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Abstract

The search for the primordial B-mode polarization signal in the cosmic microwave back-
ground (CMB), sourced by gravitational waves in the early universe, is a primary science
goal of many contemporary and future experiments. However, a number of cosmological
effects and imperfections in instrument design may also source B-modes that may contami-
nate the primordial signal. In this thesis we study these systematic instrument imperfections,
and a cosmological effect, that may source B-modes, known as cosmological birefringence
(CB). The CB effect involves a beyond standard model coupling between a pseudo-scalar field
(such as the axion) and the photon that can generate either a uniform, or a direction dependent

rotation of the linear polarization angle of CMB photons.

We begin this study by examining constraints on what is known as the uniform CB effect,
which involves a direction independent rotation of CMB polarization, c. This study focuses
on the constraints that the future Simons Observatory and CMB-S4 experiments may place on
uniform CB. We forecast 1o constraints of g < 6.06 x 1073 degrees for Simons Observatory
and oy < 1.8 x 1073 degrees for CMB-S4.

We follow this by investigating two techniques which may be used to place constraints on
the power spectrum for anisotropic CB effect. The first technique is a quadratic estimator
(QE) method and the second utilizes observations of the 5-mode power spectrum (BB). We
find that the QE technique outperforms the BB method. However, for some experimental
configurations we find the difference is marginal and the more efficient BB method should be
used to place constraints. We also find that experiments with a larger sky coverage may be

able to place stronger constraints than equivalent experiments with access to less of the sky.

We then turn our attention to B-modes sourced by instrument systematics. For the first
time we apply QEs to reconstruct systematics present in realistically simulated maps. We
carry out a case study where we use QEs to reconstruct maps of a temperature to polarization
leakage sourced by a differential detector gain. We are able to reconstruct and, using an
iterative process, remove this leakage, recovering the primordial B-mode signal and reducing

the bias on the tensor to scalar ratio, 7, by a factor of ~ 100.

Finally, we apply a QE approach to the Planck 2018 data to reconstruct the CB map and
power spectrum. We apply a likelihood to the reconstructed spectra in order to place con-
straints the amplitude of the CB spectrum, Acp. We find constraints of Acp < 1.97 X
107 [rad2] , within 95% confidence limits (C.L.), corresponding to a photon-axion coupling
strength of g4, < 5.58 x 1072 [Hl_l]. Our constraints offer a factor of ~ 1.3 improvement

over the best existing Acp constraints from Planck data.
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Chapter 1
Introduction

1.1 The Expanding Universe

1.1.1 From expansion to the Big Bang

In the early 20" century the prevailing consensus was that the Universe was static, the cosmos
was infinite, with astrophysical bodies set at a fixed distance from one another, and space and
time were rigid and fixed. This consensus was ended by Einstein’s theory of General Relativ-
ity [1] and work by Friedmann, Lemaitre, and the observations made by Hubble. Einstein’s
theory was one of a space-time that was not rigid, but was curved by the presence of matter
and energy. This relationship between the curvature of space-time and the distribution of

matter and energy are elegantly presented in Einstein’s field equations [2],

&G
T+ Mg - (1.1)

G =

Both Friedmann, and Lemaitra independently derived dynamic solutions to Einstein’s equa-
tions for a Universe which was expanding at a calculable rate [3], [4]. Indeed Lemaitra even
estimated what would later become known as the Hubble constant. The theoretical work of
Friedmann, and Lemaitra was verified by observations made by Hubble, that galaxies ap-
peared to be moving at away from the observer rate proportional to their distance from the

observer. From the work of Friedmann, Lemaitre, and Hubble the Big Bang theory emerged.

The consensus among the majority of cosmologists today is that the Universe began in an
state of extreme temperature and density, and expanded from this state to the state in which
it now exists [5]. What is known today as the Big Bang theory describes a number of key
epochs that occur during the expansion of the Universe, with a number of measurable predic-
tions for a number of these epochs. One of the most exciting of these epochs is recombination.
Before recombination the temperature and density of the of the Universe is high enough that
the background photon plasma was larger than 13.6eV. Therefore, the energy of photons was
higher than the binding energy of hydrogen keeping the Universe ionized and preventing neu-
tral toms from forming [5], [6]. Recombination occurred when the temperature and density

of the Universe reduced enough that the photons decoupled from electrons and free streamed,
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allowing neutral atoms to form [7]. This epoch is exciting because it provides important ob-
servable evidence for the Big Bang today. The decoupled free streaming photons from the

epoch of recombination are observed today as the cosmic microwave background (CMB).

1.1.2 The cosmic microwave background

The CMB, formed when photons decoupled from electrons in the Early Universe during the
epoch of recombination, is one of the most important cosmological observables in modern
cosmology. It is the oldest observable source of electromagnetic radiation in the cosmos
and giving key information about the structure and composition of the Universe providing
measurements that include measurements of the density of different species in the Universe
including the dark matter, dark energy, and baryon density, measurements the curvature of

the Universe, and measurements the expansion rate of the Universe [5], [7].

Discovered in 1964 by Penzias and Wilson, the CMB is the closest example to a perfect
black body that exists in our Universe. While appearing to be isotropic in Penzias and Wil-
son’s original observations, local anisotropies in the structure of the CMB were first observed
by the COBE satellite [8]. The particular measurements made of the properties, composition,
and structure of the Universe come from analysis of the statistical structure of these CMB
anisotropies. Often these statistical properties are summarized using the CMB temperature

and polarization power spectra.

The temperature anisotropies are defined as

. T(n)—T,

T(h) = T(n) — Ty , (1.2)
To

where T'(n) is the temperature of the CMB measured today in direction n and Ty is the average

temperature across the sky [5]. The temperature anisotropies can be decomposed into modes

with different scale dependence using spherical harmonic decomposition so that

T(0) =Y Ty Yim(B) | (1.3)
Im

The T}, is the spherical harmonic decomposition coefficient' and is a Gaussian random vari-
able. Here, Y},,(n) are the spherical harmonic functions [9]. The advantage of this approach
is that all the geometric behavior is captured in the spherical harmonic functions, and all of
the statistical behavior of the CMB is captured in the coefficients. The temperature power
spectrum, C/'T is then defined as the ensemble average of the 2-point correlation of the CMB

temperature anisotropies so that,

(TiT7r ) = CE 008 mme - (1.4)

10ften Tj,,, is denoted a;,,, or alj;n in the literature.
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Often the ensemble average, <TlmTf7m,), is referred to as the CMB covariance. Note that the
ensemble average is over the different possible realizations of the process by which the CMB
is formed [10]. In reality we only measure one realization of the CMB, so we instead use an

estimator of the true CMB temperature power spectrum which has the form [9]
~ 1
ClT = —— Tl . 1.5

As the Thompson scattering process that produces the CMB generates linearly polarized
photons another key observable from the CMB are the maps of the direction dependent ()
and U Stokes polarization parameters, ()(n) and U (n). The Stokes parameters are defined in

terms of the complex amplitude of the = and y components of the electromagnetic field, a,

1= <ai> + <a§> )

= (4;) = (a,)
U = (2a,a,cos (0, —0,)) ,
V = (2a,a,sin (6, — 6,)) ,

and a,, such that

(1.6)

where 0, and 0, are phase terms for the  and y components of the electromagnetic fields.
Here, the intensity is equivalent to the temperature. The () and U stokes parameters represent
the linear polarization components of the electromagnetic field, and V' represents the circular
polarization component. The )(n) and U (n) fields represent the stokes parameters at a given
direction n on the sky. The specific details of this projection of coordinate dependent fields

onto the sky are discussed in Chapter 2.4.

If the stokes fields are transformed under a rotation by an angle ¥} they are transformed so

that
Q'(n) = Q(n) cos 20 + U(n) sin 29 ,

U'(n) = —Q(n) sin 29 + U(n) cos 20 .

(1.7)

The Q(n) and U (n) fields transform as components spin-2 symmetric trace free tensor. There-
fore, they can be decomposed using a spin-weighted spherical harmonic decomposition into

what are known as F- and B-modes, so that [11],

Q(R) £ iU (R) = = Y (B & iBim)12Yim(R) . (1.8)

Ilm

The 15Y),,,(n) are the spin +2 spherical harmonic functions. If the spin-weighted spherical
harmonics are rewritten in terms of the non-weighted spherical harmonics then the £, and
By, coeflicients have basis the basis functions Y;Z (n) and Y;” () respectively. These basis
functions are composed of covariant derivatives of the spherical harmonic functions Y}, in
such a way that Y;Z (n) is gradient containing, and Y;Z (n) is curl containing [9]. In this way

the decomposition of the polarization fields into £}, and By, is analogous to the Helmholtz
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decomposition of the electric and magnetic fields with the Fj,, and B;,, notation chosen

accordingly?.

The E- and B—modes have their own power spectra

<ElmE;m’> :ClEEéll’(Smm’ ) (193)
(BunBii) = CPP 01t - (1.9b)

with estimators equivalent to @T T"in (1.5) such that [9],

5 1
PP — _—— N |E[ 1.10

~

1
BB __ 2
CP¥ =5y §m | Biml? (1.10b)

As only the observed CMB constitutes a single realization only there is an inherent uncer-
tainty in the observed power spectrum known as cosmic variance. This is in addition to any
uncertainty due to instrumental noise on the spectra due to the measurement process, or any
systematic errors in the measurement and takes the value

9 2

_ 2 (A2
o = 2l+1(Cl> (1.11)

where A € [T'T, EE, BB| [10].

In order to use the power spectra to establish values physical parameters, Markov-Chain
Monte-Carlo (MCMC) simulations of the power spectra for values are fit to observed spectra.
The fit is found by varying six parameters that are used to define the ACDM cosmological
model. This is the minimum number of parameters required in order to completely specify
the model [12]. There is some flexibility as to which six parameters are chosen but some
examples are the physical baryon density parameters, (2,4, the physical dark matter density
parameter, Q.h?, the current Hubble expansion rate, H, the ionization optical depth 7, the
amplitude of primordial curvature perturbations, A, and the scalar spectral index, n, [13].

An example of the data fit to measured estimates of the CMB spectra is shown in Figure 1.1.

While the temperature and F-mode power spectra have been measured to an extremely
high precision by a number of CMB experiments, only the 5-modes sourced by weak lensing
of the CMB [15] have been measured to date. The primordial B-modes from the surface of
last scattering (LSS) have yet to be observed. The observation of primordial B-modes is an
important science goal of many contemporary CMB experiments [14], [16] as the presence

of primordial B-modes is a key prediction of the theory of inflation.

2In the literature Ej,,, and Bj,, are often denoted as alb;n and a{fn. Historically, they were denoted aﬁn and aﬁn corresponding to
the gradient and curl containing parts of the decomposition.

17



£(6+1)/2n Cr [pK?]

10°?

10!

10°

10!

Angular scale ¢ [degrees]

0.1

0.05
T

103

107k

1073

Temperature

E modes

CMB-S4 Forecast RIS

Planck 2015 fimm-

7 ACTPol ]

3 / BICEP2/Keck [

f/ Polarbear

| /f SPT(TT) / SPTpol -

FETTIT LA 1 1 1 1 ] 1 1 1

10 100 250 500 1000 1500 2000 3000 2000

Multipole number ¢

5000

Figure 1.1: The ACDM best fit Cf7, CEF, and CPP spectra compared to measurements
from a range of CMB instruments including Planck, ACTpol, BICEP2/Keck, Polarbear and
SPT/SPTpol. This figure is taken from the CMB-S4 science book [14].

1.1.3 Inflation

The theory of inflation came about as a solution to three important problems with the Big

Bang theory. While there is strong evidence for the Big Bang in the form of the CMB a

number of problems arose which could not be resolved in within the framework of the Big

Bang and subsequent expansion alone. These problems all arose as a result of observations

that did not match what was expected for the Big Bang theory. They are as follows [5]:

* The flatness problem: The Universe as we measure it today has an nearly perfectly flat

geometry. The measured value of the total density parameter is {2, — 1 = 0.0007 £ 0.0037

[13], where 0, = 1 is the requirement for a perfectly geometrically flat universe. This

level of flatness today requires the initial conditions of the Universe to be such that at matter

radiation equality Q,,; < 10720 and at the Planck scale ,; < 107%. This requires a large

amount of fine tuning if no mechanism is present to drive the flatness to current observed

value.

» The horizon problem: When COBE made its observations of the CMB anisotropy it was

noted that the CMB was in thermal equilibrium across the full sky [8]. This is unexpected

as the length of the mean free path of photons before the CMB was formed was too short



for the photons across the entire horizon distance to have enough time to come into causal
contact with one another. In fact, accounting for the expansion of the Universe, a region in

causal contact before photon free streaming would cover less than 2° of the sky.

* The relic abundance problem: A number of particle theories predict the presence of relics
formed in the Early Universe such as monopoles, cosmic strings, and domain walls. How-
ever, these relics and their effects on the evolution of the Universe are not observed today.
This is a problem as normal expansion does not account for the reduction of the density of
these species to levels where they are not observed and do not dominate the evolution of

the Universe.

Fortunately a solution to these issues was proposed by Starobinsky [17], Guth [18], and
Linde [19] in the form of inflation. Inflation refers to an epoch during which the Universe un-
dergoes a period of exponential expansion where the scale factor, a(t) which relates physical

distance to comoving evolves as [5]
a(t) oc et (1.12)

where H is the Hubble constant and ¢ is time. This period of exponential expansion can be

shown to drive the Universe towards a flat geometry so that,
Quor — 1 ox exp(—2Ht) . (1.13)

This mechanism avoids the fine tuning flatness problem, as initial conditions where the Uni-
verse is near perfectly flat are no longer required for the Universe to be close to flat after infla-
tion. Inflation also provides a solution to the horizon problem. During inflation, volumes that
are in causal contact with one another can expand rapidly during inflation without changes to
the characteristic length scale of the Universe, allowing the area in thermal equilibrium to be
larger than the horizon. The dilution of relic particle density at the levels required to prevent
them from dominating is also provided by inflation. During inflation the relic particle den-
sity decreases quicker than the overall energy density to negligible levels, preventing relics
from becoming the dominant factor in determining the dynamics of the Universe’s evolution.
Indeed, inflation itself also allows for the Gaussian fluctuations that form the structure in the
CMB [5].

A key prediction of inflation is that, as well as the scalar perturbations that seed the struc-
ture in the CMB temperature and ~-mode polarization, there should also be primordial tensor
perturbations, primordial gravitational waves. As only tensor perturbations source primordial
B-modes® [9], [20], the B-mode signal constitutes an important observable signature of the
gravitational waves in the Early Universe sourced by inflation. Indeed it may be possible to

use B-modes to constrain the energy scale and different models for inflation [11]. The level

3Scalar perturbations cannot contribute to the B-mode signal due to the difference in parity between the scalar perturbations and the
basis functions for B-modes [9].
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of tensor perturbations is often parameterized as the ratio between tensor and scalar modes,

r.

However, primordial tensor perturbations are not the only potential source of CMB B-
modes. As previously mentioned, B-modes sourced by weak lensing of the CMB radiation
have already been observed [21]-[24]. However, weak lensing is not the only non-inflationary
source of B-modes. Parity violating mechanisms may exist in the Early Universe that result
in a mixing between F- and B-modes, generating a B-mode signal that is additional to the
primordial signal. These mechanisms may be primordial magnetic fields waves [25], [26], or
parity violating extensions to the standard model Lagrangian [25], [27]. Both these mecha-
nisms result in the rotation of the linear polarization angle of light. The phenomenon of this
rotation is referred to as either Cosmic Polarization Rotation (CPR) or Cosmological Bire-
fringence (CB), although in some literature only the standard model extension is referred to as
CB. Additionally, a contaminant B-mode signal may also be generated by systematic effects
from imperfections in CMB instruments such as a differential gain between detectors, or an

ellipticity in the observation beam [28].

Both systematic and cosmological effects that source these B-modes provide a large chal-
lenge to the robustness of future claims of primordial B-modes. To circumvent this issue,
both cosmological and systematic effects must either be detected in a way that allows the
removal of non-primordial B-modes from the observed CMB polarization or be constrained
to levels where the spurious B-modes are subdominant to the primordial signal. Additional
motivation to search for cosmological effects that source B-modes is that a detection of CPR
would be of large scientific significance, providing an exciting signature of new and exotic
physics. The search for CPR, and the attempts to detect, constrain, and remove systematic

sources of non-primordial B-modes is the primary focus of this thesis.

1.2 Thesis Structure

This thesis consists of seven chapters including this introductory chapter. Four of these
chapters contain original scientific content, with the remaining consisting of this introduction,
a literature review, and a concluding chapter. Here the structure of this thesis is summarized

and a description of the content of each chapter is provided.

In Chapter 2 literature surrounding alternative mechanisms of producing B-mode polar-
ization in the CMB. In this chapter literature on extensions to the electrodynamics that lead
to CPR or CB are discussed, as well as the way these modifications manifest CMB. Litera-
ture surrounding methods for detecting monopole CB is discussed. Moreover, literature on
the quadratic estimator (QE) approaches that can be used to detect both anisotropic CB and

systematic effects is discussed.

Chapter 3 constitutes the first scientific content chapter. This chapter focuses on work
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that was carried out for Simons-Observatory (SO), forecasting the constraints that SO and
CMB-S4 could place on monopole birefringence. This work summarized in this chapter was
submitted as a logbook entry on the SO wiki. In the thesis chapter a fisher forecast of the

monopole CB effect.

The content in Chapter 4 is an adapted version of a paper published in JCAP [29] that I
wrote with Aditya Rotti and Richard Battye. The scientific content that went into this work
is largely my own work, carried out with guidance from my coauthors. This chapter focuses
on a comparison between two different methods that can be used to constrain CPR, a direct
likelihood approach using measurements of the B-mode power spectrum and a QE approach.
This chapter also includes forecast of the expected CPR constraints from the SO and LiteBIRD
experiments, as well as the levels of B-mode contamination from CPR that correspond to

these constraints.

The content in Chapter 5 is an adapted version of a paper published in JCAP [30] that
I wrote in collaboration with Nialh McCallum, Aditya Rotti, Dan Thomas, Richard Battye
and Michael Brown. The chapter, and the paper it is based upon, provides the first example
of a QE based blind systematic cleaning approach applied to a set of realistic time ordered
simulations. In this chapter we describe the QE approach that we use to not only diagnose
a differential gain systematic in realistic simulated maps, but remove the systematic effect
from these maps. In addition to this, we illustrate that this cleaning is capable of significantly
reducing the bias on the tensor-to-scaler ratio r. For this body of work I developed the QE,
associated QE code and cleaning pipeline used throughout the work, as well as applying the
QE to simulations provided by Nialh McCallum and Dan Thomas. My contribution also
includes the likelihood work carried out in the paper, and the introduction of a novel filtering
scheme used in the cleaning pipeline. The majority of the writing in [30] was carried out by

me, with descriptions of the simulations provided by Nialh McCallum and Dan Thomas.

The final scientific content chapter is Chapter 6. The work that is shown in this chapter
has been carried out in preparation for submission to a scholarly journal. In this chapter a
QE approach is used to place CB constraints using the Planck 2018 polarization data. In this
chapter we reconstruct the CB power spectrum, and map as well as placing model dependent

constraints on the CB power spectrum by applying likelihood approach.

Finally in Chapter 7 a general summary of this thesis is provided. This summary includes
discussing the key results presented in each chapter as well as their significance in the context
of the thesis as a whole. This is followed by a discussion of future avenues of research that

could follow on form this work.
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Chapter 2

A review of alternative sources of CMB

B-mode Polarization

2.1 Introduction

2.1.1 Electrodynamics

The physical behavior of light has been described by many theories, from Newtons Corpus-
cular theory of light to the modern theory of electrodynamics. Since the latter theory was
introduced by James Clerk Maxwell in his original paper in 1865 [31] there have been many
experiments that have confirmed the predictions made by Maxwell, as well as further theoret-
ical work that has advanced the understanding of electrodynamics. Electrodynamics stands

today as one of the best tested and most well understood theories of modern physics.

However, an important question that is often asked about many well understood theories
of physics is at what point do they fail? That is, is there some energy scale or length scale
at which the theory fails to describe the observed physics? If the answer to this question is
’yes’ then it is necessary to modify the original theory in some way to capture this new be-
havior. This question can be asked of Maxwell’s laws. Is there an energy or a length scale at
which they fail to describe the behavior of light? It so happens that electrodynamics seems
to match observations on all of the energy scales that have been tested so far. However, there
are a number of theoretical modifications to electrodynamics that predict behavior that could
be seen on cosmological length scales. This predicted behavior is known as cosmological
birefringence and refers to a rotation of the linear polarisation angle of photons as they prop-
agate through a vacuum. This is analogous to the birefringence of light as it passes through

optically active media.

Among the theories that predict cosmological birefringence are potential candidates for
theories of inflation. These theories involve an interaction between the photon gauge field
and an axion field [32][33][34][35]. Inflation is necessary to solve both the horizons and the
flatness problem in cosmology. As it plays a key role in the understanding of the evolution of

the Early Universe it is important to determine the mechanism for inflation. Observations of a
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cosmological birefringence angle of the orders of magnitude predicted by the axion inflation
theories could provide supporting evidence for these theories. Alternatively, failure to observe
the predicted birefringence effect would provide a strong test for these theories, potentially

ruling them out.

In addition to testing theories of inflation the cosmological birefringence effect is parity
violating, and can be Lorentz violating. Therefore, an observation of birefringence could
be a valuable tests of these important fundamental symmetries in nature [36]. Moreover, as
models predicting cosmological birefringence involve a coupling between axion-like particles
and the photon, constraints on the birefringence effect may provide constraints on the coupling

between axion-like particles and the gauge field.

2.1.2 The cosmological laboratory

While cosmological birefringence would act as a good test for a number of important theories
of inflation as well as a test for Lorentz and parity symmetry the effect is predicted to be very
small. It would be impossible to detect such a rotation in terrestrial laboratory experiments.
It could be, as mentioned previously, possible to detect a cosmological birefringence effect
on light propagating on cosmological scales. In this sense the Universe can be used as a

laboratory to test fundamental physics.

The two primary sources of polarised photons that are at a large enough distance to make
a detection of cosmological birefringence possible are distant radio galaxies and the cosmic
microwave background (CMB). The cosmic microwave background is favoured for obser-
vations of birefringence as it provides observations of the propagation of linearly polarised
photons on the largest length scales. Moreover, as there are many experiments and much ef-
fort focused on measuring the CMB polarisation it is likely that if the birefringence angle is

measured it will be measured through observations of the CMB.

A primary science goal of CMB polarization experiments is the search for primordial
tensor perturbations through the measurement of primordial B-modes of polarization [9],
[16], [37]. However, cosmological birefringence (in particular anisotropic birefringence) can
act as a non-standard mechanism of B-mode production, providing potential contamination
in primordial B-mode searches. So, while detecting cosmological birefringence may be an
important science goal, constraining the effect is also important in order to claim a robust

detection of primordial tensor perturbations.

In addition to beyond standard model physics, B-mode contamination can also be sourced
by systematic effects due to imperfections in the instrument. These systematics, like the
birefringence effect, must be well characterised before claims of B-mode detection can be

made.

One of the primary mathematical tools used in the detection of anisotropic birefringence
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is the quadratic estimator (QE) [38], [39]. This technique is commonly deployed in studies
of weak gravitational lensing of the CMB [15], [40], [41]. Both birefringence and weak
lensing distort the CMB maps and generate off diagonal correlations in the CMB covariance
matrix. The QE technique makes use of these off diagonal correlations in order to reconstruct
maps of the fields that source these distortions. In the case of birefringence this field is the
polarization rotation-angle field. As many systematic effects distort the CMB in a similar
way to both birefringence and lensing, generating diagonal CMB correlations, it may also be

possible to to employ quadratic estimators in order to diagnose such effects [28].

In this literature review the theoretical aspects of the cosmological birefringence effect
and the methods for detecting such an effect are discussed. Section 2.2 describes the methods
of modifying electrodynamics that lead to a rotation of the polarisation angle in linearly po-
larised electromagnetic waves. This description begins with a focus on a general modification
of electromagnetism that was introduced by Carroll, Field and Jackiw. Then an equivalent
modification, in which a pseudo-scalar field is coupled to electromagnetism, is described.
This equivalent modification is found in inflationary models which couple an axion field to
the gauge field in the electrodynamic Lagrangian. Section 2.3 describes an alternative picture
of the axion-gauge field coupling that involves a mixing between the axion field and linearly
polarised photons, introduced by George Raffelt. Section 2.4 describes how cosmological
birefringence can be measured through CMB polarisation observations. This section begins
with a description of methods used to estimate the birefringence angle from the cross cor-
relations of the temperature, E mode and B mode CMB anisotropies. Section 2.5 discusses
the effect of anisotropic birefringence on the CMB and how QEs can be applied to recon-
struct the anisotropic birefringence field. Finally, in section 2.6 the impact of systematics on
CMB polarization experiments is discussed, along with the relationship between instrument

imperfections and distortions in the CMB maps that it may be possible to reconstruct using

QEs.

2.2 Modifying Electrodynamics

2.2.1 Coupling electrodynamics to a general Chern-Simons term

In their work in 1990 - seen in [25] - Carroll, Field and Jackiw examined a Lorentz violating
modification to electrodynamics that predicted a rotation of the polarisation angle of linearly
polarised photons. This modification begins by coupling the gauge field to an arbitrary four-

vector p* in the following Chern-Simons-like term,
Los = —p A 2.1)

where F'* is the dual of the electromagnetic field strength tensor and has the form F* =

e F,, /2, and A, is the gauge field. This term is combined with the usual Lagrangian for
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electrodynamics to give a total Lagrangian,
1 ~
L=Lgu+Lcs = _ZFWFW —4n A, J" — p AP (2.2)

where a source term has been included. The Euler-Lagrange equations are used to arrive at
an equation of motion,
— 9, F" +4nJ” + p, " = 0. (2.3)

This modification does not change the identity 9, = 0. Using this identity and equation

(2.3) it is possible to write down a set of modified Maxwell’s equations,

V-B=0,

OB+V xE=0,
—0E+VxB=4nrJ —pB+pxE,
V- -E=47mp —p-B.

(2.4)

Then a plane wave ansatz is used. For the source-free case, the third line of equation (2.4)
becomes,
—iWEO — 1Kk X B0 = —poB() +p X E0 . (25)

The second line of (2.4) is used to replace By with %k x Ey. Next, Lagrange’s formula is used

to rewrite (2.5) as,

(w? — k*)Ep + k(K - Eg) — i(—pok + wp) x E=10. (2.6)
This can be written as a matrix equation, M;; F; = 0, where,

My; = (w? — k)63 + K2kikj — desjn(wppy — pokky) . (2.7)
Note that for a photon traveling along the z-direction it is possible to write

sin(f) cos(¢)
k=k| 0 | ,p=p| sin(d)sin(¢) | . (2.8)
cos(6)

where 6 is the angle between k and p. The final matrix is then,

w? — k? —i(wpcos(f) — pok)  dwpsin(6) sin(¢)
M;; = | i(wpcos(h) — pok) w? — k? —iwpsin(6) cos(¢) (2.9)
—iwpsin(f) sin(¢)  iwpsin(h) cos(¢) w?

The determinant of this matrix should be equal to zero. It is possible to use a symbolic algebra

package like Mathematica to compute the determinant and to simplify the resulting equation,
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E*+ wt — k2 (p + 2w?) + pw cos(0) (2kpy — pw cos(8)) + p* (k* — w?) sin®(0) = 0. (2.10)
This can be expanded,
k4wt — 20w k* + p?k? sin®(0) — p*w? sin®(0) (2.11)
= pak?® — 2pokpw cos(6) + p*w? cos?(0) . (2.12)
Simplifying (2.11) gives,

(w? — k)2 — (w? — kH)p*sin®(0) = (pok — pwcos())? . (2.13)

Rearranging (2.13) gives a dispersion relation of the form [25],

M} E . (2.14)

2 2 _
w” — k* = £(pok — pwcos(h)) {1 ST

This dispersion relation is noticeably different to the usual dispersion relation for electrody-
namics in a vacuum. This can be expanded in terms of p,. The expansion has the form,
k = w + poa + pb + O(p?) . (2.15)

squaring this gives,
k* = w? + 2w(poa + pb) + O(p?) . (2.16)

It is possible to infer from (2.14) and (2.16) that
2w(poa + pb) + O(p*) = F(pok — pwcos())(1 + O(p)) . (2.17)
Substituting the expression in (2.15) in for k gives,
2w(poa + pb) + O(p*) = F(pow — pwcos(d) + O(p*))(1 + O(p)) . (2.13)

If higher order terms are neglected then a = ¢% andb = i% cos(#). The expanded dispersion

relation is therefore,

1
k=w¥F §(pg —pcos()) , (2.19)

which can be written as k = nw where the refractive index is,

1
n=1%F %(po —pcos(f)) . (2.20)
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We can define a set of basis functions for linearly polarized light ¢, and ¢,. These basis

functions represented in terms of normalized Jones vectors are

e&z=1 0 , &g =1 1 . (2.21)

This basis represents the horizontal and vertical components of the linear polarization. We
can introduce circular polarization basis functions €;, and €z. The normalized Jones vector

representation of these basis functions is

1 ! 1 !
€, = E 4(»)2 ) €ER = E —OZ . (2.22)

These two sets of basis functions are easily related so that,

€L/R = % (€, L i€y)) (2.23)
As the linear polarization basis can be expressed as linear combinations of the circular po-
larization basis, any linearly polarised photon state can be written as a linear combination of
right-handed and left-handed circularly polarised photon states. The linearly polarised pho-
ton undergoes a birefringent rotation if there is a change in phase between the two circularly
polarised photon states. The rotation angle « is given as o = %(5 . —&r), where £, and &g
are the phases of the left-handed and right-handed states respectively. It is also worth noting
that the — and the + in (2.19) correspond respectively to the right-handed, and left-handed
polarisation states. The phase change of a photon traveling a path length L is kL. The rotation
angle of the photon is therefore,

o= %(po ~ peos(0))L, (2.24)

as predicted in [25].

In order to see how this modification is Lorentz-violating note that under the
gauge transformation AA, = 0,x the Chern-Simons Lagrangian becomes ALcgs =
ixﬁ " (0upy — Oypy). For the Lagrangian to be gauge invariant 0,p, — 0,p, must van-
ish. This will occur in all frames in flat spacetime if there is a frame in which d,p, = 0.
This requires p* to be a constant four-vector. This is where the Lorentz violation occurs
as the prescence of a constant four-vector coupled to observable fields picks out a prefered
direction in spacetime. The Lorentz symmetry is also violated in curved spacetime. The
p,. vector picks out a prefered coordinate frame. In this frame d,p, = 0. So, in any frame
Oupv —0upy = Vup, — V,up,, = 0. However, the four-vector p* is still an arbitrary four-vector

with no physical meaning. This modification must be treated slightly differently in order to
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see how such rotations might arise in real physical settings.

2.2.2 Coupling of pseudo-scalar fields to electrodynamics

An equivalent way to formulate a Lorentz violating modification to modify electrodynamics
is by writing the Chern-Simons Lagrangian term is in terms of a pseudo scalar field ¢. It is
possible to interpret this pseudo scalar field as being some theoretically predicted physical
field that couples to the gauge field such as quintessence field or the field for an axion like
particle. The Chern-Simons like term in this case is

B

=t pwp 2.25
Lcs Wi W (2.25)

Here, M has dimensions of mass and represents the energy scales that were integrated out in
order to work in this low energy regime, and (3 is a dimensionless coupling term [27]. The

Euler-Lagrange equations for the modified Lagrangian are,

. 6£EM 8&;5 a 8£EM _ aa a»CC’S
o=+ (o) -7 o) - e

The first and second terms are zero. The third and fourth term are more interesting, with the
third term taking the form,

Lo (8(FW77M077V,;F°P)

- S ) — °Fy, | (2.27)

and the fourth term taking the form,

s O(PFM €5, F7P) B¢ B

— 0° il = ——€abop 0" 7P — —€upo o P00 . 2.28
AM (9 Ab) M oo pp Cavort IO (2:28)
However, €,,,0"F'°” can be written as Ol Forl which is zero. Therefore, the resulting equa-
tions are

0" Fyo + %ebgpaF"”(?“gb =0. (2.29)

The vanishing anti-symmetric term €,,,0° F'??, representing the homogeneous part of the
relativistic Maxwell’s equations, can be conveniently expressed as the derivative of the dual

of the electromagnetic tensor so that,

0"Fup =0 (2.30)
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As E' = —F" and B* = —¢"* F;, equations (2.29) and (2.30) become

V-B=0,
OB+VXxE=0,
B (2.31)
‘E—-LB. =
v 7 Vo=0,

VxB—@tE+%(ExV¢—B@¢):O.

