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Abstract. We discuss the angular correlation function of Sunyaev—Zel'dovich (SZ)—detected galaxy clusters as a cosmological
probe. As a projection of the real-space cluster correlation function, the angular function samples the underlying SZ catalog
redshift distribution. It €ers a way to study cosmology and cluster evolution directly with the two—dimensional catalog, even
before extensive follow—up observations, thereby facilitating the immediate scientific return from SZ surveys. As a simple
illustration of the information content of the angular function, we examine its dependence on the parameigy,pai) in flat
cosmologies. We discuss sources of modeling uncertainty and consider application to the future Planck SZ catalog, showing
how these two parameters and the normalization of the SZ flux—-mass relation can be simultaneously found when the local
X—ray cluster abundance constraint is included.
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1. Introduction observations in order to perform cosmological studies; for ex-

e ... . ample, constraining cosmological parameters with the counts
The Sunyaev—Zeldovich (SZ)ffect (Sunyaev & Zel'dovich nd redshift distribution (e.g., Barbosa et al. 1996; Eke et al.

1970, 1972) has become a practical observational tool i¥gq, colafrancesco et al. 1997; Haiman et al. 2001; Holder

studyi_ng_ galaxy clusters and cosmology (for recent revie\g§ al. 2001; Kneissl et al. 2001; Weller et al. 2002; Benson
Sef. B'rk'?.Sh;W d195|)9,| Ctarlstrorrr]] et al. f)‘.’ozé- (_:tl;]”;m ObS%rt'al. 2002). Driving this fort are the particular advantages of
va |0nt_s ot inawvi ;Ja_cus ers,lw _enlcom met with A-ray Ot§Z—based cluster catalogs (Bartlett 2000; Bartlett 2001): firstly,
fservtg |0ns,Gcons ralm Icozsorgg oglcda parszedgrs V'ta gg_stmgissurveys are intrinsicallyfigcient at finding clusters at large
dratc 1ons (t' regolvzle a " I) 380 1??]9” ar- t'aTezggll'sRar}(é‘ashift, due to the surface brightness constancy of the SZ ef-
eterminations ( viason €t al. » Jones et al. » RCESER. The thermal SZ spectrum is furthermore universal, the
et al. 2002). Multi-band millimeter observations of a handfléame for all clusters at any redsRifOther emission mecha-
of clusters have already been used to set limits on peculiar ¥ems. in contrast. ster from cosmological dimming and the
|OC.ItIeS (quzapfel (_at al. 19.97; Benson et al. 2_003)’ and theﬁéed for accurate k—corrections. Secondly, SZ surveys select
retical ;tudles of this technigue show its promise for the fquﬁJsters based on their thermal energy. Since the spectrum is
(?ghanflm ett "’?'- iO(()jZa(lj,_ 2()tO§p, I—:older 2t00§).tr,]0\|new %eneﬁie same for all clusters, the total observable Sz flux from a
ation of optimized, dedicated instruments, bo arg(_a_—_orn@bster can be expressed in a frequency independent manner as
bolometer arrays and interferometers with high sensitivity e integrated Comptop—parametery — fdQ y(R), where
CEIVers, wil quahtatlvely improve these studies. A_nd thg Ahe integral is over the cluster profile (see Eqg. (4) below). The
rival of these instruments within the next few years, in add't'onparameter being the pressure integrated along the line—of—
to the Planck missidn will move the field forward to its next gi ht o fdl nT), this then implies&f « MT, i.e., the thermal
important step: surveying. This will open a new observation ergy of the intra,cluster medium (ICM). T,his iS’ important, be-
window onto large—scale structure and its evolution out to Iargguse the total thermal energy of the ICM is given by er;ergy
redshifts. _ _ _re-partition during cluster collapse and is independent of any
The ultimate goal of these SZ surveys is the constructig, ) or spatial structure in the gas. It is hence a more ro-
of large cluster catalogs with multi-wavelength foIIow—uBust quantity than, for example, the X—ray emission measure
that depends in a more complicated fashion on both the ICM
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density and temperature. Hydrodynamical simulations confimmicrowave background temperature, we expect the SZ fluctu-
this expectation by showing a tight SZ flux—mass relationshiion power to increase with the surface density of clusters on
with little scatter (da Silva et al. 2003). Object selection in the sky. This is quantitatively confirmed by both numerical sim-
flux—limited SZ catalog is therefore relatively easy to interpredations and analytical calculations that indic@fé o ag (all
in terms of cluster mass and redshift. For instance, it is easyother factors held constant), whergis the amplitude the den-
show that the minimum detectable cluster mass is almost indéy perturbations, the quantity most directly influencing clus-
pendent of redshift. This is particularly advantageous for evier abundance. The fluctuation power spectrum is an analysis
lutionary studies, because one is able to follow the evolutiomethod appropriate in a low signal-to—noise context (the cur-
of the same kind of object over redshift, instead of comparimgnt situation) where individual source identification is not pos-
massive objects at high redshift to less massive ones at low rsithe*. Fluctuations induced by the S#ect have been invoked
shift, as is the case with X—ray samples. as a possible explanation for the excess power at high mul-
Detailed follow—up of SZ surveys will, however, be time-tipole | reported by the CBI collaboration (Bond et al. 2002)
consuming, and an enormougaet for the more than Hclus- and consistent with new VSA data (Grainge et al. 2002). If this
ters expected from Planck. Large—area photometric surveysiare entirely due to the cluster population, it would imply a
the optical and infrared (e.g., SDSS) will help (Bartelmann &urprisingly large value farg (>1; Bond et al. 2002; Komatsu
White 2002), but it is important to identify the kind of scienc& Seljak 2002; Holder 2002), although an important contribu-
that may be done directly with the two dimensional catalog tibn from heated gas at reionization may also be expected (Oh
cluster positions and SZ fluxes, what we will refer to in the fokt al. 2003).
lowing as the SZ photometric catalog. This will certainly be the The angular functiom(6) quantifies the projected cluster-
first science to be performed. Source counts represent the igrof a 2D catalog of individually detected clusters. It refers to
mary avenue of 2D study that has been discussed extensivelhis object positions and makes no reference to the mean back-
the literature. In this paper, we examine the next higher ordgiound sky brightness. There are several ways to imagine using
catalog statistic, namely, trgularcorrelation functiono(f) the information contained in the SZ cluster angular function
of SZ-detected clusters (Diaferio et al. 2003). We quantify ite.g., Diaferio et al. 2003). In the following we choose to illus-
information content and study its potential use as a cosmolagate its use by examining constraints on the matter defjty
ical probe. The angular function samples the catalog redshifidog in the context of flat CDM—-Ilike models. The SZ counts
distribution, because it is a projection of the real-space ciovide one constraint on a combination of these parameters.
relation function along the line—of-sight. With an appropriatfo extract additional information from the 2D catalog using the
model for the real-space correlation function of the catalogngular function, we are forced to model the real-space clus-
we may gain some insight on this distribution, and hence @ correlation function. In CDM scenarios, clusters form from
the underlying cosmological model. peaks in the density field whose clustering may be analytically
Moscardini et al. (2002) studied the 3D clustering progalculated. We adopt the approach proposed by Mo & White
erties of SZ detected clusters, taking the Planck survey as(@p96, 2002). Any conclusions that we draw are, therefore,
example and accounting for evolutionafieets along the past unavoidably dependent on this clustering model (Moscardini
light—cone. Diaferio et al. (2003) examined the angular funet al. 2002; Diaferio et al. 2003); however, it is well founded
tion of SZ clusters as a means of identifying probable physigalthe context of CDM cosmogonies and compares well with
cluster pairs (in 3D) and superclusters. Our modeling is simhe results of numerical simulations, at least at redshifts lower
lar to theirs, although we focus instead on the angular functigian~10 (Reed et al. 2003; Jenkins et al. 2001). Another im-
as a cosmological probe permitting the extraction of cosmgertantissue concerns the modeling of the intracluster medium.
logical information from a photometric SZ catalog. The idemoscardini et al. (2002), for example, find non-negligible de-
is of course not new, and has been applied in the past to, f@indence of the 3D correlation function on ICM properties. We
example, optical and X-ray cluster catalogs; but we reiteraigcuss the issue below for the angular function, but we note
the advantages of an SZ catalog in this context: the cluster Bere that it tends to be dominated by massive clusters (depend-
lection function is relatively easy to model (compared to oth@ig of course on the exact flux limit; see below) that follow
observing bands), and it extends out to large redshift, givingelatively well observed scaling laws. As we show, adding con-
longer base-line for viewing evolutionarffects. straints from the local X-ray cluster abundance permits us to
We should distinguish at the outset théelience between simultaneously constrain the cosmological parameters and the
the angular power spectrur@y?, of SZ-induced temperaturecluster baryon content.
fluctuations (secondary anisotropies in the cosmic microwave | the following section, we give our master equation for

