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Cross-correlation of the cosmic microwave background with the 2MASS galaxy survey:
Signatures of dark energy, hot gas, and point sources
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We cross-correlate the cosmic microwave background temperature anisotropies observed by the Wilkinson
Microwave Anisotropy Probe~WMAP! 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 energy@integrated Sachs-Wolfe effect~ISW!#, hot gas@thermal Sunyaev-Zeldovich~SZ! effect#, and
microwave point sources in the cross-correlation. Our strongest signal is the thermal SZ, at the 3.1–3.7s level,
which is consistent with the theoretical prediction based on observations of x-ray clusters. We also see the ISW
signal at the 2.5s level, which is consistent with the expected value for the concordanceLCDM 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 2.7s level.
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I. INTRODUCTION

The recently released Wilkinson Microwave Anisotro
Probe~WMAP! @1# results constrain our cosmology with a
unprecedented accuracy. Most of these constraints c
from the linear fossils of the early Universe which have be
preserved in the temperature anisotropies of the cosmic
crowave background~CMB!. These are the ones that can
easily understood and dealt with, within the framework
linear perturbation theory. However, there are also impr
of the late Universe which could be seen in the WMAP
sults. Most notably, the measurement of the optical dept
the surface of last scattering,t.0.17, which implied an
early reionization of the Universe, was the biggest surpr
There is also the strangely small amplitude of the large-an
CMB anisotropies which remains unexplained@2#.

Can we extract more about the late Universe fro
WMAP? Various secondary effects have been studied in
literature~see e.g.@3# which lists a few!. The main secondary
anisotropy at large angles is the so-called integrated Sa
Wolfe ~ISW! effect @4#, which is a signature of the decay o
the gravitational potential at large scales. This could be ei
a result of spatial curvature, or presence of a component
negative pressure, the so-called dark energy, in the Univ
@5#. Since WMAP has constrained the deviation from flatn
to less than 4%, the ISW effect may be interpreted a
signature of dark energy. At smaller angles, the domin
source of secondary anisotropy is the thermal Sunya
Zeldovich~SZ! effect @6#, which is due to scattering of CMB
photons by hot gas in the Universe.
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However, none of these effects can make a signific
contribution to the CMB power spectrum below,;1000,
and thus they are undetectable by WMAP alone. One p
sible avenue is cross-correlating CMB anisotropies with
tracer of the density in the late Universe@7–9#. This was first
done by@10# who cross-correlated the Cosmic Backgrou
Explorer~CMB! Differential Microwave Radiometer~DMR!
map @11# with the NRAO VLA Sky Survey~NVSS! @12#.
After the release of WMAP, different groups cross-correla
the WMAP temperature maps with various tracers of
low-redshift Universe. This was first done with the ROSA
x-ray map in@13#, where a nondetection of the thermal S
effect puts a constraint on the hot gas content of the U
verse. Reference@14# claimed a 2 –5s detection of an SZ
signal by filtering WMAP maps via templates made usi
known x-ray cluster catalogs.@15# looked at the cross-
correlation with the NVSS radio galaxy survey, while@16#
repeated the exercise for NVSS, as well as the HEAO-1 h
x-ray background survey, both of which trace the Unive
around redshift of;1. Both groups found their result to b
consistent with the expected ISW signal for the WMAP co
cordance cosmology@1#, i.e. a flat LCDM universe with
Vm.0.3, at the 2 –3s level. Their result is consistent with
the LCDM paradigm which puts most of the energy of th
Universe in dark energy@5#.

More recently, Ref.@17# cross-correlated WMAP with the
APM galaxy survey@18# which traces the galaxy distributio
at z;0.15. This led to an apparent detection of both t
thermal SZ and ISW signals. However, the fact that they
a jack-knife covariance matrix to estimate the strength
their signal, while their jack-knife errors are significant
smaller than those obtained by Monte Carlo realizations
the CMB sky~compare their Fig. 2 and Fig. 3! weakens the
©2004 The American Physical Society24-1
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significance of their claim. Indeed, as we argue below~see
Sec. III C!, using Monte Carlo realizations of the CMB sky
the only reliable way to estimate a covariance matrix if t
survey does not cover the whole sky.

References@19,20# cross-correlate the highest frequen
band~W-band! of the WMAP with the ACO cluster survey
@21#, as well as the galaxy groups and clusters in the AP
galaxy survey. They claim a 2.6s detection of temperature
decrement on angles less than 0.5°, which they asso
with the thermal SZ effect. However they only consider t
Poisson noise in their cluster distribution as their source
error. This underestimates the error due to large spatial
relations~or cosmic variance! in the cluster distribution~see
Sec. III C!. References @19,20# also study the cross
correlation of the W-band with the NVSS radio sources
low a degree and claim a positive correlation at the scale
the W-band resolution. This may imply a possible contam
nation of the ISW signal detection in@16# and@15#. However
the achromatic nature of this correlation makes this unlik
@22#.

Finally, Refs.@23# and@24# repeated the cross-correlatio
analysis with the 3400 and 2000 square degrees, respect
of the Sloan Digital Sky Survey@25#. Both groups claim
detection of a positive signal, but they both suffer from t
inconsistency of their jack-knife and Monte Carlo errors.

The 2MASS Extended Source Catalog~XSC! @26# is a
full sky, near infrared survey of galaxies whose median r
shift is aroundz;0.1. The survey has reliable and unifor
photometry of about 1 million galaxies, and is complete,
the 90% level for K-magnitudes brighter than 14, ov
;70% of the sky. The large area coverage and numbe
galaxies makes the 2MASS XSC a good tracer of the IS
and SZ signals in the cross-correlation with the CMB.

In this paper, we study the cross-correlation of the WM
Q, V and W bands with four different K-magnitude bins
the 2MASS Extended Source Catalog, and fit it with a th
component model which includes the ISW, thermal SZ
fects and microwave sources. We compare our findings w
the theoretical expectations from the WMAP1CBI
1ACBAR12dF1Ly-a best fit cosmological mode
~WMAP concordance model from here on; see Table 3
@1#!, which is a flat universe with,Vm50.27,Vb50.044,
h50.71, ands850.84. We also assume their values ofns
50.93, anddns /d ln k520.031 for the spectral index an
its running atk50.05 Mpc@2#.

We briefly describe the relevant secondary anisotropie
the CMB in Sec. II. Section III describes the properties of
cross-correlation of two random fields, projected on the s
Section IV summarizes the relevant information on t
WMAP temperature maps and the 2MASS Extended Sou
Catalog. Section V describes our results and possible sys
atics, and Sec. VI concludes the paper.

II. WHAT ARE THE SECONDARY ANISOTROPIES?

The dominant nature of the cosmic microwave ba
ground~CMB! fluctuations, at angles larger than;0.1°, is
primordial, which makes CMB a snapshot of the Universe
radiation-matter decoupling, around redshift of;1000.
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However, a small part of these fluctuations can be gener
as the photons travel through the low redshift Univer
These are the so-called secondary anisotropies. In this
tion, we go through the three effects which should domin
the WMAP/2MASS cross-correlation.

