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The hot gas in the IGM produces anisotropies in the cosmic microwave backg@uB) through the
thermal Sunyaev-Zel'dovicliSZ) effect. The SZ effect is a powerful probe of large-scale structure in the
universe, and must be carefully subtracted from measurements of the primary CMB anisotropies. We use
moving-mesh hydrodynamical simulations to study the 3-dimensional statistics of the gas, and compute the
mean Comptonization parametgiand the angular power spectrum of the SZ fluctuations, for different cos-
mologies. We compare these results with predictions using the Press-Schechter formalism. We find that the two
methods agree approximately, but differ in details. We discuss this discrepancy, and show that resolution limits
the reliability of our results to the 260l <2000 range. For cluster normalized CDM models, we find a mean
y-parameter of the order of 16, one order of magnitude below the current observational limits from the
COBE-FIRAS instrument. For these models, the SZ power spectrum is comparable to the primordial power
spectrum arount= 2000. It is well below the projected noise for the upcoming MAP satellite, and should thus
not be a limitation for this mission. It should be easily detectable with the future Planck Surveyor mission. We
show that groups and filamentsT<5 keV) contribute about 50% of the SZ power spectrurh=a600. About
half of the SZ power spectrum on these scales are produced at redshift$, and can thus be detected and
removed using existing catalogs of galaxies and x-ray clusters.

PACS numbd(s): 98.70.Vc, 98.65.Dx, 98.80.Es

[. INTRODUCTION SZ effect from clusters of galaxies is now well established
[3,4,8—1Q. The statistics of SZ clusters were calculated by a
The hot gas in the intergalactic medivdGM) induces  number of authors using the Press-SchectR& formalism
distortions in the spectrum of the cosmic microwave back{e.g.,[11-15). Recently, Atrio-Barandera and Mket [16]
ground(CMB) through inverse Compton scattering. This ef- used this formalism, along with assumptions about cluster
fect, known as the thermal Sunyaev-Zel'dovi@®Z) effect profiles, to compute the angular power spectrum of the SZ
[1,2], is a source of secondary anisotropies in the temperaanisotropies for the Einstein—de Sitter universe. A similar
ture of the CMB(see Refs[3-5] for reviewg. Because the calculation was carried out by Komatsu and Kitayama
SZ effect is proportional to the integrated pressure of the gagkK99) [17], who also studied the effect of the spatial cor-
it is a direct probe of the large scale structure in the lowrelation of clusters and cosmological models.
redshift universe. Moreover, it must be carefully subtracted The statistics of SZ anisotropies have also been studied
from the primary CMB anisotropies to allow the high- using hydrodynamical simulations. Scaramedfaal. [18],
precision determination of cosmological parameters with theand more recently da Silva et 419], have used this ap-
new generation of CMB experimentsee[6,7] and refer-  proach to construct SZ maps and study their statistical prop-
ences therein erties. Perset al.[20] instead used a semi-analytical method,
Thanks to impressive recent observational progress, theonsisting of computing the SZ angular power spectrum by
projecting the 3-dimensional power spectrum of the gas pres-
sure on the sky.
*Previously at the Department of Astrophysical Sciences, In this paper, we follow the approach of Peesial. using
Princeton University, Princeton, NJ 08544. Email address:moving mesh hydrodynamicdMMH) simulations[21,22.
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tion and finite box size of the simulations. Results from pro-

jected maps of the SZ effect using the same simulations are y:on ady

presented by Selja&t al.[23]. We study the implications of

our results for future and upcoming CMB missidisgee also

Refs.[24,25)). wherep is the gas mass density,is the gas temperature,
This paper is organized as follows. In Sec. Il, we brieflyand ,uglzne/(p/mp) is the number of electrons per proton

describe the SZ effect and derive expressions for the intemass. Equatioi3) can be written in the convenient form

grated Comptonization parameter and the SZ power spec-

trum. In Sec. lll, we describe our different methods used to s

compute these quantities: hydrodynamical simulations, the VZYOJ dxT,a %, (4)

PS formalism, and a simple model with constant bias. We

present our results in Sec. IV, and discuss the limitation — T TR
imposed by the finite resolution and box size of the simula-%vheﬁe Ty=pTip is the gas density-weighted temperature,

P kBT

HeMp meC2 ,

3

tions. Our conclusions are summarized in Sec. V. andp=pQpa . The overbar denotes a spatial average and
), is the present baryon density parameter. The congtant
is given by

Il. SUNYAEV-ZEL'DOVICH EFFECT
The SZ effect is produced from the inverse Compton scat- ~ o1pcflpke
tering of CMB photong1—4]. The resulting change in the Yo= oM MeC?
(thermodynamic CMB temperature is e
~1.710¢ 1016(Qbh2) 1'136)K1M ct (5
' 0.05)| e pe

