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Integrated Sachs-Wolfe effect: Large scale structure correlation
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I discuss the correlation between the late-time integrated Sachs-WWeW8 effect in the cosmic microwave
background CMB) temperature anisotropies and the large scale structure of the local universe. This correlation
has been proposed and studied in the literature as a probe of the dark energy and its physical properties. |
consider a variety of large scale structure tracers suitable for a detection of the ISW effect via a cross
correlation. In addition to luminous sources, | suggest the use of tracers such as dark matter halos or galaxy
clusters. A suitable catalogue of mass selected halos for this purpose can be constructed with upcoming
wide-field lensing and Sunyaev-Zel'dovi€B2) effect surveys. With multifrequency data, the presence of the
ISW-large scale structure correlation can also be investigated through a cross-correlation of the frequency
cleaned SZ and CMB maps. While convergence maps constructed from lensing surveys of the large scale
structure via galaxy ellipticities are less correlated with the ISW effect, lensing potentials that deflect CMB
photons are strongly correlated and allow, probably, the best mechanism to study the ISW-large scale structure
correlation with CMB data alone.
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I. INTRODUCTION effect may also be probed by observations of the large scale
structure, it is then expected that the ISW effect may be
The cosmic microwave backgrounl@MB) temperature correlated with certain tracers. The presence of the ISW ef-
fluctuations are now a well known probe of cosmoldgy. fect can then be detected via a cross-correlation of the CMB
In addition to the dominant anisotropy contribution at the lastemperature fluctuations at large angular scales and the fluc-
scattering surfacg2], CMB photons, while transiting to us, tuations in an appropriate tracer field. Since the ISW contri-
also encounter the large scale structure. Consequently, modiution is sensitive to how one models cosmology at late
fications are imprinted on the temperature with a regeneraimes, such as the presence of a dark energy component and
tion of a new set of secondary anisotropies. In general, largies physical properties, for example, the ratio of dark energy
scale structure affects CMB through two distinct processesyressure to density, the correlation between the CMB tem-
gravity and Compton scattering. The modifications due toerature and tracer fields has been widely discussed in the
gravity arise from frequency changes via gravitational redditerature[11].
shifts and blueshiftq3,4], through deflections involving Though several attempts have already been made to cross-
gravitational lensing5,6], and time delay$7]. During the  correlate the ISW effect, using the best Cosmic Background
reionized epoch, photons can both generate and erase pHxplorer(COBE) temperature map, and foreground sources,
mary fluctuations through scattering via free electrf$9]. such as x-ray and radio galaxies, there is, so far, no clear
Here, | discuss an effect due to the gravitational redshifidetection of the correlation signfil2]. As we discuss later,
commonly known in the literature as the integrated Sachsthese nondetections are not surprising given the large sample
Wolfe (ISW [3]) effect at late times. The temperature fluc- variance associated with the correlating part of the tempera-
tuations in the ISW effect result from the differential gravi- ture fluctuations, i.e., the ISW effect, with contribution to the
tational redshift from photons climbing in and out of time variance coming from primary temperature fluctuations.
evolving potential perturbations from last scattering surfaceEven for the best case scenario involving a whole-sky obser-
to the present day. In currently popular cold dark matter cosvation and no noise contribution to the tracer field, the ex-
mologies with a cosmological constant, significant contribu-pected cumulative signal-to-noise ratio for the ISW-large
tions arise at redshifts of cosmological constant dominatioscale structure correlation is at most a 10. If the ISW-large
(z=2), at, on, and above the scale of the horizon at the timgcale structure correlation is to be used as a probe of cosmo-
of decay. When projected on the sky, the ISW effect contribdogical and astrophysical properties, it is certainly necessary
utes at large angular scales and has a power spectrum that study in detail what tracers are best correlated with the
scales with the wave number &S® times the linear density ISW effect and why.
field power spectrunil0]. This is in contrast to most other In this paper | address this question by studying in detail
contributions to CMB temperature fluctuations from the localthe correlation between the ISW effect and the large scale
universe, such as the well known thermal Sunyaevstructure. Since | am primarily interested in understanding
Zel'dovich (SZ [8]) effect, that peak at small angular scaleswhat types of tracers are best suited to detect the correlation,
and scale with the wave number las?. | will consider a variety of large scale structure observations
Since time evolving potentials that contribute to the ISWand tracers. These include luminous sources, such as galaxies
or active galactic nuclgf/AGN) at different wavelengths, the
dark matter halos, or galaxy clusters, that describe the large
*Email address: asante@caltech.edu scale clustering of the universe, gravitational lensing, and
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other contributions to the CMB from the large scale struc- d3k . .