If ¢ is uniform in space and we choose plane wave solutions for B and E then the final equation

in (2.31) becomes

1k x B() + iOJEO = %Bo 8t¢ . (232)

It is possible to infer from this that the presence of the changing pseudo-scalar is inducing a
change in the electric field in the direction of the magnetic field [42]. It is, however, possible
to go further, and calculate a modified dispersion relation. First, the cross product of k and
equation 2.32 is taken. By using the identity for the vector triple product, and using the first

and second equation in (2.31) this cross product can be written as
2 2 . 6 _
(W — k*)By + sz x By =0. (2.33)

This derivation is similar to that presented in the previous subsection. However, here we
choose to approach this in an alternative way in order to more clearly demonstrate the effect
of this interaction with the left and right handed circular polarization states. Note that linearly
polarized light is composed of a superposition of the two circular polarization states. These
polarisation states can be represented explicitly by the normalised Jones vectors. For the right

handed circular polarisation,
1

—1 . (2.34)
0

By
By = —
" V2

To consider what will happen to right hand circular polarized modes in this modified regime

we insert this Jones vector into equation (2.33),

1 1
(W = K*) By | —i :%k@qﬁBg —i | . (2.35)

0 0

The Jones vector for the left handed circular polarisation is the same, except there is a positive
1. Inserting, this into equation (2.33) gives,

1 1
(W=Fk)By | i | = —%k dpBo | i | - (2.36)
0 0
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From (2.34) and (2.36) it is possible to infer that,

w? —k? = :I:%k O (2.37)
where now it is more clear that the + and - respectively refer to the right and left handed circu-
lar polarisation states. Here, k = |Kk|. A more intuitive picture is found when the dispersion
relationship is expanded in terms of 0,¢,

w—k= :I:%aat(b +O0((0:9)%) , (2.38)

where a is an unknown expansion coefficient. Rearranging (2.38) and squaring the expression

gives

w? = k% 4+ 2k (%a 8@) + 0((0,0)?) . (2.39)
Neglecting higher order terms it is possible to infer from (2.37) and (2.39) that 2k (%a 8@) =

%k@tgb. Therefore, given that a = %, the expansion of the dispersion relation to first order is,

B
k= —0 . 2.40
w+ oM X0 ( )
This can be rewritten in the more familiar £ = nw form of the dispersion relation. Here, the

refractive index n has the form,

B

RV (2.41)

n=1F

As before, the linearly polarised photon state can be treated as a superposition of right handed
and left handed circularly polarised photon states. Therefore, the rotation angle of the linearly

polarised photon in terms of the changing scalar field is [43],

B[00

2 [ 92, 2.42
=7 ann, (2.42)

where the numerical factor of % is absorbed into the arbitrary coupling /5 and the path length
for the photon is L = [ adn. Here 7 represents conformal time, and a is the cosmological
scale factor. This rotation would effect the light from the CMB uniformly across the whole
sky. The linear polarisation modes of the CMB would be rotated completely isotropically by
angle «. It is entirely possible that the scalar field may not be spacially uniform. If that is the

case then equation (2.42) instead becomes [44]
a(ﬁ)—%/dn (%—l—ﬁ-V)(b. (2.43)

In this case the rotation angle would not be uniform across the sky; there would be an

anisotropy in the rotation angle of linearly polarised light traveling cosmological distances.
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2.3 Axion-Photon Mixing

2.3.1 Axions and photons in strong magnetic fields

It is possible for photon-axion mixing to occur for photons traveling in the presence of a strong
magnetic field B, as shown in [45]. The equations of motion for axion-photon interactions
are needed in order to understand how this mixing takes place. The Lagrangian that will be

useful in deriving the equations of motion is as follows:

1 v 1 " 1 g
L= = FuF" + 5 (0ua0"a = mia?) + - Ful™a
CY2 2 7 n 2
_ FWFIW _ (F VFH”) , 2.44
+90m§ |:( / ) + 4 2 :| ( )

where the first two terms are the normal Lagrangians for electromagnetism and scalar fields
respectively, the third term is an interaction term between the axions and the photons, and
the fourth term is a photon self-interaction term. Here, a is used to represent the pseudo-
scalar axion field and m, represents the mass of this field. The fourth term only holds in the
limit where photon frequencies are much smaller than the electron mass m.. Perturbing the

Lagrangian leads to an equation of motion for the axion,

1 ~
—0,0"a —mj + T =0, (2.45)

and for a propagating photon,

1 do®
« afBpo a v
—8 Fag + WE P ch,@aa + 45m38 (FaﬂFuyFu )
7a? . .
+ il (FaﬁFWF“ ) ~0. (2.46)

The photon can be taken to be propagating in the z direction with two linear photon po-
larisation states, A, and A,. The chosen convention is that the polarisation vectors point in
the direction of the electric field. The y axis can be chosen such that the projection of the
strong, constant magnetic field B, that is perpendicular to the z axis points along the y axis.
if this is the case then B, = 0 and B, = |B;| = B.sinf. So, A, = Ajand A, = A, where
the notation || and L represent polarisations parallel and perpendicular to the external field

respectively [46]. A new term £ is defined as follows:

o B, 2
- 2.4
¢ 457 (Bm't) ’ (2.47)

where B,,;; = ng = 4.41 x 103G [45]. Note the units used are natural, rationalized electro-

ﬁwl

magnetic units (or Lorentz-Heaviside units). In these units h = c=1and o = - &~ 3-.
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The L photon state is even under CP transformations, whereas the || photon state is odd
under CP transformation. Morevover, B, is invariant under CP interactions so the equations
of motion should be CP-conserving. As the axion plane wave states are odd it only mixes
with the A photon state. If the equation of motion for the axion in (2.45) is restricted using
the mixing conditions, and the choice that the magnetic field must point along the y-axis then

the equation of motion becomes
B
w?a + 0%a — mZa + LWA” =0. (2.48)

In a similar way constraints can be applied to equation (2.3.1). It is required that the external
magnetic field acts along the y-axis, moreover the perpendicular photon polarisation mode
A does not mix with the axion field. With these constraints in place the equations of motion

for the perpendicular photon modes reduce to

dove®w?
45mm?

(w?+07) AL+ BIA =0. (2.49)

Similarly, given that the axion and parallel photon modes do mikx, it is found that

Tae*w? B,w
2 | 42 2 y
07) A B:A =0. 2.50
(w + z) |+ Wrmi Y |+ ryall ( )
The wave equation is

Q. 0 0 Al
CHE+] 0 Q B Ay | =0, (2.51)

0 B 2 a

M a

where using the expression for £ in (2.47)
QL =4w’¢sin®0, Q) = Tw’Esin® 6 . (2.52)

A useful approximation can be made using the dispersion relation for propagating light. A
dispersion relation has the form k£ = nw. However, in this case n ~ 1, leading to the ap-
proximation k& = w. Moreover, as w? + 9? = (w + 19,)(w — i0,) = (w + k)(w — i0,), the
approximation can be applied so that w?+0? = 2w(w —1id,). Equation (2.51) can be rewritten
using this approximation, and both sides of the equation can be divided by 2w leading to the

following new equations of motion

A0 0 Al
w—id,+ | 0 A Ay 4 | =o0. (2.53)
0 AM Aa a
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The new A; components have been defined as

e

2M
A, = 2wEsin?6

>
S
I

sinf |

A= ;wé sin@ |

m2

A, = ——

2w

where the diagonal components represent the difference in momentum between the different
modes, and the counterparts to those modes if no magnetic field was present. The refractive

indices, as given by the dispersion relation k; = n;w, are n;, = 1 + %

To see how this equation of motion leads to mixing between the parallel photon modes and

the axion the lower right hand quadrant of (2.53) must be diagonolised. This is done through

/

arotation I? which, when applied to the A and a fields, leads to mixed A” and a’ fields,

A’H costy sind A”
= ) (2.54)
a —sind cos? a

Considering the lower quadrant the equation of motion is

A
[w—i@Z+M]< | > —0, (2.55)
a
where
Ay A
M= 7 (2.56)
Ay A,
The rotation R is applied to the equations of motion,
: Ay
Rw —10,+ M| =0, (2.57)
a
which can be written as
A
R[w—z’@erM]RTR( ” ) ~0. (2.58)
a

This is allowed because the rotation matrix is an orthogonal matrix so RTR = RRT = 1.

The rotation matrix on the right hand side rotates A and a into the primed fields, giving the
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following equations of motion for the primed fields

a/

R@—4@+AﬂRT<Ah>:0. (2.59)

The rotation matrix and its transpose have no effect on the first two terms, however they act

to diagonalise the matrix M. Explicitly calculating RM RT gives

cos?d sin?d Ay Ay cos?d —sind B
—sind cosd Ay A, sind  cosd B
( A cos? ¥ + A, sin? ¥ + Ay sin 209 %Aa sin 29 — %AH sin 29 + Ay cos 20 )

%Aa sin 29 — %A” sin29 + Aprcos 20 A sin? ¥ + A, cos? ) — Ay sin 20
(2.60)

As this operation must diagonalise M it is necessary to set the off diagonal components to

zero to find the mixing angle,
1 . 1 )
—§A|| sin 29 + §Aa sin29 + Ajrcos29 =0 . (2.61)
Rearanging this expression leads to

1 A
—tan 29 = M

—_M 2.62
. . (2.62)

which characterizes the strength of the mixing. Now, it is necessary to simplify the diagonal
terms, writing them entirely in terms of A, A,, and 9. The upper left hand term in the
diagonalised matrix in (2.3.1) will be labeled AT‘, as it is the matrix element that acts on Ah.
Equation (2.62) is used to substitute for Ay, in A’H ,

1
Al = Ajcos® ) + A, sin® ) + 5 tan 20(A) — A,) sin 29 . (2.63)

This is rewritten as

1 — cos?20
Al =A 2 A, sin® A —A)———————— 2.64
| | cos” ¥ 4+ Agsin®d + (4 a) 5 o0s 20 (2.64)
which is the same as
A=A, 1
AL — Aycos®d 4 A, sin?g 4 LT B LA 2 . 2.
i | cos” ¥ + A, sin® 0 + 5 oo 20 2( I a) COS 20 (2.65)

Now, using the trigonometric identity for cos 219, (2.65) can be expanded to give

(A —Al) 4y

_ 2 s 2
Aﬂ = Ajcos® ¥+ A, sin” 9 + 5 cos 20 5

A,
— Ajcos® ) + 5 - A, sin? 9 . (2.66)
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Therefore, A’H simplifies to the following expression,

, (At A) (A=Al
I 2 2 cos 29

(2.67)

In a similar way, the bottom right expression from the diagonalised matrix can be relabled as
A! and simplified giving

A = (B +A84) (B—4Ad) (2.68)

2 2 cos 29
The equation of motion for the mixed states is then

[w—i@z+<A X ) <A>=o. (2.69)
0 Al a

Consider the beam of photons propagating in the z direction. It is possible to simplify the

description by taking all modes to be measured with respect to the phase of the unmixed A,

mode. If this is the case then the perpendicular mode propagates as follows:
Al (z) = e B2 4 (0) . (2.70)

The parallel and axion mixing modes must be treated slightly differently. They propagate as

A=) s ( A)(0) ) )
( o) ) (2) 0 | 2.71)
Here M(z) is

M(2) costv —sind e_z(Ai\ _A”)Z 0 cos? sint
z) = )
sind  cos? 0 e~ i(AL—A))z —sind cosd

(2.72)
It is easy to see why this is the case when the mixing matrix M (z) is applied explicitly in

equation (2.71),

Aj(z) \ [ cos? —sin¥ A/H(O)e*z(Ai‘—AH)Z .
a(z) | sind  cos a/(())e—i(Afz—An)z. )

From this it follows that
S <0)€_.i<Ai'_Al>z (2.74)
G(Z) a(O)e_Z(A;_AH)Z
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2.3.2 Weak mixing and birefringence

In the case of a weak mixing, that is ¥ < 1 the mixing matrix can be expanded to second

order

M(2) = Mo(2) +IMy(2) + 9> May(z) . (2.75)

It is easier if Ay is defined as Ay = A — A, and the term ¢ = A,z is defined. By
performing the expansion explicitly an expression for M(z) is found

1 0

Mo<c>=<0 «;) M1<c>=(1_ei<)<? ;)
Ms(Q) = ( —i = (1=e) X ) .

0 (1—€) +ice’

(2.76)

In this case the birefringence effect arises due to the magnetic field if the photons are prop-
agating along the direction of the field lines and no axions are present. This is the Faraday
effect and is due to a phase shift between the || and L polarisation modes. This phase shift
is given as p(2) = (A — Ay )z. However, in the presence of the axion field there is an
extra contribution to the rotation of the angle of plane polarisation for the photons. This extra
contribution is given by the imaginary part of the upper left hand term in the mixing matrix
M1y(2) and is

@a(2) = ImM11)(2) = 9?(Agsez — sin Agse2) (2.77)

Moreover, there is a reduction in the magnitude of A due to the conversion of photons in to
axions. Assuming no axions are present to begin with this reduction is by a factor of 1 — ¢(z)

where

€(z) =1 —ReM)(z) = 2192 sin? <AOQSCZ) ) (2.78)

The rotation of the angle of plane polarisation is then €(z)/2 if it is assumed the angle of
plane polarisation is initially at an angle of 45° to the external field B.. Therefore, there is a

birefringence effect due to the magnetic field and the conversion of photons into axions.

2.4 Observing Birefringence in Cross Correlations in the CMB

If these modifications of electrodynamics are correct and there is an induced uniform ro-
tation of linearly polarised light then it will have an effect on the linearly polarised light of
the CMB. Such an effect would produce a non zero signal in the C{'? and CF? cross corre-
lation power spectra. These cross correlation moments are, as will be shown below, zero if
no birefringence effect is present. So, in order to measure the birefringence angle the cross

correlation should be measured.
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2.4.1 E and B modes

In order to understand how to measure the cross correlations between temperature and B
modes, and between £ and B modes it is first important to understand where the cross corre-
lations come from. It is also important to understand why C% and C/'? are zero when there
is no birefringence, and what the £ and B mode signals are. Understanding the latter two
points provides insight into why a rotation of the linear polarised light from the CMB leads
to a non-zero cross correlation signal. The origin of the &/ and B modes and the null value of
CFP and C'P is explained in detail by Kamionkowski, Kosowsky, and Stebbins in [9]. Here,

we summarize their work and review some of the concepts discussed in Chapter 1.

The polarisation of light can be described by the set of Stokes parameters,
(2.79)

where a, and a, are the x and y components of the amplitude of the electric field of an
electromagnetic wave that propagates in the z direction. The / Stokes parameter indicates
the radiation intensity, the () and U parameters describe linear polarisation modes, and the
V' parameter describes circular polarisation modes. As the Compton scattering process that
produces the polarisation in the CMB does not produce circular polarisation the V' parameter
is not important. The () and U parameters refer to modes that are orthogonal, however they
are dependent on the choice of coordinate system. From the () and U modes it is possible
to construct coordinate independent £ and B modes. First, it must be noted that () and U
transform as independent components of a symmetric, trace free tensor. This can be seen by

noting that under a rotation of angle 1} the transformation is given as

Q' = Qcos29 + Usin20 ,

(2.80)
U' = —Qsin29 + U cos 20 .

It is possible to write down this symmetric trace free polarisation tensor P,;(n), which fully
describes the linear polarisation states. For a full sky map of the CMB polarisation the po-

larisation tensor in spherical coordinates is

L1 Q(n) —U(n)sind
Pa(8) = 2 ( —U(n)sinf —Q(n)sin*6 ) 7 (281

37



and the metric for a 2-sphere S? is

1 0
9=\ o unzg |- (2.82)

In analogy to the expansion of the temperature contrast into a set of orthonormal spherical
harmonics, the polarisation tensor can be expanded into a complete set of orthonormal basis
functions. The expansion that is appropriate for a tensor that is symmetric, trace free and on

a 2-sphere is

N 0o l
Pab(l‘l) R R
T, YD [l Y @) + alty Y @)] (2.83)

=2 m=-—I

where 7 is the statistical mean of the CMB temperature map.

The reason that there are two sets of basis functions, as opposed to the one set for the
temperature contrast, is that any symmetric trace free tensor in two dimensions can be de-

composed into a curl free part, A.,;, — % gabA;CC, and a curl containing part, B.,.€, + B.pc€ .

Here A and B are scalar functions. Note that here semicolons, *“;”, are used in order to denote
derivatives on S? rather than the covariant derivative in four dimensions [9]. As the spherical
harmonics, Y;,,, form a complete basis of scalar functions on a 2-sphere it is possible to write

the basis functions for the curl free part of the polarisation tensor as

1 C
Yv(lEm)ab - Nl (Yv(lm);ab - §gabyv(lm);c ) y (284)
and the curl containing part as
N
}/(le)ab = ?l (Y(lm);acecb + Y(lm);bceca) . (285)

N, is merely a normalization factor and is defined as

2(1 — 2)!

Ne=\Trar

(2.86)

The parts of the decomposition of P,;, are labeled &/ and B in analogy to the electric and
magnetic fields which are curl free and curl containing respectively. Now, the expansion

coefficients are given as

1 R . .
ag anab(n)Y(E @*(q)

m) = Im)
7;0 (2.87)
B ~ ~ B ab x4
Ay = 7 | dnPg,(n)Y, 7 (n) .
(Im) T, »(n) (Im) (n)

Using the explicit definition of the &/ and B basis functions, and differentiating by parts gives
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the expansion coeflicients as

Nl ~ * I ;Q oY
a(l?m) = ?O/dny(lm) (H)Pab’ b<n>7

N (2.88)
B l Ak ~ ac /-~ b
Ay = = | Y, (m)P ““(n)e.” .
= 7 [ 48V @7, @)
Therefore, given the origin of the £ and B mode decomposition it is possible to go on to
calculate the value of the CF5 = <a5m)a5,’:n,)> and C/'P = <a5m)a5,’;n,)> cross correlations,

and ultimately see that they are zero.

2.4.2 Calculating the cross correlations

In order to demonstrate that the C/Z and Cf°Z vanish they must be calculated for both scalar
metric perturbations, and tensor perturbations separately. Starting with the scalar perturba-

tions the Stokes parameters are expanded in terms of Legendre polynomials,

A 2 %)
(Q(;;n)> :iz@j + 1) Py(k - ) A, (k) cos 2¢”
U(k,n)\° 1]000 ) (2.89)
( T; ) :12(2j+1)13j(k-ﬁ) o, (k) sin2¢’
§=0

where A, are the Legendre coeflicients that correspond to the perturbation of the photon
polarisation brightness distribution due to scalar metric perturbations. For a more detailed
picture of this expansion see Kosowsky’s work in [20]. Here, ¢’ is the angle required to rotate
the coordinate system for each £ mode so that the £ modes can be summed in a consistent
way, as () and U are coordinate dependent. The orientation of the coordinate system in the
n direction is different for each k£ mode. Therefore, £ is the angle required to rotate the
coordinate system of the k£ modes so that they coincide with those for n, in order to ensure
that they are consistent for the summation. The terms )(k, n) and U (k, n) are just the Stokes
parameters induced in the direction n by a single k mode. The k mode is taken to be pointing

in the z direction, in which case £’ can be chosen to be zero. Therefore,

To

A 2 [ee) A
<Q(k’ “)> _! Uln) _ . (2.90)

120G+ DR (ke WA () .

J=0

By substituting (2.90) into the definition of the polarisation tensor in (2.81) P, (k, n) can
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be written as

M:%i(QjJrl)]aj(ﬁ.ﬁ)Agj(k)(l 0 )

Ty — 0 —sin?6
= (2.91)
1 . s .
= 13 @ DA () Mk )
§=0
where M, is defined such that
ab (1, PN 1 0

M®*(k = z,n) = Pj(cos ) . (2.92)

0 —csc?d

This expression for the polarisation tensor can be substituted into the expression for agm) in
(2.88). This gives

o0

S N : S Ve N a ~\ C
ap (k) = - > (27 + 1) Ag;(k) / dRY{,, (R)MES . (R)e", . (2.93)

J=0

Then M (aj%;ac(ﬁ)eC , can be calculated explicitly,

Mab;acecb = siné (M%ﬁ@ + M‘z’%e) —cscf (M%,gd, + M‘M’M) — cotf csc (9M997¢

+5 cos QMQ% + 3cos 9M¢di¢ + 3(cos O cot § — sin ) M . (2.94)

Given the explicit form of M (k = 2, R) in (2.92) it is clear that M . €% = 0. Therefore
a/(B;m) — O. SO,
C*P = (a{imyaimy) = 0, (2.95)

where X € {T, E'}.

Now, the cross correlation must be shown to be zero for the tensor modes. This is less
trivial and involves calculating the expansion coefficients for the temperature and the £ and B
modes for both the 4+ and X tensor perturbation polarisation states. Starting with temperature

and remembering that
1 o e
Uy = 7 / dn'T(n) Y, (n) . (2.96)
0

For a k mode that points along the z direction that is generated by the + polarisation of
the tensor metric perturbations, the contribution to the temperature anisotropy expanded in

Legendre polynomials is

T(k, )
Ty

= iZ(Qj +1)P;(k - n) sin® 0 cos 20A 7 (k) | (2.97)

J

where AE(/{:) are the Legendre coeflicients corresponding to the perturbation of the photon

brightness that is induced by the tensor mode k. This is substituted into the definition of agm)
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to give

1 ) ~ . SN A
@y (K) = 7 Z(Z] + )AL (k) / dn P;(k - R)Y(},, (R) sin 0 cos 2¢ . (2.98)
J
It’s possible to use the relation P(cosf) = %ng in (2.98) giving

1 . ~ . 47 . .
az;j;) (k) = 2 Z(Zj + 1)AT;(k) /dn, / mY(jo) (n) sin® § cos 20Y (M) . (2.99)

J

Angular momentum raising and lowering operators can be employed in order to rewrite

sin” 6 cos 2¢Y/ o) as

1

din® 6 cos 26V _{ {<j+1><j+2><j+3><j+4>

(25 +1)(25 +3)%(2j +5)

1
2
9 } (Yijr22) + Yiso,-2)

Vil DG+ +2)
_2 (2] . 1)(2] + 3) ( (j’Q) + Yv(jv—Q))

i = DG =26 ~3) ]*
o roeay MR } B

Now, this can be substituted into (2.99) giving

1 . 4 -
a%;;:)(k) =3 (Om,2 + O, —2) Z(?j + 1)/ mAE(k;)

{ {<j+1><j+2><j+3><j+4 iG-DU+00+2),

)F& »
(2j+1)(2j +3)2(2j +5) | " 2j-1Dj+3)
+[(j<j—1><j—2><j—3> }5} 2.101)

2j—=3)(2 - 1?25+ 1)

Applying the Kronecker deltas to rewrite (2.4.2) in terms of [ and simplifying gives a useful

expression for aj,,, (k),

1 (14 2)!
T+ _
gy (K) = 3 (Om,2 + Om,—2) (=
A 247, (k) Afia(k)

20—-1)20+1) ((20+3)(2l—-1) (20+3)(21+1) (2.102)

For the x polarisation the expression is exactly the same except that A}“’l(k) — Afl(k), and
(5m,2 + 5m,72) — —1 (6m,2 - 5m,72)-

Now, moving on to the polarisation, the Stokes parameters induced by a tensor mode K, in
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the case of the + polarisation are given as

QD) _ L5725+ 1)Py(eost)(1 + cos? 6) cos 205 (k)
o ,
J
A (2.103)
U(;,)n) _ %Z(Qj + 1) P;j(cos 0)200505in2¢&2§j(k‘) .

J

Once again, making the substitution of (2.103) into the definition of the polarisation tensor

in equation (2.81) gives

Pib(k7 ﬁ) 1 . A ab (-
—r =g zj:(zg + DAL (k) Mi* () | (2.104)
where
1 20 2 —2cotfsin?2
M () = P;(cos ) (1+ cos™0) cos 2¢ cotfsin 2¢ . (2.105)
—2cotfsin2¢  —(1+ cos? ) csc? 0 cos 2¢

This is substituted into the definition of the expansion coefficients for the / modes found in
(2.88) to give

N, ‘ < S, A
agh (k) = gl Z(QJ +1)Ag;(k) / AR Y G (B) M) (1) (2.106)

J

Explicitly performing the covariant derivative as follows,

M(“jg;ab = Mee’gg + 2M9¢79¢ + M%M — sinf cos GM(M),@ + 2cot HM(%),Q
+4cot 0M® | + (1 — 3cos® )M — M* | (2.107)

leads to the expression

M(“jl;;ab = 08 2¢[12(1 — cos® #) P;(cos ) + 8 cos H(1 — cos” #) P} (cos )
+(1 — cos* 0) P/ (cos )] . (2.108)

For the x tensor mode polarisation, cos 2¢p — sin 2¢. Now, the identities,

P(a) = (~1)"(1 = 2% P()], 2.109)
2l + 11— 22 P Yz) = P (z) + P, () , (2.110)
(1+2?)Pj(z) = Po@ __ 25@ + Fial@) (2.111)

(27 +1)(27+3) (25—1)(27+3) (25+1)(2J-1)"
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are used to rewrite (2.4.2). The identity (2.111) is used to rewrite the first term in (2.4.2), the
identity (2.109) is used to rewrite the final term, and a combination of (2.109) and (2.110)

are used to rewrite the second term. After rewriting entirely in terms of P? it is found that

(j+3)(j +4)P?5(cosb)  65(j+ 1)P%j(cosb)
(27 +1)(25 +3) (27 +3)(25 — 1)

(j = 2)(j = 3)P} 5(cosb)

M(“]%;ab = cos 2¢

. : (2.112)
(27 +1)(25 - 1)
Now, the following identity is employed,
QL+1) (= m] Spm -
Y (0, ) = P §)e™ 2.113
m) (6, ) \/ T G (cosf)e (2.113)
This is used by noting that
1, » 1 A (14 2)!
cos 2¢ P2 (cost) = 5 (e? PP (cosb) + e P} (cosb)) = 5\/(21 Y El — 2;! (Yi2+Y; o)
(2.114)

This expression is used to rewrite the Legendre polynomials in (2.4.2) in terms of spherical
harmonics. Then the new expression for )/ (“jb),ab(ﬁ) is substituted into the integral in (2.106)

giving

G+3)0+4)
(27 +1)(25 +3) 7+

o T [+ 2)!
/ Yy (R) = (02 + 5mv—2)\/ 20+ 1) Ez . 2;!

6j(j +1) L =203 o
(2j+3)(2j—1)5l’3 (27 +1)(2j — 1) l”] ' (2.115)

Then, (2.4.2) is substituted into (2.106) giving

E, 1 < 2(1 —2)! r  (1+2)
a(mj)(k) =3 Z(5m,2 + 5m,_2)A57j(k)\/ (52 \/(2[ )

J

2+ 125 +3) TP i+3)Ei-1) YT (2 +1)(25- 1)

(j+3)(j+4)(2j+1) 65(j +1)(2j +1) (j—2)(j—3)(2j+1)5l ,_2]

(2.116)

The Kronecker deltas that contain j and [ are applied, the first and third term in square brackets
are multiplied by %, and the expression is simplified,
(+1)(l1+2)

(20—1)(21+1)

1
Al (&) = 5Oz + O 2)/ 2720+ 1) Aji-2(F)
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6ll+1) . -1 )
(20 +3)(20 - 1)AQ’l(k) ARCTEE oI 3)AQ,Z+2<k) : 2.117)

For the x polarisation the equation is the same, however as cos 2¢p — sin2¢ then (0,,2 +

(5m7—2) — _i(ém,Z - 5m,—2)~

A similar calculation is used to obtain the expansion coeflicients for the B modes. The

result of the calculation is

21
20 4+ 1

A (K) = — (02 — Om2) [+ 2)AL, (k) + (= DAS . (R)] . (2.118)

4

Again, for the x polarisations —i(0,,2 — 0 —2) — —(Om.2 + Om.—2)-

Now, it is important to notice that for C;* 7 = <afl{;;r aﬁ;:)> there will be a product of

the remaining Kronecker delta terms, (6,2 + 0, —2)(0m2 — 6, —2), Which, after summing
over over m, is equal to zero. The product of the Kronecker deltas is the same for the x
tensor mode polarisations, however the minus sign swaps places. So, the £'B and T'B cross

correlations vanish for both the tensor modes and the scalar modes. That is,
CXB =0, (2.119)

where X € {7, E'}. For the original calculation see [9] and [20].

2.4.3 The cross correlations under the birefringence effect

It is worth noting that the vanishing of the £ B and T'B cross correlations occurs in the pri-
mordial power spectra, C;¥ 5. However, in the presence of a uniform birefringence the linearly
polarised light is rotated and mixing of the £/ and B modes occurs in the observed spectra,
CXPP [47],

The effect of the rotation on the cross correlations is seen by applying a uniform rotation
of birefringence angle « to the £ and B mode expansion coefficients to find the observed

value of the expansion coeflicients,

B,obs B E .

Ay = Q) €08 20+ agg,,, sin 2ar

e ) (2.120)
Ay = —agm) sin 2 + a(b;m) cos 2 .
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Therefore, the observed spectra for the self and cross correlations become

TE,o0b
C, 7 = CFF cos 2ar

CITB,obs — CZTE sin 2o ,
1
CZEB,obs _ §<C«ZEE _ CZBB) sin da; (2.121)

BB,ob .
CP2 = OPB cos? 2a + CFF sin? 2o

EE,ob .
O = OPPsin® 2a + CFF cos? 2a .

Measuring the deviation from zero of the EB and T'B cross correlations is the best way
to measure the uniform rotation angle induced by the cosmological birefringence effect
[47][48][49].

2.4.4 Estimating errors in CMB experiments

In order to successfully forecast the CMB spectra in the presence of birefringence effects the
potential errors and noise must be taken into account. Kamionkowski, Kosowsky, and Steb-
bins [9], and Zaldarriaga and Seljak [50] lay out much of the analysis required for forecasting
the noise and errors for a temperature and polarisation map for a given CMB experiment. It
is important to note that the CMB temperature and the polarisation maps are pixelized. If

each pixel subtends the same area of sky then the expansion coeflicients for the pixelized

R Tmap(ﬁ )
a = / dn( - )Y(lm)(n)
| Mo (2.122)

AT e

~ =Y — TV, (h;) .

TO ‘ Npix J ( )(nj)
Jj=1

temperature map are

Here, T™% is the temperature map and T;nap is the temperature as measured by pixel j in
the direction n; [51]. The d;,,)s include the effects of both pixel noise and finite beam size.
In reality d(;m) > a(um) would be true if there were no pixelization noise. In reality 7, =
T; —i—TfOise where T} is the observed temperature because of the true CMB signal. Itis assumed
that each pixel has the same root mean square (rms) noise and it is assumed that there is no
correlation between temperature noise on each pixel and the cosmological temperature signal

measured by each pixel,
<1—vinoisej-vjpoise> — T()Q(O-g;x)Q(;ij’ </I%Tv]r‘10ise> =0. (2123)
Then it is possible to take the correlation of the expansion coeflicients,

T T * T T * T',noise _T'noise *
(i) Ay = (U om) @) + <a<z:3 Ay >

(2.124)
b2 T T'noise _T',noise *
= [WIIPC Surbpmmy + <a(zm) Arrme) > :
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The W} term accounts for the beam smearing. The beam is usually given by a Gaussian
window function W} = exp(—{202/2). Here o) = Opwnm/8 In 2, where Oy is full width
of the beam at half maximum [10]. Now, the second term in (2.124) is found using the

definition of 7 in terms of T); and Teise, and using equation (2.122),

Nplx Nplx

T',noise Tnome* 4m noisemnoise . " .
(ameatim) = 12 0% (55 ) T Ym0V 0) . 22125

=1 j=1

We then make a substitution of the ensemble average of the noise per pixel into the expression
for the noise in harmonic space. This substitution of equation (2.123) is substituted into
(2.125) gives

N .
_ . Ar ™ dr A (ogy)?
Tonoise T noises* \ _ T \2 - * S\ pix
<a(lm) a(l’m/) > - Npix <0pix) ZZI Npix YV(lm) (n”L)}/(l’m’) (nz> - Npix_(;ll’dmm/ .
(2.126)
So finally the power spectrum,
<d5m)d6’tn’)> = (IWPPCT + wi') 0w bmme (2.127)

is obtained. The w." factor is the noise power spectrum given in equation (2.126) [50].

This process must be repeated for polarisation. The correlations for the noise on the Stokes

parameters are

poise qoise — UpoiseUpoise T2 51'
<Qz Q] > < ? J > ( pIX) J (2128)

<Q;}0iseU;10ise> — <Q;}0isejwjpoise> — <U;101sejwjp01€e> =0.

Now, the noise polarisation tensor for a pixel ¢ is denoted P"?"*¢(n;). Using the Stokes pa-

rameter correlations and the tensor product it is found that

<Pgl?ise(ﬁi) n01se > = T2( plx) (.gacgbd - 6otcebd) )

(T3 () P2 ;) = 0.

(2.129)

Now, it is possible to calculate the noise spectrum for the polarisation,

X,noise X’ noise\ __
Camy  Aamry )=

2 Nplx NplX

) DD Y 0 YGE h) (I (h) Pig™) (d,))

i=1 j=1

Aol Noix
( ) IETERTAICS

plx

plx

B 8
N

pix

( plX) O Omm 0x X7

(2.130)
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where X, X’ € {E, B}. After a substitution for the expression for (P2¢(n;) P29 (n;))
found in (2.129) is made the identity M N, e,y = —M® N, is used to reach the second

line in (2.129). Now, an expression for the power spectrum <d lm)dX * > can be written as

= D} by -

(2.131)

These are the ensemble averages of the pixelized temperature and polarisation maps including

the pixelization noise [9]. Here, the wyy, terms are defined as

A (oL )2 8m(o
wy' = % Wy = Wpp = % : (2.132)
pix pix

Now, X and X’ have been redefined such that X, X’ € {E, B, T'}. These can be rewritten as

noting that (oix)? = Npix(NET)? /tons Where ¢ is integration time for the experiment, and

NET is the detector sensitivity in units of Ks'/2. So, w;' and w' are
47(NET)? 87(NET)?
wy! = M7 Wy = Wpp = M . (2.133)
Lobs Lobs

Up to this point only the power C; and D; values that have been considered are found
by taking the average of the ensemble of possible realizations of the random process that
produces the CMB power spectrum. However, there is only one observable universe that can
be measured and therefore only one realization. Therefore, the true ensemble average cannot
be found directly from measurements of the CMB power spectrum. Instead it is necessary
to construct estimators for C; and D, using the measured a;,,,s and d;,,,s respectively. The

estimators are found by taking the mean over the 2/ + 1 measured a;,, or dj,, values,

l
/ 1 ,
X XX/ X *x 31X
Cl 2l +1 Z G Gim)> D T+l Z i) Ay - (2.134)

m=—I
These two estimators are related to each other as follows [50]:

l
= (DXX’ XX,) WP|2 . (2.135)

m=—1

There are three different sets of d(;,) coeflicients for six sets of the measured D; moments.
Therefore, there will be some covariance between the measured 1D; moments. It is possible to

construct a covariance matrix that describes the covariances between different D; moments,
= [/ AA~A A A
Zaw = (CAC) - ¢

~ ((5BF) — pipt) W
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where A = X X'. It is now necessary to find <5;45E > in a more useful form. Begin by

noting that for Gaussian random variables <xfx? =022 — 20 Now, starting with the T'T’,

i~ jj
EE and BB elements of the covariance matrix, the first term in the second line of equation

(2.136) is

This can then expanded by treating the d;,,, coefficients as Gaussian random variables,

<D/ﬁ Dy > ﬁZ {<df§m>df§m>><d<zm dfz(r/n/>> <d<lm i ﬂ :

(2.138)
Then the definition of D; can be used to give
R e I
= DD 4 D |
Now, the X X', X X’ components must be found,
(DD = ﬁ > (Ao @y @y @y ) (2.140)

Using a similar procedure to before, this becomes

DXX’DXX’> [DXXDX X' o(pXX’ 2} St (1= 8, ) (DXX'Y2
( (QZHQZ | + 2D )2 Syt + )(DXX)
1 ! ! ! !
= 51 (DX 4+ DI DI | + (DY)
(2.141)
Now, the final set of terms are the <DlX X DX '> terms which are
—_—— 2 ’
DXXDXX’> — (-2 1) DX¥¥pXX 2.142
< Lo (QZ N ) ! ( )

From all these terms and equation (2.136) it is possible to construct the full 6 X 6 covariance
matrix [S0][52]. The covariance matrix is useful as it can be used to calculate the Fisher ma-
trix [53]. The components of the Fisher matrix, F;;, for a given set of cosmological parameter

x; are

/

OCA . OC;
Fi=>_> 7 = T (2.143)

where A is X X and X X’ [54]. It is desireable to be able to include the effect of only mapping
a fraction of the sky. If the noise is taken to not be correlated between different multipoles

then the Fisher matrix is just multipled by the fyy, which is the fraction of the sky that has
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been surveyed [55]. This gives

fskyzzaq = oci (2.144)

Jaw 5
Y 8@ Ox;

The inverse of this matrix provides useful information about the uncertainties of the cosmo-

_ o} 0y
[F] 1=< A j) (2.145)

where o; and o; are the uncertainties for the 7th and jth parameters respectively. If the ith

logical parameters,

parameter was ) the 1-o uncertainty of this parameter would then be oq, = \/[F .
Here the other parameters have been marginalized over. That is, this is the uncertainty if the
other parameters are allowed to take any value [56]. Using the Fisher matrix it is possible to
estimate the precision with which a CMB map will be able to recover particular cosmological
parameters. Therefore, using the Fisher matrix, the covariance matrix, and the equations
for the estimators for the power spectrum it is possible to forecast how well an experiment
will measure the CMB power spectrum, and how precisely it will measure the cosmological

parameters.

