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Over the past decades, precision measurements of the Cosmic Microwave Background
(CMB) have led to remarkable progress in our understanding of the universe in what is
known as the standard model of cosmology. In this thesis, we demonstrate the potential of
high precision CMB dataset in improving our knowledge in both cosmology and astronomy.

In the first part of the thesis, we show that the upcoming CMB experiments may allow
us to detect signals from the primordial magnetic field (PMF) and show that a signal from
PMF may pose as a source of confusion to the signal from the primordial gravitational waves
from inflation. We further show how one can effectively break the degeneracy with the help
of precision measurements of the small-scale CMB anisotropies.

In the second part of the thesis, we explore the use of precision measurements of the
small-scale CMB anisotropies in constraining physics beyond the standard model. With
data obtained from the Atacama Cosmology Telescope (ACT), we search for a signal of
parity violating physics in the early universe known as cosmic birefringence. Our non-
detection allows us to place a tightest constraint on such effect at the time which improves
the previous limit by a factor of 3.

In the next part of the thesis, we demonstrate that the high angular resolution CMB
dataset can also be used for galactic science. By combining the CMB datasets from ACT
and Planck, we make and present a map of the Galactic center region that improves the
previous maps in the microwave frequencies in terms of a wider field of view, higher angular
resolution, and sensitivity in both temperature and polarization measurements.

In the last part of the thesis, we discuss the prospects of the upcoming data release
(DR6) from ACT which is expected to improve our constraints on cosmological parameters
by a factor of 2. I provide a description of an important preprocessing step known as the
data cuts pipeline, which identifies data with sporadic pathologies and removes them from

the CMB mapmaking, and show the preliminary results from the pipeline for the ACT DR6.
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1.0 Introduction

In this chapter, we review the basics of modern theoretical and observational cosmology
focusing particularly on the Cosmic Microwave Background. Although the information pre-
sented here does not constitute original research, the content presented in this chapter will

be useful for a good understanding of the subsequent chapters that describe original works.

1.1 Standard model of cosmology

Over the past decades, our understanding of cosmology has improved tremendously with
the observations of the Cosmic Microwave Background (CMB) and the Large Scale Structure
(LSS) of our universe. These observational evidences reveal to us a remarkably simple
universe that can be well described by only a few parameters in what is known as the
Standard Model of Cosmology, or, as is often called, the Lambda Cold Dark Matter (ACDM)
model. In the ACDM model, the universe starts from a hot and dense state known as the Big
Bang about 13.8 billions years ago. It undergoes a rapid expansion known as the inflation,
during which the universe expands in size by many orders of magnitude, ending up as the
spatially flat universe that we see today. The evolution of the universe can be well described
by its principal constituents, which include photons, dark matter, baryonic matter, and dark
energy. Surprisingly, about ~ 70% of the energy content of our universe is in what is known
as the dark energy, and out of the remaining 30% that matter constitutes, ~ 80% is in the
form of dark matter, which, as far as we know, only interacts gravitationally. The baryonic
matter, which composes stars, galaxies, including us, only constitutes ~ 5% of the total
energy content of the universe.

Despite the remarkable success of the ACDM model, there remains many open questions.
In particular, although dark matter and dark energy constitute about 95% of the total energy
density of our universe, their origins remain poorly understood. In addition, the apparent

spatial flatness of the universe and the horizon problem — two points outside their respective



light cones appear to have been in thermal equilibrium in the past —lead to the speculations of
an inflationary period in the early universe known as inflation, a period in which the universe
expands exponentially fast. Despite the speculations, the nature of inflation, including its
existence, remains debatable, with no direct observational evidences found to date. On the
other hand, inflation, if occurred, may induce tensor-mode metric perturbation that will
leave an imprint in the CMB, thus giving us a promising probe of the inflation physics. As
a result, the hunt for such signal is one of the major scientific targets of the current and

upcoming CMB experiments — a topic that we shall discuss more in Chapter 2.

1.1.1 Friedmann-Lemaitre-Robertson-Walker cosmology

The observations of the CMB and the LSS provide compelling evidences of the statistical
isotropy of our universe on the large scale (2 100Mpc). This motivates us to describe
the large scale geometry of the universe with the Friedmann-Lemaitre-Robertson-Walker

(FLRW) metric
2

d82 = guydI“dIV = —C2dt2 + a2(t) (m

+ r2dQ2) : (1)

with dQ? = d#? + sin® §d¢®. Here a(t) is known as the scale factor, which describes the
expansion of the universe, ¢ is the proper time or the cosmic time, the spatial coordinates
are known as the comoving coordinates, and K is a curvature parameter with X = —1,0, 1
corresponding to a closed, flat, and open universe, respectively. One can define a conformal

time dn = dt/a, and express the FLRW as
2

.
T T T2dQ2) : (2)

ds* = a(n)? (—02d772 +

which is conformal to a non-expanding metric with a conformal factor of a(n)?. In the case
of K =0, it is conformal to the Minkowski metric. As we have no observational evidence
for non-flat universe, we shall assume K = 0 hereafter.

The evolution of our universe and the constituents within can then be described using

the Einstein equations

1 811G Act
R;w - §Rguu = 7 <T,uu - %g,uu) 9 (3>



which relates the geometric property of the spacetime (left hand side) to the energy content
that lies within (right hand side). In particular, R, is known as the Ricci tensor, which is
a function of metric and its derivatives, R is the Ricci scalar, defined as R = g""R,,,,, T}, is
the energy-momentum tensor, G is the Newton’s gravitational constant, and A is known as
the cosmological constant, which is one of the potential sources of dark energy.

With the FLRW metric, the Ricci tensor is given by

3a 1 5 a Kc?
ROO == —ga, ROi = 0, Rij = gglj <2H + a + 2?) > (4)
and the Ricci scalar is given by
6 [a Kc?
R=—=|(-+H*+— ). )
c? <a L a? ) (5)

Substituting into the Einstein equations, one gets the Friedmann equations

K 887G Ac?

H? — T,
+ a? 3c2 + 37 (6)
.o K 2
gij <H2 +oly —g — A02> = —ﬁﬂj.
a a C

With the assumption that the universe is both homogeneous and isotropic, the energy-
momentum tensor of a given cosmological constituent, such as photons or dark matter, can

be described as a perfect fluid with no bulk velocity, given by
T“V:diag(p,P,P,P), (7)

with p the energy density, and P the pressure density of the constituent. Under this assump-

tion, the Friedmann equations become

8@ A K

H? = — 8
5Pt 3 e (8)

4 P Ac?
_ 4G <p+3_)+_0. )

3 c? 3
The total energy density p and pressure P can be decomposed in terms of density and

pressure of the individual components of the universe as

P:ZPz‘; P:ZPi; (10)



where ¢ can be radiation, matter, and dark energy. Equation 8 can then be broken down

into
GG

H*(a) = == (py + pe + prc + ), (11)

where p, is the energy density of photons, p. is the energy density of cold dark matter,

PK —3Kc?/8nGa? can be seen as the energy density of curvature, and py = A/87G
is the energy density of the dark energy. It is also convenient to define a critical density
as pait = 3H?/87G, which has a present day value around 107 gem™3, and the rest of
the energy densities can then be expressed as fractions to the critical density, defined as

Q; = pi/perit- Equation 11 now becomes
Q4+ Q.+ Q) =1- Q. (12)

This shows that if the universe is spatially flat, the total energy density matches the critical
density p.. In fact, observations from the Planck satellite [1] have provided strong evidence
that this is indeed the case, that we live in a spatially flat universe, with a current best
constraint of Qx = 0.000810903% at 95% confidence level, consistent with 0.

In addition to the Einstein equations, the conversation law V,T* = 0 also gives a

continuity equation (for the v = 0 component)

P
p+3H <p+c—2) = 0. (13)

Assuming that the component of interests has an equation of state of form P = wpc® with
a constant w, one gets

P = 3H(1 +w), (14)
p

which has a general solution of the form
p= pOa_3(1+w)- (15)

In Table 1.1, we summarize the difference in the equation of state parameter w for different
components in the ACDM model. In particular, for dark matter the pressure is negligible,

and hence we get w = 0. For radiation, P = pc?/3 and hence w = 1/3. For cosmological



Constituent w Scaling

Radiation w=1/3 p,oxa?

Matter w=0 ppoxa?

Cosmological constant w = -1 pp o a’

Table 1.1: Equation of state parameters of different constituents of the universe and their

scaling with a.

constant, we expect pp to remain constant with time, and this reversely tells us that its
equation of state is P = —pc?, with w = —1.

Equation 11 can then be expressed in terms of the energy density at the present day as
HQ(CL) = Hg ((2%0@_4 + Qm70&_3 + QA70) y (16)

where Hj is the Hubble parameter today, known as the Hubble’s constant and measured to
be ~ 70km s~ Mpc™' 1, and ;¢ refers to the present day value of ;. As the energy density
of A stays constant during the cosmic expansion, 2y = {25. Note that we have ignored

2 on the

the curvature contribution which would otherwise contributes a factor of HZ Q K00~
right hand side.

In Table 1.2, we show the present day values of the contribution from different compo-
nents measured by Planck [1]. In particular, the matter contribution can be further splitted
into contributions from the baryonic matter (£2;) and the dark matter (Q2.) as €, = Q, + 2,
where the contribution from dark matter is about a factor of 5 larger than the baryonic

matter. In practice, one often uses ;4% instead of €;, with h = Hy/100kms~! Mpc™!, to

get rid of its dependency on the Hubble constant Hj.



Energy density Present day value

Qn 0.6911 + 0.0062
Qo 0.3089 + 0.0062
Qo 0.0008 + 0.0013
Q0 9.17 +£1.90 x 107
U0 0.0486 + 0.0010
Qeo 0.2589 4 0.0057

Table 1.2: Measurements of the present day value of the contribution from different con-
stituents from Planck [1|. In particular, we further decompose the matter density (2, into

the dark matter contribution and the baryonic matter contribution, with €2,, = Q. + €.

1.1.2 Expansion history

The expansion history of our universe can be described in terms of the redshift of the

received photon, defined as

(17)

with A\g the observed wavelength of the photon and A, the emitted wavelength of the photon.
Redshift z is related to the scale factor a by

a=1/(1+ z), (18)

after settting the scale factor today as ag = 1. As the universe expands, the temperature
cools down following the relation 7'(z) = Ty(1 + z), with Tj the temperature of the universe
today, measured to be ~ 2.7K.

Different components in the universe scale differently as a function of scale factor, as
shown in Equation 16 and depicted in Figure 1.1. Specifically, in the early universe and at a

redshift of z > 10° (or @ < 107°), the universe is dominated by radiation. In this era, the total

!The measurements of Hubble’s constants have some controversy of its own, with an apparent “tension”
between the results from the early universe and the local universe. See Ref. [10] for a review.
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energy density consists mostly of photons, neutrinos, and relativistic particles in a highly
thermalized state. The universe is opaque to light due the tight coupling between photons
and baryons in the primordial plasma. As the universe expands, the energy density of photons
drops faster due to the a=* dependence compared to matter which drops with a™3. At a
redshift of z ~ 3300, the relative amounts of radiation and matter reach a comparable level,
known as the matter-radiation equality. At a redshift of z ~ 1100, photons are no longer
energetic enough to couple to the baryons and start free-streaming across space. During
this period, the universe becomes transparent to light as electrons recombine with protons
to form neutral atoms — a period known as Recombination. As shown in Figure 1.2, the
ionization fraction, defined as X, = n./(n. +n,), drops quickly at z ~ 1100. The decoupled
photons then travel freely across space and become what is known as the cosmic microwave
background that we observe today, carrying imprints of physics in the early universe. The
universe remains neutral until at a redshift of z = 7 — 20, when the universe starts to be
ionized again due to the ionizing radiation sourced by the first generation of stars, which
just begin to form at the time. This period is known as the Reionization and can be seen in
Figure 1.2 as the rapid rise in ionization fraction at z ~ 10. Furthermore, at a redshift of
z ~ 0.4 or about 4 billions years ago, the universe transitions into a dark energy dominated
era. As dark energy has an equation of state of P = —p, featuring a negative pressure, a
dark energy dominated universe will experience accelerated expansion rate. The accelerated
expansion rate has, in fact, been confirmed experimentally based on supernova observations

[11], providing strong evidence of the presence of dark energy in the universe.

1.1.3 Inhomogeneous universe

So far we have only focused on the homogeneous universe, but we know that this cannot
be the full picture — inhomogeneity in the universe must exist, because otherwise galaxies,
stars, including us, could not have existed. Evidences from the CMB also show that the CMB
temperature has anisotropies at the level of a few parts in 105. This exceedingly small amount
of inhomogeneities allow us to treat them as perturbations to the otherwise homogeneous

background densities and describe their evolution via linear perturbation theory. As the full
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calculation of the evolution of cosmological perturbation is rather technical and not particular
illuminating, we thus refer interested readers to Refs. [12, 13] for the full treatment and, for
the purpose of introducing the basic concepts, we shall follow the heuristic approach in
Ref. [14] and provide only a qualitative overview of the physics.

In the presence of inhomogeneity, the metric tensor can be decomposed as g, = g, +
0guw, where g, represents the homogeneous and isotropic FLRW metric. The perturbed
metric dg,, has 10 degrees of freedom, describing different types of metric perturbations. In
particular, the 10 degrees of freedom can be decomposed into 4 scalar-type perturbations, 2
vector-type perturbations, and 2 tensor-type perturbations. On the other hand, it is impor-
tant to note that in an inhomogeneous universe the distinction between background quantity
and perturbations may not be as clear-cut and may depend on the particular choice of co-
ordinate system, or gauge, as often called. In other words, dg,, features additional gauge
degrees of freedom, which can be described by an infinitesimal coordinate transformation

at — zt =t + ¢H(x), with £* being the generator of the gauge transformation. As &*



contains 2 scalar and 2 vector degrees of freedom, by fixing a gauge the metric tensor dg,, is
left with 2 scalar, 2 vector, and 2 tensor degrees of freedom. A common gauge used in cos-
mology is known as the Conformal Newtonian Gauge (CNG), advocated by Ref. [15]. Under
this gauge, the two scalar perturbations can be interpreted physically as gravitational po-
tential and anisotropic stress perturbations, the two vector perturbations can be interpreted
as vorticity and shear perturbations, and the two tensor perturbations can be interpreted as
polarizations of gravitational waves.

Different types of perturbations evolve independently according to Einstein equations.
In particular, density fluctuations only produce scalar perturbations, and thus they will be
our main focus in the subsequent discussion. Vector and tensor perturbations are expected
to be zero in the context of the ACDM model, though they can be produced in special
circumstances such as in the presence of a magnetic field — a possibility that we shall discuss
in details in Chapter 2. It is also important to note that tensor perturbations, in particular,
can also be sourced by primordial gravitational waves generated during inflation, if it has
indeed occurred, which may provide a direct observational probe of inflation — an important
topic that we shall discuss again in Section 1.2 and Chapter 2.

The evolution of perturbations is described by the Einstein equations and depends both
on the equation of states of each component and the expansion rate of the universe. Before re-
combination (z 2 1100), the physical picture is conceptually simple: as photons and baryons
were tightly coupled, and as dark matter was effectively cold by definition, the evolution of
perturbation of each component can be well approximated by a fluid model, described only
by the equivalences of a continuity equation and an Euler equation in the context of an ex-
panding universe, with exceptions for photons and baryons where an interaction term needs
to be included accounting for their coupling through Thomson scattering. The results are
a set of coupled differential equations with well-posed initial condition problems. Although
getting an accurate description of their evolution requires a full numerical treatment of the
coupled differential equations, as implemented in codes such as CAMB [2] and CLASS [16],
our qualitative descriptions above provide enough ingredients to grasp the essence of the

physical picture, as summarized below.

e The competition of gravitational collapse and radiation pressure causes acoustic oscil-
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lations in the photon-baryon fluid which stops after photons decouple from baryons at
recombination. The acoustic oscillation patterns are imprinted in the CMB and can be
seen in the power spectrum of CMB anisotropies, which we shall discuss in Section 1.2.

e The growth of baryon over-densities are suppressed at the sub-horizon scales by the tight
couplings between baryons and photons, and by radiative pressures from photons, until
photon decoupling.

e As electrons recombine with protons to form neutral atoms, the mean free path of Thom-
son scattering starts to increase, this causes the acoustic oscillation patterns on the scales
smaller than the photon mean free path to get erased — an effect known as the Silk damp-
ing.

e Before recombination, the tight coupling between photons and baryons prevents photons
from developing any anisotropies apart from a dipole distribution that tightly couples to
the velocity perturbation of baryons. As the mean free path of photons increase, higher
order anisotropies start to develop. In particular, the quadrapole photon distribution

leads to polarization of the CMB photons.

The physics of the evolution of perturbations is well described by the standard model
of cosmology, specified by only a small number of cosmological parameters. In general,
these parameters contain two categories: those that describe the background densities, and
those that describe the perturbations. A non-exhaustive list of some notable cosmological

parameters is summarized below:

e (). The ratio of the dark matter density to the critical density.

e (): The ratio of the baryon density to the critical density.

e (,: The ratio of the dark energy density to the critical density.

e (): The ratio of the total energy density to the critical density. 2 = 1 for a flat universe,
and deviations from 1 characterizes the spatial curvature of the universe.

e Hj or h: Hubble (or reduced Hubble) parameter at the present day.

e A, and n,: Amplitude and spectral index for the primordial power spectrum which

characterizes the statistics of the seed fluctuations from, as we now believe, quantum
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fluctuations in the very early universe. The primordial power spectrum P(k) is often

parameterized as a power law around a pivot scale ko, given by P(k) = A, (ko) (k/ko)™ L.

o N.sp: The effective number of neutrino species. In the radiation-dominated era, neu-
trinos, having a negligible mass, are highly relativistic and constitute a fraction of the
energy density of radiation, with an energy density given by p, = N.;;7/8(4/11)*3p.,
where p, is the energy density of photons, and Ny is the effective number of neutrino
species defined above, expected to be 3.046 based on predictions from the standard model
of particle physics. Neutrinos decouple earlier than the CMB photons, with a tempera-
ture lower than that of the photons by a factor of (4/11)%/3. The decoupled neutrinos
free-stream at nearly the speed of light and induce anisotropic stress to the metric, which
is relevant in Chapter 2 due to its interplay with the anisotropic stress from a magnetic
field.

e 7: The optical depth to reionization. It characterizes the probability of a CMB photon
being scattered by ionized electrons between the time of Reionization to the present day,
known to be ~ 8%.

e 7: The tensor-to-scalar ratio. Similar to A, and n, which parameterize the statistics of
the initial scalar perturbation in the form of a power law. Similar parametrization can be
done for tensor perturbations, with A7 and ns the amplitude and spectral index of the
power law, respectively. The tensor-to-scalar ratio, as the name suggests, is defined as r =
Ar/As. As primordial gravitational waves are expected to generate tensor perturbations
to the metric, the tensor-to-scalar ratio r is often used to parameterize the expected
size of the primordial gravitational wave signal, as will be used in Chapter 2. The
tensor spectral index ny, on the other hand, is often fixed as ny = —r/8, known as the

“consistency relation” [15].

As the physics of the early universe gets imprinted in the cosmic microwave background,
precision measurements of the CMB anisotropies will allow us to put stringent constraints

on the cosmological parameters and validate our cosmological model.
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1.2 Cosmic microwave background

The discovery of the Cosmic Microwave Background (CMB) is an interesting story by
itself. Early in 1940, Andrew McKellar had noted based on interstellar absorption lines
that the population of excited rotational states of CN molecules is consistent with being in
thermal equilibrium with a background temperature of ~ 2.3 K [17], and similar results were
noted by Walter Adam in 1941 [18], both of which were likely early evidences of the CMB,
though little attention was paid to their results. Subsequently in 1955, Emile Le Roux
noted an isotropic emission at a wavelength of A = 33 cm corresponding to a blackbody
temperature of T'= 3 + 2K [19], and a similar observation was made by T.A. Shmaonov in
1957 at a wavelength of A = 3.2 cm that corresponds to a blackbody temperature of 4 + 3K
[20]. The significance of their results were unappreciated at the time. Finally in 1965,
two astronomers, Penzias and Wilson, while working on long-distance radio communications
at the Bell Laboratories, discovered, quite unexpectedly, a uniform noise source across the
sky. They soon realized its importance from a talk given by P.J.E Peebles in Princeton and
published their results in a short paper titled “measurement of excess antenna temperature at
A = 7.3cm” [21]. Their results were soon confirmed by Dicke, Peebles, Roll, and Wilkinson
in Princeton, fully explaining the implications [22], and the scientific significance of the signal
was finally realized. CMB has since then become the cornerstone of our understanding of
the universe.

As the oldest light in the universe, the CMB was formed when the universe was ~
400, 000 yrs old when it was still a hot and dense plasma. As the universe expands and cools,
the CMB photons decouple from electrons and free-stream across space to reach us today.
The presence of the CMB is a compelling evidence of the hot big bang model first proposed
by George Gamow [23|. The observed CMB is uniform across the sky, fluctuating only on
the level of a few parts in 10°, following a blackbody spectrum with a mean temperature of
2.725 K. The remarkable uniformity in the observed CMB is a compelling evidence of the
isotropy of the universe on large scale, and it also poses a challenge known as the horizon
problem in understanding the uniformity of CMB temperature above the degree scale which

are too far apart to have established any causal contact in the past. This eventually leads
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to the hypothesis of inflation which proposes a period of exponentially fast expansion of the
universe that allows such causal contacts to be established above degree scale in the CMB
sky (see [24] for a pedagogical review). In addition, the anisotropies of CMB, despite being
tiny, also carry important cosmological information on the density fluctuations in the early

universe, produced from the quantum fluctuations during inflation.

1.2.1 CMB temperature

We can define ©(n) = 6T'(n)/T to denote the anisotropies in CMB temperatures. It can

be decomposed into spherical harmonics as

O(h) => > ammYim(h), (19)

=0 m=-1
where Yy, is the spherical harmonic functions. The expansion coefficients can be reversely

calculated as
o = [ 9 O()Y;, () (20)
Assuming that the fluctuations in CMB temperature follow Gaussian statistics, all the in-

formation about the field can be described using its 2-point correlation function, defined as

|~

(OM)O()) = — Y (20 + 1)CePy(cosb) (21)

=0

=~

s
with cosf = i - i’ and Py(cos ) the Legendre polynomial. Cy is known as the CMB power
spectrum and is often presented in the form of D, = Cy(¢ + 1)¢/2r. The CMB power

spectrum can be estimated using the following unbiased estimator

l
. 1
Cp=— . 22
¢ 2£+1m§£|a£| (22)

The sum indicates that each ¢ mode in C, is estimated using 2¢ + 1 measurements. As ag,,
follows a Gaussian distribution, C} follows a chi-square distribution with 2¢ + 1 degrees of

freedom for each ¢ mode. Hence, the variance of Oy is given by 2

2
—C
(2€ + 1)fsky ¢

2The variance of a chi-square distribution with v degrees of freedom is 2v.

o?(Cy) = (23)
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where we have defined fq, to approximately account for the effect of partial sky coverage as
a reduction in the effective number of measurements. As ¢ gets lower (e.g., ¢ < 50), the factor
1/(2041) causes the variance of the estimator to blow up. This is due to the lack of possible
measurements that can be made at the large angular scales, causing an irreducible noise
contribution known as the cosmic variance, which does not improve with better instruments.

The CMB power spectrum has been measured precisely by Planck [1], yielding cosmic
variance limited measurements up to an augular scale of ¢ < 2000. In Figure 1.3, we show
the Planck measurements of the CMB power spectrum in temperature as compared to the
best-fit ACDM model. It showcases the excellent agreement between data and our model.
The CMB power spectrum in Figure 1.3 also shows a number of notable features: (1). The
variance significantly increases at £ < 10 due to cosmic variance. (2). The power spectrum
features peaks and troughs. They are sourced by the photon-baryon coupling in the early
universe that leads to sound-wave like acoustic oscillations of the over-density regions and
is reflected in the CMB power spectrum. (3). The CMB power spectrum has the highest
peak at [ ~ 220 or ~ 0.5° in angle. This angular scale corresponds to the size of the sound
horizon at Recombination which is largest possible distance traveled by the photon-baryon
acoustic waves before Recombination. (4). The CMB power spectrum decays exponentially
at large ¢ (¢ 2 1500). This is caused by the Silk damping effect which occurs when we
have reached scales smaller than the mean free path of the photon and electron interaction
(Thomson scattering) at Recombination where all density perturbations get washed out by

photon diffusion.

1.2.2 CMB polarization

CMB photons can be polarized through Thomson scatterings when electrons couple to
local quadrupole distributions of photons. As briefly discussed in 1.1, quadrupole pho-
ton distribution only starts to develop during decoupling, and so is the CMB polarization.
This results in CMB being polarized at 10% level, with polarization anisotropies tracing
the velocity perturbations and thus carry important information of the early universe that

complements the temperature anisotropies. It is common to express the polarization mea-
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surements in terms of Stokes parameters I, ), U, and V: consider a monochromatic wave

with frequency wy propagating along the +z direction,

E, (t) = Qg COS(WOt + ng; (t))v

(24)
E,(t) = ay cos(wot + ¢y (t)).
The Stokes parameters can be defined as time averages

I'=(a3) + {ay),
Q - <(Ii> - <CL2>7

’ (25)
U = (2a,a, cos(0, — 6,)),
V=

In particular, I describes the total intensity of the light, () and U describe the linear po-
larization of the light, and V' describes the circular polarization. CMB are expected to be
linearly polarized due to Thomson scattering but not circularly polarized, which is consistent
with observations from Planck [1].

