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Prof. László Palla, D.Sc.

Particle Physics and Astronomy Program

Institute of Physics

May 2014



“People say to me, ’are you looking for the ultimate laws of physics?’ ...No I’m

not; I’m just looking to find out more about the world. And if it turns out that

there’s a simple, ultimate law that explains everything, so be it; that would be very

nice to discover. If it turns out it’s like an onion with millions of layers, and we

get sick and tired of looking at the layers, then that’s the way it is. But whatever

way it comes out ... Nature is going to come out the way she is.”

Richard P. Feynman



Abstract
Statistical Probes of Secondary CMB Anisotropies and

Non-Gaussianities

by

András Kovács

In simplest inflationary models, early quantum fluctuations are characterized by

a statistically homogeneous, Gaussian random field. We demonstrate how these

conditions can be tested with the statistical analysis of the Cosmic Microwave

Background (CMB). First, we perform complex phase analyses using Wilkinson

Microwave Anisotropy Probe (WMAP) data. We then generalize the definition of

spherical harmonic phases and incorporate measurements by the Planck satellite.

We identify hints of non-random features and excess decoherence, and find evi-

dences for the 3% disagreement between the power spectrum estimates of WMAP

and Planck up to ℓ ≈ 300. Next we endeavor to combine CMB observations

with large-scale structure data to detect the Integrated Sachs-Wolfe effect (ISW).

We create a galaxy map using infrared data collected by the Wide-field Infrared

Survey Explorer (WISE), and cross-correlate it with the CMB. We clarify most

of the potential systematic effects in WISE and WMAP. In addition, we develop

novel tools to cull an advanced galaxy map by adding Two Micron All Sky Sur-

vey (2MASS) infrared data. The resulting WISE-2MASS galaxy map is deeper

than older 2MASS galaxy catalogs, and more uniform than WISE. Finally, we

use our WISE-2MASS map to further investigate the possibility of a low redshift

underdensity aligned with the CMB cold spot. We combine our data with Pan-

STARRS1 (PS1) optical observations for photometric redshift estimation, create a

tomographic map, perform galaxy density statistics in the line of sight, and model

the projected underdensity with a Lemaitre-Tolman-Bondi void. We detected a

large underdensity, i.e. a rare supervoid, in the field of interest, that might imprint

the cold spot on the CMB.
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Chapter 1

Introduction

The cosmological standard model describes an expanding Universe governed by

the laws of general relativity. The cosmic history began with the Big Bang which

was followed by a rapid inflationary expansion. Inflation dramatically interspaced

the almost perfectly homogeneous field of matter, and formed the seeds of the

Universe we see today (Guth, 1981). The study of the more and more structured

distribution of the observable matter is one of the main goals of today’s cosmology.

A striking fact about the Universe is, however, that ordinary luminous matter is

a relatively minor component in the concordance model. The current Universe,

instead, is dominated by a dark sector of extraordinary ingredients, dark matter

and dark energy (Kamionkowski, 2007). The dominant form of matter is not

coupled to light and is hence referred to as dark matter (Zwicky, 1933, Peter,

2012). In addition, the majority of the energy-density of the present epoch is

not associated with matter at all. A component called dark energy is attributed

to the intrinsic energy of space-time itself, causing its accelerating expansion by

rejuvenating Einstein’s Λ (Riess et al., 1998, Peebles and Ratra, 2003, Mortonson

et al., 2014). The dominance of the dark components is the most astounding

fact in today’s cosmology, and has lead to the standard model as being known as

Λ-Cold Dark Matter (ΛCDM).

Studying the dark components in great detail has to face many difficulties, since

only a few percent of our Universe is directly observable. Predictions of the concor-

dance model pose fundamental challenges for physics in general, as the nature of

the dark sector and inflation field are both undetermined (Famaey and McGaugh,

2013). The most successful observational tool to explore these apparently principal

1



Chapter I. Introduction 2

ingredients is undoubtedly the cosmic microwave background (CMB). The CMB

is a left-over from the primordial plasma that filled the early universe. It was last

scattered only 380,000 years after the Big Bang, thus it is often considered as the

echo of the Big Bang (Gawiser and Silk, 2000). At the same time, the CMB is

much more than an ancient light from afar. Microwave photons are affected by

several foreground effects on their way, and these distortions also carry plenty of

relevant cosmological information.

Next we will summarize the fundamental ideas of the ΛCDM model, the physics of

large-scale structure (LSS), and CMB physics, and demonstrate how their interplay

can provide possibly the best chance to constrain cosmology on the largest scales.

1.1 The ΛCDM framework

The ΛCDM model of cosmology successfully explains numerous cosmological ob-

servations. The most important accomplishments are the description of the for-

mation of the primordial elements, the clustering of galaxies, the expansion of the

Universe as inferred from Type Ia Supernovae, and the anisotropies we observe in

the CMB. See Whitburn (2013) for review.

The success of ΛCDM lies in its relative simplicity, and the explanatory power

of only seven main parameters (Lahav and Liddle, 2014). The geometry of the

Universe is described by the curvature parameter Ωk, while the expansion prop-

erties of the Universe are explained by Hubble’s constant H0. The energy density

of the Universe is measured by the density of baryonic matter, Ωb, the fraction of

cold dark matter, Ωc, and ΩΛ is defined to introduce dark energy (see Fig. 1.1 for

current results). Two further parameters are needed to account for the scale of the

initial fluctuations (σ8) and the effect of late time physics through the re-ionization

optical depth (τr).

Yet, many properties of the ΛCDM Universe may seem unnatural to everyday

experience. The concept of the Big Bang itself is a good example, where a back-

ward extrapolation of the expansion history of the Universe ends in a singularity

(Kolb and Turner, 1990). The physics of this earliest moment is unclear.

Next, still at the dawn of the Universe, a phase of exponential expansion occurred,

which, in essence, guided the Universe from quantum states to cosmological scales
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Figure 1.1: The cosmic recipe of the Universe. Measurements of the Planck

satellite suggest more dark matter, at the expense of dark energy. Credit:
Planck Collaboration.

(Linde, 2005). The ultra-rapid inflationary expansion simultaneously explains why

the Universe should be expected to approximate to a Euclidean spatial geometry

and also obeys the cosmological principle that we are typical observers. However,

the nature of the particle physics underpinning inflation is unknown.

The expansion continued after inflation and the Universe cooled. Clumps of dark

matter began to condense and gas molecules formed within them. This is the

period when the cosmic microwave background radiation was emitted. Atoms

were unable to form in this early stage of the Universe, as the hot sea of photons

prevented the combination of particles via electromagnetic attraction. The gradual

cooling due to universal expansion, however, redounded the formation of atomic

particles at a time called recombination at redshift z ≈ 1100 (Hu, 2008). The

CMB radiation we observe is coming from the last scattering surface defined by

that very moment.

The dark matter and its fresh gas content were gravitationally attracted to the

areas of higher density and formed halos that represented the seeds for the first

galaxies. Soon after, the hydrogen and helium gas within the halos began to

make the first stars, re-ionizing and enlightening the Universe. This is the period

when supermassive black holes, i.e. powering sources of quasars started to grow

(Haiman, 2013). These objects are considered as the most luminous objects in the

Universe.
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Figure 1.2: The distribution of dark matter along filaments, superclusters, and
voids as simulated by the Millennium project. Credit: Millennium Simulation.

Then, over time, larger and larger galaxies were formed due to halo mergers, and

elliptical galaxies turned up as products of cosmic collisions. Whilst the evolution

of the largest structures of the Universe was in progress, their elements experienced

dramatic changes. New star forming regions appeared in buffer zones of galaxy

mergers, and supernovae explosions extruded heavier elements of their star dust

(McKee and Ostriker, 2007).

The physics of this re-processed matter we observe today follows a hierarchy. Tiny

bits of matter form solar systems with orbiting planets with a mass-to-light ratio

of Υ ≈ 1, as only central the star or stars emit visible light (Armitage, 2007). The

mass-to-light ratio for a typical galaxy is Υ ∼ O(10), indicating different physics

on galactic scales. Galaxies are gathered in clusters and even clusters of clusters,

namely superclusters. In other cases, galaxies are located along filaments that

connect the superclusters. The mass-to-light ratio of these largest known groups

of visible objects reaches Υ ∼ O(100) (Tinker et al., 2005). This complex and

highly structured distribution of galaxies is complemented by underdense regions

termed as voids, building up the cosmic web altogether (see Fig. 1.2).



Chapter I. Introduction 5

The backbone of this web is the underlying dark matter field in ΛCDM , thus one

of the principal goals of modern cosmology is to reveal its properties. In this spirit,

observations of rotation curves of stars in galaxies are being analyzed. They show

that the rotational velocities remain constant as a function of the distance to the

center (Rubin and Ford, 1970). This observation suggests that the visible matter

is surrounded by a hypothetical component of a galaxy, that we call dark matter

halo (Nesti and Salucci, 2013). A halo envelops the galactic disk and extends

well beyond the edge of the visible galaxy. Halos cannot be observed directly,

since they consist of dark matter, but their existence is inferred through their

effects on the motions of stars and gas in galaxies, or on the motion of satellite

galaxies in clusters (Mateo, 1998). Galaxies, therefore, are imperfect tracers of the

underlying distribution of dark matter, which acts as a skeleton for the resulting

features in the distribution of matter. This cosmic edifice is currently controlled

by the mysterious dark energy, that is the darkest of the dark sector in the ΛCDM

model.

Cosmological supernovae measurements (Riess et al., 1998) and CMB fluctuations

(Jarosik et al., 2011, Planck 2013 results. XXIII., 2013) both support cosmological

models in which the cosmic energy density is dominated by dark energy at the

present epoch. In such theories the current accelerating expansion and the decay

of gravitational potentials are predicted. Therefore, the presence of dark energy is

manifested in both geometrical and dynamical forms, but more is unknown than

is known. We know how much dark energy is needed to theoretically explain the

observed accelerating expansion, and still keep the Universe flat. Other than that,

it is a complete mystery. But it is an important mystery, thus a growing number

of research projects are focused on its dynamical aspects as well (Giannantonio

et al., 2012). The future is in the study of voids and superclusters (Granett et al.,

2008, Cai et al., 2013a), that are the most affective objects in the presence of such

a cosmic repulsive force.

1.2 The Cosmic Microwave Background

The consecutive expansion of the Universe requires that it must also gradually

cool (Gawiser and Silk, 2000). The evolution of the CMB temperature with scale
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factor (a) in simplest inflationary models is given by

T (z) = T0
anow
athen

= T0(1 + z). (1.1)

This implies the Universe was both smaller and hotter at higher z redshift. A

great deal of cosmological information about this early epoch is frozen in the

temperature and polarization of CMB photons.

1.2.1 CMB observations

The first measurements of the CMB in the 1960s, by Arno Penzias and Robert

Wilson, proved that CMB was there and that it was all around, although none of its

details were seen (Penzias and Wilson, 1965). They saw a constant T0 ≈ 2.725 K

signal which washed out their view of the galaxy.

In the 1990s, a satellite called Cosmic Background Explorer (Mather et al., 1990,

COBE) measured the CMB over the whole sky, and established several things.

Firstly, the discovery of Penzias and Wilson was confirmed, as the CMB was

found almost completely uniform, with an almost constant temperature over the

whole sky. However, it is not completely constant. There were tiny fluctuations,

or ripples, in its temperature, at the level of just one part in 100,000. The other

important outcomes of the COBE experiment is the near perfect black-body spec-

trum, that was measured by the Far Infrared Absolute Spectrophotometer (Fixsen

et al., 1996, FIRAS). The exact correspondence between theory and observation

provided a strong evidence for an expanding Universe.

The present research, however, is mainly focused on the fluctuations in this black-

body spectrum, the anisotropies. The angular distribution of these anisotropies

mimics the scale and strength of the primordial fluctuations, as the imperfections of

the CMB are directly related to the initial gravitational potential well experienced

by the photons at their emission. The angular resolution of ∼ 7◦ for COBE,

however, was too large for detailed analyses of the fluctuation patterns.

The next milestone was the Wilkinson Microwave Anisotropy Probe (Jarosik et al.,

2011, WMAP), that was 45 times more sensitive, with 33 times the angular resolu-

tion of its COBE satellite predecessor. WMAP surveyed the full sky in five bands:

K, Ka, Q, V, W. These channels covered a frequency range of 23 − 94 GHz,
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Figure 1.3: The cosmic microwave background fluctuations as seen by different
instruments. There is an obvious improvement in resolution, and therefore in

the information collected by the surveys. Credit: Planck Collaboration

that was important for an effective foreground removal strategy. WMAP played

a crucial role in understanding the physics of the CMB, and all the parameters of

ΛCDM were constrained with unprecedented accuracy. This was the beginning

of precision cosmology.

However, some puzzles remained, as measurements of the CMB on the very largest

scales showed anomalies (Copi et al., 2006). For instance, a significant statistical

asymmetry was detected between hemispheres divided by the Galactic plane, and

some hints of alignments with the poles of the solar system have been found.

Another problem was the curious cold region surrounded by a hot ring, that is

called ”the cold spot” (Cruz et al., 2005). These anomalies opened the door for

possible new physics, and at the same time stimulated more precise measurement

in general, and also stimulated more careful map making and foreground removal

strategies.

ESA’s Planck mission (Planck 2013 results. I., 2013) was designed to analyze the

CMB with even higher resolution with respect to WMAP. Planck was able to carry

out high precision measurements in 9 frequency channels. It surveyed not only the

temperature fluctuations, but also the polarization patterns, that carry additional

cosmological information. Another important findings were the detailed analysis

of individual galaxy clusters in the microwave, precise measurements of Galactic

properties including magnetic fields, or studies of the objects in the Solar system.
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Planck, therefore, is a successful explorer of both cosmological scales and the local

Universe.

However, when compared to the best fit of observations to the standard model of

cosmology, Planck’s high-precision capabilities confirmed that the fluctuations in

the cosmic microwave background at large scales are not as strong as expected.

The conclusion of the mission was that ”we live in an almost perfect Universe”,

indicating that anomalies detected in WMAP are not systematic effects, but real

problems for the current concordance model.

The common feature of the above CMB measurements is that they all map the

full microwave sky, although they have different capabilities. There is, however,

another possible observational strategy for CMB analysis, the more detailed anal-

ysis of a smaller area of the sky. Such a strategy can provide better insights to the

CMB physics on small scales, and makes detailed polarization analysis feasible (Hu

and White, 1997). These experiments operate with ground-based telescopes and

special balloon-based receivers. The observational difficulties due to atmospheric

effects, and telescope optics pose fundamental challenges for the design of these

surveys. The optimal locations for these special instruments are the Antarctica

(BICEP (Chiang et al., 2008), EBEX (Reichborn-Kjennerud et al., 2010), SPT

(Ruhl et al., 2004), BOOMERanG (de Bernardis et al., 1999)) and the Atacama

desert (ACT (Kosowsky, 2003), CBI (Padin et al., 2001), POLARBEAR (The

POLARBEAR Collaboration et al., 2014), QUIET (QUIET Collaboration et al.,

2012)), where numerous smaller CMB telescopes complement the full sky observa-

tions. Among several findings, an important discovery produced by the BICEP2

team is the detection of B-mode polarization signature, that is a strong evidence

for primordial gravitational waves (BICEP2 Collaboration, 2014).

1.2.2 Statistical formalism

The comparison of the anisotropies to theories predicted in a given cosmological

model is a complicated procedure. The most important observable is the tem-

perature anisotropy ∆T (n̂) in the pointing n̂, that is traditionally and naturally

expanded using an orthogonal spherical harmonic basis, and spherical coordinates,

∆T

T
(θ, φ) =

∞
∑

ℓ=0

ℓ
∑

m=−ℓ

aℓmYℓm(θ, φ) (1.2)
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where complex alm coefficients can be given by

aℓm = |aℓm| · exp (iφℓm) (1.3)

The flat sky approximation is utilized over a small patch of the sky, hence the

analysis of spherical harmonics are equivalent to standard Fourier analysis (Coles

et al., 2004). We interpret the multipole moment as analogous to a wavenumber

since θ = π/ℓ. This implies that low multipoles correspond to large scales and

vice-versa. aℓm coefficients describe an anisotropy field, thus they have zero mean.

This connotes that the variance, denoted Cℓ, at a given multipole ℓ is

Cℓ =
1

2ℓ + 1

ℓ
∑

m=−ℓ

|aℓm|2 (1.4)

The correlation function of these temperature anisotropies depends only on the

angular separation due to isotropy

C(θ) =
1

T 2
〈∆T (n̂1)∆T (n̂2)〉, (1.5)

therefore the power-spectrum is the Fourier transform of the correlation function

(Szapudi, 2005), defined by

Cℓ = 2π

∫ 1

−1

C(θ)Pℓ(cos θ)d cos θ (1.6)

All information is contained within the power spectra Cℓ, if the primordial fluc-

tuations are described by Gaussian statistics (Abramo and Pereira, 2010). This

means that theoretically the Cℓ is the fundamental quantity from which the aℓm

are sampled. We measure, however, no more than (2ℓ + 1) independent aℓm for

each Cℓ, given our single observation of the CMB. This shortage marks out our lim-

itations at low-ℓ and imposes a primal statistical uncertainty on our observations.

We call this limitation cosmic variance, that is defined by

∆Cℓ

Cℓ

=

√

2

2ℓ + 1
(1.7)
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Figure 1.4: CMB power spectrum as measured by the Planck satellite. The
lowest ℓ-range is dominated by cosmic variance, while positions and amplitudes
of the acoustic peaks are accurately constrained. Credit: Planck Collaboration

1.2.3 Power spectrum analysis

The estimation of the Cℓ from a CMB experiment is a quite elaborate task. Exper-

iments produce time series, as they span across the sky point-by-point measuring

relative temperatures differences of two given locations. This relative measure-

ment procedure is motivated by the fact that higher precision can be reached by

such a strategy. The time-ordered data has to be sent through a map-making

algorithm to produce a single image, the sky map. The most powerful tool to

read, manipulate, or simulate such maps in the pixel space of given convenient

resolution is HEALPix (Gorski et al., 2005).