ture, such as the thermal SZ effect. Unlike previous studies a}%wzi'f —zf drd (k)1 (k) Y"(k), (6)
[13,14], | do not consider applications of the cross- 2m

correlation involving the determination of cosmological pa-

rameters and dark energy properties. with 11°Y(k) = fdrW'S"(k,r)j (kr), and WSV is the win-

In Sec. Il | outline the correlation between the ISW effectdow function for the ISW effect, Here, | have used the Ray-
and the large scale structure. In Sec. Il | discuss my resultigh expansion of a plane wave
and study which tracers are best suited for correlation stud-
ies. | suggest _that in addition to tracers involving sources eik~ﬁr:4ﬂ_2 iljl(kr)Yr\*(R)Ylm(ﬁ)_ @)
such as galaxies or AGNs, dark matter halos that contain Tm

these sources may also be suitable for a detection of the ISW
effect via a cross-correlation. The best probe of the ISW- In order to calculate the power spectrum involving the
large scale structure correlation is the lensing effect on CMBime-derivative of potential fluctuations, | make use of the
photons. Since one can extract information related to lensingosmological Poisson equati¢h7]. In Fourier space, | can
deflections from a quadratic statistic on temperature datgelate fluctuations in the potential to the density field as
[15,16), this allows one to use all-sky CMB anisotropy maps

alone, such as those expected from the Planck surveyor, to 30, (Ho 2 1+3H§Q _25 K 8
extract the ISW-large scale structure correlation. "2 alk K2 K (k,r). ®
II. ISW-LARGE SCALE STRUCTURE CORRELATION Thus the derivative of the potential can be related to a de-

) rivative of the density field and the scale factorin linear
~ The integrated Sachs-Wolfe effd@ results from the late theory, the density field may be scaled backwards to a higher
time decay of gravitational potential fluctuations. The resultyegshift by the use of the growth functioB(z), where
ing temperature fluctuations in the CMB can be written as 5k r)=G(r)s(k,0) [18]

3

- (€)

T'SW(ﬁ)z—zf”’drcb(r,ﬁr), 1) H(r) (=
0

G(r)o dz'(1+2")

0 Jz(r) H(z")

where the overdot represents the derivative with respect to ) ) 1
conformal distance, or equivalently look-back time, from theNOte that in the matter dominated epd8kra=(1+2) . It

observer at redshift=0 is, therefore, convenient to define a new variab(ge) such
thatF=G/a.
2 d7' Since | will be discussing the correlation between the ISW
r(z)y= f . (2)  effect and the tracers of the large scale structure density field,
0H(z") for simplicity, | can write the power spectrum of the ISW

effect in terms of the density field such that
Here, the expansion rate for adiabatic cold dark matter y

(CDM) cosmological models with a cosmological constant is 2

Ci™=— f k2dkPss(K)[1*"(K) 1%, (10

HZ=HQn(1+2)3+ Qx(1+2)2+Q,], ) &

whereH, can be written as the inverse Hubble distance to_vvhere
dayH51:2997.Sh‘1 Mpc. | follow the conventions that in o
units of the critical density B2/87G, the contribution of 1ISW(k)= j drw'SWik,r)j,(kr), (11)
each component is denot€l] , i =c for the CDM, g for the 0
baryons, and\ for the cosmological constant. We also define

