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ABSTRACT

The Cosmic Microwave Background (CMB) has provided precise information on
the evolution of the Universe and the current cosmological paradigm. The CMB has
not yet provided definitive information on the origin and strength of any primordial
magnetic fields or how they affect the presence of magnetic fields observed throughout
the cosmos. This method searches for Faraday Rotation (FR) and specifically uses
polarized CMB photons as back-light to cross-correlate with pre-existing rotation
measure (RM) maps. This cross-correlation is an alternative approach compared to
many optimal single- and multi-frequency power spectrum estimators. I find that
current generation CMB experiments may be not sensitive enough to detect FR but
next generation experiments should be able to make highly significant detections.
Identifying FR with the CMB will provide information on the component of magnetic
fields along the line of sight of observation.

The 21cm emission from the hyperfine splitting of neutral Hydrogen in the early
universe is predicted to provide precise information about the formation and evolution
of cosmic structure, complementing the wealth of knowledge gained from the CMB.

21cm cosmology is a relatively new field, and precise measurements of the Epoch
of Reionization (EoR) have not yet been achieved. In this work I present 20 upper
limits on the power spectrum of 21cm fluctuations (A%(k)) probed at the cosmological
wave number £ from the Donald C. Backer Precision Array for Probing the Epoch of
Reionization (PAPER) 64 element deployment. I find upper limits on A?(k) in the
range 0.3 < k < 0.6k Mpc ™! to be (650 mK)?, (450 mK)?, (390 mK)?, (250 mK)?, (280
mK)?, (250 mK)? at redshifts z = 10.87, 9.93, 8.91, 8.37, 8.13, and 7.48 respectively.

Building on the power spectrum analysis, I identify a major limiting factor in

detecting the 21cm power spectrum. This work is concluded by outlining a metric to



evaluate the predisposition of redshifted 21cm interferometers to foreground contami-
nation in power spectrum estimation. This will help inform the construction of future
arrays and enable high fidelity imaging and cross-correlation analysis with other high
redshift cosmic probes like the CMB and other upcoming all sky surveys. I find future
arrays with uniform (u,v) coverage and small spectral evolution of their response in

the (u,v, f) cube can minimize foreground leakage while pursuing 21lcm imaging.
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PREFACE

This dissertation is the collection of works done and on going research towards
the advancement of understanding cosmic evolution. My experiences have varied
from studying the imprint of large scale magnetic fields on the cosmic microwave
background (CMB) to searching for the 21cm line emitted by neutral Hydrogen to
probe structure formation and the universal transition from neutral to ionized gas
known as the Epoch of Reionization (EoR). The knowledge and comsic evolution
probed by these phenomena span from the very beginning of the universe up to through
the first Gyr of cosmic history. The interactions of matter and energy during this
relatively short period formed the basis for information impacted onto the distribution
and statistical properties of galaxies we observe today.

My research is presented in cosmological chronological order.

The work begins with a study of a new technique which measures the Faraday
Rotation (FR) in CMB photons propagating through the plasmas of the early universe
and those created in our own Galaxy!. Detecting and characterizing Faraday Rotation
would probe the structure of cosmic magnetic fields oriented along the light of sight
towards the observer. Previous studies have focused on an estimator based on the
polarized power spectrum, but in this work I investigate how Faraday Rotation
manifests in map space and searches for correlations between different polarized
maps. A new cross-correlation estimator is introduced and the prospect of detecting
Galactic Faraday Rotation for current CMB experiments is discussed. Due to the

small amplitude of the Faraday Rotation signal, it is expected that this correlation

!This chapter comes from a published work: Kolopanis, M., P. Masukopf and J. Bowmann
"Detectability of Galactic Faraday Rotation in multiwavelength CMB observations", MNRAS473,
4795-4804 (2018).
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should be weakly detectable by next generation arrays and a strong detection should
be possible by a telescope like the CMB-S4 (a next generation all sky CMB experiment
expecting high sensitivity and high spatial resolution).

The focus of this document then moves forward in cosmic time. No longer studying
the CMB photons from the early universe but instead on the 21cm photons emitted
from neutral Hydrogen after recombination. Traveling over vast cosmic distances,
these photons are redshifted to meter wavelengths as observed from Earth. The radio
telescopes built to search for these photons and the spatial and spectral fluctuations
of their signal (similar to CMB anisotropies) are commonly interferometers. One
such radio interferometer focused on in this work is the Donald C. Backer Precision
Array for Probing the Epoch of Reionization (PAPER). Detecting the power spectrum
from reionization would help constrain the types of luminous bodies which caused the
pervasive neutral Hydrogen to globally re-ionize for the first time since recombination.
The latest upper limits on the power spectrum from reionization from PAPER across
multiple redshift bands is the next chapter of this work.

One lesson learned from current generation experiments is the array design (both
the antenna placement and shape of the primary beam) strongly influences how
foregrounds mix with the cosmological background. Looking to the future, arrays
designed to image the epoch of reionization must achieve a high dynamic range of
foreground isolation to properly disentangle the two signals. The last work presented
here outlines a method used to quantify the amount of inherent contamination in
power spectrum estimation for a given array configuration. Minimizing inherent
foreground contamination eases the analytical challenges associated with detecting
the power spectrum from the EoR, making maps of the evolution of neutral Hydrogen,

and enables cross correlation with other surveys at high redshifts.
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Chapter 1

INTRODUCTION

How complex cosmic structure emerges from the mostly uniform and smooth
distribution of matter and energy after the Big Bang is one of the most exciting and
difficult questions to answer in cosmology and astrophysics. The precise study of the
Cosmic Microwave Background (CMB) over the past 50 years has been a powerful
tool to help answer this question. The small density fluctuations which seeded the
gravitational collapse of cosmic hydrogen to form these structures, and the effects of
evolving cosmic structure, are imprinted on CMB photons.

Continued studies of the CMB are hoping to shed further light on both the intricate
physics occurring during the first moments of the universe and the small perturbations
in the CMB from interactions with cosmic structures. These photons, however, cannot
be the only tool used to study the evolution of the universe since they provide almost
no information on the times between recombination and reionization.

The 21cm emission from the hyperfine splitting of hydrogen provides a unique
perspective on structure formation, especially near the end of the cosmic dark ages
when the Epoch of Reionization (EoR) occurred. This radiation is predicted to exist
even during the cosmic dark ages as an absorption signal After decoupling from the
CMB, cosmic hydrogen is predicted to absorb 21cm photos during the cosmic dark
ages; allowing for the study of a large volume of space-time even before the 21cm

signal moves into emission.



1.1 The Cosmic Microwave Background

1.1.1 Physics of the CMB

The small scale density fluctuations on the mostly uniform structure of the CMB
are known as anisotropies. CMB anisotropies can be categorized into one of two
groups: primary and secondary anisotropies. A primary anisotropy refers to a physical
interaction happening at or before the surface of last scattering. The surface of last
scattering is the time when photons decouple from baryonic matter and neutral atoms
form. Conversely, secondary anisotropies are any interaction which occurs to a CMB
photon between the surface of last scattering and when it is observed.

The study of primary anisotropies provides insights on the primordial state of the
universe; defining the current cosmological paradigm.

Compton Scattering couples photons and baryons in the early universe (before
recombination; z > 1100) into what is often referred to as a photon-baryon fluid (Hu,
1996). An in depth discussion of the dynamics of this fluid is found in Hu 1996, Hu
and White 1997b. Here we provide and overview of the some of the major interactions
in the photon-baryon fluid resulting in its characteristic shape and polarization of the

CMB photons.

1.1.1.1 Baryon Acoustic Oscillations

The short time between individual Compton scatter events corresponds to an

optically thick universe and is exploited in Hu 1996, Peebles and Yu 1970 and Hu and



Sugiyama 1994 in order to write the equation of motion of the temperature of the
photons to first order as:
d k2 k2 d .

d—n(1+R)@o+§@0:—§(1+R)\If—d—n(1+R)<I> (1.1)

Where 7 in the conformal time, and dots correspond to derivatives with respect to
1. O is the isotropic temperature fluctuation, W is the gravitational potential, ® is
the potential of perturbative space curvature, R is the ratio of the the photon and
baryon momenta, and k corresponds to a Fourier mode.

This equation can again be approximated by ignoring the time dependence of the

two potentials and the momentum ratio R, and defining the sound speed in the fluid

as ¢, = L__.
s 3(1+R)

. 1
@0 + kQCEGO = —gk‘Q\Ij (12)
This is a simple harmonic oscillator with a gravitational driving term. The
gravitational potential is dominated by the contribution from dark matter. As a result,
these spherical harmonic oscillators coalesce around dark matter over-densities. The
initial condition ©y(0) = 0 is attributed to lockout of spatial modes during inflation.

The first order solution to the temperature fluctuations are then:
©0(n) ~ (©0(0) + (1 + R)¥) cos (kesn) — (1 + R)V (1.3)

It is convenient to define the effective (observed) temperature field, © + W. It is the
cumulative effect of the temperature perturbations and any gravitational Doppler

shifts on the photons. The observed temperature can be written:

[©¢ + (1 4+ R)¥] (n) ~ (60(0) + (1 + R)V) cos (kegn) (1.4)
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Figure 1: Visual representation of Baryon Acoustic Oscillations. Image adapted from
Hu (1996).
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While the approximation of static potentials only holds in regimes where non-
relativistic matter dominates the equation of state (Hu, 1996), this gives an intuitive,
first order understanding of the motion of the photon-baryon fluid. Gravitational
over-densities drives the fluid to collapse and photon pressure acts as a restorative
force on the fluid. The combination of these effects is an oscillator. Figure 1 provides
a visual representation of this effect as seen in Hu (1996).

The resonances of these oscillations are imprinted in CMB during recombination
on size scales 6 ~ \/D(z) where D(z) corresponds to the comoving distance from the
observer to redshift z, and A refers to the wavelength of the inhomogeneity of the
temperature field ©y. This relation also holds in Fourier space: ¢ ~ D(z)k. Following
the work of Hu (1996), the size can be approximated in the regime assumed above.

Determining where local maxima and minima in the observed temperature occur
is the crucial step in finding the angular size of these features. These extrema in
Equation 1.4 coincide with the extrema of the cosine term, namely k, = nr/s,. Here
n is an integer and s, = 7,/ V3 is the distance sound can travel by recombination.
The distance to recombination: D(z,) or D, = 19 — n. ~ 19 where 9o =n(z =0). In a

-1/2

flat matter dominated universe, n &~ (1 + z)~'/%. The corresponding size scale is then:

3
by, =~ non T V3VIT Za (1.5)

Ui



Recombination occurs near z, ~ 1100, this corresponds to ¢; ~ 200 for the first
spectral peak in Fourier space (¢,—1) or 2° on the sky. These approximations are
validated by observing the first acoustic peak in seen in Figure 5 does indeed occur at

? =~ 200.

1.1.1.2 Thompson Scattering and Damping

In regions of the photon-baryon fluid where the universe can become optically
thin, it is possible for "slippage of photons past baryons" to occur (Hu, 1996, Hu
and White, 1997a). This "slippage" dissipates some of the primordial fluctuations
at small angular scales and results from a shear viscosity and heat conduction in the
photon-baryon fluid (Weinberg, 1971).

The exact form of the damping can be found in Hu (1996), where it is shown that
the oscillations are dampened by a factor ¢ 7. Here the differential optical depth:
T = neora, where n, is the electron number density, o the Thompson Scattering
cross-section, and a is the scale factor.

The photons in this optically thin region, and also where a temperature quadrapole
anisotropy exists, can undergo Thompson scattering to result in a net linear polarization
(Hu and White, 1997a, Kosowsky, 1999). A graphic representation of this effect is
shown in Figure 2. The quadrapole temperature anisotropy originates from gradients
in the photon fluid velocity and the resulting Thompson Scattering actually acts to
destroy this gradient (Hu and White, 1997a,b). The combined effects result in a
net linear polarization at a level of 10% compared to the scale of the temperature
fluctuations Hu and White (1997a).