Define complex stoke parameters 1o A(fi) = Q(f) £ iU (1), it can be decomposed as
2 A(D) = Z:EQAlm +2Y1m (), (26)
im

where 19Y},,(01) are spin-weighted spherical harmonics given by Ref. [25]. The coefficients

194, can further be combined to form rotationally invariant combinations

1
altgn - 5 [+2Alm + —2Alm] )
1 27)
B == A m = — A m
Aim oy [+24 2 Aim]

where af and af are known as the the curl-free “E-mode” and the gradient-free “B-mode”
of the polarization field, respectively, as shown schematically in Figure 1.4. The figure

shows that the E-mode polarization features an even parity when flipped, while the B-mode
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Figure 1.4: Schematics illustrating the E-mode and B-mode signal. In particular, B-mode

features a handedness that changes sign when flipped. Image taken from [3].

polarization features an odd parity. The power spectra of E- and B-mode polarization,

including the cross spectrum with temperature, are given by

(afxall /) = 0w Gpmm CLF,
(afait ) = O Gpmm CPP,
<a’l7;;zkalE’m’> = 5ll’6mm’ClTE7 (28)
<alTnjaz]/3m'> = O Oy lTB,
(&ﬁ;‘aﬁm,> = (5”,5mm,ClEB_

Among the set of six power spectra (including C}'T), CEB and C'P are parity-odd whereas
the rest are parity-even. As there is no evidence that the CMB anisotropies feature an odd
parity, we expect CFP = CI'B = 0. In practice, these two spectra are often used to test for
instrumental systematics [26]. Thus the non-zero power spectra of interests to us are C}' T,
CTE, CPE | and CPB.

The decomposition of CMB polarization into E-mode and B-mode is well motivated

as scalar density perturbations only induce E-mode polarization. As previously discussed,
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CMB E-mode polarization can be generated through Thomson scatterings in the presence of
a local quadruple photon distribution. B-mode polarization signal, on the other hand, can
only be generated by tensor-mode density perturbation such as that caused by the primor-
dial gravitational waves, which is the hypothesized gravitational waves generated during the
inflationary epoch sourced by the exponential expansion of spacetime. Detecting such signal
will be a solid evidence of inflation and acts as a smoking gun for inflationary models [27].
Therefore, it is one of the most important scientific targets for the current and upcoming
CMB experimental efforts. It is also worth noting that, in addition to primordial gravita-
tional waves, CMB lensing effect — a deflection of the CMB photon from its propagation
path as it traverses gravitational potentials of the large scale structures — is also known to
induce B-mode polarization in the CMB, and may pose a challenge as a source of confusion
in the CMB B-mode signal [28].

Figure 1.5 shows the expected CMB power spectra for both temperature and polarization.
It shows a few notable features: (1). The E-mode polarization power spectrum is about ~ 2
orders of magnitude lower than the temperature (TT) power spectrum, indicating that CMB
is polarized at ~ 10% level. (2). The E-mode power spectrum features acoustic oscillations
that are out of phase with the temperature power spectrum. This is because the CMB
polarization field traces the velocity perturbations of the acoustic oscillations which is 7 /2
out of phase with the density perturbation, similar to the case of a harmonic oscillator.
(3). The TE cross spectrum shows that the temperature and E-mode polarization maps are
correlated at ~ 20% level. (4). The B-mode power spectrum is dominated by the signal
from CMB lensing for ¢ = 100, and the B-mode signal from primordial gravitational wave
is likely most prominent in the large scales at ¢ < 100, which correspond to angles above a
degree. The tensor-mode signal from the primordial gravitational waves is known up to a
undetermined amplitude which characterizes the amplitude of the tensor-mode perturbation
in the earlier universe. It is parameterized using the tensor-to-scale ratio r that denotes the
ratio between the amplitude of primordial tensor power spectra and the primordial scalar

power spectra.
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Figure 1.5: CMB power spectra calculated using CAMB [2]|. The power spectra D, =
Cy(L + 1)¢/27 for temperature (TT), E-mode (EE), and B-mode (BB) are shown as solid
lines in black, blue, and green, respectively. The TE cross spectrum is shown as a red dashed
line in its absolute value. In addition, the B-mode polarization has contributions from CMB
lensing effect (shown as the green dashed line) and primordial gravitational wave (shown as
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2.0 Impacts of Primordial Magnetic Field on the Future B-mode Searches in

the Cosmic Microwave Background

In this chapter I describe a work in which we try to answer the question — whether a
signal from the primordial magnetic field may confuse us as the signal from t he primordial
gravitational waves from inflation in t he C MB? T he c ontent o f t his chapterisbasedona

manuscript led by me which has been submitted to Physical Review D journal for publication.

2.1 Introduction

One of the primary goals of the next generation CMB experiments is to detect the
primordial B-mode signal from the tensor perturbations generated by inflation. A detection
of such signal will be a solid evidence of inflation a nd a llow u s t o d iscriminate various
inflationary m odels. The current best constraint on the tensor-to-scalar ratio is r < 0.056 at

95% confidence level through a combined analysis of Planck and BICEP2 [29]. This bound is

expected to be lowered to r ~ 1073 by the upcoming CMB experiments such as the Simons
Observertory [30], BICEP3 [31], LiteBIRD [32], and CMB-S4 experiment [33]. However,
the tensor perturbations from inflation may not be t he only source of B-mode polarization
in the CMB. Foregrounds and lensing, in particular, both are known to contribute B-mode
polarization — we have measured both. Polarized dust emission, in particular, is an important
nuisance that confuses B-mode signal. The cautionary tale from BICEP which confused dust
as inflationary signal has taught us that we need to carefully account for B-mode foregrounds
in order to separate them from any primordial signal [34, 35, 36]. In order to do this,
the coming generation of large-angle B-mode experiments (BICEP3, Simons Observatory,
LiteBIRD) will measure in many frequency bands and test the spatial isotropy of any signal.

We also have known for a long time that the lensing B-mode signal has a low-¢ contribu-
tion whose power spectrum can be mistaken for or confused with a low-amplitude primordial

signal [37]. We have made great progress at measuring lensing signals through their non-
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Gaussian 4-point signature (see, e.g., [38]), and now reconstruct maps of the lensing deflection
potential from ACT [39], SPT [40], and Planck data [41]. In principle, this can be done with
very high precision, given clean enough maps with low enough noise (see, e.g., [42, 28]). But
in practice there is a limit to how well low-/ lensing can be reconstructed due to having im-
perfect data with non-zero noise. For example, although detecting a signal with r ~ 107° is
theoretically achieveable without considering any systematic noise, sky cut, and foreground
[28], realistic forecasts that include such effects generally predict a much lower sensitivity at
the level of o(r) ~ 1073 [43].

Foregrounds and lensing are the two most important confusion signals for primordial
B-mode polarization, and detailed studies and modeling of those are well in hand (see [44]
for a review). What else could confuse us? Perhaps the next most-likely signal would be
from a primordial magnetic field. Such concern has previously been brought up in, e.g.,
Refs. [45, 46|, and discussed in Ref. [47]. While the signal from PMF may not be completely
degenerate with the primordial tensor signal, as one might argue, to what extent can we
distinguish the two sources, given imperfect data with non-zero noise, is unclear and deserves
more attention, thus motivating the present study.

Primordial magnetic field is proposed to explain the ubiquitous magnetic field found in
the universe, with strengths of a few micro-Gauss (uG) extending across galactic and cluster
scales (see [48] for a review). Furthermore, evidence from the non-observation of the inverse
compton cascade y-rays from the TeV blazars [49] suggests that magnetic field may even
be present in the inter-galactic medium, with a lower limit of ~ 1077 nano-Gauss (nG),
extending across mega-parsec (Mpc) scale. On the other hand, the physical origin of the
cosmic magnetic field remains poorly understood. One intriguing possibility is that cosmic
magnetic fields are present before the structure formation and are produced in the very early
universe such as during inflation [50] or during the phase transitions [51]. Such magnetic
fields that are present before the decoupling of CMB photons are known as the primordial
magnetic field (PMF hereafter).

If present, PMF impacts both ionization history and structure formation of the universe,
leaving imprints on the CMB and the matter power spectrum [52]. In particular, PMF

sources all kinds of metric perturbations including scalar, vector, and tensor types, and
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influences the baryonic physics through the effect of Lorentz force. In addition, PMF also
introduces a net rotation of the linear polarization of the CMB photons through an effect
known as the Faraday rotation which leaves observable pattern in the CMB polarization
power spectrum [53].

On the other hand, PMF is not well constrained by the existing observations. The
amplitude of the comoving magnetic field By present today is constrained to be no more
than a few nG (see, e.g., [54, 55]). However, it has been previously shown that a field of
~ 1nG is large enough to generate a degenerate pattern in CMB B-mode power spectrum
as an inflationary tensor-mode signal with  ~ 0.004 [47] which is the targeting value of the
upcoming CMB experiments. Hence, a lack of knowledge on the PMF may potentially leads
us to a wrong conclusion if a tensor-mode signal were to be detected by the upcoming CMB
experiments. Therefore, it is important to evaluate the extent of the confusion between the
two degenerate models beforehand.

In this work we aim to review and re-evaluate, with particular focus on the upcoming
CMB experiments, the potential degeneracy between a B-mode signal from a PMF model
and that from primordial gravitational waves (sometimes also referred to as the primordial
tensor-mode signal in the text). In particular, we evaluate the degeneracy for different targets
of tensor-to-scalar ratio r, in the context of different experimental settings that emulate the
sensitivity of the upcoming CMB experiments. Additionally, we also investigate the extent
of which we can break the degeneracy with the help of the Faraday rotation effect from
magnetic field, in both the power spectrum level and the map level, as discussed in details
in Section 2.4 and Section 2.5, respectively.

This chapter is organized as the following. In Section 2.2, we review the basics of the
primordial magnetic field. In Section 2.3, we briefly review the PMF contributions to the
CMB power spectrum and evaluate the potential confusion to the tensor-mode signal from
inflation. In Section 2.4, we briefly review the physics of Faraday rotation from PMF and
discuss to what extent this effect allows us to break the degeneracy between PMF and
primordial tensor-mode signals. In Section 2.5, we first review the reconstruction of Faraday
rotation through quadratic estimators and then discuss to what extent it helps us break the

degeneracy. Finally, we discuss our results and conclude in Section 2.6.
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2.2 Primordial magnetic field

2.2.1 Statistics of stochastic magnetic fields

We consider a stochastic background of magnetic fields generated prior to recombination
and shall assume that the magnetic field is weak enough to be treated as a perturbation to
the main background density in the universe. As the universe is highly conductive prior to
recombination, any electric field generated quickly dissipates, while magnetic field is effec-
tively “frozen-in” due to the negligible magnetic diffusion on the cosmological scales. Hence,
the conservation of magnetic flux gives the scaling relation B'(z?,7) = B'(2’)/a(7)?, with
a the scale factor, 7 the conformal time, and 27 the comoving coordinates. We shall also
assume that the stochastic background of magnetic fields follows the statistics of a Gaussian
random field, and the energy density of magnetic fields, which scales quadratically with the
magnetic field strength (oc B?), follows a chi-square statistics. In Fourier space !, the statis-

tics of the magnetic fields can be completely described by its 2-point correlation function,

(B (k)B,(K) = (2m)*0® (k — K')[Py; Py (k) + ieyjiki P (k). (29)

where P;; = ;5 —/;;Z-/%j is a projection operator to the plane transverse to k such that Pijk; =0,
and €;;; is the total anti-symmetric tensor. Here Py and Pp refer to the helical and non-
helical part of the magnetic field power spectrum, respectively. For the interests of simplicity
we shall assume that the helical magnetic field component vanishes, though we should note
that helical magnetic field is predicted by some proposed magnetogenesis scenarios (see, e.g.,
[56, 57]).

We assume that the power spectrum of magnetic field follows a power law with a cut-off

scale kp, given by

Py = Agk™®, k< kp, (30)

which vanishes for £ > kp. The dissipation scale kp reflects the suppression of magnetic

field due to radiation viscosity in the small scales. Ag and np denote the amplitude and

~ 'In this chapter we used the following Fourier convention:
f(k) = [dBz e**f(x), and f(x) = ﬁ [ d®k e ®* f(k).
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spectral index of magnetic field power spectrum, respectively, both of which are sensitive

to the specific magnetogensis scenerios. In particular, an inflationary magnetogenesis model

prefers a scale-invariant spectrum with a spectral index np & 3, while a causally-generated

magnetic field in the post-inflationary epoch prefers a spectrum with ng > 2 [46|. Following

the conventions in literature, we smooth magnetic field with a Gaussian kernel fy(z) =

N exp (—2?/2X?) on a comoving scale of A = 1Mpc. The magnetic field fluctuation on the

comoving scale of A can then be characterized by B3,

1 & 2312
B? = (By(x) - By(x)) = F/0 dk k*e " Pp(k),
which relates to the power spectrum amplitude Ag by
(25 B

= 21’1(7LB2+3)I€;1B+3 '

B

The damping scale kp can also be approximated as [5§],

np+3

2
1 ([ By, \ mBt5 2T npts
kp = (5.5 x 1075+ [ — —_—
p = (55109 (1nG) <)\/Mpc>

1
1 (k2 BT 1
np+5 _ -
X hnB (0.022) |x=1Mpe Mpc™,

with A the reduced Hubble parameter defined as h = Hy/100 kms™! Mpc~!.
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2.2.2 Magnetic perturbations

Consider a particular realization of stochastic background of magnetic fields, with the
magnitude of the field at x and conformal time 7 given by B’(x,T), its energy-momentum

tensor can be written as

1
0o _ 2
Tho= 87TCL4B (x),
T =T =0, (34)
i N YR i
7, = (LB, - BB

where we have used the “freeze-in” condition B'(x,7) = B'(x)/a(7)?. For notation brevity
we shall omit the time dependence by implicitly assuming 7 = 7, with 7y the conformal time
today; the generic expression at different redshifts can then obtained by simple scaling. We
note that magnetic fields, being part of the rank-2 tensor, are not invariant under general
coordinate transformations. Thus the form of energy-momentum tensor in Equation 34 is
valid only in one particular frame; in this case, it is in the “cosmic rest frame”, in which
cosmic radiation field is isotropic, that we can assume the form of energy-momentum tensor
in Equation 34. As we consider magnetic perturbations to be fully inhomogeneous and per-
turbatively small (i.e. no homogeneous background component), the magnetic perturbations
are invariant under infinitesimal coordinate transformations up to the leading order. In this
sense, magnetic perturbations are manifestly gauge invariant?.

The spatial part of the magnetic energy-momentum tensor can be written as

(@) = 4 | 3005(@) - Bi@)B )] (39

and in Fourier space, multiplications become convolutions,

7)== [ o |59 B B~ )~ i)k )| (36)

2This conclusion holds in general when perturbations that are vanishing or constant in the background,
that they are automatically gauge-invariant; it is known as the Stewart-Walker lemma [59].
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The magnetic field energy momentum tensor induces scalar, vector, and tensor perturbations.

In particular, the scalar perturbations are given by

PB = 3738 _5l i

Ly = BT, (37)
OB = S 71_]7
where we defined traceless tensor S = kiki — 3049, pp = —T°% is the energy density

perturbation from magnetic field, and Pp is the pressure perturbation which is related to
the energy density by pp = 3Pp consistent with that of photons. Lp can be interpreted
as the scalar part of the Lorentz force, and op is the anisotropic stress perturbation (see,
e.g., Ref. [60]). Note that the three scalar perturbations defined in Equation 37 are not
independent as they are related by op = Lg+ %pB; this allows us to consider only two out of
three scalar perturbations, or in other words, there are only two independent scalar degrees
of freedom.

The scalar perturbations defined in Equation 37 are relevant as they source scalar metric
perturbations through the Einstein equation. Following the notations in Ref. [12] and in
Conformal Newtonian Gauge, the metric perturbation, dg,,,, can be parametrized with dggy =
2a%), 6go; = a’*w;, and 0gi; = —a2(2¢5¢j + Xij), where x;; is a traceless tensor. The quantity

¢ and 9 are sourced by magnetic scalar perturbations defined in Equation 37,
2 a . a 2
ko +3— | o+ —¢ | =41Ga E PnOn + pB |,
a a ~
2 (6+ %) = 4rGa? n+ Po)o,
(¢+aw) 7Ga® 3 + PO

n

9
R e A (Z 2o + '%B) ,

n

k2(¢ - 1/}) = 127TGCL2 (Z(pn + Pn)o-n + UB) )

n
where we have adopted the notations in Ref. [12] with p,,, P, the density and pressure density
of a particular component n, d,, 6,, o, the density, velocity, and anisotropic stress pertur-

bation from this component, and ¢, = dF, /dp, the corresponding sound speed. In addition
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to the effects of pp and op, Lorentz force also affects the evolution of baryon fluid through

Oy = —HOy + K220, — kZE, (39)

Pb
with H the conformal Hubble factor defined as H = a’/a. As we are considering stochastic
background of magnetic fields, the relevant quantity is not pg, op, and Lg but their two-
point correlation functions. We can define the two-point correlation function of the spatial

part of the energy momentum tensor as Cupea(k, k') = (T7,(k)T.a(K’)), and one can then

obtain the two-point correlation function of the scalar perturbation modes as [52],

(K)o ) = 5567 O = R KD [ 2 ) P — a1+ 42),
(o5 (K)pp(K)) = 896 C 1y = % / d’q Pg(q)Ps(|k — q)

X [1 - ;(72 +8%) + ;'yﬁu - %uﬂ : (40)
(o5 (K)op(K)) = STS™Cjpm = 5(3)(1’;—;2"’) / d’q Ps(q)Ps(|k — ql)

X {1 - 2(72 + 3% + %7262 — ;vﬁu + iuﬂ ,
with v = l;;-q, b = l%-]ﬁ, W =7p-q and p = (k/—\q) In doing so we have also used
Wick’s theorem to expand 4-point correlation functions, which relies on the assumption that
the stochastic magnetic fields background follows Gaussian statistics. We note that the
two-point correlation functions will be sensitive to cut-off scales kp when magnetic power
spectrum are significantly blue-tilted, but such dependence is nonetheless not unphysical as
the dissipation scale kp corresponds to a measurable physical scale.

Similarly, the vector perturbations from 7;; can be expressed as
v V)3 V)7
7 =1k + 1k, (41)

with Hl(-v) being a divergenceless three vector, /%iHEV) = 0. This allows one to obtain HZ(-V) by

constructing [58],

HZ(V) - ifmez - ]%zl%mlzjnTmn = Pnil%mem (42>
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where we have defined P";, = §"; — IAC”I;;, In the infinite conductivity limit3, the vector
(V)

perturbation II;"’ relates to the divergenceless part of Lorentz force, L;, by L; = kHEV) [58].

The two-point function of H,EV) is given by

(Y (k)Y (k")) = kPP (k) K P (k') Capea

Gk — Kk’
T KD [ potppstik—pl) @9

X [(1+82)(1=~%) +98(n—B)] -

= P (k)

If we denote the vector-type metric perturbation as 59(()2/) = —a?Vj, it can then be sourced
by HEV) as
| v)
Vi+2HV! = —167nG—+—. 44
F2HV] = 167G~ L (14)

In addition, the vector part of Lorentz force, L;, also affects the baryon evolution in a similar
way as Equation 39, given by [58|

7'_

Li
R0 ) = s (45)

. a

Qi + = — ,
e " a*(py + po)

with €y, vézv ) the vorticity and the divergenceless velocity perturbation of baryons, respec-

tively, and v,(y‘l-/) the divergenceless velocity perturbation of photons.

Similarly, the tensor perturbations Hg) from Tj; can be expressed as
(]

1

It sources tensor-type metric perturbation,

g (010 4 2% oy (1,) + Ky (1, k) = 87GIL (k) /o, (47)

3the conductivity is to be compared with the hubble rate; near matter-radiation equality, o/H ~
1022(T/eV)™3/2 > 1 (see Appendix in Ref. [61] for more detailed discussion), so in practice it can be
considered infinite.
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with h;; the transverse-traceless part of the metric tensor perturbation, which accounts for

)

gravitational radiation. The two-point correlation function of HEJT can be written as

G 0) = | PP ()~ 570 P )]

X [Pct(k’)Pdl(k’) — %Bl(k)PCd(k:)} Coabed
(a9

5 (k — k)

6472
X (1427 ++°6%),

— Myu(k) / &p Pa(p)Ps(lk — p|)

with My = PPy + PuPjy — P Fy.

Note that as the 2-point correlation functions between different perturbations are pro-
portional to the 4-point correlation function of magnetic fields, one can obtain the 2-point
correlation functions at any conformal time 7 by scaling the corresponding expressions with
a=8(7) [52].

The question of particular interests to the discussion in this chapter is how does magnetic
perturbations source B-mode polarization. We shall see that both vector-mode and tensor-
mode perturbations from magnetic field can source B-mode polarization signal in the CMB.

In particular, B-mode polarization can be expressed as a line-of-sight integral [62],

B(m) k 1o .
% = —\/6/0 dn e P™ () 8™ (k(no — 1)), (49)

with m denoting either vector mode (V) or tensor mode (T), and it relates to the B-mode

power spectrum by

4 B™ (0, k) B™*(no, k
(BBm) /dk g2 2 (10, k) l (10, ) (50)

l T 20 +1 20 +1

In particular, for vector and tensor modes respectively,

A0 = gD 92, 60 = L) + 22, 1)
and .
PM) = %ggv,gvn pT) = —%g (52)
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with vév) the vector part of baryon velocity, and h the root-mean-square spectra defined as

<hij(77> k)hkz(m k/)> = Mz’jkl<k>6<k - k’)|h(77, k)|27 (53)

) can be

with h;; the transverse-traceless part of metric perturbation. As both h and UISV
sourced by magnetic field (as shown in Equation 45 and Equation 47), it is therefore ex-
pected that both the vector and tensor perturbations from magnetic fields source B-mode
polarization pattern.

As magnetic fields may induce independent mode of metric perturbations to that of in-
flation, the initial conditions of magnetically-induced modes can be decomposed into three
types: (1) compensated [63, 64|, (2) passive [65, 52|, and (3) inflationary [66] magnetic
modes. In particular, compensated magnetic mode arises when the magnetic contributions
to the metric perturbations are compensated by fluid modes to the leading order in the
super-horizon scales. It includes the contributions from magnetic field after neutrino de-
coupling, and is finite in the 7 — 0 limit. The passive magnetic mode, on the other hand,
accounts for magnetic contribution prior to neutrino decoupling. In this period, the uni-
verse is dominated by a tightly-coupled radiative fluid which prevents any anisotropic stress
from developing. Without neutrino free-streaming, magnetic field acts as the only source
of anisotropic stress, leading to a logarithmically growing mode [65]. This logarithmically
growing mode survives neutrino decoupling as a constant offset on the amplitude of the non-
magnetic mode. Inflationary magnetic mode, as another type of initial condition, depends on
specific generation mechanism [66], and is therefore not considered in this chapter in order
to maintain generality of our results to different magnetic field models.

From the physical picture it is apparent that the size of the perturbations from magnetic
field depends on the epoch of its generation relative to the epoch of neutrino decoupling,
as can be parametrized by log,,(7,/75), with 7, the neutrino decoupling time and 75 the
magnetic field generation time. Though the exact number for this quantity remains unknown
and can be model-dependent, we shall assume log,,(7,/75) = 17 for simplicity following
Ref. [67]. This is, nevertheless, without a loss of generality, as 7, /75 can be degenerate with
the amplitude of the perturbations (e.g., By or Ag) [52]. In addition, magnetic field also

introduces a Lorentz force acting on the baryons in the primordial plasma. It effectively
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augments the pressure perturbations of the baryon-photon fluid which prevent photons and
baryons from falling into their gravitational wells. This effect is analogous to a change in
baryon energy density which affects the sound speed of the baryon-photon fluid and change
their acoustic oscillations [68, 69, 70].

2.3 Impacts on CMB power spectra

PMF influences CMB anisotropies through both the effect of metric perturbation and the
Lorentz force and generates perturbations of scalar, vector, and tensor types. To study their
impacts on the scientific goals of the upcoming CMB experiments, with particular focus on
the CMB B-mode searches, we make use of the publicly available code MAGCAMB * [54]
which extends the Boltzmann code CAMB [71] to include the effects of PMF as we discussed
in Section 2.2. In Figure 2.1 we show an example set of CMB power spectra that are sourced
by a stochastic background of PMF with By, = 1nG and a nearly scale-invariant spectrum
(ng = —2.9). In particular, contributions from different magnetic modes are highlighted in
different colors, from which one observes that the passive tensor-mode signal in CPP has
significant power at ¢ < 100 resembling that of an inflationary tensor-mode signal and hence
may pose as a potential source of confusion. On the other hand, the compensated vector-
mode contribution dominates at ¢ > 1000 in both C}T and CP® which is not degenerate
with the inflationary tensor-mode signal. Hence, this vector-mode perturbation from PMF
may give us a potential handle to break the degeneracy.

To evaluate the extent of the confusion for the upcoming CMB experiments, we simulate
different sets of CMB power spectra using CAMB with the standard ACDM model and the
Planck best-fit cosmological parameters as our fiducial model [1|, while varying the tensor-
to-scalar ratio r to reflect different science targets, with the spectral index nr fixed by the
consistency relation ny = —r/8. In addition, we consider different experimental settings that

emulate the targeting performance of some of the upcoming CMB experiments and simulate

4https://github.com/alexzucca90/MagCAMB
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Figure 2.1: Contributions of different magnetic modes on the CMB power spectra from a

stochastic background of PMF with Biyipe = 1 nG, log,, 75/7, = 17, and np = —2.9 (nearly

scale-invariant) generated using MAGCAMB. Plots are in units of uK?2.
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the observed power spectra for each experiment with an idealistic noise model given by
Ny =w"exp ((({ +1)6°/81In2) , (54)

where w172 = ,/47raplx /Npix denotes the expected noise level of an experiment, with opix

the per-pixel noise level, Vi the total number of pixels, and 6 the full-width-half-minimum

(FWHM) size of the telescope beam which we assume to be Gaussian. Additionally, we also

assume that the noises in polarization and in temperature are related simply by (agix)2 =
Q(Ugix)Q.

