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Large scale pressure fluctuations and the Sunyaev-Zel'dovich effect
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The Sunyaev-Zel'dovicliS2) effect associated with pressure fluctuations of the large scale structure gas
distribution will be probed with current and upcoming wide-field small angular scale cosmic microwave
background experiments. We study the generation of pressure fluctuations by baryons which are present in
virialized dark matter halos, with overdensities200 and by baryons present in overdensitie$0. For
collapsed halos, assuming the gas distribution is in hydrostatic equilibrium with matter density distribution, we
predict the pressure power spectrum and bispectrum associated with the large scale structure gas distribution by
extending the dark matter halo approach which describes the density field in terms of correlations between and
within halos. The projected pressure power spectrum allows a determination of the resulting SZ power spec-
trum due to virialized structures. The unshocked photoionized baryons present in smaller overdensities trace
the Jeans-scale smoothed dark matter distribution. They provide a lower limit to the SZ effect due to large scale
structure in the absence of massive collapsed halos. We extend our calculations to discuss higher order
statistics, such as bispectrum and skewness in SZ data. The SZ-weak lensing cross correlation is suggested as
a probe of correlations between dark matter and baryon density fields, while the probability distribution
functions of peak statistics of SZ halos in wide field CMB data can be used as a probe of cosmology and
non-Gaussian evolution of large scale pressure fluctuations.

PACS numbds): 98.80.Es, 95.85.Nv, 98.35.Ce, 98.70.Vc

I. INTRODUCTION SZ effect, and provide predictions which can be easily tested
through simulations.

In recent years, increasing attention has been given to the Our present study on the large scale baryon pressure and
physical properties of the intergalactic warm and hot plasmahe resulting SZ effect is timely for several reasons, includ-
gas distribution associated with large scale structure and thieg the fact that improving numerical simulations have re-
possibility of its detectior(e.g., [1]). It is now widely be-  cently begun to make detailed predictions for the pressure
lieved that at least-50% of the present day baryons, when power spectrum and SZ effect such that those predictions can
compared to the total baryon density through big bang nube extended and improved with analytical modglg—14.
cleosynthesis, are present in this warm gas distribution andliso, several studies have considered the possibility that the
have remained undetected given its nat(ee.,[2]). Cur-  large scale baryon distribution can be probed with upcoming
rently proposed methods for the detection of this gas includ€MB missions using the SZ effe¢e.g.,[6]). Our calcula-
observations of the thermal diffuse x-ray emissier.,[3]), tions can be used to further refine these predictions and to
associated x-ray and UV absorption and emission liees, investigate the possibility how such analytical model as the
[4]) and the resulting Sunyaev-Zel'dovidl$Z, [5]) effect  one presented here can be tested with observations.
(e.g.,[6]). As part of this study, we extend previous studies by con-

The SZ effect arises from the inverse-Compton scatteringidering the full power spectrum and bispectrum, the Fourier
of cosmic microwave backgroun@CMB) photons by hot space analog of the three-point function, of pressure fluctua-
electrons along the line of sight. This effect has now beenions. The pressure power spectrum and bispectrum contain
directly imaged towards massive galaxy clusterg.,[7,8]), all necessary information on the large scale distribution of
where temperature of the scattering medium can reach aemperature weighted baryons, whereas the SZ power spec-
high as 10 keV, producing temperature changes in the CMBrum is only a projected measurement of the pressure power
of order 1 mK at Rayleigh-Jeans wavelengths. Previous anapectrum. This can be compared to weak gravitational lens-
lytical predictions of the resulting SZ effect due to largeing, where lensing is a direct probe of the projected dark
scale structure have been based on either a Press-Schechieitter density distribution. The bispectrum of pressure fluc-
(PS[9]) description of the contributing galaxy clustéesg., tuations, and SZ bispectrum, contain all the information
[10,11)) or using a biased description of the pressure powepresent at the three-point level, whereas conventional statis-
spectrum with respect to the dark matter density figld)., tics, such as skewness, do not. A useful advantage of using
[6]). Numerical simulationge.g.,[12—14) are beginning to  the 3D statistics, such as the pressure power spectrum, is that
improve some of these analytical predictions, but are stilthey can directly be compared to numerical simulations,
limited to a handful of simulations with limited dynamical while only 2D statistics, such as the projected pressure power
range and resolution. Therefore, it is important that one conspectrum along the line of sight, basically the SZ power
sider improving analytical models of the large scale structurgpectrum, can be observed. Our approach here is to consider