the auxiliary quantities),=Q.+Q, and Qg=1-3,0,, Wih

which represent the matter density and the contribution of TR
spatial curvature to the expansion rate, respectively. W'SW(k,r)=—-30Q —°> F. (12)
Writing multipole moments of the temperature fluctuation k
field T(n), Here | have introduced the power spectrum of density fluc-
o A tuations
a|m=J dnT(n)Y™ (n), (4)
(8(k)S(k"))y=(2m)35°(k+k")P(k), (13
| can formulate the angular power spectrum as Where
_ ¢D D
<al*1mlalzm2>_5|1I25m1m2CI1- (5) k3P55(k) K \n+3
_ —2=aa(—) T2(k) (14)
For the ISW effect, multipole moments are 2 Ho
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in linear perturbation theory. He&, is the amplitude of the scale structure correlation. Therefore most of the results |
present-day density fluctuations at the Hubble scale and | uggesent here apply equally well to both Microwave Anisot-
the fitting formulas of 19] in evaluating the transfer function ropy Probe(MAP) and Planck surveyor missions as they are
T(k) for CDM models. cosmic variance limited at large scales. | will also discuss
The cross-correlation between the ISW effect and anotheracer fields, such as the Sz effect, involving information
tracer of the large scale structure can be similarly constructeextracted using temperature data from these satellites. In
by taking the multipolar expansion of the tracer field. Fol-such cases, when the signal-to-noise is different, | will sepa-
lowing arguments similar to the above, we obtain this crossrately quote them for MAP and Planck.
correlation as In Eq. (19), | have approximated the number of indepen-
) dent modes available for the measurement of the cross-
ISW— X 2 |ISW, correlation asfg,(2l+1). The summation generally starts
Ci _f K2dkPas(k) = (1K), 19 fom I min=2, thOyl(Jgh, when observations are limited to a
fraction of the sky, low multipoles are not independent and
where there is a substantial reduction in the number of independent
" modes. To account for the loss of low multipole modes, one
I'X(k):f drwX(k,r)j(kr), (1)  can approximate the summation such that~ /6., where
0 Osy is the survey size in the smallest dimension. Since the
ISW effect peaks at large angular scales, where in some
cases the cross-correlation also peaks, it is crucial that the
reduction in the signal-to-noise ratio due to the partial sky
coverage be considered.
Since | will be primarily interested in all-sky temperature
Clsw-x maps from upcoming satellite missions, these issues are of

minor concern. | will assume a usable fraction &
MsW-X= T=swax’ (17 Y
VC7C

=0.65 for such missions due to sky cuts involving the ga-
lactic plane. This still leads to almost independent modes at
where the power spectrum of the X-field follows from aboveeach multipole. When cross-correlating with surveys of lim-
ited area tracer fields, however, the detectability of the ISW
2 effect via the attempted correlation may crucially depend on
CIX:;j kzdkPw(k)[lf((k)]Z. (18) the sky coverage of the tracer field.
Note that an expression of the type in HE40) can be
A correlation coefficient of~1 suggests that the tracer field evaluated efficiently with the Limber approximati¢20].
is well correlated with the ISW effect. One of the goals hereHere | employ a version based on the completeness relation
is to investigate which tracer fields lead to correlation coef-of spherical Bessel functions
ficients close to 1.
Using the covariance of the cross-correlation power spec- . ) T %o
trum, we can write the signal-to-noise ratio for the detection f dkICF(K)ji(kr)ji(kr')~ EdA (r—r")F (k)= HIZ

with the window function for the X-field a®V*(k,r). To
estimate how well the tracer field correlates with the ISW,
effect, | will introduce the correlation coefficientgy,_x
such that

of the ISW-large scale structure as (22)
S 2 I max . . . .
(_) —f E (21+1) where the assumption is thR{k) is a slowly varying func-
N SKy|:|min tion. Using this, | obtain a useful approximation for the
ISW—X12 power spectrum for sufficiently highvalues,|~ few hun-
[C ] dred, as
ISW— X2 ISwW Niswy ( ~X Nxy ’
[C 15+ (CPP+C"™)(CP+C ™) |sw]2 I
(19 cisW= f dr ————Pga| k=.r|. (22)
A da
where noise contributions to the ISW map and the tracer map
are given byC,N'SW and ClNX, respectively. Here, the comoving angular diameter distance, in terms of
In the case of the ISW effect, the noise contributions aré¢he radial distance, is
effectively
da=H; 2 Y2sinh(H Q7). (23)
CINISW: C|CMB+C|det, (20)

Note that ad)x—0, dy—r and | definer(z=«)=r,.
whereC{"™® is the total temperature fluctuation contribution,  Although | maintained generality in all derivations, | now
including the ISW contribution, whilec® is any detector illustrate my results with the currently favoredCDM cos-
noise contribution. As we find later, it is the cosmic variancemological model. The parameters for this model &g
associated witlC"™® , and not the detector noise, that limits =0.30, ,=0.05, Q,=0.65, andh=0.65. Withn=1, |
the signal-to-noise ratio for the detection of the ISW-largeadopt the COBE normalization fof, [21] of 4.2x 10 °,
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such that mass fluctuations on tha 8pc ! scale areog 10
=0.86, consistent with observations on the abundance of
galaxy clusterg22].

