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Chapter 1

Introduction

In the past century or so cosmology has made impressive advances, developing a unified
model of dark energy, cold dark matter, and baryons (ACDM) that can explain the evolution
of the universe from one second after the big bang until the present day. It was 60 years
ago that Penzias and Wilson first provided landmark evidence [155] for the big bang with the
discovery of the Cosmic Microwave Background (CMB) - now dozens of experiments have
measured its tiny temperature and polarization anisotropies to extreme precision, unveiling
the nature of the primordial plasma that existed well before the formation of the first stars.
A multitude of measurements, including the CMB, big bang nucleosynthesis (BBN), galaxy
surveys, cosmic distance measurements, gravitational lensing, and others, have provided percent-
level precision on ACDM model parameters. These varied tracers all (mostly) agree, and much
further improvement currently takes the form of large-scale collaborations making increasingly
precise measurements that probe the limits of this model.

Nevertheless, it can be argued that much of ACDM involves parameterizing our ignorance.
A quarter of the energy budget of the universe is tied up in dark matter, whose identity has eluded
physicists and astronomers for decades. Even less is known about dark energy, which dominates
the universe today, constituting 70% of its total energy density. Evidence points to a period of
inflation before the big bang, but a wide variety of inflationary models cannot be discriminated

between using current data. It is unknown how the early universe produced an excess of matter



over antimatter. Many of these problems have overlap with particle physics, which has supplied
a plethora of candidates to jointly explain issues in both fields.

This thesis will attempt to provide insight into a few of these topics, chief among
them dark matter and the CMB. In doing so, it will involve a wide variety of theoretical and
experimental methods, including pen and paper theory, statistical analyses, cryogenic telescopes,
and building contracts with Chilean construction companies. Chapter 2 will present a mechanism
for producing sterile neutrino dark matter in the early universe that evades traditional x-ray and
mass bounds. Chapter 3 involves a search for axion-like particle dark matter using the time-
dependent polarization rotation signature it imprints on the CMB. Finally, chapter Chapter 4,
will describe efforts to build the next generation of CMB telescopes searching for evidence of

inflation.

1.1 The Cosmic Microwave Background and a Brief History
of the Early Universe

To understand the CMB it is helpful to briefly review the history of the early universe.
Our narrative starts from just before the earliest event for which we have evidence, big bang
nucleosynthesis. At this point, the universe is energetically dominated by a hot, dense plasma,
composed of photons, electrons, positrons, neutrinos of all three flavors, protons, and neutrons,
all in thermal equilibrium. The plasma is nearly homogeneous and isotropic, with only very
small perturbations that are nevertheless very important, as they will become the seeds of galactic
structure. The universe is rapidly expanding and cooling, and when the temperature drops below
about 1 MeV (1010 K), when the universe is about 1 second old, nuclei begin to form, in a
process that ultimately yields 75% Hydrogen, 25% Helium, and a smattering of other elements.
It is the alignment of abundances of these elements today with the big bang nucleosynthesis
predictions that provides the earliest evidence of this thermal state of the universe.

Around this same time the electrons and positrons annihilate, leaving only a small number



of electrons to maintain charge neutrality, and the neutrinos decouple from the rest of the plasma
as the interactions that keep them in thermal equilibrium become inefficient. The plasma persists
in this basic state for several hundred thousand years, as the perturbations grow in the form of
sound waves in the baryon-photon plasma, which oscillate under the gravitational influence of
the neutrinos and dark matter. The latter becomes increasingly important as time progresses, and
begins to dominate the energy density of the universe about 50,000 years after the big bang.

The CMB is released when the universe is several hundred thousand years old. At this
point, the temperature has dropped to a few tenths of an eV (a few thousand Kelvin), and the
photons no longer have enough energy to keep the Hydrogen ionized, so the electrons and
protons combine to form neutral Hydrogen. This event decouples the photons, as their scattering
rate on neutral Hydrogen is quite small, and we observe this radiation today in the microwave at
a temperature of 240 ueV, or 2.73 K [76]. It is still a nearly perfect blackbody, having travelled
until the present day affected only by minor distortions and redshift. In the meantime, the
perturbations grew large enough to collapse and form the stars, galaxies, dark matter halos, gas,
etc. that populate the universe today.

Current experiments studying the CMB are mostly focused on its anisotropies, which
contain a wealth of information about the primordial perturbations, the parameters of ACDM, and
the post-recombination universe. Important for this thesis in particular is the faint polarization of
the CMB, which is generated by during its release by Thompson scattering . It is convenient
to chose as a basis for the polarization states parity-even E-modes and parity-odd B-modes,
because the former are exclusively generated by Thompson scattering. The latter are known to
be produced at a much lower level after recombination by gravitational lensing of E-modes, but
also by a number of other, more exotic phenomena. For instance, any linear polarization rotation
will turn E-modes into B-modes, which will be exploited in Chapter 3 to search for axion-like
dark matter.

What happened before big bang nucleosynthesis? The cosmological history can be

extrapolated backwards in time, to smaller sizes and higher temperatures, until eventually a



singularity is reached. There are, however, a number of problems with accepting this extrapolation
at face value [194]. The horizon problem relates to how the universe came to be in thermal
equilibrium: the CMB is isotropic to approximately one part in 10°, and yet patches of the CMB
that today correspond to an angular separation of more than a few degrees did not have time
to come into casual contact (and thus equilibrate) by the time of recombination. The second
problem is the flatness problem: the geometric curvature of the universe today is measured to
good precision be zero [23], and because curvature increases with time, in the early universe it
must have been extremely close to zero. Both problems thus present issues of initial conditions:
why was the initial curvature of the universe nearly zero, and why were initial conditions
everywhere nearly the same?

Both problems have a solution in the idea of inflation, a hypothesized period of exponen-
tial expansion of the early universe [94]. This expansion could drive any initial curvature value
down to near zero, and casually connect all observed regions of the sky. Moreover, quantum
fluctuations during inflation provide a explanation for the source of the primordial perturbations
in the primordial plasma. However, while today inflation is the dominant explanation for what
happened in the very early universe, there are a wide variety of models that realize inflation,
and relatively little evidence to distinguish between them. A key target of modern experiments
is the CMB B-mode signature predicted to be generated by inflationary gravitational waves.
The search for inflationary B-modes is the primary motivation for the construction of the Small

Aperture Telescopes of the Simons Observatory, whose construction is the topic of Chapter 4.

1.2 Axion-Like Particles and Cosmic Birefringence

Pseudoscalar fields, which show up in a variety of beyond-standard-model theories, have

an astrophysically-relevant coupling to the electromagnetic field

1 .



Here ¢ is the pseudoscalar, gy is the coupling constant, F),y is the electromagnetic field tensor
and F*V is its dual. The effect of this coupling is to modify electromagnetic waves such that
opposite-helicity photons (i.e. left and right circular polarization states) pick up opposite-sign

phases. For a linearly polarized wave, this generates a rotation in polarization angle [96, 50],

Aﬁ = %g(lﬁ’y(q)(xabs) - ¢(xemis)) (1.2)

This effect has been dubbed‘‘cosmic birefringence” due to its similarity to the effect a bire-
fringent material has on the propagation of electromagnetic waves. A key feature of cosmic
birefringence is that the net effect depends only on the field values at absorption and emission,
and is independent of the intermediate field values.

Cosmic birefringence may be searched for using a variety of polarized astrophysical
sources, and a source of a particular interest for this thesis is the CMB. Relative to other sources,
the CMB has a big disadvantage in that its polarization is very faint, but also has a number of
advantages that make it an attractive target. The CMB polarization signal is extremely well
known theoretically, and also has been well measured by several telescopes. This allows for
consistency checks, especially for a claimed detection. Furthermore, the CMB scan strategies are
often already optimized for cosmic birefringence searches, and their polarization systematics are
well understood. A number of different CMB experiments have conducted searches for isotropic,
anisotropic, and time-dependent cosmic birefringence [11, 12, 17, 14, 13, 75, 142, 137].

Chapter 3 will be concerned with the search for cosmic birefringence generated by
extremely low mass (mgy ~ 10722 — 10~2%¢V) pseudoscalars called axion-like particles, or
axions for short (unlike the canonical QCD axion, we do not associate our axion with a solution
to the strong CP problem [154, 153, 193, 195]). The cosmological evolution of the homogeneous

component of ¢ is given by [130]

¢+3H¢+myo =0, (1.3)



assuming that the dominant term in the potential is the the mass term, V(¢) ~ %mi@z. When
H >> mgy, Hubble friction keeps ¢ fixed at a constant value and the axion acts as dark energy.
When H << my the field oscillates, the energy density decreases as p o< a3 (where a is the
scale factor), and the axion therefore acts as dark matter. At matter-radiation equality, the
Hubble rate is H ~ 10~28¢V, and so axions than masses larger than this begin oscillation in
radiation domination, and axions with masses smaller than this begin oscillation during matter
domination. Depending on the mass, therefore, the axion may compose a significant fraction
of dark energy or dark matter. In the crossover mass range the axion can have significant
impacts on the power spectrum of primordial perturbations (completely independent of cosmic
birefringence), and searches [105, 106] have used this impact to place exclusions across a mass
range 1073 < mg < 1072 eV.

In the mass range that will be considered in Chapter 3, the axion acts like dark matter
for all relevant periods of cosmological history. The resulting dark matter is called “fuzzy dark

matter” because it is so light that it has an astrophysically large de Broglie wavelength [113],

2 10722 250k
Apg = —& :0.48kpc< 0 CV) ( 50 mls) , (1.4)
m¢v

M¢ 1%

where v is the velocity dispersion of the halo. Fuzzy dark matter suppresses and modifies
small-scale structure formation, and this provides a potential exotic solution to longstanding
problems at small scales within the cold dark matter paradigm [114]. Chapter 3 will describe a

search for a cosmic birefringence signature generated by axions in the fuzzy dark matter regime.

1.3 Sterile Neutrinos

Sterile neutrinos are hypothetical right-handed fermions that are neutral under the electro-
magnetic, weak, and strong forces. They are the counterpart of standard model (SM) neutrinos
(hereafter also called ’active’ neutrinos), which are left-handed and charged under the weak

interaction. A primary reason to consider the existence of sterile neutrinos lies in the unresolved



problem of neutrino masses. Neutrinos are massless in the SM, yet it has now been definitely
established by decades of experiments that neutrinos do have mass. These experiments rely on
the phenomena of neutrino oscillations: a neutrino produced as one flavor may be measured
as a different flavor later on, demonstrating that the neutrino flavor states and the mass states
(i.e. propagation eigenstates) are not the same. The oscillation length depends on the square
of the difference between the neutrino masses, and in this way two mass squared differences
have been measured, Am3; = 7.397030 x 107eV? and Am3, = 2.44970:932 < 10-3eV?2 [196].
This establishes the existence of at least two non-zero mass states. Furthermore, cosmological
observations suggest that the sum of all neutrino masses is less than 120 meV [23], which would
mean that neutrinos are more than six orders of magnitude lighter than the next lightest fermion.
These puzzles, among others, make the neutrino sector a prime candidate for new physics.

The addition of sterile neutrinos allows two new gauge-invariant and renormalizable
mass terms,
- M;—c
Zmass = —FoiLaNi® — 7Ni Ni+h.c.. (1.5)

Here L, is the standard-model lepton doublet, with corresponding Yukawa couplings Fy;
and the SM Higgs doublet ®. Any number of sterile neutrino states N; may be added. The first
term yields a mass term (the Dirac mass) after electroweak symmetry breaking in the same way
as the other SM fermions. The second term is called the Majorana mass term and is unique to
neutrinos. In the Seesaw mechanism the neutrino masses are suppressed via the ratio of the small
Dirac mass and the large Majorana masses, and can therefore example the observed smallness of
the neutrino masses [64, 47].

In addition to its motivation from puzzles in the neutrino sector, a sterile neutrino with
a small active-sterile mixing makes an excellent dark matter candidate. It has small enough
interactions with the SM to act as dark matter, and for the right masses it has a plausible

production mechanism in the early universe. In the simplest case it also has relatively few

parameters - one mixing angle controls its production, lifetime, and generates an astrophysical



observable in the form of an electromagnetic line. There are many ways to produce sterile
neutrino dark matter, but the most basic is a process known as scattering-induced decoherence.
Consider the case in which there is only one active neutrino of flavor o (e, U, or 7), and one
sterile neutrino N. The unitary transformation between the mass states and flavor states is given

by a rotation matrix

|Va) = cos(0) |vy) +sin(0) [v2) (1.6)

IN) = —sin(8) [v;) +cos(8) [va). (1.7)

In the regime of interest the mixing angle 6 is small, so that one mass state |v;) is mostly
active, and the other |v,) is mostly sterile. Because of this, in a slight abuse of notation we will
refer to the mass associated with |v;) as my and call it the mass of the sterile neutrino.