background [CMB]) and the angular correlation function qfa|culatingw(6) and identify the necessary modeling ingredi-
detected clusterisi a SZ surveyyw(6). The angular power spec-ents. We outline our cluster model in Sect. 3. Results for the
trum C3* is a two—point statistic quantifying the integrate@ngular function are presented in Sect. 4, where we apply the
contribution of the entire cluster population to the CMB skyesuits to constraining the cosmological parametg@ndQy.
brightness fluctuations. It is dominated by the Poisson term

and its overall shape is determined by the mean SZ profile Ejther for low signal—to-noise observations or when pushing con-
of clusters. Cluster—cluster correlations add additional pow&faints on source counts below the detection threshold. It is the
on the order of 20-30% of the pure Poisson term (Komatsusz equivalent of the “background fluctuation analysis” of radio and
Kitayama 1999). Since it is defined relative to the mean cosnderay Astronomy.
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We discuss the influence of ICM physics on the results and h@vThe SZ population

to use additional information from the local cluster abundam}%e SZ cluster population inherits its properties from
to simultaneously constrain this physics and the cosmoloixj0 sources: its constituent dark matter halos, whose prop-
Our fiducial example is the Planck mission. Section 5 clos ' '

S o :
. . . . erties are the sole result of gravitational evolution, and the
with a final discussion and summary.

relationship between observable SZ flux and these halos,
governed by more dlicult to model baryonic physics. It is rea-