2.4.5 Data from the CMB

There have been a number of different experiments that have attempted to measure the bire-
fringence rotation angle. However, it is very difficult to calibrate such an experiment. This
is because the majority of CMB polarisation experiments test calibration assuming that the
EB and T'B cross correlation spectra are zero. However, as these are also the spectra that
are used to measure the rotation angle this means that a different calibration method must
be used. Inaccuracies in these calibration methods lead to problematic systematics in bire-
fringence angle measurements. A discussion of some of the calibration methods used by
CMB polarisation experiments is contained in [57]. These difficulties have lead to a range of
measured values for a uniform birefringence angle as seen in table 2.1. Upcoming CMB ex-
periments that may measure the CMB polarisation angle to a greater accuracy include CMB
S4, LiteBIRD, BICEP array, and Simons Observatory.

It is also possible that the birefringence rotation angle is not uniform but anisotropic as
seen in equation (2.43). A number of more recent works have attempted to measure this
anisotropy. However, these experiments so far have found the anisotropy of the birefringence

angle to be heavily constrained and consistent with zero [43][67][68].
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Experiment \ Frequency (Ghz) \ [ range \ « (degrees) ‘

WMAP7[58] 414+61+94 2 -800 —1.1+1.4 (£1.5)
WMAPI[59] 53 2-800 —0.36 £ 1.24 (£1.5)
BOOMO3[58] 143 150 - 1000 —4.34+4.1
QUaD[60] 100 200 - 2000 —1.89 £ 2.24 (£0.5)
QUaD[60] 150 200 - 2000 +0.83 £ 0.94 (£0.5)
BICEPI1[61] (DSC) 100+150 30-300 —2.77+£0.86 (£1.3)
BICEP1 (grid)[61] 100+150 30 - 300 —1.71+£0.86 (£1.3)
BICEP1 (design)[61] 100 + 150 30-300 —1.27+0.86 (+1.3)
POLARBEAR[62] 150 500 - 2100 —1.08 £0.2 (£0.5)
BICEP2[63] 150 30 - 300 a~-—1+£0.2°
ACTPol[64] 146 500 - 2000 a=-02+05
Planck[65] Multiple 2-29 & 30 - 2500 0.0+ 1.3 (£1)
Planck + BKP[65] Multiple 2-29 & 30 - 2500 0.32+0.26 (1)
Planck [66] Multiple, SMICA map based a < 0.72°

Table 2.1: This table contains the rotation angles from CMB polarisation with 1o statistical
and (systematic) uncertainty. In the final row the 95% C.L. constraint is presented.

® Systematic error is unpublished.
[57]

2.5 Using the CMB to detect anisotropic birefringence

2.5.1 Sources of anisotropic birefringence

In the case of anisotropic cosmological birefringence the cosmic polarization rotation angle o
varies across the sky. This field of rotation angles is denoted «v(n). It is helpful to quantify this
field in terms of its power spectrum, C'¢“. It is then possible to make comparisons between
observed spectrum and that predicted by theoretical models in order to test such models.
There are two major scenarios in which an anisotropic cosmic birefringence effect could be

produced.

The first is the case of anisotropic birefringence generated by a spatially varying pseudo
scalar field ¢ as seen in equation (2.43). In the simplest scenario the pseudo scalar field is
effectively massless during inflation leading to the scale invariant power spectrum for the

cosmic polarization rotation field, «(n) [44],

LIL+1) e [ Hr \?
- ) poa (%fa) , (2.146)

where H; is the Hubble constant during inflation and f, is the coupling strength between the
photon and a. The second case is the case of birefringence generated by Faraday rotation in

the presence of primordial magnetic fields;

a(h) L/dlw'b. (2.147)

- 1672er?

Here, b is the comoving magnetic field, v is the observed frequency, and 7 is the differential
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’ Experiment | Acp x 10" [rad”] |

WMAP 3.0 [77]
Planck (2018 release) 0.32 [78]
POLARBEAR 3.1[43]
BICEP/Keck 0.33 [68]
SPTpol 0.1 [79]

ACT 0.1 [80]

Table 2.2: The 95% confidence limit (C.L.) upper bounds on A¢ g, the amplitude of a scale
invariant form of C'?®. Note that the result presented here, and in the source literature for
WMAP is the 68% C.L. result.

optical depth. The scale invariant power spectrum in this case is [69]

L(L+1) 30GHz\* [/ B \’
———2C*=23x107° : 2.148
2m L 8 ( v ) (1 nG> ( )
It is possible to write both of these more generally as [70]
L(L+1
(_2+ Jeoa — Ay (2.149)
s

where Agp is a measured amplitude parameter. An anisotropic cosmological birefringence
effect would distort the CMB polarization maps with a direction dependent rotation of the
linear polarization angle of the photons propagating from the surface of last scatter. It is

possible to search for these distortions in order to reconstruct c(n).

2.5.2 Current constraints on anisotropic Birefringence from recent experiments

Data from range of satellite and ground based CMB experiments have been to used to place
constraints on the amplitude, A p, for the anisotropic birefringence power spectrum, C7°.
These limits assume a scale invariant form for C'f (see equation (2.149).These experiments
include the Wilkinson Microwave Anisotropy Probe (WMAP) [71], Planck [72], POLAR-
BEAR [73], SPTpol [74], BICEP/Keck [75], and the Atacama Cosmology Telescope (ACT)
[76]. These constraints are found by exploiting the distortions of the CMB polarization gen-
erated by the anisotropic birefringence field. Therefore, unlike in the case of uniform bire-
fringence, constraints on anisotropic birefringence are not limited by the absolute calibration

angle error.

The constraints for the aforementioned experiments are listed in Table 2.2. The best con-
straints, to date, come from the SPTpol, and ACT data. In the vast majority of these experi-
ments a QE based technique is used to estimate the birefringence spectrum, 62‘0‘. The details
of QEs used to perform this estimation are presented in Section 2.5.3-2.5.4. In the case of the
Planck analysis the power spectrum was estimated using a large-pixel approach. In this ap-

proach the sky was separated into small patches or “pixels”. The uniform birefringence angle
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was calculated for each of these “pixels”. These values were then used produce a map of the
direction dependent birefringence field «(n). From this map éga was inferred [67], [78]. In
both the QE approach and the large-pixel approach likelihood analysis was then employed in
order to calculate the upper bounds on Aqp [43], [68], [77]-[81].

2.5.3 The anisotropic birefringence QE in the flat sky limit

The majority of the CMB experiments which seek to either detect or place constraints on
anisotropic birefringence have used a QE in order to reconstruct a map of c(n). These QEs ex-
ploit the off diagonal correlations in the CMB covariance matrix, (a;,a},, ), that are sourced

by direction dependent distortions of the CMB maps [82].

The POLARBEAR [43], SPTpol [79], and BICEP/Keck [68] surveys all have a small
enough sky-coverage that a flat-sky approximation can be used. Here, we will follow the
approach found in [83] to summarize the derivation of a flat-sky QE. To begin constructing
a QE it is necessary to understand how an anisotropic rotation of linear polarisation, a/(L),
affects the polarisation modes. In the flat sky limit the F/(1) and B(l) modes are written as
fields in I-space, where 1 is the multipole vector. The observed Stokes parameters are used to
construct the (1) and B(1) fields in a Fourier basis,

[E+iB](1) = — / dn[Q + iU (R)eT2de—mt (2.150)

where Q)(n) and U (n) are the Stokes parameters at angular position n, and ¢, is the angle of
the multipole vector. This angle is measured from the axis which is defined with respect to
the () parameter. The exponential rotation term containing the angle of the multipole vector
is necessary to transform the Q(1) and U (1) Stokes parameter into £(1) and B(1) the flat sky

terms analogous to aj? and a? . This rotation is often written in matrix form [84];

li](l) _ [ cos 2¢p  sin2¢, C:)(l) ' 2.151)
B(1) —sin2¢; cos2¢, u(l)
In analogy to this rotation the effect of cosmological birefringence on the )(n) and U(n)

Stokes parameter is also introduced through an exponential rotation term [70],
[Q +iU)(R) = eT2™[Q 4+ iU](n) . (2.152)
When this rotation is introduced (2.150) becomes
[E+iB)(l) = — / dheTHD[Q 4 U] (R)eFHA 70T (2.153)

As the o parameter is constrained to be small it is possible to Taylor expand this expression
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in terms of « to first order, leading to

&L
(27)?

[E+4iB)(1) = [E £ iB](I) + / dh + 2ia(L)[Q + iU (R)eT2%e el (2 154)

Here, «(n) has been rewritten using a(n) = [ éQnga(L)eiﬁ'L. Taking the Fourier transform

of the final term in (2.154) and writing () and U as a rotation of £ and B gives

[E+iB|(1) = [E+iB](1) + / (CZ;TL)Q + 2ia(L)[E £ iB](1 — L)e¥@-1=%)  (2.155)

Euler’s formula is employed to rewrite (2.155) as

[E+iB](1) = [E +iB](1) + / (d;TL)Q%z(L)[—B(l —L)cos 241 — E(1— L) sin2¢,_r,

+iE(1 — L) cos 26,1 F iB(1 — L) sin 2¢_r,] , (2.156)

where ¢1_r1 = é1_1. — ¢1. So the full rotated E(l) and B (1) fields are

E1) = EQ) + E*(1),
) = EW) + E°0) o157
B() = B(1)+ B*(1),
where the rotation introduces the corrections £(1) and B(1) which are given as
ar - ~
B0 = [ oo [B(l ) cos 2¢y; + E(I') sin 2¢1,7,} 2a(L)
) (2.158)

B = / % [E(l’)0082¢1/,1 — B(Y) smzqsy,,} 2a(L) |

where the relabeling I’ =1 — L has been used.

To find the variance on « it is important to know the values of the ensemble averages of
the rotated fields. For and unrotated field Z(1), where Z(1) € {E(1), B(1), T(1)},

() =0, (W' (1)) = (2m)25(1 -1)C*" . (2.159)

To look at how the ensemble averages of the rotated fields behave, for a fixed value of «(L)
it is useful to look at the case of <E* (ll)é(12)>, where

(E")BL)) = (B 1)) ) + (B W) B(b)) + (B (1) B (L)) + (B (1) B (1)) .
(2.160)
Using the sifting property of the Dirac delta to negate sine containing terms, and using the
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property that <E* (1,)B (12)> = 0 this reduces to

<E*(11)B(12)> _ / (C;l;g [<E(l’1)E(12)>cos 21, — <B(1’1)B(12)>cos 2<;§y1712] ,
(2.161)

which, after taking the integral, gives
<E* (11)3(12)> =2 [é{fE - C*;fB] c0s 261, 1, - (2.162)

For brevity the term on the right hand side of the equation is denoted fzp(l1,1s). In general
[85]
(@ MF () = (@ OF (1)) + frw(LT)a(L) | (2.163)

where for the £(1) and B(1) fields

Fee(l,l) =2 [C*l’fE — C‘ZEE} sin2¢y, ),

o (2.164)
fBB(llvl2> = |:Cl1 + Clg :| sin 2¢117]2 .

It is now possible to invert (2.163) in order to construct the unbiased estimator for a(L).

As seen in [86] this can be written as

(L) = Ay (L) / (2 O (1) = ()3 (12))] Frar(h, ) (2.165)

where the normalisation term is defined as

d?l -1
A (L) = { / @T)fox/(lbb)Fxx’(llalQ) : (2.166)

and the L vector is defined as L. = I, — ;. The normalization term, and the speccific form of
the F,./(11,13) term, defined as

fxa:’(llle)
Fow (i) = ———r (2.167)
Cl1 Cl2

are found by minimizing the variance of the estimator in (2.165). The C}** terms are con-

structed from the observed maps. The variance on C'{** is then
(G(L)a" (L) — (a(L))* = AC" = (2m)§(L — L) [C3* + Aps(D)] . (2.168)

giving the variance for anisotropic birefringence in the flat sky limit.
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2.5.4 The anisotropic birefringence QE in the full sky formalism

For experiments with a larger sky coverage, such as WMAP [77], Planck [78] and ACT [80],
the flat-sky approximation is not valid. In this case a full-sky QE is needed. Note, that for the
Planck analysis in [67] and [78] a QE was not used to reconstruct a(n). A full-sky QE can be
found by following the approach outlined in in [39] and [38]. This approach is summarized

here.

As in the flat sky case it is necessary to understand how anisotropic birefringence affects
the £ and B modes. First the (i) and U (n) Stokes parameters are rotated by the direction

dependent rotation angle «(n) as

Qobs(l:l) _ [ cos 2a(n A) sin 204(1?) Q(1:1) | (2.169)
Upbs (1) —sin2a(n) cos2a(n) U(n)
As seen in equation (2.81) it is possible to write the Stokes parameters as a symmetric, trace-

free polarisation tensor P,;(n). Recall that the polarisation tensor has the form
00 l
) =D D> [EmYima®) + BinYia(®)] (2.170)
=2 m=-1

where a minor change of notation has been introduced such that £, = al and By, = alm
As the effect of anisotropic birefringence on the polarisation tensor must be small [43], it is

possible to write the effect as a perturbation;
Pab(ﬁ) — Pab(ﬁ) + (SPab(ﬁ) . 2.171)

For simplicity it is assumed that at the surface of last scatter the polarisation tensor is made
of purely £ mode. The perturbation is then formed of pure £ mode that have rotated by «(n)
into a B mode. This is expressed as [39]

S Puy(R) = 20(R) P}, (h) | (2.172)

where P}, (n) is the original, pure £ mode containing polarisation tensor rotated 45° com-

pletely into a pure B mode. The P, (n) tensor is therefore expressed as
Py (i Z Z EnYa - (2.173)
=2 m=-1

The anisotropic rotation can be expanded in spherical harmonics as it a direction dependent

scalar field. Therefore,
) = apyYiu(h) . (2.174)

55



The o,y coefficient is useful as it is possible to use it to construct the C7* power spectrum.
However, it is important to relate the o7, and the variance of the estimator of this coefficient
to the observed polarisation modes. The orthonormality properties the spherical harmonics

mean that it is possible to express the change in polarisation modes due to the rotation as

0By = / A Poy ()Y (R)

(2.175)
5Em=i/dm”%ﬁﬂﬁﬁf7®-
Inserting the explicit expression for a(n) and § P,,(n) gives
~~ ~Bx*,ab
Bin =23 3 ararBrams | ARV Y00V
LM o (2.176)
0Em =2 Z Z v Eiym, / dﬁY(lE,:SabY(LM)Y(lBng)ab :
LM lymo

As seen in Section 2.4.1 the Y(?m)ab and Y(ﬁn)ab are respectively expressed as curl-containing

and curl free derivatives of the spherical harmonics. These derivatives can be more simply

expressed in terms of spin weighted spherical harmonics. Expressing Y(fm)ab and Y(ﬁn)ab in
terms of spin weighted spherical harmonics its possible to write
1
Bx,aby,B _ * *
Yv(lm) Yv(lzmz)ab - 5 [(_Q}le) X _2}/(127”2)) + (""ZYV(lm) X +2Y7(11m2))] ’
; (2.177)
Ex,aby B _ * *
Y(lm) Y(lzmz)ab ) [(+2Y(lm) X +2Y(lzmz)) - (*QYV(lm) X —2Y(11m2))] .

It is possible to use these expressions to rewrite the integrals in (2.176). Note, that it is
possible to express the integral of three spin weighted spherical harmonic in terms of Wigner-
3j symbols and that Y{;,) is a spin weighted spherical harmonic with a spin of 0 (that is

Y(zm) = oY{(rar))- Therefore, the integral in the expression for d B, is written as

. 1 20+ 1)(2L + 1)(2s + 1)
*,ab m
/dnY(ﬁn) Yo Y ioma)as = 5(—1) \/ i

[ L I I L 1 I L 1
n . (2.178)
—2 0 2 2 0 —2 —m M my

A convenient notation is defined,

glmlgmg - 47T

I L 1
Hll2z< 2 ) .
2 0 =2

A compact expression for the change in the polarisation B mode due to direction dependent

oy :(_1)m\/(2l+1)(2L+1)(212+1)( I L I > |
(2.179)
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rotation is

0Bim =2 > st Biymy Sty Hif, (2.180)

LM lama

where the nonzero terms in the sum are those where [ + L + [5 is even. Similarly the change

in the £ mode can be written

0Eum =2 Y ararBigmsCiomtym, Hif, » (2.181)

LM lomo
where the only surviving nonzero terms in the sum are those for which [ + L + [5 is odd.

As the effect of birefringence on the £/ and B modes is expressed Ej,;, + Ejn o + 0B,
and By, = 6By, where Ej,,  is Ej,, at the surface of last scattering, the primordial power

spectrum for £}, is expressed as
(Eum 0B 0) = CFF 010 (2.182)

Therefore, it is possible to write expressions for the full polarisation power spectra and the
cross spectra, including the effects of anisotropic cosmological birefringence, in terms of the
unrotated power spectra. For example, the full £ B cross correlation can be written, to first

order in a; s, as

<BlmEl’m’ =2 Z OéLMO lml’ /H”/
LM

o 1 EFE
_ﬁaoocl/ 611/6mm’ (2183)

+22 Z apnCr e Hilr

L>1 M=

These off-diagonal correlations in this CMB covariance can be exploited to to reconstruct
ary using a quadratic estimator. Now it is possible to define shorthand expression for m

independent terms in the full power spectra. In general this term can be defined
DM = 20 Zi HE | (2.184)

where A € {BE,EB,TB,BT,TE,ET,EE} forl # 'and A € {BE,TE, TB, EE} for
[ = I'. In the case of the BFE cross correlation it is easy to see from equation (2.183) that
ZBE = CFE. There are similar expressions for the other Z;}. Using DlLl,M’A, equation (2.183)

can be neatly re-expressed as

lml’

(Bim E; Z DM BB (2.185)
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More generally,
(Xim(Xp)) = > DMl (2.186)

Iml’m’ »
LM

where X € {T, E, B}. The next step is to find an estimator for DZLZ/JV L4 This begins by noting

that if DX ™P is built from spherical harmonic coefficients obtained from a map then
LM XX',map _ LM,XX'11:b117b
Dk — DEMXX byt (2.187)

where W} is the beam window function defined as W’ = exp(—I(l + 1)0?/2) and 0}, =
Orwin/8In 2. As seen in [87] in the minimum variance estimator for DZLZ,M XX map 3¢ obtained
by multiplying both sides of the expression in (2.186) by Slml, . and taking the sum over m

and m/ to give

/

mm mm/

-1
DEMAXX! map [Z( ﬁ;‘f,m,)?] ZX““PX““‘P A (2.188)

Note that the X" are the harmonic space fields that correspond to the observed real space

maps, and are therefore convolved with a Gaussian beam. To simplify the notation,

Gh = Z( LM vz _ 20+ 1)2I'+1) | (2.189)

!
Iml A

mm/

The final term in this expression is shown to be true in the appendix of [38]. The estimator
DM XXLmap o o useful quantity as it is a measured quantity from which the value oy,
can be found. This is the case because D”, s directly related to oz ps as seen in (2.184).

Therefore, it is straightforward to infer from equation (2.184) that the estimator for oy is
LM, X X' map

related to Dzz/ as
ﬁLM,A,map
(Grm)ip = ”FT , (2.190)
uw
where
EA =2z HEWPWE . (2.191)

Defining the estimator for arz ), in this way is useful as (a7, )* is proportional to DlLl,M A, map

meaning that the covariance of (é,)? is found entirely in terms of the covariance of the

SLM.A LMA,
estimator D™ scaled by factors of F}.;". The covariance of Dj;""*™® is defined as

= (BB ) (B (B ) o

The total minimum variance estimator &y, is found by summing (&, M)A over A, and inverse

variance weighting this sum by the total covariance. Therefore, the total estimator is

Guar = 0%, 20 S F DA ()Y (2.193)

AA
>l AA!
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and the noise for the estimator is

-1

o = | G0 FEE €] ) (2.194)

>l AA

This is the value of the noise on the anisotropic birefringence power spectrum if it is measured
using information from the range of polarisation maps and cross spectra. It is often necessary
to know the variance for the estimator when ), is found using single power spectrum or

cross correlation spectrum. In the case of the £/ B cross correlation, the estimator is

L,BE NLM,BE L,EB \LM,EB
}Wll/ D ) , map P"llly D ’ , map

A 2 —1,~L 14 w

Goar = 0%, S (L Gu) Gl | P T ) (2195)
>l & Cy q, Cy
with a variance of
1
L,BE\2 L,EB\2
s . (F"7) (F ™)

Tapy = Z(l +5ll/) Gll/ C’BB,maPCEE,maP CEE,maPCBB,maP (2.196)

>l ! !

This QE is then used to estimate, &), and, therefore, a(n). From ¢y, the power spectrum
63@ is found and a model dependent likelihood approach is used to constrain the amplitude
of C9™ [43], [81].

There are a range of different combinations of correlation that can be used in the QE.
However, the /B correlations result in a comparatively lower variance than other choices of
correlations in the majority of cases. Moreover, including other choices of correlations does

not offer significant improvement over using £/ 5 alone [29].

2.6 Instrument systematics and the CMB B-modes

2.6.1 The importance of systematics diagnosis for B-mode detection

As the sensitivity of CMB polarization experiments continues to improve, with upcoming
experiments such as LiteBIRD [88] and Simons Observatory [16] predicting unprecedent-
edly low levels of statistical instrument noise, a major concern in the search for primordial
B-modes are systematic effects arising from imperfections in the instrument. With the low
levels of expected instrument noise in future and contemporary experiments, systematic ef-
fects that generate distortions in the CMB maps are expected to have a relatively large impact
on measurements of CMB polarization. Indeed, many systematic eftfects such as a differen-
tial detector gain can generate a spurious B-mode signal [89]. Therefore it will be important
to diagnose and remove these systematics in order for robust claims of primordial B-mode
detection to be made, or for strong constraints to be placed on the value of the tensor-to-scalar

ratio, r.
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It may be possible to use the CMB distortions generated by systematic effects in the instru-
ment to diagnose the systematic effects using a QE, and potentially remove these distortions
from the CMB maps [28]. In order to carry this out one must be able to correctly relate the
distortions to their corresponding instrument systematics. There are two parts to this pro-
cess; (i) characterizing a particular CMB distortion in terms of its corresponding instrument
systematic and the instrument scan, and (ii) characterizing the effect of the distortion on the

CMB maps, and the power spectra of these maps.

2.6.2 The instrument systematic and the scan

In order to assess the impact a systematic will have on the CMB maps, it is necessary to un-
derstand the relationship between a given systematic and the distortion it produces. This dis-
tortion in the CMB is sourced by a coupling between a particular imperfection in instrument
design and the scan pattern of the instrument [89]. A comprehensive formalism describing
this coupling is outlined in [90]; this expands on some of the work seen in [89]. The details

that are relevant to this thesis are summarised below.

One begins by writing the signal detected in a given pixel as a function of orientation,
S?(¢),m), in terms of the scan, h(1),n) and the signal in a pixel for a given crossing of that
pixel, S(¢, n),

S4(1p, h) = h(1,0)S (Y, ) . (2.197)

Here, n = (0, ¢), and represents the on-sky latitude and longitude of each pixel respectively,
and ¢ represents the orientation of the focal plane of the detector with respect to north; the
three angles together form the Euler angles for the pointing of the telescope [89]. An arbitrary

scan may be described as

27

M) = T

Zéw —¥;(R)) (2.198)

where Nys(1n) is the number of crossings of a given pixel in the n direction and j represents

a discrete element in a set of angles of detector plane orientation for that pixel.

Both the detected signal and the scan may be decomposed as Fourier series into compo-

nents of different spin, £. Written as a series of spins, the signal in the detectors is
= kS m)e (2.199)
k

Much like the real space scan field in (2.198), the Fourier space scan can be written explicitly

as a sum over the detector orientations,

hy(n et () (2.200
y ( N hlts Z )
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The Fourier space detector signal, 8 4(n), is then a convolution of the Fourier space scan,

hi (1), and Fourier space signal for each crossing, Sy (i) so that

$S40) = > e (R)Sp(n) . (2.201)

k'=—o00

The effect of given instrument systematic coupling to a given scan can then be translated into
a detected on-sky signal. That is, this convolution allows the characterization of a systematic

sourced CMB distortion in terms of the scan and an instrument effect.

This can be illustrated using the example of a differential detector gain present between two
detector pairs. Consider the case where pair differencing is used to extract the polarization
signal from the detected CMB signal. Note that the polarization forms the spin-2 portion of
the detected signal. By calculating S'k(ﬁ) in the presence of a differential gain it is possible,
using equation (2.201), to write down the resulting spin-2 portion of the detected signal in
terms of the scan strategy and differential detector gain for the two detector pairs used in the

pair differencing [90]. This gives

S SN A 1= : A
ng(n) = ho(ﬂ)P(ﬂ) + §h2(n)(5gl — zégg)T(n)
1~ . 1- ./ n
+7ho@)(g1 + 97 + g3 + 92) P(B) + Jha(B) (g1 + 05 — g2 — g2)P"(R) . (2.202)
Here, T'(n) and P(n) represent the temperature and polarization parts of the CMB signal. The
gains of the detectors in detector pair i are denoted either g/ or g7, with the A and B used to
distinguish between the detectors in a given pair. The term dg; represents the differential gain
in detector pair i and is defined so that dg; = g/* — g”. The first term on the right hand side
of (2.6.2) represents the polarization signal, unaffected by any distortion. The second term,
%ﬁz (n)(dg1 —idg2)1(n), represents leakage from temperature to polarization. The remaining
terms represent a distortion in the form of an overall amplification of the polarization, however
they have a significantly smaller impact in comparison to the temperature to polarization
leakage as the temperature signal is significantly larger in amplitude than the polarization

signal.

2.6.3 Miiller matrices and distortion field

The next step is to characterize how a particular distortion, or a complex set of distortions
may impact CMB measurements at the map level, and by extension the measurement of the
primordial B-mode signal. To do this a Miiller matrix approach can be used. A Miiller matrix
formalism, used to calculate the impact of particular distortion on the CMB power spectra is
described in [91].

Much of this section will follow the analysis found in [91]. The Miiller matrix approach
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describes the observed Stokes vector Sgps = (Tobs, Qobs, Uobss Vobs)T as follows:
Sobs = M , (2.203)

where the Miiller matrix is defined as

Mpr Mrq Mry Mry
Mar Moo Mqu Mqv
Myr Myqg Myuy Myv
Myr Myg Myy Myy

=
Il

: (2.204)

and s is the Stokes vector defined ass = (7', Q, U, V). When no systematic errors are present
M is merely the identity matrix. Systematics act as small perturbations to the identity matrix

giving the different elements of the Miiller matrix.

In the simulation the Miiller matrix is applied to the Stokes vector formed from the sim-
ulated 7', (), and U maps after they have been rotated by «(n) to give an observed Stokes
vector according to (2.203). By applying different configurations of the systematics in the
matrix then calculating the value of C?* from the observed maps it is possible to see which
systematic effects will have the most profound effect on the measurements of cosmological

birefringence.

An expression for the effect of instrument systematics on the cross correlation between the
E and B fields is used as an example as to how particular distortions translate to the CMB
poer spectra. It is prudent to rewrite the Miiller matrix so that it acts on a complex Stokes
vector p = (T, P, P*,V)T. The elements of this Stokes vector have a defined spin, as do
the elements of the Miiller matrix when using this Stokes vector. Now, equation (2.203) is
replaced with
My Mprp  Mpps  Mpy
P — Mpr  Mpp Mpp- Mpy . (2.205)
Mp«p Mpsp Mpeps Mpsy
Myr Myp Myps Myy

Here, P(x) is defined as

d*l

2

P=(Q+iU)(R) = / (E() + iB)] e | (2.206)

As calculating the observed Stokes field just involves convolving the true Stokes fields with

the Miiller matrix, it is possible to write the Fourier space expression [91],

Pops (1) = 2rMee(—1)p(1) . (2.207)
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The E and B fields have the following expression in terms of the spin-2 polarization terms:

[P(L)e % + P*(1)e*”] | (2.208)

[P(L)e % — P*(1)e*?] . (2.209)
The estimator for the band-crossspectra for £ and B is
A 1
CEB = —/d2lE0 J()B (1) . (2.210)
b, ob 2fskyfbldl b b() b()

From (2.208) and (2.209) it is easy to see that

1 . . ) )
Eobs(l>B:bs<l) = 4_2 eszqbl Pobs (l)Pobsa)eiQum - 672“}51 Pobs<l)P:bs(l)€2Z¢l
9 P (1) Pa(D)e 2% — 4 B (1) P (D)™ | . 2211)

It is possible to relate this to p,,. First the matrix A(¢;) can be defined as A(¢;) =
diag(1, e~ ¢%%t). Then, consider the matrix A(¢;)pyps (1)l (1)AT(¢) with the follow-

ing form:

A(¢l)pobs<l>plbs(l)AT(¢l) =

TMT(1) T(1)P*(1)e* T()P(l)e 2
e 2 pP)T(l) e 2oaP(l)P*(l)e* e 29 P(l)P(l)e 2" . (2.212)
PP T(I) 4P (L)P (L)% %P () P(L)e 2%

obs

It is clear from this explicit form that Eqps (1) B, (1)) can be written as a sum over the elements

in the matrix seen in (2.212),

3

1 y
Ean(DBin(0) = 1= 3 (-1 [A(0)pan Pl WA (@0)] (2.213)
43 Py 3y’
For convenience the matrix in (2.213) is relabeled so that
Canll) = |A(@)Pan (Pl (DA (00)] (2214)

Now it is possible to rewrite p.,,(1) in terms of the Miiller matrix and p(l) using the convo-
lution in equation (2.207). By also inserting the identity matrix between the Miiller matrices

and Stokes vectors one finds the following expression for Cops(1):
Cobs (1) = 47 | () Mere(—1)AT(60) C(1)A ()M (—1)AT(60) | (2.215)

where C(I) has the same form as C,(1) but contains the true Stokes vector on the sky, p(1),

instead of the observed Stokes vector, p . (1).
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By inserting this into (2.210) and taking the ensemble average over realisations of 7, (),
and U one finds an expression for the relationship between the £ B cross-spectrum effected
by the systematics and the true values of the power-spectra and cross-spectra. The form of

the expression,

<6553s> =AY (-1 /ldld@bl [A(@)Meff(—l)AT(@) (C(1) A(ﬁbl)lef(—l)AT(cﬁz)]

G.3'=2 b 7
(2.216)
where the normalization factor, A, is given by
2
d (2.217)

A=—"
2i fay J, 1l

can be simplified further by taking the integral over the radial extent of the band, but before
this is possible it is necessary to examine (C(1)). Note that this matrix is made up of the true
power-spectra and cross-spectra. After taking the integral over the radial extent of the band
-and noting that the Miiller matrices do not vary over the radial extent of the band- this matrix

is instead made up of band power-spectra and cross-spectra. This matrix is labeled F; and has

the form
T CyF —iCyP Cy P +iCyP
Fi=| C/P+iCfP CPF + CPF —iCPP +iCy? CFF — CFP +4iCFP +iCPF
CIE —iClP CFF — CPP —iCFP —iCPF CFF 4+ CPP +iCFP —iCPF

(2.218)
After taking this integral the expression in (2.216) simplifies to

3

(CER) = 52 S (=17 [ don [A()Maa(~DAT (@) FA ) MEy(~DA (01

=2 b i’
(2.219)
It is then possible to use any possible effective Miiller matrix to extract a relatively simple

expression for the observed cross-correlation given a known set of systematics parameters.

This formula can be used to capture the effect of distortions on the cross-spectra under for
different simple scan strategy cases. In the case of the raster scan the instrument is always
treated as being in the fiducial basis. A set of spacial Muller matrix elements which deviate

from identity for the receiver can be defined as [91],

Mpr =y + 172, (2.220)
Mpp=1+a+2iw, (2.221)
Mpp* - f1 + ng . (2222)

Here, w represents a rotation of the polarisation orientation, a represents an incorrect cali-

bration of the polarisation amplitude, f; and f, represent a mixing of () and U, and ~; and
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2 represent a leakage from intensity into polarisation. Inserting these into (2.219) gives a

simple analytical formula for the observed CJ} cross-spectrum,
Crraos = [(1+ ) — 4] CFF +20(1+0)(GFF = GFF) . (2.223)

An interesting feature of this equation is that it indicates that intensity leakage has no effect on
the measurement of C’fff,s. While this derivation follows a flat sky approach it is possible to
carry out the derivation on using the full curved sky approach, however, the form of equation

(2.223) does not change.

The expression in (2.223) is true only for distortions that do not vary across the sky. How-
ever, it is possible to consider anisotropic elements in the Miiller matrices that is sky varying
distortion fields. If (2.205) is expanded then the individual elements of p,, can be examined
in real and harmonic space. As can be seen in [28], when one translates the results of this
expansion to harmonic space the anisotropic distortions generate off diagonal correlations
in the CMB covariance matrix, (a;,a},, ). These off diagonal correlations are analogous to
those generated by weak gravitational lensing [92], [93]. Therefore, as is discussed in [28], it
may be possible to exploit these off diagonal correlations using a QE approach to reconstruct
and remove the distortion fields in analogy to lensing reconstruction and internal delensing
[86], [94], [95].

