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ABSTRACT
Using the results of a cosmological hydrodynamical simulation of the concordanceΛCDM
model, we study the global properties of the Sunyaev-Zel’dovich (SZ) effects, both consider-
ing the thermal (tSZ) and the kinetic (kSZ) component. The simulation follows gravitation and
gas dynamics and includes also several physical processes that affect the baryonic component,
like a simple reionization scenario, radiative cooling, star formation and supernova feedback.
Starting from the outputs of the simulation we create mock maps of the SZ signals due to the
large structures of the Universe integrated in the range 06 z6 6. We predict that the Compton
y-parameter has an average value of(1.19±0.32)×10−6 and is lognormally distributed in the
sky; half of the whole signal comes fromz< 1 and about 10 per cent fromz> 2. The Doppler
b-parameter shows approximately a normal distribution withvanishing mean value and a stan-
dard deviation of 1.6×10−6, with a significant contribution from high-redshift (z> 3) gas. We
find that the tSZ effect is expected to dominate the primary CMB anisotropies forℓ & 3000
in the Rayleigh-Jeans limit, while interestingly the kSZ effect dominates at all frequencies at
very high multipoles (ℓ & 7×104). We also analyse the cross-correlation between the two SZ
effects and the soft (0.5–2 keV) X-ray emission from the intergalactic medium and we obtain
a strong correlation between the three signals, especiallybetween X-ray emission and tSZ
effect (rℓ ≃ 0.8-0.9) at all angular scales.
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1 INTRODUCTION

In the recent years the cosmic microwave background (CMB) pri-
mordial fluctuations have been measured with high accuracy thanks
to the observations made by theWilkinson Microwave Anisotropy
Probesatellite (WMAP, Spergel et al. 2003, 2006), establishing an
important step forward in precision cosmology. The primaryCMB
anisotropies, in fact, constitute the most important dataset to ob-
tain information about the physical conditions of the earlyUniverse
and, together with other results coming from high-redshiftsuper-
novae (see, e.g., Astier et al. 2006; Wood-Vasey et al. 2007), weak
lensing (see, e.g., Heymans et al. 2005; Massey et al. 2005; Het-
terscheidt et al. 2006; Semboloni et al. 2006; Hoekstra et al. 2006)
and galaxy clustering (see, e.g., Cole et al. 2005; Eisenstein et al.
2005; Tegmark et al. 2006; Sánchez et al. 2006), they indicated as
a favorite scenario a flat cosmological model dominated by a cos-
mological constant: the so-calledΛCDM model.

The dynamical and thermodynamical effects of the large scale
structure (LSS) formation after the recombination also create sec-
ondary anisotropies in the CMB signal. Most importantly, after
the epoch of reionization the CMB photons interact with the free
electrons of the intergalactic medium (IGM) via Thomson scatter-
ing giving rise to the Sunyaev-Zel’dovich (SZ) effect (Sunyaev &
Zel’dovich 1972, 1980): this constitutes both a noise for the pri-
mary CMB signal and a probe for the baryon physics. The SZ effect
is usually classified into two components: the dominant one,the
thermal SZ (tSZ) effect, is the inverse-Compton scatteringcaused
by the thermal motion of a population of high-temperature elec-
trons, mainly located in the hot plasma of galaxy clusters, which
results in a gain in energy for the photons and a consequent dis-
tortion of the black-body spectrum of the CMB. Conversely, the
kinetic SZ (kSZ) effect is the Doppler shift caused by the bulk mo-
tion of the ionized gas and can result either in a gain or in a loss of
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photon energy, depending on the direction of the gas velocity with
respect to the photon.

After its first claimed detection by Parijskij (1973) and the
works of Birkinshaw et al. (1991) and Birkinshaw & Hughes
(1994), the development of new microwave instruments has now
made available a large amount of observational data for the study of
the tSZ effect in galaxy clusters, including two-dimensional map-
ping. In the near future this observational field is believedto receive
a significant boost thanks to a new generation of suitable land-based
instruments, likeAMI, SPT, ACT, SZA, AMiBAandAPEX, and the
launch of thePlancksatellite that will provide a full-sky catalogue
of galaxy clusters detected via the tSZ effect. Finally, theproject of
theAtacama Large Millimeter Array(ALMA) specifically includes
high-resolution imaging of the SZ effect in its scientific goals.

The development of the SZ science for galaxy clusters will
be strictly connected with the already available data in theX-ray
band that nowadays constitute the most important dataset for clus-
ter physics. In fact, since both the bremsstrahlung emission and the
SZ effect depend on the density and temperature of the gas, the two
signals are expected to be highly correlated and their comparison
will be of great interest in order to understand the systematics of the
two observables. In addition to it, while the X-ray signal has proven
to be a sensitive probe for the properties of the hot gas in thecen-
tral regions of nearby clusters, the absence of redshift dimming for
the SZ effect and its different dependence on the density will allow
one to detect more distant sources and, hopefully, to obtainmore
information on the external regions of galaxy clusters where the
modelization of the cluster physics has smaller uncertainties (see,
e.g., Roncarelli et al. 2006b). Besides from cluster physics the tSZ
effect arising from the whole LSS, which is expected to be themost
important signal at the angular scales of some arcminutes, can also
be used to directly constrain cosmology because of the strong de-
pendence of its amplitude on the normalization of the power spec-
trumσ8 (see, e.g., Goldstein et al. 2003; Bond et al. 2005; Douspis
et al. 2006). On the other side a measurement of the kSZ effectcan
yield information on the peculiar velocity field at high redshift and,
consequently, put constraints on different dark energy models (see,
e.g., Hernández-Monteagudo et al. 2006) and on cosmological pa-
rameters in general (see, e.g., Bhattacharya & Kosowsky 2007); at
the second order the kSZ effect is also believed to be marginally
affected by the dynamical effects associated with epoch of reion-
ization, even if a future measurement of this signal appearsvery
challenging (Iliev et al. 2007).