With the simulated CMB power spectra, we then perform a Monte Carlo Markov Chain
(MCMC) based model-fitting to find the best-fit cosmologies for two competing models:
(1) a model with a non-zero tensor-to-scalar ratio r but no PMF contribution (ACDM+r
hereafter); (2) a model with » = 0 but non-zero PMF contribution (ACDM+PMF hereafter).
In particular, we find the best-fit cosmology using a maximum likelihood approach with the

log-likelihood given by [72]

—2InL ({Ce} HCZ}) :Z(2l + 1){Tr [(A]gC[l}

: (55)
“ln ’Cgcf‘ - 3},
where C, contains the theory power spectra given by
CrT CrE o
Co=|cf™ ¢ o |, (56)
0 0 CpB

and C, contains the observed power spectra given by

C, = m Z GEmagma (57)

with @, = (a},, af  ap )T. Note that the full set of power spectra, C;}/, CFE CPB| and
C}E are used in the model-fitting.

As the simulated data is generated with the ACDM+r model, by fitting the same data
with a ACDM+PMF model, we aim to find a degenerate ACDM+PMF model that fits the
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Name | Beam [arcmin| | Noise [pK arcmin] | liin | lmax | foky
A 17 2 30 | 1000 | 0.1
B 1.4 6 30 | 3000 | 0.4

17 2 30 | 1000 | 0.1
C1

1.4 6 30 | 3000 | 0.4

17 1 30 | 1000 | 0.1
C2

1.4 2 30 | 3000 | 0.4

17 0 30 | 1000 | 0.1
C3

1.4 0 30 | 3000 | 0.4

Table 2.1: Different sets of experimental settings considered in this chapter. Expt A rep-
resents a ground-based small-aperture telescope, while Expt B represents a ground-based
large-aperture telescope. C1, C2, and C3 represent a combination of Expt A and B at

various noise levels.

data well. Although in theory the expected power spectra from the two competing models
are not completely degenerate due to, for instance, the vector-mode signal from the PMF,
in practice the difference may not be detectable with non-negligible experimental noises,
especially when Biype < 1nG. By computing the Ay? between the two best-fit models, we
evaluate the extent of the degeneracy between the ACDM+r model and the ACDM+PMF

model at various r targets and experiment sensitivities (as specified in Table 2.1).

2.3.1 Fiducial cosmology with r» = 0.01

We first consider a target of » = 0.01 which is one of the primary goals of the upcoming
CMB experiments such as the Simons Observatory (SO) [30]. In particular, SO will have two
separate instruments for measuring different angular scales of the CMB power spectrum: a
large-aperture telescope (LAT) which mainly focuses on small-scale CMB anisotropies, and

a small-aperture telescope (SAT) which mainly focuses on the large-scale CMB anisotropies.
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As the tensor-mode signal from inflation is expected to show up predominantly in the large
angular scales, it is thus the main target of the SO SAT experiment.

Suppose that we live in a universe well described by a ACDM-+r model with » = 0.01,
and we measure the CMB power spectrum with an SO SAT-like experiment, specified as
Expt A in Table 2.1. As mentioned in the preceding section, we simulate the observed CMB
power spectra for Expt A between angular scales of £,,;;, = 30 and £,,., = 3000, with a sky
fraction of fgy = 0.3, to account for the effect of partial sky coverage from a ground-based
experiment.

We then fit the simulated data with both the ACDM+r and the ACDM+PMF models.
The resulting CMB power spectra (CF® in particular) for the two best-fit models are shown
in Figure 2.2 in comparison to the simulated data. It shows that the two competing models
can be highly degenerate in the angular scales probed by the simulated experiment (Expt A;
30 < ¢ < 3000), with a difference much smaller than the variance of the observed data. To

be more specific, one can model the variance of the observed data as

O'2 (Og) = (Og -+ ]Vg)2 5 (58)

2
(204 1) fay
and compare it to the difference between the two sets of best-fit power spectra, as shown in
Figure 2.3, from which one notes that the difference in the best-fit power spectra is ~ 2 orders
of magnitudes below the expected variance of the observed power spectrum, indicating that
breaking the degeneracy between the two models is impossible with the given experiment
without external information. With these observations, it is then unsurprising that we also
get a Ax? ~ 0.1 between the two best-fit models. One should also note that as we consider
only idealistic experiments here, the degeneracy becomes even stronger with a more realistic
experiment.

In fact, the degeneracy between the two models is not too surprising because in the large
angular scales (¢ < 100) the passive tensor-mode dominates over the other contributions
from the PMF, and the passive tensor-mode is mathematically equivalent to the inflationary
tensor-mode signal, so the degeneracy is unavoidable if one observes only at the large angular
scales. On the other hand, one does see noticeable difference between the two models at

¢ < 10, indicating that the two models are not completely degenerate on all angular scales.
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Figure 2.2: CPP power spectrum showcases the model-fitting and degeneracy between the
two models. The blue and red curves are the best-fit power spectrum for the ACDM+r
and ACDM+PMF models, respectively. The black dots represent the simulated data after
removing noise model, and the black dashed line represents the noise model for this given

simulation which is specified as Expt A in Table 2.1. Plot is in units of uK?2.
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Figure 2.3: Difference of two best-fit CMB power spectra from both models is shown in the
red solid line (where model 1 refers to ACDM+r and model 2 refers to ACDM+PMF) when
fitting a cosmology with » = 0.010. The black dashed line shows the analytic covariance of

the simulated power spectrum. Plots are in units of uK?2.
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This is expected because in the small angular scales (¢ 2 1000), the compensated vector mode
signal from PMF, which the ACDM+r model has no resemblance of, starts to dominate over
the other magnetic modes in the CPP power spectrum. This also implies that the small
scale CMB anisotropies likely contain crucial information that helps break the degeneracy
between the two models. Nonetheless, measuring such angular scales is likely outside the
observational limits of experiments like the SO SAT, so before claiming a 30 detection when
it is detected at such an experiment, one needs to include the constraining power on the
small scales from an experiment like the SO LAT to rule out a degenerate ACDM+{PMF
model.

In Figure 2.4 we show the posterior distributions of the magnetic field parameters (Biype
and ng) from the ACDM+PMF model. Specifically, we obtain a best-fit PMF model with
Bimpe = 142704 nG at 68% confidence level, on par with the observational constraints set
by Planck in 2015 [67]. We also note that a nearly scale-invariant spectrum, with a spectral
index of ng < —2.49, is preferred by the simulated data, which we find a generic feature of
the class of degenerate ACDM+PMF models to ACDM-+r. An apparent degeneracy between
the amplitude of the magnetic field Biype and the magnetic spectral index np can also be
seen. This is because as np increases, the power spectrum of PMF tilts toward the smaller
scales, leading to less power in the large scale modes which Expt A (or an SO SAT-like
experiment) is sensitive to, and thus the loss of power gets complemented by a stronger
magnetic field, leading to the observed degeneracy. In addition, the inclusion of PMF also
induces shifts in the standard cosmological parameters, as shown Figure 2.5. In particular,
one notes that the ACDM-+PMF model favors less dark matter, more baryons, and a higher
Hubble constant Hy, the last of which may be of potential interests in the context of the
highly debated Hubble tension problem (see, e.g., [73], for a review). This increase in Hy
is likely a side effect of the increased €2, and lowered €2, due to the presence of magnetic
contributions in the metric.

Now suppose that one obtains additional observations from a large-aperture telescope
like the SO LAT, specified as Expt B in Table 2.1, which allows us to constrain the small-
scale CMB anisotropies precisely. One can then combine its constraining power with Expt A

to jointly constrain the PMF on both small and large angular scales. For simplicity, we
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Figure 2.4: Joint posterior distributions for the ACDM+PMF model parameters after fitting
the simulated data (generated with a ACDM+r model with » = 0.01) to a ACDM+PMF

model. Binpe is in unit of nG.
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Figure 2.5: Joint posterior distributions of selected cosmological parmaters for the two com-
peting models after fitting both models to the simulated data respectively. The red contours
represent the ACDM-+r model, and the blue contours represent the ACDM-+PMF model.
Hy is in unit of 100 km s~ Mpc~!.
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Figure 2.6: Joint posterior distributions of the magnetic field parameters after fitting a
ACDM+PMF model to the simulated CMB power spectra with a fiducial model of » = 0.01.
The red contour shows the posterior distribution obtained from Expt A only, while the blue
contour shows the posterior distribution as a result of a joint constraint from Expt A and
Expt B, as specified in Table 2.1. The levels indicate the 68% and 95% confidence levels,

respectively. Biype is in unit of nG.
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simulate the observed power spectra of the combined constraint by simulating two separate
experiments with the same underlying CMB realization and combining them trivially by
using the experiment that gives the lowest variance at each ¢ to avoid mode double counting.

In Figure 2.6, we show how the joint posterior distribution of the magnetic field pa-
rameters (Biype and npg) changes after we include the data from Expt B to the constraint.
As discussed in the preceding text that the degeneracy between np and Biype seen in the
blue contour is due to a lack of constraining power in the small scale modes by the Expt A,
we see that such degeneracy is broken when the additional observations from Expt B (or
an SO LAT-like experiment) are included which tightly constrains the small scale modes of
the PMF. The joint constraint leads to a much tighter parameter space for a degenerate
ACDM+PMF model to live, shown as the red contour, favoring a PMF with Biype ~ 1nG
and a scale-invariant spectrum. We find a Ay? ~ —2.5 between the best-fit ACDM-+r model
and the ACDM+PMF model, showing a stronger preference to the ACDM+r model. This
improvement in Ay? is likely contributed by the stronger constraining power in the small
angular scales on the compensated vector-mode signal from PMF which dominates at small
angular scales (¢ 2 1000) and has no degenerate signal in ACDM+r. This indicates that if
a primordial B-mode signal is detected, performing a joint constraint using both the large
angular scale and the small angular scale measurements is a promising approach to rule out

a degenerate ACDM-+PMF model.

2.3.2 Lower r targets

In addition to the fiducial model with » = 0.01 discussed in the preceding section, we
also repeat the study in Section 2.3.1 for different targets of r ranging from 0.001 to 0.010,
and compute Ax? between the two best-fit models for each set of the simulations of a given
r. In particular, we consider three sets of combined observations specified as C1, C2, C3
in Table 2.1. C1 represents the set of observations considered in Section 2.3.1 as a joint
constraint of Expt A and B, C2 represents a similar set of experiments with lower noise
levels, and C3 represents the same set of experiments in a noise-less limit.

The results of model-fitting show that the degenerate ACDM+PMF models generally
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< 0.8 nG, which is below

~Y

favor a nearly scale-invariant spectrum (ng ~ —2.9) with Biypec
the current observational limits. Figure 2.7 shows how the amplitude of the magnetic field in
the degenerate ACDM+PMF model varies with r. This is useful as it gives us a reference to
what range of the PMF parameter space is of interests to a particular r target. It shows that,
in general, one needs only worry about scale-invariant PMF models with Biype 2 0.5nG
when targetting r 2 0.001. The results also show that, as the noise level of the experiment
improves, more magnetic field parameter space will be strongly constrained, thus reducing
the allowed amplitude of the degenerate PMF model.

In Figure 2.8 we show how Ay? between the two best-fit models changes as we vary r
for each of the three sets of simulated observations. As a reference, we compare the Ay?
with a 95% confidence level of a x? distribution with one degree of freedom (Ay? = —3.841)
since the two competing models differ by one degree of freedom. We note that the results
feature an apparent trend particularly for Expt C2, and also some fluctuations particularly
at 7 < 0.004. This is likely due to a combination of realization-induced randomness and a
poor convergence of some of the MCMC chains. Nevertheless, combined with Figure 2.7,
one sees a generic trend in the reduction of Biype and the increasing of Ax? as noise level
reduces or as r is lowered, which matches our expectations. Thus our results are likely
sensible approximations of the future performances, which are sufficient for our discussion
here. In particular, one can see that the performance of Expt C1 in breaking the degeneracy
between the two models quickly degrades as r < 0.008. With Expt C2 which has a much
lower noise level similar to the targeting performance of the CMB-S4 experiments [74], the
situation is much improved as the degeneracy is effectively broken for any r = 0.004. In
the noise-less limit (C3), the degeneracy limit is pushed further down to r < 0.002. This
implies that we will be cosmic variance limited to make a distinction between an inflationary
tensor-mode signal and a PMF signal below r < 0.002.

Note that our conclusions so far are based entirely on constraining PMF through its effects
on the CMB power spectra by means of metric perturbations and Lorentz force. However,
this is not the only way one can constrain PMF signals. In fact, PMF also induces a Faraday
rotation effect on the polarization of the CMB photons [53], thus providing an additional

means to constrain PMF models. Hence, in the subsequent sections we will examine whether
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such effect can improve our ability to distinguish the two models.

2.4 Faraday rotation on CMB B-mode

Another probe of PMF is through the effect of Faraday rotation, in which the presence of
magnetic field causes a net rotation of the linear polarization directions of the CMB photons
along their path, with a rotation angle depending on the frequency of observation and the

integrated electron density along the line of sight, given by

a3 )\2/ (MB(x) - dl, (59)

1672e

where )\ is the observed wavelength, 7 = n.ora is the differential optical depth which
characterizes the electron density along the line of sight, with dominant contribution coming
from the photon last scattering surface, and B = Ba? is the comoving magnetic field. For
a homogeneous magnetic field with a present day amplitude of ~ 1 n(@, the net rotation on
the polarization angle is about a degree at 30 GHz, with the size of the effect scaling with
frequency as o oc v™2 [58]. In a stochastic background of PMF with a given power spectrum

Pg(k), the rotation field a(f1) is anisotropic with a 2-point correlation function given by [75]

(a(R)a(n)) = (122(3@)2 / d%s P / i / i (60)

X+ () (e MR ),

which can also be written as

(a(a()) = - g R G i), (61)

with Pp(x) the Legendre polynomials and C'%* the rotational power spectrum. Thus it can
be shown that the rotational power spectrum follows

v BN NT2L(L41) [ dk ,
oi = (o) 2L [ S pai T, (62)
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Figure 2.7: The magnitudes of magnetic field (Byyp,e) that fits the simulated data at different
target r for experiment C1, C2, C3 specified in Table 2.1. The error bars indicate the 68%

confidence interval for the marginal posterior distribution.
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Figure 2.8: How Ax? varies with different targets of r. The three lines represent the three
simulated set of observations specified in Table 2.1. The black dashed line shows a reference
level of Ax? = —3.841 which corresponds to the 95% confidence level for a x? distribution

with one degree of freedom.
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where we have defined a transfer function 77, (k) as

kAn dr

Tu(k) = / 9T 3 o — k(). (63)

T

Here 7 is the conformal time today, ji(x) is the Spherical Bessel function, and An = 1y —n.
with 7, corresponding to the conformal time at the maximum visibility. Equation 62 provides
the general expression for the rotational power spectrum generated by a PMF model with a
given Pg(k).

The rotation field is relevant because the rotation of the polarization direction of CMB
photons effectively turns E-mode polarization into B-mode polarization, leading to a B-mode

power spectrum CFP given by |75],
1
CEB = S oL+ 1)y (26 + 1)CEP (HE,)®, (64)
L Lo

where Hj;, is defined through the Wigner 3j symbol [76] as

¢ Lty
H eLéz = : (65)
2 0 =2
Equation 64 gives the expected signal in CPP from an anisotropic rotation field «(fi) with a

power spectrum C¢“, giving us an additional means to probe the PMF model through the

Faraday rotation effect.
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2.4.1 Faraday rotation from a scale-invariant PMF

As discussed in Section 2.3.1, PMF models that generate potentially degenerate B-mode
signals to the primordial gravitational wave are approximately scale-invariant. Hence we
shall focus exclusively on the this class of PMF models (with ng ~ —2.9) in this section.
In addition, we shall make another simplifying assumption that the magnetic modes with
scales smaller than the thickness of the last scattering surface contribute negligibly to the
total Faraday rotation, and this means that we only consider magnetic modes for k < kp
with kp ~ 2Mpc~!. This assumption is motivated by the fact that the total Faraday rotation
is dominated by the large-scale modes, as the rotation generated by magnetic modes with
scales smaller than the thickness of the last scattering surface tends to cancel each other due
to the Faraday depolarization effect [77].

With the assumptions above, the transfer function 77 (k) defined in Equation 63 can then

be approximated as

Ty (k) ~ jL]i];ZO), (66)

where we have used the approximation that An =~ 1y and the fact that the differential optical
depth 7 is sharply peaked relative to the slowly varying magnetic field (as we have ignored
the fast varying modes with scales smaller than the thickness of the last scattering surface)
and quickly integrates to ~ 1 near the last scattering surface. The rotation power spectrum

C¢“ then becomes

IL(L+1)As [P P
opr = —— 0 dk Pg(k
L 4(2%)562778 /0v B( )jL<x)

OL(L + 1)Bygt [ A\""F o0
- (47 )3T (nB_Jré\)Oez % /0 dz 2" j; (x),
2

(67)

where zp = kpno, 1y is the observing frequency, A = 1 Mpc is the size of the smoothing
kernel. This result is consistent with that given in Ref. [78|. Specifically, we follow the
same approximation as in Ref. [78] that replaces j#(x) with 1/2z% after the second zero of
jr(x) in Equation 67 to simplify the numerical integration of the fast oscillating functions. In
Figure 2.9 we show the rotation power spectrum of a PMF with Biype = 110G for different np,

as calculated from Equation 67. The results show that as the spectral index approaches ng ~
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Figure 2.9: Rotation power spectrum for different magnetic spectral indices np calculated
using Equation 67 with the Planck 2018 best-fit cosmology [1], vy = 100 GHz, and By =

1nG. The amplitude of the power spectrum scales with BfMpC and v ?.

—3, the rotation spectrum approaches a scale-invariant limit as expected. We should also
note that the above derivations assume the CMB polarization is generated instantaneously
in the beginning of recombination, which is not true. A proper calculation needs to consider
the fact that Faraday rotation occurs alongside with the generation of CMB polarization.
Nonetheless, such effect has been calculated by Ref. [75] and shown to result in a small
enough difference for our order of magnitude estimate here. Thus we shall ignore such effect
for the subsequent discussion.

With the rotational power spectrum C9®, one can then estimate the expected CP2 power
spectrum sourced by the rotation field using Equation 64. In Figure 2.10, we show the
expected B-mode power spectrum sourced by a nearly scale-invariant PMF with ng = —2.9
and Biype = 1nG, observed at 100 GHz. The result shows two noticeable features: (1).
Faraday rotation signal in CPP peaks in the small angular scales (at ¢ ~ 1000), similar

to the CMB lensing signal, with a significantly lower amplitude likely being two orders of
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Figure 2.10: The green curve shows the B-mode signal generated by the Faraday rotation
of a PMF with ng = —2.9 and Biympe = 110G at 1y = 100 GHz. The orange curve shows the
expected lensing signal and the blue curve shows the CFF signal. Note that “FR” denotes

Faraday rotation. Plot is in unit of uK?2.

magnitude lower compared to that of CMB lensing. (2). Unlike the CMB lensing signal, the
B-mode signal from the rotation field features acoustic oscillations similar to those in CMB
E-mode power spectrum. This is expected as, according to Equation 64, the B-mode signal
from the rotation field is effectively a convolution of the E-mode power spectrum CFF with
the rotation power spectrum C7* in ¢-space. Since C§** is scale invariant, the ¢ dependence
in the resulting CFB is determined by that of CFE| thus featuring the acoustic oscillations.
This is a unique feature that allows one to distinguish the rotation signal from the lensing
signal in the CPP.

To project the performance of future CMB experiments in constraining the PMF by

measuring the Faraday rotation signal, we define the signal-to-noise (SNR) ratio as

SV (26 Dy (CZBBFR)Q
(N) N 7 2<C;3B,tot+NEB>2 )
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with C’f BFR the expected B-mode signal from the Faraday rotation, and C’f B the total
B-mode signal that includes the contributions both the Faraday rotation signal and the
CMB lensing signal. N*® refers to the expected B-mode noise power spectrum from a given
experiment as approximated by Equation 54. The factor fq, is added to approximate the
effect of the partial sky coverage of a realistic experiment, in the form of a reduction in the
number of available measurements and thus a reduction in the total SNR. In addition, we
assume an observing frequency of 100 GHz for the subsequent discussion, which is where we
expect the highest SNR to come from, due to the »=* dependence of C?<.

As the Faraday rotation signal is significant mainly on the small angular scales, the
experiments relevant to detecting such signal are the large-aperture experiments, which are
more sensitive to these scales. Specifically, we consider the Expt B as specified in Table 2.1
with different noise levels: 6 pKarcmin, 2 yKarcmin, and 0 pKarcmin, and compute the
SNR for each experiment for a scale invariant PMF with the amplitude Bjyppe varying from
0.1nG to 1nG. The resulting SNRs are presented in Figure 2.11, which shows that, for an
SO LAT-like experiment with a noise level of 6 uK arcmin, the Faraday rotation signal is not
detectable in the power spectrum, hence contributing negligible constraining power on the
PMF. In comparison, a CMB S4-like experiment with a noise level of 2 uK arcmin barely
detects a PMF with Biype 2 0.9nG at SNR 2 1, while at the noise-less limit, one can detect

~Y

a PMF with Byype 2 0.5nG with SNR 2 1, and Biype 2 0.8nG with SNR 2 3. As concluded
from Figure 2.7, degenerate PMF models of interests to the upcoming experiments generally
have amplitudes Biype ranging from ~ 0.5 — 1 nG, comparable to the detection limit of the
noise-less case. This suggests that Faraday rotation signal in the B-mode power spectrum is
unlikely a strong constraint on the PMF.

On the other hand, it is worth noting that the above SNR estimates neglect the effect of
delensing, which is a proposed algorithm to remove the CMB lensing signal from the B-mode
power spectrum (see, e.g., [79]). As the CMB lensing signal is generally orders of magnitude
higher than the Faraday rotation signal in CPB, being able to remove a significant portion
of the lensing signal significantly reduces the total variance in the B-mode power spectrum,

thus improving the SNR. To be more specific, we can denote the Cf‘ Bt i Equation 68 as

BB,tot __ ~BB,CMB BB,FR BB, lensing
Cl = Cl + Cl + Adelenscg ) (69)
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Figure 2.11: Signal-to-noise ratio for various Biape. The three different solid curves show

the S/N curve for three experiments with various noise levels. The dashed curve indicates

the threshold of S/N = 1.

where C B,CMB CEB’FR, and C’f Blensing qonote the B-mode signal from the CMB, PMF, and
lensing, respectively, and Agelens denotes the residual fraction of delensing which characterizes
the delensing efficiency. Optimistic estimates suggest that an SO-like experiment can achieve
Adelens ~ 0.5 with inputs from external datasets [30], and a CMB S4-like experiment with a
noise level of ~ 2uK arcmin can achieve Agelens ~ 0.4 [74]. If the B-mode power spectrum is

signal dominated, delensing can improve the signal-to-noise ratio by a factor of Ad_ellens, thus
—1/2

delens”

lowering the PMF detection limit by a factor of A

2.5 Rotational field reconstruction from PMF

The effect of Faraday rotation is also apparent in the CMB polarization maps, which

acts as an effective rotation field a(f1) that rotates the CMB polarization maps with

w2A(R) = (Q£4U)(0) = 2M(Q £ iU)(n), (70)

52



where () and U refer to the Stoke parameters for the rotated CMB photons, and we use tilde
to denote the unrotated CMB maps for which no rotation has occurred. In the limit that

a(n) < 1, 615A(R) ~ 2ia(f)ioA(R). The corresponding multiple moments are

Oy Ay ~ £ 21 Z Z arm+2A1ms,
LM lamo (71>

[ it 42 (0)Yias ()2 ),

where the notation Y}, denotes the spin-weighted spherical harmonics [80]. The integral

can be performed with the formula

3 1/2
N N o A = 2[1 + 1
/ g, Yiymy (0) 5 Yiyms (1) 55 Yigms (1) = [lel—ﬂ
(72)
jl jQ j3 jl j2 j3
>< )
myp Mo M3 —S1 —Sg —S3
and gives
VINNES 5} DLV -
LM lng
with
o LD+ [ L Lk
Simizma = (1) \/ 4 : (74)
and
[ L I
:F

The polarization field 15 A;, can be decomposed into the curl-free (E-mode) and the gradient-

free (B-mode) components with

1
Eim = 3 (+2Aim + —24m),
1 (76)
Blm == 2_2 (+2Alm - —2Alm) .
This gives
0Em = — 2i Z Z aLnimym, Hit, (55Ll2 Eymy + €111, Bzm) : (77)
LM lyms
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and

0By, =2 Z Z CYLMfle]\émzHﬁz <61L12E12m2 - 5lLlQBl2m2> ) (78)

LM lamo

where we have defined Hjj = { H}j and

1+ (_1)Z+L+l2
€L, = B )

1— (_1)Z+L+l2 (79)
Biri, = 5 .

Equation 77 and Equation 78 describe the effect of Faraday rotation on the CMB E-mode
and B-mode polarization maps respectively which effectively mixes the two maps through
rotation. This introduces couplings between the E-mode and B-mode maps at different [

which otherwise do not exist, given by

(BBl ) onp = Z L& fire (80)
LM
with
szang' = 2€1Lr [HﬁzézEE - Hﬁ'ézBB}- (81)

The (...)cump denotes that the average is to be taken over CMB realisations only. The coupling
also allows one to reconstruct the rotation field ar,; with a quadratic estimator approach
similar to the reconstruction of CMB lensing [81]. One can similarly define an unbiased

quadratic estimator for rotation field as

OKLM — A Z Z Slml’ ’gllBElmBl’ /y (82)

i mm’

with the normalization factor to ensure the estimator is unbiased, given by

(A%B)—l _ Z 204+ 1)(2' +1) gp B (83)

9u Jiwis
T 47

in doing so we have used

e 20+ 1)(2U +1
Zfzmz' it = ( 31( )5LL/5MM/- (84)
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Figure 2.12: Gaussian noise covariance NP for experiments specified in Table 2.1 with

varying noise levels.