2.7 Conclusions

While electrodynamics appears to be well understood and well tested it is possible to mod-
ify Maxwell’s laws so that a cosmological birefringence effect is predicted. It may be possible
to observe such an effect and a number of CMB experiments have attempted to make such
observations. However, better experiments with greater precision are required in order to

constrain both a uniform and anisotropic birefringence signal further.

Experiments that will attempt to do so include Simons Observatory, and CMB S4, indeed
forecasting for observations of the birefringence anisotropies for CMB S4 has already been
carried out [70]. However, forecasting for a uniform birefringence effect must still be carried
out for CMB S4. Moreover, forecasting for observations of both a uniform and an isotropic

birefringence effect must still be carried out for Simons Observatory.

There has been a thorough theoretical investigation of the modifications that lead to the cos-
mological birefringence effect. However, it may still be necessary to further investigate other
cosmological implications of the various models that predict cosmological birefringence in
order to understand the physical implications of such models better. It may be possible that
a number of such models may be ruled out by observations unrelated to birefringence. This
would narrow the list of potential science targets for birefringence experiments, and possibly

constrain the expected range of polarisation rotation angles. Further constraints on the cos-
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mological birefringence effect - both uniform and anisotropic - will place further constraints
on parity and possibly Lorentz violations, on models of axion inflation, and on the coupling

between axion-like particles and the gauge field.

Quadratic estimators will play a large role in the constraint or potential detection of the
birefringence effect. These tools are used as standard in CMB lensing research, and can
be deployed whenever an effect induces non-zero correlations in the off-diagonal modes of
the CMB covariance. It may also be possible to extend the use quadratic estimators to di-
agnose and remove distortions sourced by instrument systematics. This would compliment
existing systematics cleaning techniques by quantifying the effectiveness of existing cleaning
techniques and diagnosing and removing any residual distortions after traditional systematics

mitigation has been carried out.

It is also worth noting that for the Planck experiment, a QE was not used to reconstruct
the anisotropic birefringence field [67], [78]. Carrying out a QE analysis on the Planck data
would provide an important compliment to the existing constraints as well as acting as an
additional cross check of the existing constraints. Additionally, as the technique that has
already been applied to the Planck data to search for anisotropic birefringence does not probe
off diagonal correlations in the CMB covariance a QE will be required to detect any possible
signatures of birefringence, other new physics, or unknown instrument systematics that may

be encoded in these correlations.
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Chapter 3
Uniform Birefringence Forecast

3.1 Introduction

In the coming years a number up upcoming CMB experiments will attempt to place con-
straints on the primordial CMB B-mode polarization signal. Two significant experiments
that are under development are the Simons Observatory (SO), and CMB-S4. SO is expected
to have first light in 2022 and begin its five year survey in 2023 [96], while CMB-S4 is still in
the project development phase [37]. However, both promise to provide a measurement of the
CMB polarization with unprecedented levels of precision and by measuring the primordial
B-mode signal they promise to probe the tensor-to-scalar ratio  down to r > 3 x 1073 in the
case of SO [16] and down to > 1 x 1073 in the case of CMB-S4 [97].

However, while these experiments seek to detect B-modes sourced by primordial gravita-
tional waves, this is not the only source of B-mode polarization. In Chapter 2 of this thesis
we saw that modifications to electrodynamics could generate a rotation of linearly polarized
photons as they propogate on cosmological scales in an effect called cosmological birefrin-
gence (CB). Such a rotation would induce mixing between the E- and B-modes resulting in
B-mode power in addition to the primordial signal.

This modification to electrodynamics was discussed in detail in Chapter 2 and involves the

inclusion of a Chern-Simons term in the electrodynamics Lagrangian [25], [27],

Be . =
Losg=———F,F" 3.1
cs ok (3.1)
where F),, is the electromagnetic field strength tensor, F# is the dual of the field strength
tensor, (3 is a coupling constant, ¢ is a pseudo scalar, and M is a parameter with dimensions
of mass that is dependent on the particular origin for this coupling between a pseudo scalar
and the photon [27], [42], [44]. If this field does not vary spatially then this modification to

Maxwell’s laws will lead to a rotation of linearly polarized photons with rotation angle,

s / 99
=— [ —d 3.2
where 7 is conformal time. This indicates that the rotation is dependent only on the initial
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and final amplitude of the pseudo scalar so that

a= %&b : (3.3)

A more general approach is to consider a spatially varying pseudo scalar then this rotation

angle is replaced by a direction dependent rotation field &(n) with
3(h) 5/65 O 89 é(nn) (3.4)
amn) = — — . . .
M ] "\ on G

This field can be thought of as a background uniform rotation field with direction dependent
perturbations such that
a(m) = ap+ a(n) . (3.5)

Here, the background rotation « is equivelant to the rotation angle for a spatially invariant
field with the same dependence on ¢. Throughout the rest of this chapter we denote the

uniform CB angle o

As the possible models for the ¢ [27], [42] predict that it will vary on cosmological
timescales we expect that oy would only have an observable rotational effect on polarized
photons sourced at extremely high redshift, such as CMB photons. Indeed, it may be possi-
ble to use observations of the CMB power spectra to measure the uniform rotation angle by
looking for mixing between the CF¥, and CP® power-spectra, and non zero C#% and C/?
cross-spectra due to this mixing. As SO and CMB-S4 are expected to make highly sensitive
measurments of the CMB polarization and the corresponding CMB spectra they will be well

placed to probe this rotation angle.

The focus of this chapter will be on forecasting the sensitivity that both SO and CMB-S4
will have to the uniform CB angle. This will amount to a forecast of the constraint on o in the
case of no detection of any rotation. Section 3.2 describes the Fisher forecast technique we
employ, and the instrument setup assumed for SO and CMB-S4. In Section 3.3 we present
the results of the forecast for both the SO Small Aperture Telescope (SAT) and the Large
Aperture Telescope (LAT). Where the LAT is designed for better angular resolution, the SAT
has a larger field of view, and is expected to be able to provide better control over noise from
the atmosphere giving more precise measurments on larger angular scales [16]. Along with
these forecasts we discuss which spectra are likely to give the best constraining power for both
the LAT and SAT. Finally, in Section 3.3.4 we present the forecast for CMB-S4 along with

an analysis of where the constraining power for S4 is likely to be the strongest.
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3.2 The Fisher forecast for uniform cosmic rotation

3.2.1 Estimating the parameter sensitivity of CMB experiments

In order to successfully forecast the sensitivity of a particular experiment to CB effects we
must take into account degeneracy between different cosmological parameters, and ag. It
is possible to use a technique called Fisher analysis to do this. Fisher analysis involves the
construction of a Fisher matrix, which corresponds to the second order term in an expansion
of the log of the likelihood for a given set of parameters in theory space [55]. From the Fisher
matrix it is possible to directly calculate the estimate an experiment may have to a given

parameter by marginalising over the other parameters. This is done by inverting the Fisher

2 g
[F]™' = ( o > : (3.6)
Oij Oj

noting that the diagonal terms give the errors of each parameters marginalized over the others.

matrix to give [56]

In this example o; is the 1o uncertainty on parameter ¢ marginalized over parameter j [56].

For cosmological parameters the Fisher matrix can be constructed from a covariance ma-
trix which contains the covariances between different power spectra and cross correlation

spectra. Constructed in this way the Fisher matrix is [50]

ocA . ack
Fij=Fay D Y. o M P, (3.7)
I AN
Here, fq is used when taking into account the increased variance due to partial sky coverage,
and here, A € [TT,EE, BB,TE,TB, EB]. The parameters are x;. In the case of uniform
birefringence forecasts one parameter will be o and the other parameters will be the set of

six standard cosmological parameters. The covariance matrix M 44 is defined as [9]
My = <C?5}T> —cACH | (3.8)

the @A terms are estimators and the C;* are the full ensemble averages C;* = <affn(al)§;*)’ >

The estimators are defined as [9]

l
s vrs 1 /
XX __ § Xx X

m=—I

where, X, X' € [T, FE, B] so that A = XX'. For practical purposes in our forecast we

calculate the form of the elements of the covariance matrix analytically, in terms of theory

spectrum for the fiducial model, C;**" and noise spectrum for the relevant instrument, NX".
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For example, the on diagonal element for temperature Mpppr is

2

T l(élTTJerT)?. (3.10)

Mrrrr =
For details of how these elements are calculated see Section 2.4.4 in Chapter 2 or see the

covariance matrix calculation in [9].

For the Fisher forecast we use numerical derivatives, which, for the parameter x;, have the

form

axi 2(51’1 ’

(3.11)

where the power spectrum Cf‘(:ci) is a function of the parameter x;, and dz; is a perturbative
change to the parameter. For the standard cosmological parameters in our forecast we com-
pute C/}(x; & dx;) by injecting the perturbed parameter values x; & dx; into the Boltzmann

package CAMB [98] and computing the corresponding spectra.

As CB is non-standard cosmology there is no corresponding parameter in CAMB. Instead
for the o parameter we begin by noting that in our fiducial model oy = 0. This means we
will only need the spectra for rotation angles of £dcy. In order to find C/*(£da) we compute
the theory spectra for the fiducial model, C’ZA, using CAMB. From these, we calculate the CB
rotated spectra, Ci*(+d0qy), directly. The CMB spectra for rotation angles of +day are [47],
[49],

CPE(£6a0) = CFF cos?(£20ap) + CPP sin?(+£20ay) | (3.12)
CBB(+6a4) = CEE sin®(£26) + CPP cos?(£26ay) | (3.13)
CTE(+600) = CI'F cos(+20ay) , (3.14)
CTB(x6ag) = CFE sin(+200y) | (3.15)

CFB (+6ay) = % (C*,EE - élBB> sin(=£4dap) . (3.16)

These derivatives combined with the covariance for the particular instrument model consid-

ered are used to produce the Fisher matrix and therefore the CB forecast.

3.2.2 Instrument setup and fiducial cosmology

The particular instrument noise and beam, fiducial cosmology, and choice of [ mode range
all form the key inputs in our forecast. The particular fiducial cosmological model we use,
as presented in Table 3.1 are based on the Planck 2018 parameter results [99]. We attempt
to emulate the forecasting setups of SO [16] and CMB-S4 [97] as closely as possible. We
set our [ ranges in accordance with the guidelines in the CMB-S4 science book [14], and SO

parameter forecasts in [16].

For SO LAT and SAT we use the SO-V3 noise code to generate noise curves for the 93GHz
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and 145GHz frequency channels for the threshold, baseline, and goal noise settings . The fore-
cast is carried out for these channels as they are predicted to provide the strongest constraints
on physical parameters [16]. We list the instrument sensitivities that correspond to these noise
curves in Table 3.1. This code is designed not only to take into account the instrument sensi-
tivity and beam but also atmospheric contributions to the noise. Note that while we include
the threshold noise case in our forecast, at the time of writing of this thesis SO has ceased
including the threshold case in their own forecasting, as it is anticipated that the instrument
will far exceed this more pessimistic noise projection [16]. As with the SO forecast in [16]

we use a different [ range for the temperature and polarization spectra for the LAT.

The multipole range and sky coverage for the CMB-S4 forecasting requirements are sim-
ilar to what is used for the SO LAT forecast [97]. For CMB-S4 no noise modeling code is
provided. Instead we assume a simple noise spectrum consisting of the instrument sensitivity
and the beam such that,

NP = V2NI = 2w Wi ~2, (3.17)

where N/ is the polarization noise spectrum, N is the temperature noise spectrum, w}l is
the temperature sensitivity and W} is the beam window function. Note that in this chapter
we present the noise sensitivity, w ™!, in units of [uK arcmin] as is common in the literature
[16], [37], [88]. The values for the temperature sensitivity, beam, sky coverage, and multipole

coverage are summarized in Table 3.1.

We include the effect of combining the Planck data with SO LAT and CMB-S4 by
building an ad-hoc Planck instrument model. For this model we generate a Fisher ma-
trix that can then be combined with the SO and S4 Fisher matrices. We used the noise
and beam characteristics summarized in [100]. The Planck model includes noise and
beam characteristics for each of the individual channels. The included channels are v €
[100GHz, 143GHz, 217GHz, 353GHz, 545GHz, 857GHz]. The effective temperature and po-
larization sensitivity, w;/lp and the average effective beam full width at half maximum
(FWHM), Orwhm, ave.» is given in Table 3.1. Also included in this table are the instrument
characteristics and [ ranges for SO LAT, SO SAT, and CMB-S4.

We validate our Fisher code and instrument models by comparing the forecast uncertainty,
04, for the fiducial model parameters, excluding «, to the existing SO and CMB-S4 forecasts.
We find that results that our values for o,, match the existing forecasts to within less than
10% for SO and CMB-S4. Any difference in the predictions are due to differences between
the methods used to include Planck data in the forecasts. However, we do not expect these
differences to have a significant impact on the validity of our forecasts as we find a negligible

difference in 0, between predictions made with Planck and predictions made without Planck.
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parameter \ value

cosmological Ho [kms~Mpc™'] 69.0
Qyh? 0.0222
Q.h2 0.120
T 0.06
Mg 0.966
A, 2.2 x 1077
o 0.0
SO LAT instrument Imin 30
Ir 3000
P 5000
w; ' [pK arcmin] 7.54
wy, ! [pK arcmin] 6.26
wy ' [pK arcmin] 4.25
Opwnm [arcmin] 2.2
SO SAT instrument {min 30
1Lr 400
w; ! [pK arcmin] 3.72
wy ! [pK arcmin] 2.81
wy ! [uKarcmin] 1.89
Orwam [arcmin] 30
CMB-S84 instrument {min 30
EYe 5000
wy" [uK arcmin] 1
Orwam [arcmin] 3
Ad-hoc Planck instrument Imin fsky = 0.8 1
Il fay = 0.8 30
Imin foky = 0.2 30
Imix foky = 0.2 2500
wy" [uK arcmin] 19.7
wp' [uK arcmin] 27.1
OFwWHM, ave. [arcmin] 6.46

Table 3.1: The fiducial cosmological model parameters for the Fisher forecast for CB for
SO and CMB-S4. There parameters are based on the Planck 2018 results [99]. Also shown
are the [ ranges, white noise, and beam for CMB-S4, SO and Planck. The w; 1 wy, 1 and
wg_1 are the temperature sensitivities for the threshold, baseline and goal cases respectively.
For SO and CMB-S4 the polarization sensitivity is w;l =2 Wy ! Note that for SO LAT a
separate [, value is used for temperature and polarization (indicated respectively with a T

and P superscript).

3.3 Forecast results

3.3.1 The SO LAT forecast

For the SO LAT forecast we make predictions for 1o «g constraints for three different values
of sky coverage, including a 10% sky patch, a 20% sky patch and a 40% sky patch. The
expected sky coverage of the LAT is 40%. Sky coverage will have an impact on the number
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of noise modes included in the measurement of the parameter, and will increase the variance
of the measurement due to the reduced number of modes included in the measurement. That
is, the SO-V3 noise code calculates the noise as a function of integration time, noise effective

temperature, ongr, and sky area surveyed so that

NT = (—47Tf S“;UI%ET + Aatm> W2 (3.18)
Here, A, is the atmospheric contribution to the noise and ¢ is integration time. The ampli-
tude of the noise power spectrum will increase as sky coverage increases proportional to fyy,
and the overall variance will decrease by a factor of f S_k;/ ?. This leads to the behavior we see
in the highest noise threshold, and baseline cases in Figure 3.1. For both of these settings the
contribution of N to the variance is proportionally larger than the contribution of cosmic
variance when compared with the goal case. In both the baseline and threshold cases N}
becomes the dominant contribution to the variance, and as [V, lT increases with fg, so does
the variance, once fquy, > 0.25. In the goal case, the dominant contribution to the variance is

cosmic-variance. As this is the case the overall variance is seen to decrease with increasing

fsky-

We find an expected constraint of o,, ~ 1072 [degrees|. The strongest constraint that
we forecast, from the most optimistic goal noise setting and largest sky coverage is 0,, =
6.06 x 1073 [degrees]. The sky coverage does not appear to have as significant an impact
on the constraint as different levels of noise. This is positive, as any loss of sky coverage
during the scan should not significantly impact the SO LAT constraint on «. This forecast
is unchanged when the Planck Fisher data is not included, possibly indicating that it may not

be necessary to included Planck in further forecasts for birefringence.

To further test the behavior of 0, with different noise levels we carry out our forecast while
varying the amplitude of the LAT noise curves. This is equivalent to varying the instrument
sensitivity for the 93GHz and 145GHz channels. We use the same values of fy, as in the
previous forecasts. We see in figure 3.2 a more interesting relationship between the constraint
and f,, that what was initially seen in Figure 3.1. The constraint on « is more sensitive to
noise for smaller values of f,. That is, the constraint appears to weaken more quickly with

increasing instrument sensitivity when the sky coverage is smaller.

3.3.2 Where is the LAT’s constraining power

In order to investigate which power spectrum provides the largest contribution to the constraint
on o from the LAT we calculate the signal-to-noise (S/N) ratio for the different possible CMB
power spectrum and cross correlations. By calculating the S/N per [ value we can see which

modes are contributing the most to this constraint. The signal to noise for a given spectrum
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Figure 3.1: The forecast uncertainty on «y, 0,, plotted for fyy, = 0.4, 0.2, and 0.1. We
show the uncertainty for three LAT sensitivity modes of the SO-V3 noise code including
the most pessimistic threshold mode (blue), the baseline mode( orange), and the most

optimistic goal mode (green).

’ 2
S 2 CXX ot ~AX X/
(N) :Z( IAOXX’,roi ) ) (319)
l

l

is given as

Here X € {T, E, B}, C’lX X't indicates the spectrum after it has been affected by cosmolog-
ical birefringence equivalent and is equivalent to C{*(ap). We carry out this study assuming
ap = 1072 [degrees] for the rotated spectrum. This is the same order of magnitude as the
constraint from LAT. Here, C;¥¥ " is a spectrum unaffected by the birefringence equivalent to
CA(0). The AC’ZX X1t term indicates the standard deviation the CB rotated spectrum,

! 1 ! !
A X X' rot — X X' rot NXX 2
C \/ foay (20 + 1) [(Cl AT (3.20)

1
+ (CZXX’M"‘NIXX)(CZXXJO{"‘NZ /X/) °.

For the purpose of calculating the S/N ratio we set the [ range to 30 < [ < 5000 for both
the temperature and polarization spectrum, and fix the sky coverage to the expected value of
fsky = 0.4 for the LAT. When calculating the standard deviation we use the baseline noise
mode. The resulting S/N for oy from each spectrum is displayed in Table 3.2. It is easy to

infer from these results that the best constraining power comes from CZ, with the highest
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Figure 3.2: The uncertainty on « as a function of polarization noise sensitivity, wz", for
the SO LAT. We show curves for 40% (green), 20% (orange), and 10% (blue) sky coverage.

XX SN |
EE | 8.88x10~°
BB | 1.0x 1073
TE | 8.88 x 1075
TB 0.35
EB 1.06

Table 3.2: The S/N ratios for o as found using each CMB power spectrum or cross
correlation expected to be measured using the LAT. Here, the noise mode is set to baseline
and fg, = 0.4. We used a fixed multipole range of 30 < [ < 5000.

signal to noise. However, while the S/N of C/'P is ~ 1/3 of the CFP S/N, it is still large
enough that we expect it to make a significant contribution to the constraint on ay. As the
remaining spectrum have a significantly smaller S/N they are not expected to provide signif-
icant additional constraining power. For the best possible constraints on oy both CF? and
C'B should be used.

We can go beyond calculating which spectrum provides the largest contribution to the
constraint and also consider which specific [ modes have the strongest constraining power.
We do this by examining the S/N at each [, as shown in figure 3.3. We find that the best
constraining power for the LAT should come from the CZ cross correlation in a range of
30 < [ < 2000 with a significant reduction in constraining power with increasing [ when
[ Z 2000.
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Figure 3.3: The square of the signal to noise ratio at each [ for og from SO LAT
observations of the CZ (blue), CEZ (orange), CE¥ (green), CP® (red), and CTF (purple)
spectra. The modes for which the square of S/N is largest provide the strongest contribution

to the constraint on «. Here, fu, = 0.4, the noise mode is set to baseline and
30 <1 < 5000.

3.3.3 The SO SAT forecast

In order to assess which of the SAT or LAT will provide the strongest constraint we carry out
a 0, forecast for the SAT. We once again carry out our forecast for the 1o constraints, for the
143GHz and 93GHz channels. The SAT temperature noise is not included in the V3 code as
the it is not expected that the temperature spectrum will be used in scientific analysis of SAT
data[16]. Therefore, we do not include the correlations with the temperature spectrum in our
forecast. For the SAT forecast o,,, we use the threshold, baseline, and goal sensitivity modes.
The V3 code allows the setting of an optimistic and pessimistic modes for the 1/ f noise [101]
for the SAT. The 1/f noise is expected to have a significant contribution on larger angular
scales, most relevant to the SAT [16]. The 1/f noise generates an additional ! dependent

contribution to the overall polarization noise spectrum, which is modeled in the V3 code as
[16]

1 Qtknee
N/ =NP( : ) Wy, (3.21)

w
lknee

where N is w™? re-scaled from units of [K”arcmin?| into [;K?rad®]. The ayge. and
lknee are dimensionless parameters in the SO 1/f noise model [16]. For the 93GHz and

145GHz channels we study axpee = —2.5 and aynee = —3 respectively. Note that there is no
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relationship between o and cypee, the symbolic similarity is coincidental. The pessimistic
and optimistic 1/ f noise setting varies the value of [, between ly,.. = 50 for the pessimistic

setting and [y, = 25 for the optimistic setting.

The fq for this forecast is fixed to the expected coverage for the SAT of fu, = 0.1. Our

0.0201
0.018
"0’
4}
et
EP 0.016
I,
g
o)
0.014
—— threshold
baseline
0.0121
— goal
25 30 35 40 45 50

lknee

Figure 3.4: The forecast uncertainty on oy, o,, plotted for 0.1. We show the uncertainty for
three SAT sensitivity modes of the SO-V3 noise code including the most pessimistic
threshold mode (blue), the baseline mode( orange), and the most optimisitic goal mode
(green). We consider both the optimistic, lx,ee = 25, and the pessimistic, linee = 50, 1/ f

noise settings.

forecast, shown in Figure 3.4, suggests that variations in the 1/ f noise profile may not have a
significant impact on the performance of the SAT constraint. We see a weaker constraint from
the SAT than from the LAT. We forecast constraints of o, = 1.4 x 1072 for all three SO-

V3 sensitivity settings. This is a worse expected o, than that for all three of the sensitivity
settings of the LAT.

We calculate the S/N for each spectrum used in the SAT forecast. We fix the fiducial o to
the same value as in the LAT S/N study, oy = 1072 [degrees], set the sensitivity to the baseline
mode and assume a pessimistic 1/ f noise mode. The [ range and f, for this calculation are
the same as is used in the forecast. As we did not carry out forecasts for the correlations with
CMB temperature only the S/N for polarization spectra are included. The S/N values shown
in Table 3.3 confirm that the constraining power for the SAT comes from the C#® spectrum,

as is was the case for the LAT. We find the total S/N from the combination of the polarization

77



(XX’ SN
EE | 1.08 x107°

BB | 1.68 x 1073
EB 0.52

Table 3.3: The S/N ratios for o as found using each CMB power spectrum or cross
correlation expected to be measured with the SAT. Here the noise mode is set to baseline
and fg, = 0.1. We used a fixed multipole range of 30 < [ < 400.

spectra is less than O(1). This is not unexpected as the constraint from the baseline SAT

mode is a factor of ~ 1.8 larger than than the fiducial rotation angle, oy = 1072 [degrees].

Our SAT forecast, along with the study of S/N values for each instrument and each spec-
trum suggest that the best constraints will come from the LAT for SO. We expect that both
the CFP and C/'P spectra will make significant contributions to constraints on . These
forecasts are preliminary however, as the impact of foregrounds and systematics on SO have
not been considered. The largest systematic impact on « constraints is expected to come
from the absolute polarization angle calibration error. This error will be dependent on the

particular polarization angle calibration method utilized by SO [60], [102].

3.3.4 The CMB-S4 Forecast

We repeat our Fisher forecast for the 1o CB angle, o, constraint for the CMB-S4 experiment.
The details of the instrument and cosmological setup are described in Section 3.2.2. The
CMB-S4 instrument is most naturally comparable to the LAT, rather than the SAT, as it is
expected to be a high resolution instrument with a similar sky coverage and beam width. We
perform our forecast for the same range of f, as was used for SO LAT. These are fyy, €
[0.1,0.2,0.4]. The uncertainty on ay is found to be o,, = 1.8 x 1073 [degrees| for the
expected 40% sky coverage and targeted sensitivity of w;,' = 1 [uK arcmin]. This order of
magnitude improvement is not unexpected for the higher anticipated sensitivity of the CMB-

S4 instrument.

We also investigate how the constraint will vary if the noise sensitivity does not meet the
CMB-S4 mission requirements. In figure 3.5 we show the relationship between instrument
sensitivity and forecast uncertainty in order to give an indication of the expected constraint
for sensitivities equal to or greater than the CMB-S4 goal sensitivity. As in the case of the

LAT, the constraint may be more sensitive to increased noise for smaller overall sky coverage.

3.3.5 The constraining power for CMB-S4

We once again investigate the S/N of o for CMB-S4 for each of the CMB spectra used in the
constraint. For the CMB-S4 experiment we find similar results to those for SO. We once again
find that CFP has the largest S/N, followed by a significant S/N for C/'Z, with significantly
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Figure 3.5: The uncertainty on oy as a function of polarization noise sensitivity, wp", for
the CMB-S4. We show curves for 40% (green), 20% (orange), and 10% (blue) sky
coverage. The smallest value for polarization sensitivity we show in this figure is
w;l = ﬂw; L—"2 [1K arcmin], which is the expected sensitivity of of the CMB-S4

instrument [37].

smaller values for the remaining spectra. We show the S/N for each spectrum in Table 3.4.
The fiducial birefringence angle used in this calculation is ap = 1.8 x 1073 [degrees] (i.e.
the predicted error for o for CMB S4), the [ range used is 30 < [ < 5000, and fu, = 0.4
As we expect, the S/N for this value of «g is O(1). Our results suggest that the majority of
the constraining power for CMB-S4 will come from CF? with some additional contribution

from C/'B.

[ XX | S/N \
EE [ 1.15 x 10°F
BB | 1.79 x 10~6
TE | 1.15 x 1076
TB 0.29
EB 0.95

Table 3.4: The S/N ratios for « as found using each CMB power spectrum or cross
correlation expected to be measured with the CMB-S4. The instrument temperature noise
sensitivity is w;l =1 [pKarcmin] and fu, = 0.4. We used a fixed multipole range of
30 <1 < 5000.

By comparing the S/N values for each spectrum at each value of /, shown in Figure 3.6,
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we find that the constraining power for CMB-S4 should come from the range 30 < [ < 3000.
For [ < 3000 the S/N of C® decreases rapidly. As CFP is expected to contribute the most

to the constraint, the [ range which we expect to provide the largest contribution is that where
the CFP S/N is largest.

10—3.
—— (S8/N)irp
—6 |
10 (S/N)ies
10794 — (S/N)ZQ,EE
i 10121 Iomes— (S/N)Z%BB
5 10_15 E— (S/N)ZQ,TE
5 _
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10721.
10—24.
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[

Figure 3.6: The square of the signal to noise ratio at each [ for oy from CMB-S4
observations of the C/'® (blue), CFP (orange), CF¥ (green), CP® (red), and CT'F (purple)
spectra. The modes for which the square of S/N is largest provide the strongest contribution

to the constraint on . Here, fy, = 0.4, the temperature noise sensitivity is
wy' =1 [pKarcmin] and 30 < [ < 5000.

As in the case of SO we have not considered the particular foreground effects and sys-
tematics that may have an impact on the o constraints. We expect that o constraints from
CMB-S4 will be no less sensitive to absolute angle calibration error than any other CMB
experiment [60], and that the exact level of uncertainty will be dependent on the calibration
method [102]. As this source of uncertainty is expected to have the largest impact on CB con-
straints it will be important to factor it into constraints once the calibration method is known,

or to use the new techniques discussed in [103]-[106] to mitigate this source of error.

3.4 Conclusions

The CB effect, which stems from a modification to electrodynamics, could be observed by
CMB experiments. Several CMB experiments are well placed to attempt to measure this ef-
fect when they begin to take data. It has been forecast that CMB-S4 and SO will be able
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to measure the uniform rotation effect with unprecedented precision. We have applied a
Fisher forecasting method to ascertain the constraints that SO and CMB-S4 will be able
to place on the uniform CB effect. For SO we forecast that the constraint on « will be
00y = 6.06 x 1072 [degrees]. For the more sensitive, future CMB-S4 experiment we forecast
an even stronger constraint of o, = 1.8 x 1073, We have also analyzed the S/N of each spec-
trum involved in the constraint and found that the S/N for o from C*P was largest for both
SO and CMB-S4, followed by a smaller but comparable S/N from C/ 2. This suggests that
the majority of the constraining power may come from C#? with a significant contribution
from C/'? for both experiments. For SO and CMB-S4 this constraining power is expected to
be in the range 30 < [ < 2000 and 30 < [ < 3000 respectively.

It is important to note, however, that in our forecast we have assumed perfect absolute
polarization angle calibration. It is expected that for both SO, and for CMB-S4 there will be
a systematic error associated with the absolute angle calibration that will the limiting factor
on the uniform birefringence constraint [16], [37], [60]. This associated error will vary de-
pending on the angle calibration method that is chosen for each experiment. An interesting
technique used to mitigate this absolute angle calibration error by using foregrounds to break
the degeneracy between angle calibration error and uniform birefringence has been proposed
and developed in [103]-[105]. In [106] this technique was been applied to experimental data
in the form of the Planck 2018 data.

It will be important to constraint the uniform CB effect for future experiments. As the pres-
ence of a uniform polarization rotation across the sky will result in mixing of the C¥ and
CPP this effect could contaminate measurements of the primordial B-mode spectra. Such
contamination must be removed before any claim of primordial B-mode detection is made.
Beyond its role as a contaminant detection or constraint this effect is itself an important sci-
entific goal. A uniform CB angle would indicate the presence of new and exciting beyond
standard model physics, and may hint at a coupling between the photon field and a pseudo-

scalar field in the early universe such as the axion.

Moving beyond the uniform CB effect it is possible that the rotation has a direction depen-
dent component. Such a component would generate additional correlations normally uncor-
related modes in the CMB. It may be possible to exploit these modes to reconstruct maps of
this direction dependent rotation, and to constraint this anisotropic CB effect. The potential
methods to constrain anisotropic CB, as well as the potential contamination that anisotropic
CB might contribute to the B-mode power spectrum are investigated in detail in the next

chapter of this thesis.
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Chapter 4

Constraining cosmic polarization
rotation and implications for primordial

B-modes

4.1 Introduction

The temperature and polarization anisotropies in the Cosmic Microwave Background
(CMB)[107] have been measured to high precision by the Wilkinson Microwave Anisotropy
Probe (WMAP) and Planck satellite, placing very tight constraints on the cosmological pa-
rameters [99], [108], [109]. These observations have confirmed the standard ACDM cos-
mology, and are compatible with the predictions of inflation. The current observations (the
temperature anisotropies, E-modes of polarization and B-modes sourced by weak lensing)
primarily probe the scalar density perturbations. Most inflation models also predict the gen-
eration of tensor perturbations (gravitational waves). However, the predicted range of ampli-
tudes, characterized typically by the ratio of power in tensor perturbations to power in scalar
perturbations ‘r’, has no lower bound. These tensor perturbations source very specific B-
mode of polarization patterns, with a fairly well known spectral shape, which has the most
power on degree scales around ¢ ~ 80. The ongoing (BICEP/Keck, Spider, PolarBear, ACT,
SPT [62], [110]-[113]) and upcoming CMB (CMB) experiments (Simons Observatory (SO),
LiteBIRD, CMB-S4 [16], [37], [88]) will measure the polarized CMB sky with an unprecen-
dented precision and with exquisite control over systematics over the next decade; a robust
detection of r being one of their primary science goals. These experiments are projected to

improve the upper limits on r from the current limit of » < 0.061 [114] to 7 < 1073,

These programs of research assume that B-modes are only produced by inflationary grav-
itational waves. However, we know from previous chapters of this thesis that there may be
other non-standard mechanisms which also generate B-modes. If these alternate sources of
B-modes exist, then these could potentially act as contaminants to measurements of B-modes
specifically induced by inflationary tensor perturbations and it is important to develop anal-

ysis techniques which allow us to distinguish between these different sources.
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A well known example is that of B-mode generation due to weak gravitational lensing of
the CMB[15]. Weak lensing results in the subtle remapping of the microwave polarization
vectors, which in effect leaks some of the E-mode power into B-modes. To detect 7 ~ 1073 it
is imperative to “de-lens” the polarized sky in order to separate the primordial B-modes from
those generated due to weak lensing. Consequently, a significant effort has been invested to
carry out robust “de-lensing” [40], [115]-[117].

However, we have previously discussed an alternative mechanism to this: B-modes gen-
erated due to cosmic polarization rotation (CPR) which could be sourced by so called Cos-
mological Birefringence [25], [27]. In the previous chapter of this thesis we focused on the
uniform cosmological birefringence (CB) effect, its impact on the CMB and the constraints
that Simons observatory and CMB-S4 may be able to place on its value. In this chapter
however, we focus on the anisotropic CB effect, in which the CMB is rotated by a direction
dependent field sourced by modifcations to the electromagnetic Lagrangian [25], [27] While
we use this as our primary motivation to carry out this study, the constraints and methods
discussed in this chapter are also applicable to other mechanism that results in a rotation of
the CMB polarization.

4.1.1 Modified Electrodynamics

Parity violations are common place in the weak sector of the standard model, with many
observational examples. However, the electromagnetic sector of the standard model as it is
currently understood is not expected to contain parity violating interactions [47]. Despite this,
the search to understand the dark sector and inflation has introduced a plethora of potential
pseudo-scalar fields, such as the axion [118]. As was discussed in Chapter 2, such a pseudo-
scalar is a Pseudo-Nambu-Goldstone Boson (PNGB) which can can couple to the gauge field
through a Chern-Simons term [25], [27], [42], [119]
Be . =
Los=———F,F" 4.1

(OF) M n ( )

where [ is a dimensionless coupling constant, M is the vacuum expectation value of the

broken global symmetry, F),, is the electromagnetic field strength tensor and FW is its dual.

