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EPIGRAPH

Is there anything of which one can say,
“Look! This is something new”?

It was here already, long ago;
it was here before our time.

Ecclesiastes 1:10
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Cosmological observations have great potential to glean information about fundamental

physics. The large distances and long time scales of distant sources of light allow us to

leverage the vastness of the universe to search for tiny deviations to the currently accepted

physical laws. This thesis will explore a number of ways that cosmological observations can

help us search for new physics and learn about the evolution of the cosmos.

We will examine the dynamics of pseudo-Nambu-Goldstone bosons (PNGBs) and

their behavior throughout cosmic history. Quantum scalar fields under the umbrella of

PNGBs have been proposed to answer unsolved questions in physics, and they share the

characteristic that they could be detected through Lorentz-violating polarization rotation of
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photons travelling over cosmological distances.

We will then move to a general framework for studying potential Lorentz-violating

physics called the Standard Model Extension (SME), and use the framework to place limits

on coefficients of the SME. Using wideband optical polarimetry of two active galactic nuclei

we demonstrate the ability to place constraints with small aperture telescopes and show how

combining multiple simultaneous measurements in adjacent frequency bands increase the

constraining power of such observations.

We then probe the evolution of the large scale structure of the universe with a

measument of the gravitational lensing deflection power spectrum using measurements of the

polarization of the cosmic microwave background (CMB) taken from two years of observations

with the Polarbear experiment.

And finally we will see how the CMB and other cosmological observations constrain

the shape of the primordial power spectrum of scalar perturbations through a likelihood

analysis that takes advantage of second order effects in the perturbative expansion of the

gravitational metric.
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Chapter 1

Introduction

The universe is well described by two incredibly successful physical theories: the

standard model of particle physics and the general theory of relativity. One governs the realm

of fundamental forces and particles while the other governs the relationship between energy,

momentum, and spacetime. While they are the best descriptions of our physical world we

have so far, there are still deep questions that remain unanswered.

Our understanding of quantum mechanics and gravity work well in their respective

regimes, but in the combined limits of large energy density and small length scales we lack

a way to bring these two theories together. One of the goals of this work is to search for

signs of an underlying Theory of Everything that may manifest itself as tiny violations of the

known laws of physics.

We also know that our observations of the most distant parts of our universe are also

observations of the earliest cosmic times. Any information we can extract from these earliest

times give us the best chance at understanding how the cosmos was formed. This work also

aims to illustrate how the CMB, the earliest light we can observe, helps us understand the

initial conditions of the universe and the distribution of matter and energy in the present day.
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1.1 Testing Special Relativity

The theory of special relativity is foundational to our understanding of electromag-

netism. This symmetry of our physical laws manifests itself in many ways, perhaps none

more well known than the fact that the speed of light is the same in any inertial reference

frame. In addition, Lorentz symmetry also requires that electromagetic waves propagating in

empty space maintain the polarization states of their electric and magnetic fields. Under this

symmetry linearly polarized light will maintain its polarization angle, and linear and circular

polarizations will not mix.

But if our theories of gravity and quantum mechanics are only effective theories of

some more fundamental Theory of Everything, then there may be fields or interactions that

are simply very hard to detect in the comparatively low energies of the aging universe. It

might be the case that the familiar symmetries of our physical theories break down at high

energies, and deviations from those symmetries at everyday laboratory scales are undetectable.

But if we allow photons to propagate across distances comparable to the size of the observable

universe, then any small deviations from Lorentz symmetry may be able to accumulate into

an observable signal. This is the driving motivation behind using photons of cosmological

origin to search for Lorentz violating physics.

1.1.1 The Chern-Simons Term

We will examine how the Chern-Simons term is one way that we could observe Lorentz

violating effects, and in particular birefringence. First let’s acquaint ourselves with classical

electrodynamics with a 4-vector potential Aµ, current density Jµ, and electromagnetic field

strength tensor Fµν = ∂µAν − ∂νAµ. In classical field theory the electromagnetic Lagrangian

is

L = −1

4
FµνF

µν − AµJµ. (1.1)
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Application of the Euler-Lagrange equations of motion with coordinates Aµ and momenta

∂µAν result in the equations of motion

∂µF
µν = Jν , (1.2)

which constitute two of the four Maxwell equations of classical electromagnetism.

But certain proposed extensions to the standard model hypothesize fields that introduce

a Lagrangian term called the Chern-Simons term into the electromagnetic Lagrangian

L = −1

4
FµνF

µν − AµJµ −
θ

2
FµνF̃

µν , (1.3)

where θ is a dynamical field, not simply a constant. This results in new equations of motion

∂µ (F µν + θεµνρσFρσ) = Jν . (1.4)

In the case of a θ with temporal or spatial variation, this induces a precession of

the polarization angle in a linearly polarized electromagnetic wave, in violation of Lorentz

symmetry. The questions of why a field like θ might exist, how it relates to the evolution of

the universe, and how we might detect its presence are the subject of Chapter 2.

1.1.2 The Standard Model Extension

One way we can search for Lorentz violating physics is to propose a theory, perhaps

with new particles or fields, then solve for the dynamics of that theory and use it to search

for a particular experimental signal. But this approach requires us to specify a model and if

our model is wrong then designing an experiment to test a certain model may miss effects

that appear in a different theory. To get around this problem, the framework known as the

Standard Model Extension (SME) takes a model independent approach and instead utilizes

an effective field theory approach to search for Lorentz violations.
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Rather than posit the existence of an undiscovered field as in the previous section,

the SME considers all possible Lorentz violating Lagrangian terms that otherwise respect the

other symmetries of the standard model. These new Lagrangian terms are parameterized

by coefficients that can represent the low energy effective field theory manifestation of some

underlying theory at higher energy. As we are concerned with photons propagating over

cosmological distances, we use the pure electromagnetic sector of the SME in our searches for

Lorentz violating effects. This Lagrangian has the form

L = −1

4
FµνF

µν +
1

2
εκλµνAλ

(
k̂AF

)
κ
Fµν −

1

4
Fκλ

(
k̂F

)κλµν
Fµν , (1.5)

where the operators k̂AF and k̂F contain parametrizations for the CPT -odd and CPT -even

Lorentz violating terms respectively.[5] When dealing with observations on the spherical

surface of the sky, it is more useful to reparameterize these Lorentz violating terms in a

spherical harmonic decomposition. This results in four Lorentz violating quantities

ς0 =
∑
djm

ωd−4
0Yjm(n̂)k

(d)
(I)jm, (1.6)

ς1 ± iς2 =
∑
djm

ωd−4
±2Yjm(n̂)

(
k

(d)
(E)jm ∓ ik

(d)
(B)jm

)
, (1.7)

ς3 =
∑
djm

ωd−4
0Yjm(n̂)k

(d)
(V )jm. (1.8)

Nonzero ς i can induce a number of different Lorentz violating effects in freely propagating

photons including a modification of the photon dispersion relation, which becomes

k = ω
[
1 + ς0 ∓

√
(ς1)2 + (ς2)2 + (ς3)2

]
. (1.9)

This can produce a frequency dependent speed of light, phase delay between two orthogonal

polarizations of light, rotation of linearly polarized light, and mixing between linear and

circular polarization. In Chapter 3 we apply the SME to optical polarimetric observations in
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order to constrain the size of the SME coefficients k
(d)
(x)jm

1.2 The Evolution of the Universe

When it comes to photons freely propagating over cosmological distances, there is no

better source to study than the CMB. While studies of the CMB extract much information

from its perturbations, one of the most important and distinctive features of the CMB is

its extreme uniformity. The CMB consists of the photons emitted from the surface of last

scattering as the universe cooled enough to the point at which hydrogen atoms began to form

and allowed photons to free stream through space. And although CMB photons reaching us

from opposite ends of the night sky were out of causal contact when the universe formed, they

have the same blackbody distribution as the rest of the CMB, deviating only at the order of

1 part in 105. We attribute this remarkable fact to inflation, but in order to appreciate small

perturbations in an otherwise uniform cosmos, we will review what general relativity tells us

about the evolution of the universe.

1.2.1 The Friedmann Equations and Metric Perturbations

Einstein’s theory of general relativity describes space and time in terms of a metric.

Spacetime acts like a fabric that is bent and curved by energy in the universe, and in turn

bends the paths of particles that travel through it. The metric tensor gµν , which describes

the shape of spacetime, and the stress-energy tensor Tµν , which describes the energy and

momentum content of spacetime, appear in the Einstein field equations,

Rµν −
1

2
Rgµν =

8πG

c4
Tµν , (1.10)

a set of nonlinear differential equations. In general, solutions of these equations are difficult

to find, but observations of our universe tell us that to a surprising degree it is homogenous
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and isotropic at large scales. This empirical observation allows us to greatly simplify the

equations of general relativity and the form of the metric to one that is parameterized by a

scale factor a(t) and a curvature k.

The metric is typically expressed in terms of the infinitescimal line element

ds2 = gµνdx
µdxν . (1.11)

In cartesian coordinates of a laboratory setting this would be

ds2 = −dt2 + dx2 + dy2 + dz2, (1.12)

and in the metric of a homogenous and isotropic universe this would be expressed in spherical

coordinates as

ds2 = −dt2 + a2(t)
[
dr2 + χ2

k(r)(dθ
2 + sin2 θdφ2)

]
, (1.13)

where the distance measure χk(r) depends on whether the metric is open, closed or flat.

This simple parametrization leads to the Friedman equations, a set of differential equations

relating a, k, and the energy density ρ that allows us to describe the evolution of the universe

for a given type of energy content.

But of course the universe is not perfectly homogenous and isotropic, otherwise we

would not be here to observe it. The mostly uniform universe allows us to apply perturbation

theory to the gravitational metric and write it as

gµν = ηµν + hµν . (1.14)

ηµν is the metric of static spacetime that is used in special relativity and appears in Equa-

tion 1.12. The small variation on the background metric, hµν , is what appears in the

perturbative equations of general relativity. This transforms the Einstein field equations into

a set of linear, second order differential equations of hµν . One important consequence of this
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perturbative approach is that at first order hµν can be decomposed into independent scalar,

vector, and tensor components. Of these, the scalar and tensor components are of particular

importance in studies of the CMB.

The components of hµν at a given time can be conceptualized as spatially varying

fields, but equivalently they can be thought of in terms of their power spectra. A Fourier

transform of fields in (x, y, z) coordinates can be turned into a function of (kx, ky, kz), and

in an isotropic universe these power spectra can be described in terms of the wavenumber

magnitude k. The power spectra of scalar and tensor perturbations can in general be denoted

as the functions PS(k) and PT (k), but empirical observations of the early universe show us

that to a good approximation the scalar power spectrum at scales relevant to the CMB has a

very simple form,

PS(k) = AS

(
k

k0

)ns−1

. (1.15)

And while searches are still ongoing for evidence of tensor perturbations at CMB scales, the

theory of inflation predicts that the tensor power spectrum should have a similar form,

PT (k) = AT

(
k

k0

)nt
. (1.16)

1.2.2 The Cosmic Microwave Background

Information about the scalar and tensor power spectra at the largest scales is embedded

in the angular power spectra of the CMB. In the largely uniform early universe, the formation

of the CMB at the surface of last scattering meant the emission of a background of photons at

a uniform temperature that largely have traveled through space unimpeded until we observe

them. Observations of the CMB across the sky have confirmed that to very high precision it

is a uniform blackbody at a temperature of approximately 2.7 K visible from everywhere in

space.

But the CMB is not perfectly uniform. Small variations from the mean temperature

7



can be described as a field across the sky, T (n̂), where n̂ denotes a direction on the sky.

Similar to the description of the primordial scalar and tensor perturbations in terms of power

spectra, we can also describe the temperature variation in terms of a power spectrum. The

temperature variations are well described by the spherical harmonic decomposition

T (n̂) =
∑
`m

a`mY`m(n̂), (1.17)

where Y`m are the spherical harmonic functions and coefficients a`m are independent Gaussian

random variables with mean zero and variance C`. The set of variances C` constitute the

CMB temperature angular power spectrum.

The origin of the temperature power spectrum is closely related to the power spectra of

the primordial metric perturbations, in particular the scalar perturbations, and observations

of the CMB temperature power spectrum can constrain the amplitude AS and spectral index

ns of the scalar power spectrum. But the CMB has more information than simply temperature

variations. At the surface of last scattering, the anisotropy of Compton scattering generated

net polarization in the CMB. This is due to the fact that a local temperature quadrupole in

the plane of the CMB generates a net linear polarization signal that we can detect.

Now since polarization is a directional quantity, it must be parameterized in terms

of components. Anyone familiar with laboratory experiments with polarized light will be

familiar with the stokes Q and U parametrization, but a more useful parametrization for

extracting cosmological information from CMB experiments is the definition of E- and B-

modes respectively as the curl-free and divergence free components of CMB polarization. The

Compton scattering at the formation of the CMB only generates E-mode polarization, and

as such the CMB E-mode power spectrum is much larger than the B-mode power spectrum.

Potential sources for B-modes may include primordial tensor perturbations among other

things. A comparison of the relative sizes of the T , E and B power spectra are shown in

Figure 1.1.

8



102 103

multipole, 

10 3

10 2

10 1

100

101

102

103

104

(
+

1)
C

/2
,[

K2 ]

T mode
E mode
B mode

Figure 1.1: CMB temperature and polarization angular power spectra

1.2.3 Reconstruction of Gravitational Lensing

We saw how the temperature power spectrum C` can be extracted from the temperature

variation map T (n̂) under the assumption that CMB photons travel in unperturbed straight

paths from the surface of last scattering to us. But if the paths of CMB photons is perturbed

then the coefficients a`m of the spherical harmonic decomposition will not be independently

distributed Gaussian random variables. If instead a photon coming from direction n̂ has

been deflected by a small amount ~d(n̂) then we are actually observing a temperature map

T̃ (n̂+ ~d(n̂)). For small deflections this can be expanded to first order,

T (n̂) = T̃ (n̂+ ~d(n̂)) = T̃ (n̂) + ~d(n̂) · ~∇T (n̂). (1.18)

We use T (n̂) to denote the lensed temperature map and T̃ (n̂) to denote the unlensed

temperature map.
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In fact gravitational lensing by large scale structure in the late universe does deflect

CMB photons in this way. We can describe the angular distribution of this structure with

the lensing potential φ(n̂) which is related to the lensing deflection,

~d(n̂) = ~∇φ(n̂). (1.19)

This lensing distortion by large scale structure means that information about the lensing

potential φ is embedded in the lensed CMB power spectra.

We can see this by first considering a flat sky approximation to the CMB. Instead of

a spherical harmonic decomposition into coefficients a`m, we can consider T (n̂) on a small

section of the sky and its corresponding Fourier mode vector l,

T (l) =

∫
d2n̂T (n̂)ein̂·l. (1.20)

The statistical isotropy of the CMB means that the temperature mode has the statistical

properties

〈T (l)〉 = 0, (1.21)

〈T ∗(l)T (l′)〉 = δ(l − l′)Cl. (1.22)

But when the CMB is gravitationally lensed, the equivalent of Equation 1.18 in mode space

states

T (l) = T̃ (l)−
∫

d2l′

(2π)2
l′ · (l − l′)T̃ (l′)φ(l − l′). (1.23)

The outcome of this result is that temperature modes at different multipoles now do have a

nonzero correlation which is proportional to the lensing potential,

〈T ∗(l)T (L− l)〉 ∝ φ(L). (1.24)
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This is the basis of using CMB maps to reconstruct gravitational lensing by large scale

structure. While this example used the CMB temperature, we can in fact use off-diagonal

correlations between any two CMB maps, T,E, or B, to reconstruct the lensing potential.

In Chapter 4 we use CMB polarization measured by Polarbear to estimate the lensing

deflection power spectrum of the deflection field ~d(n̂).

1.2.4 Second Order Metric Perturbations

Finally we will make one more note about the scalar and tensor power spectra discussed

in this section. Expanding the gravitational metric gµν = ηµν + hµν and working to first

order in hµν is generally sufficient to capture most important aspects of cosmology on the

largest scales. In this approximation the scalar and tensor perturbations remain independent,

however at second order in this expansion, this is no longer the case. The tensor power

spectrum recieves a contribution from the scalar power spectrum such that in the absence of

primordial tensor perturbations at first order,

PT (k) ∼ P 2
S(k). (1.25)

As a second order term this would have negligible importance in most cases, but since

we have yet to measure PT (k) at CMB scales, we can use this relationship to place tight

constraints on the shape of PS(k) at scales even beyond the CMB. In Chapter 5 we shrink

the parameter space for the running of ns and the running of running of ns using this second

order relationship.
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Chapter 2

The Cosmic Microwave Background

and Pseudo-Nambu-Goldstone

Bosons: Searching for Lorentz

Violations in the Cosmos

One of the most powerful probes of new physics is the polarized Cosmic Microwave

Background (CMB). The detection of a nonzero polarization angle rotation between the CMB

surface of last scattering and today could provide evidence of Lorentz-violating physics. The

purpose of this paper is twofold. First we review one popular mechanism for polarization

rotation of CMB photons: the pseudo-Nambu-Goldstone boson. Second, we propose a method

to use the Polarbear experiment to constrain Lorentz-violating physics in the context

of the Standard-Model Extension, a framework to standardize a large class of potential

Lorentz-violating terms in particle physics.
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2.1 Introduction

The principle of Lorentz invariance undergirds our two most fundamental theories of

physics: the standard model of particle physics and general relativity. While these theories

have been extraordinarily successful at describing nature, we expect new physics to emerge

at high energies. Since we have limited ability to directly probe the regimes where both

quantum mechanics and relativity dominate, we can instead search for small deviations in

our low-energy theories such as a departure from Lorentz symmetry.

One promising way to search for Lorentz violations is to study linearly polarized

light as it propagates through space. From rotational symmetry, it is expected that the

polarization plane of a linearly polarized photon should not change as it propagates through

empty space, so any rotation of the polarization would indicate some physical interaction

that violates Lorentz invariance.

Although there are a number of potential theories that could cause such a rotation,

one popular mechanism for achieving this effect is the introduction of an additional scalar

field to the standard model. The pseudo-Nambu-Goldstone boson (PNGB) has a number of

attractive qualities, including the ability to conserve an otherwise broken global symmetry

and to naturally explain the connection between symmetry-breaking effects over many orders

of magnitude in energy. It is also a potential candidate to account for the observed dark

energy or dark matter densities. Since PNGBs generically introduce a Lorentz-violating

polarization angle rotation via Chern-Simons coupling to electromagnetism, we also have a

promising avenue to search for their existence.[6],[7],[8],[9],[10]

Of course this is only one possible mechanism so we should also consider ways to classify

more general Lorentz violations, which is the aim of the Standard-Model Extension (SME)

framework. In particular the CMB is an excellent probe of Lorentz violations because small

effects can accumulate over cosmological distances. Using observations from the Polarbear

experiment[11] we propose a method to constrain a subset of the SME parameters using the

three CMB patches observed by Polarbear.
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The paper is organized as follows. Sections 2.2 through 2.8 are a brief review of a

general PNGB and its evolution through the universe, including specific examples like the

QCD axion and quintessence; a candidate for dark energy. Sections 2.9 through 2.11 deal

with the SME and show how cosmic polarization rotation angle measurements can be used

to constrain SME parameters.