A. Integrated Sachs-Wolfe effect

The first one is the integrated Sachs-Wolfe~ISW! effect
@4# which is caused by the time variation in the cosmic gra
tational potential,F. For a flat universe, the anisotropy du
to the ISW effect is an integral over the conformal timeh

d ISW~ n̂!52E F8@~h02h!n̂,h#dh, ~1!

whereF8[]F/]h, andn̂ is unit vector in the line of sight.
The linear metric is assumed to be

ds25a2~h!$@112F~x,h!#dh22@122F~x,h!#dx"dx%,
~2!

andh0 is the conformal time at the present.
In a flat universe, the gravitational potentialF is constant

for a fixed equation of state and therefore observation of
ISW effect is an indicator of a change in the equation of st
of the Universe. Assuming that this change is due to an e
component in the matter content of the Universe, the
called dark energy, this component should have a nega
pressure to become important at late times@5#. Therefore,
observation of an ISW effect in a flat universe is a signat
of dark energy.

The ISW effect is observed at large angular scales
cause most of the power in the fluctuations ofF is at large
scales. Additionally, the fluctuations at small angles tend
cancel out due to the integration over the line of sight.

B. Thermal Sunyaev-Zeldovich effect

The other significant source of secondary anisotropie
the so-called thermal Sunyaev-Zeldovich~SZ! effect @6#,
which is caused by the scattering of CMB photons off the
electrons of the intracluster medium. This secondary ani
ropy is frequency dependent, i.e., it cannot be associa
with a single change in temperature. If we define a freque
dependentT(n) so thatI B@n;T(n)#5I (n), whereI (n) is the
CMB intensity andI B@n;T# is the black-body spectrum a
temperatureT, the SZ anisotropy takes the form

dT~n!

T~n!
52

sTf ~x!

mec
E dpe@~h02h!n̂,h#a~h!dh, ~3!

where

x[hn/~kBTCMB! and f ~x![42x coth~x/2!, ~4!

and pe is the electron pressure. Assuming a linear press
bias with respect to the matter overdensitydm :

dpe

pe
5bpdm , ~5!
4-2
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Eq. ~3! can be written as

dSZ~n![
dT~n!

T~n!
52F~x!E T̃edm

H0dh

a2~h!
, ~6!

where

T̃e5bpT̄e ,

F~x!5
nekBsTf ~x!

4mecH0
5~1.1631024 keV21!Vbh f~x!,

~7!

andT̄e andne are the average temperature and the comov
density of ~all! electrons, respectively. In Appendix A, w
make an analytic estimate forT̃e , based on the mass functio
and mass-temperature relation of galaxy clusters.

C. Microwave sources

Although technically they are not secondary anisotrop
microwave sources may contribute to the cross-correla
signal, as they are potentially observable by both WMAP a
2MASS. For simplicity, we associate an average microw
luminosity with all 2MASS sources. We can relax this a
sumption by taking this luminosity to be a free parameter
each magnitude bin, and/or removing the clustering of
point sources. As we discuss in Sec. V C, neither of th
change our results significantly.

For the microwave spectrum in different WMAP freque
cies, we try both a steeply falling antenna temperat
}1/n223 ~consistent with WMAP point sources@27#! and a
Milky Way type spectrum which we obtain from the WMA
observations of the Galactic foreground@27#.

In Appendix B, assuming an exponential surface emiss
ity with a scale length of 5 kpc for the Galactic disk and
small disk thickness, we use the Galactic latitude depende
of the WMAP temperature to determine the luminosity of t
Milky Way @see Eq.~B6!# in different WMAP bands.

These values are within 50% of the observed WMAP
minosity of the Andromeda galaxy~see Appendix B! @28#. In
Sec. V C, we compare the observed average luminosity
the 2MASS sources to these numbers~see Table II!.

The contribution to the CMB anisotropy due to poi
sources@see Eq.~B2!# is given by

dPS~ n̂!5
dT~ n̂!

T
5

4p2\3c2 sinh2~x/2!L~x!

~xkBTCMB!4Dx
E drS r

dL~r ! D
2

3nc~r !dg~r ,n̂!, ~8!

whereDx is the effective bandwidth of the WMAP band@1#,
nc(r ) is the average comoving number density of the sur
galaxies,dL is luminosity distance, anddg is the galaxy over-
density.
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III. THE CROSS-CORRELATION POWER SPECTRUM

A. The expected signal

We first develop the theoretical expectation value of
cross-correlation of two random fields, projected on the s
Let us consider two random fieldsA(x) andB(x) with their
Fourier transforms defined as

Ak5E d3x e2 ik•xA~x!, and Bk5E d3x e2 ik•xB~x!.

~9!

The cross-correlation power spectrum,PAB(k) is defined by

^Ak1
Bk2

&5~2p!3d3~k12k2!PAB~k1!. ~10!

The projections ofA andB on the sky are defined usingFA
andFB projection kernels

Ã~ n̂!5E drFA~r !A~r n̂!, and B̃~ n̂!5E drFB~r !B~r n̂!.

~11!

For the secondary temperature anisotropies, these ke
were given in Eqs.~1!, ~6! and~8!. For the projected galaxy
overdensity, this kernel is

Fg~r !5
r 2nc~r !

E dr8r 82nc~r 8!

. ~12!

For our treatment, we assume a constant galaxy bias,bg ,
which relates the galaxy fluctuations,dg , to the overall mat-
ter density fluctuationsdm , up to a shot noisedp

dg5bgdm1dp . ~13!

In this work, we constrain the galaxy bias,bg , by comparing
the autocorrelation of the galaxies with the expected ma
autocorrelation in our cosmological model. Our bias, the
fore, is model dependent.

Now, expandingÃ andB̃ in terms of spherical harmonics
the cross-power spectrum,CAB(,) is defined as

CAB~, ![^Ã,mB̃*
,m&

5E dr1dr2FA~r 1!FB~r 2!E d3k

~2p!3
PAB~k!

3~4p!2 j ,~kr1! j ,~kr2!Y,m~ k̂!Y*
,m~ k̂!

5E dr1dr2FA~r 1!FB~r 2!E 2k2dk

p
j ,~kr1!

3 j ,~kr2!PAB~k!, ~14!

where j ,’s are the spherical Bessel functions of rank, and
Y,m’s are the spherical harmonics.

To proceed further, we use the small angle~large ,) ap-
proximation for the spherical Bessel functions
4-3
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j ,~x!5A p

2,11FdDiracS ,1
1

2
2xD1O~,22!G , ~15!

which yields

CAB~, !5E dr

r 2
FA~r !FB~r !PABS ,11/2

r D @11O~,22!#.

~16!