both such that our calculations can eventually be compared
to both simulations and observations.
*Email address: asante@hyde.uchicago.edu The calculation of pressure power spectrum and bispec-
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trum requires detailed knowledge of the baryon distributionnecessary, we use techniques developed in these papers for
which can eventually be obtained numerically through hy-our current calculation. In Sec. Il we apply the formalism to
drodynamical simulations. Here, we provide an analyticathe convergence power spectrum, skewness, and bispectrum.
technique to obtain the pressure power spectrum and bispe¥/e conclude in Sec. IV with a summary of our main results.
trum by describing the baryon distribution in the universe as
(1) present in virialized halos with overdensities200 with Il. DENSITY AND PRESSURE POWER SPECTRA
respect to background densiti€8) unshocked diffuse bary-
ons in overdensitiess 10 that trace a Jeans-smoothed dark
matter density field, anB) the intermediate overdensity re-  In order to calculate the contribution to temperature
gion, which is likely to be currently undergoing in shock anisotropies through SZ effect associated with large scale
heating and falling on to structures such as filaments. In thétructure, we divide the LSS with overdensities200 as
present paper we discuss the first two regimes, while a usefgollapsed and virialized halos with a gas distribution follow-
approach to include the latter, through simulations, is dising hydrostatic equilibrium and with virial temperatures. The
cussed. pressure power spectrum can be calculated using an exten-
Our description of baryons present in virialized halos fol-sion to the dark matter halo approach by assuming a physical
lows recent studies on the dark matter density field througtielation between baryons and dark matter.
halo contributions[15—-17 following [18] and applied to The baryons with overdensities10 track the dark matter
lensing statistics if19] and [20]. For the description of distribution and their power spectrum has been studied by
baryons, the critical ingredients are the PS formaljgifor ~ [27]. These baryons have temperatures similar to photoion-
the mass function; the Navarro-Frenk-Whit¢FW) profile ization energies of hydrogen and helium. Current numerical
of [21], and the halo bias model ¢22]. The baryons are Simulations, e.g/[1], suggest that most of the baryons are in
assumed to be in hydrostatic equilibrium with respect to darsuch low overdensities a>1, while at present day, are in
matter distribution, which is a valid assumption, at least forvirialized halos. The calculation of the SZ effect due to such
the high mass halos that have been observed with x-ray ifParyons follow[6], except that we include the redshift de-
struments, given the existence of regularity relations betweependence of mass fraction within such low density halos
cluster baryon and dark matter physical propert(esg_, following the numerical results C[ﬂ.], and modify the mean
[23]). We take two descriptions of the temperature structuretemperature of such baryons to be consistent with photoion-
(1) virial temperature and?2) virial temperature plus an ad- ization energies.
ditional source of minimum energy. The latter consideration First we discuss the pressure and related power spectra
allows the possibility for a secondary source of energy fordue to collapsed halos.
baryons, such as due to preheating through stellar formation The dark matter profile of collapsed halos are taken to be
and feedback processes. Numerical simulatieng.,[1,24]),  the NFW[21] with a density distribution
as well observatione.g.,[25,26), suggest the existence of
such an energy source. The low photoionized overdensity B Ps
baryons are described following the analytical description of polr)= (rIr)(1+r/r)?’ @)
. . . S S
[27]. The fraction of baryons present in such low overdensi-
ties are assumed to follow what has been measured in nOhe density profile can be integrated and related to the total
merical simulations of1]. We suggest that such baryons dark matter mass of the halo withir) :
provide a lower limit to the SZ effect in the absence of any
contribution from baryons present in virialized halos.
Throughout this paper, we will take the cold dark matter
model with a cosmological constank CDM) as our fiducial
cosmology with parametei@ .= 0.30 for the CDM density, where the concentratiorg, is r,/rg. Choosingr, as the
Q,=0.05 for the baryon density) , =0.65 for the cosmo- Vvirial radius of the halo, spherical collapse tells us tat
logical constanth=0.65 for the dimensionless Hubble con- =4=r3A(2)p,/3, whereA(z) is the overdensity of collapse
stant and a scale invariant spectrum of primordial fluctua{see e.g.[31]) and p, is the background matter density to-
tions, normalized to galaxy cluster abundanceg=£0.9; see  day. We use comoving coordinates throughout. By equating
[28]) and consistent with the Cosmic Background Explorerthese two expressions, one can eliminat@and describe the
(COBE) [29]. For the linear power spectrum, we take thehalo by its mas and concentratio.
fitting formula for the transfer function given ir80]. Following [19], we take the concentration of dark matter
The paper is organized as following: In Sec. Il, we reviewhalos to be
the dark matter halo approach to modeling the density field
and extend it to model properties associated with large scale
baryon distribution, mainly the pressure fluctuations that
contributes to the observable SZ effect. We suggest recent
papers by Seljakl5], Ma and Fry{16], Cooray and H(i20],  where a(z)=10.3(1+2) %® and b(z)=0.24(1+2) %
and Scoccimarreet al. [17] for details on the dark matter Here M, (z) is the nonlinear mass scale at which the peak-
halo approach and applications to other observable statistidgight threshold,y(M,z)=1. The above concentration is
such as galaxy properties and weak gravitational lensing. Ashosen so that dark matter halos provide a reasonable match

A. General definitions

C
Iog(1+c)—m

M ;=4mpr S ¥l

—b(2)

, ()

c(M,z)=a(z)

M, (2)
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to the nonlinear density power spectrum as predictefBB};  the effect of temperature variations on the gas distribution as
it extends the treatment §15] to the redshifts of interest for the parameteb defined in Eq.(6) depends on it. A proper
the Sz effect. We caution the reader that E8). is only a  normalization for the dark matter halo distribution containing
good fit for theACDM model assumed. baryons comes through tl€M,z) relation in Eq.(3) such

The gas density profileag(r), is calculated assuming the that the non-linear dark matter power spectrum is produced
hydrostatic equilibrium between the gas distribution and thén numerical simulations by the same halos. Note that our
dark matter density field within a halo. This is a valid as-hydrostatic equilibrium ignores the self-gravity contribution
sumption given that current observations of halos, mainlyfrom baryons to the total potential as we only include the
galaxy clusters, suggest the existence of regularity relationslark matter contribution to total mass. Since the baryon mass
such as size-temperatuf@.g.,[23]), between physical prop- is expected to bes10% of the total mass, we can safely

erties of dark matter and baryon distributions. ignore, as a first approximation, the contribution to total
The hydrostatic equilibrium implies mass from baryons themselves.
Roughly speaking, the perturbative aspect of the cluster-
kTe dlogpg GMy(r) ing of the dark matter and baryons is described by the cor-
pm,  dr 2 (4 relations between halos, whereas the nonlinear aspect is de-

scribed by the correlations within halos, i.e., the halo
where now theM 4(r) is the mass only out to a radius of ~ Profiles. We will consider the Fourier analogies of the two
Note that we have assumed here an isothermal temperat@@d three point correlations of the dark matter density,
for the gas distribution. Solving for the the equations abovebaryon pressurdl, and galaxy distributiong, defined in the
we can analytically calculate the baryon density profileusual way
pg(r)r

- (8F (k) &i(k"))=(2m)38(k—k")Pi(k), 9
rglr
— &b
T (I B (B (ko) (ks) = (2m)%8(ks + ot o)
t
whereb is a constant, for a given mass, X Bi(kq,kz k), (10
47TGMmpPsf§ with i representing, 11 or g. We will also consider cross-

(6) correlations between the two, such as the dark matter
density-pressure power spectriiy; (k), which is what one
probes by correlating, say, the SZ effect and weak gravita-
tional lensing observations. Here and throughout, we occa-
sionally suppress the redshift dependence where no confu-
sion will arise.
yGumyM4(r,) As presented ih20], these spectra are related to timear
— 3. (7) density power spectrur(k) through the bias parameters

v and the normalized 3D Fourier transform of the density pro-

with y=3/2 andx=0.59. In addition, we also consider the file pi(r,M):
possibility for the existence of a constant nongravitational .
energy in small mass halos, consistent with observations of _ _ ifr 2 sin(kr)
: . yi(k,M) dr 47rp;(r,M) , 11

galaxy groups, due to what is commonly known as “preheat- MiJo kr
ing.” The possibility for such a minimum energy for baryons
today comes from heating before virialization due to energywherei represents either the density, or the gasg, profile
injection and feedback processes such as processes ass@id associated masses respectively given in ysand(8).
ated with stellar formation. The total gas mass present in &Vith an increase in temperature relative to the virial tem-
dark matter halo withim, is perature of the halo, especially for halos with masses
=10 My, the gas profile is such that it does not fall rap-
idly at the virial radius, leading to an arbitrary cutoff when
doing the Fourier transformation. We included an additional
filter to the gas density profile such that the gas density pro-

The physical properties of the profile defined in E§).  file decreases smoothly but promptly to zero at the virial
for baryons within dark matter halos, and a comparison taadius: p’(r)=p(r)[erfc(r —r,/J2Ar)—1] with Ar=rq.
commonly used profiles such as isothermal and so-calleBetailed aspects of the pressure and SZ statistics due to me-
beta-profiles, can be found ii83] and[34]. Compared to dium to small mass halos<(10"* M) are sensitive to
conventional profiles, this profile has the advantage that it isharpness of this transition, but these issues do not change
directly related to the dark matter profile parameters, such agur primary results. Here, we concentrate mostly on the sta-
central density and concentration via scale radius thus, tistics due to massive and rare halos. Another possibility not
any changes to the dark matter distribution produces resultonsidered here is to include the role of baryons at the out-
ing changes in the baryon distribution. Also, one can studyskirts of halos. The physical properties of such baryons can

kgTe '
with the Boltzmann constank .