As discussed in Hu and White (1997a), the scalar temperature perturbations



Quadrupole
Anisotropy

N\ ¢
) 4
Thomson
Scattering

Linear
Polarization

Figure 2: An illustration of linear polarization resulting from Thompson Scattering
in a quadrapolar anisotropy. Thick and thin lines represent hot and cold radiation,
respectively. Image adapted from Hu and White (1997a)

resulting in Thompson scattering create predominantly E-mode polarization. E-mode
polarization is defined as a pattern whose spherical harmonic decomposition have

parity (—1)¢. This is discussed further in Appendix A

For an extended analysis of primordial perturbations and primary anisotropies

refer to Hu (1996), Hu and White (1997a,b), Hu and Dodelson (2002).

1.1.1.3 Secondary Anisotropies

As stated above, secondary anisotropies are the results of interactions CMB photons
have with cosmic structure between when they decouple during recombination and
when they are observed at the present day.

The dedicated study of these foreground interactions can provide knowledge on
the evolution of the gravitational fields of structure through lensing (Blanchard and

Schneider, 1987) and the Integrated Sachs-Wolfe effect (Sachs and Wolfe, 1967).
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Figure 3: FIRAS data of CMB blackbody spectrum. Data deviates from model by
less than 0.03%. Note error bars are 4000 (Mather et al., 1994). Figure courtesy of
Edward Wright (UCLA).

Properties of ionized regions (temperature, bulk velocity, etc) can also be discerned
from studying interactions like the Sunyaev-Zeldovich effect (Sunyaev and Zeldovich,
1972).

Large scale ionized regions can even create a second source of polarized photons
in the CMB. The combination of the Doppler effect and an additional quadrapole
anisotropies in CMB photons from locally hot and cold regions enter ionized areas
(Hu and White, 1997a, Hu, 2000). This is most prominent during the Epoch of
Reioinzation (EoR) when the intergalactic medium ionizes for the first time since

recombination (Reichardt, 2015, Blanchard and Schneider, 1987)



1.1.2 CMB Detection History

Having developed some background on the physics of the CMB and how it interacts
with cosmic structure through magnetic fields, we turn our attention to the major
developments in its detection.

The initial flight of COBE in 1994 provided the first detection of anisotropies at a
scale of 107 in the CMB. It also detected the CMB as a near perfect black body at a
temperature of 2.726 £+ .010 K with a 95% confidence level (Mather et al., 1994). The
CMB flux as a function of wavelength as observed by the COBE FIRAS instrument
is shown in Figure 3. Note in this figure, the data is show with 4000 errorbars and
deviates from the model of a blackbody by less than 0.03%.

After this detection by COBE, multiple ground and balloon based experiments
began attempting to precisely characterize the anisotropies in the CMB power spectrum.
These experiments include but are not limited to: DASI (Halverson et al., 2002),
MAXIMA (Hanany et al., 2000), BOOMERANG (de Bernardis et al., 2000), CBI
(Padin et al., 2001), and Archeops (Benoit et al., 2003).

Many experiments presented limits on the acoustic peaks in the CMB power
spectrum, but the first major agreement between experiments on the amplitude and
position of the first peak occurred near 2002 from the findings of DASI, BOOMERANG,
MAXIMA, and the CBI. The findings from these experiments is illustrated in Figure 4.

Errorbars denote 1o uncertainty in this image.

Our understanding of the CMB continues to improve as more precise all sky maps
are created by WMAP as recently as 2013 (Bennett et al., 2013) and the PLANCK
satellite beginning in the same year and as recently as 2015 (Planck Collaboration

et al., 2016a). These all sky maps provide a wealth of information for the large scale
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Figure 4: Detections of the CMB angular power spectrum from DASI, BOOMERING,
MAXIMA, CBI and COBE. These detections are the first to show good agreement
on the position and amplitude of the first angular peaks. Errorbars represent 1o
uncertainty. Image adapted from Stompor et al. (2001), Lee et al. (2001)

anisotropies (low ¢) of the CMB, while ground based telescopes continue to gather
information on the extremely small scale (high ¢) structure.

The current cosmological paradigm is reviewed in detail in (Planck Collaboration
et al., 2016e). Here we provide an overview of the current paradigm and its as seen
through PLANCK. The best fit models of the CMB include a universe dominated by a
cosmological constant (A) and whose matter consists primarily of non-interacting (cold)
dark matter. The so called standard ACDM cosmological model fit to PLANCK 2015
data is displayed in Figure 5 and the polarization power spectrum and temperature-

polarization cross power spectrum are displayed in Figure 6.

The expansion of the universe, according to the laws of general relativity, is
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expressed dynamically in terms of the scale factor, a(t), which is set to 1 at present
day. The Hubble constant, Hy = 100h km sec™! Mpc~!, describes the rate at which
space is currently expanding with h =~ .67. The curvature of the universe depends on
whether the total density is less than ( positive curvature; open universe), equal to
(no curvature, flat universe), or greater than (negative curvature; closed universe) the
critical density, p. = 1.88h* x 1072?gecm ™ (Hu and Dodelson, 2002).

Different components of the universe are generally described in units of the critical
density and defined as §2; for the ¢th component. The standard components used
in models consist of: radiation €2,., barionic matter {2, cold dark matter €2., the
cosmological constant €2,. From these components, the total matter component is
defined as €,,, = Q. + €2, and the spatial curvature as: Q, =1 -, (.

Other parameters fit by the standard cosmological model include: the scale of the
Baryon Acoustic Oscillations 6,,¢, the optical depth to reionziation 7, the amplitude
of matter fluctuations over 8 h=! Mpc scales og, the amplitude of the primordial power
spectrum A, and the power law of initial density perturbations n.

While some parameters can only be fit degenerately with strictly CMB data (;h?,
A, and T, etc), it is possible to break these degeneracies with help from surveys of
galaxies, and supernovae. The best fit cosmological parameters from PLANCK can

be found in Table 1.

1.1.3 Current CMB results
The era of precision cosmology with the CMB is possible with the increasingly
sensitive maps of the temperature and polarization signals collected by current and

future microwave telescopes like PLANCK (Planck Collaboration et al., 2016a), the
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Parameter Planck Fit

OhZ . 102225 + 0.00016
Qh%. ... 0.1198 = 0.0015
1000y .. 1.04077 + 0.00032
T 0.079 £ 0.017
In(10'°4,)  3.094 + 0.034
Moo 0.9645 + 0.0049
hooi.. 6727 + .0066
Qe 0.3156 & .0091
Ogeenrnnn. 0.832 & 0.0013

10%A,e72" 1.882 £ 0.012

Table 1: Best fit cosmological parameters from PLANCK. The fit parameters are taken
from the whole likelihood (TT+TE+EE-+lowP) fitting from Planck Collaboration
et al. (2016e).

Wilkinson Microwave Anisotropy Probe (WMAP; Bennett et al. 2013), The South
Pole Telescope (SPT; Benson et al. 2014), BICEP/KECK (Ahmed et al., 2014), The
Atacama Cosmology Telescope (ACT; Calabrese et al. 2014), and SPIDER (Fraisse
et al., 2013). Analysis of these signals provides increasingly confident constraints on
cosmological models, and insights on the origins and evolution of the universe.

Continuing advances to hardware and analysis techniques has enabled CMB
experiments to push to towards the detection of lower powered signals. Recent cross
correlation between CMB maps and galaxy lensing surveys have detected B-mode
polarization in the CMB from gravitational lensing (van Engelen et al., 2015, Hanson
et al., 2013).

Increased sensitivity also requires a better understanding of foregrounds when
performing autocorrelations with a single telescope. The analysis and detection of
B-Mode signal in BICEP2 and Keck Array Collaborations et al. (2015) from BICEP2,

while appearing genuine with their analysis and tests, was later found to be the result
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of polarized dust emission during a joint analysis of BICEP2 and PLANCK data
(BICEP2/Keck and Planck Collaborations et al., 2015).

The CMB continues to be a powerful tool to investigate and understand the
Universe. The formation and evolution of cosmic magnetic fields, however, is not as
easily probed by studying CMB anisotropies. The predicted small magnitude (Planck
Collaboration et al., 2016d) and angular power (Kosowsky et al., 2005) of primordial
magnetic fields require extremely precise measurements of CMB polarization or the

correlation of the CMB with other probes of magnetic fields.
1.1.4 Cosmic Magnetic Fields and Faraday Rotation

Polarized photons propagating through non-relativistic plasmas with magnetic
field components oriented along the direction of propagation will undergo a rotation

of the linear polarization angle

0(n) = Nagy(n) = %Az/fB ~dl (1.6)
where aprys is the Faraday Rotation measure, a measure of the amount of rotation
undergone by a photon of wavelength A\, n is the direction along the line of sight, e is
the charge of an electron, 7 is the differential optical depth, and B is the comoving
magnetic field integrated along the comoving length dl along the trajectory of the
photon (De et al., 2013).

Faraday Rotation of CMB photons can cause detectable effects where large mag-
netic fields exist or where small magnetic fields are coherent over extended cosmic
distances(De et al., 2013). For very large magnetic fields, or incoherent magnetic

fields near cosmic structure, Faraday Rotation can also cause depolarization of CMB

photons (Scoccola et al., 2004).

13



The study of Faraday Rotation can be effective in providing insights on primordial
and cosmic magnetic fields. Using the CMB, a pervasive polarized source of photons,
as a backlight to construct estimators of Faraday Rotation will provide insights on
the cosmic magnetic fields oriented along the direction towards the surface of last
scattering.

The exact mathematical formalism of the changes to the CMB photons from FR,
both in image and Fourier domains, can be found in Kosowsky and Loeb (1996),
Kosowsky et al. (2005), Gluscevic et al. (2009) and is reviewed briefly in Appendix B.
To summarize briefly, FR manifests in Fourier space as a convolution of the polarized
E- and B-modes with the agy; modes. This convolution also causes some E-modes to

transform into B-modes and vice versa.

This transfer of power from E-mode to B-mode induces a non-zero EB and TB
correlation since primordial T and E are correlated through baryon acoustic oscillations
and Thompson scattering (De et al., 2013).

With the known mixing of E- and B-modes, estimators of the power spectrum of
Faraday Rotation can be created by considering the cross correlations of T, E, and B
modes using both a single frequency and multi-frequency power spectra (De et al.,
2013, Pogosian, 2014).

Recent results place upper limits on primordial Faraday Rotation at levels com-
parable to know Galactic FR. Disentangling the two contributions is necessary in
order to aid further FR studies. This is illustrated in Figure 7. The proper study and
characterization of cosmic and primordial magnetic fields and the constraints set by
current and future CMB experiments (Planck Collaboration et al., 2016d) are integral
in answering these questions.

The origins of cosmological magnetic fields, however, are not well known. Many
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Figure 7: Comparison of expected power of Faraday Rotation from 1,10,100 nG
primordial magnetic fields with foreground rotation from galactic and extra galactic
contributions. Image from Planck Collaboration et al. (2016d)

theories have been speculated as to the origin of primordial magnetic fields (e.g.
Vachaspati (1991), Widrow (2002), Ratra (1992), Quashnock et al. (1989)). Determin-
ing also how these primordial fields affect the evolution of structure and galaxies is
also a subject of intensive study (Wasserman, 1978, Ryu et al., 2012, Shibusawa et al.,
2014).

With continued research and improving sensitivity, the study of cosmic magnetic
fields through FR will provide complementary information to studies concentrating on

astrophysical effects coupled to the magnetic field perpendicular to the line of sight.
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Using the CMB as a back-light will enable the study of magnetic fields through a
various cosmic eras and comparison with FR probes from closer sources (like polarized

radio surveys) can inform on the evolution of cosmic magnetic fields.