2.2 Energy Scales in Field Theory

There is a general heuristic in field theory that can be expressed in imprecise terms

as: “mass terms in the action correspond to energy scales of the relevant physics.”

This statement is tantamount to dimensional analysis. When using natural units that

set c = 1 and ~ = 1 any quantity can be written in terms of powers of a single unit, usually

in terms of eV, sometimes in terms of mass. In the path integral approach to quantum

mechanics, the action appears in an exponential eiS so dimensional analysis tells us that the

action must be dimensionless. We can then examine the definiton of the action

S =

∫
d4xL(φ). (2.1)

From this one can conclude that, in 4D space, the Lagrangian has units of [distance]−4, or

equivalently [mass]4, in order to make the action unitless. Quantum fields also have mass

dimensions. For example, in order for the kinetic term of the scalar field, 1
2
∂µφ∂

µφ, to have

dimension 4, and noting that a derivative has mass dimension 1, then it is necessary for the

field φ to have dimension 1. A consequence of this is that a term like φ2 has dimension 2 and

therefore needs a dimensionful coupling in order to be in the Lagrangian, for example: m2φ2,

where m is a constant with mass dimension 1.

A more complicated example is the Chern-Simons term between a scalar field and

a field strength tensor: φF µνF̃µν . In electromagnetism the field strength tensor Fµν is
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constructed from derivatives and the vector potential (mass dimension 1)

Fµν = ∂µAν − ∂νAµ. (2.2)

Therefore Fµν has dimension 2, and the overall Chern-Simons term has dimension 5, so it

must be accompanied by a coupling of dimension -1. Therefore something like a constant

1/M for a Lagrangian term of the form

1

M
φF µνF̃µν (2.3)

would be a candidate ansatz. Considering a theory that contains terms with dimensionful

constants, a reasonable question to ask is whether the value of that constant is an arbitrary

parameter of the theory or whether it traces new physics at roughly that scale, which is not

yet understood. Take for example the masses of the W and Z bosons. They are not arbitrary

parameters but they come from electroweak-symmetry breaking. Furthermore both of these

particles and the Higgs boson all have masses of around 100 GeV, which is on the order of

the electroweak scale ∼ 200 GeV.

Similarly the pion of mass ∼ 130 MeV and the proton/neutron masses ∼ 1000 MeV

are all around the same order of magnitude as the QCD scale ∼ 200 MeV.

This reasoning also leads us to believe there is some, as yet unknown, physics at the

Planck scale since general relativity has a dimensionful parameter of its own: G = 1
M2
P

.

This energy-scale approach is especially relevant to cosmology because it deals with

the evolution of the universe, which spans some 30 orders of magnitude in temperature, with

the temperature going down as the universe ages. Even an order of magnitude approach to

cosmological fields should lend us considerable insight. So with this heuristic in mind, we

now take a look at the PNGB.
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2.3 Mass of the Pseudo-Nambu-Goldstone Boson

If a scalar field theory with multiple degrees of freedom is invariant under some

symmetry, that symmetry can be spontaneously broken via the Higgs mechanism. To

understand how this happens, first consider an example with a single scalar field.

2.3.1 Spontaneous Symmetry Breaking

A single (real) scalar field, which has only one degree of freedom, has a Lagrangian of

the form

L =
1

2
∂µφ∂

µφ− V (φ). (2.4)

The lowest-energy state is simply a constant value φ = φ0. The derivative terms are zero for

a constant, so its value is determined by the minimum of the potential, V (φ0). Including a

mass term or even a higher-order quartic term results in a potential

V (φ) =
1

2
µ2φ2 +

1

4
λφ4. (2.5)

This potential, as well as the full Lagrangian, has a discrete sign symmetry. Replacing φ

with −φ, the Lagrangian is unchanged because only even powers of φ appear. As long as the

parameters µ2 and λ are positive, then the minimum of this potential is φ0 = 0. However, in

field theory it is usually the case that “constants” in the Lagrangian are not truly constant.

Due to the process of renormalization, the coupling “constants” can actually depend on

energy scale. For example, asymptotic freedom in QCD is related to the statement that

the strong fine-structure parameter αs is large at low energies, but becomes asymptotically

smaller at larger energies.

If, at some point in the evolution of the universe, the temperature-dependent parameter

µ2 = µ2(T ) changes from a positive value to a negative value, then the minimum of the

potential will no longer be φ0 = 0. Figure 2.1 shows plots of the potential V (φ) for two cases
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Figure 2.1: Scalar potential for positive and negative mass parameters.

µ2 > 0 and µ2 < 0. In the second case there are two minima at

φ = ±v = ±
√
−µ2

λ
. (2.6)

After transitioning to µ2 < 0 the Lagrangian is still symmetric but expansion of

the Lagrangian about the ground state, in terms of φ − φ0, is no longer symmetric. This

phenomemon is called “spontaneous symmetry breaking” because, while the symmetry of

the underlying Lagrangian is not broken, symmetry of the ground state is broken. In this

example the symmetry was discrete but in a model with more degrees of freedom, spontaneous

symmetry breaking of a continuous symmetry will occur.

2.3.2 Complex Scalar Field

Next consider a complex scalar field ψ = ψ1 + iψ2 with Lagrangian

L = ∂µψ
†∂µψ − V (ψ). (2.7)

This field will have a similar potential

V (ψ) = µ2ψ†ψ + λ(ψ†ψ)2. (2.8)
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Under a spontaneous-symmetry-breaking event as described above, µ2 will become negative

and the potential will take on the new form

V (ψ) = λ(ψ†ψ − v2)2. (2.9)

In terms of the component fields ψ1 and ψ2 this is

V (ψ1, ψ2) = λ(ψ2
1 + ψ2

2 − v2)2. (2.10)

This can be parameterized in terms of two different real scalar fields H and φ

ψ = Heiφ/f , (2.11)

so that

ψ1 = H cos(φ/f), (2.12)

ψ2 = H sin(φ/f). (2.13)

This yields a potential only dependent on the longitudinal degree of freedom H, as

seen in Figure 2.2

V (H,φ) = V (H) = λ(H2 − v2)2. (2.14)

This result, where the potential depends on some degrees of freedom but not others, is a

general feature of spontaneous-symmetry-breaking events. The degrees of freedom that do

not appear in the potential after symmetry breaking are called “Nambu-Goldstone bosons,”

and the lack of a potential means they are massless by definition. In this example φ is the

Nambu-Goldstone boson. Additionally they possess shift symmetry in which a change in the
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Figure 2.2: Potential of a Nambu-Goldstone boson.

value of φ by 2πf corresponds to the same physical system

Heiφ/f → Hei(φ+2πf)/f = Heiφ/f . (2.15)

This new parameter f is included because if φ is interpreted as a scalar field, dimensional

analysis tells us that in order to have it inside the argument of an exponential it must be

divided by a coupling with dimension 1. In the spirit of the previous section, it is reasonable

to expect that the value of the coupling f will be on the same order of magnitude as the

other scales in this scenario like the vacuum expectation value f ∼ v.

This is the situation with only a scalar field and a spontaneous-symmetry-breaking

event. But PNGBs have a second relevant temperature scale when the shift symmetry of

φ is broken. Next consider a case where the scalar is coupled to either some other field, or

collection of fields, or constant term generated by other fields, so that the potential is

V (ψ,Ψ) = λ(ψ†ψ − v2)− βψ1

f
Ψ. (2.16)
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Figure 2.3: Potential of a pseudo-Nambu-Goldstone boson.

Where β is a dimensionless coupling of order unity. In this case, not only will the field undergo

spontaneous symmetry breaking, but it will experience explicit symmetry breaking because

the ψ1Ψ term does not respect the U(1) symmetry of ψ: the Lagrangian is not invariant

under the global transformation ψ → ψ′ = eiθψ.

In this example Ψ represents whatever physics is explicitly breaking the symmetry.

This is model dependent, but by dimensional analysis it must have mass dimension 4 regardless

of the model. The potential can be seen in Figure 2.3

Now when reparameterizing the ψ field, the potential becomes

V (ψ,Ψ) = λ(H2 − v2)− β

f
H cos(φ/f)Ψ. (2.17)

In the low-energy limit, φ� f , the quadratic term from the cosine in Eq. (2.12) will dominate

and the potential for the PNGB is

V (φ) ≈ β

2f 3
Hφ2Ψ. (2.18)
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Additionally, in the low-energy limit, the H field will be near its equilibrium value v, which

should be around the same size as f . The potential is therefore

V (φ) ≈ 1

2f 2
φ2Ψ. (2.19)

Ψ depends on the model, but the fact that Φ is a dimensionful term means it should

correspond to the temperature scale of the explicit-symmetry-breaking mechanism. Therefore

the potential should generally be on the order of

V (φ) ≈ Λ4

2f 2
φ2, (2.20)

where Λ now represents the temperature scale of the explicit symmetry breaking. From this

scalar mass term, the mass of the PNGB is

m ≈ Λ2

f
. (2.21)

Thus the mass is dependent on the two relevant temperature scales of the PNGB: the

spontaneous-symmetry-breaking scale, parameterized by f , and the explicit-symmetry-

breaking scale, parameterized by Λ.

2.4 Energy Density of the PNGB

2.4.1 Pre-Oscillations

Now consider the PNGB field in the context of general relativity. The Lagrangian is

L =
1

2

√
−g(gµν∂µφ∂νφ−m2φ2). (2.22)
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Focusing only on a spatially uniform field over cosmological scales in the Friedmann-Lemaˆitre-

Robertson-Walker metric, the Euler-Lagrange equation of motion is

d2φ

dt2
+ 3H

dφ

dt
+m2φ = 0. (2.23)

At this point, the PNGB has first gone through spontaneous symmetry breaking and then

explicit symmetry breaking. The equation of motion is of the form of a damped simple

harmonic oscillator with a damping term 3H and angular frequency m. Since H is time

dependent the decay envelope will actually be a power law rather than an exponential,

but qualitatively the situation is similar. However when the mass first “turns on” at the

explicit-symmetry-breaking scale Λ, defined in Eq. (2.20), it is much smaller than H. The

mass and Hubble parameters are roughly H ∼ Λ, and m ∼ Λ2

f
, therefore their ratio is small

m
H
∼ Λ

f
� 1. This means the mass can be neglected until H drops to a small enough value.

Until then the evolution is governed by

d2φ

dt2
+ 3H

dφ

dt
= 0. (2.24)

The solution is simply a constant value φ = 〈φ〉. The PNGB sits at the same vacuum

expectation value it was given all the way back at spontaneous symmetry breaking. Only

once H reaches a small enough value, so that H ∼ m, do oscillations begin. At this point,

the potential energy of the PNGB is about

V (φ) =
1

2
m2φ2 ∼ m2α2f 2. (2.25)

Here the vacuum expectation value is 〈φ〉 = αf , where α is a constant of order 1. This is

assumed since the initial value of the field should be the same magnitude as the spontaneous-

symmetry-breaking scale 〈φ〉 ∼ f . At symmetry breaking, φ takes a value at the bottom of

the Higgs potential in the range −πf < φ < πf . It has no preference for any particular value,
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so a random value of α in the range from −π to π will give an expectation value on the order

of f .

2.4.2 Post-Oscillations

Starting from the initial value of φ ∼ m2α2f 2 from Eq. (2.25), the field then evolves

according to the equation of motion stated above, now including mass. The general form of

the solution is a sinusoidal oscillation with a decaying power law in time. For example, the

solution to the field evolution in a radiation dominated universe is a Bessel function

φ(t) ∝ t−1/4J1/4(mt) ≈ Ct−3/4 sin(mt) = Ca(t)−3/2 sin(mt). (2.26)

Regardless of the time dependence of H, the result is that the amplitude of the field oscillations

is proportional to the scale factor in this regime

Aφ ∝ a−3/2. (2.27)

The energy density of the oscillating field as a function of time is

ρ =
1

2
m2Aφ(t)2 =

1

2
m2Aφ(t1)2a(t1)3

a(t)3
, (2.28)

where t1 is the time at which the oscillations began, at the temperature scale Λ1 = m. Finally

this allows us to find the energy density today. The initial amplitude of the PNGB oscillations

is

Aφ(t1) = αf. (2.29)

The ratio of scale factors can be expressed as a ratio of temperatures

a(t1)

a(t0)
=
T0

T1

, (2.30)
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where the subscript 0 denotes values at the present day, yielding

ρ0 =
1

2
m2α2f 2T

3
0

T 3
1

. (2.31)

Using the energy at initial oscillation T1 = m and the definition of the mass from the previous

section, this is simply

ρ0 =
1

2
α2f

3T 3
0

Λ2
∼ f 3T 3

0

Λ2
. (2.32)

So the present PNGB energy density depends on the three relevant temperatures: the

temperatures at spontaneous symmetry breaking, at explicit symmetry breaking, and the

current CMB temperature of 2.7 K.

2.5 Timeline of the PNGB

To summarize the results from the previous sections, we can examine the evolution of

the field value in Figure 2.4 and energy density in Figure 2.5.

• First the PNGB starts as a Nambu-Goldstone boson when its parent complex scalar

field undergoes spontaneous symmetry breaking at the scale f . It acquires a vaccum

expectation value of αf .

• It retains its vacuum expectation value until it reaches the explicit-symmetry-breaking

scale Λ and acquires a mass m = Λ2

f
.

• Now the PNGB is massive, but its mass is much too small to induce any significant

changes. The field “slowly rolls” toward its minimum potential energy during this time

period since it has a mass, but the change is very small and the majority of its energy

density is potential energy, so it acts as vacuum energy with equation of state w ≈ −1.

• Finally it reaches the third temperature scale T1, which is set when the mass is the same

size as the Hubble parameter m ∼ H. At this point it begins oscillating. The energy
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Figure 2.4: PNGB field value vs. temperature. Temperature is plotted on a log scale.

25



Figure 2.5: Energy density of the PNGB vs. temperature, plotted on a log-log scale.
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density begins at ∼ m2f 2 = Λ4 and evolves with time proportional to a−3 until reaching

the present temperature T0. Its equation of state is w ≈ 0, therefore contributing to

the matter energy density.

2.6 The Axion

The discussion until this point has only referred to a generic PNGB. The above results

should roughly hold for a wide range of PNGBs regardless of the physics that generates

them, as well as the two specific examples: the axion and quintessence. While they are both

PNGBs, they are at different points in their evolution and we will arrive at a few interesting

values like the axion-mass lower bound and the quintessence mass.

The axion was originally postulated to solve the strong CP problem.[12] It makes its

transition from Nambu-Goldstone boson to PNGB at the QCD scale so the explicit-symmetry-

breaking scale for the axion can be identified as

Λ = ΛQCD ≈ 200 GeV. (2.33)

Now the axion’s density parameter can be calculated

Ωaxion =
ρ0

ρc
, (2.34)

where ρc is the critical density. Finally the requirement that it be less than the dark matter

density parameter Ωaxion < 0.2, results in an upper limit on f on the order of 1012 GeV.[6]

Assuming the axion is the dark matter particle, an approximate bound can be placed

on the axion mass using the formula

m >
Λ2

fmax
=

(200 GeV)2

1021 eV
= 4µeV, (2.35)
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which sets a lower limit on the axion mass.

2.7 Quintessence

The quintessence field is one possible candidate for dark energy. The dark-energy

density is the same order of magnitude as the critical density of the universe at present day,

and if the dark energy is of the form of a cosmological constant then its value is unnaturally

small at early times. To resolve this “naturalness problem,” consider the existence of a PNGB

whose explicit-symmetry-breaking scale is very close to the temperature of the universe at

present.[7],[13]

In the timeline of a PNGB, quintessence is just now entering the slow-roll phase. It

has acquired a mass at a scale of the vacuum energy Λ ∼ 10−3 eV, and almost all of its

energy is in the form of potential energy, which results in dark energy having a significant

contribution to the density today. Furthermore its symmetry-breaking scale is expected to

be at the scale of some new unknown physics. A natural scale to postulate for spontaneous

symmetry breaking is the Planck scale: f ∼MP = 1028 eV. With these two scales, a naive

estimate of the expected mass of the quintessence particle can be obtained[14]

m =
Λ2

f
= 10−34 eV. (2.36)

2.8 Birefringence

Finally, we consider how this relates to birefringence. The Chern-Simons term is of

the form

LCS = − βφ

2M
F µνF̃µν . (2.37)

Where β is a dimensionless coupling, φ is the PNGB field, and M is a coupling of mass

dimension 1. To see how this could cause a rotation of a linearly polarized photon, consider
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the modified electromagnetic Lagrangian

L = −1

4
F µνFµν −

βφ

2M
F µνF̃µν . (2.38)

The Euler-Lagrange equations for the field Aµ are

∂νFµν + ∂ν

(
βφ

M
ενµρσFρσ

)
= 0. (2.39)

Since the quantity ενµρσ∂νFρσ is identically zero, this equation becomes

∂νFµν +
β

M
εµρσνFρσ∂νφ = 0. (2.40)

Identifying the components of the field strength tensor with the electric and magnetic fields

as

Ei = −F 0i, (2.41)

Bi = −εijkFjk, (2.42)

the two equations take the forms

~∇ · ~E − β

M
~B · ~∇φ = 0, (2.43)

~∇× ~B − ∂ ~E

∂t
+

β

M

(
~E × ~∇φ− ~B

∂φ

∂t

)
= 0. (2.44)

For a spatially uniform scalar field, φ only appears in Eq. (2.44), which is now of the form:

~∇× ~B − ∂ ~E

∂t
=

β

M
~B
∂φ

∂t
. (2.45)
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Therefore if the scalar PNGB field changes over time as a linearly polarized photon travels

through the universe, the electric-field vector will change in the direction of the magnetic

field. This corresponds to a rotation of the electric field direction. The total rotation angle α

can be written in terms of the total change in the PNGB field value[14]

α =
β

M
∆φ. (2.46)

Following in the theme of this discussion the magnitude of M should be considered. Since

this term deals with φ, it should be at least as big as the spontaneous-symmetry-breaking

scale f . But recall that the PNGB descended from a theory of a complex scalar field ψ, so

this coupling likely has a scale associated with some higher energy physics. Again, a plausible

scale for this would be the Planck scale M ∼MP .

In order to detect any appreciable rotation angle, the change in the field value of the

PNGB must not be more than a few orders of magnitude smaller than MP . The axion’s

spontaneous-symmetry-breaking scale has an upper bound at around 1021 eV, so any rotation

of photon polarization due to the axion field would be at largest on the order of 10−7 rad.

On the other hand, quintessence undergoes spontaneous symmetry breaking closer to

the Planck scale. If quintessence exists, we would expect to naturally observe rotation angles

on the order of the ratio f
M

, which could conceivably be as large as order unity.

Put in this context, the axion and quintessence fields should both cause cosmological

birefringence, but the magnitudes of these effects may be very different, roughly corresponding

to the ratio of their spontaneous-symmetry-breaking scales.

2.9 The Standard-Model Extension

Until now, the focus has been on one possible mechanism for generating cosmic

birefringence, but the SME is a framework to characterize all realistic violations of Lorentz

symmetry based on effective field theory, while maintaining other desireable features such as
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gauge invariance, renormalizability, etc.[15],[16],[17] .