AT
T, yi(x) )
where the central value fqz, was chosen to correspond to a

where T, is the unperturbed CMB temperaturg, is the He fraction by mass of 0.24, and_that fOr, to agree with
Comptonization parameter, arj@x) is a spectral function big bang nucleosynthesp c.onstralfﬁﬁ]._ )
defined in terms ok=hw/kgT,, his the Planck constantand ~ The mean Comptonization parametercan be directly
kg is the Boltzmann constant. In the nonrelativistic regime,measured from the distortion of the CMB spectr(see Ref.
the spectral function is given bi(x)=x(e*+1)(e*—1)"1  [27] for a review, and is given by
—4, which is negativépositive) for observation frequencies
v below (above vy=217 GHz, for T;=2.725 K. In the
Rayleigh-JeanRJ) limit (x<<1), j(x)=—2. The Compton-
ization parameter is given by

y=vo axT,a 2 ®)

It can thus be computed directly from the history of the

keTo o volume-averaged density-weighted temperaﬁ;e The gas
y:aTj dlng 5= —Zf dl pe (2 in groups and filaments is at a temperature of the order of
MeC™  MeC 10 K (or 1 keV), and thus induce gparameter of the order

of 10°% over a cosmological distance ofcH,*
where o7 is the Thomson cross section,, T, andp are  =3000h~* Mpc [see Eq.(5)]. This is one order of magni-
the number density, temperature and thermal pressure of thgqe pelow the current upper limit g_f<1.5>< 1075 (95%
electrons, respectively, and the integral is over the physica(I:_L_) from the Cosmic Background ExploréCOBE) Far

line-of-sight distancel. . Infrared Absolute SpectrophotometéFIRAS) instrument
We consider a general Frledmann-Robertson-WaIke[zs]_

(FRW) background cosmology with a scale parameter de- The CMB temperature fluctuations produced by the SZ
fined asa=R/R,, whereR is the scale radius at timeand  effect are quantified by their spherical harmonics coefficients
Ry Is its present valuel. The Fzrlel/dmann equation implies thaélm, which are defined b)AT(n)ZTSlZlmalelm(n)- The
da=Ho(1-Q+Qpa~t+0,a%)"dt  where  Q=0n  an0uiar power spectrum of the SZ effect is then
+Qu, Qp, and QA are the present 'thal, matte_r, and E<|a|m|2>, where the brackets denote an ensemble average.
vacuum density in units of the critical densityc  gjnce most of the Sz fluctuations occur on small angular
=3Hp/(87G). As usual, the Hubble constant today is pa-gcgles, we can use the small angle approximation and con-
rametrized byH,=100hkms *Mpc™ 1. It is related to the sider the Fourier coefficien®T (1) = fd2nAT(n)e! ™. They

present scale radius By,=c/(xH,), wherex?=1-Q, 1, P
and Q—1 in an open, flat, and closed cosmology, respec@'€_related to the power spectrum RAT()AT*(I))

~T2 22) 111 2
tively. The comoving distancg, the conformal timer, the = 1 0(27)° RRU( "G, where &) denotes the
light travel timet, and the physical distandere then related 2-dimensional Dirac-delta function. The SZ temperature
by dI=cdt=cadr=ady. variance is then o%=((AT/Ty)%)=3,(21+1)C,/(4m)
With these conventions, and assuming that the electrons: fdIIC,/(2). Since, as we will seeﬂ,'pa*2 varies slowly
and ions are in thermal equilibrium, E) becomes in cosmic time scale and since the pressure fluctuations occur
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10000.00 f77==~L"T _© " T T T T T T Ty TABLE I. Simulation parameters.
::::::‘\\‘ simulation ]
f/ﬁ_‘:\ ————— Peacock & Dodds - Model Q,, Q, Q, h o r N2 LD
1000.00 ¢ 3
F-m 7 SCDM 1.00 0.00 0.100 0.5 05 050 %28 80
[a==es ACDM 0.37 063 0049 0.7 08 026 128 100
e S 3 OCDM 037 000 0049 07 08 026 28 80
'.i B0 _ i ZNumber of curvilinear cells.
g SUE E Box size (™! Mpo).
\.&/
% I NN
A 1.00f \ \\ 3 hydrodynamicgfor a review see Ref.30]) fix their resolu-
- o] tion in mass elements rather than in space and are able to
0.10:_ _ resolve dense.r(.agions. However, _due to the dev_elopment of
: : shear and vorticity, the nearest neighbors of particles change
i in time and must be determined dynamically at each time
0.01L vl 0 : L step at a large computational cost.
0.01 0.10 1.00 10.00 100.00 To resolve these problems, several approaches have re-

