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We cross-correlate the cosmic microwave background temperature anisotropies observed by the Wilkinson
Microwave Anisotropy Probé VMAP) with the projected distribution of extended sources in the Two Micron
All Sky Survey(2MASS). By modeling the theoretical expectation for this signal, we extract the signatures of
dark energylintegrated Sachs-Wolfe effe¢tSW)], hot gas[thermal Sunyaev-ZeldovickS2) effect], and
microwave point sources in the cross-correlation. Our strongest signal is the thermal SZ, at thes3léwe3,7
which is consistent with the theoretical prediction based on observations of x-ray clusters. We also see the ISW
signal at the 2.6 level, which is consistent with the expected value for the concordAr@®M cosmology,
and is an independent signature of the presence of dark energy in the Universe. Finally, we see the signature of
microwave point sources at the &.Tevel.
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I. INTRODUCTION However, none of these effects can make a significant
contribution to the CMB power spectrum belofy- 1000,
The recently released Wilkinson Microwave Anisotropy and thus they are undetectable by WMAP alone. One pos-
Probe(WMAP) [1] results constrain our cosmology with an sible avenue is cross-correlating CMB anisotropies with a
unprecedented accuracy. Most of these constraints conteacer of the density in the late Univerise-9]. This was first
from the linear fossils of the early Universe which have beerdone by[10] who cross-correlated the Cosmic Background
preserved in the temperature anisotropies of the cosmic mExplorer(CMB) Differential Microwave RadiometdiDMR)
crowave backgroun€CMB). These are the ones that can bemap [11] with the NRAO VLA Sky Survey(NVSS) [12].
easily understood and dealt with, within the framework ofAfter the release of WMAP, different groups cross-correlated
linear perturbation theory. However, there are also imprintshe WMAP temperature maps with various tracers of the
of the late Universe which could be seen in the WMAP re-low-redshift Universe. This was first done with the ROSAT
sults. Most notably, the measurement of the optical depth ta-ray map in[13], where a nondetection of the thermal SZ
the surface of last scattering=0.17, which implied an effect puts a constraint on the hot gas content of the Uni-
early reionization of the Universe, was the biggest surpriseverse. Referencgl4] claimed a 2-5% detection of an SZ
There is also the strangely small amplitude of the large-anglsignal by filtering WMAP maps via templates made using
CMB anisotropies which remains unexplaingy. known x-ray cluster catalogd.15] looked at the cross-
Can we extract more about the late Universe fromcorrelation with the NVSS radio galaxy survey, whjl&6]
WMAP? Various secondary effects have been studied in theepeated the exercise for NVSS, as well as the HEAO-1 hard
literature(see e.gl3] which lists a few. The main secondary Xx-ray background survey, both of which trace the Universe
anisotropy at large angles is the so-called integrated Sacharound redshift of~1. Both groups found their result to be
Wolfe (ISW) effect[4], which is a signature of the decay of consistent with the expected ISW signal for the WMAP con-
the gravitational potential at large scales. This could be eithecordance cosmologyl], i.e. a flat ACDM universe with
a result of spatial curvature, or presence of a component witf) ,=0.3, at the 2—3 level. Their result is consistent with
negative pressure, the so-called dark energy, in the Univergae ACDM paradigm which puts most of the energy of the
[5]. Since WMAP has constrained the deviation from flatnesdJniverse in dark energjs].
to less than 4%, the ISW effect may be interpreted as a More recently, Ref[17] cross-correlated WMAP with the
signature of dark energy. At smaller angles, the dominanAPM galaxy survey18] which traces the galaxy distribution
source of secondary anisotropy is the thermal Sunyaevat z~0.15. This led to an apparent detection of both the
Zeldovich(S2) effect[6], which is due to scattering of CMB thermal SZ and ISW signals. However, the fact that they use
photons by hot gas in the Universe. a jack-knife covariance matrix to estimate the strength of
their signal, while their jack-knife errors are significantly
smaller than those obtained by Monte Carlo realizations of
*Electronic address: afshordi@astro.princeton.edu the CMB sky(compare their Fig. 2 and Fig) 3veakens the
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significance of their claim. Indeed, as we argue belsee However, a small part of these fluctuations can be generated

Sec. 1 O, using Monte Carlo realizations of the CMB sky is as the photons travel through the low redshift Universe.

the only reliable way to estimate a covariance matrix if theThese are the so-called secondary anisotropies. In this sec-

survey does not cover the whole sky. tion, we go through the three effects which should dominate
Reference$19,2( cross-correlate the highest frequency the WMAP/2MASS cross-correlation.

band (W-band of the WMAP with the ACO cluster survey

[21], as well as the galaxy groups and clusters in the APM A. Integrated Sachs-Wolfe effect

galaxy survey. They claim a 26detection of temperature The first one is the integrated Sachs-Wol8W) effect

decrement on angles less than 0.5°, which they associa L : NI . .
with the thermal SZ effect. However they only consider theti] which is caused by the time variation in the cosmic gravi-

Poisson noise in their cluster distribution as their source OIatlonaI potentlal,d?. For. a flat universe, the anisotropy due
error. This underestimates the error due to large spatial co 0 the ISW effect is an integral over the conformal time
relations(or cosmic variancein the cluster distributiorisee . .
Sec. II1O. References[19,20 also study the cross- 5,SW(n)=2f ®'[ (99— 7m)n,n]d7n, 1
correlation of the W-band with the NVSS radio sources be-
low a degree and cllaim a positive_ correlation a}t the scale 9\];vhere<I>’E(9<I>/(977, andn is unit vector in the line of sight.
the W-band resolution. This may imply a possible contami-ry o inear metric is assumed to be
nation of the ISW signal detection [d6] and[15]. However
'Egg]achromatic nature of this correlation makes this unlikely ds?=a?(7){[1+2®(x,7)]d7?>—[1— 2D (X, 7)]dx-dx},
Finally, Refs.[23] and[24] repeated the cross-correlation
analysis with the 3400 and 2000 square degrees, respectiveBid 7 is the conformal time at the present.
of the Sloan Digital Sky Survey25]. Both groups claim In a flat universe, the gravitational potentiblis constant
detection of a positive signal, but they both suffer from thefor a fixed equation of state and therefore observation of an
inconsistency of their jack-knife and Monte Carlo errors.  ISW effect is an indicator of a change in the equation of state
The 2MASS Extended Source Catal@§SC) [26] is a  of the Universe. Assuming that this change is due to an extra
full sky, near infrared survey of galaxies whose median redcomponent in the matter content of the Universe, the so-
shift is aroundz~0.1. The survey has reliable and uniform called dark energy, this component should have a negative
photometry of about 1 million galaxies, and is complete, afressure to become important at late tinigs Therefore,
the 90% level for K-magnitudes brighter than 14, overobservation of an ISW effect in a flat universe is a signature
~70% of the sky. The large area coverage and number odf dark energy.
galaxies makes the 2MASS XSC a good tracer of the ISW The ISW effect is observed at large angular scales be-
and SZ signals in the cross-correlation with the CMB. cause most of the power in the fluctuationsdofis at large
In this paper, we study the cross-correlation of the WMAPSscales. Additionally, the fluctuations at small angles tend to
Q, V and W bands with four different K-magnitude bins of cancel out due to the integration over the line of sight.
the 2MASS Extended Source Catalog, and fit it with a three
component model which includes the ISW, thermal SZ ef- B. Thermal Sunyaev-Zeldovich effect
fects and microwave sources. We compare our findings with

the theoretical expectations from the WMAIBI .
) . the so-called thermal Sunyaev-Zeldovi¢B82) effect [6],
+ACBAR+2dFtLy-a best fit cosmological model . which is caused by the scattering of CMB photons off the hot

