number of neutrino species that
according to the SM predictions should be fixed to N = 3.046.
This has the effect of postponing the matter radiation equality for
a given value of Q, /> (being Q,, the ratio between the matter
density of the Universe and the critical one, p., at z = 0 and A the
Hubble constant Hy in units of 100 km s~ Mpc™!) and modifying
the background evolution, therefore slightly affecting the properties
of the primary cosmic microwave background (CMB) anisotropies.
In addition, after recombination neutrinos act as a hot dark matter
(HDM) component whose energy-density parameter depends on the
CMB temperature, Tcyp, and ¥ m,, only:

oy 168(3) Toys . =m,

QU = - V— "~ 34717 ~x7°
Oec 1m H} 93.14 h2 eV

@)
where? ¢ is the Riemann zeta function, with ¢(3) ~ 1.202. Even
if present CMB observations put strong constraints on the amount
of HDM in the Universe, indicating that €2, must be very small,
this component can produce significant effects on the large-scale
structure (LSS) evolution. In fact, the large thermal velocities of
non-relativistic neutrinos suppress the growth of neutrino densi-
ties perturbations on scales smaller than their characteristic free-
streaming comoving length:

H()(] + Z)2 ( leV
H(z)

Since neutrinos induce a gravitational backreaction effect, also the
evolution of both cold dark matter (CDM) and baryon (Rossi et al.
2014) density is affected and, therefore, the total matter power
spectrum is hugely suppressed on such scales: this translates into
a modification of the halo mass function (see e.g. Costanzi et al.
2013; Castorina et al. 2014; Villaescusa-Navarro et al. 2014). The
dependence of equation (3) on the neutrino mass makes the growth
of the LSS a sensitive tool to determine the value of X m, (see e.g.
Viel, Haehnelt & Springel 2010; Marulli et al. 2011; Shimon et al.
2012; Carbone 2013; Costanzi Alunno Cerbolini et al. 2013; Mak
& Pierpaoli 2013; Takeuchi & Kadota 2014).

Indeed, nowadays the tightest upper limits on the total neutrino
mass come from cosmological studies. In detail, bounds have been
put with Lyman « forest observations (e.g. Croft, Hu & Davé 1999;
Viel, Haehnelt & Springel 2010), galaxy redshift surveys (Elgargy
et al. 2002; Tegmark et al. 2006; Thomas, Abdalla & Lahav 2010),
CMB observations from the Wilkinson Microwave Anisotropy Probe
(WMAP; Komatsu et al. 2009, 2011; Hinshaw et al. 2013), growth
of galaxy clusters (Mantz, Allen & Rapetti 2010b; Mantz et al.
2015) and galaxy clustering (Zhao et al. 2013; Beutler et al. 2014;
Sanchez etal. 2014). Currently, the most stringent upper limit comes
from Riemer-Sgrensen, Parkinson & Davis (2014) who combine the
large-scale power spectrum from the WiggleZ Dark Energy Survey
(Riemer-Sgrensen et al. 2012) with CMB observations and mea-
surements of the baryon acoustic oscillations (BAO) scale, yielding
the upper limit of ¥ m, <0.18 eV (95 per cent CL).

More recently the attention of the astrophysical community on
this problem was raised by the Planck satellite observations. The
cosmological results from the CMB anisotropies by Planck Collab-
oration XVI (2014) appear to be somewhat in tension with the ones
from the thermal Sunyaev—Zel’dovich (SZ; Sunyaev & Zeldovich

Ay == 7.67

) h~' Mpc. 3)

m,

2 Equation (2) is expressed in Planck units, i.e. G = h=c=kp = 1.
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1970) effect galaxy cluster survey obtained with the same instru-
ments (Planck Collaboration XX 2014; Planck Collaboration XXIX
2014), while Planck CMB data (combined with WMAP polariza-
tion data and other high-resolution CMB experiments) constrain
03(Rm/0.27)°3 = 0.87 £ 0.02, being o5 the rms of matter den-
sity fluctuations in a sphere of 8 7~' Mpc at the present epoch,
the galaxy cluster counts analysis indicates a significantly lower
value of 0.78 % 0.01, which translates into about a factor of 2 less
objects detected than expected from the CMB analyses. If on one
side the systematics connected with both the X-ray and SZ scaling-
laws adopted (see e.g. Sereno, Ettori & Moscardini 2014) and the
uncertainties in the modelling of non-thermal pressure bias (see
e.g. the study on Planck clusters by von der Linden et al. 2014)
may hamper the robustness of the SZ cluster findings, on the other
hand these results are consistent with other measurements obtained
from other galaxy cluster surveys at different wavelengths and af-
fected by completely different systematics (Vikhlinin et al. 2009;
Rozo et al. 2010; Hasselfield et al. 2013; Reichardt et al. 2013).
Moreover, the low og scenario fits also with the expected number
counts derived from the Planck y-parameter map analysis (Planck
Collaboration XXI 2014). The presence of massive neutrinos of-
fers a possible natural explanation of this apparent discrepancy
between the high- and low-redshift universe, while CMB analyses
assume a six free-parameter standard A cold dark matter (ACDM)
cosmology, adding a small ¥ m, as an additional component can
help reconcile the discrepancy (see Battye, Charnock & Moss 2014;
Costanzi et al. 2014, for a more detailed discussion on this topic). In
the framework of this new ACDMuv scenario Planck Collaboration
XX (2014) obtained X m, =(0.20 £ 0.09) eV with a joint analysis
of Planck-CMB, Planck-galaxy clusters and BAO: if confirmed this
result would represent the tightest constraint for neutrino masses up
to date.

