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The cosmic microwave background (CMB) stands as one of the most interesting subjects

of astronomical surveys. The CMB light carries information about the history and the

origin of the universe. Polarisation of the CMB can be decomposed and transformed in

to E-mode and B-mode polarisation.

My thesis focuses on the measurement of E-mode polarisation power spectrum of the cos-

mic microwave background using 150 Ghz data taken from July 2014 to December 2016

with the POLARBEAR experiment. POLARBEAR is an on-going cosmic microwave

background experiment that began taking data in 2012. The target area of observation

for the data in this thesis is a large patch of sky of over 600 deg2. A continuously rotating

half wave plate was installed in the POLARBEAR telescope and heavily influences the

overall data analysis.

This thesis is outlined as followed. Chapter 1 reviews the standard model of cosmology,

and explain the physics of the CMB and CMB polarisation. Chapter 2 describes the

POLARBEAR experiment. Chapter 3 gives a brief review of the continuously rotating

half wave plate and its impacts on recorded data. Chapter 4 describes the calibration

of the recorded data. Chapter 5 describes the pipeline to process the recorded data.

Chapter 6 details on the validation of the established power spectrum pipeline, the data

selected following Chapter 5, and the estimation of systematics in POLARBEAR data.

Chapter 7 details on the E-mode power spectrum estimated from the selected data. I use

the measured E-mode power spectrum in combination with other data sets: Planck 2018,

ACTPol, SPT-SZ, and BAO data to constrain cosmological parameters. The combined

data set is consistent with the standard Lambda Cold Dark Matter model of cosmology.

I also consider extensions to the standard model, and present improved constraints on

these extensions. Chapter 8 summaries preceding chapters and gives an outlook on the

Simons Array, the successor of the POLARBEAR experiment.
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Chapter 1

Introduction

The development of the general theory of relativity [18] coupled with the discovery

that the universe is expanding has shifted our intuitions about cosmology from a static

eternal universe to an expanding one of finite age. Observational works further tested

physical theories about the history and structure of the universe. By the end of the

twentieth century, observations had driven the development of the Lambda-Cold Dark

Matter ΛCDM model, which is now regarded as the standard model of cosmology. In the

last two decades, ΛCDM model has survived increasingly strenuous observational tests

employing a variety of measurement techniques and covering a range of cosmic distance

scales. Measurements of the cosmic microwave background (CMB) are prominent among

the tests of ΛCDM. To see how the CMB experiments play their roles, the foundation

of cosmology is first revisited.

1.1 Pillars of the Standard Model

The Standard Model of Cosmology is the best fitting parametrisation of the Hot Big

Bang model. The Hot Big Bang model states that our Universe started from a hot

dense state around 14 billion years ago and has been expanding ever since. One pillar of

the Standard model is the Cosmological Principle: the universe is the same everywhere

(homogeneous) and isotropic on large scales (for a comoving observer), which is to say

that there is no preferred position or direction in the Universe. This hypothesis is

supported by astronomical observations.

In a homogeneous, expanding universe, the frame of the Universe is expanding. The

coordinates of this frame are fixed (constant) and are said to be comoving. The physical

distance dphys evolves with time and relates to the comoving distance dcomoving via

1
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Hubble-Lemâıtre law:

dphys = a(t)dcomoving (1.1)

Here, a(t) is the scale factor which is 1 today and was smaller in earlier times. The time

t is the cosmic time, or the proper time of comoving observers.

The first work supporting an expanding Universe is Edwin Hubble’s study of Cepheid

variables [1]. The study finds that galaxies seem to be driving back away from us in all

directions of observation, at a rate (∼ v) proportional to their distance (∼ r).

Figure 1.1: Velocity-Distance Relation among Extra-Galactic Nebulae. [Picture from
[1]]. Open dots correspond to original measurements and are best fitted with dashed
line. Filled dots correspond to original measurements corrected for the sun’s motion

and are best fitted with the solid line.

In honor of Hubble, we still call the rate of expansion of the Universe the Hubble

constant. Of course, the expansion rate changes with time (or redshift), and can be

expressed in terms of the scale factor as:

H(t) ≡ 1

a

da

dt

The Hubble time and Hubble radius, also called horizon, are defined as: H(t)−1 and

cH(t)−1., where c denotes the speed of light. While not exact, these quantities are

approximately related to the age of the Universe and the size of the observable horizon.

Light has not had enough time at time t to cross distances larger than the horizon, and

thus larger scales are not causally connected.

Of course, the Universe’s expansion also affects photons as they travel, stretching their

wavelength. This effect is known as redshift, and the redshift z can be written as the
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ratio of the observed to emitted wavelength:

1 + z ≡ λobserved
λemitted

(1.2)

where λ is the wavelength. The standard Doppler formula relates low redshifts to small

recession velocity v via z ' v/c. One of the result of redshift is that the CMB shows up

at much longer wavelengths than the ultraviolet which one might naively expect from

the CMB hydrogen recombination energy, which we will return later in Section 1.3.

Back to the Universe in the Standard Model, Figure 1.2 illustrates the implementation of

cosmological principle concerning the isotropy of the Universe on the scales of redshift.

Higher redshifts correspond to further distances away from us. On small scales, the

Universe is clumpy, but on larger scales, ≥ 10Mpc, the Universe is homogeneous as the

distribution of galaxies appears more uniform.

Figure 1.2: The distribution of galaxies is clumpy on small scales, but becomes more
uniform on large scales and early times. [Picture credit: The 2dF Galaxy Redshift

Survey team [2]]

To understand the expansion of the Universe, we turn to Einsteins theory of General

Relativity that describes the relation between the geometry of space-time and matter

[18].
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1.2 General Relativity

General Relativity is the theory published by Einstein in 1915 that describes the relation

between geometry and gravitation. While General Relativity has several far-reaching

implications in astrophysics, we will only visit its two main culminations: the General

Covariance and Einstein’s field equations. The metric and equations thus-derived for a

homogeneous expanding Universe will also be presented.

1.2.1 The General Covariance and metric

Let us be reminded that the key idea behind General Relativity is the Equivalence

Principle, which asserts the equivalence of gravitational and inertial mass. This means

that when no external forces affect an object, the trajectory of said object follows a

geodesic, the shortest path between 2 points in space. In curved space-time or non-

uniform gravitational field, we can consider a small region of space-time where the field

difference is approximately canceled out. The Equivalence Principle can then be stated

as: For every point P in an arbitrary gravitational field in space-time, it is possible to

choose a locally inertial coordinate system such that, within a sufficient small region of

P, the laws of nature take the same form as they would in the absence of gravitation.

The second behind General Relativity is General Covariance: the idea that the physi-

cal laws can be written in a form invariant under coordinate transformations. Tensor

fields are normally used for this purpose. In cosmology, we tend to focus on the most

fundamental tensor: the metric describing the distance between two points. Recall that

the scale factor relates the coordinate distance to the physical distance, so relating the

metrics in different models to observations is important to quantify predictions in an

expanding Universe. At a point P in space-time, we can derive the metric considering

the path between P and an infinitesimally close point Q in a set of coordinates xµ:

p ≡ xµ;Q ≡ xµ + dxµ.

Taking in the Equivalence Principle, we can find a locally inertial frame ξµ(x) in P such

that: {
xµ 7→ ξµ(x)

xµ + dxµ 7→ ξµ(x+ dx) = ξµ(x) + ∂αξ
µdxα

on notating ∂α ≡ ∂/∂xα. The infinitestimal distance between P and Q is

dξµ ≡ ξµ(x+ dx)− ξµ(x) = dxα∂αξ
µ
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We can apply Special Relativity in ξµ(x) coordinate frame to get distance between P

and Q defined by the line element:

ds2 = dξαdξβηαβ.

where ηαβ = diag(−1; 1; 1; 1) is the Minkowski metric. Returning to the coordinates xµ,

the distance takes the final form:

ds2 = dxµ∂µξ
αdxν∂νξ

βηαβ = dxµdxνgµν(x),

with gµν(x) = ∂µξ
α∂νξ

βηαβ, the metric in x. Symmetric in its 2 indices, gµν comes with

its inverse gµν satisfying gµαg
αν = δµν and does not depend on the chosen locally inertial

frame.

1.2.2 Friedmann-Lemâıtre-Robertson-Walker (FLRW) metric

The metric for the Universe we live in can be derived from its most important properties:

homogeneous distribution of energy (and thus space) and isotropy on large scales. It is

known as the Friedmann-Lemâıtre-Robertson-Walker (FLRW) metric:

ds2 = −dt2 + a2(t)
dx2 + dy2 + dz2

[1 + κ
4a2(t)

(x2 + y2 + z2)]2
(1.3)

Here, t is the proper time of an observer comoving with the Universe expansion, (x, y, z)

are comoving coordinates, a(t) is the scale factor. The increment −dt2 is basically −c2dt2

where the natural unit c = 1 is adopted from here and onward. The parameter κ is set

by the spatial curvature of the Universe:

κ = 1 for a closed universe

κ = −1 for an open universe

κ = 0 for a flat universe

As a set of comoving coordinates, (x, y, x) have units of length. This means the scale

factor a(t) is dimension-less, and so is κ. .

1.2.3 Einstein Equations

General Relativity makes concrete predictions for the local structure of space-time by

between the spatial curvature and energy (density) denoted by ρ of the species that

fill the Universe. The energy parts, relativistic and non-relativistic, are wrapped in the
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Energy-Momentum Tensor Tµν . Consider the total action I[φ, g]

I[φ, g] = IM [φ, g] + IE.H [g],

in which IM accounts for the action for the matter component, and the Einstein-Hilbert

actionIE.H accounts the geometry of the spacetime. The square brackets are to denote

that these actions are functionals that can vary with the metric g and/or the physical

field φ. By using the functional derivative, the Energy-Momentum tensor is defined as:

Tµν(x) ≡ 2√
g(x)

δIM
δgµν(x)

and admits these properties: Tµν(x) = T νµ(x) and DµT
µν(x) = 0 (Dµ being the covari-

ant derivative operator) . The Einstein-Hilbert action can be written explicitly as

IE.H [g] =
1

16πG

∫
d4x
√
gR,

with G being the gravitational constant, R the curvature scalar built from the Riemann

curvature tensor which is the standard way to define the curvature of minimally curving

manifolds, and g ≡ −detgµν showing the consideration of the General Relativity context.

Imposing the variational principle δI = 0, we retrieve the Einstein Equations

Gµν = Rµν −
1

2
gµνR = 8πGTµν (1.4)

where Gµν is the Einstein Tensor, symmetrical in the two indices. The equations bal-

ance the geometry of space-time on the left-hand side with the physical properties of

constituents on the right-hand side.

The Einstein-Hilbert action corrected for the case of cosmological constant is:

IE.H [g] =
1

16πG

∫
d4x
√
g(R+ 2Λ).

Since this term is a scalar like R, it does not change the validity of initial assumptions

used to obtain the Einstein Equations. Equation 1.4 then becomes:

Rµν −
1

2
gµνR− Λgµν = 8πGTµν

m (1.5)

Rµν −
1

2
gµνR = 8πG(Tµν +

Λ

8πG
gµν) ≡ 8πGT̃µν

The top line in equation 1.5 takes the view that Λ is a fundamental constant of nature,

while the bottom line instead casts it as a source. As a practical matter, the two views
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are indistinguishable.

The Energy-Momentum tensor, containing information about both the relativistic and

non-relativistic properties of matter density, is written as:

Tµν = (p+ ρ)uµuν − pgµν (1.6)

for a general metric gµν . Here uµ = (1, ~v)/
√

1− v2 is the 4-velocity of a particle in the

fluid. Relativistic scalars ρ and p are respectively the proper energy density and the

isotropic pressure and are related by the equation of state:

wi =
pi
ρi

(1.7)

for a particular species i.

It can be proven that ordinary matter has w ∈ [0, 1
3 ] depending on its temperature. In

the upper and lower limits respectively, we have:

For ultra-relativistic particles: vr ≈ 1→ p = 1
3ρ,

For non-relativistic particles: vr � 1→ p� ρ

In case Λ is considered as a source for gravitational field, the Energy-Momentum tensor

for the cosmological constant is written as:

TµνΛ =
Λ

8πG
gµν = (pΛ + ρΛ)uµuν − pΛg

µν (1.8)

where we have combined the two expressions for Tµν from equations 1.5 and 1.6. The

total Energy-Momentum tensor is the sum across all particle species including the cos-

mological constant: T̃µν = Tµν + TµνΛ . We define the pressure and density from the

cosmological constant as: {
pΛ = − Λ

8πG < 0

ρΛ = −pΛ = Λ
8πG > 0

since Λ > 0. This leads to an intuition of an unknown inordinary species sourced by

Λ and having the equation of state wΛ = −1. Notice that a positive Λ > 0 leads to

a negative pressure P < 0 and as a result, a positive cosmological constant resists the

Universes gravitational collapse, and if large enough, can even accelerate the cosmic

expansion.

1.2.4 Friedmann Equations

The Friedmann equations were derived by Alexander A. Friedmann for the expansion

of space for a homogeneous and isotropic Universe [19]. The detailed derivation can be
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found in textbooks, such as [20], and in brief is done by plugging in 1.4 or 1.5 the FLRW

metric 1.3 and the Energy-Momentum tensor of a perfect fluid 1.6. The final Friedmann

Equations for the evolution of the scale factor are:

H2 = (
ȧ

a
)2 =

8πG

3
ρ− κ

a2
+

Λ

3
(1.9)

ä

a
= (Ḣ) +H2 = −4πG

3
(ρ+ 3p) +

Λ

3
(1.10)

where the dots represent time derivatives. Scalar factor a, energy density ρ and pressure

p are functions of time. The set of Einstein equations (originally with 10 equations) have

been simplified to 2 equations basing on the homogeneity and isotropy of the Universe.

These two equations can be manipulated to give the third Friedmann equation, also

known as the Continuity Equation:

ρ̇+ 3H(ρ+ p) = 0 (1.11)

which can also be obtained from the conservation of the stress-energy tensor (1.5)

through the Bianchi Idensity DµG
µν = DµT

µν = 0. Note that ρ and p are related

by the equation of state 1.7. Since we want to consider how the dynamics of the scale

factor depend on the densities, we rewrite the Friedmann equations as:

(
ȧ

a
)2 =

8πG

3
(ρ− ρκ + ρΛ) (1.12)

with ρκ = −3κ/(8πGa2) the energy density from the curvature. The density ρ consists

of ultra-relativistic and non-relativistic parts, ρ = ρm + ρr. The critical density defined

by ρcr(t) ≡ 3H2(t)
8πG is the matter density of a spatially flat Universe (κ = 0) with no

cosmological constant (Λ = 0). We then have:

ρ > ρcr for a closed universe

ρ < ρcr for an open universe

ρ = ρcr for a flat universe

It’s convenient then to consider the densities in terms of the critical density, so we

introduce the density parameter Ωi:

Ωi =
ρi
ρc

(1.13)

then 1.9 becomes:

(
ȧ

a
)2 = H2(Ωm + Ωr + Ωκ + ΩΛ) (1.14)

As the densities scale with the expansion of the Universe, they are naturally expressed

as functions of redshift. We define Ωi at a particular redshift with respect to the present

density parameters Ω0,i by:
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Radiation density:Ωr = Ω0,r(1 + z)4

Matter density: Ωm = Ω0,m(1 + z)3

Spatial curvature density: Ωκ = Ω0,κ(1 + z)2

Cosmological constant density: ΩΛ = Ω0,Λ(1 + z)0 = Ω0,Λ

Equation 1.9 then becomes:

H2(t) = (
ȧ

a
)2 = H0

√
Ω0,r(1 + z)4 + Ω0,m(1 + z)3 + Ω0,κ(1 + z)2 + Ω0,Λ (1.15)

where H0 is the current Hubble rate. The total density parameter is defined as:

Ωtot = Ωm + Ωr + ΩΛ = 1− Ωκ

To get the evolution of the scale factor, we first derive the dependence of the densities on

the scale factor by combining the equation of state and the continuity equation. From

then on, solving equation (1.15) is difficult in the general case (involving a transcendental

integral), but is simple when the Universes density is dominated by a single species.

Three epochs are particularly interesting given the actual composition of our Universe:

an early radiation-dominated phase, an intermediate matter-dominated period, and most

recently a cosmological constant dominated universe. Without derivation, the resulting

dependencies of the densities on the scale factor and the evolution of the scale factor in

these three epochs are:

ρr ∝ a−4 → a(t) ∝ t
1
2 for radiation-dominated era

ρm ∝ a−3 → a(t) ∝ t
2
3 for matter-dominated era

ρΛ ∝ a0 → a(t) ∝ eHt for cosmological-constant-dominated era

The case where the curvature dominates is different with a(t) ∝ t for an open universe. It

does not appear our Universe has ever (nor will it) gone through a curvature dominated

phase. The evolution of the scale factor and densities show that the energy density

of the radiation drops most quickly. The era where radiation dominated last until

the matter-radiation equality where the non-relativistic matter started changing the

scenario. Notice that, since the energy density sourced by the cosmological constant

does not change with the scale factor, this density will surpass the other two densities

eventually. If we come back to equation 1.14, we will have ä > 0, which agrees with

the current observation that our Universe is undergoing an accelerated expansion. It

appears that the dominant contribution to the energy density today is Dark Energy or

a cosmological constant.

Up to now, we have looked into the geometry of the Universe and the evolution of the

Universe with respect to populating species. Part of the evidence for these theoretical
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implications is presented in the existence of the Cosmic Microwave Background, which

is the foremost interest of this thesis.

1.3 The Cosmic Microwave Background

The Cosmic Microwave Background is the remnant electromagnetic radiation from the

very early Universe in the Standard Cosmological Model. While the cosmic inventory

offers a variety of subjects like photons, baryons, cold dark matter, neutrinos, and dark

energy, this description of the CMB will mainly involve photons as they compose the

CMB radiation. Before that, it is interesting to know how the CMB was discovered.

Early research of Big Bang Nucleosynthesis by Gamow, Alpher, and Herman contained

the first prediction of an energy density of CMB radiation [21, 22] although the spec-

tral characteristics were not seriously considered. Early in 1964, Russian physicists

Doroshkevich and Novikov predicted the CMB to be detectable and have a black body

spectrum [23]. In 1965, American scientists Penzias and Wilson accidentally found the

CMB radiation in the course of some experiments for radio astronomy and satellite

communications [24], for which they were both rewarded with a Nobel Prize. The unac-

countable excess in temperature of ∼ 3.5K in their antenna was eventually recognised

due to the microwave background radiation.

Following the evidence of the existing CMB, the prospect of imaging the early Universe

tantalised cosmologists, and drove a series of ever-improving experiments to realise this

goal. It took over 20 years until the first result in 1992, when the Cosmic Background

Explorer (COBE) Differential Microwave Radiometer experiment first captured the cos-

mological anisotropies in the CMB temperature field [25]. The FIRAS instrument on the

COBE satellite later measured from the CMB an almost perfect blackbody spectrum at

T0 = 2.725± 0.001K [26, 27]

Iν =
2hν3

c2

1

e
hν

kBT0 − 1
(1.16)

The fractional deviation from black-body stayed at ∆Iν/Iν ' 10−5.

The microwave background radiation was understood to have been created in the early

hot and dense universe [28]. Initially, the matter in the universe was kept in an ion-

ized state due to high photon energies and number densities. The ionization eventually

ended as the universe expanded and cooled, leading to the ”recombination” of electrons

with protons to form neutral hydrogen. Photons were left to free-stream; their mean

free paths subsequently exceeded the horizon of the universe. The background where

the recombination happened is called the Last Scattering Surface (LSS). In addition,
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the radiation was described by Penzias and Wilson to be isotropic, which supports our

choice of using the FLRW metric to depict the Universe. However, we also observe in

the modern Universe the large structures which are created by gravitational instabil-

ity correlated to some variations in density. Density variation can be shown to cause

the anisotropies in the observed temperature [29]. The assumption of a universe origi-

nally almost homogeneous and isotropic is useful for further understanding of complex

observables. We will now look into the evolution of anisotropies in the CMB today.

1.3.1 Perturbation evolution

The small inhomogeneities in the CMB are sourced by the quantum perturbations dur-

ing inflation. The inflationary period affects how the perturbations contribute to the

evolution of the anisotropies as depicted in Figure 1.3. The anisotropies are denoted

Θ = δT/T in following discussions. Due to rapid expansion, the perturbations are driven

outside of the horizon of causal contact and only re-enter therein during the radiation-

or matter-dominated eras. The modes re-enter the horizon at a different time which is

affected by their comoving size (k−1). Large-scale perturbations whose wavelengths are

greater than the horizon size do not evolve much - they are frozen into their initial con-

ditions. Smaller perturbations with wavelengths smaller than the horizon scale re-enter

the horizon sooner; their initial states are changed due to causal physics prior to recom-

bination. Note that the Universe always expands, and the temperature decreases. The

matter gradually takes over the radiation during CMB recombination, which releases

the photons. Those traveling to us carry information about the anisotropies (observed

in the temperature variation ∆T as in the Figure 1.3), from which we can create a power

spectrum.

We can directly probe the primordial anisotropies sourced by inflation by looking at

very large scales, larger than the horizon size at recombination. While these modes have

not yet entered causal contact and begun evolving, they still leave an imprint on the

CMB through their perturbation to the gravitation potential. This causes two effects:

1) Photons climbing out of the potential well will leave a gravitational redshift imprint

Θ = Ψ, and 2) The plasma recombination is dilated by the potential well that delays the

time with an offset term of Θ = 2
3Ψ [29]. The net perturbation in today temperature

field is a result known as the Sachs-Wolfe effect [29]:

δT

T
= Θ =

Ψ

3
(1.17)

and these large scales are known as the Sachs-Wolfe plateau. Smaller perturbations are

changed due to causal physics prior to recombination. Before recombination at redshift
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Figure 1.3: Perturbation evolution during and after the inflation. The comoving
horizon (aH)−1 changes, while comoving scales k−1 remain constant. At early time,
the perturbations exit to the super-horizon where they don’t evolve. The correlation
function 〈RkEk′〉 at early horizon exit thus translates into CMB observables at late

times after convolution with the transfer function. [Figure adapted from [3]].

z ∼ 1000, due to abundant Compton scattering off electrons, photons are strongly

coupled to baryons, forming a photon-baryon fluid [30]. The photon pressure resists the

gravitational infall caused by a non-baryonic matter called dark matter, triggering the

acoustic oscillations.

In Fourier expansion, the perturbations can be written as a sum of oscillating acoustic

waves. For simplicity, amplitudes of these oscillations behave like functions cos[krs(η)]

and sin[krs(η)]. Here, η is the conformal time defined by

η =

∫ t

0

dt′

a(t′)

with scalar factor a(t′) introduced in 1.2.4. We can choose between cos[krs(η)] and

sin[krs(η)] depending on initial conditions of the models. In simplified adiabatic initial

conditions, only the cosine part of the Fourier modes remains with non-zero amplitudes

[31]. The sound horizon rs can be written as:

rs(η) ≡
∫ η

0
dη′cs(η

′) (1.18)

where cs is the speed of sound which depends on the photon-to-baryon density ratio.

These wave oscillations continue until photons decouple from baryons during recombi-

nation [30]. The oscillating plane waves typically have maxima or minima at certain k
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values i.e k = nπ/rs, n = 1; 2; .. for cosine mode. Anisotropies should be strengthened

at those k-scales, and the extrema represent the temperature crests or troughs [32].

After recombination, the baryon can freely fall in potential wells by dark matter. This

leads to the formation of large-scale structures like cluster of galaxies and galaxies that

we observe today. The photons however can escape from the potential wells and free-

stream to us, carrying information about the recombination through the temperature

anisotropies we measure today. Paradoxical as it may sound, given that we observe

temperature differences between regions, the photon-baryon fluid actually has the same

temperature at recombination. However, recombination happens earlier for low-density,

cold regions, so the photons decoupled earlier and have been redshifted to lower temper-

atures. Conversely, hotter regions recombined later and are observed to be at a higher

temperature due to being less redshifted [33].

As we have reviewed the evolution of early perturbations, it may be of interest to know

how anisotropies at any point of time can be calculated from these perturbations.

1.3.2 Calculation of CMB anisotropy and perturbation

The small inhomogeneities in the CMB are sourced by the quantum perturbations dur-

ing inflation. The evolution of these inhomogeneities can be calculated by injecting

perturbation terms into the FLRW metric 1.3:

ds2(t, ~r) = (1 + 2Ψ(t, ~r))dt2 + a2(t)(1 + 2Φ(t, ~r))(dx2 + dy2 + dz2) (1.19)

where we have assumed a flat Universe. Ψ(t, ~r) and Φ(t, ~r) are respectively perturbations

to the Newtonian gravitational potential and perturbations to the spatial curvature. The

evolution of these perturbation can be determined using Einsteins’ equations.

Since the deviations are small, we will only consider linear order perturbations in Ψ and

Φ. To start, we can write the initial conditions Φ(t0, ~r) and Ψ(t0, ~r) as sums of complete

basis functions that evolve with time [34]. As for the case of spatial curvature:

Φ(t0, ~r) =
∑

k φkfk(~r)

Φ(t, ~r) =
∑

k φkFk(~r)
(1.20)

where Fk and fk are solutions and Fk(t0;~r) = fk(~r). One popular choice of basis

functions is the Fourier expansion, which is convenient because k is independent of the

coordinate system. We then have k as the Fourier mode and φk is called the Fourier
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coefficient. The time dependence and space dependence can be separated as:

F~k(t, ~r) = Tk(t)f~k(~r) (1.21)

with Tk called the transfer function. The change of the initial perturbations with time

now rests in T~k(t). Using the above relation simplifies the Einstein equations to linear

order equations [35, 36].

The perturbations to the total density and momentum fields δρ and δp, contain perturba-

tions to all the different species i populating the universe: δρ =
∑

i δρi and δp =
∑

i δpi.

The nature of the species decide how the perturbations interact with each other and with

the metric. For ΛCDM , the Universe is populated with photons, normal matter (ions

and electrons), cold dark matter, and neutrinos [36]. We are interested in the evolution

of photon perturbation since that is what we observe. Consider the small perturbations

of the temperature field T + δT . The photon perturbation field can be described as

Θ(η, ~x, ~n) ≡ δT
T (η, ~x, ~n) in the direction ~n, where the temperature at conformal time η

is T + δT . The notion ~x means that we initially present the perturbation in generic

coordinates. Again, going to Fourier space

Θ(η, ~x, ~n) =

∫
d3k

(2π)3
ei
~k·~xΘ(η,~k, ~n) (1.22)

is convenient since the interactions do not couple different Fourier modes: Thomson

scattering between photons and electrons, metric perturbations changing photon ener-

gies. As these interactions happen simultaneously, we solve for the Θ at some point in

time through systems of (differential) Boltzmann equations for the phase space distri-

bution evolutions. Detailed equations and accurate numerical solution techniques are

presented in [34, 35, 36] .