To understand scattering-induced decoherence, recall that in the early universe plasma
above a temperature of about 1 MeV, the active neutrinos were thermally coupled to the SM
plasma. Heuristically, each scattering event can be thought of as a measurement of the neutrino
flavor. As the active neutrinos oscillate they pick up a small sterile component, so at each
scattering event there is some small probability to generate a sterile neutrino. In this way, a
population of sterile neutrinos may be steadily built up in the early universe. See Figure 1.1.

This process is described through a Boltzmann equation [2] (see also Section 2.7),

d 0 1
(E —Hp%) fv= EFaP(va = N)(fvy — IN), (1.8)

where the probability to transform an active neutrino into a sterile neutrino is

1 A2sin%(26
P(vq = N) == sin”(26)

. : . (1.9)
A25in2(20) + (%) + (Acos(26) — Vg)?

Here H is the Hubble rate, fy and f,, are the sterile and active neutrino distribution



functions, I'y is the scattering rate of active neutrinos of flavor & on the primordial plasma, and
A= %. (%“)2 is the quantum damping factor, which ensures that production is suppressed
if the neutrinos do not have time between scattering events to build up a sterile component via
oscillation. Vy is the in-medium potential that the active neutrinos acquire in the plasma.

It can be seen that (1.8) is simply proportional to the active neutrino scattering rate multi-
plied by the conversion probability. Production is suppressed at very high plasma temperatures
by quantum damping and the in-medium potential, both of which drive the conversion probability
to zero, and at low temperatures by the declining efficiency of active neutrino scattering.

The fact that this process can build up the correct amount of dark matter for certain
masses and mixing angles was pointed out by Dodelson and Widrow [68]. This Dodelson-
Widrow mechanism gives the right relic abundance for ~ keV masses with the approximate

relation [2]

.2
sin”(20) my 2
QI ~ 0. ( ) 11
: 03( 1010> 100keV (10

The Dodelson-Widrow mechanism is bounded by several constraints: see Figure 1.2.
The upper edge of the mass range is set by the requirement that the sterile neutrino’s lifetime is
much larger than the age of the universe. The relevant decay channel is the rate into three active
neutrinos, which is [33]

I3y GEmy, sin® (). (1.11)

1

T 19273
This rate goes like five powers of mass, while the RHS of (1.10) goes like two powers of
mass, which prevents any sterile neutrino with a mass greater than about 1 MeV from being
a Dodelson-Widrow candidate. The lower edge of the mass range is set by the requirement
that dark matter not be too hot, which suppresses the formation of small scale structure. This
constraint depends on the energy spectrum of the sterile neutrino, which in turn depends on the
formation mechanism. The Dodelson-Widrow mechanism generates a particularly hot energy
spectrum, as can be seen in Figure 1.2.

Another decay channel provides a means of detection: radiative decay. This channel,
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Figure 1.1. An example of the Dodelson-Widrow mechanism. The sterile neutrino is produced
in the early universe through scattering-induced decoherence in the correct abundance to make
all of the dark matter. The x-axis shows the temperature of the SM plasma, and the top panel
shows the production rate in green, which is always less than the Hubble rate to avoid thermal
equilibrium. The bottom panel shows the energy density of the sterile neutrino and the SM
plasma. The sterile neutrino parameters are my = 10 keV and sin2(29) =3 x 107, and the
production rate is evaluated at p=3T.
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which yields an active neutrino and a photon, is loop-suppressed and therefore subdominant to

I'3y. The rate is [150]

5 )
_ -33.-1( My sin(26)
vy =6.8x10""s <1keV> ( 10-10 (1.12)

The resulting photon is at an energy equal to one-half the rest mass, which for keV sterile
neutrinos puts it in the x-ray. This has lead to a large number of over the last two decades for
a decay line. Currently, x-ray searches have essentially ruled out the viable Dodelson-Widrow
parameter space, as can be seen in Figure 1.2 (Also seen is that recent structure bounds, which
have improved significantly over that time period, now actually disfavor much of the range as
well).

A popular modification to the Dodelson-Widrow scenario is the Shi-Fuller mechanism
[173], wherein scattering-induced decoherence production is enhanced by the presence of a
non-zero lepton flavor asymmetry. Unlike the baryon asymmetry, which is well measured and
extremely small at ) = 6 x 10719 [23], it is possible that much larger primordial lepton flavor
asymmetries existed. The presence of such an asymmetry adds an additional, opposite-sign
term to the in-medium potential, which can resonantly enhance the production rate at mass level
crossings. This allows for the dark matter abundance to be produced at a smaller mixing angle
for a given sterile neutrino mass. Additionally, it produces a colder energy spectrum, which
relaxes the low mass end of the constraints. With recent x-ray observations, however, most of
the space for the Shi-Fuller mechanism has also been ruled out.

A plethora of other mechanisms for producing sterile neutrino dark matter exist, all of
which require additional degrees of freedom. In Chapter 2, I will discuss a novel mechanism
that uses two or more sterile neutrinos and a variation of the Dodelson-Widrow mechanism to

achieve the correct dark matter density while evading the x-ray and mass bounds.
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Figure 1.2. Bounds on sterile neutrino mass and mixing angle. X-ray and y-ray constraints are
from the SPI spectrometer (on board the INTEGRAL space telescope) measurements of the
Milky Way dark matter halo [42], SPI, COMPTEL, and EGRET measurements of the isotropic
diffuse photon background [202], XMM-Newton measurements of the Milky Way dark matter
halo [77], and NuSTAR observations [165]. The parameter space is bounded at low masses
from small-scale structure constraints from strong gravitational lensing and Milky Way Satellite
Galaxies [141] applied to energy spectra from the Dodelson-Widrow and Shi-Fuller mechanisms,
as well as a generic fermion dark matter candidate with two degrees of freedom and a thermal
spectrum. The purple region indicates where the lifetime for decay into three active neutrinos
is less than the age of the universe. The red line indicates the slice of parameter space for the
Dodelson-Widrow mechanism (for mixing with the electron neutrino).
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Chapter 2

Dark population transfer mechanism for
sterile neutrino dark matter

2.1 Abstract

We present a mechanism for producing a cosmologically-significant relic density of
one or more sterile neutrinos. This scheme invokes two steps: First, a population of “heavy”
sterile neutrinos is created by scattering-induced decoherence of active neutrinos; Second, this
population is transferred, via sterile neutrino self-interaction-mediated scatterings and decays,
to one or more lighter mass (~ 10keV to ~ 1GeV) sterile neutrinos that are far more weakly
(or not at all) mixed with active species and could constitute dark matter. Dark matter produced

this way can evade current electromagnetic and structure-based bounds, but may nevertheless be

probed by future observations.

2.2 Introduction

An outstanding issue at the heart of physics and astronomy is the identity of the dark
matter (DM). Among the many beyond-Standard-Model (BSM) candidates for DM, the neutrino
sector offers an alluring possibility: a Standard Model (SM) singlet “sterile” neutrino. However,
the simplest mechanisms for producing a dark matter-relevant relic density of these particles are

challenged by X-ray and large scale structure observations (e.g., [2, 4, 69, 126, 1, 18, 41, 62,
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8, 203, 69] and references therein). In this chapter we propose a mechanism for producing a
relic density of sterile neutrinos that may be able to evade current bounds, yet may be probed by
future observations.

The standard Dodelson-Widrow mechanism [68] for sterile neutrino dark matter produc-
tion requires only a vacuum mixing between the sterile and active (SM) neutrinos. At ultra-high
temperatures in the early Universe, this mixing is medium-suppressed, but subsequently, at
lower temperatures, 7 ~ GeV, a cosmologically significant abundance of sterile neutrinos can
be built-up via active neutrino scattering-induced decoherence. However, the same mixing that
enables this freeze-in production scenario also provides a sterile neutrino radiative decay channel
into a photon and an active neutrino [150]. Demanding a relic density of a long-lived DM
candidate in this scheme picks out a mg ~ keV mass-scale associated with the sterile state. That
implies a decay-generated X-ray line at an energy E, = mj/2 that is nicely matched to the energy
sensitivity range of the X-ray observatories, enabling them to provide stringent constraints [4].

Other production mechanisms for sterile neutrino DM abound, but all require addi-
tional new physics on top of the minimalist mass and vacuum mixing parameters of Dodelson-
Widrow. Some propose the sterile neutrino DM abundance to stem from decays of heavier
particles [172, 157, 135, 175] or primordial black holes [55], while being relatively agnostic
about the active-sterile coupling. Similarly, the correct sterile neutrino population can be achieved
via thermalization [95], dilution of their initially produced overabundance [151], or, e.g., via
SIMP-like freeze-out [100]. Other production scenarios focus on altering the active-sterile
mixing. One example is the Shi-Fuller mechanism [173, 2, 123, 122, 91, 190, 110] wherein the
in-medium active-sterile mixing is resonantly enhanced by a cosmic lepton number asymmetry,
which may be generated through the asymmetric decay of heavier sterile states (a la vVMSM:
e.g., [27, 29, 30, 172, 171] and many more). Another invokes vacuum parameters mediated by
scalar [36, 37, 38] or axion-like [35] fields.

Intriguing dynamics can be achieved by bringing self-interactions into the picture.

Strongly self-interacting active neutrinos can boost sterile neutrino production and, hence,
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result in the required DM relic abundance at smaller mixing angles [65, 57]. On the other
hand, self-interactions among the sterile neutrinos themselves can lead to resonantly enhanced
production, which has been investigated in the case of a heavy mediator [118] and more recently
also in the light mediator limit [45, 31].

These considerations lead us to a scheme that utilizes the advantages of both active
neutrino scattering-induced decoherence and sterile neutrino self interactions. Though there
could be many sterile states, in a dark sector for example [3], we can illustrate the key features
of our mechanism by considering sterile neutrino DM production in the presence of two sterile
species with a dark self-interaction channel. This simple scenario may be further motivated by

the experimental observations requiring at least two non-zero active neutrino masses.

2.3 Dark Sector Dynamics

The basic idea of this mechanism is the following: (1) The heavier of the two sterile
neutrinos has a small mixing with active neutrinos, enabling scattering-induced decoherence to
populate this heavier sterile state; (2) Before the heavy sterile neutrino population can decay
back into the SM by virtue of its mixing, self-interactions within the sterile sector engender a
population transfer to the lighter sterile neutrino state. (3) The population of the lighter sterile
state (or states) created this way persists until the present and can be the dark matter or a
component of it, provided its mixing with the active neutrinos is sufficiently small.

The background evolution of the SM plasma and the dark sector are governed by the

following set of equations:

dpsm _ dPin;
e 3H(psm + Psm) i (2.1)
dpps dpin;
— =-3H —_— 2.2
& 3H(pps + Pos) + T (2.2)
8nG
H* = T(PSM + Pps); (2.3)
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where psmyps and Psyyps are the energy density and pressure in the SM plasma and dark sector,
respectively, and H is the Hubble parameter. The first two equations describe energy conservation
within each sector, with the exception of a small amount of energy transfer dpj,;/ds from the SM
plasma into the dark sector. The last equation is simply the Friedmann equation in a flat universe.

The energy injected into the dark sector via scattering-induced decoherence is [2]

dpinj . d3p (eq) [y
i | R P M), 4

where P(vy — Np) is the probability that an active neutrino of flavor & = e, u, or 7, energy
E and momentum p has converted into Np, the heavier sterile neutrino. It depends on the
mixing between N and Vq; here we will assume that the mixing occurs only with one flavor,
characterized by a single vacuum mixing angle 6. While in our calculations we treat the active-
sterile mixing as a free parameter, it nevertheless arise in specific models, e.g., Seesaw mass
models [64, 47].

The scattering rate of an active neutrino on the SM plasma with a temperature Tgy, 1s

Lo (p, Tsm) = Ca(p, Tsm)GrpTen, (2.5)

where Cy(p, Tsm) is a temperature-dependent coefficient and G is the Fermi coupling constant.
Assuming that the SM neutrinos follow a thermal Fermi-Dirac energy distribution with zero
chemical potential for Tgy > 1 MeV, one has féjq) (E,Tsm) = (eF/TM 1)~ We ignore Pauli-
blocking effects and the conversion of sterile neutrinos back into active neutrinos, thereby
decoupling the energy injection rate from the dynamics within the dark sector. See the appendix
for additional details.

In general, the evolution of the sterile neutrinos is described by a set of coupled Boltzmann
equations. However, if we restrict ourselves to the regime where the dark sector quickly reaches

thermal equilibrium with itself as a result of self-interactions, then the dark sector’s energy
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density and pressure are completely determined by its temperature, Tpg, and the masses of the
dark sector constituents. This eliminates the need to evolve the individual Boltzmann equations,
and (2.1)-(2.4) form a set of coupled equations for Tpg, Tsm, and the scale factor as functions of
time. To good approximation, the latter two quantities can be solved for independently of Tpg,
since the energy injected into the dark sector is relatively small. To solve for Tpg, we numerically
evolve (2.2) from a starting plasma temperature 7gy; at which scattering-induced decoherence is
highly suppressed, with zero initial abundance for both sterile states.

