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1 INTRODUCTION

ABSTRACT

Using local morphological measures on the sphere definedgtra steerable wavelet analy-
sis, we examine the three-year WMAP and the NVSS data foeladion induced by the inte-
grated Sachs-Wolfe (ISW)ect. The steerable wavelet constructed from the secondaderi
tive of a Gaussian allows one to define three local morpholdgieasures, namely the signed-
intensity, orientation and elongation of local featurestdations of correlation between the
WMAP and NVSS data are made with each of these morphologieabores. The most sig-
nificant detection is obtained in the correlation of the sidpintensity of local features at a
significance of 99.9%. By inspecting signed-intensity slaps) it is possible for the first time
to see the correlation between the WMAP and NVSS data by @egFound contamination
and instrumental systematics in the WMAP data are ruled ®the@source of all significant
detections of correlation. Our results provide new insighthe ISW &ect by probing the
morphological nature of the correlation induced betweenciismic microwave background
and large scale structure of the Universe. Given the cuo@mstraints on the flatness of the
Universe, our detection of the ISWFect again provides direct and independent evidence for
dark energy. Moreover, this new morphological analysis tmaysed in future to help us to
better understand the nature of dark energy.

Key words: cosmic microwave background — cosmology: observationsthoas: data anal-
ysis — methods: numerical.

used to detect and probe dark energy. As CMB photons travel to
wards us from the surface of last scattering they pass thrgrayi-

A cosmological concordance model has emerged recentligiexp
ing many observations of our Universe to very good approxi-
mation. In this model our Universe is dominated by an exotic
dark energy component that may be described by a cosmologi-
cal fluid with negative pressure, interacting only gravitaally
to counteract the attractive gravitational nature of rmatbark
energy may be strongly inferred from observations of the cos
mic microwave background (CMB), such as the Wilkinson Mi-
crowave Anisotropy Probe (WMAP) dat&d¢nnett et al. 2003b
Hinshaw et al. 200) together with either observations of Type
la SupernovaeHiess et al. 1998Perimutter et al. 199%%r of the
large scale structure (LSS) of the Universeg(Allen et al. 200).
Although dark energy dominates the energy density of our Uni
verse, we know very little about its origin and nature. Irdje
consistent model to describe dark energy in the framewopaof
ticle physics is lacking.

The integrated Sachs-Wolfe (ISW)fect (Sachs & Wolfe

tational potential wells due to the LSS. If the gravitatiopatential
evolves during the photon propagation, then the photonngods
an energy shift. The ISWfkect is the integrated sum of this en-
ergy shift along the photon path. In a matter-dominatedtEinsle
Sitter universe the gravitational potential remains camistvith re-
spect to conformal time, thus there is no ISYéet. However, if the
universe deviates from matter domination due to curvatudad
energy then an ISWfkect is induced. Strong constraints have been
placed on the flatness of the Universe by WMAR ¢rgel et al.
2007, hence a detection of the ISWFect may be inferred as di-
rect and independent confirmation of dark energy.

It is difficult to isolate the ISW contribution to CMB
anisotropies directly, therefor&rittenden & Turok (1996 sug-
gested that the ISWfkect be detected by cross-correlating CMB
anisotropies with tracers of the local matter distributisaich
as the nearby galaxy density distribution. A positive lasgele

1967) provides an independent physical phenomenon that may becorrelation will be induced by the ISWffect as a consequence
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of decaying gravitational potentials due to dark energystFi
attempts to detect the ISWffect using Cosmic Background
Explorer-Diferential Microwave Radiometer (COBE-DMR) data
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failed, concluding that greater sensitivity and resolutithan
that provided by COBE were required3qughn & Crittenden
2002). Fortunately, the WMAP mission soon provided suitable
CMB data. Correlations indicative of the ISWfect have now
been detected between both the first- and three-year WMA® dat

foregrounds or measurement systematics, which could &gaim-
ferred as direct and independent evidence for dark energyeM
over, such a detection would give an indication of the molgpdie
cal nature of the correlation. This further insight mighlphi® bet-
ter understand the nature of dark energy. However, the atanv

and a large number of tracers of the LSS. Detections have beenof the theoretical correlation of the newly defined morphadal

made using NRAO VLA Sky Survey (NVSS;ondon et al. 1998
data Boughn & Crittenden 2004Nolta et al. 2004 Vielva et al.
2006 McEwen et al. 2007p Pietrobon et al. 2006 hard X-ray
data provided by the High Energy Astronomy Observatory-
1 satellite (HEAO-1; Boldt 1987 (Boughn & Crittenden
2005 2004, APM galaxy survey l(laddox etal. 199D data
(Fosalba & Gaztahaga 20))4Sloan Digital Sky Survey (SDSS;
York D. G. et al. (SDSS collaboration) 20Qata Scranton et al.
2003 Fosalba et al. 20G3Padmanabhan et al. 200&abreé et al.
2006 Giannantonio et al. 2006the Two Micron All Sky Survey
Extended Source Catalogue (2MASS XSGirrett et al. 2000
(Afshordi et al. 2004 Rassat et al. 20()tand combinations of the
aforementioned data setS{ztanaga et al. 20)6Furthermore, a
number of other works have focused on theoretical detdittabi
future experiments aror error analyses related to ISW detections
(Afshordi 2004 Hu & Scranton 2004 Pogosian 2005 2006
Pogosian et al. 20QSCorasaniti et al. 20Q5LoVerde et al. 2007
Cabré et al. 2007

Many different analysis techniques have been employed in
these previous works to detect correlations between thee s,
each of which have their own merits and limitations. In this
work we focus on wavelet-based techniques. Wavelets peovid
an ideal analysis tool to search for the ISWeet. This is due
to the localised nature of theffect, in both scale and position
on the sky, and the simultaneous scale and position lotialisa
afforded by a wavelet analysis. Since the ISWieet is cosmic
variance limited, it is desirable to examine as great a skiico
age as possible. In this near full-sky setting the geomettrthe
sphere should be taken into account, thus wavelet analysdso
sphere are required. The first analysis using wavelets osptiere
to search for correlations between the CMB and LSS was per-
formed by Vielva et al. (2006 using the axisymmetric spherical
Mexican hat waveletMicEwen et al.(20071) extended this anal-
ysis to directional wavelets, as correlated features ieduzy the
ISW efect may not necessarily be rotationally invariant. Indeed,
it is known that statistically isotropic Gaussian randontdBeare
characterised by local features that are not rotationaNyriant
(Barreiro et al. 199,72001). Recently,Pietrobon et al(2006) ap-
plied a new wavelet construction on the sphere called neetile
search for correlations. All of these works examined the WIMA

measures as a function of the dark energy content of the tsaive
is not easily tractable. Consequently, correspondingtcaings on
dark energy parameters are left to a future work.