Thus, a full picture of the CMB sky today can be given if we have a precise initial

inhomogeneity distribution. However, for an isotropic Universe, the phase information is

not physically significant, and we contemplate the initial inhomogeneities to be Gaussian

random fluctuations. Thus we are generally only interested in the power spectrum, which

will be introduced now.

1.3.3 CMB temperature Power Spectra

Models that describe the origin of the anisotropies like in section 1.3.1 only give the

statistical properties of the anisotropies. We thus focus on two-point correlation func-

tions because any case for an even number of points can be simplified to a two-point

correlation, while an odd number of points results in zero following Wick’s theorem.
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Again, as the CMB spectrum can be considered a blackbody [26] of a nearly constant

temperature T across the field of sky, we can consider the statistics through the tem-

perature fluctuation in the CMB temperature field Θ(~n) = δT (~n)/T . The direction ~n

for every point on the sky is given by two angular coordinates (θ, φ). We thus transform

the full sky anisotropies to the spherical harmonic basis:

Θ(~n) =

∞∑
l=1

l∑
m=−l

aTlmYlm(θ, φ) (1.23)

with superscript T meaning temperature, Ylm(θ, φ) being the spherical harmonics func-

tions which satisfy the normalisation relations:∫
dΩYlm(θ, φ)Y ∗lm(θ, φ) = δll′δmm′ (1.24)

And l is angular frequency, and m, running from −l to l, carries the orientation and

phase with respect to the sphere. The multipole moments

alm =

∫
dΩY ∗lm(θ, φ)Θ(θ, φ)

give the strength of the anisotropy for a particular Ylm. As we expect the anisotropies

to be Gaussian-distributed, we expect the mean of all alm to be zero and the variance

for alm, denoted by Cl, to be non-zero:

〈alm〉 = 0; 〈alma∗lm〉 = δll′δmm′Cl (1.25)

The quantity Cl is known as the power spectrum. In practice, we do not calculate

the power spectrum with equation 1.25 because it implies we need to take the mean

of harmonic coefficients from an infinite set of realisations of the Universe, while our

current Universe is just one realisation from stochastic processes that source initial

perturbations. So instead, we build an estimator Ĉl by taking the mean on 2l + 1 m

modes for each multipole l:

Ĉl =
1

2l + 1

l∑
m=−l

alma
∗
lm = 〈alma∗lm〉 (1.26)

which gives the expectation value measured across the sphere. Note that on small regions

of sky, the spherical harmonic transform can be approximated by a Fourier transform.

In this approximation, the multipole moment alm becomes the Fourier coefficient, with

l = k. Given the sky coverage of the data used in this thesis, we will use the flat-sky

approximation and Fourier transforms.
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CMB temperature power spectra have been well-measured with several experiments car-

ried out since the prediction of the existence of the CMB. Three prominent experiments

are COBE [25], WMAP [37] and Planck [38], all of which give full sky pictures. The

measurement of the temperature anisotropy power spectrum CTTl from Planck Collab-

oration is shown in Figure 1.4.

Figure 1.4: The green curve shown in the graph represents the best fit of the ’standard
model of cosmology’ - currently the most widely accepted scenario for the origin and
evolution of the Universe - to the Planck data. The pale green area around the curve
shows the predictions of all the variations of the standard model that best agree with
the data. The red dots correspond to measurements made with Planck; these are shown

with error bars.[Picture and description from ESA]

It is conventional to plot the power spectra with the multiplicative factor l(l + 1)/2π

like in the figure to make features of the spectrum more distinguishable. At multipoles

below the first prominent peak localised at l ' 220 , the seemingly flat spectrum is the

Sachs-Wolfe plateau and preserves the primordial spectrum from inflation. The entire

first peak and around was not well-measured until the BOOMERang experiment [39] and

MAXIMA experiment [40]. Multiple peaks of the spectrum correspond to the maxima

and minima of the oscillating acoustic waves. If there was no change in the physics, we

would have peaks at exactly the same height! The heights of the peaks are decided by

the baryon-photon ratio, and the matter radiation ratio [32]. The heights of peaks hint

at the matter density contents because the interplay between photon pressure and dark

matter potential well (and thus the acoustic oscillations) changes with respect to the

dark matter density. The spectrum part starting at around l = 1000 to higher l is called
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the damping tail as the peaks clearly are vanishing. Note that CMB photons random

walk until they bounce with baryons during recombination. As the decoupling between

baryons and photons increases, their mean free path grows. Hence, on the angular scales

smaller than the mean free path, the anisotropies are less enhanced, and the temperature

fluctuations are damped, showing the damping tail.

A final comment is that results from CTTl power spectrum measurements have been sup-

porting ΛCDM as the best fitting model of the Universe. In 2013, Planck collaboration

reported the model constraints with standard deviations of under 5% for 5 parameters

in their 6-parameter ΛCDM model using temperature data alone [41]. Overview of

parameters in cosmological models will be presented later in 1.5.

1.4 Polarisation of the CMB

In addition to the temperature anisotropy, it is also worth studying the anisotropies of

the CMB polarisation. The CMB polarisation anisotropies are particularly interesting

probes of new physics during recombination (when polarisation is sourced) and also

promise a new window into the inflationary epoch. We will first revisit the definition of

polarisation.

1.4.1 Basics of polarisation

CMB light is an electromagnetic wave. An electromagnetic wave propagating in the ẑ

direction is the sum of its electric field along 2 axes x and y:

~E = Exx̂+ Eyŷ (1.27)

Here,

Ex = Ex0e
i(kz−wt)

Ey = Ey0e
i(kz−wt+φ)

(1.28)

where φ is the relative phase between the two components and can depend on time. The

physical field is essentially the real part of E. The Stokes parameters are defined as [42]:

I = 〈E2
x0 + E2

y0〉
Q = 〈E2

x0 − E2
y0〉

U = 2〈Ex0Ey0 cos(φx − φy)〉
V = 2〈Ex0Ey0 sin(φx − φy)〉

(1.29)



Chapter 1: Introduction 18

where the bracket means a time average. The axis of polarisation is defined as the angle

α ≡ 1
2 arctan U

Q .

Under rotations of the axes in xy plane, Q and U respective orientations are changed

while I and V stay unchanged. A rotation of x̂ − ŷ axes with an angle θ changes the

Stokes parameters as:

Q′ = Q cos(2θ) + U sin(2θ)

U ′ = −Q sin(2θ) + U cos(2θ)
(1.30)

The magnitude of polarisation is:

P =
√
Q2 + U2 + V 2

although the circular polarisation V is typically not measured by CMB experiments

because V polarisation is not generated in the Standard Cosmological Model. The

polarisation fraction is P/I.

1.4.2 How CMB is polarised

Thomson scattering partially polarises the CMB. Light coming to an electron from one

single direction will create only one linear polarisation state. If light also comes from a

direction perpendicular to the first direction with the same intensity, as in the case of a

dipole, the net polarisation will be canceled. The scattered light from a radiation dipole

or quadrupole is shown in Figure 1.5. Thomson scattering results in a net CMB linear

polarisation only if there is a local radiation quadrupole.

Figure 1.5: Thomson scattering of radiation. Only a quadrupole anisotropy generates
linear polarisation. [Figure made using images from [4]].

These can also be proved mathematically. Following the treatment detailed in [43],

the main calculations can start with Thomson scattering cross-section for incident and
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outgoing radiations with polarizations ε̂′, ε̂ given by:

dσ

dΩ
= (

3σT
8π

)2|ε̂ · ε̂′|2 (1.31)

where σT is the Thomson cross section. The integration of this quantity over all di-

rections gives the radiation fields I, Q, U . They can be decomposed into spherical

harmonics like the temperature field; for example:

I(θ, φ) =

∞∑
l=1

l∑
m=−l

aTlmYlm(θ, φ) (1.32)

The resulting outgoing Stokes parameters are:

I =
3σT

16πσb

[8

3

√
πa00 +

4

3

√
π

5
a20

]
(1.33)

Q =
3σT
4πσb

2π

15
Re(a22) (1.34)

U = − 3σT
4πσb

2π

15
Im(a22) (1.35)

These 3 equations show that Thomson scattering can only create polarisation if the

incoming radiation has a non-zero a22 quadrupole moment. When tightly coupled to

the baryons, quadrupoles are suppressed. However as the photon mean free path begins

to grow during recombination, local quadrupoles begin to grow.

Quadruple anisotropies originate from three types of perturbations, corresponding to

three different physical sources. Scalar perturbation due to density fluctuations cre-

ates matter over-densities and under-densities. Due to these inhomogeneities, pho-

tons free-streaming at recombination induce anisotropic incoming radiation contain-

ing quadrupoles. Vector perturbations correspond to vortical motions of the matter.

Quadrupole pattern is generated by the Doppler effect on the velocity (of the vortical

motions) perpendicular to the light propagating direction. Velocity and thus vortic-

ity decays with the Universes expansion, so inflation models generically predict zero

vector perturbations. Tensor perturbation refers to perturbations to the metric i.e grav-

itational waves. The distortion of space-time by the gravitational waves induces local

quadrupole moments that then produce polarisation. We focus on the scalar and tensor

perturbations, given that vector perturbations vanish in inflation.
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1.4.3 E and B decomposition

CMB polarisation can be quantified by the scalar fields Q and U measured at every

point on the sky. However, since Q and U are defined relative to a given coordinate

system, their values depend on the coordinates. Instead, we would like to use coordinate-

independent quantities to record the polarisation properties of the CMB.

Notice that 2D Fourier transforming Q(~x) and U(~x) gives Q and U in the frame of

the wave vector Q(~l) and U(~l). Since CMB light can come to observers from all direc-

tions, calculating Q(~x) and U(~x) requires taking in a rotation to align the direction of

propagation with the direction of observation ~x. It is thus convenient to simply choose

the direction of propagation ~l as the coordinate frame. This leads to construction of

polarisation quantities with orientations parallel or perpendicular to the wave vector

~l, and those with orientations aligned at ±45◦ relative to the wave vector. These are

called respectively E-modes and B-modes. This representation is independent of 1 fixed

coordinate system.

Explicit expressions of E(~l) and B(~l) through Q(~l) and U(~l) are:

E(~l) = Q(~l) cos(2ϑ~l) + U(~l) sin(2ϑ~l)

B(~l) = −Q(~l) sin(2ϑ~l) + U(~l) cos(2ϑ~l)
(1.36)

Here, ϑ~l denotes the angle between the orientation of Q in the original cooridinate system

and the orientation of the wave vector. Orientations of E and B are shown in Figure

1.6, from which E-mode appears to have even parity while B-mode has odd parity.

Figure 1.6: Polarisation patterns from an E-mode or B-mode wave traveling in ~l
direction of propagation. [Picture adapted from the site of [5]]

As E and B depend on the direction of the wave vectors which can align all over,

measurement of polarisation at one single point cannot be assigned E or B. They are

converted from Q and U measured in 1 portion of sky. The power spectra CEEl and

CBBl can retrieved by taking average of E(~l) and B(~l) field similar to CTTl .

CXYl =
1

2l + 1

l∑
m=−l

aXYlm a∗XYlm (1.37)
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where X and Y can refer to T,E, or B. Due to the difference of their symmetries, the

TB and EB are expected to be zero.

1.4.4 E-mode and B-mode generation

As previously discussed, CMB polarisation is produced by electrons viewing quadrupole

patterns. These quadrupoles may be sourced by either scalar or tensor perturbations.

Photons entering a scalar over-density have their energy increased by the Doppler effect

along their directions ~k only. This leads to linear polarisation perpendicular to the

propagation direction, ~k. Photons entering a scalar under-density have energy decreased

along a direction parallel to ~k. The resulting polarisation is parallel to ~k. In both

cases, the parity is reserved, so scalar perturbations source only E-mode polarisation.

Since temperature fluctuations and E-mode polarisation are both generated by the same

density fluctuations, we also expect the acoustic peaks to be present in CEEl , and the

T and E fields to be correlated. The first detection of CEEl and CTEl was in 2002 [44],

and these two spectra have been well-characterized in the last decade.

Generation of B-mode polarisation is to be expected from gravitational waves or gravita-

tional lensing of CMB photons traveling from LSS to reach us today [45, 46]. These two

mechanisms happen at different angular scales. Gravitational wave is the tensor pertur-

bation described earlier that breaks the even parity around the direction of propagation,

changing E-modes to B-modes.

While not the main subject of this thesis, it can be added measuring B-mode signal from

primordial gravitational waves is an incredible challenge. In March 2014, BICEP2 Col-

laboration reported a discovery of B-mode pattern [47]. However, subsequent analyses

using data from the Planck satellite have shown that those B-modes are sourced instead

from Galactic foregrounds (specifically dust)[48]. POLARBEAR is targeting primordial

B-modes with its survey of large area and its future upgrade to the Simons Array with

3 telescopes.

1.4.5 Current status of E-mode measurement

Measuring the EE power spectrum is the first important milestone in the study of CMB

polarisation. Generations of experiments have taken up this endeavor, starting as early

as with DASI [44] and MAXIPOL [49]. Experiments Planck [15], ACTPOL [16], and

SPTpol [6] all advance the range of the angular scale of the spectrum, with SPTpol

exploring the angular scale of up to l = 8000. The resulting EE spectrum from SPTpol

is shown in Figure 1.7.
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Figure 1.7: EE auto-correlation angular power spectrum measured by SPTpol. The
red crosses are data; the solid gray lines are the best-fit ΛCDM model to the plikHM

TT lowTEB dataset.[Figure from [6]].

Still these measurements are by no means cosmic variance limited, and further improve-

ments are possible. Precise measurements of the EE spectrum have the potential to

more than double the information content of the temperature power spectrum since ex-

tragalactic foregrounds are less significant at high l in polarisation than temperature.

Additionally, adding the EE power spectrum information breaks degeneracies between

different extensions to the standard cosmological mode. For instance, changing the pri-

mordial Helium abundance or the number of relativistic species both lead to degenerate

effects (extra Silk damping) on the temperature spectrum [50], but this degeneracy can

be brokwn broken once CEEl is measured as well. Exploring cosmological model pa-

rameters with an EE spectrum measured by POLARBEAR is the main goal of this

thesis.

1.4.6 Lensing of the CMB

As CMB photons propagate from the LSS to us, they encounter large scale density

fluctuations, inducing random deflections. The deflection angle ∇φ is related to the

projected surface density or, equivalently, the projected gravitational potential. The
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remapped primordial unlensed CMB field by two-dimensional vector field in the sky is

called the deflection field and is given by [51]:

T (n̂) = T (n̂ +∇φ(n̂)) (Q± iU)(n̂) = (Q± iU)(n̂ +∇φ(n̂)) (1.38)

Note that φ(n̂) is the CMB lensing potential:

φ(n̂) = −2

∫ zrec

0

dz

H(z)
Ψ(z,D(z)n̂)

(
D(zrec)−D(z)

D(zrec)D(z)

)
(1.39)

Here, D(z) is the comoving distance to redshift z in the assumed flat cosmology, D(zrec)

is the comoving distance to the LSS at zrec = 1100. D(z)n̂ gives the photon path, H(z)

is the Hubble factor at redshift z, and Ψ(z,D(z)n̂) is the three-dimensional gravitational

potential. Equations show that these subtle deflections shifts the polarisation on the sky

but do not rotate it. This is equivalent to changing the direction of the wave-vector of

a mode while keeping its polarisation, which makes sense how gravitational lensing can

induce B-mode polarisation from primordial E-mode polarisation. In explicit expression,

a primordial E-mode E(~l) = δ(~l − ~l′) is translated into observable E- and B- modes as:

∆E(~l) =
cos(2ϑ~l~l′ )

(2π)2
W (~l,~l − ~l′); ∆B(~l) =

sin(2ϑ~l~l′ )

(2π)2
W (~l,~l − ~l′), (1.40)

where

W (~l,~l − ~l′) = −[~l · (~l − ~l′)]φ(~l − ~l′), (1.41)

and ϑ~l~l′ ≡ ϑ~l − ϑ~l′ . Integration of multiple E modes using equation 1.40 gives the final

∆E and ∆B.

While B-modes from gravitational waves are Gaussian-featured, the B-modes from grav-

itational lensing show non-Gaussianity due to the variation of the correlation between

E and B across Fourier space scales.The power spectrum of φ(n̂) in the Limber approx-

imation [52] is:

Cφφl =
8π2

l3

∫ zrec

0

dz

H(z)
Ψ(z,D(z)n̂)

(
D(zrec)−D(z)

D(zrec)D(z)

)2

.PΨ(z, k = l/D(z)) (1.42)

where PΨ(z, k) is the matter power spectrum.

Due to low correlation between the structures as described by the gravitational poten-

tial Ψ on large scales, the gravitational lensing effect appears non-trivial only at small

angular scales in the CMB. CMB lensing has been conclusively detected in multiple

CMB experiments. The first measurements were indirectly done via cross-correlations
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Table 1.1: Parameters in the ΛCDM model and and their definitions

Parameter Definitions

Ωbh
2 Physical baryon density

Ωch
2 Physical dark matter density

100θMC 100 times of angular size of sound horizon at scattering
τ Optical depth due to reionisation

ln(1010As) Log of scalar amplitude
ns Scalar spectral index

dns/dlnk The running of the scalar spectral index

Neff Effective number of relativistic species
YHe Primordial helium fraction

with large-scale structures detected by galaxy surveys [53, 54, 55, 56]. Detection of

lensing using CMB data alone were rendered possible by recent CMB instruments with

higher sensitivity and resolution, such as the Atacama Cosmology Telescope (ACT), the

South Pole Telescope (SPT), and Planck ([57, 58, 59]). The study of CMB lensing po-

tential is important for extraction of true primordial gravitational wave B-modes from

systematics.

Having introduced the spectra that we can measure with CMB experiments, I will now

give a review of the cosmological parameters that the information from the spectra might

shed light on.

1.5 Review of parameters

Cosmological models for parameter constraints can be the original 6 parameter ΛCDM

model and the ΛCDM model extended by varying additional parameters. The name of

ΛCDM suggests our focus on the cosmological constant Λ and cold dark matter (CDM).

As introduced in 1.2.4, these two can be learned about via estimations of the radiation

energy density, which is dominated by photons and neutrinos, and the baryonic matter

density, which relates to visible matter in the known Standard Model (SM) particles.

Cosmological data in this work have been fit to models with 6-8 parameters described

in Table 1.1:

The scalar amplitude As and the spectral index ns characterise the initial conditions

through the approximately scale-invariant spectrum of primordial curvature:

Pζ(k) = As(
k

k0
)ns−1 (1.43)
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which is typically pivoted at k0 = 0.05Mpc−1. A nearly scale-invariant primodial spec-

trum is a generic prediction of inflationary models [3]. Most realistic inflationary models

allow the variation of the spectral index with regards to the wave-number k [60]. Since

the range of k can extend to scales below the accessible range of CMB measurements, it

is reasonable to speculate ns can evolve with respect on the scales where it is measured.

This dependence is presented by the running of ns, which is quantified by dns/dlnk.

The optical depth τ impacts on the overall amplitude of the spectrum as Ase
−2τ . The

reason is reionisation of neutral hydrogen by the ultraviolet radiation from formation

of galaxies and first stars causes the optical depth to increase and damp the scales

below the horizon by a factor of e−2τ [61]. Delensing power spectra for more precise

measurements of the acoustic peaks can partially help break the degeneracy between

As and τ (see e.g [62],[63]). There is also small degeneracy between the spectral index

and the optical depth in the temperature power spectrum, but this is expected to be

resolved with information from the low-` range of the polarisation spectrum [61].

The baryon, dark matter, and massive neutrino densities contribute to the total matter

density introduced in Chapter 1 following Ωm = Ωb + Ωc + Ων . These densities are

timed with the reduced Hubble constant h ≡ H0/100kms−1Mpc−1. Used in place of the

Hubble constant, the angular size of the horizon at scattering is θs ≡ rs/DA, where both

the physical sound horizon rs and the angular diameter distances are estimated at the

redshift of last scattering. This parameter is an immediate measure of the location of the

peaks in the CMB spectrum due to its relation with the distance to last-scattering. The

peak locations are indirect measurements of the Hubble parameter H0 and the physical

matter density Ωm, both of which are important to the expansion history. As introduced

in Chapter 1, the peak heights compared to the large-scale plateau of the spectrum can

reveal on Ωm because they relate to the amplitude of the cosmic sound waves, which vary

with the time of matter-radiation equality driven by the radiation. Small-scales modes

that got in the horizon during the radiation-dominated era are amplified compared to

those that entered in the matter era. In addition, the peak heights relative to each other

are affected by the baryon density Ωb due to baryon loading.

The effective number of relativistic species and the primordial helium fraction can be

probed with the damping tail of the spectrum. The effective number of relativistic

species Neff can impact on the radiation density, which is relevant to the early expansion

history. From Chapter 1, the early universe is also populated with massive neutrinos,

which account for a significant fraction of the total radiation density at that time, while

today’s universe is abundant with massless neutrinos. Therefore, the gravitational effects

of neutrinos are expected to leave distinct imprints in the CMB and BAO spectra that



Chapter 1: Introduction 26

reveal about the past universe (see [61],[64]) although they don’t contribute majorly to

the present total energy density.

At early times, SM particles stay in thermal equilibrium until the interaction rate of a

species drops below the Hubble rate, leading to these particles losing thermal contact

with other species and decoupling from the primordial plasma. As the most weakly

interacting SM particles, neutrinos decouple first mainly via electron-position pair con-

versions and neutrino scattering off leptons. In the limit where decoupling is instanta-

neous, we would expect the number of relativistic species to be Neff = 3 or 3 neutrino

species. In reality, neutrinos have not fully decoupled during electrons and positrons an-

nihilation. Accounting this effect and correcting for quantum electrodynamics, flavour

oscillations in plasma, the effective number of neutrinos is found to be Neff = 3.046 in

the Standard Model [65]. Deviation from this number can mean non-standard charac-

teristics of neutrinos or a different thermal history with different total radiation density

components.

Varying the radiation density in the early universe can impact the CMB power spectrum

through several ways, which have been examined in [50]. Impacts due to neutrinos are

expected to result in phase shifts in CMB spectra. The reason is these phase shifts can

be caused when the speed of sound in the photon-baryon fluid is exceeded by the speed

of fluctuations in the gravitational potential, and these fluctuations can be affected by

neutrinos decoupling [61, 66]. The E-mode power spectrum has been estimated to see

the same phase shifts as the temperature power spectrum [61]. With more precise mea-

surements of the polarisation spectrum, the sensitivity to this effect should be improved.

The constraint of the effective number of neutrinos Neff and the primordial helium

fraction YHe can be correlated with each other due to the additional degeneracy between

YHe and the expansion rate H pointed out in [66]. An increase in YHe at a fixed baryon

density would lead to more damping because the helium binding energy is larger than

that of hydrogen, which means a reduced number of free electrons during hydrogen

recombination. The degeneracy between Neff and YHe is expected to be weakened

with the inclusion of Big Bang nucleosynthesis (BBN) data due to that Neff affects

the radiation density around the time of recombination while YHe reveals on the total

radiation density at BBN’s time [61], although BBN data are not used in this work.
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The POLARBEAR experiment

POLARBEAR is a multiple-stage CMB experiment focusing on measurements of CMB

polarisation, specifically the B-modes induced by primordial gravitational waves and

gravitational lensing. The first phase, POLARBEAR-1, commenced in early 2012, and

is the main focus of my thesis work. An upgrade to the instrument, the Simons Ar-

ray, saw the first light in 2019. Situated in the James Ax Observatory site in Chile,

POLARBEAR-1 consists of a cryogenic receiver with a focal plane mounted on the

Huan Tran Telescope. This overview of the POLARBEAR experiment will introduce

the observation site, the telescope, the receiver, then will come to the observation strat-

egy.

2.1 Observation site

Figure 2.1: POLARBEAR looking at the sky at Jamex Ax Observatory in Chile.

27
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The James Ax Observatory is located in the Atacama Desert in Chile at latitude

−22.958◦, longitude 292.214◦, and an elevation of over 5,200 meters. The location is

near the the ALMA observatory and is one of the best observation sites in the world.

Near 150 GHz i.e the observing frequency of POLARBEAR, atmospheric absorption

and emission from oxygen and water molecules degrades the sensitivity of ground-based

instruments to the microwave radiation from the CMB . Hence, sites with high altitude

and dry weather like the Atacama Desert are ideal for millimeter-wave observations.

The typical precipitable water vapour (PWV) column depth of the site is an extremely

low 1mm [67]. The atmosphere temperature at PWV = 1mm is ∼ 18◦C. In addition,

the Southern Hemisphere location is advantageous since the southern sky covers a larger

area of low galactic foreground contamination than the northern sky, and a number of

up-coming large surveys such as LSST and SKA are located in the Southern hemisphere,

opening the potential for cross-correlation studies.

2.2 The Huan Tran Telescope

The Huan Tran Telescope (HTT), on which POLARBEAR-1 is mounted, is a two-mirror

off-axis Gregorian system (more specifically a Gregorian-Dragone system). Figure 2.2

shows the telescope and the ray tracing of the optics. The HTT precision primary mirror

has the diameter of 2.5 meters and a surface of 53 µm RMS accuracy [7]. The guard

ring is 3.5 meters in diameter, created with lower precision and constructed from eight

individual panels. As such, the main beam of the instrument is constructed with only

the precision primary reflector surface; the guard ring plays roles in redirecting any

spillover to the cold sky rather than the ground. The resulting beam is approximately

Gaussian with FWHM ' 3.5 arcminute at 150 GHz. The beam smooths out angular

scales at l > 2500. Other visible components are the co-moving ground shield, prime

focus baffle, and secondary mirror enclosure. The reimaging and detector components

are hidden inside of the cryostat.
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Figure 2.2: Left: The Huan Tran Telescope with: (i) the primary guard ring, (ii) the
primary mirror, (iii) the co-moving ground shield, (iv) the prime focus baffle, and (v)
the secondary mirror enclosure. Right: Ray-tracing showing the optical path through

the telescope and cold lenses in the focal plane. [Figure borrowed from [7]]

The off-axis Gregorian mirrors of HTT are designed to satisfy the Mizuguchi-Dragone

condition [68, 69] which sets the tilt of the symmetry axes of the conics for both mirrors

in order to maximally mitigate cross-polarization over a broad field of view with limited

diffraction. An off-axis design has an unobstructed aperture, which is beneficial as the

secondary mirror support structures for an on-axis telescope can scatter or diffract light,

and introduce potentially polarised sidelobes.

The Gregorian-Dragone design, along with the crossed-Dragone, are two popular off-

axis dual-reflector designs for CMB experiments. In Gregorian setting, the secondary

mirror is smaller than that of the crossed design, and thus demands less on the baffles

needed to limit far sidelobes caused by stray light at the receiver window, and helps to

simplify the mechanical structure design. One setback in Gregorian design is that it has

a smaller field of view than the equivalent crossed design. As a result, it has more limited

diffraction in comparison to the equivalent alternative [70]. As an aside, the Gregorian-

Dragone design is being supplanted by crossed-Dragone designs in future experiments.

