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ABSTRACT

Aims. Implement a matched filter (MF) cross-correlation algaritim multipole space and compare it to the standard AngulasEr
Power Spectrum (ACPS) method. Apply both methods on a latedrSachs Wolfe (ISW) - Large Scale Structure (LSS) crogg-co
lation scenario and study how sky masks influence the migti@mge where the cross correlation signal arises andritpagson to
theoretical predictions.

Methods. The MF requires the inversion of a multipole covariance irdtrat, under non-full sky coveragéds, < 1), is gener-
ally non-diagonal and singular. We choose a Singular Valaedinposition (SVD) approach that enables the identifinatfcthose
modes carrying most of the information from those more jikel introduce numerical noise, (that are dropped from tredyasis).
We compare the MF to the ACPS in ISW-LSS Monte Carlo simufetidocusing on theffect that a limited sky coverage has on the
cross-correlation results.

Results. Within the data moded = t + am wheret is Gaussian noise amd is a known filter, we find that the MF performs compara-
tively better than the ACPS for smaller valuesfgf, and scale dependent (non-Poissonian) noise fields. In tiiextaf ISW studies
both methods are comparable, although the MF performstkfigiore sensitively under more restrictive masks (smaltdues of
fsy). A preliminary analytical study of the ISW-LSS cross ctatien signal to noise (8l) ratio shows that most of it should be
found in the very large scales (50% of thiNSat| < 10, 90% atl < 40 — 50), and this is confirmed by Monte Carlo simulations.
The statistical significance of our cross-correlationistias reaches its maximum when considefirg[2, | may, With |max € [5, 40]

for all values offg., observed, despite of the smoothing and power aliasing tgreasive masks introduce in Fourier space. This
I-confinement of the ISW-LSS cross correlation should enabBkfe distinction from other secondaffeets arising at smaller (higher
I-s) angular scales.

Key words. (Cosmology) : cosmic microwave background, Large Scalec8ire of the Universe

1. Introduction space the statistical covariance matrices betwe@srdnt modes
are particularly simple, and so is the comparison of themnbk
Auto and cross-correlation analyses are crucial in theystudervations. It is in this space where theoretical expeariatfor
of the Cosmic Microwave Background (CMB) anisotropiesther secondaryfiects present in the CMB are also displayed,
This is due not only to the fact that the theory can onlgnd where the constraints on the cosmological parametsear
predict statistical properties of the intrinsic intensignd (e.g.,[Dunkley et al.(2008), Reichardt et al.(2008)). Hesve
polarization anisotropies (and hence auto-correlatiststeust there are two practical issues that tend to complicate ligisry
be conducted in order to compare theory to observations, seedata comparison: the presence of Cosmic Variance in the
Hu & Dodelson(2002) for a review), but also due to the presentarge angular scales (that is, the sample variance due iadhav
of secondary anisotropies and foreground emission that asltly one single sky to look at) and the coupling offdient
up to the measurements in the microwave range. These otReurier modes whenevaptthe entire sky is subject to analysis
components must be identified and separated from the iitrins it happens in practice for current and future CMB and LSS
ones generated at the surface of last scattering, and ¢hereturveys like ACT [(Kosowsky(2003)), SPT (Ruhl et al.(2004))
cross-correlation analyses to other data sets probingtivess DUNH], SNAR] etc). These two féects are of particular
of this secondary emission must be carried out. This has beetevance in the study of the Integrated Sachs-Wolfe (ISW)
done practically for all CMB experiments, from COBE data&ffect [Crittenden & Turok (1996)): the ISW arises in the large
(Smoot et al.(1992), Bennett et al.(1996)) all the way to WMAangular scales, and since its frequency dependence iscalent
data (Bennett et al.(2003), Spergel et al.(2007)). Thessscrto that of the intrinsic CMB fluctuations, it must be identifie
correlation techniques may be either based in real sp&estfle via cross-correlation tests to Large Scale Structure ysrifeat
angular two point correlation function), in Fourier spatke( are likely to cover only a fraction of the sky.
the Auto and Cross Angular Power Spectrum), or in wavelet
space|(Cayon et al.(2000), Larson et al.(2005)). In this work we generalize the matched filter cross-
correlation method to multipole space in the context of CMB

In the linear theory that characterizes the intensity and po
larization anisotropies of the CMB, predictions are donéhim ! http://www.dune-mission.net/
Fourier space of the 2D sphere, thatis, in multipole spacthis 2 http://snap.1bl.gov/
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studies. We compare it to the standard Angular Cross Powidre m = 0 multipole is by definition real, so the 2emain-
Spectrum in dierent scenarios, and show that the former is éing degrees of freedom can be assigned to the real and imagi-
ther equivalent or superior to the latter. We also perforia thnary parts of they ,, multipoles with magnetic number ranging
comparison in Monte Carlo simulations of the IS\Weet, with fromm = 1tom = I. l.e., for a given multipoleé, the multipole
similar results. The method is developed in Section (2),r@&& arraya m will be decomposed into al 2 1 dimensioned array

a first comparison to the Angular Cross Power Spectrum isigiveu), ul, ..., u, Vi, .., v}), whereu; = ao, U,, ..., u} contain the real

in Section (3). A detailed analysis of the signal to noisératparts ofa m1, andv'l, v: the imaginary ones. Since we will

of ISW cross-correlation measurements is provided in 8ectisimultaneously consider all multipolés [Imin, Imad, We define