A handful of methods exist for analyzing this image to estimate the Cℓ (Szapudi

et al., 2001a, Hivon et al., 2002a). In fact, the analysis of this data requires

the estimation of a theoretical power spectrum in a cosmological model. This

is typically done numerically using CAMB1. Any comparison to data Cℓ must take

account of systematic effects (Elsner and Wandelt, 2012), such as mode mixing due

to incomplete sky coverage, additional smoothing due to an instrumental beam

and contamination from sources such as radio galaxies, or nearby stars. We show

the CMB power spectrum in Fig. 4.5, as estimated by the Planck satellite (Planck

2013 results. XV., 2013).

1Code for Anisotropies in the Microwave Background - http://camb.info/
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The distinct peaks of the Cℓ spectrum are produced by the coupling between

matter and radiation in the recombination era. Gravity and radiation pressure

compete and therefore cause oscillations in the matter-radiation plasma. The

oscillation pattern at the time of recombination is then frozen in and causes peaks

and troughs in the Cℓ associated with compression and expansion respectively.

The amplitudes and positions of these peaks are then determined by the energy

content, spatial geometry and initial conditions of the cosmological model (Wright,

2004).

We see a precise match over a wide range of multipoles, suggesting that ΛCDM

is a good model for the Universe, as it is able to predict almost all the features

we observe in the CMB (Planck 2013 results. XVI., 2013). Indeed, this is one of

the most remarkable achievements in cosmology that these measurements can be

used to probe the early Universe.

1.2.4 (An)isotropic anisotropies

One usually assumes statistical isotropy (SI) in Cℓ related CMB analysis (Abramo

and Pereira, 2010). There are, however, certain mechanisms that can violate

this comfortable condition. Numerous independent statistical methods have been

masterminded to diagnose any deviations from standard statistics, and new trials

come up every day with the purpose of exploiting the wealth of information in

CMB maps.

Statistical isotropy can be violated in various ways, and each diagnostic by design

is more sensitive to a special kind of SI violation (Hajian et al., 2005). We,

therefore, define the concepts of statistical isotropy and Gaussianity, as they are

two independent assumptions.

The Gaussianity of the primordial fluctuations is motivated by the simple inflation-

ary models (Guth, 1981). The statistical properties of the primordial fluctuations

are closely related to those of the CMB anisotropies. Any reliable detection of

non-Gaussianity in the CMB, therefore, would constrain the physics of inflation

(Bartolo et al., 2010). If CMB temperature fluctuations are characterized by a

Gaussian random field, then the two point correlation function fully determines
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all the statistical properties of such a field. The study of non-Gaussian fields, how-

ever, demands to take higher order statistical moments of the field into account

for a complete description.

The assumption of statistical isotropy guarantees that the expectation values of

all n-point correlation functions are invariant under arbitrary rotations of the sky

(Szapudi, 2005). However, numerous mechanisms can introduce such statistical

anisotropies, such as cosmological mechanisms, instrumental and environmental

effects, as discussed and distinguished in Hajian (2008):

1. Gaussian and SI models: In these models two point correlation and Cℓ have

all the information of the field

2. Gaussian but not SI models: two point correlation contains all the informa-

tion of the field, but C(n̂1, n̂2) 6= C(n̂2, n̂1). So Cℓ is not adequate to describe

the field and off-diagonal elements of covariance matrix should be taken into

account.

3. Non-Gaussian but SI models: two point correlation alone is not sufficient to

describe the whole field and we need to take higher moments into account,

but every n-point correlation of the field is invariant under rotation.

4. Non-Gaussian and non-SI models: neither two point correlation has all the

information nor it is invariant under rotation.

Breakdown of statistical isotropy can occur in any of these parts. In general we

can divide the detectable effects into two kinds:

• Theoretical effects: these effects are theoretically motivated and are intrin-

sic to the true CMB sky, e.g. non-trivial cosmic topology (Hajian and

Souradeep, 2003), hidden patterns in the CMB maps which can be explained

by models of inhomogeneous spaces known as Bianchi models (Sung and

Coles, 2009), or primordial magnetic fields (Kim and Naselsky, 2009).

• Observational artifacts: in an ideally cleaned CMB map, the true CMB

temperature fluctuations are completely extracted from the observed map.

Sometimes there are some artifacts left in the cleaned map which may in prin-

ciple violate the SI. For example, anisotropic noise properties, non-circular

beam, masking effects, residual Galactic foregrounds, and residual point

source contamination. For review see (Planck 2013 results. XXIII., 2013).
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1.2.5 Detections of non-Gaussianities and statistical

anisotropies in CMB maps

Several interesting variants of non-Gaussian properties have been claimed in the

context of the CMB. Low quadrupole (Efstathiou, 2004), parity asymmetry (Bernui,

2008, Kim and Naselsky, 2010), the Cold Spot (Cruz et al., 2005, Vielva, 2010),

and the Axis of Evil (Land and Magueijo, 2005a,b, 2007) are well-studied anoma-

lies related to CMB non-Gaussianities and anisotropies, especially on large scales.

See Planck 2013 results. XXIII. (2013) for a complete review. Studies such as

Copi et al. (2006), Copi et al., 2013), and Bielewicz et al. (2005) defined directions

on a sphere at each ℓ to construct estimators constraining unusual alignments and

correlations in the harmonic series representing the CMB maps. Several “anoma-

lies” and alignments were identified, and several tests have been performed to

explore their origin (Francis and Peacock, 2010a, Frommert and Enßlin, 2010,

Rassat et al., 2013a). These marginally significant anomalies were originally de-

tected in WMAP, and recently confirmed in Planck (Planck 2013 results. XXIII.,

2013) data.

A special family of statistical tests uses complex phases as an indicator of deviation

from randomness (Coles and Chiang, 2000, Chiang and Coles, 2000, Watts and

Coles, 2003). The randomness of the complex phases of the harmonic coefficients of

small CMB temperature fluctuations provides natural constraints, since departures

from Gaussian behavior typically cause deviations from randomness (Coles and

Chiang, 2000). Perturbations in matter are believed to be imprinted on the CMB

at small angular variations (Gawiser and Silk, 2000). Consequently, they should

have similar statistical properties. This similarity makes the CMB a useful tool to

test the Gaussianity of the early Universe. Fig. 1.5 shows an analogy how the non-

linearity of a large-scale structure field is manifested in the corresponding phase

statistics of its Fourier components. Phase mapping techniques (Chiang et al.,

2002, 2004, Chiang and Naselsky, 2007a), auto- and cross-correlations (Chiang and

Naselsky, 2006), Shannon entropy of phases (Chiang and Coles, 2000), surrogates

(Raeth et al., 2010), random walk tests (Stannard and Coles, 2005, Hansen et al.,

2011), and even topological constraints (Dineen et al., 2005) have been performed

to uncover the properties of the CMB phases. Most of these studies diagnosed

some form of non-Gaussian or statistically isotropic features in WMAP’s data

releases, and most recently in Planck (Planck 2013 results. XXIII., 2013) maps.
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Figure 1.5: The evolution of phase coupling. A sequence of snapshots from
a two-dimensional Gaussian N-body simulation is shown in the left-hand col-
umn. The second column shows how complex phases are becoming correlated
as structures evolve and the web becomes clustered and non-linear. The last
two columns show phase gradients in the x and y directions. Credit: Coles and

Chiang (2000)

Non-Gaussian residuals have been detected (Chiang et al., 2003, Naselsky et al.,

2005), although no primordial non-Gaussianity has been found with any certainty.

The first goal of this thesis is to detect non-Gaussianities or statistical anisotropies
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in the CMB temperature maps of the WMAP and Planck projects. We, there-

fore, modify and re-use existing statistical tools, and develop novel approaches in

order to contribute to this sub-field of the mainstream CMB analysis. We reju-

venate the analysis of complex phases of the aℓm coefficients in Chapter 2. We

carefully examine several possible sources of the non-random features detected in

the temperature maps of WMAP’s 7 year data release (Kovács et al., 2013a).

Along other lines, we generalize the definition of the complex phases, and perform a

high-dimensional search for deviations from Gaussianity and/or statistical isotropy

in Chapter 3. We compare WMAP’s final CMB temperature maps to the recent

data collected and released by Planck (Kovács et al., 2013b). We find no significant

anomaly in the data after modeling the noise, beam, and mask properties of the

experiments. The small differences we find are completely consistent with the

higher noise level of WMAP. We confirm, however, the curious 3% disagreement

between the power spectrum estimates of WMAP and Planck on large scales, and

extend the detection of this unsolved problem to ℓ ≈ 300.

1.3 Secondary CMB anisotropies

Primary anisotropies shaped the CMB shortly after recombination. Where the

primordial plasma is denser, the radiation emitted is slightly brighter on small

scales. Variations in brightness are tiny, at a level of only one part in a hundred

thousand. However, a great deal of information is written in the CMB about the

dark matter and the gas clouds across the Universe, as they both introduce new

patterns into the CMB fluctuations via electromagnetic or gravitational interac-

tions (Aghanim et al., 2008). Furthermore, one can also expect to uncover some

properties of dark energy by its possible imprints on the CMB. These effects are

known as CMB secondary anisotropies, that are often called as ”foregrounds” as

they are enclaved between the surface of the last scattering and the observer. See

Sherwin (2013) for review.

1.3.1 Gravitational lensing

CMB photons started their propagation in a straight line through the Universe.

The passage of time, however, created a new situation. Regions low in dark
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Figure 1.6: Cluster Abell 2139 as seen by Planck in different frequency bands.
Top row, left-right: 44, 70, 100, 143 GHz; bottom row: 217, 353, 545 GHz.

Credit: ESA Planck mission

matter became more sparse, while dense regions gravitationally attracted more

matter, becoming heavier. This gravitational instability leads to the formation

of dark matter halos into which gas falls, and where galaxy clusters are formed

(Kravtsov and Borgani, 2012). These structures of dark and luminous matter

deflect the CMB photons through their gravity as photons pass over them. This

effect is known as gravitational lensing . The resulting net effect after many small

gravitational lensing deflections is typically one twentieth of a degree by the time

a CMB photon finally reaches our radio telescopes.

Clumps of dark matter behave like a magnifying glass. They enlarge the CMB

anisotropies behind them. These changes in the CMB caused by gravitational

lensing are useful proxies to map the distribution of dark matter in the Universe.

More exactly, the column density of dark matter can be determined with the

measurement of magnification and deflection, once the un-lensed characteristics of

the brightness fluctuations is well understood. This technique is known as lensing

reconstruction (Planck 2013 results. XVII., 2013). However, lensing deflection

is not the only effect experienced by CMB photons as they travel through the

Universe.
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1.3.2 Sunyaev-Zel’dovich effect

As structures grow, gas falls into deep potential wells of large dark matter ha-

los. These halos are traced by galaxy clusters. The gas inside the clusters is

heated up to Tgas ∼ O(106 − 108), that is hot enough to occasionally kick a low-

frequency CMB photon to a higher frequency via inverse Compton scattering.

This phenomenon is known as the Sunyaev-Zel’dovich effect (Zeldovich and Sun-

yaev, 1969, SZ). The CMB radiation is thus missing low frequency photons after

passing through a galaxy cluster, while an excess radiation is observable at higher

frequencies.

SZ clusters filled with hot gas, therefore, appear as shadows on the CMB sky

for some of the measurement bands, as demonstrated in Fig. 1.6. Detections of

clusters via SZ effect on the CMB provide information about the distribution of

matter and gas in our Universe (Planck 2013 results. XX., 2013). Such studies

are of great scientific value.

1.3.3 Integrated Sachs-Wolfe effect

The dark matter distribution bears the imprints of dark energy. Dark energy

comes to dominate the energy density at late times, z < 2, and the Integrated

Sachs-Wolfe effect (Sachs and Wolfe, 1967, ISW) is the secondary anisotropy that

is often used to analyze its properties.

CMB photons passing through a changing gravitational potential become slightly

hotter or colder. In a flat and matter-dominated Universe the potential is constant

to linear order on large scales thus gravitational blue shifts and redshifts cancel

along the photon path. However, in a Universe dominated by dark energy there

is a net energy difference between entering and leaving a potential well due to the

decay. An illustration of this phenomenon is shown in Fig. 1.8 for large clusters

and voids where the ISW signal is the strongest. Thus, the detection of the linear

ISW effect provides direct evidence for the dynamical aspects of dark energy in the

ΛCDM model. Furthermore, alternative gravity models provide predictions for the

linear ISW effect and may be directly tested with ISW observations (Giannantonio

et al., 2010).
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Figure 1.7: ISW effect for superclusters and huge voids, where the effect of
time-dependent gravitational potentials is maximal. Credit: Ben Granett &

István Szapudi

While ISW probes the linear scales, the Rees-Sciama effect (Rees and Sciama, 1968,

RS) produces fluctuations in the CMB through the time-dependent gravitational

potential in the non-linear stages of evolution. Additionally, the RS effect is not

only expected in the presence of dark energy, but in flat cold dark matter models.

Here the extra anisotropy introduced by non-linear effects is ∼ 10% of the linear

effect in ΛCDM, according to simulations (Cai et al., 2010). Note that the RS

effect may be higher in, for instance, f(R) gravity models (Cai et al., 2014), and

Lemaitre-Tolman-Bondi (LTB) cosmologies (Garcia-Bellido and Haugbølle, 2008).

From the observational point of view, reliable and clear measurement of the ISW

effect is challenging. To date, no observational campaign has reached the 5σ limit

of discovery, although several measurement strategies have been suggested. See

Planck 2013 results. XIX. (2013) for review. The ISW signal may be detected

through cross-correlation of large-scale structure surveys with the CMB tempera-

ture maps. The correlation is weak, generally less than a 1 µK signal is expected,

orders of magnitude below the primary fluctuations. Furthermore, the ISW effect

is strongest on large angular scales where cosmic variance is also large, making the

measurement even more cumbersome.
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Several measurements have been performed to uncover the ISW signal: positive

cross-correlations were measured using galaxy data from the Sloan Digital Sky Sur-

vey (SDSS) and WMAP (Fosalba et al., 2003, Padmanabhan et al., 2005, Granett

et al., 2009). Other successful attempts were Fosalba and Gaztañaga (2004) based

on APM galaxies, Nolta et al. (2004), Raccanelli et al. (2008) using radio data

and Boughn and Crittenden (2004a,b) in which the hard X-ray background was

investigated. Besides, Afshordi et al. (2004), Rassat et al. (2007a) and Francis

and Peacock (2010b) used infrared galaxy samples to characterize the ISW signal.

The typical ISW significance in the papers above is around 2-3σ. Comprehen-

sive studies using combinations of data sets were carried out by Ho et al. (2008)

and Giannantonio et al. (2012, 2008). More recently, Goto et al. (2012) cross-

correlated a preliminary Wide-field Infrared Survey Explorer (Wright et al., 2010,

WISE) galaxy sample with the CMB, finding 3σ correlation, although with three

times the amplitude expected in ΛCDM. We extend this effort by using the full-

sky data of WISE for cross-correlation with the CMB (Kovács et al., 2013c), and

clarify most of the potential systematics. We show that as the scales of interest

are the largest possible scales, cosmic variance affects ISW measurements of small

sky coverage, as detailed in Chapter 4.

In a different project, we combine photometric information of the WISE and 2-

Micron All-Sky Survey (2MASS, Skrutskie et al. (2006)) infrared surveys produc-

ing a clean galaxy sample for large-scale structure research, especially for cross-

correlations with the CMB. We apply Support Vector Machines (SVM) to classify

objects using the multicolor WISE-2MASS database, as described in Chapter 5.

The calibration of the star-galaxy separator algorithm is based on Sloan Digital

Sky Survey (SDSS, Abazajian et al., 2009) classification, and uses the Galaxy and

Mass Assembly (GAMA, Driver et al., 2011) spectroscopic survey for determining

the redshift distribution of the WISE-2MASS galaxy sample. The final catalogue

has an estimated ∼ 2% stellar contamination among 2.4 million galaxies with

zmed ≈ 0.14 (Kovács and Szapudi, 2014).

Another ISW detection technique is the method of stacking, as large voids and

clusters with their suspected high signal-to-noise ratio provide the best chance

to detect an ISW signal with high significance. Several approaches have been

carried out in order to amplify the tiny correlations by stacking the microwave

maps centered on known positions of (super)voids and (super)clusters. Granett

et al. (2008) pioneered this technique, and then their 4.4σ detection of CMB-LSS
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Figure 1.8: The CMB cold spot as seen by WMAP, together with the galaxy
underdensity found by Rudnick et al. (2007). Credit: Cern Courier

correlations have been confirmed by Planck 2013 results. XXIII. (2013), Pápai

and Szapudi (2010), and Cai et al. (2013a). The conclusion of these studies was

that the deviation they measure on the CMB due to superclusters is ∼ 2σ higher

than expectations based mostly on simulations (Cai et al., 2010). These studies,

therefore, highlighted that some pieces are still missing from the void models, and

from ISW analysis in general.

Along similar lines, Granett et al. (2010) performed an imaging survey in the

location of the CMB cold spot for finding the supervoid that could imprint itself

onto the CMB via linear ISW effect. In fact, Granett et al. (2010) extended the

efforts of Rudnick et al. (2007) who claimed to find a large underdenisty at the

center of the CMB cold spot, although their result was challenged by Smith and

Huterer (2010). Granett et al. (2010) found no supervoid at redshifts 0.5 < z < 0.9,

but they observed an underdensity of low significance at z < 0.3. Their finding was

confirmed by similarly non-significant detections of such a low-z void by Bremer

et al. (2010) and Francis and Peacock (2010b), but further evidence is needed to

confirm or confute the void origin of the cold spot. The alternative explanations

are exotic and undiscovered physical effects like cosmic textures (Cruz et al., 2008),

or possibly systematic effects. A reliable detection of a void could, therefore, rule

out these effects and also give a hint to the explanation for the mystery of high ISW

signal at superstructure locations as found by Granett et al. (2008). In order to

contribute to this exhaustive search, we use our WISE-2MASS catalog of galaxies

(Kovács and Szapudi, 2014) to further investigate the possibility of a low-z void

aligned with the CMB cold spot. The redshift distribution of the WISE-2MASS

sample covers z < 0.3, thus we can effectively map the redshift range which has
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not been probed in details. We follow two different approaches. On one hand, we

cross-match our galaxies (in a 50◦ × 50◦ area centred on the cold spot) with non-

public Pan-STARRS1 (Kaiser, 2004, PS1) data to provide optical observations for

the objects. We used the resulting WISE-2MASS-PS1 galaxy catalog for photo-z

estimation, create a tomographic map, and perform galaxy density statistics in

the line of sight. We detected a large underdensity, a rare supervoid, in the field

of interest, that might imprint the CMB cold spot (Szapudi et al., 2014).

