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Constraining cosmological parameters using Sunyaev-Zel'dovich cluster surveys
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We discuss how future cluster surveys can constrain cosmological parameters with particular reference to the
properties of the dark energy component responsible for the observed acceleration of the Universe by probing
the evolution of the surface density of clusters as a function of redshift. We explain how the abundance of
clusters selected using their Sunyaev-Zel'dovich effect can be computed as a function of the observed flux and
redshift taking into account observational effects due to a finite beam size. By constructing an idealized set of
simulated observations for a fiducial model, we forecast the likely constraints that might be possible for a
variety of proposed surveys which are assumed to be flux limited. We find that Sunyaev-Zel'dovich cluster
surveys can provide vital complementary information to those expected from surveys for supernovae. We
analyze the impact of statistical and systematic uncertainties and find that they only slightly limit our ability to
constrain the equation of state of the dark energy component.
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[. INTRODUCTION be computed from the limiting flux assuming the cluster is
virialized and, hence, that there exists a relationship between
Sunyaev and Zel'dovichl,2] (S2) first noted that cosmic the mass of the cluster and the temperature of the gas within
microwave backgroun@CMB) photons would be rescattered it. Therefore, the survey yield is a calculable function of the
as they pass through the hot intergalactic medium in clustersosmological parameters and the process of halo formation.
of galaxies due to inverse Compton scattering. Since thi$f we believe the physics of halo formation is understood,
process preserves the overall number of photons, one obvhich in the case of cluster size halos should just involve
serves a decrement in CMB temperature in the Rayleighgravitational physics, then the number of clusters as a func-
Jeans part of the spectrum, and a corresponding increase tain of redshift can be used to constrain cosmological param-
high frequencies above the null frequency of 217 GHz. For &ters[34—45. More precisely the number of objects will
cluster of given mass, the brightness temperature dependepend on the comoving volume element, the angular diam-
only on the integrated pressure of the gas in the cluster aloneter distance and the rate of growth of perturbations, all of
the line of sight and not on its distance since the redshiftingvhich depend sensitively on the late-time evolution of the
of the photons is exactly balanced by their higher density acosmological scale facta(t).
the time of scattering. This not only allows the clusters to be The study of the late-time evolution of the Universe has
detected at much higher redshifts than using standard opticAlecome an important part of many observational programs
and x-ray measurements, it also makes any detection muaver since observations of type la supernoy8ble sug-
less susceptible to the internal dynamics of the cluster, progested that the expansion of the Universe might be acceler-
viding a reliable method for detecting clusters in a blankating[46—49. It was found that a combined initial sample of
field survey. 42 SNe with(z)~0.6 was much dimmer at high redshift
To date the SZ effect has been mapped in a small numbehan required by a matter dominated Einstein—de Sitter uni-
of clusters with targeted observations using either a singleerse, with the simplest remedy being the inclusion of Ein-
dish [3-5], or an interferometef6—15]. In the very near stein’'s “greatest blunder,” the cosmological constafut
future blank field surveys will be performed on dedicatedwhich gives rise to acceleration by virtue of the negative
instruments with arcminute resolution which should yield pressure associated with vacuum energy. Subsequent obser-
flux limited samples of clusters at a variety of frequenciesvations of more SNe have only strengthened this conclusion.
and resolutions over large are@ee, for examplg,16—28  These observations probe the magnitude-redshift relation by
and references thergirMoreover, instruments originally de- assuming the SNe are standard candles.
signed to make small scale CMB anisotropy measurements However, this is notoriously difficult to incorporate into a
such as the Very Small ArrapvSA) [29], Cosmic Back- realistic particle physics theory since estimates of the
ground Imager(CBI) [30] and those on board the Planck vacuum energy, while very rarely zero, are substantially
Surveyor 31,32 will also inadvertently provide information, larger than the observed value. This led to the proposal of a
albeit less efficiently due to their large beam si488], dynamical dark energy component with negative pressure,
though the Planck Surveyor can balance this disadvantaggten called “quintessence,” due to a scalar fi¢kD—62.
with its full sky coverage and the range of frequencies avail-Although this idea is not without its own problems, it pro-
able. vides an interesting theoretical framework to parametrize and
The limiting mass of a survey as a function of redshift cantest the idea of dark energy.
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If one takes quintessence seriously one has to accept tieodels which are minimally coupled to gravity. Sineepri-
fact that the equation of state parametgy=pqg/pg is not  ori, there is no theoretical preference for any particular
only negative, but that it can evolve with time. There aremodel we take a phenomenological approach and character-
many specific dark energy models, none of which are theoize the dark energy component by a linear evolving equation
retically compelling and, therefore, in order to test them oneof state[66—69
requires some kind of parametrization of this evolution.
There has been some debate in the literature about what is Wo=Wg+W;Z. (N)
the best way to do this: suffice to say that it is difficult to
imagine one which accurately represents every model and fhis is sufficient since we are only interested in the low
is often best to tailor the parametrization to the type of ob+edshift behavior of the dark energy component and further-
servations under consideratigf3—71. Since the clusters more Eq.(1) approximates a wide range of dark energy mod-
under discussion here will have redshift of less than 1.5, &Is adequately at low redshiff66—69.
Taylor expansion of the formg=wy+w;z+ - - -, wherew, In order to predict the surface density of clusters of a
andw, are constants, is a sensible form to consider. mass limited Sunyaev-Zel'dovich survey we need to com-
An important feature of SZ surveys, and similar observa-pute
tions that probe number counts, is that their dependence on
the expansion rate of the Universe is very different from that dN dv * d
of SNe observations, that is, they are complimeritanyd, E:Aﬂm(z) v (Z)d_MdM’ @
hence, can be used to break parameter degeneracies. A de- fim

generacy betweew, andw, is present for both SZ and SNe \\heredv/(dzd)=[r(z)]%/H is the comoving volume in a
surveys. However, the shape of the likelihood contours in the,; | hiverse withr (z) = J3H~Y(z')dZ’ the coordinate dis-

Wo-wy plane is very differen{45], allowing one fo use the nce,AQ is the angular sky coverage of the survey and
two together to make more substantial statements as to tfi? o 9 y i~ X vey
n/dM is the comoving number density of objects with mass

nature of the dark energy. _ - . .
In this paper we will discuss using the evolution of the M and redshife, sometimes called the mass functidy, is

surface density as a function of redshift. A particularly im- the limiting mass, which will depend in general on the pa-
portant ingredient for using number counts of clusters to confameters of the survey. In this section, we will assume that
strain cosmology is the ability to measure their redshift. Ide-Mim iS constant and does not depend on the cosmological
ally spectroscopic redshiftsA@~0.01) would be available Parameters. In the next section, however, we will drop this
for each cluster. However, it may only be possible to ge@SSumption and modéll;, in a more realistic way for our
photometric redshift £z~0.1). Moreover, at present it is MOCK likelihood analysis. _ _

difficult to estimate redshifts for objects wita~1. The e will use the comoving number density calibrated us-
Sloan Digital Sky SurveySDSS [74,75 and the Visible and "9 @ series of N-pody simulations performed by the VIRGO
Infrared Survey Telescope for AstronoryISTA) [76] will  consortium77], with
measure the redshift of many hundreds of thousands of gal-

axies and will provide this information at least to some de- —(z,M)=-0.2 m(to) mﬂ

gree. Except where explicitly stated we will udeg=0.1 and dM Moy dM

Zmax= 1.5, optimistically assuming that techniques to find wexo —10.73-loa[ D(z 3.86 3
redshifts for very distant objects can be developed on a simi- A=10. dD@oul* G

lar time scale to instruments under discussion here. where the mass¥l of the object is defined to be that inside a

