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Zusammenfassung

Das kosmologische Prinzip der Homogenitéit und statistischen Isotropie des Raumes ist eine
fundamentale Annahme der modernen Kosmologie. Auf dieser Basis wird die Existenz einer in-
flationéren Phase im jungen Universum postuliert, welche wiederum primordiale Gauf3verteilte
Fluktuationen vorhersagt, welche sich im kosmischen Mikrowellenhintergrund als Temperatur-
und Polarisationsanisotropien manifestieren. Obwohl dieses derzeitige Standardmodell der
Kosmologie im Allgemeinen sehr akzeptiert ist, ist es keine absolute Theorie. Ungeklért ist
zum Beispiel, wie die innerhalb des Standardmodells postulierte dunkle Materie und dun-
kle Energie mit dem Standardmodell der Teilchenphysik zu verkniipfen, oder wie die hoch-
energetischen Prozesse auf den kleinen Skalen des jungen Universums zu beschreiben sind.
Abgesehen davon, gibt es eine Reihe alternativer kosmologischer Modelle, welche schwache bis
starke primordiale Nicht-Gauflianitdten vorhersagen. Manche von Thnen gehen zudem auch
von einer grofiskaligen Anisotropie im frithen Universum aus und widersprechen somit sogar
dem kosmologischen Prinzip. In dieser Arbeit werden zu diesem Thema in vier Originalpublika-
tionen durch eine nichtlineare Datenanalyse der kosmischen Mikrowellenhintergrundstrahlung
folgende Fragestellungen bearbeitet:

1.) Temperaturkarten der kosmischen Mikrowellenhintergrundstrahlung,
gemessen im Wilkinson Microwave Anisotropy Probe (WMAP) Experiment und
der Planck Mission, werden unter Verwendung von Surrogaten, welche mit Skalie-
rungsindizes und Minkowski Funktionalen analysiert werden, auf primordiale
GauBlianitit getestet.

Wenn die Dichtefluktuationen einer Gauflschen Zufallsverteilung unterliegen, enthélt deren
Leistungsspektrum alle Information. Bei einer nicht-Gaufischen Verteilung enthalten Korre-
lationsfunktionen hoherer Ordnung zusétzliche nichtlineare Information. Die Hypothese der
primordialen Gauflianitét reflektiert sich ebenso in einer unkorrelierten Verteilung der Fourier-
Phasen der Hintergrundstrahlung.

Zur umfassenden Analyse der Daten benutze ich die Methode der Surrogate. Surrogate
konnen zum Beispiel die linearen Eigenschaften des Datensatzes imitieren, und ermdoglichen
damit modellunabhéngige Tests auf Nichtlinearitéten in diesem Datensatz. Sie werden in dieser
Arbeit erzeugt, indem Korrelationen von Fourier-Phasen zerstort werden. Das Randomisieren
geschieht zum Beispiel durch das Vertauschen der Phasen. Statistische Differenzen zwischen
den Originalkarten und den Surrogaten zeigen dann Phasenkorrelationen in den Originalkarten
auf und deuten im Falle der kosmischen Mikrowellenhintergrundstrahlung auf eine Verletzung
des standardméfligen Single Field Slow-Roll Modells der Inflation hin, wenn experimentelle
Systematiken, astrophysikalische Vordergrundeffekte und eine fehlerhafte Datenanalyse aus-
geschlossen werden kénnen. Zur Quantifizierung des skalenabhéngigen Korrelationsgrades der
Fourier-Phasen generiere ich die Surrogatkarten auch auf verschiedenen Skalen der Multipole ¢.



xii Zusammenfassung

Hierbei werden verschiedene A/-Bereiche festgelegt, in welchen die Phasekorrelationen geson-
dert zerstort werden. Die Karten kénnen damit in den festgelegten Bereichen auf skalenab-
héngige Nicht-Gauflianitéten untersucht werden.

Ich quantifiziere die in den Karten enthaltene Information héherer Ordnung mit zwei unter-
schiedlichen Statistiken, den Minkowski Funktionalen und den Skalierungsindizes. Im Rahmen
meiner Arbeit werden damit starke Nicht-Gauflianitdten auf den grofiten Skalen des kosmis-
chen Mikrowellenhintergrundes in WMAP sowie Planck Daten detektiert. Die Resultate der
Minkowski Funktionale und Skalierungsindizes fiir Surrogate erzeugt mit A¢ = [2,20] stim-
men {iiberein, unabhingig von Experiment, den Methoden zur Vordergrundreduktion oder
der Datenversion. Im Gegensatz dazu unterliegen die Resultate der kleineren Skalen mit
Al =[20,60], [60,120] und [120,300] schwachen bis starken Variationen in Bezug auf die zwei
verschiedenen Statistiken, die Methoden zur Vordergrundreduktion und die zwei verschiede-
nen Experimente WMAP und Planck. Anhand von WMAP Daten wird das Ergebnis fiir den
vollen ¢-range [2,1024] als Superposition der Signaturen interpretiert, welche in den Bédndern
Al = [2,20] und [120,300] gefunden werden. Eine Vielzahl an Tests zur Uberpriifung auf Sys-
tematiken gibt keinen Anlass dazu, die intrinsische Natur der Anomalien im Falle von kleinem
£ auszuschlieflen. Jedoch wird unter anderem festgestellt, dass beispielsweise das Internal Lin-
ear Combination Verfahren zur Vordergrundreduktion und auch verbleibendes Rauschen in
den Karten Nicht-Gaufliantidten auf kleinen Skalen bzw. bei groflem ¢ erzeugen kénnen. Da
Modelle und vorangegangene Beobachtungen die Vermutung nahelegen, dass der Mikrowellen-
hintergrund hemisphérische Anomalien aufweist, vergleiche ich in dieser Arbeit verschiedene
Hemisphéren der Mikrowellenhintergrundstrahlung miteinander. Bei der Gegeniiberstellung
der nordlichen und siidlichen Hemisphére werden entgegengesetzte Vorzeichen im Signal fiir
Nicht-Gauflianitiat gefunden. Dies deutet auf grofiskalige hemisphérische Asymmetrien im Uni-
versum hin.

2.) Ist die standardmiflige Parametrisierung von Nicht-Gauflianitit im Bispek-

trum durch den fni, Parameter ausreichend und in Ubereinstimmung mit den
Beobachtungen?

In der Theorie parametrisiert der fnr, Parameter die Stérke der Nicht-Gauflianitét, die mit dem
Bispektrum der Hintergrundstrahlung detektiert werden kann. Meine Untersuchungen zeigen,
dass die oben beschriebenen Abweichungen von Gauflianitéit in Simulationen mit dem fyr, Pa-
rameter nicht reproduziert werden. Zur Interpretation der Signaturen wiére es wiinschenswert,
insbesondere Modelle zu untersuchen, die primordiale Nicht-Gaufianitdt und hemisphérische
Anisotropie dhnlich den detektierten Signaturen vorhersagen. Wie in dieser Arbeit gezeigt,
ist die Analyse von Bianchi Modellen mit speziellen Topologien in diesem Zusammenhang
hilfreich.

3.) Welchen Einfluss hat die galaktische Ebene auf die Beobachtungen von Nicht-
Gauflianitit?

Fiir die Interpretation der oben genannten Ergebnisse ist es unabdingbar, den Einfluss von
astronomischem Vordergrund auf den Mikrowellenhintergrund zu untersuchen. Dies geschieht
in meiner Arbeit anhand eines Vergleichs verschiedener Hintergrundkarten, die sich in ihren
Vordergrundreduktionsmethoden stark voneinander unterscheiden. Ich kann keinen signifikan-
ten Unterschied zwischen den sogenannten ILC, NILC, SEVEM und SMICA Karten der
WMAP bzw. Planck Daten feststellen. Die Studien zum Einfluss der galaktischen Ebene
werden in Cut-Sky Analysen fortgefiihrt, in welchen die galaktische Ebene aus den Karten
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ausgeschnitten wird. Zur Erzeugung von Cut-Sky Surrogaten werden die originalen Full-Sky
Kugelfunktionen anhand von Basistransformationen in Cut-Sky Kugelfunktionen umgewan-
delt. Innerhalb dieser Analysen werden Signaturen von Nicht-Gauflianitit auf den grofiten
Skalen auch nach dem vollstdndigen Ausschneiden der galaktischen Ebene detektiert. Dies
bestérkt die Annahme, dass die gefundenen Nicht-Gauflianitdten nicht vom galaktischen Vorder-
grund verursacht werden.

4.) Welcher Zusammenhang besteht zwischen der Fourier-Phasen Information und
den Statistiken hoherer Ordnung im Ortsraum?

Die unter anderem in meiner Arbeit beobachteten Anomalien der Mikrowellenhintergrund-
strahlung kénnen Hinweise darauf sein, dass das Universum méglicherweise eine nicht-triviale
Topologie aufweist und eventuell weder isotrop noch homogen ist. Nicht-triviale Topologien
des Raumes werden beispielsweise von Bianchi Modellen beschrieben. Insbesondere Bianchi
type VII, best-fit Modelle kénnen vermutlich Erkldrungen fiir einige der beobachteten Anoma-
lien wie zum Beispiel die Unterdriickung des Quadrupols, oder die bestimmte Ausrichtung
kleiner Multipole liefern. Anhand meiner Analyse von Bianchi Templates kénnen heuristis-
che Korrelationen zwischen der Information, die in den Fourier-Phasen enthalten ist, und der
Statistik hoherer Ordnung ermittelt werden. Ich zeige, dass bekannte Phasenkorrelationen in
den Karten durch die Subtraktion von Bianchi type VII;, Templates geschwécht werden. Die
geschwichten Phasenkorrelationen fithren bei der Berechnung der Minkowski Funktionale und
der Skalierungsindizes im Ortsraum ihrerseits zu einer verschwindenden Signatur der hemis-
phérischen Anisotropie.

Die Untersuchungen in meiner Arbeit zeigen, dass Phasenkorrelationen in den WMAP
und Planck Temperaturkarten der kosmischen Mikrowellenhintergrundstrahlung existieren.
Nach derzeitigem Wissensstand kénnen die Signaturen bei kleinem ¢ als kosmologische Nicht-
Gauflianitét interpretiert werden. Die Ergebnisse widersprechen den Vorhersagen von isotropen
Kosmologien mit Single Field Slow-Roll Inflation. Meine Studien ertffnen im Allgemeinen
neue Wege zu einem besseren Verstdndnis der Signaturen von Nicht-Gauflianitédt in komplexen
rdumlichen Strukturen besonders durch das Entschliisseln der Bedeutung von Korrelationen
der Fourier-Phasen und deren Einfluss auf Statistiken héherer Ordnung im Ortsraum. Die
weitere detaillierte Charakterisierung der statistischen Eigenschaften des beobachteten kos-
mischen Mikrowellenhintergrundes und ein fortlaufender Vergleich mit der Theorie werden die
Differenzierung verschiedener kosmologischer Szenarien noch verbessern. Aufschlussreich wire
hierbei natiirlich die Analyse der angekiindigten Polarisationsdaten der Planck Mission mit
Hilfe der innerhalb dieser Arbeit entwickelten Methoden.
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Abstract

The cosmological principle of homogeneity and statistical isotropy of space lays the foundation
for modern cosmology. Based on this, cosmology assumes an inflationary scenario for the
early Universe which predicts primordial Gaussian random-distributed fluctuations, imprinted
on the cosmic microwave background (CMB) as temperature and polarization anisotropies.
Despite its general success this current standard model is not an absolute theory. Unanswered,
for example, remains the question, how to link postulated dark matter particles and dark
energy with the current standard model of particle physics, or how to describe the high-
energy processes on the small scales of the early Universe. Apart from that, there are a
number of alternative cosmological models which predict weak up to strong primordial non-
Gaussianity. Furthermore, some of them even assume large-scale anisotropies in the early
Universe and therefore even contradict the cosmological principle. This work deals with the
following problems in four original publications by means of a nonlinear data analysis of the
CMB:

1.) Temperature maps of the CMB, measured by the Wilkinson Microwave
Anisotropy Probe (WMAP) experiment and the Planck mission, are tested for
primordial Gaussianity, by means of surrogate maps, which are analyzed by the
scaling indices and the Minkowski functionals.

If the density fluctuations follow a Gaussian random distribution, then their power spectrum
contains all the information. In the case of a non-Gaussian distribution, the higher-order
correlation functions will provide additional nonlinear information. The hypothesis of primor-
dial Gaussianity is also reflected in an uncorrelated distribution of the Fourier phases of the
microwave background.

I use the surrogate method, which is well suited for a comprehensive analysis of the data.
Surrogates can, for example, imitate the linear properties of a data set, and therefore enable
model independent tests for nonlinearities in this data set. In this work, they are generated
by destroying the correlations of Fourier phases. The randomization is, for example, realized
by the permutation of the phases. Statistical deviations between the original maps and the
surrogates disclose phase correlations in the original maps. In the case of the CMB, they
indicate the violation of the standard single field slow-roll model for inflation, if experimental
systematics astrophysical foregrounds and a faulty data analysis can be ruled out. To quantify
a scale-dependent correlation of the Fourier phases I generate the surrogate maps on different
multipole scales £. For this purpose, different A¢ ranges are determined, in which the phase
correlations are then destroyed. This method allows the maps to be checked for scale-dependent
non-Gaussianities on the predefined scales.

I quantify the higher-order content of the maps with two different statistical measures,
the Minkowski functionals and the scaling indices. Within the scope of my work, strong
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non-Gaussianities on the largest scales of the CMB in WMAP as well as Planck data are
revealed with these measures. The results of the Minkowski functionals and the scaling indices
for the surrogates generated with Al = [2,20] agree very well, no matter which experiment,
which method of foreground subtraction and which data release. A comparison of the small
scale results with A¢ = [20,60], [60,120] and [120,300] shows weak up to strong variations
regarding the two different measures, the methods of foreground reduction and the two different
experiments WMAP and Planck. On the basis of WMAP data, the result for the full /-range
[2,1024] is interpreted as a superposition of the signatures detected on the ranges of Al = [2,20]
und [120,300]. A wide range of tests to check for systematics gives no reason to exclude the
intrinsic nature of the anomalies for small £. However, it is, for example, found that the internal
linear combination method for foreground reduction and also remaining noise in the maps can
induce non-Gaussianities on smaller scales, larger ¢, respectively. Since cosmological models
and previous observations suggest that the CMB features hemispherical anomalies, I compare
different hemispheres of the microwave sky with each other. A comparison of the northern and
southern hemisphere reveals opposite signs in the signal for non-Gaussianity. This points to
large-scale hemispherical asymmetries in the Universe, imprinted on the CMB.

2.) Is the standard parametrization of non-Gaussianity by the fni parameter in
the bispectrum sufficient? Does fy; comply with the observations?

In theory, the fnr, parameter parametrizes the strength of non-Gaussianity that can be detected
by the bispectrum of the background radiation. My studies show that the deviations from
Gaussianity, as described above, cannot be reproduced by simulations with the fn1, parameter.
For the interpretation of the observed signatures it is desirable to analyze further models that
comprise primordial non-Gaussianity and hemispherical anisotropies similar to the detected
signatures. As shown in this work, the analysis of Bianchi models with special topologies is
helpful in this context.

3.) How does the Galactic plane influence the observations of non-Gaussianity?

For the interpretation of the results described above, it is indispensable to study the influence
of astronomical foreground on the microwave background. In my work, this is done by a
comparison of different CMB maps, that strongly differ in their foreground reduction methods.
I cannot detect a significant difference in the large scale results between the so-called 1LC,
NILC, SEVEM and SMICA maps of WMAP and Planck data, respectively. The studies on
the influence of the Galactic plane are continued in cut-sky analyses where the Galactic plane
is cut out in different sizes. For the production of cut-sky surrogates, the original full-sky
spherical harmonics are converted into cut-sky harmonics by means of basis transformations.
Within these studies, signatures of non-Gaussianity on the largest scales are still detected when
the Galactic plane is completely removed. This strengthens the assumption that the detected
non-Gaussianities are not induced by the Galactic foreground.

4.) What is the link between Fourier phase information and the real space statistics
of the higher-order content?

The detected anomalies, studied in my work and elsewhere, could point to a non-trivial topol-
ogy of the Universe which is perhaps neither isotropic nor homogeneous. Non-trivial topologies
of space are, for example, described by Bianchi models. Especially Bianchi type VII; best-fit
models can supposedly account for some of the observed anomalies as, for example, the suppres-
sion of the quadrupole, or the alignment of small multipoles. By means of studies with Bianchi
templates in my work, heuristic correlations between the information contained in the Fourier
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phases and the higher-order statistics are determined. I show that known phase correlations
in the maps are diluted by the subtraction of Bianchi type VII, templates. The weakened
phase correlations result in a vanishing signal of hemispherical anisotropy when calculating
the Minkowski functionals and scaling indices in real space.

The studies in this work show that Fourier phase correlations in WMAP and Planck tem-
perature maps of the CMB do exist. Based on what is known today, the signatures at low
¢ can be interpreted as cosmological non-Gaussianity. The results contradict the predictions
of isotropic cosmologies with single field slow-roll inflation. In general, my studies open new
roads to a better understanding of signatures of non-Gaussianity in complex spatial structures,
especially through the decoding of the meaning of Fourier phase correlations and their influ-
ence on higher-order statistics in real space. Furthermore, a more detailed characterization
of the statistical properties of the CMB and a continued comparison with theory will help to
distinguish between different cosmological scenarios in the future. In this context, the analysis
of the polarization data of the Planck mission with the methods developed within this work
would certainly be revealing.
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Over the last decades, improved observing techniques and new data sets have enabled a more
comprehensive analysis of our Universe and allow nowadays for profound tests on proposed
axioms and theorems. In this thesis, I address new approaches of data analysis in cosmology.

In the detailed and successful cosmological concordance model we assume that the Universe
starts with a Big Bang, is followed by an inflationary phase that expands the emerged scale-
invariant, isotropic, Gaussian quantum fluctuations, leading to primordial nucleosynthesis and
structure formation. This model is in general supported by observations. However, standard
single field slow-roll inflation is not fully proven yet and remains a paradigm after all. Inflation
suffers from conceptual problems such as the difficulty to embed it into the standard model
of particle physics or the problem that general relativity and the theory of scalar fields, both
needed for inflation, will break down on the very small scales of the young Universe. In
addition to the theorem of Gaussianity for the primordial perturbations deduced from standard
inflation, we generally assume that the Universe follows the axiom of the cosmological principle
of homogeneity and statistical isotropy, although under the vast amount of alternative scenarios
several can be found which describe anisotropic, non-Gaussian cosmologies and several might
agree with observations as well as inflation does.

The statistical properties of the primordial density perturbations are imprinted on the
cosmic microwave background (CMB) as tiny temperature fluctuations. Distinct anomalies
violating the assumptions of statistical isotropy or Gaussianity, or both, have been detected
in the linear and nonlinear regime of CMB data. Their true nature remains unclear. Under-
standing the CMB anomalies is important for cosmology and may modify our picture of the
Universe. The anomalies might even point to new physics. However, interpreting them, we
also have to be aware of yet unknown or underestimated physical effects which could be in
agreement with the standard model but might still produce anomalies.

The nonlinear higher order properties of the data are reflected in the distribution of the
phases in harmonic space. The null-hypothesis of a Gaussian CMB induces independent har-
monic space phases, not correlated with each other. This work checks for the validity of this
null-hypothesis and for the validity of statistical isotropy analyzing the nonlinear statistical
properties of the data especially in phase space with a model-independent approach. First steps
are taken to explain the specific CMB anomalies detected as phase correlations by studying
anisotropic cosmological Bianchi models and analyzing non-Gaussian simulations. Herewith,
this thesis contributes to open questions in cosmology and opens new roads in nonlinear data
and image analysis along the way.

The outline of this work is as follows: In Chapter |, I provide a short summary of the
physics of the early Universe that led to the anisotropies in the cosmic microwave sky which
I will study later. I give a short introduction to alternative cosmological scenarios. The
recent CMB satellite missions and their data products are introduced and different methods
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of foreground subtraction are compared. I will end with a list of CMB anomalies detected so
far. Chapter 2 describes the nonlinear data analysis methods I use in this work. This includes
the method of the surrogates and the image analysis techniques, scaling indices and Minkowski
functionals, both sensitive to higher order correlations. The described Kuiper statistic, which
will be applied to the phase distribution of CMB maps, provides a complementary way for
the determination of the nature of the phase correlations. Chapter 3 shows the results from
the analysis of Wilkinson Microwave Anisotropy Probe (WMAP) 3-, 5- and 7-year data with
the method of the surrogates and the scaling indices. This Chapter was published as Réth
et al. (2011) in MNRAS. The results of Chapter 3 are strengthened and extended by an
analysis with the complementary technique of the Minkowski functionals in Chapter 4. In
addition, a study of non-Gaussian simulations, parametrized by the local non-Gaussianity
parameter fyr,, refines the conclusions. This Chapter was published as Modest et al. (2013) in
MNRAS. Chapter 5 presents a cut-sky analysis of the data enabling the exclusion of Galactic
plane foreground effects as cause for detected non-Gaussianities. This Chapter was published
as Rossmanith et al. (2012) in Phys. Rev. D. Searching for the origin of the detected non-
Gaussianities, Chapter 6 continues with a direct study of the phase distribution of maps that
have been corrected by a cosmological Bianchi template. Bianchi models describe anisotropic
cosmologies, and certain Bianchi templates are known for their ability to account for some
CMB anomalies. This Chapter also addresses the connection between real-space higher order
statistics and harmonic-space phase information, which is a crucial topic in nonlinear data
analysis. It compares the final WMAP 9-year data with the first results of the new Planck
mission. The Chapter is published as Modest et al. (2014) in Phys. Rev. D. The significance
of detected CMB anomalies needs careful consideration which is discussed in Chapter 7 for our
results. The thesis closes with Chapter 8 where I summarize the results and draw conclusions.



Chapter 1

The physics of the young Universe
and CMB observations

Our Universe discloses many of its secrets through the cosmic microwave background (CMB).
This relic radiation showed itself observationally to astronomers in the late 1930s and early
1940s, when Mclellar (1940) and Adams (1941) tried to interpret interstellar absorption lines
in the blue. They took the signal as an excitating radiation of unknown origin with a tem-
perature less than 3K filling the local interstellar medium. Only later Gamow (1946), Alpher
et al. (1948) and Alpher ¢ Herman (1950) extended the Big Bang theory of the Universe, first
formulated by Georges Lemaitre, and predicted that the first explosion of the Universe would
have produced a uniform background radiation which Gamow expected to have a temperature
of 50K at the present time (Gamow 1961). Alpher & Herman (1948) had initially estimated
the temperature to be SK. Penzias ¢ Wilson (1965) accidentally detected the relic radiation
as they experimented with the Bell Lab Holmdel Horn Antenna, just beating Dicke et al.
(1965) who were in the process of building an instrument explicitly designed for finding the
background radiation of the Universe and who then helped to interpret the Holmdel detection
as the signature of the Big Bang. For their discovery of the CMB Arno A. Penzias and Robert
W. Wilson were awarded the first of two Nobel Prizes in physics for CMB research. In the
last decades many new experiments carried out with telescopes on the ground (e.g. Atacama
Cosmology Telescope, POLARBEAR, South Pole Telescope), balloon missions in the sky (e.g.
Archeops, BOOMERranG) and with satellites in space (COBE, WMAP, Planck) lead to highly
accurate measurements of the cosmic microwave background. The discovery of the CMB black
body spectrum and its anisotropies with the COBE satellite under Smoot et al. (1992) resulted
in the second CMB Nobel Prize for John C. Mather and George F. Smoot in 2006. The ra-
diation has a thermal black body spectrum at a temperature of 2.72548 (+£0.00057) K today
(Fixsen 2009). Its very small temperature fluctuations on the order of 1 part in 100,000 across
the sky provide a detailed insight into the density field of the primordial Universe.

1.1 The physics of the young Universe and the CMB

In this chapter, I will give a brief summary of our current knowledge of cosmology. For
mathematical details please refer to books on modern cosmology as for example Peacock (1999),
Liddle & Lyth (2000) and Weinberg (2008). Two reviews discussing ongoing questions in
cosmology are Bennett (2006) and Brandenberger (2012).  Information on the Nobel Prize
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winners and their work is provided on the Nobel Prize website' .
1.1.1 Standard cosmology

The basic axiom of the Universe is the cosmological principle, which states that the matter-
energy density is homogeneous and statistically isotropic when viewed on large enough scales:
The same physical laws apply throughout the Universe, and should therefore produce no im-
balances in the matter-energy distribution and the large-scale structure of the Universe (e.g.
Liddle & Lyth 2000). It is an extension of the Copernican principle by Nicolaus Copernicus,
saying that the Earth is not in a specially favored position in the Universe and it was also
Sir Isaac Newton with his formulation of the laws of motion and the principle of universal
gravitation (Newton 1687) who smoothed the way for our current understanding. Yadav et al.
(2010) calculated the appropriate length scale when looking for homogeneity to be close to
260 h~'Mpc in the concordance model of cosmology. In general, this is confirmed by the
large-scale galaxy distribution observed with the Sloan Digital Sky Survey (SDSS) (e.g. Ahn
et al. 2012, SDSS 9th data release). However, in recent years different structures, for example
the Sloan Great Wall (Gott et al. 2005) and a large quasar group (Clowes et al. 2013), have
been detected that are not strictly compatible with the Yadav et al.-scale and challenge the
cosmological principle.

Our Universe is nowadays described as sustaining a history, starting with the Big Bang,
proceeding with different epochs of particle and structure formation over billions of years. What
we need, to figure out how the Universe expands as a function of time, is an equation that relates
the density and pressure of its constituents to the expansion of the Universe, and an equation
that describes the energy conservation of the constituents (lecture notes Komatsu 2011). The
necessary framework for this is Albert Einstein’s general theory of relativity which
generalizes special relativity and Newton’s principle of universal gravitation, and describes
gravitation as an apparent effect of the distortion of space and time, or spacetime, being
curved by matter and energy (FEinstein 1915, 1916). As said by Arthur Wheeler: “It describes
how space moves matter and matter curves space” (Wheeler & Ford 2000). When Einstein
applied his theory of general relativity to the Universe as a whole, he added a cosmological
constant A to his field equations (Einstein 1917) to account for a steady and unchanging
(steady state) Universe he and many other scientists believed in at that time. The resulting
nonlinear Einstein field equations (EFE) can be written in the form

Ryy — %Rguv +Aguv = —87G Tyy , (1.1)
if the speed of light is set to ¢ = 1, where R,y and R are the Ricci tensor and Ricci scalar,
respectively, describing the curvature of spacetime, g,y is the covariant metric tensor describing
the geometry of spacetime, A the cosmological constant, T,y the energy-momentum tensor and
G is Newton’s gravitational constant (e.g. Weinberg 2008). Only few years later, in the 1920s,
observations of distant galaxies, mainly led by Edwin Hubble, showed that the Universe was
expanding (Hubble 1929). Einstein began to regret the cosmological constant added by himself,
and its meaning faded in the following decades. However, today the A-term is again much
appreciated and A represents the energy density of the vacuum, constant in both space and
time. A could stand for a form of dark energy and can account for the accelerating expansion
of the Universe, a discovery made by two independent supernova Type Ia search teams in
the 1990s, the High-z Supernova Search Team (HZT, Riess et al. 1998) and the Supernova

Thttp://www.nobelprize.org/
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Cosmology Project (SCP, Perlmutter et al. 1999). For this discovery, Saul Perlmutter, Brian
P. Schmidt and Adam G. Riess have won the Nobel Prize in physics 2011.

The assumptions of homogeneity and isotropy of space motivated a certain choice of the
spacetime metric in the 1920s and 1930s by the scientists Alexander A. Friedmann, Mon-
seigneur Georges Lemaitre, Howard P. Robertson and Arthur G. Walker. Their results are com-
prised in the so-called Friedmann-Lemaitre-Robertson-Walker (FLRW) metric g;;(x),
which describes a homogeneous, isotropic and expanding or contracting Universe and gives the
line element ds” of the chosen spacetime (e.g. Weinberg 2008):

2

ds* = —g;j(x)dx'dx’! = dr* — a*(t) [dx2 +K (IX_C;:);] (1.2)
The speed of light is set to ¢ = 1. ds is the proper distance between a point x and x+dx. The
scale factor a(t) in this metric describes how the size of the Universe changes with time 7. It
relates the distance of two objects in space at some time ¢ to their distance at some reference
time #p. As mentioned above, observations of supernovae Type Ia have told us that the scale
factor a(r) of the Universe is increasing with time. By definition, it is a(f) = 1 at the present
time (t =t9). K is describing the curvature of spacetime with

+1  spherical
K=< —1 hyperspherical . (1.3)
0 Euclidean

Hubble’s law states that the recession velocity of a distant galaxy is proportional to its
distance. The time-depending factor of proportionality is called Hubble parameter H(¢) and
can be expressed as

H(r)= 22 (1.4)

The Hubble constant Hy stands for H measured today. It is convenient to write H(z) in
the following units: H(z) = 100 A(r) km s~ '« Mpc~! where h is a dimensionless quantity. The
current observations suggest that the present-day value of & is h(0) ~ 0.7 (see below for details).
A convenient choice regarding coordinate systems in cosmology are comoving coordinates.
Objects that are only moving due to the expansion of the Universe remain at fixed points on
the coordinate grid, which expands with the Universe.

The FLRW metric evolves in accordance to the EFE. Together with the assumptions of
the FLRW metric, the EFE give the Friedmann equation which describes the expansion of the
Universe taken as a perfect fluid with a given pressure p(f) and an energy density p(¢) (e.g.

Weinberg 2008) by
N\ 2
a 3G K A
) == p 4, 1.5
(a) 3 P a2t3 (1.5)

Pressure and energy density depend on each other as described by the equation of state. To
solve the Friedmann equation for a(r) it is only necessary to understand how p depends on
time. The evolution of p(r) can be neglected.

Assuming A to be zero and setting the spatial curvature K equal to zero, the Friedmann
equation leads to the critical density by

3H?

Pe= 826G

(1.6)
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Figure 1.1: A pie chart of the ingredients of the Universe according to WMAP 9-year (left)
and Planck (right) data, respectively. Source: ESA and the Planck Collaboration, ESA Planck
website (http://sci.esa.int/planck/51557-planck-new-cosmic-recipe/)

A Universe with this mass density is flat and stops its expansion of space after an infinite time
has elapsed if there is no cosmological constant. A can still lead to an accelerated expansion.
The ratio between the actual density of the Universe and the critical density is the cosmo-
logical parameter Q = p/p.. It describes the overall geometry of space. If Q =1 then the
geometry of the Universe is flat and infinite. If the density is higher, the Universe is positively
curved and closed. If the density is lower than the critical density, the Universe is negatively
curved and open.

The findings of the last decades in theory and observations led to today’s standard cosmo-
logical model which is called A cold dark matter (ACDM) model. It describes a Universe
containing cold dark matter governed by the cosmological constant A. Q is supposed to con-
sist of different components from baryons, cold dark matter and dark energy in the Universe
whereas the geometry of space is measured to be nearly flat. The ACDM model parametrizes
the Universe with six cosmological parameters, namely the physical densities of baryons Q,h?
and cold dark matter Q.h* and the scalar spectral index ng, which describes how the density
perturbations vary with scale. Another parameter is the Thomson scattering optical depth 7
from reionization, which damps the temperature fluctuations of the CMB radiation and polar-
izes the CMB depending on its value. The acoustic scale 6 characterizes the angular size of the
fluctuations in the CMB and is determined by the comoving sound horizon at the time of last-
scattering and the angular diameter distance Da at which we are observing the fluctuations. It
helps determining the dark energy density. The last parameter is the log power of the primor-
dial curvature perturbations 1n(1010 As) with the amplitude parameter Ag. The six parameters
are estimated to be Qph? = 0.02207 £0.00027, Q.4 = 0.11984+0.0026, ngs = 0.9585 +0.0070,
T=0.09170913 1006yc = 1.04132 +0.00063 and In(10'0 Ag) = 3.090 & 0.025, respectively (68%
errors) (Planck+WP+highLl, Planck Collaboration et al. 2014¢). According to this model
and the latest observations, we expect the Universe to be composed of 68.6% dark energy,
26.8% dark matter and 4.9% baryonic matter. These values have slightly changed compared
with the WMAP data as can be seen in Figure 1.1. The value of the Hubble constant is
Ho = 67.3+ 1.2km*s~ ! «Mpc~!, the quadratic mean fluctuation in total matter in 8 A~ 'Mpc
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Figure 1.2: An illustration of the history of the Universe. Source: C. Carreau and ESA, ESA
Planck website (http://sci.esa.int/planck/51560-the-history-of-structure-formation-in-the-Universe/)

spheres at z = 0 is 03 = 0.828 0.012, and the reionization redshift is z,c = 11.1 £ 1.1. The age
of the Universe is 13.813+£0.047 Gyr (Planck Collaboration et al. 2014¢).

The ACDM model is completed by the model for cosmic inflation and comprises the
idea of an initial singularity called the Big Bang. The observation of the CMB temperature
anisotropies and its black body spectrum together with the determination of the abundance
of hydrogen, deuterium, helium and lithium, large-scale structure measurements of the Uni-
verse and supernova Type Ia light curves for galaxy distance measurements smoothed the way
to precision cosmology and confirmed the standard cosmological model in many aspects as
predicted quantum fluctuations, primordial nucleosynthesis, structure formation and redshift
space expansion. However, alternative models do exist and many open questions remain (for a
review see e.g. Bennett 2006): What is the nature of non-baryonic dark matter? Did inflation
happen and then how? What is causing the current apparent acceleration of the Universe?
Although the precise measurements of the CMB provide so strong evidence for the proposed
theory of inflation, the inflationary model remains a paradigm. Many details detected in the
CMB maps even contradict standard inflation which will be discussed in Chapter

1.1.2 Cosmological inflation and evolution

The numbers of this section are taken from Liddle (2003).
The Big Bang theory states that at its beginning the Universe was hot and dense, and
has expanded from an initial singularity and adiabatically cooled ever since. As illustrated
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in Figure , its content and properties evolved over time from tiny fluctuations to a rich
variety of cosmic structure. However, a short epoch of accelerated expansion called inflation
may have played an important role in the evolution of the very early Universe. Inflation can
well explain how the physics of the early Universe led to the observed Universe today. During
this period, the scale factor of the Universe was accelerating (i(z) > 0) and the overall energy
density of the Universe was first dominated by an energy of yet unknown nature with negative
pressure p. Specifically predicted by Guth (1981), the spacetime of the very early Universe
underwent a rapid, almost exponential expansion by a factor of 10 to 10°°, finished at 10732
seconds after the Big Bang. The inflationary Universe is well described by a (quasi) de Sitter
Universe, named after Willem de Sitter, which is a cosmological solution to Einstein’s field
equations. It models the Universe as spatially flat and neglects ordinary matter. The dynamics
of the Universe are dominated by a positive cosmological constant. Current observations of
the accelerating Universe suggest that the Universe is best described as an almost de Sitter
Universe also far into the future.

Guth’s old inflation was soon replaced by a new inflation of Albrecht & Steinhardt (1982)
and Linde (1982) solving the bubble collision problem. In this so called slow-roll model,
inflation occurred when one or more scalar fields slowly rolled down their potential hill. The
total vacuum energy of the Universe strongly depends on the potential and kinetic energies of
the scalar fields. The standard single field slow-roll model assumes a scalar field ¢ known
as the inflaton, which in the beginning took a value at which the potential V(¢) was large
but quite flat, as illustrated in Figure 1.3. The Universe must have been in a state of false
vacuum meaning that it was at very high energies and was not able to rapidly lower this state.
The inflaton field then slowly rolled down the potential hill and the Universe reached a state
of true vacuum which corresponds to the ordinary vacuum of empty space. A false vacuum
has the peculiar property of generating a negative pressure that led to the rapid expansion of
space in the very early Universe due to the generation of a repulsive gravitational field. While
the Universe was exponentially expanding the inflaton field reached a global minimum and its
kinetic energy began to dominate the potential energy. The inflationary phase of the Universe
ended and the scalar field was oscillating around that minimum. According to quantum field
theory the field must then have decayed into radiation and matter particles which were able to
reheat the cooled down Universe. Kofman et al. (1994) and others found that the oscillations
would have driven resonances of ¢ interacting with other quantum fields. A large number of
particles would have been created very quickly within specific energy bands corresponding to
the frequency of the oscillations and its higher harmonics (Guth ¢ Kaiser 2005). These yet
undetected fundamental particles form a testable prediction of inflation and would have to be
included into the models for particle physics. Quantum field theories of spontaneous symmetry
breaking in particle physics are just as well theories that describe negative pressures.