(WMAP concordance model from here on; see Table 3 in . - - .
L ) . electrons of the intracluster medium. This secondary anisot-
[1]), which is a flat universe with{},,=0.27,Q,=0.044, ! . ' ! y ani

- - : ropy is frequency dependent, i.e., it cannot be associated
E—O.?l, ar(;((:ijog/—dOI.SIf._ we alsofassrl]Jme their lvgludesrgf d with a single change in temperature. If we define a frequency
=0.93, anddn/dInk=-0.031 for the spectral index and gonendent (1) so thatl g[ v T(»)]=1(), wherel (v) is the
its running atk=0.05 Mpc[2].

. : . . MB intensity andlg[»;T] is the black-body spectrum at
We briefly describe the relevant secondary anisotropies emperaturdT, the SZ anisotropy takes the form

the CMB in Sec. Il. Section Ill describes the properties of the '
cross-correlation of two random fields, projected on the sky. 5T(v) orf(x
Section IV summarizes the relevant information on the ==
WMAP temperature maps and the 2MASS Extended Source
Catalog. Section V describes our results and possible systefjhere
atics, and Sec. VI concludes the paper.

The other significant source of secondary anisotropies is

) .
T(v)  mgc fape[(ﬂo_ﬁ)n,n]a(n)dn, 3)

x=hv/(kgTeyg) and f(x)=4—x cothx/2), (4)

Il. WHAT ARE THE SECONDARY ANISOTROPIES? and p, is the electron pressure. Assuming a linear pressure

The dominant nature of the cosmic microwave back-Pias with respect to the matter overdensity:
ground (CMB) fluctuations, at angles larger than0.1°, is s
primordial, which makes CMB a snapshot of the Universe at OPe _ byd., (5)
radiation-matter decoupling, around redshift ef1000. Pe pom
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Eq. (3) can be written as Ill. THE CROSS-CORRELATION POWER SPECTRUM
A. The expected signal
Sehv)= oT(v) _ —F(x)f 5 Hodn 6) We first develop the theoretical expectation value of the
S T(v) € ma2( 7)) cross-correlation of two random fields, projected on the sky.

Let us consider two random field§(x) andB(x) with their
Fourier transforms defined as

where
= = A =J’ d® e 'k*A(x), and B =f d3x e 'k XB(x).
To=byTe, ‘ (x) ‘ (x)
9
Nekgo1f(X) The cross-correlation power spectruRpg(k) is defined by
FOO=———q— =(1.16% 104 keV~ 1) Qphf(x),
e (7) (Ak,Br,) = (2m)° 3 (k1 — k) Pag(ky). (10)

o The projections oA andB on the sky are defined usirfg,
andT, andn, are the average temperature and the comovingnd Fg projection kernels
density of (all) electrons, respectively. In Appendix A, we

make an analytic estimate fdt,, based on the mass function Nﬁ):J’ drFA(HA(rn), and ”B(ﬁ):J drFg(r)B(rn).
and mass-temperature relation of galaxy clusters. A ' B a1

C. Microwave sources For the secondary temperature anisotropies, these kernels

Although technically they are not secondary anisotropies‘,’vere give_n n I_Eqs(l), (6). and(8). For the projected galaxy
verdensity, this kernel is

microwave sources may contribute to the cross-correlatiof?

signal, as they are potentially observable by both WMAP and 5

2MASS. For simplicity, we associate an average microwave Fo(r)= rne(r) _ (12)

luminosity with all 2MASS sources. We can relax this as- g o

sumption by taking this luminosity to be a free parameter for f dr'r"“ng(r’)

each magnitude bin, and/or removing the clustering of the

point sources. As we discuss in Sec. V C, neither of thes&or our treatment, we assume a constant galaxy Iigs,

change our results significantly. which relates the galaxy fluctuationg,, to the overall mat-
For the microwave spectrum in different WMAP frequen- ter density fluctuationsy,, up to a shot noisé,

cies, we try both a steeply falling antenna temperature

«1/v*~ 3 (consistent with WMAP point sourcd€7]) and a Og=bybm+ ;. (13
Milky Way type spectrum which we obtain from the WMAP ) ) ) )
observations of the Galactic foregrouf@y]. In this work, we constrain the galaxy bidg,, by comparing

In Appendix B, assuming an exponential surface emissivine autocorrelation of the galaxies with the expected matter
ity with a scale length of 5 kpc for the Galactic disk and gautocorrelation in our cosmological model. Our bias, there-
small disk thickness, we use the Galactic latitude dependendgre: is model d§p~enden~t. . . _
of the WMAP temperature to determine the luminosity of the  Now, expandingA andB in terms of spherical harmonics,

Milky Way [see Eq.(B6)] in different WMAP bands. the cross-power spectrur@g(f) is defined as
These values are within 50% of the observed WMAP lu- o
minosity of the Andromeda galaxgee Appendix B[28]. In CAB(€)E(A€mB*€m>

Sec. VC, we compare the observed average luminosity of
the 2MASS sources to these numbé&se Table ). _

The contribution to the CMB anisotropy due to point _f drldr2FA(r1)FB(r2)f (2m)3 Pas(k)
sourcegsee Eq(B2)] is given by

3

X (477)2] (K1) o(Kr2) Y em(K) Y™ ¢n(K)

A ST(N)  47?h3c? sinf(x/2)L(X) ( r )2 ,
n) = = r
: T (xkgTcme) *AX d(r) =J dl’ldszA(rl)FB(rz)J Zkﬂ_dkj((krl)
X1 (1), ® XJ (ko) Pag(K), (14

whereAx is the effective bandwidth of the WMAP bafd], = wherej,'s are the spherical Bessel functions of rafilkand
n¢(r) is the average comoving number density of the surveyy,,'s are the spherical harmonics.