Ill. RESULTS

. . Sloan (Galaxy)
I now discuss a variety of large scale structure tracers that

can potentially be used to cross-correlate with CMB tem- & 10
perature data.
NVSS (Radio)

A. ISW-source correlation

Probably the most obvious tracer of the large scale struc-
ture density field in the linear regime is luminous sources i
such as galaxies at optical wavelengths and AGNs at x-rays 10 161
and/or radio wavelengths. | can write the associated window [
function in these cases as

HEAO (X-ray)

L
2

10

FIG. 1. The signal-to-noise ratio for the detection of source-ISW
WX(k,r)= by (k,ryng(r)G(r), (24 cross-correlation with a variety of sources that trace the large scale
structure. The considered surveys include: HEAO x-ray catalogue,
radio sources from the NVSS, and the upcoming Sloan galaxy cata-
cI'ogue. The signal-to-noise ratio includes the fraction of sky covered
in each of these surveys. The correlation with Sloan is limited by

whereby(k,r) is the scale-dependent source bias as a fun
tion of the radial distance anady(r) is the normalized red-

shift distribution of sources such thﬁ&°drnx(r) =1. lwil the sample variance associated with the ISW signal while the other
model the redshift distribution in current and upcomingtwo catalogues have significant shot-noise associated with the lim-
source catalogues with an analytic form: ited number counts.
z\® z\# Ny L
ny(z)=|—| exp—|—| , 25 Cr==, (26)
x(2) (Zo) p— ( Zo) (29 I N

wherea andg denote the slope of the distribution at low and WhereN is the surface density of sources per steradian.
high z's, respectively, with a “mean” given by-z,. For the In Fig. 11 ghow the cumulative S|gnal—to—_n0|se ratio for a
purpose of this calculation | take=8=1 and varyz, from cross-correlation of the_temperature data with the large scale
0.1to 1.5 so as to mimic the expected distribution of sourceStructure. | have considered three source catalogues here
from current and upcoming catalogues as well as to cover th@volving the HEAO x-ray catalogue f{,=1/3, N
redshift range in which ISW contributions are generally ~10® sr*, andby=3), NVSS radio sourcesf,=0.82,
expected. N~2x10 sr !, and by=1.6) [26], and galaxy counts
Since any redshift dependence on bias can be included a®wn toR band magnitude of 25 from the Sloan Digital Sky
a variation to the source redshift distribution, the scale desurvey (g, =0.25, 7x10° sr*, andby=1) [27]. The first
pendence on bias is less important and | consider a scateo catalogues have already been used for cross-correlation
independent bias description when illustrating our results. Irstudies with the best COBE daft42]. The nondetection of
fact, since the ISW effect is primarily associated with scaleshe cross-correlation is not surprising given that | find cumu-
which are large and linear, the source bias can be well agative signal-to-noise ratio values less than 1; this estimate
proximated with a scale independent number. Such an asvill decrease once the noise contribution associated with the
sumption is also fully consistent with results from numerical COBE temperature data is also included. In both cases, the
simulationd 23], results from redshift survey24], and from  shot-noise associated with the tracer field is significant. For
semianalytic calculations involving the so-called halo modelSloan, the limiting factor in the signal-to-noise ratio is the
[25]. We take the source bias to be in the range of 1-3 agdominant noise contribution associated with the ISW contri-
expected for galaxies and highly biased sources such as x-réyation due to the sample variance associated with primary
objects. SinceC>"V~*«h, andC{‘=b?, note that the correla- temperature fluctuations. My estimates for the signal-to-
tion coefficient is independent of bias and other factors in thenoise ratio for the ISW-Sloan correlation is consistent with
normalization. The bias becomes important only for estimatprevious estimatefsl3], where it was concluded that the de-
ing the signal-to-noise ratio. tection may be challenging given the small signal-to-noise
In order to estimate signal-to-noise ratio, | describe theratio values.
noise contribution associated with source catalogues by the In addition to luminous sources, one can also cross-
finite number of sources one can effectively use to crosseorrelate the temperature map with a catalogue of galaxy
correlate with the temperature data. | can write this shotelusters or dark matter halos. It is expected that wide-field
noise contribution as galaxy lensing surveys and small-angular resolution SZ sur-
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veys will allow mass selected catalogues of clus{@8]. 10°
Similar catalogues of clusters can also be compiled through
wide-field galaxy surveys such as the Sloan and X-ray imag-

ing data, such as from the proposed Dark Universe Explora-

tion TelescopeDUET).