One of the main difficulties in using LSS probes to determine
¥ m, is the degeneracy with the other cosmological parameters
sensitive to the growth of cosmic structures, namely og and Q.
The key to break this degeneracy is either the combination of dif-
ferent observables that allow to determine its redshift evolution,
or adding CMB priors to the analysis of LSS data. Carbone et al.
(2011) showed that future spectroscopic galaxy surveys planned for
the next decade, like Euclid (Laureijs et al. 2011) and Wide-Field
Infrared Survey Telescope (WFIRST; Spergel et al. 2013), when
combined with Planck priors will be able to measure both N, and
X m, independently of the galaxy power spectrum normalization,
the dark energy parametrization and the assumption of flat geome-
try if ¥ m, >0.1 eV. Conversely, if X m, is lower, they will allow a
measurement in the framework of a flat ACDM model. In the next
years also galaxy clusters surveys will play an important role in this
framework (Carbone et al. 2012; Costanzi Alunno Cerbolini et al.
2013). The South Pole Telescope (SPT) team, which has recently re-
leased a first catalogue of 224 galaxy clusters detected via SZ effect
in an area of 720 deg? (Reichardt et al. 2013), is expected to achieve
almost 1000 identifications with the full 2500 deg? survey, together
with a measurement of the SZ power spectrum at the arcminute
scale with unprecedented accuracy. In addition the extended Roent-
gen Survey with an Imaging Telescope Array (eROSITA) satellite
(see Predehl et al. 2007; Merloni et al. 2012) will perform a full-
sky survey in the X-rays with the potential of detecting about 10°
galaxy clusters down to z &~ 1-1.5. Provided that these objects will
have adequate redshift measurements, these data will improve sig-
nificantly our knowledge of how the LSS evolves with time. This
will allow not only an independent set of measurements of both €2,
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Table 1. Set of parameters assumed in our six simulations. Second and third columns: density parameter of the cosmological constant and CDM, respectively,
in per cent units. Fourth column: neutrino mass fraction, defined as f;, = €2,,/Qp,, in per cent units. The values of Q2,, Qcpwm and €2, are set to be consistent with
a flat universe (2 = 1). From fifth to eighth column, respectively: sum of the neutrinos masses (X m, ), Hubble constant (Hy), normalization of the primordial
power spectrum of the density fluctuations (Ag) and rms of matter density fluctuations in a sphere of 8 7~! Mpc (o'g) at z = 0. The ninth column shows the
number of particles used in the simulations (N},) and the last two columns show the mass of the CDM and neutrino particles, respectively. For all simulations

the comoving volume size is (24! Gpc)?.

Simulation 10°Qa  102Qcpm 10%f,  Em, Ho 10%4s os Np My cdm mp,
(V)  (kms™' Mpc™h) (z=0) (107" "M@) (10" " M@)

PO 68.39 31.61 0 0 67.11 215 0834 10243 65.36 -

P17 68.39 31.20 130 017 67.11 215 079 2 x 1024 64.53 0.84
P34 68.39 30.80 256 034 67.11 215 0751 2 x 10243 63.69 1.68
WO 72.90 27.10 0 0 70.3 243 0.809 1024 56.04 -

w17 72.90 26.73 137 017 70.3 243 0767 2 x 10243 55.28 0.76
W34 72.90 26.36 273 034 70.3 243 0723 2 x 1024 54.51 1.53

and o, but has also the potential of providing useful constraints on
X m,.

In this work we study how massive neutrinos affect the SZ and
X-ray observables of galaxy clusters and how the expected detec-
tions from upcoming galaxy cluster surveys will be influenced by
both the value of X m, and by the uncertainty in other cosmologi-
cal parameters. Like in our previous work on non-Gaussianities of
primordial density fluctuations (Roncarelli et al. 2010), we use a
set of six cosmological simulations that describe the formation of
CDM structures including a massive neutrino component, with dif-
ferent values of X m, and in two different cosmological scenarios.
Starting from high redshift, our simulations follow the evolution of
a very large comoving volume of the Universe, namely 8 =3 Gpc?,
allowing us to achieve an accurate description of the mass function
up to the highest mass haloes, well above 10" M. After iden-
tifying galaxy clusters in our simulation outputs, we use scaling
relations derived from observations to link their masses with their
SZ and X-ray observables. By considering the geometry derived
from the corresponding cosmological model, we associate to each
halo a position in the sky, reconstruct the past light cones of the LSS
and create mock y-parameter observational maps. We compare our
results with Planck observations, both for cluster counts and for the
y-parameter power spectrum, and provide forecasts for future SPT
and eROSITA cluster surveys.

This paper is organized as follows. In the next section we describe
the characteristics of the simulation set used for this work, the
algorithms used to identify the haloes and our method for the light
cone reconstruction. In Section 3 we describe the model used to
associate the SZ signal to each halo and discuss our results on the
effect of neutrino mass on number counts and SZ power spectrum. In
Section 4 we discuss the aspects connected with the X-ray properties
of galaxy clusters and provide forecasts on the possible detections
by eROSITA. We summarize and draw our conclusions in Section 5.
For the purpose of our work we will use two different cosmological
models with different values of the Hubble parameter 4. However in
order to provide a consistent comparison we will fix 1 = 0.7 (h79 = 1)
for both models whenever describing the predicted observational
properties.