This is the so-called Limber equation@29#. As we do not use
the quadrupole due to its large Galactic contamination,
smallest value of, that we use is 3. Direct integration of Eq
~15! ~for the ISW signal which is dominant for low, ’s, see
Fig. 7! shows that the Limber equation overestimates
cross-power by less than 2–3 % at,53, which is negligible
compared to the minimum cosmic variance error~about
40%, see Sec. III B! at this multipole. Therefore, the Limbe
equation is an accurate estimator of the theoretical po
spectrum.

Now we can substitute the results of Sec. II@Eqs.~1!, ~6!,
~8! and ~12!# into Eq. ~16! which yields

CgT~x,, !5
bg

E dr r 2nc~r !

E dr nc~r !H 2PF8,mS ,11/2

r D

2FF~x!T̃eH0~11z!2

2
4p2\3c2 sinh2~x/2!bgL~x!

~xkBTCMB!4Dx~11z!2 GPS ,11/2

r D J ,

~17!

whereP(k) is the matter power spectrum,z is the redshift,
andx is defined in Eq.~4!. The terms in Eq.~17! are the ISW,
SZ and point source contributions, respectively. Since
ISW effect is only important at large scales, the cross-po
of the gravitational potential derivative with matter fluctu
tions can be expressed in terms of the matter power s
trum, using the Poisson equation and linear perturba
theory, and thus we end up with

CgT~x,, !5
bg

E dr r 2nc~r !

E dr nc~r !H 23H0
2Vm

r 2

~,11/2!2

3
g8

g
~11z!2F~x!T̃e~11z!2

1
4p2\3c2 sinh2~x/2!bgL~x!

~xkBTCMB!4Dx~11z!2 J PS ,11/2

r D ,

~18!

whereg is the linear growth factor of the gravitational po
tential, F, andg8 is its derivative with respect to the con
formal time. We will fit this model to our data in Sec. V
allowing a free normalization for each term.
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Finally, we write the theoretical expectation for the pr
jected galaxy auto-power,Cgg , which we use to find the
galaxy bias. Combining Eqs.~12!, ~13! and~16!, we arrive at

Cgg~, !5

E dr r 2nc
2~r !Fbg

2
•PS ,11/2

r D1g•nc
21~r !G

F E dr r 2nc~r !G2 ,

~19!

where thenc
21 term is the power spectrum of the Poiss

noise,dp , while the extra free parameter,g, is introduced to
include the possible corrections to the Poisson noise du
the finite pixel size. In the absence of such correctionsg
51. In Sec. V, we seek the values ofbg andg that best fit
our observed autopower for each galaxy subsample.

To include the effects of nonlinearities in the gala
power spectrum, we use the Peacock and Dodds fitting
mula @30# for the nonlinear matter power spectrum,P(k).

B. Theoretical errors: cosmic variance vs shot noise

To estimate the expected theoretical error, again for s
plicity, we restrict the calculation to the small angle limit.
this limit, the cross-correlation function can be approxima
by

CAB~, !.
4p

DV
^Ã,mB̃*

,m&, ~20!

whereDV is the common solid angle of the patch of the s
covered by observations of bothÃ and B̃ @31#.

Assuming Gaussianity, the standard deviation inCAB , for
a single harmonic mode, is given by

DCAB
2 ~, !5^CAB

2 ~, !&2^CAB~, !&2

5DV22@^Ã,mB̃* ,m&^Ã,mB̃*
,m&

1^Ã,mÃ*
,m&^B̃,mB̃*

,m&#

5CAB
2 ~, !1CAA~, !CBB~, !.

~21!

The number of modes available between, and,11, in the
patchDV, is

DN.
~2,11!DV

4p
, ~22!

and so the standard deviation ofCAB , averaged over all
these modes is

DCAB
2 ~, !.

4p

DV~2,11!
@CAB

2 ~, !1CAA~, !CBB~, !#.

~23!

In fact, since the main part of CMB fluctuations is o
primordial origin, the first term in brackets is negligible fo
4-4
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the cross-correlation error, so the error in the cro
correlation function, as one may expect, depends on the
dividual autocorrelations.

We can use the CMBFAST code@32# to calculate the
autocorrelation of the CMB temperature fluctuations. Al
the theoretical expectation for the autopower of the projec
galaxy distribution is given by Eq.~19!.

The galaxy or CMB autopower spectra are dominated
Poisson~shot! noise or detector noise at large, ’s. Therefore,
the measurement of the thermal SZ signal, which beco
important at large, ’s, is limited by the number of observe
galaxies, as well as the resolution of the CMB detector~the
angle at which signal-to-noise ratio for the CMB measu
ment is of order unity!. On the other hand, for the small,
portion of the cross-correlation which is relevant for the IS
signal, the error is set by the matter and CMB power spe
and thus, is only limited by cosmic variance. The only w
to reduce this error is by observing a larger volume of
Universe in the redshift range 0,z,1, where dark energy
dominates.

C. A note on the covariance matrices

We saw in Sec. III C that the errors in cross-correlatio
could be expressed in terms of the theoretical autocorr
tion. However, this is not the whole story.

We have a remarkable understanding of the autopo
spectrum of the CMB. However, if one tries to use the f
quency information to, say subtract out the microwa
sources, the simple temperature autopower does not give
cross-frequency terms in the covariance matrix. In fact,
the absence of a good model, the only way to constrain th
terms is by using the cross-correlation of the bands th
selves. Of course, this method is limited by cosmic varia
and hence does not give an accurate result at low multipo
To solve this problem, we use the WMAP concordan
model CMB autopower for,<13. Since there is no
frequency-dependent signal at low, ’s, we only use the
W-band information, which has the lowest Galactic contam
nation@27#, for our first 4,-bins which cover 3<,<13 ~see
the end of Sec. III D for more on our,-space binning!.

There is a similar situation for the contaminants of t
2MASS galaxy catalog. Systematic errors in galaxy cou
due to stellar contamination or variable Galactic extinctio
as well as observational calibration errors, may introdu
additional anisotropies in the galaxy distribution which a
not easy to model. Again, the easiest way to include th
systematics in the error is by using the auto-correlation of
observed galaxy distribution, which is inaccurate for lo
multipoles, due to cosmic variance. Unfortunately, this
also where we expect to see possible Galactic contamina
or observational systematics. With this in mind, we try
avoid this problem by excluding the quadrupole,C(2), from
our analysis.