1.2 The Epoch of Reionization

The CMB provides a wealth of information about the origin and history of the
universe. However it can only provide limited insight on the Cosmic Dark Ages and the
evolution of cosmic structure during the Epoch of Reionization (EoR). An additional
tool is required to study the evolution of the cosmic hydrogen leading up to the global
ionization of the intergalactic medium. The emission of 21cm photons from hydrogen
due to the spin-flip of the electron relative to the proton can be a powerful tool to
probe the eras when few other photons were emitted (Furlanetto et al., 2006). A
cartoon representation of this process is illustrated in Figure 8. While this spin-flip
transition is forbidden by quantum theory (the expected half life is nearly 11 million
years), the vast quantity of hydrogen in the early universe allows for detectable levels
of this type of radiation.

[ follow the work of Furlanetto et al. (2006) to describe the physics of reionization
and the challenges faced by radio experiments observing the globally redshifted 21cm
line. We refer the reader to the aforementioned work for a detailed analysis of the
topics referred to here.

Refer to Appendix C for a definition of important terms to the subject of reioniza-
tion and the 21cm line.

While there are a multitude of physical processes which contribute to the thermo-

16



fo = 1420 MHz
_ - )\[p =21 em
!,’ '\\.ISpin-Fli;?C*-N
A "
~ -~ - -

-

o ——

Figure 8: A cartoon representation of the hyperfine transition of Hydrogen between
the singlet and triplet spin states resulting in the emission of a 21lcm photon. Image
adapted from https://commons.wikimedia.org/wiki/File:Hydrogen-SpinFlip.svg

dynamic evolution of the Intergalactic Medium (IGM 2), we consider only two of the
major processes: heating and the reionization mechanisms. These are of particular
interest since the type of heating of the IGM contributes to the overall 21cm signal

and the driving mechanisms of reionization affect the variance of the 21cm signal.

1.2.1 Probes of HI

There are a number of tools which can be used to gain insight on the ionization
history of the universe. The absorption of photons whose energy lies above the Ly«
line of hydrogen cause a trough in the spectra of luminous bodies in the early universe

(Gunn and Peterson, 1965).

2Furlanetto et al. (2006) notes the IGM is not a completely valid term for the pervasive hydrogen
in this era before large scale structure formed. We continue to use it to describe both the pervasive
hydrogen before structures form and the true IGM after.
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Figure 9: Top: A two dimensional representation of the fluctuations of the 21cm
signal created from simulations in (Santos et al., 2008). The color scale represent the
strength of the 21cm signal during absorption (blue) and emission (red). Bottom:
A visual representation of a the differential brightness between 21cm emission and
the CMB during a possible reionization history. The initial separation dip of the
brightness temperature corresponds to the time when Compton heating becomes
inefficient. The resulting dip allows for absorption of photons by hydrogen. The
"Heating" in the figure indicates the time when X-Ray heating becomes dominant.
A positive differential brightness allows for the emission of 21cm photons. Images
adapted from Pritchard and Loeb (2012).

The presence of the so called Gunn-Peterson trough in high redshift quasars and
its absence at redshifts below z ~ 6 indicates the presence of a phase shift in cosmic
hydrogen from a neutral to ionized state around this time (Becker et al., 2001, Dijkstra,
2016).

The "reionization bump" in CMB polarization power spectrum created during the
EoR can also be used to break the degeneracy of fitting A and 7 ( the optical depth
to reionization) in CMB analysis. Knowing the optical depth to reionization can also
be used to constrain the redshift of reionization (Planck Collaboration et al., 2016e,
Reichardt, 2015).

Here I will specifically consider the 21cm photons emitted from neutral hydrogen.

This signal is independent of other astrophysical effects like star formation. Unlike the
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blackbody radiation of the CMB, the statistics of 21cm photons evolve with redshift.
Instead of a single image or snapshot, 21cm observations can create cubes of images,

mapping the entire evolution of neutral hydrogen.

1.2.2  The Spin Temperature

The emission of 21cm photons can be characterized by the evolution of the spin
temperature (excitation temperature) of hydrogen. The CMB blackbody acts as
background light for 21em photons. Since the emission is already in radio wavelengths,
the Rayleigh-Jean limit of the CMB photons can be used to describe the observed

brightness along the line of sight:

Tb(l/) = Ts<1 — 677-") +Tempe™ ™ (17)

where Ty is the spin temperature (excitation temperature) of neutral hydrogen, and
7, is the optical depth along the line of sight for an observed frequency v.

The contrast between the 21cm emission and the background CMB will be observ-
able between regions with a clear line of sight to the CMB? and those obstructed by a
hydrogen cloud.

The differential brightness temperature between the 21cm emission and the CMB

at redshift z can be written as (Furlanetto et al., 2006, Pritchard and Loeb, 2012)

3As noted in Furlanetto et al. (2006), these sight lines are not always physical but the hypothetical
knowledge of the CMB still allows for this comparison.
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Note that this depends on the fractional matter over-density (1 + §) and the gradient

of the peculiar velocity along the line of sight (dv)/dry).

This contrast becomes saturated when T > T)/p a time of 21cm emission and
can become potentially large and negative when T is small (a time of absorption).

The source of the 21cm signal is apparent as a contrast between the excitation of
hydrogen atoms versus the underlying CMB backlight. But what drives the evolution
of Tg?

Equating the rates at which hydrogen atoms move between the singlet and triplet
states as in Furlanetto et al. (2006) will allow a correlation between the spin tempera-
ture and the temperature of the IGM. The main mechanisms changing the state of
hydrogen are 21cm emission, collision with other atoms, and free protons and electrons
as well as scattering from UV and CMB photons.

This modeling is accomplished in (Field, 1958) to determine the dependence of T:

 Tonp et + a7
n 1+ 2.+ x,

TS! (1.9)

where x,, and z. are the coupling coefficients of UV scattering and collision respectively,
Tk is the kinetic temperature of the IGM and T, is the temperature of the Ly«
background. These coupling constants and 7, are calculated in Furlanetto et al.
(2006).

Figure 9 provides one possible scenario of the different in brightness tempera-
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ture between 21cm emission and the CMB. The differential brightness is driven by

absorption when negative and emission when positive.
1.2.3 Heating

In an expanding universe, the evolution of the temperature of the IGM, Ty, can be
expressed as the sum of cooling from expansion and heating from outside mechanisms

(Furlanetto et al., 2006):

dT}, 2

€;

1.1
- (1.10)

where ¢; is the energy injected per second per unit volume from the ith source and kg
is the boltzmann constant. After recombination, photons and baryons decouple and
the expansion of the universe allows for the diffusion and cooling of the IGM relative

to the CMB.

1.2.3.1 Compton Heating

While the global ionized fraction, Z;, and the photon energy density, u, o< Ty,
are still large, Compton scattering between CMB photon and residual free electrons
acts to heat the neutral hydrogen.

This contribution to heating can be calculated as the drag force the CMB exerts
on a thermal distribution of free electrons. Seager et al. (1999) and J. E. Peebles
(1993) show this to be:

2 Ecomp o i’i (TCMB - TK)

Z = 1.11
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where t., = (3mec)/(80ru,) is the Compton cooling time and fgp is the fraction of
Helium. The Compton scattering will draw the temperature of the IGM towards
equilibrium with the CMB during this time. While this effect is dominant, the IGM
will cool at a similar rate to the CMB, T}, o (1 + z2).

The temperature of the IGM will behave like an adiabatically expanding non-
relativistic gas, T}, oc (1 + z)? when Compton scattering is no longer a major con-
tributing heating mechanism.

The time when Compton heating is import occurs before the representation in
Figure 9. The decoupling of T} and Txyp, and initial cooling is already underway
near redshift 160 during what is known as the Dark Ages.

The period of absorption following this decoupling is driven by Ly« scattering off

hydrogen and dominating Equation 1.9.

1.2.3.2 X-Ray Heating

The formation of non-linear structure and the ignition of the first luminous bodies
allows for the production of X-Rays in the early universe. Since X-Rays have a long
mean free path, they are an excellent candidate for IGM heating (Pritchard and Loeb,
2012, Furlanetto et al., 2006).

The contributions of X-rays to heating (fx ), ionization (fx ) and excitation
(fx.cou) can be calculated exactly for a given energy level of X-rays (Shull and van
Steenberg, 1985, Chen and Kamionkowski, 2004). However, there are challenges in
determining the exact amount of X-rays in the early universe. In the local universe,
star formation rate (SFR) has a strong correlation with the luminosity of X-Rays.

Assuming this correlation can be extrapolated to the early universe (Grimm et al.,
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2003, Ranalli et al., 2003, Gilfanov et al., 2004, Glover and Brand, 2003) , it is possible

to approximate the luminosity of X-Rays:

SFR
Ly = 3.4 x10% — -1 1.12
w3107 (2 Yergs (1.12)

where fx is a renormalization factor which is unknown but may be approximated.
Other factors upon which the energy released into the IGM from X-Rays may depend
are the efficiency at which stars are formed (f,) and SFR is proportional the the rate
at which gas collapses into virialized halos (df..;/dt).

These assumptions allow us to write the contribution to heating from X-rays:

i Sxon dfcou/dz 1 + Z)

2 x|
3kpH(z)n

1.1
0.1 0.2 0.01 10 (1.13)

= 10°K fx (
According to these assumptions, X-Rays will be contributing a large amount of energy
to the heating of the IGM.

This period around z ~ 20 in Figure 9 denoted "Heating Begins" is when x-ray
heating drives the spin temperature from a period of absorption to emission. This
emission is eventually quenched as reionization continues and the IGM becomes fully
ionized.

It is also possible to write the heating contributions from Ly« and shock. While
these mechanisms are important to astrophysics and structure formation, their pure

heating is considered negligible compared to X-Rays and is not discussed in detail

here (Furlanetto et al., 2006).
1.2.4 Ionization and the IGM

The evolution of the ionization fraction, x;, and spatial fluctuations in x; along

with matter density fluctuations define the variations in the 21cm emission described
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above. These variation makes the detection of the power spectrum of 21cm photons
possible. The power spectrum is addressed later in Appendix E.

UV photons emitted from their host galaxies are considered the main mechanism
driving the reionization of neutral hydrogen. The rate at which z; changes, must be
proportional to interactions with these photons and also the possible recombination

of ionized atoms:

dz;
dt

dfcoll
dt

= Cuv(2) —aC(z,7;)Z;(2)ne(2) (1.14)

Where (v (z) is the ionizing efficiency of UV photons at redshift z. This term, along

with the recombination coefficient, a, the clumping factor, C(z, Z;) = (n?) / (n.), and

the average electron column density, n. are all discussed in Furlanetto et al. (2006)

and Pritchard and Loeb (2012). This topic is discussed in detail in Barkana and Loeb

(2001), Haiman (2004), Ciardi and Ferrara (2005) and Loeb (2006). It is also possible

to include the contribution of ionization from X-Ray photons with a term proportional
df coly

t0 Coray(2) st and exploring the ionizing efficiency of X-Ray photons and when they

become important to this process. This work is explored in Mesinger et al. (2013)

1.2.5 Models and Simulations

Unlike the CMB, there is no single robust model of the 21cm power spectrum
against which to compare and experiment. For a complete review of the analytic,
semi-analytic and numerical work done to model the evolution of P (k) refer to Morales

and Wyithe 2010 section 2.2.
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Figure 10: Differential brightness temperature predictions for different scenarios
of possible X-ray contributions to ionization. Models parameters include ionizing
efficiency of both UV and X-Ray photons, minimum virial temperature and mean
photon energy as well as the inclusion of feedback mechanisms. Note both time and

color scale are reversed here compared to Figure 9. Image courtesy of Mesinger et al.
(2013) 95



1.2.5.1 Analytic Models

The bubble model, developed by Furlanetto et al. (2004a,b), computes the mass
of ionized regions (HII) similar to the excursion set formalism used to compute the
dark matter halo mass function. The differences between these models manifests
primarily in the barrier used to exclude regions: a constant size is used in the standard
formalism and a function of HII region in the bubble model.