In this case the parity violating physics introduced by the additional Chern-Simons term
induces a difference between the effective refractive indexes for the right-handed and left-
handed circular polarisation states of light. Linearly polarised light can be written as the
superposition of the two circular polarisation states with a polarisation angle proportional
to the difference in phase between the two states. The resulting change in phase during the
propagation of light, due to difference in the effective refractive index for the different circu-
lar polarization states will cause a change in the linear polarisation angle [25]. This effect is

known as cosmological birefringence and the resulting change in polarisation angle in direc-
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tion n is [44]
i o . i
aw) = 7 [an (5409 ) st @2)

where 7) conformal time and a(n) = o + a(n). Here the integration is along the space-time
path of the photon. Note, that this angle is direction dependent only if the gradient of the
scalar field is also spatially varying. Otherwise the rotation angle is direction independent,
a(n) = «ap. The power spectrum for this spatially dependent field is expected to have a simple

form,
2

OUESTS 7

Cr* = Acp

where the constant Acp is the amplitude of the power spectrum, a parameter which CMB
experiments might seek to constrain. It is assumed that as long as the pseudo-scalar field that
sources CB does not obtain a mass during the inflationary epoch then the power spectrum
will be scale invariant, corresponding to S = 1 [44]. While some models predict oscillatory
damping of the CB spectrum at high multipoles [120], [121], this scale invariant assumption
is expected to remain valid in the spectral ranges probed by the experiments considered in this
analysis. The true spectral shape of the CB spectrum remains unknown, so we have allowed

for perturbation around scale invariance by including the additional free parameter [3.

4.1.2 Birefringence and the CMB

The CMB polarisation anisotropies were generated in the Early Universe during the epoch
of recombination via Thomson scattering. Approximately 10% of these CMB photons are
linearly polarised. The high redshift origin of these polarised photons makes the CMB an
ideal candidate for the detection of CB.

CB affects CMB polarization maps in a manner analogous to weak lensing modifications
to the maps. Therefore CB not only modifies the angular power spectra (i.e. the diagonal of
the harmonic space covariance matrix : (a;* a}, ,)) but also encodes information in the off-
diagonal elements of the covariance matrix. The monopole component of the CB rotation
angle causes mixing between the different angular power spectra at first order in oy - the
uniform CB rotation angle. The anisotropies in the CB rotation angle also modify the different
angular power spectra but leading order corrections appear only at second order (a?). The
anisotropies in the CB rotation angle are also encoded in the off-diagonals of the covariance
matrix, and these are at first order («v) and these therefore can be reconstructed using the well
known quadratic estimator (QE) technique [38], [39], [43], [83].

It is therefore possible to put constraints on CB affects in CMB polarization maps using
two complementary methods. One can look for excess power in direct measurement of the
polarization angular power spectra. The details of the modification to the polarization angular
power due to CB are summarized in Section. 4.2.1. Alternately, one can use the QE technique,

where «(n) is reconstructed, and the power spectrum of the reconstructed map is compared

84



to the null hypothesis of it being consistent with noise. Relevant details relating to the QE are
discussed in Section. 4.2.2. It is important to note that constraining uniform birefringence
is limited by the level of absolute polarisation angle calibration possible [57], however, such
limitations do not apply when placing constraints on anisotropic birefringence. In this chapter
we assume that any monopole birefringence effects have already been removed using self cal-
ibration [122] and focus on deriving constraints on anisotropic birefringence from upcoming
CMB experiments using the two complementary methods discussed above. In Section. 4.3
we discuss the likelihoods we use, and the experimental configurations for BICEP/Keck, SO

and LiteBIRD to derive constraints for each of these two methods.

Many CMB experiments have already placed constraints on both uniform and anisotropic
CB [43], [57], [67], [68], [77], [123]. The current best constraint on the uniform CB rotation
angle, iy, comes from Planck whose 68% confidence limit is oy < 0.5° [124]. The best con-
straint on anisotropic birefringence is a 95% confidence limit constraint on the amplitude of
the CB power spectrum of Acp < 0.10 x 10~* rad?, set by analysis on recent ACT, assuming
a scale invariant power spectrum for CB (i.e. § = 1) [125]. In Section. 4.4 we present a
forecast of the CB constraints from BICEP/Keck, SO and LiteBIRD. A qualitatively similar
study was carried out in [126] and we find consistent results under similar settings. Further
to the presentation of this forecast we compare the relative constraints one may be able to ob-
tain using both the QE technique, and by looking for excess power in the polarization angular

power spectra.

Due to the relationship between the CB and the coupling strength between the photon
and the PNGB it is possible to forecast constraints for this coupling using constraints on CB.
As the observable for CB, rotation of the CMB linear polarization angle, is the same as the
observable for primordial magnetic fields (PMFs) it is possible to also use CB constraints to
place constraints on the field strength of PMFs [127]-[129]. Forecasts for constraints on both
physical phenomenon for BICEP/Keck, SO, and LiteBIRD are presented in Section. 4.4.

A measurement of the primordial B-modes, originating from tensor perturbations to the
metric as predicted by most models of inflation, is one of the primary science goals of many
observational programs. Since CB can induce excess B-mode power which can be potentially
confused with these primordial B-modes it is important to understand the constraints on CB
attainable via different experiments. This will be an important aspect of interpreting the B-
mode measurements of the future. With this motivation, in Section 4.4 we compare the CB
induced B-mode allowed by the forecasted upper bounds on CB for BICEP/Keck, SO small
aperture telescope (SAT) and large aperture telescope (LAT), and LiteBIRD. An analogous
theoretical study was performed in [120], where the was focus was on estimating induced B-
modes sourced by CB spectra corresponding to different coupling strengths between a PNGB
and CMB photons. We emphasize that here we estimate the B-mode power that cannot be

ruled out, even after taking into account the best upper limits on CB that will be placed by
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the corresponding experiments'.

4.2 Constraining CB using CMB polarisation

The affects of anisotropic CB on the CMB polarisation are expected to be small and hence
can be treated perturbatively. The CMB polarization is written in terms of the maps of the

Stokes parameters (Q(n) and U (n) on the sky. Defining the complex Stokes parameters,
+Pm) = (Q+4U)(n), (4.4)

the rotation of the polarisation due to birefringence is given by: . P(h) = . P(n)eF2e®),
Note that tilde’d variables are used to denote the primordial (un-rotated) CMB fields. We
reiterate that we focus only on anisotropic CB and assume that the monopole CB (or angle
miscalibration) has already been corrected using self calibration. Treating this perturbatively
and retaining terms to second order in « yield the following correction to the polarization
vector,

LP(R) = L P(h) [1 F i2a() £ 20%(n) + O(a?®)] . (4.5)

The E and B fields are an equivalent, but scalar (spin 0) representation of CMB polar-
ization. In the following section we summarize how these CB corrections propagate to the

harmonic space covariance of the scalar E and B fields.

4.2.1 The effect of CB on the B-mode power-spectrum

As previously mentioned, the dominant corrections to the CMB polarization angular power
spectra, due to anisotropic CB rotation angle, appear at second order in a. These corrections
result in mixing of power between different multipoles and also in mixing of power between

the E and B mode of polarization.

The correction to the angular power spectrum of B-mode of polarization is given by [130],

1 ~
SCPP = - > C2L+1)) (2 + 1)CEP(HY,)? + Ts(B — B), (4.6)
L

l2

where only modes that satisfy the triangularity condition [ + L + [ = Even contribute to the

I L U
sum and H}, = is a Wigner symbol. Similarly the correction to the angular

2 0 =2
power spectrum of the E-mode of polarization has the following form [130],

1
SOFF = p > O 2L+ 1)) (2 + 1)CEF(H ) + Te(B — E), (4.7)
L

l2

Here we implicitly assume that no significant detection of CB is made by the corresponding experiment.
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where only modes that satisfy the triangularity condition [ 4+ L + [, = Odd contribute to the
sum. For brevity the explicit form for additional corrections 7z and Tz are not given here,
since these are sub-dominant. Unlike in the case of monopole birefringence, the anisotropic

birefringence does not generate C\*” when including corrections up to second order in «.

Since the power in the E-modes is significantly larger than in the B-modes, the dominant
corrections result from mixing of E-mode power across multipoles and across polarization
states. This is also the reason why the additional corrections (75 & 7z) sourced by B-mode
power are sub-dominant. On evaluating the correction to the CMB polarization power spec-
trum (Eq. 4.7 & Eq. 4.6), with C'** consistent with the current constraints on anisotropic CB,
it is seen that the corrections to the FE-mode power spectrum are more than an order of mag-
nitude below cosmic variance. This indicates that the E-mode power spectrum cannot place
interesting constraints on CB. On the contrary corrections to the B-mode power spectrum are
comparable to primordial B-mode power expected from the range of tensor to scalar ratio
being targeted by current and upcoming CMB experiments. This indicates that the measured

B-mode power spectrum can be used to place interesting constraints on CB.

4.2.2 The Quadratic Estimator

As noted previously, CB induces coupling between off-diagonal elements of the covariance
matrix?, at leading order in «, that can be measured from data and combined in an optimal
manner, using the (QE) technique, to yield a map of .. This is entirely analogous to the more
well known case of QE reconstruction of the weak lensing potential [131]. While the details
of constructing these QE for CB can be found in [38], [39], here we summarize the QE details

relevant to this chapter.

In practice, one carries out the CB reconstruction by extracting information from the each
of the following covariance matrices: EB, EE, BB, TE & TB and finally combining the recon-
struction from each estimator in an optimal way, duly accounting for the correlations between
the different estimates. However, it is seen that the final result is dominated by the EB QE

and the explicit form of this estimator is given by,

Arn = —2Np Y~ CBB CEE Z BimE;, &M (4.8)

i

where C; represents the true primordial CMB power spectrum that is calculated using a Boltz-
mann code, such as CAMB, with an assumed fiducial cosmology, C; denotes the observed

power spectrum: C; = C’l + Cl“"ise, E),,, and By, are beam deconvolved harmonic space fields,

2In the absence of CB the off-diagonal correlations are zero, except when considering analogous couplings induced by weak lensing
of the CMB.
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LM | represents the geometric kernel that is given by the following expression,

m U+ 1D)(2L+1)(2U +1) A A
tmirms = (=1) \/ oo g g ) Hi @49

and N, is the reconstruction noise power spectrum. N is the expected power spectrum

of the reconstructed map in the absence of any CB and is given by the following expression,

N, [42\/@”131;2#“) (CFP Hy)?

BBNEE
ll/ Cl Cl/

(4.10)

The derivation of this quadratic estimator is summarized in detail in Chapter 2, though the

final result is presented in a slightly different form.

It is important to note that, owing to parity conditions for the EB QE estimator, the sums
in the estimator and the reconstruction noise only receive non-zero contribution when the
condition [ + I’ + L. = Even is satisfied. To make forecasts using the QE technique, one
only needs to evaluate N, using Eq. 4.10, which requires the fiducial CMB power spectra,

the noise and instrument beam for each experiment as an input.

4.3 Forecast methodology for A-p

We employ a likelihood based approach to constrain the amplitude of the CB power spec-
trum, A, using both the QE approach, and using direct observations of the B-mode power
spectrum (BB). We forecast the upper bound on Aqp using both these QE and BB techniques
for SO, LiteBIRD, and a simulated version of BICEP/Keck. As a robustness check we also
derive A¢p limits using QE and BB techniques using actual BICEP/Keck band-power data
and compare them against those quoted by BICEP/Keck [68].

For these analyses we work with a null hypothesis for primordial B-modes (i.e. » = 0).
The maximum multipole is fixed to the same value for all experimental configurations. By
so doing, the different multipole contributions to the likelihood are naturally determined by
the noise in the respective measurements. The likelihood is given by £ = N e~2X" and the

x? has the following general form,
’(Acg) =  AdMy'Ad), 4.11)

where Ad; = [Cf™ — C™%®!(Acp)] and My is the covariance matrix evaluated at a fixed
fiducial cosmology. Note that even for the model power spectra Acp is the only parameter
that is allowed to vary while other cosmological parameters are held fixed. The CB power
spectrum is assumed to be a power law (see Eq.4.3) and we study the constraints by allowing

the slope to vary by 15% around a scale invariant power spectrum.
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In the following sub-sections we provide the specifics of the model spectra, observed spec-

tra and covariance matrices used to define the BB and QE likelihoods.

4.3.1 The BB likelihood for Acp

As discussed in Section 4.2.1 a non-vanishing CB effect will result in excess B-mode power,
analogous to how weak lensing generates B-mode power by leaking some of the E-mode
power. It is possible to put constraints on Acpg by searching for this excess power in the
measured B-mode power spectrum. To do this we use the following definition of the model

spectrum to evaluate the likelihood function [43],

CP*!(Acp) = AcsCP™® + AenCp™ ™ (4.12)

where CEB’CB is the CB induced BB power spectrum which is evaluated by injecting the CB
power spectrum, given in Eq. 4.3, into Eq. 4.6 for Ao = 1 and a range of values of 5. The

covariance matrix, My, then has the following form,

2

My = ———
“ (2€+ 1)fsky

. 2
AlenSCéBB,lens _‘_CEBB,nolseWZ—Z] Sorr (4.13)

where, C;7”"" is the B-mode power spectrum induced by lensing, Ay, generally char-

BB noise : .
C,”7"" is the instrument noise power spec-

acterizes the lensing power post de-lensing,
trum and W, is the beam window function. When using this method we also derive con-
straints for different amounts of de-lensing, which is done by simply using different values,
Alens € {1,0.75, 0}3, as this considerably changes the effective noise in the measurements of

the BB power spectrum.

4.3.2 The QE likelihood for A-p5

In addition to inducing excess B-mode power, CB would also induce specific signatures in
the off-diagonal elements of the covariance matrix and these can be used to reconstruct the
CB rotation field, «, as discussed in Section 4.2.2. For the QE likelihood C’;’bs would be the
power spectrum of the reconstructed ov map which we denote by C7* ™. The model spectrum
is then given by [68],

CTl(Acp) = AcpCy®™ 4+ Ny, | (4.14)

f .
where C7*™ denotes a reference CB power spectrum and is assumed to have the same form

as in. Eq. 4.3. N, denotes the reconstruction noise power spectrum which can be evaluated

3 Ajens = 1 means no de-lensing, while A;.,,, = 0 means perfect de-lensing.
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using Eq. 4.10. Note that /N, can be evaluated given only the theoretical CMB spectra and
the instrument noise power spectrum. The covariance matrix M, for the QE likelihood has
the following form,

2

My =—
T RL 4 1) fay

Npr . (4.15)

Unlike in the BB analysis where we derive constraint for different values of Ay, here
we keep Ajens = 1 fixed. We estimate the reconstruction noise by optimally combining the
reconstruction noise for all the QE (EE, BB, EB, TE, TB) estimators. For all experimental
configurations we find that this net reconstruction noise offers little improvement on Acp
constraints compared to those derived from using the reconstruction noise corresponding to

the E'B estimator alone.

4.3.3 Experimental configurations

The multipole ranges, sky coverage, noise and beam for the three experiments considered in
this chapter are summarised in Table 4.1. Instead of artificially varying the [, cutoff for each
experiment, the maximum multipole of /,,,x = 3000 was chosen so that the cutoff is instead

where the signal becomes saturated by noise for each experiment.

Instrument loin fmax  foky noise rms OrwuMm
[#Karcmin] [arcmin]
BICEP/Keck 30 3000 0.01 3.0 30
SOSAT93GHz 30 3000 0.1 3.8 30
SOLAT93GHz 30 3000 04 16.3 2.2
LiteBIRD 2 3000 0.7 2.5 30

Table 4.1: Instrument specifications used in construction of the respective likelihood
functions. For BICEP/Keck, noise curves were fit to publicly available noise data. For SO
the noise curves were produced using a publicly available SO noise forecast code. For both
SO and BICEP/Keck the noise rms presented is the average value for these noise curves in
the range 30 < ¢ < 3000. The noise curves for LiteBIRD were calculated directly from the

beam and noise rms values.

The noise power spectrum used and the instrument beams for each analysis carried out in

this chapter were chosen with the following prescriptions/reasons:

* BICEP/Keck actual band-power data: The publicly available 150GHz binned noise data was
chosen [68] and the model spectra were identically binned using the prescription presented
in [132].

* BICEP/Keck simulated forecast: The Gaussian noise model was fitted to the publicly avail-
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able 150GHz channel binned noise*[68]. We ensured that this fitted noise model closely
resembles the BICEP noise. This procedure allows us to use an extended multipole range
for making a forecast. The limit of /;, = 30 for the simulated forecast was chosen to

emulate the baseline QE analysis performed in [68].

* SO forecast: A publicly available noise curve code® was used to generate noise curves for
the 93GHz channel. This channel was chosen as it gives the strongest constraint on A¢p
[16]. Both the SAT and LAT noise curves were generated using the “baseline” mode of
the noise code . In addition to instrument noise, these noise curves include additional
contributions from atmospheric noise. While for forecasts, we use these simulated noise
curves, the rms noise quoted in Table 4.1 are estimated from fitting the amplitude of the
Gaussian noise model to the simulated noise curved. The value of ¢,,;, = 30 was chosen in

order to be consistent with the ¢ range used for the SO forecasts presented in [16].

* LiteBIRD forecast: A noise curve was constructed using the average beam width and the

rms noise values quoted in [88].

4.4 Results

4.4.1 Forecasted constraints on Aq-p

We carry out the analysis described in section 4.3 for BICEP/Keck, SO, and LiteBIRD. The
likelihood curves for Axp are depicted in Fig. 4.1. We show the curves for 5 = 1 in order to
draw easier comparisons with current constraints. Using these likelihood curves we calcu-
lated the 95% upper limit on A¢p and these are summarized in Table. 4.2. Below we discuss
the salient features of the derived Acp constraints for each of the experiments we study in

this chapter, comparing the results of the QE and BB techniques for each experiment.

BICEP/Keck: The Acp limits presented by BICEP/Keck are derived using the QE method
using a maximum CMB multipole of /,,,x = 700 [68]. In our BICEP/Keck simulated forecast,
on using the inputs from Table 4.1 and evaluating the 95% upper limits on Ao from the QE
likelihood, we find that the resulting upper limit matches the limits found by BICEP/Keck, as
seen in the top left panel of Fig. 4.1. Specifically note that in our setup we have [;,,x = 3000
and the corresponding instrument beam and noise in the measurements naturally determine
the weighting for the different modes. Using an identical setting we also evaluate the BB
likelihood and find that the constraint on Acp is only 1.4 (Aj,s = 1) times larger than the
QE constraint. Naturally we find that the BB constraint could be improved if the B-mode
map were to be de-lensed (by a factor of 1.5 in the case of perfect de-lensing). However

4The BICEP/Keck binned noise and band power data is available at http: //bicepkeck.org/bk15_2018_release.html.

5The noise curves for the SO LAT and SAT telescopes can be found at https://simonsobservatory.org/assets/
supplements/20180822_S0_Noise_Public.tgz.

%The “one over f” mode in the noise code was set to “optimistic”
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Figure 4.1: Forecasted likelihoods and 95% confidence limits for A-g for the LAT and
SAT SO 93GHz channels, BICEP/Keck, and LiteBIRD. The current experimental upper
bound on Acp of Acp < 0.33 x 10~ rad*from [68] is indicated as the red vertical line.
The forecasted constraint from the QE is shown in blue, whereas the forecast constraint
from BB when no de-lensing is present is indicated in orange. The expected constraints
from BB when A, = 0.7 is indicated in green, and for perfect de-lensing (Aje,s = 0) is
indicated in black. The constraint from the actual BICEP/Keck B-mode bandpower data is
indicated in magenta. For the reference spectra used to calculate both the QE and BB
likelihood curves shown 5 = 1. For the ground based experiments, BICEP/Keck and SO,
the multipole range for the forecast is 30 < ¢ < 3000 and 30 < L < 3000, whereas, for
LiteBIRD (., = 2 and L;;, = 1. We also present the constraint for L > 30 in grey in order
to provide a comparison with the other two experiments and indicate the effect that access
to lower multipoles has on the QE constraint. The forecasted 95% confidence limits are

noted with dashed vertical lines. The 95% upper limits are presented in table 4.2.

this finding contrasts the claim in [68], that constraints on Acp using the BB technique are
significantly worse than those derived using QE. In order to understand the origin of this con-
trasting conclusion, we also evaluate the BB likelihood using publicly available BICEP band
power data[133] and find a relatively weaker constraint on Acg = 7.51 X 10~°rad?, a factor
of 2.6 worse than the QE constraint. This weakening of the constraints can be understood as
a consequence of using a truncated multipole range in the BB likelihood analysis’. Finally
we also checked that using the /,,,x = 332 when carrying out the simulated forecast results

in a constraint that is consistent with that derived from the BICEP band power data. These

TBICEP used lmax = 332 for the BB likelihood, however it uses an lmax = 700 for evaluting their QE likelihood
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tests and checks allow us to benchmark our forecasting tools with published constraints hence

allowing us to now perform reliable forecasts for upcoming experiments.

Simons Observatory: As seen in both Figure 4.1 and Table 4.2, for the SO SAT the Acp
constraints derived from the BB likelihood are comparable to those derived from QE. These
constraints are similar to the current best upper limits from ACT of Acp = 1.0 x 10~° rad?,
derived using the QE method [125]. However, for LAT, the QE analysis gives a significantly
better constraint on Az than BB and is also 2.6 times better than the QE limits achievable
from the SAT.

De-lensing has a significant impact on the BB constraints achievable using the SAT, with
perfect de-lensing yielding an improvement on BB constraints from the SAT by a factor of
1.76. For the LAT perfect de-lensing can also improve BB limits, however, the QE constraints
continue to be better, as seen in Table 4.2. In summary, the best constraints for SO come from
the QE analysis on the LAT. Therefore, in analogy to weak lensing, carrying out QE analysis
on the LAT to place the best possible constraint on CB, is likely the best strategy for putting
limits on CB induced B-mode power. It is possible to apply the QE analysis on de-lensed

B-mode skies but we have not explored this analysis strategy®.

LiteBIRD: LiteBIRD is a space based experiment, and hence it significantly differs from
both BICEP and SO/SAT, owing to its significantly larger sky coverage.

This immediately implies access to the largest angular scales on the sky, and this signifi-
cantly enhances the constraints on A¢ g from the QE likelihood, since the scale invariant CB
power spectrum has more power at lower multipoles. Consequently we find that LiteBIRD
will be able to place constraints on Acp that are better than all other experiments considered

in this chapter.

The white noise is expected to be smaller for LiteBIRD than that of BICEP/Keck and SO,
as seen in Table 4.1. Owing to this the constraints on Asp from the BB likelihood, even
assuming no de-lensing, yields a constraint that is better than the best constraints achievable
by any other experiment considered in this study. However, for LiteBIRD, the constraints on
Acp from the QE method yield constraints which are better by a factor of ~ 16 than those

achievable from BB with perfect de-lensing.

To better appreciate the gains from being able to use the large angle modes, we also de-
rive Acp constraints that would be achievable by ignoring multipoles L. < 30 in the QE
likelihood analysis and the resultant constraints are presented in Table 4.2. We find that the
Acp constraints degrade by a factor of ~ 30 and become only marginally better than the QE
constraints for SO LAT. We also carry out a similar exercise for the BB likelihood and find

insignificant changes to the A p constraints.

8 A careful treatment would require using revised noise estimates on the de-lensed B-mode maps.
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Instrument Acs [radQ] Bimvpe [NG] ggyy [H;l]

QE BICEP/Keck 3.32 x 1077 30 7.24 x 1072
SO LAT 3.96 x 1076 10.4 2.83 x 1072

SO SAT 1.03 x 10° 16.8 4.03 x 1072

LiteBIRD  6.84 x 1078 14 4.65 x 1073

(L > 30) LiteBIRD  2.31 x 1076 8.0 1.90 x 1072
ACT 1.0x107%  16.6(est.) 4.0 x 1072

BB BICEP/Keck 4.65 x 10~° 36 8.57 x 1072
Aens = 1 BK data 7.51 x 1075 46 1.09 x 10!
SO LAT 1.63 x 107° 19.1 4.56 x 1072

SO SAT 1.25 x 1075 18.5 4.43 x 1072

LiteBIRD  2.91 x 1076 9.0 2.14 x 1072

BB-DL  BICEP/Keck 4.24 x 107° 34 8.18 x 1072
Ajens = 0.7 SO LAT 1.30 x 10~° 18.9 4.53 x 102
SO SAT 1.11 x 1072 17.5 4.18 x 1072

LiteBIRD  2.46 x 1076 8.2 1.97 x 102

BB-NL  BICEP/Keck 3.12x 107° 29 7.01 x 1072
Alens = 0 SO LAT 1.26 x 1075 18.6 4.45 x 1072
SO SAT 7.12 x 1076 14.0 3.35 x 1072

LiteBIRD 112 x 1076 5.6 1.33 x 102

Table 4.2: Forecasted 95% upper bounds on Asp, which is converted into a limit on PMF
field strength, with a reference frequency of v = 150 GHz, or a PNGB-photon coupling, for
both QE and BB calculated with 5 = 1. For BB this is carried out for Ajeps = 1, Ajens = 0.7

(BB-DL) and Aj.,s = 0.0 (BB-NL). These constraints are calculated for BICEP/Keck, SO,

and LiteBIRD. The constraint from the analysis of the BICEP/Keck B-mode data is also
presented (BK data). The values for ACT presented here are from [125] except the

constraint on By, which is estimated from the ACT constraint on A¢p.

4.4.2 Constraints on Physical Phenomena

While the focus till now has been on constraining CB, the origin and motivation for this
chapter, the forecasted constraints can be used to place constraints on a more broad range of

phenomena which result in CPR.

One possible cause of CPR could be Faraday rotation induced by PMFs [69], [127], [129].
The PMF amplitude is related to the CB power spectrum via the following relation [43], [68]:

v >2 LL+1)Cs w16

30GHz 2m

Here, v is the observed photon frequency. Assuming a scale invariant form for the CB power

Biype =21 x 10'nG

spectrum results in the following relation between the PMF strength and A¢p,

) VAca.

Note that the above equation is independent of multipole and can be used to translate Acp
150 GHz to

derive the upper limits on the primordial magnetic field strength for the different experiments

Biype = 21 x 10°nG (4.17)

v
30GHz

constraints to those on the amplitude of the PMF. We invert Eq. 4.17 at v =
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and these are tabulated in Table 4.2. Not surprisingly the constraint we forecast on the PMF
strength, By, using the QE method matched the limits presented by BICEP/Keck[68].

We find from the forecasts for the QE method that LiteBIRD could improve upon the
existing BICEP/Keck limits by a factor of ~ 21. While there is no quoted constraint on
PMF amplitude from ACT, we translate Acp constraints from ACT in [125] using the same
prescription as above and the resultant PMF constraint is given in Table 4.2. Comparing this
estimate to the QE forecast for LiteBIRD suggests that Lite BIRD may also be able to improve
on any potential constraints ACT might place on By by nearly a factor of ~ 12. We find
that the LiteBIRD experiment is expected to give a PMF constraint that is a factor of ~ 8
better than the PMF constraint expected from SO LAT, and a factor of ~ 12 better than the
PMF constraint expected from SO SAT.

The primary motivation for this chapter, cosmological birefringence, is usually attributed
to the coupling of a PNGB to the gauge field. There are a variety of exciting and physically
well motivated physical candidates for the PNGB including the dark matter axion, therefore
constraining the strength of the coupling between the PNGB and the photon is of great interest.
One can convert to an axion photon coupling, g4, = (/2M and the relationship between

Jsy~ and the CB power spectrum is [44], [68],

Ar [L(L+1)Coe

= — —— 4.18
Gévy H, o ) ( )
or, according to (4.3) assuming the PNGB does not obtain a mass during inflation,
4
g¢’Y’Y = E ACB . (419)

Here, H; is the Hubble parameter during inflation. We have also used the forecasted con-
straints on Acp to place possible upper bounds on g4, for Simons Observatory, and Lite-
BIRD and these are presented in Table 4.2. As a test case, we compute an upper bound on
Jéy Using the QE method for BICEP/Keck and find that it matches the existing QE bound
found in [68].

The best constraint on g4, is expected to come, once again, from LiteBIRD. Morever,
the LiteBIRD experiment could significantly improve upon existing bounds by nearly a factor
of ~ 16 over the BICEP/Keck bound [68] and nearly a factor of ~ 9 over the ACT bound
[125]. LiteBIRD may give a constraint on g~ that is a factor of ~ 6 better than the forecasted
constraint from SO LAT and a factor of ~ 9 better than the forecasted constraint from SO
SAT .
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4.4.3 Effect of birefringence on primordial B-modes

As seen in Eq. (4.6) additional B-mode power is induced by CB. We argued and demon-
strated how this can be used to place constraints on CB from the measurements of CP?. We
now turn our attention to understanding the potential implications of the CB constraint study
on measurement of primordial B-modes, since this is a primary science goal for the experi-
ments considered in this chapter. Under the assumption that CB exists, we characterize the
contamination by evaluating the induced B-mode power spectrum from the best 95% upper
limits placed on Acp for all experiments. That is, we take the best 95% confidence limits
on Acp for each experiment, use them as the amplitude for CB spectra and compute the
B-mode induced by each of these spectra. To gain some insight on the dependence on the
slope of the CB spectra, we extend our analysis by estimating the QE likelihood constraints
on Acp, for CB spectra which deviate from the scale invariant form, specifically assuming
f = [0.85,1.15]. Note that when deriving constraints on Acp for these non-scale invariant
spectra, we re-normalize C'{' to match the scale invariant spectra amplitude at the pivot mul-
tipole Ly = 1. While we do not provide these constraints here, we use these to evaluate the

corresponding induced B-mode spectra, which are depicted in Fig. 4.2.

Since the shape of the B-mode spectra induced by CB differs from that induced by tensors,
we compare the amplitudes at ¢ ~ 80. For all the ground based experiments, the CB induced
B-mode power spectra can constitute of order 1 to a few ten percent of the total primordial
B-mode for r € [1072,107?] as can be seen in Fig. 4.2. Further we note that the shallower
CB spectrum (8 = —0.85) results in a induced B-mode spectrum with a smaller amplitude
while a steeper CB spectrum (8 = —1.15) results in a B-mode spectrum with a larger am-
plitude. This, as we now argue, is quite counter intuitive. With pivoting at L, = 1 and
Acp = 1, it is clear that the C?? induced by a shallower CB spectrum will have an overall
higher amplitude than one induced by a steeper CB spectrum, owing to greater amplitude of
the shallower spectrum than the steeper spectrum at most multipoles (except at Lg). Since
QE analyses are highly sensitive to low multipoles, on reducing access to the large angle
modes, the Acg constraints on a steeper CB spectrum are more weakened than they are for
a shallower CB spectrum. This weakening of constraints results in the induced C'?? from
a steeper CB spectrum having a higher amplitude than that induced from the shallower CB
spectrum, when evaluated for the best Acg limits derived from the QE likelihood, resulting in
the corresponding ordering of the induced B-mode spectrum - explaining the counter intuitive

trend.

For LiteBIRD the story is significantly different, owing to enhanced sensitivity and access
to low multipoles, the A¢p constraints are more stringent. Therefore the CB induced B-mode
spectra have a very low amplitude and cannot act as major contaminants to measurements
of primordial B-modes with the corresponding target amplitudes. Here it is interesting to
note that the steeper CB spectrum induces a smaller B-mode spectrum than the shallower

CB spectrum, as one may have expected. In this case, since the Acp constraints are driven
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Figure 4.2: Maximum CB induced B-modes spectra, for varying CB spectral slopes:
C?* oc (L(L + 1))7°% (dashed lines), scale-invariant C¢* oc (L(L + 1))~ case (solid
lines) and C¢* oc (L(L + 1))~"'5 (dot-dashed lines), with best Acp upper limits derived
using the QE likelihood. The C’f BCB are compared to the primordial C’f B when the tensor
to scalar ratio 7 is in the range ~ 1072 — 1073, The CB induced C’ZB BCE allowed by the

most recent ACT constraint is shown as a dotted maroon line.

dominantly low multipoles, there is relatively smaller variation in the Acg limits and the B-

mode spectra induced by CB spectra of different slopes follow the expected trend.

4.5 Conclusions

Future prospects for the detection and constraint of CB by the upcoming Lite BIRD and SO
experiments, and current constraints on CB from the contemporary BICEP/Keck experiment
have been discussed. The constraints these experiments should be able to place on CB, or
more generally CPR, using both a QE and BB approach have been compared. It was found that
the QE approach yields the strongest constraints. However, it was also found that in the SO
SAT and BICEP/Keck forecast that the QE approach will yield only a marginal improvement
over the constraint found using the BB method. In such cases, the computational expense and
relative complexity of the QE method may make the use of the BB approach a much more

favourable option for placing constraints on anisotropic CB. As long as the CB signal is found
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to be consistent with zero using BB, no QE investigation is needed. However, if in these cases
a non-zero CB signal is found using the BB method, a QE method must be used to verify this

signal is in fact sourced by CB.

The much weaker constraint from the BICEP/Keck band-power B-mode data compared to
the strength of the constraint in the forecast BICEP/Keck case, along with the degradation in
quality of the forecast constraint when the multipole range is limited, suggests that limits in
multipole range may have lead to the lower quality BICEP/Keck constraint from BB analysis
mentioned in [68]. The strongest constraint is expected to come from the LiteBIRD experi-
ment using a QE approach. The LiteBIRD is expected to offer roughly an order of magnitude
improvement over the other experiments included in this analysis when using a QE approach.
This improvement will be due to the improved sky coverage a low multipole access of the

instrument.

The constraints on CPR were also used to predict constraints on the possible physical
sources of CPR, both primordial magnetic fields and cosmological birefringence. More
specifically, we calculated upper bounds on both the field strength for primordial magnetic
fields, and for the PNGB-photon coupling. Stronger constraints on Acpg will yield stronger
constraints on both the PNGB-photon coupling and PMF field strength, and it was found that
LiteBIRD is expected to be able to place the strongest constraint on both of these physical pa-
rameters. It is expected that the strong constraints are due to the large expected sky coverage
of the LiteBIRD instrument. In a later chapter of this thesis we will discuss the application
of a QE approach to reconstruct the CB map and power spectrum using data from Planck,

another full-sky satellite experiment.