galaxiesd, is luminosity distance, and, is the galaxy over- To proceed further, we use the small angerge €) ap-
density. proximation for the spherical Bessel functions
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) T
Je(X)= Vo1

which yields

Finally, we write the theoretical expectation for the pro-
X +O(€2)}, (15  jected galaxy auto-powe€,q,, which we use to find the
galaxy bias. Combining Eg$12), (13) and(16), we arrive at

+1/2
fdrr (r)[bg-P(
[1+0(€?)]. Cgg(t)=

2 y
2
(16) U drr nc(r)}
(19

1
€+

5Dirac 2

+y-ng (r)}

dr €+1/2
CAB(e):f r_zFA(r)FB(r)PAB(

This is the so-called Limber equati¢f9]. As we do not use

the quadrupole due to its large Galactic contamination, thevhere then_* term is the power spectrum of the Poisson
smallest value of that we use is 3. Direct integration of Eq. noise,s,, while the extra free parametey, is introduced to
(15) (for the ISW signal which is dominant for lof's, see  include the possible corrections to the Poisson noise due to
Fig. 7) shows that the Limber equation overestimates thehe finite pixel size. In the absence of such correctigns
cross-power by less than 2—3 %¢at 3, which is negligible =1. In Sec. V, we seek the values lo§ and y that best fit
compared to the minimum cosmic variance erfabout our observed autopower for each galaxy subsample.

40%, see Sec. Il Bat this multipole. Therefore, the Limber To include the effects of nonlinearities in the galaxy
equation is an accurate estimator of the theoretical powgsower spectrum, we use the Peacock and Dodds fitting for-

spectrum. mula[30] for the nonlinear matter power spectrufyk).
Now we can substitute the results of Sed.Hbs.(1), (6),

(8) and(12)] into Eq. (16) which yields B. Theoretical errors: cosmic variance vs shot noise

b £+1/2 To estimate the expected theoretical error, again for sim-
Cyr(x, €)= -—2 | adr Ne(r)y 2Pg m p plicity, we restrict the calculation to the small angle limit. In
f dr r?ng(r) this limit, the cross-correlation function can be approximated
by
~ 4o _
—| FO)TeHo(1+2)? Cas(0)= 5 (AenB” ), (20
_4772ﬁ302 SintP(x/2)bgL(x) | [ €+1/2 whereAQ is the common solid angle of the patch of the sky
(xksTemp) *AX(1+2)2 r ’ covered by observations of bofhandB [31].

1 Assuming Gaussianity, the standard deviatio€jg, for
17) a single harmonic mode, is given by

where P(k) is the matter power spectrurn,is the redshift,

andx is defined in Eq(4). The terms in Eq(17) are the ISW, AC/ZAB(@ :<C/2AB(€)>_<CAB(€)>2
SZ and point source contributions, respectively. Since the o .
ISW effect is only important at large scales, the cross-power =AQ [(AB  €MY{AirB” o)
of the gravitational potential derivative with matter fluctua-
tions can be expressed in terms of the matter power spec- +<A€m €m><B€mB em)]
trum, using the Poisson equation and linear perturbation
theory, and thus we end up with =Chp(£) +Caa(£)Cgp(£).
(21
r2
Cyr(x,€)= dr nc(f)[ —3H§Qm—2 The number of modes available betweand ¢ + 1, in the
jdr rnq(r) (€+1/2) patchAQ, is
g N (2¢+1)AQ
X (1D F0To(L+2) AN= 70— 2
47253c2 sinhz(x/Z)bgL(x) (+1/2 and so the standard deviation €f,g, averaged over all
+ P , these modes is
(xkgTomp) *AX(1+2)? r
(18 ACZo(0)= o [CEa(£) + Can(£)Cop(0)]
AB AQ(2€+1) AB AA BB .

whereg is the linear growth factor of the gravitational po- (23
tential, @, andg’ is its derivative with respect to the con-

formal time. We will fit this model to our data in Sec. V, In fact, since the main part of CMB fluctuations is of
allowing a free normalization for each term. primordial origin, the first term in brackets is negligible for
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the cross-correlation error, so the error in the crossof their real-space cross-correlation functida$,17,23,24
correlation function, as one may expect, depends on the inFhe justification for this method is that, since the first term in
dividual autocorrelations. Eqg. (23) is much smaller than the second term, the error in

We can use the CMBFAST code&2] to calculate the cross-correlation for any random realization of the maps is
autocorrelation of the CMB temperature fluctuations. Also,almost the same as the true error, and the covariance of the
the theoretical expectation for the autopower of the projectedross-correlation, obtained from many random Gaussian re-
galaxy distribution is given by Eq19). alizations is an excellent estimator of the covariance matrix.

The galaxy or CMB autopower spectra are dominated byWe may also obtain error estimates based on random realiza-
Poissofishoy noise or detector noise at largés. Therefore, tions of one of the maps, as long as the observed autopower
the measurement of the thermal SZ signal, which becomeis a good approximation of the true autopower, i.e. the cos-
important at largel’s, is limited by the number of observed mic variance is low, which should be the case for angles
galaxies, as well as the resolution of the CMB dete¢tioe ~ smaller than 20° {>10). Of course, at larger angles, as we
angle at which signal-to-noise ratio for the CMB measure-mnentioned above, one is eventually limited by the systemat-
ment is of order unity On the other hand, for the smdll ics of the galaxy survey and, unless they are understood well
portion of the cross-correlation which is relevant for the ISWenough, since theoretical error estimate is not possible, there
signal, the error is set by the matter and CMB power spectravill be no better alternative rather than Monte Carlo error
and thus, is only limited by cosmic variance. The only wayestimates. In fact, contrary {d.7,24), if anything, the pres-
to reduce this error is by observing a larger volume of theence of cross-correlation makes Monte Carlo errors a slight
Universe in the redshift range<0z< 1, where dark energy underestimatésee Eq(23)]. On the other hand, there is no
dominates. rigorous justification for the validity of jack-knife covariance

matrices, and the fact that jack-knife errors could be smaller
than the Monte Carlo errors by up to a factor of th¢@,23
C. A note on the covariance matrices implies that they underestimate the error.