2. The angular correlation function sonable to characterize dark halos by their mass and redshift,
In this section we relate the angular correlation function to t é‘d we will apply the results dfi-body simulations that give

real-space correlation function in the context of SZ observ%ch their abundance (i.e., the mass function) and spatial cor-

. . . . . relations (i.e., clustering bidgM, 2) and the correlation func-
tions. The 3—dimensional (auto)correlation functiormquan- . . .

i . ! L tion &qm) as a function of these two fundamental descriptors.
tifies the 2—point clustering of a population in terms of th

probability in excess of Poisson of finding two objects at a Seﬁ/lore difficult to model, the baryonic physics of the cluster gas

arationr. The angular correlatiom(6) of the same population %?l;'g%zgfggglna;lit;igtt';?nt; ;igﬁié?gg;ﬁ gz:naelisn c?g\%gdlc—
is the projection of onto the sky: y 9 '

dv dv.
2 _ 1 2 .
dQ,dQx [1 + w(@)] = dQldngdzleZ 401z, 0,0z, (1) 3.1. Halo properties
dn; dn; The abundance of galaxy clusters is given by the mass function
deMldMZd_md_W(lJ”f) of collapsed objects, which is completely specified once the

h he i | i ¢ sight (1 ¢ IIinear power spectrum of dark matter perturbations is specified.
w elre the integrals concern two |rr]1es—ko —sight (los) c;]_ Solighy; the latter we adopt the BBKS (Bardeen et al. 1986) transfer
angles @, and d2; separated on the sky by anglein this  ¢,nction (see also below), while for the mass function we em-

expression, 0/dM represents the cluster mass function, ang. e fitting formula (improved Press—Schechter) given by
we assume the small angle approximation here and throu ieth & Tormen (1999):

out. The surface density of sources (the counts) with integrated
Compton parameter larger thafy, (the SZ “flux” limit; see dn 3 1 \/5 o dv —v?
the following section, Eq. (4)) is given by d_M(M’Z)dM = AL+ v23 )\ zmam &P\ 2 - @)

I e\ 0 dn where p is the universal mean mass density and the con-
E(Yiim) = fo dZdez fM“m(Y”m,z) dMW(M’Z)' @ stantsA ~ 0.322 andq = 0.3; the parameter = +/av, where

_ _ y = m is the usual critical peak heighii~ 1.69) normal-
The correlation functionf depends on cluster mass, reds.qidthe mass—density perturbation variamgd) in spheres

shift and, according to statistical isotropy, on physical SeP&ntaining mas#, and the constamt= 0.707. The expression

tion r(6) = ri(z) + r3(z) — 2rirpcosg), wherery andrz are {6 the growth factor for flat models with > 0 is taken from
angular—diameter distances. Assuming that correlationsffall @ 5 o1l et al. (1992):

suficiently rapidly with distance, as is observed, we may take

the two clusters to be at approximately the same redshift apg; o, Q) = 9@
write £[Mz, My, z r(6)]. We furthermore adopt a linear biasing 9(0)(1+2)
scheme in whichké(My, Mo,z r) = b(M3y, 2b(M2, 2égm(z 1), Ou L) ~ §Q (¥~ 0
where &m(z 1) is the correlation function of the underly- 9(z O, ) 2 m@|$m() 72
ing cold dark matter and(M,2) is the bias factor for
clusters (see below). Then, using the short-hand notation
$(M, Z Yiim) = (1/Z)b(M, )(dV/dzdQ)dn/dM for the joint dis- | it the definitions® - 0u(l 3/E2(7) O _
tribution of clusters in mass and redshift, weighted by the bi%\ e an:jEIZI(z)i [“”Q(i)+ (1-9$(-9+A>?1 +/Z)2(+Z)§'2M a(z)g]‘_

factor, we arrive at the expression Qum andQ, written without an explicit redshift dependence will

+(1+ Qu(2/2)(1+ QA (2)/70) -

o0 00 indicate present—day values= 0).
w(®, Yim) = fo dszM dM1dM2 ¢(M1, 2)$(M, 2) As mentioned above, we use a linear bias scheme to relate
iim (Yim»2) . .
dz the cluster—cluster correlation function to that of the dark mat-
X fdrd—(z)gdm[z, r(9)] ter and employ the analytic fitting formula fb¢M, z) given by
. ' 4 Sheth et al. (2001); the formula includes corrections for ellip-
= f dz®?(z, Yim) fdrE(z)gdm[z’ r(6)] soidal perturbation collapse:
0

1
a sort of Limber’s equation appropriate for SZ sources (LimeW" 9 =1+ m [\/é(avz) + ‘/ab(a"z)l_c]
1953; Peebles 1993; Diaferio et al. 2003) in which we explicitly ¢ e

show the dependence on limiting flYy,. From this equation - (ar)
we clearly see that the three key ingredients are the the mass— (@2)°+b(1-c)(1-¢/2)

limit function Miim (z Yim), the distribution functior and the whered,, v anda are given above, arlo= 0.5 andc = 0.6. We
correlation functioym,. We now discuss our modeling of eachmodel the linear dark matter perturbation spectrum with the
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BBKS transfer function with shape paramediged atl” = 0.25 based on energetics during collapse suggest in this case the ex
and scale—invariant primordial density fluctuatioms £ 1). istence of a scaling law between cluster temperature and mass:
This seems to provide a good fit to galaxy clustering data