Another approach is focused on the physical connection between the CMB temper-

ature depression and the supervoid (Finelli et al., 2014). We demonstrate that a

spherically symmetric LTB void model can simultaneously fit the underdensity in

the WISE-2MASS catalogue (without PS1 and photo-z) and the cold spot as ob-

served by both the WMAP and Planck satellites. Such an LTB supervoid gives an

almost perfect explanation, via a Rees-Sciama effect, of the Cold Spot anomaly,

and is strongly preferred over the null hypothesis of statistical fluctuation or a

cosmic texture model. We contribute to this study by sharing our non-public

WISE-2MASS catalogue, and the expertise we gained in our separate cold spot

project, but the LTB modeling was performed by our collaborators.

All things considered, it is safe to conclude that the same supervoid was found with

fundamentally different methods, and we provide the most plausible explanation

of the cold spot with this rare foreground object that is imprinted on the CMB.

This is the first physical CMB anomaly that has ever successfully been explained,

and it might be related to other large-scale anomalies addressed by Land and

Magueijo (2005c) and Copi et al. (2013).
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Phase-statistics of the WMAP

7-year data

2.1 Physics of non-random phases

Many cosmological theories are based on the idea that the galaxy distribution

we observe today has grown from small initial density perturbations (Coles and

Chiang, 2000) and the inflationary epoch played a crucial role. According to the

simplest theory of inflation (Guth, 1981), early quantum fluctuations are char-

acterized by a statistically homogeneous, Gaussian random field (Bardeen et al.,

1986). However, many inflationary models predict some level of primordial non-

Gaussianity generated during or shortly after inflation (Bartolo et al., 2010, Guth

and Pi, 1985). On the theory side, these various mechanisms for the generation of

cosmological density perturbations can be constrained with measurements of non-

Gaussianities, together with topological properties of the underlying spacetime.

There are, however, various observational artifacts that may account for statistical

isotropies or non-Gaussianities in the data, such as Galactic foregrounds, masking

effects, point source contamination, or undiscovered problems. We use the complex

phases of the aℓm spherical harmonic coefficients as a diagnostic of deviations from

randomness.

The structure of this chapter is as follows. In Section 2.2 we describe the data we

used together with mathematical tools and statistical tests. We introduce our re-

sults of the non-Gaussianity analysis through examples in Section 2.3. Finally, we

22
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present our conclusions in Section 2.4 and discuss the meaning and interpretation

of our findings.

WMAP 7-year Q Temperature Map

-400 400

WMAP 7-year V Temperature Map

-400 400

Figure 2.1: Temperature maps of WMAP in µK units. The Q map contains
more Galactic contamination than V, as clearly visible in the plots.
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WMAP 7-year W Temperature Map

-400 400

WMAP 7-year ILC Temperature Map

-400 400

Figure 2.2: Temperature maps of WMAP in µK units. The W band is less
affected by Galactic effects than Q and V, and it is considered as the cleanest
product by WMAP. The smoothed ILC map in the bottom is a non-trivial
combination of all the Temperature maps of WMAP, and attempts to cover
the full sky including the contaminated regions by filtering out the foreground

effects observed differently by the given bands.



Chapter II. Phase-statistics of the WMAP 7-year data 25

WMAP 7-year Temperature Analysis Mask

0 1

Figure 2.3: Mask for excluding potentially contaminated Galactic regions,
and point sources. We use this official product by WMAP to explore the phase

statistics of masked maps.

2.2 CMB phase analysis tools

We downloaded the CMB data from the LAMBDA website1. We used WMAP’s

mask, 7-year Q, V, and W maps, and the Internal Linear Combination (ILC) map.

Latter was formed by a weighted linear combination of five different, smoothed

temperature maps (Jarosik et al., 2011). We show these CMB products in Figures

2.1, 2.2, and 2.3. The weights for the ILC map were chosen to emphasize CMB

anisotropies while minimizing the galactic foreground contribution. The statisti-

cal characterization of temperature fluctuations can be expressed as a sum over

spherical harmonics (Coles et al., 2004):

∆T

T
(θ, φ) =

∞
∑

l=0

l
∑

m=−l

almYlm(θ, φ) (2.1)

where complex alm coefficients can be given by

alm = |alm| · exp (iφlm) (2.2)

1http://lambda.gsfc.nasa.gov
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We restrict our investigations to positive m values, since alm have special symmetry

relations (Coles et al., 2004). Following (Coles et al., 2004), we define a phase

difference as

∆φ(l,m) = φl+1,m − φl,m (2.3)

The usage of phase differences is preferable because of rotational properties of the

alm coefficients (Chiang et al., 2003). We use ∆φ(l,m) phase differences to carry

out our tests.

If the CMB is a realization of a homogeneous and isotropic Gaussian random

field, real and imaginary parts of the alm are independently distributed accord-

ing to a Gaussian probability density. Therefore, |alm| amplitudes are Rayleigh

distributed, phases and phase differences are uniformly random on the interval

[−π, π] (Coles et al., 2004). Superposing many Fourier modes with random phases

a Gaussian field is created. Phase statistics offer a convenient opportunity to test

Gaussianity, statistical isotropy, and homogeneity. In Fig. 2.4 we show a simple

way of visualizing the possible phase correlations in the data.

2.2.1 Kuiper tests

We use Kuiper’s statistic - that is a generalization of the Kolmogorov-Smirnov

test - to test the random phase hypothesis and analyze circular data (Coles et al.,

2004). The standard Kolmogorov-Smirnov statistic probes the maximum dis-

tance of the cumulative probability distribution against theoretical expectations.

Kuiper’s method introduces a statistic, V, obtained from the data: firstly, angles

are sorted into ascending order, to give the set θ1, ..., θn. Each angle θi is divided

by 2π to give a set of variables Xi, where i = 1...n. From the set of Xi we derive

two sets Sn+ and Sn− where

Sn+ = max

{

1

n
−X1,

2

n
−X2, ..., 1 −Xn

}

(2.4)

and

Sn− = max

{

X1, X2 −
1

n
, ..., Xn −

n− 1

n

}

(2.5)

Kuiper’s statistic, V, is then defined as

V = (Sn+ + Sn−) ·
(√

n + 0.155 +
0.24√
n

)

(2.6)
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Figure 2.4: A representation of low-l phase distribution for the alm coefficients.
One finds more points at larger radii, as the number of modes increases with
l. Smaller (larger) points indicate odd (even) m modes, while redder circles
correspond to larger m indices. No meaningful oddity was found with this

simple test.

Large values of V indicate a distribution that is not fairly uniform (i.e. low Kuiper’s

p-value), while low values mean that the distribution is more regular.

2.2.2 Random walk statistics

The set of phase angles can be thought of as steps in a random walk (RW) on

the complex plane, a structure that can be easily visualized and has well-known

statistical properties (Stannard and Coles, 2005). We used a representation with

unit step-size and the turning angle was characterized by the phases of the alm

coefficients. Provided that the angles are independent and uniformly random on

the interval [−π, π] , the total displacement after N steps is given by

R2
N = X2

N + Y 2
N (2.7)
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where RN is Rayleigh distributed. Moreover, XN and YN are independently ran-

dom.

On one hand, the actual traveled distance is computed in the case of the CMB data,

on the other, it is compared to an expected value, µ and standard deviation, σ that

can be obtained from simulations. Using synfast we generated 1000 random CMB

maps with ΛCDM cosmological parameters (Jarosik et al., 2011). We obtained

the distributions of the final positions after the walks using simulations, then

calculated mean values and variances. A Rayleigh probability density is given by

f(x, σ0) =
x

σ2
0

e−x2/2σ2
0 (2.8)

An estimator of the σ0 parameter is expressed by

σ̂0 ≈

√

√

√

√

1

2N

N
∑

i=1

x2
i (2.9)

Evaluating parameters in Eq. 2.10 a significance test can be performed to test

Gaussianity.

µ = σ0

√

π

2
, σ =

√

4 − π

2
σ2
0 (2.10)

2.3 Detection of non-uniformities in WMAP

We computed alm values using the anafast routine from HEALPIX (Gorski et al.,

2005). Firstly, we used a 1-year foreground cleaned CMB map (Tegmark et al.,

2003) to reproduce former results in which non-Gaussianities were indicated (Chi-

ang et al., 2003). We introduce our simplest results on Fig. 2.5 in terms of

histograms. Visually, there are stronger phase-correlations in the 1-year data,

although there are hints of deviations from uniformity using the 7-year WMAP

product.

Histograms are not efficient to fully explore the statistical properties of the phases,

since the source of the non-Gaussianity cannot be localized in the (l,m) space.

We follow (Chiang et al., 2003) to advance our techniques and use a color-coded

representation of the phases. This result is shown on Fig. 2.6. We identified

phase correlation on small scales similarly to the result by Chiang et al. (2003),
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Figure 2.5: Distribution of phase differences is presented with multipoles up
to lmax = 600. The level of non-uniformity is different, WMAP’s 7-year data

shows weaker phase correlations.

although the majority of the map is random in a good approximation. We obtained

probabilities of measuring a V value (2.6) as high as calculated from WMAP 1-

year and - year datasets. Kuiper’s p-value was pK < 10−10 in both cases, i.e. these

are highly significant detections of non-uniform features. However, the positive

signal seems to come from the small scales only, which are rather dominated by

noise (Larson et al., 2011).

Next, we analyzed phases at the regions lmax < 300 applying RWs. The walk was

built by placing ∆φ(l,m) into ascending order primarily by l, secondarily by m.

We measured a 4.7σ difference from the expected value. It is shown on Fig. 2.8

that after the 30-40% of the steps the walk turned to be non-random and ended

very far from the expected regions.

If we restrict our tests below lmax = 200 the results are different. The highly

significant deviation has disappeared as it is displayed on the bottom of Fig. 2.8.
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Figure 2.6: Color-coded map of ∆φ(l,m) phase differences is shown. As
clearly visible, phases are correlated at l ∼ 400, l ≈ m. Also one finds non-
random features at l > 550. Similar results were reported by Chiang et al.

(2003).

2.4 Supplementary tests & Conclusions

We adopted a set of statistical tests to carry out tests of non-Gaussianity using

WMAP’s latest data. We learned from histograms and color-coded plots that

the knowledge of non-Gaussianities is weak without knowing its origin in (l,m)

space. Results of Kuiper’s test indicated some form of non-Gaussianity, but only

at l-ranges where noise strongly affects the CMB measurement.

However, we detected non-Gaussian features at 200 < l < 300 with RWs. Noise

is not meaningful on these scales, but possible remnant galactic foregrounds can

cause an uncertainty factor. We used WMAP’s original Q, V and W temperature

maps together with their foreground reduced versions to analyze this effect. These

sky maps are contaminated by point sources and our galaxy, but using the WMAP

team’s mask (Fig. 2.3) we were able to cut out these regions. The orthogonality

of spherical harmonics is no longer preserved with this procedure, therefore we
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Figure 2.7: Results for the WMAP ILC map. lmax = 300 random walk is
shown with expected values of RN distances using different non-Gaussian CMB

simulations.

Table 2.1: We tested both raw and foreground removed (FR) versions of the
CMB temperature maps. Best possible constraints of the fNL parameter are
shown in the last column. We used positive values of fNL assuming its effects

are symmetric.

Map type Mask RN Significance fNL

WMAP ILC - 658.5 4.7σ > 1000
WMAP ILC + 266.5 0.8σ 100 ± 200
WMAP Q + 254.5 0.6σ 60 ± 200
WMAP V + 218.9 0.3σ 20 ± 200
WMAP W + 190.9 0.0σ 0 ± 200
WMAP FR Q + 130.2 -0.6σ 50 ± 200
WMAP FR V + 166.2 -0.2σ 20 ± 200
WMAP FR W + 141.8 -0.5σ 40 ± 200

consider this as an exploratory test and interpret the results with care. We cannot

report any positive non-Gaussian signals performing the previous RW statistics

with these masked CMB maps. Our findings are summarized in Table 2.1.

Finally, we modeled the possible primordial origin of the signal we found. We used

non-Gaussian CMB simulations and computed alm = aLlm+fNL ·aNL
lm , where fNL can

be any desired level of non-Gaussianity (Elsner and Wandelt, 2009). We measured
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Figure 2.8: Solid black circles show expected values of final distances after the
walk, dashed circles show regions with varying significance. Top: lmax = 300,

where µ = 189.1, σ = 98.8. Bottom: lmax=200, where µ = 114.4, σ = 59.8

expected values of RN distances varying the fNL value. fNL > 1000 could explain

the properties of the RW, according to Fig. 2.7. However, previous measurements
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constrained fNL = 32 ± 21 (Komatsu et al., 2011). This outcome suggests that

the detected non-Gaussian properties cannot be explained by fNL-like primordial

effects. We calculated the possible fNL constraints with 1σ error bars using our RW

measurements, the average of our estimations is fNL ≈ 40 ± 200. These outcomes

are summarized in Table 2.1. We note that our tests are not optimized for fNL

non-Gaussianity constraints.

In the light of the tests performed, we interpret our results as a detection of

residual foregrounds rather than cosmological defects. This is fully consistent

with Gaussianity and previous findings (Coles et al., 2004, Chiang et al., 2003,

Naselsky et al., 2005). A remnant contamination is still present in the ILC map,

even after several improvements on the foreground cleaning. These artifacts are

imprinted on the phase statistics we used in this work.



Chapter 3

On the Coherence of WMAP and

Planck Temperature Maps

3.1 Generalization of phase analysis

Complex phases defined in Chapter 2 correspond to a unit vector in the complex

plane, where the U(1) group acts as a rotation. Based on this observation we

generalize the usual U(1) phases for the group SO(3), relevant to the CMB or any

full-sky map, as unit vectors in (2ℓ+ 1) dimensional representation spaces. These

Generalized Phases in the sense of SO(3) respond to SO(3) rotations analogously

to complex phases responding to U(1) rotations. In the rest of this Chapter we

only deal with the SO(3) group, therefore without ambiguity we can call them

Generalized Phases, or GPs, hereafter.

For an isotropic Gaussian field, they correspond to a random direction by symme-

try, represent most of the information beyond the measured power spectrum, and

they are independent from it. Nevertheless, two observations of the same CMB

realization should have exactly the same phases. The principal aim of this work is

to use this simple property to construct a rigorous and concise ℓ-byℓ comparison

of WMAP and Planck maps that emphasizes information beyond the power spec-

trum. In particular, we will characterize coherence of two maps by the angle of

the unit vectors corresponding to their GPs, that also corresponds to a correlation

coefficient in harmonic space.

34
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We organize this Chapter as follows. In Section 3.2 we describe the data we

used, and introduce our methods including theoretical expectations, simulations

and measurements. In Section 3.3 our results, and statistical significances of our

findings are presented. Finally, we briefly summarize our results in Section 3.4.

3.2 Indicators of coherence

We first prepare maps of the same resolution to quantify the coherence of WMAP

and Planck. The WMAP team provides Nside = 512 CMB temperature maps,

therefore we choose this as our base resolution. The Planck CMB products have

higher resolution, Nside = 2048, thus we downgraded Planck maps using HEALPIX

(Gorski et al., 2005) for Nside = 512. We also used the Nside = 512 WMAP9

Temperature Analysis Mask that leaves 78% of the sky for our analysis. We show

the corresponding maps in Fig. 3.1.

For WMAP, we used the Q,V,W frequency bands downloaded from the LAMBDA

website1, using both original and foreground reduced versions (Jarosik et al., 2011,

Bennett et al., 2012). For Planck, we downloaded the NILC and SMICA maps

(Planck Collaboration et al., 2013a) from the Planck Legacy Archive2. They al-

ready have galactic foregrounds and known point sources removed.

3.2.1 Generalized Phases

The CMB temperature fluctuations can be expanded into spherical harmonics,

as defined in Eq. 2.1. Phases are defined by complex aℓm coefficients of CMB

multipoles as aℓm = |aℓm| · exp(iφℓm).

These Fourier phases generate rotations around the z-axis, corresponding to to

the U(1) subgroup of the full SO(3) symmetry of the harmonic coefficients. For

Gaussian random fields, Fourier phases are random and uniformly distributed

between 0 and 2π. Testing the randomness of these phases therefore provides an

interesting diagnostic of the Gaussianity of the fluctuation field (Coles and Chiang,

2000). Note that the power at each ℓ and these phases do not fully determine the

random field.

1http://lambda.gsfc.nasa.gov/
2http://www.sciops.esa.int/index.php?project=PLANCK
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Figure 3.1: The WMAP 9-year CMB Q map at Nside = 512 resoltion (top) is
compared to the Planck SMICA map at Nside = 512 (bottom) in µK.
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We first build (2ℓ + 1) dimensional vectors using real and imaginary parts of alm

coefficients to generalize complex Fourier phases in the sense of SO(3):

εℓ = (aℓ0/
√

2, Re[aℓ1], ....Re[aℓℓ], Im[aℓ1], ....Im[aℓℓ]) (3.1)

These vectors contain all the information due to the reality of the underlying

random field. For a Gaussian field, this is a random vector, with each elements

of εℓ having a variance of Cℓ/2. Generalized Phases are now defined as (2ℓ + 1)

dimensional unit vectors

ε̂ℓ =
εℓ

√

∑

k ε
2
ℓ,k

. (3.2)

As aℓm coefficients of different multipoles are independent, GPs are uncorrelated

for a Gaussian distribution. Moreover, they follow uniform distributions over the

sphere S2ℓ for each ℓ (Cai et al., 2013b). The statistics of GPs contain information

complementary to the power spectrum, and for mildly non-Gaussian distributions,

they should contain most of the non-Gaussian information. If the power and the

GPs are given, the realization of a random field is fully constrained.