At this point, we should point out a misconception abo
the nature of Monte Carlo vs jack-knife error estimates
some previous cross-correlation analyses, specific
@17,24#. Many authors have used Gaussian Monte Carlo
alizations of the CMB sky to estimate the covariance ma
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of their real-space cross-correlation functions@16,17,23,24#.
The justification for this method is that, since the first term
Eq. ~23! is much smaller than the second term, the error
cross-correlation for any random realization of the maps
almost the same as the true error, and the covariance o
cross-correlation, obtained from many random Gaussian
alizations is an excellent estimator of the covariance mat
We may also obtain error estimates based on random rea
tions of one of the maps, as long as the observed autopo
is a good approximation of the true autopower, i.e. the c
mic variance is low, which should be the case for ang
smaller than 20° (,.10). Of course, at larger angles, as w
mentioned above, one is eventually limited by the system
ics of the galaxy survey and, unless they are understood
enough, since theoretical error estimate is not possible, t
will be no better alternative rather than Monte Carlo er
estimates. In fact, contrary to@17,24#, if anything, the pres-
ence of cross-correlation makes Monte Carlo errors a sl
underestimate@see Eq.~23!#. On the other hand, there is n
rigorous justification for the validity of jack-knife covarianc
matrices, and the fact that jack-knife errors could be sma
than the Monte Carlo errors by up to a factor of three@17,23#
implies that they underestimate the error.

As we argue below~see Sec. III D!, since we do our
analyses in harmonic space and use most of the sky,
,-bins are nearly independent and performing Monte Ca
simulations is not necessary. Our covariance matrix is ne
diagonal in,-space and its elements can be obtained ana
cally, using Eq.~23!.

D. Angular cross-power estimator

The WMAP temperature maps are set in HEALPix form
@33#, which is an equal area, iso-latitude pixellization of t
sky. As a component of the HEALPix package, the F
based subroutine ‘‘map2alm’’ computes the harmonic tra
form of any function on the whole sky. However, as w
describe in the next section, in order to avoid contaminat
by Galactic foreground emission in WMAP temperatu
maps, and contamination by stars and Galactic extinction
the 2MASS survey, we have to mask out;15% of the CMB
and;30% of the 2MASS sky. Therefore, we cannot obta
the exact values of the multipoles,C, , and should use an
estimator.

We use a quadratic estimator which is based on the
sumption that our masks,W(n̂), are independent of the dat
that we try to extract~see @34# for a review of different
estimators!. The real-space cross-correlation of the mask
fields Ā(n̂)5WA(n̂)Ã(n̂) and B̄(n̂)5WB(n̂)B̃(n̂) on the
sphere is given by

^Ā~ n̂!B̄~m̂!&^Ã~ n̂!B̃~m̂!WA~ n̂!WB~m̂!&

5^Ã~ n̂!B̃~m̂!&^WA~ n̂!WB~m̂!&, ~24!

where, in the last step, we used the independence of data
masks, and averaged over all pairs of the same separa
Assuming that^WA(n̂)WB(m̂)& does not vanish for any
separation~which will be true if the masked out area is n
4-5
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very large!, we can invert this equation and take the Le
endre transform to obtain the unmasked multipoles

CÃB̃~, !5 (
,50

,max

F,,8CĀB̄~,8!, where

F,,85S ,81
1

2D E P,~cosu!P,8~cosu!

^WAWB&~u!

3d cosu. ~25!

In fact this estimator is mathematically identical@35# to the
one used by the WMAP team@36#, and, within the compu-
tational error, should give the same result. The differenc
that we do the inversion in real-space, where it is diago
and then transform to harmonic space, while they do
inversion directly in harmonic space. Indeed, using o
method, we reproduce the WMAP binned multipoles@37#
within 5%. However, we believe our method is computatio
ally more transparent and hence more reliable. Also, the
trix inversion in harmonic space is unstable for a small
irregular sky coverage~although it is not relevant for ou
analyses!.

Finally, we comment on the correlation among differe
multipoles in,-space. Masking about 30% of the sky caus
about 30% correlation among neighboring multipoles.
bin our multipoles into 13 bins that are logarithmical
spaced in, ~covering 3,,,1000), while excluding the
quadrupole due to its large Galactic contamination in b
data sets. The highest correlation between neighboring
is 15% between the first and the second bins„C(3) and
@9C(4)111C(5)#/20…. To simplify our calculations, we ne
glect this correlation, as any correction to our results will
significantly smaller than the cosmic variance uncertai
~see Sec. V B!, i.e. we approximate our covariance matrix
diagonal in,-space.

IV. DATA

A. WMAP foreground cleaned temperature maps

We use the first year of the observed CMB sky by WMA
for our analysis@1#. The WMAP experiment observes th
microwave sky in 5 frequency bands ranging from 23 to
GHz. The detector resolution increases monotonically fr
0.88° for the lowest frequency band to 0.22° for the high
frequency. Due to their low resolution and large Galac
contamination, the two bands with the lowest frequencies
~23 GHz! and Ka ~33 GHz!, are mainly used for Galactic
foreground subtraction and Galactic mask construction@27#,
while the three higher frequency bands, which have the h
est resolution and lowest foreground contamination, Q~41
GHz!, V~61 GHz!, and W~94 GHz!, are used for CMB an-
isotropy spectrum analysis. Reference@27# uses the maxi-
mum entropy method to combine the frequency depende
of 5 WMAP bands with the known distribution of differen
Galactic components that trace the dominant foreground
obtain the foreground contamination in each band. This fo
ground map is then used to clean the Q, V and W bands
the angular power spectrum analysis. Similarly, we use
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cleaned temperature maps of these three bands for our c
correlation analysis. We also use the same sky mask that
use, the Kp2 mask which masks out 15% of the sky, in or
to avoid any remaining Galactic foreground, as well as 2
identified microwave point sources.

B. 2MASS extended source catalog

We use galaxies from the near-IRTwo Micron All Sky
Survey@2MASS; @38## as the large-scale structure tracer
the recent Universe. Our primary data set is the public fu
sky extended source catalog@XSC; @26##. The Ks-band iso-
photal magnitude,K20, is the default flux indicator we use t
select the external galaxies for our analysis.K20 is the mea-
sured flux inside a circular isophote with surface brightn
of 20 mag arcsec22. The raw magnitudes from the catalo
were corrected for Galactic extinction using the IR redden
map of Schlegel, Finkbeiner and Davis@39#:

K20→K202AK , ~26!

whereAK5RKE(B2V)50.3673E(B2V) @40#. There are
approximately 1.5 million extended sources with correc
K20,14.3 after removing known artifacts~cc_flag !5‘‘a’’
and ‘‘z’’ ! and using only sources from a uniform detecti
threshold~use_src51!.

1. Completeness and contamination

We use the standard log N–log S test to determine
completeness limit of the extended source catalog. The
panel of Fig. 1 shows the number of galaxies as a function
K20. The log number counts can be approximated by
power law:

dN

dm
}10km. ~27!

To infer the true number count-magnitude relation, we ne
to ensure that our catalog is free from contaminants since
all extended sources from the XSC are external galaxies
low Galactic latitude where stellar density is high, unr
solved multiple star systems are often confused as exten
sources. For the purpose of fitting for the power-law slopek,
we use only sources withubu.30°. Using;250 000 galax-
ies in the magnitude range 13.2,m,13.7 ~where the reli-
ability has been determined to be 99% by Huchra and Ma
@41#!, we fitted a number count slopek50.67660.005.