We saw in Sec. Il C that the errors in cross-correlations AS We argue belowsee Sec. IlID, since we do our
could be expressed in terms of the theoretical autocorrels@n@lyses in harmonic space and use most of the sky, our
tion. However, this is not the whole story. €-bins are nearly independent and performing Monte Carlo

We have a remarkable understanding of the autopowetimulations is not necessary. Our covariance matrix is nearly
spectrum of the CMB. However, if one tries to use the fre-diagonal in€-space and its elements can be obtained analyti-
quency information to, say subtract out the microwavecally, using Eq.(23).
sources, the simple temperature autopower does not give the
cross-frequency terms in the covariance matrix. In fact, in D. Angular cross-power estimator

the abgence of_a good model, the onI_y way to constrain these Tphe WMAP temperature maps are set in HEALPix format

terms is by using the cross-correlation of the bands themyzg) \hich is an equal area, iso-latitude pixellization of the

selves. Of course, this method is limited by cosmic varianc ky. As a component of the HEALPix package, the FFT

and hence does not give an accurate result at low multipoleg ceq subroutine “map2alm” computes the harmonic trans-
To solve this problem, we use the WMAP concordanceiorm of any function on the whole sky. However, as we

model CMB autopower for¢<13. Since there is N0 gegcribe in the next section, in order to avoid contamination
frequency-dependent signal at lo#s, we only use the p Galactic foreground emission in WMAP temperature

W-band information, which has the lowest Galactic contami-naps, and contamination by stars and Galactic extinction in
nation[27], for our first 4¢-bins which cover 3={<13(see  the 2MASS survey, we have to mask eu5% of the CMB

the end of Sec. 11l D for more on out-space binning and~30% of the 2MASS sky. Therefore, we cannot obtain

There is a similar situation for_ the cont_aminants of theihe exact values of the multipole€, , and should use an
2MASS galaxy catalog. Systematic errors in galaxy countSgstimator.

due to stellar contamination or variable Galactic extinction, \ye yse a quadratic estimator which is based on the as-

as well as observational calibration errors, may introducesum tion that our mask&/(R), are independent of the data
additional anisotropies in the galaxy distribution which are P ’ P

not easy to model. Again, the easiest way to include thes&hat we try to extractisee[34] for a review of different

systematics in the error is by using the auto-correlation of th& stimators The real-space cross-correlation of the masked

observed galaxy distribution, which is inaccurate for low fields A(n)=Wa(n)A(n) and B(n)=Wg(n)B(n) on the
multipoles, due to cosmic variance. Unfortunately, this isSPhere is given by

also where we expect to see possible Galactic contamination e — A~ A~ A - -

or observational systematics. With this in mind, we try to (A(N)B(M)){A(n)B(M)W,(n)Wg(m))
avoid this problem by excluding the quadrupdl{?2), from
our analysis.

At this point, we should point out a misconception about ) .
the nature of Monte Carlo vs jack-knife error estimates inwhere, in the last step, we used the independence of data and

some previous cross-correlation analyses, specificalljnasks, and averaged over all pairs of the same separation.
[17,24). Many authors have used Gaussian Monte Carlo reAssuming that{W,(n)Wg(m)) does not vanish for any
alizations of the CMB sky to estimate the covariance matrixseparationwhich will be true if the masked out area is not

=(A(N)B(M))(Wa(n)Wg(m)), (24)
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very largg, we can invert this equation and take the Leg-cleaned temperature maps of these three bands for our cross-

endre transform to obtain the unmasked multipoles correlation analysis. We also use the same sky mask that they
. use, the Kp2 mask which masks out 15% of the sky, in order
PN §‘X , to avoid any remaining Galactic foreground, as well as 208
CAB“)_€=O FeoCag(€’), where identified microwave point sources.
. 1 f P,(cos#)P, (cosh) B. 2MASS extended source catalog
e 2 (WAWg) () We use galaxies from the near-lRvo Micron All Sky
Survey[2MASS; [38]] as the large-scale structure tracer of
xd cosé. (29 the recent Universe. Our primary data set is the public full-

sky extended source catalpgSC; [26]]. The Ks-band iso-
photal magnitude g, is the default flux indicator we use to
gelect the external galaxies for our analysisg is the mea-
Isured flux inside a circular isophote with surface brightness

In fact this estimator is mathematically identi¢8b] to the
one used by the WMAP teafi36], and, within the compu-
tational error, should give the same result. The difference i

that we do the inversion in real-space, where it is diagona _ .
P g é)f 20 mag arcse@. The raw magnitudes from the catalog

and then transform to harmonic space, while they do th were corrected for Galactic extinction using the IR reddenin
inversion directly in harmonic space. Indeed, using our Ic extinction using ing

method, we reproduce the WMAP binned multipo[&F] map of Schlegel, Finkbeiner and DayB9).

within 5%. However, we believe our method is computation- Koo— K o= A (26)

ally more transparent and hence more reliable. Also, the ma- '

trix inversion in harmonic space is unstable for a small OrwhereAKzRKE(B—V)=0.367>< E(B—V) [40]. There are
irregular sky coveragéalthough it is not relevant for our 555 6yimately 1.5 million extended sources with corrected

analy sep . ) K,,<14.3 after removing known artifactec_flag =“a”
Finally, we comment on the correlation among different ;4 “2") and using only sources from a uniform detection
multipoles in€-space. Masking about 30% of the sky CauSeShreshold(use_sre-1).

about 30% correlation among neighboring multipoles. We
bin our multipoles into 13 bins that are logarithmically
spaced in¢ (covering 3<{¢<1000), while excluding the )
quadrupole due to its large Galactic contamination in both We use the standard logN-log S test to determine the
data sets. The highest correlation between neighboring birRompleteness limit of the extended source catalog. The top
is 15% between the first and the second b{@¢3) and panel of Fig. 1 shows the number of galaxies a;afuncuon of
[9C(4)+11C(5)]/20). To simplify our calculations, we ne- Kzo- The log number counts can be approximated by a
glect this correlation, as any correction to our results will bePOWer law:

significantly smaller than the cosmic variance uncertainty

1. Completeness and contamination

(see Sec. VB i.e. we approximate our covariance matrix as d—NocloKm 27)
diagonal in¢-space. dm '
IV. DATA To infer the true number count-magnitude relation, we need
to ensure that our catalog is free from contaminants since not
A. WMAP foreground cleaned temperature maps all extended sources from the XSC are external galaxies. At

We use the first year of the observed CMB sky by WMAPlow Galactic latitude where stellar density is high, unre-
for our analysis[1]. The WMAP experiment observes the solved multiple star systems are often confused as extended
microwave sky in 5 frequency bands ranging from 23 to 94sources. For the purpose of fitting for the power-law slepe
GHz. The detector resolution increases monotonically fromwe use only sources withpb|>30°. Using~250 000 galax-
0.88° for the lowest frequency band to 0.22° for the highestes in the magnitude range 13:2n<<13.7 (where the reli-
frequency. Due to their low resolution and large Galacticability has been determined to be 99% by Huchra and Mader
contamination, the two bands with the lowest frequencies, K41]), we fitted a number count slope=0.676+ 0.005.