In this work, we compare Generalized Phases to quantify the (generalized) phase

coherence of WMAP and Planck maps, i.e. the ℓ-byℓ coherence of the maps beyond

and independently of the match of their power spectra.

To quantify the coherence of the two maps, we calculated dot products of unit

vectors defined by individual datasets at each ℓ multipole as

cos Θℓ =
∑

k

ε̂Planckℓ,k · ε̂WMAP
ℓ,k . (3.3)

3.2.2 Random angle statistics in n dimensions

Angles between Generalized Phases of two uncorrelated datasets - e.g. CMB re-

alizations - fluctuate around π/2, their distributions are characterized by analytic

formulae (Cai et al., 2013b). When the dimension n = 2ℓ + 1 is fixed, the distri-

bution of angles has a density function given by

h(Θ) =
1√
π

Γ(n
2
)

Γ(n−1
2

)
· sinn−2 Θ. (3.4)
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Figure 3.2: Distributions of angles between random unit vectors in (2ℓ +
1) dimensions. We compare analytic expectations and simulations, and test
properties of galactic masks, as well. We present ℓ = 2, 5, 25, 75 cases. These
illustrate that angles are concentrated around π/2. This concentration becomes
stronger as the dimension n grows. These results are insensitive to the galactic

mask as long as the unit vectors are truly random.

Note that if n = 2, h(Θ) is the uniform density on [0,π]. When n ≥ 3, h(Θ) is a

unimodal distribution with peak position of Θ = π/2. The concentration around

π/2 becomes stronger as n grows, since sinn−2 Θ is driven to zero quickly for Θ 6=
π/2 (Cai et al., 2013b). This means that uncorrelated vectors in high dimensions

tend to be perpendicular. As expected, in large dimensions, the distribution tends

to a Gaussian distribution centered on π/2. In Fig. 3.2 we show estimates of

distributions of angles between unit vectors in higher dimensions. We simulated

500 CMB skies to test Eq. (3.4). Simulations were made by using WMAP9

cosmological parameters, and WMAP9 noise. We randomly choose 10,000 pairs

of CMB simulations, and calculate Generalized Phases. Four examples of ℓ =

2, 5, 25, 75 illustrate that individual distributions of angles between random unit

vectors in (2ℓ + 1) dimensions follow Eq. (3.4) closely. We checked that these

results hold up to ℓ = 1535, the maximum we can measure with our maps.

We repeated our measurements on masked CMB skies using WMAP9 Temperature
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Figure 3.3: We show original (amplitude-shuffled) version of a simulated CMB
map on the top (bottom) in µK. These CMB maps have the same phases and

pseudo power spectra, but different GPs.
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Analysis Mask. According to Fig. 3.2, and perhaps somewhat surprisingly, no

difference was found. While galactic mask strongly affects statistical analysis of

normal phases (Chiang and Naselsky, 2007b), the distribution of Θ is insensitive

to the mask. The CMB mask is centered on ϑ = π/2 in the spherical coordinate,

which causes strong phase correlation only among phases of ℓ ≈ m.

It is useful to consider the closely related correlation coefficient cos Θ = CAB
ℓ /

√

CA
ℓ C

B
ℓ

in addition to Θ. In this case, x = (cos Θ + 1)/2 follows the Beta distribution on

[0, 1], i.e. xα−1(1 − x)β−1/B(α, β) with parameters α = β = (n− 1)/2 = ℓ. Thus

the exact first two moments of cos Θ are

〈cos Θ〉 = 0,
〈

cos2 Θ
〉

=
1

n
(3.5)

Finally, we quantified the resolving power of GPs by the following procedure. We

shuffled |aℓm| amplitudes of a simulation for a given ℓ, keeping both pseudo power

spectrum and phases unchanged. Fig. 3.3 shows the original and the ”shuffled”

CMB maps. We measured Θℓ angles between GPs of the maps (Fig. 3.4), finding

values fluctuating around Θℓ ≈ 38◦. We integrated the Gaussian distributions of

the aℓm’s to find the average value 〈cos Θℓ〉 = π/4. This corresponds to Θℓ =

38.24◦, i.e. 78.5% correlation.

3.2.3 CMB and noise

WMAP and Planck measurements of the CMB sky contain noise. This noise

induces a rotation of the unit vectors ε̂CMB
l on the 2ℓ dimensional sphere. Assuming

full sky coverage and isotropic Gaussian noise, these rotations will only depend on

the respective spectra of the CMB and that of the noise. The angles obey

cos Θℓ =
ǫCMB
ℓ ·

(

ǫCMB
ℓ + ǫnoiseℓ

)

|ǫCMB
ℓ | |ǫCMB

ℓ + ǫnoiseℓ | . (3.6)

In the case of Gaussian noise, it is possible to obtain an explicit form for the

distribution of the angle, generalizing (3.4). Introducing the signal-to-noise SN

as the ratio of the norms of the two vectors,

S =

∣

∣ǫCMB
ℓ

∣

∣

|ǫnoiseℓ | =

√

CCMB
ℓ

Cnoise
ℓ

, (3.7)
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Figure 3.4: Measured Θℓ angles of GPs of the original and |aℓm|-shuffled maps
are illustrated. See text for details.

one finds (see Kovács et al. (2013c) for details)

hN (Θ) =
Γ(n)

Γ
(

n−1
2

) sinn−2 Θ

· exp
(

−n

2
S2 sin2 Θ

)

in−1erfc

(

−
√

n

2
S cos Θ

)

,

(3.8)

where the special functions

inerfc (z) =
2√
π

∫ ∞

z

dt
(t− z)n

n!
e−t2 (3.9)

are the iterated integrals of the complementary error function (Abramowitz and

Stegun, 1970). These functions satisfy convenient recursion relations allowing easy

generation of hN(Θ). With the help of inerfc (0) = 2−n/Γ(n/2 + 1) we can check

that we recover the corresponding distribution (3.4) for Θ in the limit of vanishing

signal to noise, as expected.
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Again, the density function is very close to a Gaussian. Useful simple approxima-

tions for its mean and variance are

〈cos Θ〉 ≈ S√
1 + S2

=

√

CCMB
l

CCMB
l + Cnoise

l

(3.10)

and
〈

cos2 Θ
〉

− 〈cos Θ〉2 ≈ 1

n

1 + S2/2

(1 + S2)3
. (3.11)

Both of these approximations are already at least 5% accurate for any value of SN

at ℓ = 5. We evaluate Eqs. (3.10) and (3.11) using WMAP Q, V, and W noise

realizations, that are white noise to a good approximation, and represent different

variances. We compared our model with simulations on Fig. 3.6, and found that

higher variance causes decoherence at lower ℓ. Besides, different realizations of

WMAP noise produced almost identical curves, in agreement with our model.

3.3 Measurements of coherence

We obtained Generalized Phases of WMAP and Planck datasets by applying Equa-

tions (3.1) and (3.2). We present our results for the Planck SMICA map, but

repeating all our analysis with the NILC map produced virtually identical results.

We used Eq. (3.3) to characterize the coherence of the maps. While this angle

does not contain all information, indeed there are many ways of constructing a

unit vector that is at angle Θ with respect to another one, it corresponds to a

concise way of expressing coherence, and we can additionally interpret cos Θℓ in

terms of Cℓ’s is a of correlation coefficient CWMAP,Planck
ℓ /

√

CWMAP
ℓ CPlanck

ℓ , i.e. 60◦

means 50% correlation between the two maps.

We choose as our null hypothesis that the two maps are not correlated, in order

to quantify the coherence. In that case the distribution Θℓ follows analytic distri-

butions of Eq. (3.4), and p-values can be calculated by integrating Eq. (3.4) to

the measured Θℓ. We define the two maps as significantly correlated if the null

hypothesis can be rejected at the 5σ level.

Figure 3.5 shows our results, where we compare Planck SMICA map to WMAP

Q, V and W band measurements. In general, the correlation between the maps

decreases with ℓ, as qualitatively expected in the presence of uncorrelated noise.
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Figure 3.5: The measured and theoretically predicted angles between Gener-
alized Phases of Planck SMICA map, and WMAP products. A black solid line
defines the 5σ alignment confidence level, while dashed black curves correspond
to 4σ, 3σ, 2σ, and 1σ values. The top inset zooms on ℓ < 50, while bottom

inset shows the same without foreground cleaning.

For the lowest ℓ’s the null hypothesis cannot be rejected at the 5σ level, especially

for the Q band, but using foreground reduced maps improves the correlation to

the point that maybe only the dipole is incoherent. This, however, only reflects

the different cleaning procedures used by WMAP and Planck. In particular, the

SMICA algorithm sets ℓ = 0, 1 exactly to zero, therefore it contains no informa-

tion on the CMB (Jean-Francois Cardoso, private communication). The pattern

illustrated on Figure 3.7 was also detected by Frejsel et al. (2013).

For higher ℓ’s, the monotonically increasing p-values reach the limit confidence

levels corresponding to 5σ. We define these ℓ’s corresponding to decoherence at

ℓ ≈ 700, ℓ ≈ 900 and ℓ ≈ 1100 for Q, V and W maps, respectively. This result

is robust whether we use foreground removed WMAP maps or not, or Planck

SMICA/NILC maps. The observed decoherence can be fully explained based on a
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Figure 3.6: We measured Θℓ angles between a Gaussian simulation, and the
same simulation with WMAP noise added. We show two noise realizations of
WMAP’s Q, V, and W measurements, and compare them with 2σ limits of
our noise model. Dashed red line illustrates the expected value of 90◦ for no
correlation, while the solid black curve shows 5σ difference from this at each ℓ.

WMAP noise model, as illustrated in our Figure 3.6, and explained in more detail

next. Our interpretation is that WMAP GPs are dominated by noise above these

ℓ’s.

Our theory of Eq. 3.8 using simple Gaussian assumption for both the CMB and

noise provides a prediction for the expected coherence angle between the maps.

The agreement is excellent with both simulations and measurements at all ℓ’s,

although there appears to be small but significant bias in the measurements at low-

intermediate ℓ’s. Figure 3.8 displays the residual Θℓ, i.e. the difference between

our theoretical predictions for the decoherence based on our noise model, and the

measured angle. For each Q,V and W, there appears to be an excess angle, i.e.

more decoherence than predicted, for ℓ <∼ 500, 400 and 300, respectively.

At face value in the framework of our simple assumptions, this would be a sign of
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Figure 3.7: Difference map of Planck SMICA and WMAP9 Internal Linear
Combination (ILC) maps in µK, smoothed at 2 deg. See text for details.

excess noise not taken into account in our noise model. It needs to be emphasized

though that this is a small, (although) significant effect, and therefore should be

interpreted cautiously, given the assumption of uncorrelated Gaussian noise; noise

correlations, foregrounds, and/or leakage from the dipole (e.g. Prunet et al. (2005),

Das and Souradeep (2013)) could all influence the coherence angle in subtle ways.

For completeness, we measured power spectrum of the Planck SMICA map, cross-

power spectra of WMAP9 Q1-Q2, V1-V2, and an average cross-spectrum of six

combinations of W1-W4 differential assemblies with SpICE (Szapudi et al., 2001b):

the power spectrum is complementary to the GPs, corresponds to the amplitude

of the vector we defined in Eq. (3.1), and might give additional insight into the

decoherence at low-intermediate ℓ’s. We used WMAP9 beam transfer function

products for Q1, Q2, V1, V2, W1, W2, W3, and W4 maps, and a 5’ Gaussian

smoothing for the SMICA map. We emphasize that we used again the same

resolution maps, with the same mask, and the same method to measure the power

spectrum for all maps, thus our comparison is more immediate than taking final

products from the WMAP and Planck team, respectively.

The power spectra are consistent with each other for the most part, but curiously,
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in approximately the same range of ℓ’s, where we found less coherence than pre-

dicted by our theory, we find that C̃WMAP
ℓ is on average 2.6% higher than C̃Planck

ℓ

in the three Q,V,W maps. For the sake of consistency, we consider multipoles be-

tween 10 and 300 for each band, and find that the WMAP spectra are 2.7%, 2.6%

and 2.5% higher than SMICA, respectively. While visual inspection confirms the

significance of this bias, we estimated it quantitatively in Kovács et al. (2013c) to

be in the range of 10’s of σ’s. This bias is confined to these scales, the inclusion

of higher multipoles result in a non-detection of significant bias. While it would

be difficult to assess quantitatively whether the bias persists on larger ℓ’s, at least

qualitatively, it appears from Figure 3.8 that the bias is not significant above

the the same ℓ >∼ 500, 400 and 300 for Q,V, and W, respectively, where our the-

ory predicts the decoherence based on the simple Gaussian WMAP noise model.

This might be a tantalizing hint, but more investigations are needed to establish

whether the two small, but significant effects are related.

We repeated our measurements with WMAP 7-year foreground cleaned data, and

found similar trends in terms of Θℓ angles. The agreement with WMAP9 results

is less accurate, when we analyze maps without cleaning of foregrounds, but the

difference is only significant at low ℓ’s. The most important observation, however,

is that the estimated 5σ decoherence is at slightly lower ℓ if we use WMAP 7-

year products. This is consistent with WMAP7 having more noise than WMAP9

further supporting the thesis that all experiments observe the same underlying

CMB, and that instrumental noise causes the observed decoherence.

So far we established that the decoherence observed on Figure 3.5 is expected to

originate primarily from the noise in WMAP. Assuming that the level of noise in

the SMICA map is negligible with respect to that of the Q, V, and W maps on

these scales, we can test this hypothesis using our density functions in Eq. (3.8).

We proceeded as follows. Assuming white noise σ2
N in each WMAP maps, the

signal to noise is S = CCMB
ℓ /σ2

N , where CCMB
ℓ was generated with the CAMB

package3 with Planck’s best fit parameters (Planck Collaboration et al., 2013b),

multiplied by the respective beam window function of the Q, V or W maps. The

solid lines in Figure 3.5 show the mean of the density function, and the dashed

ones correspond to 2σ deviations. The decoherence is in excellent quantitative

agreement with this simple model. It makes no difference to use the exact hN(Θ)

in Eq. (3.8) or the approximations in Eqs. (3.10) and (3.11).

3http://camb.info/
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Figure 3.8: We show measured biases of power spectra for Q, V and W
bands, while estimated 2σ deviations are shown by solid lines. In addition,
discrepancies between modeled and measured Θℓ are illustrated for Q, V and

W, where dashed lines correspond to 2σ differences in our model.
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The noise dominates at the highest ℓ’s by orders of magnitude, therefore an angle

of 90 degrees is expected naively. The observed angles, however, deviate slightly

from this theoretical prejudice, indicating a few percent residual correlation. As

we show in more detail in Kovács et al. (2013c), this correlation is due to leakage

of low ℓ power into higher ℓ’s, and essentially white noise. We can obtain accurate

analytic approximations assuming an azimuthally symmetric mask centered on

the equator and white noise. The mask is an equatorial band sustaining an angle

b with the equator, so that fsky = 1 − sin b. Using the explicit formula relating

the spectrum C̃ℓ of the masked field to that of the unmasked field Cℓ (Hivon

et al., 2002b), we derive in Kovács et al. (2013c) the asymptotic behavior of the

spectrum,

C̃ℓ →
16σ2

T cos b

(2ℓ + 1)3
, ℓ → ∞ (3.12)

where σ2
T is the variance of the unmasked map

σ2
T =

∑

ℓ

2ℓ + 1

4π
Cℓ =

〈

(

∆T

T̄

)2
〉

. (3.13)

On the other hand the white noise spectra are simply multiplied by fsky. Since

〈cos Θl〉 ≈
√

C̃l/(C̃l + σ2
N), we obtain in the very low signal to noise regime

cos Θℓ →
4

(2ℓ + 1)3/2

(

σT

σN

)(

2 − fsky
fsky

)1/4

(3.14)

Despite the above approximations, these ideas explain the shape of measured Θℓ

curves extremely well, and predict asymptotic properties at high ℓ in virtually

perfect agreement with simulations and measurements. Note that these consid-

erations do not affect our 5σ decoherence limits, as our null hypothesis of no

correlations (corresponding to infinite noise) has no bias.

We used our well calibrated decoherence model to forecast GP angles of Planck

and a hypothetical perfect CMB experiment without noise (Fig. 3.9). Decoherence

is predicted at ℓ ≈ 2900, beyond which any non-Gaussian information should be

dominated by noise.
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Figure 3.9: Estimated decoherence properties of a Planck-like simulation
(Nside = 2048, assuming SMICA noise) with a hypothetical perfect CMB exper-
iment with no noise, and our WMAP results for comparison. We show simulated
decoherence using single realizations, together with theory and 2σ errors. Black
solid line illustrates 5σ significance level for our null hypothesis, while dashed

red line shows 90◦ decoherence level.

3.4 Detections of decoherence and further impli-

cations

We quantified the ℓ-by-ℓ coherence of latest WMAP, and Planck CMB maps. We

introduced a new set of statistics, Generalized Phases, that are complementary to

the (pseudo-)power spectrum, and can be used to characterize the phase-coherence

of two CMB maps. We compared GP’s of the two maps by simply calculating the

angles between the corresponding unit vectors. These angles, while do not contain

all non-Gaussian information, concisely summarize the coherence properties of two

maps at each ℓ. Using the statistics of random vectors in (2ℓ + 1) dimensions, we

defined the ℓ of decoherence where the null hypothesis of no correlation between the
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maps could not be rejected at the 5σ level. We controlled any effect of the masks,

typically a problem with statistics based on phases, with careful simulations and

analytical models that, albeit based on simplifying assumptions, appear to provide

an excellent quantitative framework. To check for systematics, we repeated all our

measurements of the Planck SMICA map with the NILC maps finding virtually

identical results. According to our definition, decoherence from Planck was found

above ℓ ≈ 700, ℓ ≈ 900 and ℓ ≈ 1100 for WMAP9 Q, V and W. Our theoretical

description is in excellent agreement with the measured coherence angles, with a

slight bias for low-intermediate ℓ’s.