In Sec. Il we will discuss the principal cosmology depen-spherical over-density ofA =200 times the critical back-
dence of the surface density of clusters on cosmology, beforground density, that isyl ,05=47R3,200p.(2)/3. D(2) is
going on to discuss the relation between the limiting masgpe growth factor normalized to ha®(0)=1. We obtain

and the survey setup in Sec. lll. We will then perform aie growth factor by solving numerically the perturbation
mock likelihood analysis for six proposed survey setups iNsquation for the matter fluctuations

Sec. IV and discuss statistical and systematic uncertainties in

our assumptions in Sec. V. Note that throughout this paper 3
algebraic relations will be expressed in natural units where St Ea_l{l—W(a)[l—Qm(a)]}fsr'n
c=f=kg=1.
3
Il. SURFACE DENSITY OF CLUSTERS 58 0n(a)dy=0, 4

There exists a plethora of dark energy models none of _ o )
which are particularly compelling. We will only discuss where the prime denotes the def"{?‘“"e W't.h. respect 1o the
scale factora and we choose our initial conditions to be set

up in the matter dominated era with,(a;) =a; and 5;,(a;)

INote that measurements of the angular diameter distance relation +» Wherez =30 is sufficient. The growth factor is then
at low redshifts using, for example, gravitational lensing statisticsdiven by D(2) = 6mn(2)/ 6m(z=0). Furthermore,py(to) is
[72,73 have exactly the same degeneracy as those using th&1€ present day matter densi€y,(a) = pm(a)/peri(a) is the
magnitude-redshift relation. These can be used as a direct test of tt@atter density in units of the critical density ang, is the
veracity of SNe surveys. over-density with masM today, where
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FIG. 1. The comoving mass densitgn/dM in units of
[Mpc®M ]t from simulations of the VIRGO consortiufif7] us-
ing aACDM cosmology. The lines on the base of the plot represent
contours of constardn/d M.

FIG. 2. In the top left we show the surface density of clusters
" dk above a mass limit oM ;,,=2.35x 10"*M as a function of red-
o&= f W2(KR)A%(k)— (5)  shift. The top right is the normalized growth fac@(z), the lower
0 k left the comoving number of clusteM.,(z) and the lower right is
the volume elemendV/(dzd(2). The solid line is the fiducial cos-
and M =4mp,(to)R%3. The window function in Eq(5) is  mology (see tex), the dotted line aACDM cosmology, the short
that of a spherical top hat withw(x)=3[sin(X)/x>  dashed line is for),(t;)=0.4, the long dashed line far=0.9
—cos)/x?]. (almost underneath the solid linehe dot - short dash line farg
The final missing ingredient is the linear power spectrum=0.72 and the dot-long dash line fbt,=65 km sec® Mpc™ ™.
P(k), where A?(k)=47k®P(k). We define the transfer
function T(k,z) via P(k)=Ak"[T(k,z)]?, wheren is the
spectral indexcMBFAST [78] is used to compute the shape of Schechter(PS formalism[92]. However, the PS approach
the transfer functions ik space, where it is sufficient to shows some significant differences from the observed and
approximate the perturbations of a dark energy model W|t}‘$|mulated ComOVing number denSity. The §imu|ati0ns show
the correspondingt CDM model, since clustering on small fewer low and an increased number of high mass clusters
scales isot affected by the presence of a dark energy com<{see also Fig. I3compared to the PS prescription. A much
ponent. We fix the baryonic component to haghh? bette_r fit is achieved from using PS if one assumes an as-
=0.019 in agreement with big bang nucleosynthesis conpherical collaps_@93,94,4]]. Also note that th_e mass functl_on
straints[79,80. To normalize the power spectrum, we use has an uncertainty41,94,95,77,9pand we will come to this
og, the over-density in a spherical region oh8Mpc, problem when we d|scu§s systematic errors in Sec. V.
which is traditionally used to quantify the amplitude of the [N the following we will discuss the dependence on cos-
power spectrum on small scales. mology of tht_a r_lumber of objectf per square degree above a
For our fiducial model we chooseg=0.9 as suggested 9iven mass limitV i, =2.35x 10? Mo . We will see in Sec.
by recent CMB measuremenf81]. Note that this value is Il that Mjm=M;n(2), but using a fixed limiting mass
higher than the one inferred from recent x-ray measuremeng@hould provide some intuitive information. In Fig. 2 we
[82—84. One might think that this discrepancy is not very Present the surface density of clustetsp left) and its con-
worrying sinceag is a parameter which we are trying to Stituents, the = comoving ~ number  density,Neo
determine. However, since the number of objects found in & [, (»(d/dM)dM, (lower left), the growth factortop
given survey is very sensitive g and the statistics is Pois- right) and the volumélower right). As a base for comparison
son distributed, using a much smaller valug=0.7 say, we use the fiducial cosmology described above and then
would substantially weaken our conclusions. Also we aschange subsequently one parameter. As expected the stron-
sume that the Universe is flat amth=72 km sec*Mpc™!  gest dependence is arg and Q,(t,). However, we see a
[85], Q,(tg)=0.3 and a spectral index=1 [86—88. For  weak, but nonetheless significant dependence on the equa-
the dark energy equation of state parameters we chagse tion of state parametems, andw,. The dependence on the
=-0.8 and w;=0.3 which is allowed by current data spectral index is very weak and hence we fix=1.0 in the
[90,91,86,8T and is compatible with an interesting super- subsequent analysis. We also see that the strongest depen-
gravity related quintessence mod6él,69. dence must come from the linear growth factopper right
In Fig. 1 we show the comoving mass density for apane), since minute changes lead to significant changes in
ACDM cosmology (w=—1). The rapid decrease for large the surface density. This is most obvious from the change in
cluster masses and large redshifts is clearly visible and wthe (), (dashed ling where the volume elemefibwer right
expect a low number of clusters in these ranges. This choicpane) would predict a lower number of clusters, which is
of comoving number density is similar to the usual Pressbalanced by the faster growing linear perturbatiqisp
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right). This is clear, since the dependence of the surface denn the general the profilé(#) will depend on the virial ra-
sity on the growth factor is exponentigg. (3)]. dius Ry, and redshiftz via the angular diameter distance,
which for a flat universe is given byda(z)=(1
ll. THE LIMITING MASS +2)"1fsH"1(z")dZ". Using this normalization, it is easy to