The Gregorian designs have been more popular to dates since the smaller secondary

mirror means a cheaper telescope and simplifies the sidelobe baffling. However, crossed-

Dragone designs have larger fields of view, which is crucial to fitting in large focal planes

of future experiments.
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2.3 The POLARBEAR cryostat

The fundamental limit to a CMB detectors sensitivity is the quantum fluctuations in

the photon arrival rate [71]. To reach this fundamental limit, the detectors must be

cooled to cryogenic temperatures to minimise thermal noise. In addition, notice that

the photon noise scales with the total optical signal which includes both the CMB and

optical emission from the atmosphere and elements in the optical chain. We thus want

to minimize in-band optical emission from elements of the optical chain. Since emission

increases with temperature, it is desirable to cool optical components. This is achieved

using a cryogenic environment as the container of the detectors and readout electronics.

For POLARBEAR, the challenge lies in creating a compact cryogenic system of multiple

components taking into consideration of aligning the cold optical chain with the reflective

Gregorian-Dragone optics. The resulting design is the cryostat providing 3 main stages

of cooling. A single pulse tube cooler (PTC) provides the 50K and 4K stages, while a

He sorption fridge mounted off the 4K stage provides 0.25 K [10]. The enclosed optical

elements are cooled to 50 K to meet the requirement that the optical chain contribution is

minor compared to the power from the atmosphere in Chile [10]. The second stage cools

the superconducting quantum interference device (SQUID) ammeters used for readout.

In the final stage, a closed cycle three stage Helium sorption refrigerator cools the focal

plane of detectors to under 0.25 K. Figure 2.3 shows the cross-section of POLARBEAR

cryostat. In the following subsections, the main components will be introduced in the

order that light, which enters the cryostat from the right, hits each one.

2.3.1 Filters and vacuum window

Light reflected from the secondary mirror enters the cold optical chain though the vac-

uum window of the cryostat. This window is made of zotefoam with a radius of 30cm.

Zotefoam is an excellent thermal insulator, which has the advantage that the inner side

of the zotefoam window is much colder than the outside (and emits less as a result).

The achieved temperature of the window is approximately 150K, equivalent to a loading

of ∼ 2W . The loading is further reduced by a series of dielectric absorbers. A Mu-

por, which is a porous expanded teflon, reduces the temperature by 50K by absorbing

the infrared radiation and transporting it out to the aluminum shell. Then, to reject

photons outside the desired signal band, POLARBEAR uses polypropylene-substrated

hot-pressed filters, commonly known as ‘metal-mesh’ filters, developed by the Cardiff

group [72]. These filters can have metal grid structure patterns that can be used for

high pass filters, low pass filters or band pass cases. In order to minimize the power

requirements on the colder cryogenic stages, POLARBEAR uses a series of these filters
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Figure 2.3: The cross-section of POLARBEAR cryostat. Light enters through the
vacuum window on the right, traveling leftwards through the cryogenic re-imaging lenses
to the focal plane. The pulse tube cooler provides cold heads at 50K and 4K. The focal
plane is cooled to 250 mK using a He sorption cooler mounted off the 4K head. [Figure

taken from [7]].

such that each blocks IR radiation from warmer stages. One 12 inverse centimeter (icm)

filter is placed at the 50 Kelvin stage, one 15 icm at the entrance to the 4K optics tube,

and 8.7 icm filter at the aperture stop skyward of the aperture lens [10]. The icm num-

bers specify the cutoff wavenumbers of the filters. The filter cutoffs are varied between

each stage to prevent harmonic leaks. A final 5.7 icm filter is mounted before the focal

plane cooled to 350 mK, reducing the loading to under the cooling capacity of 1µW of

the subKelvin He sorption cooler [11].

2.3.2 Half wave plate

Half wave plate is an optical device that introduces a π phase delay between the

two linear polarisations of light. This is typically done using birefringent material.

POLARBEAR uses an anti-reflection coated single crystal sapphire HWP with a thick-

ness of 3.1 mm [7]. This HWP is adapted to rotations in steps of 11.25 degrees in the

cryostat. Over the POLARBEAR survey, two incarnations of the HWP have been used.

Initially a stepped cryogenic HWP was used. While this stepped HWP achieved one goal

of a HWP, mitigating instrumental polarisation systematics by rotating the polarisation

direction of the sky signal relative to the instrument, it did not allow the signal band to

be shifted out of the low-frequency noise. On the other hand, a continuously rotating

half-wave plate can shift the polarisation signals to higher frequencies as an attempt to

separate the signals from the 1/f noise dominating at low frequencies. This is important
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given that POLARBEAR ’s goal is to observe a large sky area for large angular scales

B-modes. As the engineering challenge of a cryogenic, continuously-rotating HWP was

not solved in time, in 2014 a warm rotating HWP was installed between the secondary

and primary mirrors. The cryogenic HWP is still kept stationary in the original place

during the entire collection of data used for this thesis. Characteristics of the HWP and

its main impacts on data modulation will be described in Chapter 3.

2.3.3 Reimaging optics

The reimaging optics consist of a cold aperture, and collimating lenses to direct the

curved light path from the telescope to the focal plane. With this setting, the telescope

gets a 2.3◦ diffraction-limited field of view for a 19cm focal plane. The lenses are wholly

anti-reflection surface-coated with a single layer of porous polytetrafluoroethylene using

a vacuum hot-press process and are cooled to ' 6 Kelvin to lessen their in-band emission

[7].

2.3.4 Focal plane

Finally, the photons reach the focal plane. The POLARBEAR-1 focal plane consists of

1,274 transition edge sensor (TES) bolometers divided into seven wafers. The fabrica-

tion of focal plane components is done at the UC Berkeley Marvell Nanolab. A pair

of bolometers is coupled to each slot-dipole antenna (one bolometer per polarisation).

We will refer to each such pair as a focal plane pixel. For higher directivity, a hemi-

spherical dielectric lenslet is attached to each antenna, thereby effectively augmenting

the effective size of the antenna and improving the optical coupling to the telescope [73].

Lenslets are small lenses made of silicon of size ∼ 1cm. The focal plane and elements

for POLARBEAR-1 is shown in Figure 2.4.
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Figure 2.4: The focal plane, single wafer and single bolometer for POLARBEAR [7]
The focal plane has 7 wafers. The hemisphere lenslets are visible on the wafers. Under

each lenslet, one antenna is connected to 2 black thermistors via microstrip filter.

2.3.5 TES bolometers

Bolometers receive the optical power directed by the lenslet-coupled antennas. The

respective current through the bolometer is read out to be used for data processing. A

generic bolometer is a thermistor connected to a heat bath through a weak thermal link,

as sketched in Figure 2.5. In this case, the thermistor is a voltage-biased superconductor,

whose responsivity is roughly constant when the superconductor is tuned to a point close

to the transition.
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Figure 2.5: Simplified schematic for a bolometer. The bolometer is weakly coupled
to a thermal bath (in the case of POLARBEAR, at 250 mK). Incoming power, whether
optical (due to P0) or electrical (due to Vbias), heats up the bolometer. The temperature
of the bolometer is read out via the thermistor; for POLARBEAR the thermistor is a

transition edge sensor (TES).

How a TES thermistor functions can be understood through a simplified model. The

total heat power in the thermistor is comprised of the sky optical power P0 and electrical

bias power Pe. To maintain its responsivity at thermal equilibrium, heat is dissipated

through a the thermal link to the bath as denoted by Pt. The energy balance equation

for this is:
dE

dt
= P0 + Pe − Pt (2.1)

with E - the bolometer energy. With the initial thermistor resistance R0, and bias

voltage V, the electrical power is

Pe =
V 2

R
≈ Pe0 + δPe =

V 2

R0
− V 2

R2
0

δR (2.2)

where δR is the change in the resistance which is positive with respect to temperature

rise. Figure 2.6 shows an example of the response of a TES with respect to change of

temperature.
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Figure 2.6: Example of the depence of the resistance of a TES on temperature. The
resistance is approximately constant then undergoes a steep change in the transition
width between temperatures 0.43K and 0.448K. After the transition, the TES resistance

is approximately constant again. Figure is adapted from [8].

Equation 2.2 shows that the bolometer temperature is to be stabilised at close to the

transition temperature Tc thanks to the negative feedback presented by the minus sign

term. When the thermistor gains optical power, it is heated up, increasing the resistance

and decreasing the bias power. This compensation thus keeps the total power and the

temperature of bolometer constant. The negative feedback mechanism also sets the

bias power to zero when a bolometer reaches the maximum detectable optical power

threshold. This is important to prevent a system breakdown due to thermal loading

exceeding the limit of the bolometers. The electrical current needed to maintain each

TES at a fixed resistance is monitored through a SQUID.
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2.3.6 Multiplexing

Figure 2.7: An eight-channel readout multiplexer: real fabrication and outlining. Top
panel: A real fMUX board used in the POLARBEAR experiment. Bottom panel:
A simplified circuit diagram illustrating the key aspects of the frequency-multiplexing
(fMux) system. The fMUX system is based on sending a bias comb through a set of TES
bolometers, mounted in parallel. An LC filter in series with the TES bolometer rejects
bias current, except at the resonance of the LC circuit. Each LC filter is tuned to a
different resonant frequency. This allows us to independently bias each TES bolometer
by setting the current at its specific resonant frequency. The nulling comb serves to

remove residual carrier signals before the current is amplified by a SQUID.

Running thousands of wires to the 250 mK stage to read out each bolometer would

introduce a substantial heat load. Instead POLARBEAR uses an 8-fold multiplexing

scheme to reduce the number of wires. POLARBEAR, like another experiment SPTpol,

employs the frequency domain multiplexing (fMux) architecture developed at Berke-

ley. Alternative multiplexing technologies include time-domain multiplexing which has

been developed by other research groups [74]. The actual Digital Frequency-Domain

Multiplexing boards are designed by Polarbear collaborators at McGill University in

Montreal [75]. Design using fMux is opted for POLARBEAR because each multiplexed

set of detectors needs only one single cold SQUID array amplifier in this scheme. This

helps to reduce cost and complexity as compared to time-domain technologies in which

each detector uses a SQUID and each multiplexed set of detectors uses a SQUID array

amplifier. The major disadvantages of the fMUX system are i) the complications and

instabilities due to high frequency bias currents and stray impedances within the sys-

tem and ii) instabilities due to bandwidth limitations. An outline of an eight-channel

readout multiplexer is shown in Figure 2.7. In the fMUX scheme, each bolometer is
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biased at a different carrier frequency. As shown in Figure 2.7, each bias frequency is

tied to its associated bolometer using the resonance of an LC circuit in series with the

TES. The narrowness of this resonance sets how closely the bias carrier frequencies can

be packed. A single SQUID can then read out a number of bolometers at once, with

their signals separated in frequency space. Higher bias causes the SQUID response to

be more sinusoidal. The corresponding harmonic distortion is partially offset with the

negative feedback bias loop. A nulling comb is added to mitigate residual carrier signals

via destructive interference [75]. This serves to counter the limited dynamic range of

the SQUID.

2.4 Observation strategy

2.4.1 Observation regions

POLARBEAR has observed from 2012 to today, a total of five seasons so far. Observa-

tions in the first and second season from 2012 to early 2014 targeted lensing B-modes.

Three sky patches each with an area of 9 square degrees each were observed. The patches

are called RA23, RA12 and RA4p5 after their right ascension positions. All 3 patches

need to be separated in RA so that they are observable at different times of the day.

The locations of patches were chosen to overlap with previous experiments: RA23 and

RA12 overlap with patches of the Herschel ATLAS survey at submillimeter wavelengths

while RA4p5 matches with one of the QUIET survey fields. The patch overlapping

the H-ATLAS field has already been used in a cross-correlation analysis between the

Herschel maps and POLARBEARs CMB lensing reconstruction maps. In July 2014,

POLARBEAR shifted to a large survey area, optimised to detect primordial B-mode

signal at large angular scales instead of simply detecting B-mode power. This larger

survey region also enables the E-mode power spectrum measurement of this thesis. The

observed large patch is centered at (RA, DEC)=(0,-57.5) degrees with an area of over

600 deg2. This larger survey region is also important as the larger area significantly

reduces the sample variance on the E-mode power spectrum measurement of this thesis.

The location of the patches on the sky are roughly noted in Figure 2.8. All patches

are intended to lie in sky regions with significantly low dust - the reference for the dust

map is produced by [9]. The declination of the patches were appointed to have maximal

time of observation for the patches. To sufficiently minimise airmass and subsequently

atmospheric contamination, observations are done when patches rise well above the

horizon . In parallel, the patches cannot be observed when too high in elevation because

sky scan speed would exceed the maximum azimuth speed of the telescope.
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Figure 2.8: The POLARBEAR patches (white boxes) are overplotted on a map of the
galactic dust emission at 100 µm from Schlegel et al. [9]. By design, the POLARBEAR
survey regions avoid the galactic plan and focus on regions of extremely low dust emis-

sion.

2.4.2 Constant Elevation Scans

Constant Elevation Scans (CES) are employed by POLARBEAR to observe the CMB.

At constant elevation, the telescope scans back and forth between left or right directions

with a constant velocity in about 15 minutes such that the telescope can observe the

entire targeted region of a patch before it moves away. For small patches, the targeted

region can be the entire patch. The large patch is, however, divided into 4 small targeted

regions with about 7.5 degrees in right acsension. Each sweep is defined as a subscan,

and one CES consists of 100-200 subscans for small patch and about 71 for large patch.

Data taken when the telescope accelerates and reverses its direction are removed from

analysis because those movements introduce spikes and glitches in the data.

Scan-synchronous noise sources or ground pickup will be fixed in the Az-el plane. Scan

synchronous signals are separated from true CMB signals by the rotation of the earth,

which effectively rotates sky signals in the AZ-EL plane. An exception is if CMB po-

larisation modes appear constant in the right ascension direction, they cannot be differ-

entiated from scan synchronous signals. These modes are rejected in data analysis. In

addition, the latitude of the site leads to the rotation of orientation of the patches with

respect to the telescope as the patches rise and set. This allows the telescope to scan

across sky patches from different angles through the length an observation, helping to

average out systematic effects that would otherwise cause greater contamination in the

data. The orientations of scan synchronous signals and true CMB signals are illustrated

in Figure 2.9, which also shows how the sky rotation helps to suppress the pickups.

POLARBEAR is pushed towards faster scan speeds by the desire to shift the CMB

signal to higher frequencies that are less affected by 1/f instrumental noise. The scan
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Figure 2.9: An illustration of the POLARBEAR scan strategy, and how sky rotation
can help disentangle instrumental and CMB polarization. The black arrows show the
constant elevation scans (CESes) used by POLARBEAR as the field drifts (clockwise)
past. Once the field has moved out of sight, the telescope elevation is adjusted to track
the field, and a new CES is started. Over the course of time, instrumental polarization
effects (blue crosses) will remain fixed in ground coordinates, while the true CMB
polarization which is fixed in sky coordinates, will rotate with respect to the ground

coordinates.

speed is however limited by the turnaround time, which is in turn subjected to both the

maximum acceleration of the HTT, and the response time of the controlling servo. In

experience, too high speed can spike the turnaround, causing undesired jerking motion

of the telescope, leading to unwanted noise. The telescope is set to have a constant

velocity of 0.4◦/s, the span is 20◦ for the low elevation and 35◦ for the low elevation.

The lowest elevation of CES observations is chosen to be 30◦. One hour long CES only

covers a fraction of the targeted sky patch, and 10 days of observation are needed to

cover the whole patch. Data selection described in 5.2 can remove observations and

reduce the achieved coverage of 10 days of observation.

2.4.3 Overall scan planning

For POLARBEAR, a science observation is constituted of continuous blocks of scans

observing one patch for the day. One observation course lasts typically eight hours to

take advantage of the duration a patch rises and stays above the 30◦ horizon and under

the 80◦ elevation.

Each one-hour scan block consists of a series of critical scans, starting with detector

tuning, then observations for calibration, constant elevation scans, then observations for
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calibration again. The scans for calibration include stares of a hot calibration source

and elevation nodding scans where the telescope nods up and down. These 2 types of

scans are called stimulator scans and elnod scans respectively. Both of these are meant

to interpolate linearly individual detector gains across the hour and will be described in

4.5.

Other observed astrophysical objects are the Crab Nebula, Saturn and Jupiter in all

5 seasons, and additionally Mars and Venus in the first 2 seasons. Scans of the Crab

Nebula are used for the calibration of the relative polarisation angle of the detectors.

Scans of the planets are mainly for detector gains, with Jupiter for beam calibration in

addition. Calibration of beam, detector gain and polarisation angle will be discussed in

Chapter 3.



Chapter 3

Continuously rotating Half-wave

Plate

This chapter describes an important element in the optical chain, the continuously ro-

tating half wave plate, and some related effects that are most present in later stages

of the analysis done for this thesis. As mentioned in Chapter 2, for all observations of

the sky patch of over 600 deg2, POLABEAR has a continuously rotating half wave plate

(CRHWP) installed at the prime focus between the primary mirror and the secondary

mirror. The sketch of the position of this CRHWP can be found in [76]. The CRHWP

modulates the polarisation signal received by the detectors, shifting the signal to higher

frequencies less affected by low frequency noise. We thus look into basic properties of

the half wave plate and its effects on the data models.

3.1 Half wave plates

A half wave plate (HWP) is an optical component made of birefringent material that

rotates the polarisation components of light passing through it. By using materials with

different indices of refraction along 2 axes in the plate plane, the HWP can induce phase

difference φ for the electric field components along those axes as shown in Figure 3.1.

The phase delay is φ = π for an ideal half wave plate:

41
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Figure 3.1: The signal, denoted by the black vector is rotated by an angle φ after
passing through the HWP. The green and blue axes are respectively the horizontal
axis and vertical axis of the HWP. The dash vector on the right hand side denotes the
original signal orientation. The χ and −χ denotes the amplitude of the signal mirrored

with respect to the vertical axis.

The effects of HWP on Stokes components are shown in Figure 3.2. Picture credit:

Satoru Takakura.

Figure 3.2: How a HWP changes the Stokes parameters I, Q, and U. Picture credit:
Satoru Takakura

As shown in Figure 3.1, the polarisation orientation is mirrored about the axis, hence:

Ex = Ex

Ey = −Ey
(3.1)

Using this with Equation 1.29, and expressing the effect of the HWP through Mueller

matrix action on Stokes vectors Sout = MSin, we have for an ideal HWP:

MHWP =


1 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 −1

 (3.2)
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If we now rotate the HWP as a function of time, polarisation signals will be modulated.

Combining 3.2 with Equation 1.30, we have the matrix for coordinate rotation:

R =


1 0 0 0

0 cos(2θHWP ) −sin(2θHWP ) 0

0 sin(2θHWP ) cos(2θHWP ) 0

0 0 0 1

 (3.3)

where θHWP is the angle of rotation in the plane of the HWP. The complete Mueller

matrix of a rotating ideal HWP whose birefringent axes form θHWP with respect to the

coordinate system used to define light is:

MrotHWP = R(−θHWP )MHWPR(θHWP ) =
1 0 0 0

0 cos(4θHWP ) sin(4θHWP ) 0

0 sin(4θHWP ) −cos(4θHWP ) 0

0 0 0 −1


(3.4)

This shows that only Q and U are rotated with dependence on 4 times HWP angle,

while I (and V) are intact.

3.2 Simplified Data Model

Given that the circular polarisation V is typically not measured by CMB experiments

because V polarisation is not generated in the Standard Cosmological Model, the data

model should contain I,Q, and U and the terms that represent the effects by optical

components. In practice, we also consider the orientation of the detectors θdet with

respect to a common frame of measurement. Detector angles do not rotate, so the

output signal can be written as:

d = Ii +Qicos(4θHWP − 2θdet) + Uisin(4θHWP − 2θdet) (3.5)

For a HWP continuously rotating at angular velocity ωrot, the HWP θHWP evolves as:

θHWP (t) = ωrott

where we have defined the initial angle to be zero. Thus, a DC polarisation signal would

show up at 4ωrot, 4 times the HWP rotation frequency. A signal at frequency f0 will

show up at 4ωrot ± f0. This separates the low frequency signal from the low frequency

instrument or atmospheric noise.
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Since signals have been modulated by the HWP, an important step is to demodulate the

data registered by detectors. Importantly, intensity signal Ii does not rotate with the

HWP, so the observed intensity Io can be recovered with a low-pass filter, LPF as:

Io(t) ≡ LPF [d(t)] ≈ Ii(t) (3.6)

The polarisation signals Qo and Uo are retrieved by doing a band-pass filter around the

modulation frequency and reverting the terms of the HWP and detector angles:

Qo(t) + iUo(t) ≡ BPF [d(t)]× 2e4iθHWP−2iθdet ≈ Qi(t) + iUi(t) (3.7)

3.3 Practical instrumental effects

The equations above correspond to perfect CRHWPs. However, real CRHWPs have

imperfections. Due to the rotation of the CRHWP, the parasitic signals are expected

to vary with the angle of the HWP. These HWP synchronous signals (HWPSS) can be

Fourier expanded as:

AHWPSS(t) =
∑
n=1

Re[An(t)e−inθHWP (t)], (3.8)

where n names the order of the harmonics, An is the amplitude at the respective har-

monic. Key optical imperfections that contribute to this expansion will be described,

and followed by other non-idealities most relevant to the data calibration and processing

for this thesis.

3.3.1 Non-ideal transmission properties of the Half Wave Plate

For non-ideal HWPs, we have to account for different transmissivities for the polarisa-

tions along the HWP birefringent axes besides the phase delay φ between the polarisation

components. On denoting the transmitivities as ρx and ρy, outgoing electric field from

Equation 1.28 are then modified:

Ex = Ex0ρx

Ey = Ey0ρye
i(φ)

(3.9)
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Since amplitude transmitivities and phase difference also depend on the frequency ν of

passing light, the modified Mueller matrix is:

MHWP =


aT (ν) bT (ν) 0 0

bT (ν) aT (ν) 0 0

0 0 −cT (ν) sT (ν)

0 0 −sT (ν) −cT (ν)

 (3.10)

with:
aT (ν) = (ρ2

x + ρ2
y)/2 bT (ν) = (ρ2

x − ρ2
y)/2

cT (ν) = ρxρycos(φ(ν)) sT (ν) = ρxρysin(φ(ν))
(3.11)

Here, aT (ν), bT (ν) respectively correspond to the total transmittance of the HWP and

the transmittance difference between 2 HWP axes. cT (ν) plays in the HWP polarisation

efficiency.

Non-ideal HWPs also absorb and emit polarised light following the fluctuation-dissipation

theorem [77]. The corresponding Stokes vector from the HWP is:

SHWP (ν) = (1− aA(ν),−bA(ν), 0, 0)IHWP ,

where 1 − aA(ν) denotes the HWP absorptance, bA(ν) denotes its anisotropy, and

IHWP (ν) represents the blackbody radiation at the HWP temperature. The output

optical signal into the detector now includes terms from the HWP emission [78]:

Pout = 〈aT 〉Iin + 〈1− aA〉IHWP +Re

[
〈aT−cT 〉

2 (Qin − iUin)e2iθdet

]

+Re

[
〈bT 〉(Qin + iUin)e−2iθHWP

]
+Re

[
(〈bT 〉Iin − 〈bA〉IHWP − i〈sT 〉Vin)e−2iθHWP+2iθdet

]

+Re

[
〈aT+cT 〉

2 (Qin + iUin)e−4iθHWP+2iθdet

]
(3.12)

Coefficients in angle brackets are frequency band average and can be derived by averaging

values through the frequency band fdet(ν) using the source spectrum of the band as

weights i. e. [79]:

〈aT 〉 =

∫
aT (ν)Iin(ν)fdet(ν)dν∫
Iin(ν)fdet(ν)dν

(3.13)

Equation 3.12 shows that the non-ideality of the HWP contributes to the second har-

monics (n = 2) in 3.8. The transmission of the HWP, I, and the polarisation efficiency,

ε, are defined by:

I = 〈aT 〉; ε = 〈aT + cT
2aT

〉 (3.14)
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Equation 3.12 shows the additional polarised signal that appears at 2θHWP besides the

polarised signal at 4θHWP . These terms are modulated by twice the HWP frequency f (

or n times the HWP frequency in general ) will be referred to as 2f (nf) terms hereafter.

The output signal is mainly contributed to by the intensity and the polarisations at

4θHWP :

Pout = I(Iin +Re[ε(Qin + iUin)e−4iθHWP+2iθdet ]) (3.15)

3.3.2 Non-ideal primary mirror

Between the POLARBEAR HWP and sky is the primary mirror. As the mirror also

absorbs a little of light and cause phase delay, the Mueller matrix for the mirror action is

identical to 3.10 of the HWP, but for the mirror transmisivity am(ν) and the asymmetry

in transmissitvity bm(ν). The emissivity of the mirror is 1−am(ν). The signal including

only the spurious terms from the mirror is [78]:

Pout = 〈am〉Iin + 〈1− am〉Imirror +Re[〈bm〉(Qin + iUin)]

+Re

[
( 〈am+cm〉

2 (Qin + iUin) + 〈am−cm〉
2 (Qin − iUin)

+〈bm〉Iin − 〈bm〉Imirror − i〈sm〉Vin)e−4iθHWP+2iθdet

] (3.16)

where 〈cm〉 and 〈sm〉 are defined from am and am similarly as in 3.11. Equation 3.16

shows so the mirror induces an intensity-to-polarisation leakage that is modulated to

4θHWP (or n = 4) but does not contribute any term of 2θHWP (n = 2) in 3.8.

3.3.3 Other non-idealities

Both the surfaces of the HWP have anti-flection (AR) coating to mitigate bouncing lights

between elements. However, the AR coating of the HWP is found to be non-uniform

with a small air bubble. The additional signal from this spot is expected to depend on

the rotation angles like the HWP. Denoting Aspot the amplitude of the signal from the

HWP spot, we can Fourier expand the output from this signal as:

Pspot =
∑
n=1

Re[Aspote
−inθHWP ], (3.17)

This signal appears in all modes, but the amplitudes are found to be most significant

for n = 2 and n = 4 when calculated for estimation of systematic errors from the spot

in 6.4.7.
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3.3.4 Detector response

Practical detector response is a convolution of the incoming power at time t with a

time-dependent response function G(t′):

d(t) =

∫ ∞
0

dt′G(t′)Pin(t− t′) (3.18)

For simplicity, G(t′) depends on g, the responsitivity of the detector, and τ , the time

constant.

G(t) =

{
g e
−t/τ

τ for t > 0

0 for t < 0
(3.19)

For signals that vary slowly with respect to the time constant i.e. the instantaneous

transfer of approximately constant signals, the detector response can be further simpli-

fied:

d(t) ≈ gPin(t− τ) (3.20)

Individually, the imperfect responsivity and the time constant alter the detector signals

as followed.

3.3.4.1 Time constant delay

Considering only the intervention of time constant, the detector signal is altered due to

the retardation of the register of rotating HWP angle as:

d(t) = Iin +Re[(Qin + iUin)e−4iθHWP (t−τ)+2iθdet ] (3.21)

where θHWP (t) = ωrott. The output polarisation signals differ from the true values by:

(Qin + iUin)e4iωrotτ (3.22)

Estimation of time constant is done using stimulator measurements and described in

4.5.2. The median time constant of POLARBEAR detectors is 2.5ms. The HWP

rotating frequency is thus low enough for the corresponding cut-off frequency of the

detectors (64Hz).