(4), where the matched filter method is again compared to tfie multipole array

Angular Cross Power Spectrum. Finally, in Section (5) we dis

cuss our results and conclude. a = (Uo, U, V), (4)
where
2. The matched filter method R
Ug = (u'om'”,u{)m'"J'l,...,u'Oma*, (5)
2.1. A brief description — 1 i limin max Ima
_ . _ u= (u e U U L U, (6)
Ouir first goal is to estimate the level of presence of some know
signalm in some measured data arrgywhich is therefore de- and
composed as = t + am. We shall assume thatis a Gaussian V= (e e Vlma:) @)
vector (which will be regarded awise whose covariance ma- = P i 77 L2 el
trix C is known. Given the Gaussian assumptiGrcompletely The dimension ofu andv is given byn, = Imadlmax +
characterizes. As shown in, e.g[, Gorski et al.(1996), the mini1y/2 1 ... + 1 — (Inin(lmin = 1) + Imin), Whereas the dimen-
mization of the quantity sion of up is simply N1 = Imax — Imin + 1, S0 the total dimen-
sion ofa readsn, = n; + 2 x no. If () is an isotropic
2 _ -1y _ ! ads I , ,
X = Z(S‘ am)i(C™)ij(s - am);, (1) Gaussian distributed signal over thérole sphere {sky = 1),
L] then the correlation matrix of tha n, codficients is diagonal:
yields the following estimates far and its formal error: (@m@m)) = Ciorr Sm - (Note that due to isotropy there is
no dependence om). Likewise, we have thatQ);; = (aa;)
. t'C7Im o1 5 is diagonal in such case. This fact makes the inversion of the
Y= micim’ % T micim’ (2 covariance matrix in equatiof](1) trivial. Let us now reldvet

i , assumption on having() defined over the full sphere. In an as-
Note that the superscrifit denotestranspose The dfficulty ophysical context, if some parts of the sky are lackinguiag.,
usually lies in the inversion of the covariance matrix fog fay < 1, the covariance matri€ will no longer be diagonal
long data arrayst andor for close-to-singular covarianceang for large enoughnax it will also be singular. A traditional
matrices C. The first scenario was already addressed Watrix inversion is likely to either fail or provide inacate re-
Hernandez-Monteagudo et al.(2006), where this technita® g jts (Note that the accuracy of the inversion can be tesged
applied in separated subsets of data, and then the covarigi,ning Monte Carlo simulations and comparing the dispersi
among diferent subsets was computed separately. Here, Wane recovered’s with the actual prediction of equatidf (2)).

shall also consider the case wheteis singular or close to |, these circumstances, we perform a SVD decomposition of
singular. the covariance matrix,

Indeed, the use of the matched filter is very exc =R'AR, (8)
tended in CMB analyses (e.d., Rubifio-Martin et al.(2P00) i ) ) . .
Hernandez-Monteagudo & Rubino-Martin(2004), whereA is a dlggonal matrix (contalmng the agenvalue@f
Hernandez-Monteagudo et al.(2004), Hansen et al.(2005)/dR is a rotation orthogonal matrbR(R = 1). Note that since
but it has been mostly restricted to real space. In works liléeiS Symmetric and positive definite, the eigenvalues sholild a

that of Hansen et al.(2005) it was also implemented in Fourige POSitivE. The SVD decomposition sorts the eigenvectors

matrix as diagonal, assumption that we shall avoid here, ~ €igenvectors are those containing more information al@ut
whereas the last ones are the most likely to introduce nualeri

noise. Note that there is always some numerical error in our
' o _ estimates of the covariance matrix, since it is computealigpn
2.2. The covariance matrix in multipole space a finite number of Monte Carlo realizations (10,000 in this

We will focus our analyses on real signals defined on 2D sher?rk)- Therefore, this decomposition provides a way to teota
e vectora into its principal modes, and permits distinguishing

These are usually decomposed on an spherical harmonicasas ) . . -
y P P ose having most of the information from those being more

follows: affected by numerical error (which can be safglyojected
Imax | out of the analysis). In practice, we neglected all eigenvector

s(n) = Z Z amYim(n), (3) whose eigenvalues were smaller that a given fractiai the
=iy M=—1 first (largest) eigenvalue. (For most cases, the cheiee108

ielded optimal results). The inversion & after the SVD

with 7t denoting a direction on the sky (or a position in th%ecomposition becomes straightforward, enabling an easy

sphere). Ifsis real, then the multipole céi&cients verifya _m =

(-1)"a,,, with the symbol %" denoting complex conjugate 3 | practice, we find that for dense and close to singular cak€s
This limits the number of degrees of freedom pdéo 2 + 1. some eigenvalues (of small absolute value) were negative.
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implementation of the matched filter as given by equation (2nd will be restricted to the large angular scales. This ahoi
Note that, unlike in Gorski(1994) or Mortlock et al.(2002)¢ is motivated by the study of the Integrated Sachs-Wolfe (ISW
are not worried in building a new set of orthonormal functioneffect that follows in subsequent Sections of the paper, artd tha
in the patch of the sky under analysis, nor we attempt to perfois typically restricted td < 50. When studying small scales, one
component separation (Bouchet et al.(1999)). In all thamdksy  has to be careful with the SVD decompasition, which might fai
the techniques used were in some way close to ours, but tHeirtoo large matrices. The matched filter in real space isast
goals were dferent. of those occasions, more adequate.
The Angular Cross Power Spectrum (hereafter ACPS) can be

As we shall see below, we may be interested in applying thieewed as a simplification of the matched filter presente@ her
matched filter irdifferent tbins. One can readily find that, givenwhere the covariance matrix is approximated by a diagonal ma
the outcome of the matched filter in twoff@irentl-binsa, and  trix with identical non zero elements. Following the natatof

&g, their covariance is given by Sectior 211, the estimate afprovided by this method is given
(Ena = (i) — (p)ig) = i P 9) ”
= (aplq) — (Ap)Qq) = . *
paT P (mbCaimp)(MiCaqma) aacps = 72;”1{;2(3,;) . (13)
I,m ,m|