To demonstrate how the mechanism could work, we choose the dark sector to consist of
two sterile neutrinos Ny (heavy) and N, (light) with a scalar mediator ¢:

ij
g
75 T‘pﬁfzv,-qb the, (2.6)

where i, j = 1,2. For simplicity, we take all g;{ = gy to be equal, and take the heavy-mediator
limit wherein Gy = g5 /mg is the effective interaction strength. Note that taking this limit makes
the whole discussion quite general, as it allows us to be agnostic about the specific UV origin of
the self-interaction.

Thermal equilibrium and population transfer within the dark sector may be achieved
through various combinations of self-interaction processes, namely, 2-to-2 scatterings, 1-to-3
decays, and potentially 2-to-4 scatterings. These rates scale as follows (see the appendix for a

more detailed discussion):

o212 BGypT* 2.7)
Tp.13 o< Gymy/v(p) 2.8)
| P IIVIS Gé T2 2.9

Here, T and 3 are the temperature and a suppression factor, respectively, parameterizing

a Fermi-Dirac-like distribution for the sterile neutrino(s): f(E,T) ~ B/(¢f/T +1). Ly xy
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Figure 2.1. Bottom panel: Evolution of SM and sterile neutrino energy densities as a function
of SM plasma temperature 7gy;. In this scenario, thermalization within the dark sector, and
population transfer from the heavier (Ny) to the lighter (V,) sterile neutrino, are achieved through
contemporaneous 2-to-2 scatterings and 1-to-3 decays. Top panel: Rates of various processes
[ (2.3), (2.5), and (2.7)—-(2.9)], as indicated. The width of the colored bands represents the
variation of the rates as the dark sector thermalizes (see text for details). Here, my, = 1GeV,
sin2(29) =101, Gy = 0.1GF, oo = electron, and all rates are evaluated at p = 37,
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refers to a ¢-mediated process with X sterile neutrinos in the initial state and Y sterile neutrinos
in the final state. y(p) in (2.8) is the Lorentz factor for a heavy sterile neutrino with momentum
p, accounting for a time-dilation of its lifetime.

These may be evaluated in two regimes of interest: without and with dark sector internal
thermalization. Without thermalization, a suppressed Fermi-Dirac form with 7 = Tgy; and f < 1
is a reasonable approximation to the N; distribution generated by active neutrino scattering-
induced decoherence. Subsequently, if the dark sector internally thermalizes, the distribution
functions instead assume un-supressed Fermi-Dirac forms (i.e., with B = 1) parameterized by
a dark sector temperature Tpg. Assuming an empty dark sector to begin with, and subsequent

energy conservation within the dark sector as it thermalizes, one must have

ghsTos = &n BTsu (2.10)

and therefore Tpg < Tsm. Here, gz*\,l and gpyq are respectively the number of degrees of freedom
of the heavy sterile Ny, and in the dark sector overall. For a typical momentum p ~ 37,1y > >
and I'y » 4 are proportional to T> and T?, respectively. Therefore, the decrease in temperature
from Ty to Tps outweighs the increase of B from < 1 to B = 1, leading to an overall reduction
in the rates post-thermalization. The decay rate for the heavy sterile neutrino in the plasma rest
frame is always larger after dark sector thermalization because Tpg < Tsm.

To assess the prospects of dark sector internal thermalization, these rates may be compared
to the Hubble rate, H = /87g%,,/ 3(T?%/ myp1), where g5y, is number of relativistic degrees of
freedom in the SM plasma. On the other hand, to avoid resonant overproduction due to the
additional in-medium potential provided by the self-interaction, we require that I'y 5 .o < T’y
[118]. We also require that gy < 1 to stay in the perturbative regime. These requirements may
be simultaneously satisfied over some range of G4 values, given a sterile neutrino mass my, and
vacuum mixing angle 6.

This mechanism is illustrated for a particular choice of parameters in Fig. 2.1. For both
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['y>2and I'y > .4, the upper and lower edges of each band reflect the rate expressions without
and with dark sector internal thermalization, respectively. For I'y 1,3 the situation is reversed.
N1 is produced via scattering-induced decoherence, and initially the dark sector has not achieved
internal thermal equilibrium due to a lack of number-changing processes. This changes once
I’y 1,3 > H: this process increases the number of sterile neutrinos, and the 2-to-2 processes,
which are initially much faster than the decays, ensure the N; and N, populations equilibrate
with roughly equal number densities. Note that SM decay branches for N; are subdominant for
these parameter choices compared to the dark decays (see the appendix). As the dark sector
thermalizes, the rates switch to the opposite sides of the bands'. Eventually, N; becomes non-
relativistic and is Boltzmann-suppressed, transferring Ny into N;. 1-to-3 decays, which eventually
become faster than 2-to-2 processes, further aid this transfer. N, then persists until the present
day as a component of dark matter.

An alternative scenario can achieve this dark sector internal thermalization through 2-to-4
processes. Although these are relevant only at high temperatures and for a much smaller slice of
the parameter space than the previous example, they would allow for smaller NV; masses. This is
because I'y 13 o N15, and so smaller masses have a lower 1-to-3 rate that may not be significant

at high enough Tg\ to overlap with 2-to-2 processes.

2.4 Parameter Space

Under the assumption that the dark sector thermalizes internally, the parameter space in
which all of the dark matter is produced is shown in Fig. 2.2. The left panel shows contours of
the final dark sector temperature relative to the SM temperature. In the viable parameter space
this ratio is less than one for two reasons: the active-sterile mixing is too small to thermalize
the dark sector with the SM, and the SM plasma is heated by the disappearance of relativistic

degrees of freedom as the temperature drops. The right panel of Fig. 2.2 shows contours of the

"Unless a freeze-out (I'y < H) occurs in the midst of thermalization, in which case, the rate for that process
never quite reaches the opposite edge of the band.
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Figure 2.2. Across a parameter space of the heavy sterile neutrino rest-mass (my,) and its
mixing angle with the active neutrinos (sin’ (20)), the following contours are shown. Left: The
ratio of the dark sector temperature to the standard model temperature, i.e., Tps/Tsm, stemming
from the energy injected into the dark sector from scattering-induced decoherence, under the
assumption that the dark sector thermalizes with itself. The blue region is where all observational
and theoretical bounds are satisfied. Right: The mass of N, (in MeV) required to account for all
of the dark matter in this scenario.

required mass my, necessary to make all of the dark matter, given the dark sector temperatures
shown in the left panel. It is assumed that the N; relic population is converted to N, via 2-to-2
scattering, although the results do not qualitatively change as long as the number density is
roughly preserved, e.g., if 1-to-3 decays occur instead.

The lower boundary on the colored region in the parameter space shown in Fig. 2.2 comes
from the condition that Ny have a large enough mass to decay into three N, i.e. my, > 3my,,
which is the regime we restrict ourselves to in this work. The upper boundary of the color
region follows from dark matter free streaming considerations, explained below. We choose the
upper limit of the N mass range in Fig. 2.2 such that 75y > my, during the scattering-induced

decoherence production period, ensuring N is produced relativistically.
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2.5 Discussion

A key feature of this mechanism is that it allows for a larger sterile neutrino dark matter
mass. Normally, the mass of the sterile neutrino is bounded from above by the requirement that
the dark matter does not decay too fast via its active-sterile mixing. In the proposed mechanism,
however, the mixing angle of the dark matter candidate sterile neutrino does not affect its relic
abundance, and can therefore be arbitrarily small. On the flip side, this mechanism provides
discovery potential for current and future X-ray and y-ray missions across a much wider range of
sterile neutrino masses and mixings. Depending on the mass of Ny, the dark matter mass my, in
our mechanism can range from ~ 10keV—1GeV. Many X-ray telescopes have explored some of
this parameter space (e.g., [44, 163, 128, 192, 40, 109, 185, 107, 108, 78]), which will be further
probed by the upcoming telescopes ATHENA [143] and XRISM [197]. This also motivates
searches for dark matter lines at higher energies, beyond the typical range for sterile neutrino
dark matter, using telescopes such as NuSTAR [98, 162, 156, 146, 164, 166], HEX-P [129],
Fermi-GBM [145] and INTEGRAL-SPI [201, 43]. Moreover, heavier N, masses allow for decay
channels involving additional particles such as electrons, muons, and pions [82], which may
generate a more complicated electromagnetic signature than a narrow line.

On the opposite end, the lower bound on the sterile neutrino DM mass is set by the
requirement that free-streaming dark matter should not wash out small-scale structure, that
is, its average kinetic energy must not be too large. Since dark sector internal thermalization
ensures Ips < Tgm, the sterile neutrino average energy can be considerably lower than in a
purely scattering-induced decoherence scenario, resulting in a weaker lower mass bound. For a
thermally equilibrated species accounting for all of the dark matter, since ppy ~ g*mTSs, fixing
the mass m and the number of degrees of freedom g* also fixes the temperature and therefore
the energy spectrum. Small-scale structure observations can therefore place a lower limit on the
mass of a thermal dark matter candidate. The current bound is 9.7keV at 95% C.L. [141]. For

comparison, the corresponding bound for the Dodelson-Widrow scenario can be as strong as
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92keV [203].

The heavy sterile neutrino may in principle be detected in laboratory searches, but un-
fortunately the mixing angles shown in Fig. 2.2 are too small for any current or upcoming
experiments to detect (see Ref. [39] for a review). Furthermore, a number of such experiments
rely on detecting the sterile neutrino’s SM decay products, which would not be effective in the
scenario considered here. However, a possibility that may deserve future exploration is the case
where decays into SM products dominate over the dark decay branch. This would necessitate
larger mixing angles in order to produce the observed relic abundance, potentially allowing
for detection in experiments close to the preferred parameter space shown in Fig. 2.2, such
as HUNTER [131] and TRISTAN [136, 20]. Such scenarios could have significant implica-
tions for neutrino decoupling and big bang nucleosynthesis [70, 82, 87, 159, 7], pre-big bang
nucleosynthesis cosmology [89, 90, 88, 57], as well as energy transport in core-collapse super-
novae [83, 54]. The lighter sterile neutrino N>, if it also mixes with the active neutrinos, could be
resonantly produced in a supernova core, affecting the explosion dynamics [101, 102, 24]. To
faithfully assess the impact of sterile neutrinos in these environments, a careful consideration of
dynamical feedback effects in their production is important [182, 160].

A possible direction for future work could be to explore the case of a lighter dark sector
mediator. This would result in more complicated dynamics, including resonances in scattering
rates and the possibility of producing the mediator itself. In fact, a lighter mediator with just
one sterile neutrino can produce the correct relic abundance at some masses by modifying
the typical scattering-induced decoherence production process [45, 31]. Sterile neutrinos with
strong self-interactions mediated by lighter scalar fields may reproduce the regimes preferred
by scenarios of self-interacting dark matter [179, 167, 188, 86, 132, 19] addressing the small
structure problems [138, 148, 149]. Moreover, for certain masses and mixings, a resonance in the
sterile neutrino scattering rate could cause dips in the diffuse supernova neutrino background [32].

The phenomenology of sterile neutrino dark matter with additional particle species and/or

secret interactions in the dark sector can be quite rich. An extension of this mechanism may
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include multiple light sterile species. This could correspond, for example, to a tower of massive
Kaluza-Klein modes [3], or other rich dark sectors. If the heaviest of these species is the only one
produced in significant abundance through scattering-induced decoherence, its decays into the
lighter sterile neutrinos may lead to an arbitrarily cold dark matter spectrum (i.e. for arbitrarily
large gfyg, see (2.10)). Such a scenario also would potentially provide a multitude of targets, at
different masses and mixing angles, for future electromagnetic searches. We conclude that the

future of this dark subject could be bright.
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2.7 Appendix: Scattering-Induced Decoherence

The purpose of this section is to explain how the energy injection rate from the SM
plasma into the dark sector is calculated.

The Boltzmann equation that describes the production of a sterile neutrino N via
scattering-induced decoherence due to mixing with a single active species &, in the absence of

any sterile neutrino self-interaction, is [2]

d 0 1
(E —Hp$> Iy = 5TaP(Va = N)(frg = fiv)- 2.11)

fv and fy,, are the sterile and active neutrino distribution functions, respectively, and the
other variables are as described in the main text. All variables on the RHS depend on time and

momentum. The probability to transform an active neutrino into a sterile neutrino is

1 A2sin?(2
P(Vqg =+ N) == sin”(26)

: . . (2.12)
A?sin*(20) + (%“) + (Acos(20) — Vq)?

Here A =~ %, 0 is the vacuum active-sterile mixing angle, and (%"‘) ’ is the quantum
damping factor. The key inputs to the calculation, besides the sterile neutrino mass and mixing
angle, are the active neutrino scattering rate I'y, and in-medium potential V, both of which
depend on the neutrino momentum p and SM plasma temperature Tgy;.