(Percival et al. 2001) and is consistent with constraint10nT (M, 2) = T, (Msh)?3 (A(Z)E(Z)Z)l/s [1_ ZQA(Z)] ()

from CMB anisotropies (Spergel et al. 2003, and references A2

therein). The resulting linear theog&gm IS adequa_te on mOStadopting the notation of Pierpaoli et al. (2002). In this expres-
scales § > 10, although we also include non-linear COMECsion, the masMlys is measured in units of DM, A(2) is the

tions according to the fitting formula developed by Peacock Il non-linear overdensity inside the virial radius relative to

Dodds (1996). the critical density £178). In the self—similar model, the gas

mass fractionfy,s is constant, essentially proportional to the
3.2. Intracluster medium universal ratic2g /Qu.

These scaling expectations are indeed manifest in hydrody-

With the abundance and clustering of halos now specified, Wgmical simulations that neglect cooling, and supported by ob-
next relate the observable SZ flux to cluster mass and redshjtryations of the more massive clusters with cooling timescales
This relation is particularly robust from a theoretical viewpoin;onger than the Hubble time (Mohr et al. 1999; Allen et al.
contrary to, for example, the situation for X—ray luminosity. Ipg01: Finoguenov et al. 2001; Xu et al. 2001; Arnaud et al.
the non-relativistic regime, the surface brightness of the thQ@OZ)_ Although there is good indication that clusters are a
mal SZ dfect — measured relative to the mean sky intensitypppuylation with rather regular properties, as suggested by these

at positionQ on a cluster image is scaling laws, there is also direct evidence that it is not exactly
R . self-similar. Deviations are most pronounced for the lower
Aiy(Q) = y(Q)jy mass objectsT{ < 2 keV), as perhaps expected since they have

_ ) shorter cooling times and plausible energy injection mecha-
where the Comptop parameter is an integral of the pressurgisms more readily compete with their gravitational energy
along the line—of-sight (Ponman et al. 1999; Lloyd—Davies et al. 2000). More gener-
ally, one may write

(©®) LI
= —No-
Y osa MG Y(M, 2) = Yis@MZ3(1+ 2)". 6)

with T the gas temperature (strictly speaking, that of the eléEhe factor Yi5(2) incorporates all thez dependence of
trons),ot the Thompson cross sectidnandmthe Boltzmann Egs. (4), (5) and is defined such that the self—similar model
constant and the electron mass, respectively, and whedee correspondsta =y = 0.

a universal spectral function that is the same for all clusters, Although we have discussed Eq. (6) via scaling relations
independent of their properties (Birkinshaw 1999). Since tiier T and fqas it is more pertinent to consider it as a single
thermal SZ spectrum is the same for all clusters, we may eglation between observable SZ flux and cluster mass and red-
press the total flux in a frequency independent manner ussfgft, one that expresses the proportionality between the ob-
the integrated Compton parameter= fdQ y(€2), where the servable flux and the gas thermal energy. Hydrodynamical sim-
integral is over the cluster profile. The total flux density (e.gulations incorporating cooling and pre—heating (da Silva et al.
in Jy) is therS, = Y j,. This is the total flux (density) measured2003) indicatex between 0.1 and 0.2 and~ 0, with a very

by an experiment with low angular resolution in which clustetight scatter about the relation, much tighter than correspond-
are simply point sources. From these definitions, we find that relations for X—ray quantities. This confirms our expecta-
the observable flux is directly proportional to the total therm&bns that the SZ flux is a more robust quantity than its X—ray

energy of the ICM (e.g., Barbosa et al. 1996): counterparts. Even though very low mass clusters are included
in the fit, only mild deviations from self—similarity in this re-

Y(M.2) = kor NeT  TgadM.2T(M. M (4) lation are seen in the simulations. These deviations are most

’ mMe D3,(2) D22 pronounced in the low mass systems, while the higher mass

systems appear compatible with the self-similar scaling laws

whereNe is the total number of electronfy,sis the ICM mass for T-M and fgas Caution is still warranted, however, due to
fraction, Danf(2) = Haldang(z) is the angular diameter dis-the unstable nature of cooling, issues of numerical resolution,
tance, and is to be understood as the mean (particle, and ratd the fact that these codes model the gas as a single phas
emission—-weighted) electron temperature; note that with tiigdium; the simulation volume also contains mostly low mass
understanding, the relation does not depend on any assumpgigstems, with only a few clusters witl;s > 0.2. Simulation
of isothermality. It is this direct relation between observablesults are nonetheless roughly consistent with X—ray observa-
SZ flux and thermal gas energy that lies at the heart of sometiohs (Borgani et al. 2002; Muanwong et al. 2002).
the advantages of SZ over X—ray surveys (Bartlett 2001). At our fiducial Planck flux limit ofY = 10~* arcmir?, we