We also find a small bias of the WMAP pseudo-C̃ℓ at 10 ≤ ℓ ≤ 300 at an average

2.6% level with very high significance. It appears that for high ℓ’s, where our

theoretical prediction for the coherence angle is accurate based on a simple Gaus-

sian WMAP noise model, there is no significant bias in the power spectra either.

Qualitatively, there is a slight color dependency as well based on Figure 3.8. From

the excess decoherence we can calculate the amount of excess noise it corresponds

to. We found that, with the exception of the Q map in the range of 250 <∼ ℓ <∼ 500

the noise corresponding to the excess decoherence is below what is needed to fully

explain the bias in the power spectra. Nevertheless, the qualitative behavior of

the noise is similar to the observed one, and it is different than our simulations. In

conclusion, there are tantalizing coincidences hinting that the excess decoherence

and power spectrum bias are related, but no consistent picture emerged. Note

that our simulations do not contain correlated noise, we did not check for any

effect of foregrounds or low-ℓ leakage, especially from the dipole, into higher ℓ’s;

such investigations are left for future research.

Our analytical and simulation framework can be used to forecast the coherence of

Planck with a noise-free experiment (the true CMB). We find that below ℓ ≤ 2900

Planck is coherent with the CMB according to our 5σ criterion, thus non-Gaussian

information can be best gleaned from below these ℓ’s.



Chapter 4

Cross-correlation of WMAP7 and

the WISE Full Data Release

4.1 ISW measurements with WISE galaxies

The Wide-field Infrared Survey Explorer (WISE) all-sky survey is an attractive

dataset for ISW studies. The survey effectively probes low redshift z < 0.3 with a

high source density. Using the preliminary data release (PDR) covering 10,000 sqr

deg. Goto et al. (2012) cross-correlated a WISE galaxy sample with the Cosmic

Microwave Background, finding a 3σ detection, although with three times the

amplitude expected in ΛCDM. In this paper, we re-examine this finding using the

full-sky data release (FDR) of the WISE survey and the WMAP 7-year dataset.

We used the best achievable versions of the CMB data products and focused on

the reliability of our new galaxy sample.

The structure of this paper is as follows. In Section 4.2 we describe the data we

used in particular. Section 4.3 describes our methods including the theoretical

expectations, simulations and measurements. Finally, in Section 4.4 the statistical

significances are presented and systematic effects are discussed.
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Figure 4.1: WISE allsky galaxy sample, together with our mask including the
stripes and WMAP’s mask area.

4.2 Ingredients of cross-correlation analysis

The 7-year WMAP CMB temperature maps were downloaded from the LAMBDA

website1 (Jarosik et al., 2011). WMAP data is affected by noise and contamina-

tions both from point sources and the Milky Way. Among all, the Q, V and W

maps have the least galactic contamination. We used the foreground reduced ver-

sion of these maps and the CMB Extended Temperature Mask was chosen to avoid

contaminations. Nside = 128 re-pixelized versions of the maps were created using

HEALPix (Górski et al., 2005). Galactic foregrounds and known point sources are

quite surely excluded and 71% of the sky is unmasked.

The density map of galaxies we used for cross-correlation was prepared using the

full data release of the WISE project (Wright et al., 2010). The WISE satellite

surveyed the sky at four different wavelengths: 3.4, 4.6, 12 and 22 µm. We used

different bands to separate stars from galaxies using color-color plots. Following

Goto et al. (2012) we select sources to a flux limit of W1 ≤ 15.2 mag to have

a uniform dataset. Note that this W1 = 15.2 is the 5σ photometric detection

limit for WISE objects. According to Goto et al. (2012) the majority of stars

1http://lambda.gsfc.nasa.gov/



Chapter IV. Cross-correlation of WMAP7 and the WISE Full Data Release 53

0 1

Figure 4.2: WISE allsky mask. We construct this mask using WMAP’s Tem-
perature mask, and an additional |b| < 20 cut.

near to the galactic plane have a W3.4 −W4.6 ≤ 0.2 mag color. Moreover, it was

found that a W4.6−W12 ≤ 2.9 mag selection reduced the stellar contamination. We

confirm these findings in the FDR and followed the same procedure for star-galaxy

separation.

Our galaxy sample, however, exhibits stripe-like over densities on the map in sev-

eral locations. While Goto et al. (2012) applied handmade cutouts in their mask to

exclude regions with unusually high number counts, we understand that the stripe-

like features originated from the observational strategy of WISE and the position

of the moon during observations. We realized that the moon-contamination flag

may be used to properly mask these regions. We forced out pixels in which the

’moonlev’ flag is higher than 3 in at least one of the bands. This means that

the fraction of the used image frames suffered by moon-contamination is higher

than 30%. Masking regions based upon the moon contamination flag effectively

removes the stripe pattern. The final mask with an additional |b| < 20◦ Galactic

cut is shown in Figure 4.2. We cannot address any further residual effects of the

moon contamination outside our mask area. We have found that with a more con-

servative magnitude limit of W1 < 14.9 over densities along stripes are reduced in

width but do not disappear.
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Figure 4.3: Gradients in galaxy density can be detected as a function of
galactic latitude b. The effect is less significant if objects with warning flags are
included in the sample, since the density drop is ≈ 4% at |b| = 20 compared to

its value at |b| = 50.

Sources in WISE may also be contaminated by artifacts including the halos of

bright stars, ghost images and diffraction spikes and special data-quality flags exist

to handle these problems. If the dataset is filtered using these flags we possibly

lose real galaxies. However, if we do not use flags to create a conservative catalog

then stars or galaxies with insufficient parameters can appear in the data. Goto

et al. (2012) used additional pixels in their mask to exclude regions where the

abundance of these unreliable objects is high, but did not filter the whole galaxy

sample. We investigated both cases and we have found this choice is important

especially on large scales.

We find a gradient in the galaxy density with Galactic latitude with fewer galaxies

near the Galactic plane. An empirical correction was developed by Goto et al.

(2012) in which a mean correction is computed in galactic latitude bins to arti-

ficially ‘flatten’ the distribution at |b| < 20. We attribute the gradient to stars

near the Galactic plane masking background galaxies. The problem is made more

severe due to the broad point spread function of WISE (6-12 arcsec). We use the

Tycho2 star catalogue which reaches a depth of V < 13 mag (Høg et al., 2000)

to measure the survey area lost around each star. We calibrated a mean relation

between V magnitude and star halo radius R for WISE R = 9.52− 0.74V for R in

arc minutes. Any detected sources within this radius of a Tycho star is removed.

We then construct a map of the lost area by summing the area attributed to stars

in each HEALPix pixel. This map is then used to normalize the galaxy counts.

Figure 4.3 shows the result of this correction.
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Table 4.1: Mask properties of the WISE galaxy sample. First 3 rows corre-
spond to all sky data with b galactic latitude cuts. The last mask was made

using only the preliminary survey area and an additional |b| > 10 cut.

Mask Area[deg2] Nnoflag
gal N starcorr

gal Ngal

|b| > 10 26,443 1,662,995 2,016,563 2,234,370
|b| > 15 25,248 1,617,745 1,948,454 2,129,013
|b| > 20 23,167 1,521,755 1,814,156 1,945,517
|b| > 10 10,967 782,502 976,209 1,057,073
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Figure 4.4: Redshift distribution of the WISE galaxy sample.

Apparently, the density gradient does not disappear, so only a modest correction

is possible with our method. Interestingly, we find that the gradient is higher when

flagged sources are not included in the sample. The exact source of the gradient is

unexplored, but we show that this effect did not mess up our measurements, our

findings are robust. As described, regions nearby the plane of the Milky Way are

potentially contaminated, and we consider the most appropriate solution to use

|b| > 20 regions. To perform tests with only the preliminary sky coverage area a

mask was created using the area covered by the preliminary survey. In Table 4.1,

we describe and summarize total galaxy number counts produced by different map

making strategies.

We also estimate the redshift distribution of the WISE galaxies, as it is crucial

for calculations of theoretical ISW signals. Since WISE is a photometric survey
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without spectroscopy, the selected galaxies were cross-identified with sources from

GAMA (Galaxy and Mass Assembly, Driver et al. (2011)) sample that has spec-

troscopic redshift of ∼ 200,000 galaxies. Using the overlapping part of the two

surveys we have found a pair for 82% of the galaxies with a 3” matching radius.

We estimated an accidental matching rate of 0.1% for this analysis using random

points with WISE density. The matched sample has a median redshift z ≈ 0.15,

as shown in Fig. 4.4. The obtained approximate redshift distribution provides a

basis to calculate a theoretical cross-power spectrum in this redshift range.

4.3 WISE-WMAP cross-correlation

We calculate the cross power spectrum using a fast quadratic estimator SpICE

(Spatially Inhomogeneous Correlation Estimator, Szapudi et al. (2001a,b, 2005)).

The individual band powers are binned logarithmically, the boundaries are l =

6, 8, 11, 16, 22, 31, 44, 61 and 87 this means the first band stands for l = 6, 7 etc.

With this choice we avoid the lowest ℓ range, where cosmic variance is meaningful

and it is easier to compare the results to Goto et al. (2012), who used the same

bins. Our measurement is introduced in Figure 4.5.

4.3.1 Expectations for linear ISW

We derive the expected CMB-LSS correlations and galaxy bias using WMAP7

best-fit ΛCDM cosmological parameters (Jarosik et al., 2011). Following Francis

and Peacock (2010b) a linear bias relation is considered to couple galaxy and

matter over denisities, δg = bgδm. The two-dimensional projection of the 3D

galaxy auto-correlation is given by

Cgg(l) = b2g
2

π

∫

dk k2 P (k)

∣

∣

∣

∣

∫

dr r2 φ(r) jl(kr)

∣

∣

∣

∣

2

(4.1)

where φ(r) ∝ dN(r)
dz

dz
dV

is a comoving coordinate with a normalization relation
∫

φ(r)r2dr = 1, and jl is a spherical Bessel function. Independent determination

of bg is not possible in linear theory, because σ8 acts to renormalize the power

spectrum, Cl ∝ (bσ8)
2. Thus we fit only for bg and keep σ8 fixed. CosmoPy2

2http://www.ifa.hawaii.edu/cosmopy/
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Figure 4.5: Cross-correlation power spectra of WMAP7-WISE datasets using
our |b| > 20 mask, together with theoretical expectations for ΛCDM cosmol-
ogy and zero ISW detection. Magenta error bars were computed using 1000
simulations and the diagonal elements of the covariance matrix. The light gray
error bars represent the variance of the Cℓ

FDR −Cℓ
PDR differences in each bin

to check if the change is consistent with cosmic variance.

and CAMB3 were used to generate nonlinear matter power spectra with Halofit

(Smith et al., 2003) at the median redshift of our galaxy sample.

We measure the galaxy-galaxy power spectrum with SpICE. The measurement

is affected by Poisson shot noise that has a form of 1/N , where N is the mean

galaxy count per steradian. Its impact, however, is negligible, less than 10% at

the maximum l we used and less significant at larger scales where we expect to

measure ISW. Nevertheless, we subtracted the noise and the amplitude of the

theoretical model curve was fitted on the 6 < l < 100 interval, i.e. angular scales

down to ∼2◦. Our result for the bias is bg = bσ8 = 1.04 ± 0.05.

Consider now the expression of the theoretical LSS-CMB correlation signal, i.e.

the indicator of ISW signals. The cross-spectrum of a galaxy map and the CMB

is given by

Cl
gT = bg

6 · TCMBΩmH0
2

πc2

∫

dk k2 Pk ·
∫

dr jl(kr)k−2 d(1 + z)D1(z)

dr

∫

dr′ jl(kr
′)φ(r′)r′2 (4.2)

3http://camb.info/
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where D1(z) is the linear growth factor. The numerical result of this expression

depends on the cosmology (Cooray, 2002).

We estimate error bars for our model using Gaussian simulations. We simulated

1,000 random CMB skies with ΛCDM cosmological parameters using HEALPix

synfast for cross-correlations with our WISE galaxy density map. The power

spectrum was calculated and binned into 8 spectral bins given above. The covari-

ance matrix estimated from these measurements is shown in Figure 4.6. Neigh-

boring bins are anti-correlated typically by 10%. The diagonal elements were used

to calculate the errors bars shown in Figure 4.5.

4.3.2 Significance tests

The consistency of our results was investigated with three hypotheses: null-detection

of ISW, regular ΛCDM model predictions and finally with a best-fit theoretical

curve. Our statistics is based on the amplitude fit. We set the amplitude of the

ΛCDM theoretical curve to 1.0 and to 0.0 in the zero ISW case. Next we evaluate

a χ2 statistic for each hypothesis which is the following:

χ2 =
∑

ij

diC
−1
ij dj (4.3)

where Cij is the covariance matrix and di = (CgT
data − CgT

hypo). Here CgT
hypo can be

given by Equation 4.2 assuming various models or it is zero in the null-ISW case.

Index i labels the bins we use in the cross-spectrum. Moving forward one step we

define the likelihood of a hypothesis below:

L ∝ |C|−N/2e−
1

2
d
TC−1

d (4.4)

where N is the number of data points and with d vector that was constructed

using di and Cij matrix.

In fact, our tool to describe the detailed statistical properties of our test is

− 2 ln (L1/L2) = ∆χ2, (4.5)
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Figure 4.6: Covariance matrix of the logarithmic spectral bins from 1000
random CMB simulations. Neighboring bands are not correlated in a good

approximation. Numbers indicate bin indices.

where the ratio of the two likelihoods is taken in a case of two different hypotheses

and ∆χ2 is calculated. In general, ∆χ2 > 3 is a strong evidence for a significant

difference.

Although we have taken care in source selection and masking we must address

any residual systematic effects that may exist. Galactic dust or emission detected

by WMAP could contribute to a correlation with WISE due to dust attenuation

or the gradient in source density measured with Galactic latitude. However, we

performed all the significance tests using Q, V and W foreground reduced CMB
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Table 4.2: Significance properties of our results are shown. χ2 values in the
table are less than theoretically expected, this indicates that the error bars are
possibly overestimated. The same was reported by Francis and Peacock (2010a)
and Rassat et al. (2007b) in their work. We performed Monte Carlo runs with
1,000 and 3,000 trials, but the covariance was found robust. Moreover, the
analytic estimate of the covariances and errors (Cabré et al., 2007) agrees to 5%

with the MC outcomes.

Mask ISW Model χ2 ∆χ2 Amplitude S/N
Zero 3.07 -

|b| > 10 Best-fit 2.20 0.87 0.8 ± 0.9 0.9
ΛCDM 2.26 0.81

Zero 2.71 -
|b| > 15 Best-fit 2.13 0.58 0.7 ± 0.9 0.9

ΛCDM 2.27 0.44
Zero 2.32 -

|b| > 20 Best-fit 1.63 0.69 0.8 ± 0.8 1.0
ΛCDM 1.74 0.58

Zero 5.64 -
PDR Best-fit 2.91 2.73 2.3 ± 1.2 1.9

ΛCDM 3.74 1.90

maps and the maximum relative difference in a given spectral bin was 1.2%. This

fact lead us to the conclusion that there is no significant color dependence and

effects from Galactic dust or emission must be minor. We also checked the results

using the WMAP team’s Temperature Mask or Extended Temperature Mask but

no meaningful difference was found. On the other hand, we investigated several

systematic effects related to our galaxy sample. Firstly, we analyzed different

galactic latitude cuts. Our finding is robust, even if not significant, the results are

summarized in Table 4.2.

Next we considered the differences in the detection significance due to initial map-

making. Our tests were applied to a map without flagged objects and it was

obtained that the amplitude varies between 0.5 and 1.0 regardless of the star

mask correction technique. We repeated our analysis with W1 ≤ 14.9 mag limit

to test the effects of faint sources. With this sample originating from a slightly

different redshift distribution we found an increment in the ISW signal, but the

errors were also high so the significance remained ∼1.0σ.

We also extended our cross-correlation analysis to 2 ≤ l ≤ 5 multipoles and very

weak positive cross-correlation was measured with extremely high error bars. The
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results increased the significance only slightly, however, they were sensitive to the

galactic cut.

In the light of the robustness of our results against different galactic cuts we argue

that the stellar contamination is low or at least uniform in our galaxy sample and it

does not affect the measurements. The upper limit is 18% from the WISE-GAMA

matching but a similar deficit of optical pairs was also reported using SDSS and

WISE (Yan et al., 2012). These facts all indicate that the different selection criteria

of the infrared and the optical bands are responsible for the missing counterparts,

rather than confusion with stars. In summary, the presence of stars is probably

less than the unpaired fraction of our galaxy sample.

4.4 Evidences for ISW effect with WISE

Our principal aim was to produce the final ISW measurement using WISE, we

compare our results with Goto et al. (2012) that used the PDR. We repeated

our measurements with the WISE preliminary data and largely reproduced the

individual Cl
gT powers were found by Goto et al. (2012), although we measured

lower significance, except using alternative binning. We do not expect perfect

agreement, given that the analysis was performed from the ground up. With the

same bins our best fit amplitude for the PDR was 2.5 ± 1.2 i.e. a 2.1σ detection.

The result is consistent with our 1.9σ finding on the preliminary part of the sky

but using the new data. Using the full sky we measure an ISW significance of

∼1.0σ. The change is fully consistent with possible cosmic variance, as illustrated

by the light gray error bars in Figure 4.5.

With our enhanced mapmaking and better view of the WISE data we suppressed

artifacts. Our mask is entirely based on the properties of the WISE object flags

and many systematics were revealed. However, the signal decreased despite the

improvements in our analysis methods.

While some recent studies especially Goto et al. (2012) raised the possibility that

the ISW correlations might be higher than ΛCDM predictions, we conclude that

the signal we found is consistent with ΛCDM and previous measurements (Rassat

et al., 2007a, Francis and Peacock, 2010b). Our analysis highlighted that higher

ISW amplitude measurements on certain parts of the sky can be due to cosmic

variance.
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WISE-2MASS galaxy catalog for

cross-correlations

5.1 Advanced WISE galaxy catalogs

While star-galaxy separation can be performed from WISE colors alone (Goto

et al., 2012, Kovács et al., 2013c) it is at the expense of severe cuts that still are

sensitive to contamination to from the Moon and necessitate complex masks, as

described in Chapter 4. Adding 2MASS observations to WISE, however, cleans

up the data significantly, opening the door for more sophisticated mapping of the

full sky in the infrared with effective data mining.