While the XSC is unreliable at low Galactic latitudes, th
ubu.30° cut is too permissive and would throw away a lar
area of the sky that can be used for analysis. In principle,
could use the stellar densitynstar from the 2MASS Point-
Source Catalog~PSC! to set a threshold for excluding regio
of high stellar density. However, since it has been shown
@42# and@43# that unresolved extended galaxies are found
the PSC~up to 2% of all point sources withK20;14), a
mask derived from the observed stellar density would pr
erentially exclude regions of high galaxy density.

We use the extinction map of@39# to exclude regions of
the sky where the XSC is unreliable. Figure 2 shows
4-6
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CROSS-CORRELATION OF THE COSMIC MICROWAVE . . . PHYSICAL REVIEW D 69, 083524 ~2004!
average number of galaxies per HEALPix pixel of 0.83 de2

(Nside564), as a function of Galactic extinction for the fou
magnitude ranges used in our analysis. For bright galax
e.g. K20,13.5, the Galactic density is constant on deg
scales. For the faintest magnitude bin, the number den
drops off at largeAK for AK beyond;0.065. We thus choos
AK,0.05 @44,45#. This stringent threshold excludes;99%
of all regions with nstar.5000 deg22. Moreover, it im-
proves the global reliability of galaxy counts, as our fl
indicatorK20 for each source was corrected for Galactic e
tinction, which has an uncertainty that scales withAK itself.
This cut reduces the number of extended sources withK20

FIG. 1. ~Top panel! The histogram is the observedK20 number-
magnitude relation for galaxies in regions withAK,0.05. The solid
line is the model counts inferred using data fromubu.30° in the
magnitude range 13.2,K20,13.7 where the extended source ca
log ~XSC! is most reliable.~Bottom panel! The square points give
the completeness as inferred from the difference between the
served and model counts. Thesolid curve is a fit to a parametric
model that estimates both the incompleteness and contamin
rate in a consistent manner. Thedottedcurve is a similar fit using
data with a less stringentAK,0.2. Thedashedcurve is fromubu
.30°, which serves roughly as the completeness upper bound
the XSC. The vertical line atK20513.85 gives a completeness
98% for data withAK,0.05 used in our analysis.
08352
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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-correla
analysis for a less stringent mask withAK,0.1, which cov-
ers;79.0% of the sky.

Using k50.676 derived from regions withubu.30° as a
model for the true underlying number counts, we infer t
catalog completeness and contamination as a function of
parent magnitude for the extinction cropped sky. We ded
the intercept of the linear log counts–magnitude model
scaling the observed number counts from theubu.30 region
to the largerAK masked sky at the bright magnitude ran
12.5,K20,13.0. Essentially, we assumed the two numb
count distributions are identical at those magnitudes. T
observed fractional deviation from Eq.~27!

I ~m!5S dNk

dm
2

dNobs

dm D Y dNk

dm
~28!

is positive at faint magnitudes indicating incompleteness
crosses zero to a constant negative level towards the b
end, which we inferred as contamination to the XSC. Plot
in the bottom panel of Fig. 1 is the completeness funct
C(m)[12I (m), where we parametrically fitted using

I ~m!5I o expF2
~m2m̄!2

2s2 G2const. ~29!

In Fig. 1, the term const describes the low level of excurs
beyondC(m)51. We obtained a;98% completeness fo
K20,13.85 and contamination rate at 0.5% level forAK
,0.05 ~solid curve!. As a comparison, a less stringe
threshold of AK,0.2 ~dotted curve!, the completeness is
;95% with contamination at 1.5%. The dashed curve
computed using high latitude data (ubu.30°), serves
roughly as the completeness upper-bound~as a function of
apparent magnitude! for the XSC.

-

b-

ion

or

FIG. 2. Average number of galaxies per 0.83 deg2 pixel ~HEAL-
pix Nside564) as a function of extinction. For bright galaxie
(K20,13.5), the galaxy density is constant up to extinction va
;0.25. For 13.5,K20,14.0, the density drops off atAK;0.65.
We use only regions withAK,0.05 ~dashed vertical line! for our
analysis. Errors are estimated using jack-knife resampling.
4-7
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AFSHORDI, LOH, AND STRAUSS PHYSICAL REVIEW D69, 083524 ~2004!
At a low level, contaminants in the catalog merely i
crease the noise of our signal with marginal systematic b
TheAK,0.05 extinction mask is close to optimal in terms
signal-to-noise for our cross-correlation analysis. On
other hand, catalog incompleteness at faint magnitudes
fects our ability to infer the correct redshift distribution. W
use galaxies up toK20514.0 but weighted the redshift dis
tribution at a given magnitude range~described below! by
Eq. ~29!.

2. Redshift distribution

The redshift distribution of our sample was inferred fro
the Schechter@46# parameters fit of theK20 luminosity func-
tion from @47#. The redshift distribution,dN/dz of galaxies
in the magnitude rangembright,m,mfaint is given by the
integration of the luminosity functionF(M )

dN

dz
~z!dz5E

Mb(z)

M f (z)

F~M !dM3
dVc

dz
~z!dz, ~30!

wheredVc /dz is the line-of-sight comoving volume eleme
and

M f~z![mfaint2DM ~z!2k~z!, ~31!

Mb~z![mbright2DM ~z!2k~z!. ~32!

Here, DM (z) and k(z) are the distance modulus an
k-correction at redshiftz. To be consistent with@47#, we em-
ploy k(z)526.0 log(11z), but the redshift distribution is in-
sensitive to the exact form of thek correction. The Schechte
parameters used wereM* 5223.39 andas521.09. For
analytic convenience, we further modeldN/dz with the three
parameter generalized-gamma distribution:

dN

dz
~zul,b,zo!dz}

b

G~l! S z

zo
D bl21

expF2S z

zo
D bGdS z

zo
D .

~33!

The fit were weighted by relative counts, hence they
exact nearzo , the mode of the distribution, but underes
mate the true number at the high redshift tail by less th
1%. Table I gives the redshift distribution parameters for
four magnitude bins used in our analysis. We normalize
integral ofdN/dz with the total number of observed galaxie
in the respective magnitude range,

TABLE I. dN/dz parameters for the four magnitude bins.

zo b l N

12.0,K20,12.5 0.043 1.825 1.574 49817
12.5,K20,13.0 0.054 1.800 1.600 102188
13.0,K20,13.5 0.067 1.765 1.636 211574
13.5,K20,14.0 0.084 1.723 1.684 435232
08352
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Ntotal~DV!5E
0

`dN

dz
~z!dz3DV ~34!

5E
0

`

nc~z!
dVc

dz
~z!dzE dV

[E nc~r !r 2drdV. ~35!