Within this framework, we can classify potential Lorentz violations in the photon

sector with two sets of differential operators k̂AF and k̂F , which characterize CPT-odd and

CPT-even violations, respectively.[18],[19] They appear in the extended electromagnetic

Lagrangian[20]

LSME = −1

4
FµνF

µν +
1

2
εκλµνAλ

(
k̂AF

)
κ
Fµν −

1

4
Fκλ

(
k̂F

)κλµν
Fµν , (2.47)

where Aµ is the vector potential, Fµν is the field strength tensor, and the SME operators are

defined as (
k̂AF

)
κ

=
∑
d=odd

(
k

(d)
AF

)α1...α(d−3)

κ
∂α1 ...∂α(d−3)

, (2.48)

(
k̂F

)κλµν
=
∑
d=even

(
k

(d)
F

)κλµνα1...α(d−4)

∂α1 ...∂α(d−4)
. (2.49)

The effect of including the higher-dimension d terms introduces an energy dependence.

Expressing the operators in a spherical-harmonic basis, we can write these possible Lorentz

violations as first-order modifications to the photon dispersion relation

ω =

[
1− ς0 ±

√
(ς1)2 + (ς2)2 + (ς3)2

]
k, (2.50)

where the “±” corresponds to the two polarizations and the four ς i are given as sums over

SME parameters[5]

ς0 =
∑
djm

ωd−4
0Yjm(n̂)k

(d)
(I)jm, (2.51)

ς1 ± iς2 =
∑
djm

ωd−4
±2Yjm(n̂)

(
k

(d)
(E)jm ∓ ik

(d)
(B)jm

)
, (2.52)

ς3 =
∑
djm

ωd−4
0Yjm(n̂)k

(d)
(V )jm, (2.53)
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where j ≤ d − 2 and n̂ = −p̂ is the line-of-sight direction toward the photon’s point of

origin. The terms in Eqs. (2.51) and (2.52) exist only for even values d ≥ 4 while those

in Eq. (2.53) exist for odd values d ≥ 3. It is in terms of the four sets of parameters

k
(d)
(I)jm, k

(d)
(E)jm, k

(d)
(B)jm, k

(d)
(V )jm that we can classify Lorentz violations.[5]

2.10 Using the CMB for Birefringence Tests

Now in order to determine which of these infinitely many parameters we can constrain

using CMB measurements, we should understand to what each of these four ς i terms

correspond. From the dispersion relation we can see that ς0 is the only one that changes

the photon speed by the same amount for both polarizations. This term will not generate

birefringence, but, because it contains energy dependence from parameters of dimension

d > 4, its effects can be detected, for example, by measuring arrival times of photons with

different frequencies from the same source. However, CMB experiments are not ideal for

searching for such an effect, since they may operate only over a single frequency band or a

few relatively closely spaced bands. Still, we leave such estimates to a future paper.

The terms ς1 and ς2 characterize CPT-even birefringent effects which mix linear

polarization and circular polarization. However the polarization of the CMB, generated

primarily by Thomson scattering, is not expected to contain circular polarization and as such

CMB experiments typically are not designed to search for circular polarization.

Finally, ς3 characterizes CPT-odd birefringent effects, which result in a rotation of

linearly polarized photons without conversion to circular polarization. Measurements of CMB

polarization are particularly sensitive to this effect. Unlike other polarized astrophysical

sources, like gamma-ray bursts (GRBs) or quasars, the CMB is a well-understood source

governed by simple linear physics that allows us to predict the initial polarization state of

emitted photons to high accuracy. Combined with the fact that the CMB surface of last

scattering has redshift z ∼ 1100, the extraordinarily long propagation distance of CMB
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photons allows any birefringent effects to accumulate. This is why the CMB is the most

sensitive probe of Lorentz violations of this type.[5]

Each of these potential Lorentz-violating terms carries energy dependence that increases

with the dimension d of the SME parameters. While the CMB is a relatively low-energy

source, higher-energy sources like GRBs, pulsars, and blazars will give us much tighter

constraints on these higher-dimension parameters. However, for the lowest-dimension terms,

CMB measurements are not hampered by this energy dependence, and it is for this reason

that we restrict our analysis only to the dimension (d = 3) coefficients of the SME.

In this case, the change in polarization angle of a linearly polarized photon is[5]

δψz =

∫ z

0

dz

(1 + z)Hz

∑
jm

Yjm(n̂)k
(3)
(V )jm, (2.54)

where the sum is over j = 0, 1. For a CMB photon, this is approximately

δψCMB ≈
(

3.8◦

10−43 GeV

)∑
jm

Yjm(n̂)k
(3)
(V )jm. (2.55)

2.11 POLARBEAR Observations

We can use observations from the Polarbear experiment[21] to constrain these

dimension d = 3 SME parameters using its three observational patches. These patches are

approximately 3◦ × 3◦, which is relatively small in the context of the dimension 3 parameters

we wish to constrain. Eq. (2.55) contains simple spherical harmonics up to j = 1, meaning we

are dealing with a monopole term and dipole terms. If we take measurements of a constant

rotation angle across one of these sky patches as a measurement of δψ at that particular

right ascension and declination, then we can constrain direction-dependent combinations of

the four d = 3 coefficients.

We can see the three patches in Figure 2.6, along with the values of their RA and
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Patch RA Dec Effective Area
RA4.5 04h40m12s −45◦ 7.0 deg2

RA12 11h53m00s −0◦20′ 8.7 deg2

RA23 23h01m48s −32◦48′ 8.8 deg2

Figure 2.6: The three Polarbear Patches overlaid on a Planck Collaboration full-sky 857
GHz intensity map. [21]
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Dec. The constraint equations would then be

δψra4.5 = 3.8◦
∑
jm

Yjm(−45◦, 70◦)

(
k

(3)
(V )jm

10−43 GeV

)
, (2.56)

δψra12 = 3.8◦
∑
jm

Yjm(−0.5◦, 178◦)

(
k

(3)
(V )jm

10−43 GeV

)
, (2.57)

δψra23 = 3.8◦
∑
jm

Yjm(−33◦, 345◦)

(
k

(3)
(V )jm

10−43 GeV

)
. (2.58)

There is one additional complication. During the first season of observations, the

Polarbear experiment’s absolute angle calibration was obtained by minimizing the EB

power spectrum under the assumption of zero overall birefringence.[22] Such an instrumental

offset α′ will mix the parity-even E-mode polarization patterns with the parity-odd B-mode

polarization patterns to generate spurious TB and EB correlations that are proportional

to α′. E- and B-mode maps are rotated by an overall rotation angle to minimize the EB

power spectrum in order to remove instrumental miscalibration. This instrumental offset is

unfortunately degenerate with a global birefringence angle α meaning that the Polarbear

patches cannot constrain the monopole term k
(3)
(V )00 but can still constrain the other coefficients

even after this self-calibration procedure by performing the same EB minimization procedure

on each of the three patches individually and using the monopole-subtracted rotation angles

to constrain the j = 1 SME coefficients. We leave the calculation of these j = 1 SME

coefficients using data from the Polarbear experiment to a future work.

2.12 Conclusion and Outlook

We have seen now both a theoretical motivation to search for cosmic birefringence and

a framework set up by the Standard-Model Extension to use experimental results to place

limits on Lorentz-violating effects. Using measurements of the CMB’s polarization rotation

we can place extremely sensitive constraints on a set of low-dimension SME parameters on
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the order of 10−43 GeV.

However, there is still room for improvement. Experiments like Polarbear are

in direct need of more accurate calibration measurements. An absolute polarization-angle

calibration source would allow Polarbear and other similar CMB experiments to forego

self-calibration methods and allow measurements of a global rotation angle offset to constraint

isotropic cosmic birefringence as well.[23]

The CMB’s potential as a probe of parity and Lorentz violation is promising. Through

more accurate polarization calibration, or multifrequency analysis, or even a probe of spurious

circular polarization we may yet extract even more information from the oldest light in the

universe in our search for Lorentz violations in the laws of physics.
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Chapter 3

Constraints on Lorentz Invariance and

CPT Violation using Optical

Photometry and Polarimetry of

Active Galaxies BL Lacertae and S5

B0716+714

Various quantum gravity approaches that extend beyond the standard model predict

Lorentz Invariance and Charge-Parity-Time Violation at energies approaching the Planck

scale. These models frequently predict a wavelength dependent speed of light, which would

result in time delays between promptly emitted photons at different energies, as well as a

wavelength-dependent rotation of the plane of linear polarization for photons resulting from

vacuum birefringence. Here, we describe a pilot program with an automated system of small

telescopes that can simultaneously conduct high cadence optical photometry and polarimetry

of Active Galactic Nuclei (AGN) in multiple passbands. We use these observations as a

proof-of-principle to demonstrate how such data can be used to test various Lorentz Violation
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models, including special cases of the Standard Model Extension (SME). In our initial

campaign with this system, the Array Photo Polarimeter, we observed two AGN sources,

including BL Lacertae at redshift z = 0.069, and S5 B0716+714 at z = 0.31. We demonstrate

that optical polarimetry with a broadband Luminance filter combined with simultaneous

Ic-band observations yields SME parameter constraints that are up to ∼10 and ∼30 times

more sensitive than with a standard Ic-band filter, for SME models with mass dimension

d = 5 and d = 6, respectively. Using only a small system of telescopes with an effective 0.45-m

aperture, we further demonstrate d = 5 constraints for individual lines of sight that are within

a factor of ∼1-10 in sensitivity to comparable constraints from optical polarimetry with a

3.6-m telescope. Such an approach could significantly improve existing SME constraints via

a polarimetric all-sky survey of AGN with multiple 1-meter class telescopes.

3.1 Introduction

Special relativity and the standard model of particle physics obey the symmetry of

Lorentz Invariance, which has survived an enormous range of tests over the past century (See

[24] for a review). However, many theoretical approaches seeking to unify quantum theory

and general relativity predict that Lorentz Invariance may be broken at energies approaching

the Planck scale Ep =
√
c5~/G = 1.22×1019 GeV, perhaps due to the underlying quantized

nature of spacetime (e.g. [25, 26]). Since the relevant energies are not accessible to any

current, or foreseeable, Earth-bound tests, most approaches to testing such models have

relied on observations of high redshift astronomical sources to exploit small effects that may

accumulate to detectable levels over cosmological distances and timescales.

This paper considers only Lorentz Invariance Violation (LIV) for photons1, which can

lead to a modified vacuum dispersion relation, and therefore an energy dependent speed of

light, which causes a time delay (or early arrival) for promptly emitted photons of different

1Other authors have considered testing LIV models for massive particles including neutrinos, which can
be considered as approximately massless [27, 28, 29, 30, 26] and cosmic rays [31, 32, 33, 34, 35].
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Table 3.1: Celestial coordinates and BV R magnitudes of observed AGN sources from the
Simbad database. Lum and Ic magnitudes are mean values from our own photometry in
Tables 3.5-3.6.

Name RA DEC Redshift z z Ref. B V R Lum Ic
IRCS(J2000)◦ IRCS(J2000)◦ (mag) (mag) (mag) (mag) (mag)

S5 0716+714 110.47270192 +71.34343428 0.31 ± 0.08 [41, 42] 15.50 14.17 14.27 14.65 14.10
BL Lacertae 330.68038079 +42.27777231 0.0686 ± 0.0004 [43] 15.66 14.72 13.00 13.89 13.06

energies [28, 36, 37]. LIV models can also yield vacuum birefringence, which causes a rotation

of the plane of linear polarization for promptly emitted photons at different energies emitted

with the same initial polarization angle [38, 36]. In general, each of these effects can be

anisotropic, such that time delays and polarization rotations possess an angular dependence on

the sky, and require observations of extended sources like the Cosmic Microwave Background

(CMB) or measurements of point sources along many lines of sight to fully test the LIV model

parameter space [39, 40].

Testing LIV is difficult because each of these effects are expected to be negligible at

energies accessible in Earth-bound or solar system experiments. However, any such effects

could, in principle, accrue to measurable levels as these tiny deviations from Lorentz symmetry

accumulate over cosmological distances. Qualitatively, evidence for LIV time delays from

photometric observations are easier to measure for sources at higher cosmological redshifts

and higher energies [27, 28, 36, 39]. Compared to time delays, birefringent LIV models can

be tested with much higher sensitivity using spectropolarimetry or broadband polarimetry

[39].

In this work, we restrict our analysis to constraining a subset of the Standard Model

Extension (SME), an effective field theory approach describing the low energy corrections

stemming from a more fundamental Planck scale theory of quantum gravity. The SME

therefore provides a general framework for Lorentz Invariance and Charge-Parity-Time (CPT)

violation tests with electromagnetic radiation [39].2 More specifically, since we are only

reporting observations of two optical AGN sources, we are limited to constraining either

2We therefore do not consider models such as Doubly (or Deformed) Special Relativity (e.g. [44, 45]),
which may not be compatible with the SME [39, 40].
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general SME models along specific lines of sight or vacuum isotropic SME models, which

correspond to some of the more popular models studied in the literature. We further confine

our analysis to SME models of mass operator dimension d = 4, 5, 6, 7, 8, 9. Mass dimension

d = 3 models are best constrained with observations of the CMB [36, 39, 46, 47, 48, 49, 1]3.

While d = 4 models can yield birefringent effects, they would not produce LIV induced time

delays, since they involve no changes to the usual photon dispersion relation [39].

Simultaneous photometric observations in two filters allows one to estimate upper

limits to time delays between light curves in each bandpass. While our optical time delay

constraints are not competitive with observations of gamma-ray bursts [52, 53, 54, 55, 56, 57,

58, 59, 32, 60, 61, 62, 63, 64, 65, 66, 67, 68] or TeV flares from blazars [69, 70, 71, 36, 72, 73, 74],

our approach, which may be unique in the literature, does constrain both time delays and

maximum observed polarization with simultaneously obtained photometry and polarimetry

using the same pair of broadband optical filters. As such, they have the promise to compliment

existing SME constraints.

Time delay measurements uniquely constrain the SME vacuum dispersion coefficients

and, in principle, could constrain the vacuum birefringent coefficents as well for all models

with d 6= 4. However, time delay measurements are typically less sensitive than broadband

polarimetry for constraining the birefringent SME coefficients [39], so we exclusively use

broadband polarimetry to constrain all other SME coefficients. While optical spectropolarime-

try can yield constraints ∼2-3 orders of magnitude better for d = 5 models than broadband

optical polarimetry [40], this generally requires & 2-meter class telescopes. With telescopes

less than 1-m in diameter, broadband polarimetry in two or more filters is considerably more

practical, offering a solution that is low-cost and scalable to large numbers of observatories

around the world. Since we did not obtain spectropolarimetry in our pilot program, we focus

on the broadband polarimetry method for the rest of this work.

When observing a single source, as noted by [54], it is, in general, impossible to

3For a discussion of the difficulties in calibrating the reference angle for astrophysical CMB polarization
measurements, see [50] and [51].
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disentangle an intrinsic time-lag at the source from a delay induced by genuine LIV dispersion

effects.4 Therefore, to constrain LIV models using observed time delays, one must either

assume A) there are no intrinsic time delays, or B) statistically model observations of

many sources using the fact that all LIV effects are predicted to increase with redshift and

therefore be negligible for sufficiently “nearby” sources. For approach B, one would model

the population distribution of intrinsic time lags using a calibration sample of low redshift

sources and use this to disentangle these non-LIV effects from genuine LIV effects which

could be manifest in a suitably matched population of higher redshift sources [54, 39, 40].

However, since we only observed one nearby source (BL Lacertae at z = 0.0686 ± 0.0004;

[43]) and one high redshift source (S5 B0716+714 at z = 0.31± 0.08, [41, 42]), we assume

option A for the remainder of this work.

Similarly, it is, in general, impossible to know the intrinsic polarization angles for

photons emitted with different energies from a given cosmological source. If one possessed this

information, evidence for birefringence could be obtained by observing differences between

the known intrinsic polarization angle and the actual observed angles for photons emitted

promptly with the same polarization angle but at different energies. However, even in the

absence of such knowledge, birefringent effects can be constrained for sources at arbitrary

redshifts because a large degree of birefringence would yield large differences in observed

polarization angles at nearby frequencies, effectively washing out most, if not all, of the

observed polarization [39, 62, 67]. Therefore, observing a given polarization fraction can

constrain wavelength-dependent birefringence effects, which, if in effect, would have led to a

smaller degree of observed polarization. To analyze SME models in this work, we follow the

“average polarization” approach in [40].5

In this work, we present simultaneous photometric and polarimetric observations

4Note that the cosmological time delay calculation from [54] contains a basic error which was noted and
corrected by [28] and used by subsequent analyses (e.g. [36, 40]). This issue is also relevant for LIV tests
using gravitational lensing [75] and pulsar timing [76].

5The authors in [40] also analyzed both optical polarimetry and spectropolarimetry, where available, from
72 existing polarized AGN and Gamma-Ray Burst (GRB) afterglow sources in the literature (e.g. [77, 78, 79]).

41



using two broadband optical filters on separate telescopes, including the Luminance-band

filter (Lum) and a Johnson-Cousins I-band filter (Ic). While not as common as standard

optical BV RI filters, we chose the wider Lum filter both to maximize the signal for our small

telescopes and because wider optical bandpasses lead to tighter constraints on birefringent

SME Models obtained using any of the standard optical BV RI filters [40]. In particular,

we demonstrate significant advantages of the wider Lum filter versus the narrower Ic filter,

where, for the same observed maximum polarization fraction, the Lum filter yields d = 5, 6

SME parameter upper bounds that are factors of ∼3-26 times more sensitive than with the

Ic-band filter.

In addition, we develop a technique to combine simultaneous polarimetric observations

using two co-located telescopes with different filters into an effective system with a single

broadband optical filter that avoids the expense of a half-wave plate with high transmission

over the full ∼400-900 nm wavelength range of the combined Lum+ Ic filter. This yields more

stringent SME constraints than either filter alone, while achieving the effective light collecting

power of a larger telescope. This approach can be contrasted with an optical system using

dichroic beamsplitters on a single telescope to obtain simultaneous polarimetry in different

bandpasses (e.g. the DIPOL-2 instrument [80]). With this approach, for the same observed

maximum polarization fraction, our combined Lum+ Ic filter yields d = 5, 6 SME parameter

upper bounds that are factors of ∼2-30 times more sensitive than with the Ic-band filter.

The pilot program in this work is meant as a proof-of-principle to obtain the most

stringent SME constraints using broadband optical polarimetric observations with small

telescopes for which spectropolarimetry is unfeasible. Even without spectropolarimetry,

anisotropic SME constraints can be improved by observing sources along lines of sight

without previously published optical polarimetry. Even if specific AGN sources already have

published optical polarimetry, improved SME constraints can potentially be obtained simply

by observing these sources with wider optical bandpasses, and by potentially observing a

larger maximum polarization value than previously found. For all of these reasons, this work
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aims to motivate design feasibility studies for a follow up optical polarimetry survey using at

least two 1-m class telescopes, with one or more in each hemisphere.

This paper is organized as follows. In §3.2, we describe the Standard Model Extension

family of Lorentz and CPT-Invariance violating models we are interested in testing and

present our main constraints. In §3.3, we describe the optical polarimetric and photometric

observing systems used in this work, with emphasis on correcting for systematic errors in

our maximum polarization measurements. Conclusions are presented in 3.4. Mathematical

details, and the data obtained for this paper are presented in the Appendix.

3.2 Standard Model Extension

We do not describe the full SME framework here. Instead, see [39] for a review.