Here,Cpp andCqq denote the covariance matrices of the noise _ _ _
t for I-bins p andq, respectively, wheread,, is the covariance Wheres.m andm,n, are the Fourier multipoles of the signals
matrix for the noise in dierent! bind: Cpq = (tyte). For a set andm, respectively. Note that we shall refer to these signals in

of I-bins we shall obtain a vector of measurggds, whose com- Fourier space, and thus the vectsesidm will contain the com-
' ponents of thes » andm ,, multipoles as explained in Section

binedy? will be given by o
27a1 _ A ey A In order to compare this method to the matched filter,
x"la] = ;ap(c Jpatty (10) we have to defing and m and build s according to equa-

tion (I2). Throughout this paper, we shall not use real data
An overall detection level for a given set bbins anda*s will  but only Gaussian realizations generated from a given cesmo
be provided by thig? statistic. Another statistic providing thelogical model. Fort, we choose CMB realizations for which

level of detection is the variance weighted average foutis, ~ the ISW contribution has been subtracted. l.e., we simulate

here defined a8: the Fourier njultipolesLm_-s_ from an angular power spectrum
computed using a modified version of the CMBFAST code
~ 2p (&p/&?y ) (Seljak & Zalde_lrriaga(l996)) with a cosmological paramet
B= —Az" (11) equal to that given in Spergel et al.(200@}; = 0.1994,Q, =
2p1/0%, 0.759,Q, = 0.0416,n, = 0.958,05 = 0.75 andr = 0.089. This

We will show below that, in ISW studies, the distribution o1W”.| be therefe;rence qosr_nological mpde! hereafter..TheplatB .
' ' is a Gaussian realization of a projection of the linear dgnsi

the @p-s will be very close to Gaussian, and therefore Gaussi ' .
il also be the distributi A hat th hed fil leld as computed from the matter power spectrum obtaindd wit
will also be the distribution of. (Note that the matched filter e same cosmological parameters. This density field isdlac

method, as defined from a minimization of the statistic given ,\iihin a shell centered at= 0.8 with a total width ofAz ~ 0.8

equation[(L), is only optimal if the noise is actually Gaessi j o 'the redshift range where ISW contribution is maxintiais(
distributed). The diagonal elements of the ma@igan be com- jj| pe addressed in detail in Section (#.1)). To each realiz
puted via equatiori [9) or via numerical simulations: thee@gr tion of t we added the componeatn (for a given choice ofy,
ment is very good (down to a few percent, compatible to the — 10-3) and applied the two methods. All maps were con-
number of realizations). However, this agreement is ndfsat  \glved with a Gaussian PSF of FWHM°. Let us remark that
tory for the non-diagonal elements when working under aggreyy thjs exercise we do not attempt to simulate ISW obseratio
sive masks: in this case (and also when computing the dispersyyt simply test the two methods in the context of equafio. (12
of the statistigs) we shall use the results obtained from 10,000 |, this comparison, we applied both the matched filter and
Monte Carlo simulations. This assures a fair estimatiorhef tihe ACPS under two dierent masks: the first one assumes full
correlation between fferenta, estimates and hence an aCCusky coverage fsky = 1), whereas the second one adopts the
rate estimation of the overaif statistic. mask provided by the fourth data release of Sloan Digital Sky
Survey (SDSS-DR4, Eisenstein et al.(2001)) combined wih t
3. Compai to the Anaular C = KpO0 mask used in WMAP data analyses, (Hinshaw et al.(2003);
: parison to the Angular £ross Fower see left panel of Fig[{1)). In Tablél(1) we display the result
Spectrum after applying both methods to an ensemble of 10,000 simula-

In this Section we shall compare the matched filter (as definf@"S- We consider two scenarid$) & uniquel-bin limited to
above) to the Angular Cross Power Spectrum (hereafter ACP83x = 15,1 € [2,15], and(ii) a set of 18-bins, ranging from

method. This comparison will be made within the model motlmin = 2 10 Imax = 50. We always find that the estimates of
vated in the previous Section, @ are unbiased for both meth@dsnd that the matched filter

provides an estimate of the dispersioncofsée equatior{2))
s=t+am, (12) that actually agrees with the value recovered from the Monte

4 Note that, according to our notatiom){ = & denotes thé-th com- 5 A mask in real space involves a convolution offéiente values
ponent of the arrap, wherea, denotes the-th array of some larger in Fourier space, which may generate a bias i not constant versus
group of arrays. Same for matrice€)(; denotes the array element inl.The case considered in this Section observes a constéortevery
thei-th row andj-th column, not to be confused wiy,, which denotes multipole, but in subsequent sections this will not be theeand a bias
the covariance matrix computed from arraysanday. will appear.
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SDSS-DR4 x Kpd Mask PAU-BAO x Kp0 Mesk NVSS x KpO Mask

Fig. 1. Three diterent masks used in this papkeft Mask corresponding to the product of the SDSS-DR4 maskstithe KpO
mask used ih Hinshaw et al.(200@)ddle: Mask assigned to the future PAU-BAO galaxy survey timestheé mask.Right Mask
of the NVSS times the KpO mask.

|| ” Imax: 15 | Imax:50 |
MF | ACPS MF ACPS
(@) /os R | Blog | 0R) | Blop
All sky 2570 | 1650 | 2,312 192 2,316 | 192
SDSS DR4|| 3468 | 6.44 271 63 201 55

Table 1. Under two diferent masks (SDSS-DR4 mask and all sky), we compare the rpafce of the matched fil-
ter (MF) and the ACPS when trying to estimate the amplitudefrom a data sets = t + am given s, m and

the power spectrum of the Gaussian noisewhich is taken from a CMB power spectrum. In cag@ we con-

sider a singlel-bin containing all multipoles inl € [2,15], whereas in casdgii) we consider 16l-bins: | €

[2,3].[4,5].[6, 8],9, 14],[15, 25], [26, 28], [29, 31], [32, 34], [35, 37], [38, 40], [41, 43], [44, 45],[46,47], [48, 49] and [5051]. We

are quoting the results for thestatistic in caséi), and for they? andg statistics in caséi). Note that, in this case, the statistic

has been normalized by the number of degrees of freedonthieenumber of-bins.