In order to compute a power spectrum model from the single point statistics used
in the bubble model, Barkana (2007) utilizes two correlated random walks to calculate
the power spectrum. This work is expanded in Barkana (2009) to argue that analytic
models can be tuned to provide precise predictions of the evolution of the 21cm power
spectrum as a function of redshift and used to fit cosmological parameters relevant to
the reionization process.

The major lessons learned from analytic models addressed in Morales and Wyithe
(2010) include: Large, over-dense regions near sources are ionized first while under-
dense regions are ionized by the overlap of growing HII regions, galaxy clustering
contributes to increased HII regions beyond expectations of a single ionizing source,

and the 21cm fluctuations are inherently non-Gaussian on both large and small scales.
1.2.5.2 Numerical Simulations

The non-linear and non-Gaussian features inherent to reionization ensure precise

analytic modeling is both exceedingly difficult and usually dependent on fine tuned

initial parameters.

To combat these difficulties, large scale N-body simulations attempt to predict and
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model the physics occurring during reionization. Robust simulations must be able to
resolve the large scale evolution of HII bubble while also possessing the fine resolution
the sources of ionizing radiation (galaxies, quasars). A number of recent simulations
(Iliev et al., 2007, Zahn et al., 2007, McQuinn et al., 2007, Shin et al., 2008, Lee
et al., 2008, Croft and Altay, 2008) describe the generic features of reionization and
established the three points outlined in Morales and Wyithe (2010).

Simulation work by Mesinger et al. (2013) also predict the ionizing effects of X-
Rays during reionization. While mainly attributed to IGM heating, X-Rays may also
contribute to the overall ionization history. The differential brightness temperature
as a function of redshift from these ionization scenarios is displayed in Figure 10.
Depending on how much X-Rays contribute to ionization and when this occurs, the
differential brightness temperature can vary greatly. Some of these simulations also
explore the possibility of feedback between the ionizing sources and the heated IGM.
The implications and physics of radiative feedback is discussed further in (Mesinger

and Dijkstra, 2008, Dijkstra et al., 2004).

1.2.5.3 Semi-Analytic Models

The ability of Mesinger et al. (2013) to explore a large phase space of reionization
parameters is achieved in part to the semi-numerical ground work laid by Mesinger
and Furlanetto 2007, Zahn et al. 2007 and Bond and Myers 1996a,b,c.

These semi-analytic models use an excursion-set approach to identify halos in
the linear density field and apply a first order perturbation to adjust their locations.
Then a filtering technique based on the bubble model is used to estimate ionization

based on a source catalog within each halo. Thomas et al. (2009) use a large N-body
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simulation to construct the ionization field and then apply a library of pre-computed
1D radiative transfer functions to construct HII regions instead of matching a source
catalog and filtering.

Both methods of semi-analytic modeling show good agreement as discussed in
Morales and Wyithe (2010). The use of these techniques also retain information on
the spatial distribution of ionizing sources and structure which is not available with
strictly analytic models.

All three types of modeling allow for predictions of the evolution of P(k) as well
as predict possible detection scenarios for current and future radio telescopes. Lidz
et al. (2008) addresses the possibility of detecting 21cm emission with the Murchison
Widefield Array (MWA?; Bowman et al. (2013)). Mesinger et al. (2011) introduced
the publicly available 21cmFAST® code. A fast and customizable code which uses
the semi-analytic calculation of reionization to produce models of the 21cm power

spectrum.

1.3 Radio Observations

Detecting the 21cm signal, and through it reionization, is possible through a
number of methods. Perhaps the simplest idea would be to observe the evolution of x;
directly. A precise measurement of 97, would be able to map the localized ionization
evolution of hydrogen, the 21cm analogue of a CMB anisotropy map.

Measurements of this precision are not available to current radio telescopes however.

The radio sky is dominated by synchrotron emission at the radio frequencies used

4mwatelescope.org

Shttps://github.com /andreimesinger/21cmFAST
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to observe §7;,. This emission is orders of magnitude brighter than the predicted
underlying 21cm signal. The foregrounds and challenges posed by these experiments
are discussed in detail in Morales and Wyithe (2010) and Pritchard and Loeb (2012).

Despite the challenges of observing 67, directly, there are experiments looking
to observe this signal averaged over then whole (observable) sky, z;(z). These so
called "global" experiments, like the Experiment to Detect the Global EoR Signature
(EDGES®; Bowman and Rogers 2010), the Large Aperture Experiment to Detect the
Dark Ages (LEDA; Greenhill and Bernardi (2012)), the Shaped Antenna measurement
of the background RAdio Spectrum ( SARAS; Patra et al. (2015)), the Broadband
Instrument for Global HydrOgen ReioNisation Signal (BIGHORNS; Sokolowski et al.
(2015)), and the Sonda Cosmolégica de las Islas para la Deteccion de Hidrogeno
NeutroSciHi (SCI-HI; Voytek et al. (2014a)) are named for their search for the globally
averaged 2lcm signal. They are already putting constraints on the duration of
reionization (Bowman and Rogers, 2010, Presley et al., 2015, Monsalve et al., 2017).
EDGES has recently detected a strong evidence for an absorption trough centered
at 78 MHz (z ~ 17.2) the first detection of this type from the global experiments
(Bowman et al., 2018).

The experiments searching to detect the the differential brightness (673) from the
EoR, both in the imaging and power spectrum analysis, include: Giant Metre-wave
Telescope (GMRT; Paciga et al. (2013)), Precision Array for Probing the Epoch of
Reionizaiton (PAPERT; Parsons et al. (2010)), 21 Centimeter Array (21CMA; Peterson

Shttp://www.haystack.mit.edu/ast /arrays/Edges

Teor.berkeley.edu
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et al. (2004); Wu (2009)), Hydrogen Epoch of Reionziation Array (HERA®; DeBoer
et al. (2016)), MWA, Low Frequency Array (LOFAR?; Yatawatta et al. (2013)), and
Square Kilometre Array (SKA'%; Mellema et al. (2013)).

1.3.1 Challenges of Radio Observations

Many of these experiments use radio interferometers to makes measurements of
the sky. The basic principles of radio interferometry are reviewed in Appendix D.

Construction of power spectrum estimators has also come with some challenges for
experiments like these. Through the effects of "instrumental mode mixing," (Parsons
et al., 2012) the relatively smooth spectral structure of foreground emissions, which
should be restricted to low Fourier Modes in the power spectrum, can contaminate
higher Fourier modes beyond the theoretical expectation. The result of this mode
mixing creates what is aptly termed the "wedge" in power spectrum estimated by
these instruments. This wedge has been observed in numerous simulations and power
spectra estimated from data (Datta et al., 2010, Morales et al., 2012, Vedantham
et al., 2012, Trott et al., 2012, Hazelton et al., 2013, Pober et al., 2013, Thyagarajan
et al., 2013, 2015b,a, Barry et al., 2016).

The wedge is not without limits however, a region of Fourier space still exists
theoretically free of foreground signals and ideal for EoR analysis. This "EoR window"

consists of a region where spectrally smooth foregrounds do not contaminate the

8reionization.org

Ywww.lofar.org

0gkatelescope.org
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otherwise isotropic cosmological 21cm signal (Morales et al., 2006, Bowman et al.,
2009). This is made possible by the cosmological signal existing isotropically in
spherical shells throughout all of Fourier space. A number of analysis pipelines
attempt to exploit this fact and focus their analysis in the "EoR window" as a way
to avoid foregrounds (Dillon et al., 2013, Parsons et al., 2014, Trott, 2014, Ali et al.,
2015, Dillon et al., 2015, Jacobs et al., 2016, Trott et al., 2016).

A number of techniques are also being investigated to remove foreground con-
tamination from both point sources and diffuse structure in both image and Fourier
domains (Trott et al., 2012, Beardsley et al., 2016, Pober et al., 2016, Line et al.,
2017). These techniques all focus on having a precise understanding of either the sky
and relevant foregrounds, the baseline response pattern, or some combination of both

in order to decrease the contamination of foregrounds to high k-modes.

1.3.2 Current Results

The continued advancements in both the instrumentation and analysis techniques
allow current 21cm experiments to place better limits on the 21cm power spectrum
from the EoR. A plot of recent limits on the 2lecm power spectrum is shown in
Figure 11. Though the analysis methods vary from techniques like eigenmode filtering
(Dillon et al., 2015), Fringe-Rate Filtering (Parsons et al., 2016, Ali et al., 2015),
diffuse foreground subtraction (Beardsley et al., 2016), Optimal Quadratic Estimation
(OQE) (Liu and Tegmark, 2011, Trott et al., 2012, Ali et al., 2015, Dillon et al.,
2013, Jacobs et al., 2015, Parsons et al., 2014, Dillon et al., 2015, Liu et al., 2014a,b),
all these experiments are steadily advancing toward increasingly lower limits on the

amplitude of the 21cm power spectrum over a range of redshifts (6 < z < 12).

31



10°

PR

107 Loy !
L 10 Peroyooro
1) !
& 104 ! 1 1 ? t

103 $ ! ! !

1024 !

101 —————— Fiducial 21cmFAST model |

1004 - : ; . ,

6 7 8 9 10 11
4
% Dillon, 2014 Parsons, 2014 @® Patil, 2017
Dillon, 2015 ¢ Jacobs, 2015 ® Paciga, 2013

* Beardsley, 2016 ¢ Ali, 2015

Figure 11: Current best results from many experiments searching for the 21cm power
spectrum during reionization averaged in the range 0.1 < k < 0.6 as of 2017. The
theory line on this image is a fiducial 21CMFAST model meant as a reference for expected
detection levels.

Recent results from PAPER 64 element deployment are presented in Chapter 3.
This analysis and power spectrum estimates are accompanied by an updated version
of the plot in Figure 11.

Predictions for the detectability of the 21cm power spectrum are optimistic for the
detection with next generation arrays like HERA, and the SKA. HERA has recently
begun construction and initial observations in the Karoo desert in South Africa at the

previous site for PAPER.

1.4 Probing long wavelength cosmology

The analysis tools, and current results from both the research of the CMB and

21cm emission from neutral hydrogen will form the backbone of the analyses that

follows. Chapter 2 outlines a new method of cross correlation to probe for Faraday
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Rotation using the CMB as a back-light. This work then presents recent power
spectrum estimates from the PAPER 64 element array in Chapter 3 and considers
the effects of foreground suppression in power spectrum estimation versus foreground
removal in the analysis pipeline. Chapter 4 addresses how foregrounds leak to high
Fourier modes in interferometric measurements and introduces a method to evaluate
how prone an array is to foreground leakage. The goal of reducing foreground leakage
is to produce high fidelity imaging of the EoR and enable power spectrum and cross

correlation analysis.
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PREFACE TO CHAPTER 2

The following chapter is the published work:

Kolopanis, M., P. Masukopf and J. Bowmann "Detectability of Galactic Faraday
Rotation in multiwavelength CMB observations", MNRAS 473, 4795-4804 (2018).