Single field slow-roll inflation produces an almost perfect Gaussian distribution of adia-
batic density perturbations. Adiabatic fluctuations are present from the beginning and
perturb both, the matter and the radiation components with the same fraction of over- and
underdensities. Theory says that each perturbation originated as a quantum fluctuation of
identical amplitude. The size of the perturbation depends on the time of its occurrence dur-
ing the inflationary period. The size increases with time, though the power remains identical
for each fluctuation. The perturbations are therefore characterized as scale-invariant regarding
their power. Inflationary cosmology provides an explanation for initial quantum fluctuations to
grow into macroscopic scalar density perturbations and tensor gravitational wave perturbations
(Starobinsky 1980; Mukhanov & Chibisov 1981). According to standard inflation, adiabatic
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Figure 1.3: The potential of the inflaton in single field slow-roll inflation. It shows the dynamics
of the scalar field during inflation. During the flat part of the potential, the Universe expands
exponentially. When the field reaches the minimum, the field oscillates and decays. Source:
Yadav € Wandelt (2010)

Gaussian fluctuations with an almost scale-invariant power spectrum are the primordial seeds
for subsequent structure formation. Over time, the initial seeds accumulated more and more
mass building even stronger overdensities from which first stars and finally galaxy clusters and
large-scale structures have formed. The primordial perturbations are still reflected today in
the all-sky CMB radiation as temperature anisotropies with tiny amplitudes. For details see
e.g. Liddle & Lyth (2000).

It was Guth who already understood that the theory of inflation would also solve the
flatness problem, one of the big problems in cosmology. If inflation did not happen at
all, the matter-energy density of the Universe must have been extremely well fine-tuned at
its beginning to evolve into the exact critical value for an almost flat Universe which we
observe today, which is described by Qiot = 1. Observations of Type Ia supernova redshift-
to-distance relations (samples by Conley et al. 2011; Suzuki et al. 2012) and gravitational
lensing (from Planck data, Planck Collaboration et al. 2014f) plus polarization information
(from WMAP data, Bennett et al. 2013) in CMB data completed by BAO measurements (6dF
Galaxy Survey: Beutler et al. 2011, BOSS DR9: Anderson et al. 2012, SDSS DR7: Percival
et al. 2010; Padmanabhan et al. 2012) are consistent with a vanishing curvature parameter Qg
(Planck Collaboration et al. 2014¢). A flat geometry in the Universe is in general instable. A
marginal deviation from flatness in the early Universe would have led to a strong curvature in
the present Universe. However, it can be shown in the Friedmann equation that inflation with
d(t) > 0 brings Qo very close to 1.

Furthermore, the inflationary scenario was able to solve another big observational problem
known as the horizon problem. Natural constraints of the Universe make it very difficult
to explain the high degree of homogeneity and isotropy or at least of causal connection of
different directions in the CMB radiation without inflation. Since the Universe has a finite age
and the speed of light is very likely finite and constant, particles with a certain distance to
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each other can only be in causal contact if the time is long enough for the information to be
exchanged. The problem is that the Universe is in a way too big for its age, meaning that a
spot in the sky is so far away from a spot in the opposite direction that light could not have
traveled between these two spots during the lifetime of the Universe. The maximum distance
that light has traveled since some point in the past until the finite time ¢ is described by the
comoving horizon. The horizon of the surface of last scattering at z; ~ 1100, where the CMB
was emitted, covers a distance of only = 1.6° on the sky today for example, which is quite small
(Weinberg 2008). We can on principle not find any other physical influence after the time of
last scattering, and even well before that time, that could have brought different regions of the
CMB sky into causal contact. The CMB photons must have been in thermal equilibrium
before the CMB was emitted to reach homogeneity and isotropy. A reasonable explanation
for the causal connection of different CMB regions in the sky stems from inflationary theory.
The idea is that a tiny patch of the early Universe had enough time to homogenize and was
then inflated to an even bigger Cosmos than our observable Universe today. Inflation can thus
explain why the more than 13 billion light years distant CMB patch in one direction is in
causal contact with another CMB patch in the opposite direction. Alternatively, Albrecht ¢
Magueijo (1999) suggest a time varying speed of light as a solution to this cosmological puzzle.

Models in particle physics or quantum field theory, respectively, that unify the electromag-
netic, weak, and strong interactions at very high energies are called grand unified theories
(GUTSs). They predict the existence of a larger number of elementary particles called magnetic
monopoles that must have occurred after gauge symmetry breaking of the GUT’s symmetry
group. Despite an extensive search with huge experiments no magnetic monopole has been
observed until today. In the case there simply was no gauge group to be spontaneously bro-
ken, the monopole paradox would be solved without the need for inflation. However, if the
GUTs are true, inflation could solve this issue of the missing monopoles. Theories of cosmic
inflation reduce the predicted number of magnetic monopoles by either extending the horizon
or reducing the monopole to photon ratio to a density which is so small that unsurprisingly
we just have not found one yet.

The inflationary scenario suffers from conceptual problems (see e.g. Brandenberger 2012).
The predicted inflaton field particles have not been found yet. Theoretical expectations from
particle physics for the cosmological constant A exceed observational limits by some 120 orders
of magnitude. This is a problem known as the cosmological constant problem. Some
supersymmetric theories even require a cosmological constant A that is exactly zero which
makes it even more difficult. For a review see e.g. Martin (2012). How can inflation be
combined with the standard model for particles physics anyway? Furthermore, inflation still
suffers from a fine-tuning problem obtaining the correct amplitude of the perturbations.
The origin of the fluctuations has to be explained on very small length scales at very high
energies. KEinstein gravity and quantum field theory are not sufficient here anymore. We do
not yet understand the physics on these trans-Planckian scales and a new theory of quantum
gravity is needed. Chances are that the current results are insensitive to events on the very
small length scales. The very high energy scale during the period of inflation of about 10
GeV might necessitate correction terms for matter and gravity dependencies. A theoretical
approach for these very high energy scales is string theory. The initial singularity also needs
to fit to inflation. How this is achieved is not clear either. It is also unclear how exactly
inflation has finished, a problem which is referred to as the exit problem. A phase transition
must have released the potential energy of the inflation field. Amongst other models quantum
gravity, string theory, supersymmetry and GUTs can shed light on these problems.
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After inflation had ended, the inflaton scalar field that was driving it began to oscillate.
These oscillations are thought to have led to the decay of the inflaton via matter and radiation
production and eventually to a reheating of the Universe (Khlebnikov ¢ Tkachev 1996). The
Universe was now radiation dominated, in thermal equilibrium, slowly expanding and cooling.
At the very early stages, when the Universe was up to 10> K hot (the Universe was even
hotter before, but standard physics fails to explain the processes during these times), it con-
sisted of free elementary particles such as leptons, quarks, gauge bosons and cold dark matter
particles which were interacting with each other. The fundamental fermions were both mat-
ter (quarks, leptons) and antimatter (antiquarks, antileptons) particles. The highly energetic
bosons were creating matter-antimatter pairs by pair production which was in equilibrium
with the recombination of these particles. When the cooling Universe reached certain energy
scales, particles, depending on their individual masses, were frozen-out of the pair-production
processes. They became stable and for some reason there was a slight excess of matter particles
over anti-matter particles. This made matter dominant over antimatter in today’s Universe.
The two main interpretations for this matter-antimatter inequality are that either the
Universe started with a small preference for matter or it was originally perfectly symmetric,
but somehow physical processes contributed to a small imbalance in favor of matter over time
(Sakharov 1991).

Quarks combined to form baryons as protons and neutrons before the end of the first
second of the Universe. The predicted cold dark matter particles were almost not interacting
with other particles anymore. When the temperature had dropped below 10° K protons
and neutrons combined to form light nuclei. After only 15 minutes, most of the hydrogen,
deuterium, helium and lithium nuclei (H, H?, He®, He*, Li’) of the Universe had been formed.
At later stages, the Universe became too cold and its density was too low for more particles
to form. 50000 years after the Big Bang, matter started to dominate radiation, and the nuclei
combined with the electrons in a period called recombination at a temperature of about 3000
K at z~ 1100 to form the first atoms and neutralize the Universe. Due to the expansion of space
and the related cooling process the photons lost energy and were no longer able to ionize the
forming atoms. Thereupon, the photons were no longer Thomson scattered at the free electrons
and gained a longer mean free path length. Recombination did not happen instantaneously
but over a certain time range during which the photons decoupled from matter and became the
CMB photons we observe today. Since photons and matter had been in thermal equilibrium
before recombination the photons still follow a thermal black body spectrum today. The young
Universe changed from opaque to transparent during recombination. This period was followed
by the dark ages, where the only light source was the cooling CMB radiation and the 21
cm spin line of neutral hydrogen. After that, first stars and quasars formed and reionized
the Universe. Large volumes of matter collapsed to form galaxies and then groups, clusters
and superclusters of galaxies. Today, dark energy is meant to dominate both radiation and
matter as their densities have fallen due to the expansion of space.

1.1.3 Anisotropies of the microwave sky

Details on the physics of the cosmic microwave anisotropies can e.g. be found on the website
created by Prof. Wayne Hu" and in a review by Durrer (2001).

As stated in Chapter , at za 1100 the young Universe reached a point when radiation
decoupled from matter. The photons emitted at that time are observed as the CMB photons
today stemming from a sphere which is almost as big as the size of the observable Universe and

2http://background.uchicago.edu/
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is centered on our current location. Since matter and radiation were in thermal equilibrium
in the early Universe, the CMB photons follow a perfect thermal black body spectrum of a
temperature of 7 = 3000 K at the time of emission. Due to the expansion of space the black
body spectrum evolved into a black body spectrum of 2.72548 (4+0.00057) K today (Fixsen
2009), which peaks in the microwave frequency range. The mean temperature can be seen as
the CMB monopole at the multipole £ = 0.

The solar system’s peculiar motion relative to the rest frame of the CMB generates the
strongest temperature anisotropy on the sky, the dipole anisotropy at £ =1 which has been
well measured for more than 30 years. Its amplitude of T =3.35540.008 mK implies a peculiar
velocity of v = (369 £0.9)km s~! into the direction of (I,h) = (263°.99 4 0°.14,48°.26 & 0°.03)
(Kogut et al. 1993; Fixsen et al. 1996; Hinshaw et al. 2009; Planck Collaboration et al. 2014k).
The dipole anisotropy stands apart from the rest of the CMB signal due to its large amplitude.
For the purposes of CMB anisotropy studies, monopole and dipole contributions are removed
from the maps.

At the higher multipoles, the CMB provides a snapshot of the Universe at the time of last
scattering. The primordial density fluctuations and the successive physical effects (their con-
tributions to the power spectrum are shown in Figure 1.1) have influenced the photon-baryon
plasma before recombination and the CMB photons directly at the time of last scattering.
These effects have determined the CMB temperature anisotropies and led to a wiggling angu-
lar power spectrum. The statistical properties of the CMB depend on the initial fluctuations.
The CMB photons enable the extraction of the cosmological parameters and give the best
insight into the early Universe so far. Almost no direct information from before recombination
can reach us, except for an expected neutrino background and gravitational waves which are
predicted by inflationary models. Analyzing the early stages of the Universe, studies of the
21 cm spin line of neutral hydrogen also play an important role. In the following, I shortly
introduce the physical effects that affect the properties of the CMB.

The CMB anisotropies are described by a gauge invariant perturbation theory (Bardeen
1980; Kodama ¢ Sasaki 1984). The general mechanism that produces primordial perturba-
tions generates scalar, vector, and tensor modes. However, the vector modes decay with the
expansion of the Universe. The CMB temperature is a scalar function whereas gravitation is
a tensor interaction. Tensors also decay when they enter the horizon and therefore only con-
tribute to angular scales larger than the horizon scale of 1°. This means that the low ¢ signal
of the CMB could contain gravity wave contributions, which can explicitly be distinguished
using polarization information.

The primordial perturbations cause the first potential hills and wells in the dark matter
distribution of the primordial plasma. The baryon-photon fluid is oscillating in the potential
wells of dark matter but the dark matter particles are not directly coupled to the photons and
baryons. The free electrons in the hot plasma act as glue between photons and baryons. Before
the time of recombination the photons are Thomson scattered at the free electrons while the
electrons interact with the baryons via Coulomb forces. The interactions are sufficiently rapid
so that the photon-baryon system behaves as a tightly coupled fluid. The mean free path of
the photons is tiny. After recombination baryons are let go from the photons and fall into the
potential wells of dark matter. The radiation is free-steaming from then on.

The initial density perturbations are turned into temperature anisotropies by the (non-
integrated) Sachs-Wolfe effect (Sachs ¢ Wolfe 1967) occurring at the surface of last scatter-
ing which describes the gravitational redshift of the CMB photons: Photons originating from an
overdense region are redshifted from climbing out of the potential well, and likewise blueshifted
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Figure 1.4: Contributions to the power spectrum from various physical processes in logarithmic
multipole scale ¢. Source: Hu et al. (1997)

from an underdense region. The fluctuations on the largest angular scales (¢ < 100) do not
enter the horizon before recombination and hence the CMB anisotropies at ¢ < 100 directly
reflect the initial conditions. In Figure the Sachs-Wolfe plateau of the green curve hints
at a scale-invariant nature of the primordial perturbations, in accordance with the standard
inflationary model.

Fluctuations in the early Universe evolve further until the time of recombination based
on the interaction between the gravitational attraction tending to collapse overdense regions
and the photon pressure resisting that compression. This drives acoustic wave oscillations
of diverse but synchronized modes to compress and rarefy the hot plasma. The frequency is
determined by the sound speed of the primordial fluid. After the Universe has cooled enough
to allow the formation of neutral atoms, the pattern of density variations caused by the sound
waves is frozen into the CMB and can be seen in the harmonic series of peaks in the CMB power
spectrum. Oscillations that reach maximal compression just in a dark matter potential well
and maximal rarefaction on hill top for the first time at the time of recombination lead to the
first acoustic peak. Their overtones have modes that are integer fractions of the fundamental
wavelength. Oscillating two, three or more times as quickly as the fundamental wave, these
overtones cause smaller regions of space to reach maximum displacement from a mean density
at recombination. The angular position of the peaks is a sensitive probe of the spatial curvature
of the Universe.

Recombination does not happen instantaneously, rather the last scattering surface has
a finite thickness. This leads to a damping process of the anisotropies at the highest £
(£ 2 1000) which corresponds to angular scales smaller than the surface thickness. Furthermore,
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the coupling between the photons and baryons is imperfect. The diffusion between the two
components will decrease the amplitudes of the oscillations with time. This is referred to as
diffusion or silk damping (Silk 1968). The damping tail cuts off the anisotropies at multipoles
above £ ~ 2000, and makes smaller scale fluctuations inaccessible.

The baryons in the plasma increase the effective mass of the fluid which leads to greater
compression in the potential wells during gravitational infall or so-called baryon drag, hence
to a change of the absolute values of the maxima and minima temperature fluctuations. Modes
that reach maximal compression within a potential well are enhanced over modes with maximal
rarefaction within such wells which causes an alternation in the odd and even peak heights.
The ratio of odd to even acoustic peaks therefore holds information regarding the ratio of
baryons to dark matter.

The line-of-sight motion of the photons relative to the observer causes the Doppler peaks
in the power spectrum. This component is out of phase with the Sachs-Wolfe component of
the acoustic peaks since the fluid oscillates 90 degrees out of phases with the temperature.
This doppler contribution is shown by the red dotted curve in Figure 1.4. The conversion from
physical scale into angular scale depends on the curvature of the Universe and the distance
of the observer to the last scattering surface. A fixed physical scale at last scattering is the
sound horizon determined by the acoustic features of the CMB. The spacing between the peaks
provides a good test of the curvature. However, the diffusion damping scale provides a further
model-independent test.

The CMB radiation shows a residual polarization that complements the information we get
from the temperature anisotropies. By providing directional information on the sky, the po-
larization pattern carries additional information about the very early Universe and the origin
of structure. It provides a strong test of our inflationary paradigm by enabling a consistency
check on our interpretation of acoustic peaks in the power spectrum, since shape and ampli-
tude in the polarization acoustic peaks can be precisely predicted from the temperature peaks
under the standard theory. Furthermore, primordial gravitational waves that are predicted for
inflation cause specific polarization patterns that could be detected with today’s experiments.
The primordial polarization of the CMB radiation is generated by scattering processes at the
last-scattering surface and is then influenced by the first stars during the reionization epoch of
the Universe. The CMB is first polarized by Thomson scattering at free electrons during the
time of decoupling. A linear net polarization arises when radiation with different intensities
from different directions meets at the scattering electron. The polarization pattern of the CMB
is therefore a projection of the quadrupole anisotropies. These quadrupole anisotropies can
be caused by density fluctuations, a vorticity in the primordial plasma or gravitational waves.
The individual contributions can be distinguished by the symmetry properties of the polar-
ization pattern. The movement of the photons due to streaming and diffusion effects of the
temperature perturbations produces a symmetric quadrupole moment. Vorticity vector per-
turbations are predicted to be negligible at recombination. Passing gravitational waves cause
an anisotropic stretching of space and herewith change the frequency of the CMB photons.
This quadrupolar variation is not symmetric and causes a curly handedness in the polarization
pattern. The polarization pattern is described by the Stokes parameters Q and U or by its E-
and B-modes. Density perturbations only produce E-mode polarization. Gravitational waves
generate both modes. The B-mode component caused by gravitational wave anisotropies is
very small and its detection and interpretation therefore requires a detailed understanding
of foregrounds and secondary effects as for example gravitational lensing that can also cause
B-mode contributions. However, Hanson et al. (2013) have claimed the first detection of grav-
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itational lensing B-modes, using first-season data from the polarization-sensitive receiver on
the South Pole Telescope. The BICEP2 collaboration reported first results on their search for
a gravitational wave signal in the B-mode power spectrum of the CMB (Ade et al. 2014) that
pointed to a detection of a gravitational wave signal. But they have stated that further ex-
perimental results, as for example those from the Planck experiment, are necessary to account
for polarized foreground dust contributions to the B-mode signal. Colley & Gott (2015) have
studied the genus topology of the B-modes of the BICEP2 experiment in an independent study
and also think of a gravity wave signal. A combined study of BICEP2/Keck Array and Planck
data has detected lensing B-modes with a very high significance but no contribution of grav-
ity waves yet (BICEP2/Keck and Planck Collaborations et al. 2015). Upcoming Planck data
releases on CMB polarization in 2015/2016 will provide further insight into the polarization
properties of the CMB, and therefore will give more information about both, structure forma-
tion and the inflationary epoch. The theory of the cosmic microwave background polarization
is, for example, described in Cabella ¢ Kamionkowski (2004).

Intervening effects between the time of recombination and today contribute to the measured
CMB signal and alter the primary anisotropies. The secondary anisotropies are caused by
several different known physical processes modifying the CMB temperature fluctuations. As
described by Wayne Hu, the effects basically divide into two categories namely gravitational
effects from metric distortions and rescattering effects from reionization. The integrated
Sachs-Wolfe effect (ISW) causes a net redshift or blueshift for CMB photons traversing
time-varying gravitational potentials. If the depth of the potential well changes as the photon
crosses it, the blueshift from falling in and the redshift from climbing out no longer cancel. In
addition, the wavelengths of the photons are stretched and contracted with spacetime which
amplifies the effect described above. The ISW effect can be separated into two contributions,
the early-time and late-time ISW. The early ISW effect arises right after the non-integrated
SW effect at last-scattering, when radiation pressure still makes the potentials decay. The late
ISW effect arises at the end of matter domination when the cosmological constant starts
to govern the cosmological expansion. Once fluctuations enter the nonlinear regime and the
decaying potential wells and hills have become large-scale structure superclusters and voids, the
full (linear and nonlinear) late-time ISW effect is described by the Rees-Sciama effect (Rees
£ Sciama 1968). Gravitational lensing of the CMB by intervening large-scale structure
slightly decreases the amplitude of CMB acoustic peaks, and tends to redistribute some of the
CMB power towards smaller scales.

After recombination the Universe underwent a phase of reionization until z ~ 5 which was
detected by the observation of absent Gunn-Peterson troughs in quasars. The free high-
energy electrons, mostly present in galaxy clusters, distort the CMB photons through inverse
Compton scattering. This so-called Sunyaev-Zel’dovich effect (SZ effect) (Sunyaev & Zel-
dovich 1972), predicted by Rashid Sunyaev and Yakov Zel’dovich, can be divided into thermal
and kinematic effects, depending on the energy properties of the electrons. The kinematic
effect, where CMB photons interact with electrons that have high energies due to their bulk
motion is also called Ostriker-Vishniac effect (Ostriker ¢ Vishniac 1986). The topological
inhomogeneity of a patchy reionization causes further effects on the polarization (Doré et al.
2007) and temperature anisotropies (Santos et al. 2003). Also, discrete sources and the Galac-
tic ISM generate an extensive foreground of synchrotron radiation, free-free radiation
and/or thermal dust emission. It is one of the major concerns in CMB anisotropy analysis
to determine correctly the fraction of the foreground contamination to the observed signal.
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1.1.4 Inflationary models and alternative scenarios

Trying to describe the beginning of the Universe, inflationary models generically predict dis-
tinct features for our Cosmos as presented in e.g. Guth ¢ Kaiser (2005). The features of the
inflationary models are currently tested by a new generation of high-precision astronomical ex-
periments as the CMB satellite missions. Inflation has passed more and more stringent tests,
but over decades now theoreticians explore its meaning and its implications. Such as what has
been there before the inflationary epoch, how did inflation end, how do the characteristics of
inflation agree with the structure of spacetime and matter, and, last but not least, with the
statistics of the primordial density fluctuations studied in this work.

One of the generic predictions from the simplest inflationary single field slow-roll model
is that the primordial fluctuations are adiabatic and exactly Gaussian in linear order. Weak
gravitational interactions of the inflaton potential cause nonlinearities that can in principle
be detected as weak non-Gaussianity. The current CMB or large-scale experiments are not
sensitive enough thought to detect these weak nonlinearities (KKomatsu & Spergel 2001; Ac-
quaviva et al. 2003; Maldacena 2003; Planck Collaboration et al. 2014h4). Interestingly, several
tests have identified strong anomalies and/or deviations from Gaussianity in the primordial
perturbations and hence suggest a violation of standard inflation. The detection of primordial
non-Gaussianity (NG) provides a powerful means to study the nonlinear physics of the very
early Universe at extremely high energy scales. Measuring the amplitude, shape and scale
dependence of NG will help to distinguish between various inflationary scenarios with the ul-
timate goal to constrain the shape of the potential and/or the dynamics of the inflaton field(s)
and their possible (self-)interactions (for a review see e.g. Komatsu 2010). Even alternative
models without a need for an inflationary phase are discussed in cosmology and would bene-
fit from a quantitative and qualitative measurement of non-Gaussianity (for a review see e.g.
Brandenberger 2013). In Chapter , I have given a short summary of the standard single
field slow-roll inflationary scenario which predicts nearly Gaussian fluctuations. Here, 1 will
introduce a few models from a variety of examples that predict deviations from Gaussianity.
Single-field inflation means those inflationary models in which one field is solely responsible
for the accelerated expansion and the creation of density perturbations. In general, density
perturbations can either be adiabatic (as described in Chapter ) or in isocurvature mode.
Isocurvature perturbations would arise from stresses in the matter distribution and are more
likely to be found with multiple-field inflationary models by the vacuum fluctuation of a field
other than the inflaton. Multiple-field inflation refers to inflationary models in which multi-
ple fields interact with each other (e.g. Wands 2007). Isocurvature perturbations can lead to
non-Gaussian fluctuations in the early Universe (e.g. Linde ¢ Mukhanov 1997).

Inflationary models that involve additional fields different from the inflaton can generate a
high level of NG of the local type, e.g. curvaton-type models, where the late-time decay of
a scalar field induces curvature perturbations (Linde ¢ Mukhanov 1997; Moroi ¢ Takahashi
2001; Lyth et al. 2003), and two-field (Vernizzi & Wands 2006) or multiple-field models
(Bernardeau & Uzan 2002; Bartolo et al. 2002). For a review see e.g. Byrnes & Choi (2010).

Models in which the Lagrangian is a general function of the inflaton ¢ and of powers of its
first derivative, even in absence of any potential energy term, can kinetically drive inflationary
evolution of the same type as the usually considered potential driven inflation. These models
are called k(inetical)-inflation (Armendariz-Picon et al. 1999; Garriga ¢ Mukhanov 1999)
and can lead to scale-dependent NGs, if the sound speed varies during inflation (Chen et al.
2007).
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Brane inflation (Dvali & Tye 1999) is a widespread idea to construct inflationary models
in string theory. Its dynamics can be described by the Dirac-Born-Infeld action leading to DBI
inflationary models (Alishahiha et al. 2004; Silverstein ¢ Tong 2004; Chen 2005a,b). These
string theory models give rise to equilateral NG with a natural scale dependence (e.g. Lo Verde
et al. 2008). Also ghost inflation (Arkani-Hamed et al. 2004) predicts equilateral NG and
features an alternative way of having de Sitter phases in the early Universe differing from the
cosmological constant explanation. Warm inflation (Berera 2006) occurs when there is a
significant amount of particle production during the inflationary era and predicts local NG in
the squeezed limit (Moss ¢ Xiong 2007).

Another important alternative to the inflationary paradigm is the striking ekpyrotic Uni-
verse (I[Khoury et al. 2001), motivated by superstring theory. It predicts that the Big Bang
Universe was produced by the collision of two brane worlds. For a review see Lehners (2010).
Superstring theory promises to synthesize general relativity with the other fundamental forces
of nature. The ekpyrotic model addresses the cosmological horizon, flatness and monopole
problems and generates a nearly scale-invariant spectrum of density perturbations without the
need for inflation. It relies on a phase of slow contraction before the Big Bang, called ekpyro-
sis, in which isocurvature perturbations are converted into curvature perturbations. Khoury
et al. (2001) predict a strongly blue gravitational wave spectrum implying consequences for
CMB polarization. Ekpyrotic cosmology predicts local NG. Through a shape dependence of
the correlation functions and the strength of detected NG, the model is distinguishable from
other alternative scenarios that can yield large non-Gaussianitiy, such as DBI inflation and
curvatonlike models (Buchbinder et al. 2008; Lehners ¢ Steinhardt 2008). It is complemented
by the cyclic model (Steinhardt ¢ Turok 2002a,b) in which the Universe undergoes a peri-
odic sequence of expansion and contraction. Each cycle begins with a Big Bang and ends in a
Big Crunch.

The pre-Big Bang scenario in string cosmology (Gasperini ¢ Veneziano 1993, 2003)
represents an alternative to the classical initial Big Bang singularity scenario. It is an attempt
to derive the standard FLRW cosmology from a fundamental theory of quantum gravity. Fn-
qvist & Sloth (2002) consider the emergence of adiabatic CMB perturbations in this scenario.
A problem with this model is the transition phase between pre- and post-Big Bang times.
Vernizzi et al. (2001) state that this model generates non-Gaussian perturbations.

Brandenberger (2013) notes that any theory which yields an approximately scale-invariant
spectrum of adiabatic primordial fluctuations is an alternative to the standard inflationary
paradigm. He introduces two examples, namely the emergent Universe paradigm (Ellis
£ Maartens 2004) and the bouncing scenario (Wands 1999; Finelli & Brandenberger 2002;
Novello ¢ Bergliaffa 2008), that both avoid an initial singularity. The emergent scenario de-
scribes a cosmology with positive curvature, that originates as an Einstein static Universe
and is inflating and later reheating into a hot Big Bang era. These two cosmologies neither
have a beginning-of-time nor a horizon problem. If the initial radius is chosen to be above
the Planck scale, then they also have no quantum gravity era, and are described by classical
general relativity throughout their history. It is so far unknown whether these models can
naturally produce non-Gaussianities. The bouncing scenario involves a single scalar field cou-
pled to gravity and a contracting phase which is smoothly connected at some high density
to the expanding phase of standard cosmology. New physics is required to obtain a smooth
transition from contraction to expansion. Li et al. (2012) claim that the discrete spacetime
geometry in loop quantum cosmology scenarios predicts a nonsingular bouncing universe that
could generate non-Gaussian features. For an overview on supersymmetry and supergravity in
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cosmology please refer to Feng (2005).

Einstein’s theory of general relativity is a theory of geometry but does not directly predict
homogeneity, isotropy or any global topology. Perhaps the Universe has no trivial topology.
It is possible that it is neither isotropic nor homogeneous. The power asymmetry, observed in
CMB data (described in Chapter ), could indicate a preferred direction in the Universe
which is either inherited from some pre-inflationary state or might be generated spontaneously
during inflation (e.g. Wands 2009). Gordon (2007) and Erickeek et al. (2008) argue that such
a power asymmetry could be produced in curvaton-like models. However, the assumption of
homogeneity simplifies the Einstein field equations. A set of homogeneous three-dimensional
geometries was completely classified by Bianchi (1898) and led to the cosmological Bianchi
models for a homogeneous and anisotropic 3+1 spacetime. If isotropy is assumed in addi-
tion, just two integrable equations of the EFEs remain and their solution gives the FLRW
cosmological models as special cases of the Bianchi models of type I and VIIj (flat space), V
and VII; (open space) and IX (closed space)(Barrow ¢ Sonoda 1986) (see also Chapter ).
The Bianchi models VIIj, VIIj and IX are the most general solutions for a homogeneous and
anisotropic Universe (Kogut et al. 1997). The Bianchi type VII; model contains the Bianchi I,
V, and VIIj models in the appropriate limits. The metric anisotropy in these models is char-
acterized by a vorticity and shear of space. In the Bianchi model of type VII; the combined
effect of vorticity and shear introduces a swirly pattern into the density field. The geodesics
are caused to spiral due to an intrinsic handedness which leads to a rotating Universe. Fol-
lowing Barrow et al. (1985), Bunn et al. (1996) and Kogut et al. (1997), it is necessary to
study general models of rotating Universes especially in the framework of certain types of
Bianchi models, such as type V, VII, and IX. It is under current debate whether detected
large-scale CMB anomalies such as the suppression of the quadrupole and the alignment of
some multipoles originate in a rotation of the Universe. It has been shown that the subtraction
of Bianchi type VII;, templates from CMB maps, as illustrated in Figure for the Planck
SMICA map, can significantly reduce some of the detected large-scale CMB anomalies (e.g.
Jaffe et al. 2005; McEwen et al. 2006; Jaffe et al. 2006a; McEwen et al. 2013). The authors
have tried to place limits on the global rotation and shear of the Universe and concluded that
the large-scale anisotropy is described at least in part by a low-density Bianchi model. Known
phase correlations in WMAP and Planck data are also diminished by subtracting Bianchi
templates from the maps, as shown in Chapter 6 (Modest et al. 2014).

1.2 Observations

1.2.1 CMB data products from WMAP and Planck

On November 18th in 1989 the National Aeronautics and Space Administration (NASA)
launched the Cosmic Microwave Background Explorer (COBE) satellite in order to observe the
predicted density anisotropies of the Universe in the CMB temperature distribution of the full
sky with an angular spatial resolution of 10°. As a consequence of the successful detection of
temperature anisotropies in the COBE-DMR (Differential Microwave Radiometer) data (Smoot
et al. 1992) Nasa launched a follow-up mission, called the Wilkinson Microwave Anisotropy
Probe (WMAP) satellite’ on June 30th, 2001. WMAP orbited the Sun-Earth Lagrange
point L2 at a distance of 1.5 million kilometers from Earth before it finished its observations
in 2010 and left L2 for a parking position in orbit. The observatory contained 20 different ra-
diometers that translated the CMB signal which was observed by a dual Gregorian telescope

Shttp://map.gsfc.nasa.gov/mission/observatory.html
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Figure 1.5: Subtracting a best fit Bianchi type VII;, template (middle) from the Planck SMICA
map (top) reduces some of the large-scale anomalies of the SMICA map in the resulting map
(bottom). The SMICA map shows remaining Galaxy bias.
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Figure 1.6: The scanning strategy of WMAP. Source: Nasa and the WMAP Collaboration,
NASA WMAP website (http://map.gsfc.nasa.gov/mission/observatory_scan.html).

into temperature values. They were constructed as so-called pseudo-correlation-radiometers,
each from two back-to-back radiometers roughly 140° apart that ignored the signal that was
identical for both radiometers. These radiometers measured the temperature difference be-
tween two opposite points in the sky at a time ¢, which resulted in time-ordered CMB data.
Passive radiator sunscreens cooled down the instruments to 95 K. Solar panels and diffraction
shields limited the diffraction signal from sun, earth and moon to less than 0.5uK. For years,
WMAP was able to measure the entire sky every six months. Its angular resolution of 0.3°
was 33 times higher compared to COBE, providing a much greater sensitivity to the angular
power spectrum. In October 2013, the final WMAP data was released after nine years of
observation (Bennett et al. 2013). Foreground signals (milky way, extra-Galactic sources, etc.)
are distinguishable from the CMB anisotropy by differing spectra and spatial distributions.
Therefore, multiple frequency coverage is needed to reliably separate the Galactic foreground
signal from the CMB anisotropy: WMAP has observed with five frequency bands with center
frequencies of 23, 33, 4, 61 and 93 GHz in the K, Ka, Q, V and W band, respectively. The
K-band and Ka-band are measured with one differencing assembly each. The Q- and V-band
need two differencing assemblies each: Q1, Q2 and V1, V2. The W-band has four: W1-W4.
The larger number of channels at the higher frequencies is necessary to provide roughly equal
sensitivity at each frequency. The resolution of the instrument depends on the frequency band
and is smaller than 13.8 arcmin full width at half maximum (FWHM) for the W-band.

To complement and improve upon WMAP observations with an even higher resolution of
up to 5 arcmin and higher sensitivity, the Planck space observatory" was launched on May
14th, 2009, alongside the Herschel space observatory. A comparison of the resulting maps from
the three different experiments COBE, WMAP and Planck is shown in Figure 1.9. Planck is
operated by the European Space Agency (ESA) with NASA participation. During its five

“http://sci.esa.int/planck/34729-spacecraft/
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Figure 1.7: The scanning strategy of Planck. Source: ESA and the Planck Collaboration, ESA
Planck website (http://www.sciops.esa.int/index.php?project=PLANCK&page=Pointing)

observation periods it was orbiting on the Sun-Earth L2 point similar to the WMARP satellite,
until its operations ended on October 23rd, 2013, and Planck was placed into a heliocentric
orbit to die. The whole sky is scanned in a little more than 6 months. The observatory carries
a single off-axis tilted Gregorian telescope which feeds two high-sensitivity, multi-frequency
instruments, namely the low frequency instrument (LFI) and the high frequency instrument
(HFI). The LFT is designed to produce measurements of the microwave sky in the frequency
range 27 to 77 GHz with 22 radiometers. The HFI is designed to measure the diffuse sky
radiation in the frequency range 84 GHz to 1 THz using bolometer arrays. Planck observes
nine frequency channels as shown in Figure 1.11. The passive and active cooling systems
maintain a very low temperature of 0.1 K for the two instruments.