Carlo simulations. In cas@) we obtain that the matched fil- of these bins is roughly equivalent to the rest. The weighdip-

ter works better than the ACPS under the two masks consjgied by the matched filter introduces very littl&férence, and
ered. Note that the noise signal in these analyses corrdspamoth methods perform similarly, yielding almost identival-

to the CMB (after having the ISW component subtracted), angs ofy?. But again, under the SDSS-DR4 mask the coupling
that therefore the noise power spectrum scalegtiag?) « 172.  among multipoles is observed by the matched filter, and this i
On the other hand, the angular power spectrum of our denditgyduces a dference between the two methods. However, it is
template scales roughly agnm|?) o« constat| < 50. This clear that the matched filter proves comparatively bettegrwh
means that for the lowrange considered ifi), the matched fil- when a singlé-bin is considered, (cagg).

ter is going to weight more the highend multipoles: thisféect

makes this method superior to the ACPS (which weights alt mul o .

tipoles equally) in the all sky case. For the SDSS-DR4 méask, t4- Application to ISW Studies

matched filter also accounts for the coupling among mutipolerpe ntegrated Sachs Wolfe (ISWect arises as a consequence
and this enlarges the fiiérence between the two methods. Ongy 5 |4te time variation of the gravitational potentials et
obvious question that arises is: how can the _matched filter PRyrge scales. If there is a net change in the depth of the poten
form better under the SDSS-DR4 mask than in the all sky casgq wells while they are being crossed by CMB photons, then
The lowl modes arelegenerateinder the SDSS-DR4 mask, thayys radiation field will experience a gravitational fetieshift.

is, they are not orthonormal as féyiy = 1 and are decomposedcyitienden & Turok (1996) pointed out that gravitationatero
onto other modes corresponding to smaller angular scals. k|5 should be traced by the Large Scale Structure (LS$), an

the noisiest (low) modes under the full sky mask are mogen- rqnsed the cross-correlation of CMB maps to LSS surveys to
modesanymore and they are partially dropped from the analysig el this signal. However, in most plausible models tieef]
(the matched filter method handles 17@elient modes under riation of the potentials occurs at late times (or low hets;,

the SDSS-DR4 mask, as opposed to 252 moddsqyf= 1). ;) and the angle subtended by the linear scales for which the
This means that under the SDSS-DR4 mask we havé@eint |q\y effect is important is rather largé ¢ 3 — 5°). This means
statistic (since it handles aftBrent number of degrees of freey ¢ there will be room for relativeliewindependent ISW spots
dom) that is more concentrated in angular scales where ie ngy, the sky, i.e., thisféect will be considerably limited by Cosmic
amplitude is smaller. This provides this new statistic &N \iariance. Further, it is in this large angular range wher th
ratio. Galactic emission is more important, and errors in its sudion

In case(ii) andfsky = 1, it turns out that, given the scaling ofmight be more relevant. For this reason, it becomes negetbsar
the power spectra ah andt, most of the N ratio is in the few use of masks that project out regions where this galactitapon
higherl bins, centered at multipolds= 45,46, ...,50. Indeed, ination is large and cannot be removed accurately. Furtberm
these last multipoles are dominating the sums in equdii@h (1when doing a cross-correlation analysis between CMB maghs an
For these few high-bins carrying most of the information, theLSS maps, the latter may not likely cover the whole sky, bst al
change of the noise properties is very small, and therefaech e be restricted to a given limited region. In this contextgtbmes
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The symbolg denotes the time derivative of the gravitational
potentialg. In linear theory, this expression can be rewritten as
(e.g., Cooray(2002))

le4d

o
&

% _ dk -
: Al = () [ s ViR

E

%Wez» 5

%) ) -3Q,H d D/a

3 fdr;.(kr)% (dr )5k. (15)

@
T

The multipole cofiicientsaj5 " are related to the ISW temper-
ature anisotropies by equatidd (3). In this equatiodgenotes
comoving distancek comoving wavevectorj(X) denotes the
spherical Bessel function of orderHy is the Hubble parame-
ter,a(r) is the scale factor and(r) is the standard linear growth
10 ‘ 2R factor. The 3D Fourier mode of the density contrast is dehote
by ). Note that for an Einstein-de Sitter Univerd2 ¢ a) the
whole integral vanish. In a similar way, the multipole flogents

1 for the angular number density of a matter density probediwhi
1 will be taken to be galaxies in what follows) read

{ o= () [ 5 i)

1e0

0.8

0.6

S

0.4

0.2

fdr ji(kr) r? ng(r)b(r, k) D(r) oy, (16)

0.0 1 1
! Jﬁﬁpme . 100 with ng(r) the average number density of galaxies. The bias func-
tion b(r, k) accounts for usual probes of the LSS actually being

Fig.2. (a) The dot-dashed line displays the cross power speiased tracers of the underlying mass distributior»(1). This.
pression neglects the presence of shot (Poisson) notke in

trum of the projected density field through a shell centeted & . X : .
z= 0.8 (dashed line) times the ISW component (thin solid Iineg."”‘l""xy number. Note that the coordinataere is being taking
The thick solid line displays the total CMB angular powerspe &S & l00k-back time coordinate, equivalent to conformatton
trum. (b) Normalized signal to noise ratio (as given by equatio'i’?dSh"ct @. For the sake .Of clarity, in what f°"°".VS we shall use
(Z1)) versus multipolé: the solid line corresponds to a densitfS [00k-back time coordinate. We have that a given galaxsesur
probe in a shell centered at= 0.8, whereas for the dotted and"ill Probe the redshift range given by the prodiifg) = b Ny,
dashed lines the central redshifts are 0.4 and 1.3, respicin  With Ng(2) = r*(2) ng(2)D(2). Note that, at this stage, we are ig-
both panels, the width of each density shell is equal to 20% @@ring thek dependence of the bias functibnFor simplicity,

the comoving distance to the central shell redshift. we shall rewrite equationB (IL5]16) as
. dk -
as'? = (i) (4n) f s YimlK) A"k 2), 17)

particularly important the implementation of as sensitiggos-
sible cross-correlation tools that are able to handle agtinthe

limitations imposed by the sky masks with theAllSwg(k, 2) being referred to as transfer functions of the