Iy (e Mpe™) cently been suggestd®1-33. The MMH code combines

the advantages of both the particle and grid-based ap-

lation. The power spectrum from the simulatiésolid lineg is ~ Proaches by deforming a grid mesh along potential flow
compared to that from the Peacock and Do@896 fitting for-  lines. It provides a twenty fold increase in resolution over
mula (dashed lines The spectra, from top to bottom, correspond to Previous Cartesian grid Eulerian schemes, while maintaining
z=0,0.5, 1, 2, 4, 8, and 16. regular grid conditions everywhef@2]. The grid is struc-
tured in a way that allows the use of high resolution shock
on scales much smaller than the horizon scale, we can appfapturing TVD schemesee for example Ref34] and ref-
Limber’s equation in Fourier space.g. Ref[29]) to Eq.(4)  erences therejnat a low computational cost per grid cell.
and obtain The code that optimized for parallel processing, which is
straightforward due to the regular mesh structure. The mov-
ing mesh provides linear compression factors of about 10,
which correspond to compression factors of about D
density. Note that this code does not include the effects of
wherer =Rgsinh(yR, 1), x, andRgsin(yR, ) are the comov-  cooling and feedback of the gas.
ing angular diameter distances in an open, flat, and closed We ran three simulation with 13gurvilinear cells, cor-
cosmology, respectively, anl,(k, ) is the 3-dimensional responding toog-normalized standard cold dark matter
power spectrum of the pressure fluctuations, at a given ca-SCDM), CDM with a cosmological constant\({CDM), and
moving distancey. In general, we define the 3-dimensional ordinary CDM(OCDM) models. The simulation parameters
power spectruniP (k) of a quantityq by are listed in Table I. Note that in all cases, the shape param-
eter for the linear power spectrum was set te=Qh
(34(K)8g* (k")) =(2m)35C)(k—Kk")Pq(K), (8) [36,35. The simulation output was saved ar
=0,05,1,2,4,8 and 16, and was used to compute
where ,(k) = fdx5,(x)€'**, and 5,=(q—q)/gq. With  3-dimensional statistics.

these  conventions, the variance s U§E<5§> To test the resolution of the simulation, we compared the

:fd3kpq(k)/(277)3_ For a flat universe, Eq7) agrees with ~Power spectrum of the dark matter density fluctuations
the expression of Persit al. [20]. The SZ power spectrum P om(K) [defined in Eq(8) with q=ppy] from the simula-
can thus be readily computed from the history of the meadions to that from the Peacock and Dodd$] fitting for-

: ; = la. The results for thd CDM are shown on Fig. 1, and
density-weighted temperatur€,(x) and of the pressure muia. 1 . T
power spectrunP (K, x). are similar for the other three models. The simulation power

spectrum agrees well with the fitting formula for &R
<2hMpc ! at all redshifts. For k0.2 and k
. METHODS =2 hMpc 1, the simulations are limited by the finite size of
A. Simulations the box and the finite resolution, respectively. We will use

We used the MMH code written by Pé@1,22, which these limits below, to study the effect of these limitations on

was developed by merging concepts from earlier hydrody:[he SZ power spectrum.

namic methods. Grid-based algorithms feature low computa-
tional cost and high resolution per grid element, but have
difficulties providing the large dynamic range in length Itis useful to compare the simulation results with analytic
scales necessary for cosmological applications. On the othealculations based on the Press-Schecki&9) formalism
hand, particle-based schemes, such as the smooth parti¢/&7]. We compute the angular power spectrum and the mean

FIG. 1. Power spectrum of the DM density for th&DM simu-

a “r 2, (7)

_ |
CIZJZ(X)YSJ dﬁiPp(;,x

B. Press-Schechter formalism
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Comptonization parameter, using the methods of KK99 and

log(T,) [log keV]
Barboseet al.[15], respectively. For definitiveness, we adopt

the spherical isothermgd model with the Gaussian-like fil- -20 -15 -10 -05 0.0 0.5 1.0
ter for the gas density distribution in a cluster,

21-8pl2 ACDM (z=0)

e o I I o & S WA
C L \ A oi
b v, ,,-\. ‘(‘

whereR andr . are the virial radius and the core radius of a 80 < f =
cluster, respectively, and a fudge factor 4/7 is taken to 2w

properly normalize the gas mass enclosed in a clydtér
We employed a self-similar model for the cluster evolution
[38]. Note that other evolution models yield spectra that dif-
fer only at small angular scaleb%2000)[17]. The gas mass
fraction of objects is taken to be the cosmological mean, i.e.,
QplQy.

The volume-averaged density-weighted temperature is

y (h™ Mpc)

]
- -

% B
A

. “1 N r
iven b s . ]
given by 20/ %4 -7 Y.
4 . - "] -
— 1 (M dn(M,z) - g™ ?’" @ *
TP(Z)_;JMmin dMMd—MT(M,Z), (10) 0 I-‘" —— i * ‘
0 20 40 60 80 100
x (h™ Mpc)

where py=2.775Q,h? Mg Mpc™2 is the present mean

mass density of the universgn/dM is the PS mass function

which gives the comoving number density of collapsed ob

jects of masdvl atz. T is computed by the virial temperature
given by

FIG. 2. Density-weighted temperature for tAdCDM simula-
tion at z=0. The temperature map was derived by projecting

through one face of the box.

C. Constant bias model

It is also useful to consider a simple model with constant

1/3 2/3
K.T(M.2)=5.2 g1 A(2) M bias. The biash, of the pressure with respect to the DM
sT(M.2)=52 8 1872 10 h~1Mg density can be defined as
X (1+2) QP kev, (11) 2 o Pok2)
D3k,2)= 5 (13

Whe_rEAC(_Z) IS t_he mean m3ass density ‘?f a collapsed Objectand generally depends both on wave nunband redshiftz
at z in units of ppQ,(1+2)° [39,40. While Barboseet al.