The redshift distribution of halos in such catalogues fol- 10
lows simply from analytical or numerical arguments, such as
through the mass functiond,n(M,z)/dM, calculated follow-
ing Press-Schecht&PS;[29]) theory or numerical measure-
ments[30]. Additionally, the halo bias is also well known
through analytical method$1]:

SN

[»*(M,2)—1]

by(M,z)=1+ 5 :

(27)

where v(M,z)=6./0(M,z) is the peak-height threshold,
o(M,z) is the rms fluctuation within a top-hat filter at the /

virial radius corresponding to mass, and 6 is the thresh- FIG. 2. The signal-to-noise ratio for the detection of source-ISW
old overdensity of spherical collapse. Useful fitting functionsoss.correlation with dark matter halos that trace the large scale
and additional information on these quantities could bestrycture with low mass limits down to 3 10%4 and 163 M,
found in[32]. For the purpose of this calculation I uB®  (solid line. The long-dashed line is the maximum signal-to-noise
=(by), such that the mass averaged halo bias, as a functio@tio when the ISW effect can be perfectly separated from the domi-

of redshift, is nant CMB data. The dot-dashed line shows an estimate for the
correlation using a catalogue of clusters based on the proposed Dark
1 o dn(M,z) Universe Exploration Telescog®UET).
bu@-=—[" amTTEb M. @8
nh(z) Mmin d M

_ _ catalogues based on lensing surveys contain a redshift de-
Here, the mean number density of halos, as a function ohendent minimum mass limit due to the redshift dependence

redshift, is given byTh(z)zfden(M ,2)/dM. on the lensing window function.
The redshift distribution of halos follows similarly from The decrease in the signal-to-noise ratio with the increase
the PS theory: in mass is due to the decrease in the surface density of halos

1 odv
W2)=5 20

fw den(M,z)

dM | 29

M min

and thus the increase in the shot-noise associated with the
halo side of the correlation. Though the halo surface density
decreases as a function of mass, this is partly accounted for
by the increase in the halo bias such that even with a low
where surface density of halos, one can attempt a correlation of the
temperature with cluster catalogues. As an example of a
e f d?v f“ dn(M,z) temperature-source catalogue correlation that can be ex-
N= | dz5—~ dM ———— (30 X .
dzd | Jwm,,, dMm pected with the MAP data, | also show an estimate for the
signal-to-noise ratio for a catalogue ©f18 000 clusters that
with the comoving volume element given WfVv/dzdQ. is expected to be compiled from the wide-field x-ray survey
Note that the shot-noise associated with the halo-halo powdsy the proposed DUET missiofdot-dashed ling Though
spectrum is given by the surface density of habgX the cumulative signal-to-noise ratio is below 2, the DUET
=1/N. Even though the surface density of halos is Signiﬁ_catalogue is significantly preferred_ over the _Sloan galaxy sur-
cantly smaller than that of galaxies or sources, one gains afey due to the fact that cluster bias associated with DUET
equivalent factor with the increase in halo bias relative tolfacers can ba priori known through mass estimates based
that for galaxies. Therefore, on average, | expect cataloguey’ the elect_ron temperature data while galaxy bias may be
based on halos to produce the same order of magnitude resffi°"® complicated.
for signal-to-noise ratios as those based on catalogues of gal-
axies. .
In Fig. 2 | show the cumulative signal-to-noise ratio: for B. ISW-SZ correlation
detecting the ISW-halo correlation. Here, | assume all-sky Following the derivation of the ISW-large scale structure
catalogues of clusters down to a minimum mass limit ofcorrelation, | can also consider the cross-correlation between
10'3, 10", and 18° M. The lower limit of 13* My is  the ISW effect and the Sunyave-Zel'dovich thermal effect
consistent with the expected mass threshold for SZ clustef8] due to inverse-Compton scattering of CMB photons via
that will be detected with the planned South Pole 8m Telehot electrons. The temperature decrement due to the SZ ef-
scope outfitted with a large bolometer arf@g]. This mass fect can be written as the integral of pressure along the line
limit is constant over a wide range in redshift, while massof sight
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AT kBO'T 10
== =00 [ dra) 2 ngnTn), (3D
Tevs meC
where o1 is the Thomson cross section, is the electron 107"

number density,r is the comoving distance, and(x)

=x coth/2)—4 with x=hv/kgTcug the spectral shape of
the SZ effect. At the Rayleigh-JeafRJ) part of the CMB,
g(x)=—2. For the rest of this paper | assume observations
in the Rayleigh-Jeans regime of the spectrum. Due to the
spectral dependence of the SZ effect when compared to ”
CMB thermal fluctuations, the SZ signal can be extracted 10
from CMB fluctuations in multifrequency da{&4]. Here |

use expected results from such a frequency separation with
Planck and MAP data, and consider the ISW-SZ cross- 19
correlation by correlating the CMB and SZ maps. When cal-
culating the signal-to-noise ratio, | will use the noise power

C,/2n

107"