Qualitatively, if the Standard Model holds perfectly, all SME coefficients vanish identically.

No strong evidence yet exists for any non-zero SME coefficients, and therefore, many LIV

models falling under the SME umbrella have already been ruled out. However, the general

approach to make progress testing such models is to use observations of cosmological sources

at different wavelengths, higher redshifts, and varied positions on the sky to progressively

lower the upper bounds for any non-zero values of the coefficients over the full SME parameter

space. Weak constraints imply very large, uninformative, upper bounds. Strong constraints

imply very small, informative, upper bounds that constrain coefficient values progressively

closer to zero. However, even seemingly weak constraints can be of value of they are obtained

with an observational approach with smaller (or different) systematics than an approach that

nominally yields stronger constraints [40].

3.2.1 Vacuum Dispersion SME Models

Most LIV models predict a wavelength-dependent speed of light, leading to light of a

given energy arriving earlier (or later) than light of another energy, even if both were emitted
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simultaneously in the rest frame of the source. Following [28, 36, 39, 62], using “natural”

units (in which ~ = c = 1), in the context of the SME, the arrival time difference between

photons emitted simultaneously from a cosmological source with index label s at redshift

z = zs and sky position (θs, φs), with observed energies E1 and E2, (and detected at observer

frame times t1 and t2, respectively), is given by

∆t
(d)
(zs)

= t2−t1 ≈
(
Ed−4

2 −Ed−4
1

)
L

(d)
(zs)

∑
jm

Yjm,sc
(d)
(I)jm ,

(3.1)

where Yjm,s ≡ Yjm(θs, φs) are the spin weighted spherical harmonics for spin-06, c
(d)
(I)jm are

the vacuum dispersion SME coefficients with mass dimension d = 4, 6, 8, . . . which must be

CPT-even, and

L
(d)
(zs)

=

∫ zs

0

(1 + z)d−4

H(z)
dz =

∫ 1

as

da

(a)d−2H(a)
, (3.2)

where L
(d)
(zs)

is the effective comoving distance traveled by the photons, including the cos-

mological effects needed to compute arrival time differences in an expanding universe [28].

Setting d = 4 recovers the usual expression for comoving distance. In Eq. (3.2), H(z) = H(a)

is the Hubble expansion rate at a redshift zs with scale factor a−1
s = 1 + zs (with the usual

normalization a(t0) = 1 at the present cosmic time t = t0 at z = 0) given by

H(a) = H0

[
Ωra

−4 + Ωma
−3 + Ωka

−2 + ΩΛ

]1/2

, (3.3)

in terms of the present day Hubble constant, which we set to H0 = 73.24 km s−1Mpc−1

[81], and best fit cosmological parameters for matter Ωm = 0.3089, radiation Ωr = Ωm/(1 +

zeq) = 9.16×10−5 (with the matter-radiation equality redshift zeq = 3371), vacuum energy

ΩΛ = 0.6911, and curvature Ωk = 1− Ωr − Ωm − ΩΛ ≈ 0 using the Planck satellite 2015 data

6Yjm ≡ 0Yjm are the usual spherical harmonics for spin-0.
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release [82].7

In principle, observations constraining the theoretical time delay ∆t
(d)
(zs)

from Eq. (3.1)

between photons observed at different energies can constrain the SME coefficients c
(d)
(I)jm.

More specifically, an upper bound |∆t?| on the theoretical time delay (or early arrival)

|∆t(d)
(zs)
| ≤ |∆t?| measured from photometry in different bandpasses can be recast as an upper

bound on a linear combination of SME coefficients:

∣∣∣c̄(d)
(I),s

∣∣∣ .
c |∆t?|∣∣Ed−4

2 −Ed−4
1

∣∣L(d)
(zs)

, (3.4)

where c̄
(d)
(I),s ≡

∑
jm Yjm,sc

(d)
(I)jm is shorthand for the linear combination of vacuum dispersion

SME coefficients for source s and E1 and E2 can be estimated from the central wavelengths

of the filters.

Fig. 3.1 shows the relation between time delay upper limits and d = 6 isotropic SME

models for sample sources observed with both our Lum and Ic filters over a range of redshifts

z ∈ [0.1, 1, 10], while highlighting the parameter space already ruled out by limits from GRB

observations, as well as the weaker, but meaningful constraints obtainable from optical time

delay data with |∆t?| ≤ 1 hour.

3.2.2 CPT-Odd Vacuum Birefringent SME Models

For a subset of vacuum birefringent SME models with coefficients k
(d)
(V )jm, where the

mass dimension d = 3, 5, 7, . . . must be CPT-odd, rather than arrival times, the relevant

quantity is the rotation of the plane of linear polarization for photons with different observed

energies E1 and E2 that were emitted in the rest frame of the source with the same polarization

angle. After traveling an effective distance of L
(d)
(zs)

through an expanding universe, the

7We use cosmological parameters reported in Table 4 column 6 of [82]. These are the joint cosmological
constraints (TT,TE,EE+lowP+lensing+ext 68% limits (where ext=BAO+JLA+H0)). However, based on
recent tension between the Hubble constant H0 determined using CMB data and Type Ia supernovae (SN Ia),
we use the SN Ia Hubble constant H0 = 73.24 km s−1Mpc−1[81] rather than H0 = 67.74 km s−1Mpc−1from
Table 4 column 6 of [82].
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Figure 3.1: We plot the dimension d = 6 isotropic vacuum dispersion SME parameter |c(6)
(I)00|

for time delays between two example observations in the Lum and Ic bands (central wavelengths
of ∼550 nm vs. ∼800 nm) for various redshift sources (z = 0.1, 1, 10).

The horizontal dot-dashed line shows the |c(6)
(I)00| corresponding to the Planck energy scale, while

the dashed vertical line corresponds to a time delay of 1 hour. Gray regions in the parameter
space with |c(6)

(I)00| &10−14 GeV−2 have already been ruled out by high redshift, high time
resolution, Gamma-Ray burst data [62]. Because of this, optical time delays on the order of
minutes to hours for moderate redshift sources can only provide weak — but still independent —
constraints as a consistency check.

difference in their observed polarization angles ∆ψ
(d)
(zs)

= ψ2−ψ1 will be

∆ψ
(d)
(zs)

≈
(
Ed−3

2 −Ed−3
1

)
L

(d)
(zs)

∑
jm

Yjm,sk
(d)
(V )jm . (3.5)

In principle, polarimetric observations measuring an observed polarization angle difference

|∆ψ?| in a single broadband filter with bandpass edge energies E1 and E2, with |∆ψ(d)
(zs)
| ≤

|∆ψ?|, can constrain the SME coefficients k
(d)
(V )jm directly using Eq. (3.5),

∣∣∣k̄(d)
(V ),s

∣∣∣ ≤ c |∆ψ?|∣∣∣Ed−3
2 −Ed−3

1

∣∣∣L(d)
(zs)

, (3.6)

where k̄
(d)
(V ),s ≡

∑
jm Yjm,sk

(d)
(V )jm is shorthand for the linear combination of birefringent SME

coefficients for source s.8

8We present constraints from our data using the Lum and Ic-band optical filters in Sec 3.2.5.
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Eq. (3.6) requires the assumption that all photons in the observed bandpass were

emitted with the same (unknown) intrinsic polarization angle. When not making such

an assumption, a more complicated and indirect argument is required. In general, when

integrating over an energy range [E1, E2], if LIV effects exist, the observed polarization degree

will be substantially suppressed for a given observed energy if ∆ψ? > π, regardless of the

intrinsic polarization fraction at the corresponding rest frame energy [62, 40]. Other authors

present arguments allowing them to assume ∆ψ? ≤ π/2 to derive bounds on certain SME

models [59, 60, 61]. In our case, observing a polarization fraction p? can be used to constrain

birefringent SME coefficients as follows.

First, one conservatively assumes a 100% intrinsic polarization fraction at the source

for all wavelengths. Lower fractions for the source polarization spectrum would lead to tighter

SME bounds. In this case, the total intensity I is equal to the polarized intensity Ip, such

that

I =

∫ E2

E1

T (E)dE = Ip , (3.7)

where T (E) is the total throughput transmission function as a function of photon energy

E = hc/λ (with wavelength λ) for the polarimeter, including the relevant optics, broadband

filters, and detectors (see Fig. 3.2). Then, following [40], integrating Eq. (3.5) over the energy

range of the effective bandpass T (E) yields normalized linear polarization Stokes parameters

q ≡ Q/I and u ≡ U/I, given by

q
(d)
(zs)

=
Ip
I

∫ E2

E1

cos
(

2∆ψ
)
T (E)dE (3.8)

=

∫ E2

E1

cos
(

2
(
Ed−3−Ed−3

1

)
L

(d)
(zs)
k̄

(d)
(V ),s

)
T (E)dE ,
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and

u
(d)
(zs)

=
Ip
I

∫ E2

E1

sin
(

2∆ψ
)
T (E)dE (3.9)

=

∫ E2

E1

sin
(

2
(
Ed−3−Ed−3

1

)
L

(d)
(zs)
k̄

(d)
(V ),s

)
T (E)dE ,

where the intensity normalized Stokes parameters q = q
(d)
(zs)

and u = u
(d)
(zs)

depend on mass

dimension d and redshift zs in the SME framework.

An upper bound on the observed polarization is then

p? − 2σ? < p
(d)
max,(zs)

=

√(
q

(d)
(zs)

)2

+
(
u

(d)
(zs)

)2

, (3.10)

such that observing a polarization fraction p? implies an upper bound on k̄
(d)
(V ),s by finding the

largest value of k̄
(d)
(V ),s that is consistent with the inequality p

(d)
max,(zs)

> p? − 2σ?, where σ? is

the 1-σ uncertainty on the polarization measurement. This corresponds to a 95% confidence

interval assuming Gaussian measurement errors for the polarization fraction.

As shown by [40], in this framework, broader filters lead to smaller values for p
(d)
max,(zs)

,

so observing larger p? values in those filters leads to tighter constraints on k̄
(d)
(V ),s than

observing the same polarization p? through a narrower filter for the same source. In addition

to improving our signal-to-noise, this is a key reason we chose the broader Lum band filter

to compare to the more standard Ic band filter, and implemented a method to combine both

filters using simultaneous observations on two telescopes. The transmission T (λ) for our

combined Lum+ Ic-band polarimetry is shown in Fig. 3.2, which can be used to compute

T (E). Our observational setup is described in § 3.3.

In principle, one should also consider the source spectrum and the atmospheric

attenuation in computing T (E), but we follow [40] and assume that the optical spectra

are flat enough in the relevant wavelength range so that we can ignore these small effects.

However, unlike [40], which only consider the transmission function of the broadband filter,
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Figure 3.2: Transmission Function

Total transmission function from optics, filters, and CCD detectors for our Lum and Ic-bands
observed using the Array Photo Polarimeter (APPOL, see §3.3), which we combine into a single,
effective broadband Lum+ Ic filter with coverage from ∼400-900 nm (with minimal filter overlap
at ∼700 nm), using simultaneous data from two telescopes (see Fig. 3.8).

we additionally consider the transmission functions for the optics and CCD detector, in

addition to the filter, when computing T (E) (see Fig. 3.8).

Following [40], to jointly parameterize the cosmological redshift dependence and SME

parameter effects, we define the quantity ζ
(5)
s as

ζ(5)
s ≡ L

(5)
(zs)
k̄

(5)
(V ),s . (3.11)

Also following [40], Fig. 3.3 shows the change in the intensity normalized Stokes parameter

q
(d)
(zs)

from Eq. (3.9) for several values of ζ
(5)
s , while Fig. 3.4 shows theoretical limits from

the maximum observed polarization pmax versus |ζ(5)
s | in our Lum and Ic bands, and for our

combined Lum+ Ic-band in Fig. 3.2. Based on Fig. 3.4, Fig. 3.5 shows that the Lum+ Ic

band yields |ζ(5)
s | constraints ∼2-10 times more restrictive than the Ic band for the same

observed polarization fraction, over the range pmax & 0.02, (where p? < pmax), assuming

negligible uncertainties, σ?.

3.2.3 CPT-Odd Vacuum Isotropic SME Models

Since jm are the angular quantum numbers with −j ≤ m ≤ j, with j ≤ d−2, for each

value of d, the number of distinct anisotropic vacuum dispersion and vacuum birefringent SME
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Figure 3.3: Change of the Stokes parameter q
(d)
(zs) from Eq. (3.9) for our combined Lum+ Ic

filter in Fig. 3.2 for several values of ζ
(5)
s . For comparison, see Fig. 2 of [40].

Figure 3.4: Maximum allowed polarization fraction pmax vs. d = 5 CPT-Odd Vacuum
birefringence parameter |ζ(5)

s | from Eq. (3.11) for the Ic-band (blue), Lum-band (orange), and
our combined Lum+ Ic-band (red).

For an example observed polarization fraction p? = 0.15 (horizontal black line), upper limits on
|ζ(5)

s | for each band (dashed vertical lines) can be obtained by noting that pmax eventually falls
below the observed value of p? for all values of that coefficient. For p? & 0.02, the most stringent
upper limit comes from the combined Lum+Ic-band. For p? = 0.15, this yields a Lum+Ic-band
upper limit |ζ(5)

s | . 5.0× 1017 GeV−2, a factor of ∼10 better than the corresponding limit from
the Ic band.
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Figure 3.5: Theoretical maximum observed polarization pmax vs. the ratio of CPT-odd
vacuum birefringent d = 5 SME coefficients from Fig. 3.4 from the Ic and Lum + Ic bands,
|ζ(5)

s (Ic)|/|ζ(5)
s (Lum+ Ic)|.

Ignoring polarization uncertainties σ?, for all observed polarization fractions p? & 0.02 (where
p? < pmax), constraints from the Lum+ Ic band are ∼2-10 times tighter than for the Ic-band.
The spike at |ζ(5)

s (Ic)|/|ζ(5)
s (Lum + Ic)| ∼ 6 results from the fact that the ratio of the |ζ(5)

s |
values in each band (blue and red curves in Fig. 3.4) is nearly constant for p? & 0.17.

coefficients increases as (d− 1)2 when d is CPT-odd and as 3(d− 1)2− 8 when d is CPT-even

[39] (See Table II of [62]). For example, the d = 5 model has 16 SME coefficients [40]. Since

we only observed two sources, we are limited to constraining only linear combinations of

SME coefficients c
(d)
(I)jm and k

(d)
(V )jm along two specific lines of sight. Ultimately, progressively

larger numbers of sources at different locations on the sky are required to better constrain

the general anisotropic model space for a given value of d.

However, we can follow a simpler approach and also test the subset of isotropic models,

which are recovered for each value of d when setting j = m = 0. Lines of sight to individual

point sources are therefore most useful for constraining the isotropic SME coefficients c
(d)
(I)00

and k
(d)
(V )00, which correspond to some of the simplest LIV models in the literature [39, 62].

Constraints for both isotropic SME models and linear combinations along our specific lines

of sight are shown in Table 3.2.
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3.2.4 CPT-Even Vacuum Birefringent SME Models

There exists an additional subset of CPT-even vacuum birefringent SME models with

coefficients k
(d)
(E)jm and k

(d)
(B)jm, where d = 4, 6, 8, . . ., which correspond to spin-2 helicity, rather

than spin-0. Let us first define

k̄
(d)
(EB),s ≡

∑
jm

±2Yjm,s

(
k

(d)
(E)jm + ik

(d)
(B)jm

)
, (3.12)

as shorthand for the linear combination of CPT-even birefringent SME coefficients for source

s. Note that there do not exist isotropic models for this subset of SME parameters so there

are no jm = 00 terms corresponding to Eq. (3.12) [39]. The CPT-even case is also more

complex than the CPT-odd case, because the normal modes are linearly polarized and, in

general, can involve no change in the polarization angle, or mixing of linearly polarized into

elliptical or circularly polarized modes [62].

Following, [39, 62], we now define the accumulated phase change Φ at a given energy

E as

Φs = 2Ed−3L
(d)
(zs)
k̄

(d)
(EB),s . (3.13)

In the CPT-odd vacuum birefringent case, this phase change directly resulted in a polarization

angle rotation because we can split linearly polarized light equally into left and right circularly

polarized states. But the same is not true of the CPT-even case. Linearly polarized light will

not in general be split evenly between the normal modes of a CPT-even Lorentz violation.

But similar to the CPT-odd case, we can still arrive at an expression for the maximum

allowed polarization given a particular broadband filter. Again assuming a 100% polarized

source at all wavelengths, the observation of a linear polarization fraction p? (with uncertainty

σ?) in a given broad energy band can be used to constrain the quantity k̄
(d)
(EB),s.

Following [62], let us first define the angle Ψ = ψ0 − ψb as the difference between
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the initial polarization angle ψ0 for light not produced in a normal mode and the initial

polarization angle ψb for the slower of the two normal modes. For simplicity, we omit the

source index s from the notation for Ψ, ψ0, and ψb, since we will soon make assumptions

which remove the Ψ dependence.

Additionally we can define 〈cos Φs〉 as the average value of cos Φs for source s after

integrating over the relevant energy band

〈cos Φs〉≡
∫ E2

E1

cos
(

2
(
Ed−3−Ed−3

1

)
L

(d)
(zs)
k̄

(d)
(EB),s

)
T (E)dE .

(3.14)

In this case, as shown in Appendix 3.6.1, the normalized Stokes parameters q = q
(d)
(zs)

and u = u
(d)
(zs)

are

q
(d)
(zs)

= cos 2Ψ cos 2ψb − 〈cos Φs〉2 sin 2Ψ sin 2ψb , (3.15)

u
(d)
(zs)

= cos 2Ψ sin 2ψb + 〈cos Φs〉2 sin 2Ψ cos 2ψb , (3.16)

and, via Eq. (3.10), the corresponding maximum limit on polarization is

p? − 2σ? < p
(d)
max,(zs)

=
√

1− (1− 〈cos Φs〉2) sin2 2Ψ ≤ |〈cos Φs〉| , (3.17)

where the conservative upper bound is reached when Ψ = π/4. Fig. 3.6 shows the correspond-

ing limits obtained in this most conservative case.

Similar to Fig. 3.4, Fig. 3.6 shows limits from the theoretical maximum polarization

pmax in our Lum, Ic, and Lum+ Ic-bands versus the quantity ζ
(6)
s , defined as

ζ(6)
s ≡ L

(6)
(zs)
k̄

(6)
(EB),s . (3.18)
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Figure 3.6: Similar to Fig. 3.4, but for pmax vs. the d = 6 CPT-Even Vacuum Birefringence
parameter |ζ(6)

s | from Eq. (3.18).

For an example observed polarization fraction p? = 0.15 (horizontal black line), the most
stringent upper limit of |ζ(6)

s | . 7 × 1025 GeV−3 (dashed red line) comes from our combined
Lum+ Ic-band, a factor of ∼30 better than the corresponding limit from the Ic band (dashed
blue line).

Again, similar to Fig. 3.5, Fig. 3.7 shows that the combined Lum + Ic-band yields |ζ(6)
s |

constraints up to ∼3-30 times more sensitive than the Ic-band.

3.2.5 Constraints on SME Models

With simultaneous photometric time series in two filter bands, one can estimate upper

limits to any time delays (or early arrivals) between the corresponding light curves under

the simple assumption that the intrinsic light curve shapes are identical. We perform this

analysis on our entire photometric time series (see Tables 3.5-3.6 and Figs. 3.9-3.13) using an

open source implementation of the Discrete Correlation Function (DCF) in Python9, which

can be used to analyze variable time series with arbitrary sampling [83] (see, for example

[84]). Constraints from time delays are presented in Table 3.2, using the methods of §3.2.1.