; In this simple model, we assume thaf is independent of
[15] usedB=5/6, we adop{3=2/3 according to KK99. both k and z, and replace the pressure power spectrum

The limits M, and M o should be taken to fit the re- p (k,2) in Eq. (7), by b P ou(k,2), whereP is evalu-
. . X Fplk, ’ p" pDM\™ 4, pDM
solved mass range in the simulation. The mass enclosed iy q using the Peacock and Dodds fitting forn{@@]. This
the spherical top-hat filter with comoving wave numbes | 55 the advantage of allowing us to extend the contribution
to the SZ power spectrum to arbitrary rangescot his will
be used in Sec. IV D to test the effect of finite resolution and
finite box size on the SZ power spectrum.

-3
Qnh *Mg.

12

3
Z) —3.6x 108

4o
k

M:?Po 1

hMpc?!
IV. RESULTS

Since thek-range of confidence in the simulation is approxi- A. Projected maps

mately 0.2<k<2 hMpc™! (see Sec. lllA, Eg. (12 Figure 2 shows a map of the density-weighted tempera-
gives M;=4.5x10?Q,h"*My and M,,=4.5 ture for the ACDM model projected through one box at

x 10" Q,,h~1 M. This mass range is used for calculating =0. Clusters of galaxies are clearly apparent as regions with
the angular power spectrum, the mean Comptonization pa&gT=3 keV. The gas in filaments and groups can be seen to
rameter, and the density-weighted temperature. A more destretch between clusters and has temperatures in the range
tailed inspection of Fig. 1 reveals that the resolution of the0.1<kgT=<3 keV. While these regions have smaller tem-
simulations depends on redshift, and involves a power lavperatures, they have a relatively large covering factor and
cutoff in k rather than a sharp cutoff. This must be kept incan thus contribute considerably to tiigarameter and to
mind when comparing the two methofsee Sec. IV D the SZ fluctuations. This can be seen more clearly in Fig. 3,
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log(y) 10! ———
-9 -8 -7 -6 -5 -4 - I SCDM |
- Simulation

T Press—Schechter

<kT,> (keV)

y (h™ Mpc)

1+z

FIG. 4. Temperature history of the gas. For each model, the
density weighted temperatuf, is shown for the simulations and
for the Press-Schechter prediction.

FIG. 3. Comptonization-parameter map for th€DM simula-  ters, which may be missed in the simulations due to the

tion atz=0. effect of finite box size, dominate there. The PS temperatures
atz=0 are listed in Table II.

which shows the corresponding map of the Comptonization The parameters of ouk CDM model were chosen to co-
parameter. Clusters produgeparameters greater than 1)  incide with that for the simulation of Cen and OstriKéx].
while groups and filaments produgeparameters in the While the slope of our density-weighted temperature agrees
range 10 '— 10 °. Note that of the total SZ effect on the sky approximately with theirs for<3, the amplitude is signifi-
would include contributions for a number of simulation cantly different. They find a final temperature of about 0.9
boxes along the line-of-sight. In such a map, the filamentarkeV, which is a factor of about 5 larger than ours. This
structure is less apparent as filaments are averaged out bscrepancy could be due to the fact that their simulation
projection[19,23. A quantitative analysis of the contribution includes feedback from star formation, while ours only com-
of groups and filaments to the SZ effect is presented in th@rise gravitational forces. It is however surprising that stan-

following sections. dard feedback could produce such a large difference. One
can estimate the gravitational binding energy of virialized
B. Mean Comptonization parameter matter from the cosmic energy equatigt2,43 and finds a

Th luti f the densit iohted ‘ thermal component of fluids to be of order 1/4 keV, consis-
h effr\llo u |on| ?. e ins' y-wellzg te4 _It_(;mperature Oltent with our simulations. We should note, however, that the
each of the simulations 1S Shown on Fig. <. e.te_mpefaF“f?ﬁigh thermal temperatures from feedback may be required
at present are listed in Table Il and are quite similar. This i, consistency with the x-ray background constrajg]
ﬁé?&;ﬁ?fat?é?;e '?rqenéggfdiovr\:ei;esfeh;)seernfct)cr) tEZVSeCS[I)rl?/Iibe:‘iat The reason for this discrepancy is still unknown at present,
. X ) ' “Tbut should be kept in mind for the interpretation of our re-
ter for the OCDM model, and intermediate for tAdCDM sults. P P
model. This is consistent with the different rate of growth of 110 hean Comptonization parameter for each simulation

Striclgcj)re If(())trteedaf): Thc:ge}ll ure is the density-weighted tem was dErived using Eq6) and is listed in Table I. In al
P g y g casesy is well below the upper limity<1.5x107° (95%

perature derived from the PS formalisfEqg. (10)]. The : ;
agreement foz=4 is good, both for the relative amplitudes C-1) S€t by the COBE-FIRAS instrume{i28]. The differ-

and for the shapes of the temperature evolutionza#% the ~ €ntial and cumulative redshift dependencey afre shown on
non-linear mass scale is not sufficiently large compared t&i9- 5. For the three models, most of the mean Sz effect is
the mass resolution of the simulation, so the temperatures aRfoduced atz=2. The contribution from high redshift is
not meaningful in that regime. This is however not a seriougargest for the OCDM and smallest for the SCDM model,
limitation, as these redshifts do not contribute significantly to@9ain in agreement with the relative growth of fluctuations in
either the mean Comptonization or the SZ fluctuations. Th&ach model. .