We have taken care to write the quantitiss and T as have checked that the counts and value of the angular function
general functions of mass and redshift. In the absence of af-30 arcmins are littleffected by clusters below = 2 keV,
ficient heatingcooling and gas reprocessing, the cluster popat least atQy < 0.6. We therefore concentrate on the self—
lation will be fully self-similar. Simple theoretical argumentsimilar case witho = y = 0. On the other hand, we consider
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o o T C andQy = 1 with og = 0.7; e.g., Blanchard et al. 2000); the

i Y-M normalization isY, = 7.6 x 10->h’/6 arcmirf. Our angu-
lar correlation function is consistent with the results of Diaferio
et al. (2003) at a separation of 30 arcmins. As shown by the lat-
ter authors, small scales arffexcted by the specific choice of
clustering bias functiob(M, 2), but the model dferences drop
to ~10% at 30 arcmins. This is comparable to the statistical
measurement errors expected in the case of the Planck survey,
as discussed below. We therefore use the angular function at
30 arcmin separation in our analysis of cosmological parame-
ters.

Figure 2 shows the cluster selection functibfz), defined
in Eq. (3), atYym = 10°* arcmir? in the two cosmologies
and for various normalizationsg. The broad break in the an-
- {1 gular function in Fig. 1 corresponds to the breakéjm, just
0.0001 L v v ) Ay beyond~10h~t Mpc. For example, the break occurd deg

10 100 for Yim = 107* arcmir? in the critical model. According to
0 (arcmins) Fig. 2, the selection function peaks around- 0.2 (for the

. . ) n val = 0.7), projecting the break n angular
Fig. 1. Angular correlation function of SZ detected clusters calculatec(!1OSe alue ofs = 0.7), projecting the break to an angula

in two different flat models@y = 0.3 andos = 0.9 as the dashed Separation o - 10h~*/(3000h™* x 0.2) ~ 1deg. Figures 1.
lines, andy = 1 andes = 0.7 as the solid lines) for three flux limits 21d 2 visually illustrate how the angular function encodes in-
(Yim = 10°3, 10°%, 10°° arcmir?, decreasing from top to bottom). Thef0rmation on the catalog radial distribution.
models adopt the same linear matter power spectrum (shape parameteAlthough the two models have comparable angular corre-
I' = 0.25) andY. = 7.6 x 10" h"/® arcmirt (see text). lations at the bright end (the upper curves in Fig. 1 correspond-
ing to Yjim = 10°2 arcmir?), their dependence on catalog depth
the normalization of Eq. (6) as a parameter free to vary withfiearly difers. At the bright end, we are mainly observing the
certain limits Suggested by X_ray observationgﬁg andT. local cluster population, which is essentia”y the same in both
Moscardini et al. (2002) have argued that this freedom mak®gdels since the present-day abundance is the same and the
it difficult to use only SZ observations to constrainandQy. density perturbation power spectrum is fix¢d= 0.25). Note
To overcome this modeling uncertainty, we combine SZ obsépat the low—density model has a slightly steeper slope at small
vations of both the number counts and the angular correlatiggiaration, due to its greater non—linear evolution. The angular
function with constraints arising from the local abundance 8#nction of the low—density model decreases and shifts to the
X—ray clusters. We shall find that the three kinds of obserJ&ft more rapidly with survey depth than in the critical model.
tions are complementary and lead to constraints on the cosrhBe overall trend is easily understandable and due to the fact
logical parameters. that the selection function broadens and peaks at higher

To give a feel for the order of magnitude, we note that redshift with survey depth, mOVing correlations to smaller
angular scales and generally washing out the signal as more

1.0000

0.1000

w(6)

0.0100}

0.0010F

Yi5(2) = (7,4 « 105 n/8 arcmir?)( T. )( fga53 2) clusters are _projected along the Iine_—of—sight. In bright gglaxy
keV/\0.07h~3/ surveys, which sample the local universe where space is ap-
ADE(2)? 1/3 QA2 1 proximately Euclidean and galaxy evglution may be ignored,
X —178 1- AQD) | Bd?) the dependence of the angular function on survey depth fol-
V3 an lows an importanscaling lawthat is independent of the un-
_ A(2E(2)? B 2QA(Z) 1 e derlying cosmological model. No such universal scaling law
- "\ 178 A@) | ddo2) obtains in the SZ case, because the radial distribution extends

_ . _ out to large redshifts. For the relevant flux limits, a SZ catalog
For referenceT. = 1.2 accorijéng to the simulations of Evrardy, e efore samples evolution in the cluster population. Since the
etal. (1996) andgas = 0.07h™>from Mohretal. (1999). Atan ¢ ,ster population evolves less rapidly with redshift in the low—
observation frequency of 2.1 mm, tshe maximum decrement@énsity model, the angular correlation function therefore shifts
the thermal spectrum,¥i= 7.4 x 10°° arcmir? corresponds to down more rapidly with survey depth than in the case of the

a flux dengity_c;k? mJy In all the analysis a minimum clustefiica| model. The angular correlation function of SZ clusters
mass of 16"h™ Mo is imposed. is therefore a cosmological probe.