(23 GH2 and Ka(33 GH2, are mainly used for Galactic While the XSC is unreliable at low Galactic latitudes, the
foreground subtraction and Galactic mask construdif, |b|>30° cut is too permissive and would throw away a large
while the three higher frequency bands, which have the higharea of the sky that can be used for analysis. In principle, we
est resolution and lowest foreground contaminatio®41Q could use the stellar densitys,, from the 2MASS Point-
GHz), V(61 GH2, and W94 GH2, are used for CMB an- Source CatalogPSQ to set a threshold for excluding region
isotropy spectrum analysis. Referen@Y| uses the maxi- of high stellar density. However, since it has been shown by
mum entropy method to combine the frequency dependend@?2] and[43] that unresolved extended galaxies are found in
of 5 WMAP bands with the known distribution of different the PSC(up to 2% of all point sources witiK,o~14), a
Galactic components that trace the dominant foregrounds tmask derived from the observed stellar density would pref-
obtain the foreground contamination in each band. This foreerentially exclude regions of high galaxy density.

ground map is then used to clean the Q, V and W bands for We use the extinction map ¢89] to exclude regions of
the angular power spectrum analysis. Similarly, we use th¢he sky where the XSC is unreliable. Figure 2 shows the
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We use only regions witl\x <0.05 (dashed vertical lingfor our
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] <14.3 to~1 million, covering~68.7% of the sky. For the

] sake of completeness, we also repeat our cross-correlation

] analysis for a less stringent mask witfy<0.1, which cov-

E ers~79.0% of the sky.

] Using k=0.676 derived from regions witfb|>30° as a

model for the true underlying number counts, we infer the

060 . o ‘ ‘ catalog completeness and contamination as a function of ap-

parent magnitude for the extinction cropped sky. We deduce
13.4 15.6 13;8 14.0 the intercept of the linear log counts—magnitude model by
Kzo magnitude scaling the observed number counts from [the> 30 region

to the largerAx masked sky at the bright magnitude range

12.5<K,0<13.0. Essentially, we assumed the two number

count distributions are identical at those magnitudes. The

Completeness

©
N

~ 98 % completg
%

FIG. 1. (Top panel The histogram is the observéd,, number-
magnitude relation for galaxies in regions wih <0.05. The solid
line is the model counts inferred using data frdiph>30° in the . .
magnitude range 132K ,,<13.7 where the extended source cata- observed fractional deviation from E(27)
log (XSC) is most reliable(Bottom panel The square points gives dNE dNOP dN¥
the completeness as inferred from the difference between the ob- I(m=|—— — _S) / - (28
served and model counts. Tiselid curve is a fit to a parametric dm dm dm
model that estimates both the incompleteness and contamination . . i o
rate in a consistent manner. THettedcurve is a similar fit using 'S positive at faint magnitudes Ind!Catlng incompleteness but
data with a less stringem,<0.2. Thedashedcurve is from|b]| crosses zero to a constant negative level towards the bright

>30°, which serves roughly as the completeness upper bound f&nd, which we inferred as contamination to the XSC. Plotted
the XSC. The vertical line a,,=13.85 gives a completeness at N the bottom panel of Fig. 1 is the completeness function

98% for data withA,<0.05 used in our analysis. C(m)=1-1(m), where we parametrically fitted using

. . . m— H)Z
average number of galaxies per HEALPix pixel of 0.834deg L(m)=1, exdl — ( ~ const. 29
(Ngige=64), as a function of Galactic extinction for the four 202

magnitude ranges used in our analysis. For bright galaxies,

e.g. K,;<13.5, the Galactic density is constant on degredn Fig. 1, the term const describes the low level of excursion
scales. For the faintest magnitude bin, the number densitgeyondC(m)=1. We obtained a~98% completeness for
drops off at largeA for Ax beyond~0.065. We thus choose K,;<<13.85 and contamination rate at 0.5% level fog
Ak<0.05[44,45. This stringent threshold excludes99%  <0.05 (solid curve. As a comparison, a less stringent
of all regions with ng;,,>5000 deg?. Moreover, it im- threshold of Ac<0.2 (dotted curvg the completeness is
proves the global reliability of galaxy counts, as our flux ~95% with contamination at 1.5%. The dashed curve is
indicatorK » for each source was corrected for Galactic ex-computed using high latitude data/b[>30°), serves
tinction, which has an uncertainty that scales withitself. ~ roughly as the completeness upper-bouas a function of
This cut reduces the number of extended sources Wigh  apparent magnituddor the XSC.
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TABLE |. dN/dz parameters for the four magnitude bins.

3.0x104 T T L L e e B T

%o A A N 25x10t - 135 < Ky < 14.0 ]
12.0<K,,<12.5 0.043  1.825 1574 49817 [ 13.0 < Koo < 135 :
12.5<K,;<13.0 0.054 1.800 1.600 102188 2.0x104— — 125 < Kyp < 13.0 .
13.0<K,;<13.5 0.067 1.765 1.636 211574 E __12.0 < Ky < 12.5
13.5<K o< 14.0 0.084 1723  1.684 435232 o150l ]

1.0x10%—
At a low level, contaminants in the catalog merely in- E
crease the noise of our signal with marginal systematic bias™ soxio:-
The A< 0.05 extinction mask is close to optimal in terms of F
signal-to-noise for our cross-correlation analysis. On the %_'0 """"" > *‘;;2' 5 o
other hand, catalog incompleteness at faint magnitudes af Redshift z
fects our ability to infer the correct redshift distribution. We
use galaxies up t&,,=14.0 but weighted the redshift dis-
tribution at a given magnitude randdescribed beloyvby

Number of galaxy per (Az = 0.005)

FIG. 3. dN/dz for the four magnitude bins used in the analysis.

*dN

Eqg. (29. Niota AQ) = f 45 (2d2XA0 (34)
0

2. Redshift distribution
The redshift distribution of our sample was inferred from — anc(z)%(z)dzf dQ

the Schechtef46] parameters fit of th&,, luminosity func- dz

tion from [47]. The redshift distributiondN/dz of galaxies

in the magnitude rang@nyg,<M<Mgy is given by the

integration of the luminosity functio® (M) Ef ne(r)r?drdQ. (35

dN el dV, The observedN,y, is consistent with the 10% uncertainty in
4z (Pdz= fM P(M)dMX-~(2)dz, (300 the normalization,¢* =1.16< 10 2h® Mpc™2 obtained by
b(2) [47] in their luminosity function analysis. Equatio¢85)
gives the explicit relatior{in the absence of clusterinde-
wheredV,./dzis the line-of-sight comoving volume element
and

M+(2)=Mgin— DM(2) —k(2), B) &
~NOE E3 E
M (2)=Mprign— DM (2) —k(2). 3 £ T :
=+ i 12.5<K<13.0 | F13.5<K<14.0 |
Here, DM(z) and k(z) are the distance modulus and .01 L | <z>=0.066 <z>=0.106

k-correction at redshift. To be consistent with47], we em-
ploy k(z) = — 6.0 log(1+2), but the redshift distribution is in-
sensitive to the exact form of thecorrection. The Schechter
parameters used wed* =—-23.39 andas=—1.09. For .
analytic convenience, we further modtN/dz with the three ™ 4
parameter generalized-gamma distribution:

 13.0<K<13.5

dN ﬁ Br—1 2 B 2 12.0<K<12.5
E(zh,ﬂ,zo)dzcxm(z—) exp{—(z—) d(z—). o1 — <z>=0.052 | <z>=0.083 _|
o o o E T ]
(33) :\ IIIII| 1 III\IH‘ 1 IIHIH‘ ::\ HIHI‘ 1 IIIIIH‘ 1 II\HH‘ :
10 100 1000 10 100 1000

The fit were weighted by relative counts, hence they are I L

exact nearz,, the mode of the distribution, but underesti- g1, 4. The autopower for our four different magnitude bins.
mate the true number at the high redshift tail by less thanne solid curves show the observed autopower multipoles with
1%. Table | giVES the redshift distribution parameters for ttheir estimated Gaussian errgq. (23)], while the dashed curves
four magnitude bins used in our analysis. We normalize theyre the projected Peacock and Dogi86] nonlinear power spectra
integral ofdN/dz with the total number of observed galaxies with the best fit constant bias. The best fit Poisson noise term is
in the respective magnitude range, subtracted out.
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FIG. 5. The cross power for our four magnitude bins. The FIG. 6. The same as Fig. 5, but with the point source contribu-
curves are the best fit mod¢SW+ SZ+point sourcesfor the three  tions subtracted from both theory and data.
bands and the points show the data. The I®& components
dominate the signal fot’s below (above 20. The point source within 1% of 1.02. The most significant deviation of the
contribution becomes important for the lower frequency bands atheoretical fit from the observed auto-power is about 30% at
the highestf’s. The shaded region shows theolerror centered at ¢~ 30-40. One possibility may be that galaxy bias is larger
the null hypothesis. Note that, while differefitbins are nearly  at |arge(linean scales than at th@onlineaj small scales. In
independent, different cross powers of bands with magnitude bingrder to estimate the effect, we can limit analyses to the first
are highly correlate_d. As shot noise domin_ates thPT signal for_our lasf ¢-bins (¢=<70, scales larger thar 7—13h~1 Mpc). This
two ¢-bins, for clarity, we only show the first 14-bins, for which yields the estimated bias on linear scales:
the errors for the three WMAP bands are almost the same.
tween the redshift distributiongdN/dz, and the comoving Dg,in=1.18+0.08. S
density,n¢(r) used in Sec. Il A.

Figure 3 is a plot of the redshift distribution for the four
magnitude bins used in our analysis. For the first three brig
samples, where we are complete, the parameterd Néd z
were derived from a direct application of E¢30). For
13.5<K,¢<14.0, the redshift distribution was computed by
summing up magnitude slices with intenK,,=0.05, and
weighted by their relative number counts.

The angular scale corresponding#e-30—40 is a few de-
rees, which is close to the length of the 2MASS scanning
tripes(6°). The amplitude of deviation from the constant

bias model would require systematic fluctuations of order

10% in the number counts on that scale. If these were due to

systematic errors in the 2MASS photometric zero point, such

fluctuations would require a magnitude errdm~0.06,
which is significantly larger than the calibration uncertainties
in 2MASS[20]. Therefore, we will use our estimated linear

V. RESULTS bias[Eq. (37)] for the interpretation of our ISW signal, while

we use the full bias estimaf&q. (36)], which is dominated

For the following results, unless we mention otherwise, : .
by nonlinear scales, to analyze our SZ signal.

we use the WMAP concordance cosmological model. ) . ! .
g The points in Fig. 5 summarize our twelve observed

By comparing the angular autopower spectrum of the gal- . . )
axies in each magnitude bin with the theoretical autopowe ross—correlatlon functiont3 WMAP bandsx 4 magnitude

spectrum[Eq. (19)], we can obtain the bias of the 2MASS ins), while Fig. 6 shows the same data after subtracting out
galaxies. In order 'Eo do this, we useya fit, assuming inde- the best fit contribution due to microwave point sources. We

pendent Gaussian random errors at edehin. Figure 4 fit our theoretical mode]Eq. (18)] to our cross-correlation

compares our best fit models of the autopoysalid curve$ points (including only the W-band for the first 4-bins; see

with the measured autopowers for each magnitude bin. Th ec. 10, aIIovying for free global normalizations for the .
value of the bias for all the magnitude bins is within W, SZ and point source components. The curves show this

model with the best fit normalizations for these components,
by=1.11+0.02, (36)  While the shaded region shows the 68% uncertainty around a
null hypothesis. Figure 7 shows how individual theoretical
which confirms our constant bias assumptid8]. Our val-  components depend on frequency &nfdr our faintest mag-
ues for the Poisson correction facfsee Eq(19)], y, are all  nitude bin. As we mentioned in Sec. Il C, differeftbins

083524-9



AFSHORDI, LOH, AND STRAUSS PHYSICAL REVIEW 39, 083524 (2004

2 T T T T 170171 LI B T T T T T 2 T T TTTT T T T T TTTIT T T TTTT
1 —
T ot ]
N
SO |
.‘§ I ° ]
< 0 = m
o[ i
= = —
_2_1\1|IH| Ll Ll | 72_\I\HII‘ Ll Lol ]
10 1 100 1000 10 100 1000
1
2 T T T TTTT T T T TTTT T T T TTTT
1 L ~ _ W band _
& - _
[aV]
~—' ~ L ® -
= el :
Ixji = _
=00 B
O L -
=
i - _
/1 - =
. . |
_2 ol Lol Lol

10 100 1000

FIG. 7. Different components of our best fit theoretical cross-power model, compared with the data for our faintest magnitude bin
(13.5<K<14). The dottedred curves show the ISW component, while the short-daggeeen and long-dashecblue) curves are the SZ
and point source components respectively. The black curves show the sum of the theoretical components, while the points are the observed
cross-power data.

are nearly independent. However, different combinations ofind make the variand€&q. (23)] significantly different from
frequency bands and magnitude bins are highly correlatethe 68% confidence region. _ _ _

and we use the full covariance matrix which we obtain from Figures 5 and 6 show that our faintest magnitude bin has
the data itsel{see Sec. Il ¢ for our x? analysis. the smallest error. This is due to the fact that our faintest

The apparent dispersion in our data points for the firsfnagnitude bin covers the largest effective comoving volume

4-5 ¢-bins is smaller than what we expect from Gaussianand number of galaxiesee Table | and Fig.)3and as a

. ) B . result, between 50-70% of our sign@epending on the
statistics(the shaded regions in Figs. 5 and Bhis may be component comes from this bin. Repeating the statistical

due to the non-Gaussian nature of the systemétibserva-  5nysis for individual magnitude bins leads to results con-
tional or Galacti¢, which dominate the error on large angles, sjstent with the combined analysis within the errors.