The observedNtotal is consistent with the 10% uncertainty i
the normalization,f* 51.1631022h3 Mpc23 obtained by
@47# in their luminosity function analysis. Equation~35!
gives the explicit relation~in the absence of clustering! be-

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

FIG. 4. The autopower for our four different magnitude bin
The solid curves show the observed autopower multipoles w
their estimated Gaussian errors@Eq. ~23!#, while the dashed curves
are the projected Peacock and Dodds@30# nonlinear power spectra
with the best fit constant bias. The best fit Poisson noise term
subtracted out.
4-8
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CROSS-CORRELATION OF THE COSMIC MICROWAVE . . . PHYSICAL REVIEW D 69, 083524 ~2004!
tween the redshift distribution,dN/dz, and the comoving
density,nc(r ) used in Sec. III A.

Figure 3 is a plot of the redshift distribution for the fou
magnitude bins used in our analysis. For the first three br
samples, where we are complete, the parameters fordN/dz
were derived from a direct application of Eq.~30!. For
13.5,K20,14.0, the redshift distribution was computed
summing up magnitude slices with intervalDK2050.05, and
weighted by their relative number counts.

V. RESULTS

For the following results, unless we mention otherwi
we use the WMAP concordance cosmological model.

By comparing the angular autopower spectrum of the g
axies in each magnitude bin with the theoretical autopo
spectrum@Eq. ~19!#, we can obtain the bias of the 2MAS
galaxies. In order to do this, we use ax2 fit, assuming inde-
pendent Gaussian random errors at each,-bin. Figure 4
compares our best fit models of the autopower~solid curves!
with the measured autopowers for each magnitude bin.
value of the bias for all the magnitude bins is within

bg51.1160.02, ~36!

which confirms our constant bias assumption@48#. Our val-
ues for the Poisson correction factor@see Eq.~19!#, g, are all

FIG. 5. The cross power for our four magnitude bins. T
curves are the best fit model~ISW1SZ1point sources! for the three
bands and the points show the data. The ISW~SZ! components
dominate the signal for, ’s below ~above! 20. The point source
contribution becomes important for the lower frequency bands
the highest, ’s. The shaded region shows the 1-s error centered at
the null hypothesis. Note that, while different,-bins are nearly
independent, different cross powers of bands with magnitude
are highly correlated. As shot noise dominates the signal for our
two ,-bins, for clarity, we only show the first 11,-bins, for which
the errors for the three WMAP bands are almost the same.
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within 1% of 1.02. The most significant deviation of th
theoretical fit from the observed auto-power is about 30%
,;30–40. One possibility may be that galaxy bias is larg
at large~linear! scales than at the~nonlinear! small scales. In
order to estimate the effect, we can limit analyses to the fi
7 ,-bins (,&70, scales larger than;7 –13h21 Mpc). This
yields the estimated bias on linear scales:

bg, lin51.1860.08. ~37!

The angular scale corresponding to,530240 is a few de-
grees, which is close to the length of the 2MASS scann
stripes(6°). The amplitude of deviation from the constan
bias model would require systematic fluctuations of ord
10% in the number counts on that scale. If these were du
systematic errors in the 2MASS photometric zero point, su
fluctuations would require a magnitude errorDm;0.06,
which is significantly larger than the calibration uncertaint
in 2MASS @20#. Therefore, we will use our estimated line
bias@Eq. ~37!# for the interpretation of our ISW signal, while
we use the full bias estimate@Eq. ~36!#, which is dominated
by nonlinear scales, to analyze our SZ signal.

The points in Fig. 5 summarize our twelve observ
cross-correlation functions~3 WMAP bands34 magnitude
bins!, while Fig. 6 shows the same data after subtracting
the best fit contribution due to microwave point sources.
fit our theoretical model@Eq. ~18!# to our cross-correlation
points ~including only the W-band for the first 4,-bins; see
Sec. III C!, allowing for free global normalizations for th
ISW, SZ and point source components. The curves show
model with the best fit normalizations for these componen
while the shaded region shows the 68% uncertainty aroun
null hypothesis. Figure 7 shows how individual theoretic
components depend on frequency and, for our faintest mag-
nitude bin. As we mentioned in Sec. III C, different,-bins

at

s
st

FIG. 6. The same as Fig. 5, but with the point source contri
tions subtracted from both theory and data.
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FIG. 7. Different components of our best fit theoretical cross-power model, compared with the data for our faintest magnit
(13.5,K,14). The dotted~red! curves show the ISW component, while the short-dashed~green! and long-dashed~blue! curves are the SZ
and point source components respectively. The black curves show the sum of the theoretical components, while the points are th
cross-power data.
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are nearly independent. However, different combinations
frequency bands and magnitude bins are highly correla
and we use the full covariance matrix which we obtain fro
the data itself~see Sec. III C! for our x2 analysis.

The apparent dispersion in our data points for the fi
4–5 ,-bins is smaller than what we expect from Gauss
statistics~the shaded regions in Figs. 5 and 6!. This may be
due to the non-Gaussian nature of the systematics~observa-
tional or Galactic!, which dominate the error on large angle
08352
f
d

t
n

,

and make the variance@Eq. ~23!# significantly different from
the 68% confidence region.

Figures 5 and 6 show that our faintest magnitude bin
the smallest error. This is due to the fact that our faint
magnitude bin covers the largest effective comoving volu
and number of galaxies~see Table I and Fig. 3!, and as a
result, between 50–70 % of our signal~depending on the
component! comes from this bin. Repeating the statistic
analysis for individual magnitude bins leads to results c
sistent with the combined analysis within the errors.
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A. Thermal SZ signal

In a model described in Appendix A, we quantify th
amplitude of the SZ signal in terms ofQ, the coefficient of
temperature-mass relation for clusters of galaxies@see Eq.
~A2!#. Different theoretical and observational methods pla
Q somewhere between 1 and 2, with observations prefer
the higher end. This amplitude could be equivalently d
scribed in terms ofT̃e , the product of pressure bias an
average electron temperature@see Eq.~7!#, which is less
model dependent. Our best fit value for the thermal SZ s
nal, which shows a signal at the 3.1s level, is

Q51.1960.38, or T̃e5bpT̄e5~1.0460.33! keV,
~38!

which is consistent with the x-ray observations of gala
clusters.

This result is slightly dependent on the spectrum of
microwave point sources, which we discuss below in S
V C. If we restrict the analysis to,.20, which is where all
the SZ signal comes from, and our estimates of the cov
ance matrix is robust, our reducedx2 is 0.93 which is within
the 68% allowed range for our 12313 degrees of freedom
This implies that there is no observable systematic devia
from our theoretical expectation for the shape of the ther
SZ cross-power~or its Gaussianity!.

Repeating the analysis with theAK,0.1 extinction mask
~see Sec. IV B 1! for the 2MASS galaxies, which has a 10
larger sky coverage, increases the SZ signal slightly toQ
51.2760.35, which is a detection at the;3.7s significance
level. This is probably because the Galactic contamina
close to the plane is only at large angles and does not
tribute to the SZ signal. Therefore, as long as the Gala
contamination does not completely dominate the fluct
tions, increasing the area only increases the SZ signal.