4. Results
Calculated angular correlation functions are shown in Fig.Als an illustration of this probe, we next consider the depen-

for three diferent limiting flux values Yiim) in two different dence of the angular function and of the SZ counts on the cos-
flat cosmologies®y = 0.3 andQ, = 0.7, with g = 0.9, mological parameter§)y, og). In Fig. 3 we show the predicted



772 S. Mei and J. G. Bartlett: Cosmological information from a 2D SZ catalog
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0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
z z

Fig. 2. The selection functiod of SZ—detected clusters with > Y;;, = 107* arcmir? (see Eq. (3)) as a function of redshifand for diterent
values ofog in the low—density modeltdy, = 0.3, on the left) and in the critical mode®{, = 1, on the right). From top to bottom, the curves
are for increasingrg = 0.5,0.6,0.7,0.8,0.9,1.1, 1.4. The models adopt the same linear matter power spectrum (shape paraete?5)
andyY, = 7.6 x 107 h"/® arcmir?.

counts and angular correlation function for a set of flat modeds3. Influence of the ICM
over a grid in theqs, Qu)—plane and for dferent limiting flux
values Y, = 1073 arcmir? (top left), Yiim = 104 arcmir? (top
right), andY;i, = 1075 arcmir? (bottom left). Contours of the
angular correlation function are shown as continuous lines
refer to its value at a separation®& 30 arcmins. The counts
contours at the corresponding flux limits are given as dott
lines and labeled in units ofdg deg. This figure is constructe
for a self-similar cluster population with¥a-M normalization,
Y, = 7.6x10°°h"/® arcmir? (see Eq. (7)); thefects of varying
ICM properties will be discussed below.

The single relation Eq. (6) incorporates all of the ICM physics,
and from the nature of the SZ flux, we expect it to be rather
t}%ﬂt with little scatter. There is virtually no direct observa-
ional information on this relation, while numerical simulations
& Silva et al. 2003) do indeed confirm a small scatter. They

so indicate that there is only a slight deviation from the self—
similarity with @ = 0.1 — 0.2 andy = 0 down to masses
well below 1G4 M. X—ray observations, on the other hand,
demonstrate deviations from self—similarity. This is most clear
for low—mass systems with temperatures below 2 keV, but

We see from the figure that the counts and angular fur@ven in the richer systems the obserted deviates from the

tion carry more complementary information as the catalog ieelf-similar expectation. These results are beginning to be re-
creases in depth. At the high flux limit &, = 10~ arcmir?, produced by numerical simulations including coofimgating
the catalog primarily probes the local universe; the two sdis.g., Borgani et al. 2002), including those that indicate only
of contours are parallel and there is no information permislight deviation from self—similarity for the SZ relation Eq. (6)
ting us to constrain the two cosmological parameters. As Wduanwong et al. 2002). That X—ray observables show greater
move deeper, the two sets of contours begin to cross, indeviation from self—similarity than the SZ flux is not surprising,
cating the we are obtaining useful cosmological informatiagiven that the former are more sensitive to spdgatperature
capable of constraining the two parameters. The liffjit = structure in the gas than the latter, as emphasized previously.
104 arcmir? is representative of the Planck mission (Aghanimihis is precisely the advantage of SZ surveys.
et al. 1997; Bartelmann 2001; and references therein), while As mentioned, low mass systems with the greatest devia-
Yim = 1075 arcmir? would correspond to deeper ground-baseibn from self-similarity in X—rays contribute little to counts
surveys (probably attaining the confusion limit). and the angular function at a flux limit &f,,, = 10~* arcmir?.
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Fig. 3. Contours of the SZ angular correlation function are shown as solid lines io-gh€y;)—plane for diferent limiting flux values: top left,

Yiim = 1073 arcmir?; top right, Y;i, = 10°* arcmir?; and bottom leftY;, = 10~ arcmirf. The Hubble constant is fixed lat= 0.7. Each contour

is labeled with the value of the correlation function at a separatien-080 arcmins. Contours of the SZ cluster counts at the same flux limits
are shown as the dotted lines, and labeled in unitgsaf deg. The SZ flux normalization, = 7.6 x 10°>h"/¢ arcmir?.

For example, fof2y < 0.6 and values ofg in the range 0.6—1, change in normalization moves the intersection~tiy)—20%

the uncertainty owrg due to the presence of low mass systenis o3 (e.g., atQy ~ 0.3). This represents an inherent system-
with T < 2 keV is around 5%, well within our estimated eratic caused by modeling uncertainty associated with the ICM.
rors on the angular correlation function (Eq. (8) below). Wencertainties related to ICM modeling have been extensively
therefore focus on theffects of changing the normalizationdiscussed by Moscardini et al. (2002) for the full 3D spatial
Eq. (7), of the self-similar SZ flux—Mass relatiom € y = 0). correlation function of SZ clusters.