In previous searches for primordial CMB B-mode the cosmological birefringence effect
has been seen as largely irrelevant. The perspective has been that, while it is may be an inter-
esting prospect to detect such an exotic physical effect, CB has little or no bearing on more
mainstream CMB cosmology. However, as CMB experiments continue to probe primordial
B-modes with more and more sensitivity, and as de-lensing techniques become more effi-
cient CB may become a significant potential contaminant to 5-mode science that needs to be
excluded. In this chapter we have shown that the presence of an anisotropic CB effect with a
power spectrum of an amplitude allowed by current upper bounds will indeed induce a large
enough B-mode signal to act as a contaminant in future surveys seeking to constrain the ten-
sor to scalar ratio in the range r ~ 1072 to r ~ 1073, Therefore, it will be necessary to truly
ensure that such a contaminant is indeed not present. For future experiments such as SO it
will be important to perform a QE based analysis to ensure that any detected B-mode signal
is not from a CB contaminant. If a significant CB is detected, its influence on primordial
B-mode studies can be removed by first de-rotating the polarization sky to remove the effects
of CB, using techniques that bear strong resemblance to the de-lensing analysis [38], [39].
A detected CB signal would be an exciting prospect and a signal of new exciting physics.

However, such a detection would warrant the removal of additional induced B-mode power
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in order to recover the true primordial B-mode signal.

The QE techniques discussed in this chapter may have an application beyond the recon-
struction and constraint of the CB signal. It may be possible to apply these QE techniques to
diagnose systematic effects sourced by imperfections in CMB instruments and to apply tech-
niques analogous to delensing to remove these systematics at the map level [28]. In the next
chapter we will apply this approach to a realistic set of time ordered simulations to demon-

strate its viability for systematics removal and unbiased 5-mode recovery.
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Chapter 5

Blind Map Level Systematics Cleaning:
A Quadratic Estimator Approach

5.1 Introduction

The Cosmic Microwave Background (CMB) intensity and polarization are key observables
for cosmology. The frontiers of cosmology have been pushed back by progressively more sen-
sitive measurement of the CMB delivered by Cosmic Background Explorer (COBE) [134],
the Wilkinson Microwave Anisotropy Probe (WMAP) [135], and Planck [136]. Future sur-
veys, including satellite and ground-based, will measure the CMB sky with unprecedented
sensitivities, with the primordial B-mode polarization spectrum as one of the primary targets.
With these ever increasing sensitivities, precision control over systematics and their removal

will become increasingly important.

Robust measurement of the primordial B-mode signals will require overcoming a number
of analysis challenges, including foreground removal, removal of the weak-lensing B-mode
signal and potential contamination from instrument systematic effects, as well as B-mode
contamination from the cosmological birefringence (CB) effect mentioned in the previous
chapters. Recent studies have shown that the upcoming experiments in principle have suffi-
cient sensitivity and frequency coverage for robust recovery of B-mode signal corresponding
tor ~ 1073 [16], [137]. Similarly other studies have examined how well B-mode skies may
be de-lensed [e.g. 95], and in the previous chapter we discussed how well upcomming ex-
periments will be able to recover and constrain the CB effect. Much of the previous chapter
focused on the application of a Quadratic Estimator (QE) approach to the recovery of CB. In

this chapter we extend this approach, focusing our attention on systematics from instruments.

Common approaches to the removal of instrument systematics require complex modeling
and prior knowledge of the instrument itself. An appealing aspect of a QE approach is that it in
principle allows a largely agnostic approach to dealing with instrument systematics. That is,
the effect of systematics on the CMB data can be modeled as a set distortions to the CMB data.
Reconstructing these distortions using a QE does not require prior knowledge or modeling

of the instrument sourcing the distortions. QE cleaning and reconstruction is therefore a
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promising complimentary approach to traditional systematic modeling techniques.

Previous works have suggested the use of QE as a method to quantify the level of system-
atics in CMB maps [e.g 28], formulating QE for a variety of instrumental systematics. These
included gain fluctuations, differential systematics, and instrumental polarisation rotation, to
list a few among a much longer list of possible instrument systematics. QEs are most com-
monly employed in reconstruction of the lensing potential map [e.g. 138] but have also been
used to constrain cosmological birefringence [43], [68], [77]. QE studies frequently draw
from understanding gained from lensing reconstruction. We improve upon previous studies
of QEs as applied to systematic effects by considering an estimator in the full sky regime,
accounting for realistic scan patterns, and testing whether certain aspects of the conventional
wisdom from lensing studies apply. We consider two scenarios throughout this chapter: (i)
a no lensing, noise, and beam free scenario which we refer to as the “ideal case”, and (ii) a
scenario we refer to as the “more realistic, non-ideal case” that includes the effect of lensing
on the CMB spectra, a gaussian white noise of w7 = 2.7uK arcmin and a full width at half
maximum of fgwyy = 30’. This is motivated by the effective noise and beam expected for
the LiteBIRD experiment [88].

The QE approach would, in principle, leave us to deal with many systematics. In prac-
tice, to understand the most relevant ones it is useful to use rough estimates of the expected
contamination sources and then deal with those that are most prominent. A potentially large
source of CMB contamination is a temperature to polarization (T to P) leakage caused by
a differential gain systematic. Since the CMB temperature anisotropy signal is 3-4 orders
of magnitude larger than primordial B-mode signal, even a small leakage can induce large
B-mode power. Therefore, this systematic may be a large hindrance for primordial B-mode
studies. In this chapter we will refine aspects of analysis presented in [28], with our detailed

scrutiny limited to focusing on this systematic.

We reiterate that, while all tasks necessary for controlling and understanding this instru-
ment systematic will be performed, it is essential that these efforts be complemented with
refined analysis methods that allow mitigation of the such systematics in the observed maps.
At the very least, these methods will serve as important null tests, which will need to be

performed to claim a robust primordial B-mode signal.

This paper is organized as follows: We begin with a review of different map level instru-
ment systematics in Section 5.2, indicating the levels of contamination that may be induced
by different types of distortion fields. We then discuss the details of the respective QE in
Section 5.3. The iterative cleaning process which we employ in this chapter is presented in
Section 5.4. Here we also introduce a semi-analytical forecasting procedure that allows us
to predict the expected cleaning of B-mode maps. In Section 5.5 we present details of the
simulation where the differential gain systematic is injected and discuss why realistic scan
strategy is needed to give credible results. The results from QE analysis on simulated data

are presented in Section 5.6. We do this for the ideal case to show the limits of the QE method
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and for the more realistic, non-ideal case. We further quantify the results in Section 5.7 where
we discuss the impact on cleaning on the inferred tensor to scalar ratio r using a likelihood

based approach.

5.2 Distortions of the CMB

In an ideal setting the true CMB polarisation signal would be isolated and easily measured
without introducing any distortions. However, in practice the measurement are subject to a
number of measurement artefacts which need to be controlled and corrected post measure-
ment via some modelling. These contaminants can be typically characterised by their spin

dependence and, as such, readily written in to a set of distortion fields.

Both [28] and [139] use a Miiller matrix approach [91] to describe the various systematic
and cosmological signals that could affect measurements of the CMB polarization using a
series of distortion fields. These distortions can be written as a coupling between different

spin combinations of the instrument and observable fields,

10X (n) =[a £ i2w](0) L X (A) + + f(A)$ X (A) + +y(B)T(R) + o41p(R) - VX (A; Orunm)
+ 0.d(R) 20T (R; Otam) + 02q(R) 20T (R; Otyhm) + ...
5.1

where + X (n) = (Q £4U)(n) is the spin 42, uncontaminated cosmological polarisation sig-
nal, T represents the cosmological temperature signal, and +6.X (n) denotes the total induced
distortion, where L0 denote the spin raising/lowering operators respectively. The a(n) and
w(n) terms are scalar fields describing an amplitude scaling and a polarisation plane rotation
respectively, and 1 f(n) is a spin £+4 field which couples the conjugate polarisation fields.
The +v(n) field is spin 42 field and couples the temperature to polarisation directly.The 41p
term is a spin £1 deflection field that describes direction changes of the photons, the bold
face indicating the vector nature of this quantity. Here, +d(n) is a spin +1 field and ¢(n) is a
scalar field that couple the first and second derivatives of the temperature field to the polar-
isation respectively. Since L X (n) is a spin £2 field the distortions to this must also be spin
+2.

Equation 5.1 has been constructed such that the top line corresponds to mixing between
polarisation and temperature in a known direction on the sky. The bottom line presents terms
which involve mixing in a local region of the sky with some directional dependence such that
they leak the derivative of the CMB fields, such as a pointing error or lensing. The length
scale ogwhm corresponds to the width of a Gaussian beam that is smoothing the CMB fields.
The terms in the second line are sourced by a simple first order Taylor expansion of the CMB

fields around n.
There are no known processes that cause T to P conversion along the line of sight. There-
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Figure 5.1: The left column shows maps of the spin-2 (7% + i7Y)(n) distortion field
sourced by a 1% differential gain systematic which causes a T leakage into the polarisation.
The second and third columns show the spin-1 (1d; + i1ds)(n) and spin-3 (3d; + i3dy)(n)
distortion fields sourced by a 0.1’ differential pointing systematic which causes a leakage of
the derivative of the temperature into the polarisation. These levels of gain and pointing are

typical of those found in recent CMB experiments [e.g. 62], [140].

fore, each of the T(fl) containing terms can be attributed to some systematic. Some example
distortion fields are depicted in Figure 5.1. Here it is important to note that the form of these
distortion fields depends on the scanning strategy and therefore a realistic scan should be em-
ployed when assessing the importance of different systematics. We will revisit this detail in
Section 5.5.5.

Note that we only consider CMB fields and their distortions in this chapter. In particular,
we do not include foreground fields; We expect that foregrounds would be removed using
standard techniques [141], [142], and we leave any complications arising from interactions

between the two methods for future work.

In this paper we will focus on the T to P leakage mediated by the field +(n), which is
sourced by differential gain variations in the detector [62], [140] coupled with the instrument
scan. Earlier work noted that the .~v(n) field poses the largest potential obstruction to the
robust primordial B-mode recovery [28]. Specific details on inclusion of these systematics

in the simulated CMB maps will be presented in Section 5.5.
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5.2.1 Additional distortion terms

There exist other systematics that contribute at leading order to the distortions described in
Equation (5.1). These have been ignored in previous literature [28]. For completeness, here

we briefly discuss these ‘new’ terms; these are encoded in the following expression,

LOXNY(R) = o_yp(R) - VL X (;0) + o3p(R) - VX (R;0) + osp(h) - V=X (B; 0) 5.2
+ 03d(0) D T (1; 0) + 04q(0)-0°T (i; o). '

where symbols in bold-face are vector quantities.

In particular, note that a differential pointing systematic, which would contribute to the
terms containing the 1 d(n) and yp(n) field in Equation (5.1), also contributes to a number of
terms in Equation (5.2). This includes additional coupling of the conjugate of the derivative
of the temperature field with the polarisation through the spin-3 3d(n) field. From Figure 5.1,
it is clear that this contributes a systematic at a level comparable to the spin-1 contribution,
1p(f), and as such may not be neglected. In addition the differential pointing will also con-
tribute to the terms containing the fields _yp(n), sp(fi), and 3p(fi) which induce polarisation
mixing as detailed in [90].

The bias sourced by these additional systematics could in principle hinder a robust claim of
primordial B-mode detection. Neglecting these terms can potentially lead to distortion fields
sourced by some systematics remaining undiagnosed, but we leave more detailed explorations

of these new systematics to future work.

5.3 Quadratic estimators

For a statistically isotropic (SI) CMB sky, the off-diagonal correlation of the harmonic
space covariance matrix (X, X},.,) &X 0y 0y, for X, X’ € [T, E, B]. However, secondary
anisotropies and measurement artifacts such as the distortion fields described in Section 5.2
can induce off-diagonal correlations. Therefore, by measuring and combining optimally com-
bining these off-diagonal correlations it is possible to draw inferences on the fields that induce
deviations from SI. This is commonly referred to as the quadratic estimator (QE) technique
and it has been very successfully used to measure the subtle signatures of weak lensing in
the CMB and deduce the lensing deflection angle map [93], [95], [143], to test deviations
from the standard cosmological assumption of isotropy [144] and also to seek signatures of
non-standard physics [29], [68], [125]. Some aspects of QE can be discussed quite generally
without specific details about the systematics that source the distortions fields, and we refer
the reader to [28] for such a discussion. In this chapter we focus out attention to the QE
required to reconstruct the spin-2 «y fields which mediates the T to P leakage, the details of

which we discuss next.
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5.3.1 Quadratic estimator for the spin-2 - field

We improve on the work presented in [28], by first deriving the full sky QE (i.e without
making the flat sky approximation) and then presenting its efficient real space form. We
begin by writing the map level model for the observed, distorted CMB sky which is given by
the following expression,

SX(8) = L X (B) % B(R) + +y(R)[T(R) « B@)] + N(h), (5.3)

where, * represents a convolution operation, B denotes the beam, 1v(n) represents the T to
P leakage fields, and finally N (n) represents the measurement noise. Given that .+ X and L~

are spin two fields, they can be decomposed in the spin weighted spherical harmonic basis as

follows,
L X(0) =D 1 X, 12Yim, (B) = Q(R) £iU(R) | (5.4a)
Ilm
+y(n) = Z LYo +2Yrar(R) =42 (R) £iqY(n) , (5.4b)
LM

where the spherical harmonic coefficients can be expressed in terms of the scalar £ and

pseudo scalar B as follows,

1 1
Ellml = _5 (+Xl1m1 + —Xl1m1) ; Bllml = _Z (+Xllm1 - —Xl1m1) ,  (5.52)
1 1
Vo = D) (+79ear + —vem) 3 Vowm = 5 (4vLamr — VL) - (5.5b)

Given these definition the harmonic space coefficients of expansion of the contaminant spin-2

field is given by,

:thl1m1 == Z Z +YLM ﬂgmz /dﬁ :EQYLM(ﬁ)}/;sz (ﬁ):t2)/2rm1 (ﬁ) )

LM lama

= Z Z Vet Tiyms ifﬂii;ml , (5.6)

LM lamo

where that both 10X, ,,, and Tl2m2 fields are beam convolved. We note that the integral

i[ﬁfffgml has the property: +Ifjf7gml = (—1)‘,1’1\%2?2ml where ¢ = L + [, + l,. Motivated
_ (1x(=pH

by this property we define the even and odd parity projection operators as: P/, = ~—5—,

which as we will see allows to condense a lot of the algebra that follows. Given all the defi-

nitions, Equation (5.6) can be re-expressed in the following form,

1 - -
5Ellm1 - _5 Z Z <+7LMﬂ2m2 +I]€/[lvzqgm1 + —fyLMileTfm —Il%/lligml) ’ (5.7a)
LM lomo
7 ~ ~
0Biym, = 5 Z Z <+7LMlem2 +IJI\:/[Z$rlz;m1 — YL Tipm, —IJI\:/Iliilzm1> : (5.7b)
LM lamo

105



The above equations can be further reduced to be expressed in terms of the v¥,, and +5,,,

which after some simple algebra can be expressed in the following form,

5E11m1 = Z Z [VLEMj}2m2 +[]%4l127gm1 Pe + ZVII?Mlemz +[]€/[l127i12mlp i| ’ (583)
LM lamo

6Bllm1 = Z Z [IYLBMTbmz +]]%4l727lz;m1 P — Z.'YEMTZsz +]]%/[l727[z;mlpoi| : (5.8b)
LM lomo

The polarization contamination in the measured E or B fields generated by the 2, and 75,
fields can be treated separately by choosing a specific parity. For example, ¢ By, for the

¢ = even parity is given by,

0Biimy = > VenThms I Pe (5.9)

LM lomo

from which we will derive an estimator that will allow us to reconstruct v2,,. Choosing the
odd parity mode for 6 B will allow us to derive a QE that will allow us to reconstruct 7%, .
Note that QE derivations for other mode combinations follow a near identical procedure. To
illustrate the key points we now carry forward the derivation of the QE for v/?,, starting from
Equation (5.9).

The cross correlation between the observed temperature anisotropy map with the observed

B-mode maps, under an ensemble average is given by the following expression,
obs (rpobs * 151
(B (T ) ) = Z VB CET I P (5.10)

where we have implicitly assumed that the correlation between the true temperature and the
true B-mode map is zero owing to parity arguments!. Throughout this chapter C*ZT T represents
the beam convolved power spectrum of the primordial CMB temperature signal. We now

introduce another identity (see Appendix A for details) associated with the integral 7,

L \2
E Ilell IL/lgll _ (ngll) P ) (5 11)
Mm2m12|: M'momq 2L+1 LL’OMM’ .

mima2

where Hsz is defined in terms of Wigner-3j symbol as, leh =

\/(2L+1) 2a+1) (201 +1) L I I
-2 0 2
relation in equation (5.10) can be shown to reduce to the following form,

(Hp,)*

2L +1°

. Using this identity, the estimator for the cor-

Ll l
§ B0b§ obs /1) +[ 1 . CZII“TP

llm1

(5.12)

mlm1

Note that the ensemble average from (5.10) is no longer included here. In reality, we only

IFor this particular TB QE it is important to note that this estimator does not suffer from any mean field bias and therefore we will
not address this detail further.
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have access to a single realization of the observed polarization fields when estimating v7,,
and vF,,. This is also why it is necessary to replace the v2,, symbol in (5.10) with the symbol
for the estimate 77, in (5.12). We can easily invert equation (5.12) to construct an estimator

for v5B,, given by,

obs obs Ll ll
~B Zmlm/l Bl1m1 (T ml) +‘[ m ml
(VLM)lll’l = L ’ (5.13)
F7
1
L 2
where FL,. = CTT P, 1" This however is only an estimator for ~5,, from a single mul-
= Y e oy y Tom g

tipole pair ([, !’). It is now possible devise a minimum variance estimator (MVE) by carrying
out the inverse variance weighted sum of the estimator across all possible multipole pairs.
For this purpose we begin by evaluating the variance of the estimator for a given multipole

pair and this is given by the following expression,

obs obs obs obs Lifh Lalyly
* l1m1 T ) (Blgmg) T / +] m’lml +] m2m2
lll/ - <7LM /yLQMQ z : : : FL FL2 ’

mimj maml i 1l
C(2L+1) GPRCET
(E, ) ey (B

The CA’E T and 6{13 B terms are the power spectra estimated from the observed temperature and

B-mode polarization fields respectively

Performing an inverse variance weighted sum of the estimator in (5.13) over [;/] yields the
MVE QE,
Bobs (77obs ) C [Ll 1l P

llml T Mm!my
WPy =N> Z T (; e (5.14)
TR

limy Iim

B
where N} is a normalization, which is also the reconstruction noise (i.e. the power spectrum
of the noise in the reconstructed v?,, map) which is given by inverse of the variances of all
the modes added in parallel, specifically,

NWB _ Z (Hﬁll)z <G€Tpe)2
" (2L +1) CpECET

Ll

(5.15)

Note that in Equation (5.14) and Equation (5.15) only the even parity modes (i.e. L+1;+1; —
Even) contribute, which only corresponds to only half the elements in the harmonic space
covariance matrix. One can show that the other half of the 7B harmonic space covariance
matrix encodes information on the E-modes of the spin-2 v field. Following the same proce-

dure as described above, considering the { = Odd modes, it can be shown that the estimator

107



%1071

107 J/\// 8 —— Alns =10
Alens = 0.75
s 7 —— Ans =05
1078
——— Ajens = 0.25

6
q 1079 \ o
o =5

— TB correlations
1071 . 4

EE correlations
—— TE correlations 3

—11 .
10 —— EB correlations

----- total 2

10

10! 10? 10 10! 102 10

L L

Figure 5.2: The left panel shows the reconstruction noise estimated for the respective QE
assuming Aj.,s = 1. The reconstruction noise for the combination of all the estimators is
indicated with a black dashed line. The right panel shows the how the TB reconstruction
noise varies as a function of Aj.,;. Both plots assume instrument noise and beam
characteristics compatible with the LiteBIRD instrument. Here we display only N WB, as

E
N/~ shows the same trends.

for vE,, is given by the following expression,

Bobs (Tobs )*CVTT ILlllll P
~FE . 'YE l1ma /l'm,/1 ’1 + Mm’lml o
Vom = —iNg Z Z élBBéI/“T ’ (5.16)
1 1

/ /
lima Ifm]

with the reconstruction noise, analogously given by the following expression,

NVE _ Z (H€11)2 (Cﬂ’;TPO)Z
" (2L +1) CprCET

Ll

(5.17)

While the forms of the reconstruction noise for ¥2,, and 7%, are nearly the same, they differ
in the parity of modes that contribute to the sum and therefore their numerical values are
not identical values. These are curved sky equivalents of the flat sky estimators presented in
Equation (10) of [28].

5.3.2 The reconstruction noise

When reconstructing the distortion fields, in our case vZ,, and v5,,, the reconstruction noise
determines which harmonic modes of these fields can be recovered. Multipoles that are dom-
inated by reconstruction noise cannot be properly reconstructed. Therefore, it is important
to perform the reconstruction with as little noise as possible. While the reconstruction noise
can be generally reduced by decreasing the measurement noise and increasing the angular
resolution of the measurements, we will be interested in minimizing the reconstruction noise

for a fixed instrument configuration.
The reconstructions can be performed using QE constructed from a variety of cross cor-
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relations: K, TE, T'B & E B and by optimally combining all of them. The reconstruction
noise resulting from combining all the estimators naturally is the best. However this requires
significant more effort which may not be warranted. This can be assessed by estimating the

reconstruction noise for each of the estimators and performing a relative comparison.

We perform this test in three different settings: (i) in the cosmic variance limited ideal case,
(i) in the more realistic, non-ideal case with a noise sensitivity of wz ;. = 2.7uK arcmin and
a full-width at half-maximum of fgwy = 30, and (iii) assuming the CMBpol configuration
with wy; = 1.4uK arcmin and Opwiav = 4. The results from this exercise, for the wy, =
2.7uK arcmin, and fgwpy = 30’ case study, are summarized in Figure 5.2. In all three cases
we find the reconstruction noise associated with the TB QE is the lowest and closely matches
the estimated reconstruction noise expected from optimally combining all the different QE.

Motivated by this observation we derive all our results using only the TB estimator.

These findings differ from the conclusions drawn in [28] where it is stated that for the
CMBpol configurations the EB QE yields the lowest reconstruction noise. This highlights
the importance of using detailed case studies for specific distortion fields in order to test the
conventional wisdom when applying quadratic estimators. The highest sensitivity choice of
correlations for any given distortion field depends on the details of the estimator and it is there-
fore important to check which choice of correlations yields the most desirable reconstruction

noise for each distortion field separately.

Impact of de-lensing on reconstruction noise

The B-modes generated by weak lensing of the CMB act as a competing signal for mea-
surement of primordial B-mode signal sourced by tensor perturbations. Therefore many up-
coming analysis strategies necessarily include a de-lensing procedure, thereby reducing the
additional variance introduced by the lensing signal and consequently improving the mea-
surements or upper bounds on r. CMB B-mode power induced by lensing also contributes
to the reconstruction noise for the TB correlations. The blind systematic cleaning being pro-
posed in this chapter can also potentially? benefit from the reduced impact of lensing on the
observed B-mode spectrum. Note that we do not carry out the de-lensing procedure, but

model it simply by scaling the lensing power spectrum with an amplitude Ajeps.

In the cosmic variance limited case the reconstruction noise scales very simply with dif-
ferent amounts of delensing such that N} = Ajen N/ |, . This simple relationship breaks
down in a realistic scenario where the dominant contribution to the 5-mode variance at high
[ comes from the instrument noise. This results in de-lensing having little impact on the re-
construction noise for high L modes. In the more realistic, non-ideal case this translates to

modes greater than L ~ 600, as is seen in Figure 5.2. De-lensing can still reduce the B-mode

2In principle there might be an additional coupling between the lensing and distortion fields which may bias the lensing reconstruc-
tion. We leave the exploration of this subtlety to future work.
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variance for modes where the instrument noise is not the dominant contribution, and this will

be encoded as a reduction in reconstruction noise for lower multipoles.

It is possible to further minimise the impact of the reconstruction noise by carrying out
iterative cleaning of the CMB maps and by constructing the optimal filter for 77,, and 75,

and we will return to discussing this in Section 5.4.

5.3.3 Efficient real space estimators

These harmonic space estimators derived above involve large sums over multipoles (scaling
roughly as ~ (In.)?%. and also requires evaluation of the Wigner symbols, therefore they
are not very computationally efficient. These estimators appear as convolutions in harmonic
space and one therefore expects to be able to express them as direct products of some real
space fields. This procedure exists and is routinely implemented for the weak lensing esti-
mators [92]. Here we derive an analogous real space operator for reconstructing the spin-2
~ field. By using the explicit integral form of L/ ﬁ%}lml we can rewrite Equation (5.14) and

Equation (5.16), which after some algebra can be expressed in the following form,

s N a)* ATT (i :
Tom = 2L /dn[(HAB*(n)) Ape (8) 121 (1)

+ (L2Ap- ()" ATT (M) oY (R)] . (5.18)

E

S ATY

B —iN,
Yim =

[ ] Gt () A8 @)1Yi0s8)

— (Lo Ap-(n))" AT (R) Y20 ()] . (5.19)

where * indicates the complex conjugate and the real space fields are defined as follows,

o~ 1 0DSs * -~
02Ape () = Y = (Bn,) 22V, (1) | (5.20)
l1m1 l1
TT (& C'ZI;T obs’ \ % ~
AT* (n) = Z A_TT(T’hml) Y21m1 (n) ) (521)

l1m1 ll

where XY € [T, E, B]. Since these real space fields can be computed independently and
merely involve a few spin harmonic transforms, as opposed to explicit multipole sums and

evaluations of Wigner symbols, these are significantly more numerically efficient.
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5.4 Iterative cleaning

The QE technique detailed in the previous section provides an excellent tool for diagnosis
and reconstruction of potential contaminants, which we demonstrate in Section 5.6. However,
in this section we shift our attention to discussing how the reconstructed distortion fields can
be used to optimally de-contaminate the observed CMB maps. A cleaned CMB map has
a lower reconstruction noise, which in effect allows for uncovering the components of the
distortions fields that were noise dominated in the original map. These additional components
of the reconstructed distortion fields can then be fed back to the cleaning algorithm. This
translates to the cleaning of additional contaminated modes. We will refer to this procedure
as iterative cleaning; this procedure allows for a more detailed recovery of the distortion fields.
We now discuss how the reconstructed distortion fields can be optimally combined with the

contaminated maps to yield de-contaminated maps.

5.4.1 Optimally de-contaminating the CMB maps
The residual contamination in the de-contaminated B-mode map is given by,

1 — 5By — 6 By - (5.22)
where §B denotes the true contamination and 6B is the estimated map of contamination.
§B sourced by the B-mode component of the v field can be estimated using the following

expression,
0Bum, = Y Y At Timas Diganbm, Ji (5.23)

LM lomo

which is the same as Equation (5.8b), except that the distortion field is replaced by the esti-
mated distortion field using the QE as described in Section 6.2 and we have introduced the
weights f/; which need to be determined. We define an optimal cleaning algorithm as one
that minimizes the power spectrum of the residual contamination after each iteration of clean-
ing. Given Equation (5.23), the angular power spectrum of the residual contamination map

is given by the following expression,

S (HL)2 ~~B~B X ~ BB ~ ~_ BB ~

= T (L7 CHT — 20y LT+ YO (] 28
Lla

and the optimal 5B can be estimated by solving for the weights fé that minimize Equa-

tion 5.24. Taking the derivative with respect to fé to calculate the minimum of the residual,

CZB Bires results in a filter of the form,

~ B. B ~
el TT
., Ol G

la — ~BAB = .
cl CET

(5.25)
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It is useful to think of this filter as being composed of two separable parts flg = sz fg,

where s ~
s 7 crr
=== = =%, (5.26)
Oz vy 2 CZIQ“T

which can be understood as being the corresponding Wiener filters for 2, and T}, fields,
on noting that C; = C, + N,. A similar calculation can be carried through for estimating the
contamination sourced by the E-mode component of the ~ field. This parallels closely the
algorithm followed in de-lensing of the CMB sky [95].

EWF ~B
9

Given the Wiener filtered maps 7 ABWE and TWF, the decontaminated polarization

maps are given by the following estimator,
chlean,i(ﬁ) — iXi (ﬁ) _ i;y\WF,i(ﬁ)TWF, Z(ﬁ) ’ (527)

where we have again used the intergral form of 7 to express the multipole sum in Equa-
tion 5.23 in its equivalent and efficient real space form. Note that throughout this derivation

we work with the beam convolved fields.

The index ‘i’ in the above equation indicates the cleaning iteration. For each iteration of the
cleaning beyond the zeroth, the cleaned polarization fields from the previous iteration become
the new observed fields to be passed to the QE as well as the cleaning estimator. As expected,
the temperature field remains unaltered through this cleaning process. Note that since the
reconstructed v fields and the corresponding reconstruction noise estimates are continuously
updated, the Wiener filters must be freshly estimated at each iteration. This cleaning process
is repeated until the reconstruction noise and the B-mode power spectrum converges to their
respective floors. We reiterate that in this case study we focus on the details of the iterative
cleaning algorithm for the T to P leakage distortion sourced by differential gain, however, this

can be generalized to the full range of distortions described in Section 5.2.

Gaussian Filters

While it is important that the filters lead to the smallest residual contamination after each
iteration of the cleaning, it is also important that the filter prevents the cleaning process from
introducing excess bias. While we have shown that the Wiener filters are the optimal filters
that minimize C;””™", in our numerical experiments working with idealized low noise sim-
ulations we find that Wiener filters tend to overestimate the contamination for modes where
the reconstruction noise is high, thereby making the iterative procedure have an undesirable
non-convergent behaviour. We understand this to be a special feature of a T to P leakage
systematic in which 7" >> B and therefore even a small error in the reconstructed v maps

can lead to a large errors in the de-contaminated the B-mode maps in particular. To prevent
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this we propose a Gaussian filtering scheme,

: A
Ji=Aexp | — | = : (5.28)
C1" — Nj

where the normalization A is set such that max(f;’) = 1. In our numerical simulations we
perform, we find this to be a convergent scheme in all cases (unlike Wiener filtering), as it
is more aggressive in suppressing modes that are contaminated by noise, thereby preventing

excess bias from being introduced into the cleaning.

5.4.2 Forecasting the reconstruction noise and C{?” floors

Due to the imperfect reconstruction of the + fields, it is in practice not possible to perfectly
decontaminate the polarization maps using this procedure. To answer this question we have
devised a forecasting procedure that enables us to predict the reconstruction noise and C25

floors that the iterative cleaning procedure should in principle achieve.

Making these forecasts involves evaluating the following algorithm. We begin by making
an estimate of the reconstruction noise under the assumption that polarization map can be
perfectly cleaned. After this initialization we iterate over the following steps until conver-

gence:

* Use the estimated reconstruction noise to simulate Weiner filtered v maps, using the true

systematic maps as input.

* Use the filtered v maps to perform cleaning on a simulation of contaminated polarization

maps using the same procedure prescribed in Section 5.4.1.

* Use the mock cleaned maps to make revised estimates of the reconstruction noise.

The B-mode calculated from the mock cleaned maps, and the estimates of the reconstruction
noise were found to converge after five iterations of the above process. This procedure pro-
vides a forecast for both the reconstruction noise floor as well as the cleaned power spectrum
characterizing the polarization maps. We can compare these estimates to the reconstruction
noise and the polarization power spectra derived from employing the iterative cleaning pro-

cedure to assess if the blind cleaning is performing as expected.

Note that this procedure uses information from the true CMB and systematics maps and
as such is only useful for testing the analysis pipeline. For an actual experiment, where we
can assume no prior knowledge of the contaminants, we will not have the liberty of carrying
out such validation tests. For actual data analysis we would carry out iterations until the

reconstruction noise converges, as we will demonstrate in Section 5.6.
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5.5 Simulating Temperature to Polarization Leakage

5.5.1 Systematic - Differential Gain

In upcoming experiments, both satellite- and ground-based, control of T to P leakage will
be essential. The relative amplitudes of the signals means that even temperature leakage at
the percent level could be a significant contaminant to the B-mode signal. This section will
describe the simulation of T to P leakage and the scan strategy we consider for our differential
gain case study, following the approach of [89], [90]; see those works for a more exhaustive
discussion. We reiterate that the quadratic estimator approach is applicable to a wide range
of distortions, we are just choosing this systematic for our detailed case study as it generates

the ~y distortion field that was found to be most important in [28].

The signal observed by a single detector contains both the temperature and modulated

polarisation signals and may be written as
dX = (14 0¢™)T(n) + Q(R) cos(2¢) + U () sin(2¢)) (5.29)

where X denotes which detector is being considered, and v is the crossing angle (the orienta-
tion of the focal plane on the sky). We have represented a possible constant gain or calibration
factor by 6g”, but for our case study we only apply this factor to the temperature signal. A
calibration or gain difference can also cause other effects, such as an amplifcation of the po-
larisation signal, but we focus on this as it is the most significant problem and is the one that

can manifest as a 7y type distortion.

We consider a pair-differencing experiment, consisting of co-located detector pairs that are
oriented 90 degrees apart. whose observed signals are differenced. Ideally the temperature
signal would be completely removed by this procedure, however, any mismatch in the detector
gain 0g~ between the two detectors will result in leakage of the temperature signal into the

polarisation map. We write the differenced signal for a detector pair 7 as

=3 ()

1
2
1 . - -
= |07 = 892 )T () + 20 () cos(20) + 20(8) sin(20) |
where A and B denote each detector in the co-located pair. The temperature leakage will
occur if g; = 6g — dgP # 0, and is given by

6d? = % T(n) , (5.30)

which is a spin-0 quantity. This will combine with the spin-2 part of the scan strategy to create

a spurious spin-2 signal that contaminates the polarisation measurement. We may describe a
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given scanning strategy by a real space field (again, see [89], [90] for more details)

- 1 .
b= —— ) R¥i00) 5.31
g Nhits(ea ¢) Z ( )

J
where 1); is the jth crossing angle of a given pixel, and Ny is the total number of measure-
ments in that pixel. The survey mask is described by ho, while ko and hy naturally appear in
simple map-making, and various k£ values contribute to different systematic effects (see e.g.
[89], [90], [145]. In the differential gain case considered here, the systematic couples to ﬁg

[89], [90], so the spurious signal due to a detector pair 7 is
1- . ~
2(0d) = §h2(n)(6gi> T'(n) . (5.32)

In particular for our simulations, we will use a focal plane with two such pairs of detectors,
oriented at 45 degrees to one another to allow simultaneous measurement of both Qand U

signals. The combined systematic contribution from the two detector pairs is given by
1- . , CR
2(5dg) = th(n) (591 — Z(Sgg) T(n) (533)

where the factor of 7 in the second detector term is due to the rotated orientation of 45 degrees.