B. ISW signal

Using our estimated linear bias@Eq. ~37!#, our x2 fit
yields an ISW signal of

ISW51.4960.61 concordance model prediction,~39!

a 2.5s detection of a cross-correlation. As with the previo
cross-correlation analyses@10,17,15,24#, this is consistent
with the predictions of the concordanceLCDM paradigm.
However, among the three signals that we try to constr
the ISW signal is the most difficult to extract, because alm
all the signal comes from,,20, given our redshift distribu-
tion. For such low multipoles, there are several potential
ficulties:

~1! The small Galactic contamination or observation
systematics in 2MASS may dominate the fluctuations in
projected galaxy density at low multipoles and wipe out
signal. However, since we use the observed autopowe
2MASS galaxies for our error estimates, this effect, wh
does contribute to the autopower~and not to the signal!, is
included in our error.
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~2! Our covariance estimator loses its accuracy as the
mic variance becomes important at low multipoles~see Sec.
III C !. A random error in the covariance matrix can syste
atically increase thex2 and hence decrease the estima
error of our signal. However, our reducedx2 is 0.88, which
is in fact on the low side~although within 1s) of the ex-
pected values for 124 degrees of freedom@49,50# ~remember
that we only used the W band for the first 4,-bins!. Assum-
ing Gaussian statistics, this implies that we do not sign
cantly underestimate our error.

~3! Possible Galactic contamination in WMAP may co
relate with Galactic contamination in 2MASS at low mult
poles, which may lead to a fake positive signal. However,
largest contribution of Galactic foreground is visible in th
Q-band@27#, and our low, multipoles have in fact a lowe
amplitude in Q band. Although this probably shows a lar
error due to contamination in the Q-band amplitude, the f
that this is lower than the amplitude of V and W bands i
plies that our main signal is not contaminated. Because of
reasons mentioned in Sec. III C, we only use the W-ba
information for,,14.

Using the less stringent extinction mask,AK,0.1 ~see
Sec. IV B 1!, for the 2MASS sources yields a signal o
ISW51.961.1, which is a lower signal to noise detection
the 1.7s level. This is probably due to the fact that most
the ISW signal comes from angles larger than;10°, which
is highly contaminated in regions close to the Galactic pla

Finally, we should mention that since the ISW sign
comes from small, ’s, while the SZ and point source signa
come from large, ’s ~see Fig. 7!, there is a small correlation
~less than 10%! between the ISW and other signals.

C. Microwave point sources

As described in Sec. II C, we assume that our po
sources trace the 2MASS objects and have either a M
Way spectrum, an22, or a n23 frequency dependence the
antenna temperature~the last two are the expected synchr
tron spectrum of radio sources!. The results are shown in
Table II. We see that, although all the spectra are consis
at a 2s level, we achieve the lowestx2 for a n22 spectrum
which is similar to the spectrum of point sources, identifi
by the WMAP team@27#. We should also note that since th
,-dependence of the SZ and point source signals are
similar, the two signals are correlated at a 50–70 % lev
which is shown in Fig. 8. Using a less stringent extincti

TABLE II. Best fit point source strengths for different assum
spectra. The associated best fit SZ signal andx2 are also quoted.
Here,TA stands for the antenna temperature, whileLV* , defined in
Eq. ~B2!, is the estimated luminosity of the Milky Way in WMAP’s
V-band.

Spectrum LV /LV* Q x2

Milky Way 16.267.8 1.1060.40 111.2
dTA}n22 21.068.1 1.1960.38 109.5
dTA}n23 10.964.7 0.9460.33 110.8
4-11
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mask (AK,0.1, see Sec. IV B 1! increases the detectio
level of microwave sources by about 10%.

To relax our assumption for the redshift distribution
point sources~which we assume to be the same as 2MA
sources at each magnitude bin; see Sec. II C!, we can also
allow different magnitude bins to have differentLV’s and
treat each as a free parameter. It turns out that this does
affect either our ISW or SZ signals, or their significanc
while LV’s for each magnitude bin is consistent with th
values in Table II, within the errors. As the point sour
signal is dominated by Poisson noise at large, ’s, removing
the assumed clustering among the point sources~see Sec.
II C!, does not affect the SZ or ISW signals either.

VI. CONCLUSIONS

We obtain the cross-power spectrum of the three high
frequency bands of the WMAP cosmic microwave bac
ground survey with the 2MASS Extended Source Catalog
near infrared galaxies. We detect an ISW signal at the;2.5s
level, which confirms the presence of a dark energy, a
level consistent with the WMAP concordance cosmolo
We also find evidence for an anticorrelation at small ang
~large, ’s!, which we attribute to thermal SZ. The amplitud
is at 3.1–3.7s level and is consistent with the x-ray obse
vations of galaxy clusters. Finally, we see a signal for mic

FIG. 8. 1 and 2-s likelihood regions of our SZ1point source
signals, for adTA}n22 spectrum~see Table II!. Q @defined in Eq.
~A2!# is the coefficient of the mass-temperature relation for gal

clusters, whileT̃e @defined in Eq.~7!#, is the product of gas pressur
bias and the average electron temperature.LV is the average WMAP
V-band luminosity of the 2MASS sources, whileLV* @defined in Eq.
~B6!# is the same number, estimated for the Milky Way. The la
correlation ofQ ~SZ signal! andLV ~point source signal! is due to
the similar,-dependence of the two signals~see Fig. 7!. Note that

the conversion betweenT̃e andQ depends on the assumed cosm
logical model~see Appendix A!.
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wave point sources at the 2.6s level.
We have seen that the completeness limit of the exten

source catalog is between 13.5 and 14 in K. Howev
matches with SDSS show that there are many unreso
sources in the 2MASS Point Source Catalog~PSC! that are
in fact galaxies. If we can select out galaxies in the PS
perhaps by their distinctive colors, we should be able to p
the sample at least half a magnitude fainter than we h
done here, probing higher redshifts with a substantia
larger sample.

Future wide-angle surveys of galaxies should be parti
larly valuable for cross-correlation with the WMAP data, e
pecially as the latter gains signal-to-noise ratio in further d
releases. The Pan-STARRS project@51# for example, should
yield a multicolor galaxy catalog to 25th mag or even fain
over 20 000 square degrees or more of the sky well be
the end of the decade; it will more directly probe the redsh
range in which the SZ and ISW kernels peak, and theref
should be particularly valuable for cross-correlating w
WMAP and other CMB experiments.

ACKNOWLEDGMENTS

N.A. wishes to thank David N. Spergel for the supervisi
of this project and useful discussions. We would also like
thank Eiichiro Komatsu, Andrey Kravstov and Christoph
Hirata for illuminating discussions and helpful suggestio
Doug Finkbeiner for help on the analysis of WMAP tempe
ture maps, and R.M. Cutri and Mike Skrutskie on t
2MASS dataset. M.A.S. acknowledges the support of N
grants ASF-0071091 and AST-0307409.