The remainder of this paper is organised as follows. In sec-
tion 2 we present the physical and signal processing background
behind the analyses performed. The ISVieet is described and
the use of local morphological measures defined throughea-ste
able wavelet analysis is presented as a probe to searcheft8
effect. In sectior the data and analysis procedures employed are
described in detail. Two distinct analysis techniques aopgsed
to compute correlations from morphological measuréscal mor-
phological analysisnd amatched intensity analysihe results of
these analyses are presented in sectiand sectiorb respectively.
Concluding remarks are made in secttn

2 |ISW EFFECT AND STEERABLE WAVELETS

The existence of an ISWfect induces a cross-correlation between
the CMB and NVSS signals on the celestial sphere. From the spe
tral point of view, the corresponding two-point cross-etation
function may be expressed in terms of the cross-correlaimu-

lar power spectrum. In this paper, we go beyond this speatral-
ysis thanks to a decomposition of the CMB and NVSS signals wit
steerable wavelets on the sphere. The wavelet analysitesraie

to probe local features at each analysis scale. In thiscseuie
first review the ISW #ect and the correlation between the CMB
and NVSS data that it induces. Secondly, we discuss wavefets
the sphere and describe how the steerability of waveletsad to
define local morphological measures on the sphere.

2.1 1SW effect

The secondary temperature anisotropy induced in the CMBidy t
ISW effect is related to the evolution of the gravitational poten-
tial. Any recent acceleration of the scale factor of the @rse due

to dark energy will cause local gravitational potentialsdecay.
CMB photons passing through over dense regions of decaying p
tential sufer blue shifts, resulting in a positive correlation between
the induced anisotropy and the local matter distributibicah be

and NVSS data (due to the large sky coverage of the NVSS data) shown that the relative temperature fluctuation inducetérGMB

and made significant detections of the IS\¥feet. Moreover, in
each analysis the detection of the IS¥ieet was used to constrain
dark energy parameters.

In this paper we present a new search for correlation between

is given by
AT(w)

M@= 52 = -2 [ dr o) @

the three-year WMAP and the NVSS data using wavelets on the (Sachs & Wolfe 19677Nolta et al. 200), whereAT is the induced

sphere. However, the approach taken hefiedi fundamentally to
previous wavelet analyses. We use steerable wavelets aplileee
to extract, from each of the two data sets, measures of thgtrabr
ogy of local features, such as their signed-intensity,rtbeenta-
tion, or their elongation. We then correlate the WMAP and I$VS
data through these quantities. This represents the firsttdinal-
ysis of local morphological measures on the sphere reguitom
the steerability of wavelets. A positive detection of ctatien us-
ing any of these morphological probes would give a direct-ind
cation of the ISW #&ect, provided it were not due to unremoved

temperature perturbatioiiiy is the mean temperature of the CMB,
n is conformal time @ is the gravitational potential and the dot
represents a derivative with respect to conformal time. ikao on
the sky is represented in spherical coordinates as (6, ¢), with
co-latitude® and longitudep. The integral is computed over the
photon path from emission to observatide, from today back to
the last scattering surface. In a matter-dominated EimsteiSitter
universe (with zero cosmological constant) the potentialhes as
@ ~ §/R, wheres is the matter perturbation afiis the scale factor
of the universe. In this setting the matter perturbationvaswith
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the scale factory «« R. Consequently = 0 and there is no ISW
effect, as discussed previously.

We use the NVSS galaxy count distribution projected onto
the sky as a tracer of the local matter distribution. It is as-
sumed that the two corresponding relative fluctuationspees
tively 6N(z w) andé(z w), are related by the linear bias factu(z):
MN(z w) = b(2) 6(z w), wherez is redshift. Hereafter we take the
bias to be redshift independent since the redshift epochvalvieh
the ISW dfect is produced is small. The galaxy source count fluc-
tuation observed on the sky is therefore given by

AN(w) = b f dz % Sz w), @)

where dN/dzis the mean number of sources per steradian at red-
shift z and the integral is performed from today to the epoch of
recombinationj.e. last scattering.

We are now in a position to consider the correlation between
the galaxy count and CMB temperature fluctuations. We censid
the cross-power spectru@)'™ defined by the ensemble average of
the product of the spherical harmonic @dgents of the two signals
observed on the sky:

(A[Nn AI,;,) = O¢prOnnr C?‘T , (3)

where Ay, = (Yy|A) are the spherical harmonic dfeients of
A(w), {-|y denotes the inner product on the sph&fgare the spher-
ical harmonic functions for multipolé € N, n € Z, |n| < ¢ andé;;

is the Kronecker delta symbol. In writing the cross-cottielain
this manner we implicitly assume that the galaxy density@ktB
random fields on the sphere are homogeneous and isotropih wh
holds under the basic assumption of the cosmological gi@ci
Representing the gravitational potential and the mattesitieper-
turbation in Fourier space and substitutiigyénd @) into (3), itis
possible to showe.g.Nolta et al. 200)that

dk
CNT = 127 QO Ho? @ AZ(K) FN(K) FJ(K) , @)
where Q,, is the matter densityH, is the Hubble parameter,
A2(k) = k®Ps(K)/2n? is the logarithmic matter power spectrum,
Ps(K) = (|6(K)|?) is the matter power spectrum and the filter func-

tions for the galaxy density and CMB are given by

Fi® =b [ &2 5 D@ o) ©)
and
F109 = [ @252 iata) ©)

respectively. The integration required to comp@g(k) is per-
formed overz from zero to the epoch of recombination, whereas, in
practice, the integration range f6{ (k) is defined by the source
redshift distribution ®l/dz. D(2) is the linear growth factor for
the matter distributions(z k) = D(2)6(k), with §(k) = 6(0,k). The
functiong(z) = (1 + 2D(2) is the linear growth suppression factor
and j,(-) is the spherical Bessel function. We have represented in
harmonic space the expected correlation between the gstaxge
count fluctuations and the CMB temperature fluctuationsdadu
by the ISW dfect. We next turn our attention to steerable wavelets
on the sphere as a potential tool for detecting this coioglat