For simplicity we choose a setup where each pair of the detectors experiences the same
differential gain, dg; = dg, = 1072, which corresponds to a 1% differential gain. This
simplification will not affect the generality of the QE results presented, but one may expect

slightly different levels of gain mismatch for different focal plane setups. *

By comparing equation (5.1) to (5.33), we can see that the differential gain be related to

the ~ distortion as

(3 & i) RIT(R) = L eol) 601 F i602) T(R) (534

5.5.2 Differential gain r-bias

We examine the expected biases on 7 that correspond to a range of levels of differential gain.
We define the bias sourced by the systematic, ¢, as the difference between the mean of the
posterior of the contaminated and uncontaminated spectra. In Figure 5.3 we show the bias
on 7, 6,, for differential gains in the range 69 = 10~°> — 1072, in the presence of a noise
sensitivity of w;ilp = 2.7uKarcmin and a full-width at half-maximum of Opwyv = 30'. We
calculate the biases for a fiducial tensor-to-scalar ratio of » = 1073, For g < 7 x 10~ the

bias is smaller than the 1o statistical variance on r and cleaning would not be necessary. For

3There are other methods for handling differential systematics [36], [146], however here we study the QE approach in detail rather
than performing a comparison of methods. One alternative method being investigated is rotating half wave plates, in which case it is not
clear whether detector differencing should be used [147], [148]. We note that the important systematics in a HWP setup are likely to be
different, and it is unclear to what extent our distortion field setup will capture the important systematics. We leave the investigation of
the utility of QE in such a situation to future work.
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Figure 5.3: The bias on a fiducial tensor-to-scalar ratio of 7 = 102 for levels of differential
gain of §g = 107® — 1072 in the presence of a white noise level of wy ;. = 2.7uK arcmin
and a full-width at half-maximum of fgwin = 30’. For values of 6g ~ 1.4 x 1075 the bias

is 0, = 0 to machine precision.

values greater than this the bias becomes significant, increasing to ~ 100 times the fiducial
r value for g ~ 1072, In this range the bias will have a significant impact on the robustness
of attempts to measure . While the QE cleaning process we present here is able to remove
the bias for a range of levels of differential gain, we present results for §g = 1073 in order to
demonstrate that it is possible to remove even very large levels of contamination sourced by
differential detector gain. Note that this larger level of differential detector gain is typical for
a number of contemporary ground-based CMB experiments [e.g. 62], [140], for which we

also expect the QE approach to be valuable.

5.5.3 Scan Strategy

We choose to adopt the Experimental Probe of Inflationary Cosmology (EPIC) satellite scan
strategy [145]. This will be representative of other future CMB satellite surveys. The design
of the EPIC scan strategy optimises crossing angle coverage and is defined by its boresight
angle (50°), precession angle (45°), spin period (1 min), and precession period (3 hrs) (for
further details see [89] and [149]). This scan is represented as a list of hits, i.e. datapoints,
where each hit is specified by its location on the sky (RA and Dec) and parallactic angle (2)).
We expect the QE technique to be equally useful for ground based CMB surveys however,
because of the role of the scan strategy in the simulations, we have used a satellite survey for

two reasons. Firstly, because no ground-based survey covers the whole sky, and we wanted
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to avoid complications due to partial sky coverage. Secondly, because ground based surveys
differ more between experiments and cannot be simply described by a few parameters as
satellite scans can, since they depend on complicated constraints and detailed scheduling

choices.*

I ]

151 1626

Figure 5.4: The hit map of the EPIC scan strategy. This survey has been designed to
maximise crossing angle coverage, and the hit map is well filled across the full sky with
many observations at different orientations. Note that the ecliptic poles have been

prioritised to aid the understanding of foregrounds.

The scan strategy of EPIC provides a relatively uniform distribution of hits and cross-
ing angles which should reduce scan coupled differential systematics fairly well. The eclip-
tic poles are observed more frequently to aid in foreground analysis, which results in some
structure appearing in the survey fields as seen in Figure 5.4. The h., field (equation (5.31))
encodes the spin-2 part of the scan that turns the gain systematic into a spurious spin-2 signal.
This field is shown in Figure 5.5 for the EPIC scan strategy. The hs is dominated by its large

scale features, and this will result in a low [ dominated systematic.

5.5.4 Simulation

We use a modified version of the code used in [89]. The input to the time ordered data (TOD)
simulation code consists of maps of the CMB T', Q and U fields which are generated using
the SYNFAST routine of the HEALPIX package [151]. The input CMB power spectra were
created in CAMB using a six parameter ACDM cosmological model, specified in Table 5.1

4 Although see [150] for some simple approaches to approximate ground-based scan strategies that capture the features relevant for
studies such as this one.
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Figure 5.5: The real (left panel) and imaginary (right panel) parts of the h, field (defined in
equation 5.31), which encodes the spin-2 part of the scan that turns the gain systematic into
a spurious spin-2 signal. The hs, field is dominated by its large scale features, which will

result in a low [ dominated systematic.

[152]. For the simulations including noise, we include a Gaussian beam post process. A
white noise is applied to the data at map level, where a noise is added to each pixel of the

level wy. = 2.7uK arcmin [88].

Simulation Inputs
Cosmology Hy=674

Qph? = 0.022
Q.h? =0.120
7 =0.06
ns = 0.97
1094, = 2.2
r =0.001
Map-making  Ngge = 2048
Lmax = 3000
|6g1] = 0.01
|592| =0.01

Table 5.1: The fiducial cosmological parameters and the map-making inputs for the TOD
simulations. The simulated maps are smoothed by a Gaussian beam and noise is added per
pixel.

The simulation computes values for each of the four detectors for each hit as described in
equation (5.29), using HEALPIX interpolation to observe the input sky maps at the appro-
priate location, and using the corresponding parallactic angle ¢/ for that hit, generated from
the EPIC scan strategy. As described in section 5.5, the 1) values are offset by 90° for the two
detectors within a pair, and by 45° between the two pairs of detectors. The differential gain
systematic is added for each pair of detectors by increasing the signal by a factor (1 — dg;) in
the second detector d? in each pair, where we use |dg;| = |dg2| = 0.01 for the simulations in
this chapter [153]. This level of systematic is indicative of the differential gain seen in recent

CMB surveys [e.g. 62], [140], and corresponds to an r bias of ~ 300 .
Maps are made from the time streams according to a simple binning map making tech-
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Figure 5.6: The E-mode spectrum of the 1 (n) distortion fields, the orange and green lines
show the spectra plotted for the AY*™ amplitudes of [28] for coherences scales of 10" and
120’ respectively, the red and purple lines show the spectra plotted for the AM™ amplitudes
of [28] for the CMBPol satellite estimate corresponding to r=0.005 for coherences scales of
10" and 120’ respectively. The blue line shows the realistic spectrum calculated from the a
combination of the systematic and the EPIC scan strategy that we adopt for our
simulations. It is clear here that the approximation used for the distortion power spectra
does not describe the realistic case well at higher multipoles. It overestimates the power at
high multipoles in comparison to the realistic case for small coherence scales. Additionally
the sharp drop off in power after the peak is not consistent with the realistic spectra as is

evident for all sets of curves showing the approximation.

nique,

(Q) _ ( (cos?(21)) (cos(2¢) sin(2¢i)>> - ((d, COS(277/)1')>> (5.35)
U (sin(21);) cos(2;)) (sin®(2¢y;)) (d;sin(2¢y;)) )

where the angle brackets () denote an average over the measurements in a pixel, and the d;
here correspond to the detector measurements (i.e. the sum of the timestreams from the two

differenced pairs) each with its an associated angle ;.
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5.5.5 Realistic Systematic Spectra

In previous studies [e.g. 28], [139] the distortion fields of equation 5.1 have been assumed to

be statistically isotropic and Gaussian, and defined by power spectra of the form
OZDD — AQDe—l(H-l)O'%/San 7 (536)

where Ap represents the root mean squared of the distortion field, and op represents a co-
herence scale beyond which the distortion power spectrum becomes white noise. We show
a comparison between this spectrum and the realistic spectrum from our simulations in fig-
ure 5.6. There are significant differences apparent between the approximation of equation
5.36 for the power spectra describing the distortion fields used in previous literature, and the

realistic distortion field that is derived from the more realistic simulation used in our study.

Although the spectrum generated from equation 5.36 results in most of the power being
at low multipoles similar to the realistic spectra, it does not capture the high [ nature of the
realistic distortion fields. The realistic distortion fields have an initial much sharper drop off,
before levelling out, compared to the more gradual drop off of the approximation. In figure
5.6 we show that the two extreme coherence scales used in [28] both suffer from the same
issue that they accrue too much power at high [ compared to the realistic spectra, hence the
results found will be biased by this. In our analysis in Section 5.6 we reconstruct the distortion
power spectrum up to L = 800 and, as can be seen in figure 5.6, the shapes of the realistic and
approximate spectra differ significantly for this range of multipoles. This shows the advantage

of carrying out detailed case studies on individual distortions.

We note that the smallest A" & 1.3 x 10~ for op = 120’ quoted from [28] corresponds
to a gain mismatch of 6.4 x 10™* (0.064%). This is significantly smaller than a realistic gain
mismatch of 0.01 (1%), in the analysis in [28] it was found that the QE technique would still
be effective for this small value of the systematic.

5.6 Reconstructing and removing the temperature to polarization leak-
age

Here we discuss the results of employing the statistical analysis methods developed in
Section 6.2 and Section 5.4 to contaminated CMB maps simulated as in Section 5.5. Note
that we include lensing effects only at the power spectrum level, implying that the off-diagonal
elements sourced by weak lensing are not included in our simulations. This is not expected
to influence our inference of the reconstruction and removal of the T to P leakage systematic,

owing to different spins associated with the two effects’.

5Note that this is not generally true for other instrument systematics. As an example a differential pointing systematic directly cou-
ples to the weak lensing effect and in a analogous study the weak lensing induced correlations cannot be ignored.
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Parameter | Ideal Non-ideal
L max 1400 1400
Linax 800 800
Nide 1024 1024
w;% 0 2.7 pK arcmin
Orw oM 0 30/

r 1073 1073

Alens 0 1

Table 5.2: This table summarizes the QE parameter settings used in all our analyses and
also the simulation settings for the two different sets of simulations used in results

presented in this section.
In all our analyses we iterate over the following steps until convergence:

* Reconstruct map of systematics given some input [T, ), U] maps using the QE algorithm.
In the first iteration the inputs correspond to the observed maps, while for the subsequent

iterations these correspond to the contamination cleaned maps.

* Clean the input maps using the reconstructed v maps following the optimal cleaning pro-

cedure discussed in Section 5.4.1.

Here we reemphasize that the cleaning analysis is agnostic to details of the particular system-
atic, as evident by the fact that the cleaning procedure only works with the observed maps as
inputs. All QE evaluations required in the blind cleaning process are carried out assuming
the parameter settings summarized in Table 5.2. We make forecasts for the reconstruction
noise and the CPP spectrum that one expects to recover from the iteratively cleaned maps,
following procedures outlined in Section 5.4.2. We use these forecasted power spectra as

benchmarks for our blind cleaning analysis.

We present the results of this analysis on two different set of simulations, the ideal case and
the more realistic, non-ideal case, in sections 5.6.1 and 5.6.2 respectively. A discussion with

particular emphasis on the measurement of tensor to scalar ratio r is presented in Section 5.7.

5.6.1 The cosmic variance limits of the blind cleaning algorithm

Here we discuss the results derived from analyses on simulations which are ideal in the sense
that they include no measurement noise & beam smoothing and also do not include any lens-
ing induced B-modes. These simulations allow us to probe the limitations of the blind clean-
ing algorithm in this extreme setting, in process highlighting how well this procedure could

in principle work.

The reconstructed v maps at some example iterations of the analysis are depicted in
Fig. 5.7. Here we note that the systematics reconstructed from the original observed maps are

quite noisy as inferred by comparing the top and middle panels of Fig. 5.7. This observation
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Input 42(n)

-0.0034135 0.00343214 -0.00346373 0.00343214

Reconstructed (1) iteration 0 Reconstructed 7V (1) iteration 0

-0.00320106 0.00338554 -0.00347164 0.00323889

Reconstructed y?(n) iteration 10 Reconstructed vV (1) iteration 10

—————— |
-0.00298664 0.00306639 -0.00299354 0.00297502

Figure 5.7: This figure depicts the 2 (n) and vV (n) systematic maps that mediate the T to
P leakage. The top panels depicts the true systematic maps used to simulate the
contaminated CMB maps. The middle panels shows the QE reconstruction of the v maps
from the observed CMB maps for the Oth iteration. The bottom panels depict the
reconstructed v maps after 10 iterations of cleaning and reconstructing of the systematic

maps.

is better quantified in Fig. 5.8, where by inspecting the reconstruction noise for the 0" itera-
tion and comparing it to the true v power spectrum, it is clear that only L < 30 multipoles of
the v map can be reliably recovered. The reconstruction noise being high is due to the excess

B-mode power sourced by the systematics in the observed CMB maps as seen in Fig 5.9.

We now use these reconstructed v maps together with the observed temperature anisotropy
map to remove part of the contamination, sourced by modes in the v maps that have been reli-
ably recovered. This procedure involves using the high SNR modes of the temperature and
maps, the formal details of which are discussed in Section 5.4.1. In the case of these idealized

simulations, we find that the conventional Wiener filtering scheme causes the iterative scheme
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Figure 5.8: The left panel shows the evolution of the reconstruction noise for different
iterations of the algorithm. Note that the reconstruction noise reduces with iterations and
approaches that predicted using the forecasting procedure. The right panel shows the power
spectra of the true and reconstructed and filtered v maps. The corresponding reconstruction
noise curves are plotted for reference. Note that the Wiener filtered, CA'ZB”’B’WF, spectrum is

most reliably recovered for modes where C’ZBVB is much greater than NzB“’B. Similar

results found for 4%, not show here for brevity.

to diverge after few initial iterations. We suspect this behaviour arises from the fact that the
Wiener filter does not sufficiently suppress modes that have a noisy recovery, which com-
bined with the fact that 7" >> B, leads to a faulty cleaning of the polarization maps, in effect
adding more power to the B-mode map as opposed to subtracting it. This eventually leads
to run away behaviour. We deal with this issue by employing the Gaussian filtering scheme
instead (see Section 5.4.1 for details) which mitigates this issue by imposing a stronger sup-
pression of the noisy modes, leading to more stable and convergent results. The right panel
of Fig. 5.8 depicts the power spectrum of the v® maps after the Gaussian and Weiner filters
are applied to them, where notably the Weiner filtered maps retain a lot of power from the un-
reliably recovered modes, as opposed to the Gaussian filtered map where these noisy modes

are more heavily suppressed.

After the first cleaning (i.e. cleaning iteration 0), the B-mode power spectrum reduces
compared to the spectrum estimated from the observed B-mode map as seen in Fig 5.9. This
results in the reconstruction noise of the QE to reduce as can be understood by comparing
the curves corresponding to “iteration 0” and iteration 1” in Fig. 5.8. This reduction in the
reconstruction noise, facilitates the recovery of modes in the ¥ map that were dominated by the
reconstruction noise in the previous iteration. These newly recovered modes of the systematic
map are then fed to the cleaning algorithm to further remove the contamination from the
polarization maps. This whole process is repeated until we observe no further improvements

in either the reconstruction noise and/or the C2® spectrum.

On repeating this procedure we see that the contamination in the CMB polarization maps
is progressively removed as indicated by the systematic reduction in the amplitude of CPP

amplitude in Fig. 5.9. Note that initial iterations show relatively big reductions in power, with
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Figure 5.9: This figure depicts the B-mode power spectrum corresponding to the systematic
ridden maps, the true cosmological primordial signal and the evolution of the estimated
power spectrum across different iterations of the cleaning algorithm. The left and right

panels show the cleaning for » = 1073 and r = 1072 respectively. Also shown is the
prediction for the B-mode power spectrum expected post cleaning evaluated using the

forecasting procedure.

subsequent iterations resulting in more subtle improvements and the final few iterations show
no appreciable updates to the spectrum. The performance of the cleaning process improves
if the amplitude of the uncontaminated B-mode spectrum increases. For the ideal case this
translates to improved performance for larger values of . We note that even in this perfect
setting of no instrument and lensing noise, the recovered B-mode spectrum is not perfectly
cleaned. This can be interpreted as an intrinsic limitation to how well the cleaning can in prin-
ciple perform. Nonetheless, the proposed blind cleaning procedure enables robust removal
of contamination power that is roughly two orders of magnitude larger than the injected sig-
nal, and yields an unbiased recovery of the true signal at most multipoles. This systematic
reduction in the B-mode power is only possible due to the simultaneously reduction in the
reconstruction noise (sourced by reduction in CZ%) as seen in Fig. 5.8, which results in robust
recovery of the higher multipole of the v maps (which in turn facilitates more cleaning of the
polarization maps). To contrast the effect of iterative cleaning note that while the “iteration
0” only allowed for recovery of the modes L. < 30, the reconstruction noise associated with
the final iteration of cleaning allows robust recovery of modes up to L ~ 800 as can be seen
in right panel of Fig. 5.8. This stark improvement in the recovery of high L modes of the
~ maps can be better appreciated by simultaneously comparing the recovered total v maps
shown in the bottom panels of Fig. 5.7 to those depicted in the panels above. Note that the to-
tal systematic maps is recovered by adding together the filtered maps of systematics estimated
at each iteration®. The input maps have a higher amplitude than those reconstructed which is
primarily a consequence of our maps being filtered and the reconstruction being terminated
at Ly, = 800.

Here, it is also important to appreciate the non-monotonic nature of the true C7}” which

6The v maps recovered at each iteration do not include the modes that were in effect subtracted from the polarization data in the
previous iteration.
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Figure 5.10: The left panel shows the reconstruction noise NzB for one iteration of the
reconstruction and cleaning process. After a single iteration the cleaning reconstruction
noise converges with the forecasted reconstruction noise. The right panel shows égB”B for
the reconstructed and filtered v maps before cleaning and after ten iterations of cleaning
(green) and the true C’ZB”’B is also shown for comparison. Corresponding reconstruction

noise shown for reference.

features a prominent jump in power at L ~ 400. This is a consequence of using realistic scan
maps in our simulations. There is a corresponding feature in the cleaned B-mode spectra in
Figure 5.9. This feature is present because not all modes below L < 800 are reconstructed, as
some intermediate modes which are dominated by reconstruction noise are suppressed. We
reiterate that this would not have been observed in studies using the approximate spectra, [28],
[139], generated using equation (5.36) because of the difference in shape between the realistic
and approximate spectra. It is necessary to carry out detailed case studies systematics in order
to observe these important details. Unlike in weak lensing studies, for instrument systematics

it is not possible to make a generic forecasts as was done in [28].

Finally, we note that the spectrum converges to the prediction from our forecasting proce-
dure. This is true both for CPP as well as N]” as seen in Fig. 5.9 and Fig. 5.8 respectively. It
is important to note this near consistency for two reasons, (i) it serves as a validation of our
blind cleaning algorithm (ii) the actual analysis is performed using the Gaussian filter, while
our forecasting procedure continues to use Wiener filters, and the near equivalence of the two

solutions suggests that the Gaussian filtering is close to optimal.

5.6.2 Employing blind systematic cleaning for a non-ideal experiment

Here we discuss results simulations that incorporate weak lensing induced B-modes as well
as the measurement noise and beam smoothing in the previously described more realistic,
non-ideal case. The assumed measurement noise and beam are summarized in Table 5.2 and
correspond to the foreground cleaned Q/U maps that will result from linearly combining the
multi-frequency measurements. Unlike in the previous section where these were ignored,

here we treat the lensing B-modes as an important cosmological signal that we recover by
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Figure 5.11: The top panels show the reconstructed filtered v maps recovered from
simulated observations, while the bottom panels show those recovered after a few iterations
of cleaning. Note that even in the presence of instrument and lensing noise the iterative

procedure helps with extracting bits of information on the systematics.

carrying out the iterative de-contamination procedure.

We carry out an analysis, identical to that described in the previous section, on these more
realistic simulations. The simulations used here primarily differ from those used in the previ-
ous section by inclusion of the relatively high noise in the observed maps due to inclusion of
lensing and measurement noise. We note that for these relatively high noise simulations, the
Wiener filtering schemes is stable and convergent, and the results are very similar to those
found when using the Gaussian filtering. We however continue to present results derived
from employing the Gaussian filtering scheme through the rest of the paper. The relatively
high noise results in a higher QE reconstruction noise floor, which consequently limits the
reliable reconstruction of the v maps to only the large angle modes L < 20, even after ten
iterations of cleaning as seen in Fig. 5.10. This is even reflected in the total reconstructed ~y
maps as seen in Fig. 5.11. However note that the carrying out a number of iterative cleaning
procedures does help in recovering some additional features in the reconstructed v maps, the
sharpening of the features in the equatorial plane in the bottom left panel of Fig. 5.11 is par-
ticularly noticeable. As we will see in Section 5.7 these subtle improvements in recovery of
the systematic maps will play a crucial role in more robust removal of contaminations from

the observed maps.

We now shift our attention to the evolution of C?” across the cleaning iterations. Carrying
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Figure 5.12: The left panel shows cleaned B-mode power spectra for 1 and 10 iterations of

cleaning. The right panel shows the evolution of the relative difference

BB, cle: BB BB L
Ay = (CPPom — 0P P 1) /O P ™ with iterations.

out higher iterations of cleaning does make small improvements to the convergence. These
subtle but important improvements are highlighted in the right panel of Fig. 5.12, where the
relative differences between the spectra derived from the cleaned maps at different iterations
and true spectrum are depicted. In Section 5.7 we will highlight the importance of these

subtle corrections in the context of measurement of tensor to scalar ratio 7.

5.7 Recovering the tensor-to-scalar ratio

In the previous section we demonstrated that blind systematic cleaning method proposed
here can yield nearly un-biased recovery of the true CMB B-mode power spectrum. Upcom-
ing experiments aim to recover r € [1072,1073] [16], [88]. Here we demonstrate that the

blind cleaning technique can yield nearly un-biased recovery of 7.

To demonstrate this we carry out a likelihood analysis for which we assume this specific
form of the log-likelihood [81], [154], which accounts for the non-Gaussian nature of the

power spectrum at low multipoles,

~BB
¢

BB,GW BB, lens
r Cl s _'_ Cl ; lens + NIBB

—2InL(r) => (20 +1)
20 —1

+1In (r OZBB’GW + Apens OP 1™ 4 NZBB) T In <6lBB> + const. ,

(5.37)

where @BB denotes the power spectrum estimated from the simulated data, corrected for the

C’ZB B.GW is the B-mode signal generated by primordial gravitational waves

instrument beam,
evaluated for r = 1, C’lB B.lens qenotes the lensing induced B-mode spectrum and NP7 is
the instrument noise power spectrum. We evaluate this likelihood analysis on power spectra

derived from the cleaned maps at a number of different iterations and compare the estimated
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Figure 5.13: The evolution of the r-posterior across different cleaning iterations using the
Wiener filter. The bias on 7 reduces with each iteration and is remarkably consistent with
the posterior derived from the systematic free simulation. There is a bias on the profile
likelihood for the iteratively cleaned spectra as we do not marginalize over the

reconstructed T to P leakage.

posteriors on 7 to those derived from an analysis on a contamination free simulation.

We begin by noting that the r inferred from the contaminated B-mode simulations returns
a highly biased measurement of r ~ 107!, off-set by two orders of from the true value.
However, on repeatedly applying the iterative cleaning algorithm to it using either the Wiener
or the Gaussian filter, the bias in the measurement of r reduces. The reduction in r-bias is
largest in the non-ideal setup when using Wiener filtering. As seen in Fig. 5.13, after 2
iterations we find that the measured value of r is consistent with the true value to better than
lo. This corresponds to a near perfect removal of a bias of order ~ 100. Beyond the 2nd
iteration of cleaning there is no further change to the likelihood. Note that this cleaning also
reduces the uncertainty on r by a similar order of magnitude. With lower values of Ay,
corresponding to delensed maps, r is still consistent with the true value. However, more
iterations are required to achieve convergence after delensing, as the reconstruction noise floor
is lowered. Delensing does not significantly improve the level of cleaning that it is possible
to achieve with the more realistic, non-ideal case. A joint study of delensing and systematics
cleaning could become more relevant in the case of higher sensitivity experiments such as
PICO [155].
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iteration r T_ T4

Contaminated - 113 111 115
0 4.03 3.58 4.53

Cleaned 1 1.19 0.972 1.5

2 1.61 1.41 1.88

3 1.61 1.41 1.88

True - 1.44 1.16 1.86

Table 5.3: This table presents the central value of 7, and 68% CI upper and lower bounds in

units of 1073, These results assume no de-lensing i.e. Ajeps = 1.

5.8 Conclusions

Systematic effects originating in the instrument pose a major challenge for upcoming CMB
experiments seeking to measure the primordial CMB B-mode of polarization. Many of the
existing techniques for mitigating these effects rely on complex instrument modeling and
detailed knowledge of the instrument design. We have presented a detailed case study, im-
plementing a QE approach to carry out cleaning of the CMB B-mode without detailed prior
knowledge of the instrument. We have shown that this QE technique can successfully remove
a T to P leakage sourced by a differential detector gain systematic, resulting in a near opti-
mum recovery of the primordial 5-mode and the reduction of the bias on the tensor-to-scalar
ratio by ~ 2 orders of magnitude. Our robust implementation builds on the previous work by
carrying out systematic recovery and map correction on a full TOD simulation including the
effects of a realistic satellite scan strategy, and by the use of newly-derived efficient full-sky
estimators. In our recovery and map correction we use a novel Gaussian filter which we find
to be an effective alternative in cases where the Wiener filter caused the map correction to
fail.

Our case study involved two scenarios. The first scenario, with no noise, beam or lensing,
was used to illustrate the absolute limit to the cleaning process in an ideal world when there
are no complications. The second scenario provides a more realistic, non-ideal example of
the cleaning for a contemporary CMB experiment by using realistic levels of noise and beam
comparable to those expected for the LiteBIRD instrument [88]. It was necessary to test the
iterative cleaning scheme used in our map correction. We carried out this testing using a
semi-analytical forecast for the ideal and realistic cleaning. Our cleaning was successful as it
was found to be consistent with the forecast

We used our case study to test the conventional wisdom applied in previous studies of
this approach [28] and from CMB weak lensing research. We find that in specific cases this
wisdom does not hold. For example, previous studies suggest that using EB will result in
the best reconstruction of T to P leakage. However, we find that the TB correlations provide
the best reconstruction. In some cases using the Wiener filter, the optimum filter that is used
in delensing, resulted in divergence when cleaning. The aforementioned Gaussian filter was

found to avoid this divergence. These examples, where the conventional wisdom does not
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apply in the case of systematics cleaning, show the importance of carrying out this case study.

A number of complications exist which will need addressing for this method to be vi-
able that we leave to future work to consider. These complications include the inclusion of
foregrounds, and the presence of multiple different systematics. It may be possible to re-
construct and remove these systematics simultaneously. Moreover, is may be possible break
the degeneracy between some cosmological signals and systematics using a QE approach in

combination with prior knowledge of the scan strategy.

Despite the additional complications that need to be considered, this detailed study of
the QE reconstruction and the improvements made to the iterative cleaning process are an
important step towards implementing QEs to reconstruct and remove systematic effects from
upcoming CMB surveys. We suggest that this QE technique should be used to compliment
traditional systematic correction techniques to diagnose and remove residual contamination

in the data not corrected by other methods.

Many different contributions to the B-mode signal must be considered by any modern
CMB experiment before a measurement of primordial B-modes is claimed. Up till now in
this thesis we have considered only forecasts for constraints on these B-mode sources, and
theoretical studies of ways to detect and constrain them. However, in the next chapter we go
beyond the theoretical and apply the QE technique to attempt to reconstruct, and constrain
the CB effect using the Planck 2018 polarization data. We believe this study may produce
CB constraints that improve upon those found by applying non QE reconstruction techniques
to Planck, and may be competitive with QE constraints that come from more recent CMB
experiments such as BICEP2/Keck and ACTpol.
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Chapter 6

Quadratic Estimator Constraints on

Cosmological Birefringence from Planck

2018 Data

6.1 Introduction

In the previous chapter of this thesis we discussed systematic effects that could contami-
nate the primordial CMB B-mode signal, and in Chapter 4 we discussed the potential 5-mode
contamination that cosmological birefringence (CB) may source. However, now we will shift
emphasis from the contamination of primordial to 5-modes to the corresponding cosmolog-
ical sources themselves. The CB effect, and in general cosmic polarization rotation (CPR),
may represent an exciting observable for extensions to the theory of electromagnetism, and

for the presence of primordial magnetic fields (PMFs).

The theory of electromagnetism is extremely well understood, and has undergone rigor-
ous lab-based and astrophysical tests. It has long been known that it is a parity symmetric
theory. However, it is important to test such symmetries in order to see if they are broken
under extreme conditions, such as on cosmological scales. Parity symmetry has been shown
to be broken in the weak sector, and it is possible to show that it could be broken in the elec-
tromagnetic sector through a simple extension to the standard model with a Chern-Simons
term [25]. This is discussed at length in Chapter 2. However, here we offer a brief review of

the concepts that are relevant to this chapter.

The Chern-Simons term is an additional contribution to the Lagrangian for electromag-
netism of the form [27], [47]

Los = —ggﬂwwﬁﬂ” , 6.1)

where ¢ is a pseudo-Nambu-Goldstone-boson (PNGB) field, g4, is the coupling strength
between the PNGB and the photon, £, is the electromagnetic field strength tensor, and Fuv

is its dual. The Maxwell’s equations are modified as a result of the inclusion of the this term
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in the Lagrangian. Such modifications would lead to a rotation of the linear polarization
angle of photons in direction n from the observer. This rotation, sourced by parity violating
modifications to electrodynamics, is known as CB [25]. The rotation angle is dependent on
the coupling strength and the fluctuations of the PNGB between the source of the observed
polarized photons and the observer [44],

. o . .
a(n) = gqsw/dn (8_77 +n- V) ¢(n,n) . (6.2)

We can write this rotation in terms of direction dependent, (1), and monopole, o, compo-

nents, so that a&(n) = ag + a(n).

This extension to the standard model is motivated by a number of models where the PNGB
in the Chern-Simons term is an axion or an axion-like particle [42], [118]. For a PNGB that
is massless during the epoch of inflation the direction dependent map of the rotation angle
along the line of sight, n, is expected to have a scale invariant power spectrum of the form

441, [156
[44], [156] o

CL - ACBm

(6.3)

where A¢ g is the amplitude of the power spectrum and is related to the coupling strength and
the Hubble constant during inflation, H, as [44], [156],

2
Acp = <M) . (6.4)

Another physical phenomenon that may source the direction dependent rotation field, «(n)
is the presence of the aforementioned PMFs [69], [83], [129]. These primordial magnetic
fields can induce Faraday rotation of polarized photons as they propagate from sources in the
early universe. The rotation angle of photons propagating along the line of sight n on the sky
is [43], [157], [158]

2
() = S~ / 7B -dl. (6.5)

~ 1672
Here, v is the photon frequency, 7 is the differential optical depth, B is the magnetic field
strength, and dl is the infinitesimal length element along the trajectory of the photon. Both the
magnetic field strength and length element are in comoving coordinates. This effect would
also result in a scale invariant power spectrum of the same form as (6.3). In this case the
amplitude would be [43]

2
B 1Mpc

(2.1 x 102nG)(r/30GHz)2 |

Acp = (6.6)

where Bimp. is the magnetic field strength smoothed over 1Mpc.

In the case of both axion-photon coupling and PMFs, if one is able to place a constraint on

Acp from reconstruction of the C'f** power spectrum from observations, then it is possible
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to use this constraint to place an upper bound on these physical phenomenon by rewriting
equations (6.4) and (6.6) to give [44], [156]

4
Goyy = E V Acp , (6.7)

for the axion photon coupling strength and

Biype = 21 x 10°0G

2
) VAcs | (6.8)

for the primordial magnetic field strength. The frequency dependence of the term in (6.8)

v
30 GHz

would allow the separation of the PMF effect from the rotation generated by a pseudo-scalar
coupling to the photon field. However, this frequency dependence also renders it difficult to
place PMF constraints using component separated maps which use combinations of CMB

map measurements taken from multiple frequency channels [159].

It is possible to place a constraint on Axp by reconstructing C7* by using observations
of the CMB polarization. A rotation of the linear polarization angle of photons will generate
distortions in the CMB polarization maps of the Q)(n) and U(n) Stokes parameters. When
written in the spin weighted complex form, + P(n) = (Q £ iU)(n), the distortion of the

Stokes parameters by this rotation can be written as
L P(R) = L P(R)eT2e®, (6.9)

Here, the tilde denotes the unrotated Stokes parameters. A distortion of the CMB polarization

of this form will generate non-zero off-diagonal correlations in the CMB covariance matrix,

<alma/zk/m/>.

It is possible to use a quadratic estimator (QE) approach to leverage these off-diagonal
correlations to reconstruct the a(n) map and the C'** power spectrum, using existing obser-
vations of the CMB polarization'. While this has been done for a number of contemporary
ground based experiments such as POLARBEAR [43], BICEP/Keck [68] and ACT [125], a
QE approach to reconstruct () has not been applied to the Planck polarization data [136].
As the expected shape of C'“ suggests there may be more power in larger scale modes it
may be advantageous to use data from a full-sky satellite experiment in order to reconstruct
a(n). The results in Chapter 4 suggest that full-sky experiments, with access to larger scale
scales, may be able to place stronger constraints on the amplitude of C'{** than partial-sky

experiments with comparable sensitivity.

While the Planck data has been used to reconstruct «(n) and constrain A¢ g in both [67]
for the 2015 release data and [78] for the 2018 release data, neither work employed a QE
approach. Instead an alternative approach, described in [67], was employed in both studies.

This approach involves using the CMB polarization spectra to measure uniform CB in small

In Section 2.5.4 of Chapter 2 we discuss the generation of off-diagonal correlations by CB, and summarize the derivation of the
corresponding QE.
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patches of the sky, and then combining these patches to form a map of «(n). The constraint
achieved using the 2015 release data was Acp < 2.74x107° [rad”] within 95% C.L. [67]. A
consistent, but stronger 95% C.L. constraint was found using the 2018 release datato Agcp <
2.59 x 107° [radﬂ. However, by applying a QE approach it may be possible to improve
upon the existing constraints from Planck. Additionally, a QE approach will not be subject
to absolute angle calibration error [102]. This error primarily effects studies of uniform CB.
However, as studies of anisotropic CB which use the technique described in [67], [78] involve
taking measurements of uniform CB on small patches of the sky they may also be vulnerable
to this calibration error for the measurements in each patch. Recent attempts have been made
to circumvent absolute calibration error in the uniform CB study presented in [106], leading
to exciting new hints of a CB signal present in the Planck data. Therefore, it is prudent to
carry out further investigate into anisotropic CB using Planck, applying the QE approach with
the 2018 release data for the first time. This is the primary focus of this work.