PS temperatures exceed the simulations at low redshift for all The differential and cumulative redshift dependence of
cosmological models, since massitegh temperatureclus-  derived from the PS formalism are shown on this figure as
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TABLE Il. Results.

Simulations Press-Schechter
Model T2 (kev) yx10P 0,(13)x1¢F  b,2P T2 (keV)  yx1C® 0,(13') x 10°

SCDM 0.19 0.86 0.33 5.30 0.27 0.86 0.58

ACDM 0.25 1.67 0.78 9.51 0.39 2.11 1.21

OCDM 0.19 2.62 0.45 4.54 0.42 3.23 1.57
At z=0.

®For k=0.5h Mpc .

the thin lines. The values of from PS are also listed in (0.2<sk=2h Mpc™!; see Fig. 1 The value ofb, at z=0
Table Il. They are higher than that for the simulations byandk=0.5h Mpc ™! is listed in Table Il. Forz=1, b, re-
about 25% for theA CDM and OCDM models, are in close mains approximately constant on large scales, but is larger
agreement for the SCDM model. The shapes of the differenen small scales. Indeed, at early times, only a small number
tial curves approximately agree, although the PS formalisnof small regions have collapsed and are thus sufficiently hot
predicts more contributions from lower redshifts. This can beto contribute to the pressure. As a result, the pressure at high-
traced to the slightly steeper evolution of the PS temperaz is more strongly biased on small scales.

tures in Fig. 4, and is due to massive nearby clusters. The Sz angular power spectrum derived from integrating
the pressure power spectrum along the line of Siflat (7)]
C. Power spectrum is shown in Fig. 8 for each simulation. For comparison, the

. ._spectrum of primary CMB anisotropies was computed using
As noted in Sec. I, the SZ power spectrum can be denve(iMBFAST [44], and was also plotted on this figure as the solid
from the history of the temperatufg, and of the pressure |ine. The SZ power spectrum can be seen to be two orders of
power spectrunP (k) [Eg. (7)]. The evolution of the pres- magnitude below the primordial power spectrum belbw
sure power spectrum is shown on Fig. 6, for th€DM <2000, but comparable to it beyond that. Because of finite
simulation. The amplitude oP,(k) increases with redshift, resplution and box size, the SZ power spectra should be in-
while keeping an approximately similar shape. Perhaps morgsrpreted as lower limits outside of theange of confidence
instructive is the evolution of the pressure biggk,z) [Eq. highlighted by thicker linegsee Sec. IV The SCDM
(13)], which is shown on Fig. 7. Far=<1, b, is approxi-  spectrum is lower than that for theCDM and OCDM. This
mately independent of scale, in therange of confidence js g consequence of the lower value @f for this model.
Indeed, KK99 have shown that the SZ power spectrum
2.0x10-81 : : scales a<,=Q2a5h, and is thus very sensitive on this nor-

- ] malization. This scaling relation also allows us to compare
1.5x10~6 g . our results to that of the SCDM calculation of Peesial.
. _ ]
2 1.0x1078 ]
50 b ] 10°
5.0x10” 7 | .
of L O e e i
0 2 4 6 107 i
z —~
i)
[oN
-6 =
3.5x10 ] ? 2
—6E : : E o 107k ]
3.0x10 k. Simulation 3 =
—6E Press—Schechter | —
2.5x10 T Es N 3 :‘41
T 20x107 0K Y E 2 — 2= 00
£ N1 AN —— 2= 05
= 1.5X107 Va0 e E (o —— 7
E k — z= 2.0
— z= 4.0
——— z= 8.0
—F— z=16.0
1072 ) Ll P PR W \ S
Z 0.01 0.10 1.00 10.00 100.00
k (h Mpc™)
FIG. 5. Differential and cumulativg-parameter versus redshift,
for each simulation. The cumulatiyeparameter predicted from the FIG. 6. Power spectrum of the pressure fluctuations for the
Press-Schechter formalism is shown as the thin lines. ACDM model.
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105¢ — - . SCDM ACDM
- — g
[ ———— z= 0. -11 —-11]
5 ——— 2= 1.0 10 10
10 ——— z= 2.0 3
F —— z=4.0 E = =
H z= 8.0 o &
4- — z=16.0 é 10”12 } 10-12]
107 F - = =
3 E + +
F ] s s .
= r -13| _13f
Nx\: 103 - . 10 ; 10
Q F 3
B 100 1000 10000
10% ¢ 3 ‘
N
L . -11
10 E ] 10 Simulation
F - - - - Press—Shechter
I _— O # FTTN Ol e b,=6 model
O r |3
0.01 0.10 1.00 10.00 100.00 © 10
k (h Mpc™) *
FIG. 7. Bias of the pressutia,(k,z) for the ACDM model. 10”13