2.2 Waveletson the sphere

Probing dark energy with steerable wavelets3

framework of a continuous wavelet formalism. The analysis o
signal on the sphere with a wavelet, which is a local analysis-
tion, yields a set of wavelet céicients. These cdgcients result
from the scalar products between the signal and the wavelet d
lated at any scale, rotated around itself by any angle, artsir
lated at any point on the sphere. The so-called steerableletav
allow, from these wavelet céiicients, the definition of local mor-
phological measures of the signal. In particular, the ség@aus-
sian derivative wavelet used in the present analysis givesss to
the measures of orientation, signed-intensity, and ekimgaf the
signal’s local features. The remainder of this section itk to
the explicit definition of these local morphological measurThe
reader not directly interested in these formal and techuietails
may proceed directly to sectidh

The continuous wavelet formalism on the sphere originally
proposed byAntoine & Vandergheyng(1999 was recently further
developed in a practical approach hyiaux et al.(2009. It de-
fines the wavelet decomposition of a signal on the sphereean th
following way. We consider an orthonormal Cartesian cauaté
system @, 0%, 0y, 02) centred on the (unit) sphere, with the direc-
tion oz defining the North Pole. To relate this coordinate system to
the spherical coordinates = (0, ¢) defined previously, we let the
polar angle, or co-latitude) € [0, 7] represent the angle between
the vector identifyingu and the axi®z, and the azimuthal angle, or
longitude,¢ € [0, 27) represent the angle between the orthogonal
projection of this vector in the plane,(0%, 0y) and the axi®X.

The signal to be analysed is represented by a square-ibtegra
function F(w) on the spherd,e. F(w) € L%(S?, dQ), for the invari-
ant measure @ = d(cosd) dp. A square-integrable analysis func-
tion ¥(w) is defined, the so-called mother wavelet, initially cedtre
at the North Pole. This wavelet may be dilated at any saale0.
The dilation of a wavelet on the sphere in this formalism may b
uniquely related to the usual dilation in the tangent plantha
north pole (as discussed in more detail below). The corredipg
¥, can cover arbitrarily small or large regions of the spheee, r
spectively corresponding to high or low frequencies. Thtothe
appropriate three-dimensional rotation, the wavelet nisy lae ro-
tated on itself by any angle € [0, 2r) and translated to any point
wo = (6o, po) ON the sphere. The final dilated, rotated and translated
wavelet is denotet?,, , .. At each scale, the wavelet dteients
of the signal are defined by the directional correlation Withi.e.
by the simple scalar product
WS (@0,008) = (Fanalf) = [ Y, a@F @ (D)
where the superscript denotes complex conjugation. These
wavelet cofficients hence characterise the signal locally around
each pointwy, at scalea and orientatiorny. The choice of possi-
ble mother wavelets is submitted to a condition ensuring tiea
original signal can be reconstructed exactly from its watveb-
efficients. In practice, this wavelet admissibility condition the
sphere is not easy to check for a given candidate functiois. It
therefore dificult to build wavelets directly on the sphere.

A correspondence principle has been establistiédi(x et al.
2009, which states that the inverse stereographic projectfom o
wavelet on the plane provides a wavelet on the sphere. Theoste
graphic projection of a poinb = (6, ¢) on the sphere gives by defi-
nition a pointX = (r, ¢) on its tangent plane at the North pole, which
is co-linear withw and the South Pole. It relates the radial variables
on the two manifolds through the bijectiofy) = 2tan@/2), and

The WMAP and NVSS data may be understood as the sampling simply identifies the angular variables(see Fig.1). If the corre-

of continuous signals on the sphere, which can be analysttin
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Figure 1. Wavelets on the sphere can be defined through simple inverse
stereographic projectioi~! of wavelets on the tangent plane at the North
pole. The corresponding functions are illustrated herébyshadow on the
sphere and the localised region on the plane. (lllustrag@noduced from
Wiaux et al. 2005

dence principle states that,f{X) is a wavelet on the plane, then
¥(w) = [IT"%](w) is a wavelet on the sphere.

The dilation of a wavelet on the sphere actually corresponds
to the conjugate, through the stereographic projectiotheiisual
dilation in the tangent plane at the north pole. This conjioga
relation also trivially holds for the rotation of waveletg b, which
only affects the longitude, while the stereographic projectiondsa
it invariant. In other words, the dilation and rotation oé tivavelet
on itself may be performed through the natural dilation atdtion
on the plane before projection:

Yea(@) = (Y al(w). ®)

Only the translation byv, must be performed explicitly on the
sphere through the appropriate rotation in three dimessidis
wavelets on the plane are well-known and may be easily bsilt a
simple zero-mean filters, the correspondence principleleaane

to define a large variety of wavelets on the sphere by simpiepr
tion. This principle also allows one to transfer waveletgadies
from the plane onto the sphere, such as the notion of stéigrabi
discussed in the next section.

features in a signal. A wavelet is said to be steerable ifata-r
tion around itself by any angje may be written as a simple linear
combination of non-rotated basis filters. On the spherelfdrasis
filters ¥y, a steerable wavelet may be written, by definition, as

M
Wy (@) = > knlx) ¥in(w) ©
m=1

(Wiaux et al. 200} The weightsm(y), with 1 < m < M, are called
interpolation functions. In particular cases, the basisrilmay be
specific rotations by angleg, of the original wavelet¥y, = ¥, .
Steerable wavelets have a non-zero angular width in thewazah
angley. This property makes them sensitive to a range of directions
and enables them to satisfy their relation of definition.ghegical
harmonic space, this non-zero angular width corresponds tz-
imuthal angular band limill in the integer index associated with
the azimuthal variable: ¥,, = 0 for [n| > N. Typically, the number
M of interpolating functions is of the same order as the azialut
band limitN. Notice that the steerability is a property related to the
azimuthal variabley only. Again as the stereographic projection
only affects the radial variables, steerable wavelets on the sphere
can easily be built as simple inverse stereographic piojeaif
steerable wavelets on the plane.