The text and content of the figures in this chapter match the published MNRAS
version of this paper. The formatting of some figures has been altered slightly to fit

the page layout of this document.
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Chapter 2

DETECTABILITY OF GALACTIC FARADAY ROTATION IN
MULTI-WAVELENGTH CMB OBSERVATIONS: A CROSS-CORRELATION
ANALYSIS OF CMB AND RADIO MAPS

Matthew Kolopanis,'? Philip Mauskopf,'? Judd Bowman?
! Department of Physics, Arizona State University, Tempe, AZ 85287
2School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287

Abstract

We introduce a new cross-correlation method to detect and verify the as-
trophysical origin of Faraday Rotation (FR) in multiwavelength surveys. FR is
well studied in radio astronomy from radio point sources but the A\? suppression
of FR makes detecting and accounting for this effect difficult at millimeter and
sub-millimeter wavelengths. Therefore statistical methods are used to attempt
to detect FR in the cosmic microwave background (CMB). Most estimators of
the FR power spectrum rely on single frequency data. In contrast, we investigate
the correlation of polarized CMB maps with FR measure maps from radio point
sources. We show a factor of ~ 30 increase in sensitivity over single frequency
estimators and predict detections exceeding 100 significance for a CMB-54 like
experiment. Improvements in observations of FR from current and future radio

polarization surveys will greatly increase the usefulness of this method.
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2.1 Introduction

Current and future polarized cosmic microwave background (CMB) experiments like
PLANCK (Planck Collaboration et al., 2016a), QUIET (Bischoff et al., 2013), WMAP
(Bennett et al., 2013), CLASS (Essinger-Hileman et al., 2014), SPT (Benson et al.,
2014), SPIDER (Fraisse et al., 2013), and The BICEP/KECK array (Ahmed et al.,
2014, BICEP2 and Keck Array Collaborations et al., 2015) image the cosmic microwave
background with increasing sensitivity. In particular, these experiments are improving
the sensitivity to the polarized E-mode signal and providing better wavelength coverage
(30220 GHz) compared to previous generations of CMB experiments. The first B-
mode signals have also been detected via the lensing B-modes in a cross-correlation
from SPT (Hanson et al., 2013) and ACT (van Engelen et al., 2015), autocorrelation
from SPTpol (Keisler et al., 2015), ACTpol (Naess et al., 2014) and Polarbear (The
Polarbear Collaboration et al., 2014), and dust generated B-modes in auto and cross-
correlation (BICEP2 and Keck Array Collaborations et al., 2015, BICEP2/Keck and
Planck Collaborations et al., 2015).

Another foreground contribution to the B-mode signal in the CMB is Faraday
Rotation (hereby referred to as FR) (Scoccola et al., 2004, Tashiro et al., 2008).
Primordial, Galactic and extragalactic contributions to FR will cause E-mode and
B-mode mixing (Gluscevic et al., 2009). Future B-mode experiments will need to
remove this signal in order to accurately characterize polarized signals from primordial
sources or an EB cross-correlation.

FR is the displacement of the polarization angle of linearly polarized photons as

they propagate through a plasma. While dust or synchrotron polarization provides
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information on the component of magnetic fields oriented perpendicular to the line of
sight, FR is a probe of magnetic fields along the line of sight.

The presence of ‘isotropic birefringence’ can also rotate the polarization angle of
linearly polarized photons. This effect, however, manifests in a frequency independent
manner and imprints a unique, ¢-independent, signature on the CMB power spectrum.
In contrast, the anisotropic nature of FR imprints a signature with known ¢-dependent
structure on CMB power spectra. (Lue et al., 1999, Gruppuso et al., 2016)

Available maps of Galactic and extragalactic FR measure, shown in Figure 12,
rely on current radio data (Oppermann et al., 2015) but upcoming radio surveys will
provide better overall sensitivity and more precise measurements of FR (Bernardi
et al., 2013, Sotomayor-Beltran et al., 2013, Condon, 2015, Sotomayor-Beltran et al.,
2015, Wayth et al., 2015, Lenc et al., 2016).

FR becomes significant for photons travelling through regions with large magnetic
fields oriented parallel to the direction of photon propagation and regions with weak

magnetic fields extending over non-trivial distances (De et al., 2013).

In near-large galaxies, the high electron density, n., can cause large FR and may
also contain tangled magnetic fields that can lead to depolarization (Carretti, 2010).
Depolarization is the net loss of the total polarized intensity. FR can also cause
depolarization through differential FR. Differential FR occurs when polarized photons
are emitted from a spatially extended source or, in the case of the CMB, from a large
primordial magnetic field at the surface of last scattering. Photons undergo different
amounts of FR depending upon the extent of the source through which they travel.

For the CMB specific case, a large magnetic field at the surface of last scattering
will create a damping effect on E- and B-mode production. In the presence of a

large magnetic field, Thomson scattering at the surface of last scattering will cause
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Figure 12: RM of the Galaxy as provided by Oppermann et al. (2015). The top figure
is the RM reconstruction and the bottom is uncertainty in RM. Note the difference in
scales.
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depolarization (Scoccola et al., 2004). Specific discussion of these effects can be found
in Harari et al. (1997) and Scoccola et al. (2004) respectively.

The detection of FR at millimeter wavelengths would enable the detection of
the rotation of polarized CMB emission due to interactions at high redshifts (e.g.
reionization or recombination epochs). This would potentially constrain the amplitude
of large-scale magnetic fields.

Characterizing FR through different cosmological eras will also provide insight to
the evolution of magnetic fields in the Universe. Observable FR first occurred during
photon decoupling at the surface of last scattering (Kosowsky and Loeb, 1996). When
the universe is still at a high ionized fraction, photons that have decoupled from the
baryionic fluid will experience FR while recombination occurs. Reionization will also
leave a signature of FR as ionization fractions increase and photons pass through
ionized regions (Scoccola et al., 2004).

Predictions for FR in the CMB at recombination from primordial magnetic fields
estimated a 1° rotation in polarization angle at an observed frequency of 30 GHz
(Kosowsky and Loeb, 1996). The resulting power spectrum of these polarized photons
is estimated to have a peak polarization amplitude of 2CY ~ 10712(uK)? (Kosowsky
et al., 2005). Recent estimates of the strength of primordial magnetic fields from the
PLANCK collaboration correspond to a level of FR in the CMB comparable to the
amount expected from Galactic sources (Planck Collaboration et al., 2016d). A precise
understanding of Galactic FR is required to disentangle the two signals. Detecting
Galactic FR in CMB data sets is the first step in this process.

The paper is organized as follows: Section 2.2 reviews FR, Section 2.3 defines the
correlator used in this paper and its uncertainty, Section 2.4 analyses the simulations of

this correlator, Section 2.5 explores the correlation of FR with other CMB foregrounds,
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Section 2.6 applies this analysis to real data, and we provide a discussion of this work

in Section 2.7.

2.2 Faraday Rotation

FR occurs as polarized photons propagate through regions of space containing

ionized particles and magnetic fields. These photons undergo a rotation in the direction

of polarization by an angle

0() = Nam(B) = —° )\2/7'B-d1 (2.1)

~ 1672

In this equation n is the direction along the line of sight, 7 = n.ora is the differential
optical depth, A\ is the observed wavelength of the photon, B is the comoving magnetic
field and dl is the comoving element of length along the trajectory of the photon
(De et al., 2013). The differential optical depth is a function of the free electron
density along the line of sight, n., the Thomson scattering cross-section, o7 , and the
scalefactor, a. The rotation measure, agp/(0), is the wavelength-independent quantity
describing the strength of FR along the line of sight.

Under FR, the Stokes parameters are transformed as
Qx + iUy = (Qo + ilU,)e* D) (2.2)

where )y and Uy are the un-rotated () and U parameters of the photons in the limit
lambda goes to 0, equivalent to the intrinsic polarization of the radiator (e.g. the
surface of last scattering).

While the un-rotated polarization bases cannot be directly observed, the effects

of FR in multifrequency experiments can be observed through the phase difference
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between frequencies

Q; + iU; = (Q; + iU;) e ADa@) (2.3)

where subscripts ¢, j represent different observation frequency bands. In other words,
the polarization vector, Q + iU, should differ by a phase proportional to the difference
of the squares of wavelengths between two frequency bands.

Estimators of the RM power spectrum can be constructed from direct observation
of the Gradient (E-mode) and Curl (B-mode) power spectra of the CMB (Gluscevic
et al., 2009, Kamionkowski, 2009, Yadav et al., 2009, De et al., 2013, Pogosian, 2014).
Such an estimator can also be used to constrain the strength of primoridial magnetic
fields (Pogosian, 2014, Ade et al., 2015, Planck Collaboration et al., 2016d). These
optimal estimators will help constrain early universe models and the evolution of
magnetic fields. Unfortunately, noise levels in current CMB experiments are too high
to characterize the FR power spectrum.

In this paper, we calculate the cross-correlation of FR measure maps provided by
Oppermann et al. (2015) with CMB maps. This correlation can be used to verify
the presence of FR in the CMB from a known source (e.g. FR measured from radio
observations) and as a tool to verify astrophysical FR in CMB observations. Since FR
is cumulative, direct fitting for agy, will only recover the net effect of astrophysical
FR, FR intrinsic to sources and any systematic effects that manifest in the uncertainty

of polarization angle.
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2.3 Faraday Rotation Correlator
2.3.1 Correlator

To construct this correlation, consider maps of observed CMB Stokes parameters
@ and U. For each pixel, n, in these maps, the small angle approximation of

equation Equation 2.3 becomes

Qp + iU = (@) + U)X D)
(2.4)
~ (QF +1iUM (1 + 2i(\} — A?)oﬁw)

Since Stokes () and U are both real quantities, we can separate the real and imaginary

parts of this equation and calculate the difference in each as

AQY = Q! — Q) =200 = M)aj Ul

AU = U = U = =2(X? = A\2)afy, QF

(2.5)

where the subscripts i, j represent frequency bands.The minus sign convention here is
chosen such that the resulting power spectra are positive. Applying this correlator
requires maps of () and U from at least two frequencies and a sufficient map of agy;.
To combine more than two pairs of maps we employ an inverse variance weighting of
the correlation for multiple frequency pairs.

Using the standard spherical harmonic decomposition, we define

AQy;

TN = 4y, 2.6
AUj; ij
Y = Yo 2.7
S0 — ) = 2 i 20
— apu(D)Q; = Z'f’émnm (2.8)
Im
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aru(0)U; = 84, Yim (2.9)
Im

The factor 2 (A? — A2) in Equations 2.6 and 2.7 is introduced to construct a wavelength-
independent correlator. These four maps will form the basis of our cross-correlations.
Equation 2.5 shows that under small rotations the quantities in equations 2.6 and 2.9
should be equivalent since the 2 (A? — A\?) will cancel in the definition of AQ;; in
equation 2.5. This will also hold for equations 2.7 and 2.8.

From the spherical harmonic coefficients, cross-correlations can be defined as

/l
1
AB *
P = o= 1m§_:€Re{AemBgm} (2.10)

Where A and B denote the two maps used in a cross-correlation, for this work
equaitons 2.6 and 2.9, and equations 2.7 and 2.8. These two angular power spectra
can then be added together to create the detection correlator

V4
1
CFR — R * - * -
4 2/ + 1 m;é 6{ QomSe + Uy, T'e } (2 11)

— CEAQXO&U + OEAUXOLQ

2.3.2  Uncertainty

The theoretical uncertainty in equation 2.11 can be calculated following the work
of Polenta et al. (2005). The method calculates the uncertainty in a cross-correlation

as
o 2 - C’ij ) ) NiN?
6Cy" = = {czaf 5 (NG NY) + = } (2.12)
Vy ’

where v, = (20 + 1)Al fskyZ—fiF v, [sky is the fraction of the sky observed, Al is the size
of a bin in ¢ space, wy and w, are powers of integrals of a pixel space masking function

and Fy is a power-transfer function. These quantities and an in-depth analysis can
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be found in Hivon et al. (2002). The subscript th denotes a theoretical model. For
this work, we represent C’Zt'h as multiple realizations over noiseless CMB simulations
inserted into the correlator pipeline. The two maps are given superscripts ¢ and j,
and their respective noise power spectra denoted as N, jj .