3.3.4.2 Detector non-linearity.

In addition, the time constant of the detector and responsivity has non-linear variations

due to temperature variations of the detector, dynamic range of the detector, SQUID

gain etc. These variations can be represented by their dependence on the incoming signal.
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Expanding the dependence of the time constant and responsivity on the registered input

power in Taylor series, we expect the zero-th order and first order terms will contribute

most significantly:

g(P (t)) = g
(0)
|P + g

(1)
|P ∆P (t) + ..., (3.23)

τ(P (t)) = τ
(0)
|P + τ

(1)
|P ∆P (t) + ..., (3.24)

Assuming all other factors are idealised and using Equation 3.20, the detector signal can

be written as [78]:

d(t) = (g(0) + g(1))Iin(t))Re[A
(0)
4 e−4iθHWP (t)]

= g(0)Re([A
(0)
4 + g(1)

g(0)
A

(0)
4 ]e−4iθHWP (t)

(3.25)

where g(0) and g(1) are the zero-th and first order terms in the Taylor expansion of

responsitivity dependent on the small devidation of Pin of the detector. The term A
(0)
4

represents the HWPSS amplitude dependent on the intensity signal that appears in the

polarisation. Equation 3.25 shows that the leakage of the intensity signal creates the non-

linearity of the detector gain g(t) that is coupled with polarisation term A
(0)
4 , causing

the overall variation of measured polarisation signals. Assuming the HWPSS causes

the same variation of responsivity, the leakage coefficient due to non-linear responsivity

given by:

λg4 =
g(1)

g(0)
A

(0)
4 (3.26)

Since time constant delay adds spurious term to the polarisation signal, the coefficient

for non-linearity of the time constant can be given as [78]:

λτ4 = iωrotτA
(0)
4 (3.27)

3.3.5 1/f noise

As a ground-based CMB experiment, POLARBEAR undergoes heavy intervention from

the the atmospheric fluctuation, which is the main component of 1/f noise. The reason

why it is called 1/f noise is that the evolution of distributions of characteristics of

a state of turbulence of the atmostphere i.e. the density, temperature, or humidity

can be described by the temporally logarithmic spectra [80]. The noise scanned from

this logarithmic distributions is logarithmic noise, and thus called 1/f noise. Since the

atmospheric fluctuation is well-approximated to be unpolarised [81, 82], we have opted

to use the HWP to mitigate this source of noise. Stokes parameters coming from sky

having atmospheric noise atm can be simply modified as:
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Iin(t) = Isky(t) + δIatm(t)

Qin(t) = Qsky(t) + δQatm(t)

Uin(t) = Usky(t) + δUatm(t)

(3.28)

Since the intensity signal is not modulated by the HWP, the I component is heavily

contaminated by δIatm(t). While δQatm(t) and δUatm(t) are highly suppressed for the

polarisation as compared to for the intensity, their order of magnitudes is still signifi-

cantly challenging. In addition, since there is leakage from I to P, which raises the overall

contribution of atmospheric noise to polarisation measurement. The threshold that we

strive to for this noise is under bolometer white noise.

3.4 Summary of HWP treatments

In this chapter, I have reviewed the HWP and presented a model to described the HWP-

modulated data collected by POLARBEAR. I presented the major sources of systematic

errors due to imperfections in the HWP. The 4f is expected to be the dominant term

compared to the 2f because, following 3.16, it remains in the polarisation signal even

after band pass filter and perfect demodulation. The leakage from the primary mirror is

estimated in [76], and the leakage from the HWP is assumed to be significantly below.

The total coefficient for leakage from intensity to polarisation is [76]:

λ4 ≡ λopt4 + 2r(1)A
(0)
4|〈Iin〉 + iωrotτA

(0)
4|〈Iin〉 (3.29)

where λopt4 is the optical instrumental leakage coefficient, 2r(1)A
(0)
4|〈Iin〉 is shortened from

3.26, and iωrotτA
(0)
4|〈Iin〉 is taken from 3.27. The term A

(0)
4|〈Iin〉 means that this amplitude

is estimated at the averaged incoming intensity 〈Iin〉. These 3 contributing coefficients

are assumed to be insignificant and thus only estimated to the first order. The time-

ordered data that contains the total intensity leakage after HWPSS subtraction and

demodulation are given as [76]:

d′d(t) = ε[Qin + iUin(t)] +A
(0)
4|〈Iin〉 + λ4δIin(t) +N

(Re)
d (t) + iN

(Im)
d (t) (3.30)

where Nd is the white noise. Estimation of the leakage coefficients can be done using

the model 3.30 and has been described by [76]. The leakage from optical instruments

is measured to be ≤ 0.1%. The detector non-linearity is measured to be ≤ 0.4%,

contributing mainly to the total leakage. This percentage of leakage due to detector

non-linearity shows that the HWP rotating frequency is sufficiently fast compared to

the variation of the gain and time-constant. A higher HWP frequency can reduce this
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leakage term but may increase the temperature of the HWP, yielding higher HWP-

related spurious signals.

Overall, systematics effects can be estimated by using simplified data model 3.5 as a

basis for the simulation of timestream and injecting spurious signals of the corresponding

systematics. The variation of the polarisation amplitude (or the 4f term) is coupled to

effects from detectors: time constant and non-linear responsivity. The overall variation

in the polarisation signal is thus used as a tracer of HWP related systematic effects.

While the leakage of the 2f is not measured, the impact of the 2f is estimated on the

output spectra by assuming the upper limit of the 2f leakage percentage to be the same

as for 4f . Estimations of all systematics are presented in Chapter 6.

The atmospheric noise is not considered as a systematic, but is nevertheless a prominent

source of noise in POLARBEAR data. The atmospheric noise in the intensity timestream

is significantly larger than in the polarisation timestream. The fraction of leakage of

intensity atmospheric term to polarisation is estimated to be ≤ 1% [83].

Since the leakage of intensity to polarisation is found to be small, we add white noise

Nd to the simplified detector signal model for simulations where the white noise floor is

assumed to represent the atmospheric noise that we cannot mitigate even with CRHWP.
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Data pre-processing

4.1 Overview

CMB light goes through the outer optical system, arrives in the cold hardware, and gets

registered as time ordered data by the readout. While CMB measurements are the cen-

tral subject of this experiment, we need to calibrate the instrument to minimise bias to

final results. This is done by establishing data models and relevant viable measurements

to investigate properties of the instruments.

Four properties to be calibrated include individual detector pointing (Section 4.3), detec-

tor relative gain (Section 4.5), the beam model (Section 4.4), and detector polarisation

angle (Section 4.6). Overall, each section of calibration has been reprocessed multiple

times to ensure consistency and to fully check the effects of external conditions such as

weather. Since the stored data now comprise both CMB data and calibration data, the

total volume is gigantic. With the installation of the HWP, data observed have been

modulated and so would add extra computational memory cost to run main analysis if

kept as is. Hence, we need to downsample and demodulate data first.

4.2 Downsampling and demodulation

The data is demodulated and downsampled in a joint operation of 2 steps coupled with

each other in pre-processing. The data model is previously described in Section 3.2.

We demodulate the timestream following [84, 85] and separate the data timestream into

intensity and polarisation components. Since demodulation is done both on CMB data,

which is most essential to this thesis, and calibration scan data, I will describe the main

51
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operation steps here and note some differences between the operations for the CMB data

and calibration data.

A simplified model of the TOD modulated by a CRHWP is shown earlier in 3.4. In the

telescope frame, the detector receive raw input TOD of the form:

dm(t) = I(t) + εRe{[Q(t) + iU(t)] e−i(4θHWP+2θdet)}

+A(θHWP , t) +Nm,
(4.1)

Here, HWP angle θHWP is reconstructed from the encoder; A(θHWP , t) is the HWP-

synchronous signal earlier introduced in 3.3. The terms e−i4θHWP , ε, θdet, and Nm
denote the polarisation modulation of the HWP, a polarisation efficiency, the detector

angle with respect to instrument coordinates, and the detector white noise respectively.

Before demodulation, the CES scans of CMB data are first subjected to the fast-glich-

cutting step of data selection 5.2, while this step is not done the calibration data. The

HWP-synchronous signal is first estimated following [84] and summarised as followed.

There are gaps in the CES TOD due to subscan removals resulted from the glitch cut

stage, and these gaps are filled with the HWP synchronous structure before overall

removal. Estimation of the HWPSS is done following [85] using the CRHWP angles

reconstructed from the encoder. The HWPSS consists of several harmonics related to

the number of times of the HWP rotating frequency n ∈ {1, 2, .., 7}. The dependence of

these harmonics on time is formed by bandpass filtering the TOD at those frequencies

then demodulating the bandpassed TOD. The amplitude of each harmonic is also fit

with a linear drift to get the final harmonic template. These templates are summed

together then subtracted from each TOD. This harmonic subtraction process is then

repeated.

After HWP structure removal, the polarisation signal is multiplied with the demodula-

tion function e4iθHWP−2iθdet and low pass filtered at 3.8Hz to become as in 3.30. We

opt for this frequency band because there are two 0.2Hz sidebands at 4Hz - twice the

CRHWP frequency. A cut-off frequency at exactly 4Hz would leave spurious signals in

polarisation timestreams due to imperfect demodulation. In addition, a low pass filter

at 3.8Hz gives a corresponding explorable maximum multipole l = 4, 560 for CMB data.

After the low-pass filtering, timestreams are downsampled by a factor of 24, from the

native recording frequency of 190.73Hz down to ∼ 8Hz. For real CMB data, we store

the polarisation TOD, the intensity component called the 0f , and the 2f TOD. The

2f components are stored primarily for sanity checks of processed TOD through the

null tests in 6.3 since there are spurious signals from the 2f that can appear in the

demodulated polarisation TOD as described in 3.3.
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The polarisation TOD need further correction due to HWP modulation coupled with

other effects (see 3.3.4.1). First, the phase of the modulated polarisation signal is re-

tarded by the time-constant of the detector by ∼ 9◦. The time constant also changes the

detector response to the signal by ∼ 1%. Measurements of time constant, τ , is described

in Section 4.5.2. We correct for the finite time constant by multiplying the polarisation

component with the factor equal to inverse of the effect, (1 − iωτ). Second, individ-

ual detector angle orientation, θdet, and the origin of HWP angle encoder, θ0, need to

be corrected for. We thus modify the encoded HWP angle by the factor, e2iθdet+4iθ0 .

Measurements of detector angle θdet and θ0 are described in section 4.6 and in [86]. For

CMB science data and polarisation angle calibration data, time constant deconvolution

is done in the mapmaking stage. For other calibration scans, this step is done before

model fitting.

The intensity-to-temperature leakage subtraction does not belong to this pre-processing

stage but is noted here due to its usage in polarisation angle calibration. We do the

leakage subtraction for CMB data in both the data selection stage 5.2 and the mapmak-

ing stage 5.3. The mapmaking for polarisation angle calibration also involves this step.

This operation is not relevant to other types of calibration scans because the respective

calibrations do not use polarisation TOD.

The difference between before demodulation and after demodulation plus temperature

leakage subtraction for the averaged PSDs of a single CES is shown in Figure 4.1 .

The PSD before demodulation consists of I, Q and U components, the leakage from the

intensity, and the HWPSS and can go over the frequency of 10Hz. The ‘after demod.’

PSDs are cut off at 3.8Hz. The spike at 4f = 8Hz in the comprehensive PSD line

becomes the spikes at 1f = 2Hz in the Q and U PSDs after demodulation and leakage

subtraction. The spurious signals at 2f = 4Hz are visibly excessive and cause 0.2Hz

sidebands. Hence the low pass filter frequency is chosen to be 3.8Hz.
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Figure 4.1: The PSD in frequency domain from 1 single CES. The vertical lines mark
the scan frequency of 10mHz and the frequencies respective to shown ` multipoles.
The blue PSD before demodulation consists of all components I, Q and U, the leakage
to polarisation from the intensity component, and the HWPSS. The HWPSS spikes
are visible at 1, 2, 3, 4, 5f . The ’after demod.’ Q and U PSDs are the results after
demodulation and intensity leakage subtraction. Both the red Q and green U PSDs
have spikes at around 2Hz which are relatively small compared to the HWPSS at the
same frequency. The frequency range of Q and U PSDs goes up to only 3.8Hz due to
the LPF. The U PSD is slightly more flattened at low frequencies because the leakage

to U is smaller than to Q. Picture credit: Satoru Takakura.

After leakage subtraction, the U PSD is slightly more flattened at low frequencies because

the intensity leakage to U is smaller than to Q due to the temperature-to-polarisation

leakage being approximately out of phase with U [87]. An example of the difference

between PSD of the demodulated Q and U timestreams prior to and after leakage sub-

traction can be found in Figure 5 in [76], where the leakage-subtracted PSDs are more

flattened, which means an improvement in low frequency noise.

4.3 Pointing model

A key step in making maps is to determine where each detector is pointing on the sky

as a function of time. The inputs to this are the telescope encoder readings of azimuth

(AZ) and elevation (EL), as well as the thermometric measures of local conditions. The
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Table 4.1: Parameters used for Polarbear pointing model

Parameters Descriptions

ia AZencoder offset
ie ELencoder offset and collimation error in elevation
ca Collimation error in azimuth
an Tilt of AZ axis from vertical in north direction
aw Tilt of AZ axis from vertical in west direction
dt Timing error in hour angle direction
sai Differential solar heating flexure in elevation
sei Differential solar heating flexure in azimuth

pointing model translates these inputs into Right Ascension and Declination (RA,DEC)

on the sky as we opt for the equatorial coordinate system.

A key ingredient for the model is radio pointing observations that target bright extended

and point-like millimeter sources chosen from known source catalogs [88, 89]. These

sources have accurately known fixed sky addresses and cover a wide range of AZ,EL

coordinates. Pointing observations are scheduled for at least once a day; each scan lasts

between 10 to 15 minutes because sources drifts with time. Schedules also ensure that

many locations across the CMB sky patch are observed.

The pointing model used for the maps in this work is an expanded version of the original

5-parameter model in [90], and includes 8 parameters as listed in Table 4.1. Five of these

parameters capture the telescope structural misalignments, one stands for the timing

error, and two represent flexure terms due to solar heating. One common pointing model

is used to fit for all detectors. During the analysis, we tested reducing or adding more

model parameters, but found these eight parameters were the minimal set to adequately

recover sky positions. This work was done by Tucker Elleflot. The pointing of individual

detectors is offset relative to the telescope boresight pointing. These detector offets are

determined by raster scans across Jupiter. The offsets when combined with the boresight

pointing yield the absolute pointing for each detector. Over all, we achieve an RMS error

of less than ∼ 18′′ based on the bright radio sources.

4.4 Beam model

The beam model measures the impact on the signal received in detectors due to the

limitation of the diffraction from the telescope optics. We represent the beam by a

circular 2D Gaussian, with beam size defined by the effective Full Width Half Maxi-

mum (FHWM). Intuitively, there is signal suppression in all multipole scales, but higher
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multipoles undergo more suppression. This means the structures at high multipoles are

washed out.

In addition to being used for the detector pointing model, observations of Jupiter are

used to measure the beam maps. As a reminder, we use raster scans where we don’t

scan the entire planet for each bolometer at each observation. Instead, we track the

planet, turning the telescope in large enough steps to allow all detectors in a row to see

the planet. In actual analysis, we consider Jupiter as a point source with brightness

temperature Tp because the angular diameter of the planet is small compared to the

effective FWHM of ∼ 3.5′ of each detector. We correct for the finite size R of Jupiter in

the beam profile Bl in the final step with Bessel function J1(`R). For each detector, we

make a beam map, m, that shows the spatial distribution of the beam-convolved planet.

Calling the sky or planet signal S and B the effective beam of the instrument, we have

the effect of the beam on an observed map m as:

m(θ, φ) = (S ∗B)(θ, φ) =

∫∫
dθ1dφ1S(θ − θ1, φ− φ1)B(θ1, φ1), (4.2)

where the ∗ sign means a convolution. Under the assumption that Jupiter is considered

a point source, we can write the beam profile as:

B(θ, φ) =
m(θ, φ)

TPΩP
(4.3)

where ΩP denotes the solid angle subtended by Jupiter, and the brightness temperature

of Jupiter TP is used in place of the signal S. Jupiter’s temperature is a fixed value taken

from millimeter-wave measurements of [91]. Timestream of each bolometer is filtered to

minimise the effect of atmospheric fluctuations by a masked first-order polynomial. We

mask 50′ around Jupiter for the polynomial fit. The filtered timestream is then coadded

to detector maps, centered on Jupiter. Individual detector maps are weighted by the

noise outside the mask radius to combine into one single scan map. This is necessary to

have enough coverage and adequate signal to noise ratio to get beam profile from each

observation. Figure 4.2 shows the full season map coadded from 215 observations, and

1 example map for 1 single wafer of detectors.
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Figure 4.2: Left: Map of Jupiter coadded from all observations in all seasons in
KRJ and plotted between azimuth = −150′, 150′ and elevation = −150′, 150′ the map
center is offset at the planet center. Picture credit: Neil Goeckner-Wald. Right: Map
of Jupiter coadded from maps of all detectors in one wafer, which consists of around
200 working bolometers on average. The unit is ADC counts. This map is plotted
between azimuth = −60′, 60′ and elevation = −60′, 60′ the map center is offset at the

planet center. The white areas are missing pixels.

Convolution is done by multiplication in the frequency domain.We approximate each

observation profile as the azimuthally averaged Fourier components converted to the

multipole components:

Bl =
Ml

TlWl
(4.4)

Here Ml is the temperature-calibrated map m(θ, φ) Fourier transformed in 2 dimensions

into M(l, φl) then averaged over φl. Tl is the response function for a finite planetary disk

converted to Fourier space. The pixel window function Wl is to account for the effect

of the pixelisation of the map. The final Bl is derived from profiles of all observations

weighted by the noise estimated from noise when fitting all detectors to the planet

template. The resulted degree of ellipticity of POLARBEAR beam is much less than

5%. Figure 4.3 shows the Bl profile from a number of observations with reasonable

shapes and the combined final Bl. Note that the beam profiles calculated immediately

from 4.3 are not normalised as those shown in Figure 4.3. Beam model analysis was done

early on by David Leon, then by Neil Goeckner-Wald. We opt for Neil Goeckner-Wald’s

work for the final model. My own processing of Jupiter observations was used for first

iterations of gain calibration, then as a crosscheck for Neil Goeckner-Wald’s work and

finally for the beam covariance construction.
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Figure 4.3: The normalised Bl from individual observations that are taken in to
final Bl. The vertical axis is the amplitude with no unit. The horizontal axis is the
multiple `. While there are over 200 Jupiter measurements, only 183 are included for the
final combination because beam profiles from excluded measurements are pathologically

noisy.

4.5 Gain calibration

We also need to know the conversion from the recorded ADC units of time-ordered data

to KCMB on the sky, also known as the gain calibration. This is done in 3 main steps: 1,)

getting detector responses in physical temperature with planet measurements, 2,) getting

detector responses in ADC units from stimulator scans, 3,) matching these 2 types of

responses to convert detector response originally in digital count unit to temperature

unit. This section will first describe the further use of the planet measurements with

Jupiter, then the stimulator scans and the calculation of the gain model. The elevation-

nod scans will also be described because they are used as a crosscheck before the gain

model is finalised. The analysis from the stimulator measurements onward in this section

is my work.
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4.5.1 Calibration with planet

Observations of Jupiter in 4.4 are used for gain calibration because the planet temper-

ature TP is a well-measured quantity across many experiments. We have around 70

Jupiter observations per season of observation.

Because what we get from stimulator scans are detector response in detector unit, it

means we need to derive conversion factors from detector units to physical units using

planet scans. We call the conversion factors the planet gain factor G. Note that as in

section 4.4, signals received by detectors are partially suppressed due to the limitation

of the telescope optics and presented by convolution of the input signal with the beam

of the instrument. So the planet gain factor can be given as

G =

∫∫
dθdφB(θ, φ) (4.5)

Using the definition of a single Jupiter beam map shown by Equation 4.3 and noting

the relation 4.5, we can express planet gain factor as:

G ≈
∫∫

dθdφ
m(θ, φ)

TPΩP
(4.6)

From 4.6, the unit of G is ADC/KRJ if m is an uncalibrated map in ADC. Due to the

nature of employed raster scans where individual detectors do not see the entire Jupiter

in each scan and elevation steps are too widely separated (2 arcminutes), the map term

in the above equation is inefficient i.e. containing not enough information. Hence, in

real analysis, we fit an elliptical Gaussian model to planet map centers then account for

near-sidelobes by an integral of the map residuals from fitting. The expression for this

model for a detector channel in an observation is:

Gch,obs = α(obs)
I1(ch, obs) + I2(ch, obs)

TPπr2
P (obs)

(4.7)

Here, α denotes the correction for atmosphere transmission, TP is the brightness temper-

ature of Jupiter in microwave band, rP is the average angular radius of Jupiter. I1 and I2

are the integrated intensity (in ADC.steradian) contributed by main lobe and side lobe

respectively. Note that α,the inverse of the atmospheric transparency, is mainly used

from APEX1 but can also be estimated with elnod scans where Polarbear measure of

sky brightness at different elevations. The angular radius of Jupiter for each observation

is computed using ephemeris.

1http://www.apex-telescope.org/
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To determine the intensity of Jupiter as seen by the detector main lobe, filtered timestream

of a channel dch,obs is first fitted with a 2D Gaussian template P (A, σx, σy, xc, yc):

P(A, σx, σy, xc, yc) = Aexp(−1

2
vTC−1v) (4.8)

with v = (x − xc, y − yc) and C = Diag(σ2
x, σ

2
y). The intensity term from main lobe is

then estimated by:

I1 =

∫∫
dxdyP(A, σx, σy, xc, yc) = 2πAσxσy (4.9)

where σx and σy are the beams widths in 2 orthogonal directions. The 2D gaussian

model has a corresponding simulated timestream. We thus subtract this simulated term

from the original filtered timestream then calculate the side lobe intensity by integrating

the intensity between 2 radii rin and rout:

I2 =

∫∫ rout

rin

dxdy(dch,obs − dsimch,obs) (4.10)

Typically, we use rin = 4′ and rout = 15′, and near-sidelobes intensity accounts for 10%

of the total.

4.5.2 Stimulator response

Relative gain calibration for detectors is not complete without the measurements of de-

tector responses in digital units using the stimulator. POLARBEAR stimulator consists

of thermal source with known temperature of around 700◦C placed behind the secondary

mirror. This thermal source can transmit signals to bolometers through a 6.35mm light

pipe connecting with a small gap in the secondary mirror. Note that large patch ob-

servation data have been divided into 3 seasons 3, 4, and 5 with respect to 3 times of

stimulator source replacement. The stimulator also contains the chopper which is a two

blade fan driven by a miniature stepper motor and having spinning frequency between

2 and 24 Hz. The stimulator chopped signal is thus modulated at 4-48 Hz. The temper-

atures of the source and the ambience of the chopper are measured with thermocouples

and kept stable across long time scales.

Besides the stimulator thermal signal, the chopper also interrupts the photosensored

synchronous demodulation of the detector timestreams. The photosensor data are sam-

pled at 40 kHz by a computer data acquisition card, from which edges are detected. The

arrival time of the edges in 40 kHz clock cycle counts are archived along with bolometer

data. The storage of edge arrival times serves as a check on the frequency and stability

of the chopper. In brief, the speed of the chopper( which is assumed to be constant) is
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fit to the registered chopper edge arrival times. RMS residuals of the timing error can

signify stimulator failure if much different from the typical value of 30µs.

As mentioned in Chapter 2, the stimulator measurement is the opening and also the

end observation of each hour-long CMB scan block so as to calibrate the response of

detectors during the entire block. Total observation time is 2.5 minutes, where the

source is observed at a range of frequencies of 4- 44 Hz for 30 seconds each. This

change of frequencies is designed to measure the bolometer time constant. At each

observing frequency, the temperature observed by each bolometer is measured by fitting

the following model to the frequency f and phase φ of the chopper:

M = Acos(2tπ ∗ f + φ) (4.11)

where A denotes the amplitude whose root mean squared is used as the effective stim-

ulator temperature. Figure 4.4 shows the fitting of an example bolometer response by

the stimulator chopper.

Figure 4.4: Bolometer response with respect to time. The real response of a bolometer
by the chopper is in blue, and the fitted response is in green. X axis shows time index,
and Y axis show the values of bolometer response in ADC count unit. For convenience,

this picture is borrowed from [10]

The response of bolometers is best fitted to an one-pole constant model:

m(f) =
g√

1 + ( f
f3dB

)2
+ n(f) (4.12)
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Here, m(f) is the magnitude of the response at frequency f , g is the detector gain, and

bolometer time constant f3dB is represented as 3dB roll off frequency. n(f) is added

as the error on the measurement of the magnitude. Note that, before all fittings, the

detector timestreams is demodulated due to HWP rotation then high pass filtered. The

first 30 second stimulator stare at one chopping frequency is used for an additional 10th

order polynomial subtraction. The mean value of the time constant is 0.0025. A typical

time constant fit is shown in Figure 4.5.

Figure 4.5: Example fitting of the magnitude of the response of a bolometer to the one-
pole model with stimulator chopping at five frequencies. Blue denotes the magnitude
response at the 5 frequencies and corresponding errors. Green shows the fit to one-pole

model. Picture is borrowed from [11]

Having both the planet gain factors and the relative gains, we are now ready to make

the intensity template for the detectors.

4.5.3 Intensity template and Effective temperature

Since planet observations are bootstrapped with stimulator scans, we match the mean

of relative gain amplitudes of stimulator measurements done before and after the planet

scan with planet gain factors. For each detector ch and each planet observation obs, we

have:

Ach,obs =
Aprech,obs +Apostch,obs

2
(4.13)
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where pre− and post− mean before and after planet scan respectively. The effective

temperature of each channel in each scan block is then determined by combining the

mean relative scan amplitude and the planet gain G:

T effch,ob =
Ach,obs
Gch,obs

(4.14)

The errors for the 2 above quantities are calculated by:

∆Ach,obs = |
(Aprech,obs + ∆Aprech,obs)− (Apostch,obs −∆Apostch,obs)

2
| (4.15)

∆T effch,ob

T effch,ob

=

√
(
∆Ach,obs
Ach,obs

)2 + (
∆A

A
)2 + (

∆σx
σx

)2 + (
∆σy
σy

)2 (4.16)

Here, A, σs and σy are beam parameters determined for the planet gain as in section

4.5.1. These errors are calculated to use as weighting factors for each observation as well

as to estimate the overall error caused by gain calibration. The intensity template of

one whole season of observation is the weighted average of intensities of all scan blocks:

Ieffch =

∑
obs T

eff
ch,obswch,obs∑

obswch,obs
(4.17)

∆Ieffch =

√√√√∑obs(T
eff
ch − T

eff
ch,obs)

2wch,obs∑
obswch,obs

(4.18)

where wch,obs = 1/(∆T effch,obs)
2 is the inverse variance for each observation of a detector.