The derivatives of ordeNy in direction X of radial functions
¢(r) on the plane are steerable wavelets. The correspondiag ste
able wavelets on the sphere produced by inverse stereagaph
jection may be rotated in terms M = Ny + 1 basis filters, and are
band-limited ing atN = Ngy + 1. The second derivativé’z of any
radial function has a band limkl = 3, and contains the frequen-
ciesn = {0, £2} only. i may be rotated in terms of three basis
filters: the second derivatives in directiorgndy, ¥; = % and
Y, = ‘Pag, and the cross derivativi; = ¥9%, with the correspond-
ing weightsky(y) = cofy, ko(y) = sirfy, andks(y) = sin2y.
Fig. 2 illustrates the explicit example of the second derivatif/a o
Gaussian, which is the wavelet employed in the subsequaif-an
sis. In this case, the original radial function on the plamgiven
as¢©ausy(r) = — \473re /2, with proper normalisation ensuring
that the mother wavelep’©as% on the sphere is normalised to
unity. The explicit basis filters obtained byfi@irentiation are ana-
lytically defined bywiaux et al(2006). Recall that the natural dila-
tion on the tangent plane at the North Pole sends the radiabla
r(6) ontor(#)/a. The value of the scala therefore identifies with

The wavelet analysis on the sphere described above is compu-the dispersion of the Gaussian. Consequently, we definentne a

tationally demanding. The directional correlation desed by {7)
requires the evaluation of a two-dimensional integral avéhree-
dimensional domain. Direct computation of this integral diy-
ple quadrature is not computationally feasible for pradtcMB
data, such as the currently available 3 megapixel WMAP mags a
the forthcoming 50 megapixel Plancklénck collaboration 2005
maps. Fast algorithms to compute the wavelet decomposgition

lar size of our second Gaussian derivative wavelet on thersyds
twice thehalf-widthof the wavelet, where the half-width is defined
by 6 = 2 arctané/2), which is closely approximated layat small
scales.

We use wavelet steerability to define local morphological
measures of real signafson the sphere. Local geometrical quanti-
ties have previously been defined in real space, and haveuseen

signals on the sphere have been developed and implemented by, analyse CMB data and test cosmological modets'(eiro et al.

Wiaux et al.(2006) and McEwen et al.(20079 (for a review see
Wiaux et al. invited contribution, 200 7In this work we utilise the
implementation described byicEwen et al(20079.

2.3 Steerability and morphological measures

Firstly, we review the notion of steerable wavelets on theesp.

Just as on the plane, a function on the sphere is said to be ax-

isymmetric if it is invariant under rotations around itséfy non-
axisymmetric function is called directional. The directidity of a
wavelet is essential in allowing one to probe the directiblocal

1997, 2001; Monteserin et al. 20Q5Gurzadyan et al. 2005Our
approach in wavelet space is completely novel. By lineanitihe
wavelet decomposition, the steerability relation alsadkadn the
wavelet coéficients of a signaF,
M
W (w0, x> 8) = D ke () Wy, (w0, @) (10)
m=1
where the coﬁcientsWEm(wo, a) result from the correlation of
with the non-rotatedy = 0) filter ¥, at scalea. Technically these

M codficients thus gather all the local information retained by the
steerable wavelet analysis at the paintand at the scala. One

© 2007 RAS, MNRASDQO, 1-12
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Figure 2. Mollweide projection of second Gaussian derivative wavete
the sphere for wavelet half-wid#,, ~ 0.4 rad. The rotated wavelet illus-
trated in panel (d) can be constructed from a sum of weighéesions of
the basis wavelets illustrated in panels (a) through (c).

may be willing to reorganise this information in termsMfquan-
tities with an explicit local morphological meaning. Fist = 1,
the steerable wavelet is actually axisymmetric, and onlyeasure

of signed-intensityl F (wo, @) of local features in the signal is ac-
cessible (given by the wavelet diieient W5, (wo, @) directly). For

M > 2, the steerable wavelet is directional and the orientation
or direction,DF (wo, @) of local features may be accessed through
the value which maximises the wavelet fitc@ent. The signed-
intensity | ¥ (wo, @) of the local feature is given by that deient

of maximum absolute value. Additional local morphologinaa-
sures may be defined féd > 3, notably a measure of the elonga-
tion of local features, probing their non-axisymmetry, duléion to
their signed-intensity and orientation. As the waveletftoent in
each orientation naturally probes the extension of the fieedure

in the corresponding direction, this elongatiBh(wo, @) can sim-
ply be measured from the absolute value of the ratio of thesleav
codficient of maximum absolute value, to the waveletfiioent

in the perpendicular direction. The higher the numbepf basis
filters, the wider the accessible range of local morphoklgicea-
sures.

Any second derivative of a radial function, such as the sec-
ond Gaussian derivative, is defined frdvh = 3 basis filters. The
signed-intensity, orientation, and elongation are tleeehccessi-
ble in this case. Because the mother waviiét oscillates in the
tangent directiorx,”it actually detects features oriented along the
tangent directiory.” The orientation of local features is therefore
given as
i big 3
E E < 7 R (11)
where the orientatiogy = yo(wo, @) that maximises the wavelet co-
efficient can be analytically defined frorh@). Notice that the sec-
ond derivative of a radial function is invariant under a tiata by
around itself. Consequently, the local orientations defieadless
vectors in the tangent plane@§. By convention the corresponding
vectors are chosen to point towards the Northern hemispimdye
and the local orientations are therefore in the rang@,[37/2).
For a second derivative of a radial function, as for any rezgrs
able wavelet, the signed-intensity of local features iegiby the
wavelet cofficient in the directioryo:

< D (wo.@) = xo+

I¥ (wo,d) = w;é (w0, X0, @) - (12)

The elongation of local features analysed by the secondalime
of a radial function is explicitly defined by

© 2007 RAS, MNRASDQ0, 1-12
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WF;’2 ((1)0,/\/0 + %, a)
PR

WFaz (wo, x0, &)
yox

0< Ef(wp,a)=1- <1. (13)

Numerical tests performed on elliptical Gaussian-profdatdires
show that this elongation measure for the second Gaussiam-de
tive increases monotonously in the rangelJowith the intrinsic
eccentricitye € [0, 1] of the features. While it is possible to de-
fine alternative elongation measures, these numericaliteditate
that the chosen definition is not an arbitrary measure of tire n
axisymmetry of local features, but represents a rough estirof
the eccentricity of a Gaussian-profile local feature.