The weights gjiP can be chosen to minimize the total variance of the estimator (a} ;)
with
ep _ _ finw
u — CIEEC}?B’ (85)

and the resulting variance of the reconstructed rotation field oy, denoted as NEB, is related

to the normalization factor by

_ 20+ )2 +1) (fi5)?
NEB _ (4EB L _ ( ILI 7 6
oGy = D g
with CFE and CPB the observed E- and B-mode power spectrum, respectively. Here NFB is
a dimensionless quantity that characterizes the variance of the reconstructed rotation angle
at each L.
In Figure 2.12, we show the expected reconstruction noise NEP calculated using Equa-

tion 86 for experiments considered previously in Table 2.1, and for a nearly scale invariant

PMF with varying amplitudes of Biype and ng = —2.9. In particular, we consider Expt A
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Figure 2.13: Signal-to-noise ratio expected for the quadratic estimator in a variety of exper-

imental settings. The black dashed line represents S/N=1.

with noise levels of 2 K arcmin and 1 K arcmin, and Expt B with noise levels of 6 4K arcmin,
2 pKarcmin, and 0 uKarcmin. The results show that the large-aperture experiments have
orders of magnitude lower reconstruction noise at ¢ 2 1000, confirming our expectation that
the small-scale CMB anisotropies have stronger constraining power on the Faraday rotation
signal.

To forecast the expected performance of the quadratic estimator for future CMB exper-

iments, we define the SNR as

Limax 2 l ] Caoc 2
(S N) == E fS Ky ( EB) 5 (81
/ 2 N[ )

L=Lymin
where, similar to Section 2.4, we use fq, to approximate the partial sky coverage. We also
assume the observations are made at 100 GHz, which is the frequency channel expected to
contribute the highest SNR.

In Figure 2.13 we show the expected SNR for the same set of experiments considered pre-

viously. It shows that reconstructing a rotation field using the quadratic estimator approach
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results in an order of magnitude improvement in the SNR as compared to constraining its
effects on the CMB B-mode power spectrum. This is unsurprising as the effect of a rotation
field a on CPP scales with ~ o2, which is a second order effect, whereas its effect on the
cross-correlation (FB) scales with ~ «a (see Equation 80), which is a first order effect, thus
giving a significantly improved SNR. The results also show that large-aperture experiments
(Expt B) have better SNR in general as a result of the significantly lower reconstruction
noise (as shown in Figure 2.12). Specifically, a SO SAT-like experiment with a noise level
of 2 uKarcmin gives comparable SNR to an SO LAT-like experiment with a noise level of
6 K arcmin, both of which are capable of constrain PMF models down to Biype 2 0.3nG
with S/N 2 3, and this limit may be pushed further down with the CMB S4-like noise
levels to Biype 2 0.1nG. This indicates that the degenerate PMF models to the ranges of
r of interests to the upcoming CMB experiments will likely be strongly constrained by the
small-scale anisotropies. Note that similar to 2.4 we have neglected the effect of delensing

which may further improve the PMF constraint.

2.6 Discussion

We have investigated the question — whether the PMF signal in the CMB may be a source
of confusion for the inflationary B-mode signal from primordial gravitational waves? The
possibility of such degeneracy has raised concerns (see, e.g., [46, 47]), particularly on whether
one can prove with confidence that a tensor-mode signal detected in the CMB B-mode power
spectrum comes from inflation instead of some other sources such as the PMF. We found
that the answer may be “yes” if one utilizes only the information in the large-scale CMB
anisotropies (¢ < 1000), as PMF also sources large-scale B-mode signal by sourcing tensor-
mode metric perturbations in a mathematically equivalent form to that of the primordial
gravitational waves, thus generating a completely degenerate signal on the large angular
scales. However, after including the constraining power on the small-scale CMB anisotropies
(¢ 2 1000), the answer clearly becomes “no”, thanks to the high sensitivity measurements on

the small angular scales by the upcoming CMB experiments which significantly constrain the
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unique signatures of the PMF model including its vector-mode perturbation and the effects
of Faraday rotation on the CMB. Our findings confirm previous claims in, e.g., Refs. [82, 45],
and are in a broad agreement with the findings in Refs. [47, 46], that the PMF model does
not pose a challenge to the future B-mode searches.

Our analysis extended the previous works in considering a much wider ranges of targeting
tensor-to-scalar ratios, magnetic field models, and experimental settings, and in establishing
the empirical relation between r and the magnetic field amplitude of the degenerate PMF
model through simulations and MCMC-based model-fittings. In particular, we established
that the degenerate PMF models for » 2 0.001 generally have Biype 2 0.5nG. We also
considered the Faraday rotation effect of the PMF in both the B-mode power spectrum and
the EB off-diagonal cross correlations, and showed that the PMF models with Byype 2 0.5nG
can be ruled out with high confidence, particularly with the off-diagonal EB cross correlation,
by the upcoming CMB experiments. Our work can also be regarded as a demonstration of
a methodology that can be used in systematically ruling out a possible source of confusion

to the tensor-mode signal in the context of the upcoming searches.
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3.0 Constraining Cosmic Birefringence with Atacama Cosmology Telescope

Having seen the possibility of detecting rotations in the CMB polarization fields through
the use of EB cross correlation in Chapter 2, one could apply this method to experimental
data to constrain exotic physical scenarios that may induce polarization rotations. Such effect
is broadly known as cosmic birefringence, which refers to the phenomenon where photons
with different linear polarizations propagate differently. It could be caused by the PMF
as we discussed in Chapter 2 or by physics beyond the standard model, thus providing a
promising avenue to search for new physics signal. In this chapter I describe a work in which
we perform a search for cosmic birefringence signal in the data collected by the Atacama
Cosmology Telescope (ACT). The manuscript that this chapter is based on was published in
April 2020 in the Physics Review D journal [83] produced by a collaborative work of Toshiya
Namikawa, Omar Darwish, Blake D. Sherwin, and myself, as an ACT collaboration paper.

(©2020 American Physical Society.

3.1 Introduction

The Atacama Cosmology Telescope (ACT) experiment, a ground-based CMB experiment
located in the Atacama Desert in Chile, is a 6-m diameter telescope scanning in millimeter
sky in both temperature and polarization [84]. The precision measurements of the CMB
polarization by ACT makes it possible to search for signs of new physics by searching for a
rotation of linear polarization in the CMB photons, a phenomenon known as cosmic birefrin-
gence which is absent in the Standard Model. Cosmic birefringence can be sourced by several
types of beyond-Standard-Model physics. For example, axion-like particles within a mass
range of 1073 < m, < 1072%eV can couple to photons through a so-called Chern-Simons
interaction and source cosmic birefringence (see, e.g., [85, 86, 87, 88, 89| and a review, [90]).
In addition, birefringence-inducing pseudo-scaler fields are also a viable solution to the Hub-

ble’s tension [91]. Cosmic birefringence can also be generated by primordial magnetic fields
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(PMFs) via Faraday rotation effect on the CMB polarization, as we discussed in Chapter 2,
though PMF-induced cosmic birefringence has a frequency dependence that distinguishes
itself from the other generating mechanisms.

Cosmic birefringence can be both isotropic and anisotropic. In particular, anisotropic
birefringence can be a result of the spatial variation of the inducing sources. Such models are
well motivated theoretically (see, e.g., [85, 92, 93, 94, 95, 96]). Thus, being able to measure
and place constraints on an anisotropic polarization rotation in CMB provides valuable
insights to fundamental physics.

Observationally, isotropic cosmic birefringence causes a transfer of CMB E mode power
into B mode, leading to non-zero odd-parity EB cross spectra — an effect we discussed in
Section 2.5 — which is absent from standard cosmological model. Hence, such effect allows one
to constrain isotropic cosmic birefringence by measuring the EB power spectra. One caveat
of such approach is that a mis-calibration in the global polarization angle in the instrument
can lead to a spurious isotropic cosmic birefringence signal. In fact, EB power spectra has
often been used to calibrate the global polarization angle. Galactic foreground components,
on the other hand, may also lead to odd-parity spectra and may help break the degeneracy
between global polarization angle calibration and an isotropic cosmic birefringence signal.

When the cosmic birefringence is anisotropic, it induces direction-dependent EB corre-
lation, as a result of statistical anisotropy. In this case, cosmic birefringence acts effectively
as an anisotropic rotation field «(f1), mixing Stokes parameter (i) and U(f) in every di-
rection. In Fourier space, the rotation field effectively mixes E and B modes of different
angular scales, leading to non-zero off-diagonal (¢ # ¢') elements in the CMB covariance.
Such off-diagonal covariance, therefore, allows us to reconstruct the underlying rotation field
a(f) in a way similar to the CMB lensing reconstruction [81]. Although birefringence also
induces other cross correlation, such as between temperature and E mode maps, reconstruc-
tion using EB has been shown to give the highest signal-to-noise ratio, and therefore we
focus on birefringence reconstruction using EB correlations in this work.

Previous works have placed constraints on anisotropic cosmic birefringence, making use
of temperature and polarization data from WMAP [97], POLARBEAR |[4], BICEP2/Keck

Array [5], and Planck [6]. It is evident that reconstructing birefrigence power spectrum
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from off-diagonal CMB covariance has become the most powerful probe to measure the
anisotropies of the cosmic birefringence and has indeed lead to the current best constraints
[5, 6].

Data obtained from the Atacama Cosmology Telescope Polarimeter (ACTPol) provides
CMB polarization measurements with high angular resolution and increasingly better sen-
sitivity. It is thus expected that ACT data gives better constraint on anisotropic cosmic
birefringence signal. Therefore, we focus on the reconstruction of anisotropic cosmic bire-
fringence using CMB polarization data from ACTPol in this work. Specifically, we focus on
frequency-independent signal which excludes the possibility of a PMF-induced birefringence.
We leave a reconstruction of frequency-dependent birefringence signal to future work.

This chapter will be structured as the following. In Section 3.2, we review the basics of
cosmic birefrigence, including its effects on CMB. In Section 3.3, we describe the data and
simulations used in the study. In Section 3.4, we describe the algorithm used to estimate the
rotation field. In Section 3.5 we study the potential systematics that may affect the mea-
surements. In Section 3.6 we present the results, i.e., the reconstructed rotation spectrum.

We discuss the implications of our results and conclude in Section 3.7.

3.2 Effects of cosmic birefringence in CMB

Cosmic birefrigence acts effectively as a rotation field (i) that rotates the linear po-
larization of CMB photons. The effect of rotation field a(fi) on the CMB polarization has
been discussed in details in Section 2.5, so we only briefly review the relevant results here.
Assuming «(f) follows a Gaussian random statistics, its two-point correlation function is

given by

(ama() = 3 2 opepya - i), (58)

with C?* the power spectrum of the rotation field that completely specifies the statistical

property of a(fi) and Pr(cosf) the Legendre polynomials. For a scale-invariant rotation
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field, we parametrize its power spectrum as
L(L+1)
27

with Agp the amplitude of the cosmic birefringence signal. The effect of a rotation field «/(i1)

CL = ACB X 1074, (89)

on the Stokes parameters ) and U is given by
Q £ iU = ¥™(Q +iU), (90)

where quantities with tildes denote unrotated CMB polarization fields. As discussed in
Section 2.5, in the weak-field limit, i.e., a(fi) < 1, the rotation field induces off-diagonal

correlation between the E-mode and B-mode polarization fields, given by

(Etm Bpy) Z L& fiLy (91)
where
fity = 2a [HZCP® — HipCPP), (92)
o JCQL+1)2l+1)(20+1) [ I L s
glmlng = (_1) \/ 4 Y (93)
T —-m M my
14+ (=1 I+L+1>
€Ll = ( 2) ; (94)
and
¢ L Y
Hy, = . (95)
2 0 -2
This allows one to invert Equation 91 to obtain ay s with a minimum variance estimator
O{lm = AEB Z Z glml’ ’gllBElmBl’ ’y (96)
i mm'
with
BB i1
g = CEECED: (97)
and Agg a normalization factor, which is related to the variance of the estimator by
EB EB 20+ )21 +1) (i)
NL (A ) Z A CZEECZ]’BB (98)

w
This is the known as the minimum-variance quadratic estimator and will be used to recon-

struct the anisotropic cosmic birefringence signal from the CMB polarization maps in this

study.
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3.3 Data and simulations

In this work we analyze ACTPol nighttime polarization data collected from two seasons of
observations taken in 2014 and 2015, as described in Ref. [98]. In particular, the constraints
are derived from one region of the sky, labeled as D56, which spans ~ 456 deg? of the
sky in two frequency bands, labeled as f090 and f150 centered approximately at 98 GHz and
143 GHz, respectively. The maps have an effective noise level of 14uK arcmin in polarization.
Another patch of sky, called BOSS-N, was observed in the 2015 season covering 1633 deg?
of the sky with an effective noise level of ~ 30 uK arcmin in polarization. Due to the much
higher statistical noise in this patch, data from BOSS-N contributes negligibly (< 3%) to
the cosmic birefringence constraint and hence is used for (swap-patch) null test only. We
combined maps from different frequency bands, detector arrays, and seasons following the
same Fourier-space based approach described in Ref. [39], resulting in one set of E and B
maps for each sky patch (D56 and BOSS-N).

To test our reconstruction pipeline, we make Monte Carlo simulations with the standard
ACDM Cosmology that include lensing and realistic instrument effects such as beams and
inhomogeneous map noise (see [99, 100] for more details), referred to as standard simulation
hereafter and are used mainly to test our reconstruction pipeline, compute biases in the
power spectrum measurement, perform null tests, and compute the covariance matrix for
likelihood analysis. In addition, we also generate simulations that include an anisotropic
cosmic birefringence signal with varying amplitude Acg, as defined in Equation 89, to esti-
mate transfer function for the reconstructed spectrum. To estimate the impacts of systematic
errors in the reconstruction, we also generate simulated maps with global polarization an-
gle mis-calibration and polarized dust emission obtained from Galactic dust simulation of

Ref. [101] 1.

!The simulation provides non-Gaussian full-sky dust Q/U map at 353 GHz, which is scaled to ACT
frequency assuming a modified black-body with a dust temperature and spectral index given by Ref. [102].
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3.4 Analysis

We reconstruct the rotational field, a(i1), from the rotation-induced off-diagonal mode-
coupling using the quadratic estimator given by Equation 96, from polarization maps in
E mode and B mode. The power spectrum of the anisotropic rotation angle can then be
obtained following Equation 88 (see Ref. [102] for detailed verification of this reconstruction
algorithm).

To account for ground and atmospheric noise, we use the same filter as is applied for
CMB power spectrum and lensing analysis in Refs. [39, 100], where Fourier modes with
|€;] < 90 and |¢,| < 50 are removed in both £ and B maps. The filtered E and B maps
are then projected to HEALPIX pixelization and converted to coefficient Ej,, and By, using
spherical harmonics transform. Note that the curved-sky geometry has been taken into
consideration in making the polarization maps of each sky patch, and hence the computed
harmonics coefficients do not have any distortion due to ignoring the curved-sky geometry.

Next we reconstruct the rotation field a using the minimum variance estimator defined

in Equation 96,
CAylm = A%B Z Z fﬁnj\l{m’ fl%}lg/Elmg;m’ (99>

W mm!

where we have used the notation X, = X / C'ZXX to denote the inverse variance filtered
harmonic coefficients, with X being either £ or B. In particular, we use CMB multipoles
in the range 200 < ¢ < 2048 for our baseline reconstruction. The dependency of our results
on the multipole range is tested in Section 3.5. Finally we correct for the mean-field bias,
(@). This term accounts for the bias caused by non-rotation effects such as survey boundary
effect, beam asymmetry effects, lensing effect, and time domain filtering applied in the
preprocessing step [99, 103]. It can also be induced by global polarization angle error which
we discuss in detail in Section 3.5. We evaluate the mean-field bias by averaging over the
standard simulations that are described in Section 3.3. The final estimator can be written
as

A EB
aArpm = AL

(ZZ&%wﬁEﬁEmE;m/> _ <a>] | (100)

i mm'

From the reconstructed a(i1), the cosmic birefringence spectrum can be estimated in a
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similar way as the CMB lensing power spectrum [103, 41]. To estimate the power spectrum
of a, one effectively evaluates a 4-point correlation function which has two components: a

disconnected (or Gaussian) part Ny p and a connected part Ny ¢, following

(Qryparnr) = (27)25LL/5MM' (Nop+ Npe), (101)

where the disconnected part Ni p dominates the total variance of the estimator &. As the
disconnected part is sourced by the original CMB anisotropies, it is non-zero even when
no cosmic birefringence is present [104, 105, 106]. With the minimum variance estimator in
Equation 100, this disconnected part is minimized and becomes Nj, p = NFB. The connected
part, on the other hand, is a sub-dominant component (two orders of magnitude smaller) in

the total variance of the estimator &, given by
Npo=C*+ NV +0(ah), (102)

where C is the power spectrum of cosmic birefringence which we are ultimately interested
in, and N S) is known as the N1 bias, which is of O(a?). Therefore, to estimate C¢,
one needs to estimate and substract both the disconnected bias Ny p and the N1 bias.
In particular, we estimate the two biases both using the standard simulations and non-
zero birefringence simulation, respectively. Furthermore, we adopt a realization-dependent
algorithm [107] to estimate Ny, p, instead of using the theoretical expression for NFB in
Equation 98. This is known to be robust to possible mismatches between simulation and
data. We subsequently substract the disconnected part from the observed variance of the
birefringence estimator. The N1 bias, on the other hand, is included in modeling the signal
spectrum of the birefringence, instead of being substracted, though in practise the N1 bias is
found to be negligible compared to the statistical error from the reconstructed birefringence
spectrum which is dominated by Ny, p.

To validate our reconstruction pipeline, we perform reconstruction on simulations with
non-zero birefringence. The cross-spectrum between the input and the reconstructed bire-
fringence agrees with the input spectrum to within 0.3% for L > 20.

In this work we compute the cosmic birefringence power spectrum up to L < 2048.
At larger L, the statistical uncertainties of the reconstructed spectrum start to increase

significantly (see Figure 2.12 for example).
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3.5 Potential systematics

The ACT polarization data have been tested for possible systematic errors in several pub-
lished or forthcoming papers focusing on the CMB [99], lensing [103], and delensed spectra
[108], as well as cross-spectra with galaxy surveys [39]. Here, we further test for poten-
tial systematic contamination which could bias the measured cosmic birefringence spectrum.
Here and in the following sections, we use 200 realizations of the simulations to evaluate the

bandpower covariance matrix for the cosmic birefringence spectrum as well as the chi-square

probability-to-exceed (PTE).

3.5.1 Uncertainties in polarization angle measurement

Global polarization angle errors induce non-zero odd-parity power spectra [109, 110].
We estimate a constant global rotation angle 1 as follows. Assuming |¢)| < 1, the global

rotation angle is related to the polarization spectra as
v =CFB2(CFF — CPP) = (103)

at each multipole bin b [109]. We compute the angle by minimizing >, (¢ —a) Covyy, (v —ay)
where @, is the observed value of a; and Cov is the covariance of a; computed from 200
realizations of the standard simulation. With the polarization spectra at 200 < ¢ < 2048,
we find that ¥ = 0.12 + 0.06 deg. This global rotation introduces a significant mean-field
bias particularly at very large scales, reaching a comparable level to the 1o statistical error
of the reconstructed cosmic birefringence spectrum at L < 20. We therefore exclude the
large-scale cosmic birefringence spectrum (L < 20) from our analysis. Note that this scale
roughly corresponds to the size of our sky patch. Thus the measured spectrum below this
multipole does not have much information on cosmic birefringence signals.

An additional possible concern is the spatial variation of polarization angle errors over
the observational field. In order for such variations to be significant, one would require that
(1) different detectors have significantly different polarization angle errors; (2) the relative

weights of different detectors vary strongly over the map, because otherwise differential
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Figure 3.1: The difference of the cosmic birefringence spectra between the standard plus
Galactic dust and standard simulations. Each value has been divided by the 1o statistical

uncertainty in the standard cosmic birefringence spectrum.

detector angle errors would be absorbed into the mean; (3) such effect is not significantly
reduced by averaging over repeated scans. Since all of these effects are individually unlikely
to be large, the likelihood of all three taking place at a significant level is very small, and
we therefore neglect such effects. This is further motivated by the fact that our potential
upper limits of cosmic birefrigence are, in fact, not degraded by such systematic, since
uncertainty in polarization angle measurement is not correlated with a true birefringence
signal. Furthermore, as both birefringence and polarization angle error spectra give strictly
positive contributions to the estimated birefringence power spectrum, the presence of such
a systematic would, in fact, imply stronger constraints on cosmic birefringence from a data-

derived upper limit.

3.5.2 Galactic foregrounds

The large scale B-modes are significantly contaminated by Galactic foregrounds, and

in principle, non-Gaussian polarized foregrounds could also bias the measured birefringence
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spectrum. As our analysis removes multipoles below ¢ < 200, we expect minimal contami-
nation from the Galactic foregrounds in our maps. To accurately account for any bias to the
reconstructed cosmic birefringence spectrum, we nonetheless test the Galactic foreground
contributions to our results by adding a simulation of Galactic dust to our standard simula-
tion. In particular, we use 20 different realizations of the Galactic dust simulation provided
by Ref. [101] in the D56 region for this purpose. We scale the dust polarization maps to our
observing frequencies following Refs. [111, 112], assuming a modified blackbody spectrum
for dust and using the dust spectral index and temperature measured by Planck [112]. We
then add the scaled polarization maps to 20 realizations of our standard CMB simulation to
produce a set of 20 CMB simulations including dust.

In Figure 3.1 we show the difference spectrum between the simulations including dust and
the standard simulations, averaged over 20 realizations. The spectrum is further normalized
by the 1o statistical error of the cosmic birefringence spectrum obtained from 200 realizations
of the standard simulation. Although we do not yet have sufficient multi-frequency data to
fully exclude any impact of Galactic foregrounds, results based our simulations show that the
impact of the dust contribution to our reconstructed cosmic birefringence power spectrum
is likely small, being approximately < 10% of our statistical uncertainty at each multipole

bin.

3.5.3 Null tests

As a null test, we compute the cross spectrum of the reconstructed rotation field v ob-
tained from the D56 and BOSS-N fields. As we expect the reconstructed rotation fields to be
uncorrelated on these two patches, the cross spectrum should be consistent with zero. Fol-
lowing the same procedures as applied to the D56 field, the cosmic birefringence anisotropies
from BOSS-N are reconstructed using the same quadratic estimator described in Section 3.4
and are then cross-correlated with the birefringence map from D56. This cross spectrum can
serve as a valuable test of whether our error bars are correct and whether any unforeseen
systematic errors exist in the data. Figure 3.2 shows the cross spectrum; we find that the

spectrum is consistent with null, with the x? PTE of the cross spectrum within the nominal
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Figure 3.2:

The null cosmic birefringence spectra for the swap patch (upper panel) and

difference spectra (lower panel) tests, each divided by the statistical 1o error of the spectrum.

For the swap patch, we show the cross spectrum of the reconstructed cosmic birefringence

anisotropies between two separate patches of sky, D56 and BOSS-N.
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range.

For additional null tests, we also compute the difference between the baseline analysis
and cases with different choices of CMB multipole ranges used for the rotation field re-
construction. Figure 3.2 shows the difference spectra and the x> PTE calculated for each
difference spectrum. The result shows that difference spectra are consistent with the null

hypothesis regardless of the choice of the CMB multipole range.

3.6 Reconstructed spectrum

After passing the null tests in Section 3.5, we unblinded the reconstructed cosmic bire-
fringence spectrum. Figure 3.3 shows the cosmic birefringence spectrum from ACTPol data
with error bars estimated from the standard simulation. For comparison, the figure also
shows the cosmic birefringence power spectra measured by other recent CMB experiments:
BICEP2/Keck Array [5], POLARBEAR [4], and Planck [6]. Compared to other experi-
ments, ACTPol provides the tightest constraint on the cosmic birefringence spectrum at
20 < L < 2048. We compute the x? PTE of our measured spectrum based on covariance
obtained from simulation, and the value is found to be 0.99, which is in good agreement
with zero signal. We also note that the off-diagonal elements of the correlation matrix for
this measurement become ~ 0.5 at L > 1000, while at lower L the off-diagonal correlations
are negligible.

We note that the x? PTE is close to unity, which might be an indication of an overes-
timation of error bars. To investigate this further, we check the dependency of the x? PTE
on analysis choices such as the minimum multipole used to compute the PTE (L,;,) and
the size of each bin (N,). The results are summarized in Table 3.1, which shows that the x?
PTE values are typically less than 0.95. Note that the values in Table 3.1 are not statisti-
cally independent from the baseline value since we only modify the analyzed data by a small
amount by changing Ly, (and changing the number of multipole bins does not introduce any
new data). However, if we had significantly overestimated our error bars, we would expect

that with these other analysis choices one would consistently also get very high PTE values,
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Figure 3.3: The angular power spectrum of the polarization rotation fields «(fi) measured
from ACTPol data over 456 deg? of sky, with errors from a standard ACDM simulation. The
solid line shows a scale-invariant spectrum with the amplitude corresponding to our 20 upper
bound (see Section 3.6). In addition to our work (red), we also show the spectra obtained
from POLARBEAR (green) [4], BICEP2/Keck Array (blue) [5] and Planck (magenta) [6].
The Planck Low-L results are not included due to the error bar size. The lower panel shows
a zoomed-in view of our birefringence power spectrum measurement; we also show, with a
blue dotted line, the potential bias from a global polarization angle systematic error of 0.06
deg, which is of the same size as the one sigma error from an EB-derived constraint. Since
this is difficult to see, for visualization, we have multiplied this angle error bias by a factor

10.
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Lwn X2PTE | N, X2 PTE

10 0.85 15 0.77
30 0.94 20 0.88

Table 3.1: The x? PTE values for our measured cosmic birefringence spectrum with varying
the minimum multipole, L;,, or number of multipole bins, N,. For the baseline analysis,
where L, = 20 and N, = 10, the PTE is 0.99; the variation seen in this table, given

different analysis choices, is consistent with this high PTE being a fluctuation.

which is not seen. In addition, as described previously, we have performed several null tests
where simulations are used to evaluate the scatter, without finding anomalous PTEs. The
high x? PTE for the baseline spectrum therefore is likely due to a statistical fluctuation
rather than an overestimate of the errors. Of course, if in fact the errors have been slightly
overestimated, our limit on the cosmic birefringence will be somewhat conservative.