. . _ .. see from this that the flux density is given b
In the previous section we assumed that the mass limit o? yisg y

the survey is constant. However, in a realistic observing situ- 20Ty Ton faaMur 1

ation the survey is limited by the flux and not mass. Hence, S,= CMBL “eMn J9a8 W = 5 £(X). (10

we need a relation between the flux lin§if,, and the mass Me KMy d3

limit M}, . We should note that, contrary to what is often )

explicitly stated or implied in the literature, the surveys are N order to solve Eq(10) for the mass for a given flux
not mass limited in the sense that there is single limitingimit, we need to know the relation between madg, and
mass which applies across a wide range of redshifts. If ontl€ cluster temperatur€Te),. We assume that clusters are
were to use a fixed limiting mass, one would be either forcec/ifialized objects which are in thermal equilibrium. This as-
to throw out many objects in order to make the survey comSuUmption seems to be confirmed by recent x-ray observations
plete to some high threshold, or put up with a lack of com-[84l, though it is expected that due to ongoing mergers and
pleteness at both low and high redshifts with a smallef€at input, this assumption does not hold for high redshifts
threshold. Here, we will discuss how to compute the limiting[ 100}, an issue we will discuss in Sec. V. If we assume that
mass by first making the extreme, and genera”y incorrec?:he -Cluster is virialized the kinetic energy at Vll"la.llza.tlﬁﬁ;1
assumption, that the cluster is point-like in the telescopds given by

beam. We will then extend our results to clusters which are

resolved. A more detailed discussion of this problem can be kin_ E
; . . Elir=—5Ug+Uq, (11
found in the relevant section of the companion pd9&. 2
A. Principal dependence on cosmology with Ug=—3G M\Z,ir/(SR\,ir) the potential energy due to the

, , L ravity of the matter. By integratingo=po+3pg over the
We first construct the relation between the virial mass an phere, with equation of state factsrand assuming thatg

flux limit of the survey assuming that the source is point-likeig smaoth on cluster scales, we obtain the general expression
in the telescope beam. The total flux density and the bright;,; e potential energy

ness temperature are related[ly2,97
U _1+3W
T 10

S,=2v2ATH(X) =20 Teuef(X)Y, (6) 47Gpo(a)RGM i - (12
with f(x)=x%e*g(x)/(e*—1)? and g(x) =x/tanh(x/2)— 4, _ o

wherex=2mv/Teyg is the dimensionless frequency. The Note that Eq.(12) is thg generalization of thel we[l known
parameter is given by the integrated y-distortion result for a cosmological constaht01], and is different

= [dQy(6), with from the form used.ir'ﬁ40]. We can relate t_he virial mass of
the cluster to the virial radius, by assuming spherical sym-
or (Tobn metry M;;=47R3 pousief3, Wherepgusieris the mean den-
y(0)= HJ d'”eTe:TeTe( 0), (1) sity of the cluster. The mean kinetic energg<"

=Mi(V2)/2 is given in terms of the root mean square of
the line of sight integral over the gas pressure in the clustethe velocity dispersion of the cluster. If the cluster is in ther-
The Thomson scattering cross sectionsis and mg is the  mal equilibrium, the virialization temperature is given by
electron mass. We have introduced the electron density102-104
weighted average temperatuf€,),= fdIngT./fdIn,, and
7(0) = o[ dIn, the optical depth. 5

It is conventional to normalize the optical depth in terms <Te>”:§'“mp<vvif>’
of the virial mass of the cluster using

(13

with ©«=0.59 the mean mass per particle. Hence, we deduce

M. f
Ratc gas:J d3rne(r):d,§f dQdin,, g o
HeMp 32
f hich deduce that Mo _ <Te>") [AE(2)%] 12
rom wnich one can deauce al 1015h,lM® T* c
1f Nvir -1 [0 (Z) —-3/2
0)=0;— 2 f 0)dQ| 9 Q
7(0) UTdf\ e £(0) ) X| 1+ (1+3w) A, . (19

wherery(0) = 740){(0), fqasis the intracluster gas fraction, whereT, is a normalization factor which can be deduced to
which we chooséf 4,c=0.12 throughout this papé®9], u,  be T,~0.5 under the assumption that the process of virial-
=1.143 the mean mass per electron amgthe proton mass. ization only involves gravitational heating. Both simulations
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[103,4] and observations appear to be somewhat inconsisand the collapsing cluster of radi&sby
tent with this value. For our subsequent analysis we choose
T,=1.6 and we will come back to this in Sec. V A. Note
that we have expressed the mean cluster density in terms of
the over-densityA. of the cluster at virialization, with
Peluster= AcPerit -

We can solve numerically for the over-density at virializa-
tion by applying the spherical collapse model
[105,106,38,4D We follow essentially the discussion [id0]
where the background cosmology is described by the Friedas before, we make the standard assumption that the dark
man equation energy component does not clump on the relevant scales. We
can solve this coupled system numerically and obtain the
density of the cluster at turnarourté=t,, pcluste™ {aPm >
and obtain a best fit for the over-density

R G
= T[(1+3W)pQ+ Pelusted - (16)

2\’ 87G
=—3 (Pm*po)

a
2 (15

2
C(2)~ ( %TW) Q(2,) 079" 0280 (2:9 ~ 0,08~ W) ~ 0.2 (1+2),

17

We can then scale this result to the time of virialization,
=t,=2t,, With

which would be ignored by assuming that the limiting mass
is constant. Note, that the dependenceMyf,, on wy now
lowers the overall number of clustedotted ling, balancing

Ra\3[1+24)3 the slight increase of the number of clusters for tHh€é DM
A(2) = {1 2ia) U(2) R_W) 1+Zv) ' (18) universe, compared to the fiducial model in the case of a
fixed limiting mass(see Fig. 2 For an increasingd},, the
where we have introduced limiting mass is decreasing resulting in an even more en-
hanced number of clusters compared to the fiducial model.
Ryir 1-7n,/2 19 Moreover, in this approximation the limiting mass goes to

Ra 2+ 327,

the ratio of the radius at virializatiofor collapse of the
cluster to the radius at turnaround with

_ Qq(Z0)

= —[1+3W(Zta)]m, (20)
B CQqz) (1+2z,)°

G _[1+3W(ZV)J§tan(Zv) 1+Zta (21)

zero at low redshifts. Although this will be seen to be un-
physical when telescope beams are small, it will be a good
approximation when the beam is large. The dependence of
the limiting mass on the cosmological parameters feeds into
the predictions fodN/dz, but the effects of parameters such
as og andn is unchanged from that for a constant limiting
mass.