3 ANALYSISPROCEDURES

The data and analysis procedures that we use in an attermgtieict d
the ISW dfect are described in detail in this section. We propose
two distinct analysis techniques based on the correlafidredocal
morphological measures on the sphere defined in segtorfter
describing the data, we discuss the generic procedure tohsta

any correlation between the NVSS and WMAP data. We then de-
scribe in detail the two approaches proposed, motivatiagttaly-

ses and highlighting the filerences between them.

3.1 Dataand simulations

In this work we examine the three-year release of the WMAR dat
and the NVSS data for correlations induced by the 1Si&a. Here
we briefly describe the data, preprocessing of the data ansirin
ulations performed to quantify any correlations deteatatié data.

We examine the co-added three-year WMAP sky map. This
map is constructed from a noise weighted sum of the maps ob-
served by the Q-, V- and W- channels of WMAP, in order to
enhance the signal-to-noise ratio of the resultant map. e
added map was first introduced by the WMAP team in their non-
Gaussianity analysiskpmatsu et al. 2003and has since been
used in numerous analyses. We use the template based fandgro
cleaned WMAP band map&¢nnett et al. 2009ao construct the
co-added map. The conservative KpO mask provided by the WMAP
team is used to remove remaining Galactic emission and tbrigh
point sources. Since the ISWFect is expected to induce correla-
tions on scales 2° (Afshordi 2009, we downsample the co-added
map to a pixel size 0£55 (aHEALPix' (Gorski et al. 200preso-
lution of Ngjge = 64). This reduces the computation requirements of
the subsequent analysis considerably, while ensuringriblysis
remains sensitive to ISW induced correlations.

The large sky coverage and source distribution of the NVSS
data make it an ideal probe of the local matter distributmige
when searching for the ISWifect. Sources in the catalogue are
thought to be distributed in the range<0z < 2, with a peak dis-
tribution atz ~ 0.8 (Boughn & Crittenden 2002 This corresponds
closely to redshift regions where the ISW signal that we hiape
detect is produced’(shordi 2009). The NVSS source distribution
is projected onto the sky inBEALPix representation at the same
resolution as the WMAP co-added map considerad Kge = 64)
and an important systematic in the data is corrected. Thecor
tion of this systematic and the resulting preprocessed NY¥&8&
examined here are both identical to that analysédadfwen et al.
(2007h), hence we refer the interested reader to this work for more

1 http://healpix. jpl.nasa.gov/
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(b) NVSS

Figure 3. WMAP co-added three-year and NVSS maps (Mollweide projec-
tion) after application of the joint mask. The maps are dawmsled to a
pixel size of~55. The WMAP temperature data are reported in mK, while
the NVSS data are reported in number-of-counts per pixel.

details of the data preprocessing. Not all of the sky @icently
observed in the NVSS catalogue. We construct a joint mask-to e
clude from our subsequent analysis those regions of the sky n
observed in the catalogue, in addition to the regions exdualy

the WMAP KpO mask. The WMAP and NVSS data analysed sub-
sequently, with the joint mask applied, are illustratediip. B.

In order to constrain the statistical significance of anyedet
tion of correlation between the WMAP and NVSS data we perform
Monte Carlo simulations. 1000 simulations of the WMAP caled
map are constructed, modelling carefully the beam and tnjsio
noise properties of each of the WMAP channels and mimicking
the co-added map construction procedure (including thendam-
pling stage). The analyses subsequently performed on theada
repeated on the simulations and compared.

3.2 Genericprocedure

approximately corresponding to wavelet half-widtl#g,, of
{100,150, 200, 250, 300,400,500,600}. The local morpho-
logical measures defined in sectiéh3 are computed for the
WMAP and NVSS data and are used to compute various correlatio
statistics (see the following subsections for more detaiBntical
statistics are computed for the Monte Carlo simulationsriteo

to measure the statistical significance of any correlatietected

in the data. A statistically significant correlation in theta appar-
ent from any of these statistics is an indication of the 1SVéa,
provided it is not due to foreground contributions or sysitos.

The procedure described previously would béisient for
data with full-sky coverage. Unfortunately this is not ttese and
the application of the joint mask must be taken into accotihe
application of the mask distorts those morphological gtiast
constructed from wavelets with support that overlaps theknex-
clusion regions. The associated local morphological nreasaust
be excluded from the analysis. An extended mask is computed
for each scale to remove all contaminated values. The estend
masks are constructed by extending the central maskednregio
the wavelet half-width, whilst maintaining the size of posiource
regions in the mask. We use identical masks to those applied b
McEwen et al (20071 and refer the interested reader to this work
for more details.

Before proceeding with our morphological analyses it is im-
portant to check that the WMAP and NVSS data do not contain pre
dominantly axisymmetric features, corresponding to l@ahga-
tion trivially equal to zero and for which no local orientatimight
be defined. To do this we examine the distribution of our mofph
logical measure of elongation defined in sectib& In Fig. 4 we
plot the histograms of the elongation measures computexl tihe
data (outside of the extended exclusion masks). Theseghéstts
are built from all scales but the distributions obtainedeach indi-
vidual scale also exhibit similar structure. Many elongatvalues
computed from both data sets lie far from zero, therebyfjiat
the morphological analyses that we propose.

In order to give some intuition on the magnitude of various
statistics computed in the remainder of this paper, we alstecthe
orders of magnitude for the means and standard deviatiotigeof
different local morphological measures, as estimated fromatbe t
data sets. Firstly, the mean and standard deviation of tregat
tion in the WMAP data are respectivelf = 0.61 andosL = 0.27,
when data from all scales are gathered. The correspondingsva
for the NVSS data arg}” = 0.62 ando = 0.26. Secondly, re-
call that the galaxy density and CMB random fields on the spher
are assumed to be homogeneous and isotropic. The locatarien

Two different analysis procedures are applied to test the data fortions computed from the data sets should therefore refleci-a u

correlation. The first procedure correlates the local molqgical
measures of signed-intensity, orientation and elongagstracted

form distribution in the rangenf/2, 37/2). Consistently, the mean
and standard deviation of the orientation in the WMAP dagerer

independently from the two data sets. This procedure doés no spectivelyu] = 3.10 ando, = 0.93, again gathering data from all

rely on any assumption about the correlation in the data.sEge
ond procedure correlates local features in the WMAP datizattea
matched in orientation to local features extracted fromNMSS
data. This approach explicitly assumes that local featafehe

scales. The corresponding values for the NVSS datafee 3.10
andoly = 0.90. Finally, notice that the local signed-intensity of a
signal is expressed,priori on the whole real line, in the same units
as the signal itself. The signed-intensity of the WMAP terapigre

LSS are somehow included in the CMB. In the absence of any ISW fluctuation data is given in mK, while the signed-intensifytie

effect one would not expect to detect any significant corretatio
either of these analyses. The analysis procedures areluisan
more detail in the following subsections. Firstly, we déserthe
generic part of the procedure common to both techniques.