I(1+1)

spectra calculated if84] for the Planck SZ and CMB maps. 10%
Following my discussion on the ISW-large scale structure -
correlation, | can write the relevant window function for the @ "
SZ effect as Y
10’ et
Kgotbg(r)n,
We%(1) = g 200 e (32
a(r)°megc >
b 10

where, at linear scales corresponding to the ISW effect, the
pressure biasyy, relative to the density field follows from
arguments based on the halo approach to large scale pressurt -
fluctuations[25,33:

M dn(M,z) s

b Zfsz—b M,z)Te(M,2). (33 2 t
g(z) P dM halo( Z) e( Z) ( ) 10 10 102

(b) !
HereT.(M,z) is the electron temperature, which can be cal-
culated through the virial theorem. In E(B2), n, is the
mean density of electrons today.

FIG. 3. Left: The cross-correlation power spectrum between the
ISW and SZ effects. For comparison | also show the power spectra

. . of ISW and SZ effects and the CMB anisotropies. Right: The cu-
In Fig. 3 1 show the cross-correlation between the ISW ulative signal-to-noise ratio for the detection of the ISW-SZ cor-

and the SZ effects. For Compar'lson, I al§9 show the ISW anﬂ!\lation with Planck and MAP data and using spectral dependence
SZ power spectra. The correlation coefficient for the ISW'Szof the SZ contribution to separate it out from thermal CMB fluc-
effect ranges from 0.3, dt- a few tens to 0.1 at~ a few  yations. The maximum signal-to-noise ratio is when the ISW effect

hundred suggesting that the ISW and the SZ contributiong separated from the dominant primary fluctuations at the last scat-
are not strongly correlated. This could be understood basegying surface.

on the fact that contributions to the SZ effect primarily come
from the so-called 1-halo term of the halo model of nonlinear . buti h h th ;
clustering and not the 2-halo term that traces the large scaff® NOiSe contribution to the SZ map, such that a perfect

correlations and, thus, the linear density fluctuations resporseParation of the SZ effect is possible led to the dotted line,
sible for the ISW effect. which converges to the previous dot-dashed ling Byt 0. It

In the same figure | also show the signal-to-noise ratio forS clear that the dominant noise contribution comes from the

the detection of the ISW-SZ cross-correlation. For an experinoise associated with the ISW effect, and effectively, the
ment like Planck, | find that the signal-to-noise ratio is at thedominant CMB anisotropies at the last scattering which can-
level of ~4, while for MAP, it is at the level of 0.3; this is not be easily separated from the ISW contribution. If there is
understandable as MAP has no high frequency informatio useful separation scheme to extract the ISW contribution,
for a reliable separation of the SZ effect. In order to investi-the expected signal-to-noise ratio for the ISW-SZ correlation
gate what limits the signal-to-noise ratio for the detection ofis at the level of~60 suggesting a clear detection of the
the ISW-SZ correlation with a mission like Planck, | decidedcorrelation. Though such a detection will certainly be useful
to set the noise contribution to the ISW effect as simply dudor cosmological and astrophysical purposes, there is no re-
to the ISW effect itself, instead of the total CMB power liable separation technique to extract the temperature fluctua-
spectrum. This led to the dot-dashed line. Further removindions due to the ISW effect from other thermal fluctuations.
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C. ISW-lensing correlation da(ro—T)

Qn(Hp\?
len __a-'m(770
| can consider two forms of lensing: the potentials that WHkr)=-3 a ( k ) G(r)dA(r)dA(rO)'
deflect CMB photons and potentials that shear background (39)
galaxy images. The former can be constructed using qua-

dratic statistics in the temperature data or using Fourier spaggere | have used the Rayleigh expansion of a plane wave,
statistics that are optimized to extract the lensing signal. Thg (7). and the fact tha¥2Y"= — I (I + 1)Y".

latter is probed in weak lensing surveys using galaxy shapes. ror the construction of deflection angles based on the
The deflection angle of CMB photons on the skyn)  CMB temperature data, | make use of the quadratic statistic
=V ¢(n), is given by the gradient of the projected potential proposed by16] involving the divergence of the temperature
o (see, e.g.[35)), weighted temperature gradien%,[T(n)VT(n)]. In Fourier
space, | can write the estimator for the deflection angles as

~ o da(ro—r) -
¢(m)=—2 o drmq)(r,mr). (34) N d2|
D(l):—'f = (1-1,CEMB+1- (1= 1) V)
The lensing potential can be related to the well known con- 1) (2m) ! !
vergence generally encountered in conventional lensing stud-
ies involving the galaxy shear y (1) O([1—14]) 40
2CICIy