A well-defined scan strategy of the satellites is necessary for high quality data. Full-sky
coverage is required in order to enable the accurate determination of the low-order spherical
harmonic moments. The beam response has to be almost symmetric which is guaranteed
by scanning a given point in the sky at many angles. A given pixel needs to be observed on
different time scales from minutes to months. The angular velocity of a given line of
sight has to be nearly constant on the sky. The instrument has to observe a large fraction of
the sky each day; and the time-average of the differential data has to be approximately zero
over an hourly calibration period, allowing for a robust initial baseline estimation (Hinshaw
et al. 2003). The WMAP and Planck missions follow different scanning strategies (Dupac ¢
Tauber 2005; Tauber et al. 2010; Planck Collaboration et al. 2011) as shown in Figures 1.6
and 1.7. WMAP has scanned the entire sky by spinning around the spacecraft symmetry
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Figure 1.8: HEALPix pixelization scheme. Source: HEALPix website (http://healpix.sourceforge.
net/)

axis with a slow precession at 22.5° off the Sun-WMAP line. Since the line-of-sights of the
dual telescopes are off the symmetry axis, the path of one line-of-sight on the sky resembles a
spirograph pattern. WMAP has observed more than 30% of the sky each day and each ecliptic
pole every day. Planck has observed the sky by continuously scanning nearly great circles on
the celestial sphere. The spin axis of the satellite followed a cycloidal path on the sky, by
step-wise displacements of 1° a day to avoid pointing into the Sun’s direction. The detector’s
line-of-sight has an axis offset of 85°. Both scanning strategies result in an inhomogeneous
depth of integration time across the sky. The areas near the ecliptic poles are observed with
greater depth than all the others.

The resulting maps are provided as pixelized sky maps following the HEALPix pixeliza-
tion scheme (Gorski et al. 2005). HEALPix divides the sky into Npix (minimum 12) exactly
equal area quadrilaterals of varying shape (see Figure |.8), where Npix = 12 % Ngige * Nside With
Nsige being a power of two. The pixel size depends on the HEALPix resolution parameter of
the grid. For WMAP the maximum Ngqe is 1024, for Planck it is 2048. The standard maps
have a resolution of NQ{YfZIAP =512 and Nsl?é%n‘:k = 2048 which corresponds to a pixel number
of NIYX(MAP = 3,145,728 and Ngi;an“k =50,331,648, respectively. The specific geometrical prop-
erties allow HEALPix to support two different numbering schemes for the pixels. The ring
scheme counts the pixels moving down from north to south along the isolatitude rings. The
nested scheme arranges the pixels in twelve tree structures.

1.2.2 Foreground removal — Generating maps

The CMB maps are contaminated by foreground emission. The differences between the spectral
and spatial characteristics of the CMB and the foregrounds allow for a separation of the
CMB from the different foreground components. There are three foreground emissions that
strongly affect the CMB radiation. These are Galactic synchrotron radiation and free-
free emission, dominating the lower frequencies, and Galactic dust emissions, dominating
the higher frequencies. The spectral properties of these emissions contribute different amounts
to the different frequency bands of the experiments as can be seen in Figure . Further
foreground signals and distortions of the primordial CMB stem from extra-Galactic and far-
IR point sources, the SZ effect, ISW contributions and gravitational lensing. Extra data sets
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Figure 1.9: The CMB sky observed with increasing resolution by COBE in the range from
-100 to +100uK, WMAP (ILC map, 9-year data release) in the range from -200 to +200uK
and Planck (SMICA map, first data release) in the range from -500 to +500uK. The latter is
generated with the Planck color coding and shows the inpainted full-sky version of the SMICA
map. Figure 1.5 shows the SMICA map with remaining Galaxy bias and in a different color
coding which resembles the WMAP coding.
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Figure 1.10: Frequency dependence of the expected CMB anisotropy (red band) and of three
known sources of foreground emission from our Galaxy, in units of antenna temperature.
Source: NASA WMAP website (http://map.gsfc.nasa.gov/mission/observatory_freq.html)

are used to subtract Galactic emission and point sources. Highly contaminated regions are
excluded for generating the maps and different component separation methods are developed
to achieve the primary goal of CMB experiments which is to provide a clean map of the CMB
suitable for a cosmological analysis.

Generating the WMAP CMB maps, Hinshaw et al. (2007) developed the Internal Linear
Combination (ILC) method which linearly combines the multifrequency sky maps using
weighted coefficients that approximately cancel the Galactic signal while preserving the CMB
signal. The weights are determined by minimizing the variance of the measured temperatures
with the additional constraint that the sum of the weights is equal to 1. To account for the
spatial dependence of the various foreground components across the sky and in particular in the
Galactic plane, the sky is divided into 12 regions and the weights are computed for each of these
12 different regions. If calculated in pixel space, the ILC map does not take into account the
fact that noise dominates at high ¢-modes (small scales), while foreground emission dominates
on low ¢ (large scales). Calculated in harmonic space, the fact that noise is the dominant source
at high Galactic latitude, while foreground signals dominate at low Galactic latitude would not
be incorporated. With the aim of generating CMB maps that show even weaker contamination
by Galactic and extra-Galactic foreground emissions or instrumental noise, Delabrouille et al.
(2009) and Basak & Delabrouille (2012) developed a new method for generating ILC maps
based on spherical wavelets called needlets. Needlets allow for a localized filtering in both pixel
and harmonic space and hence generate weights varied over the sky and the full multipole range.
The Needlet-based Internal Linear Combination (NILC) can therefore overcome the
problems of the original ILC maps. However, in consideration of certain limits the full-sky ILC
and NILC maps are both suitable for a cosmological analysis.

For the new Planck data, even more component separation methods have been developed
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Figure 1.11: The nine Planck frequency maps show the broad frequency response of the indi-
vidual channels. The color scale has been tailored to show the full dynamic range of the maps.
Source: Planck Collaboration et al. (2014a).

and evaluated. For an overview see Leach et al. (2008). For the first Planck data release four
well-performing methods out of 12 examples (Planck Collaboration et al. 20140) have been
used for cosmological studies on statistics and isotropy (Planck Collaboration et al. 2014¢),
primordial non-Gaussianity (Planck Collaboration et al. 2014%), gravitational lensing (Planck
Collaboration et al. 2014f), the ISW effect (Planck Collaboration et al. 2014¢), background
geometry and topology (Planck Collaboration et al. 20145), searches for cosmic strings and
other defects (Planck Collaboration et al. 20147) and the CMB power spectrum (Planck Col-
laboration et al. 2014d). The resulting foreground-reduced maps are shown in Figure 1.12.

The NILC map in needlet-space makes minimal assumptions concerning the foregrounds.
The pre-processing steps include the subtraction/masking of point sources. If a point source
is masked, the remaining hole is inpainted by a simple diffusive filling process. A second non-
parametric method, that does basically not use foreground models, is the method of Spec-
tral Estimation Via Expectation Maximization (SEVEM) in pixel space (Martinez-
Gonzalez et al. 2003; Ferndndez-Cobos et al. 2012). In this approach the foreground tem-
plates are constructed from the lowest and highest frequency channels of the experiment with-
out considering external data sets. The Commander-Ruler algorithm estimates the joint
foreground-CMB posterior distribution by Bayesian Gibbs Sampling (FEriksen et al. 2008) in
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Figure 1.12: Foreground-cleaned Planck CMB maps derived by Commander-Ruler, NILC,
SEVEM and SMICA. Note that the SMICA map has been filled in smoothly inside a 3%
Galactic mask. Source: Planck Collaboration et al. (20140)

pixel space. This method needs a parametric model of the foreground signal and assumes
identical beam responses at each frequency band. It is therefore limited to the lowest angular
resolution of the given data set. The Spectral Matching Independent Component Anal-
ysis (SMICA) (Delabrouille et al. 2003; Cardoso et al. 2008) uses a CMB-oriented parametric
approach that fits the amplitude and spectral parameters of the CMB and the foregrounds in
the harmonic domain. The pre-processing steps here resemble the steps for the NILC map
making. Most inpainted areas lie in the Galactic plane, but a few bright regions like the Large
Magellanic Cloud are included as well.

1.2.3 Anomalies in the CMB sky

The data release of the first WMAP maps in 2003 (Bennett et al. 2003) opened a unique
window to the physics of the early Universe and enabled tests of the standard inflationary
picture (e.g. Peiris et al. 2003; Komatsu et al. 2003). Consequently, it lead to systematic
checks on the predicted isotropy and Gaussianity of the CMB by several independent research
groups. The detection of different anomalies gave evidence for a departure from either
Gaussianity or statistical isotropy or both. Many of these anomalies were confirmed by
later WMAP data releases and by the latest Planck data (Planck Collaboration et al. 2014g).
Therefore, the standard assumption of statistical isotropy and Gaussianity of the CMB has to
be regarded as a paradigm.

A satisfactory explanation for a violation of statistical isotropy and a departure from Gaus-
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sianity based on physically motivated models is still lacking. As stated in Hinshaw et al. (2007)
the most compelling development in cosmological science would be introducing a new model
that explains a number of cosmological phenomena (such as the behavior of the low-¢ CMB
modes or the nature of dark energy), while also making testable predictions for the experi-
ments. Understanding the origin of CMB anomalies remains one of the most important tasks
when studying the very early Universe.

A cosmological nature of the anomalies is definitely possible but in general four different
classes of potential explanations have to be considered (see e.g. Copi et al. 2010):

1) faulty data analysis
2) instrumental/experimental systematics
3) astrophysical foregrounds

4) theoretical/cosmological justification

Of course, faulty data analysis is an imminent danger in every complex study. The detection
methods in CMB data analysis are for sure ambitious due to the complexity of nonlinear data
analysis. They are very different from each other and individually sensitive to different kinds
of anomalies. However, most of the complex methods used for the check on anomalies have
withstood the critics over the recent years. The fact that the CMB temperature anisotropies
are the only information of the early Universe available to us makes it much harder to trust
in the found results. A second data set of the early Universe such as the CMB polarization
would be of great value.

The operation methods of the satellites clearly differ between the WMAP and the Planck
mission as described in Chapter . The similarity of the detected anomalies in the different
experiments though establishes the credibility of the results and restricts the danger of strong
experimental systematics. Liu & Li (2011) for example have claimed that a timing error
in the WMAP observational scan had induced artificial CMB anisotropy. They suggested
that the WMAP quadrupole is not primordial in its origin, and arises from incorrect Doppler
dipole subtraction because of incorrect satellite pointing. This was neither confirmed by e.g.
Roukema (2010) and Moss et al. (2011) nor by the Planck results. To our knowledge there is no
experimental systematic in WMAP or Planck that could have caused the detected anomalies.

The WMAP and Planck data maps are carefully reduced by the subtraction of known
Galactic foregrounds and secondary anisotropies as SZ, ISW, and gravitational lensing (see
Chapter ). However, the correct subtraction remains sophisticated and is subject of ongo-
ing research. We therefore cannot fully exclude a contamination even by known foregrounds,
not to mention the possible influence of unknown foregrounds (see e.g. Rassat ¢ Starck 2013,
for ISW induced foregrounds). However, in most studies a contamination by foregrounds is —
depending on the angular scales of the anomalies though — more or less neglected.

The correlation of different anomalies is subject to discussion. The different anomalies
might stem from different physical origins but could as well be identified as different implica-
tions of the same cosmology. If they emerge to be truly cosmological in nature some of them
are seriously inconsistent with the predictions of standard cosmology. The significance of the
detected anomalies usually lies in the 2 to 36 range. See also Chapter 7 for a discussion on the
significance for the method of the surrogates. Therefore, the results are not ruling out statis-
tical isotropy or Gaussianity for good but the findings are certainly peculiar. In the following,
I will list the most important examples from a variety of anomalies.
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Figure 1.13: Planck data confirms an asymmetry in the average temperatures on opposite
hemispheres of the sky (indicated by the curved line), with slightly higher average temperatures
in the southern ecliptic hemisphere and slightly lower average temperatures in the northern
ecliptic hemisphere. The cold spot, also detected with WMAP, is indicated by the circle. The
anomalous regions have been enhanced with red and blue shading to make them more clearly
visible. Source: ESA and the Planck Collaboration, ESA Planck website (http://sci.esa.int/
planck/51551-simple-but-challenging-the-universe-according-to-planck/)

Cold spot

Vielva et al. (2004) reported a non-Gaussian detection in the WMAP 1st-year data with a size
of around 10° in the southern sky (Figure 1.13) using the spherical wavelet technique that has
been shown to be very powerful for detecting non-Gaussianity in CMB data. A continuation
of their work with the spherical Mexican hat wavelet (SMHW) and the non-Gaussian skewness
and kurtosis estimators identified the source of the non-Gaussian detection as an extremely
cold and big spot at b= —57°, 1 =209° (see also Mukherjee & Wang 2004; Cruz et al. 2005). In
all likelihood, systematics or Galactic foregrounds are not responsible. The shape of the cold
spot is found to be almost circular and Gaussian simulations of the CMB have a probability
of less than one per cent to contain such a big cold spot (Cruz et al. 2006). Follow-up studies
with different analysis techniques and also later WMAP data releases as well as the Planck
data confirmed this detection (McEwen et al. 2005; Cayon et al. 2005; Réth et al. 2007; Cruz
et al. 2007a; Vielva et al. 2007; Rossmanith et al. 2009; Planck Collaboration et al. 2014g).
New methods, as for example the Kolmogorov maps measuring the degree of randomness in
the CMB, confirmed the detected cold spot and revealed even more detections of anomalous
spots in the sky (e.g. Gurzadyan et al. 2009). In addition to the cold spot, Pietrobon et al.
(2008) found evidence for anomalously hot spots in the WMAP sky using spherical needlets.
The hot spots contribute to other multipoles of the CMB power spectrum than the cold spot
does. Hou et al. (2009) confirmed these results with an extensive frequentist analysis.
Naselsky et al. (2010) infered that the mystery of the cold spot directly reflects the pecu-
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Figure 1.14: Near vanishing of two-point angular correlation function at angular scales between
60° — 120°, from the inpainted Planck SMICA map. Source: Copi et al. (2013a)

liarities of low multipoles of the CMB signal (see next paragraph) rather than a single local
defect. An extremely large void, extremely unlikely in ACDM cosmology, and a cosmic texture,
a remnant of a phase transition in the early Universe holding important implications for the
study of high-energy theories, are possible explanations for the cold spot (Cruz et al. 20075,
2008; Bridges et al. 2008; Feeney et al. 2013; Kovetz & Kamionkowski 2013).

Multipole anomalies and alignment

A multipole expansion with a series of spherical harmonics is most useful to describe the
spherical CMB sky. The multipole moment ay, with ¢ =1 corresponds to the CMB dipole.
Its orientation tells us about the solar system’s motion through the Universe. Estimates of
the CMB quadrupole, where ¢ =2, require a very careful foreground reduction since they are
very sensitive to foreground contamination from the Galactic plane. However, with a cut
applied to the sky masking out the Galactic plane residuals, the foreground contamination
of the quadrupole is determined to be insignificant (Gold et al. 2011; Jarosik et al. 2011).
The first data from the COBE-DMR experiment already suggested that the amplitude of the
quadrupole power of the maps is unexpectedly low compared to best-fit models (e.g. Hinshaw
et al. 1996; Bennett et al. 1996). This lack of power was confirmed by WMAP data (Bennett
et al. 2003; Spergel et al. 2003; de Oliveira-Costa et al. 2004; Copi et al. 2009) and with
the Planck maps (Planck Collaboration et al. 2014¢). The suppression is seen in both, the
correlation function which lacks in a correlated signal on angular scales larger than 60°
(e.g. Copi et al. 2007, 2013a), shown in Figure , and it is seen in the behavior of the
low-order multipoles with £ =2,3,4,5. It is claimed to be inconsistent with statistical isotropy
and Gaussianity. The significance of these results is less clear. Others, as Bond et al. (1998)
with COBE-DMR data and Land ¢ Magueijo (2005a) with WMAP data, interpreted the low
quadrupole as statistically not significant and as consistent with cosmic variance uncertainties

and the best-fit ACDM model.
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Tegmark et al. (2003) and de Oliveira-Costa et al. (2004) first argued that the octopole
(¢ =13) is anomalous by being very planar and that the quadrupole and octopole planes are
aligned with each other. They tested different cosmic topologies but did not find an explanation
for the anomaly. The usual representation of spherical CMB data by the spherical harmonic
basis is complemented by the multipole vector framework established by Copi et al. (2004)
who also indicated a strong violation of statistical isotropy and Gaussianity. Multipole vectors
enable well suited tests of orientation, planarity and alignments of the CMB anisotropies.
Schwarz et al. (2004) and Copi et al. (2006, 2007) investigated the quadrupole-octopole shape
and orientation in WMAP 1st- and 3-year data using the multipole vector framework. In
the combined quadrupole and octopole map, they found that the one quadrupole and three
octopole planes are aligned within about 1°, that the planes are orthogonal to the ecliptic, the
normals to these four planes are aligned with the direction of the CMB dipole, and that the
ecliptic separates a hot and a cold extrema and the three strong extrema from the three weak
extrema of the map (Figure ). Furthermore, they found unusually low angular correlations
at the largest angular scales. These results are inconsistent with Gaussian random, statistically
isotropic skies. An analysis of a cut sky by Biclewicz et al. (2005) revealed that the anomalies
are robust with respect to sky cut. The f-alignment was dubbed the Axis of Evil (AoE) by
Land & Magueijo (2005a) who improved their previous statistics and compared a Bayesian
and a Frequentist approach for WMAP 3-year data which resulted in lower significances (Land
€ Magueijo 2007).

For their 7-year data release the WMAP team explicitly discussed several CMB anomalies
in Bennett et al. (2011). They argued that for the alignment of low multipoles the integrated
Sachs-Wolfe effect could be held responsible and blamed the missing power on large angular
scales (e.g. Copi et al. 2007) on posterior statistical bias in the choice of statistics. Copi
et al. (2010) provided a review on the large-angle anomalies in the CMB and claimed that the
arguments from the WMAP team offered no convincing explanations of the observed anomalies
and produced new problems on the way. They stated, that at best they (the WMAP team)
have replaced one set of anomalies by another.

A legitimate question is whether the lack of angular correlation on scales larger than 60°
and the alignment of the quadrupole and octopole are correlated with each other. Raki¢ ¢
Schwarz (2007) on a full sky and Sarkar et al. (2011) on a cut sky demonstrated the absence of
such a correlation between these two different features. The WMAP 9-year data release and
the Planck data revealed the same multipole alignment. However, an increasing misalignment
between quadrupole and octopole of 3° and 9° — 13°, respectively, is also suggested.

The relations between the quadrupole, the octopole and the ecliptic have long been known.
What remains unestablished is whether these are signatures of a non-trivial cosmic topology or
coincidences or experimental artifacts. When people have first detected the unexpected align-
ment of the quadrupole and the octopole and their perpendicular alignment with the direction
of motion of the Solar system they argued that these results strongly suggest either an addi-
tional, unexplained foreground contamination of the microwave background or an unexpected
systematic error in the WMAP maps. As stated in Copi et al. (2013a): “After twenty years,
we still await a satisfactory explanation.” Other ideas are that the multipole anomalies might
result from anisotropic expansion (Jaffe et al. 2005), intrinsic cosmic inhomogeneity (Moffat
2005) or spontaneous isotropy breaking (Gordon et al. 2005). Inoue & Silk (2006, 2007) hold
local voids and their asymmetric distribution around the sky responsible for the cold spot as
well as for the planarity of the octopole, for the alignment between the quadrupole and the
octopole and for the north-south power asymmetry (explained below). Raki¢ et al. (2006)
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Figure 1.15: Quadrupole and octopole (1 = 2 and 3) temperature anisotropy of the WMAP
3-year sky map in Galactic coordinates, shown with respect to the ecliptic plane, the northern
and southern ecliptic poles (NEP and SEP) and the CMB dipole. The four normals (solid
squares) to the planes defined by vectors that describe the quadrupole and octopole tempera-
ture anisotropy are shown as well; one normal is defined by the quadrupole (red square) and
three by the octopole (green squares). Note that three out of four normals lie very close to the
dipole direction. Source: Copi et al. (2010)

studied the contribution of the local Rees-Sciama effect on the detected anomalies and found
alignments among low multipoles, but concluded that they do not agree with the type of corre-
lations revealed by the other data. Land & Magueijo (20050) found that the detected preferred
axis is associated with positive (even) mirror parity and according to Rassat & Starck (2013),
removing the ISW effect reduces the significance of the Axis of Evil statistic and even/odd
mirror parity in WMAP data.

Parity asymmetry

The examination of CMB properties under parity transformations yields further insight into the
nature of the topology of the Universe. Given that the Universe is homogeneous and isotropic,
a cosmological signal should neither be exactly symmetric nor asymmetric but random in its
angular distribution on the sky. Several authors studied the parity properties of the large
angle CMB considering two types of parity transformations: mirror reflections and point
reflections. Mirror reflection parity is related to the emergence of a preferred axis of the
Universe. Point-parity handedness accounts for focal points of space symmetry and implies
almost certainly a high level of galactic contamination. Land ¢ Magueijo (20056) did not find
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significant odd point-parity, but claimed that the detected preferred axis of evil is associated
with positive (even £) mirror parity. Kim ¢ Naselsky (2010a,b) found a preference of odd point-
parity (odd ¢) in WMAP data and suggested that the low quadrupole power is associated with
parity asymmetry. They furthermore claimed that the odd-parity preference at low multipoles
is in fact a phenomenological origin of the lack of large-angle correlation. Ben-David et al.
(2012) reported a significant detection of odd mirror parity in WMAP data, and also found
even parity in a perpendicular direction, although with a low significance.

General non-Gaussianities

While some of the symmetry anomalies, described in this chapter, are detected in the linear part
of the data, general non-Gaussianities manifest themselves in the nonlinear regime. Deviations
from the random phase hypothesis were already detected in the WMAP 1st-year data release
through a phase-mapping technique by Chiang et al. (2003). A study based on the three
Minkowski functionals and the length of the skeleton calculated for WMAP 1st-year data also
revealed a deviation from Gaussianity and a north-south power asymmetry in the genus statistic
(Eriksen et al. 20040). This study confirmed the results of Park (2004) who also used the genus
statistic. The genus statistic g can be defined in terms of the Euler characteristic M;, which is
calculated in this work, via M, =2 —2g. Vielva et al. (2004) reported a non-Gaussian detection
as well as north-south asymmetry using spherical wavelets in their analysis. They carefully
studied foreground contamination and systematic effects but excluded these as causes for the
detected non-Gaussianity. However, Slosar ¢ Seljak (2004) held foreground contamination
responsible for WMAP anomalies. Bernui et al. (2007) excluded a Gaussian distribution for
WMAP 3-year data at the 99% confidence level. The application of the needlet formalism
to WMAP 5-year data confirmed earlier findings of north-south asymmetries and found the
bispectrum to be more significant on large scales and in the more co-linear configurations and
in the “squeezed” configurations (Pictrobon et al. 2010). These anomalies do not appear to
affect the estimate of the nonlinear non-Gaussianity parameter fyp,. This is similar to the
results in Chapter 4 where it is concluded that the parametrization of non-Gaussianity by fnr,
cannot account for the detected deviations from Gaussianity.

Power asymmetry

Great attention has been devoted to the hemispherical power asymmetry of the CMB as
detected in COBE-DMR, WMAP and Planck data. Measurements of the power spectrum in
the northern and southern ecliptic hemisphere have revealed a statistically significant lack of
power in a region associated with the north ecliptic pole. The asymmetry has been originally
found in WMAP 1st-year data and appears to lay on an axis nearly orthogonal to the ecliptic
plane (Eriksen et al. 2004a; Hansen et al. 2004). It is inconsistent with the statistical isotropy
of the ACDM concordance model and also questions the Gaussianity of the data. It has been
confirmed in the WMAP 3- and 5-year release (FEriksen et al. 2007; Hansen et al. 2007; Hoftuft
et al. 2009). Hansen et al. (2009) found that the power asymmetry is not only evident for low
multipoles of ¢ =2 —40 but also extends to much smaller scales in the full multipole range of
¢=2—600. Moreover, in Bernui (2008) it was also shown that this hemispherical asymmetry
is unlikely due to systematics or foreground contaminants, because it is present in single-
frequency, multifrequency, and cleaned ILC-type CMB maps. The dipolar power asymmetry
was found to persist in the Planck data to much smaller angular scales, and can be described
in the low-¢ regime by a phenomenological dipole modulation model (Planck Collaboration
et al. 2014¢). The deficit in power in one hemisphere may be related to the parity violation
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and phase correlations also detected in the data. No significant asymmetry on the polarized
spectra is detected analyzing WMAP 7-year polarization maps (Paci et al. 2013). It remains
to be seen whether Planck polarization data with higher sensitivity will reveal signatures of
dipole modulations.

Phase correlations/non-Gaussianities

Second-order-only measurements as the power spectrum are blind to the distribution of the
Fourier phases and are throwing away the fine details of cosmic structure. The power spectrum
contains the full information of the underlying distribution only if this distribution is Gaussian.
The standard assumption is that primordial density fluctuations constitute a statistically ho-
mogeneous and isotropic Gaussian random field, which then exhibits phases that are uniformly
random on the unit circle. A non-Gaussian signal, whether primordial or not, leads to highly
coupled Fourier phases in the nonlinear regime of the data. To describe the data it is
then necessary to analyze the higher-order correlation functions. Coles ¢ Chiang (2001) have
compared a number of methods that can be used to test the standard paradigm of random-
phase fluctuations, and even provide direct tests for the presence of initial non-Gaussianity.
They showed that the bispectrum measures the phase coupling induced by quadratic nonlin-
earities. Coles et al. (2004) analyzed COBE DMR and WMAP CMB maps with a method
that checks for the uniformity of the distribution of the Fourier phases based on the Kuiper
statistic which is also described in Chapter . They found departures from uniformity in
both experiments. However, they interpreted the results as Galactic contamination and exper-
imental systematics rather than primordial non-Gaussianity. Another method, introduced by
Naselsky et al. (2005), based on the trigonometric moments of phases, also demonstrated the
existence of non-Gaussian signal among different WMAP 1st-year maps derived with different
methods of foreground cleaning. The phases of spherical harmonic modes from WMAP 3-year
data were tested for uniformity, randomness, and the correlation with phases of the foreground
maps (Chiang et al. 2007). An alignment between the CMB temperature pattern and Galactic
foreground morphology was detected. The authors pointed out that this alignment could also
just be coincidental.

As pointed out in this work, studies using the methods of the surrogates with the aid of
scaling indices and Minkowski functionals based on the WMAP 3-, 5- and 7-year data (Rith
et al. 2009; Rossmanith et al. 2012; Modest et al. 2013) showed significant evidence for intrinsic
phase correlations at the low-¢ values in the CMB. The signal was demonstrated to be robust
with respect to the WMAP data release, to the component separation methods and to the
selected test statistics. An application of these methods to the Planck component separated
data sets also reveals phase correlations at low ¢ (Planck Collaboration et al. 2014¢).
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Chapter 2

Methods for testing the Gaussian
hypothesis and the cosmological
principle

According to the standard inflationary theory, the initial fluctuations of the Universe obey
Gaussian statistics, i.e. the ag, harmonic coefficients are Gaussian distributed. This implies
a Gaussian distribution of the temperature fluctuations as well as the non-existence of phase
correlations in harmonic space. Testing these predictions, a determination of primordial non-
Gaussianity (NG) would rule out single field slow-roll inflation and would help to constrain
parameters of alternative scenarios as outlined in Chapter

Research in this area of cosmology has to deal with the major problem that NG is not
specifically defined. It can be anything except Gaussianity. This introduces a variety of stum-
bling blocks: The number of possible investigation methods is almost infinite. The methods
chosen to analyze the data are naturally at risk of depending on the specific characteristics of
the data sets. They share the difficulty of adequately accounting for a posteriori bias in the
analysis (Bunn 2010; Bennett et al. 2011). Even if attention is paid to preselection effects on
the data, and a posteriori choices are avoided as far as possible, many uncertainties remain.
Moreover, there is also the danger that statistical flukes in the data are mistaken for the de-
tection of non-Gaussianity. Not to mention that a non-detection of an anomaly is neither a
proof of its non-existence nor does it prove Gaussianity.

An anisotropic behavior of the data has been repeatedly verified in terms of hemispherical
asymmetries in real space. If anything, these detections strongly challenge the cosmological
principle of statistical isotropy and homogeneity. A test for non-Gaussianity is not necessarily
a test for the cosmological principle and vice versa, since non-Gaussian signals observed in
harmonic space are not necessarily localized in real space, and therefore do not automatically
allow for any conclusions on the isotropy of space. However, if an analysis that is performed
in harmonic space as well as in real space, comparing different patches of the sky with each
other, detects NG, it can enable conclusions on the isotropy of space.

A primary goal of observational cosmology is to understand the physics of the predicted
epoch of inflation. This work will test the validity of the Gaussian and isotropic hypothesis of
the standard model. The technical approach is fully data driven and model-independent, and
the approach is simple in a way: If the Gaussian prediction holds, the harmonic-space phases
must be uncorrelated. With the detection of primordially correlated phases the standard model
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would be ruled out.

If the Gaussian hypothesis could be excluded via data analysis, it would stimulate research
on alternative cosmological scenarios. The qualification and quantification of non-Gaussianity
would allow for a parametrization of NG and would enable to distinguish between different
cosmological models. In the near future, polarization data will be used as a second independent
sample when testing for the Gaussian hypothesis (Komatsu et al. 2011; Munshi et al. 2011;
Vielva et al. 2011).

2.1 Representation of the data

The basic observable of the CMB is its intensity as a function of frequency and direction on
the sky x. The CMB temperature map originally presents temperature deviations AT (x)
=T(x)— (T (x)) from the average temperature, where x is representing the direction in which
the temperature is measured. Since the microwave radiation reaches us from every direc-
tion in the sky, the full-sky CMB temperature anisotropy map of the celestial sphere S? with
AT /T (x) = AT /T(0,9) (6 being the Galactic latitude and ¢ being the azimuth) can be ex-
pressed via a multipole-decomposition with complex valued orthonormal spherical harmonics
Yim : S* = C as

o0 [
AT/T(G,(P) = Z Z ame[m(67¢) (21)
4

=0m=-1

with the complex spherical harmonic coefficients
g — / dn T(n)Y;, (n) (2.2)

where n is the unit direction vector, @z, = |as,|e'® in polar coordinates and £ >0, —¢ <m < /.
The phases ¢, can be computed as @y, = arctan (Im(ag,) /Re(asy)). The index m describes the
angular orientation of the spherical harmonic, while the multipole ¢ describes its characteristic
angular size. The bigger ¢, the smaller the scale. The resolution of the experiment constrains
the original term £ = oo to some maximum number /£,,x. For WMAP, most maps hold #,.x =
1024. For Planck data with a higher resolution, the CMB maps are constrained by £y, = 2048.
The number of summands in equation (2.1) is (£pax + 1)2.

The linear properties of the underlying density field are contained in the absolute values
|asm|, whereas all higher-order correlations (HOCs) - if existent - are encoded in the phases
sy and the correlations among them. Equivalently, higher-order n-point correlation functions
can account for the HOCs as well. The phases are highly sensitive to the morphology of the
temperature pattern and the phase information can also be used to diagnose departures from
statistical homogeneity over the celestial sphere.

If the spherical harmonic coefficients are independent Gaussian random variables their
probability density is

2
_ Y

e *cday, (2.3)

P (aﬁm)daﬁm =

1
\/271'Cg
(e.g. Rubakov & Vlasov (2012)) and the orthonormality relation

(“ZmaZ/m/ > = SM/ Smm’ Gy (2 .4)

holds, where Cy is the angular power spectrum and § is the Kronecker delta. In this case, the
amplitude |ag,| would be Rayleigh-distributed and the phase ¢, would be independent and
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identically distributed (i.i.d.) and follow a uniform distribution in the interval [—m,x]. The
temperature values themselves would be normally distributed as well. The measured angular
power spectrum Cl"bs depends on the ay, coefficients by

1 ‘
= — 2 2.5
13 2£+1m:Z_l’aZm| ) ( )

where (C{*) = Cy. In case the CMB variables ay, are independent and Gaussian distributed
and their phases are therefore i.i.d. and consequentially uncorrelated, it is adequate (Komatsu
et al. (20090) and references therein) to only investigate the linear properties of the data
described by the power spectrum C;. In this work, I focus on the nonlinear information and
test for possible phase correlations of @y, in the data, which I define as non-Gaussianities of
the CMB. This is done by checking if the requirements of Gaussianity and randomness from
above are fulfilled.

As described in Chapter , the temperature maps for the WMAP and Planck missions
are available as pixelized data maps AT(x;) , i =1,...,Npix, where Np; denotes the number of
pixels and is related to the chosen HEALPix resolution. The spherical harmonics representation
with S = C is similar to the Fourier series with S! = C. Hence, the spherical harmonic
coefficients are the analogues of the Fourier coefficients. In this work, I will equivalently
use Fourier coefficients and Fourier phases meaning spherical harmonic coefficients and their
phases, respectively.

2.2 Method of the surrogates

The method of the surrogates is one of the key concepts of nonlinear data analysis and originates
from the field of time series analysis (Theiler et al. 1992). It enables model-independent tests
on weak nonlinearities in data sets. The idea behind is to define some linear process in a
given data set as the null hypothesis and to construct surrogate maps from the data set,
which mimic the linear properties of the original data. If discriminating statistics, sensitive to
nonlinearities, observe significant differences between the original data set and the surrogates,
then the null hypothesis is rejected and nonlinearity is detected. The method of the surrogates
can be applied to complex systems in general, for example also to the climate, stock-market or
heart beat variability as pointed out in Bunde et al. (2002). It was introduced into cosmology
by Pompilio et al. (1995) analyzing non-Gaussian effects of cosmic strings on the CMB with
a multifractal formalism and by Rith et al. (2002) and Réth & Schuecker (2003) analyzing
the large-scale structure of the Universe and the CMB. The method of the surrogates was
continuously developed (Schreiber & Schmitz 1996; Schreiber 1998; Rith et al. 2012) and has
found numerous applications in a huge variety of research fields ranging from geophysical and
physiological time series analysis (Schreiber ¢ Schmitz 2000) to econophysics on the stock
market (Wang et al. 2008), astrophysics (Gliozzi et al. 2010) and cosmology (Réth et al. 2009,
2011; Rossmanith et al. 2012; Modest et al. 2013). Its applications to cosmology are partly
represented in this work.

The data set of the CMB is a complex system which is perfectly well suited for being studied
with the method of the surrogates. A null hypothesis of the CMB is the Gaussianity of the
spherical harmonic coefficients which implies random Fourier phases. If the CMB harmonic
phases are randomized while generating surrogate maps, these surrogates will only contain the
linear properties of the data. The surrogates allow to test for the given null hypothesis of a
Gaussian CMB. For this check, it is necessary to apply image analysis techniques to the data



36 2. Testing the Gaussian hypothesis and the cosmological principle

—
>

Same shuffling
for negative values,
all |a,,|s are preserved.

\

minvlmax]

1st order Surrogate: Shuffle outside [l

2nd order Surrogates: Shuffle inside [l maxl

Figure 2.1: Sketch of the surrogatization scheme generating first and second-order surrogates
for a given range of interest with A = [lyin, fmax]-

set that are sensitive to higher-order correlations. I make use of the Minkowski functionals
and the scaling indices in this work which I explain in more details in Chapter

2.2.1 Complete sky

To constrain possible phase correlations of the Fourier phases of the cosmic microwave back-
ground, surrogate maps are generated as proposed in Rith ¢ Schuecker (2003). Possible phase
correlations in the data are destroyed by applying a shuffling scheme to the phases. To test
for the scale-dependence of non-Gaussianity this is done with a two-step procedure.

To prepare the CMB data for a test on the hypothesis of independent Fourier phases and
to ensure that the results will not be falsified, it is necessary to exclude data artifacts due
to experimental constraints and data outliers that do not follow the assumed probability dis-
tribution as described in Chapter . The data has to meet the following two requirements
before generating the surrogate maps: The temperature distribution is Gaussian and the set of
phases is uniformly distributed in the interval [—m,z]. To fulfill these conditions two prepro-
cessing steps are performed. First, the almost Gaussian distributed temperature values T (x)
of the original map in real space are replaced by an exact Gaussian/normal distribution N in
a rank-ordered way, i.e. the lowest value of the original distribution is replaced with the lowest
value of the Gaussian distribution etc., so that

Tnew(xi) = D(k) (26)

is obtained, with D(x) = N(u,0?) and N (u,c?) being the normal distribution with the ex-
pected value u and the variance 62, i = 1,...,Npix. k characterizes the position of the tempera-
ture values after rank ordering of Tyq(x;) with Té{‘d:l) < To(llzl:z) <..< TO(IZZN” “) The real-space
temperature maps are then transformed into Fourier phase space via a multipole-decomposition
to enable the calculation of the phases.