In general, the halos are described with virial tempera
tures

kgTe=

C
Mg(rv)=47-rpg0e*br§J0dxx2(1+x)b’x. (8)
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be semianalytically calculated following the assumption thatheating;(4) direct calculation of 3D properties of the large
virial radius provides a shock boundary for the equilibriumscale baryon distribution, such as the pressure power spec-
of baryons within and outside virialized regimes. The bary-trum and bispectrum, which can be compared easily in nu-
ons outside halos are likely to be preheated and trace thmerical simulations.
Jeans-smoothed version of the dark matter density field. The We now discuss the calculation of properties related to
proper inclusion of such baryons requires the aid of numerithe dark matter and baryons. In the case of baryons, we dis-
cal simulations or semianalytical models. These baryons areuss pressure as this is the property that leads to the SZ effect
likely to include the ones present in overdensities betweemllowing a useful probe of them.
200 and 10, which we have neglected in the present calcula-
tion. B. Density power spectrum

Following [20], it is convenient to define a general inte-

gral over the halo mass functia/dM Following [15], we can decompose the density power

spectrum, as a function of redshift, into contributions from
single halogshot noise or “Poisson” contributions

M\#dn
177 (ke ,k,L;Z)Ef dM(—) am(M.2)bg(M)

Po PERK) =129k k), (15)

Y

and correlations between two halos,
XTe(M,2)7yi (ki,M) ..y (K, M),

Py {Ng)

l\/Ing

(12 Pk =[115%k)12P(k), (16)

whereby=1 [22] gives the following analytic predictions for such that
the bias parameters which agree well with simulations:

, Pls=Pho+ Pos. (17)
o vo(M;z)—1
by(M32) =1+ ——5——, 13 Ask—0, PM_P(K).
and C. Pressure power spectrum
8 2 (M;2)—3 As above, we can decompose the pressure power spec-
bo(M;z) = Z[bl(M ;z)— 1]+ M (14 trum, as relevant for the SZ effect, into contributions from
o (M;2) single halos

Here, To(M,2) is the electron temperature of the baryon dis-

(M2 P ‘ PR (k) =192k K, 18)

tribution of a given halo when pressure power spectrum is

consideredy(M,z)=6./a0(M,z), whereo(M,z) is the rms

fluctuation within a top-hat filter at the virial radius corre-

sponding to masM, and &, is the threshold overdensity of hh 1y — 112,01\ 12

spherical collapsésee[31] for useful fitting functions Prn(k)=[11g ) (), 19
The terms related to the galaxy power spectrum includegch that

the average number of galaxies per dark matter Hag),

and correlations between halos

the mean number density of galaxies in the univenge Pun(k)'= PFIFr’I(k)JrPPf}[(k). (20
These parameters are discussed in Sec. Il E involving the
galaxy-pressure power spectrum. For the pressure power spectrum, singén Eq. (12) is

We use the Press-Schech{&S;[9]) mass function to nonzero, there is additional mass weighing arising from the
describedn/dM. We take the minimum mass to be®10,  fact that T,xM?2 resulting in an additional mass depen-
while the maximum mass is varied to study the effect ofdence. The dependence is such that most of the contributions
massive halos on related statistics. In general, masses abotethe pressure, and thus, to the SZ, power spectrum come
10'® M, do not contribute to low order statistics due to thefrom most massive and rarest halos. This dependence has
exponential decrease in the number density of such massivaready been observed in numerical simulationg b4/
halos. As we discuss later, this dependance on high mass halos

To summarize, in comparison to previous work on the SZto produce most of the pressure fluctuations also leads to
effect from virialized halos, our model has following advan- several interesting results with regards to the detection and
tages:(1) a physically motivated profile for the distribution observability of SZ effect, among which af® most of the
of baryons in virialized dark matter halos, instead of an ascontribution to large scale SZ effect results from massive
sumed profile such as the isothermal model or so-calledlusters of galaxies, while smaller mass halos and structures
B-profile; (2) a mass function for the virialized structures at low electron temperatures such as filaments do not con-
with the dark matter distribution of such halos reproducingtribute significantly, and2) since massive halos dominate
the numerically simulated dark matter power spectrum andhe SZ effect, and the distribution of these halos are Poisson
higher order correlationg3) easily extendable variations to and highly non-Gaussian, most of the contributions to two
the baryon physics so as to account for issues such as prpeint and higher-order statistics of SZ effect will be domi-
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nated by the Poisson term and there will be a significant E. Galaxy-pressure power spectrum

non-Gaussianity associated with large scale SZ effect. The cross correlation between the galaxy distribution and

In 'fact, as we find later, the large scale correlations onlygas field, as appropriate for galaxy-SZ cross correlation can
contribute at a level of 10% to the SZ power spectrum sugyq decomposed as a single halo

gesting that such correlations can be mostly disregarded. The

non-Gaussianity associated with the SZ effect may become a pﬁ%’( k)=1 g,é,al(k’k), (28)
useful tool to separate out its contribution from other sources '

of foregrounds in CMB anisotropy data, though this task carand

be efficiently carried out using frequency informati¢see - 110 10

[6]). We will return to all these issues in later sections. P50 =110 1113 (k) TP (k), (29

. such that
D. Density-pressure power spectrum
The cross correlation between the density and gas field, as Pis(K)'=PR5(K) + PIfs(K). (30
appropriate for lensing-SZ cross correlation can be decom-

posed as a single halo The calculation of galaxy-pressure power spectrum re-

quires knowledge on the galaxy distribution within dark mat-
PRk =195k, k), (21)  ter halos. Following15], we describe the average number of
’ galaxies per halg,Ng) in Eq. (12), such that

and 0.6
(M ) M=My,
Pk =[115 Ak 1[173%k) IP(K), (22 (Ngy=1 Mmin) m (3D)
O, M<Mmina
such that

whereM iy, the minimum dark matter halo mass in which a

Prs(K)'=PH5(K) + PIfs(K). (23)  galaxy is found, is taken to be 53L0*h~' M for our

fiducial ACDM cosmological model following37]. The
With the pressure and density field power spectra, one cagbove relation is consistent with semianalytical models.
define a bias associated with the large scale pressure, relativewever, we ignore scatter in the observed distribution on

to density field, the mean number of galaxies per halo.
With the average number of galaxies per halo, as a func-
— Pr(k) tion of mass, the mean number density of galaxies can be
bri(k) Te= Ps(k)’ 24 \written as an integral over the PS mass function
and the dimensionless clorrglati.on coefficient between the Hg:f dM(Ng>ﬂ(M,z). (32)
dark matter and baryon distributions dMm