~ 1 -
k()= 5 V2(m)
The ensemble averageD(l)), is equal to the deflection
to da(r)da(rn—r R angle,l ¢(1), when
=—fo r%(;))vﬂb(r,mr), (35)
0 Allo 1 a2, (FLCHB+1-(-1)CcfP)?
where | note that the 2D Laplacian operating #nis a Ny :|_2 2.2 oclotctot : )
_ , , . (2m) 1, Cli-1y
spatial and not an angular Laplacian. Expanding the lensing 1 1
potential to Fourier moments,

-1

Note thatN;, is the noise power spectrum associated with the
reconstructed deflection angle power spectrum:

. 42 .
wi)= [ ——ome" (36
(2m) (D)D) =(2m)26p(1+ 1) (I2CPP+N)).  (42)

| can write the usually familiar quantities of convergence and

shear components of weak lensing[&% In the case of lensing surveys using galaxy shear data, we
rewrite Eqs(37) and(39) such thata(ry) =da(rs) whererg
R 1 2 . is the radial distance to background sources from which
k(n)=— Ef 2 )2I2¢(I)é"” shape measurements are made. | assume that all sources are
aa

at the same redshift, though a distribution of sources in the

5 redshift range expected does not lead to a significantly dif-

dl 12(1)e* 12— Dl ferent result tha_m the one sqggested here.

(2m)2 The shot-n0|§e cont_rlbutlon_ to the convergence power

(37) spectrum associated with lensing surveys involving galaxy
ellipticity data is

~ - 1
OGRS

Though these two lensing termksand ¢ contain differences

with respect to radial and wave-number weights, these dif- N <yi2m>
ferences cancel with the Limber approximatip®0]. In C=—, (43
particular, their spherical harmonic moments are simply n

proportional
where( ywm is the rms noise per component introduced by
intrinsic ellipticities, typically ~0.6 for best ground based
surveys, and is the surface number density of background
source galaxies from which shape measurements can be
| d3k e ¢ 1 e made. For surveys that reach a limiting magnit_udeR'n
- fz_wza(k)Y' (k)1 (k) 38 25 the surface density is consistent with~6.9
X 10% sr ! or ~56 gal arc min? [36], such thatC'~2.3
with Xlo—lol
In Fig. 4 | compare the lensing convergence power spec-
Ilen(k):f Werk, )], (kr) trum associated with CMBtop curve and a large scale
¢ i ' structure weak lensing survey from galaxy ellipticities with

2 N
¢Im:_m’<lm:f dnY™ (n)¢(n)
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10° 10

FIG. 4. The power spectrum of convergence constructed from FIG. 5. The signal-to-noise ratio for the detection of lensing-
CMB deflectiong(top curve and galaxy shape dathottom curvé. ISW cross-correlation with galaxy shear data and using deflections
In the case of reconstruction based on CMB, | show expected erroiig the CMB. The dotted lines are for galaxy weak lensing surveys
from the Planck mission while for large scale structure weak lenswith background sources at redshifts of 0.5 and 1.5, respectively,
ing, | show expected errors for a survey of 400 defpwn to anR  and with a sky area of steradians, similar to the Sloan survey. The
band magnitude of 25. dashed lines show the signal-to-noise ratio when temperature data is

cross-correlated with an estimator for lensing deflections in Planck

background source galaxies at a redshift of one. Note that§"d MAP temperature data. The solid line is when a temperature
have obtained the convergence power spectrum associatSP is cross-correlated with a noise-free estimator of deflections.

with lensing deflections in CMB following the estimator for tructure of the local universe. This correlation has been pro
the lensing deflection power spectrum and the two are simpl o o -
g P P P osed and studied in the literature as a probe of the dark

related following Eq(37) such thatC/'= I4/4Cf”d’. For com- ; . : ; .
arison, | also show expected error bars on the reconstruct energy and its physical propertles. \We considered qvanety of
P ’ g rge scale structure tracers suitable for a detection of the

convergence power spectrum from CMB, via the Planck]SW effect via a cross-correlation
temperature data, and for a wide-field survey of 400 Teg. | summarize our results for the correlation coefficient in

down to anRrband magmtudg of 25. . : ._Fig. 6. As shown, the potentials that deflect CMB photons
In Fig. 5 | show the associated cumulative signal-to-noise