Since the temperature of the stimulator source is maintained stable for each season

and the effective temperature of Jupiter is regarded constant after distance correction,

we assume the intensity template is representative of the effective temperature of each

bolometer for 1 whole season. We then have the relative gain conversion for 1 detector

for a given stimulator observation to be:

gch,obs =
Ieffch

Ach,ob
(4.19)

We need to iterate on creating the intensity templates because this template affects

our data selection and can also be used to check the impacts of the atmosphere on the

detectors through the precipitated water vapor (PWV) measured with elevation-nod

scans.
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4.5.4 PWV measurements

In every constant elevation scan block, we also perform an elevation-nod (elnod) scan

where the telescope nods up and down slowly between 2 elevations. Different eleva-

tions mean different atmospheric depths, which leads to variation in the input load

temperature by (sin el)−1. The sky temperature at zenith observed by the receivers the

atmospheric transparency τ following:

Tz = T 0
z (1− e−

τ
sin el ) (4.20)

where T 0
z is the true sky emission temperature. The dependence of the transmission τ

on PWV at each frequency ν follows [92]:

τ(ν, PWV ) = τw(ν)× PWV + τd(ν) (4.21)

where τd is an unvarying transparency term in dry condition, τw is the opacity term

in wet condition and depends on the PWV of the atmosphere which varies with the

time of observation. Given the elevation determined with telescope pointing data, the

bolometer response with respect to time t is modeled as:

R = G(
Tz

sin el
+N) + γt (4.22)

Here, gain factor G is determined from stimulator and planet measurements. Note that

G is interpolated for every sample in the elnod TOD (or any CES TOD) and has the

unit of ADC/KRJ , N is an offset noise term, and γ denotes the slope in the bolometer

response drift, which originates from offset drifts observably due to changing elevations

while facing large 1/f noise.

In practice, the transmission templates are first prepared with the ATM software [12] for

a wide range of PWV. These templates are similar to Figure 4.6 created with ALMA2.

With this transmission template, we built a set of observed sky temperature T templatez

with respect to the PWV and the zenith angle which relates to the elevation via z =

π/2−el. The actual bolometer TOD is fitted to the model of 4.22 for Tz, from which we

can obtain the PWV values using T templatez and el from the scan data. Figure 4.7 shows

an example of this fitting. With the derived PWVs, the correction α from Equation 4.7

for an observation having PWV available in close time is calculated via 4.21 and:

α(obs) =
1

e−τ(PWV ) sec(z)
(4.23)

2https://almascience.eso.org/about-alma/weather/atmosphere-model



Chapter 4: Data pre-processing 65

Figure 4.6: Atmospheric transmission between 120 and 180 GHz, POLARBEAR’s
frequency range of interest, for a set of PWV values is based on ATM software [12].

The PWV affects the correction of the data more severely as it increases.

Figure 4.7: An example of fitting real TOD (in red) to a model of bolometer response
(in blue) dependent on the elevations and PWV. The noted gain value G is calculated
from stimulator measurements and planet measurement that happened in the same scan
block. There is an overall observable slope in the TOD. Picture credit: Yuji Chinoney.
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PWV values are used to select quality observations and to double check the gain factors.

The last stage is to generate the effective relative gain in ADC/KRJ for each channel

for all science observation following Section 4.5.3. The whole pipeline is summarised by

Figure 4.8.

Figure 4.8: Relations of the components to get the final relative gain calibration. We
first use PWV taken from APEX data as a multiplicative corrector for our observations
of Jupiter. After getting the gain conversion factor following section 4.5.3, we re-
estimate the PWV using POLARBEAR elnod scans. We then compare the distribution
of the PWVs estimated in 2 sources and re-derive the gain templates for comparison.

PWVs from APEX are used for the final gain model however.

4.5.5 Result for large patch data

Gain models have been finalised for all seasons of observations. While there were a

number of scans of Saturn in the third seasons, I only use Jupiter for relative gain

calibration to avoid unknown sources that can cause the difference between the intensity

templates of each season. A series of tasks were done to validate the generated gain

template: check of stimulator template as a relation with distance of Jupiter to the

Earth, comparison of PWVs measured by POLARBEAR elnod scans and by APEX,

check gain model i.e gain conversion files by using this model to calculate the flux of a

known source i.e Tau A.

First, double-checking was done to see the effects of the distance of Jupiter from Earth

on the templates. Jupiter’s distance from the Earth varies between ∼ 650 million Kms

and ∼ 950 milllion Kms. Thus, I divide the calibration measurements of each season

into 2 halves with Jupiter’s distance to Earth less than or more than 800 million Kms

then create 2 respective intensity templates for comparison. Figure 4.9 shows an example
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of the templates for 2 halves of the third season. Two later seasons have similar results

and are thus not shown.

Figure 4.9: The intensity templates for 2 halves of calibration data in the third season
are approximately identical. The template on the left has 38 Jupiter measurements

while the one on the right has 36 measurements.

Second, comparison between PWV estimated from POLARBEAR elnod scans and

PWVs from APEX data is also earlier mentioned in the pipeline iteration chart 4.8.

Figure 4.10 shows the ratios between these 2 sets of PWV values. Stimulator scans and

planet scans that the return PWV values that are more than 1.3 times different from

APEX PWVs are discarded. In CES data selection in 5.2, we actually perform a cut

discarding observations with PWV = 4. This cut however does not remove more than

5% of CES data because it is largely degenerate with the detector cut basing on obser-

vations that have very few channels alive. This detector cut is dependent on calibration

cut and noise criteria and thus overlaps with the cut due to mismatching PWVs between

APEX and POLARBEAR. Besides imposing the thresholds on the PWV values, which

are used to correct observed planet intensity, the criteria to select data for intensity

templates are based on the stimulator amplitudes and the planet gain factors. Detectors

and observations that have stimulator amplitudes or planet gains outside of 2 sigmas of

the mean value for all detectors in 1 single wafer are discarded. This is done to remove

outliers in the stimulator intensity templates that obviously deviate far from the mean

value of around 0.018 KRJ as shown in Figure 4.11
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Figure 4.10: The PWVs measured by POLARBEAR elnod scans in comparison with
PWVs from APEX. The unit for both axes is mm. The majority of PWVs from
POLARBEAR analysis and from APEX have the 1:1 ratio. Selection of stimulator
scans and planet scans also ensures that the relevant PWV ratios are not more than
1.3. The colors specify the number of channels “nfit” that yield fitting results for a

single observation. Each observation is presented by color dot.

Figure 4.11: The intensity by each day averaged for all detectors belonging to the
same wafer on the focal plane. The names and colors of the wafers are shown in the
legend. All outliers are cut after imposing criteria on the stimulator amplitudes and

planet gains, and reiterating of the pipeline to get a new intensity template.
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Bolometers that don’t appear in the intensity template are by default excluded from the

rest of the analysis. Thus, each season has around 700 bolometers that remain in the

template over 1512 ones.

The third check is done by creating maps of TauA then fitting a 2D Gaussian template

to each map and calculate the flux by:

Flux = Amplitude · σx · σy (4.24)

where σx and σy are the width in horizontal and vertical axes of intensity distribution

on each TauA map. The values are then used to see the mean flux and deviation for

each season. Result is show in Figure 4.12 for 3 seasons.

Figure 4.12: Histogram of the flux values for separate seasons 3,4, and 5. Mean values
“mu” and standard deviation “std” are also noted. This is created before the final gain
model is generated but shows good consistency between 3 seasons prior to removing

outliers and also using the optimal polarisation angle calibration.

Finally, figure 4.13 shows the intensity templates for 3 seasons of large patch observa-

tions. The difference between each 2 seasons is due to the replacement of the stimulator

source which corresponds to changes in amplitudes of the stimulator gains. This however

does not affect the relative gain factors derived with Equation 4.19.
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Figure 4.13: The intensity templates for 3 seasons of large patch observations of
POLARBEAR, showing minor fractional difference between 3 seasons. The unit of the

colorbar is KRJ .

Having the relative gain factors for both pre- and post-stimulator measurements of each

scan block, I generate gain conversion files by doing linear interpolation for all the scans

in between over 2 ending values to account for possible drifts in the gains. The gain

drift can be caused by the atmospheric loading changes. With interpolated gain factor

gch,pbs, we have calibrated timestreams for every observation to be:

dcalch,obs =
Ieffch

Ach,ob
dch,obs (4.25)

If an observation does not have a pre- or post- stimulator measurement passing the

selection based on the stimulator amplitudes, that observation will be excluded from the

final data product. As a result, each CMB observation has around 400 alive channels on

average. The mean drift between any 2 consecutive observations is found to be 0.9%.

The average total error from gain calibration is a quadratics combined from error of the

effective temperature and stimulated gain amplitudes in Equation 4.7 and is found to be

4.7% for each detector. We will now look at the last component of data pre-processing,

polarisation angle calibration.

4.6 Polarisation angle calibration

Polarisation angle calibration refers to determining the global instrument polarisation

angle, individual detector polarisation angle and individual detector polarisation frac-

tion( or polarisation efficiency) for the instrument. The global instrument polarisation

angle means the absolute orientation of POLARBEAR polarisation with the sky polar-

isation. The detector polarisation angle calibration, also known as the relative polarisa-

tion angle calibration, means calibrating the orientation of the detector polarisation axis

with respect to the sky coordinate system. Detector polarisation angle calibration for

POLARBEAR observations in seasons 3-5 has been done by Greg Jaehnig and detailed

in [93] and is summarised as followed.
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Figure 4.14: TauA measured in Stokes components I, Q, and U after coadding ob-
servation data from 3 seasons of observation. These maps shows good agreement with
Tau A map by IRAM [13], implying stability of the detector polarisation angles across

the seasons. The unit is mKRJ . Picture is Greg Jaehnig’s courtesy.

We use Tau A, the Crab Nebula or M1, as the source for polarisation calibration. Tau A

consists of a rapidly rotating neutron star core wrapped by supernova remnant [94, 95].

It is a well-suited calibrator due to being the strongest source of synchrotron radiation

in our galaxy [96] and being well studied in multiple frequency ranges. Description

of the total flux of Tau A by frequencies are noted in [96]. Tau A polarisation angle

measurement at 150 GHz can be found in [97]. Despite its decrease in intensity of 0.22

per year due to the remnant expansion [98], Tau A is expected to have the polarisation

fraction and angle unchanged with respect to frequency because the synchrotron radia-

tion is produced by the same magnetic fields. Both WMAP and Planck observed Tau A

[98, 99], having results consistent with a polarisation fraction 7.00±0.22%. Precise mea-

surements of Tau A polarised flux have been done by The Institut de Radioastronomie

Millimétrique (IRAM) 30m telescope 89 GHz [13] and can be used to calibrate other

instruments’ observations of Tau A.

POLARBEAR observes Tau A with raster scans when not scanning the CMB patch.

The elevation range to observe Tau A is between 38− 32◦ to substantially avoid detec-

tor performance degradation from the atmospheric loading with lower elevation and to

prioritise CMB observations that have higher elevations. While Tau A has many char-

acteristics [100], POLARBEAR should smooth out features of Tau A due to 3.5′ beam

FWHM as compared to Tau A’s angular size of 7′ × 5′, which simplifies the calibration.

Calibration analysis can be done using both maps and TOD. In the first way, maps

of Tau A in Q and U are made processing the TOD through the mapmaking pipeline

described in Chapter 5. Figure 4.14 shows TauA in I, Q, and U after coadding all

observation together. Note that in this process, the time constant derived in section 4.5

is deconvolved from the TOD to correct the phase lags between the detector TOD and

the reconstructed HWP angles since the phase lags can add up to the polarisation angle
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errors. From the produced map, Tau A angle is calculated by summing pixels i within

10′ radius,

α =
1

2
arctan2(

ri<10′∑
i

Ui,

ri<10′∑
i

Qi) (4.26)

where arctan2 means the arctan of the angle formed by 2 axes (U,Q), similar to the

definition in [97]. In the second way, TOD is simulated by scanning IRAM’s I,Q, and U

maps of Tau A with POLARBEAR’s configuration for pointing, beam, and scan pattern.

This can negate possible systematics that can vary between Tau A maps produced in

the first way. The simulated TOD is then compared to a model that typically contains

I,Q and U as in Chapter 3, but modified as:

d = g((I + xi) + ρ(Qcos(2Θ) + Usin(2Θ))) (4.27)

Here, g is the relative gain between POLARBEAR and IRAM. The polarisation efficiency

ρ is a constant if without systematic effects. The angle Θ is modeled as :

Θ = θpa + 2θCRHWP + 2θCHWP + π/2− θdet (4.28)

where θpa is the parallactic angle of the source. Due to the sky rotation, the angle θpa is

time-dependent, decreasing clock-wise from North on the celestial sphere following the

convention of the International Astronomical Union. θCRHWP is the encoded rotating

HWP angle, θCRHWP is the angle of the original cold HWP (CHWP) placed inside the

cryogenic receiver in the instrument frame, and θdet denotes the detector angle. We fit

this TOD model to the simulated TOD for the unknowns g, ρ, θCRHWP , and θdet. In

the final result, the mean Tau A angle is found to be 150.◦61 with standard deviation

of 0.◦31, which is in good agreement with [13]. CRHWP encoder position as well as the

CHWP position are found to be stable across the seasons. The polarisation efficiency of

POLARBEAR is varied across detectors in the focal plance and not perfect due to the

mirror conditions, the intervention of CRHWP and cold HWP, and time constant. The

angles between detectors in a pair of a pixel is consistent with 90◦.

Note that the cold HWP was stationary across 3 seasons, and it impacts the TOD in 2

ways. First, the cold HWP rotates the overall polarisation angle of the detectors on the

focal plane by some amount according to its position. Second, it reduces the polarisation

efficiency by some percent which factors into the absolute EE gain calibration. The

absolute EE gain calibration, done in 6.4 and 7.1, is found to be degenerate with absolute

polarisation angle calibration corresponding to the correction needed for the effect due

to global instrumental polarisation angle. The global instrumental polarisation angle

causes the leakage of E to B and can be found and corrected for by fitting CEBl = 0
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following [101]. Estimation of systematic errors due to global instrumental polarisation

angle and detector polarisation angle is done in 6.4.



Chapter 5

Data analysis

5.1 Overview of the analysis pipeline

The main analysis involves using real data from POLARBEAR’s science scans of the

large patch of sky to create an estimate of the CMB anisotropies. This analysis employs

a 3-stage pipeline. The first stage is data selection, which flags and removes anomalous

data that can pass on as bias in the maps of the mapmaking stage. The second stage

is map making from selected data. This stage aims to produce optimal anomaly-free

maps by handling noise characteristics and non-idealities of the data with filtering and

weighting options of TOD. The processed TOD is projected into flat maps of the sky.

The corresponding third stage uses a flat sky approximation on the flat maps to produce

pseudo spectra whose biases generated due to mapmaking are subsequently corrected

with a combination of linear operations to yield a final estimate of the true CMB power

spectrum. The pipeline used to compute the anisotropies in the high multipole range

` = 500−3000 in this thesis is largely overlapping with the pipeline for the low multipole

range ` < 500 described in [102]. The 3 stages will be summarised here, and any

differences will be noted. Overall, I am involved in creating the apodisation mask module

and band power covariance in 5.6 and improving the modules for pseudo power spectrum,

filter transfer function, and debiasing in 5.5.

5.2 Data selection

The data selection stage for high-` includes 3 rounds of operations to remove possible

problematic features in the TOD and to define noise characteristics: 1) glitch cut, 2)

detector noise cut, 3) map domain noise cut. For the low multipole range, there is a

common mode time domain noise cut before the map domain variance cut. In all rounds,

74
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we examine the detector subscans, which are defined as turns of telescope going left or

right, and discard all data with the telescope’s accelerating during turnarounds due to

TOD spikes that are synchronous with such acute movements of the telescope. The data

selection pipeline and the mapmaking pipeline share several TOD filtering and patching

options, and outputs from noise characterisation in the data selection are employed in

the mapmaking operation.

The first round, glitch cut, searches for and removes glitches in 2 main steps. The

first step aims for fast glitches in individual detector full sample rate data. The high

frequency sharp features in TOD are spotted and removed using a convolving high-

pass kernel which also nulls out the HWP synchronous signal appearing at multiples of

the HWP rotating frequency. Subscans where ratios of the maximum deviation to the

standard deviation in the convolved TOD exceed 10 times are discarded. This leaves gaps

in the TOD, which are then filled with HWP synchronous structure then demodulated

following Section 4.2. At this point, the TOD consists of an intensity component and

polarisation components and are passed onto additional high pass kernels. Subscans

are again subjected to removal if having their maximum deviation 10 times larger than

standard deviation. The second step aims for common mode low frequency glitches which

are shown to originate from cloud polarisation in the upper atmosphere in [82]. Principle

component analysis is done on the focal plane to remove detectors with insignificant

atmospheric common mode in intensity timestreams. The TOD consisting of Q+ iU are

processed in instrument frame and coadded to produce a full focal plane common mode

signal. This signal is decomposed into minimum and maximum variance eigenmodes.

Subscans are cut if having the ratio of the standard deviations of maximum to minimum

modes larger than ten.

The second round is performed on demodulated timestreams of individual detectors to

derive noise properties and remove detectors basing on noise statistics. Demodulation

for CMB data is described in 4.2. Like for low multipole range ` < 500, we now use a

firs-order subscan polynomial filter on each demodulated TOD. The TOD then undergo

subtraction of ground-fixed signals and temperature-to-polarisation leakage. The first

subtraction is done by removing the template resulting from binning TOD in azimuth.

The second is done by a PCA technique similarly in [76]. Note that these subtractions

are also performed in the mapmaking stage in 5.3. Earlier flagged turnarounds and

glitch-cut subscans are patched with white noise matching local RMS. The TOD now

are considered “cleaned” and used to take the power spectral densities (PSD), each of

which is then fit to a model composed of white noise and a 1/f2 low frequency noise

term. The power law stays fixed at 2 for all detector PSDs because because letting it run

freely does not improve resolving of the spectral shape of the low frequency component.

Detectors are discarded if fitting is poor or results in pathologically high white noise
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floors, high 1/f noise. The fit quality is determined by the most extreme and average

χ2 of the real PSD to the noise model in the frequency range 25 mHz to 1.2 Hz. If 8σ

excess is shown in more than 50 detectors in any common frequency bin, it is noted

as common mode Fourier domain glitches which are notch filtered in next rounds or in

the map making stage. This 8σ threshold is subjected to change depending on closer

examination of individual detector PSD versus detector number and frequency.

At this point, for the low multipole range, there is an additional round basing on common

mode noise in time domain re-calculated from PSDs of detectors passing the second

round. Individual detector timestreams are weighted-averaged using the inverse of their

PSD variance to produce a common mode PSD. This common mode PSD is then fitted

to a noise model A0(1+(fknee/f)α) for Q and U separately, where fknee is the frequency

where the power spectrum doubles the white noise level A0. Averaging over focal plane

reduces white noise but not the low frequency component. That means the fknee might

run higher, hence the power law α is set floating to better fit the common mode PSD. The

median knee frequencies are found to be 45 mHz (24 mHz) for Q (U) in the instrument

frame. As mentioned in 4.2, this is because the temperature-to-polarisation leakage

being approximately out of phase with U. Observations with fknee exceeding 150 mHz

(100 mHz) for Q (U) or with explosively high the common mode noise floor are discarded.

This cut is not done for high-` data because the common mode noise is seen to only

impact the measurement of low-` modes.

In the third round, the cut is based on the noise properties of individual observation

maps created using the detector weights saved from the second round and the common

mode PSD computed in the third round. The employed TOD filtering options are

borrowed from the mapmaking stage described in Section 5.3, but the TOD consisting

of Q + iU are kept in the telescope frame i.e not projected into right ascension and

declination coordinates. The maps are only resolved in degree pixels. Noise variance

of each map is compared to the expectation derived from the individual detector noise

weights, yielding a respective map χ2. Observations don’t pass this cut if having too low

or high respective χ2. This round in high-` partially overlaps with the common mode

noise cut for low-`. More details on the treatments of noise and glitch in all rounds can

be found in [82] and [78].

A final cut is done on observations having fewer than 100 active detectors. This cut re-

sults in insignificant change in the dataset as compared to from the treament of the main

3 rounds. The data selection stage has been done several times until the selected data

satisfy the validation criteria described in 6.3. Overall, a total of 3391 CES observations

from 3 seasons of data are retained in the final mapmaking.
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5.3 Mapmaking

After demodulation and downsampling of real data following 4.2, we form single ob-

servation maps from selected detector time streams following the same pipeline for low

multipole range but with slightly altered filtering options. For simulations of CMB data,

we only construct demodulated TOD of the form:

dd(t) = ε[Q(t) + iU(t)] +Nd. (5.1)

to avoid excessive computational cost from simulating TOD full-sampled at 8Hz and the

complication of simulating the entire temperature-to-polarisation leakage effect. The

following mapmaking process is applied for both real data and simulated TOD unless

otherwise noted.

Data such as pointing and relative gain from calibration steps described in Chapter 4

are first prepared. Deconvolution of time constants for real data is done at this point.

For simulations, we need to create non-modulated TOD for each detector. The azimuth

and elevation from real pointing data are converted to RA, DEC, and parallactic angle

(PA) for each detector using quaternion pointing. The map projection method, which

will be noted later, is used early here to get the 2-dimensional pixel coordinate of each

pair of RA-DEC of each time sample. Separated from this mapmaking stage, simulated

skies are produced by generating a 2-dimensional Fourier frequency array given a chosen

sky map width and a chosen pixel size then interpolating a chosen theory spectrum

to 2-dimensional T, E, B arrays in Fourier frequency space. The E and B arrays are

converted to Q and U arrays using the inverse of 1.36 with the angles constructed from

the multipoles calculated from Fourier frequencies at each array entry. The T, Q and

U real skies are then created by inverse Fourier transforming respectively the T, Q, U

arrays in frequency space. Note that the sky map width is chosen to be significantly

larger than the real output projected map width, and the create simulated skies are used

for several parts that involve TOD simulations e.g 6.3 and 6.4. Back to mock-scanning

for TOD simulations, each sample in the timestream d of each detector at time t is now

simply filled in with an T,Q, or U sky entry of matching calculated pixel coordinate

following :

c = cos(2× PA[t])

s = sin(2× PA[t)

dI [t] = T [pixel]

dQ[t] = c×Q[pixel] + s× U [pixel]

dU [t] = s×Q[pixel]− c× U [pixel]
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There can be an extra step of adding TOD noise components to simulated signals here

following Section 5.4.

Now we have either the earlier demodulated TOD or simulated non-modulated TOD in

separated I,Q and U. Each TOD is set for further time domain filtering operations, to

mitigate bias due to leakage of temperature to polarisation TOD. In the Fourier domain,

notch filters of 10mHz width are prepared and applied to glitches earlier flagged in the

data selection stage. We do not perform low pass filters for the high multipole range,

while the low multipole treatment applies one at 1.2 Hz here.

For each whole CES, a second order polynomial filter is done to remove spurious signals

caused by thermal fluctuations of the focal plane and cryogenics. Next, ground-fixed

templates are constructed respectively for I, Q, and U TOD by averaging the telescope

frame TOD in 14.′4 azimuth bin, then subtracted from their respective TOD. Bolometers

and CESs have independent templates in this step, while both left going and right-going

subscans share the same template.

Following this, we estimate temperature-to-polarisation leakage caused by detector non-

linearity and telescope design through a PCA technique similarly demonstrated in [76].

Note that this temperature-to-polarisation leakage effect is introduced earlier in 3.3. We

then subtract temperature leakage from the pre-PCA polarisation TOD only for real

data. The Q and U TOD for each subscan are filtered with a ninth-order polynomial

while the I TOD are left intact in this step. Besides to mitigate low frequency noise, the

ninth order is chosen because it is found that this choice makes the estimates of PSDs of

the TOD for the high multipole range more stable. Finally, a common mode template

is prepared by averaging over all detector timestreams using the inverse of their PSD

variance for each of I,Q and U timestreams. The common mode is then subtracted in

the respective timestream to remove the low frequency mode present in all detectors.

After the filtering stage, the TOD are projected into 2′ pixels on the sky using the oblique

Lambert equal area (OLEA) projection. This choice of pixel size is optimal because a

bigger pixel size or lower resolution will not resolve the power spectra up to the desired

highest multipole, while a smaller pixel size or higher resolution will cost more compu-

tational time without adding noticeably more precision which is foremost limited by the

noise level of POLARBEAR. The choice of map projection is investigated in Chapter 6.

The low multipole range analysis used cylindral equal area (CEA) map projection and

an 8′ pixel size. Nevertheless, the coadded maps produced in both analyses are visually

identical. Thus, for convenience, I opt to show maps coadded of all observations in Q

and U as well as noise maps made with CEA projection in Figures 5.1 and 5.2.
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For simulations that contain signals only i.e simulations that do not have TOD noise

injected in the TOD simulation step, we can coadd simulated full coadded maps or

half-data maps with what we call the “signflip” noise realisations described in 5.4.

Day maps are grouped by every 10 days, resulting 38 splits of the data. Closer exami-

nation of the 38 individual maps of real data shows nonuniform and shrinking coverage

near the edge due to scan patterns versus the availability of the patch as well as the

weighting in mapmaking. This leads to nonuniform weighting of map pixels when taking

cross spectra from our set of maps. In addition, the computational cost of forming spec-

tra from 38 maps of both real data and simulations is noticeably high when the maps

are remade several times to check for validity of data as described in Chapter 6. Hence,

we further combined the 38 maps into 12 map “bundles” with more even and less cut

coverage, which also saves time on the post-mapmaking stage.

Figure 5.1: Maps of Q and U polarisation from coadding all observations in 3 seasons
of data. Q map has vertical-horizontal pattern, while the U map has diagonal pattern
as a typical characteristic of E-mode maps. The unit is µKCMB per pixel of 8 arcmin.

Picture credit: Neil Goeckner-Wald
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Figure 5.2: Noise maps in Q and U polarisation from coadding all observations in 3
seasons of data. These maps don’t have visible patterns due to signals having been sub-
tracted out. The unit is µKCMB per pixel of 8 arcmin. Picture credit: Neil Goeckner-

Wald

5.4 Notes on noise model

POLARBEAR uses 2 configurations of noise in analysis: TOD noise model and the sign-

flip noise model. The TOD noise model relies on the noise properties of POLARBEAR

data at low frequencies found to be well-modeled by

P (f) = A0(1 + (fknee/f)α) (5.2)

which is used in data selection earlier described in Section 5.2. In this model, uncorre-

lated white noise component A0 is generated for each bolometer using the noise weights

produced in Section 5.2. Since the knee frequencies fknee fit from real data are different

for Q and U, the common mode low frequency noise components are generated separately

for them in telescope frame. Then, these common modes are rotated into the frames of

individual detectors using respective detector polarisation angles. Finally, the common

modes and the white noise term are added together. In simulation of demodulated TOD,

we only add white noise however.