Note that the minimum CMB multipole used in the cosmic birefringence reconstruction
is {min = 200, which is considerably lower than that of the lensing reconstruction presented
in Ref. [103]. In the lensing analysis, the CMB multipoles below £;,;, = 500 were removed
since the simulations are not consistent with temperature data at these scales due to inaccu-
rate atmospheric noise characterization and transfer function estimation. For this analysis,
however, the temperature data are not used, and the measured polarization noise spectrum
is consistent with simulations for ¢ > 200. In addition, as demonstrated by our null tests in
Figure 3.2, changing the minimum multipole used does not produce any spurious signals. To
further test this, we evaluate the x? PTE of a measured spectrum analyzed with £,,;, = 300,
finding that the value effectively does not change from the case with ¢,,;, = 200; in addition,
all our null tests still pass. These facts indicate that the inclusion of low-¢ CMB polarization
data does not introduce non-negligible systematics into our measurement.

As an example of the cosmological implications of our measurement, we consider a con-
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straint on the amplitude of the scale-invariant spectrum, C?* o 27/L(L + 1), which can
be later translated into, for example, a constraint on the coupling constant of an axion-like
particle. To constrain a scale-invariant spectrum, we first construct an approximate likeli-
hood for the reconstructed cosmic birefringence power spectrum. Although we do not use
multipoles at L < 20, the distribution of the power spectrum in the largest bin is asymmetric
and is not well described by a Gaussian based on our simulation. Instead, we assume the

log-likelihood proposed by [72]:

—2InL(A Zg 04, [clC ]COV,;}[C;,CJi]g(cg,gb/), (104)

bb’

where we use the X notation are denote data-derived quantities; those without are theory-
or simulation-derived quantities. In particular, A, = (C2 + (N9))/(Co® + (NP)) is the
ratio between the estimated and the expected amplitudes of the quadratic estimator power

spectrum. CP* is the cosmic birefringence signal at each multipole bin b, and g(x) = sign(z—

1)y/2(z —Inz — 1) for > 0. The power spectrum, Cgc , and covariance, Covyy, are evaluated
as the mean and variance of the quadratic estimator power spectrum obtained from the
standard simulation, respectively. Note that we further introduce two free parameters, cJ,
cj, to match the above likelihood to that obtained from the simulation. In particular,
we compute ¢) and ¢} by fitting the histogram of A, obtained from the simulation using
Equation 104 at each bin. We have also verified that the values of ¢ and ¢ only change by
negligible amounts when using simulations with different levels of birefringence signal, which
indicates a sensible fit.

Using Equation 104, we compute the likelihood for the amplitude of the scale-invariant
power spectrum defined by L(L+1)C%* /21 = Acgx10~*. Assuming a flat prior for Acg > 0,
we then obtain the 20 upper limit on the amplitude as Acg < 0.10. This constraint improves
the previous best constraints by a factor of between 2 and 3 [6, 5|. Note that, for the
scale-invariant power spectrum, the constraint on its amplitude is mostly determined by the
largest-scale multipole bin; removing the first multipole bin centered at L = 47 degrades the

constraint considerably.
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3.7 Discussion

Our measured spectrum can be used to constrain various models which lead to cosmic
birefringence anisotropies. As an example, we consider the following interaction between

axion-like particles and photons in the Lagrangian [113]:

£ g‘zaFWFW, (105)

where g, is the Chern-Simons coupling constant between the axion-like particles and photon,
a is the axion-like particle field, F),, is the electromagnetic field, and Fm is its dual. The
presence of axion-like particles produces a rotation of the polarization angle as [113, 114]:

a= %Aa, (106)

where Aa is the change in a over the photon trajectory. Fluctuations in the axion-like particle
field lead to the spatial variation of a. If the axion-like particle is effectively massless during
inflation, the primordial power spectrum of the fluctuations of the axion-like particle field
is scale-invariant. As a result, the cosmic birefringence power spectrum becomes a scale-
invariant spectrum in the large-scale limit (L < 100) [94]:

L(L+1)C¢ [ Higa \’
2m ( 4m (107)

Here, H; is the inflationary Hubble parameter and is related to the tensor-to-scalar ratio
r, as Hy = 2nMy/Ar/8 =~ /Ar x 10 GeV where M, ~ 2 x 10'® GeV is the reduced
Planck mass and A, ~ 2 x 107 is the amplitude of the primordial scalar perturbations (see,
e.g., [115]). Using Equation 107, our Acp constraint can be translated into constraints on

coupling between axion-like particles and photons as
Gy < 4.0 x 107%/H; . (108)

A detection of the tensor-to-scalar ratio in a future CMB experiment, which determines Hy,
will thus allow us to put a upper limit on g, from the CMB cosmic birefringence.
Measurements of anisotropic cosmic birefringence can be of great importance for testing

new physical theories of the early Universe. Future CMB experiments such as the BICEP
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Array [116], CMB-S4 [74], LiteBIRD [32], Simons Observatory [117], and SPT-3G [118] will
measure cosmic birefringence anisotropies even more precisely [119]. In these experiments,
a curved-sky polarization analysis, as we have presented here, will be necessary to tightly

constrain a scale-invariant spectrum of cosmic birefringence anisotropies.
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4.0 Observing the Galactic Center with the Atacama Cosmology Telescope

Ground-based CMB experiments like ACT provide sensitive and high angular resolution
measurements of the millimeter sky in both total intensity and polarization. Not only are
such measurements important for the CMB science, they are also valuable for astronomy,
though such possibility has not been explored extensively. In this chapter I present a work
that explores such possibility in which we make a map of Galactic center region of our Milky
way galaxy using data from ACT. This work is a product of collaborative work by Susan E.
Clark, Brandon S. Hensley, and myself, in the form of an ACT Collaboration paper. The
manuscript that this chapter is based on has been submitted to Astrophysical Journal for

publication.

4.1 Introduction

Some of the most extreme interstellar environments in the Galaxy are found in the
Galactic center (e.g., [120]). The inner ~ 500 pc of the Milky Way is home to the Central
Molecular Zone (CMZ), the densest concentration of molecular gas in the Galaxy, with a
mean density of ~ 10*em™ [121, 122]. The surface density of dense gas greatly exceeds
that found in nearby star-forming molecular clouds. Standard prescriptions predict that
the CMZ should be an extremely active site of star formation, and yet the observed star
formation rate is low; by some estimates, an order of magnitude or more below predictions
(e.g., [123, 124, 125] and references therein).

The apparently inefficient star formation in the CMZ makes this region an ideal testbed
for star formation theories, with many factors proposed to explain the observations. These
include the strong magnetic field in the Galactic center [126, 127, 128], the rate of mass inflow
to the CMZ [129], the strength and compressibility of turbulence in the CMZ [130], and the
possibility that we are observing a relatively quiescent period between episodic bursts of

star formation [131, 132]. Furthermore, the CMZ is in some respects a nearby analogue of
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nuclear rings in other galaxies, including high-redshift starbursts. The Galactic center is
thus an opportunity for up-close study of the physics relevant to the cosmic history of star
formation [133, 134].

The magnetic field in the vicinity of the Galactic center has long been studied with radio
polarimetry [135, 136]. The so-called non-thermal radio filaments — thin strands of radio-
frequency emission — were some of the earliest observations to shed light on the magnetic
field structure toward the Galactic center. The non-thermal radio filaments are, for the most
part, strikingly perpendicular to the Galactic plane, and the intrinsic magnetic field inferred
from the Faraday de-rotated polarized synchrotron emission tends to lie parallel to the long
axis of these filaments [137, 138, 139].

Polarized dust emission provides a complementary means of probing the magnetic field
structure in the CMZ. Interstellar dust grains emit partially polarized thermal radiation
because they are aspherical and preferentially align their short axes parallel to the ambient
magnetic field [140]. The polarization angle of the dust emission is thus a line-of-sight in-
tegrated probe of the plane-of-sky component of the magnetic field orientation. Polarized
dust emission has been measured at high angular resolution in small regions toward a num-
ber of CMZ molecular clouds (e.g., [141, 142, 127, 143, 144]). Recently, the balloon-borne
experiment PILOT presented a 240 um map of the polarized dust emission over the entire
CMZ region at 2.2’ resolution [145], along with comparisons to the lower-resolution 353 GHz
polarization data measured by the Planck satellite [146].

The Atacama Cosmology Telescope (ACT) measures the polarized microwave sky with
higher angular resolution than the Planck satellite and greater sensitivity on small scales. In
this chapter we present new dedicated maps of the Galactic center in total intensity and linear
polarization in three ACT frequency bands. We combine the ACT data with Planck data to
augment the map sensitivity on larger angular scales. The frequency coverage of the maps
presented here probe a range of physical emission mechanisms, enabling a comprehensive
view of the Galactic center environment. In polarization these maps probe both polarized
dust and synchrotron emission, and in total intensity the maps additionally show features
from free-free emission and molecular line emission from transition frequencies that fall

within the ACT passbands. These data illustrate the potential of sensitive CMB polarization
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experiments for Galactic science.

We describe the ACT observations in Section 4.2 and the mapmaking and Planck coadd
procedures in Section 4.3. In Section 4.4 and 4.5, we present the maps in total intensity and
polarization, respectively, and discuss derived properties including emission mechanisms,
magnetic field orientation, and polarization fraction. In Section 4.6, we identify notable
Galactic center objects and compare to observations at other frequencies. We conclude in

Section 4.7.

4.2 Observations

ACT is a 6-meter off-axis Gregorian telescope located at an elevation of 5190 m on Cerro
Toco in the Atacama Desert in Chile [147, 84]. ACT scans the millimeter-wave sky with
arcminute resolution, complementary to the full-sky lower angular-resolution measurements
from satellite missions such as the Wilkinson Microwave Anisotropy Probe (WMAP) [148]
and Planck [149].

In 2019, the target ACT observating fields were expanded to include the Galactic center
region. Between June 6 and November 29, 2019 a total duration of ~ 35 hours of data were
taken with three Advanced ACTPol dichroic detector arrays PA4, PA5, and PA6 [150, 151,
152|, at three frequency bands f090, f150, and 220 centered roughly at 98 GHz, 150 GHz,
and 224 GHz, respectively. The beam full-width-half-maximum (FWHM) at each band is
2.0', 1.4, and 1’, respectively. The observation field extends roughly from —89° to —97° in
declination and —33° to —25° in right ascension. This study focuses specifically on a 32 deg?
field near the CMZ with Galactic longitude |I| < 4° and Galactic latitude |b| < 2°.

In this chapter we present the maps made using the nighttime observations only, which
constitute roughly two-thirds of the total data collected. The daytime observations are
affected by a time-dependent beam deformation due to the heating from the Sun that is
challenging to correct for in detailed high-resolution maps, and hence those data are excluded
from this analysis. Correcting for this beam deformation will be a subject of future study,

and the daytime observations may be included for future versions of these maps.
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4.3 Mapmaking

4.3.1 Mapmaking with ACT

The instrument records observations in the form of time-ordered data (TOD) in units of
~ 10 minutes. We largely follow the mapmaking pipeline as described in Ref. [98] with a
few key differences, as we briefly summarize below.

First, we cut bad samples affected by glitches in each TOD. To prevent bright sources in
the Galactic center region from being mistaken for glitches, we mask sources brighter than
5 mK with a radius of 3’ prior to applying the glitch finder. We note that this mask is
only applied when identifying glitches and not used during mapmaking. Timestreams with
outlying statistical properties in terms of noise levels and optical responsiveness are then
flagged and removed from the analysis. We further split the dataset into two independent
subsets for each frequency band and detector array respectively, resulting in 12 datasets in

total. We then obtain the sky maps for each dataset by solving the mapping equation,
d=Pm+n, (109)

for a set of Stokes parameters (I, @, U), where d is the pre-processed time-streamed data,
P is the pointing matrix, m is the output map of interest, and n is the noise model. This

equation yields a maximum likelihood solution for m by inverting
(PTN~'P)ym = P'N~1d, (110)

where NV is the detector-detector noise covariance.

There are two notable differences between the pipeline used in this study and that pre-
sented in Ref. [98|. First, we have adopted a new calibration method that improves gain
stability and reduces biases from thermal contamination as compared to the method in ACT
Data Release 4 (DR4) [98]. The second difference relates to the handling of point sources
and extended hot regions that are common in the Galactic center region but uncommon in
CMB fields. Directly applying the mapmaking pipeline in ACT DR4 leads to stripes around

the bright sources caused by model errors as explained in Ref. [153|. This happens for two
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reasons. (1). A pixelated map does not capture the sub-pixel behavior of the sky. These
residuals are proportional to the gradient of the signal across a pixel and are often fractionally
small. However, if the sky is sufficiently bright, such as in the brightest parts of the Galactic
center, they can still end up being large in absolute terms. Since the map m in Equation 109
cannot capture these residuals, the model forces them to be interpreted as part of the noise
n. (2). The correlated noise model used in the mapmaker induces a non-local response to
the sub-pixel noise, leading to biases on the scale of the noise correlation length. To avoid
this problem, we first identify the regions that source the strongest model errors, namely the
brightest parts of the Galaxy, and then eliminate model errors in these pixels by allocating
an extra degree of freedom for each sample that hit them, as described in Ref. [153].

A caveat concerning these maps is that the bright parts of the Galaxy were not masked
when building the noise model N. The noise model estimator assumes that the time-ordered
data is noise-dominated (d ~ n), and uses this to measure the noise covariance directly from
d. This breaks down when the telescope scans across the Galactic center, resulting in an
overestimate of the noise amplitude especially on smaller scales. This has two consequences:
(1). The data are weighted sub-optimally in Equation 110, resulting in slightly higher noise.
Since the maps are strongly signal-dominated, this can be ignored. (2). Because the noise
model is contaminated by the same signal it is applied to, there is a small loss in signal power
in the maps; pixels where noise happens to add constructively to the signal have more power
in d than in pixels where they partially cancel. Since we use inverse variance weighting, the
latter are up-weighted compared to the former. The size of this effect is limited because the
problematically bright regions make up a small fraction of the total samples used to build
N. We have not measured the precise size of this effect, but estimate it to be < 1% based
on experience with other high-S/N regions, and hence we expect it to have negligible impact
on the interpretation of the maps in this chapter. This deficiency will be rectified in the
upcoming ACT DR6 maps.

A final known issue requiring mitigation is temperature-to-polarization (T-to-P) leakage.
ACT typically scans a given region of the sky both during its rising and setting. As the
Galactic center region is at relatively low declination, rising scans and setting scans are

poorly cross-linked (for more information on ACT scan strategy see Ref. [154]). Furthermore,
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the ACT beam is known to leak temperature to polarization at the percent level. This
beam leakage effect averages down effectively in the nominal CMB maps which are well
cross-linked, but in the Galactic center region the T-to-P leakage is apparent at a ~ 1-2%
level that contaminates the polarization maps in the bright Galactic plane. To reduce the
contamination from beam leakage, we build a 2D leakage beam model for each dataset using
observations of Uranus made in the same observation year (2019), and deproject the expected
T-to-P leakage from the polarization maps in each dataset.

Following these methods, we produced two-way split maps of the Galactic center region
at 0.5" resolution in Plate Carreé (CAR) projection for each frequency band (f090, f150, £220)
and detector array (PA4, PA5, PAG) resulting in a total of 12 maps.

4.3.2 Coadd with Planck

The large angular scales in the ACT maps are affected by atmospheric noise contamina-
tion and complicated co-variances at large scales. These modes can be recovered, however,
by coadding ACT maps with maps from Planck, which dominate the signal-to-noise at large
scales £ < 1000. In particular, we have used a similar algorithm as presented in ACT DR5
[155], in combination with the Planck High Frequency Instrument (HFI) maps processed
through the NPIPE pipeline [156], which are two-way split maps featuring improved noise
level and systematic control as compared to the previous Planck data releases.

As the coadding algorithm is presented in detail in Ref. [155], we only briefly summarize
the steps and note differences here. First, we re-project the Planck maps and noise models
from HEALPix! [157| projection with N4, = 2048 into the ACT Galactic center observation
footprint in CAR projection with 0.5" pixelization using bi-cubic interpolation. We have used
the same passbands as in Ref. [155] and similarly matched the Planck 100 GHz maps with
ACT {090 maps, 143 GHz with ACT {150, 217 GHz with ACT {220. This process assumes
that the ACT and Planck passbands are equivalent. We note that this introduces additional
scale dependence to the effective band-centers [155]. This is expected to have negligible

impact on the results presented here but is relevant for component-separation analysis, which

'http://healpix.sf.net
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will be the subject of follow-up work.

We then solve for the maximum likelihood coadded maps using a block-diagonal equation

m, | = | B, | Boam +n, (111)

where m; refers to each individual map, B; refers to its corresponding beam transfer function,
m refers to the final coadded map with a desired beam By, which is the ACT beam in this
case. n refers to the map noise, which is assumed to be Gaussian and block-diagonal across
individual maps, i.e., individual maps have independent noise realizations. Of the noise
models presented in Ref. [155], we have adopted the constant correlation noise model, though
the choice makes little difference in practice as we are considering only a small patch of sky
with close to uniform noise levels. We invert Equation 111 to find a maximum-likelihood
solution to the coadded map at f090 and 150, respectively. Because the PA4 array had a
poor detector yield over the course of the observation, maps at 220 are treated differently
from the other two frequencies. The resulting excess noise in the ACT {220 maps leads
to a lack of convergence when solving for a coadded map through a maximum likelihood
approach. Therefore, we instead perform a straightforward inverse-variance weighting in
Fourier space to obtain the coadded map at £220.

One caveat in using the Planck HFI maps is that a Cosmic Infrared Background (CIB)
monopole model was deliberately included on a per-frequency basis due to a lack of sensitivity
to the absolute emission level. We therefore subtracted the CIB monopole in each coadded
map following Table 12 in Ref. [158].

This procedure yields a total of three coadded maps in both temperature and polarization
at 090, f150, and {220, as summarized in Table 4.1. We present a side-by-side comparison
between Planck maps and our three coadded maps in total intensity in Figure 4.1, and a
similar comparison for polarized intensity for f150 in Figure 4.2. It is apparent that the
addition of ACT data significantly improves the angular resolution of the maps in both
temperature and polarization. The coadd polarization maps are presented in Figure 4.3 in

Galactic coordinates. We use the TAU polarization convention, in which the polarization
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band Planck dataset ACT datasets total

f090 100 GHz f090 PA5-+PA6 6
£150 143 GHz f150 PA4+PA5-+PAG 8
f150 217 GHz 220 PA4 4

Table 4.1: Subsets of maps coadded at each frequency band. All input maps are two-way
split maps. The column “total” shows the total number of maps coadded in each band. For
example, 6 different maps went into making the f090 coadd map, consisting of two splits

from ACT PA4, ACT PA5, and Planck 100 GHz, respectively.

angle measures 0° towards Galactic North and increases counter-clockwise [159]. The ACT
Collaboration has adopted the IAU convention for all ACT data products since DR4. This is
in contrast to the COSMO convention [157] adopted in, e.g., the Planck data releases, that
is related to the IAU convention via a sign flip of Stokes U, i.e., Ucosmo = —Urau-

A detailed discussion of these maps is presented in Section 4.4 for total intensity maps
and in Section 4.5 for polarization maps. The final coadded maps have median noise levels

of 36 uKarcmin at f090, 33 pKarcmin at f150, and 270 K arcmin at £220.
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4.4 Total intensity maps

Figure 4.1 shows the total intensity maps for both Planck-only and the coadded maps for
our three frequency bands (f090, f150, £220). Many prominent features that were obscured
or unresolved in the Planck maps become apparent with the addition of ACT data, and
qualitative changes in map morphology with frequency are evident. The Galactic Center
Radio Arc (GCRA), a prominent filament in the Galactic center, is visible at both f090 and
f150 near the center of the coadded maps and to a lesser extent at 220, consistent with it
being a strong source of synchrotron radiation [160].

The ACT frequency coverage probes a variety of emission mechanisms, including syn-
chrotron, free-free, thermal dust, and molecular line emission, at different levels in each of
the three bands. To better visualize the different structures probed at each frequency band,
we combine the coadded maps from three frequency bands into a multi-color image shown
in the upper panel of Figure 4.4. The red, green, and blue image channels represent the
f090, f150, and {220 maps, respectively, after appropriate re-scaling. The intensity scaling
(as detailed in the Figure 4.4 caption) was chosen to highlight structures in different bands
and to make feature identification easier. An annotated zoom-in of the three-color intensity
map in Figure 4.4 is provided in the top panel of Figure 4.5.

The coherent structures visible in the different colors of Figure 4.4 and 4.5 arise from
spatial variations in the relative strengths of the various emission mechanisms. The radio
spectrum of supernova remnants (SNR) originates primarily from synchrotron emission [161],
and thus objects like the SNR candidate G357.7-0.1 (“the Tornado”) [162] and SNR0.9+0.1
[163| appear reddish yellow in Figure 4.4. Similarly, Sgr A* and the GCRA (see, e.g.,
[164, 165]) are strikingly highlighted in this color, consistent with their strong synchrotron
emission spectrum. Pulsar wind nebulae (PWN), like the Crab Nebula, also emit highly
polarized synchrotron emission with a flat spectral index [166], in contrast to SNRs which
generally emit synchrotron with a slightly lower polarization fraction and a steeper spectrum.

Thermal emission from interstellar dust dominates Galactic emission at far-infrared /
submillimeter frequencies. Known molecular clouds like the Brick (G0.253-+0.016; e.g.,
[167]), the 20 km s~ Cloud (G359.889-0.093) and 50 kms~* Cloud (G0.070-0.035; e.g., [168]),
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Figure 4.1: Comparison between Planck only maps (left column) and ACT+Planck coadded
maps (right column) in total intensity. Rows from top to bottom correspond to 090, {150,
and 220 respectively. FEach map extends from |I| < 2°, |b| < 1° and is plotted on a logarith-
mic color scale from 0.3-30 MJysr—! for f090 and f150, and from from 3-100 MJysr—! for
£220.
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Figure 4.2: A side-by-side comparison between Planck only (left) and the ACT+Planck
coadded (right) for f150 in polarized intensity.
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Figure 4.3: Polarization maps in Stokes @ (left column) and U (right column) in Galactic
coordinates and using the TAU polarization convention. Top to bottom are the f090, f150,

and 220 maps, respectively.
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Figure 4.4: Multi-frequency view of the Galactic center region in both total intensity (upper
panel) and polarized intensity (lower panel). Red, green, and blue correspond to f090, {150,
and 220, respectively. In the upper panel, the maps are scaled logarithmically from 0.2 to
2 MJysr~! for f090, from 0.214 to 2.14 MJysr~! for 150, and from 1.15 to 10.15 MJysr—!
for £220. The polarization maps shown in the lower panel are first smoothed with a Gaussian
kernel (FWHM= 3.5") and then scaled linearly from 0 to 1 MJysr~! for f090, to 1.79 MJy sr—!
for 150, and to 8.2 MJysr—! for £220.
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Figure 4.5: Upper panel: Known radio sources found in the Galactic center region. The
background image shows a zoomed-in view of the multi-frequency 3-color image presented
in the upper panel of Figure 4.4. Lower panel: Annotations of selected radio and dusty
sources in the multi-frequency polarized intensity image (presented in the lower panel of

Figure 4.4). The maps are smoothed with FWHM=2' to make objects more visible.
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and the Three Little Pigs (G0.145-0.086, G0.106-0.082, and G0.068-0.075; see, e.g., [120] for
an overview of these molecular clouds) thus appear bright blue/green in Figure 4.5.

In general, however, the presence of strong molecular line emission in the CMZ pre-
cludes the simple interpretation that low frequencies correspond to synchrotron emission
and high frequencies correspond to dust emission. Even in the relatively broad Planck and
ACT passbands, line emission can dominate the total intensity in the Galactic center maps.
Indeed, Ref. [169] found that 88.6 GHz HCN emission can alone account for up to 23 %
of the total intensity in the Planck 100 GHz band in this region. CO(1-0) at 115.3 GHz
and CO(2-1) at 230.5 GHz contribute significantly to the observed emission in the Planck
100 and 217 GHz bands, respectively [169], while other lines such as HCO' (89.2 GHz), CS
(98.0, 147.0, and 244.9 GHz), 13CO(1-0) (110.2 GHz), CN (113.2, 113.5 GHz), H,CO (140.8
and 218.2GHz), NO (150.2, 150.5 GHz), SiO (217.1 GHz), SO (219.9 GHz), and 3CO(2-
1) (220.4 GHz), among others, are also known to be present in the Galactic center (e.g.,
[170, 171, 172, 173, 174, 175, 176, 177]) and will contribute to the observed emission in the
ACT and Planck frequency channels.