In practice, the cross correlation between galaxy distribution

r - L(k)_ 2 and any other field requires the knowledge on the observable
(k) (29
VP 5(K)P(k) galaxy properties such as the magnitude limit, relation be-

tween luminosity and mass, etc. The same restriction arising
In Eq. (24), the average density weighted temperature isfrom observing conditions can be introduced as part of the
weight function that takes into account the redshift projec-
— M dn tion of galaxies.
Te—f dede(M,z)Te(M,z). (26)
F. Pressure bispectrum

Following [36], one can define a covariance matrix in  Fo|iowing [20], we can write the pressure bispectrum as
Fourier space containing the full information on scale depen-

dence of bias and correlations: Bl — BEPP+ Bl?lhh+ Blh]hh, 33
R Pss(kK)  Prs(k) 1 bprg where
ChO=lp 0 Panto) =" by b2
s 1 n'n 1 Blpipp(kbkz,ks):|gjggog(k1,kz.k3), (34)

(27)
. for single halo contributions,
The observation measurementlgf andry; can be con-
sidered by an inversion of the SZ-SZ, lensing-lensing and Bﬁhh(kl,kz.ks)=|%jé’go(kl,kz)l(fjé’o(kg)P(kg)+perm.
SZ-lensing power spectra as a function of redshift bins in (35)
which lensing-lensing or SZ-lensing power spectra are con-

structed. We discuss these possibilities later. for double halo contributions, and
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BIT(K1, Ko, ka) =[23(Ky Ko, ka) 1 15 k) + 128 9ks)] 10*

X135 % k) 115 L (ko) P(ky) P(ky) +perm.
(36)
for triple halo contributions. Here the 2 permutations are
ka—kq, ko,. Second order perturbation theory tells us that
(38,39
2 k2_k2_k2 2
_1_S0—263 3 "1 ™2
‘](klak21k3)_1 7Qm +< 2k1k2
ki+k; 2
X| =+ =023 3
[@—ﬁ—@ N

In addition to the pressure bispectrum, one can also definey) k (h Mpc™)
cross-correlation bispectra such as the pressure-pressure
density or pressure-density-density. These bispectra are rel  10°
evant to the calculation of non-Gaussianities present in CMB
through secondary anisotropiés.g.,[40]), and it is neces-
sary to determine the higher order moments associated with
cross correlations between individual effects such as SZ and
weak lensing.

G. Baryons in small overdensities

The power spectrum of baryons that trace the Jeans-scale
smoothed dark matter density field can be calculated follow-
ing [27] (GH), where they studied simple schemes to ap-
proximate the effect of gas pressure. One such scheme tha
has fractional errors on the 10% level for overdensitiel)

is to filter the density perturbations in the linear regime as 0 L , ' |
P2=f2(k/kg) P35 and treat the system as collisionless bary- 107 107 10 10' 10°
onic particles. Their best fit is obtained with the filter (b) k (h Mpc™)
1 1 FIG. 1. Pressure power spectra with single héid; dotted
2

(39 line), double halo(hh; dashed lineand total(t; solid line) contri-
butions. (a) Here, we use virial temperature to describe electrons
and show pressure bids, (k) (long dashed ling filtered nonlinear

and[27] suggest&g= 34‘(1,1“/2hMpC_1 as a reasonable choice dark matter density power spectrui@ec. Il G and the measured

for the thermal history dependent filtering scale. pressure power spectrum in simulatidfisick solid line. (b) The

For such baryons, we assume that their temperature igariations in pressure power with maximum mass. The dot-dashed
related to photoionization energy @5 eV). The mass frac- lines show the total power with a minimum electron temperature of
tion of baryons present in such small overdensities as a fun@ 75 keV, as an attempt to reproduce power spectra under a possible
tion of redshift is obtained through the numerical simulationsPreheating scenario.

of [1].

4+ —
(1+4x3)¥

estimates if14]. The pressure power spectrum is such that
at scales below~few hMpc™?, the pressure fluctuations
are suppressed relative to the dark matter power spectrum;
In Figs. Xa) and Xb), we show the pressure power spec-the resulting power spectrum can also be described as a
trum today ¢=0), written such than?(k)=k3P(k)/27% is  smoothed, but biased, version of the dark matter power spec-
the power per logarithmic interval in wave number. In Fig.trum. The scale at which smoothing enters in to the power
1(a), we show individual contributions from the single and spectrum is determined by the scale radius of the dark matter
double halo terms and a comparison to the Jeans-scabnd gas profiles. Thus, the direct measurement of the pres-
smoothed dark matter density field power spectra, both lineasure power spectrum, to some extent, can be used as a probe
and nonlinear, following27] and usindg 32] fitting function.  of halo profiles.
Here, we have taken the electron temperature to be the virial In the same figure, we also show the measured pressure
temperature given in Eq7). Shown here is also the gas bias power spectrum in hydrodynamical simulations [y3] for
br(k); at large scalesh(k)~3 ask—0, consistent with their ACDM model. For comparative purposes, we have ap-
numerically measured bias for géssg.,[13]) and analytical propriately corrected their pressure power spectra based on

H. Results and discussion
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the mean temperature of baryons as tabulfi&di since our 10*
definition of the pressure power spectrum includes the tem-
perature. The resolution of simulations limit the accuracy of
power spectrum to the range in wavenumbers ofsk2
=2.0hMpc !, and is only based on a single realization. In
this range, we find that our analytical models predict more 10
power than what is measured, while agreement is observed a
scales of an~few hMpc ®. The extent to which our ana- = 10
lytical calculations agree with simulations is encouraging;
this is the first time that a detailed analytical model for the
pressure power spectrum has been compared with a numeri
cally measured one. Numerical simulations with improving

dynamical range and resolution will eventually test the reli- 10
ability of models such as the one presented here as a usefu
description of the pressure fluctuations of the universe. Till g
then, we consider the present model as an appropriate de

scrption of the large scale pressure fluctuations. @
In Fig. 1(b), we show the dependence of pressure power
as a function of maximum mass used in the calculation with
maximum mass ranging from 19 105, 10** and 16° Mg .
from top to bottom. Here, we have shown the single halo 10
contribution. Also shown are the total contribution to pres-
sure power spectrum when there is an additional source of  10% L
energy. Here, we have taken the minimum temperature to be
~0.75 keV; power spectra, in general, scale as the square Oz o |
this energy if the real preheating energy is higher or lower ~«
than the one considered here. There are clear difference:
between the pressure power spectra with and without an ad- 10°
ditional source of energy. With increasing such additional
nongravitational energy, note thiain Eq. (6) —0 such that 10”7
pg(r)—pgo- Thus, there is no longer a clear turn over in the
pressure power spectrum since the effect of smoothing re- Y s ‘
sulting from scale radius, is not present. The changes sug- 10% 10™ 10° 10’ 10°
gest the possibility that physical properties associated with (b) k(hMpc™)
large scale structure baryons can be probed with pressure , )
power spectrum. In fact, the combined study of dark matter F!G- 2. Pressure-density cross-correlation power specija.
and pressure power spectra may allow a consistent detern{zomparison of power spectr; (k) is the correlation between dark
nation of halo properties, and to break certain degeneraciéLJatter and baryon d'smb”.t'onib) The variations in pressure
associated with dark matter halo profile and concentration a]%(\),‘\;\éelr:iby fhangmg the maximum mass considered. The figure fol-
noted in[15], while at the same time investigating presence g-

of additional sources of energy. 4, we show the pressure bispectrum as produced by baryons
In Figs. 2 and 3, we study the cross-correlation power’ low the p P P Oy bary
sent in virialized halos. Here, most of the contributions at

spectra between pressure and density field and pressure ar%er Lvant scales come from the sinale halo term. Given the
galaxy distribution, respectively. These power spectra are 9 '