Physically, this represents an uncertainty in the average ther-Including the uncertain SZ flux normalizatiovi,, we now

mal gas energy of galaxy clusters. Figure 4 shows tlece have three parameters to determine, and so additional informa-
of changingY, at a flux limit of Y;im = 10~* arcmirf. From tion is needed; for example, an observational program to de-
the figure, we see that changing this normalization stretchtesmine theY—M relation on a representative sample of clus-
the counts and angular function contours vertically by roughtgrs. Another tactic is to use the constraint arising from the
the same amount, their point of intersection (if any) remaiioecal cluster abundance as measured by the X—ray temperature
ing at roughly the same value 6. For example, a factor 2 function.
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Fig. 4. Effect of varyingY.. The contours have the same meaning as in the previous figuré,-afid7 as before. All three panels correspond
to a flux limit of Y;i,, = 10°4 arcmir?, butY, changes from B x 10°°h"/® arcmir? (upper left) to 76 x 10-°h’/® arcmir? (upper right; same as
upper right panel of previous figure) and finallp X 10~* h"/6 arcmir? (lower left). The contours and their spacing are stretched upward as
decreases. The intersection points of the two sets of contours essentially move vertically, changiagdiremaining roughly fixed ify.

4.3.1. Adding the local cluster abundance constraint the SZ contours around the plane, as previously described.
However, there is a unique value f¥f that reduces the in-
For a fixed value ofl,, the local X-ray temperature functiontersection of the three lines to a single point in the plane. By
constrains the cosmological parametegsandQy to a well— adjustingy. to this value, wesimultaneously constrain the cos-
defined curve in the plane:sQ%® ~ 0.6T;%8 (Pierpaoli et al. mological parameters and the normalization. Yn the fig-
2002). The exact relation depends somewhat on the chosé®, this intersection lies on top of the true underlying model.
mass function. Consider such a constraint, shown as the midBie determined value of. together with the knowrT, im-
dashed line in Fig. 5. Supposing that we measure now both {ig a constraint onfg,®. By adding the information on the
SZ counts and angular function, findingr'sqdeg andv(@ = local cluster abundance, we have pinned down the relevant
30 arcmin) = 0.024, respectively, a¥ = 10™* arcmir? and

given as the solid contours in the figure. Apart from the cosmos we are implicitly assuming that mean electron temperature,
logical parametersg andQu, the SZ contours depend onlyrelevant to the SZ féect, and the observable X-ray temperature,
on Y., whose value is uncertain; by changilYg, we move parametrized by, are the same; this need not be the case.
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IR VA ‘ ‘ E As mentioned above, clusters bele keV contribute lit-
: ] tle to the contours at our fiducial flux limit &f = 104 arcmir?.
g 1 At lower flux limits, more representative of future ground—
1.00 7 based surveys, we could expect that the possifiéets of de-
g 1 viations from self-similar scaling become more important, al-
g ] though simulations at present indicate only mifteets on the
0.90 E SZ flux.
5 080F E 4.4. Discussion of statistical errors
Before concluding, we briefly examine the statistical errors ex-
070 g pected on a measurement of the SZ angular correlation func-
U 1 tion. Although a thorough analysis of this issue requires de-
g \ AN N tailed simulations of a given survey, we may nonetheless make
0.60F ) E some general arguments to gain insight into what may eventu-
F S ] ally be achieved. We take the Planck survey as our example.
F AN Y 1 The resolution of the Planck SZ catalog will be on the order of
0.50 . L LN L 5 arcmins (at best), so we can only expect to measure the corre-
0.0 0.2 0.4 0.6 0.8 1.0 lations on larger scales (as the’ 3@ have chosen in our anal-
Qy ysis), and the fiducial sensitivity expectedyis- 104 arcmir?

Fi L . éAghanim et al. 1997; Bartelmann 2001). Since the angular
ig. 5. Example of constraints in flat models. The true underlyin . . . ;
model corresponds @y = 0.3, 05 = 0.9, fgas = 0.07/h'S and orrelations are .small in this context@1), we may esti-

T. = 15 keV, corresponding t&, = 1.1 x 10°*h"/® arcmirf. For Mate the (statistical) error on a measurement@f) as the
this model, one would observe 7.7 clustegdeg. for the counts and Poissonvariance in the number of pairspai, at this separa-

w = 0.024 for the angular function at 30 arcmin, respectively, both #0n (e.g., Peebles 1980; Landy & Szalay 1993). This quan-
aflux limit of Y = 10~* arcmir?. The bold (heavy blue) line shows thetity is determined by the counts as follows: suppose that we
constant counts contour in the plane, while the thin (lighter blue) limaeasurev in a annular bin of widthAd at angular distance
indicates the angular function contour at the observed value. The nfigm a cluster. The mean number of clusters in this ring is
dle dashed line represents the constraint from the local X—ray ClUstgy = 27r9A0L(Ym), from which we deduce that the total num-
temperature function, for the true value Bf; the other two dashed ber of pairs at this separation in a catalog\olusters is about

lines correspond to the constraints fbr = 2 keV (bottom dashed Npair ~ (1/2)N x (n) = NgAGS. In other words, we estimate
curve) andT,. = 1 keV (upper dashed curve). The three sets of Co?ﬁe error to be

tours cross at a unique point. The gray shaded band indicates the es-
timated statistical uncertainty amattainable with the Planck survey 1 L1(A0 -1/2
(the error on the counts is roughly the thickness of the contour).  Aw(6, Yiim) ~ o [Z(Yim)]™ i (7)

-1/2 -1
~ 2.78x% 103(%99)(§) ( > ) : (8)