The very bright CO(1-0) emission poses a particular challenge for our analysis, as it
falls comfortably within the Planck 100 GHz passband but largely outside that of ACT f090
(see Ref. [155] Figure 2). These two frequency channels have been combined without taking
the differences in passbands into account, leading to CO(1-0) being emphasized on large
Planck-dominated scales in the coadded map, but not on small ACT-dominated scales. This
likely explains the haziness of the emission in purple in Figure 4.4, where the low-frequency
channel (red) contains significant CO(1-0) emission in the Planck map but is dominated by
other, less prominent emission mechanisms in the ACT map. A quantitative interpretation
of the frequency spectra of particular regions in the Galactic center will therefore require
careful consideration of bandpass effects, and possibly the use of external spectroscopic data
(e.g., [178, 179]) and/or the CO component maps from Planck [169]. Such spectral analysis
will be the subject of future work, and for now we urge caution when interpreting the colors

in Figure 4.4 in terms of emission mechanisms or spectral indices.
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4.5 Polarization maps

Figure 4.3 presents the full-resolution Stokes () and U maps obtained through the map-
making algorithm at each frequency band. A striking feature of the maps is the strong
polarization signal of the GCRA, extending roughly from b = —0.5° to b = 0.5° in both
f090 and f150. The signal is weaker in 220, which is dominated by polarized dust emission.
Strong polarized signals can be generally seen near the CMZ along the Galactic plane across
all frequency bands, with especially prominent polarization features near regions such as
Sgr A* and Sgr B2. This suggests that the observed polarization signals are not dominated
by diffuse emission along the line of sight (LOS), but rather by emission directly from the
CMZ. Since we are focusing on high S/N regions (= 3) that are negligibly impacted by
debiasing, we do not debias the polarization quantities [180].

To create a three-color polarization image analogous to that in total intensity, we first
compute the polarized intensity P = \/W in each band. We synthesize the three
polarized intensity maps into a three-color image using {090, 150, 220 as the red, green,
and blue channels respectively. The result is shown in the lower panel of Figure 4.4. The
polarized emission has a strikingly different morphology than total intensity (cf. upper panel
of Figure 4.4). The polarized GCRA stands out distinctively from the background in red,
indicating dominance of f090, consistent with the prominence of synchrotron radiation in
this region.

One quantity of interest is the polarization angle, defined as

2 Q

The polarization angle is directly related to the plane-of-sky magnetic field orientation by a

= 1:eurctan (g) . (112)

90° rotation. Dust grains tend to align their short axes parallel to the magnetic field, while
they radiate photons preferentially polarized parallel to their long axes. The synchrotron
polarization angle, or Electric Vector Position Angle (EVPA), is similarly orthogonal to
the local magnetic field orientation for optically thin emission. Hence, the magnetic field
orientation is orthogonal to the polarization angle in both emission mechanisms. We note,

however, that dust and synchrotron emission do not necessarily trace the same magnetic
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sent 1090, 150, and {220 respectively. Total intensity maps are shown in the background

with the same color scales in Figure 4.1.

91



0.4°

0.2°
= QOO —_AN SN ———a N~ ———
NNNSNSNSNSSNS~ ~\\
NANASNSSN NS S———— \
e e e \
\
0z = 0.30
Ve
/7
—0.4°
0.20
0.4°
0.10
=
2
0.2° g
<
0.08 £
= o0 g
=
0.06 .8
=
<
—0.2° \ =
\ ol
\ 5
DOGOERE R a 0.04
—0.4° el ST
NSANNNNNSNSS
0.02
0.4°
0.00

0.2°

SANANNNNNNN SSNSNNSNNSNNSNSSSS ==~
0.0° - R NN R A RS

—0.2°

o
_OA: NSNS SNNSS~~
SSSNNNNSNS S

0.8° 0.6° 0.4° 0.2° 0.0° 359.8° 359.6° 359.4° 359.2°

Figure 4.7: Polarization fractions (background) and magnetic field orientation (line seg-
ments) are shown for our three bands (f090, {150, and {220). To estimate the magnetic field
orientations, the polarization field is smoothed with a Gaussian kernel FWHM=2', and then
resampled with a pixel size of 2. Line segments with large uncertainty in polarization angle

01 > 15° are masked.

92



field, as they generally probe different volumes along the LOS. The observed magnetic field
morphology at a given frequency depends on the relative contribution of different emission
components, which in turn depends on the spatial distribution of dust density versus cosmic
ray density and the underlying magnetic field orientation and strength (see Ref. [181] for a
review).

Figure 4.6 presents a visualization of the inferred magnetic field orientation in each of our
bands using line integral convolution (LIC) [182] with a kernel size of 0.5°. Each contour in
the map traces the magnetic field orientation. The magnetic field is approximately parallel
to the Galactic plane near the CMZ for both f090 and f150, and is noticeably tilted for
220 within the range |I| < 1.5°. In particular, within a box of |I| < 1.5° [b] < 0.15° we
measure the mean polarization angle to have a tilt of ~ 20° with respect to the Galactic
plane, consistent with the ~ 22° tilt previously noted by, e.g., PILOT [145].

The f090 map is noticeably more disordered, with especially prominent features at the
GCRA, where the plane-of-sky magnetic field is aligned with the orientation of the arc. This
90° flip in polarization angle at the GCRA has been observed by the QUIET collaboration
[183] at both 43 GHz and 97 GHz. This orthogonal feature is less prominent at f150 and
disappears at {220, as expected from a synchrotron-dominated signal.

The polarization fraction p = \/m /I in each band is shown in Figure 4.7. In each
panel, we overlay the magnetic field orientation in the CMZ at 2’ resolution. Along the
Galactic plane the polarization fraction is generally low, p < 2%. This is consistent with
the previous observations from, e.g., Planck [184] and PILOT [145] that found polarization
fractions at the percent level (< 1.5%) in the Galactic center region. We see coherent mag-
netic fields even within regions of relatively low polarization fraction, in agreement with both
cloud-scale observations and the relatively few wide-area dust polarization measurements,
both of which tend to find very ordered magnetic fields [127, 185, 145|. The large-scale
coherence in the inferred magnetic field direction suggests that the polarized emission is
dominated by the CMZ. The low polarization fraction could be due to one of several effects,
or to a combination of them. Perhaps the most likely is that the magnetic field orientation
fluctuates both along the line of sight and within the beam smoothing radius, resulting in

depolarization. There are so many emitting regions along the line of sight in the Galactic
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disk that small variations in the magnetic field orientation average out in the line-of-sight in-
tegration, such that observed deviations from the mean magnetic field orientation are small.
We note, however, that simulations of the Galactic magnetic field used to interpret PILOT
data suggest that this effect may not be sufficient on its own to account for the entirety of
the observed depolarization [145]. Another possibility is that the mean field has a significant
LOS component. Because magnetically-aligned dust grains spin around their short axes, the
net dust emission is more strongly polarized for regions with a predominantly plane-of-sky
magnetic field than for regions where the magnetic field is more parallel to the LOS. How-
ever, a significant LOS magnetic field component would not be expected to dominate the
entirety of the CMZ if the magnetic field has a significant azimuthal component. Finally,
it may be that the mean field in the CMZ is itself a product of superimposed, misaligned
structures that each have large scale coherence, e.g., the twisted ring geometry proposed for
the distribution of dust density in the CMZ [186]. While possible, such a scenario demands
great uniformity in the relative total and polarized intensities in each component to avoid
dispersion in the observed polarization angles. On balance, we favor a coherent magnetic
field in the CMZ dust, with LOS disorder as the primary driver of low polarization fractions,
but more detailed modeling of the present data is warranted to assess the relative importance

of each of these effects.

4.6 Notable objects

With arcminute resolution in three frequency bands, we detect many known radio and
infrared sources, some of which have not been previously observed at ACT frequencies.
Although the main focus of this chapter is presentation of the Galactic center coadded
maps, in this Section we demonstrate the fidelity of these maps and their broad potential
for different scientific investigations by highlighting select objects. All objects discussed in
this section are marked in Figure 4.5, which includes additional selected radio sources listed
in Ref. [187] and submillimeter sources from the CMZoom Survey [120] visible in our maps.

This list of notable sources is non-exhaustive, and in particular, our maps extend to a wider
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Figure 4.8: GCRA and Sgr A*. The left panel shows the polarized intensity in the region,
measured from f090 coadded. Contours show levels of total intensity at f090 with a spacing of
2 MJysr—t up to 30 MJysr~!. The right panel shows the inferred magnetic field orientations
from the f090 map as line segments in 0.5 pixelization (full resolution). Segments are
shown with varying opacity that scales linearly with the S/N in polarized intensity and
saturates when S/N = 3. In the background we show a radio image of the region from
MeerKAT [7] which observes at 1.28 GHz in 6” pixelization. The expected location of Sgr A*
is indicated with a white cross mark in both panels. Note that the MeerKAT image is shown
for visualization purposes only, as no primary beam corrections have been applied, and the
entire Galactic plane is seen through the primary beam sidelobes. Caution should be taken

when interpreting the numerical values in this image (see |7] for a detailed discussion).
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range in Galactic longitude than either the Ref. [187] or Ref. [120] catalogs.

4.6.1 Sgr A and GCRA

Sagittarius A (Sgr A) is a complex radio source located at the center of our Galaxy. Tt
consists of Sgr A East, an extended non-thermal source with a radius of ~ 3’ and a thermal
source Sgr A West, which has three-arm spiral morphology and lies within Sgr A East (e.g.,
[188, 189, 190]). Infrared monitoring of stellar orbits in the vicinity of Sgr A has also revealed
the existence of a supermassive black hole Sgr A* that lies within Sgr A West (e.g., [191])
and acts as the dynamical center of our Galaxy [192].

The region of sky surrounding Sgr A* has been the subject of extensive multi-frequency
observations both in imaging and polarimetry (e.g., [193, 194, 195, 196, 127]). Polarized
observations in the millimeter bands, in particular, are important for understanding the
accretion process near the black hole and associated relativistic emission (e.g., [197, 198]).
Linear polarization of Sgr A* at millimeter wavelengths was first reported by the Submillime-
tre Common-User Bolometer Array (SCUBA) [199], which they interpret as synchrotron-
dominated polarized emission sourced by the gas in the vicinity of the black hole. The
observed polarization fraction of Sgr A* is ~ 3% at 2 mm. Subsequent interferometric imag-
ing surveys (e.g., [200, 201|) measured a ~ 2% polarization fraction at 3.5 mm, and larger
values at higher frequencies. Strong emission centered on Sgr A* is visible in the coadded
maps, showing up clearly in the multi-frequency image with a yellow color in total intensity
(see the upper panel in Figure 4.5), implying a predominance of synchrotron emission in the
region. Its location indicates that the emission is likely dominated by Sgr A* itself instead
of the overlapping components in Sgr A that are unresolved with the ACT beam. Regions
surrounding Sgr A* are polarized at 2 — 4% level, as seen in Figure 4.7 for f090 and f150,
and show up as a reddish “blob” in the multi-frequency polarimetry (see the lower panel in
Figure 4.5). This may be due to synchrotron emission from the nearby non-thermal filaments
within a beam smoothing radius. The polarized emission in the vicinity of Sgr A* has a lower
polarization fraction of ~ 1.5% at all three bands, consistent with the depolarization noted

by SCUBA [199] at 2 mm. The slightly lower polarization fraction seen in the ACT data is
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likely due to a beam depolarization effect from the larger ACT beam (~ 2') in comparison
to the SCUBA beam (~ 34" at 2 mm).

In Figure 4.8 we present a zoom-in view of the region surrounding Sgr A*. The left
panel shows the polarized signal in f090 overlaid with contours from the total intensity in
f090. Strong emission from Sgr A* is seen in total intensity but not in polarization, where
the emission is more diffuse and extends ~ 3’ away from the central source. This is further
evidence that the polarized signal in the vicinity of Sgr A* is emitted by the surrounding
non-thermal filaments, while the emission from Sgr A* itself is highly depolarized. In the
right panel we show the inferred magnetic field orientations from the polarized signal at f090
overlaid on top of a radio image of the same region from MeerKAT [7]|, which observes at
1.28 GHz with a 6” beam. The magnetic field morphology inferred from our f090 map closely
follows the underlying non-thermal filamentary structure. The morphology is also in broad
agreement with previous Caltech Submillimeter Observatory (CSO) [127] observations at a
wavelength of 350 um with a 20” beam.

Figure 4.8 also shows the GCRA, a prominent radio feature located at ~ [ = 0°10/,
which consists of a bundle of thin filaments running perpendicular to the Galactic plane
(e.g., [138, 190]). The GCRA is known to be a highly polarized synchrotron source, though
its origin is still poorly understood. The strong synchrotron emission implies that free
electrons are present in the GCRA and are accelerated to relativistic speeds in the presence
of a strong magnetic field in the region. Various models have been proposed to explain the
source of electrons and the acceleration mechanism (see, e.g., [202] for a review), though the
matter is still under debate.

In millimeter bands, the GCRA has previously been detected at 7 mm [203|, 3 mm [175],
and 2 mm [204], which the latter notes was the highest-frequency detection of the GCRA
at the time. Polarized emission from the GCRA has also been previously detected at 2 and
3 mm by Ref. [205], and at 3 mm and 7 mm by Ref. [183]. In our coadded maps, GCRA
appears in total intensity in both f090 and f150. The associated polarized emission can
also be seen clearly in f090 and f150 with polarization fractions reaching ~ 30%. This is
considerably higher than the ~ 10% peak polarization noted by the QUaD Galactic Plane

Survey [205] at the same frequencies, likely due to the improved angular resolution in our
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coadded maps (2" at 090, 1.4 at £150) in comparison to Ref. [205] (5" at 100 GHz, 3.5" at
150 GHz). The polarized emission from the southern portion of the GCRA is also visible
in 220, which is likely the highest frequency at which this structure is detected to date
(note especially the 220 @ map in Figure 4.3). In addition to being fainter at 220 GHz on
account of the falling synchrotron spectrum, the GCRA is also obscured by emission from
dust along the line of sight. The uniformity of the polarized emission observed in the Arc
as seen in Figure 4.3 implies that a highly ordered magnetic field exists along the Arc that
deviates sharply from the large scale magnetic field geometry (see Figure 4.6). In particular,
the magnetic field orientation inferred from f090 (as seen in the right panel of Figure 4.8)
aligns closely with the filamentary structure perpendicular to the Galactic plane. This is
in broad agreement with the morphology observed at 43 GHz and 96 GHz by QUIET with

lower angular resolution [183].

4.6.2 The brick

G0.253-+0.016, also known as “the Brick”, is a dense, massive molecular cloud in the CMZ,
and a prominent infrared dark cloud [206, 167|. In the context of understanding the low star
formation rate in the Galactic center environment, the Brick is a particularly interesting case
study. Despite its high mass (> 10° M) and density (> 10* cm™3), evidence of star formation
is nearly absent in the Brick, and thus it may provide an ideal opportunity to study the initial
conditions of high-mass star formation {207, 167, 208, 209, 210]. A number of factors have
been invoked to explain the dearth of star formation in G0.253+40.016, including solenoidal
turbulence driven by strong shear in the CMZ [211, 212, 213, 214], or strong cloud scale
magnetic fields [B ~ mG, 185].

The Brick stands out at high contrast to the background in the coadded total intensity
maps at both 150 and 220 GHz. Our polarization measurements at these frequencies probe
the magnetic field structure in the dust toward G0.25340.016 at ~arcminute scales. These
observations complement 20” resolution polarization data at 350 pm from the CSO [215, 185].
We find that the inferred magnetic field orientation is aligned parallel to the long axis of the

Brick on the plane of the sky (Figure 4.9), and the polarization angles are very ordered in this
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Figure 4.9: Molecular cloud known as “the Brick”. Left: total intensity measured from
ACT+Planck 220 coadd map is plotted in the background. The Herschel 500 ym measure-
ments [8] are shown as contours indicating 50th, 70th, and 90th percentiles from lighter
to darker contours. Right: total intensity measured by Herschel 500 ym is shown in the
background. We show the magnetic field orientation inferred from the 220 map as line
segments. Segments are shown with varying opacity that scales linearly with the S/N in

polarized intensity and saturates when S/N = 3.
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region, in agreement with the CSO data at smaller angular scales. Ref. [185] uses the strong
coherence of the magnetic field orientation in the Brick to compare the inferred magnetic field
strength to the gas velocity dispersion measured from NoH™ emission [208]. Those authors
find that magnetic fields dominate over turbulence in the Brick. The coherent magnetic field
structure in our observations is consistent with the expectation that turbulence in the Brick
is sub-Alfvénic at the scales probed by ACT. The ACT polarized emission is brightest at the
northern part of the Brick, with a peak polarization fraction of 3.6%. The polarized intensity
is lower in the southern portion of the cloud, and the SNR on the polarized intensity drops
below 3. This depolarization may be due in part to unresolved polarization structure within
the ACT beam, and/or to incoherent contributions to the polarized emission along the line

of sight.

4.6.3 The three little pigs

The cloud triad G0.145-0.086, G0.106-0.082, and G0.068-0.075 visible in Figure 4.10 has
been dubbed “the Three Little Pigs.” All three clouds have been noted as a set of compact
dusty sources in the CMZoom Survey [120], while G0.068-0.075 also appears in the SCUBA-
2 Compact Source Catalog [216]. As Figure 4.10 illustrates, each cloud is also apparent
in the 500 pm data from Herschel Infrared Galactic Plane Survey Herschel (Hi-GAL) [8].
Interestingly, the 3” resolution 230 GHz observations with the Submillimeter Array as part
of the CMZoom Survey have revealed a dearth of substructure in G0.145-0.086 (“Straw
Cloud”), somewhat more substructure in G0.106-0.082 (“Sticks Cloud”), and yet more in
G0.068-0.075 (“Stone Cloud”).

ACT 220 measurements give a first look at the magnetic field geometry in these clouds
at arcminute resolution. The Straw Cloud, perhaps owing to a lower column density or lack
of dense substructure, has a magnetic field orientation that deviates little from the large
scale field structure. In contrast, both the Sticks and Stone Clouds have polarization angles
in their interiors that are highly misaligned with the large scale magnetic field. Similar to the
depolarization observed toward the Brick, the cancellation of polarized emission from dust

in different regions within the cloud and/or other dust along the line of sight may explain
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Figure 4.10: A cloud triad known as “the Three Little Pigs” consisting of (G0.145-0.086
(“Straw Cloud”), G0.106-0.082 (“Sticks Cloud”), and G0.068-0.075 (“Stone Cloud”). The data
are plotted following Figure 4.9, with the left panel showing the ACT+Planck 220 map with
the Herschel 500 pm image overlaid as contours (indicating 50th, 70th, and 90th percentiles
from lighter to darker colors), and the right panel showing the Herschel 500 m map with the
magnetic field orientations inferred from the 220 map overlaid as line segments. Segments
are shown with varying opacity that scales linearly with the S/N in polarized intensity and

saturates when S/N = 3.
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the low polarized intensities observed, particularly in the Stone Cloud.

4.6.4 The mouse

(359.23-0.82, also known as “the Mouse”, is a pulsar wind nebula powered by the young
X-ray source PSR J1747-2958 [217, 218]. (359.23-0.82 was originally discovered in radio
continuum data from the Very Large Array (VLA), and derives its nickname from its bright
compact nebula “head” and extended radio “tail” [219]. The Mouse is strongly linearly
polarized at centimeter wavelengths [220]. Distances to PSR J1747-2958 and the Mouse
are uncertain, but they are not at the Galactic center: observations of neutral hydrogen
absorption set the maximum distance to G359.23-0.82 at ~ 5.5 kpc [221]. Ref. [222] argue
for a distance of ~ 5kpc, a value now commonly adopted [e.g., 223]. At 5kpe, the transverse
velocity of PSR J1747-2958 is 306 = 43kms~! [224]. The Mouse is a striking example of a
bow shock nebula, formed by the interaction of the pulsar with the ambient ISM as it travels
at supersonic speeds (e.g., [166]).

The Mouse is a prominent object in the ACT f090 map, both in total and polarized
intensity (Figure 4.11). In particular, polarized emission is detected significantly across the
peak of the Mouse, which is expected for a pulsar wind nebula. Significant polarized emission
is also detected along its tail, and exhibits a similar morphology as seen by MeerKAT at
1.28 GHz [7] with a 6” beam, albeit at lower resolution in the ACT data. The implied
magnetic field orientation in the f090 band is roughly parallel to the Mouse’s extended tail,
consistent with observations at 3.5 and 6 cm by the VLA [220]. The Mouse is traveling

eastward in declination, which is roughly toward the lower lefthand corner of Figure 4.11.

4.6.5 The tornado

G357.7-0.1, “the Tornado,” is typically classified as a supernova remnant, though its
unusual properties have prevented a definitive explanation [225, 226]. The Tornado has been
long observed in radio imaging and polarimetry (e.g., [162, 227, 228|), which consistently
show a bright “head” region and a “tail” region roughly 10’ in extent. Recently, mid- and

far-infrared dust emission has been detected with Spitzer and Herschel, revealing a large dust

102



I [MJy/sr]
0.8 1.2 1.6
090

Mouse PWN
P [MJy/sr]
0.02 0.04 0.06

f090 ]

I: 1.28 GHz
B-fields: 090
— T

I [MJy/sr]
1075 10=* 1073

[

LI | LR B LR B B |
V\ /s s s [ [ /S
I — eSS s g |
S~ / / - o oA S
v o=/ — A
oAE! (/-7 | | ——— 7 2887 [ |
—0°45 F/ /s =) LT /4
L/ /777 — 7 e/ s
VNS, VAN
7| / / A / / /
/ /[ / / AL
48/ Prsd 1777 /4, /] —~
= /Nl | /S S ~ =
s/ B/ oSS
/7 /7 / / / /a2 o
/ I =L/ 7
/ -/ [ [ A=
, - (i N AV AV /
51 - - SRR RN R RN
B /i VAW VAN B B B B B B -
/ // Vv AV B AV VAV
7 /s = / IRV
L A KA ==/ LNy
54/ . AR NI,
359°20" 18 16 14/ 359°20" 18’ 16’ 14/ 359°20" 18’ 16 14/

Figure 4.11: G359.23-0.82 or “the Mouse” is a pulsar wind nebula (PWN) traveling with
high velocity (~300 kms™') with respect to ISM, causing a comet-like tail. The left panel
shows the total intensity in f090 with magnetic field orientation over-plotted in line segments.
Both the background and magnetic field are smoothed to a resolution of 2.2’ to increase the
signal-to-noise ratio. Segments are shown with varying opacity that scales linearly with
the S/N in polarized intensity and saturates when S/N= 3. The middle panel shows the
polarized intensity in f090 after smoothed to a resolution of 2.2". The right panel shows a
radio image of the region from MeerKAT [7] which observes at 1.28 GHz in 6" pixelization,

with the magnetic field orientation from f090 over-plotted as line segments similar to the

leftmost panel.
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Figure 4.12: G357.7-0.1, or “the Tornado”, is typically classified as a supernova remnant. The
left plot shows the total intensity in its neighborhood in f090 coadded map. Line segments
indicate The right plot shows the magnetic field orientations inferred from f090. They are
shown with varying opacity that scales linearly with the S/N in polarized intensity and
saturates when S/N= 3. The right panel shows the corresponding polarized intensity map

in f090. Both maps are shown at the full resolution from mapmaking (0.5").
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reservoir in the head region (~ 17Mg) and consistent with interstellar matter swept up in
a supernova blast wave [226]. The head of the Tornado has also been detected by Chandra
in X-rays without evidence for embedded point sources [225|, lending further credence to its
classification as a supernova remnant. However, the provenance of the tail is still unresolved
(see [226] for a recent discussion).

The Tornado is prominent in the f090 and {150 Stokes ) and U maps, but not {220 (see
Figure 4.3). Likewise, the region stands out in reddish-brown in the three-color polarization
map (Figure 4.5). This suggests the prominence of synchrotron emission in this source. A
closer examination of the Tornado in the f090 band is presented in Figure 4.12. Here we see
the extended tail region in total intensity but not in polarization, while the head is prominent
in both. This morphology is consistent with 4.9 GHz polarimetric observations by Ref. [227].
The inferred magnetic field at f090 is approximately perpendicular to the extended tail in the
eastern side of the Tornado, and is tilted towards the head on the western side. This is also
in a broad agreement with the magnetic field morphology noted by Ref. [227] at 4.9 GHz.
We observe a maximum polarization fraction of the Tornado in f090 of 8.5% + 1%, slightly
lower than the ~ 10% observed at 4.9 GHz at significantly higher resolution (12 x 26” beam)
[227]. It is likely that much of the difference is due to more beam depolarization in the ACT
data.

4.6.6 [ = 1.3 complex

The combination of ACT and Planck data used in the coadded maps enables large regions
to be mapped with fidelity on both large and small angular scales. Likewise, the high
sensitivity of the polarimetry permits mapping of more diffuse regions of molecular clouds,
not just bright cores. These capabilities are highlighted in the 20 x 30’ maps of the [ = 1.3
complex in Figure 4.13.

The [ = 1.3 complex is a large, high-velocity-dispersion molecular cloud complex ex-
tending from roughly 1.2-1.6° in Galactic longitude [229]. The elevated abundance of SiO
and high ratio of CO(3-2) to CO(1-0) emission in some clouds within the complex suggest

the presence of strong shocks, perhaps from cloud-cloud collisions or supernova explosions
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Figure 4.13: [ = 1.3 molecular complex. The left plot shows the total intensity in 220
(smoothed with FWHM=1") with contours indicating the 50th, 70th, 90th percentiles in
the Herschel 500 pm map. The right plot shows the Herschel 500 pm map with magnetic
field orientation inferred from the 220 map as an overlay, after smoothed to a resolution of
1.4'. Segments are shown with varying opacity that scales linearly with the S/N in polarized

intensity and saturates when S/N= 3.
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[230, 231, 232, 233, 216, 234]. This complex may sit at the intersection of a dust lane with
the nuclear ring, supplying it with material [230, 235, 232, 236].