The active neutrino scattering rate for Ty € [1 MeV, 10 GeV] is taken from publicly
available data files described in section 3 of reference [28]. For Ty € [5 GeV, 150 GeV], rates
are taken from publicly available data files described in section 2 of reference [92]. Note that for
this temperature range the approximate scaling I'y o< pTg‘M breaks down and Cgy (p, Tsym) varies
by several orders of magnitude.

The in-medium potential (with negligble lepton number) for 1 MeV < Tsgmy < Tew,

where Tgw is the electroweak scale, is [147]:
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B 8vV2Grp

Va<p7T) = 3m2 (nVa <Eva> +nV0¢ <EV05>)
53 GZ (2.13)
— o (E) g (7).
w

(2.13) represents a leading-order expansion of the W and Z propagators, which works

well for calculations involving keV sterile neutrino masses because the production rate peaks

1
around a SM temperature Tpeax = 133 MeV ( lrﬁ[evv) ° [2]. For larger masses, production occurs

at higher temperatures and the leading-order expansion is no longer a good approximation. In
fact, the potential is positive above the EW scale, and the sign change induces a resonance which

enhances the production rate [22]. Above the EW scale, the potential takes the form [158]

Vo= (387 +¢%)Tsm/(32p), (2.14)

where g and g’ are the SU(2), and U(1)y SM gauge couplings, respectively. The two
regimes in equations 2.13 and 2.14 may be smoothly connected by the full integral form of the
potential described in appendix A of reference [22], which we summarize below. The full form

of the potential after EW symmetry breaking is

Va(p,T) = —1at,(B(0,myz)/ cos*(6y )+
(2.15)

B(myq,my ) (2 +m, /miy)).

Here my, is the mass of the charged lepton of flavor , 6y is the electroweak mixing

angle, and
Blngm) =5 [ (500 -2 e
A _p2 812 2E, 2 E4 BLA
k&m? 4pk? (2.16)
+ _
+ (L =25 ) e
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Here §m?* = mj — m%, f8/r(E;) are Bose-Einstein or Fermi-Dirac distribution functions with

energy E; = /k%+m?, and
> 2.17)

[8m* +2p(k+Ef/a)
L} (k) =1n ( 1/
The transition from (2.15) to (2.14) may be achieved by taking m3 v, (T) = m3 , (1 — T2 /Tgy).

[5m +2p(k Ef/A)]
[0m* —2p(k—Ey/5)]

]
]

At temperatures far below Tgw, (2.15) reduces to (2.13).
With the addition of a sterile neutrino self-interaction, the Boltzmann equation for the

heavy sterile neutrino may be written as [118]

0 0 1
(E_Hp8_p> Ny :ErtotP(V(x—>N1)(fva—fN1)+<5s- (2.18)

The total scattering rate is I'ioy = I'q +1'9 252, a collision term ¢ describing sterile-only pro-
cesses has been added, and the potential also gains an additional term from the self-interaction.
Furthermore, there is an additional Boltzmann equation for N, coupled to (2.18). However,
two important facts allow us to ignore these complications: 1) we are in the regime where
[’y >2 < T'g (in order to avoid resonant overproduction [118]), and 2) the dark sector never
comes close to being in thermal equilibrium with the SM plasma. The former means that the
sterile neutrino contributions to the total scattering rate and potential can be ignored. The latter
means we may ignore the impact of the dark sector on the SM and conversions from sterile
neutrinos back into active neutrinos, ie fy, — fy may be replaced by f\gzq). Therefore the energy
injection rate from the SM into the dark sector takes the form shown in the main text, and is
decoupled from the dynamics of the dark sector, which simplifies the analysis of the dark sector

considerably.
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2.8 Appendix: Sterile Neutrino Interaction Rates

The purpose of this section is to explain the values of the sterile neutrino self-interaction
rates used in the main text.

The relativistic 2-to-2 sterile neutrino scattering rate is taken to be [118]
T2~ 0.03BGy pT*. (2.19)

This rate assumes that the sterile neutrino distribution functions are Fermi-Dirac-like f(E,T’) ~
B/(ef /T4 1), ignores Pauli blocking, and uses average thermal momentum values p ~ 3.15T.
The 1-to-3 decay rate (N; — 3N,) is

Gé mjsv1
102473

o1 = (2.20)

in the rest frame of Ny and the limit where my» is set to zero. To determine if the decay channels
enabled by active-sterile mixing are important, this may be compared to the rate for sterile

neutrino decay into three active neutrinos via active-sterile mixing [33],

Cavpne = Jo705 sin®(0). (2:21)

For larger my, other decay channels enabled by active-sterile mixing come into play [82], but
for my; < 10GeV the total decay rate is always < 2003y, . . [66]. Decays into SM products,
therefore, are subdominant to the dark sector decay I'y 13 if sinz(G)G% / Gﬁ, < 1072, Since the
preferred mixing angles we consider are sin2(26) < 10719, this is satisfied as long as Gy isn’t
several orders of magnitude smaller than Gf.

We approximate the 2-to-4 rate via naive dimensional analysis as

Tp2a~ GaT Ty (2.22)
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It is important to note that an accurate calculation of the numerical prefactor would be required
in order to definitively establish the parameter space in which full thermalization is achieved
through 2-to-4 processes (rates for some scalar-mediated interactions involving ;4 neutrinos,
including 4-to-2 annihilation, were calculated in reference [100]). If this scenario is of particular

interest, a more detailed rate calculation may be a fruitful topic for future work.
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Chapter 3

Constraints on axion-like polarization
oscillations in the cosmic microwave back-
ground with POLARBEAR

3.1 Abstract

Very light pseudoscalar fields, often referred to as axions, are compelling dark matter
candidates and can potentially be detected through their coupling to the electromagnetic field.
Recently a novel detection technique using the CMB was proposed, which relies on the fact
that the axion field oscillates at a frequency equal to its mass in appropriate units, leading to a
time-dependent birefringence. For appropriate oscillation periods this allows the axion field at
the telescope to be detected via the induced sinusoidal oscillation of the CMB linear polarization.
We search for this effect in two years of POLARBEAR data. We do not detect a signal, and place
a median 95% upper limit of 0.65° on the sinusoid amplitude for oscillation frequencies between
0.02days ™! and 0.45days~!, which corresponds to axion masses between 9.6 x 10~22¢V and
2.2 x 10~2%¢V. Under the assumptions that 1) the axion constitutes all the dark matter and 2)
the axion field amplitude is a Rayleigh-distributed stochastic variable, this translates to a limit on

the axion-photon coupling ggy < 2.4 x 10711 GeV ™! x (my/10721 eV).
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3.2 Introduction

The nature of dark matter, particularly its non-gravitational interactions, remains one
of the biggest open questions in cosmology and particle physics. One possibility that has
recently received significant attention is low-mass bosonic dark matter [71, 130, 113]. The
canonical example is the original QCD axion, a pseudo-Nambu Goldstone boson associated
with the spontaneous breaking of a U(1) symmetry proposed to solve the strong CP problem.
[154, 153, 193, 195]. More generally, a broader class of pseudoscalar fields with small masses
and couplings to the standard model have been considered. These are often called axion-like-
particles and are not necessarily solutions to the strong CP problem; nevertheless, we will refer
to them as axions in this work for brevity. String theory generically predicts the existence of
many such axions populating a wide range of masses and couplings, which is sometimes called
the axiverse [26, 184]. Axions with astrophysically large de Broglie wavelengths (A ~ 1kpc for
axion mass mgy ~ 10~22eV) are a particularly intriguing dark matter candidate because of their
ability to act as fuzzy dark matter, which can potentially resolve conflicts between small-scale
predictions of cold dark matter models and observations [114, 111].

One way to detect axions is via their interaction with electromagnetism. Laboratory
experiments such as ADMX [48] and ABRACADABRA [119], for example, exploit the coupling
between axions and magnetic fields to set limits on the axion dark matter in the QCD mass
range. Reference [115] provides an overview of experimental approaches. It is well known that
the coupling between the electromagnetic field and a pseudoscalar field generates an effective
birefringence, rotating linearly polarized light [96, 50]. The axion is well modelled as a classical
field, which, when the axion mass is less than the Hubble rate, oscillates at a frequency equal to
its mass. Fedderke et. al. [74], hereafter F19, pointed out two novel effects in the CMB caused
by this oscillation and birefringence. The first is the suppression of the overall CMB polarization
signal due to averaging over many axion oscillation periods during recombination, which was

constrained in F19. The second is a coherent, all-sky oscillation of the CMB’s linear polarization
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due to the oscillation of the axion field at the telescope. This effect can be constrained when
the oscillation period is appropriate for CMB experiments, e.g. hours to years, corresponding to
masses in the 1071°eV — 10722V range. This also happens to be the mass range in which the
axion can act as fuzzy dark matter [114]. In this work, we search for this effect using data from
the POLARBEAR experiment.

This signal has been constrained by other CMB experiments: BICEP/Keck, in [14, 13]
(the latter hereafter BK22), and the South Pole Telescope (SPT) in [75] (hereafter SPT22). Our
analysis is similar to these analyses, with two primary differences. The first is that we estimate
the CMB polarization angle using CfB power spectra rather than in Q /U pixel space. This allows
us to use the theoretical CEE power spectrum from precisely measured cosmological parameters
as a polarization template rather than coadded Q/U maps, and also facilitates easier systematic
error checks. The second is that we model the amplitude of the axion field at the telescope as a
stochastic, Rayleigh-distributed variable rather than assuming a fixed value corresponding to
the mean Milky-Way halo density [79]. The need for this approach was pointed out in [53] and
weakens the median constraint on the axion-photon coupling constant by a factor of 2.2 in our
analysis.

The birefringence signature generated by axion dark matter can be constrained by other
astrophysical polarized sources, and many other authors have used this effect to place constraints
in a similar mass range using pulsars, active galactic nuclei, protoplanetary disks, Sagittarius A*,
and black hole superradiance [80, 49, 127, 117, 34, 200, 56, 52]. The CMB, however, has
several attractive features that make it ideal for this type of analysis. The signal is entirely due
to the axion field at the telescope, so we do not require any modelling of the field at the source
(during the release of the CMB). The template polarization signal from the CMB has minimal
time-dependent contamination and is extremely well measured across many experiments. Finally,
POLARBEAR and other CMB instruments have a long history of precision CMB polarization
measurements with well-understood noise properties. These factors all serve to mitigate the

systematic error in this analysis.
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In addition to birefringence-based measurements, bounds from cosmological structure
like the Lyman-a forest and Milky Way satellites have placed constraints on the minimum
allowed axion mass [116, 168, 140] if it is fuzzy dark matter. A constraint on the minimum
allowed mass has also been derived from the impact of dynamical heating on the velocity
dispersions of ultra-faint dwarf galaxies [61]. These bounds strongly constrain the allowed
parameter space for fuzzy dark matter, but are subject to different systematic and modelling
uncertainties than birefringence analyses. Upper bounds on the axion-photon coupling which are
constant in the mass range we consider have been derived from axion-photon conversion in the
Sun, supernova 1987A, quasar H1821+643 and in the intracluster medium [51, 152, 177, 46].

To perform this analysis we use the first two seasons of data from the POLARBEAR
experiment, which measured the polarization of the CMB during 2012-2016. During the first
two seasons of observations, POLARBEAR observed three small sky patches in order to measure
gravitationally lensed B-modes. These results were presented in [170] (hereafter PB14) and
[169] (hereafter PB17). The telescope has an angular resolution of 3.5 arcmin and reported
measurements of the B-mode power spectrum up to multipoles of £ = 2100 from the first two
seasons, including the angular scales at which the CMB polarization signal is the strongest.
POLARBEAR measurements have previously been used to constrain anisotropic birefringence
and primordial magnetic fields [17]: this work is entirely seperate, however, because we are
searching for time-dependent oscillations of the isotropic birefringence angle, whereas [17]
considered time-independent birefringence.

The rest of the paper is organized as follows. In Section 3.3, we describe the POLARBEAR
instrument and observations. In Section 3.4, we detail the analysis procedure used to generate
CMB polarization angles and search for an axion signal. In Section 3.5 and 3.6, we describe
the null tests and systematics estimates used to validate the dataset. The results are presented in

Section 3.7, and the conclusion in Section 3.8.
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3.3 First and Second Season Observations of the POLAR-
BEAR Instrument

The POLARBEAR experiment consisted of a cryogenic receiver attached to a two-mirror
reflective telescope, the 2.5 m Huan Tran Telescope. It was located at the James Ax Observatory
in the Atacama Desert in Chile at an elevation of 5,190 m. The receiver contained 1,274
transition-edge sensors arranged into 637 polarization-sensitive pixels situated in 7 detector
wafers on the focal plane, which was cooled to 0.3 K, and observed at a single frequency centered
at 150 GHz. We will report data from the first and second season observations, which occurred
from May 2012 to June 2013 and October 2013 to April 2014, respectively. More details about
the POLARBEAR receiver and telescope can be found in [25] and [121].