ISW and the galaxy fields, respectively. In real space, thescr
correlation function between ISW temperature anisot®pied

4.1. The S/N ratio in ISW Studies LSS probes reads
In this Subsection we briefly describe the ISW — LSS crosg- _ 2+1 isweg
correlation in the frame of the WMAP3 cosmogony. Unlike isweg(6) = Z An G Pi(cosd), (18)

Douspis et al.(2008), we refrain from addressing the depecel

of this correlation under dierent Dark Energy models. We conith C!S"*9 the cross power spectrum,

centrate on a single LSS survey, and search for its optindal re !

shift in terms of ISW detection. We study the amount @S _syeg (2 2 1L AISWAGQ

that arises in those cases, and the angular scales whegeitis G = )f k*dk AZ A} Pro(K),

erated. This sets the scenario for our cross-correlaticinade

comparison. andPy(K) is the linear matter power spectrum. The symtss! ”
The ISW — LSS cross correlation arises from the fact theenotes cross correlation. The theory makes actual preatict

both LSS probes and gravitational potentials are traciegiti  on this cross-power spectrum, and its covariance matriiag-d

derlying matter density field. The expression for the terapee  onal if f,, = 1, and in general is simpler than that of the corre-

anisotropies introduced by a gravitational Bheeshift reads lation function, (see the detailed analysi$ of Cabré €2@07)).

(Sachs & Wolfe(1967), Martinez-Gonzalez et al.(1990)) As an example, we show a cross power spectrum (dot-dashed
line) in the top panel of Fig[{2). The total CMB contribution

oT o =2 dt (A t 14 (for the choseM\CDM model) is given by the thick solid line,
To |sw(n) ) ¢(f. 1). (14) and its ISW component is displayed by the thin solid line. The

(19)

e
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angular power spectrum corresponding to the projectiomef t

galaxy field whose window functiof(Z) is centered at = 0.8

is displayed by the dashed line. The total width in redslpiftce

is roughlyAz =~ 0.80, so it is a thick shell. The cross power spec-

trum peaks at scales at arouind 30— 50, but its amplitude at

| ~ 200 is roughly equal to that &t 2. This might suggest that

the there is so much cross-correlation signal at large10) as

in small ( > 100) scales, but indeed most (90%) of the signal

comes from the large scalds< 40) if fsiy = 1, as we will show

below. Note that the amplitude of the density power spectrum

(and hence the cross power spectrum) are taken arbitraey. Th ir

signal-to-noise (M) ratio for the measurement of a given mul-

tipole | of the cross power spectrum can be computed once one

takes into account that theo multipoles are real defined, and I TTIETS

that the real and complex components of ghg (m > 0) mul- Redshift z

tipoles, besides being equivalent and independent, mtistysa

the constraint for the total amplitudiy m|?) = C;. We obtain Fig. 3. Total signal to noise ratio of the cross power spectrum
detection as given by the numerator of equatlod (21) with re-

S/N

2 f (CISng)Z (I + 1) spect to the central redshift of the density probe shell. thiek
(§) _ skyi _ (20) solidline displays the case when the shell containing thesite
N/ [CICMBC? + (CI'SWSQ)Z] (1/2+1) probes has a width equal to 20% of the comoving distance to the

shell. For the thin solid line, this width is only 2%.

In this equationC~M® is the CMB angular power spectrum and

C/ is the LSS probe auto power spectrum. The quantity our choice of a thick survey centered at this red8hiiote that
our assumption that the bias is independent of scale mighteno

=l (S/N)2 accurate, but it has less impact in the large scales|@where

L (21) most of the @ect is coming from. We do not expect significant

Z:,z'zma* (S/N)? changes after introducing a scale dependent bias in ouxyala

survey description, although we shall address this issdetiail

is displayed versukin the bottom panel of Fig[{2). I.e., thiswhen applying our method to real CMB and LSS data. Note that,

figure shows the ratio of the signal to noise ratio contained ba priori, this method can be applied the same on multiple redshift

low some given. The thick solid line corresponds to the galaxghells, and isiected in exactly the same way than the ACPS by

survey centered a = 0.8 mentioned above, whereas the dotealistic aspects such as the redshift or scale dependétive o

ted line for a galaxy survey with a window function centered &ias, survey incompleteness, etc.

z = 0.4. The dashed line corresponds to a case where the galaxyWe next compare the performance of the matched filter to

survey is probed at = 1.3. In all cases we are taking a shelthat of the ACPS. We use one Gaussian realization of our chose

width equal to 20% of the comoving distance to the peak of titkensity shell, and compute a single Gaussian realizaticanof

window functionIl, and we are assuming th&k, = 1. We see ISW map compatible to it. Iﬁﬁm are the Fourier multipoles of

that regardless whei®z) peakspractically half of the total sig- our density 2D template, then they can be related to those of a

nal is contained at multipoles4 10, whereas its 90% fraction compatibld SW map via (e.gl, Cabré et al.(2007))

is typically contained at k 40— 50. (Had we considered thin-

ner shells -width equal to 2% of the comoving distance-, then,, g | g

all those shells below = 0.8 would have still shown a pat- &m = @18, +B8im= oo +Bim. (22)

tern very close to that given by the solid line). This suggest !