With several open source implementations and computationally modest cost (Fadely

et al., 2012), we set out to use the Support Vector Machine (SVM) algorithm for

separating stars and galaxies in the matched WISE-2MASS photometric data.

Our principal goal is to create a clean catalog of galaxies observed by WISE and

2MASS suitable for large scale structure and cross-correlation studies. At the same

time, we will show that our selection algorithms are suitable for producing clean

stellar samples as well. The galaxy maps we create are useful for cross-correlation

studies, such as ISW measurements, void identification, and galaxy-CMB lensing

correlations, while the large data sets of stars may constrain stellar streams and

Galactic structure in general.

62
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5.2 Astronomical machine learning

In recent years, sky surveys have been producing astronomical data with a rapidly

accelerating pace resulting in what is commonly called the ”data avalanche”. The

large quantity of data necessitates automated algorithms for filtering, photometric

selection, and estimation observables such as redshifts. Each object in a catalog

has multiple properties, thus algorithms have to explore high-dimensional config-

uration spaces in large, often connected, databases. Such high dimensional spaces

can be effectively explored with machine learning techniques, such as the support

vector machines we used in our work.

When analyzing an object catalog, the most fundamental, and often most chal-

lenging task is star-galaxy (possibly QSO) separation. A simple separator between

stars and galaxies is a morphological measurement, where extended sources are

classified as galaxies (Vasconcellos et al., 2011). Morphology, however, looses its

power at fainter magnitudes, a problem for wide-field surveys, e.g., Pan-STARRS

(Tonry et al., 2012), Euclid (Amendola et al., 2013), BigBOSS (Schlegel et al.,

2011), DES (The Dark Energy Survey Collaboration, 2005), and LSST (LSST

Science Collaboration et al., 2009). At the fainter end, the most widely used

tools for object classification are color-color diagrams: different types of objects

will appear in different regions according to the shape of their spectral energy

distribution. Classification methods based on infrared color-color selection were

employed for star-galaxy separation (Pollo et al., 2010) or for finding special classes

of sources, such as high/low redshift QSO, AGN, starburst galaxies, or variable

stars (e.g., Richards et al., 2002, Chiu et al., 2005, Stern et al., 2012, Brightman

and Nandra, 2012, and references therein).

Applications of SVMs are widely used for data mining and analysis. SVMs are

relatively easy to implement, simple to run, and they are very many-sided, thus

several astronomical problems set out to use such methods to classify objects, or to

perform regression analysis. Among others, Woźniak et al. (2004) analyzed vari-

able sources with an SVM in a 5 dimensional parameter space including period,

amplitude and three colors, Huertas-Company et al. (2009) analyzed morpholog-

ical properties of infrared galaxies using SVM with 12 parameters, while Solarz

et al. (2012) created a star-galaxy separation algorithm based on mid and near-

infrared colors. Recently, Ma lek et al. (2013) used VIPERS and VVDS surveys
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to perform object classification into 3 groups: stars, galaxies, and AGNs. A sim-

ilar study by Saglia et al. (2012) also used an SVM as 3-type-classifier. Their

method was developed for the Photometric Classification Server for the prototype

of the Panoramic Survey Telescope and Rapid Response System 1 (Pan-STARRS1)

(Tonry et al., 2012).

5.3 Construction of multicolor catalogs

We combine measurements of two all-sky surveys in the infrared, Wide-Field In-

frared Survey Explorer (WISE, Wright et al. (2010)) and the Point Source Catalog

of the 2-Micron All-Sky Survey (2MASS-PSC, Skrutskie et al. (2006)). We use

photometric measurements of the WISE satellite, which surveyed the sky at four

different wavelengths: 3.4, 4.6, 12 and 22 µm (W1-W4 bands). Following Goto

et al. (2012) and Kovács et al. (2013c) we select sources to a flux limit of W1 ≤
15.2 mag to have a fairly uniform dataset. For WISE detections W1=15.2 cor-

responds to the 5σ detection limit, thus we only use high signal-to-noise data in

our analysis. We add 2MASS J, H and Ks magnitudes conveniently available in

the WISE catalog. We keep 93% of the WISE objects with W1 ≤ 15.2 mag that

have 2MASS observations. We note that this choice allows us to produce a deeper

catalog than the 2MASS Extended Source Catalog (XSC, Jarrett et al. (2000)),

as proper identification of fainter 2MASS objects becomes possible.

To apply machine learning techniques, one needs to identify a ”training set”, a

set of objects with known classification. We choose a smaller region of Stripe

82 in the Sloan Digital Sky Survey Data Release 7 (SDSS-DR7, Abazajian et al.

(2009)), deeper than our catalog and located at 327.5 < RA < 338.5 and −1.25 <

Dec < 1.25. We performed the cross-matching with the KD-Tree (Bentley, 1975)

algorithm as implemented in the python package scipy. We found an SDSS match

for 99.4% for the 46,749 WISE-2MASS objects using a 1” matching radius. As

a further refinement, we applied a W1 ≥ 12.0 magnitude cut to exclude bright

objects with potentially problematic SDSS classification. This cut based purely

on our experiments with the data sets.

As an exploratory test, we downloaded 2MASS XSC data from the same coverage,

finding 1,195 galaxies. The WISE-2MASS sample contains 5,922 objects classified

as a galaxy in SDSS PhotoObj table. We will show that the fraction of the properly



Chapter V. WISE-2MASS galaxy catalog 65

0.0 0.1 0.2 0.3 0.4 0.5
GAMA redshift

0

200

400

600

800

1000

1200

N
ga
l

Figure 5.1: Estimated redshift distribution of our WISE-2MASS galaxy sam-
ple, after matching to the GAMA spectroscopic dataset. We found a pair for
96.9% of the WISE-2MASS galaxies. This sample has zmedian ≈ 0.17, slightly
deeper than the previous full sky WISE galaxy sample produced with similar

methods (Kovács et al., 2013c).

identified galaxies reaches ∼ 75% even with our simplest algorithms, thus we are

able to broaden 2MASS XSC significantly.

The corresponding redshift distribution of the matched WISE-2MASS-SDSS ob-

jects classified as galaxies are shown on Figure 5.1. These redshifts are provided

by matching with the Galaxy and Mass Assembly (Driver et al., 2011, GAMA)

dataset, at the full GAMA coverage of 144 deg2. We preformed a nearest neighbor

search using 1” as a matching radius, and found a pair for 96.9% of the WISE-

2MASS objects in GAMA Data Release 2. The estimated median redshift of the

WISE-2MASS sample is zmed ≈ 0.17. We the resulting multicolor catalog for our

purposes next.
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Figure 5.2: The concept of support vector machines. The usual goal is a
mapping of the raw data into a feature space, where separation of subclasses
may be highlighted. Note that SVMs usually have to deal with high dimensional

data sets.

5.4 Support Vector Machines

SVM designates a subclass of supervised learning algorithms for classification in a

multidimensional parameter space. These methods include extensions to nonlinear

models of the generic (linear) algorithm developed by Cortes and Vapnik (1995).

SVMs carry out object classification and/or regression by calculating decision hy-

perplanes between sets of points having different class memberships, as illustrated

in Fig. 5.2.

A central concept of SVM learning is the training set, a special set of objects

that supplies the machine with classified examples. Based on its properties, the

classifier is tuned, and the hyperspace between different classes is determined. A

training set of a few thousands of objects is usually suitable for simpler classifica-

tion problems.

The algorithm itself, aided by a non-linear kernel function, searches for a hyper-

plane which will maximize the distance from the boundary to the closest points

belonging to the separate classes of objects 5.3. The kernel is a symmetric function

that maps data from an input space to a feature space (Ma lek et al., 2013). For



Chapter V. WISE-2MASS galaxy catalog 67

Figure 5.3: Maximum-margin hyperplane and margins for an SVM trained
with samples from two classes. Samples on the margin are called the support

vectors.

our analysis we chose a Gaussian radial basis kernel (RBK) function, defined as:

k(xi, xj) = e−γ||xi−xj ||2 (5.1)

where ||xi − xj|| is the Euclidean distance between xi, and xj. The product of

the kernel function is a non-linear representation of each parameter in the feature

space. The RBK kernel is often used as SVM kernel function to make the non-

linear feature map. We decided to use it because of its effectiveness and simplicity.

Apart from kernel functions, SVM offers a whole set of parametrization choices.

We chose ’C-classification’ because of its good performance and only two free

parameters. C is the cost function, i.e. a trade-off parameter that sets the width of

the margin separating classes of objects. One can set a small margin of separation

with the choice of larger C, but increasing the C parameter too much can lead to

over-fitting. A reduced C value smoothes the hyperplane between different classes

of objects, and this increases the chance of mis-classifications (Ma lek et al., 2013).

The second parameter, γ, determines the topology of the decision surface. A low

value of γ sets a rather rigid, and complicated decision boundary, while a value of γ
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that is too high can give a very smooth decision surface causing mis-classifications.

We used a free software environment for SVM in python package scikit-learn.

5.4.1 Star-galaxy separation with SVM

First we performed tests to tune both the C and γ parameters, and found the

lowest classification errors with C=10.0, and γ = 0.1. Then we proceeded to de-

termine the optimal number of parameters for the optimal classification efficiency

experimentally. We used 8,000 objects as a ”training set”, and 2,000 objects for

control, i.e. testing the efficiency of our algorithms. We evoke the terminology

of machine learning, and use ”True” (T ) and ”False” (F ) labels to distinguish

between objects that are classified correctly, and the ones have false identification.

We also define five measures of SVM performance:

• Star Contamination = FS

TS+FS

• Galaxy Contamination = FG

TG+FG

• Star Completeness = TS

TS+FG

• Galaxy Completeness = TG

TG+FS

• Accuracy = TG+TS

TG+FG+TS+FS

We used the following set of colors/magnitudes as input parameters: W1,W1 −
W2,W2−W3,W3−W4, J−H,H−Ks,W1−J,W2−H, and W3−Ks. Initially,

we supplied SVM with all possible pairs of this set, and obtained contamination,

completeness, and accuracy. The parameter W1 − J is an astoundingly good

star-galaxy separator, as shown in Figures 5.4 and 5.5. Either alone or combined

with any other parameter, W1 − J guarantees the lowest star contamination, the

highest galaxy completeness, and the highest accuracy. For instance, the star

contamination for the combination of W1 and W1 − J, or H −Ks and W1 − J is

as low as ≈ 3%, while the galaxy completeness is ≈ 94%.

Next we supplied the SVM with more parameters. We started with W1 − W2

alone, then added one more parameter in each step. Our findings are summarized

in Figure 5.6. We qualitatively confirmed our former results, namely that the

combination of WISE and 2MASS parameters increases the SVM performance.
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Figure 5.4: Measures of SVM performance are presented in the case of pairwise
and single usage. Color-coded maps illustrate contamination and completeness
for every combinations. All subfigures suggest that W1 − J is a dominant po-
tency in star-galaxy separation. We note, however, that SVM failed to produce
precise results using W1 alone. Every object was classified as a star with that
choice, thus we excluded the W1-only case from the analysis. Combinations
of W1 and other parameters, however, are preserved, as they produce valuable

results.
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Figure 5.5: Accuracy of SVM performance are presented in the case of pairwise
and single usage. This finding also suggests that W1−J is a dominant potency

in star-galaxy separation.

For WISE colors only, galaxy completeness is at the level of ≈ 40%, while with

all parameters it reaches ≈ 95%. At the same time, star contamination decreased

from ≈ 15% to ≈ 3%. Finally, similar trends are seen for the accuracy parameter,

that incremented by ≈ 10% by adding 2MASS parameters.

5.4.2 SVM vs. traditional photometric cuts

Findings of the previous subsection suggest that separation of stars and galaxies

can be achieved a linear cut on the W1–W1-J color-magnitude plane. Stellar con-

tamination and galaxy completeness are then comparable to that of the multicolor

SVM algorithm, but with a simpler and faster method. Figure 5.7 shows the esti-

mated stellar contamination and the ratio of properly identified and lost galaxies

in the case of different W1 − J cuts. We choose W1 − J ≤ -1.7 for our purposes,
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Figure 5.6: Measures of SVM performance are shown as a function of SVM
parameters. We observed upgrading trends in contamination, completeness,
and accuracy for both stars and galaxies. High completeness values for the star
sample can be explained by the fact that the sample is dominated by stars, thus

false galaxies cannot affect star completeness significantly.
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Figure 5.7: Star contamination and the fraction of the lost galaxies is shown.
We applied W1− J ≤ -1.7 cut, and now show the consequences.

as it guarantees the lowest stellar contamination, while ∼ 75% of the galaxies can

be classified as galaxies.

Visualizing this parameter choice, we show a W1–W1-J, and WISE color-color

diagrams for WISE-2MASS objects from subsample of 10,000 objects in Figures

5.8 and 5.9 . Classes are indicated by SDSS in this comparison. We note that a

remarkable separation of stars and galaxies can be seen in the upper panel of Figure

5.8. Objects over-plotted with gray crosses enforce our W1 ≥ 12.0 magnitude cut,

as a larger subsample of SDSS ”galaxies” imbedded in the definite stellar locus of

this plot. This fact suggests that these objects might have been mis-classified by

SDSS, and their usage is unsafe in a training set. We emphasize, that neither our

SVM methods nor the W1–W1-J based simple galaxy selection are not affected,

since we removed the brightest objects from our sample.

Next we compare our galaxy sample to that of Goto et al. (2012), and Kovács et al.

(2013c). While these works used all four observations of all the four WISE bands,

we only need W1 from WISE. A significant difference is in the estimated stellar
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Figure 5.8: Left: A simple star-galaxy separator which uses only W1, and
W1− J color. The separation of stars and galaxies is remarkably strong in this
parameter space. Right: A color-color plot of the four WISE bands. We show
special galaxy selection cuts applied by Goto et al. (2012). Both: Gray over-
plotted crosses show objects that were removed by the W1 ≥ 12.0 magnitude
cut. We note that our W1−J ≤ -1.7 galaxy selection cut is not affected by this

SDSS subsample.
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special galaxy separator cuts applied by (Goto et al., 2012). This result illus-
trates that star-galaxy separation on traditional color-color planes with linear
cuts is challenging, if one wants to use a large fraction of the achievable galaxy
sample. Gray over-plotted crosses show objects that were removed by the W1

≥ 12.0 magnitude cut.
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Figure 5.10: Distributions of galaxies on color-color plane is shown for (Goto
et al., 2012) cuts and galaxies selected in present work. Significant amount of

galaxies is identified properly with the W1-J ≤ -1.7 galaxy cut.

contamination that is ≈ 7% for Goto et al. (2012), and Kovács et al. (2013c)

cuts, while only ≈ 2% for our present sample estimated from the same SDSS

classification. At the same time, while previous works were able to keep ≈ 21%

of all the galaxies, presently we achieved a ≈ 75% galaxy completeness with the

new galaxy selection criteria. SVM results reach ≈ 95% completeness for galaxies,

with similar stellar contamination as the W1 − J cut. Figure 5.10 summarizes

our findings. We note that the stellar contamination may be higher where the

number density of stars is above the average, e.g. close to the Galactic plane, or

at the Small and Large Magellanic Clouds. Among others, these regions should

be masked out in order to avoid mis-classification problems.
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There are other object separation algorithms in the literature, but either they

are optimized for QSO-AGN selection (Yan et al., 2012), or limited to bright

magnitude cuts (Jarrett et al., 2011). We argue, therefore, that a direct and

detailed comparison is only possible with the results of Goto et al. (2012), and

Kovács et al. (2013c).

5.5 All-sky galaxy catalog

W1 − J cut appears to be a powerful tool for separating stars and galaxies. This

is the fastest and simplest option to create a full-sky WISE-2MASS galaxy map.

The simple cut can be realized by a query into the WISE-2MASS database. As

W1-J ≤ -1.7 gives the lowest contamination according to our tests, we selected

galaxies with the following query:

w1mpro between 12.0 and 15.2 and

n_2mass > 0 and

w1mpro - j_m_2mass < -1.7 and

glat not between -10 and 10

where ”w1mpro” is the W1 brightness, ”n 2mass” is the number of the associated

2MASS sources, ”j m 2mass” corresponds to the brightness in the J band, and

”glat” is the Galactic latitude coordinate.

We downloaded ∼ 5 million WISE-2MASS objects from the IRSA website1. The

dataset contained W1,W2,W3 and W4 for WISE, and J,H and Ks for 2MASS

as photometric parameters, and we also downloaded ’cc flag’ values to uphold the

possibility of further restrictions.

Next, we test for possible biases and systematic problems that may affect our

selections. We have demonstrated that our SVM algorithms and W1 − J color

cuts are capable of separating stars and galaxies, but the accuracy of the galaxy

selection does not guarantee for instance spatial homogeneity. We have shown in

Chapter 4 that observational strategies of surveys may be harmful for the galaxy

samples we wish to create, and inhomogeneities might show up as consequences

of varying sensitivity or other observational effects.

1http://irsa.ipac.caltech.edu/
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Figure 5.11: Gnomonic projection of galaxy number counts in HEALPix pixels
at Nside = 128 is shown for the sample of (Kovács et al., 2013c) (Top) and

present approach (Bottom). Figures are centered on ℓ, b = 48.0,−48.0.
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First we investigate the stripe-shaped over-densities at several locations across the

sky we found in Chapter 4. These artifacts caused by moon-glow are significantly

reduced in the new catalog, as shown on the upper panel of Figure 5.11. As it was

pointed out by Kovács et al. (2013c), the stripes are associated with the scanning

strategy of the WISE survey. Different WISE bands have different sensitivities

and sky coverage, therefore affect the uniformity of a full sky sample through

moon-glow contamination. Kovács et al. (2013c) handles this issue with special

moon-contamination mask using the ’moonlev’ flag of the WISE database. The

stripes are not present in a W1 − J ≤ -1.7 selected dataset.