ratio in the detection of the ISW-lensing correlation for gal-
axy lensing surveys using CMB data. | assume an area of
steradians for the lensing surveys and as the signal-to-noise
ratio scales a$l, | do not expect a significant use of the
current and upcoming lensing surveys which are restricted to
at most a few hundred square degrees. The dedicated instru-
ments, such as the Large-aperture Synoptic Survey Telescopé€
(LSST; [37]), however, will provide wide-area maps of the
lensing convergence and these will certainly be useful for
cross-correlation studies with CMB to extract the ISW effect.
Note that the Planck data allow the best opportunity to
detect the ISW effect by correlating an estimator for deflec-
tions with a temperature map. The MAP has a lower cumu-
lative signal-to-noise ratio as the estimator for the deflection
angle is affected by the low resolution of the temperature o ‘ \
data. Nevertheless, the MAP data will certainly allow the 10 10° 10' 10°
first opportunity to detect the presence of the ISW effect l
either from CMB data alone or through cross-correlation of
other tracers.

10°

" cMmB

cient

Correlation Coe{t%l

FIG. 6. The correlation-coefficient for ISW-large scale structure
correlations involving lensing effect on CMBolid line), a cata-
logue of dark matter halos down to a mass limit of101, at all
redshifts(dotted ling, lensing convergence from galaxy shear data
(dashed lineswith sources at redshifts of 0.5 and 1.5, and sources

| discussed the correlation between late-time integrateds tracers with mean redshifts of 0.4, 0.7, and 1.3. The potentials
Sachs-Wolfe(ISW) effect in the cosmic microwave back- that deflect CMB photons and sourcesatl.5 are best correlated
ground (CMB) temperature anisotropies and the large scalevith the ISW effect.

IV. SUMMARY

103510-8
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are strongly correlated with the ISW effect with correlation
coefficients of order 0.95 at multipoles 6f10. The conver- 10 —
gence maps constructed from galaxy shear data are not i T e .
strongly correlated due to mismatches in their window func-
tion and that of the ISW effect. While catalogues of dark
matter halos, or galaxy clusters, are well correlated with the 10
ISW effect, sources at low redshifts are necessarily not. In-
creasing the mean source redshift+d.5, we find correla-
tion coefficients of ~0.9 suggesting that a catalogue of
sources at such high redshifts are preferred over a low red-  1p7
shift survey. Such catalogues can be constructed from sur-
veys at x-ray and radio wavelengths, however, the surface
density of such sources are significantly lower than optical
galaxies and the resulting cumulative signal-to-noise ratios 4o
are subsequently smaller. 10
In order to understand the correlation between the ISW

effect and Iargeascale strugture tracers,gl rewrite #Q) in FIG. 7. The contribution to the power spectra of ISW effect and
the form [dk/kk®H(K). In Fig. 7 | showk®H(k) as a func-  giher tracers as indicated. The sources have a mean redshit,
tion of k for large scale structure tracers involving sourcesy 4, 0.7, and 1.3from top to bottorh. The plot shows that the
and the ISW effect with =2. For comparison, | also show contribution to the lensing effect on CMB comes from the same
the contribution to potential power spectrum that deflectrourier modes as the ISW effect while there is a mismatch when
CMB photons. As shown, there is a mismatch between theompared to galaxy surveys at low redshifts.

wave numbers that contribute to the galaxy clustering, at low

redshifts, when compared to the ISW effect. With an increasey e cluster catalogue and the MAP data will allow a good
CSBportunity to study the ISW-large scale structure correlation

tend to t_>e more correlat<_ad with th? ISW effect. On the Othe(/vhile MAP data can also be used with the Sloan catalogue of
hand, itis clear that Iensmg potentials that deflect CMB pho'galaxies. | estimate the signal-to-noise ratio of order few for
tons are well correlated with the ISW effect. In fact, | f'ndli[:hese scenarios suggesting that any such detection will be
. : . ~ “Challenging. For DUET, attempts to improve the shot-noise
nity to extract the ISW effect using an estimator of IensmgOn the x-ray side will be necessary while for the Sloan sur-

gezlecg]ons on lts teplt[r)]er?tslj\/r\;al data. Wl'th pulilfrequenclyvey, one should carefully select a subsample of high redshift
ata, the presence of the -large scaie SIructure correlar,ayies, say through photometric redshift data.

tion can also be investigated through a cross-correlation o
the frequency cleaned SZ and CMB maps.

In the near term, the ISW-tracer correlation is best studied ACKNOWLEDGMENTS
through catalogues of clusters selected based on mass. Such
catalogues can be constructed with upcoming wide-field This work was supported at Caltech by the Sherman Fair-
lensing, SZ effect, and x-ray imaging surveys. The combinecathild foundation and the DOE grant DE-FG03-92-ER40701.
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