We consider possible estimated time delays ∆t? = mI −mL between observed pho-

tometric light curves in the Lum and Ic bands. Since our data points have a typical 8-10

9https://github.com/astronomerdamo/pydcf
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Figure 3.7: Similar to Fig. 3.5, but for pmax vs. the ratio of CPT-even vacuum birefringent
d = 6 SME coefficients from Fig. 3.6 from the Ic and Lum+Ic bands, |ζ(6)

s (Ic)|/|ζ(6)
s (Lum+Ic)|.

Again, ignoring polarization uncertainties σ?, for all observed polarization fractions p? & 0.1
and for many values p? < 0.1 (where p? < pmax), constraints from the Lum+ Ic band are ∼3-30
times tighter than for the Ic-band.

minute cadence, we compute the best-fit DCF time delay using a series of DCF bin widths in

the range [5, 20] minutes with step size 0.1 minutes, while considering possible time delays or

early arrivals in the range of [−250, 250] minutes for both sources. The mean and standard

deviation of the set of best fit DCF time delays then yields ∆t? =26.5± 19.5 minutes and

∆t? =−5.1±3.3 minutes for BL Lacertae and S5 B0716+714, respectively. Both are consistent

with ∆t? = 0, and thus no time delay, to within the 2-σ uncertainties. Using the 2-σ errors,

and remaining agnostic as to the sign of ∆t
(d)
(zs)

leads to conservative time delay upper bounds

of

|∆t?| ≤ max{|∆t? − 2σ∆t?|, |∆t? + 2σ∆t?|} , (3.19)

which for the two sources yields |∆t(d)
(zs)
| ≤ |∆t?| = 65.5 minutes and 11.7 minutes, for BL

Lacertae and S5 B0716+714, respectively.10

For a polarimetric time series measuring the polarization p in either the Lum, Ic, or

combined Lum+ Ic-bands, one can use the maximum observed polarization p? during the

10The time delay upper limit for BL Lacertae is less stringent than the limit form S5 B0716+714 due
mainly to the smaller number of data points.
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observing period to place limits on the SME parameters as in §3.2.2-3.2.4, with an additional

correction for systematic errors described in Sec. 3.3.1. While a longer survey could, in

principle, yield larger values of p?, and thus, more stringent SME constraints, meaningful

constraints can still be obtained for arbitrary values of p?, even though these are likely lower

limits to the true maximum polarization. Constraints from maximum observed polarization

measurements are presented in Table 3.2 for the Lum and Ic-bands, and in Table 3.3 for the

combined Lum+ Ic-bands.

Even though we observed only two low redshift sources with small telescopes, our

best Lum-band d = 5 SME constraint from maximum polarization measurements of S5

B0716+714 at z = 0.31 ± 0.08 in Tables 3.2-3.3, of |k̄(5)
(V )| < 1 × 10−23 GeV−1 is within an

order of magnitude of all constraints for individual lines of sight from the 36 QSOs in the

redshift range z ∈ [0.634, 2.936] analyzed in Table II of [40], where their SME parameter

γmax corresponds to our parameter |k̄(5)
(V )|.11 More specifically, our best d = 5 constraint is

comparable to the least sensitive constraint γmax < 9.79× 10−24 GeV−1 from Table II of [40]

(for FIRST J21079-0620 with p? = 1.12± 0.22% at z = 0.644), while our best constraint is

only a factor of ∼10 less sensitive than the best constraint of γmax < 0.97× 10−24 GeV−1 (for

PKS 1256 – 229 with p? = 22.32± 0.15% at z = 1.365). This is the case even though our

analysis was arguably more conservative than [40], in regard to modeling our transmission

functions, correcting for polarimetry systematics, and including uncertainties in the reported

redshift measurements.

Note that the sources analyzed in [40] used linear polarization measurements from

[78], which were observed using the 3.6-m telescope at the European Southern Observatory

in La Silla, with the EFOSC2 polarimeter equipped with a V -band filter. As such, this

work demonstrates that meaningful SME constraints for individual lines of sight — that are

comparable to, or within a factor of 10 as sensitive as polarimetry constraints from a 3.6-m

11Our Lum+ Ic, k̄
(5)
(V ) constraint is actually a factor of ∼2 worse than our Lum-band constraint because

the maximum observed polarization for the combined Lum+ Ic band data of p?,cor = 7.83± 0.38% is slightly
smaller than the Lum band measurement of p?,cor = 9.77± 0.52%. However, for the same value of p?,cor, the
Lum+ Ic constraint will always be more sensitive than the Lum or Ic-band constraints alone.
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telescope — can be readily obtained using a polarimetric Lum + Ic-band system of small

telescopes with an effective 0.45-m aperture, with ∼64 times less collecting area, which we

describe in Sec. 3.3.

Table 3.2: Upper limits on linear combinations of SME coefficients of Lorentz and CPT violation
along specific lines of sight from our Lum and Ic-band observations of BL Lacertae and S5
B0716+714, with sky coordinates and redshifts from Table 3.1.

Source S5 B0716+714 BL Lacertae
(RA,DEC) (110.47◦, 71.34◦) (330.68◦, 42.28◦)
Redshift z 0.31 ± 0.08 0.0686 ± 0.0004

Time Delay Upper Bound Lum-Ic Lum-Ic
|∆t?| [minutes] 11.7 65.5

|c̄(6)
(I)
| < 6× 10+01 GeV−2 < 8× 10+02 GeV−2

|c̄(8)
(I)
| < 8× 10+18 GeV−4 < 1× 10+20 GeV−4

|c(6)
(I)00

| < 2× 10+02 GeV−2 < 3× 10+03 GeV−2

|c(8)
(I)00

| < 3× 10+19 GeV−4 < 4× 10+20 GeV−4

Max. Obs. Polarization Lum Ic Lum Ic
p? [%] 10.02± 0.44 8.30± 0.48 10.33± 0.43 10.50± 0.30

psys,ISP [%] 0.21± 0.27 0.77± 0.23 0.92± 0.07 0.46± 0.07
psys,int [%] 0.04 0.04 0.04 0.04
p?,cor [%] 9.77± 0.52 7.49± 0.53 9.37± 0.44 10.00± 0.31

|k̄(5)
(V )
| < 1× 10−23 GeV−1 < 7× 10−23 GeV−1 < 3× 10−23 GeV−1 < 1× 10−22 GeV−1

|k̄(7)
(V )
| < 2× 10−6 GeV−3 < 1× 10−5 GeV−3 < 4× 10−6 GeV−3 < 2× 10−5 GeV−3

|k̄(9)
(V )
| < 3× 10+11 GeV−5 < 4× 10+12 GeV−5 < 8× 10+11 GeV−5 < 6× 10+12 GeV−5

|k(5)
(V )00

| < 5× 10−23 GeV−1 < 3× 10−22 GeV−1 < 1× 10−22 GeV−1 < 4× 10−22 GeV−1

|k(7)
(V )00

| < 6× 10−6 GeV−3 < 3× 10−5 GeV−3 < 2× 10−5 GeV−3 < 8× 10−5 GeV−3

|k(9)
(V )00

| < 1× 10+12 GeV−5 < 1× 10+13 GeV−5 < 3× 10+12 GeV−5 < 2× 10+13 GeV−5

|k̄(4)
(EB)

| . 7× 10−32 . 2× 10−31 . 2× 10−31 . 3× 10−31

|k̄(6)
(EB)

| . 5× 10−15 GeV−2 . 2× 10−14 GeV−2 . 1× 10−14 GeV−2 . 5× 10−14 GeV−2

|k̄(8)
(EB)

| . 2× 10+2 GeV−4 . 5× 10+3 GeV−4 . 4× 10+2 GeV−4 . 1× 10+4 GeV−4

The upper portion of the table shows the vacuum dispersion coefficients |c̄(d)
(I)| and corresponding

isotropic coefficients |c(d)
(I)00| (see Fig. 3.1) as inferred from estimates of an upper bound on the

time delay ∆t? between the observed photometry in both the Lum and Ic-bands as described
in Sec. 3.2.5. The remaining rows show separate constraints from the maximum observed
polarization fraction p?, which we correct for systematics from interstellar polarization (psys,ISP)
and instrumental polarization and zero point bias (psys,inst), in each band via p?,cor = p? −
psys,ISP − psys,inst, with corresponding statistical errors added in quadrature. To be conservative,
we derive SME parameter upper bounds using the 2-σ errors for ∆t?, p?,cor, and Redshift z.
The lower rows show the vacuum birefringent coefficients |k̄(d)

(V )| and their corresponding isotropic
coefficients |k(d)

(V )00|, each for the CPT-odd cases d = 5, 7, 9. The last three rows show the vacuum
birefringence coefficients |k̄(d)

(EB)| for the CPT-even cases d = 4, 6, 8. In each case, constraints
from our observed broadband polarimetry using the wider Lum-band are tighter than for the
Ic-band.
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Table 3.3: Same as SME coefficient limits from maximum observed polarization from Table 3.2,
but for the combined Lum+Ic-band (see Fig. 3.2).

Source S5 B0716+714 BL Lacertae
(RA,DEC) (110.47◦, 71.34◦) (330.68◦, 42.28◦)
Redshift z 0.31 ± 0.08 0.0686 ± 0.0004

Maximum Observed Polarization Lum+ Ic Lum+ Ic
p? [%] 8.64± 0.30 10.30± 0.28

psys,ISP [%] 0.77± 0.23 0.92± 0.07
psys,inst [%] 0.04 0.04
p?,cor [%] 7.83± 0.38 9.34± 0.29

|k̄(5)
(V )| ≡ |

∑
jm Yjm(θ, φ)k

(5)
(V )jm| < 2× 10−23 GeV−1 < 5× 10−23 GeV−1

|k̄(7)
(V )| ≡ |

∑
jm Yjm(θ, φ)k

(7)
(V )jm| < 4× 10−6 GeV−3 < 8× 10−6 GeV−3

|k̄(9)
(V )| ≡ |

∑
jm Yjm(θ, φ)k

(9)
(V )jm| < 8× 10+11 GeV−5 < 2× 10+12 GeV−5

|k(5)
(V )00| < 9× 10−23 GeV−1 < 2× 10−22 GeV−1

|k(7)
(V )00| < 1× 10−5 GeV−3 < 3× 10−5 GeV−3

|k(9)
(V )00| < 3× 10+12 GeV−5 < 7× 10+12 GeV−5

|k̄(4)
(EB)| ≡ |

∑
jm 2Yjm(θ, φ)(k

(4)
(E)jm + ik

(4)
(B)jm)| . 8× 10−32 . 2× 10−31

|k̄(6)
(EB)| ≡ |

∑
jm 2Yjm(θ, φ)(k

(6)
(E)jm + ik

(6)
(B)jm)| . 9× 10−15 GeV−2 . 5× 10−15 GeV−2

|k̄(8)
(EB)| ≡ |

∑
jm 2Yjm(θ, φ)(k

(8)
(E)jm + ik

(8)
(B)jm)| . 2× 10+2 GeV−4 . 4× 10+2 GeV−4

3.3 The Array Photo Polarimeter

The observing system used in this work, the Array Photo Polarimeter (APPOL)

— maintained and operated by one of us (G. Cole) — uses dual beam inversion optical

polarimetry with Savart plate analyzers rotated through an image sequence with various

half-wave-plate (HWP) positions. See [85, 86, 87] for the basic procedures underlying dual

beam polarimetry. This approach can be contrasted with quadruple beam analyzers with

Wollaston prisms such as RoboPol (e.g. [88, 89, 90]) that can obtain all the Stokes parameters

in a suitably calibrated single image.

The APPOL array employs an automated telescope, filter, and instrument control

system with 5 co-located telescopes on two mounts. APPOL uses two small, Celestron 11

and 14 inch, primary telescopes (C11 and C14) for polarimetry with an effective collecting

area equivalent to a larger 17.8 inch (0.45-m) telescope, with added capability to obtain

simultaneous photometry or polarimetry on a third smaller telescope (Celestron 8 inch = C8),

along with bright star photometry and/or guiding using a fourth and fifth 5 inch telescope.
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APPOL is located at StarPhysics Observatory (Reno, Nevada) at an elevation of 1585 meters.

Earlier iterations of APPOL (e.g. [91]) have been progressively equipped with new

automated instrumentation and image reduction software [92, 93, 94], and used for spectropo-

larimetry studies [95, 96], including a long observing campaign presenting polarimetry and

photometry of the variable star Epsilon Aurigae [97, 98, 99]. APPOL’s polarimeter designs

also helped inform the planning and hardware implementation of the University of Denver

DUSTPol instrument, an optical polarimeter with low instrumental polarization that has

been used to study cool star systems, including RS CVn systems and Wolf-Rayet stars [100].

The first row of Fig. 3.8 shows the inputs to the total transmission vs. wavelength

T (λ) in Fig. 3.2 for our Lum and Ic-band polarimetry using APPOL, which can be used

to compute T (E) as used in § 3.2.2-3.2.5. The APPOL setup used in this work and the

associated polarimetry data reduction and analysis methods will be described in more detail

in a companion paper [101].

3.3.1 Observations and Systematics

All data in this paper were observed with APPOL over a short campaign in December

2017 - January 2018. Samples of the observed data for BL Lacertae and S5 B0716+714

are shown in Appendix 3.6.2 in Tables 3.5-3.6, with the full machine-readable polarimetry

and photometry data available online and plotted in Figs. 3.9-3.11 for BL Lacertae and in

Figs. 3.12-3.14 for S5 B0716+714. Image sequences with detected cosmic rays were identified

as outliers and excluded. While we only use the maximum observed polarization to constrain

birefringent SME models, we include the entire time series for completeness. By contrast,

the full photometric time series was used to constrain the vacuum dispersion SME models

using estimated time delays.

Optical photometric and polarimetric variability, correlations between flux and color,

and searches for intra-band photometric time lags, have been studied extensively in the

literature for AGN and BL Lacertae type objects [78, 102, 103, 104, 105, 106], including the
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Figure 3.8: Array Photo Polarimeter transmission functions for the relevant optical components,
filters, and CCD detectors.

The first row shows the C11 and C14 telescopes used for polarimetry in the Lum and Ic bands,
respectively. The second row shows the C8 telescope used for photometry in both the Ic and
Lum bands. The black curve shows T (λ), the total transmission function, which can be used
to compute T (E) to constrain the SME parameters via maximum polarization measurements
as in § 3.2.2-3.2.5. To simplify the analysis, we do not model the transmission functions of the
Celestron StarBright coatings. We also do not model the transmission functions of the Savart
Plates and the half-wave plates, which are fairly uniform throughout the relevant wavelength
range. For similar reasons, we also neglect the atmospheric transmission and the source spectra.
By comparison, the analysis in [40] only included the filter transmission function.
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specific, well known AGN sources we observed: BL Lacertae [107, 108, 109, 110], and S5

B0716+714 [111, 112, 113, 114, 115, 116, 117, 118, 119]. Our analysis is restricted to testing

SME models, but our photometric and polarimetric time series could be analyzed similarly

in future work.12

Our data reduction pipeline removes systematic instrumental polarization using

secondary flat-field self-calibration from the two sets of images taken at the 4 half wave

plate positions (0◦, 22.5◦) and (45◦, 67.5◦), respectively, following [87]. Hundreds of previous

APPOL measurements of unpolarized standard stars indicate that this procedure yields

instrumental polarization systematics . 0.03% for targets with sufficient flux, while zero-

point bias adjustments are typically . 0.01% for observed APPOL polarization fractions

of greater than a few percent [98].13 The APPOL HWP waveplate modulation efficiencies

have been measured to be & 97% and ∼ 90% for Lum and Ic, respectively. Since imperfect

modulation efficiency can only reduce the maximum observed polarization from its true value,

to be conservative, we choose not to model these systematics here.14 Previous tests indicate

that other potential systematics including coordinate frame misalignment are negligible for

APPOL [98].

The total optical polarization along arbitrary lines of sight toward galactic field stars

can range from a fraction of a percent to several percent [126, 127, 128]. Previous work from

the Large Interstellar Polarization Survey provided evidence that interstellar polarization

(ISP) from multiple dust clouds along a given line of sight is smaller than from lines of sight

passing through a single dust cloud [129, 128]. Since the presence of two or more clouds

would therefore depolarize the incoming radiation, we assume that the ISP along the line of

sight toward a galactic field star represents a conservative upper limit to the true ISP toward

an AGN source that would have been measured through the full dust column of the galaxy,

12For reviews of the many other applications of optical polarimetry, see for example, [120, 121, 122, 123,
124, 125].

13We assume the same systematic error budget of 0.04% for the Lum, Ic, and Lum+ Ic bands including
instrumental polarization and zero-point bias.

14HWP modulation efficiency systematics would not effect the measured polarization angles, although
other relevant systematics are discussed in [98].
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Table 3.4: Polarization measurements pL (Lum) and pI (Ic)

Star # GAIA DR2 ID RA DEC pL pI
IRCS(J2000)◦ IRCS(J2000)◦ (%) (%)

BL Lacertae
1 1960066324769508992 330.68924090 +42.27652024 1.01± 0.03 0.55± 0.03
2 1960066329068001536 330.69304715 +42.28231354 0.92± 0.07 0.46± 0.07

S5 B0716+714
1 1111278261916148224 110.47651216 +71.32247695 0.26± 0.43 0.89± 0.73
2 1111278158836933888 110.46803636 +71.30492029 0.21± 0.27 0.77± 0.23

Polarization measurements pL (Lum) and pI (Ic) of field stars in sample image sequences within
3 arcmin of the AGN sources BL Lacertae and S5 B0716+714, used to estimate upper limits
on interstellar polarization for the systematic error budget used in Tables 3.2-3.3. Celestial
coordinates and GAIA DR2 identifiers from Simbad/VizieR are included.

the intergalactic medium, and the AGN host galaxy.

Using a sample image sequence for each of our two AGN targets, we performed

Lum and Ic-band polarimetry on the two closest field stars within 3 arcmin of the target

AGN, finding polarizations of 1.01± 0.03% and 0.92± 0.07% in Lum and 0.55± 0.03% and

0.46± 0.07% in Ic for the field of BL Lacertae and 0.26± 0.43% and 0.21± 0.27% in Lum

and 0.89± 0.73% and 0.77± 0.23% in Ic for the field of S5 B0716+714. See Table 3.4. For

the combined Lum+ Ic band maximum polarization measurements, we use the largest ISP

measurement from the Lum and Ic bands.