The next probe is the test of homogeneity across the sky, in particular the possible

gradient in the density field as a function of Galactic latitude, as reported in

Chapter 5. We assume that the 5σ photometric detection limit of W1 < 15.2 for

WISE is conservative enough, although we do not apply any limitations to 2MASS

data. Naturally, there is a correlation between the magnitudes of objects observed

in WISE and 2MASS, but the cut of W1 − J < −1.7 does not automatically

guarantee high signal-to-noise ratio for 2MASS as well. Therefore we divide our

sample into three slices of 2MASS J brightness. We use J < 15.8 as a first limit

that is the corresponding 10σ photometric detection limit for 2MASS objects.

This would result a dramatic loss of objects, as only ≈ 800, 000 galaxies remain

in the sample, which would be identical to 2MASS XSC this way. As our goal is

to broaden that shallow galaxy sample, we empirically obtain a higher magnitude

limit for J with experiments. We found that a J < 16.5 cut effectively removes a

significant amount of inhomogeneous data from our catalog. J > 16.5 is strongly

affected by spatial variations of sensitivity of the 2MASS survey, as shown in

Figure 5.12. We thus remove these objects from the analysis.

We note that we observe many apparent over densities near the Galactic plane,

and Large and Small Magellanic Clouds are visible in the lower panel of Figure

5.12. This finding reflects the fact that our star-galaxy separation tools fail more

frequently at regions of high stellar density, as estimated and expected. We argue,

however, that both J < 15.8, 15.8 < J < 16.5 and their union effectively trace

large scale structure, and do not contain significant large scale inhomogeneities.

The resulting galaxy map does not suffer from strange stripe-shaped over-densities,

and confirms our finding presented in Figure 5.11. We note that this additional

brightness cut shifts the median redshift of the sample from z ≈ 0.17 to z ≈ 0.14.
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Figure 5.12: Slices of 2MASS J magnitude as probes of spatial homogeneity.
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Figure 5.13: Galaxy number count measurements as a function of Galactic
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in the analysis.

We further probe the uniformity our catalog by performing tests on possible gra-

dients in galaxy number counts as a function of Galactic latitude, finding no such

effect in the WISE-2MASS map. Figure 5.13 illustrates our findings.

Finally, we construct a mask to exclude potentially contaminated regions near the

Galactic plane using the dust emission map of Schlegel et al. (1998). We mask out

all pixels with E(B−V ) ≥ 0.1, and regions at galactic latitudes |b| < 10◦, leaving

21,200 deg2 for our purposes. We have also checked the possible impact of dust

correction on our galaxy separation, finding no significant effect. The final all sky

galaxy map is shown in Figure 5.14.

We note that the star-galaxy separation methods we developed are useful for

selecting stellar samples as well. For instance, a W1 − J ≥ -1.3 color cut should

result a clean sample of stars. However, a detailed selection of specific types of

stars needs further refinements.
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Figure 5.14: All sky WISE-2MASS galaxy map with its conservative mask.
See text for details.

5.6 Outcomes & applications

We focused on creating a full sky galaxy map based on the joint analysis of WISE

and 2MASS photometric datasets. Using 2MASS colors add useful information,

while ∼ 93% of the WISE objects with W1 < 15.2 mag have 2MASS pairs. We

performed star-galaxy separation using a class of wide-spread machine learning

tools, Support Vector Machines. WISE-2MASS objects were cross-identified with

SDSS objects, and available SDSS PhotoObj classification data were used as train-

ing and control sets.

Exhaustive testing of the SVM algorithm with different parameters and inputs

revealed that a simple W1-J photometric color cut produces similarly clean data

set as the SVM classification, at the expense of loosing a modest fraction of the

galaxies. Thus finally we opted for the simpler method, and produced a clean

galaxy sample with ∼ 2% stellar contamination reaching ∼ 75% completeness.

On both counts, the resulting full sky survey represent significant improvement

over previous samples using WISE colors only for selection. The galaxy catalog we

created with the W1− J ≤ -1.7 color cut supplemented by a J < 16.5 magnitude

cut contains Ngal ≈ 2.4 million objects, with an estimated star contamination of

2%.
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Our ultimate goal, however, is a full-sky WISE-2MASS-SuperCOSMOS matched

galaxy map with photometric redshifts, extending the efforts of Bilicki et al. (2014).

We plan to perform various cosmological tests with this future full sky 3D galaxy

catalog. The first application that uses a smaller part of the WISE-2MASS sky is

presented in Chapter 6.



Chapter 6

Detection of a Supervoid Aligned

with the Cold Spot of the Cosmic

Microwave Background

6.1 Brief history of the Cold Spot

The Cold Spot (CS) of the Cosmic Microwave Background (CMB) is an excep-

tionally cold −70µK area centred on (l, b) ≃ (209◦,−57◦) Galactic coordinates. It

was first detected in the Wilkinson Microwave Anisotropy Probe (Bennett et al.,

2012) maps at ≃ 3σ significance using wavelet filtering (Cruz et al., 2005, Vielva

et al., 2004). The CS is perhaps the most significant among the “anomalies”, po-

tential departures from isotropic and/or Gaussian statistics, and all confirmed by

Planck (Planck 2013 results. XXIII., 2013). Explanations of the CS range from

statistical fluke through hitherto undiscovered physics, e.g., textures (Vielva, 2010,

Cruz et al., 2008), to the linear and nonlinear ISW effect (Sachs and Wolfe, 1967,

Rees and Sciama, 1968) from a ∼> 200h−1Mpc supervoid centred on the CS (Inoue

and Silk, 2006, 2007, Inoue et al., 2010). The latter would be readily detectable

in large scale structure surveys thus motivating several observational studies.

A low density region approximately aligned with the CS was detected in a catalog

of radio galaxies (Rudnick et al., 2007), although its significance has been disputed

(Smith and Huterer, 2010). A targeted redshift survey in the area (Bremer et al.,

2010) found no evidence for a void in the redshift range of 0.35 < z < 1, while

83
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an imaging survey with photometric redshifts (Granett et al., 2010) excluded the

presence of a large underdensity of δ ≃ −0.3 between redshifts of 0.5 < z < 0.9

and finding none at 0.3 < z < 0.5. Both of these surveys ran out of volume at

low redshifts due to their small survey area, although the data are consistent with

the presence of a void at z < 0.3 with low significance (Granett et al., 2010). In

a shallow photometric redshift catalogue constructed from the Two Micron All

Sky Survey (Skrutskie et al., 2006, 2MASS) and SuperCOSMOS (Hambly et al.,

2001) with a median redshift of z = 0.08 an under-density was found (Francis

and Peacock, 2010a) that can account for a CMB decrement of ∆T ≃ −7µK in

the standard Λ-Cold Dark Matter (ΛCDM) cosmology. While so far no void was

found that could fully explain the CS, there is strong, ∼> 4.4σ, statistical evidence

that superstructures imprint on the CMB as cold and hot spots (Planck 2013

results. XXIII., 2013, Granett et al., 2008, Cai et al., 2013a, Granett et al., 2009,

Pápai and Szapudi, 2010). Note that the imprinted temperature in all of these

studies is significantly colder than simple estimates from linear ISW (e.g., Pápai

and Szapudi, 2010, Rudnick et al., 2007, Pápai et al., 2011) would suggest.

The Wide-field Infrared Survey Explorer (Wright et al., 2010, WISE) all-sky survey

effectively probes low redshift z ≤ 0.3 unconstrained by previous studies. Using the

WISE-2MASS all sky galaxy map of as a base catalog, we match a 1,300 sqr. deg

area with the PV1.2 reprocessing of Pan-STARRS1 (herafter PS1, Kaiser, 2004),

adding optical colours for each objects. In the resulting catalog with photometric

redshifts we test for the presence of a large low density region, a supervoid, centered

on the CS.

We defined the centre of the CS from the latest Planck results (Planck 2013 re-

sults. XXIV., 2013). Based on the literature, we decided in advance to test for an

underdensity at 5◦ (Cruz et al., 2005, Granett et al., 2010, Rudnick et al., 2007,

Bremer et al., 2010, Vielva et al., 2004) and 15◦ (Inoue et al., 2010, Zhang and

Huterer, 2010) of radii. The fact that these values gleaned from CMB indepen-

dently of our (large scale structure) data simplifies the interpretation of our results

in the Bayesian framework, in particular, minimize any posteriori bias.

This chapter is organized as follows. Data sets and map making algorithms are

described in Section 6.2; our observational results are presented in Section 6.3; the

final section 6.3 contains a summary, discussion and interpretation of our results.
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Figure 6.1: This plot shows the photo-z accuracy achieved by the SVM. Dotted
lines indicate the σz ≈ 0.034 1σ error bars around the expectation.

6.2 Data sets and methodology

Initially, we select galaxies from the WISE-2MASS catalog (Kovács and Szapudi,

2014), described in Chapter 5, containing sources to flux limits of W1WISE ≤
15.2 mag and W1WISE − J2MASS ≤ -1.7, with a further limit of J2MASS ≤ 16.5

mag to ensure spatial homogeneity. We mask pixels with E(B − V ) ≥ 0.1, and

regions at galactic latitudes |b| < 20◦ to exclude potentially contaminated regions

near the Galactic plane (Schlegel et al., 1998). WISE-2MASS galaxies have been

matched with Pan-STARRS1 objects within a 50◦ × 50◦ area centred on the CS,

except for a Dec ≥ −28.0 cut to conform to the PS1 boundary. We used PV1.2

reprocessing of PS1 in an area of 1,300 sqr. deg. For matching we applied a nearest

neighbour search using the scipy kd-Tree algorithm with 1” matching radius,

finding a PS1 pair for 86% of the infrared galaxies, and resulting 73,100 objects

in the final catalog. Galaxies without a PS1 match are faint in the optical, and
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Figure 6.2: Normalized redshift distributions of our subsamples used in the
photo-z pipeline are illustrated; training and control sets selected in GAMA,
photo-z distributions estimated for the WISE-2MASS-PS1-GAMA control sam-
ple, and photo-z’s of interest in the WISE-2MASS-PS1 matched area. The

median redshift of all subsamples is z ≃ 0.14.

predominantly massive early-type galaxies at z > 1 (Yan et al., 2012). For PS1, we

required a proper measurement of Kron (Kron, 1980) and PSF magnitudes in gP1,

rP1 and iP1 bands that were used to construct photometric redshifts (photo-z’s)

with a Support Vector Machine (SVM) algorithm, and the python Scikit-learn

(Pedregosa et al., 2011) routines in regression mode. The training and control sets

were created matching WISE-2MASS, PS1, and the Galaxy and Mass Assembly

(GAMA, Driver et al., 2011) redshift survey. We chose a Gaussian kernel for our

SVM and trained on 80% of the GAMA redshifts, while the rest were used for

a control set. We empirically tuned the standard SVM parameters, finding the

best performance when using C = 10.0, and γ = 0.1. We characterize our photo-z

quality with the error σz =
√

〈(zphot − zspec)2〉, finding σz ≈ 0.034, as summarised

in Figures 6.1 and 6.1.
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Figure 6.3: Radial galaxy density profile of the WISE-2MASS galaxy catalog,
centred on the CS. The under-density is detected out to 10’s of degrees in radius,
consistent with an r ≈ 200h−1Mpc supervoid with δg ≃ −0.2 deepening in its
centre. Note that the deeper central region is surrounded by a denser shell.

6.3 Observations of a supervoid

6.3.1 Radial profiles

We first study the Cold Spot region in projection, using the WISE-2MASS galaxies

only. We measure radial galaxy density profiles in rings and disks centered on the

CS in a bin size of 2.5◦, allowing identification of relatively small-scale structures.

Error bars represent Poisson fluctuations in our measurement, calculated from the

total number of galaxies in a ring or disk. Note that error bars are uncorrelated

only for rings. Figure 6.9 shows a significant depression of sources. At our pre-

determined radii, 5◦ and 15◦, we have a signal-to-noise ratio S/N ∼ 12 for rings.

The size of the underdensity is surprisingly large: it is detected up to ∼ 20◦ with

high (∼> 5σ) significance. In addition, the profile has ring-like over density sur-

rounding the CS region at large angular radii. This is consistent with a supervoid

surrounded by a gentle compensation that converges to the average galaxy density

at ∼ 50◦ (see e.g., Pápai et al., 2011).
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Figure 6.4: Our measurements of the galaxy density in the line-of-sight using
the ∆z = 0.035 photo-z bins we defined. We detected a significant depression in
galaxy density in r = 5◦ and 15◦ test circles. We used our simple modeling tool
to examine the effects of photo-z errors, and test the consistency of simple top-
hat voids with our measurements. The last bin (shown in grey) was excluded
from the analysis, and a data point by Granett et al. (2010) accounts for the

higher redshift part of the measurement. See text for details.

6.3.2 Counts as a function of photometric redshift

We use the WISE-2MASS-PS1 galaxy catalog with photo-z information to con-

strain the position, size, and depth of supervoids. We count galaxies as a function

of redshift in disks centred on the CS at our fiducial angular radii, r = 5◦, and

15◦, and compare the results to the average redshift distribution of our sample.

Since the latter disks are cut by the PS1 mask, we compensate for that in our

tests. We fit the observed redshift distribution with a model dN/dz ∝ e−(z/z0)αzβ,

estimating the parameters as z0 = 0.16, α = 3.1, and β = 1.9. The average red-

shift distribution was obtained by counting all galaxies within our catalog outside

the 15◦ test circle, i.e. using 750 sqr. deg, and errors of this measurement are

propagated to our determination of the underdensity.

We created subsamples of galaxies in photo-z bins of width ∆z = 0.035, and

compared the galaxy counts we measure inside the test circles to that of the
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Figure 6.5: Top hat void models smeared by photometric redshift errors. The
model redshift distribution is multiplied by this resulting profile to account for

the loss in galaxy counts caused by such voids.

control area. We find S/N ∼ 5 and S/N ∼ 6 for the deepest under-density bins

for r = 5◦ and 15◦. We add a measurement of Granett et al. (2010) in the photo-z

bin centered at z = 0.4 in order to extend our analysis to higher redshifts in Fig.

6.4.

To quantify our results further, we build toy models from top-hat voids in the z

direction to model the smearing by the photo-z errors, as shown in Fig. 6.5. The

initial top hat with three parameters, redshift (zvoid), radius (Rvoid), and central

depth (δg), was smoothed using the distribution corresponding to the photometric

redshift errors. The model redshift distribution was then multiplied with this

smeared profile.

The void model can be compared to observations using a χ2-based maximum like-

lihood parameter estimation. We focus on the largest scale underdensity, therefore

we only use the r = 15◦ data, and replace our last bin with the measurement of

Granett et al. (2010)). This gives n = 11 bins with k = 3 parameters, thus the
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Figure 6.6: Measurement and modeling of the large scale angular power spec-
trum of WISE-2MASS galaxies.

degrees of freedom are ν = n−k = 8. We find a χ2
15◦ = 92.4 for the null hypothesis

of no void. The best fit parameters with marginalized errors are zvoid = 0.22±0.01

(2σ), Rvoid = (192±15)h−1Mpc (2σ), and δg = −0.18±0.01 (2σ) with χ2
min = 5.97.

Despite the simplicity of the toy model, the minimum chi-square indicates a good

fit, expecting χ2
min = ν±

√
2ν. Nevertheless, more complexity is revealed by these

counts: 1.9σ over-density in bin 3 at z ≈ 0.09 hints at the compensation of the

supervoid, and bins 4-6 of the r = 5◦ counts at redshifts 0.15 ≤ z ≤ 0.22 evidence

the deepening of the supervoid in the center, or substructure.

To estimate the true underdensity of the supervoid, we modeled the angular power

spectrum of the WISE-2MASS galaxy density map using the python CosmoPy

package1, and performed a measurement using SpICE (Szapudi et al., 2001b), as

shown in Figure 6.6. We assume the concordance flat ΛCDM cosmological model

with the amplitude of fluctuations σ8 = 0.8. We carry out a χ2-based maximum

1http://www.ifa.hawaii.edu/cosmopy/
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Figure 6.7: Estimation of the best fit bias parameter, and its errors.

likelihood parameter estimation finding bg = 1.41±0.07, as detailed in Figure 6.7.

The minimum value of χ2
min = 4.72 is an excellent fit for ν = 7 degrees-of-freedom

that we use in our fit procedure. Note that the value of bg contains additional

uncertainty due to that of σ8. This bias is comparable to earlier findings that

measured the value of bg for 2MASS selected galaxies (Rassat et al., 2007b).

For accurate prediction of the effect on the CMB, the density field around the CS

region, including any substructure needs to be mapped precisely. This is left for

future work, although we present a preliminary tomographic imaging of the region

next.

6.3.3 Tomographic Imaging

For three-dimensional impression of the galaxy distribution around the CS, we

created maps in three photo-z slices with a width of z < 0.09, 0.11 < z < 0.14,
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Figure 6.8: Tomographic view of the CS region. The top panel appears
to show a foreground over-density at the low redshift. A void is apparent at
0.11 < z < 0.14 mostly inside the 5◦ central region of the CS. The large under-
density on the bottom panel at moderately higher redshifts may be slightly off

centre with respect to the CS.
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and 0.17 < z < 0.22, and smoothed with a Gaussian at 2◦ scales. Then we over-

plot the Planck SMICA CMB map as contours in Figure 6.8. The deepest part of

the void appears to be close to the centre of the CS in the middle slice.

While photo-z errors do not allow a fine-grained interpretation of the results,

we observe a complex structure of voids, possibly a deeper, smaller void nested

in a larger, shallower supervoid, or the deepening of a supervoid profile towards

the middle. The foreground over density apparent in the first picture, especially

the “filament” on the left side running along the PS1 survey boundary further

complicates the picture. It is likely to be foreground, since it is more significant

in the shallowest slice, gradually fading out at higher z. These tomographic maps

show a compensated surrounding over dense shell around the supervoid at r ∼> 15◦,

which plausibly would have fragmented into galaxy clusters visible in the projected

slices as several ”hot spots” surrounding the CS region. Note that Gurzadyan et al.

(2014) uses K-map statistics to Planck to show that the CS has a morphological

structure similar to a void.

6.3.4 A Lemaitre-Tolman-Bondi model for the supervoid

and the Cold Spot

We use a Lemaitre-Tolman-Bondi (LTB) void model (Garcia-Bellido and Haugbølle,

2008) to test the underdensity in our projected WISE-2MASS catalog to under-

stand how the void we detected imprints itself into the CMB. See Finelli et al.