The POLARBEAR observing strategy during the first and second seasons is described
in detail in PB14 and PB17, and will be summarized here. Three separate sky patches were
observed, each with an effective sky area of 7-9 square degrees. In this work, an “observation”
will refer to a single, continuous measurement of one patch which lasts until the patch is no longer
visible, typically 4-8 hours. Each observation consists of many 15-minute constant elevation
scans (CESs). During one CES, the telescope scans back and forth in azimuth repeatedly at a
constant elevation, and as the sky rotates, the entire patch is observed. The telescope then changes
elevation and repeats the process. A typical observing day involves sequentially observing all
three patches. This observing strategy allows us to probe oscillation periods longer than about
2 days.

During the first two seasons the telescope observed with a cryogenic half-wave plate
(HWP) located on the sky-side of the lenses. During the first season it was periodically rotated
between observations in order to mitigate systematic errors, and during the second season it
remained fixed. In PB17, it was noted that this generated some uncertainty in the absolute
polarization angle of the instrument during the first season and between the two seasons. This

source of systematic error limits the maximum oscillation period we can assess to 50 days, as
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discussed in Section 3.6.

3.4 Analysis Method
3.4.1 Expected Signal

Following F19, the axion-photon coupling in the Lagrangian can be written as

1 -
L= _ng/‘PFqu“v, (3.1

where ¢ is the axion field, gy is the axion-photon coupling, Fy;y is the electromagnetic field
tensor and F*V is its dual. Assuming that the amplitude is small enough so the potential is
well-approximated by V(¢) = m%b(bz /2, the axion field at the telescope is well-described by
¢(t) = ¢osin(mgyt 4 0). We treat the amplitude @y and phase 6 as constants because the duration
of the experiment is much less than the axion coherence time, as discussed in Section 3.7.3. The

polarization angle of the CMB due to the axion field at the telescope is then (F19)

8oyPo .
Bems (1) = ¢; sin(mgt +0). (3.2)
This can be conveniently parameterized as

Bems (t) = Asin(27ft + 0). (3.3)

This is a sinusoid with unknown amplitude A, frequency f, and phase 6. The basic unit of time
in the POLARBEAR survey schedule is one observation of a single patch, which can last up to
8 hours. For each observation, therefore, we construct CMB maps and estimate a single angle,
generating several hundred angles over the course of the two years of data. We will then form a

likelihood to search for the presence of a sinusoidal signal in this data.
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3.4.2 Angle Estimation Procedure

There are multiple ways to estimate a rotation angle from the observation maps. The
most direct way is to search for the rotation in the Stokes Q and U parameter maps by comparing
them to a template of Q and U maps containing only the unrotated CMB. This is the method
employed in BK22 and SPT22. Another way is to transform the Q and U maps into E-mode and
B-mode maps, then use a single-observation CKEB spectrum to estimate a rotation angle. While
the latter method has the disadvantage of requiring more computationally-intensive steps, we
choose to implement it for the following reasons. The first is that we can use the extremely
well-determined theoretical CEE from other experiments as our polarization template, rather than
a Q/U template map created by coadding our observations. While the CEE template is affected
by sample variance, this effect is not important for the ¢ range we use. The second advantage
is that the power spectra approach is very similar to the approach taken in the construction of
the full, coadded spectra in PB17. This lets us re-use most elements of this validated pipeline,
including many of the same systematics estimates.

The method of estimating a time-independent rotation angle using the CfB power spec-
trum is well established [120], and has been used in many analyses, including PB17, to correct
for an overall telescope miscalibration angle. The method we will employ to search for a time-
varying rotation angle is similar, except that we must construct a spectrum for every observation.
This will be used to estimate a single rotation angle for each observation, constant over the
duration of the observation. We can then search for a time-varying signal in the timestream of
these angles. For a single observation with CMB rotation angle «, in the absence of noise and
foreground contamination (which are addressed in Section 3.4.5 and Section 3.6.3 respectively),

the observed Fourier transformed E /B-mode coefficients are
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EQ = cos(2a) ESMB — sin(2a) BSMB (3.4)

B2 = sin(2a) EEMB 4 cos(200) BSMB. (3.5)

This analysis is sensitive to signals of amplitude ~1°, so we use the small angle approxi-

mation

EObs ECMB zaBCMB (36)

By = 2aEGN® + BEYP. 3.7)

Since the CMB is E-mode dominated, to leading order all of the rotation information is
contained in the ZaEgcniVIB term in (3.7). In order to recover an angle from a single observation,
then, we can construct a power spectrum using one B-mode map correlated with the full, coadded

E-mode maps. The spectra for observation j, rotated by angle o, is

EB, obs bs obs *
9 ZZ Ej
l,j (mz €m7 J
26 +1) (3.8)
=2a;C; P,
The E-mode maps have been coadded over all observations i = 1,...,N. The intrinsic

EE CMB

BB.CMB o cause it is < CL,

CfB’CMB has been set to zero, and we have neglected C,

3.4.3 Mapmaking

The mapmaking procedure is nearly identical to the one used in “Pipeline A” of PB17,
and will be briefly reviewed here. To make maps of the polarized sky, the raw time-ordered

data (TOD) undergo a series of quality cuts, are converted to CMB temperature units, and
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then differenced to form polarization timestreams. The timestreams are filtered to remove high
and low frequency noise as well as scan-synchronous signals then combined with the detector
pointing data to make maps. The maps are apodized with noise-weighted masks, which cover
point sources as well. This procedure yields a single Q and U map for each observation. Finally,
Q and U maps are transformed to £ and B maps using the pure B-mode transform [178]. Due to
the filtering, they are biased estimates of the true sky signal.

The chief difference between the maps used in this analysis and those in PB17 is the
apodization. PB17 uses a separate mask for each observation, whereas this analysis uses one
apodization mask common to every observation within each patch. This is done in order to
simplify the calculation of the mode-mixing matrix, discussed in Section 3.4.4. However, this
masking procedure does sub-optimally weight each pixel within a given observation, leading to
an increase in noise. In some observations the increase in noise from edge pixels is excessive,
and they are removed from the analysis if the map noise increase exceeds a certain threshold. The
same cut is applied to observations that have excessive noise on one split in a null test as well, as
described in Section 3.5.1. The overall impact of this apodization procedure is an effective noise
increase of about 15%. Improving the apodization procedure to lessen this noise hit is an area of

improvement for future analyses.

3.4.4 Maps to Spectra

The procedure to construct single-observation CfB spectra as outlined above is identical
to PB17, with the modification that only one B-mode map is used per observation. The co-added
E-mode maps and a single B-mode map are used to construct pseudospectra (Cy), which are

biased estimates of the true spectra:

~ 1 * 1 ~
Cii=w L ﬁ@?z«( .meﬁ)- (3.9)

kEbing YizjWiiZ
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The mj; denotes a Fourier-transformed map with 2D wavevector k and observation j. The
flat-sky approximation is used due to the size of the POLARBEAR patches, and the spectra are
combined into ¢ bins of width A/ = 40. Ny is the number of wavevectors in bin /. The term in
the parentheses represents the coadded E-mode map, with observation weights w;. Observation
Jj is removed from the coadd to eliminate noise bias, since noise is assumed to be uncorrelated
between observations.

The estimated true spectra (Cp,) are calculated from the pseudospectra using

AEB -1 ~EB
Cpj = ;Kbb’, PiCe (3.10)
and
— 2
Kbb’,j = ZbeMM’,patchFZ’,ng’Ql’b’- (311)
o

All variables in this calculation have the same meaning as in PB17 but some are re-calculated
for this analysis. The mode-mixing matrices My pycn correct for the effects of apodization
and are calculated analytically for each patch using the patch apodization mask, discussed in
Section 3.4.3. The filter transfer functions Fy ; correct for the effects of time-domain filters for
observation j, By corrects for the beam, and P,y and Qyy are binning matrices. There are four

bins b centered at £ = [700, 1100, 1500, 1900], each of width A¢ = 400.

3.4.5 Spectra to Angles

Since the noise between different observations is uncorrelated, the noise between different
CfB spectra is also uncorrelated. We will neglect the impact of foregrounds in the angle
estimation: all three patches were chosen to have low foregrounds, and this systematic effect is
discussed in Section 3.6.3. The estimated rotation angle &; for observation j is then obtained by

minimizing
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Figure 3.1. Left: The 515 estimated per-observation rotation angles &; used in this analysis.
Right: A histogram of the angles normalized by their error, &;/c;. The angles are Gaussian
distributed.

x2(05) = Y (CE8 — 20,65 M) (VAR (CEE — 20,6, (3.12)
bb'

The theoretical power spectrum Cf,E’th is calculated from the WMAP 9-year data. We
use WMAP rather than Planck data because there are negligible differences for the purpose of
our analysis and the WMAP results are already integrated in our pipeline. The covariance matrix
Vb%? is calculated from 500 simulated maps that contain ACDM signal and instrumental noise.
These simulated maps are generated by constructing maps containing only ACDM signal and
scanning them into TOD. White noise from the PB17 noise model is added before running the
maps through the full analysis pipeline. These simulations are also used to generate an error
term o; for each observation, which is the standard deviation of all simulated angles for that
observation. This construction includes the effect of sample variance, which is not relevant for
our analysis because we make many observations of the same fixed CMB realization. The effect
is negligible, however, because the angle error from sample variance alone is at least 16 x smaller
than the total statistical error for each observation. The set of angles used in this analysis is
shown in Figure 3.1.

As in PB17, the absolute polarization angle of the instrument is calibrated using the

E B-derived angle coadded across both seasons. This means that the weighted mean angle in this
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analysis is fixed to zero. While other non-E B calibration sources exist, this procedure, described
in [120], is the most accurate way to calibrate the instrument. We show in Section 3.4.6 that this
absolute polarization angle calibration has a negligible effect on our analysis.

The TOD filtering causes E-mode power to leak into B-mode maps, which can be
estimated via simulation. 100 simulations of maps containing only CMB C} 7 and C** power
are run through the pipeline and used to construct C‘{i? . A small amount of leakage is detected. It
is less than 6% of the statistical error for any angle, resulting in a negligible <0.01° bias at any

axion frequency probed in this analysis, and so we ignore its impact.

3.4.6 Likelihood

The noise between observations is assumed to be uncorrelated, and the errors on each

angle Gaussian. The likelihood for the sinusoid parameters is then

L(A,f,0) < e X (AS0) (3.13)
where
N N — 2
xa.g.0) =y L G0 (3.14)
j 0;j

The index j represents a single observation, and the signal (s ;) is defined below. The likelihood
normalization factor H]}’ (o] j\/ﬁ is dropped because we are only interested in relative likelihoods.
Observations which have o; at least two times larger than the mean value are discarded, since
they contribute negligibly to the likelihood and are more likely to have systematic errors. This
removed 23 observations, which constituted <0.5% of the statistical weight of the dataset. This
leaves N = 515 angles available for the analysis.

The signal (s;) must be averaged over the duration of each observation:
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(3.15)
= A sinc(nfAt;)sin(2nf7; + 6).

Atj = t;’“d — 134 is the observation duration and 7; = (t;’f“d +£;14) /2 is the middle of the observa-
tion time. The effect of averaging is to wash out signals with oscillation periods that are shorter

than the 4-8 hour observation periods.
Frequency Domain

The frequency domain for our search is
0.02days™! < f <0.45days . (3.16)

The dataset spans 694 days, so we are able to probe sinusoidal periods out to approximately that
length. However, as explained in Section 3.6, uncertainty in the relative HWP angle between
the two seasons may show up as a low-frequency signal, leading us to set a minimum frequency
of 0.02days ~!. The maximum frequency is set to 0.45days ! because the typical time-spacing
between observations of a single patch is one day. This causes a significant loss in sensitivity

around a frequency of 0.5days ™!

, as well as integer multiples of this frequency. Furthermore,
at frequencies higher than 0.5days ™' the averaging effect in (3.15) reduces the amplitude of
the signal beyond the level of a few percent. For these reasons, we choose to only analyze
frequencies up to 0.45days ™.

We assess the likelihood at a set of 1,492 evenly-spaced frequencies. In the absence
of noise, this allows the likelihood estimator to recover an injected signal at any frequency to

within 5% of the correct amplitude. This results in a frequency resolution about 5 times smaller

than 1/694 days™ !, which is the spacing that a Discrete Fourier Transform of the same length
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of data would have. As a result, likelihood results from neighboring frequencies are highly
correlated. This does not pose an issue for our analysis because we compare the results to

simulated distributions which do not assume independence between different frequencies.
Effect of Absolute Polarization Angle Calibration

As described in Section 3.4.5, the absolute polarization angle of the instrument is cali-
brated by setting the weighted mean angle to zero. This means that our analysis is not sensitive
to a static birefringence angle. To first order this is not an issue because we are searching for
an oscillatory signal. However in the presence of such a signal, there will generally be some
small shift in the mean angle caused by a partial oscillation. This shift is removed by the mean
angle subtraction. This effect only becomes significant when there is <1 oscillation period in
the entire dataset. Our maximum period is 50 days, which corresponds to about 14 oscillation
periods over the 694-day duration of our dataset. Therefore the subtraction in mean angle has

negligible impact on the recovery of the signal amplitude.