083524-10



CROSS-CORRELATION OF THE COSMIC MICROWAY . . . PHYSICAL REVIEW D 69, 083524 (2004

A. Thermal SZ signal TABLE Il. Best fit point source strengths for different assumed
spectra. The associated best fit SZ signal gAdare also quoted.
Here, T, stands for the antenna temperature, whife, defined in

amplitude of the SZ S|g_nal in terms @, the coeff_|C|ent of Eq. (B2), is the estimated luminosity of the Milky Way in WMAP’s
temperature-mass relation for clusters of galaxe=e Eq. Voband

(A2)]. Different theoretical and observational methods place

In a model described in Appendix A, we quantify the

Q somewhere betwgen 1 and 2, with observatiqns preferringSloectrum Ly/LE 0 v
the higher end. This amplitude could be equivalently de-

scribed in terms off,, the product of pressure bias and Milky Way 16.2+7.8 1.16:0.40 111.2
average electron temperatufsee Eq.(7)], which is less Ta*v > 21.0+8.1 1.19-0.38 109.5
model dependent. Our best fit value for the thermal SZ sigdTaxv™° 10.9x4.7 0.94£0.33 110.8

nal, which shows a signal at the 3:1evel, is

Q=1.19+0.38, or Te=b,T,=(1.04+0.33 keV, (2) Our covariance estimator loses its accuracy as the cos-
mic variance becomes important at low multipolese Sec.
IIIC). A random error in the covariance matrix can system-
which is consistent with the x-ray observations of galaxyatically increase they?> and hence decrease the estimated
clusters. error of our signal. However, our reducgd is 0.88, which
This result is slightly dependent on the spectrum of theis in fact on the low sidgalthough within 1) of the ex-
microwave point sources, which we discuss below in Secpected values for 124 degrees of freed@t®,50 (remember
V C. If we restrict the analysis t6>20, which is where all that we only used the W band for the first 4ing). Assum-
the SZ signal comes from, and our estimates of the covariing Gaussian statistics, this implies that we do not signifi-
ance matrix is robust, our reducgd is 0.93 which is within  cantly underestimate our error.
the 68% allowed range for our ¥213 degrees of freedom.  (3) Possible Galactic contamination in WMAP may cor-
This implies that there is no observable systematic deviationelate with Galactic contamination in 2MASS at low multi-
from our theoretical expectation for the shape of the thermapoles, which may lead to a fake positive signal. However, the
SZ cross-powefor its Gaussianity largest contribution of Galactic foreground is visible in the
Repeating the analysis with thfg<0.1 extinction mask Q-band[27], and our low¢ multipoles have in fact a lower
(see Sec. IV B 1Lfor the 2MASS galaxies, which has a 10% amplitude in Q band. Although this probably shows a large
larger sky coverage, increases the SZ signal slightlfto error due to contamination in the Q-band amplitude, the fact
=1.27+0.35, which is a detection at the3.70 significance  that this is lower than the amplitude of V and W bands im-
level. This is probably because the Galactic contaminatioplies that our main signal is not contaminated. Because of the
close to the plane is only at large angles and does not corieasons mentioned in Sec. llIC, we only use the W-band
tribute to the SZ signal. Therefore, as long as the Galactitnformation for € <14.
contamination does not completely dominate the fluctua- Using the less stringent extinction masky<<0.1 (see
tions, increasing the area only increases the SZ signal.  Sec. IVB1), for the 2MASS sources yields a signal of
ISW=1.9+1.1, which is a lower signal to noise detection at
) the 1. % level. This is probably due to the fact that most of
B. ISW signal the ISW signal comes from angles larger thad0°, which
Using our estimated linear bid€Eq. (37)], our x? fit is highly contaminated in regions close to the Galactic plane.
yields an ISW signal of Finally, we should mention that since the ISW signal
o comes from smaklt’s, while the SZ and point source signals
ISW=1.49+0.61 concordance model predictiof89)  come from largel’s (see Fig. J, there is a small correlation
(less than 10%between the ISW and other signals.

a 2.5 detection of a cross-correlation. As with the previous
cross-correlation analysd40,17,15,24 this is consistent
with the predictions of the concordan¢eCDM paradigm.
However, among the three signals that we try to constrain, As described in Sec. IIC, we assume that our point
the ISW signal is the most difficult to extract, because almossources trace the 2MASS objects and have either a Milky
all the signal comes fromi< 20, given our redshift distribu- Way spectrum, a~2, or a»™ 2 frequency dependence their
tion. For such low multipoles, there are several potential dif-antenna temperatuiéhe last two are the expected synchro-
ficulties: tron spectrum of radio sourcesThe results are shown in
(1) The small Galactic contamination or observationalTable Il. We see that, although all the spectra are consistent
systematics in 2MASS may dominate the fluctuations in theat a 20 level, we achieve the lowegt® for a v~ 2 spectrum
projected galaxy density at low multipoles and wipe out thewhich is similar to the spectrum of point sources, identified
signal. However, since we use the observed autopower dfy the WMAP tean{27]. We should also note that since the
2MASS galaxies for our error estimates, this effect, which¢-dependence of the SZ and point source signals are very
does contribute to the autopow&nd not to the signalis  similar, the two signals are correlated at a 50-70 % level,
included in our error. which is shown in Fig. 8. Using a less stringent extinction

C. Microwave point sources
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wave point sources at the 2@evel.

We have seen that the completeness limit of the extended
source catalog is between 13.5 and 14 in K. However,
matches with SDSS show that there are many unresolved
sources in the 2MASS Point Source Catal®$Q that are
in fact galaxies. If we can select out galaxies in the PSC,
perhaps by their distinctive colors, we should be able to push
the sample at least half a magnitude fainter than we have
done here, probing higher redshifts with a substantially
larger sample.

Future wide-angle surveys of galaxies should be particu-
larly valuable for cross-correlation with the WMAP data, es-
pecially as the latter gains signal-to-noise ratio in further data
releases. The Pan-STARRS projgel| for example, should
yield a multicolor galaxy catalog to 25th mag or even fainter
over 20000 square degrees or more of the sky well before
the end of the decade; it will more directly probe the redshift
range in which the SZ and ISW kernels peak, and therefore

‘ should be particularly valuable for cross-correlating with
0.5 1 Lo 2 WMAP and other CMB experiments.
Q= 1.14 T, (keV)
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APPENDIX A: SEMIANALYTICAL ESTIMATE

mask (Ax<0.1, see Sec. IVB)lincreases the detection
OF SZ SIGNAL

level of microwave sources by about 10%.

To relax our assumption for the redshift distribution of
point sourcegwhich we assume to be the same as 2MASSS
sources at each magnitude bin; see Sec),IM& can also
allow different magnitude bins to have differeht,'s and
treat each as a free parameter. It turns out that this does n
affect either our ISW or SZ signals, or their significance
while Ly's for each magnitude bin is consistent with the
values in Table II, within the errors. As the point source
signal is dominated by Poisson noise at laf¢® removing
the assumed clustering among the point sourfseg Sec.
[IC), does not affect the SZ or ISW signals either.