In this framework a theoretical analysis of the SZ effect and
of its correlation with the X-ray signal is crucial not only for in-
vestigating the connections between these observables andthe LSS
formation, but also for modeling and, possibly, taking under con-
trol the SZ-noise, that is expected to affect high-multipole CMB
observations. In this paper we present our results on the statistical
properties of the SZ signal obtained from a cosmological hydrody-
namical simulation (Borgani et al. 2004) that follows the evolution
of the structure formation in the framework of theΛCDM cosmol-
ogy. Since the thermodynamical evolution of the baryons depends
not only on the cosmological parameters but also on different non-
thermal processes influencing the gas physics, our numerical model
specifically includes several physical effects connected with radia-
tive cooling and star formation that have a significant effect on the
shape of the temperature and density profiles of the inner regions of
galaxy clusters and, consequently, on their X-ray and SZ properties.

This paper is organized as follows. In the next Section we
briefly review the basic equations that describe the tSZ and kSZ
effects. In Section 3 we present the characteristics of our cosmo-

logical simulation (Section 3.1) and the method used to obtain pre-
dictions on the SZ effects from its outputs (Section 3.2). InSection
4 we discuss the average large-scale properties of the SZ effects. In
Section 5 we analyze the power spectra of the tSZ and kSZ signals
and in Section 6 we study their cross-correlation. Section 7is de-
voted to the description of the correlation properties withthe soft
X-ray signal. Finally we summarize our conclusions in Section 8.

2 BASICS OF THE SZ EFFECTS

Here we review some of the basic equations for both SZ effects
in the non-relativistic approximation. More details can befound in
several reviews (see, e.g., Rephaeli 1995; Birkinshaw 1999; Carl-
strom et al. 2002; Rephaeli et al. 2005).

The intensity of the tSZ effect in a given direction is usually
expressed in terms of the Comptony-parameter defined as

y≡
kB σT

mec2

Z

dl ne(Te−TCMB) , (1)

whereme is the electron rest mass,c is the light speed,ne andTe are
the electron number density and temperature, andTCMB=2.726 K
is the CMB temperature (Mather et al. 1994). The resulting change
in the latter due to the scattering of the electrons is directly propor-
tional to the value of they-parameter and is given by

∆T
TCMB

= ygν(x) , (2)

wherex≡ hν/(kBTCMB) is the dimensionless frequency andgν(x)
represents the dependence on the observation frequency:

gν(x) =

(

x
ex +1
ex−1

−4

)

. (3)

It is important to note that in the Rayleigh-Jeans (RJ) limit(x≪ 1)
this expression reduces togν(x) ≃ −2 and that forν ≃ 218 GHz
the tSZ effect is null.

The kSZ effect can be expressed in terms of the Dopplerb-
parameter defined as

b≡
σT

c

Z

dl nevr , (4)

wherevr is the radial component of the peculiar velocity of the gas
element (positive if it is moving away from the observer, negative
if it is approaching). The resulting measured temperature fluctua-
tion is ∆T/TCMB = −b. Note that, unlike for the tSZ effect, this is
independent of the observation frequency.

3 MODELS AND METHOD

It is known that the global properties of the tSZ and kSZ effects de-
pend on the physical characteristics of the LSS as a whole. More-
over, as we will discuss in Section 4, significant contributions to
both SZ effects comes from high-redshift gas. Therefore a theoreti-
cal study of their global properties and the comparison withpresent
and future observations require a realistic modelization of the ther-
modynamical and dynamical history of the gas filling the volume
of the past light-cone seen by an observer located atz= 0 out to the
epoch of reionization. For this purpose we use the outputs ofa cos-
mological hydrodynamical simulation at different redshifts to build
different realizations of light-cones, which enable the production of
simulated maps of the SZ signals.
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3.1 The cosmological hydrodynamical simulation

We use the results of the cosmological hydrodynamical simulation
by Borgani et al. (2004), which considers the concordance cosmo-
logical model, i.e. a flatΛCDM model dominated by the presence
of the cosmological constant (Ωm = 0.3, ΩΛ = 0.7), with a Hubble
parameterh≡ H0/(100 km s−1 Mpc−1)=0.7, and a baryon density
Ωb = 0.04. The initial conditions were generated by sampling from
a cold dark matter (CDM) power spectrum, normalized by assum-
ing σ8 = 0.8, beingσ8 the r.m.s. matter fluctuation into a sphere of
radius 8h−1 Mpc. The run, that was carried out with theTREE-SPH

codeGADGET-2 (Springel et al. 2001; Springel 2005), followed the
evolution of 4803 dark matter (DM) particles and as many gas par-
ticles fromz = 49 to z = 0. The side of the cubic box is 192h−1

Mpc and correspondingly the masses of the DM and gas particles
aremDM = 4.62× 109h−1M⊙ andmgas= 6.93× 108h−1M⊙, re-
spectively. The Plummer-equivalent gravitational softening of the
simulation was set toε=7.5h−1 kpc in physical units betweenz= 2
andz= 0, and fixed in comoving units at higher redshifts. This run
produced one hundred outputs, equally spaced in the logarithm of
the expansion factor, betweenz= 9 andz= 0.