An estimate of the noise power in equation 2.6, ]\QA Q, and equation 2.9, NgU,
is required to use equation 2.12. To accomplish these estimates, considering equa-

tions 2.6 and 2.9, write

g Qz(ea ¢) — Qj<9> ¢) *
i = [ a0 | S S | Yinl0o0) (2.13)
st = [ 421a(6.0) x U7(6.0)] ¥;,0.0) (2.14)

Assuming each map to be a sum of signal and noise components: Q' = Qi + §Q",

Ul =Ul+6U" and o = o + &, and equations 2.13 and 2.14 become

. i S5O — O — 5§07
dhn = [ a0 | TS i0.9) (2.15)
s = /dQ (g + dar) x (U3 + U] Yy, (6, 6) (2.16)

Then we separate terms that rely on any noise component from the purely signal
components and square in Fourier space. Converting the integrals to summations over
pixels of size €1,,;,, and writing the uncertainty per pixel in a map X as oy, , the noise

power spectra can be written as

Npia gé% —20qi05i + gé]. 02,

N} = 5 Pz (2.17)
ORI
Npia ' 5, Q2
NV =" [0al3 + anos + oaoys] 41:: (2.18)

n
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. t v FWHM  Noise Depth
ISUUmEnt (GHz)  (acrmin)  (uK-arcmin)

QUIET 31 273 36
945 117 36
BICEP/ 95 30 3.4
KECK
150 30 3.4
ACT 30 5 14
40 5 14
90 2.2 11
150 1.3 10
230 0.9 35
PLANCK 30 33 210
44 24 240
70 13 300
SPIDER 90 49 15
150 30 11
250 17 36
CMB-S4 40 1 1
90 2 1
150 1 1
220 0.7 1

Table 2: Parameters used in CMB simulations. All parameters derived from Bischoff
et al. (2013), Chang (2013), Fraisse et al. (2013), Calabrese et al. (2014), BICEP2 and
Keck Array Collaborations et al. (2015), Planck Collaboration et al. (2016a).

Inserting these into equation 2.12, a theoretical estimation of the variance in the
cross-correlation power spectrum can be computed. This process can also be repeated
to estimate the noise for the correlations of equations 2.7 and 2.8. The two separate
variance estimators are then added in quadrature to provide an estimate of the
uncertainty for Equation 2.11. We also produce noise estimators by performing Monte
Carlo simulations over independent noise simulations. The agreement between these
estimators is shown in Figure 13. We find a good agreement between these two
estimators in general. Variations between them can result from a spatial structure

that exists in the noise maps not captured by an RMS thermal noise power.
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2.4 Simulation

We simulate CMB observations for the following surveys: QUIET, PLANCK,
BICEP/KECK, AdvancedACT, PLANCK, SPIDER and sensitivities expected for
CMB-54. The parameters used to construct these simulations are described in Table 2.
The CAMB software is used in simulating CMB data (Lewis et al., 2000, Howlett et al.,
2012) and the HEALPIX!' (Gorski et al., 2005) and ANAFAST packages are used in data
processing.

We generate pure CMB simulated data and apply FR to the polarized ) and U
maps based on the frequencies of a given array. The RM used to facilitate FR in these
simulations is the map provided by Oppermann et al. (2015) and shown in Figure 12.

The polarized Q and U maps are then smoothed to the observing resolution for
each instrument. White noise is added to the smoothed polarized maps before an
additional smoothing with a Gaussian beam to the desired resolution for analysis.
Noise is added before the final smoothing since data product maps are created at
different spatial resolutions but must be smoothed to the same resolution for before this
analysis. In order to properly difference maps of () and U from different observational
wavelengths, we smooth all maps to resolution of 40arcmin. Since the FR maps used
in the analysis are only available at Healpix NSIDFE = 128, we downgrade all maps
to this Healpix NSIDFE and smooth to avoid pixelization effects.

These images are then analysed using the method from section 2.3. The results
from these simulations are characterized using the following definitions.

To find the likelihood of a correlation, we calculate the posterior distribution for a

scalefactor [ such that

UTnformation on HEALPix available at http://healpix.sf.net/
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Figure 13: Simulated output power spectra from QUITE, PLANCK, SPIDER, SPT-
3G, AdvancedACT, and CMB-S4. The grey region represents the noise estimator
given in Equation 2.12; error bars are generated by Monte Carlo trials over N = 500
noise simulations. The theoretical and MC error bars show agreement within the
simulated regions. The red line and surrounding red shaded region represent the
theoretical signal for each experiment and uncertainty due to cosmic variance. Large
thermal noise in current generation CMB arrays and limited spatial resolution of
the FR map limit the signal to noise of this correlation. Experiments like the future
CMB-54 will have sufficient sensitivity to make high signal-to-noise detections of this
signal. Signal-to-noise for each experiment is computed for 25 < ¢ < 250 due to the
limited resolution of the radio RM maps. Higher resolution maps would allow for
experiments like AdvancedAct to make detections at higher multipole moments.
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Figure 14: Same as Figure 13, but for inputs maps containing only polarized syn-
chrotron. The grey shaded region is the theoretical error bar with the jack-knife error.
Error bars represent the standard deviation in a bin. The red line is the theoretical
estimate of the FR cross-correlation signal in the region. Synchrotron emission can
contribute power on the same scale or higher as the expected FR signal. This power is
dominated by the uncertainty in the correlation however. Good synchrotron removal
is necessary to perform this correlation properly. The construction of synchrotron
templates allows for high-precision subtraction to be performed on CMB data.
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Figure 15: Same as Figure 13, but for inputs maps containing only polarized dust from
Planck. The grey shaded region is the theoretical error bar with the jack-knife error.
Error bars represent the standard deviation in a bin. The red line is the theoretical
estimate of the FR cross-correlation signal in the region. Some experiments observe in
regions with low dust and are not subject to this foreground. Experiments with high
dust power also exhibit large uncertainty, and this would contribute to the uncertainty
in the correlator. Overall, large uncertainty in the correlation requires good removal
of polarized dust emission.
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c/t = pefl (2.19)

with the Cf}}f given from noiseless simulations in the observed region. Due to the
low angular resolution of current FR measure maps, this posterior is only fit for
25 < ¢ < 250. Assuming a uniform prior distribution for § in the range [~1000,1000]
and Gaussian variances, when computing the posterior distribution of the simulations,
the standard error of the mean is used as the uncertainty of the data points. Defining

the estimator of 3 as 3, it should fall in the interval

- (2.20)
stm
where 0% is the variance of the posterior distribution and Ny;,, is the number of

simulations. We calculate the total SNR of the correlator as

SNR =~ (2.21)

93
Since the simulations are designed such that = 1, a strong correlation is represented
by a narrow peak centred around 3 = 1. The posterior is computed in this way to
determine whether there exists bias in the simulations or correlator.

The results from our simulations are illustrated in Figure 13. The signal to noise
expected from this correlation can be found in Table 3. Based on our estimates,
current CMB experiments are unable to detect the FR cross-correlation due to the
high thermal noise in CMB observations and the limited spatial resolution of current
RM maps. Next generation experiments with thermal noise levels similar to the
CMB-54 estimates and increased spatial resolution of RM maps will be able to make

high signal-to-noise detections.
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2.5 CMB Foregrounds

The presence of polarized CMB foregrounds like synchrotron and thermal dust
emission may cause false correlations with this method if present in polarization
observations.

An in-depth analysis and discussion of the characteristics of polarized CMB
foregrounds can be found in Planck Collaboration et al. (2016¢). As noted by Dineen
and Coles (2004), the intensity of synchrotron emission is a function of the energy
density of electrons, N(FE)dE, and the strength of magnetic field. When the electron

energy density exhibits a power-law distribution

N(E)dE «x E~?gE (2.22)
the intensity of synchrotron radiation takes the form
I(v) < BiToy™™ (2.23)

where B, is the component of the magnetic field perpendicular to the line of sight
and « is the spectral index.
This provides information on the total synchrotron intensity, the polarized compo-

nents of synchrotron emission are described in Orlando and Strong (2013) as
Q o / (B, — B1,)I(s)ds (2.24)

U x / (2B1,B.,)1(s)ds (2.25)

where the B, and B, are the components of the magnetic field perpendicular to

the line of sight and the integral is performed along the line of sight.
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While synchrotron emission and FR are dominated by components of the same
magnetic field, B, some field configurations may produce the existence of one effect
and not the other (e.g. FR without synchrotron and vice-versa).

Polarized thermal dust emission is dominated primarily by the temperature of
the dust, Ty, as well as the component of the magnetic field perpendicular to the
line of sight B, and its alignment with the orientation of dust particles (Planck
Collaboration et al., 2015a). While its correlation with FR cannot necessarily be
intuitively predicted, much work has been done attempting to simulate this emission
(Planck Collaboration et al., 2015a, Ghosh et al., 2017, Vansyngel et al., 2017) and
accurate simulations of emission can be used to estimate the amount of correlation.

Dineen and Coles (2004) use a Spearman rank-order correlation coefficient to
investigate the amount of correlation between FR from radio point sources and CMB
foreground maps. They find a stronger correlation between dust and FR than between
synchrotron and FR, even outside the galactic centre.

For our analysis we are investigating how polarized foreground may cause a false
correlation with our method. The residual correlations found in the Spearman rank-
order analysis suggest that polarized CMB foregrounds may produce false positive
correlation.

To determine the extent to which the FR cross-correlation may be contaminated
by other low-frequency polarized CMB foregrounds, we compute the correlator from
section 2.3 with polarized dust and synchrotron maps provided by PLANCK (Planck
Collaboration et al., 2016b) for each set of observed frequencies in the simulated
experiments.

We can estimate the error in the foreground correlation by sending a jack-knifed

map, created from differencing the Half mission 1 and Half mission 2 images from
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each potential foreground respectively, through the correlation pipeline. This error is
represented by the shaded regions in Figs 14 and 15.

Fig. 14 shows the results of cross-correlation pipeline when the polarized syn-
chrotron maps are substituted for rotated CMB images. Within error, this correlation
is found to be consistent with zero and is not expected to contaminate a net signal to
the correlation. The large magnitude of recovered correlations is comparable to the
expected FR signal and indicates that proper foreground removal from observation
is necessary to ensure synchrotron contamination does not dominate the final error
budget.

Similarly, Fig. 15 shows the results of the cross-correlation pipeline when the
polarized dust maps are substituted for rotated CMB images. Polarized dust shows a
residual correlation for the simulated frequencies. This signal is especially prominent
in the high frequencies where dust emission is strong. Hence, in the analysis of
actual observations, care must be taken to accurately remove this foreground before
performing the cross-correlation.

For both types of foregrounds analysed, the jack-knife errors dominate any potential
residual signal. Without proper removal, these foregrounds may contribute to a false
correlation or an anticorrelation. The existence of detailed foreground maps for direct
subtraction and the usage of techniques like a principle component analysis allow for

the removal of these foregrounds from CMB maps in practice.

2.6 Application to Real Data

Based on the simulation, the low-frequency data collected by PLANCK should not

be able to detect the effects of the Galactic FR. The contributions from thermal noise
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Planck FR Cross Correlation
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Figure 16: Real Planck LFI data correlation, the inverse variance weighted sum of
30x44, 44x70 and 30x70 correlators. The error bars are derived from the standard
deviation within a bin of A¢ = 25. The correlator is consistent with zero for all
tested multipoles, indicating no observable signal in the data. The grey shaded region
represents the theoretical error obtained obtained from the covariance provided in
the planck data. Discrepancy between the error bars and shaded regions may be a
representative of the limited statistics in the data.

dominate the correlation. In this section, we apply the correlator to actual PLANCK
data to test the predictions above.

When applied to Planck LFI data, the cross-correlation produces the results shown
in Fig. 16. Black error bars in Fig. 16 are given by the standard deviation of the
power spectrum in a bin of A¢ = 25 over N = 500 realization of the noise covariance
map provided in the PLANCK data release injected into a simulated CMB signal.
The grey shaded region is the theoretical error given in Section 2.3.2 with the thermal
noise level from Planck Collaboration et al. (2016a). The posterior distribution of g3
is generated using the theoretical error bars for the PLANCK data. The posterior
distribution for 8 produces 8 = 27.91 and oz = 74.00.