Assuming that our AGN max polarization measurements arise from a combination of

instrumental polarization, zero point bias, ISP, and intrinsic source polarization, and that the

ISP is approximately constant within 3 arcmin of the AGN target line of sight, we use the

smaller of the two measured stellar polarizations to estimate conservative systematic upper

limits for ISP (psys,ISP) as listed in Tables 3.2-3.3. Finally, to obtain a polarization estimate

corrected for systematics, p?,cor, we subtract these systematic error estimates for ISP (psys,ISP)

as well as the 0.04% systematic budget from instrumental polarization and zero point bias

(psys,inst) from our maximum observed polarization in the Ic, Lum, and Lum+ Ic-bands to
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obtain the SME constraints in Tables 3.2-3.3.15

3.4 Conclusions

In this work, we performed optical polarimetry and photometry of two well known AGN

sources, BL Lacertae and S5 B0716+714 in both the Lum and Ic-bands, while implementing

a procedure to obtain polarimetry in a wider effective passband with coverage from ∼400-

900 nm by combining simultaneous photometry from two small, co-located telescopes. We

used the “average polarization” method of [40], which analyzed polarimetric measurements

from the literature, to analyze our own polarimetric measurements, thereby demonstrating a

proof-of-principle method to use our own data to derive meaningful constraints, for individual

lines of sight or isotropic models, on parameters from various subsets of the Standard Model

Extension, a useful framework to test for new physics beyond the Standard Model including

potential violation of Lorentz and CPT Invariance [39]. We demonstrated that maximum

polarization measurements with our wider effective Lum + Ic bandpass can yield SME

constraints that are up to ∼10 or ∼30 times more sensitive that with our Ic-band filter, for

d = 5 and d = 6 models, respectively.

To constrain SME parameters for a single source along a single line of sight, optical

photometric measurements of AGN are not competitive with GRB gamma-ray and x-ray

measurements in regard to timing resolution, energy, and redshift. Therefore, high energy

GRB measurements are the best way to constrain SME parameters using observed time delays

at different observed energies. Nevertheless, GRBs are transients both in their prompt gamma-

ray emission and optical afterglows. Therefore, since AGN are the brightest continuous optical

sources at cosmological distances, it is considerably easier to quickly obtain more complete sky

coverage by observing many more AGN, in order to better constrain the anisotropic vacuum

dispersion SME models. In addition, compared with gamma and x-ray polarimetry, optical

15Statistical errors from the polarization measurements for the AGN source and stars used to estimate ISP
systematics are added in quadrature.
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polarimetric measurements typically have smaller statistical uncertainties and independent

systematics [40]. Optical polarimetry is also easier to obtain with ground based instruments

than gamma-ray and x-ray polarimetry, which must be obtained from space (e.g. [61]).

Although the limits presented here were not intended to compete with other approaches

using maximum polarization measurements integrated over an optical bandpass, the pilot

program in this work nevertheless demonstrates that meaningful SME constraints can be

obtained even with a small set of telescopes with an effective 0.45-m aperture, that are

competitive — to within a factor of ∼1-10 in sensitivity for d = 5 models — even when

compared to optical polarimetry from a 3.6-m telescope [78, 40]. Since d = 6 models were

not analyzed in [40], it would be interesting to perform similar comparisons to our d = 6

constraints in future work, along with comparisons to the d = 4 models analyzed in [130]. As

such, there is a strong science case to use the maximum observed polarization for a large

sample of AGN with wide optical bandpasses to constrain the anisotropic vacuum birefringent

SME models, which include the three families of other SME coefficients not constrained by

time delay measurements.

Future work could improve upon existing SME constraints simply by using the methods

in this work to analyze optical polarimetry from large published surveys of AGN and quasars

(e.g [131, 132]) in addition to the AGN and GRB afterglow sources already studied by [40, 130].

In addition, state-of-the-art SME constraints could potentially be obtained by performing

a new survey to significantly increase the number of high redshift sources with published

optical polarimetry along independent lines of sight. The pilot program described in this

work thus serves to motivate a dedicated optical AGN polarimetric survey similar to the

Steward Observatory spectrapolarimetric AGN monitoring program [78], the RoboPol survey

of gamma-ray selected blazars [88, 133, 131], or the La Silla Observatory survey of optical

linear polarization of QSOs [78, 132], to name some relevant examples.

Such future surveys would obtain broadband optical polarimetry of each AGN source

with a set of filters, optics, and detectors optimally chosen to improve upon the SME
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constraints obtainable using the more standard optical filters employed by previous surveys.

In addition to measuring sources along lines of sight without previously published polarimetry,

where possible, polarimetric measurements of previously observed sources could still lead to

tighter SME constraints by either observing a larger maximum polarization than what was

reported in the literature, or by observing with a wider optical bandpass.

By duplicating this setup on one or more 1-meter class telescopes in each hemisphere,

using the same data reduction software, such a survey could achieve the full sky coverage

needed to fully constrain the more general anisotropic SME models at increasingly larger

mass dimension d ≥ 4. However, unlike previous surveys, it may only be necessary to observe

a short duration time series for each AGN source, in order to maximize the number of sources

with maximum polarization measurements, thereby optimizing a to-be-determined figure of

merit which would quantify the improvement in constraints for specific SME models, during

a given survey time period.

Since spectropolarimetry typically yields SME d = 5 model parameter constraints that

are ∼2-3 orders of magnitude more sensitive than using a single, broadband, optical filter [40],

it would also be interesting to investigate the costs and benefits of a full spectropolarimetric

survey on & 2-m class telescopes versus a less expensive, shorter duration, survey on a set

of 1-m class telescopes using multiple optical filters to test d ≥ 4 SME models. Similarly, it

would be worthwhile in future work to explore the tradeoffs for constraining SME models

by using multiple, non-overlapping, narrow-band, optical filters to effectively perform low

resolution spectropolarimetry versus combining two or more filters into a single, broadband

filter, as demonstrated in this work.

Design feasibility studies for such a proposed survey will be analyzed in future work,

with emphasis on the best path to quickly achieve the largest payoff for astrophysical tests of

CPT and Lorentz Invariance violation without the time and expense required to perform an

all sky spectrapolarimetric survey.
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3.6 Appendix

3.6.1 CPT-Even Q and U

We can calculate the Stokes Q and U parameters in the presence of CPT-even SME

coefficients of the form k̄
(d)
(EB),s as defined in Eq. (3.12). As was written in Eq. (3.13), the

phase delay between the two normal modes is given by the equation

Φ(ω) = 2ωd−3L(d)k̄
(d)
(EB),s , (3.20)

66



where we denote the energy as ω as opposed to E in this case to distinguish it from the

electric field.

The most conservative limits on SME coefficients are obtained when we assume a

broadband source emitting a uniformly linearly polarized electric field along our line of sight

ẑ in the form

~E(ω, t) = Aeiωtn̂ , (3.21)

where n̂ makes an angle ψ0 with respect to the detector reference angle. Then if the slow axis

of this CPT-even Lorentz violation makes an angle ψb with respect to the detector reference

angle so that we can define the quantity

Ψ = ψ0 − ψb , (3.22)

then the signal that reaches our detector along the slow and fast axes can be written

Eslow(ω, t) = Aeiωt−iΦ/2 cos Ψ , (3.23)

Efast(ω, t) = Aeiωt+iΦ/2 sin Ψ , (3.24)

which, relative to our detector, is the electric field

~E(ω, t) = Aeiωt
[
e−iΦ/2 cos Ψ cosψb − eiΦ/2 sin Ψ sinψb

]
x̂

+ Aeiωt
[
e−iΦ/2 cos Ψ sinψb + eiΦ/2 sin Ψ cosψb

]
ŷ .

(3.25)

Next we can define averaging over the transmission band T (ω) as the operation

〈X〉ω =

∫
dωT (ω)X(ω)∫
dωT (ω)

, (3.26)
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so that the Stokes parameters in terms of the band averaged electric field ~E(t) =
〈
~E(ω, t)

〉
ω

incident on our detector are

I = |Ex|2 + |Ey|2 = |A|2 , (3.27)

Q = |Ex|2 − |Ey|2 (3.28)

= I cos 2Ψ cos 2ψb − I| 〈cos Φ〉 |2 sin 2Ψ sin 2ψb ,

U = 2 Re(ExE
∗
y) (3.29)

= I cos 2Ψ sin 2ψb + I| 〈cos Φ〉 |2 sin 2Ψ cos 2ψb ,

V = 2 Im(ExE
∗
y) = I| 〈sin Φ〉 |2 sin 2Ψ , (3.30)

therefore the normalized Stokes parameters q = Q/I, u = U/I and total linear polarization

fraction p are

q = cos 2Ψ cos 2ψb − | 〈cos Φ〉 |2 sin 2Ψ sin 2ψb , (3.31)

u = cos 2Ψ sin 2ψb + | 〈cos Φ〉 |2 sin 2Ψ cos 2ψb , (3.32)

p =

√
cos2 2Ψ + 〈cos Φ〉2 sin2 2Ψ . (3.33)

Due to the many unknowns in Eqs. (3.33), it is impractical to use time delays between each

q and u time series, for example, to constrain SME vacuum birefringent parameters. Circular

polarization measurements could potentially break certain degeneracies, but the maximum

observed polarization approach will, in general, yield more sensitive SME constraints than

any approaches using optical time delays.

3.6.2 Data Plots and Tables

All data in this paper were observed with APPOL during December 2017 - January

2018. Samples of the observed data for BL Lacertae and S5 B0716+714 are shown in

Tables 3.5-3.8, with the full machine-readable data to be made available online at the journal
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website. Polarimetry is plotted in Figs. 3.9-3.10 for BL Lacertae and in Figs. 3.12-3.13 for S5

B0716+714, with photometry in Figs. 3.11 and 3.14, respectively.

Table 3.5: Three nights of data for BL Lacertae were observed using APPOL on December 13,
14, and 17, 2017.

MJD pL pI ψL ψI qL qI uL uI mL mI
(days) (%) (%) (deg) (deg) (%) (%) (%) (%) (mag) (mag)

58101.072 10.3 ± 0.6 9.5 ± 0.4 59.0 ± 2.0 59.0 ± 1.0 -4.9 ± 0.6 -4.4 ± 0.4 9.0 ± 0.5 8.4 ± 0.4 13.69 ± 0.03 12.93 ± 0.04
58101.079 9.0 ± 0.4 7.7 ± 0.3 63.0 ± 1.0 58.0 ± 1.0 -5.2 ± 0.4 -3.4 ± 0.3 7.3 ± 0.4 6.9 ± 0.3 13.82 ± 0.03 12.96 ± 0.04
58101.085 8.2 ± 0.4 7.9 ± 0.3 60.0 ± 1.0 59.0 ± 1.0 -4.1 ± 0.4 -3.7 ± 0.3 7.1 ± 0.4 7.0 ± 0.3 13.74 ± 0.03 12.95 ± 0.04

For each Modified Julian Date (MJD), we show our observed polarimetric and photometric
data for both the Lum and Ic-bands, denoted by L and I subscripts, respectively. Columns
include the observed polarization p (in %), the polarization angle ψ (in degrees), the intensity
normalized Stokes parameters q and u (note that both can be negative, even when expressed as
percentages), and the observed magnitude m. (A portion of this table is shown for guidance.
This table is available in its entirety in machine-readable form.)

Table 3.6: Same as Table 3.5 but all data for S5 B0716+714, for which we observed data using
APPOL over five nights on December 11-14 2017 and January 1, 2018. (A portion of this table
is shown for guidance. This table is available in its entirety in machine-readable form.)

MJD pL pI ψL ψI qL qI uL uI mL mI
(days) (%) (%) (deg) (deg) (%) (%) (%) (%) (mag) (mag)

58099.300 8.8 ± 0.7 8.3 ± 0.5 88.0 ± 2.0 92.0 ± 2.0 -8.8 ± 0.7 -8.3 ± 0.5 0.8 ± 0.7 -0.7 ± 0.5 14.93 ± 0.04 14.39 ± 0.05
58099.306 6.9 ± 0.7 5.3 ± 0.5 81.0 ± 3.0 88.0 ± 3.0 -6.6 ± 0.7 -5.3 ± 0.5 2.1 ± 0.8 0.3 ± 0.6 15.00 ± 0.04 14.39 ± 0.05
58099.319 8.5 ± 0.7 7.6 ± 0.5 84.0 ± 2.0 88.0 ± 2.0 -8.3 ± 0.7 -7.6 ± 0.5 1.9 ± 0.7 0.6 ± 0.5 14.93 ± 0.04 14.32 ± 0.05

Table 3.7: Same as Table 3.5 for BL Lacertae, but for the combined Lum+Ic-band. (A portion
of this table is shown for guidance. This table is available in its entirety in machine-readable
form.)

MJD pL+I ψL+I qL+I uL+I

(days) (%) (deg) (%) (%)
58101.072 9.9 ± 0.4 59.0 ± 1.0 -4.7 ± 0.4 8.8 ± 0.4
58101.079 8.4 ± 0.3 61.0 ± 1.0 -4.5 ± 0.3 7.1 ± 0.3
58101.085 8.1 ± 0.3 59.5 ± 0.9 -3.9 ± 0.3 7.1 ± 0.3

3.6.3 Linear Combination Notation

We have defined a shorthand notation for linear combinations of the SME coefficients

throughout this work. In particular we use them in Table 3.2, and note here that they are

defined as
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Figure 3.9: Polarization p (in %) and polarization angle ψ (in degrees) for BL Lacertae in the
Lum and Ic bands. Intensity normalized Stokes parameters q ≡ Q/I, and u ≡ U/I for both
bands are available in the full machine readable tables.
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Figure 3.10: BL Lacertae light curves for polarization p (in %), polarization angle ψ (in
degrees). Intensity normalized Stokes parameters q ≡ Q/I, and u ≡ U/I for the combined
Lum+ Ic band are available in the full machine readable tables.

Figure 3.11: Ic and Lum-band Photometry for BL Lacertae.
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Figure 3.12: Polarization p (in %) and polarization angle ψ (in degrees) for S5 B0716+714 in
the Lum and Ic bands. Intensity normalized Stokes parameters q ≡ Q/I, and u ≡ U/I for both
bands are available in the full machine readable tables.
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Figure 3.13: S5 B0716+714 light curves for polarization p (in %), polarization angle ψ (in
degrees). Intensity normalized Stokes parameters q ≡ Q/I, and u ≡ U/I in the Merged Lum+Ic
band are available in the full machine readable tables.

Figure 3.14: Ic and Lum-band Photometry for S5 B0716+714.
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Table 3.8: Same as Table 3.6 for S5 B0716+714, but for the combined Lum+Ic-band. (A portion
of this table is shown for guidance. This table is available in its entirety in machine-readable
form.)

MJD pL+I ψL+I qL+I uL+I

(days) (%) (deg) (%) (%)
58099.300 8.6 ± 0.4 89.0 ± 1.0 -8.6 ± 0.4 0.2 ± 0.4
58099.306 6.2 ± 0.5 84.0 ± 2.0 -6.1 ± 0.5 1.3 ± 0.5
58099.319 8.1 ± 0.4 85.0 ± 2.0 -8.0 ± 0.4 1.3 ± 0.4

|c̄(d)
(I)| ≡ |

∑
jm

Yjm(θ, φ)c
(d)
(I)jm|, (3.34)

|k̄(d)
(V )| ≡ |

∑
jm

Yjm(θ, φ)k
(d)
(V )jm|, (3.35)

|k̄(d)
(EB)| ≡ |

∑
jm

2Yjm(θ, φ)(k
(d)
(E)jm + ik

(d)
(B)jm)|. (3.36)
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Chapter 4

Measurement of the Cosmic

Microwave Background Polarization

Lensing Power Spectrum from Two

Years of Polarbear Data

We present a measurement of the gravitational lensing deflection power spectrum

reconstructed with two seasons cosmic microwave background polarization data from the

Polarbear experiment. Observations were taken at 150 GHz from 2012 to 2014 which

survey three patches of sky totaling 30 square degrees. We test the consistency of the lensing

spectrum with a Cold Dark Matter (CDM) cosmology and reject the no-lensing hypothesis

at a confidence of 10.9σ including statistical and systematic uncertainties. We observe

a value of AL = 1.33 ± 0.32 (statistical) ± 0.02 (systematic) ± 0.07 (foreground) using all

polarization lensing estimators, which corresponds to a 24% accurate measurement of the

lensing amplitude. Compared to the analysis of the first year data, we have improved the

breadth of both the suite of null tests and the error terms included in the estimation of

systematic contamination.

75



4.1 Introduction

The polarization of the cosmic microwave background (CMB) not only gives us insight

into the earliest stages in the evolution of the universe, it also allows us to probe the large

scale structure (LSS) formed more recently in cosmological history. CMB polarization can be

separated into even parity E-modes and odd parity B-modes, and while the E-modes can be

sourced from the same scalar perturbations that dominate CMB temperature anisotropies,

B-modes are not generated through this mechanism to first order in perturbations.

Much effort is being devoted to using CMB B-modes for signs of primordial gravita-

tional waves, but another expected source of B-modes is the gravitational lensing of the CMB

by LSS [134]. This signature appears in the B-mode power spectrum as a signal peaking at

an angular scale ` ∼ 1000. By mapping the CMB polarization, we can extract information

about the distribution of LSS through reconstruction of the CMB lensing potential.

The CMB lensing potential is a representation of the matter power spectrum, integrated

along the line of sight of CMB photons, which can tell us how much a given photon will be

gravitationally deflected. For a gravitational potential Ψ we can integrate along the line of

sight to calculate the lensing potential φ [135],

φ(n) = −2

∫ χ∗

0

dχ
χ∗ − χ
χ∗χ

Ψ(χn, χ), (4.1)

where χ is the comoving distance and χ∗ is the comoving distance to the surface of last

scattering. The lensing potential is related to the deflection field d = ∇φ, which tells us how

much a photon of the CMB is gravitationally deflected across the sky as it travels from the

surface of last scattering to our detector.

We are able to reconstruct the lensing potential by taking advantage of the statistical

properties of the CMB. At the surface of last scattering, the CMB is well described as

a statistically isotropic Gaussian random field, but gravitational lensing introduces non-

Gaussianities that correlate CMB modes of different angular scale. This non-Gaussianity
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allows us to reconstruct the underlying lensing potential φ by correlating E- and B-modes at

varying angular scale [135].

The science of CMB lensing contains a wealth of information about the more recent

evolution of the universe, including the formation of LSS and the physics of neutrinos [136].

The polarized CMB in particular is promising as a tracer of LSS because B-modes are not

dominated by cosmic variance of the primordial CMB in the same way that the temperature

and E-modes are at the present time. Additionally, polarization measurements are also less

affected by many of the sources of contamination for the CMB temperature anisotropies, e.g.

from the atmosphere or extragalactic foregrounds like the CIB and SZ-effects [137].

The lensing potential has been detected using both CMB temperature and polarization

fluctuations by a number of experiments including Polarbear – from the first season dataset

[138], BICEP2/Keck Array [139], actpol [140], Planck [141], and SPTpol [142].

Additionally, cross correlations between the CMB lensing potential with external

tracers has been demonstrated in other Polarbear analyses including cross correlation with

the cosmic shear measurement of the Subaru Hyper Suprime-Cam [143] and the sub-mm

galaxy measurements of the Herschel -ATLAS [144] experiments. These cross correlations are

valuable in that they can combine information from two independent tracers of LSS while

avoiding instrument-specific systematic errors [145].

The search for CMB B-modes from gravitational waves can be improved if the B-

mode signal from gravitational lensing is reduced. This “delensing” has been done using

several methods. External tracers of the lensing potential have been combined with CMB

observations [146, 147] to subtract templates of gravitational lensing and reduce the final

B-mode power. Internal delensing has also been achieved in which the lensing potential and

B-modes are constructed using the same dataset [148], and in another work we demonstrate

internal delensing of the CMB using only polarization data [149]. Both of these delensing

methods are useful, but of the two, internal delensing has been forecast to achieve the best

performance for sufficiently low noise measurements [150].
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In this work we show a reconstruction of the lensing potential power spectrum from

observations by the Polarbear experiment. We have observed an area of ∼ 30 square degrees

with one of the lowest levels of arc-minute scale noise yet achieved. The lensing information

is dominated by polarization rather than temperature anistotropies. This deep data set has

enabled a polarization-only reconstruction of the lensing potential power spectrum, and has

served as a useful dataset for additional cross correlation and delensing studies.