The simulation treats not only gravity and non-radiative hy-
drodynamics, but also includes different processes that can influ-
ence the physics of the intracluster medium (ICM), like starforma-
tion (by adopting a sub-resolution multiphase model for theinter-
stellar medium; see Springel & Hernquist 2003), feedback from
type II supernovae (SN-II) with the effect of galactic outflows, ra-
diative cooling processes within an optically thin gas of hydrogen
and helium in collisional ionization equilibrium and heating (by a
uniform, time-dependent, photoionizing UV background expected
from a population of quasars and modelled following Haardt &
Madau 1996).

The results of this simulation have been used for different pre-
vious investigations (see, e.g., Murante et al. 2004; Ettori et al.
2004; Cheng et al. 2005; Rasia et al. 2005). Diaferio et al. (2005)
used the whole sample of galaxy clusters extracted from thissimu-
lation atz= 0 to find a good agreement with the observed scaling
relations between X-ray and SZ properties and to evaluate the lower
limit (about 200 km s−1) to the systematic errors that will affect
future measurements of cluster peculiar velocities with the SZ ef-
fect. Recently Roncarelli et al. (2006a) used this simulation and the
same light-cone realizations to estimate the soft (0.5–2 keV) X-ray
emission arising from the diffuse gas and found a good agreement
with the current upper limits of the unresolved X-ray background.

3.2 The map-making procedure

In order to create mock maps of the tSZ and kSZ signals produced
by the LSS integrated over redshift, we use the same light-cone
simulations analyzed by Roncarelli et al. (2006a) for the study of
the X-ray emission. Note that similar applications of the same tech-
nique, also in terms of SZ effects, have been done by different au-
thors (see, e.g., da Silva et al. 2000; Croft et al. 2001; da Silva et al.
2001a,b; Springel et al. 2001; White et al. 2002; Zhang et al.2002).
The method is based on the replication of the original box volume
along the line of sight. For the projection we prefer to make use of
the comoving coordinates, taking advantage of the fact thatin a flat
cosmology, like the one here assumed, light travels along a straight
line. We build past light-cones extending out toz= 6. As we will
discuss in more detail in Section 4, this limit is enough to account
for almost all of the tSZ signal; on the contrary the kSZ effect is
believed to have a non-negligible contribution from the gaslocated

at z> 6, out to the epoch of reionization. Anyway, since the reion-
ization model assumed in our simulation considers the gas atz& 6
almost neutral, extending the calculation to higher redshifts would
not produce a significant change in the kSZ signal. Thereforewe
stress that the results for the kSZ effect presented in this work can-
not be considered as the whole signal expected, but rather as the
signal arising from the gas in the range 06 z6 6 which, according
to the results of Iliev et al. (2007), should constitute the dominat-
ing component. The extension of our light-cone realizations corre-
sponds to a comoving distance of approximately 5770h−1 Mpc, so
we would need to stack the simulation volume roughly 30 times.
However, in order to obtain a better redshift sampling, rather than
stacking individual boxes, we adopt the following procedure. Each
simulation volume necessary to construct the light-cone isdivided
along the line of sight into three equal slices, each of them hav-
ing a depth of 64h−1 Mpc. Then the stacking procedure is done
by choosing the slice extracted from the simulation output that best
matches the redshift of the central point of the slice. Our light-cones
are thus built with 91 slices extracted from 82 different snapshots.

In order to avoid that the same structures are repeated along
the line of sight, we include a process of box randomization in our
map-making procedure, taking advantage of the periodic bound-
ary conditions of our simulation: for each box entering the light-
cone we combine a process of random recentring of the coordinates
with a 50 per cent probability of reflecting each axis. In order to
avoid spatial discontinuities between slices belonging tothe same
box, we impose the same randomization process to them1: in this
way we can retain the global information on the large-scale struc-
tures present in the box and at the same time we strongly reduce
the loss of large-scale power. In order to extend the field of view
of our maps, we replicate the boxes four times across the lineof
sight starting at comoving distances larger than half the light-cone
extension (i.e. larger than about 2900h−1 Mpc, corresponding to
z& 1.4). In this way we are able to obtain maps 3.78◦ on a side,
containing 81922 pixels, with a resolution of 1.66 arcsec. Notice
that the method to pile up boxes (sketched in Fig. 1) can introduce
systematic errors on the calculation of the power spectrum (see the
corresponding discussion in Section 5). We apply this method by
varying the initial random seeds to produce 10 different light-cone
realizations, used to assess the statistical robustness ofour results
and the influence of cosmic variance.