We consider only those scales where the ISWea
is expected to be significantA{shordi 2009, i.e. scales

NVSS galaxy source count fluctuation data is given in number-
of-counts per pixel (see Fig). The mean and standard devia-
tion of the signed-intensity in the WMAP data are respettive
Al = -2x10*andd| = 6x 1073, still accounting for data from all
scales. The corresponding values for the NVSS datalare 0.001
andd) = 0.01.

© 2007 RAS, MNRASDQO, 1-12
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Figure 4. Histograms of the elongation values computed from the WMAP
and NVSS data for all scales. Many elongation values lie famfzero,
thereby justifying the morphological analyses that we psep

3.3 Local morphological analysis

In the local morphological analysis that follows we corteléhe
WMAP and NVSS data through each of the morphological mea-
sures provided by the second derivative of a Gaussian wasage
arately,i.e. the signed-intensity, orientation and elongation of lo-
cal features. Local features are extracted independertiy the
WMAP and NVSS data. We then compute the correlation by

1
X§'@ = DS (woa) S  (wo.2)
P wo
- iZsN(w a)|- iZsT(w a) (14)
Np £ i 05 Np a i (wo, ,
whereS; = {l, D, E} is the morphological measure examined, with

superscript N or T representing respectively the NVSS andARM
data (note that the morphological measures are compuidgicis-
crete points on the sky only). This analysis provides thetrges-
eral approach to computing correlations and does not make an
assumption about possible correlation in the data. In tiserade

of an ISW dfect the WMAP and NVSS data should be indepen-
dent and none of the correlation estimators definedldy ghould
exhibit a significant deviation from zero.

34 Matched intensity analysis

In the matched intensity analysis that follows we first cotepu
the orientation and signed-intensity of local featuresierNVSS
data. Using the local orientations extracted from the NV&&d
we compute the signed-intensity of local features in the WIMA

© 2007 RAS, MNRAS0DQ0, 1-12
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data that are matched in orientation to the local featur@éV8S
data. For this matched intensity analysis it no longer makese

to examine the correlation of orientations any further sithey are
identical in both data sets, nor to examine the elongatioasues
any further since the elongation does not measure the emignt

of local features in the WMAP data when the orientation is ex-
tracted from the NVSS data. We therefore only correlateuihh
(14) again, the signed-intensity of features extracted froendita.
This analysis is based on the assumption that local featarbe
NVSS data are somehow included in the WMAP data. This is a
conceptually dierent analysis to the local morphological analysis
described in the preceding subsection.

Before proceeding with this analysis it is important to dhec
that it differs in practice to the local morphological analysis. To do
this we examine the fiierence in the orientation of local features,
extracted independently in each data set, at each positiche
sky. From relation 11) it can be seen that this fiiérence techni-
cally lies in the range-fr, n). It is however defined module, and
the range is explicitly restricted D € [-7/2, 7/2). If orientation
differences are predominantly zero, then we kopriori that the
two analysis procedures are essentially the same and waidd g
the same result for the correlation of signed-intensitiesrig. 5
we plot the histogram of the fiierences in orientation between the
two data sets (outside of the extended exclusion masks) fitmum
all scales (the distributions obtained for each individsedle ex-
hibit similar structure). The orientationféérences are broadly dis-
tributed about zero, thus the two analysis techniques [sexgbare
indeed diferent practically, as well as conceptually. Moreover, the
relative flatness of the distribution suggests no obviousetation
of orientations between the WMAP and NVSS data. This is exam-
ined in detall through the local morphological analysis wizg-
plied to orientations.

Notice that the local morphological measure of the orienta-
tion defined by {1) depends on the coordinate system consid-
ered through the definition of the origin = 0 at each point on
the sphere. The estimator for the correlation of orientetibe-
tween the two data sets given b4 also depends on the coordi-
nate system. This dependence does fiecathe statistical signifi-
cance of any correlation detected, which simply measuressi{
ble anomaly between the data and the simulations. One cabld s
stitute the estimatorl@) by a measure of flatness for the distribu-
tion of the diference in the orientationD between the two data
sets. This dference is indeed independent of the coordinate sys-
tem and has a direct physical meaning. However, this wouiglsi
provide an alternative measure of the statistical sigmifiesof any
correlation detected in the orientation of local featutgher es-
timator is therefore suitable; for consistence we choosddtmer
case.

4 LOCAL MORPHOLOGICAL CORRELATIONS

In this section we present the results obtained from thd loca-
phological analysis described in secti®lto examine the WMAP
and NVSS data for possible correlation. Correlations ateated
and are examined to determine whether they are due to fanedro
contamination or instrumental systematics, or whethey #re in-
deed induced by the ISWfect.



8 McEwen et al.

1600

14001

12001

1000

Frequency
®
8

600

AD (rad)

Figure 5. Histogram of the dference in orientation of local features ex-
tracted independently in the WMAP and NVSS data for all scalehis
differenceAD is defined modular, in the range /2, 7/2). The distribu-
tion is not concentrated about zero, indicating that thallaworphological
and matched intensity analyses are indedtedint practically, as well as
conceptually.

4.1 Detections

The correlation statistics computed from the WMAP and NVSS
data for each morphological measure are displayed in@-ig§ig-
nificance levels computed from the 1000 Monte Carlo simothesti
described in sectiofi.1 are also shown on each plot. A non-zero
correlation signal is clearly present in the signed-initgraf local
features. A strong detection at 99.3% significance is madhéan
correlation of signed-intensities for wavelet half-widkl, ~ 400.
This correlation deviates from the mean of the Monte Carho- si
ulations by 2.8 standard deviations. Moderate detectioasaso
made in the correlation of the orientations and elongatadriscal
features foly,, ~ 400 at 93.3% significance and fép,, ~ 600 at
97.2% significance respectively.