Second, to guarantee that the Fourier phases @y, = @(ig,) are identically distributed the

phases are remapped onto a set of uniformly distributed ones with a similar rank ordering, so
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that
Pnew = D) (2.7)

with D = U([—x,x]) and U([—mr,n]) being the uniform distribution between —x and x, i =

l,...,imax- k represents the position of the phases after rank ordering of @uq(i) with (pgfd:l) <

q)gd: Dl < q)gd: ar) - No significant dependence on the specific Gaussian or uniform real-
ization, respectively, was found in these preprocessing steps. The two steps are not affecting
possible phase correlations in the data. The maps are additionally monopole and dipole re-
duced. Therefore, harmonic modes with ¢ = 0,1 are not considered in the following shuffling
procedures.

In the scale-dependent analysis, individual /-ranges can be tested for Gaussianity. The
(-range can be chosen arbitrarily but throughout this work A¢; = [2,20], Aly, = [2,10] and
Aly = [120,300] are of particular interest. The interval A¢; covers the largest spatial scales of
the CMB, while the first peak of the power spectrum lies in the interval Af,. The results in
Chapter 3 will show that findings of an almost scale-independent analysis with a shuffling range
Al =[2,1024] are only the superposition of signals from the analysis with A¢; and A¢, shuffling
ranges (Réth et al. 2011). The scale-dependent surrogate maps that are later analyzed are
obtained as follows: Firstly, a first-order surrogate map is generated, in which any correlation
of phases ¢y, with ¢ outside the particular Al-range of interest is destroyed: The phases ¢, with
2 <0 <1024 and £ ¢ Al = [lin, lmax], 0 <m < ¥, are randomized through a shuffling procedure.
In a second step, N (N =500 throughout this work unless stated otherwise) realizations of
second-order surrogate maps are generated from the first-order surrogate map: The remaining
phases @, with £ € Al = [{1in, {max| are shuffled, while the already randomized phases in the
first-order surrogate for the scales not under consideration are preserved. The surrogatization
process is illustrated in Figure 2.1. Due to the real valued temperatures, the coefficients need
to satisfy a;,, = a;_n. Otherwise, the imaginary parts of the ay, coefficients and spherical
harmonics Y, would not cancel each other out. Phases Quy with a negative m-value are
shuffled identically to the corresponding phases with m > 0. The phases of a; o coefficients are
not shuffled. Note that the Gaussian properties of the maps, which are given by |ay,|, are
exactly preserved for all surrogate maps, i.e. the surrogate maps have exactly the same power
spectrum as the original map.

The first-order surrogate preserves phase correlations in the A¢ range, if they are present in
the original maps. In the second-order surrogate map, where all phases have been randomized,
all original correlations are completely destroyed. The statistical comparison of the two classes
of surrogates by means of suitable measures will thus reveal possible higher-order correlations
in the original maps on defined ranges of Fourier modes, and thus uncover signatures for
deviations from Gaussianity. A special case of the shuffling procedure occurs if one chooses
the ¢-range of [2,0,,]. Since this interval covers the complete range of available multipoles,
generating a first-order surrogate map is redundant. In a comparison between the original
map and the second-order surrogates, signatures cannot be traced back to individual modes
but show deviations from Gaussianity on all scales in total. It is also possible to construct
surrogates of first- and of second-order by replacing the respective Fourier phases with a set of
random values. This replacement approach is tested in this work by constructing surrogates
with replacing the original phases by a completely new set of uniform distributed values in
the interval [—m,x]. With this approach new values are added to the data, instead of purely
relying on the information given in the underlying data set. The comparison of the shuffling
procedure with the replacement technique does not reveal any significant difference between
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Figure 2.2: A comparison of the S-values after replacing and shuffling of the phases, respec-
tively. The values show a cross correlation of 0.995. The comparison was done with the WMAP
ILC map. Source: Christoph Réth, private communication

the two methods as can be seen in Figure and also in Chapter

Before analyzing the maps with different image analysis techniques, the ay,s are converted
back to temperature maps and their HEALPix resolution is decreased from Ns\i’gg’[AP =512 and
NSPiL?Ck = 1024 to Nsjge = 256. This is done to save computational time, and does not introduce
any difficulties for the analysis of CMB data on the largest scales. Figure shows examples
of surrogates of the first and second order. The method of the surrogates requires a complete
sphere to ensure that the spherical harmonics are orthogonal. An incomplete sphere can cause
coupled phases and thus induce phase correlations in the map. For this reason full-sky maps,
where the foreground influence of the Galactic plane is reduced to a minimum (e.g. ILC, NILC,
SEVEM and SMICA of WMAP and/or Planck data), are well suited for the studies in this
work as can be seen in Chapter 3 and 4. To enable advanced studies of foreground affected
maps, new ways of constructing new sets of orthogonal harmonics for incomplete skies are
developed in Chapter 5, and introduced shortly in the following section.

2.2.2 Incomplete sky

Parts of the CMB maps are heavily affected by foregrounds, particularly stemming from the
Galactic plane as also shown in Chapter . In CMB studies it is therefore desirable to
cut out these affected regions from the maps to minimize this influence. But the method of
the surrogates is then much harder to apply and needs careful supplementation. The spherical

harmonics form an orthonormal basis set on the complete sphere S? in ordinary space, expressed
by

1for =0 and m=m’

/SZ = Yém(x) YZ’m’(x)dQ = { (28)

0 else
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Figure 2.3: Examples of surrogates of one first-order (upper left) and three second-order (upper
right, lower left, lower right), generated from the ILC9 map. The scale range is from -0.4 to
+0.4mK.

where Y, Y,y represent two harmonic functions with ¢, ¢/ >0, -4/ <m < {, —0' <m' < /.
Only if orthogonality holds, the coefficients ay, of the map are unique. If the full sphere S? is
replaced by an incomplete sphere S>“"*, the orthogonality of the spherical harmonics vanishes
which leads to a coupling of the ay, coefficients and the phases ¢ themselves. The method of
the surrogates from the section above is no longer applicable.

It is necessary to express any CMB temperature map on an incomplete sky S>°"* by means
of new cut sky coefficients a$ and new cut sky spherical harmonics Y (S>¢% = C) as

AT /T (6 Z Y Gy (0.0) (2.9)

=0m=—1

where YU is an orthogonal basis set on S?eu again, and thus a§™ being unique. £ = oo is

constrained again by the experiment to some maximum fp,.x. The vectors Y (x), ¥ (x)"*, a and

a®® are created containing all harmonics and coefficients with m > 0. The idea is to determine
two transformation matrices By,B, € CimeXimax that fulfill the following equations:

YU (x) = B1Y (x)

cut Bza (2 10)
To identify them it is necessary to define the coupling matrix
c— / Y (x)Y*(x)dQ (2.11)
R

as well as its counterpart C°"', with R being a given region on the sphere. Y* denotes the
Hermitian transposed of Y. A set of harmonics Y " which are orthonormal, needs to fulfill
the condition C"* =[;  with I, __ being the umt matrix of size imax. Equation (2.10) on

Imax Imax
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C™* changes this condition to BjCB;} =1, . Different matrix decompositions of C, as for
example the Cholesky, the Eigenvalue and the singular value decomposition, can help to obtain
C = AA* with A € Cnar*inax. The above equation then reads as (BjA)(B1A)* =1, and offers
the solution B; = A, Tt follows from above B, = AT. For the details on the different matrix
decompositions and more please refer to Rossmanith et al. (2012).

The new cut sky harmonics enable to generate surrogates on a cut sky. The phases @it are
shuffled as well, the newly obtained sets of a§’s are transformed back to pixel space to form
the cut sky surrogate maps. It is important to note that a cut sky transformation still induces
phase correlations. To account for this systematic effect, a number of full-sky surrogate maps
is created as well. The cut-sky algorithm is then applied to these full-sky surrogates. The
results of the cut-sky surrogate analysis from the original map and via full-sky surrogates are
compared. Since original map and full-sky surrogates undergo the same cut sky transformations
systematics are circumvented and intrinsic signatures of phase correlations in the original map

can be detected.

2.3 Higher-order image analysis in real space

Natural images can feature any kind of unknown structure. In the majority of these images,
any interesting structure is characterized by its higher-order statistics. Arbitrarily oriented
lines, edges or corners, for instance, can only be described by third- or fourth-order statistics.
Only those specific images that do not contain higher-order correlations are fully described
by pairwise statistics such as the power spectrum or the autocorrelation function. In order
to interpret the CMB maps in these studies, measures are necessary that can quantify and
compare the higher-order content of the original maps and their surrogates. Classically, higher-
order correlations are computed by higher-order spectra such as the bisprectrum (three-point
correlation) and trispectrum (four-point correlation). Due to the huge amount of terms their
computation is difficult to estimate and to interpret. Alternatively, it is possible to use the
two different global measures, the Minkowski functionals and the scaling indices.

2.3.1 Minkowski functionals

The Minkowski functionals (MF's) describe the morphological properties of random fields in
real space: A full morphological specification of an image requires geometrical as well as
topological descriptors to characterize not only the shape and content but also the connectivity
of spatial patterns. Hadwiger’s theorem (Hadwiger 1957) in the field of integral-geometry states
that any complete morphological descriptor of a set Q in d-dimensional Euclidian space E? is
a linear combination of only d + 1 functionals which meet some simple requirements; these
functionals are given by the Minkowski functionals M; with j ranging from 0 to d, calculated
for given thresholds v. Functional My and M; in two-dimensional space can be interpreted as
the familiar geometric quantities surface area and perimeter, respectively. Functional M, is the
Euler characteristic and measures the topology of the field by giving the number of hot spots
minus the number of cold spots. The Euler characteristic is very similar to the genus statistics
(Gott et al. 1986) which differs only by the numerical coefficient of —1/2. The Minkowski
functionals have been introduced into cosmology as descriptors for the morphological properties
of large-scale structure by Mecke et al. (1994) and of CMB sky maps by Winitzki & Kosowsky
(1998) and Schmalzing & Gorski (1998). They embody information from every order of the
correlation functions and yield global as well as local morphological information. Furthermore,
they are additive measures which enables to calculate them efficiently by summing up their
local contributions. In spherical, two-dimensional CMB space S? of radius R and a constant
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Figure 2.4: Sketch for calculating Minkowski functionals. The red and blue map shows active
(red) and non-active (blue) temperature values at a threshold step of 0.5uK.

curvature K = R2 they are defined as

M():/da
Q
1
My =— [ d¢
=7 50 (2.12)

1
My=_— [ dlk
2 277:/(9Q g

where da and dI denote the surface element of S? and the line element along the smooth
boundary dQ, respectively, as explained in Schmalzing ¢ Gorski (1998). The factor kg is the
geodesic curvature.

To study the morphology of the temperature anisotropies AT /T (n), which can be consid-
ered as a smooth scalar field on S?, the three MFs of the excursion sets Qy are calculated in the
pixelized spherical two-dimensional CMB maps (original data, surrogates or simulations). Q,
is here defined as the set of all pixels with value of AT /T greater than or equal to some tem-
perature threshold v, given by Qy = {n € S?|AT /T (n) > v}. The surface integrals of equation
(2.12) are replaced by sums over all pixels.

To compute the Minkowski functionals of the pixelized two-dimensional maps I have adapted
an algorithm of Michielsen ¢ De Raedt (2001). Conceptually, each active pixel is decomposed
into 4 vertices, 4 edges and the interior of the pixel as illustrated in Figure 2.5. The tempera-
ture maps are divided into an active and a non-active part by running over 200 threshold steps
v; with —4or <v; < 4407, as illustrated in Figure . At the first threshold step vy, nearly
every pixel is included in the active part besides few outliers with T < —4oy. The last step
Vigg excludes most of the pixels. For each threshold step the total number of active squares
n, and edges n, as well as vertices n, of active pixels is counted to compute the area My, the
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Figure 2.5: Decomposition of pixels into squares, edges, and vertices. Source: Michielsen ¢
De Raedt (2001)

integral mean curvature/ perimeter M; and the Euler characteristic M, from

M| = —4ng+2n, (2.13)

Neighboring pixels share edges and vertices. A technical difficulty with this procedure is to
avoid counting an edge or vertex more than once. To avoid this, the original image is built
up by adding active pixels to an initially empty temporary image one by one as suggested by
Michielsen ¢ De Raedt (2001). Depending on whether the surrounding pixels have already
been activated in the temporary image or not, edges and vertices are added up to their total
numbers. The number of arithmetic operations required to compute My, M;, and M, scales
linearly with the number of active pixels, threshold steps and the total number of pixels of the
image.

2.3.2 Weighted scaling indices

For comparison, phase correlations in the CMB are assessed with the scaling indices method
(SIM). This method represents another way to estimate the morphological and topological
properties of an image. It can discriminate point-like, ring-like and sheet-like structures from
each other and from a random background.

The scaling indices have been used for texture discrimination (Réth & Morfill 1997) and
feature extraction (Jamitzky et al. 2001; Rith et al. 2008), time series analysis of stock ex-
changes (Monetti et al. 2004) and active Galactic nuclei (Gliozzi et al. 2002) (Gliozzi et al.
2006) (Gliozzi et al. 2010) as well as structure analysis of bone images (Mueller et al. 2006) and
other medical data sets as biological specimens, skin cancer, computed tomographic images,
and beat-to-beat sequences from electrocardiograms (Bunde et al. 2002). The scaling indices
were first applied to CMB data analysis in Riath & Schuecker (2003) and Réth et al. (2007).

The basic idea for this test statistic comes from the calculation of the dimensions of attrac-
tors in nonlinear time series analysis (Grassberger & Procaccia 1983). The scaling indices have
been extended to the field of image processing for texture discrimination. If the image data is
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Figure 2.6: Left-hand panel: WMAP data represented as a 3D point distribution. Right-hand
panel: x, z-projection of all points with |y| < 0.05. Above: a = 0.075, below: a = 0.225. The
black circles indicate the scaling ranges r = 0.075 and 0.225, respectively. A good sensitivity
to the temperature fluctuations at a given scale r is obtained for r = a. Source: Rith et al.
(2007).

represented as a point distribution in a d-dimensional embedding space the scaling indices can
fully describe the properties of this point set To apply the SIM on the spherical CMB data,
the temperature anisotropies AT /T (x;) with its pixels at positions x; = (6;,¢;), i =1,...,Npix
on the sphere have to be transformed to a three-dimensional point distribution of N points
P ={p;} in an artificial embedding space as illustrated in Figure 2.6, for which the local scaling
properties are then assessed with the SIM.

For each point the local weighted cumulative point distribution p is calculated as

N, pix

p(p;r) = ;sr[d(piapj)] (2.14)

where s,(e) denotes a shaping function depending on a scale parameter r and a distance mea-
sure d(e). In principle, any differentiable shaping function and any measure can be used for
calculating the scaling indices. Throughout this work, the Euclidian norm and set of Gaussian
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shaping functions are used as distance measures, which leads to

dj?
r

Npix
p(pr)=Y e 7 .dij=|p;i—pjll. (2.15)
=

The weighted scaling indices o/(p;,r) are then obtained by calculating the logarithmic derivative
of p(p;,r) with respect to r:
8 Ing (pia r)
o(p;,r) = —————F. 2.16
(Pir) = =5 og(r) (2.16)

With the definition in Equation the weighted scaling indices are expressed by

£"iq (";”)qewy
a(p;,r) = T (2.17)
g (%)

Jj=1

2.3.3 Alternatives

Alternative global measures such as skewness or kurtosis (e.g. Bernui & Reboucas 2012),
genus statistics (e.g. Colley ¢ Gott 2003), the length of the skeleton (e.g. Hou et al. 2010)
or multipole vector analysis (e.g. Copi et al. 2004) have been applied in several studies
testing the random phase hypothesis of the CMB.

In contrast to the global measures, local measures estimate the characteristics of the maps in
dependence upon the direction. A frequently used local measure is the wavelet filter technique.
The wavelet theory is applied to the data maps, and decomposes the map into a wavelet
series representation, which can help to bring out the underlying structure while localization
properties in both pixel and harmonic space are very good. Different wavelet transforms have
been considered in CMB analysis as for example the spherical Mexican hat wavelets (e.g.
Cayon et al. 2001), the directional spherical wavelets (e.g. McEwen et al. 2008) and the
steerable wavelets (e.g. Viclva et al. 2006). Another form of spherical wavelets are the
needlets (e.g. Marinucci et al. 2008) that provide some advantages over the usual wavelets
regarding computization effort but also statistical analysis.

The classical approach of CMB studies focusses on the analysis of real-space n-point cor-
relation functions and their harmonic counterparts, respectively. The analysis of the second-,
third- and fourth-order functions and their Fourier transforms given by the power spectrum,
bispectrum and trispectrum conduces to the search for nonlinear properties in CMB data
sets. The hypothesis of primordial Gaussianity implies a random distribution of the Fourier
phases of the CMB and an independent and Gaussian distribution of the ay,, respectively. If
the CMB is Gaussian, the power spectrum contains all the information on ay,, the higher-order
spectra vanish, higher-order n-point correlation functions with even n can be written in terms
of the two-point function, and all n-point correlation functions with odd n are zero. This is
not true for non-Gaussian fluctuations for which one needs information on the higher-order
content.

The CMB angular bispectrum is given by

BZIKZZmS = (@tm, Atm, At3my) - (2.18)
It is measured by sampling triangles in Fourier space which can have different configurations
formed by the three wave vectors (e.g. Babich et al. 2004). The dependence of the bispectrum
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on the different types of triangles encodes important physical information about the shape
of non-Gaussianity and the mechanism that generated it in the early Universe. It can also
encode the scale dependence, or the so called running of the bispectrum (Chen 20050). Widely
discussed types of NG are the local type NG (Komatsu ¢ Spergel 2001; Byrnes € Choi 2010)
with maximal signal for squeezed triangles with k| < ky ~ k3. The equilateral NG peaks at
equilateral configurations with k| = kp ~ k3 (Babich et al. 2004). Folded NG shows itself
when the signal is enhanced by triangles with k; +k; ~ k3 (Chen et al. 2007). Orthogonal
NG generates signal which is peaked both at the equilateral configuration and at the folded
configuration (with opposite signs)(Senatore et al. 2010).

As specified for example in Komatsu ¢ Spergel (2001) for a flat geometry of space, ex-
tendable for an arbitrary geometry, based upon the slow-roll inflationary scenario, the ay,
coefficients can be expressed by

d’k
(27)°
if the primordial fluctuations are adiabatic scalar fluctuations, where ®(k) is the primordial
curvature perturbation in Fourier space, and gy, is the radiation transfer function. Non-

Gaussianity, if any, is encoded in the curvature perturbation ®. The simplest weak nonlinear
coupling case in real space is expressed by an expansion of the Bardeen potential by

P(x) = Pr(x) + fve [PL(x) — (PL(x))]; (2.20)

D(k)gre(k)Y, (k), (2.19)

agm = 47(—i)" /

where ®; denotes the linear Gaussian part of the curvature perturbation ®, and ®p; the non-
linear part. Komatsu ¢ Spergel (2001), and others, call fy; the nonlinear coupling constant,
henceforth. fy;, or to be more precise fZ{,"LC“l is the dimensionless amplitude of a certain shape of

the angular bispectrum that parametrizes non-Gaussianity of the local type in corresponding

) .. . equil  ,fold
models. The size and shape of the other types of non-Gaussianity are described by fy; , fi;
and ff,rLlhOg , respectively.

A convincing detection of fi9¢4 > 1 would rule out all single-field inflation models. It has

been shown that the trispectrum of primordial fluctuations complements the information about
the physics of the early Universe. But the analysis of the trispectrum is even more challenging
than that of the bispectrum, due to the increased range of systematic effects and secondary
signals which can contribute (Planck Collaboration et al. 20145h).

2.3.4 Statistical interpretation

The two image analysis techniques, Minkowski functionals and scaling indices, are applied to
scale-dependent full-sky surrogate maps of the first and second order, to the original maps
and to simulations, to quantify the higher-order information of the maps and to enable a
comparison between the maps.

To shed light on the origin of detected phase correlations, efforts are being made to localize
potential sources in real space that cause the Fourier space anomalies. For the analysis, the
sky map is therefore separated into 768 overlapping spherical caps as sketched in Figure
Here, the number 768 is chosen to correspond to a HEALPix resolution of Ngge = 8. The two
image analysis techniques are each applied to the individual spherical caps. Varying results
among the 768 caps will then indicate asymmetries in the Universe. The size of the caps can
optionally be reduced as illustrated in Figure 2.8. Two different sizes for the caps are tested.
Their two different solid angles are 27 (hemisphere, apex angle 7) and ~0.67 for the smaller
cap (apex angle m/2).



46 2. Testing the Gaussian hypothesis and the cosmological principle

Surrogate 1

04D — e 0.40 040 m— e 0.40

Surrogates 2

0.0 cm— e 7.0

Ysurral - (Y;UTTOZ>
a-Ysurra2

S(Y) =

Figure 2.7: Sketch of the hemispherical analysis. Overlapping spherical caps are analyzed
separately. The results are presented in so-called § maps.

To quantify the degree of agreement between the surrogates of different orders with respect
to higher-order correlations found with the three Minkowski functionals My, M; and M,, the
mean of the Minkowski functional M, 02 of N = 500 realizations of the second-order surrogate
is calculated per spherical cap & and threshold bin v

1 N
A= (M* surro2(v h Z M, Surro2 (m \4 h)

and the standard deviation
1/2
1 X ) /
GM*,surmZ (V’ h) = N _ 1 Z (M*,surrOZ(m, v’ h) _A )
m=1

for m=1,...,N. Mean and standard deviation are combined in a diagonal y? statistic per
spherical cap h for the surrogates of first order

Y M*, urrol ];h —A 2
Xl%l*,surrol (h) = Z |: - ( ')h)

j=0 O-M*,surmZ (] ?

and for the second-order surrogate maps

v 2
*surroZ m Jvh) A:|
XM* surr02 ; |: O-M* \Surro2 (-] h) ‘

Finally, the degree of agreement between the two types of surrogates is quantified by the
o-normalized deviation S

xﬁ*,surml (h) B <x1%/[*,surr02 (h)>

Sy (1)

*,SUITO2

S (i, (h)) =

(2.21)
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Figure 2.8: For an advanced hemispherical analysis, the size of the caps can arbitrarily be
reduced. The red dot marks the pixel that will later represent the S-value calculated in the
analysis.

for each of the 768 spherical caps with <x]%,,*wmz (h)) and o, (h) denoting the mean and

*,SUITO2

the standard deviation of %/%/I*Mmz (h) for the N =500 second-order surrogates. Thus, the o-
normalized hemispherical deviations S( xf,,o(h)), S( xl%/h (h)) and S( 11%42 (h)) for the Area, Perimeter
and Fuler characteristics are obtained.

Similar to the Minkowski functionals, the mean (c(r)) and standard deviation 6, of the
scaling indices a(p;,r) is calculated for the set of 768 hemispherical maps. The scaling indices
are calculated with varying scale parameter r. The differences of the two classes of surrogates
are again quantified by the o-normalized deviation S:

S(Y) _ Ysurmlo; <Ysurml> (222)

surro2

where Y represents a diagonal y? statistic

2
x<a(r)>»6a(r) = Z [H:| ’ (2.23)

j=1 O,

as a combination of the mean and the standard deviation where B (r) = (a(r)), Ba(r) = Ogy).
See Rith et al. (2007) for a detailed description regarding the scaling indices statistics.

The results obtained by the hemispherical study of the sky are visualized in so-called S-maps
as illustrated in Figure 2.7. Each pixel centre of a full-sky map with a HEALPix resolution of
Niige = 8 marks one of the 768 spherical caps’ poles. After calculating the deviation S between
one first-order surrogate and 500 realizations of second-order surrogates for each individual
cap, the corresponding value is plotted in a sky map at that pixel position where the z-axis
of the rotated cap pierces the sky. This is done for both, the Minkowski functionals and the
scaling indices. For one single S-map with 768 values stemming from the comparison of 500
surrogates of the second order with one first-order surrogate, it is necessary to analyze 384,768
spherical caps with the image analysis techniques.

2.4 Analysis in harmonic space

Instead of analyzing phase correlations in CMB maps by means of the method of the surro-
gates, one can also study the phase distribution directly. The hope is that such methods are
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Figure 2.9: The monotonic function Q that gives information about the p-value of an observed
value V.

able to isolate higher-order image components that are created by single multipoles or certain
combinations of Fourier modes. An advantage of the surrogates is that they enable the local-
ization of sources in real space that cause the phase correlations. However, direct studies on
the phase distribution can enable a complementary and more detailed insight into the nature
of higher-order image structures in phase space. To test for the independence of the CMB
phases we make use of the well suited Kuiper test as explained below.

2.4.1 Kuiper statistics

Complementary to the analysis of surrogate maps, the Fourier phases ¢y, of the maps can
be tested for independence in an in-depth analysis of the phase distributions of the maps by
means of the Kuiper test. This enables a direct study of the phase distribution and can reveal
details about the CMB phase correlations. The Kuiper test can be viewed as a variant of the
standard Kolmogorov-Smirnov test, designed to cope with circular data.

After an ag,-decomposition for £ € [2,10], m > 0, 54 phases ¢y, with values between —m
and m depending on the chosen coordinate system are obtained. The distribution of values is
illustrated in Figure . If these @y, fulfill the random phase hypothesis, i.e. are i.i.d. and
follow a uniform distribution, the phase difference taken between these phases are uniformly
distributed in [0,27]. To test this, subsets of differences with fixed separations (A¢,Am) by
AQ (AL, Am) = Qp1 At m+am — Pem are defined. The Kuiper statistic (KS) (Kuiper 1960; Press et al.
2007) is then used to test for the null hypothesis by comparing the cumulative distribution
function (CDF) of the A@ (A¢,Am) with a given uniform CDF. The Kuiper test statistic is
V = D"+ D", where D™ and D~ represent the absolute sizes of the most positive and most
negative difference between the two cumulative distribution functions that are being compared.
The p-value of an observed value V is given by p = Qkp ([v/Ne+0.155+0.24\/N,| V) with

respect to the monotonic function Qgp(A) = 22;;1(4j27tz - 1)6_272)“2, where N, is the effective
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Figure 2.10: The color-coded values of the Fourier phases of WMAP (upper plot), WMAP-
Bianchi (middle plot) and the difference of these two plots (lower plot). The values lie in the
range of [—7,+n] where black corresponds to zero.
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number of data points (see Figure 2.9). It is interpreted as the probability the measured value
V has if the null hypothesis were true. High p-values for a given (Af,Am) separation therefore
indicate the absence of phase correlations between mode-pairs separated by (A¢,Am) whereas
low values indicate their existence. In standard frequentist fashion, values of p < 0.05 (5%
level) are widely accepted as strong evidence against the null hypothesis. The results depend
on the chosen coordinate system. However, averaging over rotated systems will show a global
trend of the results.

As described in Chapter , there is a chance that the Bianchi type VII,; model can
account for some of the observed anomalies in CMB maps as for example the suppression of
the quadrupole, or the alignment of small multipoles. We will therefore study these Bianchi
models in more detail by subtracting them from CMB maps (Planck data) in Chapter 6. Figure

shows the color-coded values of the phases after an ay,-decomposition for ¢ € [2,20], with
respect to a Bianchi subtraction, and for the difference between the original map and the
subtraction.



Chapter 3

Scale-dependent non-Gaussianities
identified by using surrogates and
scaling indices

Original Publication: C. Rith, A. J. Banday, G. Rossmanith, H. I. Modest, R. Siitterlin,
K. M. Goérski, J. Delabrouille and G. E. Morfill, Scale-dependent non-Gaussianities in the
WMAP data as identified by using surrogates and scaling indices, MNRAS, 415, 2205 (2011)

Abstract: We present a model-independent investigation of the Wilkinson Microwave
Anisotropy Probe (WMAP) data with respect to scale-independent and scale-dependent non-
Gaussianities (NGs). To this end, we employ the method of constrained randomization. For
generating so-called surrogate maps a well-specified shuffling scheme is applied to the Fourier
phases of the original data, which allows to test for the presence of higher order correlations
(HOCs) also and especially on well-defined scales.

Using scaling indices as test statistics for the HOCs in the maps we find highly significant
signatures for non-Gaussianities when considering all scales. We test for NGs in four different
I—bands Al, namely in the bands Al = [2,20],[20,60],[60,120] and [120,300]. We find highly
significant signatures for both non-Gaussianities and ecliptic hemispherical asymmetries for
the interval Al = [2,20] covering the large scales. We also obtain highly significant deviations
from Gaussianity for the band Al = [120,300]. The result for the full /-range can then easily be
interpreted as a superposition of the signatures found in the bands Al = [2,20] and [120,300].
We find remarkably similar results when analyzing different ILC-like maps based on the WMAP
3-, 5- and 7-year data. We perform a set of tests to investigate whether and to what extend the
detected anomalies can be explained by systematics. While none of these tests can convincingly
rule out the intrinsic nature of the anomalies for the low-I case, the ILC map making procedure
and/or residual noise in the maps can also lead to NGs at small scales.

Our investigations prove that there are phase correlations in the WMAP data of the CMB.
In the absence of an explanation in terms of Galactic foregrounds or known systematic artefacts,
the signatures at low [ must so far be taken to be cosmological at high significance. These
findings would strongly disagree with predictions of isotropic cosmologies with single field slow
roll inflation.

The task is now to elucidate the origin of the phase correlations and to understand the
physical processes leading to these scale-dependent non-Gaussianities — if it turns out that
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systematics as cause for them must be ruled out.

3.1 Introduction

The Cosmic Microwave Background (CMB) radiation represents the oldest observable signal in
the Universe. Since this relic radiation has its origin just 380000 years after the Big Bang when
the CMB photons were last scattered off electrons, this radiation is one of the most important
sources of information to gain more knowledge about the very early Universe. Estimating
the linear correlations of the temperature fluctuations in the CMB as measured e.g. with the
WMAP satellite by means of the power spectrum has yielded very precise determinations of
the parameters of the standard ACDM cosmological model like the age, the geometry and the
matter and energy content of the Universe (KKomatsu et al. 20094, 2011).

Analyzing CMB maps by means of the power spectrum represents an enormous compres-
sion of information contained in the data from approx. 10° temperature values to roughly
1000 numbers for the power spectrum. It has often been pointed out (Komatsu et al. 20090
and references therein) that this data compression is lossless and thus fully justified, if and
only if the statistical distribution of the observed fluctuations is a Gaussian distribution with
random phases. Any information that is contained in the phases and the correlations among
them, is not encoded in the power spectrum, but has to be extracted from measurements of
higher-order correlation (HOC). Thus, the presence of phase correlations may be considered
as an unambiguous evidence of non-Gaussianity (NG). Otherwise, non-Gaussianity can only
be defined by the negation of Gaussianity.

Primordial NG represents one way to test theories of inflation with the ultimate goal to
constrain the shape of the potential of the inflaton field(s) and their possible (self-)interactions.
While the simplest single field slow roll inflationary scenario predicts that fluctuations are
nearly Gaussian (Guth 1981; Linde 1982; Albrecht ¢ Steinhardt 1982), a variety of more
complex models predict deviations from Gaussianity (Linde ¢ Mukhanov 1997; Peebles 1997;
Bernardeau ¢ Uzan 2002; Acquaviva et al. 2003). Models in which the Lagrangian is a general
function of the inflaton and powers of its first derivative (Armendariz-Picon et al. 1999; Garriga
£ Mukhanov 1999) can lead to scale-dependent non-Gaussianities, if the sound speed varies
during inflation. Similarly, string theory models that give rise to large non-Gaussianity have a
natural scale dependence (Chen 2005b; Lo Verde et al. 2008). Also, NGs put strong constraints
on alternatives to the inflationary paradigm (Buchbinder et al. 2008; Lehners & Steinhardt
2008).

Given the plethora of conceivable scenarios for the very early Universe, it is worth first
checking what is in the data in a model-independent way. Further, such a model-independent
approach has a large discovery potential to detect yet unexpected fingerprints of nonlinear
physics in the early universe. Thus, a detection of possibly scale-dependent non-Gaussianity
being encrypted in the phase correlations in the WMAP data would be of great interest. While
a detection of non-Gaussianity could be indicative of an experimental systematic effect or of
residual foregrounds, it could also point to new cosmological physics.

The investigations of deviations from Gaussianity in the CMB (see Komatsu et al. (2009a)
and references therein) and claims for the detection of non-Gaussianity and a variety of other
anomalies like hemispherical asymmetries, lack of power at large angular scales, alignment of
multipoles, detection of the Cold Spot etc. (see e.g. de Oliveira-Costa et al. 2004; Eriksen et al.
20040, 2005, 2007; Hansen et al. 2004; Park 2004; Vielva et al. 2004; Réath et al. 2007; McEwen
et al. 2008; Copi et al. 2009, 2010; Hansen et al. 2009; Rossmanith et al. 2009; Yoho et al.
2011) have been made, where the statistical significance of some of the detected signatures
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is still subject to discussion (Zhang ¢ Huterer 2010; Bennett et al. 2011). These studies
have in common that the level of non-Gaussianity is assessed by comparing the results for the
measured data with simulated CMB-maps which were generated on the basis of the standard
cosmological model and/or specific assumptions about the nature of the non-Gaussianities as
parametrized with e.g. the scalar, scale-independent parameter f,;. Other studies focused on
the detection of signatures in the distribution of Fourier phases (Chiang et al. 2003; Coles et al.
2004; Naselsky et al. 2005; Chiang et al. 2007) representing deviations from the random phase
hypothesis for Gaussian random fields. These model-independent tests also revealed signatures
of NGs. Pursuing this approach one can go one step further and investigate possible phase
correlations and their relation to the morphology of the CMB maps by means of so-called
surrogate maps.

This technique of surrogate data sets (Theiler et al. 1992) was originally developed for
nonlinear time series analysis. In this field of research complex systems like the climate, stock-
market, heart-beat variability, etc. are analyzed (see e.g. Bunde et al. (2002) and references
therein). For those systems a full modeling is barely or not possible. Therefore, statistical
methods of constrained randomization involving surrogate data sets were developed to infer
some information about the nature of the underlying physical process in a completely data-
driven, i.e. model-independent way. One of the first and most basic question here is whether a
(quasi-periodic) process is completely linear or whether also weak nonlinearities can be detected
in the data. The basic formalism to answer this question is to compute statistics sensitive to
HOCs for the original data set and for an ensemble of surrogate data sets, which mimic the
linear properties of the original time series while wiping out all phase correlations. If the
computed measure for the original data is significantly different from the values obtained for
the set of surrogates, one can infer that the data contain HOCs.

Extensions of this formalism to three-dimensional galaxy distributions (Réth et al. 2002)
and two-dimensional simulated flat CMB maps (Réth & Schuecker 2003) have been proposed
and discussed. By introducing a more sophisticated two-step surrogatization scheme for full-
sky CMB observations it has become possible to also test for scale-dependent NG in a model-
independent way (Rith et al. 2009). Probing NG on the largest scales (I < 20) yielded highly
significant signatures for both NG and ecliptic hemispherical asymmetries.

In this paper, we apply the method of constrained randomization to the WMAP 5-year
and 7-year data in order to test for scale-independent and scale-dependent non-Gaussianity up
to [ =300 as encoded in the Fourier phase correlations. Further, this work fully recognizes the
need to rule out foregrounds and systematic artefacts as the origin of the detections (as advised
by Bennett et al. (2011)). Therefore, a large part of our analyses is dedicated to various checks
on systematics to single out possible causes of the detected anomalies.

The paper is organized as follows: In Section 2 we briefly describe the observational and
simulated data we use in our study. The method of constrained randomization is reviewed
in some detail in Section 3. Scaling indices, which we use as test statistic, and the statistics
derived out of them are discussed in Section 4. In Section 5 we present our results and we
draw our conclusions in Section 6.

3.2 Data Sets

We used the 7-year foreground-cleaned internal linear combination (ILC) map (Gold et al.
2011) generated and provided by the WMAP team' (in the following: ILC7). For comparison

Thttp://lambda.gsfc.nasa.gov
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we also included the map produced by Delabrouille et al. (2009), namely the 5-year needlet-
based ILC map, which has been shown to be significantly less contaminated by foreground and
noise than other existing maps obtained from WMAP data (in the following: NILC5).