; ditional dependence on temperature, and thus mass, the
relevant to the study of correlations present between, say, ispectrum is more strongly sensitive to the presence of rare
and weak gravitational lensing and SZ and galaxies, or P : gy : p

gnd most massive halos. Thus, an increase in energy of such

similar tracer of large scale structure, such as radio SOUICes, - halos does not significantly chanae the pressure bispec-
The presence of additional source of energy clearly affect g y 9¢ P P
rum, but such energy changes contribute when halos of

the cross-correlation power spectra, suggesting the possibil- 2

: ) . ) mass<10' Mg, .

ity that such effects may be investigated using cross correla-

tions between a tracer of pressure fluctuations and a tracer of

matter density fluctuations. ll. SZ EFFECT
Since the bispectrum generally scales as the square of the

power spectrum, it is useful to define

The temperature decrement along the line of sight due to

the SZ effect can be written as the integral of pressure along
K3 the same line of sight

AZ k)= 2—772\/B(k,k,k), (39)

AT kBO'T
: . : : : : yET—=g(X)f dra(r) ——ne(r)Te(r)  (40)
which represents equilateral triangle configurations. In Fig. CMB mgC
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10™

(a) k (h Mpc™)

<
«
10° YLl L
107 107" 10° 10’ 10°
(b) (b) k (h Mpc™)
FIG. 3. Pressure-galaxy cross-correlation power specta. FIG. 4. Pressure bispectra. (), the long dashed line is the

Comparison of pressure-gas power spectrum to the dark mattéptal density field bispectruntb) The variations in pressure power
density-density and galaxy-galaxy power spedisaThe variations by changing the maximum mass considered. An increase in energy

in pressure power by changing the maximum mass considered. TH¥es not significantly increase the contribution to the bispectrum
figure follows Fig. 1. when halos with high masses are considered. This is due to the

strong dependence on rare and most massive halos to the bispec-

. . ) trum arising from single halo term.
where o1 is the Thomson cross section, is the electron

number density,r is the comoving distance, and(x)

=X coth/2) — 4 with x=hv/kgTcyg is the spectral shape of

SZ effect. At the Rayleigh-Jean®J) part of the CMB, The angular power spectrum of the SZ effect is defined in

g(x)=—2. terms of the multipole momentg,,, of temperature fluctua-
The spectral dependence of the SZ effect is unique in thdtons as

it can be separated from most other contributors to CMB o

temperature fluctuations, including the primary anisotropy it- (YimY1rm)=Cr6y Smur - (41)

self. As discussed in Cooragt al. [6], the upcoming multi- CSZ is numerically equal to the flat-sky power spectrum in

H |
frequency CMB s_atelllte and ba"‘?on'bo”‘_e data, amongpe fiat sky limit. The SZ power spectrum can be written as a
which Planck provides the greatest information on SZ, allow,gqghift projection of the pressure power spectrum
the possibility for detailed studies on the SZ effect including

A. SZ power spectrum

its higher order correlations such as bispectrum and skew- WS%(r)?2 |
ness. Since these observations are projected measurements of Ct= f dr——~— P[nn(,f , (42)
the pressure power spectrum and bispectrum along the line di da

of sight, we now provide analytical predictions for the SZ

effect based on our model for the pressure fluctuations. whered, is the angular diameter distance. At the RJ part of

the frequency spectrum, the SZ weight function is
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kBO'Tne

WS4(r)=—-2 (43

a(r)?mec?’

wheren, is the mean electron density today. In deriving Eq.
(42), we have used the Limber approximatieti] by setting
k=1/d, and flat-sky approximation. In previous studiesy.,

[11] and references therginthe SZ power spectrum due to
massive halos has been calculated following projegtpd-
rameter of individual halos. The two approaches are essen
tially the same since the order in which the projection is
taken does not matter, except that our approach allows us tc

1 (+1)C % /2n

i} - GH
calculate intermediate 3D properties of baryons, mainly pres- 19 ® oy o7
sure. L
. -16 - \ \
In Fig. 5(@), we show the SZ power spectrum due to bary- 10 e 0 0

ons present in virialized halos compared with our previous (a) /
prediction for SZ effect using a biased power spectrum for
pressure fluctuations followin§32] nonlinear dark matter 10
power spectrum. As shown, most of the contributions to SZ
power spectrum comes from individual massive halos, while 10
the halo-halo correlations only contribute at a level of 10% at
large angular scales. This is contrary to, say, the lensing 107"
convergence power spectrum discussef2], where most

of the power at large angular scales is due to the halo-halo§ 107
correlations. The difference can be understood by noting thatS
the SZ effect is strongly sensitive to the most massive halos $107
due toT«M?? dependence in temperature and to a lesser, ~
but somewhat related, extent that its weight function in- 19
creases towards low redshifts. The lensing weight function "
selectively probes the large scale dark matter density power 10
spectrum at comoving distances half to that of background
sources £~0.2 to 0.5 when sources are at a redshift pf 1 10° 10 10 10° 10
but has no extra dependence on mass. We have also show(b) I

current upper limits on the temperature fluctuations at arc-

minute scale angular scales where potentially the physical F!G- 5. SZ power spectrumi@ The halo-halo correlations

properties of baryons can be studies. These limits come frorflashed lingcontribute less than 10% to the total SZ powsolid
[42] (BIMA) and[43] (ATCA). line). The signal halo terms are shown with a dotted line. We also

show the SZ power spectra based on our previous prediction using
a scale-independent bias model of PD nonlinear dark matter power
spectrum and using the GH Jeans-smoothed unbiased power spec-