B. Extended clusters and survey beam

So far we have not accounted for the possibility of clus-

ters being extended objects within the telescope beam which
Note that again these expressions differ frigt@l] because of

the generalized potential for the dark energy component in  § Q:‘ S ‘ % Eool T NE
Eqg. (12). We have now all the necessary ingredients to cal- == - U 30 * 7
culate the virial mass of a cluster for a given Sunyaev- 1= | s $ E
Zel'dovich flux decrement. However in order to calculate the v ] NPE E
limiting mass in Eq(3) we need to transform the virial mass 5%10% 7 T 15 3
from an over-density oA to an over density oA =200. In - ] % - E

order to do this we assume that the matter in the cluster is
distributed according to a Navarro-Frenk-Wh{FW) pro-

- . . . 1013
file [107], with a concentration parameter=5. This allows 0
us to rescale the cluster mass frdwh,;, to Mygq. In Fig. 3

we illustrate the limiting mass and redshift distribution of  FiG. 3. The limiting masgleft) and surface density of clusters
clusters using the point source approximation for the same@ight) in the point source approximation for a survey with limiting
cosmologies as in Fig. 2. First, notice that the limiting massiux densityS;,,= 4.4 mJy and frequency= 150 GHz. The differ-
depends on the cosmological parameters. As well as the stasnt lines correspond to different cosmological parameters with the
dard dependence dily, we see a dependence O, andw, key the same as in Fig. 2.

i

S N NS N 0 | \\
0.5 1 1.5 2 0
zZ
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could lead to a loss of flux. If there is a bed@(6) present, P T T T 6 ¢ .
integrated y-distortion in Eq6) becomeg108] . e NN | 5E E
f dQB(6)y(0) Lo 8 N . ;ﬁ;‘ E
Y=f dQy()—Y= : (22) ] Ny :
f dQB(6) ] Z RN E
5x1013 — 1 H E
where we assume a Gaussian profile of the beam, with 00‘5‘11‘52 % ‘oﬂ5 11\5;
B(6)=exd — #/(207)] and o, is related to the full-width- z z
half-maximum _ (FWHM) .Of the beam by oy FIG. 4. The limiting massleft) and surface density of clusters
= Orwhm/ V8 In 2. The equation for the observed flux for a (right) for a survey with limiting fluxS;,=2.62 mJy per beam, a
beam directly over the center of the cluster is theg] frequencyr= 150 GHz and a beam width afeypy=21.3 for an
optimal combination of pixels up to a angular size @Ry
- 2y2TcMB<Te>” fgaJ\/' vir 1 =20'. The (_Jllfferent lines correspond _to d_lfferent cosrnologm_al pa-
= —Zg-Tf(x)I(B,g), (23 rameters with the key the same as in Fig. 2. The light solid line
Me MeMp  dy corresponds to theo beam smoothing case, when we fix=1.
with 2) -3p12
No| 1+ — r <Ry
ny(r)= R2 (26)
f dQB(6)(6) 0 r=Ry;,
(B,0)= : (24)
f dQB(G)f dQ.£(9) whereR¢ is the core radius of the cluster defined in terms of
the virial radiusR.=R,;;/ @. The projected profile function is
In general this function will depend oMl via Ry, so a then
simple analytical solution foM,; in terms ofS;,,, andz is
not possible and therefore we must solve E2) numeri- o?— 02162\ V2
cally using the Newton-Raphson method. The expression (w2)- (31289 —20) 1
(23) is the flux in a single beam, however, if the cluster is 2 1+ 6’2/6’C
larger than one beam area , beams can be combined with a {(0)=| 1+ 92 J(a,B) '
C

resultant increase in the noise, a process often known as 27)
beam smoothing. The optimum number of beams is given by

where J(a,b) = [3(1+x?) ~%2dx and §.=R./d,. For the
f dQZ(0) purposes of our discussion we will assume tBat2/3 and
Ny=—"——, (25) a=10[108], in which case
f dQB(6)

J(a,2/3)=tan (a). (29

as discussed if08]. In reality N, must be an integer, but we
will allow it here to take any value greater than one. It wasFigure 4 illustrates the limiting mass and redshift distribution
shown in[98] that this does not unduly exaggerate the pre-of clusters if we use a beam 6fyu=1.3. The cosmology
dicted number of clusters detected. dependence is very similar to the point source approxima-
In most situations there will be a limit to the extent to tion. We also include the result if we allow no beam smooth-
which one can beam smooth, for example, due to the primaring (light, solid line). We see that below a redshift af 1
CMB anisotropy. In the subsequent discussion we will asthe possibility of beam smoothing becomes an important fea-
sume thatdfivu=20". Note that for multifrequency obser- ture. With gyyv= 1.3 and 6Ruu=20" it is possible to
vations like Planck it may be possible to effectively filter out combine up to 60 beams, which leads #er0.4 to a limiting
the SZ signal due to its distinct spectral signature. This irmass which is % 10"*M, lower than without smoothing.
principle would allow to combine even more pixels, howeverFurthermore we note that the limiting mass is not dropping
we do not include this effect in our analysis and we do notto zero as is the case in the point source approximation. For
expect it to be significant, since it will be important only for the surface density we see how combining the pixels im-
objects at low redshifts. proves the situation in the low redshift region. We have now
We assume that the cluster is in hydrostatic equilibriumall the ingredients to perform a likelihood analysis for differ-
and can be described by a truncated isother@wahodel  ent types of the surveys, which we will discuss in the next
[109,114, with an electron density distribution of section.
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TABLE |. The experimental parameters for the six different SZ  BOLOCAM This instrument has 144 instantaneous beams

surveys assuming approximately one year integration time. and is being used on the 8m telescope at the Caltech Sub-
millimetre Observatory on Hawaii. We estimat@-u
Sim[MJy]  v[GHZ]  Opwpw  AQ [ded] =0.8 at 1?9 GHz and each of the beams héas
=35 mJy set”. Atmospheric emission could well require
VSA 575 30 8.0 300 some beyam switching,pbut for our calculations we a?ssume
BOLOCAM 1.64 150 08 130 that all 144 beams measure the sky providing an instanta-
AMI 0.58 15 4.8 230 neous field of viewQroy=0.025 ded.
OCRA 0.30 30 11 140 AMI. Consists of the eight 13m dishes of the Ryle Tele-
Planck 41.5 100 972 20600 scope and a new array of ten 3.7m antennas. It should have
SPT 2.62 150 13 1430 VQroy=21" andl =20 mJy set?. The extra resolution pro-

vided by the Ryle baselines should allow for an investigation

of the potential problem of radio point sources inside the

clusters which would dilute the signal at low frequencies.

A. Proposed surveys OCRA Currently funded is a 10 beam system which will

use 30 GHz receivers similar to those developed for the
lanck LFI system. This will be mounted on the 32m tele-
cope at Torun in Poland. Since the atmosphere is likely to