2 MODELLING THE EFFECT OF NEUTRINOS
ON THE LSS
2.1 The simulation set

For this work we use a set of cosmological simulations per-
formed with the tree particle mesh—smoothed particle hydrodynam-

ics (TreePM—-SPH) code GADGET-3, an evolution of the original code
GADGET (Springel 2005) specifically modified by Viel et al. (2010) to
account for the neutrino density evolution. Here we summarize the
characteristics of the code and we refer to the original work for the
details (see also Bird, Viel & Haehnelt 2012; Villaescusa-Navarro
et al. 2013, 2014). The code follows the evolution of CDM and
neutrino particles treating them as two separated collisionless flu-
ids. Given the relatively higher velocity dispersion, neutrinos have
a characteristic clustering scale larger than the CDM one, allow-
ing to save computational time by neglecting the calculation of the
short-range gravitational force. This results in a different spatial res-
olution for the two components: fixed by the PM grid for neutrinos
and about one order of magnitude higher for CDM.

Starting from initial conditions with the same random phases, we
run a total of six different cosmological simulations on very large
scales, following a comoving volume of (24" Gpc)? from z = 99
to present epoch, filled with 1024 dark matter particles and, where
present, an equal amount of neutrino particles. No baryon physics
is included in these simulations. We choose the cosmological pa-
rameters of the first three simulations, dubbed PO, P17 and P34,
according to the Planck results (Planck Collaboration XVI 2014),
namely a flat ACDM model which we generalize to a ACDMv
framework by changing only the value of the sum of the neutrino
masses X m, = (0, 0.17, 0.34) eV, respectively, and keeping fixed
Q. and the amplitude of primordial scalar perturbations As. For the
other simulation set (W0, W17 and W34) we assume the baseline
ACDM cosmology derived from the 9-year results of the WMAP
satellite (Hinshaw et al. 2013), and introduce massive neutrinos
with masses X m, = (0, 0.17, 0.34) eV in the same way. For each
simulation we produced 64 outputs logarithmically equispaced in
the scale factor a = 1/(1 + z), in the redshift interval z = 0-99.
The list of cosmological and numerical parameters assumed for the
two simulation sets is reported in Table 1.

2.2 Halo identification

First, we process the simulation outputs with the friends-of-friends
(FoF) algorithm included in the GADGET-3 package. The code is ap-
plied only to CDM particles with linking length fixed to 0.16 times
the mean interparticle distance. The minimum number of parti-
cles to identify a structure is set to 32, thus fixing its minimum
mass to Mror = 2 x 10" h7' M. Neutrino particles are subse-
quently attached to a given parent halo if the closest CDM par-
ticle belongs to it. The FoF catalogues are then processed with
the suBrIND algorithm (Springel et al. 2001; Dolag et al. 2009) in-
cluded in the GabpGeT-3 package, which identifies locally overdense
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Figure 1. Upper subpanels: mass function, in terms of comoving number density of haloes above a given M5, for the two simulation sets at different redshifts.
Solid lines refer to the Planck simulation set (PO, P17, P34), dot-dashed lines refer to the WMAP simulation set (W0, W17, W34). The three different values
of ¥ m, = (0, 0.17, 0.34) eV are shown in black, red and green, respectively. In the lower subpanels we show the fractional differences An/n, with respect to
the PO simulation. The grey shaded area encloses the Poissonian error computed over the simulation volume for the PO model only.

gravitationally bound regions within an input parent halo. Here we
adopt a minimum number of 20 particles to make a valid subhalo.
Moreover, we use a specific routine included in the sUBFIND algo-
rithm to compute spherical overdensities for FoF groups, and, in
particular, for each halo we compute the value of Rsy, defined
as the radius enclosing a matter (CDM-+neutrinos) density equal to
500 times the critical density of the Universe p.(z) at the cluster red-
shift, and the corresponding mass in terms of Msyy = 500p.(z) x %7‘(
Rs00>. The choice of the density contrast § = 500 is done in order
to simplify the use of scaling relations to compute observables (see
Sections 3 and 4). We stress also that the density threshold adopted
in our study is significantly higher with respect to other works (see
e.g. Villaescusa-Navarro et al. 2014): this makes the contribution
of the neutrino component to the total mass of the subhaloes neg-
ligible. With this procedure some of the initial FOF parent haloes
are split into multiple subhaloes, with the result of an increase of
the total number of identified objects and of a lower minimum mass
limit.

We show in Fig. 1 the mass functions of our six simulations in
terms of number density of haloes above a given M5 at four differ-
ent redshifts. As expected, the presence of massive neutrinos slows
down structure formation resulting in a smaller number of haloes
per fixed mass at all redshifts. When looking at the z = 0 plot, in the
mass range Msoy = 101357145 =1 Mg the P17 model shows about
10-20 per cent less haloes than the PO one, with differences dou-
bled when considering the P34 and PO models. Similar differences
are found for the WMAP simulation set. We can also observe that
the action of massive neutrinos is not completely degenerate with

MNRAS 447, 1761-1773 (2015)

respect to the remaining cosmological parameters if we take into
account the redshift evolution and the shape of the mass function.
More precisely, the decrease in the number of haloes due to neu-
trino free-streaming shows a steeper dependence on both mass and
redshift.

Massive neutrinos affect also the clustering of LSSs, as shown
by the two-point spatial autocorrelation function of haloes in Fig. 2.
Differently from the mass function case, massive neutrinos enhance
halo clustering and the value of £ at all scales and redshifts (see the
discussion in Marulli et al. 2011). Considering the Planck simula-
tion set, we observe that massive neutrinos produce a 20 per cent
increase of the value of & for the P34 simulation with respect to the
PO one, independent of scale and almost independent of redshift up
to z = 1. Similar differences are found in the WMAP simulation
set. On the other side, the increase of the value of & associated
with the baseline cosmology is significantly higher: the W0 simula-
tion shows a 20 per cent higher correlation than the PO one at small
scales, with differences increasing with distance up to 40 per cent at
50 h~! Mpc. This indicates that the use of cluster counts and cluster
correlation function can help to break the degeneracy between neu-
trino mass and cosmological parameters (see also the discussion in
Séanchez et al. 2014).