; wer trum in Eq42) with the unbi d Jean %r_um to describe baryons present in small overdensities with photo-
SUré power spectru U € unblased Jeans- i, ation temperatures. For comparison, we also show the power

scale smoothed dark matter power spectrum followizig spectrum of lensing primary anisotropies and the upper limits on

and assuming a mean temperature of 25 eV for these bar\'émperature anisotropies at arcminute scales from BIMA and

ons. T.he mass fraction of baryons.presclant in such small OVexTCA. (b) The effect of maximum mass on the power spectra, with
densities were taken from numerical simulationgbfand  maximum mass as in Fig. 1. The dot-dashed lines are the total SZ
roughly follows ~0.25(1+z), such that at a redshift of 3 power when the minimum temperature is 0.75 keV. We also show
and above all of the baryons are present in such small ovethe noise variance of the Planck SZ map, as has been calculated
densities. The power spectrum due to such baryons afgased on SZ spectral dependence and Planck detector noise. The
roughly three orders of magnitude lower than the powelpower spectrum of SZ effect will be easily measured with Planck.
spectrum predicted for SZ effect from baryons in virialized
halos, but as shown in Fig(l, this level is consistent with ing the minimum temperature of electrons from the values
what is predicted for SZ effect when halos with mass greatedetermined by virial theorem to a minimum energy value of
than 133 M, is not present in observed fields. 0.75 keV significantly affects the change resulting from the
As shown in Fig. ®), the lack of massive halos leads to lack of massive halos. In fact, with a minimum energy for
a strong suppression of power, and halos with masses greatesiryons, the change is smaller when halos with masses less
than 13° M, are needed to obtain the full power spectrum.than 13* M, are considered. At the higher end of masses,
The lack of massive halos not only leads to a change in théhe minimum energy does not significantly affect the power
power spectrum at large angular scales, the lack of massgpectrum; the resulting change is less than 30% compared to
also affects the contribution at small angular scales. Increashe power spectrum with electron temperature based on the

9

-10

-14

Also shown is the contribution to SZ effect from baryons
present in overdensities 10 (curve labeled GH The SZ
power spectrum here was calculated by replacing the pre
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virial theorem. The variations suggest several observationand can be written following Limber approximation as
possibilities, including the determination of minimum elec-
tron temperature, i.e., the energy related to preheating if it \/(2|1+ 1)(21,+1)(215+ 1)/Il I, g

- 4 lo 0o o

. . . . Sz
exists, by calculating the power spectrum with massive halos  Br1,,

substratced in a wide-field SZ map such as the one that will

be eventually made with Planck. [WS%(r)]3 L1 |
For less area surveys, such as planned interferometric ob- X f dr—48}[ 2 —3;r> (45)
servations of the wide-field SZ effe¢e.g., the few square d A da’da

degree survey of Carlstromt al. [7]), the sample variance
due to lack of massive halos in observed fields can be probfhe more familiar flat-sky bispectrum is simply the expres-
lematic in the interpretation of the observed signal. Thesion in bracket§44]. The basic properties of the Wignej-3
problem arises from the fact that massive halos which consymbol introduced above can be found[&j.
tribute to the SZ power spectrum are rare and that observa- Similar to the density field bispectrum, we define
tions in small fields will not contain such adegaute masses to 5
provide the fully expected SZ signal. The dependance of SZ A2 :Lm
effect on massive halos is even problematic for numerical ed g VimimD
simulations with limited box sizes. As pointed out p4],
the measured power spectrum in their simulation varies sigmvolving equilateral triangles ifrspace. The absolute value
nificantly based on the considred line of sight. of BSZis considered in the above sinB&%<g(x)*3, which is
The dependence of signal on massive halos is also preseatnegative quantity at the RJ part of the frequency spectrum
in other observables of large scale structure, such as weakith g(x)=—2.
gravitational lensing. Compared to weak lensing surveys, In Fig. 6(a), we show individual contributionzﬁq with a
studied in[20] and[19], the SZ effect depends more strongly maximum mass of 26 M, . As shown, the main contribu-
on rare halos. Most of these halos are at low redshifts, thusion to bispectrum comes from individual halo term, while
surveys which avoid regions with known clusters will inher- other terms involving correlations between halos contribute
ently also include an additional bias. As an example, thes10%. In Fig. b), we show bispectrum as a function of
contribution to 1e detection of temperature anisotropies atmaximum mass used in the calculation. Here, we have
arcminute scales bj42] due to SZ effect requires detailed shown the total contribution to the bispectrum in solid lines
knowledge on the distribution of halo masses in the observedhile the total bispectrum in the presence of a minimum
fields. For a measurement of the SZ power spectrum, with gmperature of 0.75 keV is shown with a dot-dashed line.
sample variance less than 20%, requires observations of Ehe bispectrum, as discussed in Sec. Il H, is strongly sensi-
field ~1000 ded, while the same can be achieved in an areaive to the single halo term due to additional mass weighing.
of ~100 deg for lensing. As discussed [i20], however, the  Almost all of the contributions to the SZ bispectrum comes
sample variance due to lack of massive and rare halos, whidilom the single halo term. The same dependence on mass
dominate the SZ power, does not directly imply a systematignassive rare halos decreases the effect of a temperature in-
bias as long as one uses an approach similar to the one sugrease when maximum massinl0 M, . This is in con-
gested by carefully accounting for the sample variance thafrast to the power spectrum, where differences are still
may be present from lack of massive halos. Such an apresent with an increase in temperature from virial to a mini-
proach requires a reliable model for the SZ effect and demum of 0.75 keV.
tailed numerical simulations will be required for such a The measurement of the full bispectrum in million to bil-
study. lion pixel data of a wide-field SZ map as the one that will be
These issues can be ignored for the upcoming wide fielgroduced with Planck can in general be difficult. In fact,
CMB experiments, such as Planck, where the frequency covthere is no algorithm yet to measure the full bispectrum in
erage will allow the recovery of SZ effect over 65% of the such wide-field data in a reasonable time and computational
sky not confused by galactic emissions, thereby, providingequirements. Given such a possibility, it is interesting to
an accurate measurement of its power spectrum and highebnsider a collapsed measurement of the bispectrum; real
order statistic§see[6]). Such a wide-field SZ map is also space statistics such as the third moment and skewness allow
highly desirable for several reasons including the presence ehis possibility. In fact, the skewness has now been measured
adequate mass distribution of the universe such that a fafor the COBE data by50], while the bispectrum measure-
sample is considered and the possibility to use such a widanents have only been limited to specific configurations of
field map for various cross-correlations purposes, such age bispectrum such as equilateral triangles-apace[51].
against Sloan galaxy distribution or a wide-field weak lens-The skewness allows an easily measurable aspect of the