Total emission from the [ = 1.3 in £220 and Herschel 500 pm [8] is presented in Figure 4.13,
with good morphological correspondence between the two maps. In the right panel, we
overlay the 220 magnetic field orientation on the higher resolution Herschel map. While
many density structures show clear alignment with the magnetic field orientation, this is
not universally observed. The highest intensity regions have comparatively low polarized
intensities, suggesting elevated magnetic field disorder or a loss of grain alignment in the

densest regions.

4.7 Conclusion

We have presented new arcminute-resolution maps of the Galactic center region at mi-
crowave frequencies by combining data from ACT and Planck. Known radio features appear
at high significance in both total intensity and polarization in three frequency bands. The
polarization maps provide a frequency-dependent probe of magnetic fields, demonstrating
a change in the observed magnetic field morphology as the fractional contributions of syn-
chrotron radiation and thermal dust emission from different regions within the Galactic
center along the line of sight vary with frequency. With wide-field maps at higher an-
gular resolution, we identified known radio sources and molecular clouds, some of which
have not previously been observed in polarization at microwave frequencies. With three fre-
quency bands, our total intensity maps reveal the rich physical environment in the CMZ with
spatially varying combinations of different emission mechanisms, including synchrotron, free-
free, dust, and molecular line emission in the CMZ. Separation of these emission components
will be the subject of a follow-up work.

The coadded maps produced in this work is made publicly available on LAMBDA. These
maps are suitable for tracing magnetic field morphology across the Galactic center region
and measuring the total and polarized emission from individual sources. However, caution

is urged for multi-frequency analyses due to the bandpass mismatch between ACT and
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Planck that results in a slight scale-dependence of effective band centers for different emission
mechanisms. As discussed in Section 4.4, CO(1-0) emission falls within the Planck 100 GHz
passband but not f090, amplifying bandpass mismatch effects in the resulting coadded map.
ACT has continued to observe the Galactic center during 2020, collecting a similar
amount of data to that used in this work. In addition, the daytime data from both 2019 and
2020 can, in principle, be corrected for thermal telescope distortions [98], which would again
double the total amount of data. Therefore, ACT maps with half the pixel noise variance of
those presented here are possible based solely on data that has already been collected. Ad-
ditionally, we plan to apply the mapping techniques used here to approximately 70 degrees
of the Galactic plane covered by ACT from 2019 and 2020. Furthermore, the addition of the
low-frequency array to ACT in 2020 [237, 238] will also allow us to map the Galactic plane
at 27 GHz and 39 GHz, likely yielding new insights on the Galactic center environment.
The next observational step at these frequencies will be the Large Aperture Telescope
of the Simons Observatory [30], anticipated to see first light in 2023 from the same site in
Chile. This new instrument will have the same 6-meter diameter primary as ACT, but with
an instrumented focal plane of 5 times larger area [239]. The nominal scan strategy will
continuously cover the entire sky in the declination range between +25° and —40°, providing
coverage of over 100 degrees of the Galactic plane in five frequency bands in both total
intensity and polarization. The five-year map noise should improve on ACT by roughly a
factor of three. The Galactic center will be observed at higher frequencies by the CCAT-
prime project [240] and will also be a good target for future balloon-borne instruments, which
can achieve sub-arcminute resolution with similar sensitivity at even higher frequencies, e.g.,
BLAST Observatory [241]. By 2030, we can also anticipate data from CMB-S4 [33], with
an additional map noise improvement by a factor of four. This unrivaled combination of
resolution, sky coverage, and sensitivity at microwave frequencies will enable many new

inquiries into the properties of the Milky Way.

108



5.0 Data cuts for the Atacama Cosmology Telescope

Having discussed the applications of high precision CMB measurements, in this chapter
I focus instead on the experimental front. In particular, I describe one of the crucial steps
in the data reduction pipeline in ACT known as the data cuts pipeline which identifies
data affected by sporadic pathologies and removes them from the CMB mapmaking process.
Cleaning observed data from such pathologies is a challenging task due to the large data
volume and the often complex phenomenology associated. As data cuts impact the noise
property of the data, generating a high quality data cuts product has direct impact on the
precision of the final science products. The current data cuts pipeline used in ACT was
originally implemented by Rolando Diinner [242], which was then improved by Loic Maurin
and further refined by me. I am currently the primary person responsible for generating and
characterizing the data cuts, and refining the cuts pipeline for data collected by ACT from
2017 onward. This work directly impacts the quality of the CMB maps in the next ACT
data release (DR6), which is expected to contain a factor of 5 more data than the previous
ACT data release (DR4). As the DR6 analysis is still underway, I present only preliminary

results based on the current status of the analysis.

5.1 Introduction

Over the past 30 years, precision measurements of the Cosmic Microwave Background
(CMB) have led to remarkable progress in our understanding of cosmology. The result has
led to a remarkably simple model of our universe known as the standard model of cosmology,
which can be described simply with six parameters. Most of the parameters are determined
with percent-level accuracy with the help of high precision CMB measurements (e.g., [1]).
This remarkable progress is enabled by the successive generations of CMB experiments with
increasing sensitivity. Space-based CMB experiments such as the Wilkinson Microwave

Anisotropy Probe (WMAP) [148] and Planck [243] are able to map the full CMB sky across
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multiple frequencies. In particular, WMAP obtained cosmic-variance-limited measurements
of the primary anisotropies of the CMB for multipoles L < 500. It was followed-up by the
Planck satellite mission with an improved sensitivity, which obtained cosmic-variance-limited
measurements of CMB anisotropies up to multipole L < 1200, leading to many of our best
known constraints on cosmological parameters to date, with percent-level accuracy [1].

On the other hand, due to the engineering constraint of space-based experiments, the
angular resolution of Planck is limited to 2 5. This means that the small-scale CMB
anisotropies are inaccessible to Planck. In fact, many physical effects leave imprints in
the small-scale CMB anisotropies, such as the thermal Sunyaev Zel’dovich effect and the
kinetic Sunyaev Zel’dovich effect, which are important for our understanding of the late-
time universe [244|. Planck also has limited sensitivity in polarization measurements, while
CMB is known to be polarized at ~ 10% level, and measurements of CMB polarization
provide an important independent probe of the recombination physics, potentially yielding
even higher constraining power in cosmological parameters than temperature maps [245].

Ground-based CMB experiments such as the Atacama Cosmology Telescope (ACT) and
South-pole Telescope (SPT), on the other hand, have significantly improved their map sen-
sitivity over the past decade. In particular, ACT now maps over 40% of the CMB sky with
arcminute resolution and improved sensitivity in both temperature and polarization. The
CMB polarization map obtained by ACT is signal-dominated, and the improved angular
resolution also makes small-scale physics accessible. Hence, ground-based CMB experiments
like ACT will likely be the next big step in our understanding of cosmology.

ACT released its Data Release 4 (DR4) maps in 2020, containing observations made
between observational season 2013 and 2016 [98]|. The released map, when combined with
data from WMAP, has lead to competitive constraints on cosmological parameters such as
Hy, independently of Planck, shedding light on the Hubble’s tension (see, e.g., [10] for a
review). The next major data release in ACT will be Data Release 6 (DR6). It will contain
data collected between observational season 2017 and 2019, which has 5 times larger data
volume than the previous data releases. It will allow ACT to constrain cosmological models
with its data alone, independently of Planck, to an competitive or better precision than

Planck, significantly improving our current understanding of cosmology.
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The observational data that will be used for ACT DR6 is currently being characterized
and preprocessed. One of the crucial steps in this process is known as data cuts, which
involves identifying data with known pathological problems, such as data collected by de-
fective detectors and/or affected by bad weather conditions. Data cuts pipeline has direct
impact on the quality of the final CMB maps and the precision of the derived cosmological
constraints. Hence, optimizing the data cuts algorithm is crucial for the success of CMB
experiments.

In this chapter we describe the data cuts algorithm used for the upcoming ACT DR6.
The chapter will be organized as follows. In Section 5.2 we give an overview of instrument
details of the telescope and discuss the property of the observation data. We describe the
main data cuts pipeline in Section 5.3, and show some early results from the pipeline for
ACT DR6 in Section 5.4. We discuss future outlook of the current data cuts algorithm in
light of the upcoming CMB experiments including the challenges and alternative solutions

in Section 5.5, and we conclude in Section 5.6.

5.2 The Atacama cosmology telescope

5.2.1 Overview of observational data

The Atacama Cosmology Telescope (ACT) is a Gregorian telescope with a 6 m primary
mirror and a 2 m secondary mirror. It is located in the Atacama Desert in Chile at an altitude
of 5190 m above the sea level [147, 84]. ACT observes the millimeter sky across different
frequencies from 30 GHz to 220 GHz, in both temperature and polarization. In particular,
three Advanced ACT dichroic detector arrays (PA4, PA5, PAG) [150, 151, 152|, were used
between observational season 2017 and season 2019 (which we denote as s17, s18; s19),
collecting data at three frequency bands 90 GHz, 150 GHz, and 220 GHz, termed as f090,
150, and 220 respectively hereafter. Each detector array contains ~ 2000 Transition Edge
Sensor (TES) detectors sensitive to two frequency bands sensitive and two linear polarizations

(as summarized in Table 5.1). The entire detector array is kept at a temperature of ~ 100 mK
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to ensure that the TES detectors are at superconducting transition. Detectors within an
array are arranged in rows and columns — detectors at the same column share the same
biasing circuit, which is used to keep detectors at superconducting transition, and detectors
at the same row share the same read-out circuit. This is relevant for our discussion as many

instrumental effects tend to manifest in row / column space.

array frequencies Nyets
PA4 150, £220 2048
PA5 090, £150 1760
PA6 090, £150 1760

Table 5.1: Frequency bands that each detector array observes at and the number of detectors

(Ngets) in each detector array.

As the sky drifts across the telescope, ACT scans the sky periodically in an azimuthal
motion at a fixed elevation. In addition, ACT acquires data at a rate of 400 Hz, and the
data is then stored to disk in the form of time-ordered data (TOD). Each stored TOD
contains measurements from all detectors of an array within an interval of ~ 10 minutes (see
Figure 5.1 for an example TOD). Between observational season 2017 and 2019, a total of
~ 2 x 10° TODs were collected, which are the main subject of the upcoming ACT DR6 and

hence the subject of this analysis.

5.2.2 Mapmaking
TODs can be projected into a sky map by solving the mapmaking equation,
d;(t) = P, ,(t)m, + n(t), (113)

where d;(t) denotes the TOD of a given detector ¢ at time ¢, m, denotes a pixelated sky map
with pixel index p, P, ,(t) is known as the pointing matrix which denotes where in the sky

a given detector i is measuring at time ¢, and n;(t) represents detector noise. Equation 113
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Figure 5.1: An example TOD obtained from PA5 at f150 in observational season 2017 after

calibration. Timestreams from multiple detectors are over-plotted with transparency.

can be inverted using a maximum-likelihood method to obtain a sky map m, from TODs
d;(t), by solving
(PPN~'Pym = P'N'4, (114)

where we have dropped the detector, pixel, and time indices for brevity. N denotes the
detector-detector noise covariance matrix, which is often referred to as the noise model.
From Equation 114 it is apparent that the quality of sky map depends critically on two
aspects: (1) to what extent is the observation data d;(¢) an accurate measurement of the
sky. For example, when a detector is severely contaminated by the thermal emission from
the ground, Equation 113 is no longer an accurate description of the data. Equation 113
also assumes that data from different detectors are properly calibrated. A mis-calibration
error may lead to leakages of signal into the noise model, potentially biasing the resulting
map and leaking temperature signal into polarization; (2) how accurately is the noise model
N capturing the time varying noise covariance between different detectors. For example, the

existence of short-duration glitches, such as those caused by the read-out circuit and cosmic
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rays, may bias the noise model, because a time-domain glitch will manifest as a non-local
bias in the Fourier space, which is where ACT builds the noise model. Hence, to improve
the quality of map, a preprocessing pipeline is needed to identify and remove data with
known pathological conditions, such as glitches, before going into mapmaking. This is the

motivation behind the data cuts pipeline.

5.2.3 Source of noises

Noise in the observed data is contributed by many sources, among which the dominant
contribution comes from the atmospheric emission, which can be 3-4 orders of magnitudes
higher than the expected CMB signal. The atmosphere emission can be modeled as a gray

body. In the Rayleigh—Jeans limit,

2kpTatm _
Iatm(/\) = % (]- —-¢ TA) > (115)

where T, is the temperature of atmosphere, kg is the Boltzmann’s constant, A\ is the
wavelength of observation, 7 is the optical depth, and A is the air mass. The factor e ™4
represents the atmospheric transmission, which depends on the amount of precipitable water
vapor (PWV) in the atmosphere. Figure 5.2 shows how brightness temperature of the
atmosphere, defined as Ty, = Tym(1 — e™), changes with frequency and PWYV. It shows
that the higher ACT frequency bands (f150, f220) are more sensitive to PWV than the f090
band.

The observed data is also affected by thermal drifts caused by temperature changes in
the cryostat used to keep the detector at low temperature. Thermal drift is often the second
strongest contribution to the observed data after the atmospheric noises, but it can become
the dominant contribution during excellent weather condition particularly at lower frequency
band (e.g., f090) that has a higher atmospheric transmittance. Figure 5.3 shows an example
detector TOD with its signal dominated by thermal fluctuation in the array.

Both atmospheric and thermal drifts fluctuate on the time scales of 2 1 seconds. Hence
they dominate the low frequency part of the power spectrum of a TOD, with a 1/f power

law in frequency, as seen in Figure 5.4. Another type of noise is random noise sourced by,
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Figure 5.2: Brightness temperatures of the atmosphere at different PWVs are shown in solid
curves, generated using am atmospheric modeling software [9]. The shaded area shows the

ACT passbands at f090, f150, and 220, respectively.
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Figure 5.3: An example detector TOD (black) is over-plotted with the thermometer readings
(blue) from TR2 ARR_ATCF AR2 located in the same array. It shows that a TOD signal
can be significantly affected by thermal drifts caused by temperature changes on the detector
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Figure 5.4: Noise power spectrum of a given detector at two different PWVs. Frequencies

are binned logarithmically to reduce fluctuations.
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e.g., photon shot noise and read-out circuit noise. This type of noise tends to have a white
spectrum which dominates the high frequency part of a TOD power spectrum, and it tends
to be uncorrelated across different detectors.

Detectors may experience sporadic pathologies which make the detector TODs unusable
for mapmaking. Pathological problems can occur on a variety of time scales. On the 0.01s
scale, detectors are impacted by glitches from, e.g., read-out circuits and cosmic ray hits.
They typically show up as spikes a few times higher than the typical noise level of the
detector. Examples of such glitch can be seen in the TOD in Figure 5.3 as spikes. On the
0.1s scale, signals from point sources, such as planets in the solar system, may dominate
the TOD signal when a detector scans across them. This leads to a spike that looks like
a glitch but differs in duration and signal shape. The most significant difference between
a glitch and point source signal is that point source signal tends to move across the array
as the telescope scans across the array, while a glitch tends to be localized to with a few
detectors. On the 1s scale, instrumental effects start to be apparent, such as mechanical
vibrations, thermal oscillations caused by periodic changes of thermal bath temperature, and
scan-synchronous signals caused by the scan, all of which may dominate the observed signal
of a TOD. Detectors affected by these pathological problems need to be identified prior to
mapmaking to improve the quality of the final maps. This is the main objective of the data

cuts pipeline, which we describe in detail in the next section.

5.3 Data cuts pipeline

5.3.1 Overview

The data cuts pipeline looks through all TODs and generates three classes of cuts: per-
sample cuts, per-detector cuts, and per-TOD cuts. Per-sample cuts flag a subset of detectors
within a given TOD for an interval of time. For example, we flag samples affected by glitches
and point sources using per-sample cuts to remove them from mapmaking. Per-detector cuts

identify detectors that experience pathological conditions and flag the entire detector TOD
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(~ 10 minutes) to be cut. For example, we flag detectors with poor optical responsiveness
and /or bad calibration using per-detector cut and remove them from mapmaking. Per-TOD
cuts apply to an entire TOD, with all the detectors included. This applies when, e.g., a
TOD is obtained at a bad weather condition (e.g., with high pwv), in which case we remove
all detectors within the TOD from mapmaking.

The data cuts pipeline used for ACT DRA4 is described briefly in Ref. [98], and in more
depth in Ref. [246], which has a somewhat dated description. Several changes have been
introduced in DR6 but not described elsewhere. Hence, we fill the gap in this chapter and
describe the data cuts pipeline used in ACT DR6.

5.3.2 Per-sample cuts

We first generate per-sample cuts. In particular, we start by identifying glitches in each
detector TOD. As glitches occur on a short time scale, we first apply a high-pass filter to keep
only frequencies above 5 Hz and then apply a Gaussian filter with a full-width-half-maximum
(FWHM) of ~ 0.015s which is the typical time scale of a glitch. We estimate the white noise
level after the filtering (using inter-quantile range to be more robust to outliers) and then flag
samples with S/N > 10 as glitch events. Each interval identified is padded with a buffer of
200 samples (~ 0.5s with a data acquisition rate of 400 Hz) on each side. Adjacent intervals
with a gap smaller than 30 samples are automatically merged. We save the flagged intervals
as per-sample cuts and remove samples within the intervals from mapmaking.

One caveat in the aforementioned steps is that point sources may be bright enough to
be visible in each detector timestream with S/N > 10, and they may be flagged as glitches
mistakenly by the glitch finder. This problem needs to be fixed because point sources in
the map are important tools for the calibration of pointing model (P in Equation 113).
Planets, in particular, are also important for the absolute calibration of our maps and the
characterization of telescope beams. To circumvent this problem, we use an existing point
source map to mask all pixels within a 3 arcminute radius to a point sources with flux
> bmK. Denoting this pixel-space mask as mg.., we project it to a timestream mask dg.. by

applying the mapmaking equation, dg,. = Pmg,.. We remove samples flagged by d,. as near
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a bright source and gapfill them before applying the glitch finder. This ensures that point
sources will not be flagged as glitches by the glitch finder.

In addition to glitches, we also flag time samples based on the scan pattern. In particular,
as ACT scans across the sky in a periodic motion azimuthally, two turnarounds occur within
each period of the azimuthal scan. The change of motion at the turnarounds may lead to
mechanical vibrations within the instrument leading to unreliable measurements near the
turnarounds. Hence, we flag the turnaround samples in each detector TOD and remove
them from mapmaking. In addition, we also flag samples when the telescope suddenly stops
scanning, or scans with a speed that differs from the expected speed in the middle of an

observational run. These samples are also removed from mapmaking.

5.3.3 Per-detector cuts

After generating the per-sample cuts, we evaluate the performance of each detector in
a TOD and flag detectors that show sporadic pathologies. In particular, we first calibrate
each detector within each TOD from data acquisition units to a physical unit of pW. We
adopt a different calibration strategy for ACT DR6 compared to ACT DR4 [98]. The differ-
ence is explained in Appendix A of Ref. [247| and will not be elaborated here. Calibration
measurements are performed every ~ 10 minutes, which we match to each detector TOD. De-
tectors without a valid calibration are flagged and removed from mapmaking. The remaining
detectors are termed as live detector candidates.

As different sources of noise manifest in different frequency ranges in a TOD power spec-
trum, we evaluate detector performance through a multi-frequency analysis. In particular,
we divide the power spectrum into two broad bands: a low-frequency band (~0.01 Hz—
0.1 Hz), which is expected to be dominated by atmospheric noise, and a high-frequency band
(~ 10 Hz—20 Hz), which is expected to be dominated by detector random noise.

5.3.3.1 Low-frequency analysis

In the low frequency band (~0.01 Hz-0.1 Hz) of a TOD, the 1/f atmospheric noise dom-
inates with a knee frequency of ~ 1 —10 Hz depending on PWV. We expect all live detectors
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to see the atmospheric signal, which in turn acts as a common mode across detectors. Detec-
tors poorly correlated with the atmospheric signal may be contaminated by large systematic
error. They need to be identified and removed from mapmaking. To do that we perform a
common-mode analysis using Singular Value Decomposition (SVD). If we denote the TOD
as a matrix d = d;(t), which has a shape ng X n; with ny the number of detectors and n; the

number of time samples, the TOD can then be decomposed as
d=USVT, (116)

where both U and V are column-wise orthonormal matrices that satisfy UTU = 1, and
VTV = 1, with shape n; x n,,, and n; X n,,, respectively. n,, is the number of common
modes obtained using SVD. S is a diagonal matrix with non-negative elements and a shape
of My, X M. It is often referred to as the relevance matrix. Each element (S;;) in the relevance
matrix corresponds to a common mode, with S; being the relative importance of the mode.
Hence, we expect the mode with largest S;; to be associated with the atmospheric common
mode. Note that the common modes are extracted using the low frequency part of a TOD.
This implies that the TOD is to be first preprocessed with a combination of a high-pass and
a low-pass filter to keep only the frequencies within ~0.01 Hz—0.1 Hz. In practice we simplify
this step by performing the common mode analysis in Fourier space within the frequency
band which is completely equivalent, but for pedagogical purposes we only describe the steps

in time domain. From Equation 116,
av =US. (117)

If we denote the ith column of V' as v;, the ith normalized mode (772;) can then be written
as

and the response of detector j to the common mode 7i; (defined as gain) is given by
gji = djm; = Uj;. (119)

Assuming the atmospheric mode is the strongest mode (with ¢ = 0), the response of each

detector to this mode characterizes the optical gain of each detector, given by Ujo, which we
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refer to simply as gain hereafter. gain is one of the three pathological parameters that we
extract from each detector TOD to characterize the performance of each detector in the low
frequency band of a TOD.

Another two pathological parameters that we extract are termed as norm and corr.
Specifically, norm is defined as the norm of the TOD signal within the low-frequency band,
given by ||d;|| for the ith detector. corr is defined as the correlation between a detector
TOD and the strongest common mode 71, given by d; - 1g/||d;||. corr approaches 1 when
d; is completely dominated by my, i.e., no other modes are present. Hence, corr is a useful
measure of the amount of contaminating modes in a detector TOD.

One caveat of SVD decomposition is that the extracted common mode is sensitive to
outliers, which are common in a TOD due to defective detectors. To reduce the impact of
outliers, before applying SVD decomposition, we perform a preselection step to identify a
“well-behaved” group of detectors that are highly correlated with each other and then use
TODs from these detectors to extract the common modes. In particular, the preselection
is done by first computing the full detector-detector correlation matrix M and then select
detectors with a median correlation (to all other detectors) above a given threshold (> 0.9).
If too few detectors (< 10) are found to satisfy this criteria, we flag the entire TOD as
problematic due to a failure to see an atmospheric common mode, and remove it from map-
making. Note that in ACT DR4 98] only the preselected detectors are used for mapmaking,
which leads to lower detector yields in general. In contrast, in ACT DR6 we only use the
preselected detectors to extract the common modes and not for mapmaking. This leads to
overall better detector yields in ACT DR6.

Another issue is that although we have assumed that the strongest common mode is
dominated by the atmospheric signal, this is not necessarily true, because other effects such
as thermal drift and scan synchronous signal may also show up on a similar timescale and
hence impact the common mode estimation. To reduce the impact from scan synchronous
signal, we deproject harmonics of the scan frequency from the TOD before extracting the
common modes using SVD. To reduce the impact from thermal contamination, in ACT
DR4 we made used of dark detectors, which do not couple optically but only thermally, to

estimate the thermal signal and deproject it from detector TODs. However, the three new
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detector arrays (PA4, PA5, PA6) introduced from 2017 onward do not have functioning dark
detectors due to hardware limitation. Hence, we are unable to deproject thermal signal for
ACT DR6 TODs. This should be kept in mind when interpreting the DR6 results.

As the low-frequency analysis relies on a predefined frequency window, the window choice
may potentially bias the results especially when scan pattern changes. To make our analysis
more robust, we repeat the same analysis across a total of 10 rolling frequency windows with
steps of 0.05 Hz, and we obtain the pathological parameters as averages across all frequency
windows.

As a result of the low-frequency analysis, we obtain three pathological parameters, gain,

corr, and norm, that characterize each detector TOD.

5.3.3.2 High-frequency analysis

In the high-frequency band (10 Hz—20 Hz), random detector noise dominates the power
spectrum of a TOD, with an approximately white spectrum. The noise property of a detector
is an important performance indicator. Thus we measure three pathological parameters in
the high-frequency band to characterize the noise property of each detector. In particular,
we measure the root-mean-square noise level (standard deviation) of each detector TOD,
termed as rms hereafter. As we expect the detector noise to be approximately Gaussian,
deviation from Gaussian statistics is a sign of pathological problem in the detector. To esti-
mate such deviation, we also measure higher order statistical moments including skewness,
which characterizes the asymmetry of the signal distribution and is term as skew hereafter,
and kurtosis, which characterizes the tail distribution of the signal and is termed as kurt
hereafter.

Note that in order for these pathological parameters to be meaningful measures of the
noise property of each individual detector, the high-frequency band of a TOD should be
negligibly contaminated by systematic errors, which is often not the case in practice. On the
other hand, as systematic errors often lead to correlated noise across detectors, we can iden-
tify the correlated noise modes using SVD, in a similar way as in the low-frequency analysis

(in Section 5.3.3.1), and deproject these correlated noise modes from detector TODs. The
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resulting TOD is now dominated by uncorrelated noises, from which we can then evaluate
the noise property of individual detectors using the pathological parameters rms, skew, and
kurt. Specifically, we identify the 10 strongest correlated modes across detectors and de-
project them from the detector TODs. If we denote the ith mode as m;, the deprojection is
performed by

d

I
=
~

|
3
3
=

(120)

where d is the TOD after deprojection.
As a result, we obtain three pathological parameters, rms, skew, and kurt, that charac-

terize the noise property of each detector in a given TOD.