4.2 Lensing Power Spectrum Analysis

The polarization-sensitive Polarbear experiment is located at the James Ax Ob-

servatory in Northern Chile on Cerro Toco. It uses 1,274 transition-edge sensor bolometers

to observe the CMB at 150 GHz and has a 2.5 meter primary mirror that produces a beam

with a 3.5’ full width at half maximum (FWHM).

We observe three sky patches over a time period of two years from 2012 to 2014,

each with an extent of approximately 3◦ × 3◦. They are centered in right ascension and

declination at (4h40m12s,−45◦00′), (11h53m0s,−0◦30′) and (23h1m48s,−32◦48′) which we will

refer to with the respective names RA4.5, RA12 and RA23. More details on the receiver

and telescope can be found in [151, 152]. One advantage of observing small patches is the

ability to obtain deeper observations over a given amount of time. The effective white noise

levels after accounting for beam and filter transfer functions are 10 µK-arcmin for RA4.5, 7

µK-arcmin for RA12 and 6 µK-arcmin for RA23.

This analysis builds on previous results from the Polarbear collaboration using

the same dataset described above. We have shown evidence of B-mode power induced by

gravitational lensing [153], which we will refer to as PB17. The CMB maps used in that

analysis are also used here.

We also showed evidence of the lensing potential auto-power spectrum itself in a

previous work [138] that used only our first season of observations. We will refer to that
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paper as PB14. This paper improves upon that work by adding a second year of observations

on the same set of three patches, which corresponds to an increase in data volume of 61%

over PB14.

We also note that in PB14, we used a separate analysis pipeline from our B-mode

analysis to generate simulations and perform null tests. This time our analysis uses the

same pipeline to generate lensed and filtered CMB simulations as used in PB17, so that

the details of our mapmaking and instrumental systematic estimation are consistent across

both publications. This has the advantage that our simulations now accurately model our

mapmaking procedure starting at the timestream level and include the anisotropic effects of

our timestream filters in the lensing reconstruction step. Additionally we have included a set

of data split null tests not present in our first season lensing analysis, these are described in

more detail in Section 4.3.1.

In our data analysis pipeline, we start with Q and U CMB maps to obtain weighted

E- and B-modes using the data model

di = Piksk + ni, (4.2)

where di contains the pixelized real space Q and U maps, ni are the pixelized map domain

noise contributions, and sk are the E- and B-mode fields. Pik is the matrix operator that

encodes effects from the beam and timestream filtering, and transforms from Fourier space to

real space. The index i includes Q/U and pixel indices i = (M, p), and the index k includes

E/B and mode indices k = (X, `).

We obtain inverse-variance Wiener-filtered CMB E- and B-modes, X(`), from the

observed Q and U maps, d, using the matrix equation

X = S−1
[
S−1 + P †N−1P

]−1
P †N−1d, (4.3)

where Skk′ = δXX′δ``′C
XX
` and Nii′ = δMM ′δpp′N

M
p . CXX

` are the fiducial CMB power spectra
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for X ∈ {E,B} and NM
p is the noise map where p labels a given pixel in the map and

M ∈ {Q,U}. Our noise weighting also includes a cutoff for pixels with noise levels above

55 µK-arcmin and point source masking for sources above 25 mJy in intensity. The CMB

power spectra used for this Wiener filter are generated using the freely available software

package CAMB 1, and use the Planck 2015 best fit cosmological parameters [154] 2, which is

the same parameter set used in PB17.

From the inverse variance weighted modes X(`) we then reconstruct the lensing

potential using the quadratic estimator

φ̂XY (L) = A(L)

∫
d2` X(`) Y

∗
(`−L) FXY (`, `−L), (4.4)

where the normalization is defined by

A−1(L) =

∫
d2` fXY (`, `−L)FXY (`, `−L), (4.5)

and the weights fXY (`, `−L) and FXY (`, `−L) are described in detail in [155].

In addition to our data we also use a set of 500 Monte Carlo (MC) simulations in

our analysis to estimate the lensing mean field, noise bias, transfer function and covariance

matrix. We generate realizations of lensed CMB signal that are mock observed using the

same pointing, noise level and scan strategy as our real observations. These timestreams

are then run through our mapmaking pipeline and the resulting Q and U maps are used as

inputs to our lensing pipeline as described in the above equations.

The process of going from quadratic estimates of the lensing potential φ̂XY (L) to

power spectra follows the method we used in PB14. First we estimate the mean field from our

set of MC simulations and subtract that from φ̂XY (L). Next we correlate two reconstructed

lensing maps φ̂UV (L) and φ̂XY (L) to construct the pseudospectra ĈUV XY
L , where the indices

1camb.info
2in the base plikHM TT lowTEB lensing configuration
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UV,XY indicate the type of estimator (EE or EB). We follow the [156] and [157] to estimate

the realization-dependent noise bias N
(0),UV XY
L using lensing reconstructions of our data and

MC simulations. Once bias subtracted spectra from simulations are constructed, we then

estimate the transfer function by taking the ratio between the mean of these reconstructed

lensing power spectra and the input theory power spectrum used to generate them. And

finally, this transfer function is used to correct the lensing potential power spectrum estimate

of our data giving us our final spectra as defined by the equation,

CUV XY
L =

(
ĈUV XY
L −N (0),UV XY

L

)/
TL. (4.6)

Here, TL is the transfer function that corrects for the effects of filtering and weighting in

our pipeline and CL is the lensing potential power spectrum. The lensing estimators are

labeled here by UV,XY ∈ {EE,EB}. Additionally, while we only used CEEEB
L and CEBEB

L

in PB14, we include the power spectrum estimator CEEEE
L in this analysis.

To estimate the amplitude of lensing, we use 500 MC simulations to construct the

covariance between our three CUV XY
L estimators. If we label the estimator α = UV XY ∈

{EEEE,EEEB,EBEB}, and the covariance matrix CLα,L′α′ represents the covariance

between the bandpower Cα
L and Cα′

L′ , then the lensing amplitude is

AL =

∑
LαL′α′ C

α(th)
L C−1

Lα,L′α′C
α′

L′∑
LαL′α′ C

α(th)
L C−1

Lα,L′α′C
α′(th)
L′

, (4.7)

and the inverse variance on the amplitude is given by

(σA)−2 =
∑
LαL′α′

C
α(th)
L C−1

Lα,L′α′C
α′(th)
L′ , (4.8)

where the (th) subscript denotes the theory power spectrum.

Finally we have also found that our observations are polarization dominated. While

we do not include temperature in the results presented here, we have compared N (0) bias
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curves from temperature-only information (the TT estimator) and from polarization-only

information (the EE and EB estimators) and found lower noise in polarization.

4.3 Null Tests

We perform a blind analysis and therefore need a way to guard against unknown

systematics and validate our error-bar estimation, which we address through a set of null

tests. We only examined our final power spectra after all of our null tests satisfy passing

criteria that demonstrate our analysis is performing as expected.

All of the simulations used in the following null tests are generated at the timestream

level. They use the same pointing reconstruction used for real observations to mock simulate

CMB signal sky observations, and include noise at the timestream level based on a white

noise model consistent with the real observations of the second season in PB17. The resulting

simulated timestreams are run through the same mapmaking and lensing reconstruction

pipelines as is used for the real data.

4.3.1 Data Split Null Tests

We perform one suite of null tests constructed from splits in our data selection. We

choose twelve splits to probe potential systematic errors that are not captured by the lensing

analysis pipeline. The splits are listed in Table 4.1. These are the same data splits used in

PB17, where more detailed description of the twelve data splits can be found.

For each of these twelve data splits we construct two sets of lensing estimates, φ̂U1V1(L)

and φ̂X1Y1(L) for the first set of the split dataset and φ̂U2V2(L) and φ̂X2Y2(L) for the second

set of the split dataset. We then construct the auto spectra of each of the two sets and

the cross spectra between the two sets, including a noise bias subtraction for each of these
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Table 4.1: Data split null test types.

First vs. second seasons of data collection
Close to sun vs. far from sun

Day vs. night
First half vs. second half by data volume

Rising vs. setting
High elevation vs. low elevation

High vs. low detector gain
Good vs. bad weather

Q vs. U pixels
Left vs. right side of the focal plane

Left vs. right scan direction
Close to moon vs. far from moon

The twelve ways that we split the dataset for null tests that probe potential unmodeled systematic
errors.

component spectra. Finally we use these to construct the null spectrum

Cnull
L = CU1V1X1Y1

L + CU2V2X2Y2
L − CU1V1X2Y2

L − CU2V2X1Y1
L . (4.9)

We evaluate this set of 108 null spectra (from 12 splits, 3 power spectrum estimators,

and 3 sky patches) similarly to the procedure used in PB17.

Using nine equally spaced bins b in the multipole range 100 < L < 1900 and an

estimate of the standard deviation σb from MC simulations we construct the quantity χnull(b)

≡ Cnull
b /σb. For each patch, we then calculate the probability to exceed (PTE) value for five

quantities: the average value of χnull(b), the worst value of χ2
null(b), the worst value of χ2

null by

spectrum (summed over all bins), the worst value of χ2
null by test, and finally the total value of

χ2
null for each patch. The simulated data which are generated from the simulated timestreams

are split the same way as the observed data. The error bars σb are then estimated from an

ensemble of 500 simulated data splits. The results from these null tests are summarized in

Table 4.2.

Our unblinding criteria involves calculating a total PTE (labeled as “All stats” in
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Table 4.2) for the five tests just described. We take the worst of the five χ2 PTEs from the

data, and then we compare to the worst PTE from a distribution of simulations. The “All

stats” PTE is the fraction of the simulations that exceed the data and we require that this

total PTE is above 5% before ever calculating the final power spectra from data. The results

from these null tests are summarized in the rightmost column of Table 4.2.

For the PTEs involving χ2 statistics we calculate χ2
data for our data and χ2

sim,i for each

of our 500 MC simulations. Our PTE value is then equal to the fraction of the simulations

such that χ2
sim,i > χ2

data. For the average χnull(b) statistic we evaluate the PTE slightly

differently than the rest by performing a two sided test. We calculate the average χdata for

the data and the average χsim,i for each simulation and the corresponding PTE is equal to

the fraction of the simulations such that χsim,i > χdata.

Table 4.2: PTEs resulting from the data split null tests.

Patch
Average of
χnull(b)

Extreme of
χ2

null(b)
Extreme of

χ2
null by spectrum

Extreme of
χ2

null by test
Total
χ2

null

All
stats

RA4.5 47.8% 58.8% 56.2% 92.6% 99.0% 75.0%
RA12 47.2% 43.8% 85.2% 76.8% 50.0% 73.0%
RA23 35.8% 78.2% 81.4% 69.6% 47.4% 61.2%

PTEs resulting from the data split null tests. The furthest right column capturing the results of
all five tests are above 5% indicating that our dataset passes the null test criteria. We also checked
to see if the distribution of all PTEs agree with a uniform distribution via the Kolmogorov-
Smirnov test and found that for all of our patches the null PTEs are indeed consistent with a
uniform distribution as expected. One notable feature of the table is a preponderance of high
PTE values which is caused by our treatment of the noise bias subtraction. We elaborate on
this in the appendix but otherwise we find no evidence for systematic biases in the data.

4.3.2 Curl and Cross-Patch Null Tests

Additionally we conduct a set of lensing specific null tests using the full dataset. First

we generate curl reconstructions of the lensing deflection field ∇× d(n̂), which we expect to

be vanishingly small and serve as a check on unmodeled systematics [158].

We also generate cross power spectra between lensing reconstructions from two different
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observational patches. These independent measurements should lack any common signal, so

any significant deviation from a null spectrum would indicate a misestimation of our error

bars or a spurious correlation introduced by our analysis pipeline.

Both of these tests were also performed in PB14. Our passing criteria for these sets of

tests are similar to our criteria for the data split null tests. We calculate the worst χ2 PTEs

corresponding to the average of χnull(b), extreme of χ2
null(b), extreme of χ2

null by spectrum,

and a total χ2
null, in addition to a combined PTE combining all four of those statistics. We

consider the dataset to have passed these tests if the final PTE accounting for all statistics

is greater than 5%. The results from this set of null tests are summarized in Table 4.3, in

particular showing that the PTEs for all statistics are 53.0% for the curl tests and 60.2% for

the cross-patch tests. We also note that these null tests do not require a noise bias subtraction

and thus are not affected by the noise bias calculation subtlety described in the Appendix.

Table 4.3: PTEs resulting from the curl and cross-patch null tests.

Test
Average of
χnull(b)

Extreme of
χ2

null(b)
Extreme of

χ2
nullby spectrum

Total
χ2

null

All
stats

curl 48.6% 23.8% 58.6% 64.8% 53.0%
cross 95.4% 16.0% 27.4% 16.2% 60.2%

PTEs resulting from the curl and cross-patch null tests. Again we see that all of the individual
worst χ2

null criteria and the PTE combining all stats in the rightmost column are all above the
required null test threshold. Like the data split tests, we also tested the distribution of PTEs
and found they are consistent with a uniform distribution via the Kolmogorov-Smirnov test.

4.4 Contamination

We use a difference spectrum framework to evaluate the effect of instrumental sys-

tematic and foreground contamination to the lensing spectrum by looking at the effect on

AL.

Using a set of MC simulations, we calculate two lensing power spectra for each CMB

realization. The first spectrum is created with the fiducial pipeline while the second spectrum
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is created by adding a realization of the contamination at map level to our Q and U maps.

The difference between these two is used as our estimate of contamination,

∆Cc
L = Cc

L − CL, (4.10)

where Cc
L denotes the lensing power spectrum calculated including contamination while CL

is the spectrum calculated without contamination.

4.4.1 Instrumental Systematics

In PB17 we used simulations of systematic effects to estimate their contributions to

the CBB
` power spectrum. This systematics pipeline was incorporated into our main analysis

pipeline and generated contamination at the timestream level that modeled a number of

different instrumental systematic effects. We use that same systematic simulation pipeline

here to estimate contributions to the lensing power spectrum.

For each instrumental systematic effect we use 100 MC estimates of ∆Cc
L. The mean

value of these spectra and their covariance are then used to calculate an effective lensing

amplitude due to systematic contamination, AcL ± σcA. To evaluate any bias introduced to

AL by a given systematic effect, we calculate an upper limit ∆AcL on the lensing amplitude

given by

∆AcL = |AcL|+
σcA√
100

. (4.11)

In addition to limits on systematic bias to the lensing power spectrum, we also account

for the extra variance introduced by systematic effects through their effects on σA. We add

in quadrature all the values of σcA in our final estimation of AL.

A summary of the contributions σcA and ∆AcL from each systematic effect is shown in

Table 4.4, in particular showing that the total contribution to σcA is 0.02 and our upper limit

on systematic bias from all modeled effects is 0.006.
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Table 4.4: Contributions to AL from instrumental systematic effects.

Effect [×10−3] AcL σcA ∆AcL
Crosstalk -0.28 1.9 0.47
Pointing 3.60 21.2 5.72
Beam Ellipticity 0.54 1.5 0.69
Beam Size 0.16 1.8 0.34
Gain Drift 0.14 2.7 0.41
Relative Gain -0.67 4.9 1.16
Total 22.1 5.92

All values have been multiplied by a factor of 103 for display in this table. The resulting total
contribution to our uncertainty on the lensing amplitude is σc

A = 0.022, and our upper limit on
the total systematic bias is ∆Ac

L = 0.006.

4.4.2 Foregrounds

We use the Planck 2015 frequency maps to estimate the impact that foregrounds have

on our reconstruction of gravitational lensing [159, 160]. In particular, we use the Planck

30 GHz and 353 GHz all sky intensity maps as tracers of synchrotron and dust foreground

power, respectively. Our observational patches were chosen, in part, because they have very

low foreground power. Thus, the Planck polarization maps are dominated by noise in the

regions of the sky that we observed. Therefore, to estimate a conservative upper limit on

foreground power, we use a polarization fraction of p = 20% and constant polarization angle

in combination with Planck intensity maps to generate maps of polarized foregrounds in our

three patches.

The amplitudes of these Planck maps are scaled to 150 GHz assuming a modified

blackbody spectral dependence for thermal dust and a power law for synchrotron [161, 162],

and then simulated timestreams are produced and run through our analysis pipeline in order

to include the scan strategy, time stream processing, filtering, and other effects that are

incorporated in our real observations.

Finally, contributions to the lensing power spectrum ∆Cc
L for our dust and synchrotron

estimates are constructed using the same method as the instrumental systematics, and

contributions to the bias and uncertainty on AL are calculated and listed in Table 4.5.
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Table 4.5: Contributions to AL from foreground contamination.

Effect [×10−3] AcL σcA ∆AcL
Dust 3.16 65.1 9.67
Synchrotron -0.42 7.6 1.18
Total 65.5 9.74

All values have been multiplied by a factor of 103 for display in this table. The resulting total
contribution to our uncertainty on the lensing amplitude is σc

A = 0.066, and our upper limit on
the total systematic bias is ∆Ac

L = 0.0097.

250 500 750 1000 1250 1500 1750 2000
L

0.5

0.0

0.5

1.0

1.5

2.0

L(
L

+
1)

C
dd L

/2
[×

10
7 ]

all
RA23
RA12
RA4.5

Figure 4.1: Minimum variance lensing deflection power spectrum, with variance taken from
the diagonal elements of the covariance matrix.

The black solid curve represents the power spectrum for AL= 1. Red data points are the
minimum variance Polarbear power spectrum from a combination of our three observational
patches and three power spectrum estimators, CEEEE

L , CEEEB
L and CEBEB

L . The blue, orange,
and green points represent the power spectra for each of the three patches (RA23, RA12, and
RA4.5 respectively) and are offset in L in the above plot for clarity.

4.5 Results

We present the minimum variance power spectrum in Figure 4.1, which combines

power spectra from our three observational patches and the three polarized estimators.

The bandpowers and error bars are listed in Table 4.6. The statistical uncertainty on our

measurement of AL is calculated from the standard deviation of the distribution of simulated

AL from 500 signal-plus-noise MC simulations. Including uncertainty from instrumental

systematics and foreground contamination, our measurement of the lensing amplitude is

1.33±0.32 (statistical)±0.02 (systematic)±0.07 (foreground), corresponding to a significance
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of 4.1σ.

Table 4.6: Minimum variance spectrum bandpowers.

Central L DL[×10−8]
200 10.47± 1.91
400 1.55± 1.38
600 1.96± 1.15
800 0.70± 1.14

1000 −1.51± 1.33
1200 −1.08± 1.67
1400 −0.58± 2.41
1600 −0.19± 3.35
1800 4.28± 4.13

The minimum variance power spectrum DL = L(L+ 1)CL/2π with 1σ error bars, multiplied by
a factor of 108 in this table for display purposes.