(46)

ing survey(see Secs. Il C and Il P bispectrum and will probably be one of the first measure-
) ments of non-Gaussianity in a wide-field SZ map. The skew-
B. SZ bispectrum and skewness ness can be calculated using the secqgé(c)), and third,
The angular bispectrum of the SZ effect is defined as  (y®(o)), moments of the SZ effect:
ST PR F R (y%(0))
- = 4
<YI1mlyI2mZYI3m3> (ml m, ms BI1|2|3 (44) S;(0) <y2(0')>2 (47)
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FIG. 6. SZ bispectrum(@) The triple halo, halo-halo-halgdot (b) y

dashed ling and double halo, Poisson-halo-halo, correlations con- FIG. 7. (a) SZ skewness as a function of smoothing scale. The
tribute less than 10% to the total SZ bispectr(sulid line). (b) The absolute value of skewness, sirBg<g(x) "1<0 asg(x)=—2 at
effect of maximum mass on the bispectrum, with maximum mass ag j hart of the frequency spectrum, is shown for the virial tempera-
|n.F_|g. 1. The dot-dashgd lines are tht_e total SZ bispectrum when thﬁjre (solid lineg and minimum temperaturelot-dashed lindsmod-
minimum temperature is 0.75 keV. Given the strong dependence 0fig for halos as a function of maximum mass used in the calculation
mass here, the increased temperature does not significantly Chan%ging from 18° to 10 M, from top to bottom.(b) The prob-

the bispectrum when maximum mass is greater thafl HQ, . ability distribution function when the smoothing scale is 12 arcmin
as a function of maximum mass usgmblid lines; the highest peak
curve is when the maximum mass is'i® , while with increas-

ing non-Gaussianity as demonstrated by the departure from a
Gaussian distribution, the maximum mass incread¥’s also show

where the two moments are

(y3(<r)>:i E \/(leJr D(2l+1)(2l5+1) the pdf of expected Planck SZ map noigashed lingfor smooth-
410, 4 ing at same angular scales. The non-Gaussian tail, at the negative

T values beyond the pdf of Planck noise, due to massive and rare
1 12 13 clusters will easily be detected with Planck.
x( o o O)Bi%z.avv.ga)vv'z)(o)vv'g(a) ’

(48) |S;(0)|, as a function of smoothing scatewhen the maxi-

mum mass included in the calculation ranges from®16

and 10' M, (from top to bottom. The absolute value of skew-
ness is considered sincg<g(x) !, which is a negative
quantity at RJ part of the frequency spectrum wii{x)
=—2. As shown, the SZ skewness is heavily dependent on
the presence of most massive and rare halos. The introduc-
In Fig. 7(a), we show the absolute value of skewness,tion of a minimum energy of 0.75 keV leads to a decrease in

1
(YA(0) =75 2 I+ DCW (o). (49)
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skewness, which results from the fact that the power speccoming wide-field CMB anisotropy data, such as Planck and
trum is more affected than the bispectrum by such an inplanned interferometric survey&arlstrom, private commu-
crease. nication, need to be investigated in detail. We leave these
Given the dependence on rare and most massive halos, tissues for further study.
SZ effect is considerably non-Gaussian. As discussed in
[35], the non-Gaussianity can be used as a useful tool for the C. SZ-weak lensing cross correlation
identification and separation of most rare and massive halos . |
from the wide-field CMB data. An optimised algorithm that ~ Similar to the SZ power spectrum, the angular power
utilized both the non-Gaussianity of SZ effect and its fre-SPeCtrum of weak lensing convergence can be defined in
quency dependence will be useful for constructing a catalo™ms of the multipole moments;, as
of SZ clusters in upcoming wide-field data. With massive * _
.. . . <K|mK|rml>—C| 5“!5mmr, (51)
clusters separated out, the remaining contribution to the Sz
. 4
effect will be from halos .Of mass 10° M@.’ suph as galaxy and can be written in terms of the dark matter power spec-
groups. In[6], we considered the contribution from such
trum by[47,4§

small halos as the one due to large scale structure. The extent
to which such small halos contribute to the SZ power spec- /D

X . W*(r) I
trum and higher order statistics clearly depends on the role of Cr= f dr PL —:r ).
additional energy in baryons. Therefore, any measurement of d da
the power spectrum with known massive clusters removed,
can be in return used as a probe of physical properties relategthen all background sources are at a distance ofthe
to baryons, mainly the extent to which preheating affects th@ensing weight function becomes
electron temperature of low mass halos.

(52

Instead of individual non-Gaussian statistics as skewness, 3 H2Z da(r)da(re—r)
one can construct the probability distribution functigouf) We(r)==-Q,— —«—. (53
using a SZ map smoothed on some seal@he use of pdf as 2 c?a da(rs)

a probe of cosmology was first suggested[#9] for weak

gravitational lensing convergence. The same technique cahhe detail properties of lensing statistics, under the dark mat-

be easily extended to SZ. Using the Edgeworth expansion tter halo approach, is discussed[k9] and[20].

capture small deviations from Gaussianity, one can write the The cross correlation between the SZ effect and weak

pdf of SZ effect to second order as gravitational lensing can be similarly defined in terms of the
individual multipole moments as

1
p(y)= meY(U)ZIZWZ(G» (KEY1rmy=CP 81 Sy - (54)
w(y“(o

This is now related to the dark matter-pressure power spec-
1 y(o) trum by
x| 1+ 853(0') (y(o))Hz| —||, (50

V(y%(o))

whereH 3(x) =x3—3x is the third order Hermite polynomial
(see[46] for details.
In Fig. 7(b), we show the pdf of SZ effect at 12 arcmin as gina1y the cross-correlation coefficient between SZ and
a function of maximum mass used in the calculation. As, .5, lensing is
shown, the greatest departure from non-Gaussianity occurs
when the maximum mass of halos is greater thatf 1, . CSZ-x
Given that we have constructed the pdf using terms only out C(SZk) = : . (56)
to skewness, the presented pdfs should only be considered as ’ /CISZCIK

approximate; with increasing non-Gaussianity behavior, the

approximated pdfs are likely to depart from true distributions .

especially in the tails. Observationally, the pdf can be con- D. SZ-galaxy cross correlation

structed easily by considering a histogram of the pixel tem-  Similar to the SZ-weak lensing cross correlation, one can
perature values of the SZ map. Though such a constructiogtudy the cross correlation between the galaxy distribution,

sounds straightforward, there are likely to be complicationsyhich traces the large scale structure, and the SZ effect. The

with the interpretation of such a pdf in the presence of in-power spectrum of galaxy distribution can be defined terms
strumental noise and other foregrounds. Techniques whicgf the multipole moments),,,, as

do not directly make a wide-field map, especially interfero-

metric observations, will again require special techniques to (9591 m ) =CP Sy » (57)
construct the pdf. Therefore, the extent to which the full pdf,

or such a histogram, can be used as a probe of cosmologynd can be written as a projection of the dark matter power
and the accuracy to which pdfs can be constructed from upspectrum

WS4(r)WH(r) |
SZ—k __ t N
Ci _fdr—di Pm(dA,r). (55)
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Wg(r)Z | 107
C?zfdr—P} —r . (58)
dz da
10°
Here, C{ should be understood as the 2D Fourier transform
of the galaxy correlation function, generally referred to as ™
w(6) in the literature. The weight function for galaxy pro- § 10
jection involves the redshift distribution “N’o‘
dN T
WH(r)=— (59 -
dr
107"
normalized such thafdr(dN/dr)=1.
As before. the cross correlation between the SZ effect and

galaxy distribution can be similarly defined in terms of the  10™ .

individual multipole moments as @ /

<gl*myl’m’>: CISZ_géll’émm’ . (60) 107°
This is now related to the dark matter-pressure power spec-
trum by 107
WSZ(r)W9(r) I
CSZ 9= | dr— Pt | —:ir|. (6D 10°
g2 d &
A A N
8. 107
Finally the cross-correlation coefficient between SZ and )
weak lensing is <
~10
C|SZ*K
C(SZ9) =—. (62 107"
crecy
-12 e L .
In Fig. 8, we show the SZ-weak lensing and SZ-galaxy 10 10’ 10° 10° 10*
cross-correlation power spectra as a function of maximum (b) !

mass used in the' calg:ulation, while the corr'elation coeffi- FIG. 8. SZ-weak lensing cross-correlatiéa and SZ-galaxy
e e e e cbrosscosaont ponsr spei s uton of s mas,
L ' _ 1 With mass cut off following Fig. 1. The additional minimum energy,

S|mllar to the Sl_oan D_|g|tal Sky Surve(;‘BDSQ. Such a low shown with a dot-dashed line, leads to an increase in the correlated

redshift tracer is desirable since contributions to SZ effecbower.

primarily comes from large scale structures at redskifis.