In Section 6.2 of this chapter we focus on the analysis pipeline for our study, including
the efficient QE, the map processing techniques, and the likelihood for Axp. We follow this,
in Section 6.3, with the results of tests we use to validate our QE pipeline and likelihood
code. Finally, in Section 6.4 we present the results of our QE analysis of the Planck 2018
SMICA maps [159]. These results include new stronger Planck constraints on Axp and the

axion-photon coupling strength ¢4-.

6.2 Analysis Techniques

6.2.1 The quadratic estimator

A direction dependent distortion of the CMB polarization, like the one shown in equa-
tion (6.9), will result in non-zero off-diagonal modes in the CMB covariance matrix in har-
monic space. Normally, the CMB covariance is only non-zero on the diagonal. Quadratic
estimators (QEs) use the information encoded in the off-diagonals in order to reconstruct the
distortion field. The full-sky QE for the rotation field sourced by CB was first derived in
[38] and [39]. Here, we will summarize the important practical details pertaining to the re-
construction of CB using QEs. We will also introduce the efficient form of the QE for CB,
in analogy to the efficient lensing estimators introduced in [160]. We primarily employ an
estimator that makes use of the (E},,B;;, /) cross correlations, as these are expected to give

the smallest reconstruction noise [70], [83].

The quadratic estimator for the reconstructed harmonic space CB field, 'z, as derived
in [38] and [39] and discussed in detail in Chapter 2 has the form [29]

aLM = _QN(LXOC Z OBB mapOEE , map Z BlmEl’ lml’ ’p€ ) (610)
174 l
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where N“ is the reconstruction noise and has the form

-1

~ 2
EE 7L €
20+ 1)(2 + 1) \Cr™ Hir v
Npe =43 :\/( 1)1; ) ( > 6.11)

BB, map ,~EFE, map
w Cl Cl/

Here, the parity-even operator, p§ = (1 + (—1)*)/2, enforces the condition { = + ' + L =
Even. The C/PF terms are theory power spectra. It is assumed that the C spectrum is well
measured by existing CMB experiments. In this work, for all theory spectra we use the Planck
best fit ACDM spectra from the baseline Planck likelihood [161]. The C;***™® spectra are

spectra calculated directly from the data maps themselves.

The geometric kernel term ££Y  encodes the geometric behavior of the spin-weighted

spherical harmonics and is written, in terms of Wigner-3j symbols, as

L /:(_1)m\/(21+1)(2L+1)(21’+1) ( Lo ) H 612

fml'm 4 m M m

[ L I
HE = . 6.13
1 ( 5 0 —9 ) (6.13)

In this form the estimator is a convolution in harmonic space. However, it is more efficient

where,

to rewrite it as a product of real-space fields. To do this we first rewrite the geometric kernel

explicitly in terms of the spherical harmonics so that

28 it D = / dn [42Y5, (0)Year () oYy (1) + 2V, (0) Yo () oYy ()] . (6.14)

Substituting equation (6.14) into the estimator in (6.10) gives the expression

~ ao - 1 * (o CN(EE * N
Apm == N / dn [Z FBumap Dm2Y i () > B Emap i +2 Yt ()

Im l U'm’ U

1 . cre R .
+ Z —C’ZBB’map 72}/2m(n> Z —OElE, map El/m’*2y’m’ (n) YLM<II> .
Im

U'm’ =V

This is easily written as the spherical harmonic transform of a product of real-space fields,
apy = —Np° / dn [(42Ap(0))" 42 Apep-(0) + (-2Ap+ (1)) _2Ap-p- ()] Yiar , (6.15)

where the real-space fields are defined as
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. 1 . .

Im l

X P 5
o Apep- () = m@*mﬂy,m(n) : (6.17)
Im l

In this form the quadratic estimators are significantly more computationally efficient than
in (6.10), where multidimensional sums over large ranges of modes must be carried out. This
efficient form of the estimator was used in the full sky WMAP anisotropic birefringence

analysis [77].

6.2.2 The analysis pipeline

In this work we use the same analysis pipeline for our tests, and our data analysis. This is
to ensure that the data analysis we carry out is consistent with our validation test, and our
validation tests are carried out in conditions as close to the real data analysis as possible. The

summary of the steps taken in the pipeline is as follows:

1. Beam Deconvolution: The maps that we analyze first undergo beam deconvolution, by
transforming the maps to harmonic space maps and multiplying by the inverse of the beam

window function. This is done as the QE code we use assumes beam deconvolved maps.

2. Masking: A mask is applied to the beam deconvolved maps to remove high intensity po-

larization sources and the galactic plane.

3. Passing data maps and theory spectra: The masked, beam deconvolved maps are passed

to the QE code. We also pass theory spectra described in Section 6.2 to the code.

4. Process the returned maps: The QE code returns estimated harmonic and real-space fields.
Before we calculate the CB power spectrum remove the monopole as we are only interested

in the anisotropic CB effect in this chapter.

5. Calculate the CB power spectrum: The CB power spectrum is estimated from the pro-

cessed a(n) map and the QE pipeline is complete.

Note that when estimating the CB power spectrum we define the noise biased spectrum esti-

mated directly from the processed maps as
o A T W, (6.18)
T faRL11) & ‘ '

We use C‘ga to indicate the spectrum with the noise bias /N7 subtracted and to distinguish it

from the noise-biased C%% spectrum so that C?¢ is equivalent to 5}3‘0‘ + N7*. Note that N
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as calculated using equation (6.11) only accounts for the isotropic noise bias. Anisotropic
noise that biases the off-diagonals of the CMB covariance are not accounted for using (6.11).
In addition to providing information about the power of the a(n) map on different scales
the estimated power spectra can be used in model dependent likelihood analysis in order to

constrain the amplitude of the scale invariant spectrum introduced in equation (6.3).

6.2.3 Model dependent analysis

We carry out likelihood analysis for the estimated spectra in order to estimate/constrain A¢p,
the amplitude of the model dependent CB power spectrum. This is a model dependent anal-
ysis since how we choose to model the CB spectrum, that is what spectral shape we choose,
will directly impact the constraint we place on the amplitude of the spectrum using the like-
lihood approach. In this analysis we vary the amplitude of a reference spectrum, C'*f. We
choose a CB model with a scale invariant power spectrum as shown in equation (6.3). The
scale independent spectrum is commonly chosen in the literature [43], [68], [77], [125] when
placing model dependent constraints on anisotropic CB. We use the likelihood described in

[81], adapting it for use with the CB spectrum,

cpe 2L —1 aa
—2InL(Acg) = Z(2L +1) |:ACBCreIE cm +In (AcpCf + 19y — i 10%"‘

L

(6.19)
Here, C!¢ is the fiducial model spectrum. We also assume a fiducial model where no CB is

present and the fiducial spectrum consists entirely of reconstruction noise.

This form of the likelihood assumes use on the full sky. For a realistic CMB sky where
a mask is applied this is adapted according to the procedure seen in [162]. In this case we

write the likelihood as

—2InL(Acp) =Y CPg(xr) M}, g(zr) Cf (6.20)

Lr

where M}, is the inverse covariance matrix, the function g(x,) is defined as

g(zr) = sign(z — 1)y/2(zp +Inzp — 1), (6.21)

and x, is constructed from the data, model and reference spectra and takes the form

cge
AcpCE +C1*

xrp = (6.22)
By defining the likelihood explicitly in terms of the covariance matrix, it is possible to ac-
count for the extra variance introduced by only including data from a fraction of the sky, fy.
In our likelihood we consider low L modes. As the majority of the power in our model is on

large angular scales the low L modes are particularly important for the likelihood constraint.

137



These modes are expected to have a non-Gaussian distribution [154]. The form of the likeli-
hood presented in [81] includes additional corrections to take into account this non-Gaussian
distribution of the low L modes.

6.3 Simulation tests

In order to validate our pipeline we carry out a series of blind tests of the QE using «(n)
maps that are drawn from two fiducial C'* spectra, each with a different A-5. One of these
maps is for the null scenario where no CB is present, that is Acp = 0. These () maps are
used to rotate a set of simulated CMB polarization maps. We then pass these to the analysis
pipeline, blind to the injected Acp. We do this in order to test whether we are able to recover
a(n) map, power spectrum and Acp from an unseen data map, with no foreknowledge of
what the signal should look like. This emulates the process of reconstructing the CB signal

from actual data, where one does not know what the true signal is.

After the conclusion of the analysis the injected A, and corresponding C'# spectra and
a(n) maps are revealed. These are then compared to reconstructed spectrum and map, and
the mean Acp resulting from likelihood analysis. The simulated CMB maps emulate the
Planck 143GHz channel noise and beam, as this has a simple noise and beam profile when
compared with component separated Planck maps such as the SMICA map [159]. Note that
only the CMB maps are rotated by the injected CB signal, and not the noise components of
those maps, which are applied after the rotation. For the QE analysis we used [;,,x = 1024,
both with and without masking in order to test for possible bias introduced by masking. The

masks we study are summarized as follows:

* The Planck common confidence masks. Separate polarization and intensity masks are in-

cluded. The sky coverage after these non apodized masks are applied is ~ 78%.

* The combined Planck galactic plane mask and common confidence mask with ~ 76% sky

coverage.

* The combined Planck non galactic plane mask and common confidence mask with ~ 68%

sky coverage.

* The combined Planck galactic plane mask and common confidence mask with ~ 59% sky

coverage.

It is important to be able to reconstruct the «(n) map using the QE. We compare the
injected map, with Acg = 5 x 1075, to the masked and full sky reconstructed maps in Fig-
ure 6.1. We compare the Wiener filtered [41] maps to better distinguish features of the recon-
structed &(n) maps from reconstruction noise. The Wiener filter dampens modes which are

dominated by reconstruction noise but preserves modes with a strong signal-to-noise ratio.
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Figure 6.1: The Wiener filtered «(n) map drawn from an input C'?*® spectrum with
Acp=5x107° [radQ]. This is compared to the Wiener filtered &(n) map reconstructed
with no mask, and the Wiener filtered &(n) map reconstructed with the common confidence
mask with fg, = 0.78.

We find that the QE can successfully reconstruct larger scale features for angular scales asso-
ciated with modes where the reconstruction noise does not dominate over the reconstructed

signal.

x107° x1074
— fay=100 30
351 fuy =078
30 foy = 0.76
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’ fuy = 059
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—==-Injected spectrum
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Acp x107° Acp %10~

Figure 6.2: The power spectra and likelihoods for two different sets of CMB polarization
maps rotated by a simulated a(n) map that corresponds to an injected Acp value. This
value was selected blindly, and was only seen after the analysis pipeline had concluded.

Also included in the upper right panel is the theory C'¢*, from which the «(n) map is
drawn, combined with the reconstruction noise N;** in order to be compared to the
reconstructed 52‘“ + N7 spectra. The injected amplitudes are Acp = 0.0 (left panels),
Acp =5 x 107° (right panels). In the lower panels, on the left we show the 1o or 68%
C.L. upper bounds as vertical dashed lines, and on the right we show the injected Ac as a

brown, vertical dashed line.

Our likelihood analysis is carried out as described in Section 6.2.3. When calculating
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the covariance for this test we assume a fiducial model with no CB present, with a diagonal

covariance matrix consisting only of the fiducial variance, 0%, where

2
=,/———N7*. 6.23

The injected values are Acp = 0.0, Acg = 5 x 107°. We see from our likelihood and power
spectra, shown in Figure 6.2, that in both cases the measured value of A¢p is consistent with
the injected value corresponding well within 1o, and the reconstructed and injected spectra
match to within 1o variance limits. We list the recovered Acp values and errors on those
values for the full sky, and masked analyses in Table 6.1. We find that in comparison with
the full sky case, the masked cases lead to a small bias. However, it is small enough that the
masked and full-sky cases are consistent with each other for both of the injected Axp values.
The introduction of a mask also leads to an increased variance and widening of the likelihood,
which is expected with reduction of sky coverage. In the null case (A = 0.0) this resulted

in an error that was ~ 1.5 times larger when using the common mask than for the full-sky

case.
Acp =0 Acp =50
fsky Acs +0Acs Acp —0Aop +0Acs
1.0 0.0 0.39 4.27 0.94 1.43
0.78 | 0.0 0.60 5.25 1.23 1.81
0.76 | 0.0 0.54 5.25 1.27 1.80
0.68 | 0.0 0.56 5.50 1.33 1.98
0.59 | 0.0 0.70 5.50 1.46 2.09

Table 6.1: The mean recovered Acp values and 1o errors, given in units of x 1075 [radz},
for two blindly injected CB signals. We show these for a range of different masks, and for

reconstruction carried out on the full-sky maps.

We have used a variety of masks to ensure that our constraints are stable with choice of
mask. We find that our recovered Acp values for both sets of injected signals do not vary
significantly with different choices of mask. The lack of significant bias from different choices
of mask is important as we will use a range of masks in our SMICA data analysis. We do this
in order to ensure minimal bias from foregrounds or foreground residuals in our constraints.
If we do not see significant variation in our constraints with changes in our mask and sky

coverage then we can infer that foregrounds are not significantly biasing our results.
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Figure 6.3: The &(n) map constructed from ¢, with the monopole removed. The maps
are reconstructed for /,,,x = 1440. We apply the Planck common confidence mask with
fsy = 0.78, and for the combination of the galactic plane and the Planck common
confidence mask for fyy = 0.76, fuy = 0.68, and fgy, = 0.59.

6.4 SMICA analysis

6.4.1 The CB power spectrum reconstruction

For the initial data analysis we applied the QE to the SMICA polarization maps. The SMICA
maps are generated from the linear combination of data from different frequency channels
while utilising a multipole dependent weighting of this data in order to achieve foreground
cleaned maps. The SMICA map files include intensity and polarization beams, which have

an effective beam of Opwyv = 5" and Opwpy = 10’ respectively.

In a similar way to our blind simulation tests, in order to avoid results that depend on either
Imax O the mask, we carry out our analysis for a range of masks and [,,x cutoffs. We carry
out the analysis for the masks explored in Section 6.3 and for l;,,x € {512, 768,1024, 1440}.
We consider this range of /,,,x values as we do not see significant improvement in constraints
beyond /,,,x = 1440. We seek stable results for different choices of masks. This is to ensure

that our constraints are not impacted by bias from foregrounds or foreground residuals.

While it appears from these figures that the reconstructed spectra may have a non-zero

amplitude, A¢p, it is necessary to carry out likelihood analysis to confirm whether or not the

141



Imax = 512 oS Ina = 768

5002107 2 2

e Inas = 1024 e lnas = 1440

Figure 6.4: The C*ga + N, reconstructed using the SMICA maps, for the common mask
with fg, = 0.78 (blue), and the combined common mask and galactic plane mask with
fsky = 0.76 (orange), fuy = 0.68 (green) and fyy = 0.59 (red). Also shown as a dashed

black line is the reconstruction noise, N7“. We show the spectrum without the
reconstruction noise bias subtracted in order to compare the reconstructed spectra to the
reconstruction noise. There is an insignificant difference between the reconstruction noises
for different masks at each value of [,,s. Therefore, we only show the reconstruction noise
for the fu, = 0.78 mask. Here, the spectra shown were reconstructed for four different /.y
values as displayed above each figure panel. Of the four choices of [, the smallest

reconstruction noise is found for /,,,, = 1440.

amplitude of éga is truly consistent with zero.

6.4.2 SMICA model dependent analysis

We carry out a likelihood analysis for the amplitude of C'#** in order to establish what the
most probably Asp value is for the reconstructed Aga, and to establish a constraint if Acp
is found to be consistent with zero. For this analysis we fit for the scale invariant spectrum
seen in equation 6.3. As such, we apply the likelihood discussed in Section 6.2.3, for the full
reconstructed spectra (1 < L < 512), using the reference spectrum Cff =2n/L(L+1). In
our fiducial model we assume no CB, therefore, the fiducial model spectrum consists of the
reconstruction noise power spectrum /N7*“ only. The covariance is assumed to consist of the

diagonal variance elements o2 only, where o, takes the form seen in equation (6.23).

Our data spectra are the reconstructed C%® spectra discussed in Section 6.4.1, where we
carry out analysis for the same range of /,,,x values and for the same set of masks. In Figure 6.5
we see that, while the mean Ao g is not centered at zero, A g is consistent with zero within the
20 bound. The strongest constraint, Acp < 1.97 X 1073 [radz] within 95% C.L., comes from
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Figure 6.5: The likelihood and 95% C.L. for Acp from the SMICA maps for the common
confidence mask fy, = 0.78 (blue), and the combined galactic plane and common
confidence mask with fy, = 0.76 (orange), fu«y, = 0.68 (green) and fu, = 0.59 (red). The
95% C.L. is displayed as a dashed line. The data spectra for these likelihoods are the
reconstructed Afja spectra for four different /,,,,x values. These are displayed above their
corresponding likelihoods. These likelihoods are carried out with 1 < L, < 512.

the power spectrum reconstructed using /., = 1440, using the combined galactic plane and
common confidence mask, with an associated sky coverage of fy, = 0.68. This constraint
translates to a constraint on the axion-photon coupling strength of g4, < 5.58 x 1072 [H;l} .
If this constraint had come from analysis of 150GHz channel maps then it would translate to
an equivalent PMF strength of By, < 23.3 [nG]. However, as we have used combined
channel, component separated maps it is not possible to directly translate our results to a
PMF constraint. The full list of constraints and mean A values are presented in Table 6.2

along with a full list of constraints on the axion-photon coupling strength.

6.5 Conclusions

The Planck polarization maps are the best full-sky satellite measurements of the CMB
polarization to date. This provides a great opportunity to study the CB effect, which is ex-
pected to have high power on the largest angular scales, encoded in polarization modes that
are most easily accessible with full-sky observations. We have, for the first time, applied a QE
to Planck data in order to reconstruct the CB map and power spectrum, and have used these

spectra to place a constraint on A, the amplitude of a scale invariant CB power spectrum.
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fay | Acs | 95% C.L. Gy
Imax = 512 0.78 [ 0.63 3.25 7.16 x 1072
0.76 | 0.04 3.18 7.09 x 1072
0.68 | 0.00 3.16 7.07 x 1072
0.59 | 0.00 3.34 7.27 x 1072
Imax = 768 0.78 | 0.76 247 6.24 x 1072
0.76 | 0.87 2.60 6.40 x 10~2
0.68 | 0.85 2.71 6.55 x 1072
0.59 | 1.26 3.53 7.46 x 1072
Imax = 1024 0.78 | 0.98 2.55 6.34 x 1072
0.76 | 1.02 2.62 6.43 x 1072
0.68 | 0.89 2.53 6.31 x 1072
0.59 | 1.20 3.13 7.03 x 1072
Imax = 1440 0.78 | 0.46 1.99 5.61 x 102
0.76 | 0.63 2.18 5.86 x 1072
0.68 | 0.35 1.97 5.58 x 1072
0.59 | 0.66 245 6.23 x 1072

Table 6.2: The mean A values and the 95% C.L. constraints in units of x 107> [radﬂ.
The list of means and constraints is for power spectra reconstructed using four different
listed [ yax values, using the Planck common confidence mask with fg, = 0.78, and the

combined Planck galactic plane and common confidence masks with fyy, = 0.76,
fsky = 0.68 and fuy, = 0.59. Also shown, are the constraints on the axion-photon coupling

strength g4+~ in units of [Hl_l].

We have first validated our code with a set of blind tests that included a null test. We
find that we are able to reconstruct the injected maps, and power spectra with both full-sky,
and masked maps. The QE code we employ is able to recover the details of the injected
a(n) map for angular scales that are not dominated by reconstruction noise. By employing
a Hamimeche and Lewis likelihood [81] we were able to recover the amplitude of the power
spectrum for the injected CB maps for both full-sky and masked polarization maps. We find
that choice of mask does not significantly bias the results of this test.

We then applied our successfully validated QE estimator code to both the Planck SMICA
CMB polarization maps. For these maps we applied a variety of masks to the polarization
maps and found that the combined common confidence mask and galactic plane mask with
fsky = 0.68 performed the best. The power spectra that were reconstructed for both SMICA
and are consistent with zero within 1o bounds for the majority of modes, however, for some

modes this increased to 2o.

Using a likelihood approach we have placed a model dependent constraint on Ao using
the CB power spectrum reconstructed for the SMICA maps. We find the strongest 95% C.L.
constraint to be Acp < 1.97 x 107° [rad®]. This is comparable to constraints from recent
CMB experiments such as BICEP/Keck [68] and ACT [125], and offers a factor of ~ 1.4
improvement over the existing constraint from the Planck 2015 polarization data [67] and a
factor ~ 1.3 improvement over the existing constraint from the Planck 2018 polarization data

[78]. This constraint translates to constraints on physical phenomenon such as a constraint
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on the axion-photon coupling of g4, < 5.58 x 1072 [H;l].

In future work it will be necessary to apply the QE estimator to a range of data channels in
order to test whether features in the reconstructed CB spectra have frequency dependence, and
in order to place constraints on PMFs. It will also be necessary to apply the QE estimator that
employs (7},,, B;,.,) correlations as this may provide a constraint on A that is competitive to
that from the (£}, Bj,,,,) correlations. Utilizing both sets of correlations in the CB estimator
may reduce the variance of the reconstructed spectrum and map, leading to stronger Acp
constraints. In order to better debias the CB spectrum, and to better model the variance
of this spectrum, future study should include the use of fiducial Markov-Chain Monte-Carlo
simulations of the data maps, passed through the same map construction and analysis pipeline.
If these simulations are able to include potential foreground, and systematic effects then will

be possible to remove not only the isotropic bias, but also bias in the off-diagonal correlations.

Moving beyond the existing set of CMB surveys future satellite CMB experiments such as
LiteBIRD [88] and ground based experiments such as the Simons Observatory [16] will probe
an even larger parameter space than Planck. As these experiments seek to place constraints
on primordial B-modes they will need to constrain the CB effect to ensure that it does not
bias the measurements of these B-modes. This is an exciting prospect as stronger constraints
on Acp would result in stronger constraints on the axion-photon coupling strength, and a

detection of a non-zero CB signal would indicate new and exotic physics.
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Chapter 7
Conclusions

7.1 Summary and discussion of thesis results

7.1.1 Overview

The search for primordial B-modes is an important one, with many upcoming experiments
setting their sights on becoming the first to detect this hard sought after signal that may pro-
vide the first constraints on the energy levels of inflation and a clearer understanding of the
nature of this important early universe epoch. Examples of these experiments include Si-
mons Observatory (SO) [16], LiteBIRD [88] and the proposed CMB-S4 [37]. The precision
of such experiments is expected to be unprecedented and, in the next decade, they may be able
to probe the B-mode signal to levels with an equivalent tensor-to-scalar ratio of r ~ 1073
[16], [88].

However, a number of challenges to the detection of primordial B-modes exist in the
form of systematics, and cosmological signals that source spurious signals, contaminating
the B-mode and adding confusion to the search for the primordial signal. Such contamina-
tion must be characterized and removed before a valid detection of of primordial B-modes
can be claimed. Further to this, the cosmological sources of contamination are themselves an
important signature of exotic physics. For example, detection of cosmic polarization rotation
(CPR), or cosmological birefringence (CB) would hint at extensions to the electromagnetic
sector of the standard model or the presence of primordial magnetic fields (PMFs) in the early

universe.

The detection and characterization of additional mechanisms of 5-mode production, both
cosmological and instrument based, has been the primary focus of this thesis. We have con-
sidered the different approaches by which the CB effect may be detected and constrained, as
well as the levels of constraints on CB for both uniform and anisotropic CB. Additionally, we
have studied the potential levels of B-mode contamination for upcoming experiments if a CB
signal is present that is consistent with these constraints. One method of detection of CB is
by quadratic estimators (QEs) which are often employed in weak gravitational lensing stud-
ies [15], [40], [115], [116]. In this thesis we have considered an extension of the application

of QEs, deploying them to diagnose and remove systematic effects that may interfere with
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primordial B-mode detection and bias r. Beyond both the theoretical studies into CB con-
strains and systematics cleaning we have also taken an observational approach by applying a
QE to Planck 2018 data, providing real constraints on the CB effect from experimental CMB
data. In this chapter we provide a general summary the key results from each of the previous
scientific chapters. We will follow this with a discussion of the potential future avenues of

research that go beyond the work presented in this thesis.

7.1.2 Chapter 3 - Uniform birefringence forecast

In Chapter 3 the focus was on the uniform CB effect. The main body of work that was included
was a forecast of the constraints on uniform CB that are expected for SO and CMB-S4. This
was supplemented with a study of the constraining power of each measured CMB spectra,
with the aim of determining which spectra should be used to give the strongest constraint on

CB, as well as which [ modes provide the best constraining power.

The fisher forecast for SO and S4 resulted in projected 1o constraints of oy < 6.06 X
1073 [degrees] and ap < 1.8 x 1073 [degrees] respectively. Of the SO instruments, we expect
that the large aperture telescope (LAT) will perform the better than the SAT. We also expect
that the strongest constraint will from the C;*? cross spectrum. The modes that we expect to
contribute most to the constraining power for SO LAT and CMB-S4 are in the range 2 < [ <
2000 and 2 < [ < 3000 respectively.

Crucially the constraints that were forecast in this chapter were made assuming perfect
polarization angle calibration. It is expected that the limiting factor for the uniform CB con-
straint will be the precision to which the absolute polarization angle can be calibrated [60].
It may be possible to mitigate some of this error by applying technique described in [103]—
[106] to simultaneously determine the absolute polarization angle calibration error and the
CB angle.

7.1.3 Chapter 4 - Constraining cosmic polarization rotation and implications for pri-

mordial B-modes

The primary focus of Chapter 4 was a comparison between two different methods of constrain-
ing anisotropic CB. The methods were a QE approach, and a method that involved directly
examining the observed B-mode power spectrum and comparing it to the expected spectrum
induced by a CB effect; we denote the latter approach the BB approach. An additional focus
was on the contamination that could be present for anisotropic CB with amplitudes lower than
the forecast constraint for SO, BICEP/Keck and Lite BIRD.

One of the most interesting results of this study is the large difference in constraining power
that LiteBIRD had in comparison to the other experiments considered with similar levels of

sensitivity, such as the SO small aperture telescope (SAT) instrument. Despite the expected
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noise rms of SO SAT being only a factor of ~ 1.5 larger than that projected for LiteBIRD, the
best constraint that is forecast for LiteBIRD is a factor of ~ 100 better than that forecast for
SO SAT. This may be due to the larger sky coverage of LiteBIRD. As CB is expected to have
a scale invariant spectrum with large power at low L, then we would expect that CB would

be best constrained by larger angular modes.

Another interesting result was the relative performance of the BB approach when com-
pared to using a QE for BICEP/Keck and SO SAT. For these experiments we forecast only a
marginal improvement when using a QE as opposed to the BB approach. It may be sufficient
to place constraints using a BB approach for these experimental configurations, avoiding the

relatively complex, and computationally expensive QE approach.

We found that the possible contaminant for a CB effect with amplitudes consistent with
the constraints for SO SAT, SO LAT and BICEP/Keck may be significant. The B-modes that
can be sourced by CB allowed by the upper bounds that we forecast are of the same order
of magnitude as primordial B-modes consistent with a tensor to scalar ratio in the range
r~1073 —=r ~ 1072

7.1.4 Chapter S - Blind Map Level Systematics Cleaning: A Quadratic Estimator Ap-

proach

In the case study we described in Chapter 5 we showed that, for a realistic set of time ordered
data (TOD) simulations, it is possible to apply a QE approach to diagnose and remove sys-
tematic effects. Our focus in this chapter was on the diagnosis and removal of a temperature
to polarization (T-to-P) leakage sourced by a differential detector gain using a QE approach.
Applying QEs to clean systematics was first discussed in [28]. We were able to improve upon
this work through the use of realistic time ordered simulations and by carrying out a detailed

study into the iterative cleaning process required to remove the reconstructed T-to-P leakage.

Using the QE approach are successfully able to diagnose the contamination, recovering
maps of the T-to-P distortion that was generated by a simulated 1% differential detector gain
differential gain. We found that, by applying the iterative cleaning process to remove the
diagnosed contamination, we are able to reduce the bias on 7 by a factor of ~ 100 and recover
r to within less than 1o of the value injected into the simulations. We also introduced a novel

new Gaussian filter which improves the stability of cleaning for very low noise simulations.

We suggest that this QE method could be used to compliment existing systematic mitiga-
tion techniques. A QE diagnosis could be carried out after these methods are applied in order
to confirm no residual contamination remains. Additionally, iterative cleaning could be used

in order to remove any residual contamination that may still be present in the CMB maps.
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7.1.5 Chapter 6 - Quadratic Estimator Constraints on Cosmological Birefringence from

Planck 2018 Data

Planck iss the foremost full-sky satellite CMB experiment. As such the public release of the
Planck 2018 data provides a great opportunity to study and place constraints on CB from
from real observations. In Chapter 6 we applied a QE to the Planck 2018 data to reconstruct
the CB map and power spectrum, and to place constraints on the amplitude of the CB power

spectrum, Ac . We specifically focused on the foreground removed SMICA processed maps.

We were able to validate our QE pipeline using a blind analysis where two sets of maps
were passed to the pipeline, each set with an unknown injected CB signal. The recovered
Acp values, maps, and corresponding power spectra were compared to the blindly selected
injected values. We successfully recovered the injected Acp value for both sets of maps.
One set was a null case with no injected signal, and the other had an injected signal with
Acp =5 x107° [rad®].

By carrying out a QE analysis on the Planck data we were able to place a constraint of
Acp <1.97 x 107° [radz] , within 95% C.L., on the amplitude of the CB power spectrum.
This is a factor of ~ 1.3 improvement over the best existing constraints from the Planck 2018
data [78]. This can be linked to constraints on actual physical phenomenon in the form of the
coupling between the photon and the axion, g4, < 5.58 x 1072 [H 1—1] We found that our

results were consistent with no CB signal to within less than 20.

7.2 Future work

In this thesis we have studied sources of non-inflationary B-mode CMB polarization.
These studies have included both cosmological sources in the form of uniform and anisotropic
CB and instrument based systematic sources. We have carried out analysis on real data and
made theoretical forecasts using simulations. We have studied techniques to remove some
sources of B-mode contamination, and considered others as important science goals. The

range of different studies in this work opens up a wide avenue for future research.

With upcoming experiments such as SO, LiteBIRD and the later CMB-S4 it will be possi-
ble to use CMB power and cross spectra to improve constraints the uniform CB effect. It will
be important to reduce impact of the absolute polarization angle calibration error, as this will
have the largest impact on future constraints on uniform CB [60]. Promising techniques to
reduce this error have been introduced in [103], [104], and [105], and applied to the Planck
2018 data in [106]. If these techniques can be applied to SO, LiteBIRD and S4 then it will be

possible to place strong constraints on, or even make a detection of the uniform CB effect.

Beyond the uniform CB effect, future experiments will be able to place stronger constraints

on the anisotropic CB effect. It will be important for any future experiments to constrain the
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CB effect in order to claim a robust detection of primordial B-mode due to the potential of
CB sourced contamination. Any detection of B-modes, not sourced by lensing, will need
to be accompanied by the application of a QE for CB in order to confirm that CB is not the

source of this signal.

A future experiments are expected to have small enough statistical noise that the dominant
source of error will come from instrument systematics it will be vital to diagnose and remove
these in the search for primordial B-modes. Existing approaches could be supplemented by
the QE approach we have discussed in this thesis. However, there is more work to be done
to understand certain aspects of this approach. It will be necessary to study the impact of
foregrounds on the effectiveness of this technique. In addition, estimators for a range of
systematics would be need to be developed to render this an effective tool. Work must be
done to understand the interaction between these estimators and off-diagonal correlations in
the CMB covariance generated by weak lensing. Moreover, use of partial sky maps can also
generate off diagonal correlations. Work must be done to understand how this will impact the
use of this technique. If these challenges can be overcome then this approach may become a

promising tool to compliment existing techniques.

While our analysis of the Planck data has produced a strong constraint on the amplitude
of the CB power spectrum, a deeper analysis of the Planck data is possible. In our analysis
we restricted ourselves to using variance and model spectra determined by the reconstruction
noise of our spectra. A more thorough approach would involve the use of Markov-Chain
Monte-Carlo simulations in order to establish a fiducial model spectrum and to estimate the
variance on our measurements. Further work, using simulations, would allow for proper

debiasing of the reconstructed CB spectrum and produce a more robust constraint on CB.

Future detection of either the primordial B-mode signal or a signal from cosmological
effects such as CB is an exciting prospect. In the former case such a detection would allow
better understanding of inflation, including a constraint on inflationary models and the energy
scale at which inflation occurs. In the latter case this would provide an exciting observational
signature of beyond standard model physics. Both cases would result in a significant alter-
ation to our understanding of the fundamental physics of our universe, its evolution, and its

origins.
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Appendices

Appendix A

Geometric identity

The QEs, as derived in Section 6.2, rely on geometric couplings between the modes of
spin-2 and spin-0 fields. Here, we present details of the important geometric terms used
in the QE derivations, and derive the identity found in equation (5.11). We begin with the
integral of the spherical harmonic terms. In general this term can be written in terms of the

Wigner-3j symbols,

A A A @ )2+ D)2 1 1)
/dn s1 Yllml (n)S2Y12m2 (n)53Y13m3 (n> - \/ : 2471’ 2
ll 12 l3 ll l2 13
X .
mip Mo Mg —S51 —S82 —S83

(A.1)

Using this identity we see that the geometric term, / J\Ljfyim that was introduced in equation

(5.6) is explicitly written as

Tt = [ i aYias ()Y (8):2Y7, ()

:(_1)m1\/(2L+1)(212+1)(211+1) L L L L b L
dm M my —my )\ 72 0 42 )

(A.2)
We can use the coupling parity, / = L + I + 1, and the H, lgll term,
2L4+1)(2l+1)(2l, + 1 L Iy 1
Héhz\/( rEe el N (A3)
4 -2 0 2
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to simplify equation (A.2) giving

mo —My

L 1 l
LIt = (=)™ (£1) H, ( Y, : ' ) - (A4)
The identity in equation (5.11) can then be derived starting with

Z Lixl L'laly —
IMQOl IM”n’Lle_

, (Ll Ll
> o (ENH HE HE, ( Y 2 ) ( o 20 ) . (A5)
ma

— —my ma —My

Carrying out the sum on the right hand side and applying the property of the Wigner-3j sym-

bols,
L I L L 1, L
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simplifies the right hand side of (A.5), giving the identity in (5.11),
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