3.5 Null Tests

We run a series of null tests to check for systematic errors in our analysis before unblind-
ing the data. The data are split along 15 possible sources of potential contamination, differenced
to cancel any true signal, and tested for the presence of systematics. Twelve of the splits are

2 13 29 [13 2 [13

the same as in PB17: “moon distance”, “sun distance”, “rising vs. setting”, “high vs. low
PWYV (Precipitable Water Vapor)”, “high vs. low elevation”, “high vs. low gain”, “sun above or
below horizon”, “Ist vs. 2nd season”, “1st vs. 2nd half of dataset”, “left- vs. right-going scans”,
“left vs. right side of the focal plane”, and “pixel polarization type”. We also add three new patch
null tests, which pair two patches together in all three possible ways. Each split in these tests

contains only the angles that were made from the B-mode maps from that patch, allowing us to

probe for differences between patches.

43



3.5.1 Methodology

Two sets of angles are constructed for each test, one per split. The angles are constructed

following the procedure in Section 3.4, with the following modifications:

* The B-mode maps contain only data from the split. This means that each map may contain

less data or be eliminated altogether.

* For each split, a new map apodization mask is constructed per patch. These masks reflect
differences in map coverage for each split. There are a few observations that have excessive
noise in the unmasked region of some splits, and therefore cannot be null-validated. These
observations’ B-mode and E-mode maps are excluded from the analysis in this paper, as

described in Section 3.4.3.

For each split, all of the E-mode map data is used to construct C55, not just data from
the split. This is because we wish to test for time-dependent systematic issues with the B-mode
maps, and consider the coadded E-mode map validated in previous analyses (PB17).

A set of null statistics are computed for each test. For each of the two sets of angles ‘1’
and ‘2’, at each frequency f, we find the maximum likelihood estimation (mle) of the amplitude

A™e and phase 8™ that maximizes % (A, f, 8). The null statistic at a given frequency is

_ |Anull (f) ’2
Thu = (3.17)
)= S R (1))
where
Anai(f) = (AT — AIee08) (1), (3.18)

The Tu1 can be thought of as a generalization of the difference of two discrete Fourier transforms:
the correspondence would be exact if we had instantaneous observations evenly spaced in time
and equally weighted. The normalization factor ¢ (R(Ayyy)) is calculated using 500 simulations

and ensures that T,y (f) is distributed approximately as chi-squared with 2 degrees of freedom.
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This is because R(Apyy) and 3 (Apyy) are both distributed approximately as Gaussians with the
same variance and zero mean. We do not rely on these analytic distributions since we compare
the results to simulations, but we do rely on the normalization to allow for fair comparison across
different tests and frequencies.

We calculate Ty at f = 0 for the 10 tests out of 15 that have associated periods within
the frequency range of this search. This statistic is simply the difference in the weighted mean
angles between the two splits. We include it because differences in mean angle between two splits
could cause a spurious signal with a period associated with the split: for example, a difference in
angle caused by the moon distance could generate a signal aligned with the ~28 days synodic
cycle. Five tests are omitted from the f = 0 analysis. “1st vs. 2nd season” and “Ist vs. 2nd half
of dataset” are excluded because the associated period is much longer than our maximum period
of 50 days. The “left- vs. right-going scans”, “left vs. right side of the focal plane”, and “pixel
polarization type” are excluded because both splits contain all observations, so a difference in
mean angle would not generate a time-dependent signal. In total, there are 22390 T, values:

1492 frequencies from Section 3.4.6 for each of the 15 tests, and f = 0 for 10 tests.

3.5.2 Pass Criteria

There are two pass criteria that need to be satisfied in order to pass the null tests. The
first, “pass criteria #1,” assesses failure in individual parts of the null test suite. The second,
“pass criteria #2,” uses Kolmogorov-Smirnov (KS) tests to assess uniformity of all null suite
probabilities.

Using Ty, five probability-to-exceed (PTE) values are computed. The lowest PTE
among the five, P! is compared to a distribution generated from 500 simulations to calculate a

> * low?

global significance value, PTE(P} !

). Pass criteria #1 requires more than 5% of simulations to

have a lower ‘lowest of five PTEs’ value than P?! : i.e. 1 — PTE(P/!

low* low

) > 0.05.

The five PTE values are shown in Table 3.1, and are:

1. max; s Thun: The maximum Ty value across all tests and non-zero frequencies. This tests
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Table 3.1. The five null test PTE values used in the pass criteria #1.

PTE statistic Description PTE
max;, r Thun Spurious axion signal 0.032
Yt Thun Total chi-square 0.062
max; . r Thun Bad test 0.060
max s ), Thun Bad frequency 0.246
max, Tpui(f = 0) Mean angle offset 0.192

for the presence of a systematic sinusoidal signal.

2. Y r Thun: The total chi-square value over all tests and non-zero frequencies, which assesses

noise mis-estimation.

3. max; Y r Thyy: The maximum per-test total chi-square value, which assesses issues with an

individual test.

4. maxy Y, Tnyn: The maximum per-frequency total chi-square value, which assesses issues

with an individual frequency.

5. max;Thun(f = 0). The maximum difference in mean angle offset over the ten f = 0 null

tests.

The first four PTEs are calculated using only non-zero frequencies.

Three PTE values are computed using KS tests, and pass criteria #2 is satisfied if more
than 5% of simulations have a lower value than P2 : i.e. 1 —PTE(P/2) > 0.05. Here P2 is
the lowest of the three PTEs. These tests assess whether the probabilities of getting various
T,un values follow a uniform distribution. The KS test inputs and PTE results are shown in
Table 3.2. The probability value returned by the KS test cannot be used to assess significance,

since correlations between null tests result in a slightly non-uniform distribution of individual

probabilities. Instead, the value of the KS statistic itself is compared to simulations.
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Table 3.2. The three null test PTE values used in the pass criteria #2.

Axion KS Test Description Number of inputs  PTE
inputs
PTEf;(Thun) Overall 22380 0.128
PTE (¥, Thun) Per frequency 1492 0.122
PTE, (¥ Thun) Per test 15 0.190

3.5.3 Null test results

For pass criteria #1, 1 — PTE(P!

low

) = 0.124. For pass criteria #2, | — PTE(P?

low

) =0.148.
Both are greater than 0.05, and so the null tests pass.

While the null tests pass our stated criteria, all of the PTE values are relatively low. This
is potentially indicative of a systematic issue, which we investigated. The low PTEs do not
appear to be caused by particular null splits or frequency ranges. Two of the PTEs in Table 3.1
(‘bad test’ and ‘bad frequency’) explicitly look for the worst test and frequency, and were not
discrepant enough to fail pass criteria #1. Pass criteria #2 is sensitive to non-uniformities in the
T,y distribution and also passed. In addition to these summary statistics, visual inspection of
the full set of T, values plotted for each test and frequency do not reveal large asymmetries
between different null splits and frequency ranges. A set of correlated, low PTEs is not surprising
given a high total chi-square value. The real data has a total chi-square value 20% larger than
the simulation average. This is larger than all but 6% of simulations as shown in Table 3.1.
Simulations with such a large total chi-square value have the overwhelming majority of their
PTE values less than 0.2.

A high total chi-square value could indicate a problem with the noise model. The noise
model is based on Monte-Carlo simulations of white noise timestreams, as described in PB17. It
was validated on the full coadded spectra, so we do not expect it to be a source of error. However,
to check for noise mis-estimation, we computed a set of angles using a different 100 realizations
of signflip noise B-mode maps, which are created by randomly reversing the sign of the maps

made for each 15 minute CES. This cancels out the true signal but maintains the noise properties
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of the real data. We compared ¢ (R(Apyy)) from signflip simulations to those computed using
Monte-Carlo noise simulations, and found they agreed to within 5%, and in the wrong direction
to alleviate the total chi-square tension. Having found no obvious discrepancy under a different
noise model, and with the null tests having passed our pre-determined criteria, we decided that a

somewhat elevated total chi-square value would not prevent us from unblinding the data.

3.6 Systematic Errors

In this section we examine the impact of several sources of systematic error, including
uncertainty in the position of the HWP, any differences in average angle between the three
observing patches, and foregrounds. Although we rely on some of the systematic pipeline used in
PB17, our analysis is fundamentally different because we are looking for time-dependent sources
of error. Systematics that provide a constant CfB offset are irrelevant. Therefore many of the
PB17 systematics are of no concern, while two others, the HWP and differences between patches,
require careful consideration.The typical maximum likelihood sinusoid amplitude generated by
statistical noise alone is 0.26°. Therefore any oscillatory systematic that generates an amplitude

much less than 0.26° should have negligible impact on the limits in this work.

3.6.1 HWP Position Uncertainty

As discussed in Section 3.3, angle errors that are introduced by the stepped rotation of
the HWP during the first observing season are a significant source of time-dependent uncertainty.
The HWP angle was changed about 60 times during the first half of the first season, 4 times
during the second half of the first season, and was then fixed for the second season. During each
rotation the HWP was commanded to rotate in increments of 11.25°. However, when examining
the polarization angles derived from an alternative calibration source, the Crab Nebula (Tau
A), it became clear that the angles during the first season exhibited larger variance than during
the second season. Furthermore, there was an offset in angle between the two seasons. Both

phenomena could be explained if the HWP did not step exactly to the commanded position
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each time. While the exact HWP-induced offset at each step is unknown due to statistical error
on the Tau A measurements, PB17 found that the discrepancy could be explained by adding
a systematic error of 0.56° for each step, corresponding to a typical HWP offset of 0.28°, in
quadrature with the statistical error.

This systematic is highly important for this analysis because it corresponds to an unknown
time-dependent shift in the instrument polarization angle, which could mimic an axion-generated
birefringence signal. The HWP-induced offset between the first and second seasons, for example,
is degenerate with a signal with a period of one year. To assess the impact at higher frequencies,
we ran 500 simulations where a random angle offset, drawn from a Gaussian distribution with
o = 0.56°, was assigned to each HWP angle. Then we generated timestreams where each
observation’s CMB angle corresponded to the offset given by the HWP angle. The maximum
likelihood sinusoid amplitude was then estimated at each axion frequency.

The result is shown in Figure 3.2. At high frequencies the HWP rotation cadence doesn’t
correspond to any specific frequency. Since observations have a statistical error of at least 2° and
the typical HWP offset is 0.56°, the impact at high frequencies is minimal. On average these
offsets cause only a 1 — 2% increase in the maximum likelihood amplitude estimate at a given
frequency relative to statistical noise alone, and so we ignore the impact of this HWP offset noise
in our likelihood. At low frequencies, however, the last few HWP steps in the first season and
the offset between the first and second seasons begin to translate into larger sinusoidal signals.
We emphasize that because the exact HWP-induced offset at each step is unknown, the numbers
shown in Figure 3.2 are only indicative of the average effect we expect, not the true effect present
in our data. Because the HWP step cadence begins to generate larger systematic issues at periods
>50 days, there is a higher potential to generate a signal that would cause false detection. Based
on these results, we chose to set 50 days as the longest period we analyze.

It is possible that the HWP offsets follow a more pathological model than what we
assume and mimic a sinusoidal signal at some frequency in our domain. The “1st half vs 2nd

half” null test described in Section 3.5 tests for this, because the time periods align with when the
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Figure 3.2. The estimated typical maximum likelihood amplitude signal of the HWP angle
offsets. 500 simulations containing only random offset angles were generated and run through
the likelihood. The median recovered amplitude is shown here. The HWP step cadence begins
to generate larger systematic issues at periods >50 days. Based on these results, the maximum
period used in this analysis is 50 days.
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HWP was stepped vs. fixed. As stated in that section, there is no signal observed in this null test.

3.6.2 Differences in Patch Mean Angle

Since a typical day involves observing all three patches sequentially, any differences in
the mean angle of each of the three patches could generate an oscillatory signal with a period of

I'and

one day. However, as explained in Section 3.4.6, our upper frequency bound is 0.45days™
so we are not sensitive to this signal. However, variations in the observing sequence can generate
signals at other frequencies, and simulations of patch mean angle offsets reveal a transfer of
<12% of any offset into any frequency in domain we do observe. Fortunately, our null tests
directly calculate the difference in mean angle between patches. Since they are consistent with
simulations, which do not contain foreground power, we do not see evidence for any foreground
or systematic patch mean angle differences.