In order to findT, [defined in Eq(7)] we need an expres-
ion for the dependence of the electron pressure overdensity
on the matter overdensity. As the shock-heated gas in clusters
of galaxies has keV scale temperatures and constitutes about
BL10% of the baryonic mass of the universe, its contribution
'to the average pressure of the universe is significantly higher
than the photoionized interGalactic medidat temperatures
of a few e\). Thus the average electron pressure in a large

region of space with average densEyl+ Sm) 1S given by

To(Mip) MiP)
ap

n,
VI. CONCLUSIONS SpPe= :ef dM-M -Kg
p

We obtain the cross-power spectrum of the three highest _
frequency bands of the WMAP cosmic microwave back- — dTe(M;p)
ground survey with the 2MASS Extended Source Catalog of +n(M;p) T
near infrared galaxies. We detect an ISW signal att{250 P
level, which confirms the presence of a dark energy, at a Fe _ _
level consistent with the WMAP concordance cosmology. =:f dM-M-n(M;p)[kgTe(M;p)]
We also find evidence for an anticorrelation at small angles p

pOm

(large{’s), which we attribute to thermal SZ. The amplitude JloaT
is at 3.1-3.¢ level and is consistent with the x-ray obser- x| b(M)+ g =16, (A1)
vations of galaxy clusters. Finally, we see a signal for micro- dlogp
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where n(M;p) and T¢(M;p) are the mass function and S¢

temperature-mass relation of galaxy clusters respectively. v(M) = a(M)’

Also, b(M)=dlogn(M;p)/dlog p is the bias factor for haloes

of virial massM (=M ,qy; mass within the sphere with the where o(M) is the variance of linear mass overdensity

overdensity of 200 relative to the critical dengityFor our ~ Within a sphere that contains maésof unperturbed density,

analysis, we use the Sheth and Tormen analytic fpB&],  While 5.=1.68 is the spherical top-hot linear growth thresh-

for n(M) and b(M), which is optimized to fit numerical old [55]. fsr and bgr are defined in52]. For the WMAP

N-body simulations. concordance cosmological modgl], this integral can be
We can use theoretical works on the cluster massevaluated to give

temperature relationNwhich assume equipartition among _

thermal and kinetic energies of different components in the Te

intracluster mediumnto find To(M) (e.g.[53]),

bpTe=(0.88 Q) keV. (A6)

The above simple treatment of the SZ signal fails at scales

kgTo(M) o3 comparable to the minimum distance between clusters,
. —(03R)(27GHM) where the average gas pressure does not follow the average
P matter density[56,57], which leads to a scale-dependent
213 pressure bias. Moreover, efficient galaxy formation removes

the hot gas from the intracluster medium, which causes Eq.
(A1) to overestimate the SZ signal. As this paper mainly
focuses on the observational aspects of our detection, we
while 1<Q<?2 (A2) delay addressing these issues into a further publicf&8h
The preliminary results seem to be consistent with the above
for massive clusters, wherd=100h km s/ Mpc is the simple treatment at the 20% level.
(local) Hubble constant. Although there is controversy on the

value of the normalizatioQ (see e.g[54] and references  AppENDIX B: MICROWAVE LUMINOSITIES OF THE

=T.(M)=(6.62 keWQ

10%h Mg

therein, Ref.[53] argues that, as long as there are no signifi- ANDROMEDA GALAXY AND THE MILKY WAY
cant ongoing astrophysical feedback or cooling., as long
the evolution is adiabatic the dependence ol and M First we derive how much the flux received by a micro-
should be the same. Combining this with the local comovingvave source at distana#y and observed solid anglé()
continuity equation affects the observed CMB temperature. The apparent change
. in the blackbody temperature is obtained by
3(H+oH)=— 25, (A3) 4m(hic?)viAv
p 50 -6 (BY)

exghv/(kgTeme)1—1]  47d?
yields
The left hand side of EqB1) is the change in the Planck
dlogTe 2 dlogH 2D intensity, wherev and Av are the detector frequency and
o0 3 aloas  9DH’ (Ad)  pandwidth, respectively. The right hand side is the observed
9p 9gp microwave flux. Definingx as the frequency in units of

whereD is the linear growth factor. keTcws/h, EQ.(B1) yields
One may think that observations may be the most reliable 24362 sint?
way of constrainingQ in Eq. (A2). However, almost all the 6T _ Am"h”c” sinff(x/2) L (B2)

observational signatures of the hot gas in the intracluster me- T (kgTews)* x*Ax  6Qd?

dium come from the x-ray observations which systematically

choose the regions with high gas density. With this in mind, To obtain the microwave luminosity of Milky Way, we
we should mention that while observations prefer a value ohssume an optically and geometrically thin disk, with a mi-
Q close to 1.7, numerical simulations and analytic estimategrowave emissivitye, which is constant across its thickness
prefer values closer to 1[53]. For our analysis, we tre®  and falls ase, exp(—r/ry) with the distancer, from its cen-
as a free parameter which we constrain using our crosger. The disk thickness is F<r, while we assumer,

correlation datdsee Sec. VA _ =5 kpc, our distance from the Galactic center iis
Putting all the pieces together, we end up with the follow-=8.5 kpc, and our vertical distance from the center of the
ing expression fofl disk isz. Integrating Eq(B2) over the disk thickness leads to

the cosecant law for the Galactic emission
T.=(0.32 Q)(27TGH)2’3J dvfs{vIM?3

ST 4m*hsc? sintf(x/2)
—(b;r)= 2 o €e e
2D T (ksTeme)”™  XTAX
x bST(V)_m : (AS) X (H| cscb|—z csch), (B3)
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whereb is Galactic latitude. Integrating(r) over the disk §=1.7x 10" erg s'?,

volume gives the total luminosity of the Milky Way

LY =3.0x10%" erg s'1,

L=2Hf 2mrdrege ""o=4xHr3e,. (B4)

and L}=1.0x10% erg st (B6)

Combining Eqgs(B3) and (B4), we can obtain the total lu-

minosity of Milky Way from the observed Galactic emission ~ To confirm these values, we can use EB2) and the
observed integrated flux of the Androme@a31) galaxy in

5 r/ro(kBTCMB)4 x*Ax the WMAP maps to obtain its microwave luminosity

L=rge |sinb|
3-2 H
27h3c?  sink?(x/2) Lusio=2.1X107 erg s 7,
oT oT
X7 (i) + = (=bir)|. (BS) Lmaiv=5.3x10*" erg s,
Figure 7 in[27] gives the cosecant law for the Galactic emis- and Lyaw=1.6x10% erg st (B7)

sion in different WMAP bands. Using this information in Eq.
(B5) (after conversion into thermodynamic unitgives the We see that these values are larger, but within 50%, of the
luminosity of the Milky Way in WMAP bands Milky Way microwave luminosities.
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