2.3 Light cone construction

The method to create the past light cones from the simulation
outputs is similar to the one described in our previous works
(see Roncarelli et al. 2006a, 2007, 2010, 2012). The procedure
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Figure 2. Two-point spatial autocorrelation of haloes (Msog > 10135 p~1 Mp) as a function of comoving distance for the two simulation sets at different
redshifts. Lines and colour coding are the same as in Fig. 1. In the lower subpanels we show the fractional differences A& /&, with respect to the PO simulation.

consists in stacking the different simulation volumes along the line
of sight, down to a redshift limit that we fix for our purposes to
z =3, corresponding to 4381 A~ (4601 h~") comoving Mpc for the
Planck (WMAP) baseline cosmology, thus requiring to stack three
times the simulation volume to fill up the light cone. In order to
exploit the full redshift sampling of the simulation outputs, each
simulation volume is divided into slices along the line of sight to
which we assign a different snapshot. The interval corresponding to
the different slices is chosen by computing the age of the Universe
as a function of the comoving distance from the observer and by
assigning to each slice the snapshot that better matches this quantity.
Given our set of snapshots we obtain 39 slices for both simulation
sets.

In order to avoid the superimposition of the same structures along
the line of sight, every simulation box undergoes a randomization
process that consists of four steps: (i) we assign a 50 per cent prob-
ability to reflect each side of the output; (ii) we randomly choose
the axis to be oriented along the line of sight and the direction of
the other two; (iii) we perform a random recentring of the spatial
coordinates by exploiting the periodic boundary conditions and (iv)
we rotate the cube along the line of sight choosing a random angle.
The slices belonging to the same cube volume undergo the same
randomization process in order to preserve the large-scale power in-
formation. We repeat this process using the same random seeds for
our six simulations: this, together with the use of the same phases in
the initial conditions, ensures that we represent the same comoving
volume with six different cosmological models, reducing the impact
of cosmic variance on our results.

We fix the opening angle of each light cone to 10°per side, a
limit that ensures the validity of the flat-sky approximation, enclos-
ing a comoving volume of 0.854 (0.977) A= Gpc?® for the Planck
(WMAP) simulation set. By varying the initial random seed we
generate 50 different light cone realizations that we use to assess
the statistical robustness of our results, thus covering a total area of
5000 deg”. Despite the very large size of our simulation volume, this
total area cannot be considered completely independent. In fact, the
projected comoving size of the simulation at z = 3 corresponds for
the Planck (WMAP) model to 681 (622) deg?, indicating that at the
end of the light cone we are replicating the same structure about 7 (8)
times. However in the redshift range 0 < z < 0.6, where most of the
X-ray and SZ signal is expected, the simulation size covers all of
the 5000 deg?, allowing us to consider the comoving volume of our
50 light cones as practically independent up to z = 0.6.

3 MODELLING THE SZ SIGNAL

Starting from the simulation outputs, we associate to each halo a
value of the integrated Compton y-parameter Ysqo as a function of
M5 and z, using the scaling law adopted by Planck Collaboration
XX (2014):

Y500
0 _ EP
arcmin? @ 62

—4 —1 2 _ o
1074y, <h70 MPC> {(1 b)Msoo] @

da(z) 10" 13 Mg

where E(z) = H(z)/Ho = v/ Qn(l + 2)* + Q4, B is fixed to the

self-similar evolution value of 2/3 and da(z) is the angular
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Figure 3. Number of haloes per square degree as a function of the limit in Y500. Lines and colour coding are the same as in Fig. 1, the grey shaded area
encloses the central 68 per cent of the values computed in the 50 different light cones (100 deg” each) for the PO model.

diameter distance. The quantities Y., & and b (normalization, slope
and pressure bias, respectively) are taken from the baseline values
of Planck Collaboration XX (2014) and fixed to 0.646, 1.79 and 0.2,
respectively, for all haloes. Once the expected value of Y5 is com-
puted, the final value is determined by adding randomly an intrinsic
scatter with a logarithmic standard deviation o1,y = 0.075.

Under these assumptions we compute the expected number of
haloes above a given Yso in different redshift bins, and show the
results in Fig. 3. The differences are comparable to what observed
in Fig. 1 for the mass function, with decrements in the expected
number counts roughly proportional to the value of ¥ m,. We can
see, however, that while at low redshift the WO model appears
almost degenerate with the P34 one, when moving towards higher
redshift the effect of neutrinos is stronger. The cosmic variance
(grey shaded area) computed as the interval that encloses the central
68 per cent of the values in the 50 different fields is smaller than the
difference between the various models for Y500 < 10~* arcmin? and
approximately follows Poissonian statistics.