IV. LIKELIHOOD ANALYSIS OF PROPOSED SURVEYS

In order to be able to make some firm statements as to th
extent to which one might be able to constrain cosmologica,

parameters we have to specify the flux “.rs‘“’”’ the angular be significant at this location the receivers will be used in
coverageA(}, the frequency of observationand the beam gairs each withl =5 mJy se¥2 We present results for a

size Orywym Of the survey. This is a large parameter space an roposed 100 beam system which should haie,
it would be prohibitive to explore it fully. Hence, we have ~0.034 deg

decided to devote our attention to modelling six instruments
which have been proposed and which cover a wide range cg
possibilities. They are the VSf29], BOLOCAM [16,17],
the Arcminute Microkelvin Image(AMI) [18,19, the One-
Centimeter Receiver ArrayOCRA) [24], the Planck Sur-
veyor Satellite and the South Pole Telescop@PT)
[25,26,11]. We have not specifically include the Sunyaev-
Zel'dovich Array (SZA) [20-22 and the Array for Micro-
wave Background AnisotropfAMIBA ) [23] in our analysis
since they are likely to of very similar sensitivity to AMI.
Other experiments are proposed, but we do not have suff
cient information to include them in our calculations. We
should caution the reader that these instruments use a wiq)eg

range of different techniques, have/will cost wildly different BOLOCAM. ~170 for AMI. ~460 for OCRA. ~4500 for
amounts of money and will become operational over a wideSPT and~ 5;200 for the Pla,nck surveyor '

range of time scales. It is not our intention to discuss the™ Fig. 5, we present the computed mass limit of the pro-
(r)r}etrr:t; l?Ijeﬁ);glgg?ersgffg;ntir:‘c’sftl:j;[:?ther to give a pICtureposed surveys. Due to the fact that we have optimized the

; . survey yield, instruments with similar beam sizes have simi-
The values which we have chosen to represent each i, limiting masses, that is SPT, OCRA and BOLOCAM
strument are presented in Table I. The particular values foﬁave the lowest Iim,iting masses ,and are approximately the
Sim and AQ) use a quoted instantaneous sensitiijther

) L . same, as are VSA and Planck which have the highest limiting
for the whole instrument or individual beajrand the opti- .mass because of their large beams and low sensitivity per

mal depth of the survey using the procedure discussed 'Beam. On the right in Fig. 5 we show the surface density of
[98]. The angular coverage can then be computed from the, o i hins ofAz=0.1. VSA should find a handful of

Instantaneous field o.f view and assuming one full year Inte., sters in each bin while AMI could discover up %20
gration time. Very different results would be achieved by

. o2 : — clusters in some bins around the peak near0.3.
trading off sensitivity for area according &y, / VALL. How- BOLOCAM and OCRA will observe a few tens of clusters in
ever, any changes from the quoted values would lead t

fewer objects being found and would, therefore, be likely toﬂ']e redshift bins around the peak region and many more at

. . high redshifts than Planck. This is due to the small beam
lead to Wea_tker constraints on cosmplog|cal parameters. Thgze. Although SPT will observe fewer clusters than Planck
statement is only true for our particular modelling of the '

distribution of clusters in the region above redshift= 0.5 the cluster yield of SPT is
. ; ) far larger than the one from Planck, again due to its compa-
It is worth making some comments on how we have don

this for each of the different instruments: erably small beam.
VSA A 14-element interferometer based on Tenerife. We

use the specification for a proposed upgrade which should

have an instantaneous sensitivity bf0.5 Jy set? on a In the following we will discuss the ability of these ex-

field of view of Qrqy=1 ded. periments to constrain cosmological parameters. Therefore

PLANCK SurveyarHere, we use the likely sensitivity for

whole scans of the sky which should take 14 months for
the 100 GHz channel on the HFI instrument. We conserva-
tively assume that it should be possible to extract the SZ
signal over 1/2 of the sky. We have not attempted to optimize
the yield of this survey since the satellite will cover the
whole sky.

SPT This is an ambitious project to build a 10m telescope
at the South Pole and mount on it a 1000 element bolometric
array. It should be possible for such an array to achieve
5,,=5 mJy onAQ=4000 degd [111].

The number of clusters we predict for the fiducial cosmol-
y and the setups of Table | are60 for VSA, ~400 for

B. Poisson statistics
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£ 5 10 % which is known in the literature as the Cash C statifstit2].

=

1014

We will sample the log-likelihood function in Eq(30)
) around our fiducial cosmology, where we assume that we can
15 2 get redshifts out t@,5= 1.5 with an accuracy oAz=0.1.
This should be feasible with photometric redshifts from in-

FIG. 5. Limiting mass(left) and number of cluster§ight) in  struments like the SDSS and VISTX4—-76. For an effi-
redshift bins ofAz=0.1 for the different experimental setups from cjent way of sampling we adopt a Markov chain Monte
Table I. The dot-short dash line is for BOLOCAM, the dOt-long Carlo samp“ng method113,114,81 Where we typ|ca”y
dash line for VSA, the solid line is for the AMI survey, the long compute half a million samples to achieve convergence. For
dashed line for OCRA, short dashed lines for the 100, 143 and 3584 |ikelihood scanning we varfly, Q.,, g, Wo andw;
GHz channels of the Planck Surveyerote that we only use the oy keen the other parameters fixed. In order to speed up the

100 GHz channel in the further analysis since it predicts the largesﬁkelihood calculation we also approximate the calculation of
number of clustepsand the dotted line for SPT. The data points are . . .
from a randomly generated sample assuming Poisson errors. No%(R) in Eq. (5) by the expressions given [115,118.

that we have approximated the error bars in the plot with a Gaussian
distribution of width VAN. The plots are all for the fiducial cos- C. Mock likelihood analysis

mology. In Fig. 6 we present the joint1 o likelihood contours for

the mock surveys. We have marginalized over all the other
we need to define a statistic to treat this problem quantitaparameters and the only prior assumption made was that
tively. We assume that the measurement is dominated by ,=72+8 kmsec*Mpc ! as suggested by the Hubble
Poisson statistics. If we measuNg;,; clusters in a particular Space Telescope Key Projg@5]. Note that we include a
redshift binz; the overall probability to observen,;} clusters  larger number of parameters in our analysis than in previous
in Ngg bins is then analyses which naturally tends to increase the size of the
error bars. It is clear that the results from VSA, BOLOCAM,
AMI and OCRA are unlikely to improve on current con-

Ly \/\ \/m\

I
0 05 1 15 2
Z

H
o
©
o

N n;j
p({n;H{Ny; ,}):ﬁthinvi e~ Nbin, (29) straints on the cosmological parameters, but that they will
: binif /L Lyl ' provide extra independent, complementary information

which can be used in conjunction with, for example, that
from the primary CMB. It is possible that these surveys

We would like to test how probable it is that a given theorycould be used in conjunction with x-ray or weak lensing
fits our measuremedNy;,; ,z}. Therefore, we have to cal- observations of clusters to probe the gas physics of clusters

culate NIEOY Z AN 1) with Ntheory as well as to constrain cosmological parameters, providing
B Z‘+AZ/2dFI)\f/{d bin d( ')\3\|/{ b'”"}t)) id a loa-likelin b'“d (tl)t' further insight for future more powerful surveys.
=5~ 122dN/dZ(z)dz. We can build a log-likelihood statis- o, 3nalysis shows that Planck and SPT are likely to
tic by defining yield tight constraints owrg and(),. They will be also able