In the “signflip” model, we create random sequences of +1 and -1 multiplicative factors

that are assigned to CES maps in the coadding stage of individual observations. All CES

maps that have the same sign go to 1 same half, and it is ensured that the total data

weights of both halves are approximately equal. The polarisation weights of individual

CES are calculated in the data selection stage. This operation should not change the

correlation properties of the whole set of data if there is no correlation between CESs.

For each sequence of signs, one final signflip map is created by subtracting one coadded

half from the other and then dividing by 2. Like real product maps, signflip maps can
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be used for power calculations using the pipeline described in 5.5. Both models are

used for different purposes in our analysis. Chapter 6 shows good agreement between

estimates of spectra of noise components produced in these 2 configurations using our

power spectrum pipeline described in Section 5.5.

As an extra note on the common mode in TOD noise model and as previously mentioned

in 5.2, the U knee frequency distribution differs from the distribution for Q. This is due

to different production mechanisms in 2 cases. For Q, the mechanism is assumed to

be the leakage from intensity to polarisation or detector gain drifts coupled with the

CRHWP synchronous structure. This leakage to polarisation TOD has been described

in Chapter 3. For U, the low frequency noise has a phase difference with both the leakage

from temperature to polarisation and the CRHWP synchronous structure. The phase

difference is supposed to correspond to detector time constant drift.

5.5 Power spectrum

Past the map making stage that concerns the production of maps from real data as well

as as simulated maps containing simulated signals and noise, this section describes the

stage to produce the final output - the power spectrum pipeline. The power spectrum

estimation pipeline has been outlined in [86] and “Pipeline A” in [103]. This pipeline

shares many components with the pipeline in [87] and has been configured specifically

for high-` analysis. Over all, we first create an apodisation mask. Then we weight our

maps with this mask in pseudo spectrum calculation, which follows the cross spectrum

formalism in [104]. We correct our pseudo spectra using the MASTER algorithm in

[105].

The apodisation mask is created from our full data pixel weight map whose area is

wrapped as the intersection of all map bundles. We mask point sources with a 10′ disk

and a 10′ cosine taper in our full data pixel weight map. The point sources are from

Planck [99]. Then we apply on this weight map an 8◦ cosine square edge taper and an 8◦

Hamming window to the weight map before zero-padding for the final apodization mask.

The pseudo power spectrum is formed as the cross spectrum between map bundles to

remove uncorrelated biases from individual bundles following

C̃XY =
1∑

i 6=j wiwj

∑
i 6=j

wiwjm
X
i mY ∗

j (5.3)

Here, m and w denote respectively Fourier transformed map and weight mask of each

map bundle. For 12 map bundles weighted with the same apodisation mask, the final
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pseudo-spectra are the average of 66 cross spectra. The pseudo-spectrum is calculated

up to multipole ` = 3500 and averaged into bins of size ∆` = 10. We take the sum of

auto pseudo spectra of map bundles minus the cross pseudo spectrum C̃XY as the noise

pseudo spectrum ÑXY .

We further average the pseudo spectrum into bandpowers of wider bins, which are to

be shown in our bandpower results and null tests, and correct into the true underlying

power spectrum on the sky:

Ĉb =
∑
b′`

K−1
bb′Pb′`C̃`, (5.4)

Kbb′ =
∑
``′

Pb`M``′F`′B
2
`′Q`′b′ . (5.5)

Here, both P and Q are binning and interpolation operators. The binning step now

weights the modes by the number of modes for each multipole in a bin. Mode coupling

matrix M``′ accounts for mixing of multipoles due to limited sky coverage. We use the

previously made apodisation mask to build our mode-mixing matrices M``′ analytically

following the description in Appendix A of[105]. The filter transfer function F`′ is

calculated in a similar way as in [86].

Fn` = Fn−1
` +

C̃` −
∑

`′ M``′F
n−1
`′ C`′B

2
`′

C`B
2
`

, F 0
` = 1. (5.6)

but pipeline has been modified so that the transfer function is stable after the first

iteration. The filter transfer function is calculated from 192 simulated maps that are

scanned from 192 simulated skies and then processed through the filtering operations

in the mapmaking stage. The 1′ pixel simulated skies contain temperature signal and

either ΛCDM EE-only or BB-only and are generated from the Planck 2015 baseline

TT,EE,TE+lowE+lensing ΛCDM cosmology [14] with r = 0. The BB theory spectrum

returned by CAMB1 is however non-zero. To get EE-only or BB-only simulated skies,

the EE or BB theory spectrum is thus set to zero. The theory spectra are used as

the input to create simulated skies as described in 5.3. The theoretical spectra are

converted into the binned spectra comparable to our bandpowers via the band power

window functions wb`,

Ĉb =
∑
`

wb`C`, (5.7)

1https://camb.info/
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wb` =
∑
b′`′

K−1
bb′Pb′`′(M``′F`′B

2
`′). (5.8)

We have validated the mode mixing matrix and the filter transfer function by checking

that the errors contributed from our pipeline are insignificant when using this debiasing

operation for different underlying cosmologies for simulations as described in the Section

of Pipeline validation in Chapter 6. The statistical uncertainties on the corrected power

spectrum are calculated analytically following:

δĈEEb =

√
2

νb
(CEEb + N̂EE

b ) (5.9)

where νb denotes the effective number of degrees of freedom in bandpower b:

νb = (2`b + 1)δ`fsky,eff (5.10)

The effective fraction of sky fsky,eff varies for signal-dominated and noise-dominated

cases respectively following:

fsky,signal = fsky,total
w2

2

w4
(5.11)

fsky,noise = fsky,total
w2

w2
(5.12)

where w,w2,w4 stand respectively for weight functions for noise, signal and total weights.

All the weight functions are based on the inverse of the pixel variance weights which

are calculated from the apodisation masks during the computation of the E-polarisation

spectrum.

We also derive the statistical uncertainties as the standard deviation of unbiased power

spectra from our set of Monte Carlo (MC) simulations containing ΛCDM sky signal plus

noise and processed with our map making pipeline. The results computed in both ways

are found to be consistent with each other. Note that we assume BB power is minute

compared to EE, hence ignore power leaked from B to E due to mode coupling. The

unbiased spectra are presented as D` ≡ `(`+ 1)C`/(2π) unless otherwise noted.

5.6 Band power covariance

Bandpower correlations and uncertainties sneak into the estimation of parameters through

our estimate of E-mode power spectrum with POLARBEAR data. To quantify them,
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we build a bandpower covariance matrix Cbb′ from signal variance due to limited sky

coverage and noise variance due to the instrument and atmosphere.

Because of non-unity absolute calibration factor, we calculate sample variance and noise

variance separately. For sample variance, we create a sample covariance matrix for bin

size ∆` = 50 from 192 mock-observed noiseless simulated maps previously made for the

transfer function.

For most parts, we adopt the method in [6] to create a common conditioned correlation

matrix. For noise variance, we create a similar matrix from absolute-calibrated spectra

from 192 signflip noise maps. Two diagonals of the two covariance matrices are added

together into one single arrays of diagonals set aside. The matrices are normalised into

correlation matrices, whose mean is used as a common correlation matrix subjected

to next treatments. Due to near-zero mode coupling between any pair of far-away

bandpowers, we average entries the same distance away from the diagonal similarly as

in [6] and zero all entries that are 3 entries away from the diagonal. This conditioned

correlation matrix is multiplied with the set-aside diagonal values to reconstruct the final

bandpower covariance matrix. We apply the binning operator P to get the covariance

matrix for our customized binning.

We do not incorporate POLARBEAR beam uncertainties in the covariance matrix but

implement them during parameter estimation. Given a set of planet observations for

calibration, we first create a beam correlation matrix by first pivoting the individual

observation beam profiles with their values at ` = 1000, then taking the ratios of beam

profiles and the pivoted mean effective beam profile, and finally taking the weighted

covariance of the normalised beam profiles with the errors from beam calculations. This

matrix, ranged from ` = 1 to ` = 3500, is then binned into the final binning configuration

by the same binning operators used in our band power making step. We add this final

beam correlation matrix Cbeambb′ to our conditioned covariance matrix following:

Callbb′ = Cbb′ + Cb · Cbeambb′ · Cb′ (5.13)

where Cb is the transpose of the theory bandpower Cb′ .
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Data validation

6.1 Overview of validation

This chapter describes the validations of 2 components used to produce the final power

spectrum and the estimation of systematics contaminations onto the final power spec-

trum: the established pipeline and the selected data. Data validation is performed by

running null tests to ensure that our data are optimally free from bias after data process-

ing. We also estimate the bias from known systematics, finding that the contamination

to the final power spectrum is negligible. The pipeline validation aims to check possible

bias brought by the power spectrum estimation or bugs introduced in map making. As

detailed in Chapter 5, after the data selection stage, the whole pipeline goes from the

map making stage to the final power spectrum stage. While we can visually explore

the produced maps, it is compulsory to ensure the end-to-end power spectrum calcula-

tion is unbiased. Thus, I validate the power spectrum pipeline using simulations before

applying it to real data.

6.2 Power spectrum pipeline validation

The power spectrum pipeline consists of the making of pseudo spectra, and the debiasing

of these pseudo spectra with mode coupling matrices and filter transfer functions as

described in Chapter 5. The validation of this part of the pipeline is divided into the

inspection of the pseudo power spectrum making, the validation of the debiasing duo,

and the validation of the entire power spectrum pipeline.

85
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6.2.1 Pseudo power spectrum and effects of projections

The pseudo power spectrum step takes 2 dimensional Fourier transforms of the Q and U

maps, and converts these Fourier transforms into the Fourier transforms of E-mode and

B-mode maps. We choose to test the pseudo power spectrum calculation with regards

to different map projections because they directly decide how the TOD are mapped into

2D grids, which are the immediate inputs for this calculation. Thus, this step is checked

by mock-scanning simulated skies that contain signal only without going through the

filtering options so as to decouple from the filter transfer correction step, meaning the

debiasing operation in 5.5 is not used in this test. The effect of mode coupling due to

finite map widths is not corrected but should cause only percent level errors.

To obtain the results, 8 simulated curved skies with pixel size of approximately 0.43arcmin

produced from the same theory spectrum in 5.5 using Healpix package [106] with nside =

8192 are scanned for 8 set of TODs. The process of mock-scanning is identical to that

described in 5.3, except that pairs of RA-DEC are converted to pixel addresses [pixel]

using Healpix’s method. The simulated TOD are then projected into flat sky 50 × 50

maps with 2′ pixels using one of 2 projection methods: Oblique Lambert Equal Area

(OLEA) projection or Lambert Cylindreal Equal Area (CEA) projection. This results

in 16 projected maps (2 methods × 8 simulations each), and thus 16 pseudo spectra.

Those made with the same map projection are averaged together. The average pseudo

spectra produced using the 2 projections are then compared to each other. Note that

different projections also lead to different weights projected into of each pixel. This

results in 2 different weight masks, which are apodised prior to Fourier Transformation

as in Chapter 5. Another handy comparison can be done by generating flat skies from

1 single theory spectrum then using these 2 weight masks to get 2 pseudo spectra from

1 common set of flat skies. The projections should cause no anomalies in weight masks

that can cause significant difference between 2 pseudo spectra. The results are shown in

Figure 6.1, proving the pseudo spectrum making step is stable with respect to considered

map projections.

It is of interest to explore how much the projections can independently contribute to

errors of power spectrum calculation. This part is done independently from the power

spectrum pipeline as it does not involve running POLARBEAR simulation pipeline to

project TOD into maps. Instead, one simulated full sky is produced at Nside = 8192

using Healpix package. The coordinates of pixels in this curve sky are projected directly

into flat maps with OLEA and CEA projections. Because only the coordinates are

projected while the signals are neglected, this check does not involve the map making

pipeline. The distances of the points in curve sky coordinates and in flat sky coordinates
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Figure 6.1: Up: ‘Blue’ and ‘cyan’ are average pseudo spectra from 2 cases of maps
made with simulated TODs projected in 2 methods. ‘Purple’ and ‘gold’ are average
pseudo spectra from 2 cases of simulated skies not mock-scanned but only apodised with
weight masks produced from ‘blue’ and ‘cyan’ maps . ’Purple’ and ’gold’ are expected
to have higher acoustics peaks because the maps only undergo 1 time of sampling i.e
sky generation, while the ’blue’ and ’cyan’ undergo 2 times i.e curve sky generation and
mapping resulting in more power nulling in higher multipoles. ’Curve’ denotes that the
TOD is scanned from curve sky. Down: The ratio of ’blue’ and ’cyan’ spectra shown
in the left-hand side plot. The increased fluctuation at ` < 100 is due to the limited
number of large modes in this multipole range due to limited map size. The excessive
noisy ` > 3000 is due to the resolution of the maps being only 2 arcminute pixels. As

expected, the ratio is consistent with unity over all.
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Figure 6.2: Distribution of the ratios of curve sky distances and flat sky distances
mapped with CEA projection. The standard deviation is σ = 0.00243, which is higher
than for OLEA, σ = 0.00163. The distribution is expected to center around unity. The
slight skewness can be reduced by using a curved sky resolution much smaller than the

resolution of the flat maps.

are then calculated. The ratios between curve sky distances and flat sky distances can

thus be calculated and plotted into distribution as in Figure 6.2.

This has been done for both OLEA and CEA. Note that distance distortion translates

into under- or over-estimation of mode sizes. Assuming Gaussianity, we will estimate

power of modes to be smaller or larger than their true values. Hence the distribution of

distance ratio can roughly be converted into the distribution of ratios of distorted power

spectrum estimates versus true powers. The standard deviation with CEA, σ = 0.00243

is found to be higher than for OLEA, σ = 0.00163, meaning we should opt for OLEA in

final map making and concentrate on additional checking for this method. The standard

deviations are used to create kernels of distortion mixing adjacent modes. This results

in errors in power spectrum estimation via:

Cdistortedl = Cl �K
distort
ll′ (6.1)

where Cdistortedl is the power spectrum after distortion at each multipole, Cl is the true

power, and Kdistort
ll′ is the distorting kernel. These 2 power spectra are shown in Figure

6.3.

This result shows that the map projections have minor effects on E-mode power spectrum

estimation for the POLARBEAR survey region size. The specific numerical values or

the deviations between 2 spectra are found to be less than 5% of the POLARBEAR’s

statistical error bars calculated following the description in Chapter 5. The statistical
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Figure 6.3: Comparison of the original theory power spectrum in blue versus the
power spectrum in red after distance distortion. Visually, the distorted power spectrum

is minimally different from the true theory power spectrum.

errors of the POLARBEAR E-mode bandpowers for different binning configurations can

be found in Section 6.2.4 and Section 7.1.

6.2.2 Validation of mode coupling matrices and transfer functions

Now that I have ruled out distortions due to the flat-sky projection as a significant issue,

I turn to validate the debiasing step. The test means to ensure that the mode coupling

matrix and transfer function calculation introduce insignificant error to any corrected

bandpowers regardless of the cosmology implied by the bandpowers. This can be done

on mode coupling matrices M``′ derived for maps made with any dataset or subset, but

is opted directly for POLARBEAR’s data. Thus, we calculate the mode coupling matrix

from POLARBEAR’s full data weight mask. Note that this mode coupling matrix is

also used to correct the final power spectrum output of Polarbear. The test is done

as followed.

The action of mode coupling and filter transfer function can be tested using different

cosmologies. Four theory spectra are generated using the CAMB package [107] with cos-

mological parameters obtained from Planck spectra [14] fitting with 4 different models.

The chosen models include 1 best-fit ΛCDM with 6 parameters and 3 other cosmological

models extended from ΛCDM :

•Best fit ΛCDM
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Figure 6.4: Left: Plot shows the theory spectrum for ΛCDM with 6 parameters re-
sulting from best-fitting with Planck 2015 data [14], the respective theory bandpowers,
and the average debiased spectrum calculated from related simulated skies apodised
with POLARBEAR real data weight map. The filter transfer function (FT) is pro-
duced from this same set of simulated skies. Right: Plot is the same as left-hand side,
except the model is ΛCDM extended with YHe, whose value is the central value plus 2σ
from best fitting of Planck 2015 with this extended model. The filter transfer function
is shared with spectra on the left-hand side. Visually, the filter transfer function un-
matching with the cosmology theory produces minimal deviations between the theory

bandpowers and the debiased simulated bandpowers.

•ΛCDM+ YHe

•ΛCDM+ YHe +NEff (2σ)

•ΛCDM+ YHe(2σ) +NEff

In all these models, all parameters take the central values as best fit with Planck data,

except those with 2σ notion take values 2σ higher than the central values. Note that,

for the purpose of this test, any number of any models plus extensions can work. All

relevant parameters have been described in 1.5. From each theory spectrum, 40 signal-

only simulated flat skies are generated then passed onto the pseudo spectrum making

step. Simulating at the map level instead of TOD level reduces the computational cost.

While these skies are not filtered, it is valid to create filter transfer functions from them

using the pipeline because the debiasing step is meant to correct for any power loss due

to whether filtering or mapping. In other words, this aims to test the functionality of

the modules instead of the quality of the filtering for POLARBEAR data. To see the

effect of the filter transfer function regardless of the cosmologies, only 1 cosmology has

its filter transfer function calculated. All sky pseudo spectra are then debiased using the

same M``′ , F`′ and beam function B`′ . To compute theory bandpowers, theory spectra

are convolved with the band power window function (BPWF) created with the same

M``′ , F`′ , B`′ following Chapter 5. Figure 6.4 show 2 cases of average debiased spectra

and theory bandpowers.

The mean debiased simulated bandpowers are visually close to the theory bandpowers.
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Table 6.1: Total χ2 and PTEs for 4 different cosmologies

Cosmology Best fit ΛCDM ΛCDM+ YHe
Total χ2 0.008 0.54
1 - PTE 5.31E-12 8.51E-05

Cosmology ΛCDM+ YHe +NEff (2σ) ΛCDM+ YHe(2σ) +NEff

Total χ2 0.46 0.33
1 - PTE 4.75E-05 1.25E-05

The theory spectra are generated using the central values of all parameters, except in
cases where the notion of 2σ means the parameter value is the central value plus 2 times
of the standard deviations in parameter constraints with Planck data. The numerical
values of (1- PTE) are shown instead since the PTEs in all cases closely approach unity.

However, to evaluate the goodness of the debiasing step, I compare between these 2

bandpowers using the χ2 of the difference:

χ2 = (
CTheoryl ∗BPWF −Mean(CbSim)

σ(CbSim)
)2 (6.2)

Here, CTheoryl ∗BPWF is the theory bandpowers, CbSim is the bandpowers from sim-

ulated skies, and σ(CbSim) is the standard deviation of the simulated bandpowers. Be-

cause it is not certain what cosmology POLARBEAR or any CMB experiment implies,

the filter transfer produced from a cosmology will introduce errors to the bandpow-

ers should the bandpowers imply a different cosmology. Thus, I derive the respective

Probability-to-exceed (PTE) to quantify the significance of errors generated by a filter

transfer function that is not matching the cosmology. The results are shown in Table 6.1.

The total χ2 is less than 1 for the number of degree of Ndof = 11, which is sufficiently

small. The PTE for Best fit ΛCDM is tiny as expected given that the filter transfer

function is calculated from the spectrum for this cosmology. Over all, the small PTEs

show that while the filter transfer function is produced from a single given cosmology,

the bias introducing in this debiasing step is negligible regardless of what cosmology

produced the (simulated) maps.

6.2.3 A separate check on the filter transfer function calculation

Given that the precision of this debiasing step is related to the precision of the filter

transfer function step, I have also rechecked the algorithm to calculate the filter transfer

function. As noted in Chapter 5, the filter transfer function F`′ is calculated as:

Fn` = Fn−1
` +

C̃` −
∑

`′ M``′F
n−1
`′ C`′B

2
`′

C`B
2
`

, (6.3)
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Figure 6.5: Left: Ratios of the residuals versus the theory bandpowers calculated
using the original pipeline. Right: Ratios of the residuals versus the theory bandpowers

calculated using the new module.

where C̃` is the true power spectrum of the sky, C`′ is the power spectrum calculated

from simulated maps and not yet correct, B`′ is the beam profile to correct for the

finite beam effect on the pseudo spectrum from real or simulated data. Given that the

mode mixing matrix M``′ is set by the POLARBEARfull map, the precision of the filter

transfer function depends foremost on the calculation of F 0
`′ from this equality :

C̃` =
∑
`′

M``′F
0
`′C`′B

2
`′ , (6.4)

This calculation requires matrix inversion, so its stability is questionable. Hence, I

have written another module for filter transfer function calculation to compare with the

module already existing in the original pipeline. These 2 modules can be compared via

the difference of the right hand side with respect to the left hand side of Equation 6.4,

where the filter transfer function has been computed and is now plugged back in the right

hand side. The ratios of the residuals versus the theory bandpowers are shown in Figure

6.5. The new module is seen to yield smaller residuals, which mean higher precision.

However, when these 2 filter transfer functions computed with 2 modules are used to

debias a same set of 96 simulated pseudospectra, the total χ2 of 2 average debiased

spectra with respect to theory bandpowers are 0.24 from the new versus 0.28 from the

old module for 25 multipole bins, which are not significantly different. I expect that it

is because the number of simulated spectra (which also contributes to the precision of

the output filter transfer function) is not large enough to compensate for the limited

number of modes in each angular multipole bin i.e. the errors coming from the original

filter transfer function modules are already tiny compared to the uncertainties from the

modes. The new module is used in final bandpower making however because it does not

require iterations like the old one and a minor improvement is better than none. Now
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that the debiasing pipeline has been validated irrespective of the map making pipeline,

the next step is to check the stability of the whole power spectrum pipeline with regards

to map making outputs.

6.2.4 Whole pipeline validation

Validating the power spectrum pipeline in conjunction with mapmaking needs to be done

without opening the box i.e without seeing the actual E-polarisation power spectrum

of POLARBEAR data. This can be done by exploring the estimates of noise produced

using the “signflip” noise configuration described in Chapter 5.

By this point, maps have been produced for all individual real observations. From the

real maps, I create 74 null “signflip” maps. The signflip maps are created following

the filtering-inclusive procedures described in 5.3 and 5.4. All signflip maps are used to

calculate noise PSDs, the average of which is then used to create 74 noise sky realisations.

Since the standard deviation is inversely proportional to the square root of the number of

maps, using 64 maps can yield a noise estimation that is on average at maximum 12.5%

away from the true estimation of noise spectrum. Surely, a higher number of maps means

more accuracy. Number 74 is randomly chosen because it is not computationally costly,

and I expect that it is sufficient to show that the mean noise spectra resulting from 2

cases are 10% within each other. All sky realisations and signflip maps have the same

size as our full coadded real map. One set of simulated maps is also produced using the

simulation mapmaking pipeline including filtering options, described in Chapter 5, and

coadded into a single full simulated map. The full map is added separately to each of 74

signflip maps and 74 noise sky maps. Only 1 set of simulated maps is needed because

the E-mode bandpower calculations from simulations have been described in e.g 6.2.2,

and we are attempting to check the pipeline via estimation of errors from real data.

Power spectra are created from 74 signflip noise + simulated signal maps and 74 PSD

noise + simulated signal maps and debiased with the debiasing modules following 5.5.

The standard deviations of 2 sets of debiased spectra are the bandpower errors which

can be compared to each other. The result is shown in Figure 6.6. For a single multipole

bandwidth of ∆` = 250 over a range of ` = 500 − 3000, there are 10 bands. It can be

seen from the ratios of bandpower errors that there is no bias where one case results in

overall higher estimates than the other. In addition, the estimates for each multipole

band in both cases are within 10% of each other. Thus, the bandpower errors produced

in both cases are consistent with each other. This validates 2 ways of estimating errors

and shows the stability of power spectrum pipeline with respect to mapmaking outputs.
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Figure 6.6: Left: Bandpower errors are plotted with the theory spectrum from the
best fit Planck 2015 ΛCDM in [14]. Red is for maps with noise generated from PSD.
Blue is for maps with noise components coming directly from the null “signflip” maps.
Right: The ratios of red over blue bandpower errors. Here, the multipole bandwidth is

δ` = 250.

6.3 Null tests

With the power spectrum pipeline validated, I next turned to the real data. To look

for unknown unknowns, I apply a set of null tests to the real data. Absent biases, the

power spectra of these nulls should be consistent with zero.

6.3.1 Framework

In null tests, the data are split into 2 halves, which are chosen to maximise the sensitivity

to possible sources of bias. The power spectrum of the difference between these two

halves are calculated:

Ĉnull
` = ĈA` + ĈB` − 2ĈAB` , (6.5)

where ĈA` and ĈB` (ĈAB` ) are the autospectrum for each half of the split (the cross

spectrum between the splits) after debiasing with filter transfer functions and mode

mixing matrices. As mentioned in 5.3, one single common apodisation mask is used for

all map bundles in 1 dataset. Splitting data into 2 halves further reduces the usable

area of each map bundle because the areas where weights are high pre-division can be

come low post-division and might tend to zero due to apodisation. If every bundle is

zeroed out (due to very low weights) in different directions, the area of the common

apodisation mask ( which takes in overlapping areas of all submaps) can be greatly

reduced, meaning a large percentage of data are not weighted i.e. not taken into cross

spectrum calculations. Leaving out a big portion of data makes null tests unmeanningful.

Thus, the maps of each real or simulated half are re-bundled into between 10 and 19
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submaps to maximise overlapping area, then used to take cross spectra with one single

common apodisation mask. This framework for null spectra Ĉnull
` is used in [86], [103],

and based on the formalism developed originally by the quiet collaboration [108].

The filter transfer functions are calculated from 48 simulated maps mock-observed from

24 EE-only and 24 BB-only Planck 2018 ΛCDM input skies for each test. I choose

24 foremost due to the computational cost. In addition, the simulated maps and the

real maps are subjected to the same bias from these filter transfer functions, so the

final statistics are not impacted. Of equal importance, this is within my computational

budget. The null spectra need to have the same ` binning configuration as for the final

power spectrum.

My run of null tests produces EE, EB, and BB null spectra, but I will emphasise the

results for EE more due to their direct relevance to the parameter constraints. I obtain

null spectra from real data and 48 EE + BB signal plus noise simulations. The noise

term is generated following the TOD noise model, which does not include an additional

anticorrelated noise term that exists when detector pairs are separated and is seen in

some null tests of real data. I thus remove the anticorrelation terms that exist in the

calculation of ĈAB` for both real maps and simulated maps.

The suite of null tests consists of 19 splits. The descriptions of 14 of them are borrowed

from [102]:

• First half versus second half: the dataset is split into two equal-weight halves

chronologically to probe for time-dependent changes in the instrument, such as

drifting calibration.

• Middle versus rising and setting: the three different CES types are split in mid-

dle range elevation scans versus rising plus setting scans to detect, for example,

elevation-dependent miscalibration or residual ground synchronous signal.

• Left-going versus right-going subscans: the dataset is split in half according to

the direction of motion of the telescope to test for, for example, microphonic or

magnetic pickup in the data.