ICM physics and constrained the cosmological parameters, 0 degf
eliminating the primary uncertainty in using SZ clustering oliNotice that this statistical error depends essentially on the num-
servations (Moscardini et al. 2002). Unfortunately, is at ber count<. This leads to the gray shaded area in Fig. 5.
present only poorly known, with simulations and observations
indicating values generally in the range 1.2-2 (Pierpaoli et
2002; Muanwong et al. 2002; Huterer & White 2002). We e
pect that it will be much better determined by the time larggle have calculated the angular correlation function of
SZ catalogs become available, making this kind of analyssy—detected clusters in order to evaluate its usefulness for ex-
possible. tracting cosmological information directly from a 2D SZ clus-
This example illustrates the utility of the angular functiorter survey, before 3D follow—up. The angular correlation func-
with only the local cluster abundance and the SZ counts, wien of SZ detected clustersftérs from the angular power
cannot determine the cosmological parametgrandQy, due spectrum of SZ induced CMB anisotropies, which is dominated
to the uncertainty ol.. Adding the angular function breaks théby the Poisson term. Thefrent scaling of angular correla-
degeneracy. We are thus able to constrain the cosmology witins with survey depth visually demonstrates the cosmologi-
the 2D SZ catalogyithout recourse to redshift determinationscal sensitivity of the angular function (see Figs. 1 and 2). As
Constraints obtained in this way are particularly useful for theltustration, we considered the parameter p&if(os) in the
complementarity to constraints from CMB anisotropy and disontext of flatA—CDM models. We found that at ficient
tance measurements with SNla. For example, with SZ cludepth (e.g.Yim ~ 10™* arcmir?, comparable to the Planck
ters we measureg directly on the relevant scales and conmission), the counts and angular function combined can con-
strainQy, as opposed to the physical dengiy h? in the case strain these parameters. Modeling uncertainty associated with
of the CMB. the ICM may be reduced by measuring fieM relation and

I . ) .
3_. Discussion and conclusion
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adding the corresponding constraint from the local abundarg®gani, S., Governato, F., Wadsley, et al. 2002, MNRAS, 336, 409
g p g

of X—ray clusters; in this way, the two cosmological paramé&-aristrom, J. E., Holder, G. P, & Reese, E. D. 2002, ARA&A, 40, 643
ters and the SZ flux normalizatio. may be found. Deeper Carroll, S. M., Press, W. H., & Turner, E. L. 1992, ARARA, 30, 499
ground-based surveys (e.¥jm ~ 1075 arcmin’-) will pick up Colafrancesco, S., Mazzotta, P., & Vittorio, N. 1997, ApJ, 488, 566
a larger number of low—mass objects whose ICM properties fi& Silva, €tal. 2003, in preparation

) . L . ... Diaferio, A., Nusser, A., Yoshida, N., et al. 2003, MNRAS, 338, 433
quire more careful modeling of deviations from self—smﬂant;tke V.R. Cole. S. & Frenk C.S. 1996. MNRAS. 282 263

The accuracy and precision with which one will be able t, 54 A, E., Metzler, C. A., & Navarro, J. F. 1996, ApJ, 469, 494
measure the angular function (and the counts) is clearly an ijnoguenov, A., Reiprich, T. H., & 8firinger, H. 2001, A&A, 368,
portantissue. We only briefly touched on this point with a sim- 749
ple estimate of the expected statistical errors expected®n Grainge, K., Carreira, P., Cleary, K., et al. 2082{ro-ph/0212495]
in the case of the Planck mission. A more detailed examirf@rego, L., Carlstrom, J. E., Reese, E. D., et al. 2002, ApJ, 552, 2
tion incorporating simulations of the SZ survey characteristiddaiman, Z., Mohr, J. J., & Holder, G. 2001, ApJ, 553, 545
including instrument noise and foreground contamination, 5@:3:: g-'PHéz‘iO”(‘;”AZp-j&S';";h['lJ- J. 2001, ApJ, 560, L111
yee” aslc’f the catalog extraction algorithms, is needed. The S.Hg]zapfel, W. L., Ade, P. A. R., Church, S. E., et al. 1997, ApJ, 481,

y selection function will in reality depend on these details
(Bartlett 2001; Melin et al. 2003; White 2003), anq so will th‘ﬁuterer, D., & White, M. 2002, ApJ, 578, L95
errors on the counts and measured angular function. Jenkins, A., Frenk, C. S., White, S. D. M., et al. 2001, MNRAS, 321,

Itis clear that the most powerful constraints froman SZ sur- 372
vey will come from its measured redshift distribution. The injones, M. E., Edge, A. C., Grainge, K., et al. 2001
teresting point is, however, that the method proposed here in- [astro-ph/0103046]
creases the immediate scientific return from an SZ survey Kyeissl, R., Jones, M. E., Saunders, R., etal. 2001, MNRAS, 328, 783
offering a way to obtain pertinent cosmological constraint®matsu, E., & Kitayama, T. 1999, ApJ, 526, L1

using only a 2D SZ catalog, without recourse to foIIow—uF‘)matS“* E., & Seljak, U. 2002, MNRAS, 336, 1256
observations andy, S. D., & Szalay, A. S. 1993, ApJ, 412, 64
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