The statistical significance of these findings is based on an
a posterioriselection of the scale corresponding to the most sig-
nificant correlation. Nevertheless, such statistics haanlwidely
used to quantify detections of the ISWext, and are satisfactory
provided that thea posteriori nature of the analysis is acknowl-
edged. However, in this work we also consideg’aanalysis to
examine the significance of correlation between the dataniine
correlation statistics for all scales are considered imeggfe. This
a priori statistic is more conservative in nature; we consider it as a
simple alternative detection measure which takes intowatcine
correlation between scales. For the correlation compuie@dch
local morphological measure we compute tRedefined by
X = XU Ch Xy (15)
where XQIT is a concatenated vector @‘iT(a) for all scales, the
matrix G, is a similarly ordered covariance matrix of the mor-
phological correlation statistics computed from the Mo@i&rlo
simulations and represents the matrix transpose operation. Com-
paring they? values computed from the data to those computed
from the Monte Carlo simulations, it is possible to quantifg sta-
tistical significance of correlation in the data. Moderagtedtions
are made in the correlation of signed-intensities and tatems of
local features at 94.5% and 93.2% significance respectilélg
detection in the correlation of elongations drops consiblgr to
84.5% significance.

The steerable wavelet analysis performed allows one to lo-
calise on the sky those regions that contribute most sigmifig
to the correlation detected in the data. This type of loadits

was performed byicEwen et al(2007h. However, it was found
in this work that, although the localised regions were aifigant
source of correlation between the data, they by no meansdeayv
the sole contribution of correlation. Similar findings weilso ob-
tained byBoughn & Crittenden(2005) using a diferent analysis
technique. These results are consistent with intuitivelipt®ns
based on the ISWfEect, namely that one would expect to observe
correlations weakly distributed over the entire sky, rathan only
a few highly correlated localised regions. For these remsando
not repeat the localisation performed bicEwen et al.(20075)
for the current analysis (especially since we shown in saecti2
that the detection is likely due to the ISWfect and not contam-
ination or systematics). Instead, we display in Fighe signed-
intensity values on the sky for the scafi,( ~ 400) correspond-
ing to the most significance detection of correlation. Dueh®
strength of the correlation, it is possible to see it by ey®vben
the WMAP (Fig.7 (a)) and NVSS data (Fidl (c)). We consider
only the signed-intensity of local features here since tinispho-
logical measure corresponds to the most significant detectf
correlation made in these local morphological analyses.

4.2 Foregroundsand systematics

To test whether the correlation detected in the precedihgesiion

is perhaps due to foreground contamination or instrumeytiem-
atics in the WMAP data, we examine the correlation signats-co
puted using individual WMAP bands andi@rence maps in place
of the WMAP co-added map. Again, we consider only the signed-
intensity of local features here since this morphologicalasure
corresponds to the most significant detection of corratatiade in
these local morphological analyses. In Féga) we plot the mor-
phological signed-intensity correlation of the NVSS daitwach

of the individual WMAP band maps (constructed from the mean
signal observed by all receivers in that band), while in Bigb)

we plot the correlation for maps constructed from barftedénces
(constructed from dierences of signals observed by various re-
ceivers).

Any correlation induced by unremoved foreground contami-
nation in the WMAP data is expected to exhibit a frequency de-
pendence, reflecting the emission law of the foreground cemp
nent. However, the same correlation signal is observedch e&
the WMAP bands and no frequency dependence is apparent (see
Fig. 8 (a)). Furthermore, the fierence map WV-Q is clearly
contaminated by foreground contributions, while havingiaimal
CMB contribution. No correlation is detected in thisfdrence map
(see Fig.8 (b)). Consequently, we may conclude that foreground
contamination is not the source of the correlation detected

The same correlation signal is observed in each WMAP band
(see Fig8 (a)). Furthermore, this signal is not present in any of the
difference maps constructed for each given band (see8Ki)),
which contain no CMB or foreground contributions. Theseifigd
suggest that the correlation detected is not due to sysiEsmiathe
WMAP data.

The preliminary tests performed in this subsection indicat
that it is unlikely that either foregrounds or systematiesraspon-
sible for the correlation detected in the signed-intensityocal
features. This strongly suggests that the ISWéct is responsible
for the statistically significant correlation detected liistsection
between the WMAP and NVSS data.

© 2007 RAS, MNRASDQO, 1-12
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Figure 7. Morphological signed-intensity maps (Mollweide projecti cor-
responding to the scal@, ~ 400) on which the maximum detections of
correlation are made. In panel (a) signed-intensities lawess for local fea-
tures extracted independently from the WMAP co-added detereas in
panel (b) signed-intensities are shown for local featunehé WMAP co-
added data that are matched in orientation to local featardése NVSS
data. Due to the strength of the correlation in the data,pbssible to ob-
serve the correlation both between maps (a) and (c) and eetmeps (b)

“TToo 150 200 250 300 35 400 450 500 550 600

Wavelet half-width 6y, (arcmin)
(c) Elongation

Figure 6. Correlation statistics computed for each morphologicahsnee
in the local morphological analysis, from the WMAP co-addedp and
the NVSS map. Significance levels obtained from the 1000 ®l&@Hrlo and (c) by eye.

simulations are shown by the shaded regions for 68% (ydigivt-grey),

95% (magenta@rey) and 99% (redark-grey) levels. The flierent ranges

of the correlations for the signed-intensity, orientatiand elongation are 5.1 Detections

consistent with our rough estimations of the standard tevia for each

local morphological measure in each of the two data setss@ei®n3.2). The correlation statistics computed from the WMAP and NVSS

data for the signed-intensity of matched features are aspl in
Fig. 9. Significance levels computed from the Monte Carlo simula-
5 MATCHED INTENSITY CORREL ATION .tions are again shown on each p!ot. A non-zero cgrrglatignad;i

is clearly present. A strong detection at 99.2% significasceade
In this section we present the results obtained from the imeata- in the correlation of signed-intensities of local featui@swavelet
tensity analysis described in secti®dto examine the WMAP and half-width 6y, ~ 400. This correlation deviates from the mean of
NVSS data for possible correlation. In this setting the ragon the Monte Carlo simulation by 2.6 standard deviations. Nl
of local features extracted from the WMAP data at each mgositi  these significance measures are again based apasterioriscale
on the sky are matched to orientations extracted from the 3lVS selection.
data. It therefore no longer makes sense to correlate teatation We also compute tha priori significance of the detection of
or elongation of features between the two data sets. Ctimeta correlation when considering all scales in aggregate ntakito
are detected between the signed-intensity of matchedrésasnd account the correlation between scales. This is based oyt tiest
are examined to determine whether they are due to foregroamd described in sectioA.1. For this case we detect a highly significant
tamination or instrumental systematics, or whether theyirmdeed correlation at a level of 99.9%.
induced by the ISWfgect. Although it is possible to localise regions on the sky that-co