To compute the signal produced by the SZ effects we need
to convert the line-of-sight integrals of equations (1) and(4) into
expressions suitable for theSPHformalism. First, for the tSZ effect,
we calculate the contribution of every gas element that liesinside
the light-cone volume. We follow an approach similar to the one
proposed by da Silva et al. (2000). Given thei-th SPHparticle, we
define

ϒi ≡
kB σT

mec2 Ne,iTi , (5)

whereTi is the gas temperature andNe,i is the number of electrons
associated to the particle, i.e.Ne,i = ne,i mi/ρi , beingne,i , mi andρi
the electron density, the mass and the gas density of thei-th par-
ticle, respectively. Then, according to the required map resolution,
we compute the physical length of the pixelLpix,i at the particle’s
distance from the observer and we use it to calculate

1 Adopting this procedure, the surfaces separating slices belonging to the
same box do not correspond to true spatial discontinuities but rather to red-
shift discontinuities.
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Figure 1. Sketch of the configuration adopted to realize the light-cones. The observer is located at the positionO at the centre of the left side of the first box.
The past light-cone is obtained by stacking the comoving volumes of the simulation outputs taken at the corresponding redshift. In order to obtain a large field
of view of size 3.782 deg2, starting atz≃ 1.4 we use four replications of the box at the same redshift. Thered lines show the volume inside the light cone
corresponding to the field of view.

yi ≡
ϒi

L2
pix,i

, (6)

which is the total contribution to they-parameter from thei-th par-
ticle. This quantity is then distributed over the map pixelsby adopt-
ing the sameSPHsmoothing kernel which is used in the simulation
code for the computation of hydrodynamical forces and proposed
by Monaghan & Lattanzio (1985):

W(x) ∝







1−6x2 +6x3, 0 6 x < 0.5 ,
2(1−x)3, 0.5 < x 6 1 ,
0, x > 1.

(7)

In the previous expressionsx≡ ∆θ/αi , where∆θ represents the an-
gular distance between the pixel centre and the projected particle
position andαi is the angle subtended by the particle smoothing
length provided by the hydrodynamical code. In order to conserve
the total intensity associated to each particle we normalize to unity
the sum of the weightsW over all involved pixels. Finally, the in-
tensity in a given pixel is obtained by summing over all the particles
inside the light-cone.

The construction of the maps of the Dopplerb-parameter fol-
lows an identical procedure with the only difference that wehave
to substitute equation (5) and (6) with

Bi ≡
vr,i

c
Ne,i , (8)

and

bi ≡
Bi

L2
pix,i

, (9)

wherevr,i is the radial component of the peculiar velocity of thei-th
particle, which can be either negative or positive.

4 THE DISTRIBUTION OF THE SZ SIGNALS

In Fig. 2 we present two examples of the maps of the Compton
y-parameter (left panel) and Dopplerb-parameter (right panel) ob-
tained with the method described in the previous section; both refer
to the same light-cone simulation.

It is evident in the tSZ map that the signal is dominated by
galaxy clusters that can reach in their central regions typical inten-
sities close toy∼ 10−4, which correspond to temperature changes
an order of magnitude higher than the primary CMB anisotropies,
in the RJ limit. In the map it is also possible to recognize a large
number of smaller and fainter structures withy ∼ 5× 10−6: they
correspond to distant protoclusters or more local galaxy groups.
We also note a non-negligible signal arising from regions outside
clusters (e.g. filaments and diffuse gas) that can reach at most
y ∼ 10−6. We use the whole set of maps to compute the ex-
pected average of the Comptony-parameter: we obtain a value
of < y >= (1.19± 0.32)× 10−6 as the mean of the pixel values
in the 10 fields of 3.782 deg2; the reported error represents the
r.m.s. in fields of 1 deg2. This value is significantly lower than
the results obtained by da Silva et al. (2001b, cooling model) and
White et al. (2002, cooling plus feedback model): 2.3×10−6 and
2.1×10−6, respectively. The main reason of this discrepancy is the
smaller value ofσ8 adopted in our simulation (σ8 = 0.8 against
their σ8 = 0.9): the mean value of the Comptony-parameter is in

fact expected to scale roughly asσα/2
8 , with α ≈ 4−7 (see, e.g.,

Sadeh & Rephaeli 2004; Diego & Majumdar 2004). For the same
set of maps, we also repeat the analysis but considering onlythe gas
particles of the warm-hot intergalactic medium (WHIM, see Cen &
Ostriker 1999; Davé et al. 2001), defined as the gas component hav-
ing a temperatureT in the range 105 < T < 107 K and we obtain
< y>WHIM = (6.90±0.42)×10−7, which means that about 60 per
cent of the total value of they-parameter is originated by WHIM
gas, while the remaining fraction comes from hotter gas (T > 107

K).
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Figure 2. Maps of the tSZ (left panel) and kSZ (right panel) signals expressed in terms of the Comptony-parameter and Dopplerb-parameter (given in units
of 10−5), respectively. The maps are 3.78◦ on a side and the pixel size is (1.66 arcsec)2. Both maps refer to the same realization of the past light-cone.

Analyzing the kSZ map, we notice that the peaks can reach
values of|b| & 10−5, i.e. roughly of the same intensity of the typ-
ical ∆T/T of the primary CMB signal. These peaks correspond
to clusters which are not necessarily massive and/or hot like for the
tSZ signal, but that have significant bulk motions. This leads to con-
siderable displacements in the peak positions in the two maps: for
example, we note that the brightest source in the tSZ map, roughly
located in the position (2.2◦,1.0◦) and corresponding to a cluster at
z∼ 0.3, is completely absent in the kSZ maps, since it is a relaxed
object with a small radial component of the peculiar velocity.

In Fig. 3 we show the probability distribution function of both
SZ signals calculated considering the values in the (1.66 arcsec)2

pixels: in particular the thin lines refer to each of the 10 light-cone
realizations, while the thick line is the corresponding average. We
notice that the tSZ effect distribution is close to a lognormal func-
tion while the kSZ one is similar to a gaussian one. Regardingthe
average distribution of the tSZ signal we computed the first mo-
ments ofIy ≡ logy: we findIy = −6.07 with a corresponding r.m.s.
of 0.31 and a skewness2 of 0.96. The odd moments of the kSZ ef-
fect average distributions are close to zero, as expected, and we
obtain an r.m.s. of 1.3×10−6 and a kurtosis3 of 5.1.