• High gain versus low gain observations: the dataset is split into observations with

above and below average mean detector gain coefficients to search for problems

with the gain calibration.

• High PWV versus low PWV: the dataset is split by PWV as measured by the

nearby apex radiometer to check for loading or weather dependent effects.
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• Mean temperature to polarisation leakage by channel: split the dataset into detec-

tors that see small and large temperature leakage coefficients to test the subtraction

and search for residual contamination.

• 2f amplitude by channel, 4f amplitude by channel: split the data by HWP sig-

nal amplitude to check for problems removing the HWP structure or systematic

contamination coupling into the data through these terms.

• Q versus U pixels: each detector wafer is fabricated with two sets of polarization

angles. We split the data into the two pixel types to check for problems in the

device fabrication.

• Sun above or below the horizon, Moon above or below the horizon: we split ob-

servations based on whether or not the sun or moon is up to check for residual

sidelobe contamination.

• Top half versus bottom half, left half versus right half: we split detectors by the

boresight axis of the telescope to check for optical distortion and problems due to

far sidelobes.

• Top versus bottom bolometers: with a continuous HWP each bolometer TOD

independently measures Q and U . We explicitly separate detector pairs1 to check

for temperature aliasing or device mismatch.

The other 5 splits are:

• Mean temperature to polarization leakage by CES: split the dataset into CESs

that see small and large temperature leakage coefficients to test the subtraction

and search for residual contamination.

• 2f amplitude by CES, 4f amplitude by CES: split the data by HWP signal am-

plitude for CES to check for problems removing the HWP structure or systematic

contamination coupling into the data through these terms.

• Low distance or high distance from the Sun: we split observations based on the

distance to the Sun to check for residual sidelobe contamination.

• Random splits of bolometers: We randomly split bolometers into 2 halves to check

for temperature aliasing or device mismatch.

The suite of null tests were also selected with regards to the correlation between tests.

This correlation can depend on the number of observations that 1 half of a specific null

1Two bolometers coupled to the same slot-dipole antenna belong to the same detector pair.
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test shares with any half of another null test. The problem of noise correlation between

bolometers that resulted in non-zero null spectra shown in early trials of null tests for

the high-` multipole range also demands more inspection by additional less-correlated

null tests.

For each null test, if there is no bias, the signals estimated for each half and for the

cross term should be the same after the debiasing step, meaning that the null spectra

will have only noise left since the signals are canceled out. The sanity of the null spectra

can examined as followed.

For each bin in each null spectrum, we define σMC(Ĉnull
b ) as the standard deviation of the

Monte Carlo (MC) simulated null spectra. The statistics χnull and χ2
null are determined

from:

χnull ≡ Ĉnull
b /σMC(Ĉnull

b ) (6.6)

We compute χnull and χ2
null for both real data and 48 MC realisations. While stopping

at 48 MC should not affect any results, it is preferable to draw more random samples

if the covariance information of the already existing distribution and the mean value of

the distribution are available. I thus project these 2 statistics from MC into a larger

sample population of 10000 by using the methods in Numpy2 on the mean χnull and the

covariance matrix of the simulated χnull values. This results in 10000 MC sets, each of

which has 25(bins) × 19(tests) χnull values. The total χ2
null can be taken along the axis

of test or bin or both test and bin for real data or for each set of projected χnull. The

Probability-to-exceed (PTE) is calculated by the fraction of this 10000 population that

have χnull or total χ2
null above the respective values from real data.

6.3.2 Null test results

Visual inspection of null spectra for both real data and simulated shows no significant

issue in real data. Figure 6.7 shows an example of null spectra for both EE and BB

for the test “4f amplitude by CES”: The resulting PTEs for both tests and bins are

shown in Table 6.2. We do not require but expect the χnull for real data for all tests

and bins to follow Gaussian distribution. This expectation is true with the P-value from

Kolmogorov-Smirnov (KS) test being 0.22. The fitting of χnull from POLARBEAR

data with Gaussian distribution is shown in Figure 6.8. The minimum threshold for the

PTE of each test or bin was loosened to be 0.2%, which relates to 3σ. The reason is

the deviation of a bin or test for both real or simulated spectra from the mean of the

distribution corresponding to simulated data can be at the order of 3σ when we use a

sufficient number of tests or simulated maps. Note that, for each test, 48 simulated maps

2https://numpy.org/
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Figure 6.7: Up: Null spectra for EE for the test ”4f amplitude by CES”. Down: Null
spectra for BB for the same test. In both plots, ’Real data’ means the null spectrum is
from POLARBEAR selected data, and ’Sims’ means the average of null spectra from
48 simulated maps. Unlike the power spectra presented in other sections (e.g 6.2.4), the
spectra are shown as C`, not D` ≡ `(`+ 1)C`/(2π), in order to see that the error bars
should be uniform across all bins like in a white noise spectrum. The error bars for all
bins are similar for both real data and simulated data. The error bars for EE and BB
are approximately equal, which shows good estimation and cancellation of the signal
for each half of the data because polarisation noise is expected to be the approximately

same for EE and BB.

The null spectra, similar as in the example, are consistent with zero, although a few
consecutive bins in real data are negative or positive, which is because of the coupling
between bins. This phenomenon is also seen in some null spectra from some individual

simulated maps, which means this is a not problem in real data. Note that a
problematic null spectrum contains the majority of bins staying either on the negative

of positive side. This was seen in early trials of null tests, but is not present in this
iteration.
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Table 6.2: Null test PTE values

Total EE χ2 PTE

Null test summed over ` bins
First half versus second half 90.1 %

Middle versus rising and setting 88.0 %
Left-going versus right-going subscans 39.5 %

High gain versus low gain CESs 58.0 %
High PWV versus low PWV 43.6 %

Mean temperature leakage by bolometer 11.4 %
Mean temperature leakage by CES 84.5 %

2f amplitude by bolometer 71.7 %
4f amplitude by bolometer 9.2 %

2f amplitude by CES 47.5 %
4f amplitude by CES 24.4 %
Q versus U pixels 89.4 %

Low or high distance from Sun 96.7 %
Sun above or below the horizon 65.8 %

Moon above or below the horizon 82.1 %
Top half versus bottom half 69.9 %
Left half versus right half 88.8 %

Top versus bottom bolometers 96.9 %
Random splits of bolometers 24.8 %

` bin summed over null tests
500 ≤ ` < 550 34.7 %
550 ≤ ` < 600 8.9 %
600 ≤ ` < 650 96.8 %
650 ≤ ` < 700 52.2 %
700 ≤ ` < 750 90.9 %
750 ≤ ` < 800 47.1 %
800 ≤ ` < 850 82.3 %
850 ≤ ` < 900 96.8 %
900 ≤ ` < 950 39.2 %
950 ≤ ` < 1000 25.8 %
1000 ≤ ` < 1050 90.1 %
1050 ≤ ` < 1100 44.8 %
1100 ≤ ` < 1150 79.6 %
1150 ≤ ` < 1200 52.5 %
1200 ≤ ` < 1250 69.3 %
1250 ≤ ` < 1300 72.0 %
1300 ≤ ` < 1400 95.4 %
1400 ≤ ` < 1500 2.3 %
1500 ≤ ` < 1600 96.5 %
1600 ≤ ` < 1700 18.8 %
1700 ≤ ` < 1800 48.5 %
1800 ≤ ` < 2000 47.6 %
2000 ≤ ` < 2200 87.0 %
2200 ≤ ` < 2500 66.9 %
2500 ≤ ` < 3000 80.2 %

Projected PTE values for the total χ2 of each null spectrum summed over ` bins and
each ` bin summed over null splits. We find that not projecting the χnull from 48 MC to
a large population or using a moderate subset of simulations does not cause any PTE
to be overtly problematic. Overall, the PTEs indicate no significant problems.
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Figure 6.8: Black is the Gaussian distribution fitted from the MC χ values in green.
Red is the χ values of real Polarbeardata

are sufficient to spread over 99.8% of a normal distribution when the random generator

used to generate simulated map RMS noise is bias-free. However, all returned PTEs are

safely above this threshold as shown in Table 6.2, which indicates no significant problem.

In addition, we perform a KS test on the three sets of PTEs of the χ2
null values by test,

by bin, and overall to compare the distributions of the sets with a uniform distribution.

The distribution of the returned PTEs in Table 6.3 are found to be consistent with

uniformity. Finally, we require the total PTE χ2
null overall to be at minimum 12% to

have the overall false-positive rate of 5%. As defined in 6.3.1, the total PTE χ2
null is the

PTE computed from the number of projected total χ2
null summed over all tests and bins.

The achieved PTE is a positive number of 67.9% for EE case. For BB, the achieved

PTE is 65%, which is consistent with EE and is expected when the estimation of signals

in the null spectra is efficient and the polarisation noise is equal for both EE and BB

spectra. Other quantities, whose names are clear in themselves, are not examined for

our set of established set of criteria but also shown in Table 6.3. Over all, the null tests

pass our criteria and imply that our real data are free from unknown unknowns.

6.4 Systematics

The final check on the data quality is to estimate the magnitude of known sources of

systematic bias. This is done by simulating known systematic effects and estimating
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Table 6.3: Null test PTE values

Null statistic EE PTE

Average χ overall 94.7 %
Most extreme χ2 by bin 44.1 %
Most extreme χ2 by test 65.4 %
Most extreme χ2 overall 29.2 %

Total χ2 overall 67.9 %

KS test on all bins 44.9 %
KS test on all spectra 29.5 %

KS test overall 13.3 %

PTE values for each of the high level null test statistics pass out null test criteria,
indicating that our real data are reliable for unblinding.

upper bounds of these effects in the simulated spectra. The estimation of systematics

relies on both simulated map making pipeline and the power spectrum pipeline. We

find upper bounds on the bias introduced by these effects to be subdominant to the

statistical error in all spectra.

The systematic mapmaking pipeline is modified from the simulation pipeline used for the

null tests and final real data outputs. The pipeline updates are done by Neil Goeckner-

Wald and Satoru Takakura, while I run this pipeline to get the final systematic estimation

for selected high-` data. For most systematic sources, clean simulated TOD are first

produced by mock-observation of a signal-only ΛCDM sky with POLARBEAR detector

pointing configuration. How the simulated sky signals are passed into simulated TOD

is earlier described in 5.3. Then, systematic effects are injected into these TOD case by

case. The injected TOD are then processed with usual filtering and projection options

shared with real data. The injected maps are divided into 12 bundles like for real data,

then passed onto the power spectrum pipeline of which the mode mixing matrix and filter

transfer function for most systematic cases are shared with real data powerspectra. Since

systematics can be degenerate with deviated gain and polarisation angle, the spectrum

of each case is calibrated with the theory spectrum, returning an absolute gain factor g

for all bandpowers such that the Total Chisquared:

χ2
Tot =

∑
b

(Ctheoryb − g2Cb)
2

(σDb)2
(6.7)

is minimised. Here, Ctheoryb are the theory bandpowers which can be calculated similarly

to 6.2.2, the theory is the same one noted in 5.5, Cb are the bandpowers from simulated

maps, and σDb are the bandpower errors calculated using 5.10. In this specific case,

the signal part of σDb is from the theory bandpowers, while the noise part is calculated

from the simulated real signflip maps following the pipeline described in 5.5.
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Figure 6.9: Estimates of systematic errors as well as the linearly combined total
systematic error are shown. The total systematic error excluding the errors due to the
HWP spot is also plotted to see the amplitude of this effect as compared with others.

The statistical error is above all.

A set of simulated systematic-free maps are also created for reference spectra. The

absolute difference between the distorted spectra and the reference spectra is defined as

the systematic error. The cross spectrum framework in 5.5 typically gives a separation of

noise and signal, which cannot be done with an autospectrum of a single map made from

full data. However, this separation is not perfect as seen from the non-zero difference

between the distorted spectra and the reference spectra.

The overall systematic error is taken to be the linear sum of errors from each systematic

source. This is done basing on the assumption that the effects are largely uncorrelated

with each other, which results in a upper limit for estimation. The total systematic

error estimate as well as the contributions from groups of effects in EE are shown in

Figure 6.9. The total systematic error is found to be sufficiently below the statistical

error. Individual effects that contribute to this estimate are described as followed.

6.4.1 Gain miscalibration, time constant drift, detector non-linearity

Gain miscalibration, time constant drift, detector non-linearity are denoted as “gain

drift”, “taudrift”, and “nonlinearity” respectively in Figure 6.9. Gain miscalibration is
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considered to have effects on the finite precision of detector relative gain calibration.

This effect is thus done by varying the gain calibration factor for each detector in each

observation with errors following a normal distribution around the average fractional

error that is estimated following Chapter 4 and found to be 4.7%. Thus, a sample at

time t of a detector (demodulated) timestream d is miscalibrated to be:

d(t)× g(t)× (1 + e(t))

where e(t) is the fractional error at time t with the mean value of 4.7%.

Detector non-linearity is seen to cause mainly the additive temperature to polarisation

leakage following Chapter 3. However, this increased polarisation supposedly causes

gain variation which is a multiplicative term acting on signal. Hence, the detector small

signal gain (time constant τ) is traced with downsampled normalised TOD amplitude at

4 times of HWP frequency (4f). The non-linear behavior is taken as the time dependent

polarisation angle error injected into the simulated clean timestreams. Detector non-

linearity effect is simulated by shifting the timestamps of the samples in TOD with

detector time constants to cause the change in gain values at each time instant. Time

constant drifting “taudrift” effect is simulated by re-modulating the TOD with the

function e2iθdet then demodulating with e−2iθdet+err where err is a small phase error

caused by time constant and roughly estimated by τ × 4π due to τ being very small in

the used unit (second).

6.4.2 Polarisation angle error

Detector polarisation angle miscalibration is modeled by varying the calibrated detec-

tor polarisation angle errors around the true values following a Gaussian distribution

of standard deviation 1.◦2. This standard deviation is taken from the distribution of

the pair angles between two detectors of the same pair, where pair angle means the

difference angle between two detectors. The impact of an overall polarisation angle

miscalibration is estimated by changing the polarisation angle of the input sky by 0.◦5

RMS. This number is the Tau A polarisation angle uncertainty quoted in [13]. The

residual between the calibrated spectrum for overall polarisation angle miscalibration

and the reference spectrum is non-zero even after absolute polarisation angle calibra-

tion following [101]. The reason is different Q and U common mode filtering in map

making operation changes under polarisation angle rotation. The impact from detector

polarisation angle miscalibration is minimal after the absolute polarisation angle cali-

bration. Detector polarisation angle miscalibration and overall polarisation angle error

are denoted as “detpol” and “commonpol” respectively.
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6.4.3 Boresight pointing error

As given in 4.3, the pointing error is 18”. The boresight pointing systematic effect

is estimated by using alternative pointing models in mapmaking operation to create

another set of mock-observation maps. This is justified by the fact that incomplete

understanding of the boresight pointing leads to inclusions or exclusions of parameters

or Jupiter data in constructing candidate models. This uncertainty in the choice of

models directly leads to pointing errors. This is the largest systematic error in our E-

mode spectrum for ` < 2000 because the signal still surpasses the noise in this range for

POLARBEAR data and the variance in pointing results in the variance in calculations

of mode size. However, this effect is safely under our statistical errors over our multipole

range.

6.4.4 Crosstalk

Crosstalk systematic is defined to be originated from electrical couplings between de-

tectors readout connected to the same cables. This crosstalk is assumed to be linear

and the same for the whole dataset i.e a constant crosstalk impact is applied the same

way in each CES. The effect of crosstalk is estimated using Jupiter data taken for cal-

ibration in Chapter 4. Because Jupiter is mapped as point source with POLARBEAR

beam width, maps of Jupiter show beam shape in the center. Crosstalk would produce

visible negative copies of the beam shape around the main beam. Since crosstalk is due

to detector readout coupling, a matrix can be established to represent the coupling of

signals in detectors i and j using the amplitudes of the images,

dj,observed = dj,real +
∑
i 6=j

Lijdi,real. (6.8)

Elements of L are fitted to individual Jupiter detector maps for detectors on the same

cables. Non-zero off-diagonal elements of L are found to be around ∼ 1%, and the

median row sum is approximately 4%. Equation 6.8 shows the constant crosstalk can

be injected directly into the demodulated polarisation TOD in simulations. This effect

is found to be already sufficiently below our statistical error without using the crosstalk

matrix to suppress this effect as done in [6]. The crosstalk effect via beam calibration

is estimated by using crosstalk-injected maps to derive the change in the beam profile,

which supposedly impacts the correction of the power spectra. Overall, this effect is

found to be insignificant.
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6.4.5 Ground Pickup

Ground pickup systematics are taken as the ground-fixed structure observed in the TOD.

The ground structure likely originates from far sidelobes seeing the surrounding terrain.

The amplitude of this structure is at the level of 100 µK after subscan polynomial

filtering. The effect is mainly removed by subtracting TOD binned in azimuth for each

detector per CES. This effect is denoted by ‘ground coherent’ in Figure 6.9.

Ground pickup can be coupled with detector non-linearity which introduces the detec-

tor small signal gain. This non-linearity results in imperfect ground fixed structure

subtraction. The ground template for subtraction can drift over the course of a CES.

This is modeled for each CES type (rising, middle, and setting). For each detector, the

polarisation TOD for each subscan is fitted to tenth order Legendre polynomial series.

These coefficients resulting from fitting are averaged across all CESs to make the ground

synchronous structure polarisation templates. This effect is denoted by ‘ground 4fgain’

in Figure 6.9.

The drift of the ground fixed signal amplitude within a CES is expected to be uncorre-

lated with solar or sidereal time. This is modeled on the assumption that the apparent

ground fixed signal temperature drift causes the variance in the ground amplitude slope.

This effect is found to cause noise mainly in low-` range in the map domain and is

denoted by ‘ground stochastic’ in Figure 6.9.

The overall contamination from ground pickup is also validated to be insignificant via

the passing of relevant null tests concerning CES types (rising, middle, setting)and half

focal plane splits.

6.4.6 HWP Signal Aliasing

We group the total leakage from intensity to polarisation due to optical elements into

HWP signal aliasing. As in 3.3, HWP signal aliasing causes an increase in the variance

in the polarisation data via aliasing of the temperature signal into polarisation band

centered at the HWP 4f and leakage of the temperature signal into the sidebands of the

HWP 2f , which can then be aliased into the polarisation timestreams. Both cases are

unavoidable because separation of temperature and polarisation is imperfect despite the

leakage subtraction done in 5.3. The impact of this effect is estimated by injecting the

temperature TOD at the 0.6% level to the 2f and the 0f components of the polarisation

TOD. The number 0.6% is chosen basing on the leakage summarised in 3.4 and consists

of the leakage due to non-linearity and twice the leakage from optical elements to round

up the effects due to HWP transmission. The TOD are not filtered but simply projected
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into maps. Pseudo spectra produced from these maps are thus not corrected with a filter

transfer function. We see a coupling between the aliased component and the polarisation

signal scanned from simulated skies containing both intensity and polarisation. The

estimate for this systematic thus varies with the amplitude of the polarisation power

spectra and is assumed to be the conservative upper limit for this effect. Overall, this

systematic error appears to be negligible compared to our statistical errors for both E

and B-mode channels.

6.4.7 HWP Imperfections

As described in 3.3.3, the HWP contains a small imperfection from a small air bubble in

the anti-reflection coating on the rotating HWP. Estimation of the HWP spot amplitudes

is done by fitting the left-over TOD post HWPSS subtraction and I, Q, U separation to

the 0f ,2f , and 4f modes of Equation 3.17. The HWP spot is found to have synchronous

structure stable with time. Like the HWPSS, the HWP spot structure can be subtracted.

Thus, the aliased power from the HWP spot is estimated by convolving of the total of

harmonics appearing at different numbers of the HWP frequency with other effects that

change the multiplicative factors on the timestream like in 6.4.1: non-linearity, time

constant drift, and gain error. The aliased power is added directly to the simulated

TOD. The terms related to the HWP imperfections are denoted with the suffix “spot”

in Figure 6.9. The total error due to HWP spot is found to be sufficiently below our

statistical error. The figure also shows the term ‘Total no spot’, which means the sum

of all systematic biases excluding the ones caused by the spot to show that the HWP

spot contributes most to errors in the upper multipoles.
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Results

Having validate the selected data and the processing pipeline, we want to unblind the

E-mode power spectrum measured from Polarbear data. This chapter closely fol-

lows Pham et al 2020, an already submitted Polarbear paper. I will present the

Polarbear bandpowers, and then present the cosmological model constraints from

Polarbear bandpowers together with other datasets. A brief overview of the param-

eters will be given prior to the results of constraints.

7.1 Bandpowers

The debiased E-mode spectrum of POLARBEAR is first calibrated with the theory

spectrum similarly to the work for the simulated spectra in 6.4 using POLARBEAR’s

debiased bandpowers and debiased noise bandpowers. Absolute gain calibration can

also be done as demonstrated in [87]. The first way results in g = 1.1, which is close to

g = 1.08 in [87].

The calibrated E-mode bandpowers measured by applying the analysis method of Sec-

tion 5.5 to the Polarbear 670 deg2 survey are shown in Figure 7.1 and tabulated in

Table 7.1. The full data were divided into 12 bundles before calculation of cross spectra.

Note that without the cross spectrum framework, all bandpowers would contain error

bars and thus exceed at high-` bins e.g 2500 < ` < 3000. The figure shows that errors

might not be entirely separated from signals however. E-mode power is detected at very

high significance, with zero E-mode power excluded at 61σ. This uncertainty is taken as

the inverse of the significance of the detection, which is ∼ 2%. The Polarbear band-

powers trace out the third through seventh acoustic peaks in the E-mode spectrum, and

extend to ` = 3000 well into the Silk damping tail.

107
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Figure 7.1: Measured POLARBEAR E-mode spectrum with included error bars
from statistical uncertainties. The grayish line is the best fit Planck 2015 ΛCDM in
[14]. The numerical values of bandpowers and statistical errors are shown in Table 7.1.

Polarbear bandpowers are overall consistent with the ΛCDM model.

We show the current state of E-mode power spectrum measurements in Figure 7.2. In

this figure, we compile the bandpowers of this work with other recent E-mode measure-

ments [16, 15, 17, 6]. The observed E-mode spectra agree well between experiments,

enhancing our confidence in the E-mode measurements.

7.2 Cosmological implications

I now turn to the cosmological implications of the Polarbear E-mode power spec-

trum along with other recent cosmological observations. First, I will look at parameter

constraints for the standard, six-parameter, ΛCDM cosmological model. Then, I also

look at three one-parameter extensions to ΛCDM, Neff , YHe, or nrun, chosen because the

extension influences the damping tail. Finally, I consider the two-parameter extension

of YHe+Neff , of interest as a test of Big Bang nucleosynthesis (BBN). Now I will describe

the methodology to constrain these parameters with selected datasets.
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Figure 7.2: Recent CMB E-mode power spectrum measurements from Planck [15],
Polarbear, SPTpol [6], actpol [16], and BICEP2/Keck [17] have mapped out the
E-mode power spectrum at high S/N from very large scales out to the ninth acoustic
peak. The power spectrum measurements from the different experiments are in good
agreement with each other. The data used in the parameter section of this work are

shown by filled points.

7.2.1 Methodology

I derive parameter constraints using the 2019 version of the Markov Chain Monte Carlo

(MCMC) package CosmoMC [109]. The CosmoMC has been extended to include

the Polarbear bandpowers in a manner similar to the public likelihood for [6]. The

Polarbear likelihood code and data are available on the LAMBDA website.1

In addition to the normal cosmological parameters in CosmoMC, I have added five nui-

sance parameters specific to the Polarbear data, most with an informative prior. The

first parameter is the calibration factor (in power) for the Polarbear E-mode power

spectrum. A prior on this factor has been set based on the expected 2% uncertainty in

the absolute calibration (see Section 7.1). The other four parameters relate to on-sky

signals. First, one term serves to describe the polarized Poisson-distributed point source

power in the field after masking. This power scales with ` as D` ∝ `2, and the reported

power is at ` = 3000, DPS
3000. I use a non-informative prior on the point source power

that is uniform for DPS
3000 ∈ [0, 10]µK2. The upper limit 10µK2 is just chosen to be high

1https://lambda.gsfc.nasa.gov/product/polarbear/
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Table 7.1: Bandpowers

Multipole range `eff DEE
b [µK2] σ(DEE

b ) [µK2]

500 ≤ ` < 550 525.4 7.36 0.64
550 ≤ ` < 600 575.3 11.33 0.87
600 ≤ ` < 650 625.3 26.96 1.68
650 ≤ ` < 700 675.2 37.72 2.19
700 ≤ ` < 750 725.4 36.51 2.13
750 ≤ ` < 800 775.2 21.98 1.46
800 ≤ ` < 850 825.3 12.20 1.09
850 ≤ ` < 900 875.2 19.79 1.45
900 ≤ ` < 950 925.3 28.79 1.87
950 ≤ ` < 1000 975.2 40.78 2.43
1000 ≤ ` < 1050 1025.3 34.95 2.25
1050 ≤ ` < 1100 1075.2 26.92 2.0
1100 ≤ ` < 1150 1125.2 16.67 1.72
1150 ≤ ` < 1200 1175.1 10.89 1.65
1200 ≤ ` < 1250 1225.2 23.02 2.16
1250 ≤ ` < 1300 1275.1 31.09 2.55
1300 ≤ ` < 1400 1350.6 30.71 1.93
1400 ≤ ` < 1500 1450.6 15.88 1.84
1500 ≤ ` < 1600 1550.6 15.56 2.11
1600 ≤ ` < 1700 1650.5 18.98 2.54
1700 ≤ ` < 1800 1750.5 7.74 2.65
1800 ≤ ` < 2000 1901.8 11.06 2.40
2000 ≤ ` < 2200 2101.6 6.62 3.27
2200 ≤ ` < 2500 2353.2 5.08 4.08
2500 ≤ ` < 3000 2757.6 3.621 6.47

The angular multipole range, E-mode bandpowers, and uncertainties for the
Polarbear survey. The uncertainties are taken from the square root of the diago-
nal of the covariance matrix, and do not include beam or calibration errors.

enough so that it does not cut off the data posterior. Second, two parameters are used

to describe polarized Galactic dust, which is modeled as having a power spectrum,

Ddust
` = Ddust

80

(
`

80

)α
dust

. (7.1)

Given that the Polarbear bandpowers are at angular multipoles much much higher

than ` = 80, which is the reference multipole in 7.1, I fix αdust = −0.58 and apply a

strong Gaussian prior of Ddust
80 ∈ N(0.0094, 0.00212)µK2 on the amplitude. These values

are taken from [17]. Finally, I allow for “super-sample lensing” variance [110]. This is

parametrised by a the mean lensing convergence across the field, κ, to which I apply a

Gaussian prior centered at zero with a 1σ width of 0.001[111].
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7.2.2 Data sets

I include the Planck 2018 TT, TE, and EE power spectra likelihoods in all results [15].