© 2007 RAS, MNRASD00, 1-12
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Figure8. Correlation statistics computed for the signed-intensitieatures
in the local morphological analysis, from the WMAP indivaliband and
difference maps and the NVSS map. Significance levels obtainedtfre
1000 Monte Carlo simulations are shown by the shaded red@mn88%
(yellow/light-grey), 95% (magenfgrey) and 99% (redark-grey) levels.
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Figure 9. Correlation statistics computed for signed-intensity e t
matched intensity analysis, from the WMAP co-added map had\tvSS

map. Significance levels obtained from the 1000 Monte Canfulsitions

are shown by the shaded regions for 68% (yellight-grey), 95% (ma-
gentdgrey) and 99% (redark-grey) levels.

tribute most significantly to the correlation detected, \gaia do

not do this since the ISW signal is expected to be weaklyidiged
over the entire sky (as described in sectiof). Instead, we display

in Fig. 7 the signed-intensity of matched features on the sky for the
scale @ny =~ 400) corresponding to the most significance detection
of correlation using this analysis. Due to the strength ef ¢br-
relation, it is again possible to see it by eye between the VPMA
(Fig. 7 (b)) and NVSS data (Fid (c)).
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Figure 10. Correlation statistics computed for the signed-intensityhe
matched intensity analysis, from the WMAP individual band difference
maps and the NVSS map. Significance levels obtained from(b@é Wonte
Carlo simulations are shown by the shaded regions for 68%o@wgight-

grey), 95% (magentgrey) and 99% (redark-grey) levels.

5.2 Foregroundsand systematics

For this analysis procedure we also check whether the etioal
detected is perhaps due to foreground contamination oersyst
atics. We follow the same procedure outlined in sectdloh The
correlation signals computed for the matched intensityyaisus-
ing individual WMAP bands and fferences maps in place of the
WMAP co-added data are plotted in Fi). No frequency depen-
dence is observed between the signals computed for thedodiv
band maps (see Fid.0 (a)), neither is any correlation observed
in the foreground contaminated W-Q map (see Figl0 (b)).
These findings suggest that foreground contributions ateao
sponsible for the correlation detected in this analysistHeumore,
the same correlation signal is observed in each individaati{see
Fig.10(a)), but is not present in any of thefidirence maps for each
given band (see Fid.0 (b)). This indicates that systematics are not
responsible for the correlation detected in this analyBi®se re-
sults again strongly suggest that the IS¥iéet is responsible for
the correlation detected between the WMAP and NVSS datasn th
second analysis based on the signed-intensity of matcladuakés.

6 CONCLUSIONS

We have presented the first direct analysis of local morgicéd
measures on the sphere defined through a steerable wavalgt an
sis. Using the wavelet on the sphere constructed from thensec
derivative of a Gaussian, we are able to define three questiti
characterise the morphology of local features: the signtshsity,

© 2007 RAS, MNRASDQO, 1-12



orientation and elongation. These local morphological suess
provide additional probes to search for correlation betwte
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tion (SNF) under contract No. 200021-1074A8He is also post-
doctoral researcher of the Belgian National Science Fdiowa

CMB and LSS of the Universe that may have been induced by the (FNRS). Some of the results in this paper have been derived us

ISW effect.

ing theHEALPix package Gorski et al. 200k We acknowledge the

Based on the morphological measures defined, we perform use of the Legacy Archive for Microwave Background Data Anal

two distinct analyses to search for correlation betweeWivAP
and NVSS data. The first procedure, the local morphological-a
ysis, correlates the morphological measures of local featex-
tracted independently in the two data sets. This providesribst
general analysis and does not make any assumption regaraiag
sible correlation in the data. The second procedure, thehadtin-
tensity analysis, is based on the assumption that localriesiof the
LSS are somehow included in the local features of the CMB. Lo-
cal features are extracted from the WMAP data that are mdiche
orientation to features in the NVSS data and the signechéities
of these features are correlated between the two data $etsugh
the two analysis procedures performed are obvioudfeint con-
ceptually, we have shown that theyffer practically also. Regard-
less of the procedure adopted, in the absence of an I8&ttehe
WMAP and NVSS data should be independent and no correlation
should be present in any of the local morphological meastoas
sidered. However, strong detections are obtained in theledion
of the signed-intensities of local features using bothysislproce-
dures. The most significant detection is made in the mataited-i
sity analysis at 99.9% significance, when all scales areiderel

in aggregate. Moreover, in the local morphological analysiod-
erate detections are also made in the correlation of thatatien
and elongation of local features. In both analyses foregtaron-
tamination and instrumental systematics have been ruledsoine
source of the correlation observed. This strongly suggeststhe
correlation detected is indeed due to the ISNé&. Since the ISW
effect only exists in a universe with dark energy or a non-flat uni
verse, and strong constraints have been placed on the #athes
the Universe $pergel et al. 2007 the detection of the ISWfkect
made here can be inferred as direct and independent evid@nce
dark energy.

In previous wavelet analyses to detect the ISKe¢a, theo-
retical predictions are derived for the wavelet correlatio or-
der to constrain dark energy parameters of cosmologicaletaod
(Vielva et al. 2006 McEwen et al. 2007bPietrobon et al. 2006
As already discussed, our detections give a new insight @emah
ture of the correlation between the CMB and the LSS, in terins o
the signed-intensity, orientation and elongation of ldeatures.
This might in turn help to better understand the nature ok éar
ergy through new constraints on dark energy parametersetfaw
our steerable wavelet analysis is complicated by allowirgydri-
entation of wavelet cdicients to vary as a function of the data.
The derivation of the theoretical correlation for each lanarpho-
logical measure is not easily tractable. We are currentplazing
this issue in more detail and leave any attempts to consstaim
dard dark energy parameters to a future work. We also intend t
explore the use of this, and other wavelet-based, ISW detecto
investigate perturbations in the dark energy fluid and tcsttam
the sound speed of dark energy (seg. \Weller & Lewis 2003
Bean & Doré 2001
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