We also analyse how these statistics change when we smooth
our maps to simulate different instrument resolution. We show in
the left panel of Fig. 4 the dependence of the distribution ofthe log-
arithm of they-parameter: the shape does not change significantly
when smoothing the maps down to 0.44 arcmin (corresponding to
162 pixels in the original map), while a further reduction of the
resolution leads to a change in the shape of the distributionwith
a resulting absence of the lowest values in the map. On the con-
trary the probability of obtaining high values remains unchanged
also with a beam smoothing of 1.77 arcmin, as a consequence of
the fact that the peaks correspond to galaxy clusters which have

2 In this paper we adopt the definition of skewnesss of a population
{x1, ...,xn} given by the formulas≡ 1

(n−1)σ3 ∑n
i=1(xi − x)3, wherex is the

mean of the distribution andσ is its r.m.s.
3 The kurtosisκ is defined asκ ≡ 1

(n−1)σ4 ∑n
i=1(xi −x)4−3.

this typical angular size. At low resolutions the distribution is also
more peaked, as it can also be seen in the right panel of Fig. 4:the
standard deviation of the distribution drops from 0.3 to less than
0.1 when varying the beam smoothing from 0.2 to 20 arcmin, indi-
cating that in order to capture the main features of the fluctuation
field of the tSZ effect a resolution better than 1 arcmin is desirable.

We show in Fig. 5 the corresponding plots for the distribu-
tion of the kSZ effect values. As expected the tails of the distri-
bution function are strongly reduced by the beam smoothing (our
results are similar to those obtained by da Silva et al. 2001a). The
right panel shows that the standard deviation (solid line) increases
at higher resolution due to the fact that, as we will discuss more
extensively in Section 5, the kSZ effect has a significant contribu-
tion from small-scale signal. The level of non-gaussianityof the
distribution can be expressed in terms of the kurtosisκ also plotted
in the right panel of Fig. 5 (dashed line). The distribution of val-
ues is very close to a gaussian (i.e.κ = 0) for resolutions of∼1
arcmin, while at higher resolution the kurtosis increases up to more
than 4 thus populating more the tails of distribution. This indicates
that the non-gaussianity originated by the kSZ effect must be taken
into account when measuring the primordial (i.e. inflationary) non-
gaussianity in the CMB signal at scales lower than 1 arcmin.

As already mentioned in Section 3.1, unlike the X-ray sig-
nal, both the tSZ and the kSZ effects have significant contributions
from high-redshift gas. This can be clearly seen in Fig. 6, where we
show the contribution to they-parameter andb-parameterdivided
into equal comoving distance intervals with length of 10h−1 Mpc
(the corresponding redshifts are indicated on the top of thepanel).
Note that the curves represent the average value of the 10 differ-
ent light-cone realizations. The tSZ signal (left panel) shows sev-
eral spikes at low redshift (z < 0.5), mainly due to the presence
of galaxy clusters in the bin. At higher redshifts the distribution
is much more regular because the dispersion becomes lower, since
the light cones include larger comoving volumes at larger distances.
Moreover large collapsed structures are very rare events atz & 2.
Integrating this redshift distribution we obtain, in good agreement
with previous analyses (see, e.g., da Silva et al. 2000), that half of
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Figure 3. Probability distribution of the logarithm of they-parameter (left panel) and theb-parameter (right panel), obtained considering the (1.66 arcsec)2

pixels without beam smoothing. The thin lines show the results for 10 different realizations; the thick solid line is thecorresponding average.

Figure 4. Left panel: probability distribution functions of the logarithm of they-parameter in the 10 maps for different angular resolutionsof the maps. Right
panel: standard deviation of the distribution of the logarithm of they-parameter as a function of the beam smoothing.

the total tSZ signal comes fromz> 1, and only about 20 per cent
from z> 2.

Since in a given redshift bin there are both gas elements ap-
proaching and receding from the observer with similar probabili-
ties, the kSZ signal (right panel), which is the algebraic sum of all
the contributions, has a vanishing expectation value. Therefore the
distribution plotted in the right panel of Fig. 6 can be considered
as a measurement of its dispersion. The plot clearly shows that,
even at very high redshift, the contribution to the kSZ effect is non-
negligible: as suggested by da Silva et al. (2001a), the increase of
the contributing gas mass compensates the decrease of its veloci-
ties.

5 THE SZ ANGULAR POWER SPECTRA

In order to study the detectability of the SZ effects, it is important
to analyze not only the intensity of the signal itself, but also its
power at different angular scales. In Fig. 7 we compare the angular
power spectra for both SZ effects to the primary CMB one. The dis-
played SZ spectra, which represent the average of the power spec-
tra of the 10 different light-cone realizations, have been obtained
in the approximation of flat sky (which well holds forℓ > 100)
and using a method based on Fast Fourier Transform. We consid-
ered a frequencyν = 30 GHz for the tSZ effect, that corresponds
to gν(x) = −1.94 (see equation 3), thus near the RJ limit for which

the effect is maximum, while the choice of the frequency doesnot
affect the intensity of the kSZ signal (see Section 2). As already
discussed in Section 3, both the SZ effects have a significantcon-
tribution from high-redshift gas. Since our map-making algorithm
replicates the same volume four times atz> 1.4 (see the comments
on Fig. 1), this could introduce a spurious correlation in the power
spectrum calculations, therefore, we need to perform some checks
to assess the reliability of our results. Our analysis indicates that
the kSZ maps are affected by this problem: in fact the kSZ power
spectrum computed with this method presents some “fake” peaks
at high angular scales generated by gas located atz> 1.4: for this
reason we decided to split each of the 10 kSZ maps into 4 submaps
(thus creating 40 different light cones) and to calculate their power
spectra separately. We also checked that the tSZ maps are notaf-
fected by this problem (e.g. the power spectra calculated with maps
and submaps are identical), therefore for the tSZ effect we keep the
full maps.