The mean of the posterior is consistent with zero within error and the standard

deviation of the posterior, oz, and the SNR from the analysis of the PLANCK
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Frequencies Noise levels = S/N

Experlment (GHZ> (,uK—arcmin) fSky ﬂ B Galactic FR
PLANCK 30,44,70 210,240,300  0.73% 21 63.80 0.02
BICEP2 100,150 3.4 0.01 0.71 25.09 0.04
SPIDER 90,150 10 0.1 059 23.11 0.04
QUIET 45,90 36 0.005 1.41 13.07 0.08
SPT3G 150,220 3.5,6 0.06 0.90 8.42 0.11
AdvancedACT  30,40,90,150,230 14,14,11,10,35 0.5 1.03 0.73 1.36
CMB-54 40-220 1 0.73% 1.00 0.04 22.73
SPT3G 0.88 4.13 0.24
Advanced ACT ..o 1.03 0.35 2.89
CMB-S4 1.01  0.02 45.46

Table 3: Simulation results and estimates of the SNR expected using this method
to detect Galactic FR in the CMB. f, refers to total sky fraction observed. Model
parameters taken from Bischoff et al. (2013), Chang (2013), Fraisse et al. (2013),
Calabrese et al. (2014), BICEP2 and Keck Array Collaborations et al. (2015), Planck
Collaboration et al. (2016a). The lower rows of SPT3G, AdvancedACT and CMB-S4
represent the parameters of the fit if all available multipole moments are used in the
correlation. This demonstrates that increasing fidelity at higher mulitpole moments
of the input maps will allow for stronger detections.

1. .73 sky fraction based on WMAP nine-year polarization analysis mask

data agrees with the expected level from simulation within a factor of ~ 15%. The
disagreement may be a result of a spatial structure that exists in the noise covariance
map provided by PLANCK opposed to the RMS noise amplitude used in simulations.
The agreement between the simulated and actual Planck analyses supports the

predications made for other experiments as well.

2.7 Discussion

The simulations and analysis of this cross-correlation method for detecting FR in

the above sections have addressed two types of surveys. The all-sky survey, which
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provides large sky coverage, and the single field survey, which is limited in sky coverage
but can integrate to lower noise levels.

The simulation results and estimates of the expected SNR for various survey
configurations are displayed in Table 3. The analysis of these simulations is conducted
for 25 < ¢ < 250. We predict a signal near 20 significance in AdvancedACT data and
a detectable signal at very high significance (> 100) in a future CMB-S4 experiment.
If we fit for 25 < ¢ < 384 (the full multipole resolution of the RM map), we find
an increase in statistical significance for SPT3G, AdvancedACT and the CMB-5S4
experiments. This demonstrates that increasing spatial resolution of maps used in this
analysis will allow for stronger detections of this correlation. According to our analysis,
some experiments well suited to observing high CMB-multipoles like the KECK array;,
SPT, and SPIDER are not good candidates for observing FR. These instruments,
while integrating to low noise depths, are observing in regions specifically selected for
their low foregrounds and as seen in Figure 12, FR is largest on the Galactic plane
and falls off quickly as Galactic latitude increases.

Compared to single-frequency FR power spectrum estimators, like De et al. (2013),
our expected signal-to-noise ratio using Planck-LFI data is greater by a factor of ~ 30.
The single-frequency estimators must also consider weak lensing effects of the CMB

in order to accurately constrain their oM

estimator. Since lensing contains only
spatially dependent contributions (Lewis and Challinor, 2006) and no dependence on
frequency, the multi-frequency estimator considered here offers further advantages
for reducing uncertainty from lensing. The use of single frequency or multifrequency
estimators (De et al., 2013, Pogosian, 2014) is also able to estimate a2 from their

techniques. Although our cross-correlation results in the convolution of the polarized

CMB and o/ power spectra, this work can be extended to provide an estimate of
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RM

w5 and to remove the effects of weak lensing on the FR

the FR power spectrum, «
estimator.

A map space analysis of non-Gaussain fields like FR will provide knowledge not
accessible through the power spectrum. We can estimate the minimum polarized
sensitivity required by a CMB experiment to observe detectable Galactic FR in a
single pixel at 90 and 150 GHz using the maximum RM recovered by Oppermann
et al. (2015) of 2500 rad m—2.

We find that ~ 1 degree precision for polarization angle measurements is necessary
to construct accurate maps of Galactic FR measure from CMB experiments. Even
more sensitive observations are required to estimate extragalactic and primordial FR
using CMB as a back-light. These sensitivities are currently beyond CMB experiments.
Planck Collaboration et al. (2015b) discuss the uncertainty in polarization angle
which results from what they describe as conventional fitting and Bayesian inferencing.
While some recovered angles show uncertainties below this threshold, the distribution
of uncertainties extends up to 45 degrees for Bayesian-derived angles and 100 degrees

for conventional estimation methods. These results are shown in Fig. B.1 in Planck

Collaboration et al. (2015b).
To achieve this level of sensitivity in a CMB experiment, we can estimate the
uncertainty level an experiment would require on polarized emission by propagating
U

the uncertainty in 6 = %tanfl(é) and assuming equality in uncertainties of @) and U
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where P = \/m is the polarization amplitude, and ogy is the covariance
between ) and U. This requires sensitivity at the 1 — 2% level in polarization signal
on a per pixel level when ooy — 0. In general, the presence of covariance between the
observed () and U Stokes parameters will complicate the ability to achieve sub-degree
precision in polarization angle.

Through modelling and simulation, Planck Collaboration et al. (2016d) predict
that primordial magnetic fields of order 10nG will produce FR at comparable levels
to galactic FR. For fields of these strengths, sub-degree polarization angle sensitivity
and precise knowledge of galactic FR would be necessary to identify and characterize
effects from these primordial fields.

Until these sensitivity levels are reached, a cross-correlation can be used to identify
the Galactic FR contributions to polarized power in the CMB. This kind of cross-
correlation can also be used to verify the presence of FR from sources common to
polarized surveys. Only the contributions to FR from common sources observed by
both surveys [e.g. The CMB and Oppermann et al. (2015) maps here| will produce a
signal with this kind of correlation.

In conclusion, we expect current CMB experiments to be unable to detect FR even
through cross-correlation. Strong residual signal from CMB foregrounds like dust and

synchrotron radiation will need to be carefully removed from CMB in any analysis.
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AdvancedAct observations may be able to produce a statistically significant signal
(~ 2 sigma) through a cross-correlation and the significance of the signal will increase
with the inclusion of higher multipole moments in the fitting of 3. Intermediary
experiments that will have thermal noise similar to or lower than AdvancedAct may
exhibit increasingly significant signals through this correlation. Strong detections will

be possible with the construction of a future CMB-S4-type experiment.
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PREFACE TO CHAPTER 3

The following work is the result of research and analysis culminating in best
estimation of the 21cm power spectrum by the Donald C. Backer Precision Array for
Probing the Epoch of Reionization (PAPER) 64 element deployment. The results
themselves are written in a brief document which outlines the observation pipeline,
analysis methods and power spectrum estimation techniques. These upper limits result
from the re-analysis of the observations from the PAPER-64 element configuration
and are the most reliable results from the PAPER array to date.

The first iteration of power spectrum estimates from PAPER-64 are published in
Ali et al. (2015) (also referred to as A15). This analysis uses an Optimal Quadratic
Estimator (OQE) and empirically estimated covariance matrix to attempt to mitigate
residual foreground contamination. An OQE with a properly modeled covariance
matrix, is traditionally a lossless power spectrum estimator (Tegmark, 1997), however
Switzer and Liu (2014), Dillon et al. (2015), and even A15 note that the use of an
empirically estimated covariance matrix can cause over fitting of noise terms and
results in the loss of coherent signal.

Using a simulated signal injected into the data, A15 attempts to quantify the
amount of signal loss expected from the analysis by comparing the input known power
to the output power which uses the empirical covariance from both the data and
the injected signal to down-weight foregrounds. At a levels comparable to the power
spectrum estimate of just the data, this comparison yields a ~ 2% loss from the known
signal.

This paper began as an extension of the analysis from A15 by applying the OQE

methods to the full redshift band of the same observations. However the power spectra
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in other redshift bands failed to pass internal consistency checks like the comparison
with a theoretical noise estimator. Further simulations told a complex story of signal
loss hidden behind underestimated bootstrap and theoretical uncertainties. These
effects and the current power spectrum methodology to counteract signal loss is
documented in the collaboration paper Cheng et al (currently in prep.) and again
summarized in an erratum on Ali et al (currently in prep.) which also formally retracts
the previous upper limits. The following chapter will be the third paper in this series
and is presented here in the form of its initial submission. It presents what the PAPER
collaboration considers to be the definitive power spectrum estimates from PAPER-64.

These results supersede all previous PAPER limits.
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Chapter 3

PAPER 64: MULTI-REDSHIFT LIMITS ON THE 21CM POWER SPECTRUM
FROM THE EPOCH OF REIONIZATION
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Abstract

We present limits on the 21ecm power spectrum from the Epoch of Reioniza-
tion (EoR) from the Donald C. Backer Precision Array for Probing the Epoch
of Reionization (PAPER) 64 element configuration. In this work, we present an
analysis of the full PAPER 64 data set over the entire redshift range probed by
the instrument (z ~ 7.5 to 11) and combine data from three unique baselines for

increased sensitivity. We report power spectrum limits in redshift bins centered
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at z = 10.87, 9.93, 8.91, 8.13, and 7.48 along with a re-analysis of the z = 8.37
bin from Cheng et al. (2018, in prep.). We find upper limits on the 2lcm
power spectrum in the range 0.3 < k < 0.6 h Mpc~! on A?(k) from PAPER 64
to be (650 mK)?, (450 mK)?, (390 mK)?2, (250 mK)?2, (280 mK)?, (250 mK)?
for the z = 10.87, 9.93, 8.91, 8.37, 8.13, and 7.48 redshift bands respectively.
Compared to the analysis of Ali et al. (2015), which used the same data set in
the z = 8.37 band, these results reflect lest stringent upper limits by a factor of
~ 10 (in mK). We also demonstrate the importance of the foreground removal
technique to obtaining results over the full PAPER frequency (redshift) range.
These new limits incorporate important corrections to the PAPER data analysis
and power spectrum pipelines described in our companion paper (Cheng et al.
2018, in prep.) and the results supersede all previous PAPER results (Ali et al.

(2015) erratum).

3.1 Introduction

The Epoch of Reionization (EoR) represents the a major phase transition for
intergalactic hydrogen from a neutral to ionized state. In most models, this phase
transition is fueled by the first luminous bodies, which condensed from hydrogen
clouds and began heating and ionizing the surrounding Intergalactic Medium (IGM)
(Barkana and Loeb, 2001, Oh, 2001). Observational constraints constrain the timing

of this event to somewhere to the redshift range (12 < z < 6).
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The 21cm photons emitted from the spin-flip transition of hydrogen are predicted
to be a strong probe of cosmic evolution during this time (Furlanetto et al., 2006).
For an in-depth review of the physics of 21cm cosmology, refer to Barkana and Loeb
(2007), Morales and Wyithe (2010), Loeb and Furlanetto (2013) and Pritchard and
Loeb (2010).