that by dropping all multipoles above= 50 (or by neglecting The Gaussian signal m is the part of the ISW component that

scales smaller thafi ~ 3°— 4°) one should recover practicallyjs uncorrelated to the LSS 2D template, verifyitigm? =
the same ISW detection significance. This sets a useful ¢ SW_(CIISWag)z/Clg’Whereclg denotes the angular power spec-

sistency check, given the number of other physical phenam o _
(Rees-Sciamaftect [Rees & Sciama(1968)), Kinetic Sunyae\‘jtn‘]m of the LSS probe. Note that this is a correct way to ex

s " - L press the ISW field in terms of the galaxy density field as lon
Zel_do_\nch dfect [Sunyaev & Zeldovich(1972)), intrinsic SOWC‘gs both fields are Gaussian and the?r areycomple¥ely detedningI
emission, etc) that arise at smaller angular scales angtipait

ori, correlate with the spatial position of LSS probes. by the_ firgt anq.seco_nd orderl momenta. The r@#i%mg/cf is
’In Fig. @ how how the total sianal © . o d explicitly identified witha, which is precisely the output of our
ig. (3) we show ow Ine total signal 1o noISe ralio U&,qi-peq filter technique. According to the theary,shows a
pends on the central redshift for the galaxy survey windaweiu o “4enendence dnand therefore our method must be ap-
gg(r)l/l'[(fz)thForthe thick SQI{d Ilne,tthte;]mdth tls tlak%n rt:')f:)? r;ggh%lied in separaté-bins. Gaussian simulations of the CMB were
6 of the comoving distance to the central redshift. Inhhétls | " : :
space, it implies a width okz ~ 0.7 for central redshife = 0.3, built from the addition of oufixed ISW template plus realiza-

Az =~ 0.84 for central redshift = 0.8, andAz ~ 0.99 for central tions of a CMB angular power spectrum for which the ISW

redshiftz = 1.3. The thin solid line observes a width of only 2%component had been subtracted, just as fortticemponent

the comoving distance to the central redshift, and thisstedes ¢ |1 has peen noted elsewhere (é.g. Afshordi(2004)) that bybio-
into Az ~ 0.07, 0.08 and 01 for central redshiftz = 0.3, 0.8 ing different LSS surveys at fiierent redshifts one can obtain larger
and 13 respectively. We should obtain the larger detection leg/N ratios. We shall avoid that discussion here and focus ouhaode
els for thick shells (largazs) andz = 0.8, and this motivates comparison on one single survey.

w
1l

1S WRg




C. Hernandez—Monteagudo: Matched Filter in Multipole &pand ISW Studies 7

in Section [[B). The realizations from the modified CMB angushould yielde, estimategxactlyon the solid lines. Filled circles
lar power spectrum were computed upto a maximum multipoded triangles display average estimatesypfor the matched

| = 160, and convolved with a Gaussian beam WfZWHM. filter and the ACPS methods, respectively. Error bars denote
The fixed ISW and the LSS maps were also convolved with tilee rms scatter for each of them. Let us first note that, aecord
same PSF, and all maps were produced under the HEBLPiRg to the error bars displayed in Fidll (4) , most of the infor-
(Gorski et al.(2005)) resolution paramebdyiqe = 64. mation seems again to be restricted to the large angulagsscal
(I < 30-40), as it has been quoted above.

Let us now address the issue of the impact of the mask on
the methods’ output. A clear low bias can be seen in the es-
The simulated maps were cross-correlated to the projectéiates ofe for low I-s, specially under the SDSS-DR4 and
density map (hereafter denoted &g with both the ACPS PAU-BAO masks. This is a directffiect of the mask: a multi-
and the matched filter methods, according to the multipapéication of the full sky map by the actual mask in real space
decomposition given in Sectidn_2.2. Their performance wé@nslates into a convolution in Fourier space, which inesla
compared under three ftérent masks shown in Figl(1): thewider range of multipoles the smaller the mask is. Therefore
left panel shows the mask corresponding to the sky covéie oy estimates for the SDSS-DR4 mask will be the result of an
age of the fourth data release of the Sloan Digital Sky Survayerage or smoothingf the« values in a wide space émul-
(SDSS-DR4,[ Eisenstein et al.(2001)). This mask was multipoles. Since at low-s, the values ofy are falling steeply, the
plied by the Kp0 mask used in the analysis of WMAP datgonvolution will provide a value that is smaller than theuatt
(Hinshaw et al.(2003)), and therefore the combined mask dbeoretical value, as it is displayed in the left panel of. .
serves a bit less than 10% of the total sky. In the middle pasel At the same time, the mask introduces another bias in the
consider the fraction of the sky covered by the upcomingesurvlarge | range, for which the actual recovered valueswpfare
PAU-BAO 8. This survey is planned to cover 10,000 square above the theoretical expectation. This is showing the tfzat
degrees of the celestial northern hemisphere, and in thik wéhe aliasing introduced by the mask is shifting some largéesc
we have assumed that it is limited to the region 20° outside (low ) power into the small (largé) angular range. We at-
the Kp0O mask, in such a way thég, ~ 0.26. Finally, the right tempted to quantify this aliasing by performing the follogi
hand side panel displays the product of the Kp0 mask with te¥ercise: we generated one ISW map by using multipoles re-
mask corresponding to the NVSS surviey (Condon et al.(19983yricted to the range € [2, 10]. We multiplied this map by the
In this case fsky ~ 0.65. SDSS-DR4 mask used in this work, and computed the power