[20]. The amplitude of their power spectrum, rescaled to the 100 1000 10000
same value ofrg, is within 20% of ours at=1000, while its t

shape is similar to ours. . FIG. 9. Angular power spectrum of the SZ effect from each
Flgure 9 presents a comparison of the SZ_ pow_er SpeCtrFﬁethod: simulations, the PS formalism, and the constant bias model

derived from each of the three methods described in Sec. Ikt b,=6). These results are shown for the RJ regime, for each

For both the simulations and the PS formalism, the SZ poweg,smological model.

spectra peak arounb=2000 for the SCDM and\ CDM

models, and arount=5000 for the OCDM model. On the
other hand, the constant bias models, which do not have a

gl =——=-- S7 - SCDM mass oik cutoff, peak at =10000—30000. This is explained
107°F SZ — ACDM a by the fact that this model does not have a mask autoff
me—— & and has therefore more power on small scales. In Sec. IV D,
—g| e MAP noise A we will use this comparison to study the effect of finite reso-

lution and box size of the simulations.

For 200=1=2000, the simulation and PS predictions ap-
proximately agree for the SCDM andCDM models. On the
other hand, for the OCDM model, the PS prediction is a
factor of 3 higher than that from the simulations in this
range. This can be traced to the fact that H€DM simu-
lation yields a larger pressure bibg [Eq. (13)] at low red-
shifts than the OCDM simulation. By inspecting the figure
corresponding to Fig. 1 for the OCDM model, we indeed
noticed that more power was missing on small scales in this
simulation. This is probably due to the fact that the OCDM
simulation was started at a higher redsh#t(100) than the
other two simulations =30). Due to truncation errors in

ge+1)C,/(2m)

10000
t the Laplacian and gradient calculations, modes with frequen-
cies close to the Nyquist frequency are known to grow much

10 1000

FIG. 8. Power spectrum of the SZ effect for each model in the lowl in the Ii : This effect i d d
RJ regime, as derived from the simulations. The approximate rangt ore slowly even In the finear regime. This efiect1s reduce

of confidence (20€1<2000) is highlighted by thicker lines. The I the simulation is started later, ,
power spectra outside of this range should be taken as lower limits. The redshift dependence of the SZ power spectrum is

For comparison, the primary CMB power spectrum is shown for theShown in Fig. 10, for theACDM model. Most of the SZ
ACDM model. The & uncertainty for the 94 GHz map channel is fluctuations are produced at low redshifts:| at500, about
shown, for a band average afl = 10. The power spectrum for the 50% of the power spectrum is producedzat0.1, and about

residual discrete sources-@ Jy) for the 94 GHz MAP channel is
also shown.

90% atz=0.5. The contribution of the warm gas in groups
and filaments can be studied by examining Fig. 11. This
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FIG. 10. Dependence of SZ power spectrum on redshift. For the FIG. 12. Effect of resolution and finite box size on the SZ power
ACDM model, the contribution to the SZ power spectrum up to aSPectrum. The\CDM power spectrum is shown for the constant
given redshift is shown. bias modelwith b,=8.5), for several restricted rangeslovalues

for the pressure power spectruPy(k,z). While the finite box size
(0.1<k<o h Mpc™?) does not have much effect, the finite resolu-
figure shows the\ CDM power spectrum measured after re- tion of the simulations (04 k<2,5,10h Mpc™1) reduces the full
moving hot regions from the simulation volume, for severalpower spectrum (& k<o) considerably outside of the approxi-
cutoff temperatures. Approximately 50% of the SZ powermate range 20€1<2000.
spectrum at=>500 is produced by gas witksT=5 keV. In . . . .
Sl?ec. IVE, we showpthat theseyc%mbingg facts give goo he SZ power spectrum is prod.uced pnmanly by bf'@bw'
prospects for the removéand the detectionof SZ fluctua- redshift or h|gh-tempgratu)®bjects, €., by massive clus-
tions from CMB maps. ters, and is thus dpmlnated by the Poisson term. However,
The behavior of the power spectrum 1€ 1000, in Figs. aft_er subtracting _brlght clusters_from the Sz map, the corre-
11 and 10, agrees with the results of KK99 who studied th ation term dominates the Poisson term at high redshift.
Poisson and clustering contributions separately. At Itay herefor_e, the_ SZ spectrum on large angulart measu_red after
subtracting bright spots, should trace clustering at high red-
shift. This interesting effect will be discussed in details else-
where.

10_11_ ToTrTTTTT | rorrTTTT

all
T<10keV
T<6keV
T<3keV
T<1keV

D. Limitations of the simulations

It is important to assess the effect of the limitations of the
simulations on these results. First, the finite resolution may
lower the temperaturg, , since it prevents small scale struc-
tures from collapsing. As we saw in Sec. Il B, the resolution
limits of the simulations correspond to halo masses of about
4.5x10%0,,h My . According to the PS formalism, the
contribution toT, from halos with masses smaller than this
limit is about 0.0%0.02 keV, forz=4 in the ACDM model.
The SZ power spectrum &t2000 is produced mainly at
low redshifts, and is therefore little affected by this effect.