1.1 1 2

1.05

0.95

0.85

0.8

0.75

0.1 0.2 0.3 0.4 0.5 ~o.1 0.2 0.3 0.4 0.5 15 1 0.5 0 0.5 1
9y Qu w

FIG. 6. 1— o joint likelihood contours marginalized over all the other parameters with a pridt ea72+8 km sec ! Mpc . From
outside in, the contours correspond to AMI, BOLOCAM, OCRA, SPT and Planck. Note that VSA yields weaker constraints than AMI and
has been omitted.
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FIG. 7. The - o joint likelihood in thew;—w, plane for the SPT survey. On the left, standard S&dtted, with a prior onQ,
=0.3+0.04 (dashed filled contoyirand with prior onQ),=0.3+0.02 andog= 0.9+ 0.01 (inner dot-dashed filled contouiThe dashed line
is for the Supernovae Acceleration Probe—SNAP. On the right= 1.0 (solid), standard SPTdotted, SPT withAz=0.01 (dot-dashed

to start to constrain the equation of state parameters. Howthat even using SPT with the tightest priors as well as SNAP
ever, it seems that the surface density of clusters alone wilbne cannot establish the evolution of the equation of state of
not be able to distinguish the fiducial model frood&DM  the fiducial model. However, if we marginalize ovey, a
cosmology. In order to achieve tighter constraints on thelifference between cosmological constant ang>—1 can
equation of state it will be necessary to use additionaPe established albeit with limited significance.
complementary information from SNe observatidid.7], In Fig. 7 (right) we illustrate how our knowledge of the
baryon mass fraction measuremefi&8] or other cluster clu_ster_ red§h|f'Fs can affect our conclusions. The outermost
abundance measuremef@]. In the subsequent discussion solid line likelihood contour is for the SPT survey with
we will focus on the SPT survey. Zmax=1. In this case, the error bars are much larger than
In Fig. 7, we investigate the use of prior information on those expected when we assume the measurement of red-
Q. and og. First, we include an uncertainty oAQ,  Shifts outtozy,=1.5. The dashed contour is obtained if we

= +0.04 (solid). This accuracy has been already achievedave redshift bins oAz=0.01 instead ofAz=0.1. We see
for measurements of the baryonic gas fraction in clusteréhat there is very little dllfference between the'error contours
using x-ray techniqueB8]. It was established that this un- for these two different binning values suggesting that photo-
certainty is relatively insensitive to the inclusion of a dark metric redshifts should be sufficient at least for this applica-
energy component and hence we use it without modificatiofion. This can be seen by looking back at Fig. 5 where we see
[89]. We see that such a prior does not significantly improvethatAz=0.1 seems sufficient to map the shape of the surface
our ability to constrain the dark energy parameters. In ordeflensity of clusters since it evolves much more slowly with
to improve on this, we have also put very tight priors@p ~ redshift.
and og, with AQ,,=0.02 andA og= +0.01 (dot-dashey a oo =
level of constraint which could be possible using x-ray and o T ]
lensing observationg84]. This serves to illustrate how sen- :
sitive the cluster abundance measurement is to the value of
og since the constraint on the dark energy is substantially
improved. If there is a tight prior oog then other cosmo-
logical parameters can be tightly constrained using SZ sur-
veys.

The dashed open contour is the-#r likelihood for the
proposed SNAP survey. We assumed for this analysis that
SNAP will discover about 2000 SNe out to redshift of

=1.7 [68,69. W.e see t.hat SZ surveys provide valuable FIG. 8. The surface density for the SPT survey for different
compleme'ntary information to SNe Surveys. The SNe S€€MNalues ofT, . The dotted line is foil, =1.0, the long dashed line

to constrain the constant part of the equation of SWatg,  (,arially hidden for T, =1.44 (- 10%), the dot-dashed line for
much more tightly than the evolving paw;, while SZ clus- 1 _1 76 (+10%) and the dashed line fdr, =2.0. The middle
ters appear to constrain both parameters equally. This is bgpjig line is for the fiducial model, the upper solid line f¥,,
cause the surface density of clusters essentially constrainsg 32 and the lower solid line foH,=65 km sec® Mpc L.
cosmological parameters via the linear growth fad{z) Clearly, differences of- 10% are of the same order of magnitude as
and the volume elememtV/(dzd(2), while SNe constrains the constraints on cosmological parameters which we are trying to
the magnitude-redshift relation. As a note of caution we findestablish.

=0.1)

AN(Az
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FIG. 9. The 1- o likelihood contours for the SPT survey. In the top two panels and the lower left panel we show the effect of the
mass-temperature normalization bias, if we assimeis 16% larger(dotted and 12% lower(dashed than the fiducial value off,
=1.6. In the lower right panel, is included as a free parameter. The inner light shaded contour is withTixed..6 and the outer contour
marginalized oveiT, .

V. STATISTICALAND SYSTEMATIC UNCERTAINTIES for the fiducial model and models witR ,,=0.32 andH,

=65 km sec Mpcl. We see from this that an uncertainty in
T, changes the amplitude in the surface densityrmitthe

In order to calculate the surface density of clusters abov@hape and, therefore, we expect that the degeneracy between
a certain mass limit it is necessary assume a masshe equation of state parameters, which mainly defines the
temperature relationl4). The derivation of the mass tem- shape of the curvesee Fig. 4, is largely unaffected by this
perature relation assumed that clusters are completely virialincertainty. However, we expect degeneracies withand
ized objects in thermal equilibrium governed only by Q..
gravitational physics. However on-going mergers, incom- In order to test this, we first study the bias we introduce if
plete virialization and numerous possible nongravitationawe analyze mock data, created using a different valug,of
heating mechanisms, such as AGNS and SNe, can modififom the one we used to perform the analysis. In the top two
this assumption. We will, therefore, discuss the consequencegd lower left panel of Fig. 9 we show the results of this. The
of modifications to the mass-temperature relation. First wedotted line corresponds to a model created wWith=1.86
will concentrate on the overall normalization amplitufig ~ and the dashed line 6, =1.42. In all cases we performed
which we have already pointed out is deduced by normalizathe analysis for the fiducial valukg, =1.6. This roughly cor-
tion to the results of numerical simulations. From the com-responds to a bias in the limiting mass ©20%. We see
pilation of different simulations and observation§123] we  clearly the bias introduced in theg and(),, measurements
see thafl, can be anywhere in the randg =1.0-2.2. We by choosing the wrong value df, . However, the effect on
have chosefT, = 1.6 for our analysis which is in the middle the dark energy parameteng, and w, (Fig. 9, lower lefi
of this region, although not preferred by a particular mea-seems to introduce only a slight extra bias toward lamggr
surement or simulation. values and only increases or lowers the error bars corre-

In Fig. 8, we show the variation of the redshift distribu- sponding to the change in the overall number of observed
tion of clusters with varyingl, . We also show the values clusters.

A. Mass-temperature relation
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FIG. 10. The surface density of clusters for the SPT survey. The FIG. 11. The surface density of clusters for the SPT survey with
lowest solid line is for the fiducial model, the middle solid line for changes in the mass-temperature relation. The lowest solid line is
0 ,=0.32 and the upper solid line farg=0.95. The dotted line is for the fiducial model, the middle solid line fd&2,,=0.32 and the
for a statistical uncertainty in the limiting mass 6&=20%, the upper solid line forog=0.95. The dotted lines are for a change in
short dashed line fol5=30% and the long dashed line fat the power law between limiting mass and temperature. The lowest
=40%. The data points are from a simulated mock catalogue fodotted line is foré=1.6, the middle dotted line fof=1.7 and the
the SPT survey. top for £=1.9. The long dashed lines are for changes in the redshift

dependence of thé1 —T relation. Form top to bottom the long

This becomes even clearer if we include the paramiger dashed lines correspond #5=1.5,1.2,0.8,0.5. The data points are
in the likelihood analysis and marginalize ovEy . The re-  from a simulated mock catalogue for the SPT survey.
sult of includingT, is presented in Fig. 9, lower right panel.