As observed from Earth, the 21cm line from the EoR is redshifted to wavelengths
comparable to FM Radio, and global telecommunications, among many other terrestrial
and astrophysical radio band emissions. Some foregrounds can be mitigated by
carefully selecting radio quiet zones to observe. Unfortunately, Galactic foregrounds
still dominate radio observations by 4 or 5 orders of magnitude compared to the
expected EoR signal. The foreground challenges faced by modern radio arrays are
discussed in detail in previous literature (e.g. Santos et al. (2005), de Oliveira-Costa
et al. (2008), Ali et al. (2008), Bernardi et al. (2009, 2010, 2013), Ghosh et al. (2011),
Pober et al. (2013) and Yatawatta et al. (2013)).

Detection of 21cm emission by the neutral hydrogen medium is the target of multiple
experiments including those aimed at a globally averaged total power measurement
(EDGES; Bowman and Rogers (2010), LEDA;Bernardi et al. (2016), SARAS; Patra
et al. (2015), BIGHORNS; Sokolowski et al. (2015), and SCI-HI; Voytek et al. (2014Db))
and the fluctuations caused by heating, cooling, collapse, and ionization (GMRT;
Paciga et al. (2013), LOFAR!; Yatawatta et al. (2013), MWA?; Tingay et al. (2013),
and HERA?; DeBoer et al. (2016)).

Lwww.lofar.org

Zmwatelescope.org

3reionization.org
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The Donald C. Backer Precision Array for Probing the Epoch of Reionization
(PAPER*; Parsons et al. (2010)) is an experimental interferometer with the goal of
placing some of the first limits on fluctuations.

Previous PAPER publications include the PAPER 8 station results (Parsons et al.,
2010), the PAPER-32 element power spectrum estimates (Parsons et al. (2014), Jacobs
et al. (2015), Moore et al. (2017)), the PAPER-64 element power spectrum estimates
(Ali et al. (2015); hereafter A15), and our companion paper (Cheng et al. (2018, in
prep.); hereafter C18).

The PAPER experiment observed in stages, with the number of antennas increasing
by factors of two each year. The 64 antenna experiment was analyzed initially in A15
and again in C18.

Through the rigorous re-analysis in C18, we have identified a major cause of signal
loss in power spectrum estimation with an Optimal Quadratic Estimator (OQE).
Signal loss is the unintentional removal of coherent signal during analysis. This results
from the use of empirically estimated covariance matrices as a weighting matrix in a
QE. An empirically estimated covariance matrix contains terms related to the data,
this dependence induces higher order (i.e. non-quadratic) terms in a QE. Applying
the OQE normalization despite these terms then gives the wrong power level (i.e.
signal loss). This effect is described more thoroughly in Section 3.1.1 of C18. This
analysis also found the previous bootstrapping method to underestimate the variance
in our power spectrum estimator. These effects compounded in our analysis in A15 to
form a severely underestimated upper limit on the 21cm power spectrum. C18 used
an updated thermal uncertainty model to help inform the analysis and identify these

shortcomings.

4eor.berkeley.edu
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Figure 17: The antenna positions of the PAPER 64 element array. Highlighted are
the three baseline types used in this analysis. These baselines consist of East-West
baselines from adjacent antenna columns with no row separation (blue line |O typel; e.g.
49-41, 1-4, 0-26), baselines with one column separation and one positive Northward
row separation (orange line [E+ type|; e.g. 10-41, 1-48, 0-38), and baselines with one
column separation and one negative Northward row separation (red line [E- type[; e.g.
49-3, 1-18, 0-46). Note the aspect ratio of this plot has been exaggerated in order to
easily highlight the different baseline types.

In this paper, the updated analysis techniques described in C18 have been applied
to the full redshift range probed by the PAPER instrument (z ~ 7.5 to 11). We use
this extended redshift range to examine the performance of the OQE and revised
signal loss correction under various foreground conditions. We find similar subtraction
residuals can be achieved using multiple foreground filtering techniques. Using a
combination of foreground filtering techniques, we provide revised upper limits on the
21cm power spectrum from PAPER. The upper limits reported in this paper represent
the most confident results achieved by the PAPER instrument to date and supersede
all previous results (A15 erratum).

This work is organized as follows: we briefly review the data used in this analysis in
section 3.2 (it is the same as both A15 and C18). In section 3.3 we review the revised
power spectrum estimation techniques and uncertainties. The multi-redshift power
spectrum results are presented in section 3.4 and discussed in section 3.5. Finally, we

provide some concluding remarks in section 3.6.
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Figure 18: The frequency bands used in this analysis plotted over the total fraction of
data not flagged in each frequency bin. All frequency bands used in this analysis have
been shown. The red area near 150 MHz the z = 8.37 band used in C18 and A17.
This redshift bin is included in order to properly compare with previous works, but it
is worth noting the information obtained from this bin is not entirely independent
from the two redshift bins with which it overlaps.

3.2 Data

For a complete review of the observation, reduction, and analysis steps of PAPER
data prior to power spectrum estimation we refer to A15. We will provide a brief
review below.

The PAPER 64 element array antennas were arranged in an 8 x 8 grid as illustrated
in Figure 17. Due to the highly redundant configuration of this array, most of the
observed sky power is captured by the three shortest baselines types. These are the
same three baseline types used in A15, and are illustrated in Figure 17. These three
baselines consist of a 30 m East/West baselines labeled here as “O” (the baseline
analyzed in C18), a 30.3 m baselines with a positive North/South offset of 8° labeled
at E+, and a 30.3 m baselines with a negative North/South offset of 8° labeled as
E-. Three antennas (19, 37, and 50) have been flagged due to higher levels of spectral
instability and were also flagged in A15. PAPER 64 observed for 135 nights between
2012 November 8 (JD 2456240) and 2013 March 23 (JD 24563745).

Data is first calibrated redundantly using log calibration and linear calibration

techniques (Liu et al., 2010, Zheng et al., 2014, Dillon et al., 2017). An imaging-based
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flux density calibration is applied using Pictor A fluxes derived from Jacobs et al.

(2013) as described in A15.

Calibration is followed by the application of a wide-band delay filter as described
in Parsons et al. (2014) which uses a iterative deconvolution algorithm to model
spectrally smooth sky components®. These smooth spectral components are then
subtracted from the original visibilities (Parsons and Backer, 2009, Parsons et al.,
2014) followed by another round of RFI filtering to remove interference revealed below
the level of the foregrounds. The foreground filtered and RFI flagged data is then
binned in Local Sidereal Time (LST).

The final analysis step before power spectrum estimation is the application of a
fringe-rate filter (FRF) as described in Parsons et al. (2016). This time domain filter
passes modes with fringe rates corresponding to sky-like rates of motion. Each fringe
rate is constant along a great circle on the sky making a cut through PAPER’s wide
primary beam. In the filter, each fringe rate bin is given a weight corresponding to the
beam power integrated along the line of constant fringe rate. This weighting provides
the highest possible coherent integration in time (Parsons et al., 2016). In this way
this type of integration can be thought of as performing an operation analogous to
binning in uv space, albeit with a non-square grid. The filter also explicitly nulls zero
fringe rates which are contaminated by cross-talk between antennas. We apply the
optimal FRF as computed from the primary beam of PAPER. This contrasts the filter

used in A15 which was slightly altered in shape to increase the number of final LST

5This process is referred to in other PAPER works as a “CLEAN-like iterative deconvolution.”
While the algorithm is based on the iterative modeling and subtraction image deconvolution algorithm
(Hogbom, 1974) here it is used in a one dimension sense to remove the convolution function induced

by the finite Fourier transform and RFI flagging. Further clarification can be found in Kerrigan et al.
(2018) where the use of the TH filter with CLEAN was recently revisited.
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Figure 19: Waterfalls of visibility amplitude after application of two foreground
filtering methods plotted versus LST and Frequency for a representative O type
baseline (antenna pair 0 and 26). The difference is in the method of building a
delay-space foreground model which has low leakage beyond the horizon. On the left a
Blackman-Harris (BH) function was multiplied onto the spectra before delay filtering
while data on the right have uniform weighting (Top-Hat or ‘TH’) but the iterative
CLEAN algorithm has been used to build the delay model. The BH windowed data
shows a sharp increase in amplitude near the band edges, a factor of 100 higher at the
lower frequencies. This significant residual is a useful testing ground for foreground
minimizing quadratic estimators but ultimately the TH window proves to be a simpler
way to minimize foregrounds.
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bins. The resulting total integration time of an LST bin after the application of the
optimal FRF in this work is 3857 s.

For the power spectrum estimation in this paper, we select data from the LST
range 00730™00° — 08"48™00° for our analysis®.

The previous PAPER multi-redshift analyses Jacobs et al. (2015) and Kerrigan
et al. (in review) note that weighting spectra by a Blackman-Harris (BH) window
before delay filtering provides low foreground residuals in the center of the PAPER
bandpass (z~8). The BH weighting is favored because it minimizes sharp edges at the
band edges giving a very high dynamic range delay space point spread function and
therefor low leakage of delay modes beyond the horizon. Therefore the consequence of
down-weighting the edge of the band is that the subtracted model performs poorly
in those areas, particularly at low frequencies where foregrounds are the brightest.
Kerrigan et al. (in review) notes success using uniform weighting across the full
band (ie Top-hat or ‘TH’). Figure 19 shows data from both wideband delay windows
after the application of the FRF for the LST range used in this analysis. Both data
sets show similar amplitude in the middle of the band (near v = 150 MHz) but the
Blackman-Harris data shows a sharp increase in amplitude near the band edges while
the Top-Hat data is roughly constant across the band. The ~ 2 orders of magnitude
between the amplitude of both data sets below v = 120 MHz implies the TH windowed

data is better suited for power spectrum estimation at high redshifts.

6Note that LST range here is slightly different from A15. Besides the LST range and the shapes of
the FRFs applied in this work and A15, the data and processing prior to power spectrum estimation
are identical.
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Table 4: PAPER 64 Theoretical Noise Estimate Values

Term  Description Value Units
X?Y Conversion from interferomet- 6.04 x 10! (11—?)2‘5 %
ric  (u,v,m) to  cosmological
(kL,xa kL,yu k”)a
Qs Effective beam area® 742 /.24 str
Tiys System Temperature 180 (%) e +Trer K
Treor  Receiver Temperature 144 K
Nig Number of effective LST bins 8
Nsep  Number of independent baseline 3
types
tint Integration time of LST bin® 3857 S
Naays Number of effective days used in LST- 34
binning
Npois  Number of polarizations combined in = 2
analysis
Nyis Number of effective baselines 42

# This value is also a function of the assumed background cosmology. See Furlanetto
et al. (2006) for more information

b The effective beam are is influenced by the choice of fringe rate filter applied (Parsons
et al., 2016). This value computation is also found in appendix B of Parsons et al.
(2014).

¢ This value is computed as the Equivalent Noise Bandwidth (ENBW) of the FRF
applied to the data. See C18 and Parsons et al. (2016) for more information

3.3 Power Spectrum Estimation

Even after foreground removal and FRF application, residual correlations between
frequencies and LSTs can manifest as highly significant detections during power
spectrum estimation. Since we believe our thermal noise limit exceeds the amplitude
of a fiducial 21ecm power spectrum by orders of magnitude, we assume these residuals
do not result from cosmological signals but instead foregrounds and other systematics

not removed during data processing.
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One way to reduce these residual contaminations is with the Optimal Quadratic
Estimator formalism originally adopted for the Cosmic Microwave Background power
spectrum (Tegmark, 1997) and then adapted to 21cm by Liu and Tegmark (2011) and
Liu et al. (2014a,b).” This type of estimator is discussed in the context of imaging
type arrays Trott et al. (2012), Dillon et al. (2013), Dillon et al. (2015), and has served
as the basis of PAPER results in A15, and C18.

The QE previously used in A15 defines an un-normalized power for between data

sets x; and x3 in the S-th k-bin, ¢g, as

~ 1
qp = 5 (Rlxl)T Q,B (R2X2)
L

= §X1RJ{Q,BR2X2

where the x; and x5 corresponds to odd and even Julian Dates respectively or vice

(3.1)

versa, da