Given the size and resolution of our maps, in principle this
procedure can allow us to compute the power spectra fromℓ ≃ 95
(ℓ≃ 190 for the kSZ effect) out toℓ≃ 7.8×105. However the finite
box size of 192h−1 Mpc of our simulation makes our results reli-
able only forℓ & 200 (e.g. the angular extension of 1/2 of the box
size atz= 6). Anyway for the purpose of this paper, we are not in-
terested in investigating the properties of the SZ signal atℓ . 1000,
because in this range the primary CMB anisotropies dominateand
because at large scales the tSZ signal is highly affected by the lo-
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Figure 5. Left panel: probability distribution functions of theb-parameter in the 10 maps for different angular resolutionsof the maps. Right panel: standard
deviation (solid line) and kurtosis (dashed line) of the distribution of theb-parameter as a function of the beam smoothing.

Figure 6. Differential contributions to they-parameter (left panel) andb-parameter (right panel) as a function of the comoving distance from the observer;
the corresponding redshifts are indicated on the top. The values, representing the mean of the 10 map realizations, are computed in equispaced comoving
distance intervals with length of 10h−1 Mpc. The dashed line in the left panel shows the integral of the distribution as a fraction of the final average value of
they-parameter.

cal structures (see, e.g. Dolag et al. 2005). For what concerns the
small angular scales, our full resolution maps resolve the gravita-
tional softening of the simulation for distances from the observer
lower than∼ 1000h−1 Mpc: therefore, considering also the spatial
resolution imposed by theSPH code, we can consider our results
reliable only for resolutions higher than 3-4 arcsec (ℓ ≃ 2×105),
that subtend distances higher than the gravitational softening for
z& 0.17, from which most of the SZ signals arise, as discussed in
Section 4.

The tSZ power spectrum peaks atℓ ≃ 5000 and, in the RJ
regime, it starts to dominate the primary CMB signal at scales of
about 4 arcmin. The kSZ signal is about one order of magnitude
lower at these scales. However, it is interesting to note that while at
higherℓ the tSZ signal looses power significantly, our model pre-
dicts an almost flat kSZ power spectrum, that overcomes the tSZ
one forℓ & 7×104 even in the RJ regime. This behaviour, which
is similar to the one obtained by Zhang et al. (2004), is a conse-
quence of both the high contribution from distant, and therefore
smaller, objects that affect the kSZ effect signal and of theeffect
of the galactic winds present in our simulation that are ableto in-
crease the power of the signal on very small scales. The tSZ signal
arising from the WHIM (also plotted in Fig. 7) peaks at the scales
of about 1 arcmin, which roughly corresponds to the angular scales
of galaxy groups. Even if the total signal of the WHIM contributes

to about 60 per cent of the mean value of they-parameter (as we
already noted in Section 4), at the angular scales where the tSZ
signal is dominant the amplitude of its power spectrum contributes
to less than 10 per cent of the total tSZ one: this shows that the
detection of the tSZ signal constitutes a probe almost only for the
ICM at temperaturesT > 107 K, that mainly resides in collapsed
structures.

As already noted in Section 2, the intensity of the kSZ effect
does not depend on the observed frequency. On the contrary, when
increasing the frequency in the RJ regime, the tSZ effect decreases,
so the angular scale at which the kSZ signal dominates over the tSZ
one becomes higher. Fig. 8 shows the dependence on the angular
multipole of the frequency of equality between the power spectra
of the two effects. It is worth to note that at 150 GHz the kSZ effect
dominates forℓ & 3×104.

6 CROSS-CORRELATION BETWEEN THE SZ SIGNALS

The two SZ signals both depend linearly on the electron density
ne and receive the main contribution from the same cosmic struc-
tures, so a correlation between the two is expected. However, since
temperature and velocity of the gas are not tightly correlated and
since theb-parameter depends only on the radial component of the

c© 2007 RAS, MNRAS000, 1–12



8 M. Roncarelli et al.

Figure 7. Angular power spectra of the∆T/TCMB induced by the differ-
ent SZ effects as a function of the multipoleℓ. The dotted line represents
the primary CMB signal calculated usingCMBFAST (Seljak & Zaldarriaga
1996) and assuming the same cosmological model considered for our hy-
drodynamical simulation. The solid lines are the tSZ and kSZpower spec-
tra: they represent the average of the power spectra of different maps (10
light-cones for the tSZ effect, 40 for the kSZ one). The dashed line refers
to the tSZ power spectrum for the WHIM. The shaded regions represent the
r.m.s. calculated between the 10 (40) maps. The tSZ spectra are computed
at the frequencyν = 30 GHz.