To check for systematics we also analyzed the following set of maps:
1) Uncorrected ILC map
The ILC map is a weighted linear combination of the 5 frequency channels that recovers the
CMB signal. The weights are derived by requiring minimum variance in a given region of
the sky under the constraint that the sum of the weights is unity. Such weights, however,
cannot null an arbitrary foreground signal with a non-blackbody frequency spectrum, thus
some residuals due to Galactic emission will remain. The WMAP team attempts to correct
for this "bias” with an estimation of the residual signal based on simulations and a model of
the foreground sky. Our uncorrected map (UILCT7 in the following) is simply the ILC without
applying this correction, computed from the weights provided in Gold et al. (2011) and the
1-degree smoothed WMAP data.
2) Asymmetric beam map
Beam asymmetries may result in statistically anisotropic CMB maps. To asses these effects on
the signatures of scale-dependent NGs and their (an-)isotropies we make use of the publicly
available CMB sky simulations including the effects of asymmetric beams (Wehus et al. 2009).
Specifically we analyze a simulated map of the V1-band, because this band is considered to
have the least foreground contamination.
3) Simulated co-added VW-band map
To make sure that neither systematic effects are induced by the method of constrained ran-
domization nor the WMAP-like beam and noise properties lead to systematic deviations from
Gaussianity we include in our analysis a co-added VW-map as obtained using the standard
ACDM best fit power spectrum and WMAP-like beam and noise properties. Note that this
map did not undergo the ILC-map making procedure.
4) Simulated ILC map
Simulated sky maps result from processing a simulated differential time-ordered data (TOD)
stream through the same calibration and analysis pipeline that is used for the flight data. The
TOD is generated by sampling a reference sky that includes both CMB and Galactic fore-
grounds with the actual flight pointings, and adding various instrumental artefacts. We have
then processed the individual resulting data into 7 separate simulated yearly ILC maps, plus
a T-year merge. It is worth noting that, if the yearly frequency-averaged maps are combined
into ILCs using the Gold et al. (2011) 7-year weights per region, then the resulting ILCs show
clear Galactic plane residuals. This reflects the fact that the simulated data has a different
CMB realization to the observed sky, and may additionally represent a mismatch between the
simulated foreground properties and the true sky in the Galactic plane. Instead, we analyze
the 7-year merged simulated data to compute the ILC weights for the simulations, then ap-
ply to all yearly data sets separately. However, the derived weights are quite different from
the WMAP7 ones, which would imply different noise properties in the simulated ILC data
compared to the real data. Care should be exercised for any results that are sensitive to the
specific noise pattern.
5) Difference ILC map
Finally, we consider the difference map (year 7 - year 6) from yearly ILC-maps computed using
the same weights and regions as the 7-year data set from Gold et al. (2011). No debiasing has
been applied. With this map we estimate what effect possible ILC-residuals may have on the
detection of NGs.
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3.3 Generating Surrogate Maps

To test for scale-dependent non-Gaussianities in a model-independent way we apply a two-step
procedure that has been proposed and discussed in Rith et al. (2009). Let us describe the
various steps for generating surrogate maps in more detail:

Consider a CMB map T(0,¢), where T(0,¢) is Gaussian distributed and its Fourier trans-
form. The Fourier coefficients gy, can be written as a,, = |a1m\ei‘7’1m with ¢y,
= arctan (Im(ay,,) /Re(ay,)). The linear or Gaussian properties of the underlying random field
are contained in the absolute values |aj,|, whereas all HOCs — if present — are encoded in the
phases ¢, and the correlations among them. Having this in mind, a versatile approach for
testing for scale dependent non-Gaussianities relies on a scale-dependent shuffling procedure of
the phase correlations followed by a statistical comparison of the so-generated surrogate maps.

However, the Gaussianity of the temperature distribution and the randomness of the set
of Fourier phases in the sense that they are uniformly distributed in the interval [—x, x|, are
a necessary prerequisite for the application of the surrogate-generating algorithm, which we
propose in the following. To fulfill these two conditions, we perform the following preprocessing
steps. First, the maps are remapped onto a Gaussian distribution in a rank-ordered way. This
means that the amplitude distribution of the original temperature map in real space is replaced
by a Gaussian distribution in a way that the rank-ordering is preserved, i.e. the lowest value of
the original distribution is replaced with the lowest value of the Gaussian distribution etc. By
applying this remapping we automatically focus on HOCs induced by the spatial correlations
in the data while excluding any effects coming from deviations of the temperature distribution
from a Gaussian one.

To ensure the randomness of the set of Fourier phases we performed a rank-ordered remap-
ping of the phases onto a set of uniformly distributed ones followed by an inverse Fourier
transformation. These two preprocessing steps only have marginal influence to the maps. The
main effect is that the outliers in the temperature distribution are removed. Due to the large
number of temperature values (and phases) we did not find any significant dependence of the
specific Gaussian (uniform) realization used for remapping of the temperatures (phases). The
resulting maps may already be considered as a surrogate map and we named it zeroth order
surrogate map. The first and second order surrogate maps are obtained as follows:

We first generate a first order surrogate map, in which any phase correlations for the scales,
which are not of interest, are randomized. This is achieved by a random shuffle of the phases
O for 1 ¢ Al = [Lnin, nax],0 < m <1 and by performing an inverse Fourier transformation.

In a second step, N (N = 500 throughout this study) realizations of second order surrogate
maps are generated for the first order surrogate map, in which the remaining phases ¢;,, with
[ € Al,0 < m <[ are shuffled, while the already randomized phases for the scales, which are not
under consideration, are preserved. Note that the Gaussian properties of the maps, which are
given by |a;,|, are exactly preserved in all surrogate maps.

So far, we have applied the method of surrogates only to the l-range Al = [2,20]. In
this paper we will repeat the investigations for this /-interval but using newer CMB maps.
Furthermore, we extend the analysis to smaller scales. Namely, we consider three more [-
intervals Al = [20,60], Al = [60,120] and Al = [120,300]. The choice of 60 as l;, and Ly is
somewhat arbitrary, whereas the [,,;, = 120 and 4, = 300 for the last l-interval was selected
in such a way that the first peak in the power spectrum is covered. Going to even higher /’s
doesn’t make much sense, because the ILC7 map is smoothed to 1 degree FWHM. Some other
maps which we included in our study — especially NILC5 — are not smoothed and we could
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in principle go to higher I’s. But to allow for a consistent comparison of the results obtained
with the different observed and simulated input maps we restrict ourselves to only investigate
[-intervals up to [, = 300 in this study.

Besides this two-step procedure aiming at a dedicated scale-dependent search of non-
Gaussianity, we also test for non-Gaussianity using surrogate maps without specifying certain
scales. In this case there are no scales, which are not of interest, and the first step in the
surrogate map making procedure becomes dispensable. The zeroth order surrogate map is to
be considered here as first order surrogate and the second order surrogates are generated by
shuffling all phases with 0 < m <1 for all available I’s, i.e. in our case Al = [2,1024].

Finally, for calculating scaling indices to test for higher order correlations the surrogate
maps were degraded to Nz, = 256 and residual monopole and dipole contributions were sub-
tracted. The statistical comparison of the two classes of surrogates will reveal, whether possi-
ble HOCs on certain scales have left traces in the first order surrogate maps, which were then
deleted in the second order surrogates. Before the results of such a comparison of the surrogate
maps are shown in detail, we review the formalism of scaling indices.

3.4 Weighted Scaling Indices and Test Statistics

As test statistics for detecting and assessing possible scale-dependent non-Gaussianities in the
CMB data weighted scaling indices are calculated (Réth et al. 2002; Rith ¢ Schuecker 2003).
The basic ideas of the scaling index method (SIM) stem from the calculation of the dimensions
of attractors in nonlinear time series analysis (Grassberger ¢ Procaccia 1983). Scaling indices
essentially represent one way to estimate the local scaling properties of a point set in an
arbitrary d-dimensional embedding space. The technique offers the possibility of revealing
local structural characteristics of a given point distribution. Thus, point-like, string-like and
sheet-like structures can be discriminated from each other and from a random background. The
alignment of e.g. string-like structures can be detected by using a proper metric for calculating
the distances between the points (Rith et al. 2008; Siitterlin et al. 2009).

Besides the countless applications in time series analysis the use of scaling indices has been
extended to the field of image processing for texture discrimination (Réth & Morfill 1997)
and feature extraction (Jamitzky et al. 2001; Réth et al. 2008) tasks. Following further this
line we performed several non-Gaussianity studies of the CMB based on WMAP data using
scaling indices in recent years (Réth & Schuecker 2003; Rith et al. 2007, 2009; Rossmanith
et al. 2009).

Let us review the formalism for calculating this test statistic for assessing HOCs:

In general, the SIM is a mapping that calculates for every point p;,i=1,...,Ny; of a point
set P a single value, which depends on the spatial position of p; relative to the group of other
nearby points, in which the point under consideration is embedded in. Before we go into the
details of assessing the local scaling properties, let us first of all outline the steps of generating a
point set P out of observational CMB-data. To be able to apply the SIM on the spherical CMB
data, we have to transform the pixelized sky S with its pixels at positions (6;,¢;), i =1,..., Npix,
on the unit sphere to a point-distribution in an artificial embedding space. One way to achieve
this is by transforming each temperature value T(6;,¢;) to a radial jitter around a sphere of
radius R at the position of the pixel center (6;,¢;). Formally, the three-dimensional position
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vector of the point p; reads as

xi = (R+dR)cos(¢;)sin(6;) (3.1)
yi = (R+dR)sin(¢;)sin(6;)
zi = (R+dR)cos(6;)
b (0.0)~ (T)
dR =a ((h) : (3.4)

Hereby, R denotes the radius of the sphere while a describes an adjustment parameter. The
mean temperature and its standard deviation are characterized by (T) and or, respectively.
By the use of the normalization we obtain for dR zero mean and a standard deviation of a.
Both R and a should be chosen properly to ensure a high sensitivity of the SIM with respect to
the temperature fluctuations at a certain spatial scale. For the analysis of WMAP-like CMB
data, it turned out that this requirement is provided using R = 2 for the radius of the sphere
and coupling the adjustment parameter a to the value of the below introduced scaling range
parameter r via a =r (Rith et al. 2007). Now that we obtained our point set P, we can apply
the SIM. For every point p; we calculate the local weighted cumulative point distribution which

is defined as
Npix

p(pi,r) =Y. s (d(Pi, P))) (3.5)

with r describing the scaling range, while s.(e) and d(e) denote a shaping function and a
distance measure, respectively. The scaling index o(p;,r) is then defined as the logarithmic
derivative of p(p;,r) with respect to r:

dlogr (36)

As mentioned above, s.(e) and d(e) can in general be chosen arbitrarily. For our analysis
we use a quadratic gaussian shaping function s,(x) = e~(” and an isotropic euclidian norm
d(pi,Pj) = ||pi — Pjl| as distance measure. With this specific choice of s,(e) and d(e) we obtain
the following analytic formula for the scaling indices

d,
N, pix

-\ 2
rf2()e )
ZN]n‘x 67(@)2 ’

Jj=1

a(ﬁhr) =

(3.7)

where we used the abbreviation d;; := d(p;,p;). As becomes obvious from equation (3.7), the
calculation of scaling indices depends on the scale parameter r. Therefore, we can investigate
the structural configuration in the underlying CMB-map in a scale-dependent manner. For
our analysis, we use the ten scaling range parameters r, = 0.025,0.05,...,0.25, k= 1,2,...10,
which (roughly) correspond to sensitive I-ranges from Al = [83;387],Al = [41;193],...,Al = [8;39]
(Rossmanith et al. 2009).

In order to quantify the degree of agreement between the surrogates of different orders with
respect to their signatures left in distribution of scaling indices, we calculate the mean

1Y
(a(ri)) = ﬁp;a(ﬁi,rk) (3.8)
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and the standard deviation

N,

: 1/2
Ca(n) = (Npl—l AZI(a(ﬁia’”k)_ <0‘(rk)>)2) (3.9)

1

of the scaling indices ¢o; derived from N, considered pixels for the different scaling ranges .
N, becomes the number of all pixels N, for a full sky analysis. To investigate possible spatial
variations of signatures of NG and to be able to measure asymmetries we also consider the
moments as derived from the pixels belonging to rotated hemispheres. In these cases the
number N, of the pixels halves and their positions defined by the corresponding ¢- and 6-
intervals vary according to the part of the sky being considered. Furthermore, we combine
these two test statistics by using x> statistics. There is an ongoing discussion, whether a
diagonal y? statistic or the ordinary y? statistic, which takes into account correlations among
the different random variables through the covariance matrix is the better suited measure.
On the one hand it is of course important to take into account correlations among the test
statistics, on the other hand it has been argued (Eriksen et al. 20040) that the calculation of
the inverse covariance matrix may become numerically unstable when the correlations among
the variables are strong making the ordinary x? statistic sensitive to fluctuations rather than
to absolute deviations. Being aware of this we calculated both x? statistics, namely the scale
dependent diagonal y? combining the mean and the standard deviation at a given scale ry, and
the scale-independent x> combining the mean or/and the standard deviation calculated at all
scales ri,k=1,...,10 (see Rossmanith et al. (2009)).

Further, we calculate the corresponding ordinary x? statistics, which is obtained by sum-
ming over the full inverse correlations matrix C~1. In general, this is expressed by the bilinear
form

2P =M~ (M) CH (M~ (M), (3.10)

where the test statistics to be combined are comprised in the vector M and C is obtained by

cross correlating the elements of M. Specifically, for obtaining the scale dependent szu (1)) Gy
’ Mo rk

combining the mean and the standard deviation at a given scale r the vector M7 becomes
MT = (M],Mz) with My = <06(rk)>, M, = Ou(ry)-

Similarly, the full scale-independent x? statistics szu () %fzulLGa and %fzu 1L (), 0 OT€ derived from
the vectors MT consisting of MT = ((a(r1)), ..., (a(r10))),

MT = (Oa(r)s+-+>Oa(ry)) and MT = ({ae(r1))s-- -, (0(r10))s Oa(ry)s - - - s Oar(ryg))> TESPeECtively. For all
our investigations we calculated both x? statistics and found out that the results are only
marginally dependent from the chosen x? statistics. Thus, in the following we will only list
explicit numbers for the full ¥ statistics, if not stated otherwise, because this measure yielded
overall slightly more conservative results.

3.5 Results

To test for NGs and asymmetries in the ILC7 map and the NILC5 map, we compare the
different surrogate maps in the following way:

For each scale we calculate the mean (&(rx)) and standard deviation Oy, of the map of
scaling indices a(0,¢;r) of the full sky and a set of 768 rotated hemispheres. The northern
pole of the different hemispheres is located at every pixel centre of the full sky with Nz, = 8
in the HEALPix~ (Gdrski et al. 2005) pixelization scheme. The differences of the two classes

2http://healpix.jpl.nasa.gov/
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Figure 3.1: Deviations S((a(rx))) of the rotated hemispheres for three scales ry,k =2,6,10
(from top to bottom) for the ILC7 map and for (from left to right) the shuffling intervals
Al = [2,1024], Al = [2,20], Al = [20,60], Al = [60,120] and Al = [120,300]. The expected corre-
spondence between the shuffling range Al and the scales r; of the scale-dependent higher order
statistics (a(ry)), for which the largest deviations are detected, becomes apparent. While the
ecliptic hemispherical asymmetries for Al = [2,20] are most pronounced for the largest scaling
range rio (second column), the deviation S becomes largest for r, when shuffling the phases of
the smallest scales Al = [120,300] (rightmost column).

Full Sky
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Figure 3.2: Probability density P(ct) of the first and second order surrogates for the scaling
indices calculated for the largest scaling range rip and for the /—interval Al = [2,20]. Yellow
(green) curves denote the densities for 20 realizations of second order surrogates derived from
the ILC7 (NILC5) map. The black lines are the corresponding first order surrogates. The
reference frame for defining the upper and lower hemispheres is chosen such that the difference
AS = Sup — Siow becomes maximal for (a) of the respective map and respective scale r.
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of surrogates are quantified by the o-normalized deviation §

Ysurrol - <Y surr02>

S(Y)= (3.11)

O-Ysurr02

with, ¥ = (0(r)), Oa(r)s x>. Every hemisphere of the set of 768 hemispheres delivers one
deviation value S, which is then plotted on a sky map at that pixel position where the z-axis
of the rotated hemisphere pierces the sky. Fig. shows the deviations S for the mean value
S({a(ry))),k=2,6,10 for the ILC7 map as derived from the comparison of the different classes
of surrogates for the scale-independent surrogate test and for the four selected [-ranges. The
following striking features become immediately obvious:

First, various deviations representing features of non-Gaussianity and asymmetries are can
be found in the S-maps for the ILC7 map. These features can nearly exactly be reproduced
when the NILC5 map is taken as input map (results not shown).

Secondly, we find for the scale-independent surrogate test (leftmost column in figs. )
large isotropic deviations for the scaling indices calculated for the smallest scale shown in the
figure. The negative values for S indicate that the mean of the scaling indices for the first
order surrogate is smaller than for the second order surrogate maps. This systematic trend
can be interpreted such that there’s more structure detected in the first order surrogate than
in the second order surrogate maps. Obviously, the random shuffle of all phases has destroyed
a significant amount of structural information at small scales in the maps.

Thirdly, for the scale-dependent analysis we obtain for the largest scales (Al = [2,20])
highly significant signatures for non-Gaussianities and ecliptic hemispherical asymmetries at
the largest r—values (second column in figs. ). These results are perfectly consistent with
those obtained for the WMAP 5-year ILC map and the foreground removed maps generated
by Tegmark et al. (2003) on the basis of the WMAP 3-year data (see Réith et al. (2009)). The
only difference between this study and our previous one is that we now obtain higher absolute
values for § ranging now from —4.00 < § < 3.72 for the ILC7 map and —4.36 < S < 4.50 for
the NILC5 map as compared to —3.87 < § < 3.51 for the WMAP 5-year ILC map. Thus,
the cleaner the map becomes due to better signal-to-noise ratio and/or improved map making
techniques the higher the significances of the detected anomalies get which suggests that the
signal is of intrinsic CMB origin.

Fourthly, we also find for the smallest considered scales (Al = [150,300]) large isotropic
deviations for the scaling indices calculated for a small scaling range r very similar to those
observed for the scale-independent test.

Fifthly, we do not observe very significant anomalies for the two other bands (Al = [20,60]
and Al = [60,120]) being considered in this study. Thus, the results obtained for the scale
independent surrogate test can clearly be interpreted as a superposition of the signals identified
in the two /-bands covering the largest (Al = [2,20]) and smallest Al = [120,300]) scales.

Let us investigate the observed anomalies in more details. We begin with a closer look at
the most significant deviations. Fig. shows the probability densities derived for the full sky
and for (rotated) hemispheres for the scaling indices at the largest scaling range rjo for the first
and second order surrogates for the /-interval Al = [2,20]. We recognize the systematic shift
of the whole density distribution towards higher values for the upper hemisphere and to lower
values for the lower hemisphere. As these two effects cancel each other for the full sky, we do no
longer see significant differences in the probability densities in this case. Since the densities as
a whole are shifted, the significant differences between first and second order surrogates found
for the moments cannot be attributed to some salient localizable features leading to an excess
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Figure 3.3: Same as figure but the second smallest scaling range r, and the /—interval
Al = [120,300].

(e.g. second peak) at very low or high values in otherwise very similar P(o)-densities. Rather,
the shift to higher (lower) values for the upper (lower) hemisphere must be interpreted as a
global trend indicating that the first order surrogate map has less (more) structure than the
respective set of second order surrogates. The seemingly counterintuitive result for the upper
hemisphere is on the other hand consistent with a linear hemispherical structure analysis by
means of a power spectrum analysis, where also a lack of power in the northern hemisphere
and thus a pronounced hemispherical asymmetry was detected (Hansen et al. 2004, 2009).
However, it has to be emphasized that the effects contained in the power spectrum are —
by construction — exactly preserved in both classes of surrogates, so that the scaling indices
measure effects that can solely be induced by HOCs thus being of a new, namely non-Gaussian,
nature. Interestingly though, the linear and nonlinear hemispherical asymmetries seem to be
correlated with each other.

Fig. is very similar to fig. and shows the probability densities for the scaling indices
calculated for the second smallest scaling range r, for the first and second order surrogates for
the [-interval Al = [120,300]. The systematic shift towards smaller values for the first order
surrogate for both hemispheres and thus for the full sky is visible. It is interesting to note that
all densities derived from the ILC7 and NILC5 map differ significantly from each other. These
differences can be attributed to e.g. the smoothing of the ILC7 map. However, the systematic
differences between first and second order surrogates induced by the phase manipulations
prevailed in all cases — irrespective of the input map.

The results for the deviations |S(r)| for the full sky and rotated upper and lower hemisphere
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Al Full Sky Upper Lower
Hemisphere Hemisphere
(a(r)): (S/%) (S/%) (S/%)

[2,1024] 7.73/>99.8 453 />99.8  1.87/96.0

[2,20] 0.14 /566  3.54/>99.8 344 />99.8
20,60] 0.88 / 80.6 1.84 /964  1.08 /85.2
60, 120] 0.26 / 60.4 032 /648  0.64 /716
[

120,300]  6.97 / >99.8 5.36 / >99.8 0.92 / 83.0

Oa(r,)

[2,1024] 4.16 / >99.8 3.77 / >99.8 0.25 / 61.8

[2,20] 0.48 / 69.2 048 /69.8  0.19 / 58.0
20,60] 170 /952 3.18 / >99.8  1.02 / 84.8
[60,120] 0.88 / 80.0 2.35 /988 125/ 832
[

120,300]  3.54 / >99.8 1.03 / 83.4 3.69 / >99.8

2 .
x(a(f2)>-ﬁa(r2) )

[2,1024]  24.55/>99.8  14.44 / >99.8  0.94 / 84.4

[2,20] 0.90 /852  7.67/>99.8 847 /99.8
20,60] 0.82 / 83.4 4.03/99.2 031 /504
[60,120] 0.51 / 61.4 3.63 /986  1.00 / 85.2
[

120,300] 19.62 / >99.8 17.17 / >99.8  4.15 / 99.2

Table 3.1: Deviations S and empirical probabilities p of the mean, standard deviation and their
x2-combination as derived for the scaling indices at the second smallest scale r>. The results of
the ILC7 map are shown for the different I-bands as well as for the full sky and the upper and
lower hemispheres. Corresponding to the small scale r, the largest values for § are calculated
for small scale non-Gaussianities in the /-range [120,300] and for the scale-independent NGs,
where the phases of all I’'s (Al = [2,1024]) are included.

are shown for all considered [-ranges and all scales r in figs. . The corresponding values
for r, and rjg are listed in the tables and . In table we further summarize the results
for the scale-independent y2-measures x<2a>, X(Z,a and 95(205 oy

The main results which were already briefly discussed on the basis of figs. 1 become
much more apparent when interpreting fig. and tables to 3.3. We find stable 3.7 —
120 deviations for all r-values for S({c(r))) and the scale-independent surrogate test when
considering the full sky. This yields S-values of S({o(r2))) =7.73 (ILC7 map) and S({a(r2))) =
11.06 (NILC5 map) for the scaling indices calculated for the small value ry and S({a(r))) =
3.75 (ILC7 map) and S({e(r19))) =5.77 (NILC5 map) for the largest radius rjg. This stable
r-independent effect leads to very high values of the deviations S for the scale-independent x2-
statistics S(x§a>), where we find S(x§a>) =5.73 (ILC7 map) and S(x§a>) =27.93 (NILC5 map).

It is interesting to compare these results with those obtained for the diagonal x’-statistics.

In this case we find S(X(ZOO) =57.32 (ILC7 map) and S(xfm) =119.16 (NILC5 map), which is

up to an order of magnitude larger than the values for the full y>-statistics. These results
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Al = [2,1024]

40F

Figure 3.4: Deviations |S(r)| for the ILC7 (left) and NILC5 (right) map as a function of the
scale parameter r for the full sky (black) and the upper (red) and lower (blue) hemisphere. The
plus signs denote the results for the mean (a(ry)), the star-signs for the standard deviation
Ou(r,) and the boxes for the x%-combination of (& (ry)) and Ou(r,)- The shaded region indicates
the 30 significance interval.
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Al Full Sky Upper Lower
Hemisphere = Hemisphere
(a(r10)): (S/%) (S/%) (S/%)
[2,1024] 3.75 />99.8 3.53/>99.8 1.72 /954
[2,20] 0.64 /74.2 3.24/>99.8 3.41/>99.8
[20,60] 0.67/ 74.2 1.41 / 91.6 2.04 / 98.0
[60,120] 0.01 / 50.5 2.28 / 99.0 2.19 / 98.6
[120,300) 2.45 /994 358 />99.8 1.38 /92.2
Oa(rp)*
[2,1024] 0.66 / 744  3.60 / >99.8 2.90 / >99.8
[2,20] 0.84 /80.0 3.09/>99.8 1.79 /964
[20,60] 2.27 / 98.6 2.94 / 99.8 0.13 / 55.0
(60, 120] 0.77 / 79.0 1.63 / 94.6 0.47 / 67.6
[120,300] 0.60 / 73.6 1.61 / 95.8 0.81 / 79.6
2 .
x(“(’m)%%(rm)'
[2,1024] 1.46 /90.4 9.83 / >99.8 3.15/98.0
[2,20] 0.21 /54.8 7.10 />99.8 6.77 / 99.8
[20,60) 2.74 / 97.2 5.27 / 99.6 0.29 / 73.6
(60, 120] 0.38 / 50.2 2.09 / 94.2 0.43 / 75.8
[120,300] 0.26 / 57.2 2.23 / 96.2 0.19 / 60.4

Table 3.2: Same as table but for the scaling indices at the largest scale rig. The largest
values for § are found for large scales non-Gaussianities in the l-range [2,20].

are very remarkable, since they represent — to the best of our knowledge — by far the most
significant detection of non-Gaussianities in the WMAP data to date. Note that we used here
only the mean value of the distribution of scaling indices, which is a robust statistics not being
sensitive to contributions of some spurious outliers. Further, the scale-independent statistics
)(<2Q> calculated for the full sky represents a rather unbiased statistical approach.

The hemispherical asymmetry for NGs on large scales (Al = [2,20]) finds its reflection in the
results of S(r). While we calculate significant and stable deviations S for the upper and lower
hemispheres separately (red and blue lines) in fig. , the results for the full sky (black lines)
are not significant, because the deviations detected in the two hemispheres are complementary
and thus cancel each other. Therefore, we obtain only for the hemispheres high values for §
ranging from §=3.24 up to S =7.10 (S =4.11 up to S = 10.82) for the ILC7 (NILC5) map
when considering the statistics derived from the scaling indices for the largest scales rjg and
S =4.01 up to S =9.76 for the scale-independent x>-statistics.

For the smallest scales considered so far (Al = [120,300]) we also find significant deviations
from non-Gaussianity being much more isotropic and naturally more pronounced at smaller
scaling ranges r < 0.15. Thus, we obtain § =6.97 (ILC7 map) and S = 5.30 (NILC5 map) for
S({et(r2))) considering the full sky. For the scale-independent y2-statistics the most significant
signatures of NGs are detected for the respective upper hemispheres ranging from §=15.16 to
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Al Full Sky Upper Lower
Hemisphere Hemisphere

Xl (S/%) (S/%) (S/%)
2,1024] 573 / >99.8 9.35/ >99.8  0.33 / 55.2

[2,20] 097 /950  4.57/99.6  4.01 /99.2
20, 60] 181 /942  257/974 242 /97.0
(60,120  1.41/99.0  1.53/99.6  0.91 /838
[120,300]  3.17 /92.8 10.53 / >99.8 1.19 /8738

Ao
2,1024] 550 / >99.8 11.50 / >99.8 0.66 / 79.6

[2,20] 032/528  4.03/986  4.04/99.6
20,60] 2.15/958  4.00/99.8 218/ 96.4
60, 120] 1.40 /98.2 3.26 /99.4  2.01 / 95.6
[120,300]  3.10 /99.0 890/ >99.8  1.90 / 95.8

2 .
Xlay,o0°
[2,1024]  1.89 /942 838/ >99.8  3.03/ 988

[2,20] 073 /774  5.64/>99.8 6.01 /99.8
20,60] 1.60 /928  342/99.2 149 /91.0
[60,120]  0.26 /524  2.15/96.6  0.53/75.6
[120,300] 1.68 /92.8  534/998  0.22/63.2

Table 3.3: Same as table but for the scale-independent y2-statistics. Also for this statistics
the largest values for S are found for the largest Al = [2,20] and smallest scales Al = [120,300]
and for the scale-independent NGs.

S =10.53.

To test whether all these signatures are of intrinsic cosmic origin or more likely due to
foregrounds or systematics induced by e.g. asymmetric beams or map making, we performed
the same surrogate and scaling indices analysis for the five additional maps described in Section
2. Figs. and show the significance maps for the two /-ranges Al = [2,20] and Al =
[120,300], for which we found the most pronounced signatures in the ILC7 and NILC5 map.
For the large scale NGs we find essentially the same results for the UILC7 map. The difference
map, shows some signs of NGs and asymmetries, especially for large r-values. A closer look
reveals, however, that both the numerator and denominator in the equation for § are an
order of magnitude smaller than the values obtained for the ILC7 (NILC5) maps. Thus the
signal of the difference map can be considered to be subdominant. And even if it were not
subdominant, the signal coming from the residuals would rather diminish the signal in the ILC
map than increase its significance, because the foreground signal is spatially anticorrelated
with the CMB-signal. Both the asymmetric beam map and the simulated co-added VW-map
do not show any significant signature for NGs and asymmetries. Finally, the simulated ILC
map does show some signs of (galactic) north-south asymmetries which become smaller and
therefore insignificant for increasing r, where we find the largest signal in the CMB maps.
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Figure 3.5: Deviations S({a(ry))) for the three scales ri,k =2,6,10 (from top to bottom) for
Al = [2,20]. The results are shown for (from left to right) the UILC7 map, the difference map
7-year ILC - 6-year ILC map, the asymmetric beam map, the co-added V and W-band from a
standard simulation and the simulated ILC-like map (for more detailed information about the
different maps see text).
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Figure 3.6: Same as Fig. 3.5 but for Al = [120,300]. Note that the scale for the color coding
has significantly changed for the difference map (second column).

For the small scale NGs (Al = [120,300]) we also find that the UILC7-map yields similar
results as the ILC7 and NILC5 map with smaller significance. Once again the asymmetric
beam map and the simulated co-added VW-map do not show significant signature for NGs
and asymmetries. This is not the case for the simulated ILC map. Here, we find highly
significant signatures for NGs and asymmetries, which show some similarities with significance
patterns observed in the ILC7 (NILC5) map. Even much more striking features are detected in
the difference map, where we find deviations as high as |S| ~ 15 forming a very peculiar pattern
in the significance maps for all . One of us (G.R.) named this pattern "Eye of Sauron’, which
we think is a nice and adequate association. It is worth noticing that we found the same
pattern when analyzing other difference maps, e.g. year 7 - year 1 or year 2 - year 1.

To better understand, where these features may come from we had a closer look at the
zeroth, first and second order surrogate maps. It became immediately obvious that for the
difference maps the fluctuations are systematically smaller in the regions in the galactic plane
used for the ILC-map making than in the rest of the sky. This effect persists in the first order
surrogate map and is only destroyed in the second order surrogates. This more (less) structure
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in first order surrogate map leads to lower (higher) values for the scaling indices, which can
qualitatively explain the observed patterns in the significance maps.

A much more detailed study of these high [ effects and their possible origins is part of our
current work but is beyond the scope of this paper. The results for the difference map shown
here point, however, already towards a very interesting application of the surrogate technique.
It may become a versatile tool to define criteria of the cleanness of maps in the sense of e.g.
absence of artificially induced (scale-dependent) NGs in the map of the residual signal. Such
a criterion may then in turn be implemented in the map making procedure so that ILC-like
maps are not only minimizing the overall quadratic error in the map, but also e.g. the amount
of unphysical NGs of the foregrounds.

3.6 Conclusions

To the best of our knowledge this work represents the first comprehensive study of scale-
dependent non-Gaussianities in full sky CMB data as measured with the WMAP satellite. By
applying the method of surrogate maps, which explicitly relies on the scale-dependent shuffling
of Fourier phases while preserving all other properties of the map, we find highly significant
signatures of non-Gaussianities for very large scales and for the [-interval covering the first
peak in the power spectrum. In fact, our analyses yield by far the most significant evidence of
non-Gaussianities in the CMB data to date. Thus, it is no longer the question whether there
are phase correlations in the WMAP data. It is rather to be figured out what the origin of
these scale-dependent non-Gaussian signatures is. The checks on systematics we performed so
far revealed that no clear candidate can be found to explain the low-/ signal, which we take to
be cosmological at high significance. These findings would strongly disagree with predictions
of isotropic cosmologies with single field slow roll inflation.

The picture is not that clear for the signatures found at smaller scales, i.e. at higher [’s.
In this case we found that NGs can also easily be induced by the ILC map making procedure
so that it is difficult to disentangle possible intrinsic anomalies from effects induced by the
preprocessing of the data. More tests are required to further pin down the origin of the
detected high / anomalies and to probably uncover yet unknown systematics being responsible
for the low [/ anomalies. Another way of ruling out effects of unknown systematics is to perform
an independent observation preferably via a different instrument as we are now able to do with
the Planck satellite.

In any case our study has shown that the method of surrogates in conjunction with sensi-
tive higher order statistics offers the potential to become an important tool not only for the
detection of scale-dependent non-Gaussianity but also for the assessment of possibly induced
artefacts leading to NGs in the residual map which in turn may have important consequences
for the map making procedures.
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Chapter 4

Non-Gaussianities identified with
Minkowski Functionals and Scaling
Indices

Original publication: H. I. Modest, C. Réth, A. J. Banday, G. Rossmanith, R. Siitterlin,
S. Basak, J. Delabrouille, K. M. Gérski and G. E. Morfill, Scale-dependent non-Gaussianities
in the CMB data identified with Minkowski functionals and scaling indices, MNRAS, 428, 551
(2013)

Abstract: We present further investigations of the Wilkinson Microwave Anisotropy Probe
(WMAP) data by means of the Minkowski functionals and the scaling index method. In
order to test for non-Gaussianities (NGs) with respect to scale-dependencies we use so-called
surrogate maps, in which possible phase correlations of the Fourier phases of the original
WMAP data and the simulations, respectively, are destroyed by applying a shuffling scheme to
the maps. A statistical comparison of the original maps with the surrogate maps then allows
to test for the existence of higher order correlations (HOCs) in the original maps, also and
especially on well-defined Fourier modes.

We calculate the o-normalized deviation between the Minkowski functionals of original
data and 500 surrogates for different hemispheres in the sky and find ecliptic hemispherical
asymmetries between the northern and southern ecliptic sky. Using Minkowski functionals
as an image analysis technique sensitive to HOCs we find deviations from Gaussianity in the
WMAP data with an empirical probability p > 99.8% when considering the low-¢ range with
Al = [2,20]. The analysis technique of the scaling indices leads to the same results for this
¢ interval with a slightly lower deviation but still at p > 99.8%. Although the underlying
foreground reduction methods of the maps differ from each other, we find similar results for
the WMAP seven-year ILC map and the WMAP seven-year (needlet-based) NILC map for
deviations from Gaussianity in the low-¢ range. Our results point once more to a cosmological
nature of the signal. For a higher ¢ range with A¢ = [120,300] the results differ between the
two image analysis techniques and between the two maps which makes an intrinsic nature of
the signal on this £ range less likely. When we decrease the size of the analyzed sky regions for
the low-¢ study, we do not find signatures of NG in the northern ecliptic sky. In the south we
find individual spots which show deviations from Gaussianity.

In addition, we investigate non-Gaussian CMB simulations that depend on the fyi-parameter
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of the local type. These simulations with fiocd = [0,4:100,+1000] cannot account for the de-
tected signatures on the low-¢ range.

4.1 Introduction

The primary anisotropies of the Cosmic Microwave Background (CMB) are caused by the
primordial inhomogeneities of the Universe. They are assumed to be generated during a period
of cosmic inflation and became the seeds for the structure of the density distribution in the
Universe we observe today. The CMB was emitted from the surface of last scattering about
380,000 years after the Big Bang and the analysis of its AT /T ~ 107> temperature fluctuations
help unraveling the mysteries of inflation.