Note however, thaﬁ which is sensitive to small halos at
high redshifts, is more affected. Indeed, the contributiop to
by these halos is about 0.0 ®, assuming a gas mass

fraction of Q,/Q,.

The finite box size and resolution also suppress power in
the pressure power spectrum. As we saw in Sec. Ill A and
FIG. 11. SZ power spectrum as a function of temperature for thé=ig. 1, the simulations lack power fok=<0.1 and k

ACDM model. The SZ power spectrum was calculated after remov=2 h Mpc™ 1. To test the impact of this suppression, we con-
ing regions with temperatures above the specified cutoff. sider the constant bias model described in Sec. Il C. The

10

f{(e+1)C,/(2m)

-12

il
10000

Lol .
1000

100

10
¢
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total SZ power spectrum for this model is shown in Fig. 12 Because of its limited spectral coverage, the MAP mis-
as the solid line, for théd CDM case. This figure also shows sion will not permit a separation between the SZ effect and
the results of performing the same calculation, but after supprimordial anisotropies. Apart from a handful of clusters
pressing power in several rangeskofalues. The finite box which will appear as point sources, it will therefore be diffi-
size (keeping only modes witk>Kkq,;,=0.1hMpc™1) re-  cult to detect the SZ fluctuations directly with MAP. On the
ducesC; slightly for | =200 and = 20000, and thus does not other hand, the future Planck surveyor missiet®] will
have a very large effect. On the other hand, the finite resocover both the positive and the negative side of the SZ fre-
lution (K<Kmax=2,5,10h Mpc™?) reducesC, considerably quency spectrum, and will thus allow a clear separation of
for 1=2000. the different foreground and background compon¢Ags—

The above results can be interpreted as follows. At &2]. Aghanimet al. [24] have established that, using such a
givenl, the limitedk-range corresponds to a limiteetange,  separation, the SZ profiles of individual clusters can be mea-
K<<t (2)<!/Kmin. Let us take kp,=0.1 and kp, Sured down toy=3x10 ’. Moreover, Hobsoret al. [51]
=2 h Mpc ™%, as relevant for the simulations. Theh, have estimated that the SZ power spectrum could be mea-
=100, I=1000 andl=10000 correspond to 0.82=<0.4, sured for 56:1=1000, with a precision per multipole of
0.2sz<x and 5sz<w, respectively. Since most of the about 70%. Planck surveyor will therefore provide a precise
contributions toC, come fromz<0.5, the finitek,, de- measurement of the total SZ power spectrum. This would
crease<, only at lowl, while k., does so over the entile ~ provide a direct, independent measuremenflgfand ofog
range. [17], and would thus help breaking the degeneracies in the

We conclude that the limitations of the simulations pre-cosmological parameters estimated from primordial anisotro-
cludes us from predicting the SZ power spectrum outside oPi€S alone. Note that this measurement might be also fea-
the 200<1 <2000 range. These limits can only be improveds'bl_e' albeit Wlth less precision, with upcoming balloon ex-
by using larger simulations. It is however worth noting thatP€fiments which also have broad spectral coverage.
there could be more SZ power arouind 10000. This might
then be detectable by future interferometric CMB measure-
ments that have angular resolutions around 1 arcmin, inter- The measured abundance of deuterium in low metallicity
mediate in scale between the satellite missions and thgystems, together with big bang nucleosynthesis, predicts

F. The missing baryon problem and feedback

planned millimeter experiment&ALMA, LMSA ). about twice as many baryons than what is observed in gal-
axies, stars, clusters and neutral {f85,53. These “missing
E. Prospects for CMB experiments baryons” are likely to be in the form of the warm gas in

) ) . _groups in filament$42]. This component is indeed difficult
The impact of secondary anisotropies on the upcomingg gpserve directly since it is too cold to be seen in the x-ray

Microwave Anisotropy ProbeMAP) mission [45] were band, and too hot to produce any absorption lines in the
studied by Refregieet al. [25]. They showed that discrete quasar spectrgs4].

sources, gravitational lensing and the SZ effect were the The Sz effect on large scale could however provide a
dominant extragalactic foregrounds for MAP. The dottedunique probe of this warm gas. One can indeed imagine sub-
line on Fig. 8 shows the expected noise for measuring theracting the detected clusters from SZ maps, and measuring
primary CMB power spectrum with the 94 GHz MAP chan- the power spectrum of the residual SZ fluctuations, which
nel, with a band average dfl =10. For all models consid- are mainly produced by groups and filaments. For instance, if
ered, the SZ power spectrum is well below the noise. Thall clusters withkgT<3 keV were removed from the SZ
rms y-parameter for the MAP 94 GHz beafd3 arcmin  map, the SZ power spectrum would drop by a factor of about
FWHM) is listed in Table Il for each model, from both the 2 for | <2000 (see Fig. 11 For the Planck Surveyor sensi-
simulations and the PS formalism. The resulting rms RJ temtivity quoted in Sec. IV E, this yields a signal-to-noise ration
perature fluctuations are of the order of a fe, compared  per multipole of about 1. The amplitude, if not the shape, of
to a nominal antenna noise of about @X. The SZ effect the residual SZ spectrum will thus be easily detected by
will therefore not be a major limitation for estimating cos- Planck, thus yielding constraints on the temperature and den-
mological parameters with MAP. sity of the missing baryons.