5.3.3.3 Other statistics

In addition to analyzing TODs in two broad frequency bands, we also obtain two more
pathological parameters to evaluate systematic errors in detectors, termed as drift error
and mid-frequency error.

As TOD signals often drift slowly on the timescale of minutes due to changes in atmo-
spheric emission which acts as the strongest common mode across detectors, any slow drift
that deviates from the common mode behavior may be a sign of systematic error in the
detector TOD. Hence we define a term drift error to estimate such systematic error. To
calculate drift error, we first low-pass filter the detector TODs to keep only frequencies
below ~ 0.03 Hz and then use SVD to obtain correlated modes across detectors. We depro-
ject the 3 strongest correlated modes from detector TODs and calculate drift error as the
root-mean-square noise level (standard deviation) in the detector TODs after deprojection.

The mid-frequency error is a similar measure to drift error but at a different fre-
quency range (0.3 Hz—-1Hz). We expect the atmospheric signal to be much weaker in this
frequency range, reaching a comparable level to thermal signal. Therefore, the strongest
common mode in this frequency range is likely contributed by a combination of atmospheric
and thermal signal. Any deviations from the common mode behavior in this frequency
range may be manifestation of systematic error, and hence we define a pathological param-

eter mid-frequency error as a smoking gun of such problem. mid-frequency error is
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name freq
gain ~0.01 Hz-0.1 Hz
corr ~0.01 Hz-0.1 Hz
norm ~0.01 Hz-0.1 Hz
rms 10 Hz—20 Hz
skew 10 Hz—20 Hz
kurt 10 Hz-20 Hz
drift error < 0.03Hz
mid-freq error 0.3Hz-1Hz

Table 5.2: Pathological parameters used to characterize the performance of each detector
in a given TOD. The right column indicates the frequency range that the corresponding

parameter is extracted from.

calculated using similar steps as for drift errors. Specifially, we first apply a combination
of low-pass and high-pass filters to keep only frequencies with 0.3 Hz to 1 Hz in the TOD, and
then we obtain common modes using SVD and deproject the 8 strongest correlated modes
from every detector TOD. mid-frequency error is then calculated as the root-mean-square

noise in the resulting detector TODs after deprojection.

5.3.3.4 Summary of pathological parameters

With the multi-band analysis described above, we obtain a total of 8 pathological pa-
rameters to characterize the performance of each detector in a given TOD, as summarized
in Table 5.2.

We compute these pathological parameters for all TODs within the scope of ACT DR6
and collect them based on its detector array (PA4, PA5, PAG), frequency band (f090, 150,

£220), and observational season (517, s18, s19), resulting in a total of 18 datasets *. Based on

I As we use dichroic detector array, each array has two frequency band, so the total number of datasets is
3x2x3=18
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the statistical distribution of the pathological parameters in each dataset, we cut detectors
with outlying statistics by defining absolute or percentile-based thresholds in each patho-
logical parameter and remove them from mapmaking. The thresholds are adjusted for each
dataset to accommodate instrumental and/or seasonal differences.

In addition to the threshold-based cuts, we also cut a detector TOD when an excessive
number of glitches (> 20000) occur within the detector TOD, or when > 40% of the samples

in a detector TOD are cut by per-sample cuts, although both cases rarely happen in practice.

5.3.4 Per-TOD cuts

Although most of the cuts are on per-sample and per-detector basis, there are occasions
when an entire TOD is cut. This happens when a TOD has fewer than a predefined number
of detectors (< 100) that pass the per-detector cut, and when a TOD is acquired during
a bad weather such as snow storms or during high optical loading (PWV/sin(«) > 4mm,
with « being the altitude angle). In addition, we also cut an entire TOD when the data is

collected during telescope instrumentation.

5.4 Results for DR6

In Table 5.3 we summarize the yields of the data cuts pipeline for ACT DR6. It shows
that on average ~ 90% of the TODs get processed. The TODs that fail to be processed
are due a variety of reasons including failure to extract a common mode, wrong encoding
of telescope pointing, and TOD being to short for low-frequency analysis. In terms of
individual detectors, on average ~ 70% — 90% of the live detector candidates pass the cuts.
Among different frequency bands, f220 has the lowest yield across all seasons, which implies
that the 220 data s likely more susceptible to systematic errors. This is also reflected in
the low calibration yield as apparently only ~ 50% of the detectors have valid calibration
measurements. Overall ~ 80% of the calibrated data pass the data cuts. This is considerably

higher than the ~ 70% obtained for ACT DR4 as reported in Ref. [98]. This is likely due
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s17 s18 s19
f090 150 220 f090 150 220 090 f150 220
TOD
Total TOD | 31323 46823 15500 | 30280 45254 14974 | 48535 72454 23919
Processed | 29470 42736 13666 | 28551 41198 12778 | 46929 67984 21129
Percentage | 94.1% 91.3% 88.2% | 94.3% 91.0% 85.3% | 96.7% 93.8% 88.3%
Detector
Nyet 1704 2710 1006 | 1704 2710 1006 | 1704 2710 1006
Nandidates 1382 1989 534 1382 1989 534 1382 1989 034
( Nuncut) 1258.1 1772.6 405.2 | 1199.1 1693.2 381.4 | 1187.7 1696.7 392.5
Percentage | 91.0% 89.1% 75.9% | 86.8% 85.1% 71.4% | 85.9% 85.3% 73.5%
Overall
Percentage | 85.6% 81.3% 66.9% | 81.8% 77.5% 60.9% | 83.1% 80.0% 64.9%

Table 5.3: Yield of the data cuts pipeline for ACT DR6. Ny denotes the total number of

optical coupled detectors, Neandidates denotes the number of detectors with a valid calibration.

(Nuncut) denotes the mean number of detectors that survives the data cuts. The percentage

in the Detector section is defined as (Nuneut)/Neandidate Which is an indicator of the perfor-

mance of per-detector cuts. The overall percentage is defined as a product of the processed

percentage of TODs and the detector percentage mentioned above. It is an indicator of the

overall performance of the data cuts pipeline.
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Figure 5.5: Percentage of live detector candidates that pass the cuts as a function of op-
tical loading, which is defined as PWV/sin(«) with « being the altitude angle. Each dot
denotes the median percentage, and the errorbar extends from the 25th percentile to the
75th percentile. f090 results (blue) are derived from PA5 in s19, and both f150 (orange)
and 220 (green) results are derived from PA4 in s19. Data points are offsetted for better

visualization.
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Figure 5.6: Histograms of pathological parameters from detector array PA6 and frequency
band 150 obtained in season s19. Red dashed lines indicate the thresholds applied to the

pathological parameters to flag outliers and generate detector cuts.
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to a combination of improved preselection algorithm as described in Section 5.3.3.1 and the
improved data quality in ACT DRE6.

In Figure 5.5 we show the percentage of live detector candidates that pass the cuts at
different PWV bins. As the optical loading (PWV/sin(«)) increases, the higher frequency
bands suffer more detector loss, while the low frequency band f090 sees an almost constant
median percentage. This is consistent with our expectation that the higher frequency bands
see more emission from the atmosphere and are more sensitive to PWV changes, as seen
clearly in Figure 5.2. In addition, when the optical loading is < 0.2mm, a small reduction
in the detector yield can be seen across different frequency bands and most noticeably at
higher frequencies (f150 and 220). This is as expected because at low optical loading the
atmosphere emission is significantly reduced and no longer acts as a good common mode
across detectors. This manifests in the pathological parameters as, e.g., lower corr, which
results in more detectors being cut.

In Figure 5.6 we show a representative set of histograms of pathological parameters
obtained from PAG6 in the f150 band and observational season s19. The histograms are
shown together with the threshold-based cuts applied to identify detectors with sporadic
pathologies. As gain measures the amplitude of the atmospheric common mode that each
detector sees. When detectors are properly calibrated, we expect gain to sharply center
around 1 after removing an arbitrary normalization constant. On the other hand, if the
atmospheric common mode is contaminated by non-atmospheric signals such as thermal
drift, the distribution of gain will instead be tilted and/or multi-modeled. In the upperleft
of Figure 5.6 we see that the histogram of gain is nicely centered around 1, indicating that
the contamination from thermal modes to the atmospheric common mode is likely small,
and the amplitudes extracted from our common mode analysis are in agreement with our
calibration model obtained independently of the atmosphere, which is reassuring. We also
see that the histogram of corr is highly tilted toward 1. As corr represents the correlation
to the atmospheric common mode, we expect the non-atmospheric modes in our data to
constitute only < 2% of the observed data at the low-frequency band of a TOD, consistent
with our expectation based on the histogram of gain. The histogram of drift error, on

the other hand, shows a slight bimodal distribution, hinting that although the impact from
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thermal drifts is likely small, potentially a small subset of detectors still experience slow drifts
that are uncorrelated to the atmospheric and thermal modes. In terms of detector noise,
the histograms of rms, skew, and kurt show that the detectors generally have have well-
behaved noise properties. In particular, the higher order statistics are consistent with zero,
and rms also features a smooth Gaussian-like distribution. Overall, although the histograms
are shown for a particular dataset, we find them representative of the other datasets. The
results support the fact that ACT DR6 data are not significantly affected by systematic

errors and the detectors are generally well-behaved.

5.5 Future prospects

ACT will stop collecting data at the end of observation season 2021. Its scientific goals
will be superseded by the Simons Observatory (SO) [30] which is currently under construction
and scheduled to see the first light in 2021. As SO will collect 5 times more data than
ACT, it will pose a challenge to the data cuts pipeline, as the existing cuts pipeline is
computationally intensive and requires a significant amount of human intervention in fine-
tuning the threshold-based cuts for each dataset. In addition, as transient science will also
be one of the scientific goals for SO, it may require generating daily maps of the sky, which
in turn requires daily generation of data cuts. Running the existing data cuts pipeline
on a daily basis is unfeasible particularly due to the human intervention required to tune
the threshold-based per-detector cuts. Therefore, a more automated approach to generate
detector cuts is well motivated to meet the scientific goals of the upcoming SO.

In the past decades we have seen rapid progress in the domain of machine learning (ML),
which makes it a promising approach to automate the data cuts pipeline. In particular, as we
have collected multiple seasons of data all of which have been processed through the existing
cuts pipeline and labeled as either cut or uncut, our problem can be posed as a supervised
binary classification problem, which is a common use case for ML algorithms.

As a proof of concept we implement a simple ML-based pipeline which takes the set of

8 pathological parameters calculated from the existing cuts pipeline as features and the per-
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Figure 5.7: Receiver operating characteristic (ROC) curves of different ML models. Each
curve characterizes the performance of a ML model in terms of true-positive rate versus
false-positive rate as we adjust the probability threshold for positive prediction. Model with
the highest area under the curve has the best overall performance, which is found to be the

XGBoost model. Postfixes as in KNNModel-x denotes the number of estimators in the model.
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detector cut as labels. The objective is that when we supply the pathological parameters of
a new TOD to the ML model, it is able to generate the detector cuts automatically without
the need of human intervention. We test the ML-based pipeline on 400 TODs from the f090
band in the observational season 2016, which have been well characterized as part of ACT
DR4. The dataset contains ~ 160,000 labeled data which we split into two subsets, with
80% of the data as the training set and 20% of the data as the testing set. We further
resample the training set such that the positive (uncut) and the negative (cut) samples are
balanced to avoid bias in the training. We test a selection of popular machine learning
algorithms including decision tree [248|, random forest [249], k-nearest neighbours (k-NN)
[250, 251], all of which are implemented in Scikit-learn [252|, and gradient boosting which
is implemented in the XGBoost package [253|, and compare their performances in terms of
the accuracy of the prediction when applying to the testing set.

In Figure 5.7 we show the true-positive rate of each machine learning algorithm against its
false-positive rate, at various probability thresholds used to determine positive and negative
predictions. The XGBoost algorithm stands out as it achieves the highest true positive rate
for any given false-positive rate. It reaches an overall prediction accuracy of 97% when
compared to the existing data cuts pipeline, showing promises in applying such algorithm in
generating data cuts.

In addition to the within-season test, we also test the ML-based pipeline across different
seasons. In particular, we train the ML models using data from s14 and s15, and use the
trained model to predict detector cuts for s16 to test how transferrable is the learning of
model when applied to a completely new dataset. The results for cross-season test are
consistent with the within-season test, with XGBoost model outperforming the other ML
models, reaching an accuracy of ~ 90%. Considering that the s16 dataset may see completely
different systematic errors than the previous seasons, the achieved accuracy in reproducing
the existing detector cuts is very promising and demonstrates the high potential of a ML

algorithm like XGBoost in automating the generation of detector cuts.
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5.6 Discussions

The data cuts pipeline is of crucial importance to the success of ACT and the next-
generation CMB experiments like the Simons Observatory. In this chapter we have presented
a detailed description of the data cuts pipeline used in ACT DR6 and presented the results
from applying the cuts pipeline to ACT DR6 data. From the results we have seen an overall
improvement in detector yields when compared to ACT DR4, likely due to a combination of
improvement in the cuts pipeline particularly in the low-frequency analysis and an overall
improvement in the quality of the observational data in DR6.

We have also discussed the future prospects of the data cuts pipeline in light of the
upcoming CMB experiments. As a future experiment like SO will collect an order of mag-
nitude more data than ACT, running the same data cuts will be computational challenging
especially when we want to make daily maps for transient science. This requires a more
automated data cuts pipeline. In this chapter we have presented early studies of a machine
learning based pipeline and demonstrated its huge potential in automating the generation

of detector cuts.
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6.0 Conclusion

We have, without doubts, entered the era of “precision cosmology”. We now have enough
statistics that allow us to constrain cosmological parameters to percent-level accuracy and
probe tiny deviations from the standard cosmological model. In this thesis we presented three
such applications, using the precision measurements of the Cosmic Microwave Background
to expand our knowledge of the universe, demonstrating the power of such cosmological
dataset.

With the increasing sensitivity in CMB polarization measurements, we are now closer to
being able to detect the signature of a primordial gravitational wave in the CMB B-mode
power spectrum. On the other hand, the improved sensitivities also mean that there are likely
more confusion signals that show a similar signature, and hence more work is needed to rule
out such degenerate models before one can claim the detection of a signal from inflation. In
Chapter 2, we have investigated one of such degenerate models, namely, primordial magnetic
field. In particular, we showed that the hypothesized primordial magnetic field (PMF), if
it exists, may also generate a CMB B-mode signal that is highly degenerate to that of the
primordial gravitational wave, particularly on the large angular scales. Thus we suggested
that one should be cautious in claiming a discovery of inflationary signal when its signature
shows up in the large angular scales. Fortunately, on the small angular scales, PMF leaves
its unique signatures in the form of a vector-mode perturbation which gives us a handle in
ruling it out. In fact, we demonstrated that by leveraging the precision measurements of the
small scale CMB anisotropies to constrain the vector-mode signal from the PMF, one can
effectively rule out a degenerate PMF model for » 2 0.01 for an Simons Observatory-like
experiment and r = 0.004 for a CMB S4-like experiment. Furthermore, PMF also induces
an effect known as the Faraday rotation on the CMB polarization, causing a net rotation of
the linear polarization of the CMB photons. We demonstrated that such effect can generate
a B-mode signal detectable with the sensitivity of the upcoming CMB experiments, though
it will unlikely provide a strong constraint on the PMF. On the other hand, the Faraday

rotation also induces off-diagonal cross-correlations in the E- and B-mode polarization maps.
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We showed that this effect will likely provide the strongest constraint on PMF among the
effects discussed in Chapter 2, allowing us to rule-out degenerate PMF models for » 2 0.001.
Overall, our study presented a solid evidence in support of the view that a PMF model is
unlikely a challenge for the B-mode searches of the primordial gravitational wave, provided
that one includes the small-scale CMB anisotropies in the constraint, because precision
measurements of the small-scale anisotropies of the upcoming CMB experiments will have
enough sensitivities to rule out the degenerate PMF models for the targeting ranges of the
B-mode signal.

Faraday rotation is not the only physical mechanism that causes a rotation in the polar-
ization direction of CMB photons. In fact, cosmic birefringence can be a generic feature of
models beyond the standard model of physics that introduce parity-violating physics in the
early universe. Such models often predict an anisotropic rotation field with a scale-invariant
rotation power spectrum, which can be constrained in a model independent way. In Chap-
ter 3, we performed a search for such signal in the data obtained by the ACT experiment,
by searching for the off-diagonal correlation between the E- and B-mode polarization maps
caused by the polarization rotation, which we found to give the strongest constraint on such
signal in Chapter 2. We reconstructed the rotation power spectrum and found it consistent
with zero. With the non-detection, we placed a constraint on the amplitude of a scale-
invariant rotational field, which improved the previous limit by a factor of 3 and reduced the
allowed parameter space for parity-violating physics beyond the standard model.

In addition to cosmology, we also demonstrated that high angular resolution measure-
ments of the microwave sky from a CMB experiment are valuable for astronomy, particularly
for Galactic science. In Chapter 4 we presented the microwave maps of the Galactic center
regions of our galaxy, made by combining the data obtained from ACT and Planck. These
maps improved the previous maps in this region in the millimeter wavelengths in both sen-
sitivity and angular resolution, particularly in polarization. These improvements allowed us
to probe the magnetic field morphology of the Galactic magnetic field in arpcmin resolution
while maintaining a wide field of view. We also probed magnetic fields on top of known
radio sources and molecular clouds, significantly improving our knowledge of the magnetic

field environment at some of these regions.
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[ also presented preparation works for the upcoming data release from ACT (DR6) which
will contain a factor of 5 more data than the previous ACT data release (DR4) and is ex-
pected to improve our constraining power in cosmology by a factor of 2. In Chapter 5, I
presented a detailed description the data reduction process known as the data cuts pipeline
which identifies data with sporadic pathologies and removes them from mapmaking. I also
presented the preliminary results of the cuts pipeline for ACT DR6 which showed an overall
improved quality compared to ACT DRA4, likely contributed by a combination of the im-
proved cuts algorithm and the improved control of the systematics. In addition, I discussed
the prospects of the data cuts pipeline in the context of the upcoming Simons Observatory,
because it will collect a factor of 5 more data than ACT and may pose a challenge to the
data cuts pipeline which is both computationally insensitive and manpower demanding in
fine-tuning the threshold-based cuts. In light of this, I also discussed a promising new way
to generated data cuts without any human intervention with the help of machine learn-
ing algorithms. I presented some preliminary results from a machine learning based cuts
pipeline and demonstrated that it is capable of reproducing the expert-based cuts pipeline
with 2> 90% accuracy. Being able to generate data cuts automatically will enable the Simons
Observatory to make daily maps of the sky which opens doors to doing transient science
with the Simons Observatory.

In closing, with the help of the current high precision measurements of the CMB and the
upcoming CMB datasets to come, it is without doubt that our knowledge of the universe
will be significantly expanded, with our theoretical model tested and confronted by new

experimental findings.
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	4.2. A side-by-side comparison between Planck only (left) and the ACT+Planck coadded (right) for f150 in polarized intensity.
	4.3. Polarization maps in Stokes Q (left column) and U (right column) in Galactic coordinates and using the IAU polarization convention. Top to bottom are the f090, f150, and f220 maps, respectively.
	4.4. Multi-frequency view of the Galactic center region in both total intensity (upper panel) and polarized intensity (lower panel). Red, green, and blue correspond to f090, f150, and f220, respectively. In the upper panel, the maps are scaled logarithmically from 0.2 to 2 MJysr-1 for f090, from 0.214 to 2.14 MJysr-1 for f150, and from 1.15 to 10.15 MJysr-1 for f220. The polarization maps shown in the lower panel are first smoothed with a Gaussian kernel (FWHM=3.5') and then scaled linearly from 0 to 1 MJysr-1 for f090, to 1.79 MJysr-1 for f150, and to 8.2 MJysr-1 for f220.
	4.5. Upper panel: Known radio sources found in the Galactic center region. The background image shows a zoomed-in view of the multi-frequency 3-color image presented in the upper panel of Figure 4.4. Lower panel: Annotations of selected radio and dusty sources in the multi-frequency polarized intensity image (presented in the lower panel of Figure 4.4). The maps are smoothed with FWHM=2' to make objects more visible.
	4.6. A visualization of magnetic field orientations using line-integral-convolution (LIC) with a 1 kernel. Contours in the map trace magnetic orientations. Rows represent f090, f150, and f220 respectively. Total intensity maps are shown in the background with the same color scales in Figure 4.1.
	4.7. Polarization fractions (background) and magnetic field orientation (line segments) are shown for our three bands (f090, f150, and f220). To estimate the magnetic field orientations, the polarization field is smoothed with a Gaussian kernel FWHM=2', and then resampled with a pixel size of 2'. Line segments with large uncertainty in polarization angle 15 are masked.
	4.8. GCRA and Sgr A*. The left panel shows the polarized intensity in the region, measured from f090 coadded. Contours show levels of total intensity at f090 with a spacing of 2 MJysr-1 up to 30 MJysr-1. The right panel shows the inferred magnetic field orientations from the f090 map as line segments in 0.5' pixelization (full resolution). Segments are shown with varying opacity that scales linearly with the S/N in polarized intensity and saturates when S/N=3. In the background we show a radio image of the region from MeerKAT Heywood:2019 which observes at 1.28 GHz in 6'' pixelization. The expected location of Sgr A* is indicated with a white cross mark in both panels. Note that the MeerKAT image is shown for visualization purposes only, as no primary beam corrections have been applied, and the entire Galactic plane is seen through the primary beam sidelobes. Caution should be taken when interpreting the numerical values in this image (see Heywood:2019 for a detailed discussion).
	4.9. Molecular cloud known as ``the Brick''. Left: total intensity measured from ACT+Planck f220 coadd map is plotted in the background. The Herschel 500m measurements Molinari:2016 are shown as contours indicating 50th, 70th, and 90th percentiles from lighter to darker contours. Right: total intensity measured by Herschel 500m is shown in the background. We show the magnetic field orientation inferred from the f220 map as line segments. Segments are shown with varying opacity that scales linearly with the S/N in polarized intensity and saturates when S/N=3.
	4.10. A cloud triad known as ``the Three Little Pigs'' consisting of G0.145-0.086 (``Straw Cloud''), G0.106-0.082 (``Sticks Cloud''), and G0.068-0.075 (``Stone Cloud''). The data are plotted following Figure 4.9, with the left panel showing the ACT+Planck f220 map with the Herschel 500 m image overlaid as contours (indicating 50th, 70th, and 90th percentiles from lighter to darker colors), and the right panel showing the Herschel 500 m map with the magnetic field orientations inferred from the f220 map overlaid as line segments. Segments are shown with varying opacity that scales linearly with the S/N in polarized intensity and saturates when S/N=3. 
	4.11. G359.23–0.82 or ``the Mouse'' is a pulsar wind nebula (PWN) traveling with high velocity (300 kms-1) with respect to ISM, causing a comet-like tail. The left panel shows the total intensity in f090 with magnetic field orientation over-plotted in line segments. Both the background and magnetic field are smoothed to a resolution of 2.2' to increase the signal-to-noise ratio. Segments are shown with varying opacity that scales linearly with the S/N in polarized intensity and saturates when S/N=3. The middle panel shows the polarized intensity in f090 after smoothed to a resolution of 2.2'. The right panel shows a radio image of the region from MeerKAT Heywood:2019 which observes at 1.28 GHz in 6'' pixelization, with the magnetic field orientation from f090 over-plotted as line segments similar to the leftmost panel. 
	4.12. G357.7-0.1, or ``the Tornado'', is typically classified as a supernova remnant. The left plot shows the total intensity in its neighborhood in f090 coadded map. Line segments indicate The right plot shows the magnetic field orientations inferred from f090. They are shown with varying opacity that scales linearly with the S/N in polarized intensity and saturates when S/N=3. The right panel shows the corresponding polarized intensity map in f090. Both maps are shown at the full resolution from mapmaking (0.5').
	4.13. l=1.3 molecular complex. The left plot shows the total intensity in f220 (smoothed with FWHM=1') with contours indicating the 50th, 70th, 90th percentiles in the Herschel 500 m map. The right plot shows the Herschel 500 m map with magnetic field orientation inferred from the f220 map as an overlay, after smoothed to a resolution of 1.4'. Segments are shown with varying opacity that scales linearly with the S/N in polarized intensity and saturates when S/N=3.
	5.1. An example TOD obtained from PA5 at f150 in observational season 2017 after calibration. Timestreams from multiple detectors are over-plotted with transparency.
	5.2. Brightness temperatures of the atmosphere at different PWVs are shown in solid curves, generated using am atmospheric modeling software Paine:2019. The shaded area shows the ACT passbands at f090, f150, and f220, respectively.
	5.3. An example detector TOD (black) is over-plotted with the thermometer readings (blue) from Tr2_Arr_AtCF_Ar2 located in the same array. It shows that a TOD signal can be significantly affected by thermal drifts caused by temperature changes on the detector array.
	5.4. Noise power spectrum of a given detector at two different PWVs. Frequencies are binned logarithmically to reduce fluctuations.
	5.5. Percentage of live detector candidates that pass the cuts as a function of optical loading, which is defined as PWV/sin() with  being the altitude angle. Each dot denotes the median percentage, and the errorbar extends from the 25th percentile to the 75th percentile. f090 results (blue) are derived from PA5 in s19, and both f150 (orange) and f220 (green) results are derived from PA4 in s19. Data points are offsetted for better visualization.
	5.6. Histograms of pathological parameters from detector array PA6 and frequency band f150 obtained in season s19. Red dashed lines indicate the thresholds applied to the pathological parameters to flag outliers and generate detector cuts.
	5.7. Receiver operating characteristic (ROC) curves of different ML models. Each curve characterizes the performance of a ML model in terms of true-positive rate versus false-positive rate as we adjust the probability threshold for positive prediction. Model with the highest area under the curve has the best overall performance, which is found to be the XGBoost model. Postfixes as in KNNModel-x denotes the number of estimators in the model.
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