One known effect that will cause offsets between the patch mean angles is sample
variance, because each patch has an independent sample-variance-induced CEB signal. This
effect is included in the ACDM simulations, but if it were large we would need to correct for its
effects. It can be calculated both analytically and through simulations, and in each patch, the
error from sample variance is 6 ~ 0.12°. This is 3x smaller than the statistical error alone on

each patch mean angle. Furthermore, since the patch mean angle offsets transfer <12% into any

given frequency, the typical A™! generated by cosmic variance is a negligible <0.01°.

3.6.3 Foregrounds and Other Instrumental Systematics

Any CfB contribution from dust and synchrotron radiation should be time-independent
and simply contribute to the patch mean angle differences. These differences were addressed in
Section 3.6.2. Point sources may be variable in time, but the strongest are masked as discussed
in PB17.

PB17 also makes many other estimates related to the calibration, analysis effects, and

known instrumental systematics. We expect the multiplicative effects to have a similar impact
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on the CEB spectrum as they do on the CEB spectrum, which PB17 determined was 6%. Since
the angle estimates are linear in C’?B , we would then roughly expect a overall 6% uncertainty on
amplitude estimation. Since this is relatively small and does not bias our results, this is negligible
uncertainty in our reported results.

The other instrumental systematics deal with effects that could potentially cause spurious
additive CFB, including differential gain, gain drift, differential beam size, differential ellipticity,
differential pointing, boresight pointing, and electrical crosstalk. These can impact our analysis
if they generate a time-dependent C5%. An analysis of C/*® bias was done in PB14, which noted
that all sources provided <0.02° bias in the coadded spectra. Using a combination of analytic
estimates [174] and simulations, we modified the analysis to account for per-observation CEEB
and determined that all such sources were either time-independent or provided a negligibly small

time-dependent contribution as compared to the statistical noise.

3.7 Results

We search for the presence of a sinusoidal signal, and finding no statistically significant
indication, place appropriate bounds over the frequency range of the search. By accounting for
the axion field amplitude at the telescope, these translate to bounds on the axion-photon coupling

over a range of axion masses.

3.7.1 Search for a Signal

In order to detect a signal, we form a test statistic Ay which is large in the presence of a
sinusoidal signal above the background. For each frequency in the discrete frequency domain,
the MLE phase and amplitude are found, and the difference relative to the x? with no signal is

calculated:

AX*(f) = xHA =0)— x*(A™(f), £,0™(f)). (3.19)
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Figure 3.3. The significance test for the presence of an axion signal. Top: The calculation of
Ax?. For each frequency in the discrete frequency domain, the MLE phase and amplitude are
found, and Ay?(f) is calculated. Ay? is the largest among these. Bottom: The significance of
Ay? as compared to a set of 500 simulations.

The test statistic is the largest Ay?(f) among all frequencies:
Ax* = max(Ax*(f)). (3.20)

This statistic is optimal in the Neyman-Pearson sense in that it maximizes the probability
of rejecting the no-signal hypothesis if the alternative hypothesis of a sinusoidal signal is true
[196]. The distribution of the statistic is approximately chi-squared, but we do not rely on
this, instead comparing to a distribution of test statistics computed from 500 ACDM + noise
simulations. The p-value is the fraction of background simulation test statistic values that exceed
that of the real data.

The selection of Ax? and its location relative to the distribution is shown in Figure 3.3.
The real data has a p-value of 0.048, corresponding to 1.70 significance. While this p-value is
relatively small, it is not significant enough to claim detection of a signal above the noise back-
ground. Future analysis of the remaining three seasons of POLARBEAR will aid in determining
if this result is simply a statistical fluctuation.

When assessing the significance of a result with many trials, in this case discrete fre-
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quencies, it is often useful to report the experimental sensitivity. This is defined as the signal
amplitude which would produce a detection at some significance level. We can approximate
the Ay? required for any significance level by applying a fit to the distribution shown in the
bottom of Figure 3.3. A 3¢ detection (PTE = 0.0013) would require Ay? = 28.5, yielding an
experimental sensitivity of A(36') = 1.15°. The 56 (PTE = 2.8 x 10~ ") experimental sensitivity

is A(50) = 1.43°,
3.7.2 Upper Limit

As we do not detect a globally significant axion-like oscillation, at each frequency we
compute a frequentist upper limit on the signal amplitude at 95% confidence level. The likelihood

for the amplitude as a function of frequency is

27

0

with a uniform probability distribution for the phase
P(0) = ! 0<6<2rm (3.22)
Y A ' '

We construct confidence intervals following the Neyman procedure [196] with the following
ordering: intervals [0, A% (f)] are defined with an upper limit A% ( f) at each frequency f such
that

P(A™e < AT 495)(£) = 0.05. (3.23)

obs

Here Ag{)lse is the observed maximum likelihood amplitude calculated from the data using .Zj.

P(A™<|A)(f) is the probability of calculating A™® given a true signal amplitude A plus back-

mle
obs

ground noise. Therefore P(Ape < AMC|A)(f) represents the probability that, given a true signal
of amplitude A, A™ would be less than or equal to the value observed. This probability is a

monotonically decreasing function of A, and so it is less than 0.05 for all A-values above the
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upper limit. In other words, signal amplitudes that would generate an A™® as low or lower less
than 5% of the time are excluded from the confidence interval. The limits calculated by this
procedure are shown in Figure 3.4. The median upper bound is 0.65°. The bound varies over
frequencies as expected, in analogy to the typical behavior of a Fourier transform.

The probability distribution P(A™€|A)(f) is generated by calculating A™® from 500 sim-
ulated angle timestreams of background noise with an injected signal of amplitude A, frequency
f, and random phase between 0 and 27. This is done for all frequencies and discretized array of
A-values, which are smoothed to create a continuous probability distribution. The results are
checked for convergence of the median upper limit to the <1% level. P(A™¢|A)(f) is almost
the same for each frequency. The primary difference comes from the finite duration of each
observation, which reduces the strength of the bounds at higher frequencies according to the sinc
function in (3.15). We can approximate the impact of this by calculating sinc(7 fAt), where
At = 6.4 hours is the weighted mean observation duration. The maximum amplitude reduction
occurs at the largest frequency and is <2.5%. While this effect is included in the constraint we

place, it is small enough that we still report the median bound over the full frequency range.

3.7.3 Constraints

The median angle bound A% represents a search for a sinusoidal signal in the CMB data
independent of any axion model. Translating this into a constraint on the axion-photon coupling
constant g4, requires specifying model parameters. In F19, BK22, and SPT22, this was done by
simply requiring that the local axion energy density equal the average Milky Way dark matter
energy density, which we will call the ‘deterministic’ case, following reference [53]. This means

the axion field has amplitude @py;, where ¢1%Mm<2b /2 = po and py is the local density of dark
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Figure 3.4. A 95% upper confidence limit on the presence of a sinusoidal signal at each
frequency. The 10 and 20 regions contain approximately 68% and 95% of the upper bounds
calculated from 500 simulations at each frequency. The median values for these regions are
indicated with dashed lines. Many individual frequencies exceed the 2o threshold, which is to
be expected based on the large number of test frequencies, and does not necessarily indicate a
detection.
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matter. This gives the relation

goy= (1.6 x 107" Gev ™)
A mg K X Po 12
= 2 - . 24
% (10) % (10*216V> . <0.3GeV/cm3) (3:24)

Here A is the rotation amplitude, my is the axion mass, and K is the fraction of the dark matter

that the axion constitutes. Using k = 1, pg = 0.3GeV/ cm?, and A% = 0.65°, this constraint is

_ _ m
2oy < (1.1 1071 Gev™") x <10—+ev) (3.25)

Reference [53], however, has recently pointed out that this constraint is inappropriate
when the timescale of the experiment is much less than the axion field coherence time, as it
is in our case. When considering the local axion field as the sum of many individual wave
modes, each with random phase, the amplitude @y at any given time is a Rayleigh-distributed
stochastic variable centered on @pys that varies with time on the coherence timescale Tcoperence ~
(Fvirw/c?) "1, where the virial velocity is vpw = 10~3¢. We will call this the ‘stochastic’ case.
This random phase model has been shown to roughly agree with simulations of fuzzy dark
matter [114]. The largest frequency we consider in our analysis is fiax = 0.45days ™!, yielding
a minimum coherence time of about 6000 years: therefore, for the purposes of our experiment
we can approximate ¢ as a fixed random variable. The phase is treated in the same manner with
a uniform probability distribution. To form the likelihood for g4, we integrate over these two

parameters:

3 21
Ly (o7 1) = | oy [ 0.2 (5610/2.1.0)P(0)P(8). (3.26)
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Here P(¢y) is a Rayleigh distribution centered on ¢py:

¢2
2 0
P(go) = 200w,

3.27
iy 527

The resulting median 95% upper limit in this stochastic case is calculated in the same

manner as Section 3.7.2, and is

2oy < (24 %1071 GeV!) x (loi"T‘feV) (3.28)

This is 2.2x larger than the deterministic case.! The increase is due to the possibility that we
happen to be observing at an unlucky time when ¢y < ¢py;, which generates a smaller signal
amplitude at a given gy.

We briefly comment on the choice between frequentist and Bayesian statistics in this
analysis. In the frequentist approach adopted here, we generate confidence intervals according to
(3.23). In a Bayesian approach, we would instead generate a posterior probability distribution
for g4y, which requires choosing a prior P(ggy).

In the deterministic case, or equivalently when placing limits on the sinusoid amplitude
A, the results roughly agree for several choices of prior. With a uniform prior on A, the median

Bayesian upper limit is 0.60°. If we had instead chosen to parameterize the signal ( (3.3)) as
Bems(t) = Bsin(2wft) + Ccos(2mft), (3.29)

applying uniform priors on B and C give a median upper limit of 0.71°. Both of these results are
close to the median frequentist 0.65° upper limit we report in Section 3.7.2.

In the stochastic case there is a large dependence on the choice of prior and parameteri-

IReference [22] reports an increase of 2.7 x when using the frequentist approach. The difference possibly stems
from the use of a different likelihood (they assume that the data is uniformly spaced in time) and/or differences
between individual realizations of the noise. When comparing the Bayesian deterministic approach and the Bayesian
stochastic approach with a uniform amplitude prior we see a 10x increase, in agreement with [22].
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zation. We must integrate over P(¢)y), and the non-zero probability of small ¢y < @py values
means that the posterior for g4y has a long tail at large g¢. A uniform prior on g4y results in
a Bayesian upper limit 10x greater than the deterministic case, much larger than the frequen-
tist result. Futhermore, applying uniform priors in the sine-cosine parameterization ((3.29))
causes the upper bound to diverge. To resolve these issues, reference [53] advocates choosing
a Berger-Bernardo prior for gy, which like the Jeffreys’s prior is parameterization-invariant,
and in their analysis agrees with the frequentist result to within 3%. Unfortunately, for our
likelihood we found no simple analytic form for this prior and it is difficult to accurately compute
numerically. Due to issues with defining a Bayesian prior in the stochastic case, we choose to
report a frequentist limit.

This limit is shown in Figure 3.5, along with a selection of other constraints. Our primary
result is the constraint on g4y assuming that the axion field amplitude is a Rayleigh-distributed
stochastic variable. It is shown in full detail along with the median limit from (3.28). The
median deterministic constraint, (3.25), is also shown. The published results from BK22 and
SPT22 are deterministic Bayesian upper bounds with a uniform prior on P(g4y). None of the
other bounds shown in Figure 3.5 come from assuming a value for the axion field in a dark
matter halo. We emphasize that this is the first CMB analysis of this effect that we are aware of
to include the local stochastic nature of ¢.

In both the stochastic and deterministic cases, the bounds apply over the frequency range

presented in (3.16), which corresponds to the axion mass range

9.6 x 10" 2eV <my <2.2x 107 %eV. (3.30)

3.8 Conclusion

We have used POLARBEAR data to search for a coherent, all-sky, sinusoidal oscillation

of the CMB polarization angle in time. We do not detect such a signal, and place a median 95%
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Figure 3.5. Bounds on the axion-photon coupling as a function of axion mass. Shown in solid
red is the 95% upper limit obtained in this work using a stochastic local axion field amplitude
and assuming the axion constitutes all the dark matter (see Section 3.7). The lighter oscillating
result is the exact bound, and the median result, goy < (2.4 x 10711 GeV ") x (my /10721 eV),
i1s shown in darker red. The median deterministic bounds for POLARBEAR, BICEP, and SPT are
the dashed lines: these are the published results in [13] and [75]. The green ‘washout’ bound
was calculated in F19 from the lack of CMB polarization suppression. Lower bounds on the
axion mass come from Milky Way satellites [140] and the Lyman-c forest [116]. Upper bounds
on the axion-photon coupling from CAST [51] are also shown.
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upper limit of 0.65° on the sinusoid amplitude over oscillation frequencies between 0.02 days !

and 0.45days~!. We use these results to constrain the coupling between electromagnetism and
an axion, here defined as an ultralight pseudoscalar field, under the assumption that the axion
constitutes all of the dark matter. The signal depends on the value of the axion field at the
telescope, and under the assumption that the field amplitude is a Rayleigh-distributed stochastic
variable, we set the limit ggy < (2.4 x 10711 GeV™!) x (my/10721eV) over the mass range
9.6 x 10722V <my <2.2x 1072eV.