The WMAP high resolution maps of the CMB allow detailed tests on the nature of the
primordial density perturbations. The analysis of the CMB power spectrum is allowing for
a high-precision determination of the fundamental cosmological parameters. However, any
cosmological information that is encoded in the phases and correlations among them is not
contained in the power spectrum and has to be extracted from measurements of higher-order
correlations (HOCs).

Evidence for the existence or non-existence of non-Gaussianity (NG) is necessary to choose
the correct class of scenarios for the very early Universe. The inflationary scenario (Guth
1981; Linde 1982; Albrecht ¢ Steinhardt 1982) was proposed about 30 years ago to solve
the flatness, monopole and horizon problems of standard Big Bang cosmology. It endorses
homogeneity and isotropy of the Universe, provides a mechanism for the generation of primor-
dial, approximately scale-invariant and approximately Gaussian density perturbations and its
predictions are consistent with the observed power spectrum (Komatsu et al. 2011).

The Gaussian distribution of scalar (density) and tensor (metric) perturbations is a generic
prediction of single-field slow-roll inflationary models. Yet, it has been shown that single field
as well as two-/multi-field models (Linde & Mukhanov 1997; Bartolo et al. 2002; Bernardeau
¢ Uzan 2002; Vernizzi € Wands 2006) generate a small amount of non-Gaussianity, below our
current experimental limits though (Maldacena 2003; Acquaviva et al. 2003). Models where
the primordial density perturbations are generated by a curvaton field may predict a high level
of NG (Moroi ¢ Takahashi 2001; Enqvist & Sloth 2002; Lyth et al. 2003). There are many
more alternative inflationary scenarios which could generate NG at an observable level, e.g.
Dirac-Born-Infeld inflation (Silverstein ¢ Tong 2004; Alishahiha et al. 2004) or ghost inflation
(Arkani-Hamed et al. 2004). See also review articles on NGs from inflationary models written
by Bartolo et al. (2004) and Chen (2010). The determination of non-Gaussianity would make
it possible to distinguish between these different inflationary models. However, inflation still
remains as a paradigm and a determination of NGs would also constrain alternatives, e.g.
ekpyrotic and cyclic models (Buchbinder et al. 2008; Lehners ¢ Steinhardt 2008), and help
unraveling the nature of the primordial density perturbations in general.

Various methods of statistical analysis of the WMAP data claim the detection of non-
Gaussianity and different anomalies like hemispherical asymmetries, lack of power at large
angular scales, alignment of multipoles, detection of the Cold Spot, etc. (Park 2004; Erik-
sen et al. 2004a, 2005, 2007; Hansen et al. 2004, 2009; de Oliveira-Costa et al. 2004; Vielva
et al. 2004; Rossmanith et al. 2009). In these studies, the level of NG is assessed by compar-
ing WMAP data with simulated model-dependent CMB maps based on cosmological models
and/or specific assumptions about the nature of non-Gaussianities as parametrized with e.g.
the scale-independent scalar parameters fnp and gnp. Fewer studies are testing the random
phase hypothesis for Gaussian random fields analyzing the distribution of the Fourier phases
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of the data (Chiang et al. 2003; Coles et al. 2004; Naselsky et al. 2005; Chiang et al. 2007).
These model-independent tests also show signatures of anomalies and non-Gaussianities.

In this paper, we apply the well established method of surrogate data sets to analyze Fourier
phase correlations in the WMAP data. The method of the surrogates has first been established
in Theiler et al. (1992) in order to detect weak nonlinearities in time series. For given possibly
nonlinear data, so-called surrogate data sets are generated, which mimic the linear properties
of the original time series. A comparison of original data set and surrogates through statistical
measures sensitive to higher order correlations (HOCs) can reveal a significant deviation from
linearity in the data. Extensions to this formalism to three-dimensional galaxy distributions
(Réth et al. 2002) and two-dimensional simulated flat CMB maps (Riath & Schuecker 2003)
have been proposed and discussed. In a prior report, we introduced a two-step surrogatization
scheme for full sky CMB observations which allows for a scale-dependent analysis of the data
(Rith et al. 2009). This method yields significant signatures for both NG and ecliptic hemi-
spherical asymmetries (Réith et al. 2009, 2011), especially on largest scales (¢ < 20). In these
papers, the HOCs are measured with the weighted scaling index method (SIM) introduced
in Rith et al. (2002), Rith & Schuecker (2003) and Rith et al. (2007). The image data is
represented as a point distribution comprising the spatial and scalar information of each pixel.
The scaling indices then offer the possibility to estimate the local scaling properties of such a
point distribution and depend on a scale parameter r.

We concentrate on the set of statistics known as Minkowski Functionals (MFs) as a com-
parative measure sensitive to HOCs. A general theorem of integral geometry states that three
Minkowski Functionals quantify the integrated geometry and topology and therefore morphol-
ogy of a two-dimensional density field. For a pixelized temperature map AT /T (n), we consider
the excursion sets of the map, defined as the set of all map pixels with value of AT /T (n)
greater than some threshold level v. The Minkowski functionals of these excursion sets com-
pletely describe the morphological properties of the underlying temperature map AT /T (n).
These measures embody the information from all orders of the correlation functions. They
are additive measures which allows us to calculate them efficiently by summing up their local
contributions. The calculation of n-point correlation functions is much more expensive com-
putationally (Eriksen et al. 2005; Szapudi 2009). In comparison to the SIM the Minkowski
functionals are scale-independent, i.e. they do not depend on any scale parameter.

We apply our methods to WMAP seven-year ILC and NILC maps. Furthermore, we
simulate and analyze non-Gaussian CMB maps that depend on the scale-independent fll?]fal
parameter and serve as first toy models for further tests on inflationary models.

The paper is organized as follows. In Section 2 we briefly describe the observational and
simulated data we use in our study. The method of generating surrogate maps is reviewed in
Section 3. A discussion and comparison of the used test statistics, Minkowski functionals and
scaling indices, can be found in Section 4. In Section 5 we present our results and we draw our
conclusions in Section 6.

4.2 Data Sets and Simulations

For our studies we use the WMAP seven-year foreground-cleaned internal linear combination
map (in the following: ILCT7) generated and provided by Gold et al. (2011). This map can
be directly downloaded from the LAMBDA-website’ with a HEALPix” (Gorski et al. 2005)
resolution parameter of Ngjge = 512, corresponding to 3,145,728 sky pixels. The ILC7 map

Thttp://lambda.gsfc.nasa.gov
2http://healpix.jpl.nasa.gov
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has one degree FWHM. For comparison we also include the seven-year needlet-based ILC
map (in the following: NILC7) produced by Basak ¢ Delabrouille (2012) pursuing a different
approach for foreground removal. Because the needlet implementation of the ILC allows for
optimizing weights both as a function of sky direction and as a function of scale, the NILC7 is
significantly less contaminated by foregrounds than other existing maps obtained from WMAP,
in particular at low Galactic latitude (see Delabrouille et al. (2009) for a description of the
needlet ILC method). It features a better total resolution, corresponding to the WMAP W-
band resolution, and has an original HEALPix resolution of Ngj4e = 1024. We downgrade the
map to Ngge =512 in the employed HEALPix software. The ILC7 as well as the NILC7 map
are weighted linear combinations of the five frequency channels K,Ka,Q,V and W that recover
the CMB signal even in heavily foreground affected regions. The weights are calculated by
requiring minimum variance in a given region of the sky under the constraint that the sum
of the weights is unity. Full sky maps ensure the required orthogonality of the set of basis
functions Yy, when generating surrogates.

For our comparison of the ILC7 and NILC7 maps on larger scales, 120 < ¢ <300, we choose
to decrease the resolution of the original NILC7 map down to one degree FWHM before
downgrading to a HEALPix resolution of Ngjge = 512. In these higher /-ranges the beam effects
have stronger influences. For our studies of the low-£ ranges with 0 < /¢ <20 this influence is
negligible.

The primordial non-Gaussianity that might arise during cosmic inflation has often been
parametrized by the fyp parameter in the following simple form of the curvature perturbation
® (Bardeen 1980) with quadratic correction

P(x) = Pr(x) + NLPNL(X) (4.1)
where @) are Gaussian linear perturbations and ®yp (x) is defined as
D (x) = PF (x) — (@7 (x)) (4.2)

and fnp characterizes the dimensionless amplitude of quadratic correction. This form of fnr
describes non-Gaussianity of the local type. In order to test for possible impacts of local type
NG on the data, we compare the results obtained from the original data to models based on a
scale-independent f#’fal parameter. Therefore, we compute temperature maps as constrained
realizations of non-linear fields with varying fll\f’fal.

The spherical harmonic coefficients ag, of the CMB temperature (i = T') and polarisation

(i = E) anisotropies in harmonic space are related to the primordial fluctuations ®y,(x) via
a, = /dxx2 Dy, (x) ot} (x) (4.3)

as a function of comoving distance x, where @/(x) is the real space transfer function. A set of
linear and non-linear spherical harmonic coefficients are a valid realization of temperature and
polarization fluctuations for a given cosmological model, in this case ACDM model. The total
ay, coefficients and a desired level of fll?fal NG are then calculated as

linear non—linear
Aim = aelm +fNL *dyg,, ' ) (44)

where the linear and non-linear ay, coefficients are provided by Elsner ¢ Wandelt (2009).
To explore the plausibility of fNi as an explanation for the observed large-scale NGs, we use
these ay, coefficients to simulate five co-added VW-band maps with f;}’fal = [0,£100,£1000].
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As shown in Réth et al. (2011) the results for the method of surrogates of the simulated
VW-band maps are similar to those of ILC-like simulations on large scales. The specific beam
properties of the WMAP satellite are taken into account using the respective window functions
for each differencing assembly (V1 —V2 W1 —W4), being available again on the LAMBDA-
website!. For every assembly, we add Gaussian noise to these maps with a particular variance
for every pixel of the sphere. This variance depends on the number of observations N;(0,¢)
in the respective direction and the noise dispersion per observation per different assembly,
0p,i- After this procedure, we accumulate the V- and W-bands to a co-added VW-band via a
noise-weighted sum (Bennett et al. 2003):

YicaTi(0, (P)/O-(ii
Yica 1/6&1‘

In this equation, A characterizes the set of required assemblies, for the co-added VW-map
A={V1,V2,W1,W2,W3,W4}. The parameters 6 = [0,7] and ¢ = [0,27] correspond to the
co-latitude and the longitude on the sphere, while the seven-year noise per observation of the
different assemblies is denoted by oy, given by Jarosik et al. (2011). Again, the maps are
decreased to a HEALPix resolution of Ngg4. = 512. Finally, we remove the residual monopole
and dipole by means of the appropriate HEALPix routine.

4.3 Method of Surrogates

In order to constrain possible phase-correlations of the Fourier phases of the cosmic microwave
background, we generate so-called surrogate maps as proposed in Rith ¢ Schuecker (2003). We
destroy possible phase correlations in the data by applying a shuffling scheme to the phases.
In order to test for the scale-dependence of non-Gaussianity this is done with a two-step
procedure.

The full sky CMB temperature anisotropy map of the celestial sphere with
AT /T (n) =AT/T(0,¢) can be expanded in orthonormal spherical harmonics Yy, as

T(6,¢)= (4.5)

AT /T(6 Z Z ApmYim(0 (4.6)

=0m=-1

with the complex spherical harmonic coefficients
g — / dn T(n)Y;, (n) (4.7)

where n is the unit direction vector and ay,, = \ag,11|ei¢‘m. The linear properties of the under-
lying density field are contained in the absolute values |agy,|, whereas all HOCs - if existent
- are encoded in the phases ¢, and the correlations among them. If the spherical harmonic
coefficients are independent Gaussian random variables their probability density is

[ m

e %iday, (4.8)

1
P(aﬂm)daém - \/W
(e.g. Rubakov & Vlasov (2012)) and the orthonormality relation holds:

<a€maZ’m’> = OS¢t S o (4.9)

where C; is the angular power spectrum and 8 is the Kronecker delta. In this case, the
amplitude |ag,| would be Rayleigh-distributed and the phase ¢y, = arctan (Im(ay,, ) /Re(ag,)) would
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be independent and identically distributed (i.i.d.) and follow a uniform distribution in the
interval [—m,]. The temperature values themselves would be normally distributed as well.
The measured angular power spectrum Cl”b“ depends on the ay,, coefficients by

1 14
= — ? 4.10

where <C}?bs> =Cy. In case the CMB variables ay,, are independent and Gaussian distributed and
their phases are therefore i.i.d. (independent and identically distributed) and consequentially
uncorrelated, it is adequate (KKomatsu et al. (20090) and references therein) to only investigate
the linear properties of the data described by the power spectrum Cy. In this paper, we focus
on the non-linear information and test for possible phase correlations of @, in the data, which
we define as non-Gaussianities of the CMB, to check if the above requirements are fulfilled.

To test the hypothesis of independent Fourier phases we try to exclude further features
of the data as e.g. artefacts due to experimental constraints. Therefore, we make sure that
the data meets the following two requirements before generating the surrogate maps. The
temperature distribution is Gaussian and the set of phases is uniformly distributed in the
interval [—m,x|. To fulfill these conditions we perform two preprocessing steps. First, the
almost Gaussian distributed temperature values of the original map in real space are replaced
by an exact Gaussian distribution in a rank-ordered way, i.e. the lowest value of the original
distribution is replaced with the lowest value of the Gaussian distribution etc. Second, in order
to guarantee that the phases ¢y, are identically distributed the Fourier phases are remapped
on to a set of uniformly distributed ones. No significant dependence on the specific Gaussian
or uniform realization, respectively, was found in these preprocessing steps.

The scale dependent surrogate maps that are later analyzed are obtained as follows. In
our scale-dependent analysis we focus on the two f-ranges A¢; = [2,20] and A¢, = [120,300].
The interval A¢; covers the largest spatial scales of the CMB, while the first peak of the power
spectrum lies in the interval A¢;. Our previous results have shown that findings of an almost
scale-independent analysis with a shuffling range A¢ = [2,1024] are only the superposition of
signals from the analysis with A¢; and Af¢, shuffling ranges (Rith et al. 2011). Therefore, we
assume that the results of these two intervals are of special interest in the analysis of phase
correlations. We first generate a first order surrogate map, in which any correlation of phases
Opn with £ outside the certain Afl-range of interest is destroyed: The phases ¢y, with 2 </ <
1024 and £ ¢ AL = [lyin,bmax], 0 < m < £, are randomized through a shuffling procedure. In a
second step, N (N =500 throughout this study) realizations of second order surrogate maps are
generated from the first order surrogate map: The remaining phases @y, with £ € Al = [Lyin, Cmax]
are shuffled, while the already randomized phases in the first order surrogate for the scales not
under consideration are preserved. Note that the Gaussian properties of the maps, which are
given by |agy|, are exactly preserved for all surrogate maps.

The first order surrogate preserves phase correlations in the A¢ range, if they were present
in the original maps. In the second order surrogate map, where all phases are randomly
distributed, all original correlations will be completely destroyed. The statistical comparison
of the two classes of surrogates will thus reveal possible higher order correlations in the original
maps on defined Fourier modes and uncover signatures for deviations from Gaussianity.

One might argue that the above discussed phase shuffling is not the intuitive approach,
since it is also possible to construct surrogates (of first as well as of second order) by just
replacing the respective Fourier phases with randomly generated ones. In order to account for
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this aspect, we additionally investigate surrogates (for selected data sets) that were constructed
by replacing the phases with a completely new set of uniform distributed values in the interval
[—m, ]. Note that for this replacement approach, one has to generate a new set of phases for
the relative ¢-interval. It might be preferable to only rely on the information which is given in
the underlying data set, instead of adding something new.
Before analyzing the maps with different image analysis techniques we decrease the

HEALPix resolution of the maps from Ngjge = 512 to Nsige = 256 for the data analysis and
Nsige = 64 for the simulated maps.

4.4 Test Statistics
4.4.1 Minkowski Functionals

A full morphological specification of an image requires geometrical as well as topological de-
scriptors to characterize not only the shape and content but also the connectivity of spatial
patterns. Hadwiger’s theorem (Hadwiger 1957) in the field of integral-geometry states that
any complete morphological descriptor of a set Q in d-dimensional Euclidian space E is a lin-
ear combination of only d+ 1 functionals which meet some simple requirements; the so-called
Minkowski Functionals M; with j ranging from 0 to d. Functional My and M; in two-dimensional
space can be interpreted as the familiar geometric quantities surface area and perimeter, re-
spectively. Functional M, is the topological Euler characteristic. In spherical, two-dimensional
CMB sky map space S? of radius R and a constant curvature K = R~ they are formally defined
as

M():/da
o
1
M, = - ds
4 Jao
1
M, = — dl k
2 o 20 g9

where da and dI denote the surface element of S? and the line element along the smooth
boundary dQ, respectively, as explained in Schmalzing ¢ Gorski (1998). The factor kg is
the geodesic curvature. The Minkowski functionals have been introduced into cosmology as
descriptors for the morphological properties of large-scale structure by Mecke et al. (1994) and
of CMB sky maps by Winitzki & Kosowsky (1998) and Schmalzing & Gorski (1998).

In order to study the morphology of the temperature anisotropies AT /T (n), which can be
considered as a smooth scalar field on S?, we calculate the three Minkowski Functionals (MFs)
of excursion sets Qy in the pixelised spherical two-dimensional maps of original data, surrogates
and simulations. Qy is defined as the set of all map pixels with value of AT /T greater than or
equal to some temperature threshold v by Q, = {n € S*|AT /T (n) > v}.

The maps we are analyzing are pixelised according to the HEALPix pixelisation scheme.
HEALPix produces a partition of a spherical surface into exactly equal area quadrilateral
pixels of varying shape which simplifies the calculation of the Minkowski functionals. The
pixel size depends on the HEALPix resolution parameter of the grid equal to Ngge = 1,2,4,8, ...
corresponding to a total number of pixels of Npix = 12 x stide =12,48,192,768, ... In this work
we use a resolution parameter of Ngge =256 and Ngjge = 64, respectively.

The temperature maps we want to analyze are divided into an active and a non-active part
by running over 200 threshold steps v; with —4or <v; < +407. At the first threshold step vy
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nearly every pixel is included in the active part besides few outliers with T' < —407. The last
step Vig9 excludes most of the pixels.

We adapted an algorithm of Michielsen ¢ De Raedt (2001) to compute the Minkowski
functionals of the pixelized maps. Conceptually, each active pixel is decomposed into 4 vertices,
4 edges and the interior of the pixel. We count the total number of active squares n; and edges
n, and vertices n, between active and non-active pixels and compute the area My, the integral
mean curvature or perimeter M; and the Euler characteristic M, from

My = ng
M, = —4n,+2n,
M> = ng —n, +n,.

A technical difficulty with this procedure is to avoid counting an edge or vertex more than
once. As suggested by Michielsen & De Raedt (2001) we build up the original image by adding
active pixels to an initially empty temporary image one by one. Depending on whether the
surrounding pixels have already been activated in the temporary image or not, we then add
up edges and vertices to their total numbers. The number of arithmetic operations required to
compute My, My, and M, scales linearly with the number of active pixels and the total number
of pixels of the image.

4.4.2 Weighted Scaling Indices

For comparison we assess possible scale-dependent NGs in the CMB with the scaling indices
method (SIM) as done in our series of earlier papers (Rith et al. 2002; Rith & Schuecker 2003;
Réth et al. 2007, 2009; Rossmanith et al. 2009; Réth et al. 2011; Rossmanith et al. 2011). The
basic idea for this test statistic comes from the calculation of the dimensions of attractors
in non-linear time series analysis (Grassberger & Procaccia 1983). The scaling indices have
been extended to the field of image processing for texture discrimination. If the image data
is represented as a point distribution in a d-dimensional embedding space the scaling indices
represent one way to estimate the local morphological properties of this point set. Point-like,
ring-like and sheet-like structures can be discriminated from each other and from a random
background.

In order to apply the SIM on the spherical CMB data, we have to transform the temperature
anisotropies AT /T (n;) with its pixels at positions n; = (6;,¢;), i = 1,...,Npix on the sphere to a
three-dimensional point distribution of Ny points P = {p;} in an artificial embedding space,
for which then the local scaling properties are assessed with the SIM.

For each point the local weighted cumulative point distribution p is calculated as

pzx

p” Zsr p17p] (411)

where s,(e) denotes a shaping function depending on a scale parameter r and a distance mea-
sure d(e). In principle any differentiable shaping function and any measure can be used for
calculating the scaling indices. We use the Euclidian norm as distance measure and set of
Gaussian shaping functions, which leads to

prx

pw Ze T ij = Hpi_pj”' (412)
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Figure 4.1: Deviations S(x?) of Minkowski Functionals My, M; and M, of the rotated hemi-
spheres for the ILC7 (upper row) and NILC7 map (middle row) in Galactic coordinates. In the
lower row we show the results of the phase replacement method for NILC7. The plots to the
very right show the corresponding results S(x?) for the respective maps gained by the scaling
index method. The ¢-range for the method of the surrogates is A¢ = [2,20].

The weighted scaling indices a(p;, r) are then obtained by calculating the logarithmic derivative
of p(p;,r) with respect to r:
a IOg p p;,r
a(p, 1) = TP PLT)

4.13
dlog(r) (4.13)
With the definition in Equation the weighted scaling indices are expressed by
, N (i)
g (2)e ()
a(p;,r) = PN (4.14)
e (4)

4.4.3 Statistical Interpretation

The two image analysis techniques, Minkowski functionals and scaling indices, are applied
to scale-dependent full sky surrogate maps and 768 overlapping hemispherical maps, with
two different solid angles: a solid angle of 27 (apex angle ) and ~0.6w (apex angle 7/2).
These hemispherical maps are rotated around the full sky to study possible scale-dependent
phase-correlations in the Fourier space of the maps with a certain spatial localization of the
phenomena. In this paper we focus on the analysis of the Minkowski functionals and compare
our results to the scaling index method.

In order to quantify the degree of agreement between the surrogates of different orders with
respect to higher order correlations found with the three Minkowski functionals My, M and M,
we calculate the mean of each Minkowski functional M, g2 for N = 500 realizations of the
second order surrogate per hemisphere 2 and threshold bin v

1 N
A= (M*,W,oz(v,h» = N Z M*,surro2(ma v,h)

m=1
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and the standard deviation

L 1/2
O, *mrmZ(V h) <]V_1 Z (M*,surr02(mav7h) _A)2>
m=1

for m =1,...,N. We combine mean and standard deviation in a diagonal y? statistic per
hemisphere h for the surrogates of first order

vV TM. . (v h) —A :| 2

) *,surrol\ 'V,
h pu—

%M*‘surml ( ) E) |: GM*JMVVUZ (v7 h)

and for the second order surrogate maps

\4 2
2 , mrr02 m,v h)
x *AurmZ Z |: Y h) :| '

* Surro2 (

Finally, the degree of agreement between the two types of surrogates is quantified by the
o-normalized deviation §

Xt s (D) = i, (1))
S, (h) = N0 (4.15)

*,SUrro2

for each of the 768 hemispheres with (xf,,wmz (h)) and 0,2 (h) denoting the mean and the

*,SUFTO2

standard deviation of x]%l*,.mrr(ﬂ(h) for the N =500 second order surrogates. Thus, we obtain
the ¢ normalized hemispherical deviations S(xy, (7)), S(xi;, (h)) and S(x3, (k) for the Area,
Perimeter and Euler characteristics.

As for the Minkowski functionals, we calculate the mean (o(r)) and standard deviation
Oy(r) of the scaling indices &(p;,r) for the set of 768 hemispherical maps. The scaling indices
are calculated with a scale parameter r = 0.25, which corresponds to rig as defined in our earlier
works, e.g in Rossmanith et al. (2009). The differences of the two classes of surrogates are
again quantified by the o-normalized deviation S:

Ysurrol - <Ysurr02>

SY) = 4.16
( ) GYsurnﬂ ( )
where Y represents a diagonal x? statistic
2 2
B;— (B )]
2 J J
= LI 4.17
Xja(r) u ]; { o5, (4.17)

as a combination of the mean and the standard deviation where B (r) = (a(r)), Ba(r) = Og(y)-
See Rith et al. (2007) for a detailed description regarding the scaling indices statistics.

The results we obtain with the hemispherical study of the sky are visualized in so-called
S-maps. Each pixel centre of a full sky map with a HEALPix resolution of Ng4e = 8 marks
one of the 768 hemispheres’ poles. After calculating the deviation S between one first order
surrogate and 500 realizations of second order surrogates for each individual hemisphere, we
plot the respective value in a sky map at that pixel position where the z-axis of the rotated
hemisphere pierces the sky. This is done for both, the Minkowski functionals and the scaling
indices. For one single S-map with 768 values stemming from the comparison of 500 surrogates
of second order with one first order surrogate we need to calculate 384,768 hemispherical maps.
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4.5 Results and Discussion
4.5.1 ILC and NILC Maps

Figure shows the S-values per hemisphere for a deviation from Gaussianity in ILC7 and
NILC7 data on largest scales with A¢ = [2,20], found with the method of surrogates by using
a shuffling approach and a phase replacement procedure, respectively, and analyzed by the
Minkowski functionals as well as the scaling index method. The y?-statistics of the two image
analysis techniques yield consistent results on largest scales and show significant signatures for
ecliptic hemispherical asymmetries and non-Gaussianity in CMB sky maps. The signal for the
Minkowski functionals is maximal in the southern ecliptic sky whereas for the SIM we find the
maximum in the northern ecliptic sky. In Table and we summarized the deviations §
and the empirical probabilities p of the three Minkowski functionals and the SIM. The results
are shown for the full sky and a pair of hemispheres which consists of the hemisphere with
maximum S(x?) and its opposing hemisphere on the other side of the sky.

The two CMB maps, ILC7 and NILC7, are different enough in their implementation that
the presence of residual foregrounds and noise, if important in the present analysis, is not
expected to result in similar NG detections. The needlet ILC is, in principle, less contaminated
by foregrounds and noise, as shown on 5-year data by Delabrouille et al. (2009). However, the
pattern in the S-maps of these two maps are almost identical to each other. The c-normalized
deviations S are higher for the NILC map and range up to 9.97 for the perimeter with an
empirical probability above 99.8%. The stronger signatures for NGs in the NILC map can
further be attributed to the fact that this map did not undergo the one-degree smoothing of
the ILC7 map.

Expectedly, the replacement of the original phase distribution by a distribution of random
values in NILC7 during the surrogates generating process yields the same pattern in the S-
maps as for the shuffling procedure. However, the shuffling approach avoids any dependence
on additional data and is therefore preferable for generating surrogates.

We show that the scale-dependence of the scaling index method is not a limitation to that
measure since the scale-independent y? statistic of the Minkowski functionals still yields the
same results as the scale-dependent y? statistic of the scaling indices, that depends on scale
parameter r.

All three Minkowski functionals area, perimeter and Euler as well as the SIM detect phase
correlations and therefore non-Gaussianities in the data with almost identical spatial signa-
tures. However, the single values in the S-maps do not demonstrate local NGs but must be
interpreted as an overall signal per hemisphere. Note that in this hemispherical study large
overlapping sky patches have been analyzed. S-values in the upper sky also account for signal
from the lower sky and the other way around.

In Figure and 4.3, the three Minkowski functionals area, perimeter and Euler charac-
teristic of the ILC7 and NILCT7 map, respectively, are plotted as a function of threshold values
v;. We compare one surrogate of first order with 20 realizations of second order surrogates
generated for the ¢-range of interest, here A¢ = [2,20]. The full sky Minkowski functionals do
not show differences between the two classes of surrogates. Single hemispheres though show
clear deviations between first and second order surrogate maps. For the plots we choose again
the pair of pixels as defined above: the hemisphere with the highest S(x?)-value and its oppos-
ing hemisphere. In general, we refer to hemispheres mainly located in the northern Galactic
sky as upper hemispheres, southern sky hemispheres are called lower hemispheres.

The first order surrogate functionals of the upper or lower hemisphere differ from the re-
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Full Sky ~ hemisphere hemisphere
Synax Opposite S
X (8]%) (S]%) (S]%)
Area 0.62]864 6.72]99.6 3.05]| 98.8
Perimeter 0.93 | 88.6 7.33 | >99.8 4.52]99.4
Euler 1441922 7.24|>99.8 3.62199.0
SIM 0.41|57.0 89|>99.8 6.1]99.8

Table 4.1: Deviations S calculated for the ILC7 map at a shuffling range of A¢ = [2,20] from
Equation and the empirical probabilities p of the scale-independent diagonal y2-statistics
for full sky functionals and two selected single hemispheres for the three Minkowski Functionals
and the scaling index method. This table corresponds to the first row of Figure

Full Sky  hemisphere  hemisphere
Sinax Opposite S

X (S]%) (S]%) (S1%)
Area 1.03 | 88.2 9.51|>99.8 5.98]99.8
Perimeter 0.89 | 86.4 9.97 | >99.8 7.31 | 99.8
Euler 0.77 | 84.4 9.50 | >99.8 7.22| >99.8
SIM 0.29 | 51.4 7.53|>99.8 6.23 ] >99.8

Table 4.2: The same as Table
to the second row of Figure

, but for the NILC7 surrogate maps. This table corresponds

spective second order surrogates for most of the threshold levels v. These deviations between
the two classes of surrogates lead to the assumption that phase correlations of Fourier phases
Op, with 2 <1 <20, manifested as certain morphological structures in the temperature distri-
bution in real space, are existent in the first order surrogates, in which only phases outside
Al = [2,20] are randomized, but are destroyed in the second order surrogate maps.

The first order surrogates of area, perimeter and Euler functionals show contrary behavior
comparing the upper and lower sky. Where the surrogates of first order of the chosen upper
sky hemisphere lie above the second order surrogates it is the lower sky first order surrogates’
Minkowski functionals that lie below. The algebraic sign of the deviations between the two
classes of surrogates depends on the analyzed sky region. The results of NILC7 in Figure

show in principle the same deviations of the two surrogates and between northern and
southern sky. The absolute amplitude of the Minkowski functional M, (Euler) for the NILC7
map though is larger for negative thresholds compared to positive thresholds. In the case of
the ILC7 map the two amplitudes are nearly equal.

Figure 1.1 shows the probability densities P(@) of the scaling index method of one first and
20 second order surrogate maps for the f-interval A¢ = [2,20], again for the full sky analysis as
well as for two opposing hemispheres for comparison. The density distributions of the second
order surrogates with fully randomized phases are shifted towards lower (higher) o values for
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Figure 4.2: Minkowski Functionals My (left), M; (middle) and M, (right) of the first (black)
and 20 second order surrogate maps (green), calculated for A¢ =[2,20]. The surrogate maps
were derived from the ILC7 map. The upper row shows the Minkowski functionals for the full
sky, the middle row for an ecliptic northern sky hemisphere and the lower row for an ecliptic
southern sky hemisphere as selected from the S-maps. The coordinates are given in Table

the upper (lower) hemisphere. This shift must be interpreted as a global trend indicating that
the first order surrogate map has less (more) structure than the respective set of second order
surrogates. As these deviations of different algebraic sign cancel each other for the full sky,
we do no longer see significant differences in the probability densities in the full sky analysis.
The SIM applied to the NILC7 map shows again that the the morphology of the temperature
distribution depends on the analyzed sky region and differs in algebraic sign between northern
and southern Galactic sky, as was the case with the Minkowski functionals. The deviations
between first and second order surrogates demonstrate the existence of HOCs in the WMAP
Fourier phases. In our earlier works we found similar results for the ILC7 and NILC5 (five-year
needlet-based ILC) map (see Réth et al. (2011)).

The x? results discussed above do not depend on the algebraic sign anymore. In order to
visualize the sign-dependence we plot the deviation S per hemisphere between first and second
order surrogates calculated with the Minkowski functionals for only one chosen threshold,
shown in Figure 4.5, and keep the algebraic signs of the deviations with this calculation. The
chosen thresholds correspond to the minima or maxima of perimeter and Euler functional.
For the SIM we choose to plot S(Y) with ¥ = (&) corresponding to Equation to keep the
algebraic sign, as was done in previous works. For the Euler characteristic we see that the sign
of the deviation depends on the threshold level v.

An analysis of different ¢-ranges was also performed in Hansen et al. (2009). In their work,
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Figure 4.3: Same as Figure 4.2, but for the NILC7 surrogate maps.

the dipole directions of the power distributions of different multipole blocks of 100 multipoles
each were calculated. It was shown that for the 6 multipole blocks in ¢ = [2,600] the dipole
directions lie very close to each other. We compare our non-linear statistics for the method of
surrogates with A¢ = [2,20] with these linear findings in Figure 1.6. We show our coordinates
of the hemispherical pairs defined above and add the directions of the 6 dipoles of the power
distributions. Note that the linear and non-linear statistics can have different scale sensitivity.
Although it is not clear to what extent the results can be reconciled in detail, interestingly, our
large-scale investigations with Minkowski functionals and scaling indices as well as the results
of Hansen et al. (2009) show evidence of asymmetry. As mentioned above, the original power
spectrum is exactly preserved for all our surrogate maps. The dipole direction of the multipole
block ¢ =2 —100 lies close to our large-scale SIM results for ILC7 and close to the Minkowski
(Area, Perimeter) results for NILC7. Furthermore, these three pixels are close to the southern
ecliptic pole.

In Rossmanith et al. (2012) we introduced the method of surrogates for an incomplete
sky. We find that even when the complete Galactic plane is removed, NGs and hemispherical
asymmetries can still be detected in the CMB and conclude that the Galactic plane cannot be
the dominant source for the found anomalies. Our results point in general towards a violation
of statistical isotropy of the Universe and disfavor single-field slow roll inflation.

Supplemental to the results on largest scales, Figure shows the deviations S(x?) per
hemisphere of the ILC7 and NILC7 map obtained by the Minkowski functionals for the sur-
rogates Al-range [120,300], which is covering the first peak of the power spectrum. The three
Minkowski functionals show indications for phase correlations for both maps. Yet the directions
of these deviations on the sky totally differ from each other. Since the two compared maps
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Figure 4.4: Probability density P(ct) of the first and second order surrogates for the scaling
indices calculated for surrogate maps with the ¢ interval A¢ = [2,20]. The black lines denote
the first order surrogates derived from the NILC7 map. The green lines are the densities for
the corresponding 20 realizations of second order surrogates.

differ in their resolution we extend the tests with a comparison of the NILC7 at a resolution
decreased to one degree FWHM (not shown here). We generate the corresponding surrogate
maps of first and second order and calculate the statistics for the Minkowski functionals and
the scaling indices. The signatures for phase correlations detected by the Minkowski func-
tionals differ from the results of the fully resolved NILC7 map and they do not resemble the
signatures of the ILC7 map. For the SIM there is more concordance between the findings of
the differing resolutions of NILC7. We claim that the reason for disparities between the ILC
and NILC maps on intermediate length-scales, 120 <[ <300, is not only the difference in beam
resolutions but even more the difference in the foreground cleaning. As explained in Rith et al.
(2011) foreground removal can induce phase correlations, especially on these intermediate ¢-
ranges. The detected phase correlations in the Af-range of [120,300] depend on the foreground
cleaning, the map resolutions and the response of the image analysis techniques. If there are
additional deviations from Gaussianity with cosmological origin in the maps on these ¢-ranges
we cannot distinguish them from systematics so far. Our findings clearly show that the found
non-Gaussianities in WMAP data are scale-dependent and can have different origin.

So far, we have analyzed the deviations from Gaussianity in areas of apex angle @ around
the sky which leads to a solid angle of 27z, so a full hemispherical analysis. We decrease the
apex angle to /2 and calculate the Minkowski functionals and scaling indices for areas with a
size of only 30% (solid angle 0.67) of the former hemispheres. The corresponding S-maps are
shown in Figure for the x? statistic of the three Minkowski functionals and the SIM. The
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Figure 4.5: Significance S per hemisphere between surrogate of first and second order of NILC7
calculated for one threshold value v;. For perimeter, S is calculated at the threshold value where
M\ surro1 becomes maximal (upper left). For Euler, we chose the threshold values where M5 g1
becomes minimal (lower left) and maximal (lower right), respectively. For comparison, we show
the deviations S({a)) for the mean of the scaling indices (upper right). The l-range for the
method of the surrogates is A¢ = [2,20].