APPENDIX A: SEMIANALYTICAL ESTIMATE
OF SZ SIGNAL

In order to findT̃e @defined in Eq.~7!# we need an expres
sion for the dependence of the electron pressure overde
on the matter overdensity. As the shock-heated gas in clus
of galaxies has keV scale temperatures and constitutes a
5–10 % of the baryonic mass of the universe, its contribut
to the average pressure of the universe is significantly hig
than the photoionized interGalactic medium~at temperatures
of a few eV!. Thus the average electron pressure in a la
region of space with average densityr̄(11dm) is given by

dpe.
n̄e

r̄
E dM•M•kBFTe~M ; r̄ !

]n~M ; r̄ !

]r̄

1n~M ; r̄ !
]Te~M ; r̄ !

]r̄
G r̄dm

5
n̄e

r̄
E dM•M•n~M ; r̄ !@kBTe~M ; r̄ !#

3Fb~M !1
] logTe

] log r̄
Gdm , ~A1!

y

e

-
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where n(M ; r̄) and Te(M ; r̄) are the mass function an
temperature-mass relation of galaxy clusters respectiv
Also, b(M )5] logn(M;r̄)/] log r̄ is the bias factor for haloe
of virial massM (5M200; mass within the sphere with th
overdensity of 200 relative to the critical density!. For our
analysis, we use the Sheth and Tormen analytic form@52#,
for n(M ) and b(M ), which is optimized to fit numerica
N-body simulations.

We can use theoretical works on the cluster ma
temperature relation~which assume equipartition amon
thermal and kinetic energies of different components in
intracluster medium! to find Te(M ) ~e.g. @53#!,

kBTe~M !

mp
.~0.32Q!~2pGHM!2/3

⇒Te~M !5~6.62 keV!QS M

1015h21M (

D 2/3

,

while 1,Q,2 ~A2!

for massive clusters, whereH5100h km s21/ Mpc is the
~local! Hubble constant. Although there is controversy on
value of the normalizationQ ~see e.g.@54# and references
therein!, Ref. @53# argues that, as long as there are no sign
cant ongoing astrophysical feedback or cooling~i.e., as long
the evolution is adiabatic!, the dependence onH and M
should be the same. Combining this with the local comov
continuity equation

3~H1dH !52
ṙ̄

r̄
2 ḋm , ~A3!

yields

] logTe

] log r̄
5

2

3

] logH

] log r̄
52

2Ḋ

9DH
, ~A4!

whereD is the linear growth factor.
One may think that observations may be the most relia

way of constrainingQ in Eq. ~A2!. However, almost all the
observational signatures of the hot gas in the intracluster
dium come from the x-ray observations which systematica
choose the regions with high gas density. With this in mi
we should mention that while observations prefer a value
Q close to 1.7, numerical simulations and analytic estima
prefer values closer to 1.2@53#. For our analysis, we treatQ
as a free parameter which we constrain using our cro
correlation data~see Sec. V A!.

Putting all the pieces together, we end up with the follo
ing expression forT̃e

T̃e5~0.32 Q!~2pGH!2/3E dn f ST@n#M2/3

3FbST~n!2
2Ḋ

9DH
G , ~A5!
08352
ly.

-

e

e

-

g

le

e-
y
,
f
s

s-

-

n~M !5
dc

s~M !
,

where s(M ) is the variance of linear mass overdens
within a sphere that contains massM of unperturbed density
while dc.1.68 is the spherical top-hot linear growth thres
old @55#. f ST and bST are defined in@52#. For the WMAP
concordance cosmological model@1#, this integral can be
evaluated to give

T̃e5bpT̄e5~0.88 Q! keV. ~A6!

The above simple treatment of the SZ signal fails at sca
comparable to the minimum distance between clust
where the average gas pressure does not follow the ave
matter density@56,57#, which leads to a scale-depende
pressure bias. Moreover, efficient galaxy formation remo
the hot gas from the intracluster medium, which causes
~A1! to overestimate the SZ signal. As this paper main
focuses on the observational aspects of our detection,
delay addressing these issues into a further publication@58#.
The preliminary results seem to be consistent with the ab
simple treatment at the 20% level.

APPENDIX B: MICROWAVE LUMINOSITIES OF THE
ANDROMEDA GALAXY AND THE MILKY WAY

First we derive how much the flux received by a micr
wave source at distancedL and observed solid angledV
affects the observed CMB temperature. The apparent cha
in the blackbody temperature is obtained by

dV•dF 4p~\/c2!n3Dn

exp@hn/~kBTCMB!#21G5
L

4pdL
2

. ~B1!

The left hand side of Eq.~B1! is the change in the Planc
intensity, wheren and Dn are the detector frequency an
bandwidth, respectively. The right hand side is the obser
microwave flux. Definingx as the frequency in units o
kBTCMB /h, Eq. ~B1! yields

dT

T
5

4p2\3c2

~kBTCMB!4

sinh2~x/2!

x4Dx

L

dVdL
2

. ~B2!

To obtain the microwave luminosity of Milky Way, we
assume an optically and geometrically thin disk, with a m
crowave emissivity,e, which is constant across its thickne
and falls ase0 exp(2r/r0) with the distance,r, from its cen-
ter. The disk thickness is 2H!r , while we assumer 0
.5 kpc, our distance from the Galactic center isr
.8.5 kpc, and our vertical distance from the center of
disk isz. Integrating Eq.~B2! over the disk thickness leads t
the cosecant law for the Galactic emission

dT

T
~b;r !5

4p2\3c2

~kBTCMB!4

sinh2~x/2!

x4Dx
e0e2r /r 0

3~Hu cscbu2z cscb!, ~B3!
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whereb is Galactic latitude. Integratinge(r ) over the disk
volume gives the total luminosity of the Milky Way

L52HE 2prdr e0e2r /r 054pHr 0
2e0 . ~B4!

Combining Eqs.~B3! and ~B4!, we can obtain the total lu
minosity of Milky Way from the observed Galactic emissio

L5r 0
2er /r 0

~kBTCMB!4

2p\3c2

x4Dx

sinh2~x/2!
usinbu

3FdT

T
~b;r !1

dT

T
~2b;r !G . ~B5!

Figure 7 in@27# gives the cosecant law for the Galactic em
sion in different WMAP bands. Using this information in E
~B5! ~after conversion into thermodynamic units! gives the
luminosity of the Milky Way in WMAP bands
tp:

c.

in

le

l.

J

08352
-

LQ* 51.731037 erg s21,

LV* 53.031037 erg s21,

and LW* 51.031038 erg s21. ~B6!

To confirm these values, we can use Eq.~B2! and the
observed integrated flux of the Andromeda~M31! galaxy in
the WMAP maps to obtain its microwave luminosity

LM31,Q52.131037 erg s21,

LM31,V55.331037 erg s21,

and LM31,W51.631038 erg s21. ~B7!

We see that these values are larger, but within 50%, of
Milky Way microwave luminosities.
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