Here, we have assumed the redshift distribution of Sloan

galaxies followdN/dzxz? exf (—z/z)%?] with a mean red-

shift z,,, of 0.2 (z,~1.41%,,). For SZ-weak lensing, the

cross correlation is such that SZ and lensing traces each oth

the redshift distribution of galaxies, which depends mostly

on the selection criteria imposed by observations. The selec-
) fibn function of weak lensing can be considered well under-

out to angular _scales 0#1.000 when most massive and rar stood, however, a straightforward interpretation of any ob-

est halos are involved with a decrease in cross correlatiof,, aq SZ-galaxy cross correlation will require a clear

between the two at small angular scales. For SZ-galaxy Crosg, jerstanding of observable related to galaxy distribution.

correlation, there is additional correlation at large angular 1. g7.g7 lensing-lensing and SZ-lensing power spectra
scales, when compared to lensing, while the correlation is i

q at I | I The d ‘ pendence differ on the bias and correlation parameters.
suppressed at small anguiar scales. 1he decrease a S.'@i ce the bias and correlation are scale and redshift depen-

galaxy power spectrum. With an increase in additional enye ot brohe of these quantities. A useful approach would be to

Lonsider the inversion of these power spectra in redshift bins
by considering the measured lensing-lensing and SZ-lensing
(bower spectra as a function of redshift. Note that the SZ-SZ
power spectrum cannot be easily separated in redshift space
as we do not have the ability to separate individual redshift
Yhttp://www.sdss.org contributions, unlike say in lensing, where one can use the

however, this small increase unlikely to be determined accu
rately through observations. The correlation is sensitive t
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1.0 - - bution to large scale pressure power spectrum based on the
overdensities in which contributing baryons are present with
(1) baryons present in virialized halos with overdensities
greater than~200 and in hydrostatic equilibrium with the
density field of such halo$2) photoionized baryons in over-
densities less tham-10 and which trace the Jeans-scale
smoothed dark matter density field, a8 baryons present

in the mid overdensity regime which are likely to be under-
going collapse and shock heating.

Our approach allows us to calculate not only 2D statistics
such as the projected pressure power spectrum, or the SZ
effect, which will be observed, but also the 3D statistics that
can be directly compared to predictions based on numerical
simulations. We have performed such a comparison to re-
cently published numerical simulations %3] and found
good agreement between our analytical calculations and their
simulations. The current simulations are limited to a handful

FIG. 9. The cross-correlation coefficient for SZ-weak lensingof realizations and limited dynamical range and resoltion.
(thick lines and SZ-galaxy(thin lines with (solid line) and without ~ With improving resolution and accuracy, analytical models
additional energy(dashed ling In general, when the maximum such as the one presented here will be tested in detail against
mass is greater than f0M, SZ and galaxy correlate less than numerical calculations. Analytical calculations, aided by nu-
SZ-weak lensing at small angular scales, while the opposite ignerical simulations, will eventually allow detailed studies of
present at large angular scales. Introduction of additional energy, qq scale baryon distribution using observations such as the
increases the correlation by not more than a few percent; such Aide-field SZ effect.

increase is insignificant to be determined observationally using the Th ected t | the li f
SZ-lensing and SZ-galaxy cross correlations, however, SZ power € projected pressure power spectrum aiong the ineé o

spectrum and skewness allow a determination as these values atght; Provides a direct calculation of the large scale structure
significantly affected. SZ effect and its higher order correlations. In the absence of

massive and rare halos, we have suggested that baryons
present in small overdensities provide a lower limit to any
contribution to SZ effect. The extent to which baryons
redshifts of background sources to construct convergence @gesent in overdensities between 10 and 200 contribute to the
a function of redshift. With adequate signal-to-noise fromcorrelations in large scale pressure and, from it, the SZ ef-
wide-field surveys, it is likely that such an approach will fect, requires additional studies, preferably with numerical
allow studies to be carried out on the extent to which tem-simulations. Presently, our understanding of the role of pre-
perature weight baryons trace the dark matter and their coheating and its effect on baryons will also be another chal-
relation properties. lenge as the SZ observations will clearly depend on such
Similarly, as studied if49], the cross correlation of SZ additional energy contributions to large scale baryon distri-
against galaxy data, as a function of redshift, is expected tgytion. We have suggested the possibility of using SZ power
provide information on the properties of clustering of galax'spectrum and higher order correlations, such as the SZ skew-
ies with respect to the temperature weighted baryon fielql]ess’ as a probe of preheating. Such a study will require a
represented by SZ effect. S_uch a cross corrglation Wi"_helf%vide-field SZ map and this task will be completed with
under_stand Fhe_e_xtent to Wh.'Ch hot.-wa_lrm. gasis presentin thIglanck observations. The unique frequency dependence of
\?vlg;’t'lr;;];mgmdua: galaxies. \'/J:/!thl_rdllvﬁ]u?l StEtS of SdZ, the SZ effect, together with its non-Gaussian behavior, will
ng galaxy maps, it 1S ikely that a remendous, ., the construction of a reliable SZ cluster catalog which
amount of information on physical properties associated with . =" . " . . .
dark matter, baryon and galaxy distribution will be obtainedw'” aid in cosmological studies of structure formation.

through both a comparison of individual power spectra an(i Ourhapproacrl; allows one to study'posglgle systemg tie Ef;
higher order moments and cross correlations and higher ofects that may be present in upcoming SZ observations o

der moments associated with such cross correlations. W&mall area fields due to the presence or absence of rare mas-

hope to study some of these possibilities in detail in futureive halos in such fields that will be observed. We have
studies. shown that the SZ effect as well as its non-Gaussian proper-

ties are mainly due to the most massive and rarest virialized
halos in the universe. The lack of massive halos in observed
SZ fields can introduce a systematic bias in the power spec-
Using an extension of the dark matter halo approach, wérum, but the sample variance introduced by the lack of such
have presented an efficient method to calculate the largmasses, can be easily corrected based on the prior knowledge
scale structure pressure power spectrum and its high ordef mass distribution of observed fields. Due to additional
moments, such as bispectrum. We have divided the contrimass dependence through temperature, the effect of mass is
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