Figure 4.6: A sky map in Galactic coordinates with the directions of maximal signal for NGs
found in ILC7 (red) and NILC7 (blue) with Minkowski functionals (Area, Perimeter: blue,
Euler: dark blue, Area, Perimeter, Euler: dark red) and SIM (light blue, light red). The
yellow pixels show the dipole directions of the power distribution in 6 blocks of 100 multipoles
each taken from Hansen et al. (2009). The green pixels correspond to the ecliptic northern
and southern pole, respectively.
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Figure 4.7: Deviations of the Minkowski Functionals My, M; and M, of the rotated hemispheres
for the ILC7 (upper row) and NILC7 (lower row) map. The f-range for the method of the
surrogates is A¢ = [120,300].
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Figure 4.8: Deviations S(x?) of the Minkowski Functionals My, M; and M, and the scaling
indices (from left to right and top to bottom) of the rotated hemispheres for the NILC7 map
for the smaller apex angle m/2. The ¢-range for the method of the surrogate is A¢ = [2,20).
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Figure 4.9: Maximum, mean and standard deviation of the absolute values of S(x?)y, of
ten fiocdl simulations compared to the NILCT original map (red line) for area (left column),
perimeter (middle) and Euler (right). The HEALPix resolution of the maps is Ngjge = 64. The
¢-range for the method of the surrogates is A¢ = [2,20].

7/2 study analyzes smaller sky patches of the CMB. It can feature a better spatial localization
of the phase correlations. However, a smaller number of pixels might constrict the detection
of a weaker signal. Comparing between the two classes of surrogates on smaller areas of the
sky maps, we find no signal for non-Gaussianity in the northern ecliptic sky, whereas we detect
individual spots in the southern sky which indicate phase correlations in these parts of the sky.
The fact that we do not detect these spots in the northern sky makes ecliptic systematics from
observations less likely. However, it cannot be ruled out that the detected spots are correlated
with unknown foregrounds. Further study on the origin of the found spots and comparison
with other detected anomalous spots in the CMB is needed.

4.5.2 fnL-dependent Simulations

The analysis of the ILC and NILC7 surrogate maps with the Minkowski functionals as well as
the scaling indices reveals HOCs in the original maps. In order to test whether these phase
correlations can be reproduced by fll\%fa]—models we analyze constrained realizations of the tem-
perature maps with varying fll?fal—parameter with values fg}’fal = [0,£100,£1000] by means of
the surrogate method for Al = [2,20]. Figure shows the results for the corresponding S(x?)
statistics for the three Minkowski functionals. We plot the maximum, mean and standard
deviation of S(x?) for ten simulations and the NILC7 original map. The HEALPix resolution
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Figure 4.10: Maximum, mean and and standard deviation of the absolute values of S(x?)q of
ten fi5° simulations compared to one NILC7 original map (red line). The HEALPix resolution
of the maps is Nsige = 64. The f-range for the method of the surrogates is Al = [2,20].
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parameter of the maps is decreased to Ngijge = 64 which does not change the results for low-/¢
ranges. One can immediately see that the S-values of the fll\})fal—simulations are nearly always
smaller compared to the original data set. The few exceptions where the signal of the simula-
tions lies close to the NILC7 data feature a value of fﬁﬁfal = 4+1000. These extreme values are
already ruled out by recent analyses that resulted in current constraints for | fll?fal\ well below
100 (e.g. fiocal =32421 (68% CL), Komatsu et al. (2011)). For the scaling indices, we obtain
similar results, which are shown in Figure . For the maximum plot, only one simulation
lies above the results for the NILC7 map, which is at fll\?fal = 100. For the mean, we obtain

three points with a slightly higher value than the data, and none for the standard deviation.

One has to conclude that the CMB simulations with fll?lfal cannot reproduce the low-£
anomalies we found in the WMAP data. This means that the detected large-scale NGs and
asymmetries in the data do not correspond to the type of NG which is described by fIl\?fal but
stem from a different origin. The search for the source of the deviations from Gaussianity has
to be continued in future analyses.

4.6 Conclusions

In addition to our previous work based on the use of surrogate maps we analyzed latest WMAP
experiment CMB maps with respect to asymmetries and scale-dependent non-Gaussianity.
The surrogates are generated by a scale-dependent shuffling of Fourier phases while all other
properties of the maps are preserved. In this work we focus on the Minkowski functionals
calculated for the ILC7 and NILC7 maps as a scale-independent measure being sensitive on
the HOCs of the maps. We compare these new results with the scale-dependent scaling index
method calculated for the NILC7 map in this work and for the ILC7 map in previous works.
We find that both measures detect highly significant signatures for phase-correlations and
therefore deviations from Gaussianity, and furthermore ecliptic hemispherical asymmetries for
the interval A =[2,20] in both ILC and NILC maps. The reduction of the analyzed sky region
down to 30% of the former hemispheres shows no signal for NG in the northern ecliptic sky.
In the south we detect individual spots of NG.

If the findings are indeed of intrinsic nature they would disagree with the predictions of
isotropic cosmologies with single-field slow-roll inflation.

The two different image analysis techniques reveal very consistent results on the low-¢ range
for both maps. The signatures we find for A¢ = [120,300] show less agreement between ILC
and NILC and differ from the low-f range results. They also depend on the image analysis
technique and the resolution of the map. As discussed in our earlier works NGs on these scales
can be induced by foreground cleaning and can be subject to secondary anisotropies.

The constrained realizations of the CMB with varying fll?fal cannot parametrise the de-
tected NGs and asymmetries on largest scales. fll}’fal might still be a suitable parametrization
for smaller scales (larger-£ ranges). Also, other types of fnr, as the equilateral and orthogonal
type, also the gy parameter could characterize the found NGs. A deeper study of differ-
ent inflationary models, as for example Bianchi type models, that represent appropriate test
candidates for the found anomalies, is required.

Future investigations, e.g. of upcoming data of the Planck satellite, will shed more light on
the open questions regarding instrumental constraints, observational systematics, map making
influences and resolution problems.
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Chapter 5

Probing non-Gaussianities on an
incomplete sky

Original Publication: G. Rossmanith, H. I. Modest, C. Rith, A. J. Banday, K. M. Gérski
and G. E. Morfill, Probing non-Gaussianities in the CMB on an incomplete sky using surro-
gates, Phys. Rev. D, 86, 083005 (2012)

Abstract: We demonstrate the feasibility to generate surrogates by Fourier-based methods
for an incomplete data set. This is performed for the case of a CMB analysis, where astro-
physical foreground emission, mainly present in the Galactic plane, is a major challenge. The
shuffling of the Fourier phases for generating surrogates is now enabled by transforming the
spherical harmonics into a new set of basis functions that are orthonormal on the cut sky. The
results show that non-Gaussianities and hemispherical asymmetries in the CMB as identified
in several former investigations, can still be detected even when the complete Galactic plane
(|| < 30°) is removed. We conclude that the Galactic plane cannot be the dominant source
for these anomalies. The results point towards a violation of statistical isotropy.

5.1 Introduction

The search for primordial non-Gaussianities in the Cosmic Microwave Background (CMB)
is one of the most important yet challenging tasks in modern cosmology. Any convincing
detection of intrinsic non-Gaussianities as well as their characteristics and scaling behavior
would directly support or reject different models of inflation, and therefore affect a fundamental
part of the standard cosmological model.

The currently still favored inflationary model is single-field slow-roll inflation (Guth 1981;
Linde 1982; Albrecht ¢ Steinhardt 1982), which should result in (nearly) Gaussian and isotropic
temperature fluctuations of the CMB. However, deviations from Gaussianity, preferred direc-
tions, and other kinds of asymmetries have been repeatedly detected (Eriksen et al. 20040,
2007; Hansen et al. 2007; Dickinson et al. 2009; Hoftuft et al. 2009; Hansen et al. 2009; Ross-
manith et al. 2009; Rath et al. 2009, 2011; Vielva & Sanz 2010; Pietrobon et al. 2010; Paci
et al. 2010; Cayon 20105 Copi et al. 2010), already questioning the simplest picture of inflation.
It is under discussion, if these asymmetries are connected to foreground influences (Copi et al.
2009; Naselsky et al. 2011), which appear particularly in the direction of the Galactic plane.

For investigations of CMB data sets, e.g. WMAP data, the analysis of Fourier phases has
proven to be a useful method (Chiang et al. 2003; Coles et al. 2004; Naselsky et al. 2005;
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Chiang et al. 2007), since all potential higher order correlations, which directly point to non-
Gaussianities, are contained in the phases and the correlations among them. The method of
surrogate maps with shuffled Fourier phases (Rith et al. 2009, 2011) represents one way of
analyzing the phases. Originally, this idea stems from the field of time series analysis (Theiler
et al. 1992; Schreiber 1998; Bunde et al. 2002; Gliozzi et al. 2010) and describes the construction
of data sets, so-called surrogates, which are similar to the original, except for a few modified
characteristics. The validation of these characteristics in the original data can then be tested
by comparing them to the set of surrogates with appropriate measures. The method used in
Riith et al. (2009, 2011) tests the hypothesis that the coefficients az,, = |ay,| e of the Fourier
transform of the temperature values T(0,¢) have independent and uniform distributed phases
Oum € [—7, 7] calculated for the complete sphere S. The phases of the original map are shuffled,
which can be done within some previously chosen interval of interest, Al = [¢},¢;], or simply for
the complete range Al = [2, 4] for some given ¢,,,,. Every realization of this shuffling results
in a new set of ag,ns, which then represents (after transforming back) one surrogate map. Note
that every surrogate still has by construction exactly the same power spectrum as the original
map. If the original map contained any phase correlations, these are now destroyed due to
the shuffling. Thus, any detected differences between the original and a set of surrogate maps
reveals higher order correlations and therefore deviations from Gaussianity.

One major problem in CMB analyses is the treatment of the Galactic plane, which strongly
influences the microwave signal. It is possible to cut out the foreground affected regions (Gold
et al. 2011), but this procedure itself can affect the subsequent analyses. When applying a sky
cut, orthonormality of the spherical harmonics no longer holds on this new incomplete sky,
which leads to a coupling of the ay,‘s, making a naive phase shuffling impossible. However, one
can transform the spherical harmonics into a new set of harmonics, which forms an orthonormal
basis on the incomplete sky (Gorski 1994; Gorski et al. 1994; Mortlock et al. 2002), where phase
manipulation can then take place again.

The problem of incomplete data also occurs in time series analysis by means of surrogates.
Here, gaps can be overcome e.g. by the use of simulated annealing for reproducing the auto-
correlation function (Schreiber & Schmitz 1997; Schreiber € Schmitz 2000). Still, the quality
of surrogates constructed with this method seems to be questionable, since it is not ensured
that no phase correlations are induced.

In this work, we combine the cut-sky methods with phase shuffling, thus enabling investi-
gations by means of surrogates on an incomplete sky. Our method can also be extended for
use on incomplete data sets in general.

5.2 Methods

5.2.1 Cut Sky Surrogates

On a complete sphere S, an orthonormal basis is given by the spherical harmonics ¥y, (s) with
0>0,—¢<m</{and s€S. Let the number of harmonics be limited by some given /,,,, € N*.
Now, for any map f(s) = Zg"j;;‘ apmYim(s), ¥ s € S with ag, € C, and for any new incomplete
sky S we want to know the corresponding ag¥ and Y/ for representing the map on the
remaining regions of the sphere: f(s) = Zg’"n‘;‘ agnygit(s), Vs € 8, with Y;' being orthonormal
on § and thus af"! being unique. For real valued spherical harmonics, this was performed in
Gorski (1994) and Gorski et al. (1994), and later on extended in Mortlock et al. (2002). The

methods presented there can be easily adapted to complex valued spherical harmonics as well.
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Figure 5.1: Example for the method of surrogates on a cut sky: A simulated CMB map in its
original form (upper left), after reconstruction with cut-sky harmonics corresponding to the
sky cut |b| < 10° and the limitation £,4 =20 (upper right), and after two realizations of a
phase shuffling of these harmonics for the complete range of Al = [2,20] (lower row).

At first, we define the vectors

Y (5) = [Y0.0(5), Y1,0(5), Y11 (5), - Yepstas (9]
a  =1000,a1,0,Q115 s Aty b

containing all harmonics and coefficients with m > 0, respectively, of the given map on the
complete sphere. Both have a length of iua := (€nax + 1) (bmax +2)/2. Analogously, we define
Y (s) and a®. Our objective is to determine two transformation matrices By, B, € Cimax*inar,
that fulfill the following equations:

Y (s) = By Y(s) (5.1)
acut 232 a

To identify them, we need to define the coupling matrix

C— /Ry(s)y*(s)dsz

as well as analogously its counterpart C*', with R being a given region on the sphere. Hereby,
Y* denotes the hermitian transposed of Y. When working with a pixelized sky, one uses a sum
over the pixels of R instead of the integral. For R = $“, an orthonormal set of harmonics Y
needs to fulfill the condition C* =1; ., with [;, being the unit matrix of size .. We can use
equation (5.1) on C* to change this condition to BiCBf =1, . It is possible to apply different
matrix decompositions to obtain C = AA* with A € Cine*ine - Consequently, the above equation
now reads as (BjA)(B1A)* =1, _and offers the simple solution B; =A~!.

— “lmax



94 5. Publication: Probing non-Gaussianities on an incomplete sky

Figure 5.2: The latest KQ75-mask provided by the WMAP-team (Gold et al. 2011), that cuts
out the highly foreground affected regions, compared to the three central latitude cuts applied
in this work. The smallest cut is +10° (dark blue), which removes already a large amount of the
highly foreground affected regions of the Galactic plane but presumes nearly all non-affected
regions. The second, £20° (blue), removes more regions, while the largest, £30° (light blue)
cuts out almost the entire Galactic Plane. Only minor point sources (turquoise) remain.

For the evaluation of B, let us recall that the coefficient vector a can be expressed by

o= / Y(s)f(s)dQ
S

or, respectively,

a™ = » Y (s)f(s)dQ .
Inserting (7.1) and the expression f(s) = a’ Y (s) into the latter leads to a® = B1CTa. Now we
use the above matrix decomposition again and obtain a = Bj(AA*)"a = ATa. Thus, it follows
that B, =AT.
To obtain the aft and Y with m < 0, we make use of the following equations, that hold
for full sky and that we assume to be valid also on incomplete skies:

cu yeut
Yfftm = (71)‘m‘y;m

and

ait, = (—1)"ag .

For the sky cuts and /-ranges used throughout our study, the cut-sky harmonics were tested
and confirmed to be orthogonal.

For constructing C = AA* as above, one can make use of different matrix decomposition
methods. Since the coupling matrix C is hermitian and can be treated as positive definite
for low ¢ by construction, a Cholesky decomposition is applicable. This is the easiest and
fastest way, although numerical problems only allow usage for lower £, (Mortlock et al.
2002). Another possibility is the eigendecomposition (ED): We obtain C = VWV* with the
columns of V containing the eigenvectors, and W being diagonal and containing the eigenvalues
of C. Because of the properties of the coupling matrix, these values are real and positive,
allowing therefore a simple decomposition of W by taking the square root of every element,
W = W2(W*)!/2. Thus, we obtain A =VW!2. Since C is hermitian, the ED is formally
similar to a singular value decomposition (SVD), which is also applied in this paper, with the
eigenvalues corresponding to the singular values. For both the ED and the SVD we apply
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a householder transformation similar to Mortlock et al. (2002) to make A lower triangular.
For the Cholesky decomposition, this is already the case by definition. Thus, due to equation
(5.2), it is ensured that the mono- and dipole contributions of the underlying maps — often
considered as non-cosmological — are kept separate from the £ > 2 modes.

With the help of the new cut-sky harmonics Y/, we can now generate the surrogates on a
cut sky § as well. Similar to above, we shuffle the phases ¢/ of the cut-sky coefficients af¥,
which is in this work performed for the full cut-sky range Al = [2,4,,,]. We obtain new sets
of af"nis, which are transformed back to pixel space to form the cut-sky surrogate (CSS) maps.
Figure shows as an example a simulated CMB map, its reconstruction with cut-sky har-
monics and two corresponding cut-sky surrogates. As we did in the case of a complete sphere,
we now search for deviations between the original data as well as its surrogates. However, one
has to take care about the above mentioned properties. While the uniform distribution still
holds for ¢/, the single phases in the sets are no longer independent from each other due to
equation (5.2). In other words, the cut-sky transformation induces phase correlations to the
underlying map. To account for these systematic effects, we create for each of the input maps
Npss = 20 full-sky surrogate (FSS) maps as explained above, with £, = 1024 and by shuffling
the phases within A¢ = [2,1024]. By comparing the results of the surrogate analysis for an
input map and its F'SS, we evade systematically induced phase correlations, since the original
map as well as the FSS are subject to the same cut-sky transformation process. Thus, we only
search for additional signatures possibly contained in the phases.

Even though the input map might feature induced phase correlations, it has to be pointed
out that the cut-sky transformation is reasonable. Only with a new set of cut-sky harmonics,
analysis techniques that depend on the orthonormality (like the method of surrogates) are
feasible on an incomplete sky. The transformation into the new regime only induces a phase
coupling to the data set, whose consequences can be eliminated as explained above. The
method of cut-sky surrogates itself is firmly constructed.

We construct the cut-sky harmonics for three different central latitude sky cuts, that remove
|b| < 10°, 20° and 30° of latitude in the centre of the maps. While the smallest cut (|b| < 10°)
removes already a large amount of the highly foreground affected regions but retains nearly all
non-affected regions, the largest (|o| < 30°) excludes almost the entire Galactic plane, with only
minor point sources remaining. This is illustrated in figure 5.2. We choose an upper bound
of lpax = 20 and set agy, =0 for £ > ly,. To check for consistency with Rith et al. (2009,
2011), we applied the cut-sky formalism also to the complete sphere with no points excluded.
To compare the different matrix decomposition methods, all three approaches (Cholesky, ED,
SVD) were applied. For every sky cut, the phases of the coefficients aj¥ were shuffled a hundred
times to generate Ncgs = 100 cut-sky surrogates for each input map. The same was done for
the corresponding FSS maps.

5.2.2 Measures for comparison

In general, the comparison of the original data and its surrogate maps can be accomplished
with any higher order statistics. For our study, we chose the scaling index method (SIM)
(Rossmanith et al. 2009; Réth et al. 2011) as well as Minkowski functionals (FEriksen et al.
2004b; Michielsen & De Raedt 2001) as test statistics.

The SIM is a local measure that is able to detect structural characteristics of a given data
set by estimating its local scaling properties. Briefly, the temperature anisotropies 7(0,¢) are
transformed to variations in radial direction around the sphere, therefore leading to a point
distribution p;, i =1,...,Npj, in three-dimensional space. Then, the weighted cumulative point
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Figure 5.3: Sketch of the method of surrogates on a cut sky.

distribution p(p;,r) is calculated for every point p; and a freely chosen scaling parameter r.
Since we will only investigate the large scales in our study, we choose the free parameter r
to be rip = 0.25 (in the notation of Rossmanith et al. (2009)), which is appropriate for these
scales. Eventually, the scaling indices are obtained by calculating the logarithmic derivative of
p(Pi,r) with respect to r.

The three Minkowski functionals measure the behavior of a given map with respect to
different threshold values v. The fraction of the sky where the temperature value is larger
than v is denoted as the excursion set R(V), its smooth boundary is identified by dR(v), and
da and dl describe the surface element of R(v) and the line element of dR(V), respectively.
Then, we can define the three Minkowski functionals as

Marea(V) = /R e

Mperim(v) = / dl

IR(V)

Meuler(‘/) - /;R(v) dlx 5

with k being the geodesic curvature of dR(v). For more details, we refer to Eriksen et al.
(2004b); Michielsen ¢ De Raedt (2001). Eventually, we sum up over all thresholds with the
help of the appropriate cut-sky surrogates by means of a y’-measure

2= X[ v) — MES ) fogs]

\%

for Marea(V), Mperim(V) and Miye-(V), respectively.
For computational reasons, the resolution of the input maps in the corresponding HEALPix
scheme (Gorski et al. 2005) was chosen to be Nyjge = 256 for the scaling index analysis and

Ihttp://healpix. jpl.nasa.gov
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Figure 5.4: The foreground residuals resulting from the subtraction of the WMAP ILC map
from the full seven-year foreground reduced co-added VW-band in its original form (left) and

added to a Gaussian simulation (right). The latter represents the map that is used in section

Niige = 64 for the Minkowski functionals. By testing several subsets, we assured ourselves that
the results are only marginally affected when choosing a lower resolution.

5.2.3 Statistical interpretation

The results for the different maps of both the scaling indices and the Minkowski functionals
are then evaluated in terms of rotated hemispheres: For 768 different angles we rotate the
underlying maps and calculate the o-normalized deviations

S1(Y) = (Ymap — <YCSS>) / Oycss

of the pixels included in the new upper hemisphere between the input map and its cut-sky
surrogates, by means of the measure Y. In our case, Y = ((X),Ga,xgrea,xge,im,xezuler, with (o)
and 0y being the mean and the standard deviation of the scaling index response o(p;,r),
respectively. The result is then shown as color-coded pixel, whose centre is pierced by the
z-axis of the respective rotated reference frame (see Rith et al. (2009); Rossmanith et al.
(2009); Réth et al. (2011)). To separate traces of possibly intrinsic phase correlations from
those induced by the transition to incomplete sky, and thus to account for systematic effects,
we calculate the statistics

Sa(1) = (1(6) = (ST5(1)) ) /oggssg

for comparing the results of S;(Y) for the original and the full-sky surrogate maps. Figure
illustrates the concept of this statistical interpretation of the method of cut-sky surrogates.
An important advantage of the rotated hemispheres S»(Y) is the possibility to identify not
only a global difference between the original map and its surrogates, but also the directions
where these differences occur. Thus, one can make a statement about possible deviations
from statistical isotropy. One example for such anisotropies are asymmetries, that have been
detected in numerous previous analyses as mentioned above. A difference between a S»(Y)
map that detected asymmetries and a statistical isotropic map is reflected in a difference in
the empirical distributions: For the latter, one would expect a histogram with a narrow range
of values for S,(Y) that peaks around zero. But for the first, one expects a broader spectrum
and possibly more than one peak, since on the map there are at least two areas with different
values. One measure that exactly accounts for the broadness of histograms is the discrete
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Figure 5.5: The o-normalized deviations S,(0y) comparing a simulated map and its 20 full-sky
surrogates for the complete sphere (upper left) and the three different central latitude sky cuts
|b] < 10° (upper right), |b| <20° (lower left), and |b| < 30° (lower right), that were constructed
by means of the singular value decomposition.

entropy H(S2(Y)). We define it as

Nbins
H(x) = — Z pilnp; |

i=1

with p; being the empirical probability (that is the relative frequency) of the realizations of x
to occur in the bin i, with Np;,s describing the number of bins in a chosen underlying interval.

The entropy H(S2(Y)) reaches its maximal value for a uniform distribution, which would
correspond to a S»(Y) map that consists of all different values of the chosen range, which again
would imply that there is no statistical isotropy at all. The (theoretical) minimum of H(S2(Y))
is zero. This occurs for the special case of a completely isotropic map with a distribution where
only for one bin i the empirical probability p; differs from zero. Thus, a statistical anisotropic
map, e.g. one with a strong asymmetry, results in a higher value for H(S,(Y)) than an isotropic
one.

5.3 Validation
5.3.1 Underlying Data Sets

To test the new approach, we generate two types of Gaussian simulations of the co-added
VW-band of the WMAP satellite via a noise-weighted sum. The difference between these two
is simply that for the one type we add Gaussian noise with a particular variance, given by
N,yps, for every pixel of the sphere and for the other we do not. The procedure is the same
as in Rossmanith et al. (2009), but note that we now apply the more recent WMAP 7-year
parameters. We include the simulation without the noise, since only there one can be absolutely
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sure that the results are not distorted by any influences coming from the input map: The map
is created by only using a given power spectrum and completely random phases, and should
therefore be resistant against phase shuffling in a statistical sense. In addition to these two
clean simulations, we applied the cut-sky surrogate approach to another simulated Gaussian
map, to which we added typical foreground residuals that are still present after the template
cleaning of the WMAP data. With the help of this second simulation, one can examine the
impact of possible aliasing effects due to the chosen /,,,,, that could be caused by strong
foregrounds which are cut out. The required residuals were computed by subtracting the
WMAP ILC map from the full seven-year foreground reduced co-added VW-band. However,
when performing this subtraction, one has to bear two things in mind: First, not only the co-
added VW-band but also the ILC map contains influences from the Galactic plane, although
with a lower amplitude. Second, the resulting map is slightly noisier compared to the original
foreground cleaned WMAP band-wise maps. Still, both remarks should not have a significant
impact on the intention of the test. The residuals resulting from the subtraction as well as the
corresponding simulation with the typical foreground pattern are shown in figure

5.3.2 Results

For the clean simulated Gaussian maps, the significances S;(0g) and S»(x2,,) calculated for
the rotated hemispheres are illustrated in the figures and 5.0. The differences between the
original and the FSS maps are insignificant (nearly always S»(Y) < 2.5) for the complete sphere
and all sky cuts. This holds for the results of the scaling indices (Y = (&), 0q) as well as for
the Minkowski functionals (Y = x2,.,, xgerim, X24.,). There are only marginal differences when
one adds the Gaussian noise to the map, which shows that these noise fluctuations alone are
not responsible for non-Gaussianities or anisotropies on the large scales. The results of the
assembled map are very similar as well, except for the full sky, where phase correlations are
obviously present. These results clearly demonstrate the validity of the approach. Although
phase correlations were induced by the cut-sky transformation, these are subtracted away by
using S>(Y). The results of the assembled map show that the impact of aliasing effects, even
when strong foregrounds are present in the Galactic plane, is negligible.

Only minimal differences were detected for the three used matrix decomposition methods,
that are likely to be due to the random shuffle of the phases. When going to larger /-ranges or
more irregular sky cuts, this technical part of the investigation will become more important,
especially for making the transition to the cut-sky possible.

5.4 Application to WMAP data
5.4.1 Underlying Data Sets

For the application of the cut-sky method to observations, we make use of several data maps.
Two of them are linear combinations of the different frequency bands and based on the WMAP
results” (Jarosik et al. 2011): First, the 7-year Internal Linear Combination map (ILCT7) pro-
vided by the WMAP team (Gold et al. 2011) and second the 5-year needlet based ILC map
(NILC5) (Delabrouille et al. 2009). In addition to these two data sets, we examine three maps
based on the 7-year co-added VW-band: For the first (VW7m), the galactic plane and several
point sources of the co-added VW-band map are cut out by means of the KQ75-mask (Jarosik
et al. 2011). These empty regions are then filled with Gaussian noise, whose mean and standard
deviation correspond to the values of the remaining map, while preserving the spatial noise

2http://lambda.gsfc.nasa.gov/
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Figure 5.6: Same as figure but for S>(x>.,). Note the different color scaling.

Figure 5.7: The temperature point source mask of the WMAP team in its original (blue spots)
and in its extended form (additional red regions), used to obtain the VW7p and the VWTpe
data map, respectively.

patterns. As above, this procedure is similar to Rossmanith et al. (2009). The second map
(VWTp) is obtained by applying the same method but cutting out the point sources outside the
Galactic Plane only. The temperature point source mask of the WMAP team is used for this
purpose (Jarosik et al. 2011). Since some of the point sources correspond to larger sources that
might not always be completely masked out, it can be advantageous to extend the previous
mask with the help of the high-latitude regions of the WMAP processing mask (Jarosik et al.
2011). This leads to the third VW-band based map (VW7pe) used in this paper. The regions
that were cut out to obtain the VW7p and VW7pe maps are illustrated in figure 5.7. For all
data maps, the monopole and dipole were removed.

The three maps based on the co-added VW-band map will be treated slightly different to
the analysis process from above: Instead of using the usual 20 FSS maps, we compare the
VW7m, the VW7p, and the VW7pe map with 20 simulations of the VW-band, where we
likewise excluded the respective mask or point sources and filled it with Gaussian noise. In
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doing so, we avoid to detect deviations that are only due to the structural differences inside
the masked regions or to the peculiar boundary between the masks and the rest of the map.
These unintentional deviations might occur when applying the FSS method. However, for
the VWT7m map, a comparison with FSS was tested as well, leading to similar results as the
approach with the masked simulations.

The ILC7 and NILC5 data sets are maps that can also be used in a full-sky surrogate
analysis. The maps were nevertheless analyzed in this work, on the one hand to check for con-
sistency with the full-sky surrogates method, and on the other hand to elucidate the influence
of the different map making procedures on the phase correlations. Apparently, effects of these
map making procedures should in particular be present in the Galactic Plane.

For the VW7m map, a full-sky surrogate analysis would not be applicable, since obviously
the filling of the mask has a severe influence on the phase correlations. However, it could be
used in a regular full-sky analysis, e.g. in comparison with simulated CMB maps of the VW
band, for which the same mask filling method is applied.

The remaining two maps (VW7p and VW7pe) represent data sets that do not attempt to
remove the foreground influences of the Milky Way. These maps would not produce reasonable
results when analyzed with the full-sky surrogates approach. Thus, they are a perfect example
to demonstrate the usage of the method of cut-sky surrogates. By applying the method on
these maps, we are consistent with the statement that the removal of foreground affected
regions is to be preferred to an reconstruction of these areas (Copi et al. 2011).

5.4.2 Results

When evaluating the scaling index results S>({(a)) and S(0g) for the |b| < 10° cut for the
rotated hemispheres of all data maps described above, we detect significant non-Gaussianities
and an asymmetry. Both features were already found in corresponding full-sky analyses (Rith
et al. 2009, 2011). The signal for S,({a)) becomes less clear for larger cuts. But for S>(0y), a
significant asymmetry with a clear north-south direction persists for all maps when excluding
the Galactic plane. As examples, the significances S>(0y) determined for the rotated hemi-
spheres of the NILC5 and the VW7pe map for the different sky cuts are shown in the figures
and 5.9, respectively.

The Minkowski functionals show similar results: For M,.,(V), one detects similar deviations
between all the data sets and its related full-sky surrogates. The only exception is the VW7pe
map, where the asymmetries are less pronounced than in the other maps. For the VW7m map,
that cuts out even larger areas of foreground affected data, a clear asymmetric behaviour is
found again. As examples, the results for My,.,(v) are illustrated for the NILC5 and VWT7pe
maps in the figures and .

For Mperim(v) and Meyer(V), the results agree for the full sky, but get less definite for larger
cuts. However, experience shows that this could likely be due to the limited amount of pixels
that is present especially when applying the |b| < 20° or 30° cuts. The decreasing number of
pixels on the incomplete skies leads to an increasing influence of noise and a lower influence
of the intrinsic signal. Due to discreetness, possible effects on the tails of the Minkowski
functionals may vanish, which in turn might damp the respective 2. This especially holds for
the two Minkowski functionals Mperim(V) and Me.-(v) that examine complex pixel formations
and thus need enough data points to produce statistically reliable results.

The detected north-south asymmetry is reflected in the empirical distribution functions
of the result maps S>(0y). We compare the results of the ILC7 and the NILC5 maps with
10 simulations without noise. These simulated maps undergo the same processes as the data
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Figure 5.8: Same as figure 5.5 for the NILC5 map.

Figure 5.9: Same as figure 5.5 for the VW7pe map.
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Figure 5.10: Same as figure for the NILC5 map.

maps. That means we constructed for each simulation 20 FSS, and again for each FSS and
the original map 100 CSS for all different sky cuts. The results are illustrated in figure
Clearly, the histograms of the data maps show a much broader spectrum than the respective
output of the simulations, which underlines the detection of statistical anisotropies.

This aspect is in turn quantified by the empirical entropy H(S2(0y)). Figure presents
the corresponding results of the twelve above mentioned histograms and additional ten simu-
lations with Gaussian noise. The results of the data maps offer higher values than the ones
of the simulations. Also, it is remarkable that these values are nearly not decreasing when
moving to a larger sky cut. As above in section , the differences between the two types of
simulations are negligible.

In summary, both the scaling indices and Minkowski functionals detect higher order corre-
lations and thus non-Gaussianities, as well as a clear north-south asymmetry in all data sets
even when large parts of the Galactic Plane are removed. Only the output of the Minkowski
functionals of the VW7pe map shows a weaker significance. Nevertheless, the scaling indices
detect an asymmetry in the VW7pe map. To investigate this particularity a bit further, we
repeated the CSS analysis of the NILC5 map where we removed the masked regions of the
VW7pe map. For simplicity reasons, no new FSS were generated. A comparison of this new
NILC5pe map with the FSS of the NILC5 data lead to the same results as the analysis of the
NILCS5 map itself.

The different signs in the opposite hemispheres of the findings for S(0y) that appear for
all data maps reflect a lower (higher) variability of the scaling index results for the northern
(southern) hemisphere of the original maps compared to their surrogates. A higher variability
implies the presence of different types of structure. Thus, the lower variability in the north
can also be interpreted as a lack of power in the northern hemisphere, which is in agreement
with former results (Eriksen et al. 2004a,b; Hansen et al. 2004, 2009; Rossmanith et al. 2009;
Réth et al. 2009, 2011). The regions with large deviations from isotropy become very broad
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Figure 5.11: Same as figure for the VWT7pe map.

for the larger cuts, which makes it difficult to draw a clear statement about a more accurate
direction of the detected asymmetry, e.g. if it was aligned with the ecliptic plane or not.

The above results also clearly indicate that both the detected non-Gaussianity and asym-
metry on the large scales cannot mainly be attributed to foreground influences of the Galactic
plane. This verifies the results of the full-sky surrogate analyses of Rith et al. (2009, 2011),
where foreground effects could in principle have played a role, and confirms previous findings
of other analyses (e.g. Hansen et al. (2009)). In combination with the multitude of checks
on systematics performed for the cut-sky transformation in section and for the technique
of surrogates in Réth et al. (2009, 2011), the results point towards the conclusion that the
signatures are of cosmological origin. This would represent a strong violation of the Gaussian
hypothesis and of statistical isotropy. Both assumptions are fundamental parts of single-field
slow-roll inflation, which is therefore rejected at high significance by this analysis.

A lot of effort as well as knowledge about the cut-sky transformation process will be nec-
essary to be able to extend the method of cut-sky surrogates to higher resolutions. A naive
approach results in an O(£*) scaling. As usual in CMB analysis, this includes both calculations
in Fourier as well as in real space. It is important to remove the restrictions of a low £,
to enable investigations of higher f-ranges, as it was already done for the full-sky case (Rith
et al. 2009, 2011). When going to higher ¢-values, it is of course helpful to work with a higher
resolution in pixel space as well. The upcoming data sets of the Planck satellite will offer a
better resolution for both Fourier and pixel space.

5.5 Conclusions

We demonstrated the feasibility of generating surrogates by Fourier-based methods also for an
incomplete data set. This was worked out for the case of a CMB analysis on an incomplete
sphere. Three different constant latitude sky cuts were applied. For this purpose, three different
cut-sky transformations were calculated. We generated 100 cut-sky surrogates for every input
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Figure 5.12: The histograms of S;(0y) for the complete sphere and the three different central
latitude sky cuts |b| < 10°, |b| < 20°, and [b| < 30° (from top to bottom), for the ILC7 (blue)
and NILC5 (red) maps as well as for 10 simulated Gaussian random fields without noise (grey).
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Figure 5.13: The empirical discrete entropy H(S2(0y)) corresponding to the histograms of
figure . The blue and red lines represent the ILC7 and NILC5 maps, while the results
of the simulated Gaussian random fields with and without noise (10 realizations each) are
illustrated by the dotted and dashed grey lines.
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map, sky cut and matrix decomposition method, which were analyzed by means of scaling
indices and Minkowski functionals. To remove systematic effects, a second analysis compared
the results of the original with the ones of 20 full-sky surrogate maps for each of the input
maps. For simulated maps, no anomalies could be detected. The findings for the data maps
show strong signatures of non-Gaussianities and pronounced asymmetries, which persist even
when removing larger parts of the sky. This confirms that the influence of the Galactic plane
is not responsible for these deviations from Gaussianity and isotropy. Together with former
full-sky analyses, the results point towards a violation of statistical isotropy.