(2014) for details.

The underdensity in WISE-2MASS is modeled within a ΛLTB framework (Garcia-

Bellido and Haugbølle, 2008), assuming a spatial curvature profile

k(r) = k0 r
2 exp(−r2/r20). (6.1)

A linear metric perturbation in ΛCDM is defined as

Φ(r̃) = Φ0 e
− r̃2

r̃2
0 , (6.2)
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Figure 6.9: The density profile from WISE-2MASS catalogue compared with
the theoretical model for the underdensity (6.4) (top panel). The temperature
profile from Planck SMICA map (bottom panel) compared with the predicted
signal (6.5). The red (blue) lines are the theoretical profiles for rings (disks)

and in dark red (blue) are the measurements.

with an LTB radius r defined as r̃ =
√

3/4πH0r using the co-moving FRW radius.

A 3D density profile for the void corresponds to this scalar potential, given as

δ(r̃) = −δ0

(

1 − 2r̃2

3r̃20

)

e
− r̃2

r̃2
0 , (6.3)

and characterized by two parameters, co-moving width r̃0 and depth δ0. Then the

3D density profile (6.3) is projected onto the transverse plane using the WISE-

2MASS window function φ(y), with the center of the supervoid at co-moving

distance y0, and r̃2(y, θ) = y2 + y20 − 2yy0 cos θ,

δ2D(θ) =

∫ ∞

0

δ (r̃(y, θ)) y2φ(y)dy . (6.4)
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Figure 6.10: The WISE-2MASS (left) and Planck SMICA (right) maps in the
direction of the Cold Spot. Circles correspond to 5◦, 14◦ and 29◦ radii.

The linear ISW and the non-linear RS effects are derived from the metric per-

turbation (6.2). Note that effect on the CMB is dominated by the non-linear

Rees-Sciama effect for a large compensated void with a profile of Eq. 6.3, as given

by

δT (θ) = −A

(

1 − 28

13

θ2

θ̃20

)

e
−2 θ2

θ̃2
0 , (6.5)

where θ̃0 =
√

3/4π θ0, assuming small angle approximation, tan θ ≃ θ. The ISW

effect is proportional to the time derivative of the potential, thus usually smoother

then the density field. The RS effect, however, depends on higher derivatives, thus

the size of the CMB pattern is more compact then the size of the void. The actual

coupling is described by a
√

3/4π ≃ 0.48 scaling factor between the scales of the

underdensity and the corresponding pattern on the CMB. The magnitude of the

CMB temperature depression depends on the parameters of the void,

A = 148.8µK

(

r0
155.3h−1Mpc

)3 (
δ0
0.2

)2

, (6.6)

and θ0 = (180◦/π)(r0/dA(z0)), with dA(z) the angular diameter distance in a flat

ΛCDM model (ΩM = 0.3, h = 0.7), and z0 the redshift of the center of the void,

at co-moving distance y0 = y(z0).
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A large LTB void can explain a CMB cold spot of about half the size, or the

same decrement can be explained by a shallower void than is allowed by ΛCDM

cosmology. Note that the LTB model is only used as a general relativistic model

for the void dynamics and its effect on the CMB, while the background cosmology

is assumed to be standard ΛCDM.

For detailed measurements, a χ2 statistic is constructed. We perform a simultane-

ous fit for the projected LTB void in the WISE-2MASS map, and the corresponding

temperature depression effect in the CMB data. We carry out a 3-parameter fit

δ0, r0, and z0, which are fitted by the following statistic:

χ2
tot

(δ0, r0, z0) = χ2
LSS

+ χ2
CMB

, (6.7)

χ2
LSS

=
∑

i

(

δ2D(θi) − δLSSi

)2

σ2
i

, (6.8)

χ2
CMB

=
∑

ij

(

δT (θi)−δTCMB
i

)

C−1
ij

(

δT (θj) − δTCMB
j

)

. (6.9)

The first term corresponds to the χ2 of the projected LTB void profile (6.4) in

the WISE-2MASS density field, using uncorrelated Poisson errors, σi. The second

term is the χ2 of the CMB profile compared with the LTB prediction (6.5) of the

void observed in WISE-2MASS. Note that Poisson fluctuations are uncorrelated,

while the covariance matrix of rings in the CMB indicates correlations, and it

was determined from 10,000 Gaussian CMB realizations. The best fit LTB void

parameters we have found are δ0 = 0.25± 0.10 (1σ), r0 = (195± 35)h−1Mpc (1σ),

and z0 = 0.16 ± 0.04 (1σ).

The LTB model parameter δ0 is the 3D dark matter density, giving a 12% projected

underdensity at the center of the void, i.e. δ2D(θ = 0) = −0.12. The angular sizes

θ0 = 28.8◦ ± 5.2◦, and θ̃0 = 14.1◦ ± 2.5◦ are derived parameters, which correspond

to angular scales of the profile on the galaxy map and the CMB, respectively.

Note that the radius of the LTB profile θ̃0 = 14.1◦ ± 2.5◦ on the CMB matches

the outer hot ring around the cold spot discussed in Zhang and Huterer (2010).

For later comparison, we calculate the averaged underdensity within the best fit

radius r0 = 195h−1Mpc. The 3D top-hat-averaged density from the LTB profile,

see Eq. (6.3), is δ̄ = 3/r30
∫ r0
0

r2drδ(r) = −δ0/e. This finally gives the average void

depth δ̄ = −0.10 ± 0.03.
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6.4 Implications for astronomy and cosmology

Using our WISE-2MASS-PS1 data set, we detected a low density region, or super-

void, centred on the CS region: at 5◦ and 15◦ radii our detection significances are

5σ and 6σ, respectively. We measured the galaxy density as a function of redshift

at the two predetermined radii. The galaxy underdensity is centred at z ≃ 0.22

for 15◦, and even deeper around z ≃ 0.15 for 5◦. The counts are consistent with a

supervoid of size Rvoid ≃ 192h−1Mpc and average density δg ≃ −0.18. It is note-

worthy that this result is comparable to the local 300h−1Mpc size underdensity

claimed by Keenan et al. (2012) with δg ≃ −0.3.

The resulting underdensity in the dark matter field is δ = δg/bg ≃ −0.13 ± 0.03,

assuming a linear bias relation. Given the uncertainties of our toy model, we

estimate that the supervoid we detected corresponds to a rare, at least 3.5σ,

fluctuation in ΛCDM. The chance alignment of two rare objects is not plausible,

therefore a causal relation between the CS and the supervoid is likely.

Using Rudnick et al. (2007), we estimate that the linear ISW effect of this supervoid

is of order −20 µK on the CMB. The effect might be a factor or few higher if

the size of the void is larger, if the compensation is taken into account (Pápai

et al., 2011), and/or if non-linear and general relativistic effects are included (e.g.,

Inoue and Silk, 2006, 2007). In particular, we concluded in Finelli et al. (2014)

that a non-linear LTB model (Garcia-Bellido and Haugbølle, 2008) based on the

projected profile in the WISE-2MASS catalog matches well the profile observed on

the CMB. We have found evidences for a supervoid at redshift z = 0.16±0.04 with

radius r0 = (195 ± 35)h−1Mpc and depth of δ = −0.10 ± 0.03. These parameters

are in excellent agreement with the findings of the PS1 analysis in 6.3.2, with the

redshift slightly closer, but only by 1.75σ. Thus it is safe to conclude that the

same supervoid was found with fundamentally different methods. Note that the

orthogonal nature of the two measurements suggest spherical symmetry for the

void.

Superstructures affect several cosmological observables, such as CMB power spec-

trum and two and three point correlation functions (Masina and Notari, 2009a,

2010), CMB lensing (Masina and Notari, 2009b, Das and Spergel, 2009), 21-cm

lensing (Kovetz and Kamionkowski, 2013), CMB polarization (Vielva et al., 2011),

or cosmic radio dipole (Rubart et al., 2014), and even B-mode polarization (BI-

CEP2 Collaboration, 2014). Furthermore, the other CMB anomalies associated
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with large-angle correlations (Copi et al., 2006, 2013, Land and Magueijo, 2005c)

should be revisited in light of these findings.

Our results suggest the connection between the supervoid and the CS, but further

studies addressing the rarity of the observed supervoid observationally would be

needed to firmly establish it. This needs a larger photometric redshift data set

that will reach beyond 50◦ radius, such as PS1 with the second reprocessing thus

improved calibration, and Dark Energy Survey (The Dark Energy Survey Collabo-

ration, 2005). As a first step, we smoothed the projected WISE-2MASS map with

a 25◦ Gaussian finding only one void as significant as the one we discovered in the

CS region. This second void, to be followed up in future research, is clearly visible

in the shallow 2MASS maps of Francis and Peacock (2010a), Rassat et al. (2013b)

as a large underdensity, and in the corresponding reconstructed ISW map of Ras-

sat and Starck (2013) as a cold imprint. Therefore we conclude that it is likely

to be closer thus smaller in physical size. More accurate photometric redshifts,

possibly with novel methods such as that of Ménard et al. (2013), will help us to

constrain further the morphology and the size of the void, and a deeper data set

would constrain the size of the void in redshift space. Any tension with ΛCDM,

e.g. in the possible rarity of the observed supervoid, could be addressed in models

of modified gravity, ordinarily screened in clusters, but resulting in an enhanced

growth rate of voids as well as an additional contribution to the ISW signal.
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Summary and Conclusions

The scope of this thesis was to gather modeling techniques and data analysis

tools for examining non-Gaussianities, and secondary patterns in the CMB due to

either cosmological or systematic effects. First, we have found evidences for non-

Gaussianities or statistical anisotropies in the 7-year WMAP CMB temperature

maps using our statistical tools. We rejuvenated the analysis of complex phases

in Chapter 2, and demonstrated that non-random features in WMAP data are

detections of residual foregrounds rather than cosmological defects, as published

in Kovács et al. (2013a).

Next, we not only incorporated the recent data collected by the Planck satellite,

but also generalized the definition of the complex phases. We performed a search

for deviations from Gaussianity and/or statistical isotropy by comparing WMAP

and Planck data in Chapter 3. Although we have identified hints of non-random

features and excess decoherence, no significant anomaly was detected in the data

after modeling the noise, beam, and mask properties of the experiments. The

small differences we found are completely consistent with the higher noise level of

WMAP. Moreover, we confirmed the 3% disagreement between the power spectrum

estimates of WMAP and Planck on large scales, and found new evidences for such

a discrepancy up to ℓ ≈ 300. The corresponding paper, Kovács et al. (2013b), has

been cited by other recent comparisons of WMAP and Planck data sets carried

out by Copi et al. (2013) and Hazra and Shafieloo (2014).

Along other lines, the second part of the thesis was focused on comparisons of

CMB and large-scale structure data sets. First, we compared WMAP tempera-

ture data with WISE galaxy density maps in order to detect the ISW effect, and

99
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constrain dark energy. We cross-correlated our new full sky WISE galaxy sample

with the WMAP 7-year CMB temperature map, finding no significant correla-

tion. This non-detection is quite interesting in the light of the findings by Goto

et al. (2012), who measured an amplitude three times higher than expected in

ΛCDM cosmology. We clarified most of the potential systematic effects in WISE

and WMAP, and proved that cosmic variance affects ISW measurements of small

sky coverage, as detailed in Chapter 4. Our corresponding paper, Kovács et al.

(2013c), has been cited by Kovács and Szapudi (2014), Finelli et al. (2014), Bilicki

et al. (2014), Naiden and Verkhodanov (2013) and Hernández-Monteagudo et al.

(2014). Furthermore, a reproduction of our WISE galaxy map was used in Planck

2013 results. XVII. (2013) for cross-correlation with the gravitational lensing re-

construction map estimated using Planck’s data, where the Planck team found 7σ

correlation for our WISE galaxies.

A logical continuation of the ISW analysis with WISE galaxies was to create ad-

vanced galaxy maps that are better traces of the underlying dark matter field.

In Chapter 5, we combined photometric information of the WISE and 2MASS

infrared all sky surveys, and produced a clean galaxy sample especially for cross-

correlations with the CMB. We applied a subclass of machine learning tools,

support vector machines to classify objects using the multicolor WISE-2MASS

database. The star-galaxy separator algorithm was calibrated using known SDSS

classification, and GAMA spectroscopic redshifts samples. The final WISE-2MASS

catalogue has an estimated ∼ 2% stellar contamination among 2.4 million galaxies

with zmed ≈ 0.14 (Kovács and Szapudi, 2014). We constructed a mask to exclude

potentially contaminated regions near the Galactic plane, leaving 21,200 deg2 un-

masked. We compared the new WISE-2MASS map to WISE and 2MASS galaxy

maps, and concluded that the resulting catalog is deeper than 2MASS, more uni-

form than WISE, and ready for future analysis. Our WISE-2MASS catalog has

already been used by Szapudi et al. (2014), Finelli et al. (2014), Nishizawa (2014)

and Yoon et al. (2014).

As a first cosmological application, we used this WISE-2MASS catalog of galaxies

to further investigate the possibility of a low redshift supervoid aligned with the

CMB cold spot. The redshift distribution of the WISE-2MASS sample covers

z < 0.3, thus we were able to map the redshift range which has not been probed

in details. We followed two different approaches in Chapter 6. On one hand, we

cross-matched the WISE-2MASS galaxies (in a 50◦ × 50◦ area centred on the cold
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spot) with non-public Pan-STARRS1 data to provide optical observations for the

objects. We used the resulting WISE-2MASS-PS1 galaxy catalog for photometric

redshift estimation, created a tomographic galaxy map, and performed galaxy

density statistics in the line of sight. We detected a large underdensity, i.e. a rare

supervoid, in the field of interest, that might imprint the cold spot on the CMB

(Szapudi et al., 2014).

Another work was focused on the physical connection between the CMB tem-

perature depression and the supervoid. Finelli et al. (2014) demonstrated that a

spherically symmetric LTB supervoid model can simultaneously fit the underden-

sity in the WISE-2MASS catalogue and the cold spot in the CMB. Such an LTB

supervoid gives an almost perfect explanation, via a Rees-Sciama effect, of the

Cold Spot anomaly, and is strongly preferred over the null hypothesis of statisti-

cal fluctuation or a cosmic texture model. The parameters of the supervoid are

in excellent agreement in the two fundamentally different approaches. Based on

both of these works it is safe to say that the most plausible explanation of the CS

is a rare low-z supervoid, that may be a challenge for ΛCDM, and indicates new

physics. The detailed analysis of further observational aspects of this supervoid is

left for future work.

All things considered, we investigated several open questions in CMB physics with

a widening range of data analysis and astro-statistical techniques. We collected

experience in data manipulation, simulations, and statistics for WMAP data sets,

and used this practice for the analysis of Planck data. Then we endeavored to

combine CMB observations with infrared galaxy data to further broaden the per-

spective of the thesis. The pursuit of the CMB cold spot with WISE-2MASS-PS1

galaxy data combined with WMAP and Planck CMB observation was the ultimate

completion, where we had to face with a decade old physical problem. In this par-

ticular project, we used all of the expertise we gained in our former projects, and

enriched cosmology with possibly the first plausible explanation for one of the

CMB anomalies.
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P. Capak, J. Kartaltepe, A. Koekemoer, H. J. McCracken, M. Salvato, D. B.

Sanders, and C. Willott. A robust morphological classification of high-redshift

galaxies using support vector machines on seeing limited images. II. Quantifying

morphological k-correction in the COSMOS field at 1 ¡ z ¡ 2: Ks band vs. I band.

A&A, 497:743–753, April 2009. doi: 10.1051/0004-6361/200811255.



Bibliography 119

A. Solarz, A. Pollo, T. T. Takeuchi, A. Pȩpiak, H. Matsuhara, T. Wada, S. Oyabu,
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Kivonat
A kozmikus háttérsugárzás másodlagos anizotrópiái

és nem-gaussi statisztikái

Szerző:

Kovács András

A kozmikus infláció legegyszerűbb modelljei a korai Univerzum kvantum fluktuációit

egy statisztikailag homogén Gauss eloszlással reprezentálják. A disszertációban

megmutatjuk, hogyan tesztelhetőek ezek a fizikai feltételek a kozmikus mikro-

hullámú háttérsugárzás (KMHS) statisztikai vizsgálatával. A WMAP adatok

komplex fázis statisztikáján túl általánośıtjuk a gömbi harmonikusok fázisait, il-

letve beéṕıtjük vizsgálatainkba a Planckműhold mérési eredményeit. A véletlentől

eltérő statisztikai tulajdonságokat mutatunk ki, illetve többletet mérünk az általunk

definiált dekoherencia paraméterben a WMAP és a Planck adatok összevetése

során. Teljeśıtményspektrumaik között mérhető 3% eltérést mutatunk ki egészen

ℓ ≈ 300 multipólusokig. Ezt követően a KMHSméréseket a WISE galaxis adataival

kombinálva az Integrált Sachs-Wolfe effektus (ISW) kimutatása a célunk, kereszt-

korrelációk által. Tisztázzuk a WISE és WMAP adatokban felmerülő szisztem-

atikus effektusokat, és új módszert fejlesztünk galaxis térképek hatékony késźıtésére

a WISE illetve a 2MASS infravörös fotometriai mérések kombinálásával. A galaxis

katalógusunk mélyebb, mint a 2MASS térképek, valamint homogénebb, mint a

csupán a WISE-ra épülő katalógusok. A WISE-2MASS galaxis térképünket végül

a KMHS ”cold spot” régiónál lévő esetleges alacsony galaxis sűrűségű terület

azonośıtására használjuk. Adatainkat Pan-STARRS1 (PS1) optikai mérésekkel

kombináljuk fotometrikus vöröseltolódás-becslés céljából, elkésźıtjük a régió to-

mografikus térképét, sűrűség statisztikát mérünk a látóirány mentén, illetve megfi-

gyeléseinket a Lemaitre-Tolman-Bondi modell seǵıtségével modellezzük. Méréseink

egy szokatlanul nagy méretű, alacsony sűrűségű ún. ”szupervoid” jelenlétére en-

gednek következtetni, amely KMHS ”cold spot” anomália potenciális okozója.
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