A total of 10,000 simulations were run in order to perforngpectrum of the resulting map. We measured the aliased vari-
the method comparison, and results are given in Table (2. Tnce contained above sorh@, > 10 by usingo?[lmin] =
sensitivity of both methods is measured by #feand theg  Xi,,(2 + 1)/(47)Ci. We found that about 30% of the total fins
statistics for diferent choices of the maximum multipolg., Was contained abovgi, = 30. I.e., the ISW power aliasing from
considered in the analyses. We see that, unlike in the previdarge to small scales is indeed significant. Let us remarkeds w
Section (where the matched filter was in general signifiganfihat this éfect is more present for the matched filiglestimates,
more sensitive under the data modet t + am), in this ISW as we shall discuss next.
context both filters perform very similarly. There seems éo b A direct visual comparison of the two methods can be found
however a slighter better sensitivity of the matched filleder in Fig. (3), where the 8l ratio for each multipole bin is shown.
the most aggressive masks, but th&atience is small (at least The matched filter (solid circles) performs more accurattedy
in terms of the output of the? and statistics). We remark that the ACPS method (filled triangles), specially under the SDSS
the ACPS is the Legendre transform of the angular cross cBiR4 and PAU-BAO masks, although this has a limited impact on
relation function, and that both methods should, a pridrave the final detection significance quoted by fifeand statistics
similar sensitivities. Of the two statistics considere@anle [2), (see next Section).

B provides the largest significance of the ISW detection (&s d
tribution is very close to Gaussian, and the number of sigmgs . . .
yield smallerchance probabilitiel but is remarkable that for © Discussion and Conclusions

both of them this significance finds a maximunh at5-40,and | order to assess the sensitivity of the two methods to thé IS
then starts dropping agaiAccording to this result, by merely e have defined two fierent statistics: thg? statistic uses a
observing multipoles below + 40 we should recover practi- qyadratic combination of the method’s output (in a similayw
cally all the ISW-LSS cross correlation significantis points a5 in[Tegmark(19977)), and tifestatistic, which instead is lin-

in the direction of ours estimates in Subsectioh (#.1), whichear in thens and for our purposes is Gaussian distributed. Both
predicted most of the /8l ratio to be confined at lows, and  statistics pick up the information of the cross-correlatio dif-
should prevent confusion with other secondaffieets (giving ferent ways. The? statistic is more sensitive to the presence of
rise to correlations of ot_her nature such as Rees-Scidfeete sy at the very large angular scales only, and rapidly gets de
kinetic Sunyaev-Zel'dovichféect, etc). _ graded as smaller angular scales are considered, i.eenitsse

~ One advantage of the correlation methods implemented hggeparticularly &ected by the inclusion of modes that have a low
is that they conduct analyses separateranges of angular g\ ratio. On the other hand, tifestatistic is more sensitive to
scales, enabling a direct comparison with theoreticaliptieths.  the actual signal to noise ratio even at scales where stichisat
This is explicitly shown in Figs[{4) andl(5). In all panelsf§.  pelow unity, and, as mentioned above, seems to be nfibceat

@), solid lines display the theoretical prediction for #w@rela- jn terms of detection of the ISW-LSS cross-correlation.

tion codficiente; = C,'SW’BQ/C,g versus multipold. Our choice This connects to the multipole or range where most of the
for the density and ISW templates is such that full sky aresyscorrelation is arising. Of the two methods, the matchedrfilte

4.2. Performance under Different Masks

" http://www.healpix. jpl.nasa.gov 9 The total rms was computed by takihg, = 2, and was less than
8 http://www.ice.csic.es/research/PAU/PAU-welcome.html| 10% of the estimate obtained from the map in real space.
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|max: 5 |max: 14 |max: 31 Imax: 40 Imax: 51
MF | ACPS| MF | ACPS| MF | ACPS| MF | ACPS | MF | ACPS
SDSS-DR4 ﬁ)(ﬁ) 1.79| 131 | 204 | 156 | 1.61| 148 | 1.46| 1.40 | 1.33| 1.30
Byop | 1L.24| 065 | 187 | 135 | 1.74]| 1.70 | 157 161 | 146 122

0y 293 202 | 294 | 245 | 212 | 229 | 187| 202 | 161 1.74
(ﬁ)/O'B 1.69| 128 | 248 | 222 | 1.93| 233 | 190 233 | 1.69| 1.98
NVSS ﬁ)(,z\‘) 6.27| 703 | 5.30| 6.04 | 415| 471 | 347 | 391 | 275| 3.06
Bylos | 3.24| 337 | 351 | 3.70 | 344 | 362 | 3.43| 356 | 3.19| 3.19

PAU-BAO

Table 2. Comparison of the matched filter (MF) to the ACPS in the contef ISW studies. We quan-

tify the sensitivity of each method by two statisticsy? (which has been normalized by the num-

ber of degrees of freedom) ang, for different choices oflnae In total, we considered 21-bins: | €
[2,3],[4,5],[6,8],[9,14],[15,25],[26,28],[29,31],B34],[35,37],[38,40],[41,43],[44,45],[46,47],[48K[50,51],[52,53],[54,55],[56,57],[58,59]
and [60,61].

10-2 T T T T T T 10-2 T T T T T T 10-2
(a) SDSS—DR4 (b) PAU-BAO
10-3 10-3 E 1073
< = =
3 3 3
85 g 8
n 1074 11074 E n 1074
2. . .
3 3] %)
PN PN =
3] 3] [$)
10-5% 10-5F E 10-3
N~
4
1076 Ll ualeviiinnn L MMIRIAIA " 1078 Lowdvunsboniiiiin M IAMMINIA " 1076 Lovwwiens L Livvssiin L L "
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Multipole ¢ Multipole ¢ Multipole ¢

Fig. 4. Recovered values afi = C,>"*9/C? with the matched filter (filled circles) and the ACPS (fillethtrgles) under the three
masks considereda) SDSS-DR4x Kp0, (b) PAU-BAO x Kp0 and(c) NVSSx KpO.

seems to be more confinedlilspace than the ACPS when lookthe high bias of they estimates at largks in the left panel of
ing at the output of thg statistic: it quotes the maximum signifi- Fig.(4).