‘We use our models also to predict the expected detections by the
SPT and Planck surveys. In general, the probability of detecting a
galaxy cluster via the SZ effect depends not only on its Y5y value but
also on the sky surface occupied by the halo: the latter determines the
amount of noise, mainly primary CMB, and grows approximately
linearly with the halo angular size. From the simulated light cone
catalogues we derive the value of 65y = arcsin(Rsoy/da) for our
objects. Then by using simulated data of SPT noise (Saro & Liu,
private communication) we compute a value of AY that we use
as a noise estimate and fix a signal-to-noise ratio (S/N) detection
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Figure 4. Predicted number counts in different redshift bins (Az = 0.1) of
galaxy clusters detectable by SPT (assuming S/N > 4.5 and a survey area
of 2500 deg?) for the two sets of simulations described in the text. Lines
and colour coding are the same as in Fig. 1. In the lower panel we show the
fractional difference computed with respect to the PO simulation.

threshold of 4.5 (see Reichardt et al. 2013). Finally, we associate to
each halo a detection probability by taking into account the intrinsic
scatter in the Ys00—Ms5q relation of equation (4). We show in Fig. 4
the expected number of detections for the full SPT cluster survey
(area of 2500 deg?). We find that a value of ¥ m, = 0.17 eV reduces
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Figure 5. Same as Fig. 4 but for galaxy clusters detectable by Planck
(see text for details). The blue points represent the detections by Planck
Collaboration XX (2014) with 1o error bars.

the expected detections by 20 per cent at z = 0 and up to 40 per cent
at z > 1 with respect to the ACDM scenario in the Planck baseline
cosmology. We can also see that for all models 15-20 per cent of
the total detections will be at z > 1, where the neutrinos produce
the largest differences. However the effect of neutrinos is almost
degenerate with cosmology: in fact, the P34 and W0 models produce
very similar results. This indicates that the SPT cluster survey alone
will not be able to break the degeneracy between X m, and o, and
that a combination with data from other probes will be required to
measure X m, precisely.

To obtain the estimate for the Planck cluster survey with an equiv-
alent procedure we would need a precise and complete instrumental
noise information which is not publicly available at the moment.
For this reason we proceed in the following way. We consider the
mass selection functions, My, (z), published by Planck Collabora-
tion XX (2014, see their fig. 3) for the shallow, medium and deep
surveys. Then for every halo in our catalogue we compute a detec-
tion probability x (Msg, z). Since this quantity actually depends on
Y500, which is related to M5 with an intrinsic logarithmic scatter
OLogy» We consider this effect by computing it in the following way:

Msoo
Log ( Mijm,i (Z))
\/io'L()gY

being f; the area fraction of the three surveys (48.7, 47.8 and
3.5 per cent for the shallow, medium and deep surveys, respectively)
and M, i(z) the relative selection function. Finally, for each cluster
in our light cones we sum their individual detection probability and
compute the expected number of detections per redshift bin con-
sidering a coverage area of 26 814 deg” (i.e. the 65 per cent of the
full sky). We note, however, that our prediction for the PO model
is higher by about 30 per cent with respect to the equivalent one in
Planck Collaboration XX (2014): we verified that this translates in
a 10 per cent difference in the mass limit and is likely due to the
approximations in our modelling of the Planck selection function.
To overcome this problem, we apply this correction factor to the
value of My, ;(z) as it appears in equation (5). The corresponding
results in terms of clusters number counts are plotted in Fig. 5. All
the models that adopt Planck cosmology show an excess in the first
two bins with respect to the real Planck detections (blue points),
while at z > 0.2 the P34 model is in agreement with the data: this is

i

(SYhoN

3
X(Msoo,2) = = | 1+erf (5)
i=1

Massive neutrinos in SZ and X-ray 1767

consistent with what found by Planck Collaboration XX (2014) who
obtain a value of X m, =(0.53 = 0.19) when considering CMB and
clusters together. However this appears to be somewhat in tension
with the result of ¥ m, =(0.20 & 0.09) obtained when adding BAO
data. Again, we observe that with respect to number counts the P34
and W0 model are almost perfectly degenerate.

‘We now analyse our predictions for the average y-parameter value
and SZ power spectrum. By using our light cone catalogues, and
under the assumption of clusters’ spherical symmetry and of a fixed
pressure profile, we are able to produce a set of mock y-parameter
maps for each light cone realization and for each simulation, and use
them to predict global SZ properties. Starting from the position of
the cluster centres in the light cones, we assign to each object a pro-
jected pressure profile using a modification of the classic f-model
(Cavaliere & Fusco-Femiano 1978), namely a rolling 8 polytropic
profile that allows for a steepening of the density and temperature
profiles in the outskirts (see Ameglio et al. 2006; Roncarelli et al.
2006b, 2010, and discussions therein). The profile, expressed in
terms of the y-parameter, has the following form:

0 21 (1=3y Beir)/2
1 — , 6
+ ( 96> } ©

where 6. is the angular size of the core radius, y is the polytropic
index of the gas, fixed to 1.18, and B is the effective slope, defined
as

y(0) =

ﬂint + (gf) ,cht
Betr = T+ 2 ; (N
where B, and B represent the internal and external slopes of the
profile, respectively. This method has the advantage of providing
directly the projected quantity to map, with three free parameters,
namely By, Bex and the ratio 6. /0500, that can be tuned to reproduce
a given pressure profile. In particular we find the parameters values
(Bine = 0.98, Bext = 1.28 and 0./6500 = 0.426) that match the
projection of the universal pressure profile of Arnaud et al. (2010)
and apply them to our clusters. Given the high pressure contribution
coming from external regions, we map the structure of our haloes
up to 8 Rsop.