Constraints from Planck alone are referred to by ‘Planck’. I also explore the effects

of adding ground-based CMB measurements, specifically the SPT-SZ TT measurements

[112], ACTpol TT/TE/EE measurements [16], and the Polarbear EE spectrum in this

work. BICEP2/Keck array data at large angular scales are not included because this

analysis does not aim at the tensor-to-scalar ratio. The SPTpol TE/EE measurement

[6] is also excluded because it has nearly 100% sky overlap with the Polarbear survey.

Accounting for the common sample variance would be a non-trivial exercise and is not

possible using only the publicly available likelihood. Given the clear agreement between

the different E-mode measurements in Figure 7.2, I am confident that it is appropriate

to combine these different datasets. Constraints from the combination of Planck 2018

and the ground-based CMB measurements are referred to by ‘CMBall’ in the tables and

‘All CMB’ in the figures.

As noted in 1.5, the small degeneracy between the spectral index and the optical depth

in the temperature power spectrum can be resolved with information from the low-`

range of the polarisation spectrum. This range is however not available from additional

CMB datasets included in this analysis except Planck 2018.

What impact data besides the CMB power spectra have on the cosmological constraints

is also a point of consideration. Here this analysis includes the lensing power spectra

from Planck and SPTpol [113, 114]. The [115] local measurement of the Hubble constant,

H0 = 74.03 ± 1.42 km/s/Mpc, is also included. Lastly, I include three baryon acoustic

oscillation measurements: the SDSS-III BOSS DR12 Consensus sample [116], the DR7

MGS sample [117] and the 6dFGS survey [118]. The constraints that include these data

in addition to the CMB power spectrum data are labeled ‘CMBext’.

7.2.3 Constraints on the ΛCDM model

As has been previously noted, the Planck 2018 CMB power spectrum data alone do

an excellent job of constraining all six parameters in the standard ΛCDM model. We

report the median parameter values and 68% confidence intervals in Table 7.2. While the

optical depth is relatively uncertain with a 14% error bar, the other five parameters are

measured with percent-level precision. Adding the ground-based CMB power spectrum

measurements to the mix reduces the allowed parameter volume by a factor of 2.0, or

roughly a 7% reduction in parameter uncertainties. These small-scale power spectrum

measurements do not help recover the optical depth however, as that measurements
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Table 7.2: ΛCDM parameter constraints

Planck CMBall CMBext

Ωbh
2 0.02237± 0.00015 0.02229± 0.00014 0.02232± 0.00014

Ωch
2 0.1200± 0.0014 0.1203± 0.0013 0.1199± 0.0011

100θMC 1.04089± 0.00032 1.04102± 0.00029 1.04100± 0.00029
τ 0.0548± 0.0079 0.0524± 0.0079 0.0522± 0.0067

ln(1010As) 3.044± 0.016 3.042± 0.016 3.040± 0.014
ns 0.9650± 0.0045 0.9643± 0.0038 0.9645± 0.0039

H0 (km s−1 Mpc−1) 67.42± 0.69 67.21± 0.57 67.39± 0.49

The median values and 68% confidence intervals for the six ΛCDM parameters for the
Planck, CMBall and CMBext datasets. Adding the ground-based CMB power

spectrum measurements to Planck reduces the parameter uncertainties by ∼7%
(except for the amplitude terms As and τ which depend on the low−` polarization

bump). Adding the BAO, H0 and CMB lensing data further reduces uncertainties by
an additional ∼10%.

depends on the reionisation bump at ` < 10. Adding the CMB lensing, BAO and

H0 data yields an across the board further reduction in uncertainties of order 10%.

Notably, lensing provides another avenue to measure the amplitude of fluctuations, As,

which partially breaks the Ase
−2τ degeneracy in the power spectrum alone and helps

the determination of As and τ . Both 2 datasets CMBall and CMBext see a decrease

in τ compared to Planck. This suggests that additional information from other CMB

experiments and BAO improves the constraint of τ that may have been limited by the

galactic dust template for Planck.

There has been much discussion recently about the degree of tension between local

determinations of the Hubble constant, H0, and the values inferred from the Planck

data [119]. Adding the ground-based CMB bandpowers to the Planck data supports the

current tension on the Hubble constant by reducing the uncertainty by a factor of 1.2

to:

H0 = 67.21± 0.57 km s−1 Mpc−1. (7.2)

The tension with the local determination by [115] of H0 = 74.03 ± 1.42 km s−1 Mpc−1

remains essentially unchanged from 4.3 to 4.5σ.

7.2.4 Constraints on running of the scalar spectral index

The shape of the power spectrum of the primordial scalar anisotropies is an important

clue to the origins of the Universe. In the slow-roll inflation models, the departure

from scale invariance, 1 − ns ' 0.04, is first order in the slow-roll parameters, while

running of the scalar spectral index, dns/dlnk is second order and thus smaller [3]. In

this model, we consider the running of the spectral index in addition to the original 6
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Figure 7.3: ΛCDM+nrun model parameter constraints for the primordial amplitude
As and the running of the spectral index nrun. The amplitude As is increased less than
0.5σ with additional datasets. The values of nrun are consistent in all cases, although

the All CMB case sees a slightly smaller value for this parameter.

Table 7.3: Parameter constraints for ΛCDM + nrun

Planck CMBall CMBext

Ωbh
2 0.02240± 0.00015 0.02235± 0.00015 0.02236± 0.00013

Ωch
2 0.1202± 0.0014 0.1205± 0.0013 0.1200± 0.0011

100θMC 1.04088± 0.00031 1.04100± 0.00029 1.04103± 0.00029

τ 0.0564+0.0077
−0.0085 0.0538+0.0075

−0.0084 0.0524± 0.0077

ln(1010As) 3.050± 0.018 3.048+0.015
−0.017 3.043± 0.015

ns 0.9635± 0.0046 0.9624± 0.0041 0.9634± 0.0040
nrun −0.0064± 0.0070 −0.0076± 0.0065 −0.0065± 0.0064

Values of 7 parameters with 68% limits from the constraint of the extended ΛCDM
with 3 combinations of datasets.

parameters. For all combinations of data, the baryon density, dark matter density and

the angular size of the sound horizon are consistent with values from fitting the ΛCDM

model. The constraints of the standard ΛCDM model extended with the running of the

spectral index using 3 combinations of data are presented in Table 7.3. The probability

distribution of nrun are shown in Figure 7.3.

Subsequently adding all other CMB datasets and BAO data slightly decreases both the

primordial amplitude As and the optical depth τ by around 0.5σ. Like in the constraint

for ΛCDM, the optical depth central values decrease in CMBall and CMB ext compared

to Planck. Planck 2018 and CMBext (all CMB plus BAO) datasets result in the same

central value for the spectral index ns while the all-CMB dataset sees a small decrease

for this parameter. This is directly related to the running of ns from the all-CMB

dataset going more negative as compared to the Planck 2018 and CMBext. The more
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Figure 7.4: Posterior for the primordial helium abundance, YHe, for the three datasets.
Adding the ground-based CMB data to Planck slightly shifts the preferred helium
abundance towards the BBN prediction of YHe ∼ 0.2467, but leads to only a minor
reduction in the uncertainty. All three datasets are in good agreement with the BBN

prediction.

negative running of the spectral index could mean the small scales in the damping tail

measurements from Polarbear, actpol and SPTpol are slightly over-estimated, at

least compared to Planck 2018. Overall, this result is consistent with models that do

not imply the running of ns such as the standard ΛCDM and does not favor any models

with large nrun. Inflationary models with large nrun can be found in [60].

7.2.5 Constraints on the primordial helium abundance

We also look at the inferred primordial helium fraction, which can be viewed as a test

for new particles or physics during the epoch of big bang nucleosynthesis (BBN). The

expected helium fraction under BBN consistency in the ΛCDM model for the CMBall

dataset is extremely tightly constrained at YHe = 0.246695 ± 0.000057. BBN predicts

elemental abundances as a function of expansion rates during the right temperatures

in the early universe. BBN consistency in CosmoMC sets the Helium abundance to

that prediction from some nuclear modelling that some groups do ( see e.g [120, 121]).

Relaxing BBN consistency substantially weakens what we can infer about the helium

fraction. However, the CMB anisotropies have some sensitivity to the helium fraction as

it changes the number of free electrons at recombination. Higher helium fractions lead

to fewer free electrons, a longer photon mean free path and thus more Silk damping.

Using Planck alone, we find YHe = 0.239± 0.013. Adding the other CMB measurements
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improves this slightly to

YHe = 0.246± 0.012, (7.3)

in excellent agreement with the expectation from BBN. There is no further improvement

from adding the other cosmological data.

7.2.6 Constraints on the number of relativistic species

The energy density of relativistic particles in the early Universe is proportional to Neff ,

the effective number of relativistic species. The standard model of particle physics

predicts that Neff = 3.046 for the three neutrino species plus a small correction from

positron annihilation. The preferred Neff from the CMBall dataset is within 0.4σ of this

prediction:

Neff = 2.97± 0.20.

Adding the non-CMB data (i.e. the CMBext dataset) slightly reduces the preferred

value of Neff , but it remains within 0.9σ of the expectation:

Neff = 2.90± 0.17.

When Neff is allowed to vary, as shown in Figure 7.5 we see that it correlates strongly

with Ωch
2 and ns. As discussed by [50], increasing the matter density as Neff increases

avoids shifting the redshift of matter-radiation equality. The central value of the optical

depth is visibly decreased with each additional dataset as shown in Table 7.4. Decreased

optical depth means that the scales below the horizon are less damped, which means that

the amplitudes of acoustic peaks in the damping tail should be larger. This is consistent

with a slightly decreasing Neff because smaller Neff means a sparser neutrino component

which has a reduced gravitational effect on traveling photons. The optical depth does

not see any substantial degeneracy with Neff in the constraint however. Like for the

constraint for ΛCDM, the decrease in the optical depth should also be due to more

information from CMB data besides Planck. A side effect is that the CMB constraint

on the Hubble constant significantly weakens: the uncertainty on the Hubble constant

nearly triples from ±0.57 to ±1.5 km s−1 Mpc−1 (the central value changes by less than

0.4σ).
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Figure 7.5: Posteriors for the Neff , ns, and Ωch
2 parameters for the Planck, CMBall,

and CMBext datasets. Adding data beyond the Planck CMB bandpowers only modestly
reduces the allowed parameter volume without significantly shifting the preferred values

or breaking the parameter degeneracies.

Table 7.4: Parameter constraints for ΛCDM +NEff

Planck CMBall CMBext

Ωbh
2 0.02226± 0.00022 0.02218± 0.00021 0.02220± 0.00021

Ωch
2 0.1185± 0.0030 0.1188± 0.0028 0.1181± 0.0025

100θMC 1.04109± 0.00045 1.04117± 0.00040 1.04122± 0.00040

τ 0.0538+0.0071
−0.0082 0.0508± 0.0076 0.0509± 0.0069

Neff 2.93± 0.18 2.94± 0.18 2.90± 0.17

ln(1010As) 3.040+0.017
−0.019 3.036± 0.018 3.032± 0.017

ns 0.9603± 0.0083 0.9590± 0.0084 0.9587± 0.0081

Values of 6 parameters 68% limits from the constraint of ΛCDM +Neff with 3
combinations of datasets.
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7.2.7 Constraints on the ΛCDM+YHe+Neff model

We now consider the results when allowing both Neff and YHe to vary, as both parame-

ters affect the damping tail. As with the other extensions to ΛCDM considered, freeing

these two parameters does not significantly improve the quality of the fit (∆χ2 ' 1.2 for

two new parameters for the CMBext dataset). The resulting parameter posteriors are

shown in Figure 7.6. We find for the CMBall dataset:

Neff = 2.67± 0.28,

YHe = 0.262± 0.016.

The CMBext dataset prefers essentially the same values as well:

Neff = 2.70± 0.26,

YHe = 0.261± 0.016.

Adding the ground-based CMB measurements of the damping tail to the Planck band-

powers pushes along the Neff/YHe degeneracy towards higher values of YHe, and lower

values of Neff . However, we hesitate to over-interpret this as the 2σ parameter ellipses

still contain the ΛCDM values and, as mentioned above, the quality of the fit does not

substantially improve.
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Figure 7.6: Parameter posteriors for the ΛCDM+YHe+Neff model. We have excluded
the optical depth τ and amplitude of scalar perturbations As to reduce the complexity

of the figure as these two parameters show little change between the datasets.

Table 7.6: Parameter constraints for ΛCDM + YHe + Neff

Planck CMBall CMBext

Ωbh
2 0.02224± 0.00023 0.02221± 0.00022 0.02222± 0.00021

Ωch
2 0.1174+0.0041

−0.0047 0.1148+0.0039
−0.0046 0.1151± 0.0044

100θMC 1.0414± 0.0012 1.0424± 0.0012 1.0424± 0.0011
τ 0.0536± 0.0079 0.0514± 0.0080 0.0500± 0.0068

Neff 2.86+0.27
−0.30 2.68+0.26

−0.30 2.70± 0.26

YHe 0.247+0.018
−0.016 0.262± 0.016 0.261± 0.016

ln(1010As) 3.037± 0.019 3.032± 0.019 3.027± 0.015
ns 0.9593± 0.0085 0.9590± 0.0084 0.9583± 0.0081

Values of 6 parameters 68% limits from the constraint of ΛCDM +YHe+ NEff with 3
combinations of datasets.
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Conclusion and outlook

The cosmic microwave background has provided an incredible wealth of information

for the field of cosmology. Observations of the CMB show excellent evidences for the

standard model of the universe at large, including the geometry and early universe

matter compositions. Recent and future CMB experiments aim to further test the

ΛCDM model and hope to unveil signs of physics beyond the standard ΛCDM model.

In this thesis, I continue this effort by constraining cosmological models using data from

the Polarbear experiment in combination with other CMB and BAO datasets. In this

final chapter, I will summarise the prerequisite understandings and data processing, the

main results of the data analysis, and give an outlook on CMB measurements.

8.1 Review of prerequisites

I have started with revision of the Standard Model of Cosmology in Chapter 1. In the

Standard Model of Cosmology, the first evidence of an expanding universe comes from

the Hubble observation and appears in line with our quest for a framework with which

we can attempt to describe the universe. For that, I have briefly reviewed general rela-

tivity theory along with Einstein’s equations, which are foundations for derivation of the

equation of state of physical species. Einstein’s equations and the Friedmann Equations

are pathways to describe the geometry and the evolution of the universe through the

evolving species in the Standard Model. The current universe appears to be mainly

driven by Dark Energy as cosmological constant. I have then introduced the CMB as

one of the best sources to learn about the early universe. The inhomogeneities in the

CMB have been shown to be sourced by the quantum perturbations during inflation, and

the significance of these inhomogeneities are learned through the CMB power spectra.

Milestones of CMB measurements have been mentioned, with the CMB temperature

120
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spectrum measured at extremely high accuracy. CMB polarisation spectrum measure-

ments are continuously improved, with the E-mode spectrum updated to small angular

scales and the B-mode spectrum being in the current spotlight of many experiments.

Higher precision in E-mode measurements is expected to shed light on the neutrino sec-

tor of the Standard Model and also physics beyond the Stand Model. I have also given

a brief review of cosmological parameters that can be constrained using power spectrum

information, especially parameters that are relevant to this work.

In Chapter 2, I have introduced the Polarbear experiment. I have described the

location of the experiment, the optical configuration and the receivers of Polarbear

telescope. Polarbear started observations in 2012, and data used for this thesis were

acquired between July 2014 and December 2016. These data include main CMB science

scans of a large patch of the sky in the southern hemisphere, and calibration scans of

astrophysical sources and insitu thermal sources. The scan strategy of Polarbear is

optimised with respect to the location of site, the availability of the observation patches

of sky, and the maintenance of the telescope and readout.

In Chapter 3, I have briefly described the function of the continuously rotating half wave

plate installed at the prime focus of Polarbear telescope for observations of a larger

patch of the sky. The main purpose of this HWP is to mitigate low frequency noise

coming from atmosphere and ground pickup. I have given the data model under the

impact of a CRHWP. In simplified cases, the HWP is expected to rotate the polarisation

signals of light by 4 times of the HWP rotating frequency while not acting on unpolarised

intensity signal and noise. In more complicated situations, the Mueller matrix needs

to be employed to describe effects such as the transmission of the mirror or different

transmissivities for the polarisations along the HWP birefringent axes and the phase

delay between the polarisation components. The simplified data model with HWP can

be modified for outstanding cases not involving opticals elements: detector non-linearity,

time-constant, and low frequency (1/f) noise. Understanding these cases is important

for the construction of the pipeline to estimate systematic effects described in Chapter

6.

In Chapter 4, I have described Polarbear data pre-processing stage, which consist of

downsampling, demodulation, calibration of pointing, beam, relative gain, and polarisa-

tion angle. Downsampling is the first step to downsize data for better housekeeping as

well as optimising computational costs in later stages. Demodulation is a required step

due to the polarisation signals being modulated by the frequency of the continuously

rotating half wave plate. I mainly mention the mathematical operations or filters that

are applied on the time-ordered data to separate intensity and polarisation signal as well

as to deconvolve the polarisation signals from time constant retardation. Pre-processing
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calibration is done using data from calibration scans i.e scans that don’t target CMB

signals from the 670 deg2 patch of sky. For pointing calibration, an 8 parameter model

is established to account for errors from the telescope mechanics or the ambient tem-

perature. We observed over 100 well-categorised point sources across the CMB large

patch and achieved sufficiently small RMS fluctuation errors in source locations after

getting the best fit pointing model. For beam calibration, we observed Jupiter to get

the effect of beam on power spectra across a full multipole range of ` = 0 − 3500. I

also use these Jupiter scans in combination with insitu thermal source scans to get the

relative gain conversion between digital unit and physical temperature unit for each sin-

gle observation. To cross check our relative gain calibration, I apply the derived gain

factors on the TOD from elevation nod scans to yield the PWV values which are then

compared with the PWV values from APEX data to check overall sanity as well as to

remove calibration data that may relate to problematic weather. For polarisation angle

calibration, the analysis uses performed scans of Tau A (the Crab Nebula). The Tau A

angle is stable across the seasons, and all detectors within a pixel pair are consistently

orthogonal to each other.

In Chapter 5, I have described the data analysis pipeline used for data from CMB science

scans. The pipeline primarily consists of the data selection stage, the mapmaking stage,

and the power spectrum calculation stage. In the data selection stage, data are selected

with respect to properties of noise in science scan TOD: glitch, detector noise, and

map domain noise. This stage has been iterated several times to select optimally clean

data. The noise properties are also relevant to the filtering steps in both the TOD

processing step and the mapmaking stage. The TOD processing step is done prior to

the operations in the mapmaking stage and most of the data selection stage. While TOD

pre-processing are also described in the Section of Downsampling and Demodulation in

Chapter 4, I have given specific notes on the CMB scan TOD which concern treatments

of glitch cuts and storage of polarisation data. The mapmaking stage employs a series

of filtering options optimised basing on the noise model in the data selection stage and

projects the final clean TOD into flat maps using OLEA projection. I have noted a

few difference between this stage for real Polarbear data and for simulations. Our

two noise configurations can be added into simulated data either in the TOD simulating

step (for TOD noise) or in the final simulated maps (for signflip noise). The power

spectrum calculation stage is done using the cross spectrum formulation to subtract

the bias in single maps. This stage also includes debiasing components: mode mixing

matrix, filter transfer function and beam function to correct for power loss due to mode

coupling from finite observation sky, filtering, and beam effects. I have also built a

band covariance matrix to account for errors in our signal and noise estimation, and this

matrix is employed in parameter constraint in Chapter 7.
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In Chapter 6, I have described the validation of our established pipeline and our selected

data. I first validate our power spectrum calculation pipeline mostly without use of

Polarbear data. The pseudo spectrum calculation has been checked with respect to

different map projections using maps produced with our simulation mapmaking pipeline

without involving real data filtering options. The result is the pseudo spectra from 2 map

projections are consistent with each other without concerning the debiasing step. The

errors from kernel distortion due to map projections are found to be minimal compared

to forecasted Polarbear error bars. The debiasing step is validated by generating

noiseless simulated skies without involving the mapmaking pipeline. The combination

of mode coupling matrix and filter transfer function is found to be stable across the

debiasing of 160 simulated sky spectra coming from 4 different cosmology models. Only

1 filter transfer function was created for this test and found to introduce insignificant

errors regardless of the input cosmology for the simulate sky. Another module to create

the filter transfer function has been written, and the two modules are found to yield

pose-debiasing errors consistent with each other. The whole power spectrum estimation

pipeline is validated with the consistency between noise bandpowers from 2-dimensional

PSD noise generations and from the signflip noise configuration.

Validation of selected Polarbear data has been done with a suite of 19 null tests

where data are split into 2 halves using several criteria. Each 2 halves are used to

take a null spectrum which consists only of noise in case there is no bias in signal

estimation. I have applied established passing criteria on the null spectra and have

found that the all the criteria are safely passed, indicating no problematic data. Before

the unveiling of E-mode bandpowers, systematic errors have been estimated for the our

chosen bandpower binning. This is done primarily by injecting the systematic effects into

the noiseless simulated TOD during the simulated mapmaking production. The biases

caused by systematics are taken to be the absolute difference between a reference bias-

free spectrum and the spectra with systematics-injected TOD. Pointing miscalibration

is found to contribute a major part to the total systematic errors. However, the total

systematic errors are estimated for a conservative upper limit and found to be sufficiently

below the statistical errors.

8.2 Main results

Chapter 7 marks the main results of this work. I have presented a measurement of the

CMB E-mode power spectrum on angular multipoles 500 ≤ ` ≤ 3000 from 670 deg2

surveyed with the Polarbear instrument. E-mode is detected at high significance

across the third through the seventh acoustic peaks of the E-mode power spectrum.
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No evidence for significant systematic biases is found in the data, and place limits on

known systematic terms that are well below the statistical uncertainties. I combine the

Polarbear E-mode bandpowers with other, recent CMB measurements [16, 15, 6] to

explore the current state of CMB cosmological constraints.

Adding the ground-based CMB bandpowers does not reduce the Hubble constant tension

between the Planck inferred value and direct local measurements (4.3 vs 4.5σ). I find no

significant preference in the data for any of the extensions considered: Neff , YHe, nrun,

Neff+YHe.

For the ΛCDM+nrun model extension, the running of the spectral index is varied.

Adding ground-based CMB datasets and/or BAO datasets slightly reduces both the

primordial amplitude and the optical depth by less than 0.5σ. The more evident de-

crease in the spectral index ns estimated by the all CMB dataset is correlated to the

nrun heading further in the negative direction. Since adding BAO data brings the central

value of ns back to the value constrained using Planck-only, the damping tail measured

by other CMB experiments might be slightly over-estimated, which can be due to mis-

calibration. The result from this constraint also does not favor inflationary models with

large nrun.

For the ΛCDM+YHe model extension, adding the ground-based CMB power spectrum

measurements brings the Helium abundance towards the BBN expectation of 0.2467.

With Planck-only, the data prefer 0.239±0.013, shifting to 0.246±0.012 when the other

power spectrum measurements are added. As expected, the non-CMB-power-spectrum

data does little for YHe.

I also look at varying the effective number of relativistic species, Neff . I find only minor

improvements and shifts from adding data beyond the Planck bandpowers. For the

combined CMBext dataset, the data favor 2.90±0.17 which is within 1σ of the expected

value of 3.046. The slight decrease of the central values of Neff across subsequent adding

of datasets is consistent with the slight decrease in the optical depth central values due

to that both decrements mean the acoustic peaks in the damping tail are less ’damped’.

Finally, I allow both YHe and Neff to vary to study the degeneracies between the two.

Here, the full CMB dataset slightly pulls YHe upwards and Neff downwards relative to

the Planckconstraints and expected values. For all CMB data combined with BAO data,

I find Neff = 2.70 ± 0.26 and YHe = 0.261 ± 0.016. However, the actual improvement

in the quality of fit from adding these two parameters is small (∆χ2 = 1.2) suggesting

that these shifts are not significant. Overall, some parameters see mixed changes to

standard errors of the fitting with additional datasets or extended models. One of those

parameters is the angular size of sound horizon at scattering, for which some shifts in
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the central values are observed across models and data combinations while the standard

deviation for this parameter does not see any specific improvements. This is expected

because the low multipole range data should be more sensitive to this parameter than

the high multipole range data i.e the included additional datasets are.

8.3 Outlook

While the Polarbear survey has finished, its successor, the Simons Array, had first

light in 2019. The complete Simons Array will have 3 telescopes with a total of 15

times more detectors than Polarbear and will survey a large fraction of the Southern

sky [122, 123]. The E-mode power spectrum measurement from the Simons Array

survey will dramatically improve upon current E-mode constraints and enable new tests

of cosmology such as probes of alternate theories of gravity on large scales through

constraints of Neff and the sum of neutrino masses [124].

Due to the effect of the density of helium present at the time of recombination on the

damping tail of the CMB, a significantly improved E-mode measurement by the Simons

Array is expected to shed light on the degeneracy between YHe and Neff . Constraints on

Neff are forecasted to improve by order of magnitude from the current best constraints.

Measurement of YHe should also be advanced from the best astrophysical measurements

at present. Distinguishably, measuring YHe using CMB observations is relatively free

from astrophysical systematics which contribute majorly to current error bars. The

systematics can be the bias due to extragalactic sources in temperature-based CMB

lensing estimates [124]. With leaping improvements in measurements of YHe and Neff ,

the Simons Array will give high precision estimations of the baryon-to-photon ratio and

the expansion rate, which are essential to our knowledge of the early Universe. High

precision constraints of the primordial helium means a promising probe of the neutrino

sector and, in general, physics beyond the Standard Model.

The Simons Array Survey is expected to be sensitive to the relation between Neff and

the total neutrino mass
∑
mν . Any deviation in constraints of Neff , known as ∆Neff ,

can be relevant to the time of mass generation for neutrinos or different neutrino decay

mechanisms. A case of ∆Neff = 0 might need an inventive explanation for the dilution

of the neutrinos to cancel out the additional dark energy.

The nature of dark matter (DM) is certainly an outstanding target of the Simons Ar-

ray. High precision measurements of the E-mode power spectrum by the Simons Array

should help inspect different mechanisms of DM annihilation and other models of DM

interaction. With its improved sensitivity and sky coverage, the Simons Array will place
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the bounds on DM annihilation at least better by a factor of 2. Many non-standard DM

interactions, Axions and axion-like particles can be ruled out with improved measure-

ments of CMB spectra. In addition, the Simons Array will be capable of probing from

the energy scale of inflation, the tensor modes, to axion isocurvature [124].

The Simons Array will also be capable of distinguishing different models of dark energy

with exponentially improved measurement of the CMB power spectrum and lensing of

the CMB. These measurements can yield predictions of the contents of the cluster and

kinetic SunyaevZel’dovich (kSZ) observables when considered with dark energy models.

The Simons Array can target the cluster and kSZ observables independently or through

cross-correlation with other dark energy probes. The yielded predictions are essential to

inspection of dark matter parameters and models. Violations of these predictions would

mean the paradigms of these parameters and models need modifications. Verification of

these predictions would be another milestone in the quest of the physics of dark energy

[124].
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