Additionally, we examine the no-lensing hypothesis using a set of 500 MC simulations

that do not include gravitational lensing. The distribution of unlensed simulations has a width

of σA = 0.12, corresponding to a forecasted significance of 8.3σ. As was the case in PB14, the

suboptimal weighting in the lensing estimator due to the assumption of no-lensing has the

effect of shifting the value of the lensing amplitude. The power spectrum calculated under

the no-lensing assumption on our data has an estimated amplitude of AL = 1.52. Including

uncertainty from systematics and foregrounds and our observed value of AL, we reject the

no-lensing hypothesis at a significance of 10.9σ, which is a considerable improvement upon

the 4.2σ rejection from our earlier work in PB14. Distributions of the AL calculated from

simulations in the lensed and unlensed cases are shown in Figure 4.2.

We evaluate the consistency of our three patches by comparing the patchwise minimum

variance power spectra Cp
L, p ∈ {RA23,RA12,RA4.5} between pairs of patches using PTEs

of the quantities Cp
L − C

p′

L . Additionally, we note that the first bin in the power spectrum

for RA12 is considerably higher than the other two so we also evaluate PTEs specifically

comparing the values in the first bin of each of our three patches. The results of these tests

are summarized in Table 4.7 which confirm that the three patches are consistent with each
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Figure 4.2: Distribution of AL from 500 MC simulations compared to the observed amplitude.

The right plot assumes no lensing while the left plot uses lensed CMB simulations. In both cases,
the blue histogram represents the distribution of AL and the red vertical line marks our observed
value. As in PB14, different weighting in the lensing estimator under the lensing/no-lensing
cases results in different values of AL.

other.

Table 4.7: PTEs comparing pairs of observational patches.

full spectra first bins only
RA23 vs. RA12 24.8% 35.6%
RA12 vs. RA4.5 49.6% 8.0%
RA4.5 vs. RA23 89.2% 56.2%

We evaluate the consistency of our three patches with PTE values for the quantity Cp
L − C

p′

L .

This modest excess of power in RA12 is also seen in cross correlation analyses with

Herschel -ATLAS and Subaru Hyper Suprime-Cam [143, 144], both of which use independent

analysis pipelines. In particular when looking at the Herschel -ATLAS galaxy auto-power

spectra of RA23 and RA12 patches, we see that RA12 has a modest excess in power in

the lowest multipole bin similar to what we see in the present analysis. This gives further

support to the interpretation that the larger power in RA12 at low multipoles is due to

cosmic variance.

We test the consistency of this result with the ΛCDM cosmology using cosmological
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parameters from [82]. We evaluate PTE values for the χ2 statistic

χ2 =
∑
LαL′α′

(
Cα
L − ALC

α(th)
L

)
C−1
Lα,L′α′

(
Cα′

L′ − ALC
α′(th)
L′

)
, (4.12)

which is summed over power spectra for all estimators and patches, nine in total. Relative to

our best fit value of AL = 1.33 that we achieve from the Polarbear dataset, we find a PTE

of 58.8%, and relative to the value of AL = 1 expected from ΛCDM we find a PTE of 5.0%,

which indicate that our results agree with our current understanding of the cosmological

standard model.

We can also consider our result in light of recent results for AL from Planck. The

lensing smoothing effect on the Planck temperature and polarization CMB power spectra

give a value of AL = 1.180 ± 0.065 [163] which differs from AL = 1 by 2.8σ, while the

measurement from Planck lensing reconstruction [141] is consistent with ΛCDM with the

value AL = 1.011± 0.028. While our own value is also consistent with ΛCDM, we note that

our estimate of AL is consistent with both of these Planck estimates of the lensing amplitude.

4.6 Conclusion

We have presented a measurement of gravitational lensing of the polarized CMB.

This work was performed using a blind analysis framework that subjected our dataset to

a suite of null tests to validate error-bars and show that our data selection and analysis

pipeline are not contaminated by unknown systematic errors. We include the impact of

known foreground and instrumental systematic errors in our final estimations, and we reject

the no-lensing hypothesis at a significance of 10.9σ. The lensing power spectrum derived

using a minimum-variance estimator from the second season data is measured as AL =

1.33± 0.32 (statistical)± 0.02 (systematic)± 0.07 (foreground), which is a 4.1σ measurement

and is consistent with the current ΛCDM cosmology.

The lensing information in the Polarbear data presented here is derived from
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polarization information. Polarization measurements of gravitational lensing will become

increasingly more relevant as more experiments are dominated by polarization rather than

temperature information. This work joins our other cross correlation [144, 143] and delensing

[149] analyses in exploring signals of gravitational lensing present in CMB polarization.
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Chapter 5

Constraints on Scalar and Tensor

Spectra from Neff

At the linear level, the gravitational wave (GW) spectrum predicted by inflation,

and many of its alternatives, can have arbitrarily small amplitude and consequently an

unconstrained tilt. However, at second order, tensor fluctuations are sourced by scalar

fluctuations that have been measured in the cosmic microwave background (CMB). These

second order fluctuations generically produce a minimum amount of tensor perturbations

corresponding to a tensor-to-scalar ratio of r ∼ 10−6. Inverting this relationship yields a

bound on the tensor tilt sourced by scalar fluctuations. Since this induced GW spectrum

depends on the scalar spectrum, we derive a new indirect bound that involves all scales of

the scalar spectrum based on CMB observations. This bound comes from the constraint on

the number of effective relativistic degrees of freedom, Neff . The bound forces the running

and running of running to conform to standard slow-roll predictions of α, β . (ns − 1)2,

improving on current CMB measurements by an order of magnitude. Performing a likelihood

analysis including this new constraint, we find that positive α and/or β are disfavored at

least at 1σ. Even using conservative analysis β + 0.074 α > 8.6× 10−4 are ruled out at 3σ.
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5.1 Power Spectra and Neff

A stochastic gravitational wave background (GW), could be produced by a multitude

of physical phenomena on different eons and scales ranging from Early Universe scenarios

through phase transitions to incoherent accumulation of binary black hole coalescence

[164, 165, 166, 163, 167, 168]. The fractional energy density stored in GW is therefore an

invaluable probe of these physical phenomena. One can probe the energy density of the

stochastic gravitational wave background in several ways in different epochs and on different

wavelengths. Cosmic Microwave Background Radiation (CMB) observations, and specifically

the B-mode polarization measurements, have persistently probed GW on the largest possible

scales and have tested Early Universe scenarios, most notably inflation [165, 166]. Such

measurements probe the GW energy density at the time of decoupling.

Early Universe models based on quantum fluctuations, whether inflation or bounce,

predict a primordial scalar/density spectrum and a tensor/GW spectrum. Our focus hence-

forth will be on these spectra and on ways to constrain them. CMB and BAO measurements

have measured the scalar spectrum on scales H0 < k < 1Mpc−1 to be

PS = As

(
k

k0

)ns−1

, As = 2.1× 10−9, ns = 0.965 (5.1)

and have placed an upper bound on the similarly defined GW spectrum PT = AT

(
k
k0

)nT
in

the form of the scalar to tensor ratio r, [165, 166]:

r ≡ PT
PS
|k0 ≤ 0.06 (5.2)

k0 is the so called pivot scale that somewhat differs from one experiment to the other, but

for our purposes we shall take it to be k0 = 0.05 Mpc−1. In the following, keq = 0.01 Mpc−1

in compliance with Planck 2018 analysis.

The GW energy density contributes to the number of effective relativistic d.o.f. at the
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time of decoupling, Neff . The dependence of Neff on the GW spectrum was derived in [169].

∆Neff =

(
Neff +

8

7

(
11

4

)4/3
)

1

12

∫
d ln k PT (5.3)

where Neff = 3.046 is the Standard Model prediction and current 68% confidence level suggest

∆Neff ≤ 0.19. Thus, Neff provides an indirect probe of all scales of the GW spectrum. It

is important to note that as long as r is not measured, (5.3) holds limited promise, as the

amplitude AT and therefore r can be arbitrarily small. Bouncing models, for instance, predict

r < 10−30, and only a handful suggest an observable r [170, 171].

A similar situation of inaccessibility occurs for the scalar spectrum, where we have so

far probed only 8 out of the expected 50−60 ’e-folds’ of inflation. This limit is not expected to

improve in the near future, due to built-in non-linearities. Nevertheless, indirect probes have

provided useful indications and constraints on the scalar spectrum [172, 173, 174, 175, 176, 177]

on scales beyond primary CMB scales.

The above discussion implicitly assumed full decoupling between the scalar and tensor

modes. It is valid in first order in perturbation theory. However, at second order, scalar

fluctuations act as sources of tensor fluctuations [178, 179, 180]. These induced, second order

tensor fluctuations are related to the scalar (first order) spectrum via P
(2)
T ∼ P 2

S . Given

the already measured scalar spectrum (5.1), one is guaranteed a tensor signal at the level

of r ∼ 10−6 on CMB scales. If, in the distant future, such a signal is not measured, we

have misinterpreted our Early Universe paradigm or detected violations of general relativity.

Analysis related to this second order GW spectrum and its phenomenological consequences

has recently been discussed in [181, 182, 183, 184]

By adapting (5.3) to the induced spectrum, it will also contribute to Neff . Neff will

now be sensitive to all scales of the scalar spectrum. Hence, we have novel probes of the

scalar power spectrum at scales inaccessible to primary CMB constraints. Moreover this

indirect Neff constraint is based on CMB data alone. Given that Neff will include an integral
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over all scales it will be sensitive to enhancements of the spectrum and to the smallest scales,

i.e. the UV cut-off. We find that Neff strongly constrains deviations from the constant ns

spectrum. In particular it forces the running and the running-of-running to conform to the

standard slow-roll hierarchy, α, β . (ns − 1)2. Such a constraint rules out a large portion of

the parameter space allowed by Planck. We perform a likelihood analysis including the Neff

constraint and find that positive α, β are disfavored by at least 1σ and β+0.074 α > 8.6×10−4

are ruled out at 3σ.

5.2 Forecasted Limits from CMB

Here we look to the future and list different CMB experiments and their forecasts for

relevant parameters including the tensor to scalar ratio r, uncertainty on the effective number

of neutrinos σNeff , and the GW energy density ΩGW . These CMB observations probe the

GW energy density at the time of decoupling. Usually this is specified in terms of r, the

tensor-to scalar ratio and wavenumber k. These measurements probe the GW energy density

on largest scales, k . keq, in addition to Neff . In Table 5.1 we list the different experiments

and their forecasted sensitivities. The relation between PT and present day ΩGW is [180]:

ΩGW = 4.2× 10−2rAs

(
k

k0

)nT aeq
a(η0)

. (5.4)

Carrying out the CMB experiments up to Stage 4 will decisively constrain a narrow

space of allowed inflationary models, or will rule out all large field models. Besides specifying

the forecasts for various experiments, we performed a Fisher matrix analysis of cosmic variance

limited (CVL) CMB polarization measurement. The analysis predicts σ(r) = 2.2× 10−6 for

fsky = 0.8 with no delensing and ignoring beam systematics. Such value seems very close to

the induced second order GW spectrum prediction of r ∼ 10−6, which is close to a guaranteed

signal.
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Table 5.1: The forecast of constraints on r and ∆Neff for different experiments. The details
were taken from [185]. The quoted bound on r for the CMB future probes is the forecast for
σ(r). The CVL result is based on a Fisher matrix analysis.

Experimental stage r < σNeff ΩGW <
present 0.06 0.19 1.6× 10−15

S2 0.035 0.14 9.1× 10−16

SO 0.006 0.04 1.6× 10−16

S4 0.0005 0.027 1.3× 10−17

CVL 2.2× 10−6 3.1× 10−6 5.6× 10−20

5.3 Constraining the scalar spectrum using Neff

From calculations done in [178, 179, 180], the induced tensor power due to the scalar

power spectrum has the form

PT (k) =
AGW

3
P 2
S(k), (5.5)

which results in a change to Neff induced by this second order effect

∆Neff =

(
Neff +

8

7

(
11

4

)4/3
)
AGW

36

∫
d ln k P 2

S(k). (5.6)

While the scalar power spectrum is well described by the simple power law form

parameterized by ns, the above integral covers all scales and is subject to a UV cutoff. This

gives us extraordinary leverage to use CMB measurements of Neff to constrain PS(k) for

modes much smaller than the relevant CMB scales. For this reason we consider a power

spectrum parameterized by the running α and the running of running β,

lnPS,run(k) = lnAS + ln

(
k

k0

)[
ns − 1 +

1

2
α ln

(
k

k0

)
+

1

6
β ln2

(
k

k0

)]
. (5.7)

To get an idea of the constraining power that Equation 5.6 has on this parametrization

of the scalar spectrum we can numerically solve the integral for values of α and β and compare

to the Planck 2018 uncertainty on Neff of σNeff = 0.19 [165, 166]. Figure 5.1, taken from

Planck 2015 data with ns = 0.97, kUV /k0 = 1021, shows the likelihood contours from Planck
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Figure 5.1: Planck 2015 constraints on running α and running of running β. Taking into
account the contribution of 2nd order tensors to Neff , the shaded region is ruled out assuming
kUV /k0 = 1021 and ns = 0.97.

data alone. The gray shaded region is excluded by this second order integral contribution to

Neff , which severely limits the parameter space, especially for positive values of β.

Thus, slow-roll hierarchy must be maintained, and in particular having either α or

β ∼ (ns−1) will violate the Neff bound. Hence, our result confirms that the only valid models

are the ones where the slow-roll hierarchy is maintained and at most α, β . few × (ns − 1)2

for positive running.

5.4 Likelihood Analysis

A proper estimation of cosmological parameters requires a likelihood analysis allowing

several parameters to vary with proper priors. We have seen that the bound is most useful
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Figure 5.2: Top panel: 68% and 95% confidence level contours of α, β taking into account the
bound on 2∆Neff ≤ 0.46 for ns(k0) = 0.95 and kUV /k0 = 1021 (top left), kUV /k0 = 1024 (top
right). Bottom panel: Same as top panel with ns(k0) = 0.97.
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in constraining the running α and the running of running β. We therefore ran a CosmoMC

analysis allowing the variation of α, β and we considered spectral tilts ns = 0.95, 0.97 and

various cut-offs kUV /k0 = 1021, 1024 corresponding roughly to two decades beyond the LIGO

band and 60 e-folds of inflation respectively.

Our likelihood analysis uses data from BICEP2, Planck, HST, BAO and the KECK/Planck

cross correlation analysis [165, 166, 186]. In addition to the base CosmoMC software distri-

bution [187], we created an additional likelihood module to calculate ∆Neff as a function of

our running parameters,

∆Neff(α, β) =

(
Neff +

8

7

(
11

4

)4/3
)
A

(2)
GW

36

∫ kUV

d ln k P 2
S,run(k;α, β), (5.8)

where PS,run is defined in (5.7). In the absence of a closed form solution to the integral for

∆Neff , we precomputed a grid of values for different inputs of α, β that are then used in

the MCMC analysis. The likelihood plots corresponding to each pair of (ns(k0), kUV /k0) are

plotted in Figure 5.2. They are the results of running our modified version of CosmoMC with

its own precomputed grid of Neff values. We use spacings of ∆α = 4× 10−4,∆β = 2× 10−5

and compute Neff(α, β) using bilinear interpolation for generic values of α, β.

It is clear that both parameters are severely constrained with α, β < 0.002. This is

an order of magnitude improvement over compared to Planck bounds, and in accord with

standard slow-roll predictions of α ∼ (ns − 1)2 and β ∼ (ns − 1)3. Using the likelihood

data from this analysis, we can place upper limits on linear combinations of α and β for

each distribution. Table 5.2 summarizes the 68% 95% and 99.7% upper limits for each

distribution shown in Figure 5.2. The most conservative analysis (3σ) gives the following

bound β+ 0.074 α < 8.6× 10−4. It would be interesting to include the LIGO data in a future

likelihood analysis, potentially strengthening these bounds.
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Table 5.2: Upper Limits on combinations of α and β obtained from our CosmoMC likelihood
distributions

ns(k0) kUV /k0 parameter 68% u.l. 95% u.l. 99.7% u.l.
0.95 1021 β + 0.074 α 3.8× 10−4 7.7× 10−4 8.6× 10−4

0.95 1024 β + 0.063 α 2.1× 10−4 5.0× 10−4 5.5× 10−4

0.97 1021 β + 0.067 α 2.1× 10−4 5.1× 10−4 5.7× 10−4

0.97 1024 β + 0.059 α 1.2× 10−4 3.6× 10−4 4.1× 10−4

5.5 Acknowledgements

Chapter 5, in part, contains a reprint of material as it appears in I. Ben-Dayan, B.

Keating, D. Leon and I. Wolfson, “Constraints on scalar and tensor spectra from Neff ,” J.

Cosmology Astropart. Phys., 2019, 007, 2019 (arXiv:1903.11843) [4]. The dissertation author

made essential contributions to this work.

103



Chapter 6

Conclusion

We have seen in the previous chapters a few of the many ways that cosmological

information can give us insight into the evolution of the universe and let us search for physics

beyond our current theories. Among the work presented here are a number of noteworthy

results.

Optical polarimetry of two AGN in Lum and Ic bands placed upper limits on SME

coefficients corresponding to birefringent effects, and combining these two bands can increase

the power of our constraints in some cases by more than a factor of 10 compared to the Ic

alone.

Observations of the polarized CMB from the Polarbear experiment have demon-

strated a detection of gravitational lensing in a polarization-dominated CMB dataset from

small, deep observational patches. A measurement of the lensing amplitude at 4.1σ signif-

icance and rejection of the no-lensing hypothesis at 10.9σ contribute to a future of using

CMB polarization to understand the cosmos.

A treatment of second order tensor perturbations combined with a likelihood analysis

of the CMB have greatly improved limits on a running scalar power spectrum compared to

the limits from CMB alone. Stringent bounds on positive values of α and β provide guidance

on evaluating models of inflation and other early universe physics.
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Looking to future experiments, the Simons Array will expand on the work of Polarbear

by studing CMB polarization with roughly an order of magnitude more detectors and obser-

vations in multiple frequency bands. [188] The Simons Observatory furthers these goals with

the addition of new large and small aperture telescopes. [185]

The work here to place limits on the SME also continues. Applying lessons from using

multiple simultaneous broadband measurements to larger aperture telescopes promises to

further improve upon existing constraints. [189] Similarly, leveraging the relative abundance

of optical polarimetry measurements shows that using many lines of sight not only improves

constraints but allows the consideration of SME coefficients of higher dimensions. [190]

Taken altogether, the results presented in this dissertation demonstrate that there are

still many ways to explore the universe when we look into the distance.
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[15] D. Colladay and V. A. Kostelecký. CPT violation and the standard model. Phys. Rev. D,
55:6760–6774, June 1997.
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Lubin, Y.-Z. Ma, J. F. Mac´ias-Pérez, G. Maggio, D. Maino, N. Mandolesi, A. Mangilli,
A. Marcos-Caballero, M. Maris, P. G. Martin, M. Martinelli, E. Mart´inez-González,
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S. Dusini, G. Efstathiou, F. Elsner, T. A. Enßlin, H. K. Eriksen, Y. Fantaye, J. Fergus-
son, R. Fernandez-Cobos, F. Finelli, F. Forastieri, M. Frailis, E. Franceschi, A. Frolov,
S. Galeotta, S. Galli, K. Ganga, C. Gauthier, R. T. Génova-Santos, M. Gerbino,
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