The forthcoming Planck data offers the opportunity to test an independently measured
data set. This will help to yield more information about the origin of the detected anomalies,
since the new measurement might feature systematic effects different from WMAP. In addition,
the better signal-to-noise ratio, the unprecedented accuracy, and the supply of higher /-bands
will improve the value of the analyses, especially when extending the investigations to smaller
scales.

Many of the results in this paper have been obtained using HEALPix (Gorski et al. 2005).
We acknowledge the use of LAMBDA. Support for LAMBDA is provided by the NASA Office
of Space Science. We want to thank the referees for their comments and suggestions.
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Correlating Fourier phase
information with real-space higher

order statistics in CMB data

Original Publication: H. I. Modest, C. Rith, A. J. Banday, K. M. Gérski and G. E. Morfill,
Correlating Fourier phase information with real-space higher order statistics in CMB data,
Phys. Rev. D, 89, 123004, (2014)

Abstract: We present a heuristic study on the correlations between harmonic space phase
information and higher order statistics. Using the spherical full-sky maps of the cosmic mi-
crowave background as an example we demonstrate that known phase correlations at large spa-
tial scales can gradually be diminished when subtracting a suitable best-fit (Bianchi-)template
map of given strength. The weaker phase correlations are attended by a vanishing signature
of anisotropy when measuring the Minkowski functionals and scaling indices in real-space with
the aid of surrogate maps being free of phase correlations. Those investigations can open a
new road to a better understanding of signatures of non-Gaussianities in complex spatial struc-
tures, especially by elucidating the meaning of Fourier phase correlations and their influence
on higher-order statistics.

6.1 Introduction

Great advances in imaging techniques nowadays allow for a visualization of spatial structures in
medicine, biochemistry, solid-state physics, or astronomy, ranging from the atomic nanometer
scale (Binnig et al. 1986) to megaparsec for the large scale structure of the Universe (Ahn et al.
2012) with the largest and oldest observable structure being the cosmic microwave background
(CMB) (Smoot et al. 1992; Bennett et al. 2003; Planck Collaboration et al. 2014a). These
images of complex natural structures contain a wealth of information about the origin and
often nonlinear formation process of structure. As known from the field of signal processing
and imaging science, for example, in optics, cybernetics or time-series analysis, a comprehensive
analysis of signals stemming from systems with nonlinear dynamics must go beyond a linear
analysis (autocorrelation function in real-space or the power spectrum in Fourier/harmonic
space). In image analysis by higher-order statistics (HOS) this is only achieved when the
phase information is included. A detailed understanding of this phase information has become
very important in natural sciences in recent years and can improve existing methods of image
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analysis, image reconstruction and also image compression Rodenburg et al. (2007). Examples
for studies on phase information and their application can be found in the development of
the first phase retrieval methods in X-ray imaging (Gerchberg & Saxton 1972; Fienup 1982;
Hauptman 1991) or in studies of the phase distribution in CMB data (Coles et al. 2004; Chiang
€ Naselsky 2007; Chiang et al. 2007), inter alia.

The higher order n-point correlation functions with n > 2 in real space or their equivalent
polyspectra in Fourier space, however, do not allow direct conclusions on the distribution of the
phases yet. If the signal is Gaussian, the Fourier phases are independent and identically uniform
distributed. In this case, the second-order measures are anyway sufficient to understand the
underlying physics. In generic cases, though, in which the underlying random fields are non-
Gaussian, the phases are correlated and contain information that must not be neglected. One
of the next steps on the way to a more profound understanding of images in general is a
detailed description of the phase distribution and the investigation of the relation between
phase information and real-space HOS.

In cosmology, the search for primordial non-Gaussian random fields has attracted great
attention since their detection and identification allows for a differentiation between various
models of inflation. While, e.g., multi-field inflation or self-interactions of the inflaton field
generally yield measurable non-Gaussianity (NG), the standard isotropic cosmology with the
simple single-field slow-roll inflationary scenario and a Friedmann-Robertson-Walker (FRW)
metric predicts a Gaussian distribution for the first density perturbations of the Universe
(Guth 1981; Albrecht ¢ Steinhardt 1982; Linde 1982). The latest, most precise measurements
of parametrized NGs of the local, equilateral and orthogonal type by the Planck team did not
reveal significant deviations from Gaussianity (Planck Collaboration et al. 201454). A model
independent test using the well-established method of surrogates (Theiler et al. 1992) applied
to the Planck CMB maps revealed, however, NGs and hemispherical asymmetries for higher-
order statistics (Planck Collaboration et al. 2014¢), which can be traced back to harmonic
space phase correlations on large spatial scales at low spherical harmonic modes £ with £ < 20,
confirming previous findings in Wilkinson Microwave Anisotropy Probe (WMAP) data (Réith
et al. 2011; Rossmanith et al. 2012; Modest et al. 2013).

Evidence was found that a best-fit Bianchi type VII; template (BT) correlates with the
large-scale anomalies in the CMB sky (Jaffe et al. 2005; Cayon et al. 2006; McEwen et al. 2006),
although it is clear the best-fit Bianchi model itself is not compatible with the parameters of
the cosmological concordance model (see, e.g., Jaffe et al. (20060)). Bianchi models provide a
generic description of anisotropic homogeneous cosmologies (Barrow et al. 1985) that are only
asymptotically close to a FRW universe. Applying a BT correction to CMB data yields a sky
that is statistically isotropic for several subsets of statistical measures, e.g., the local power
estimates (Jaffe et al. 2005). In Planck Collaboration et al. (2014g), it was found that the
signal stemming from low-¢ phase correlations can also be significantly reduced if the best-
fitting BT is subtracted from the Planck maps. These results could hint at the properties of
fully compliant cosmological models, especially when the behavior of the data is studied as a
function of the BT correction and on isolated scales.

This work aims at the systematic investigation of the fundamental relation between the
Fourier phase distribution in harmonic-space and real-space higher-order statistics, compara-
ble to the Wiener-Khinchin theorem (Wiener 1930; Khinchin 1957). To do so, we analyze the
distributions of Fourier phases directly using the non-parametric statistical Kuiper test and
compare these results to real-space signatures from higher-order correlations involving surro-
gates maps. The investigations are carried out using the CMB as an example of a spherical
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data set where no boundary conditions have to be met. We find that our previous real-space
results studying the phase correlations of CMB data on the large scales with £-modes of ¢ < 20
are reproduced in a study with ¢ < 10. With this even stricter choice of /-interval we make
sure that our analysis of the phase distribution is comparable to the phase analysis in Chiang
et al. (2007) where they have used exactly the same range. To modify the strength of phase
correlations contained in the data, we make use of anisotropic Bianchi type VII; best-fit tem-
plates. We compare full-sky CMB maps of the WMAP experiment (Bennett et al. 2013) and
the Planck mission (Planck Collaboration et al. 20144).

6.2 Methods

Assuming that an image I(x,y) can be represented in terms of linear superposition of (not
necessarily orthogonal) basis functions fB;(x,y) by I(x,y) = ¥ a;Bi(x,y), the CMB map with its
i

temperature anisotropies AT /T (6, ¢) at angular position (60, ¢) can be expanded in orthonormal
spherical harmonics Yy,, as

oo ]

AT/T(6,0) =Y. Y amYm(6,0) (6.1)

1=0m=—1

with the complex spherical harmonic coefficients

gy = / dn T(n)Y;, (n),

where n is the unit direction vector, T is the CMB temperature anisotropy, Y,;, are the complex
conjugates of the spherical harmonics, and ay, = |ag,|e’®”. The phases @, of the harmonic
coefficients are not rotational invariant. The set of the spherical harmonics is defined with
respect to a particular coordinate system. For the CMB the usual system is in Galactic
coordinates.

Gaussianity of the CMB implies a Gaussian distribution of its independent complex spher-
ical harmonic coefficients ay,. According to theory, the harmonic space phases are then inde-
pendent and identically distributed (i.i.d.) and follow a uniform distribution in the interval
[—m, ). We test for this null hypothesis of uncorrelated phases with two complementary meth-
ods to enable a comparison between them. Method A directly explores the distribution of the
phases in harmonic space and is motivated by the findings in Chiang et al. (2007). Method
B is based on a real-space analysis and is supported by the method of surrogates. Generating
the surrogate maps, we destroy only a single characteristic of the original map, which is a
possible correlation of the phases. We gradually diminish the strength of phase correlations by
subtracting a Bianchi type VII, best-fit template (taken from Jaffe et al. (2006a) for WMAP,
taken from McEwen et al. (2013); Planck Collaboration et al. (20145) for Planck) multiplied
by a strength factor of f=0.1,0.3,0.5,0.7,0.9 and 1.0 from the original map to enable a com-
parison of the response in method A and B as a function of the correction. Tests reveal so
far that remaining Galactic plane foreground residuals and inpainting techniques in Planck
SMICA and SEVEM and WMAP-9 ILC do not influence the low-¢ phase correlations which
corresponds to findings in Réith et al. (2011); Rossmanith et al. (2012); Planck Collaboration
et al. (2014¢). We will therefore use full-sky maps in our analysis.
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6.2.1 Method A — phase space

For a precise analysis of the phase distributions of the maps, we calculate the ay,, coefficients
of Planck SMICA and SEVEM' and WMAP-9 ILC- full-sky maps and test their phases @y,
for independence. We obtain 54 phases ¢y, with values between —m and 7 depending on the
chosen coordinate system after an ag,,-decomposition for £ € [2,10], m > 0. If these @y, fulfill the
random phase hypothesis, i.e., are i.i.d. and follow a uniform distribution, the phase difference
taken between these phases should be uniformly distributed in [0,27]. To test this, we define
subsets of differences with fixed separations (A¢,Am) by A@ (Al,Am) = Qpia¢m+am — Qem- The
Kuiper statistic (Kuiper 1960; Press et al. 2007) is then used to test for the null-hypothesis by
comparing the cumulative distribution function (CDF') of the A@ (A¢, Am) with a given uniform
CDF. The Kuiper test statistic is V. = D" +D~, where D" and D~ represent the absolute sizes
of the most positive and most negative difference between the two cumulative distribution
functions that are being compared. For N, > 4, the p value of an observed value V is given by

p = Qkp ([V/Ne +0.155+0.24y/N, ] V) (6.2)

with respect to the monotonic function

Okp(A) =2 Y (47242 — 1)e 24 (6.3)

gk

j=1

where N, is the effective number of data points. The p value can be interpreted as the proba-
bility of measuring a value at least equal to the observed value V or even more extreme when
the test statistic is applied to data that satisfies the null hypothesis. The smaller the p value is,
the more convincing evidence is against the null hypothesis. High p values for a given (A¢, Am)
separation therefore indicate the absence of phase correlations between mode pairs separated
by (A¢,Am), whereas low values indicate their existence. Values of p < 0.05 (5% level) are
widely accepted as strong evidence against the null hypothesis.

Our results depend on the chosen coordinate system. However, averaging over rotated
systems will show a global trend of the results.

6.2.2 Method B — real space

Using a shuffling approach, we generate surrogate maps by randomizing the potentially cor-
related phases @y, of the original map while preserving the full-sky power spectrum of the
map. In a prestep, we apply an initial Gaussian remapping of the temperature field, and a
uniform remapping of the phases to avoid any influence of data outliers on the measurement
of phase correlations. If the original phases are independent, the shuffling process will statis-
tically not influence the real-space higher-order statistics of the maps. Phase correlations that
are contained in the original data are destroyed by the shuffling process. In order to enable a
scale-dependent analysis of the maps, we generate one first order surrogate and 200 second-
order surrogate maps. In the first-order surrogate, only the phases with ¢ outside the f-range
of [2,10] are randomized. In a second step, we shuffle the remaining phases inside that ¢-range.
Significant deviations between these two classes of surrogates reveal phase correlations in the
original data among @y, with ¢ € [2,10].

To quantify the higher-order content of the surrogate maps, we use two comparable real-
space image analysis methods sensitive to HOS, namely, the scaling index method, which

Thttp://www.cosmos.esa.int/web/planck/pla
2http://lambda.gsfc.nasa.gov/product/map/current/
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Figure 6.1: p values of the Kuiper statistic for the WMAP-9 ILC (left) and Planck SMICA
map (right) (black solid line) and the corresponding Bianchi-corrected maps (colored dotted
lines) for A =0 (top) and A? =1 (bottom), calculated in the Galactic coordinate system. The
Planck SEVEM map (not shown here) resembles the SMICA results. Note that subtracting
the corresponding BT's does not significantly reduce the dip at (A¢,Am) = (1,2).

calculates the weighted scaling indices a of the three-dimensional point distribution P = {p;}
of the CMB expressed by

. NG (%)
g () e ()
) _ dl q Y
g (%)
as developed in Rith & Morfill (1997); Réth et al. (2012), and a set of three statistics known
as the Minkowski functionals (Minkowski 1903),

a(pi,r) = (6.4)

M():/da
Q
M—1 ds¢
1—4 20

1
My =— d/ k
2 27[/8Q g

which were introduced into cosmology by Mecke et al. (1994); Winitzki & Kosowsky (1998);
Schmalzing ¢ Gorski (1998). For details and former results see Modest et al. (2013).
Calculating the Minkowski functionals, the surrogate temperature maps are divided into
active and a non-active parts by running over 200 threshold steps v; with —4or <v; < +407.
Temperature values of the surrogate maps are counted as active if they lie above the tempera-
ture threshold step, whereas the other values are taken as non-active. We then calculate area,
perimeter and Fuler characteristic of the active pixels. These three Minkowski functionals are
calculated for 768 overlapping hemispheres in the sky. To quantify the degree of agreement be-
tween the surrogates of the two different orders with respect to higher order correlations found
with the three Minkowski functionals My (area), M; (perimeter) and M, (Euler), we calculate
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the mean of each Minkowski functional M, g, for N =200 realizations of the second-order
surrogate, per hemisphere 2 and threshold bin v,

N
A= <M* surr02 v, h Z *surr02 m,vV h)

m:1

and the standard deviation

1 N 1/2
O-M*‘surmz (V, h) = <1V—1 Z (M*,Surr()z (m7 V, h) —A )2>
m=1

for m=1,....N. We combine mean and standard deviation in a diagonal x? statistic, per
hemisphere h, for the surrogates of first order

VoM hy—A7?
2 *,surrol ]
XM*,surrul Z |: h) :|

M* Surro2 (-]7

and for the second-order surrogate maps

v TM (m,j,h)—A7*

2 *,SUrro2 Js

x *,SUFTO. (h7m) = |: :| .
M o2 ‘];O *mrmZ (] h)

Plots of the y? statistic can be found in Fig.
Finally, the degree of agreement between the two types of surrogates is quantified by the
o-normalized deviation S

o Ry ()= R ()
S(XM* (h)) - Gx,%,, (h)

*,SUrro2

(6.5)

for each of the 768 hemispheres with (y2

*,

o(h)) and o (h) denoting the mean and

xin

*, SUITO2

the standard deviation of XM*.sz (h). We obtain the o-normalized hemispherical deviations

S ()(f,,o(h)), S(xi, (h)) and (x4, (h)) (called S values) between the surrogates of first and second
order for the area, perimeter and Fuler characteristics. As for the Minkowski functionals, we
calculate the mean (c(r)) and standard deviation 6, of the scaling indices a(p;, r) for the set
of 768 hemispherical maps. The differences of the two classes of surrogates are again quantified
by the o-normalized deviation S:

Y' rrol — Y rro

S(Y) _ lsu 0l < su (2) (66)
GYsurnﬂ
where Y represents a diagonal y? statistic
2 2
B;i— (B )]

2 J J
= , 6.7
X{a(r)) 00 J; { o5, (6.7)

as a combination of the mean and the standard deviation where By (r) = (&(r)), B2(r) = Ogy)-
It can be shown that method B is rotational invariant. Regardless of the chosen coordinate
system, the S-value pattern on the sphere is preserved.
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6.3 Results

Comparing the results from the Kuiper statistic of 36 (A¢,Am)-combinations with Al =0—5
and Am = 0—5 in different coordinate systems, we find the trend that gradually subtracting the
corresponding BT from the original map leads to increasing Kuiper p values with increasing
Bianchi factor f if p < 0.1 in the original data. This behavior is a strong indication for vanishing
phase correlations due to BT correction in certain phase separation subsets depending on the
chosen coordinate system. Figure shows the significance levels for 12 combinations of
Al =0,1 and Am =0,1,2,3,4,5 for all steps of BT corrections with respect to the Galactic
coordinate system. The majority of the (A¢,Am)-mode-pairs has p-values that lie well above
0.05 and even above 0.1 in the original map as well as after the BT corrections. These results
have a relatively high probability of above 10% to arise under the null-hypothesis of random
phases.

In rare cases, we find higher p values in the original map and values below 0.1 after the
BT correction. In the Galactic coordinate system, e.g., this is the case at (A¢,Am) = (5,0)
in the original ILC9 map, where the full BT correction leads to p = 0.064. For SMICA, this
behavior is found for the correction with 0.3xBT and 0.5xBT, for SEVEM at correction steps
0.1,0.3,0.5 and 0.7. The mode-pair (A¢,Am) = (1,2) is another exception: The subtraction of
the BT is almost not increasing the p values which remain below the 3% level for SMICA and
ILC9, and below 6% for SEVEM, with respect to the Galactic coordinate system. In Table

, we list the p-values of the original maps and the fully BT corrected maps for all subsets
with at least one value < 0.1 either in the original map or after the full BT correction with
1.0xBT. The findings in the original maps are consistent with those for the WMAP-3 year
data tested by Chiang et al. (2007) and reveal an overall consistent picture of the different
maps and experiments.

Averaging over 768 rotated coordinate systems reveals phase correlations for A =0,1 and
Am = 0,1,2 but none for larger phase separations, as shown in the supplemental material in
section

1LC9 SMICA SEVEM
(AL, Am) orig corr orig corr orig corr
) 0.075 | 0.301 | 0.042 | 0.707 | 0.160 | 0.853
) 0.275 | 0.520 | 0.204 | 0.722 | 0.096 | 0.916
) 0.117 | 0.201 | 0.091 | 0.645 | 0.242 | 0.526
) 0.003 | 0.029 | 0.002 | 0.005 | 0.008 | 0.060
)

)

)

0.090 | 0.193 | 0.087 | 0.471 | 0.151 | 0.454
0.321 | 0.064 | 0.148 | 0.126 | 0.132 | 0.196
0.364 | 0.218 | 0.220 | 0.328 | 0.078 | 0.139

Table 6.1: Combinations of (A¢,Am) with p values < 0.1 (bold) for at least one of the three
maps SMICA, SEVEM and ILC9. We show p before and after the full BT correction.

In Fig. , we show the inverse |p — 1| values with respect to the Bianchi factor f for
Al =0,1 to visualize the trend in individual subsets (for the Galactic system). The mode-pairs
(0,1),(0,2),(0,3) and (2,5) (not shown) show a mostly monotonic decrease in the p value with
increasing a. The analysis of (5,0) and (5,4) (not shown) yields rather constant p values above
0.75. Mode-pairs with (1,2) remain correlated in all maps.

The x? statistic of the Minkowski functionals for 768 different hemispheres of the sky
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Figure 6.2: |p— 1|-values of the ILC9 (left) and SMICA (right) map for A =0 (top) and Al =1

(bottom). The colored lines mark the different Am with black=0, purple=1, blue=2, green=3,

orange=4, red=5. The black dashed line shows the normalized mean S-value of the output
maps from method B (Figure ¢.1).

shows strong deviations between the first and 200 second-order surrogates generated from the
original maps as can be seen in Fig. . The x? distribution of 768 first-order surrogate maps,
generated from the Planck SMICA map, is after a BT correction very similar to the distribution
of the second-order surrogates which indicates that the originally contained phase correlations
of the CMB are strongly reduced due to the subtraction of a Bianchi template. Analyzing the
x? statistics of the Minkowski functionals and scaling indices by a comparison of surrogates 1
and 2 with respect to the local hemispherical contributions, method B reveals that both image
analysis techniques detect similar asymmetries and deviations from Gaussianity in the CMB
sky. This is true for the latest release of the SMICA and SEVEM map of Planck as well as for
the WMAP-9 ILC data and does not depend on the chosen coordinate system. In Fig. ,
we show the color-coded § values from a Minkowski Euler analysis for the 768 hemispheres,
where a red pixel indicates strong deviations from Gaussianity in the hemisphere surrounding
that pixel, and blue none. Subtracting the corresponding Bianchi type VII; best-fit templates
from the Planck SMICA map diminishes phase correlations and gives an increasing isotropic
Gaussian sky, which can be confirmed by an analysis with the scaling indices in Fig. 6.5. For
the used SMICA map, the minimum signal of deviations is particularly detected at a = 0.9, not
at 1.0. This is interesting in itself and requires further interpretation with respect to Bianchi
template fitting and here especially to its ¢-range dependency.

To quantify the overall strength of deviation from the random phase hypothesis in method
B, we calculate the mean of all § values from the Minkowski analysis and show the result
in Fig. . The comparison of method A and B reveals that the normalized mean of the
real-space method B decreases with a, likewise to the decrease for several pairs (Al,Am) =
(0,1),(0,2),(0,3),(2,5) in the Galactic system. Although method B reveals that the strength
of the phase correlations is highly reduced after subtracting 1.0xBT, the p value of (Al,Am) =
(1,2) remains almost constant.
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Figure 6.3: yx2-distribution of the surrogates of first (black) and second (red) order generated
from the Planck SMICA map, before (left) and after (right) the BT correction. The black and
red lines indicate the corresponding median values of the histograms.
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Figure 6.4: Mollweide projection in Galactic coordinates of the S-value distribution of method
B using the Minkowski Euler characteristic for the Planck SMICA map. The BT is subtracted
with a factor of f=0.0,0.3,0.7,1.0 (upper left to lower right), respectively.
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Figure 6.5: Same as Fig. but for the the scaling index method.

6.4 Conclusions & Outlook

In a comparative study of the important and so far not understood relation between real-
space higher-order statistics and the Fourier space phase information, we provide for the first
time heuristic results using the example of the spherical CMB data. Analyzing the phase
distribution of CMB maps on low £ modes, we detect a clear trend, but with low statistical sig-
nificance, for gradually diminished phase correlations due to the subtraction of a Bianchi type
VII;, anisotropic cosmological template. This is especially true when looking at the subsets of
“close-by” phase differences with Al =0—1 and Am =0 — 3 in the Galactic coordinate system.
In comparison, we confirm a significantly vanishing higher-order signal of hemispherical asym-
metries in the CMB sky for Bianchi-corrected maps. We suggest that the detected signatures
of non-Gaussianities and hemispherical asymmetries in real space due to phase correlations in
the CMB can partly be explained by correlations between phases ¢y, separated by small A¢
and Am.

In some subsets, the phase-correlations are not diminished when subtracting the Bianchi
template. Furthermore, the BT correction can induce phase correlations for individual mode
pairs, depending on the chosen coordinate system of the map. However, the statistic of the
Kuiper test with such small effective numbers as used in this work is not strongly significant.
The Bianchi template is not fully compatible with standard cosmological parameters, that fit
very well to observations, and we cannot expect a perfect reduction of all existing anomalies,
whether in real space or phase space. It is not solved yet whether individual phases ¢y, are
responsible for the signatures of phase correlations or whether the relation between certain
subsets plays a dominant role. On the studied very low ¢ range, instrumental noise is not an
issue and our method is neither influenced by residual foregrounds nor experimental systematics
as shown in our earlier works. We therefore expect a cosmological explanation for the detected
anomalies.

Low-¢ anomalies are also detected in the linear regime of the data as e.g. the power
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asymmetry (e.g. Hansen et al. 2009), parity asymmetry (e.g. Ben-David et al. 2012), multipole
alignment (e.g. Copi et al. 2013b) or the lack of large-angle correlations (e.g. Copi et al. 2013a).
For an overview of the latest Planck results see Planck Collaboration et al. (2014¢). It might
point to a common physical origin of low-¢ anomalies that they manifest themselves in the
linear as well as non-linear regime of the data.

Our results can contribute to an understanding of non-Gaussian signals, which in cos-
mology may be due to Early Universe physics. However, those signals can also indicate the
detection of later cosmological events affecting the CMB. The existence of anomalies detected
in the WMAP and Planck maps at large angular scales may even point to new fundamental
physics. A detailed scale-dependent analysis of latest CMB data and a study of the coordi-
nate system dependencies with respect to anisotropic cosmologies can give further insight into
the constraints of fully compliant cosmological models. In summary, the combined analysis of
phase statistics including their variations due to either template subtraction or refined surro-
gate generating methods, and of the respective response of higher-order statistics, offers a new
statistical framework to disentangle the information content of images.
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Figure 6.6: Mean p values of the Kuiper statistic for Planck SMICA map and the corresponding
Bianchi-corrected maps (colored dotted lines) for Al =0 to Al =5 (left to right and top to
bottom), averaged over 768 coordinate systems, shown in base 10 logarithm.



Chapter 7

Significance of the results

Distinct anomalies in the large-scale properties of the cosmic microwave background have
been detected in WMAP and Planck data over the last years, as pointed out in this work.
The anomalies are detected by a huge variety of probes, the method of the surrogates used
here is one example. Other higher-order studies in the nonlinear regime, and even the power
spectrum analysis in the linear regime of CMB data, reveal deviations from the assumptions of
the standard model of cosmology, too. It is difficult to understand in detail where the detected
anomalies stem from. They could be induced by the experiment itself or by foreground sources.
Yet, several carefully designed studies, including this one here, suggest that the anomalies are
likely primordial. If the anomalies, such as the power asymmetry, the multipole alignment or
the phase correlations, are in fact primordial, then understanding their origin is fundamental
and will revise the standard model of cosmology, or even disclose new physics.

The relevance of the result but also the consistency of the large-scale anomalies within
analysis techniques, experiments and data releases totally motivates a detailed examination of
their origin. However, as e.g. Bunn (2010) has stated, the large-angle CMB anomalies remain
controversial, largely because of the difficulty in interpreting a posteriori statistics which can
amplify statistical fluctuations and might thus produce misleading results. In general, it is
necessary that the methods used in a statistical data analysis to qualify and quantify deviations
from Gaussianity or the cosmological principle are

e based on a priori statistics,
e not significantly influenced by astrophysical foreground sources,
e and significant over cosmic variance.

The methods in this work try to take this into account when testing for the standard
hypothesis of a Gaussian CMB, that is deduced from the standard model of inflation. To this
end, the Gaussian hypothesis is mimicked by constructing surrogate maps of the second order
by randomizing the Fourier phases of the original CMB maps. The first order surrogate maps
keep their possible phase correlations (for a scale-dependent analysis at least on predefined
length scales). Two different measures (Minkowski functionals and scaling indices) are then
chosen to quantify the higher-order information of these maps. The two measures each provide
distribution functions for the first- and second-order surrogates that are then compared with
each other by a x? statistic. The second-order surrogate map is generated in 500 realizations
throughout this work.
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This method allows one to predefine /-ranges that will be analyzed within the studies to
test for the scale-dependence of the anomalies. This is a great advantage of the method, and
it is strictly enforced to avoid a posteriori bias here. The ranges are also physically motivated.
Regarding the influence of foregrounds, several tests here and elsewhere have shown that
remaining Galactic plane bias and point sources in the maps do not affect the results on the
largest scales.

The significance of the results plays an important role when distinguishing the anomalies
from statistical fluctuations. However, in many complex studies it is extremely hard or even
impossible to assess the general significance of the results. Evaluating the findings in this study,
the final step compares the x? statistic of the first and the mean x? statistic of the second-order
surrogates by normalizing their difference with the standard deviation of the y? statistic of the
second-order surrogates. However, since the exact model for the distribution of the y? values
of the surrogates is unknown, it is not possible to directly determine the statistical significance
of the results in a Bayesian sense of probability. In accordance with the frequentist view,
this work furthermore determines the empirical probabilities that state how many of the x2
values of the second-order surrogates lie above (or below, respectively, depends) the first-order
surrogate values. Modest et al. (2013) for example shows that the empirical probability for a
deviation from Gaussianity is 92.2% for the full sky analysis of WMAP ILC7 data with the
Minkowski functionals. The probability is even higher with > 99.8% when looking at specific
hemispheres. Correspondingly, the latest results for the scaling indices as published in Planck
Collaboration et al. (2014¢) are obtained with an empirical probability > 99% for the SMICA,
SEVEM, NILC and C-R maps. The results give strong hints on hemispherical asymmetries
and a scale-dependent deviation from Gaussianity in the large-scale properties of the CMB
sky.



Chapter 8

Conclusions

The cosmological observations of the last decades, made possible by extensive experiments and
the latest techniques, have enhanced our understanding of the Universe and narrowed down
the possible scenarios for the very early stages of the Cosmos. However, better data quality
and specified cosmological theories have on the other hand also raised new questions on the
nature of the primordial density perturbations and on the correct theory for the very early
Universe. The idea behind this work was to test the latest cosmological data for the validity of
the Gaussian hypothesis for the primordial density perturbations, observable as temperature
fluctuations in the cosmic microwave background radiation (CMB).

The Gaussian hypothesis is one of the main predictions from single field slow-roll inflation
which is widely accepted as the standard theory for inflation in the cosmological concordance
model. In the case of primordial Gaussianity, and only then, two-point correlations com-
prise the full information content of the primordial perturbations. Gaussianity of the CMB
would therefore imply vanishing nonlinear higher-order correlations, and equivalently the non-
existence of Fourier phase correlations in harmonic space, i. e. random and uncorrelated phases.
The concordance model furthermore comprises the idea of the cosmological principle of ho-
mogeneity and statistical isotropy. Depending on the existence, the nature and the strength
of a deviation from the Gaussian theorem and/or the axiomatic cosmological principle, these
distinct violations of the standard theory can help to distinguish between different alternatives
to the standard paradigm, or even stimulate ideas for new cosmological models.

The main approach of my work was the enhancement and the completion of a model-
independent test for the Gaussian hypothesis in WMAP and Planck full-sky and cut-sky CMB
data sets. In addition, I have studied the characteristics of the phase correlations and developed
new techniques for the joint interpretation of real-space higher order statistics and phase-space
information. For this purpose, surrogate maps have been generated from the original data sets
and were compared with the original maps. By definition, the surrogate maps do not contain
any phase correlations anymore since possibly existent phase correlations in the original map
have been destroyed by a randomization of the phases. I have quantified the higher-order
content of the original maps and the surrogate maps with the help of two different image
analysis techniques, the scaling indices and the Minkowski functionals. Significant deviations
between the results from the surrogate maps and those gained from the original maps point to
a violation of the Gaussian hypothesis for the CMB. Since a couple of alternative theories for
inflation suggest the scale-dependence of non-Gaussianity, the surrogate maps were generated
as scale-dependent maps in a two-step procedure. The scales can be chosen freely. Throughout
this work, I have compared the scales of the lowest ¢-modes (largest scales in the sky) with



122 8. Conclusions

Al =[2,20] and the f-modes corresponding to the first peak in the CMB power spectrum
at Al =[120,300], and a few other scales in between. To test the CMB sky for isotropy it is
necessary to compare different directions in the sky. Hence, I have analyzed single hemispheres
of the sky, whose poles are oriented in 768 different directions, with respect to their signal of
non-Gaussianity.

For A¢ =[2,20] and A¢ = [120,300] deviations from Gaussianity were detected using the
image analysis technique of the scaling indices and have revealed a hemispherical asymmetry
between the northern and southern sky. However, the conclusion in Chapter 3 is that only the
largest scales yield significant results which are congruent for the WMAP ILC and NILC maps
that differ in their underlying foreground reduction algorithms. The map-making procedure
of the ILC map and/or residual noise in the maps might lead to artificial non-Gaussianities at
smaller scales. The results remain stable over the different data releases from 3-, 5- and 7-year
WMAP data.

I have repeated the analysis of WMAP 7-year ILC and NILC maps for the lower ¢-range
with the complementary technique of the Minkowski functionals in Chapter 4. The results from
the Minkowski functionals were similar to the scaling indices results. Both methods have shown
strong deviations from Gaussianity in the sky. The higher ¢-range A¢ = [120,300] again showed
differences between the ILC and NILC maps as well as between the image analysis techniques,
which makes an intrinsic nature of the signal on this range less likely. Decreasing the size of
the analyzed sky regions for the low-£ study, I have found no signature for non-Gaussianity in
the northern ecliptic sky but individual spots show deviations from Gaussianity in the south.
Furthermore, I have investigated non-Gaussian CMB simulations parametrized by fni, that
quantifies non-Gaussianity of the local-type based on the bispectrum. The simulations did not
reproduce the low-¢ results from the experimental data. It is therefore concluded that fnr,
cannot account for the detected low-¢ anomalies.

Galactic plane foreground effects are suspected of causing CMB non-Gaussianities. It is
therefore desirable to fully exclude Galactic plane foreground bias from the data, for example, in
a cut-sky analysis. However, the construction of surrogate maps only works for an orthonormal
set of Fourier functions. The full-sky spherical harmonics fulfill this constraint but require a
transformation into a cut-sky version when parts of the sky are excluded. The feasibility
of generating the surrogates for an incomplete data set is demonstrated in Chapter 5. The
shuffling of the Fourier phases is enabled by transforming the spherical harmonics into a new
set of basis functions. An application of the cut-sky surrogates on 5- and 7-year WMAP
data and the analysis with the scaling indices and the Minkowski functionals showed that the
detected large-scale non-Gaussianities and hemispherical asymmetries are still detected even
when the complete Galactic plane is removed. It is concluded that the Galactic plane cannot
be the dominant source for the anomalies.

I have pursued the search for the source of large-scale non-Gaussianities with a direct study
of the distribution of the Fourier phases in Chapter 6. Specific anisotropic Bianchi templates
are known for their ability to account for some CMB anomalies. I have gradually subtracted
best-fit Bianchi type VII;, anisotropic cosmological templates from the 9-year WMAP ILC as
well as Planck SMICA and SEVEM maps. Analyzing the phase distribution for low-£ modes
directly, I found a clear trend for gradually diminished phase correlations. This is especially
true when looking at the subsets of “close-by” phase differences with Al=0—1 and Am=0—-3
in the Galactic coordinate system. The surrogate analysis described above was repeated for
Bianchi subtracted maps with the aid of scaling indices and Minkowski functionals measured
in real-space. For the first time, it was shown that diminishing the phase correlations is
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accompanied by a significantly decreasing higher-order signal of hemispherical asymmetries
in the CMB sky. Therefore, I claim that the detected signatures of non-Gaussianities and
hemispherical asymmetries in real-space due to phase correlations in the CMB can partly be
explained by correlations between phases separated by small A¢ and Am. These investigations
open a new road to a refined understanding of signatures of non-Gaussianities in complex
spatial structures especially by elucidating the meaning of Fourier phase correlations and their
influence on higher-order statistics.

In summary, this thesis has contributed to modern cosmology by analyzing the information
content of the phase distribution of the latest CMB data. The detection of scale-dependent
non-Gaussianities on the largest angular scales in WMAP and Planck CMB data sets points to
a violation of standard single field slow-roll inflation and challenges the cosmological principle.
I have confirmed previous studies based on the scaling indices by an implementation of the
Minkowski functionals to the method of the surrogates. The stability of the detected anoma-
lies in WMAP and Planck data was demonstrated. I gained insight into the nature of the
phase correlations by studying model-dependent non-Gaussian simulations based on fni, and
Bianchi template subtracted CMB maps. My combined analysis of phase statistics, surrogates
and higher-order statistics offers a new statistical framework to disentangle in particular the
nonlinear information content of images. A study of additional cosmological models would
contribute to the interpretation of CMB anomalies.

There is already evidence that after the successful studies of the temperature anisotropies,
the upcoming Planck polarization data together with the BICEP/Keck data will serve as a
second data set that can shed light on the nature of the CMB and its anomalies. The new
data will offer new possibilities for further studies on the CMB lensing potential and eventu-
ally on primordial gravitational waves especially by analyzing the B-mode polarization, which
would constrain cosmological parameters and hint at models for inflation and the correspond-
ing energy scales. The promising application of Minkowski functionals, scaling indices, and
further statistical tools to polarization data needs considerable development. A phase analysis
describing the polarized sky would be an important and complementary approach to classical
studies.
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