We see that this only increases the error bars invifei- The final uncertainties in the mass temperature relation
rection. This is becausw; (and also partlyw,) influence ~ which we shall investigate are a different power law depen-
mainly the shape of the surface density and not so much itgence betweeM andT, and a different overall dependence

amplitude, as suggested above. on redshift{100,25. We redefine the mass temperature rela-

So far we have assumed that the mass-temperature refton to be
tion applies universally. However, at this stage it is only an
observed correlation and is likely to have considerable scat-
ter. Next, we investigate the inclusion of statistical uncertain-
ties in the limiting mass. We incorporate this via a “selection

<Te>n=T* [ACE(Z)2]1/3

1+(1+3w)QQ(Z)}

Ac

function” _ ¢

unction” ¢(M,z) [25], ><(1+z)81( My | @3
N dv (e dn 10°h~*Mq
E—Aﬂdzd@(z)Jo dM2 g M. 8D

where ife=1 and&=3/2 we obtain the standard mass tem-
perature relation(14). Note that new values foe and ¢
would require a recalibration of the relation and hence a
1} different value ofT, . However, since we will only restrict

with

1( [M=M;.(2)
$(M,z)= 5( GY{W'?Z) + (32 ourselves to a qualitative discussion we will not incorporate
m this effect. The parametef could model nongravitational

wheres is the relative statistical uncertainty in the mass limit heat input. Since smaller clustetsat is, groupsare prefer-
M. In Fig. 10 we illustrate the influence of different val- entially affected by these processes, we exgeet.5. Ob-

ues of & on the observed surface density. A general result i$ervations and simulations suggest values of £.481.98
that the inclusion of this effect using a symmetric selection[118,99,119-12]1 The paramete¢ models deviations from
function will always increase the overall number of observedcomplete virialization. On one hand, clusters at early times
clusters since there are many more objects just below thelight not be completely virialized, henee<1. However,
mass threshold than just above it. We see from the figure th&lusters which have ongoing mergers or some other form of
an unknown uncertainty in the limiting mass will also in- energy injection could be much hotter than expected and
crease the uncertainty in constraints on the cosmological pdence haves>1. At this stage there is no observational
rameters, but if it is known and well understood it should bepreference for any particular value of In Fig. 11 we illus-
possible to incorporate it into the analysis. Since the changesate the surface density for the SPT survey for different
in the surface density due #®+0 only become larger than values of ¢ and e. We allow & to vary in the rangeé

the expected Poisson errors for SPT when the scatter i51.6,1.7,1.9 and see that we observe more clusters for
greater thand=15%, we estimate that a statistical uncer-higher values ofé. This is clear since from Eq10) we
tainty below this level should be acceptable for this surveyobtainM ;=S¢ This again will increase the uncertain-
The Poisson errors for the other surveys are much larger arties mainly in the parameters which define the amplitude of
hence it should be possible for them to withstand muctthe redshift distribution, lik&),, or og. We varye between
larger values of5 and still give sensible constraints. 0.5 and 1.5. A recent Fisher matrix analysis of SZ cluster
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1000 marginally maximal acceptable value ©f =2.5[123] the
number of clusters is about a factor of 1.7 below the number

> observed in a universe wittig=0.9. Nonetheless it is clear
S i ] that the lower values ofrg suggested by some lead to the
‘N‘ very small number of clusters one would naively assume.
NJ 1 In order to obtain as many clusters predicted in the fidu-
51 100 cial model, but usingrg=0.72 it is necessary to increase to

T, =3.5, which corresponds to a 75% lower normalization

‘ of the mass-temperature relation, outside the range suggested

T 15 2 by simulations and measured in realjty23]. Hence, if one

Z is drawn to conclusions of these particular observations it

) seems likely that our fiducial model overpredicts the number
FIG. 12. The Sur.face. density of clusters for the SPT SUIVEy. Th,%f clusters by at least a factor of two and the error bars on the

solid line is for the fiducial parameters and setgp. The dotted line '?Jarameters we have predicted are optimistic. However, there

fj:)_t;'g jv?m isﬁfcﬁégggg (f)cmri I_g?osvaes;eg;;iz ellirr‘;et/ci); tf_'@ are ob.servations which suggest t_he opppsite. Preliminary ob-

— 2.5 (middle *dashed lineto T, = 3.5 (top dashed ling * servations of secondary.CMB anisotropies of the large-scale

SZ effect using the CBI instrumefit24] indicate a value of

counts for the SPT survey obtained uncertaintiesAaf og>1 [125]. Although this result remains to be confirmed, it
~0.0064 and\s~0.46[25], if they are included as param- indicates that the issue of the valueay is far from settled.

eters. Although we believe that a Fisher matrix analysis caye ShQUId_ hote that it might be possible fo measure Fhe
only give crude error bars, we expect degeneracies to n ormalization of the mass-temperature relation directly with

restrict our ability to extract the cosmological parameterst'€ combination of cluster abundances and weak lensing ob-

We should note that follow up measurements which conS€rvationg123] and constrain botlrg andT, directly. Fur-

strain the mass of the cluster independently using, for extermore, a measurement of the flux of each cluster will

ample, x-ray measurements or weak lensing, could constrafnable one to perform an .inter_nal calibration_of j[he sample
the nonstandard mass temperature relation considerab d alleviate the uncertainty in the normalization of the
[25,100 and, hence, improve the veracity of constraints onM'@Ss-temperature relatigf26].

the cosmological parameters deduce from SZ surveys.

C. Mass function

B. Mass-temperature relation and og A further uncertainty we need to consider is the mass
gﬂnction itself. In our analysis we used the 2002 results from

the VIRGO consortiuni77]. In order to obtain insight into
éhe uncertainty of the mass function we have compared our
sults to the previously released mass function from 2001

Recent years have seen a wide range of values reported
the literature for the power spectrum normalizatign Ob-
servations with weak lensing, x rays, large-scale-structur
and the large scale SZ effect suggest values in the ran