We show in Fig. 6 the maps of the y-parameter obtained with this
method for the same light cone realizations produced with the six
simulations described in Table 1. These maps represent the whole
100 deg” sky patch after cutting out haloes whose centre is located
at z < 0.03. We note that, even reproducing the same light cone
volume in the six simulations (see Section 2.3), a significant cosmic
variance from field to field is present, mainly due to the intrinsic
scatter in the Y50o—M S50 relation. It is clear from these images that the
diminished abundance translates into a lower Comptonization value
with increasing neutrino mass and moving from Planck to WMAP
cosmology. We show in Table 2 the average y-parameter computed
over the whole 5000 deg?. The quoted error represents the 1o de-
viation of the 50 different fields, i.e. the range that encloses the
central 68 per cent of the values. First of all we must consider that
these values are low when compared to other estimates obtained
from hydrodynamical simulations, due to the lack of the diffuse
component (i.e. filaments) which is expected to provide about half
of the contribution to the whole integrated value (see the discus-
sion in Roncarelli et al. 2007): this means that we have to consider
these results as representative of the fraction of the expected total
value associated with galaxy clusters only. As expected, massive
neutrinos reduce consistently the average y-parameter, with P17
and P34 simulations having values about 20 and 40 per cent lower,
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Figure 6. Maps of the y-parameter for the same light cone in our six models. Left- and right-hand columns correspond to the Planck and WMAP simulation
set, respectively. Top, middle and bottom rows show the maps for X m, = (0, 0.17, 0.34) eV, respectively. Each map is 10°per side and considers all haloes

with z > 0.03. All maps adopt the same colour scale, displayed on the right.

respectively, with respect to the PO model. When considering
the WMAP simulation set, the reduction is even higher (25 and
45 per cent for W17 and W34, respectively), due to the higher value
of the ratio f,. Considering the whole set of six simulations we
observe that the average y-parameter due to galaxy clusters scales
as

{y)
(¥0)

Another important quantity that can be used to observe the effect
of neutrinos on the LSS of the Universe is the SZ power spectrum,

~ (11— f)7. ®)
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which is known to be the dominant source of CMB anisotropies
at small scales (<5 arcmin) and that has been recently measured
by Planck (Planck Collaboration XXI 2014), SPT (Reichardt et al.
2012; Crawford et al. 2014) and Atacama Cosmology Telescope
(ACT; Sievers et al. 2013). Using the complete set of y-parameter
maps (six maps like the ones of Fig. 6 for each light cone realization)
we compute their power spectrum with a method based on fast
Fourier transform and in the flat-sky approximation, and express it
in terms of power as a function of the multipole £.

Since for each model the power spectrum shows significant
changes from one light cone to another due to the cosmic variance,
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Table 2. Average y-parameter in the
whole simulation set. The quoted error
encloses the central 68 per cent of the
values of the 50 light cones. These
values do not account for the diffuse
component, e.g. the gas outside galaxy

clusters.
Simulation (y)(1077)
0.45
PO 4.82to_37
032
P17 3.921035
0.20
P34 2.95%0 9
+0.25
WO 323402
+0.17
W17 2.41 ~0.17
0.15
W34 1.847013

Table 3. Properties of the SZ power spectrum for our six simu-
lations. From second to fourth column: values of the best-fitting
parameters (see text for details) to the simulated data using equa-
tion (9). The fifth column indicates the value of the best-fitting
function at £ = 3000, with the errors that represent the interval en-
closing the central 68 per cent of the values of the 50 different light
cone realizations. The values A and A3zggp are expressed in terms of
(AT/Tcymp)? in the RJ limit.

Simulation A071y o o Azo00 (10712)
PO 6.84 390 0.692 5277116
P17 5.03 391 0.700 3.841002
P34 3.38 390  0.706 2.55T04
WO 3.58 392 0.685 2771531
w17 2.33 393 0.693 1781038
W34 1.54 395  0.678 119702

in order to define a global quantity for each simulation we proceed
in the following way. For every simulation and for each value of the
multipole £ we consider the values of P(¢) = £(¢ + 1)C,/(2m) ob-
tained in the 50 different light cones and, after defining x = Log(¢),
we compute the average P(x) for each model and we quantify their
dispersion by considering the eight highest and eight lowest val-
ues and by defining o (£) as the half of their difference. Then, we
observe that the result can be fit with a skew-normal distribution
(Azzalini 1985) with shape parameter fixed® to & = —+/2, thus with
the following formula:

A — -
NP exp (,7("20’2‘) ) {1+erf(“0 x)} , )

where A, u and o are left as free parameters. Finally, for each
model we fit the average power spectrum by using the value of
o (£) as an error for each point. We report in Table 3 the best-fitting
parameters for each model and plot in Fig. 7 the corresponding SZ
power spectra in the Rayleigh—Jeans (RJ) limit. For all the models
the peak position, defined by the i parameters show small changes.
On the other hand, the WMAP models show slightly lower values of
o and, most importantly, the normalization is highly influenced by
the presence of massive neutrinos: the P17 and W17 models show
a reduction of 25-30 per cent with respect to the corresponding

P(x) =

3 This value is chosen to simplify the expression in equation (9) and corre-
sponds to a skewed Gaussian curve, with skewness equal to —0.272.

Massive neutrinos in SZ and X-ray 1769

ACDM model, while for the P34 and W34 models the normalization
is reduced to less than a half. We find that its dependence on f,, scales
approximately as
N (10)
Ao

Our results can be compared to the measurements at £ < 1000 of
Planck Collaboration XXI (2014) and to the ones at £ = 3000 of SPT
(Reichardt et al. 2012; Crawford et al. 2014) and ACT (Sievers et al.
2013), also plotted in Fig. 7. As areference, we also show in Table 3
the value of Az for our six models in the RJ limit.* We can see
that none of our models is able to reproduce the flattening obtained
by Planck at large scales, resulting in a significant underestimate
of the measured spectrum at £ < 200: this is likely due to the
lack in our model of the diffuse component associated with non-
virialized structures. The points at £ 2> 200 are well fitted by our
P17 model, with also the P34 and WO providing acceptable fits to
the data. Considering the uncertainty due to the cosmic variance,
this is in broad agreement with the result of Planck Collaboration
XXI(2014), who obtain best-fitting values of 63 = 0.74 &+ 0.06 and
Qm =0.33 £ 0.06. On the other hand, the results at £ = 3000 favour
the P34, W0 and W17 models which are all consistent at about 1o
The P17 model shows an excess at more than 30 with respect to
both SPT measurements and at 2o with respect to ACT data: this
highlights a general difficulty of this kind of models fitting both low
and high £ measurements of the SZ power spectrum.