Figure 8. In the ν− ℓ (observed frequency-angular scale) plane we show
the regions where the power spectra corresponding to different signals are
dominant. Dark shaded, light shaded and white regions show where the
primary CMB signal, the kSZ effect and the tSZ effect dominate the other
components, respectively. The solid lines show where two effects have the
same power, the dashed line corresponds to the frequency of 218 GHz, at
which the tSZ signal vanishes.

velocity, a spread is expected also. This can be seen in the con-
tour plot in Fig. 9 that represents the distribution of pixelvalues
according to the two SZ effects: a significant scatter is present for
low (y . 10−6) values of they-parameter to which can correspond
b-parameter from zero almost to the highest possible values.Any-
way, considering the contour levels, most of the surface of the sky
is expected to have average values of the two signals.

We show in Fig. 10 the power spectrum of the cross-
correlation between the two SZ signals computed at 30 GHz (the
scaling with the frequencyν is simply given bygν(x) of equation
3). The correlation peaks at 2 arcmin, the typical scale of galaxy

Figure 9. Distribution of the pixel values for the whole set of 10 maps:the
(modulus of the) Dopplerb-parameter vs. the Comptony-parameter. The
6 contour levels enclose 50, 90, 95, 99, 99.5 and 99.9 per centof the total
amount of pixels, respectively.

Figure 10. Power spectrum of the cross-correlation tSZ-kSZ atν = 30 GHz
as a function of the multipoleℓ. The solid line represents the average of the
power spectra of the 40 submaps; the shaded region shows the correspond-
ing r.m.s.

clusters, and a has sharp decrease at higherℓ due to the lack of
power of the tSZ effect.

In order to quantify the strength of the correlation we follow
Cheng et al. (2004) and compute the cross-correlation coefficient
between the two signals which is defined as

rℓ ≡
CtSZ−kSZ

ℓ
√

CtSZ
ℓ CkSZ

ℓ

. (10)

The corresponding results are shown in Fig. 11. Globally thetSZ
and kSZ effects present a high correlation (rℓ ≃ 0.78), almost inde-
pendent of the angular scale, indicating that, as already said in the
comments on Fig. 9, the average properties of the two signalsare
similar despite of the different physical dependence. The spread of
the correlation in the different light-cones (indicated bythe shaded
region) is also quite low (∼ 0.01); at lowℓ it increases (∼ 0.07) due
to the lack of statistics and the larger cosmic variance.
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Figure 11. Cross-correlation coefficient between the tSZ and the kSZ ef-
fects as a function of the multipoleℓ. The solid line represents the average
of the correlation coefficients of the 40 submaps; the shadedregion shows
the r.m.s. between them.

7 CROSS-CORRELATION WITH THE SOFT X-RAY
SIGNAL

The ionized gas responsible of the SZ signal also produces anX-
ray emission. However, the dependence on both density/scale and
redshift is different. Consequently, the cross-correlation between
the two signals can provide information on the scales, masses and
redshifts contributing to each signal.

The contours in the left panel of Fig. 12 represent the distri-
bution of pixel values according to the soft (0.5–2 keV) X-ray sur-
face brightness (SXRB) and the tSZ effect: it is evident thatmost
of the regions in the sky present both a low soft X-ray emission
(∼ 10−14−10−12 erg s−1 cm−2 deg−2) andy-parameter (∼ 10−6),
as shown by the distributions reported in Fig. 3. We also notice
that, as expected, the amplitudes of the two signals are correlated,
even if a significant scatter is present especially for high intensities.
Using this bi-dimensional distribution we calculate the maximum-
likelihood relation that for a given value of the X-ray surface bright-
ness provides the corresponding one of they-parameter. We pro-
ceed in the following way: givenX ≡ log10(SB(erg s−1 cm−2

deg−2) ) andY ≡ log10(y), we consider separately the distribution
associated to all the different values ofX (i.e. the columns of the
matrix shown in the left panel of Fig. 12); then for a givenX we
take the value ofY corresponding to the maximum point of the
distribution and its scatter and we fit these data with a polynomial
relation given by the formula

Y = a0 +a1X +a2X2 , (11)

where andai=0,2 are the free parameters. We also weight the data
according to the total amount of points of each distribution. We
obtain the best-fit relation ofY = −0.72+0.61X +0.015X2 repre-
sented in the plot by the dashed line. Switching the two variables of
equation (11) and with the same procedure we obtain also the op-
posite relationX = −21−5.8Y−0.73Y2 shown by the dot-dashed
line.

The right panel of Fig. 12 shows the scatter plot between the
soft X-ray surface brightness and the (modulus of the)b-parameter.
The dependence of the kSZ effect from the X-ray emission is
weaker than the tSZ effect one, however this plot shows that the
highest peaks of the kSZ effect (|b| > 10−5) are always associated

to high surface brightness values (e.g. inner regions of galaxy clus-
ters).

We show in Fig. 13 the power spectrum of the soft (0.5–2 keV)
X-ray surface brightness arising from the hot ionized plasma; this
power spectrum has been obtained in the same way as describedin
Section 5 for the tSZ effect, but after dividing the pixel values for
their average value corresponding to 4.06× 10−12 erg s−1 cm−2

deg−2. The amplitude of the r.m.s. is a direct consequence of the
large variance between different fields of the soft X-ray emission
coming from the LSS already discussed in Roncarelli et al. (2006a).

Confronting the soft X-ray power spectrum with the one of
the tSZ effect shown in Fig. 7 we can see that the former peaks
at higher multipoles than the latter. This is due to the fact that the
dependence on the square of the gas density of the bremsstrahlung
emission makes it more sensitive to the inner parts of collapsed
objects.