For comparison, the residual spectrum from undetected In our simulations, we have only included gravitational
point source$ S(94 GHz)<2 Jy] expected using the model forces. However, feedback from star and active galactic nu-
of Toffolatti et al. [46] is shown in Fig. 8 for the 94 GHz clei (AGN) formation can also significantly heat the IGM
channel. Point sources dominate over the SZ effect at and thus affect the observed SZ effect. Valegeas and Silk
=300, but are comparable below that. Moreover, we havé55] (see also reference thergirhave studied the energy
shown in Figs. 10 and 11, that about 50% of the SZ poweinjection produced by photo-ionization, supernovae, and
spectrum at=500 is produced at low redshiftg£0.1) and AGN. In their model, AGN are the most efficient, and can
by clusters of galaxieskgT=5 keV). This confirms the re- heat the IGM by as much as 4& by a redshift of a few.
sults of Refregieret al, who predicted that most of the SZ This results in a meag-parameter of about I6, which is
effect could be removed by cross-correlating the CMB mapsomparable to our value derived from gravitational instabil-
with existing x-ray cluster cataloge.g. XBACS[47], BCS ity alone. Preheating by feedback can thus increase the am-
[48]). plitude of the SZ effect by a factor of a few, and thus be
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easily detected by Planck. Feedback can thus be directl| <2000 range. We also find discrepancies with other nu-
measured as an excess in fhparameter or in the SZ power merical simulations. These issues can only be settled with
spectrum, over the prediction from gravitational instability larger simulations, and by a detailed comparison of different
alone. Energy injection has a large effect on the gas irhydrodynamical codes. Such an effort is required for our
groups and filaments, comparatively to that in clusters. Weheoretical predictions to match the precision with which the
may thus also detect the effects of feedback through the reSZ power spectrum will be measured in the future.
lationship between the x-ray temperature of gro(gostheir A promising approach to measure the SZ effect on large
galaxy velocity dispersionand their SZ temperature. These scales is to cross-correlate CMB maps with galaxy catalogs
measurements would then constrain the physics of enerd¥]. Most of the SZ fluctuations on MAP’s angular scales
injection. (1<1000) are produced at low redshifts and are thus corre-
lated with tracers of the local large scale structure. Prelimi-
V. CONCLUSIONS nary estimates indicate that such a cross-correlation between
MAP and the existing APM galaxy catalog would yield a

We have studied the SZ effect using MMH simulations. significant detection. Of course, even larger signals are ex-
Our results for the mean Comptonization parameter is CoNpected for the Planck Surveyor mission. This would again

sistent with earlier work using the Press—Schechterformalisnf},rovide a probe of the gas distributed not only in clusters
and hydrodynamical simulations. It is found to be lower thang t as0 in the surrounding large-scale structure and therefore
the current observational limit by about one order of magnitelp solve the missing baryon problem. Moreover, energy
tude, for all considered cosmologies. The SZ power SpeGpjection from star and AGN formation can produce an SZ
trum is found to be comparable to the primary CMB powerampjitude in excess of our predictions, which only involve
spectrum al ~2000. For the SCDM model, our SZ power grayitational forces. The measurement of SZ fluctuations or
spectrum is approximately consistent with that derived byof 5 cross-correlation signal thus provides a measure of feed-

Persiet al.[20], after rescaling for the differing values of.  pack and can thus shed light on the process of galaxy forma-
We found that groups and filamentkgT=<5 keV) contrib-  tjon.

ute about 50% of the SZ power spectruntat500. On these
scales, about 50% of the SZ power spectrum is produced at
z=<0.1 and can thus be removed using x-ray cluster catalogs.
The SZ fluctuations are well below the instrumental noise We thank Uros Seljak and Juan Burwell for useful col-
expected for the upcoming MAP mission, and should therelaboration and exchanges. We also thank Renyue Cen, Greg
fore not be a limiting factor. The SZ power spectrum shouldBryan, Jerry Ostriker, Arielle Phillips and Roman Juszk-
however be accurately measured by the future Planck midewicz for useful discussions and comparisons. A.R. was
sion. Such a measurement will yield an independent measupported in Princeton by the NASA MAP/MIDEX program
surement of(),, and g, and thus complement the measure-and the NASA ATP grant NAG5-7154, and in Cambridge by
ments of primary anisotropid4d.7]. an EEC TMR grant. D.N.S. is partially supported by the

We have compared our simulation results with predictiondMAP/MIDEX program. E.K. acknowledges financial support
from the PS formalism. The results from the two methodsfrom the Japan Society for the Promotion of Science. Com-
agree approximately, but differ in the details. The discrepputing support from the National Center for Supercomputing
ancy could be due to the finite resolution of the simulationsapplications is acknowledged. U.P. was supported in part by
which limit the validity of our predictions outside the 200 NSERC grant 72013704.
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