4 MODELLING X-RAY COUNTS

In this section we aim at describing the X-ray properties of the
galaxy clusters in our simulations and predicting the expected num-
ber counts for the eROSITA all-sky survey, that will constitute an
important probe of the LSS in the next future. However, this kind
of modelling is significantly more difficult than the corresponding
SZ one, mainly due to the uncertainties associated with the X-ray
scaling laws and to their redshift evolution, making our results un-
certain in terms of absolute values. For this reason, we focus on
the discussion of the relative differences associated with the pres-
ence of massive neutrinos, that are less dependent on our model
assumptions.

In order to assign to each galaxy cluster an X-ray luminosity we
adopt the scaling law of Mantz et al. (2010a), namely

E(z) Moo )ﬂl
105h:0 Mg/

Lsoo
104 byl ergs—!

= E(2)10% ( (11)
where Lsq is the bolometric X-ray luminosity inside Rsg, and the
two parameters 8 and §, are fixed to their best-fitting values of 1.23
and 1.63, respectively. Here we are assuming a self-similar redshift
evolution. After computing the expected value of Lsy, we also apply
an intrinsic logarithmic scatter characterized by o1, = 0.17. We
then convert each bolometric luminosity to the corresponding flux
in the 0.5-2 keV band:
Lsoo f(Ts00, 2)

Sios—2 = —oo 30 (12)

4md;(2)
where d;(z) is the luminosity distance, (7509, z) is the band correc-
tion, computed assuming a bremsstrahlung emission. The cluster

4 To obtain the corresponding values at 150 GHz (SPT) and 148 GHz (ACT)
one should divide our results by a factor of 4.40 and 4.17, respectively.
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Figure 7. Power spectrum of the SZ signal in the RJ limit as a function of the multipole ¢ for the two simulation sets. Lines and colour coding are the same as
in Fig. 1. All these lines represent the average over the 50 light cone realizations, while the grey shaded area encloses the 1o deviation between the 50 light
cones for the PO simulation only (see text for details). The blue points represent the SZ power spectrum measurements by Planck (Planck Collaboration XXI
2014). The orange and magenta points represent the SPT results by Reichardt et al. (2012) and Crawford et al. (2014), respectively. The cyan point represents

the ACT measurement by Sievers et al. (2013).

temperature Tsgo is also computed applying the scaling law ob-
tained by Mantz et al. (2010a) and assuming a self-similar redshift
evolution.

Under these assumptions we compute the number of clusters
detectable by the eROSITA full-sky survey by adopting a simple
flux threshold of 3 x 10™'* erg s~' cm~2 in the 0.5-2 keV band,
as reported in Merloni et al. (2012). We stress that the problem of
determining the actual detectability of a galaxy cluster in the real
survey is a more complicated issue, connected to the capability of
disentangling faint cluster candidates from contaminating sources
[mainly faint active galactic nuclei (AGN) at high redshift] given the
large point spread function (PSF) of eROSITA (see e.g. a discussion
on this problem with XMM-Newton observations in Brusa et al.
2010), which is beyond the scope of this paper. For this reason our
results should be interpreted as upper limits of the eROSITA survey
capability.

We show in Fig. 8 the log N-log S of the haloes in our 50 light
cones. These results look similar with what already said for Fig. 3,
with the inclusion of massive neutrinos causing comparable decre-
ments in the expected number of haloes. In this case the different
redshift evolution of the X-ray flux makes the degeneracy with re-
spect to cosmology more severe, especially between the P34 and
WO models at all redshifts. This is mainly due to the value of the
Q, parameter that influences the redshift evolution through E(z)
(see equation 11).

The potential of the eROSITA survey comes out more clearly
when analysing the expected detections in the redshift bins shown
in Fig. 9. For this computation we considered only haloes with
Msyp > 10" h~' M@, in order to avoid further uncertainties in
the scaling relations adopted. With our assumptions the eROSITA
cluster survey would be almost volume limited for the haloes above
this mass. The total number of potential detections for the PO model
is about 180 000, which is consistent with what quoted by Merloni
etal. (2012). This makes the differences associated with a change in

MNRAS 447, 1761-1773 (2015)

the value of ¥ m, highly significant in terms of the corresponding
Poissonian uncertainties in all redshift bins.

Given the very high number of potential detections we can com-
pute the corresponding angular correlation function w(#) for the
six models considered in this work and check if it can break the
degeneracy between X m, and cosmology, as said in Section 2.2.
The results plotted in Fig. 10 show a trend similar to what happens
for the cluster correlation function shown in Fig. 2, with a higher
correlation for WMAP cosmology and for higher neutrino masses,
with differences that are larger than the typical Poissonian error at
0 = 10 arcmin. However, even if the fractional differences are high,
the value of w(0) at these angular scales is small (below 0.1 for all
models), indicating that the systematics associated with the scaling
law, and in particular to the redshift evolution, will dominate the
uncertainty making it difficult to disentangle between the differ-
ent models. This indicates that in order to exploit the correlation
function a good control of observational systematics is required,
together with precise mass and redshift estimates.