We show in Fig. 14 the power spectrum of the correlation of
the tSZ signal with the soft X-ray emission; again, we computed
them following the same methods described in Section 5 (using the
set of 40 submaps for the tSZ-kSZ correlation) and assuming the
frequency4 ν = 30 GHz. As expected the cross-correlation peaks
at an intermediate scale between the two power spectra, and it re-
mains almost constant in the range between∼0.5 and∼3 arcmin.
Therefore this constitutes the best angular range to study the two
signals together.

Finally, we also compute the cross-correlation coefficientbe-
tween the SXRB and the two SZ effects and show our results in
Fig. 15 (left and right panel, respectively). The correlation with the
tSZ signal is as high as∼0.9 at ℓ ∼1000, slightly decreasing at
lower angular scales. This result is in contrast with that obtained by
Cheng et al. (2004) that predict a correlation coefficient ofabout
0.3. The explanation can be found in the different methods used to
obtain the results: in fact Cheng et al. (2004) followed an analytical
approach using several approximations to account for the cooling
of the gas and for the shape of the density profiles. The correlation
between the SXRB and the kSZ effect is also very high: in all of
our light-cone realizations the values ofrℓ for ℓ >1000 are around
0.8 with negligible differences between them.

8 CONCLUSIONS

In this work we have studied the global properties of the tSZ and
kSZ effects using the results of a cosmological hydrodynamical
simulation of theΛCDM model. The simulation (Borgani et al.
2004) follows the evolution of dark matter and baryons accounting
for several physical processes that affect the thermodynamical his-
tory of the gas: a time dependent photo-ionizing uniform UV back-
ground, radiative cooling processes and star formation with conse-
quent feedback processes by SN-II and galactic winds. We used the
outputs of the simulations to construct 10 independent light-cone
realizations fromz= 0 out toz= 6 and computed associated mock
maps, of size (3.78◦)2, of the Comptony-parameter and Dopplerb-
parameter. Using this dataset we estimated the expected statistical
properties of the two SZ effects, we calculated their power spectra
and studied their cross-correlations. We also analised their correla-
tion properties with the soft (0.5–2 keV) X-ray emission obtained
with the same light-cone realizations and already studied in a pre-
vious work by Roncarelli et al. (2006a).

4 For these computations we dropped the negative sign arisingfrom
gν(x) ≃−1.94 for ν = 30 GHz.
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Figure 12. Left panel: distribution of the pixel values for the whole set of 10 maps: the Comptony-parameter vs. the soft (0.5–2 keV) X-ray surface brightness.
The 6 contour levels enclose 50, 90, 95, 99, 99.5 and 99.9 per cent of the total amount of pixels, respectively. The dashed line represents the maximum-
likelihood relationY(X), obtained by fitting the relation in equation (11); the dot-dashed line represents the opposite maximum-likelihood relationX(Y). Right
panel: as the left panel, but for the (modulus of the) Dopplerb-parameter vs. the soft (0.5–2 keV) X-ray surface brightness.

Figure 13. Power spectrum of the SXRB in the soft (0.5–2 keV) X-ray
band as a function of the multipoleℓ: it is obtained after normalizing the
pixel values to their average of 4.06×10−12 erg s−1 cm−2 deg−2. The solid
line represents the average of the power spectra of the 10 maps; the shaded
region shows the corresponding r.m.s.

Our main results can be summarized as follows.

(i) The mean intensity of the Comptony-parameter due to the
IGM is < y >= (1.19±0.32)× 10−6: almost 60 per cent of this
signal comes from WHIM and about half comes fromz > 1. The
distribution of the pixel values in the sky is close to a lognormal,
with variance increasing at higher resolution up to5 0.3 at the scales
of 0.1 arcmin.

(ii) The peaks of the Dopplerb-parameter associated with col-
lapsed objects, are of the order of|b| ≃ 10−5. This signal presents
a nearly gaussian distribution peaked around 0, with a variance that
increases with resolution out to the scales of some arcsecond. The
kSZ effect has a significant contribution from high-redshift gas.

(iii) The power spectrum analysis shows that the tSZ effect dom-
inates the primary CMB anisotropies forℓ > 3000 and peaks at
ℓ ≃ 5000. The kSZ signal peaks at∼ 1 arcmin and has a flat power
spectrum towards highℓ out to ℓ > 2×105. It dominates the tSZ

5 In a logarithmic scale.

Figure 14. Power spectrum of the cross-correlation SXRB-tSZ atν = 30
GHz as a function of the multipoleℓ. The solid line represents the average
of the power spectra of the 10 maps; the shaded region shows the corre-
sponding r.m.s.

signal for ℓ & 7× 104 at all frequencies. The two SZ effect are
highly correlated at all scales.

(iv) The SXRB is highly correlated with the two SZ effects, par-
ticularly with the tSZ one (rℓ ≃ 0.8− 0.9). We also calculated a
maximum-likelihood analytic formula that connects the values of
the two observables.

In conclusion, our work further demonstrates the importance
of the upcoming measurements of both SZ effects and their comple-
mentarity with present-day and future X-ray data. A joint analysis
of these signals, in combination with high-resolution hydrodynam-
ical simulations, will allow one to obtain insights on the properties
of the baryonic component, and on the physical processes acting on
it.
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Figure 15. Cross-correlation coefficient between the SXRB in the (0.5–2 keV) band and the tSZ effect (left panel) and between the SXRB and kSZ effect
(right panel) as a function of the multipoleℓ. The solid line represents the average of the 10 (40) maps; the shaded region shows the r.m.s. between them.
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