0.61<0g=<1.05[122]. If interpreting particular observations 4]

requires the conversion from temperature to mass, as is the dn n(to) doy 1

case for the SZ effect and x-ray observations, then it is im- d—M(z,M)= —-0.31 M dM o

portant to know the value of, which has been used, since Im

there is a direct degeneracy betweenand the normaliza- x exp{—[0.67—log[D(z)oy]/°%3, (34

tion T, with Q%fo5=T, %8 [122]. As noted in the Introduc-

tion one problem of our analysis is that the choice of a lowewith the mass defined by an overdensitylof 324 relative
value forog in our fiducial model would have resulted in a to the matter density, which corresponds to an overdensity of
lower number of observable clusters and hence much weaker= 97 relative to the critical density for the fiducial universe.
constraints on the cosmological parameters due to the Poig¥e have also compared our results with the standard PS
son statistics. However, the analyses of x-ray measurementsass functiorf92]

which result in 0.%0g<0.8 use a larger value of,

[96,71,122. We will now discuss various aspects of this is- dn 2pm(t)) 6. doy,

sue. In Fig. 12 we illustrate the consequences of combining d_M(Z’M): N7 wm 2 dM

lower values ofrg with larger values off, . The solid line is D(z)o

for the fiducial model and the SPT survey. The dotted line is 52

for the same setup withrg=0.72, which seems to be in the p( - —C) (35)
preferred range of x-ray and large-scale-structure observa- 2D(z)20f,,

tions[87,88,84. We see that the overall number of clusters is

considerably less for the lower value @f. However, x-ray  with §.,=1.686, where we ignore the weak cosmology de-
observations seem to require a lower calibration of the masgendence 08, in the present discussion. In Fig. 13, we show
temperature relatiofi84,123, which corresponds to an in- the different mass function a=0 for the fiducial cosmol-
creased value off, . In Fig. 12 we show the increasing ogy. The solid line is for the 2002 mass function of the
number of clusters observed @s increases. Still for the VIRGO consortium[77], the dashed line for 20004] and
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FIG. 13. On the left the different mass functionszat0. The B o
dashed line is for the Jenkins 2001 mass funci®f, the solid line FIG. 14. The probability fow, marginalized over all the other
for the Evrard 2002 mass functi¢id7] both from the VIRGO con- ~ Parameters. The solid line is for the OCRA survey, the short dot-
sortium. The dotted line is that expected from the PS formalism foidashed line for SPT, the dashed line for SPT including the param-
a mass definition o ,0o. ON the right the expected surface density gterT* in the likelihood analysis and the dotted line for SPT with
of clusters for these mass functions for the SPT survey. tight priors on{},, and org.

the dotted line for the PS mass function. We will investigate Ve have shown in Fig. 7 that it is sufficient to use redshift
the consequences of these three mass functions for the e}ins of Az=0.1 to constrain the cosmological parameters.
pected yield of the SPT survey. Since SPT has a limit oftssentially the shape of the redshift distribution is mapped
roughly 1.7<10“h"'M, we have to consider the mass out adeq_uately with this bin width. It should be feas!ble for
function above this limit. The PS function dominates overSurveys like SDSS or VISTA74—76 to measure redshifts of
both the VIRGO 2001 and VIRGO 2002 mass function up to_thls accuracy, although_one will have to be careful to avoid
masses of 16h~ M, and then the PS mass function dropsintroducing extra selection effects. .

below both VIRGO mass functions. The VIRGO 2001 func- While Planck, SPT and OCRA will constrain the standard
tion is marginally above the VIRGO 2002 function in the cosmological parameters significantly, it will be difficult for
range below 18h~M. However, above this region the them to provide information ab(_)ut the equation of state of
number of clusters is so sparse that the contribution to thé"e dark energy component. While they do not constrain it by
surface density of clusters is not significant. We also preserflémselves, they are complementary to SNe observations as
the surface density for the SPT survey in Fig. 13. We see thdtustrated in Fig. 7. SZ surveys essentially consti@ip and

the PS mass function results in about twice as many clustefovide a prior for SNe surveys like the SNAP mission.
and the VIRGO 2001 about 25% more clusters than thdiowever, they become considerably more powerful if one
VIRGO 2002 mass function. It is clear from this analysis,i'_"C'UdeS atlg_ht prior on the amp_htude of the density fluctua-
that a precise convergence of the mass function is required #°nS s, which could be provided from complementary
constrain cosmological parameters using the surface densit§rge scale structure observations.

of clusters, providing a further impetus for an extended pro- This leaves us with the question of whether any of the
gram of numerical simulations. Clearly the uncertainty in theProposed SZ surveys might be able to distinguish the fiducial
mass function is degenerate with other uncertainties in th€0smology from aACDM universe. In Fig. 14 we show the
mass-temperature relation ang. However, combining Sz, ©ne dimensional likelihoods for the constant part of the equa-
x-ray and weak lensing of clusters could help constrain thdion of statew,. We see that the OCRA survey cannot con-

mass function as well. strain the equation of state. However the marginalized like-
lihood of SPT narrows in on the fiducial value @i,
VI. DISCUSSION AND CONCLUSIONS = —0.8, while with tight priors on(},,, and g we can dis-

tinguish the fiducial model withw=—-0.8+0.3 from a
In this paper we have introduced a realistic model for theA CDM cosmology.

surface density of clusters that would be observed by an SZ We have also discussed in detail systematic and statistical
instrument including effects of the beam of the survey andincertainties which might affect our ability to extract cosmo-
the profile of the cluster. In Sec. IV we analyzed constraintdogical parameters. The main sources of uncertainty are the
on cosmological parameters that might be expected fronmass-temperature relation and the mass function; clearly
such surveys. We found that SPT and Planck will be particumuch more work is needed to pin these two quantities down.
larly powerful in constraining the standard parametegs The inclusion of the normalization factdr, in the likeli-
and(,,, and can be used in conjunction with other observa-ood analysis only marginally increases the error bars on the
tions, for example SNe surveys, to constrain the dark energgquation of state as shown in Fig. 14. A potentially more
These surveys can be expected on a time scale of around 5 ¢@nificant problem is a modified evolution or power law of
7 years. In the meantime less powerful surveys such as thogske mass temperature relation. The Fisher matrix analysis
possible using VSA, BOLOCAM, AMI and OCRA will pro- presented if25] suggests that this problem is not too severe.
vide useful complementary constraints, while allowing theThis is because the cosmological dependence of the surface
study of the clusters themselves, in particular using x-raydensity is mainly due to the growth factor, rather than that
follow up. from the limiting mass.
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The surveys discussed in this paper will provide muchlikely to play a strong role in this over the next decade.
more information than just the surface density. In principle it
should be possible to use the flux information as well as the
surface density to constrain cosmological parameters as
hinted in[100,126. However, using the flux as well as red-
shift, the information is likely to be more susceptible to sys- We would like to thank S. Allen, S. Bridle, I. Browne, C.
tematic error. This subject is currently under investigation. Dickinson, G. Efstathiou, R. Kneissl, J. Mohr, J. Ostriker and

Finally, we should note that it is difficult to strongly con- P. Wilkinson for helpful discussions. We also thank A. Lewis
strain the equation of state of the dark energy componenfor useful discussions and providing us with the software to
and particularly its redshift evolution, using any single analyze the probability distributions. The parallel computa-
method. It is clear that a joint effort will be required with a tions were done at the UK National Cosmology Supercom-
combination of measurements such as those from the cosmputer Center funded by PPARC, HEFCE and Silicon
microwave background, large scale structure, SNe, wealsraphics/Cray Research. J.W. is supported by the Lever-
lensing and clusters being necessary to achieve this goal. Theilme Trust and King’'s College, Cambridge and R.A.B. is
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