5 CONCLUSIONS

In this paper we have analysed the outputs of a set of six cosmo-
logical simulations with the aim of describing the effect of massive
neutrinos on the LSS of the Universe, focusing on the SZ and X-ray
properties of galaxy clusters. Our simulations follow the evolution
of a very large comoving volume, 24~ Gpc per side, allowing us
to describe accurately the halo mass function up to masses above
10" A~ M, intwo different cosmological scenarios, one adopting
parameters consistent with the latest Planck results (Planck Collab-
oration XVI 2014) and another with the WMAP results (Hinshaw
et al. 2013), both considering three different values of the sum of
neutrino masses: X m, = (0, 0.17, 0.34) eV. The set of parameters
used for these simulations is summarized in Table 1. Starting from
the outputs of each simulation we constructed a set of 50 light cone
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Figure 8. Same as Fig. 3, but for the number of galaxy clusters as a function of limit flux in the 0.5-2 keV band.
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Figure 9. Predicted number counts in different redshift bins (Az = 0.1) of
galaxy clusters (Msog >10'* 1! M) detectable by the eROSITA all-sky
survey (Sj0.5-2] > 3 X 10714 erg s~ em™2) for our two sets of simulations.
Lines and colour coding are the same as in Fig. 1. In the lower subpanel we
show the fractional difference computed with respect to the PO simulation.

catalogues of 10° per side and, by using known scaling relations,
we computed the expected SZ and X-ray signals. This allowed us
to test the effect of massive neutrinos on these observables, to com-
pare them with Planck data and to investigate the capability of future
cluster surveys of measuring X m, and disentangling its degeneracy
with other cosmological parameters, mainly og and €2,,. Our main
results can be summarized as follows.

R Zm,=0.00eV
L2~ Zm,=0.17eV
0.10E N T Zm,=0.34eV —
§ ]
= ]

eROSITA

(W=Wpo) /Weo

6 (orcmin)

Figure 10. Correlation function as a function of the angular separation for
the haloes detectable by the eROSITA cluster survey (see text for details).
The grey-shaded area shows the Poissonian error (1o) for the PO simulation
only computed over the 50 light cones (5000 deg?). In the lower subpanel we
show the fractional difference computed with respect to the PO simulation.

(1) As expected, the effect of massive neutrinos is larger at higher
masses and redshift. At z = 0 neutrinos with masses X m, =0.34eV
decrease the number of haloes by 20—40 per cent in the mass range
Msoo =1035145 =1 M5y, While at z = O this is almost equivalent
to a change in cosmology from the Planck—ACDMv model with
¥ m, =0.34 eV to a simple WMAP-ACDM one, at higher redshift
the effect of neutrinos is stronger.
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(i1) The spatial correlation function of the haloes is also influ-
enced by ¥ m, but with a smaller impact with respect to the mass
function: about 15-20 per cent higher correlation for ¥ m, = 0.34,
with lower dependence on scale and redshift. Conversely, the effect
associated with a change in og and €2,, is larger and scale depen-
dent, allowing for a possibility of breaking the degeneracy of ¥ m,
with these parameters.

(iii) The effect on the mass function translates into different ex-
pected counts of SZ detected clusters. Assuming a Planck—ACDM
cosmology SPT will be able to detect about 1100 clusters, re-
duced by 40 per cent when ¥ m, = 0.34 eV. The same difference
is found when computing the expected Planck detections in agree-
ment with the findings of Planck Collaboration XX (2014). How-
ever this is marginally in tension with the suggested value of X m,,
=(0.20 % 0.09) eV obtained when BAO constraints are included
(Planck Collaboration XX 2014).

(iv) The global y-parameter value is strongly influenced by the
presence of massive neutrinos. We observe an approximate scaling
of (1 — £,)* for the signal associated with galaxy clusters.

(v) While the shape of the SZ power spectrum shows a weak
dependence on f,,, its normalization scales as (1 — f,)*>°. The SPT
and ACT results at £ = 3000 are consistent with a WMAP-ACDM
cosmology. If Planck cosmology is assumed instead, a value of
¥ m, of about 0.34 eV is needed to fit with the data. We provide
analytical fits to the power spectra (see equation 9 and Table 3).

(vi) Given the very high number of galaxy clusters above its
flux detection limit, the eROSITA full-sky survey has the potential
to put constraints on X m,, provided that cluster redshifts will be
measured. However model uncertainties and the degeneracy of ¥ m,,
with both og and 2, will make difficult to disentangle the two
effects using its data alone.

Our work confirms how the LSS and galaxy clusters evolution
are influenced by the value of the neutrino masses, the usefulness
of cosmological analyses in measuring X m, and the necessity of
extending the traditional ACDM concordance model to a more com-
plete and accurate ACDMv cosmology. With the increasing number
of upcoming surveys, statistical uncertainties will not constitute the
main limitation in providing strong limits on the neutrino masses
using galaxy clusters. On the other hand, degeneracies with other
cosmological parameters and with the modelling (mainly scaling
laws and redshift evolution) will require the combination of both
CMB and LSS data coming from different observable quantities, al-
lowing us to probe different epochs of structure formation. A list of
possible new types of analyses that may provide constraints on neu-
trino mass includes redshift-space distortions, CMB weak lensing
correlation and kinetic SZ power spectrum. We plan to investigate
these further neutrino probes and their cross-correlations in the near
future by exploiting the ‘Dark Energy and Massive Neutrino Uni-
verse’ (DEMNUni) simulation set (Carbone et al., in preparation;
Castorina et al., in preparation), characterized by the same volume,
but with a particle mass resolution about one order of magnitude
larger than for the simulations adopted in the present work.
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