cance almax = 14 and always drops at largfaxs, V\_/hereas the In this work, we have generalized the implementation of the
ACPS seems to peak at arougd, = 30— 40, In this case, the matched filter into the Fourier space of the 2D sphere, and ap-
exception is the NVSS-like survey, for whighyields the max- e 4 it in the context of CMB analyses and ISW studies. The
imum detection 5|gp|f|panpe Bax = 14. This diferent behav- atched filter provides a tool to estimate the level of presen
lor suggests that ah_a_smg |nduce_d by SDSS-DR4 and PAU-B some templaten in some measured signalcontaining a
masks is indeed shifting somg\&into the smaller scales (Iargernoise componertt This tool is optimized for the case bfbe-

I-s), but this &ect is not perceptible beyomgax = 30— 40. This ing i ; : - ; ;
. S X . g isotropic and Gaussian distributed, and hence is peatiy
is also visible in Figsl{4 arid 5): under the most aggressass) suited for cross-correlation tests where the CMB is the back

there is less information in the fir$tbins ( € [2, 3], [4,5]), : ; ; ;

X . ground (noise) signal. In Fourier (or multipole) space,dbee-
wher?ﬁ for thet.NVSS—Ilke survey these contain the largast Viation properties of the CMB are particularly simple (spdiyi
ues of the N ratio. but not only, in the full sky casdsy, = 1). For fsy < 1, the

covariance matrix of the CMB multipoles can be inverted via

These two figures also show that, in almost euvelyn, the A oo . e
matched filtera; estimates seem to be more accurate thanntFeSVD approach: this permits simultaneously identifyingsth

ACPS method, and that, at the same time, they seem to be mg grier modes cqntaining more information and droppingého
affected by aliasing. These two facts are connected: the mhtc@ er modes that introduce numerical error. After all mdueee

. : : . éen sorted in terms of theiyl$ ratio, the matched filter al-
filter tends to pick up the signal from those modes havinggsirg gorithm weights them accordingly in order to produce an op-

N ratio within eacH-bin. For smallfs, and moderately high 2 o X
S/ sky yhg mal (minimum variance) output for the cross-correlattest.

I-bins, these modes are actually aliased components of Ioég%g have compared this method with the standard Angular Cross

modes whose power has been shifted by the mask into sm .
scales. This mgkes the matched filter pr)(;vide more accuat and Power Spectrum (ACPS), and found the the matched filter

values in these highbins, but these estimates are actually highlgp be either superior or equivalent to the ACPS.
correlated to those found at lowkes. This limits the amount of In the context of ISW analyses, the matched filter provides
information that high-bins actually add, and partially explainsestimates of the level of cross-correlation of CMB maps with
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Fig. 5. Recovered signal to noise ratio for each multipole bin with tatched filter (filled circles) and the ACPS (filled trises)|
under the three masks considered in Hig). (4).

LSS probes at separate multipole ranges, and this enabies addnsen, F. K., Branchini, E., Mazzotta, P., Cabella, P., &aBpK. 2005,
rect and clean comparison to theoretical predictions . Wapen MNRAS, 361, 753

; : rnandez-Monteagudo, C., Verde, L., & Jimenez, R. 20Q4, 853, 1
plying both the matched filter and the ACPS methods to thrﬁgmf—mdez-Monteagudo, C., & Rubifio-Martin, J. A. 208MRAS, 347, 403

mock surveys haVing,diStinCt values Q;ky' We ﬁ_nd t_hat both Hernandez-Monteagudo, C., Genova-Santos, R., & AtrimBdela, F. 2004,
methods perform similarly (the matched filter is slightly mao ApJL, 613, L89
sensitive under aggressive masks, the ACPS more accurateHimshaw, G., et al. 2003, ApJSS 148, 135

der the NVSS mask). The masks introduce some power aliasf# (\)/\\//\}éfyD,gd;(l)soosn' l\lsévlecfszt} OAnzﬁi‘i‘/AFé :\S»e\yi? 53
from large into small angular scales, but this does not FImevéfarson, G’. J., Bunﬁ, E. F., Kasliwal, V., & I\‘/ICC’ann, M. 2005,IIBtin of the

most of the @N ratio of the ISW-LSS cross correlation from  american Astronomical Society, 37, 1429
being confined into the large angular scales<(40). Thisl- Martinez-Gonzalez, E., Sanz, J. L., & Silk, J. 1990, ApJL5.3%
confinement may result particularly useful when distingiig ~Mortlock, D. J., Challinor, A. D., & Hobson, M. P. 2002, MNRAS30, 405

this efect from other secondary anisotropies that, while tracirﬁﬁa'\r"df'é&Lsce'?';"ia'nggvﬁ?(?fé_'\:ﬁitﬁ{se'g(}f B

the LSS distribution, arise at smaller angular scales. Rubifio-Martin, J. A., Atrio-Barandela, F., & Hernanelonteagudo, C. 2000,
Natural extensions of this work involve large angle compo- ApJ, 538, 53

nent separation in future CMB maps when tracers or templa&shs, R. K., & Wolfe, A. M. 1967, ApJ, 147, 73

for the signal to be distinguished are available. such amgm Sanz, J., & et al. 1999, Evolution of Large Scale StructunenRecombination
: . ! to Garching, 53
or extragalactic radio, synchrotron or dust maps, largkest/a Seljak, U., & Zaldarriaga, M. 1996, ApJ, 469, 437

noise component, local kSZ or tSZ contributions, etc. Smoot, G. F., et al. 1992, ApJL, 396, L1
Bennett, C. L., et al. 2003, ApJSS, 148, 1
Acknowledgementsl am grateful to Tony Banday for carefully reading thespergel, D. N., et al. 2007, ApJSS, 170, 377
manuscript. | acknowledge the use of the HEALRix (GorskalgR005)) pack-  Sunyaev, R. A., & Zeldovich, Y. B. 1972, Comments on Astrogiby and Space
age and the LAMBDEY data base. Physics, 4, 173
Tegmark, M. 1997, PhRvD, 55, 5895
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