Three additional seasons of POLARBEAR data have been collected in addition to the two
seasons analyzed here, and we anticipate that analyzing them will improve our data volume
by a factor of ~2-3, with a corresponding ~60% improvement in the constraints. This data
will also possibly allow us to probe lower frequencies (smaller axion masses), because these
seasons are not affected by the HWP position uncertainty that restricted the frequency range
in this analysis. A promising avenue for placing constraints several times better than this with
POLARBEAR data lies with measurements of Tau A, which was used as a polarization calibration
source, and was precisely measured during the five observing seasons between 2012 and 2016.
These measurements present a different challenge than the CMB because the axion field at the
source needs to be carefully considered, whereas in our analysis the ¢/(10°) year duration of
recombination allowed for ignoring the source term. Nonetheless, this additional data provides
another avenue to search for the presence of axions using POLARBEAR data.

Several future CMB experiments, including the Simons Array [183], Simons Observatory
[16], and CMB-S4 [5], should be able to perform a similar analysis with improved constraints.
This analysis imposes no additional requirements on the design or operation of these experiments,
it simply requires making many measurements of the CMB over an extended period of time. The
sensitivity is not fundamentally limited by anything other than the precision of the polarization
measurements, unlike the CMB washout effect, which is limited by cosmic variance [74]. The
unknown amplitude of the axion field at the telescope is the chief source of model-dependence,

but it is well described by a probability distribution that can be treated statistically when placing
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bounds. Unlike many other astrophysical measurements, this analysis does not suffer from
significant modelling uncertainty at the polarization source due to the well-understood nature
of the CMB. In the rapidly growing field of axion searches, this should allow future CMB
experiments to provide increasingly competitive measurements of the axion-photon coupling

constant.
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Chapter 4

The Simons Observatory Small Aperture
Telescopes

4.1 The Simons Observatory Overview

The Simons Observatory (SO) is an international collaboration of about 300 scientists
building ground-based telescopes to measure the CMB. The nominal configuration consists of
one 6m Large Aperture Telescope (LAT) and four 0.5m Small Aperture Telescopes (SATs), while
planned expansions SO:Japan and SO:UK will add one and two additional SATs, respectively,
by 2026. The observatory is located at the Atacama Desert in Chile’s Parque Astronomico
at an elevation of 5200m, next to other CMB experiments: Atacama Cosmology Telescope,
Cosmology Large Angular Scale Surveyor, and Simons Array (see Figure 4.1). This site offers
optimal observing conditions due to the low concentration of precipitable water vapor, which
emits and absorbs in the microwave, and access to a large portion of the sky that overlaps with
complementary experiments. The LAT will conduct an survey across approximately 40% of the
sky, and the SATs will cover a survey area of approximately 10% [186].

The SO telescopes field a combined total of more than 60,000 detectors across six
frequency bands centered at 27, 39, 93, 145, 225 and 280 GHz [84]. The LAT and SAT's both
use superconducting Transition-Edge-Sensor (TES) detectors operating on a focal plane cooled
to 100mK to measure the faint CMB anisotropies. The deployment of such a large number of

detectors is facilitated by a microwave multiplexing system that allows for 1000 detectors to
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be read out on a single pair of coaxial cables. The detectors are embedded in dichroic pixels
which each provide measurements of both orthogonal linear polarizations for two frequency
bands simultaneously. The wide frequency coverage is designed to allow for the characterization
and removal of two polarized foreground contaminants: galactic synchrotron emission, which is
dominant at lower frequencies, and galactic dust, dominant at higher frequencies.

SO will provide the leading ground-based measurements of the primordial CMB per-
turbations as well as secondary anisotropies. The LAT will provide a set of high resolution
maps of the temperature and polarization anisotropies, which will enable it to measure the
gravitational lensing of the CMB, detect the thermal and kinetic Sunyaev— Zel’dovich effects,
and constrain cosmological parameters. Key science goals include measuring the sum of neutrino
masses, the effective number of relativistic species in the early universe, and dark energy, as
well as improving our understanding of galaxy evolution and providing a catalog of galactic and
extragalactic sources [186].

The SATs, which will be the focus of this chapter of the thesis, have a single primary
science goal: measuring the polarization signature generated by primordial gravitational waves
from inflation. The search for this signal is parameterized in terms of the tensor-to-scalar ratio
r, and the current best upper bound is rg o5 < 0.036 at 95% confidence level [15]. The SATs
have a target precision of ¢(r) = 0.003. Both the SATs and the LAT will also enable a host of
secondary science goals, including improved searches for signatures of cosmic birefringence.

The Simons Observatory has recently achieved first light, and currently all three SAT's
and the LAT have been deployed to Chile. The first SAT, which contains MF optics and is called
SAT-MF]1, was built at UCSD. SAT-MF1 served as the pathfinder SAT cryostat and underwent
several years of technological integration, cryogenic validation, and optical validation. The
remainder of this chapter will primarily dedicated to my contributions to the commissioning of
SAT-MF1, which extended up to cryogenic validation of the instrument. Section 4.2 provides
an overview of SAT MF-1 in its entirety, and the following subsections describe the integration

and testing of selected components of the telescope. The final section, Section 4.8, describes
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Figure 4.1. An overhead view of the SO site captured by drone [144, 58]. In the foreground are
the LAT and the three SATS inside their ground shields. Directly behind is the ground shield for
the Atacama Cosmology Telescope, and to the right are the Cosmology Large Angular Scale
Surveyor (near) and Simons Array (far). Image provided by Gabriele Coppi, Rolando Dunner,
Federico Nati, and Matias Rojas.
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the design and construction of the SAT ground shields, which mitigate the effects of thermal

emission from the ground.

4.2 SAT Overview

The search for primordial B-modes necessitates an experiment with high sensitivity and
unprecedented control of instrument systematics. The SAT is optimized to cover the large angular
scales (30 </ < 200) containing the predicted peak of the primordial B-mode signal with high
sensitivity by using a 42 cm diameter aperture stop coupled to a nearly 40 cm diameter focal
plane. The planned survey area for the SATs covers a sky fraction of 10% designed to maximize
the instruments’ mapping efficiency and consists of two sky patches that avoid emission from
the Galactic plane. The field of view (FOV) of each telescope is 35°.

Each SAT in the array is composed of two primary components. The SAT platform
(SATP) provides the mounting and pointing structure for the receiver as well as optical baffling
components. The SAT receivers couple light to dichroic detectors with the receivers denoted
by one of three frequency band pairings. The frequency pairings are 27/39 GHz, 93/145 GHz,
and 225/280 GHz for the SAT-LF (‘low-frequency’), SAT-MF (‘mid-frequency’), and SAT-UHF
(‘ultra-high frequency’), respectively. The sensitivity requirements of the experiment necessitate
more observing weight on the primary CMB bands so two ‘mid-frequency’ receivers will be
deployed as the first light instruments, denoted SAT-MF1 and SAT-MF2. The SAT-UHF telescope
is designed primarily to remove the Galactic dust emission. The SAT-LF telescope is designed to
remove Galactic synchrotron emission and is the final element in the SO nominal array, with a
completion date after the initial array of three is on-sky as less observing weight is needed from
the LF channels.

State-of-the-art millimeter TES detector arrays are photon noise-limited. Thus, increasing
detector counts is one of the most straightforward ways to increase experimental sensitivity

within a finite observing period [104]. The SATSs use dichroic pixels sensitive to both linear
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Figure 4.2. Left: A schematic of the array of three SATs as they would appear in Chile. Each
SAT receiver is mounted to a SATP and surrounded by a ground shield. Center: Detailed view
of the SATP with the receiver mounted as reference. Right: Detailed view of the SAT receiver
with the forebaffle and sparse wire grid loading mechanism.

polarization directions, each containing four TES detectors [181]. The detectors are packaged
into seven hexagonal units per SAT focal plane, referred to as universal focal-plane modules
(UFMs). Each UFM for SAT-MF1 contains 1,728 detectors [134, 133], giving a total of 12,096
detectors in SAT-MF1.

A microwave multiplexing system (UMUX) using SLAC microresonator radio frequency
(SMuRF) electronics reads out the detector signals [67, 99, 199]. SMuREF is capable of reading
out over 1000 detectors via a single coax cable pair, resulting in only two coax pairs per UFM.
This greatly simplifies the cryogenic cable management for reading out large format detector
arrays. The coax lines are complimented by a woven cable for each UFM that provides the TES
bias voltages, the flux ramps for the multiplexing circuit, and the power for the cryogenic low-
noise amplifiers (LNAs). The SMuREF electronics systems are contained in several liquid-cooled
NEMA 4X standard enclosures that are co-mounted with the receiver on the boresight stage.
Optical fibers are used to transfer data to the site computing system.

Three 45 cm diameter silicon lenses with metamaterial anti-reflective coating (ARC)

[93, 59, 63] couple the arrays to the sky with diffraction-limited resolution across the focal
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plane. The aperture stop, all three lenses, and two of the low-pass-edge (LPE) filter elements are
combined into a single unit referred to as the optics tube (OT). To maximize the SAT mapping
speed, the entire OT is cooled to < 1 K— the first ground-based CMB telescope to do so. The
OT assembly comprises 0.26 m> in volume and over 200 kg in mass. The development of
key technologies and capabilities with the SO SATs will be a valuable reference for future
experiments planning to operate with large optical volumes at or below 1 K, such as CMB-S4
[9, 6].

The SATPs were assembled by Vertex Antennentechnik GmbH' in Germany. Each SATP
has an azimuthal rotation stage capable of covering up to 540° of rotational freedom and includes
an integrated platform for mounting cryogenic equipment and electronics. The elevation stage
provides pointing over a range from 20° to 90° above the horizon and is driven by a jackscrew
mounted at its rear. The elevation can point to 0°, after the removal of part of the optical baffling,
for servicing and mounting components. Additionally, each SATP has a boresight pointing stage
which allows £90° rotation around the receiver optical axis for additional polarization systematic
controls (Figure 4.2).

Stray light and ground illumination are significant systematics concerns for the SAT. The
SAT is designed such that radiation from the ground will be diffracted twice before entering the
optics at our nominal pointing elevations. This design incorporates a forebaffle mounted to the
front of each receiver, a comoving shield attached to the elevation structure of the SATP, and
a groundshield that encircles the entire SATP. The forebaffle is conical with a weatherproofed
microwave black coating on the interior surface, an aperture diameter of 2.1 m, and a height of
1.7 m from the window surface with the criterion that geometric rays with > 40° incidence angle
relative to the boresight cannot directly illuminate the receiver window. Additionally, the base of
the forebaffle integrates an automated sparse wire grid mechanism that can be inserted in front
of the window and rotated to allow for polarization angle calibration during routine observing

operations [139]. The comoving shield is a conical section with a reflective aluminum surface

Vertex Antennentechnik GmbH, 47198 Duisburg, Germany
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that is 2.3 m tall with the tip extending 3.7 m from the window surface. The groundshield is
built on a separate foundation surrounding the SATP with the upper edge at a radius of 8.4 m
and height of 5.66 m and is formed from cylindrical and conical fiberglass panels. The interior
of the cylindrical wall section is covered in steel panels to create a uniform surface facing the
SATP. The upper 2 m of the ground shield forms an aluminum cone angled at 30° from vertical
to reflect radiation skyward. At the top of the shield is a 5 cm radius aluminum pipe composed
of eighteen sections and smoothly curved to provide minimal variation in ground pickup while
the telescope is scanning. The combination of the three shields provides an optimal solution to
balance the SAT sensitivity and systematics requirements with project costs and the features of
the Chilean site (Figure 4.2).

Polarization modulation has become a prominent technique to enable polarization mea-
surements over large angular scales by effectively decoupling the polarization signal from
non-modulated signals such as atmospheric effects [97, 176, 103, 161]. The SATs use a cryo-
genic rotating half-wave plate (CHWP) operating at 50 K with a superconducting magnetic
bearing. The nominal spin speed of the CHWP is 2 Hz, which modulates the CMB polarized
signal at 8 Hz. The SAT-MF1 CHWP is composed of a three layer sapphire stack sandwiched
between two alumina plates each with a two layer mullite/duroid ARC. More details of the

design and performance of the CHWP used in SAT-MF1 can be found in [198].

4.3 Cryogenic Structure and Trusses

The scientific goals of the SAT require cooling the detectors, optics, and CHWP system
to cryogenic temperatures, which provides tight constraints on the overall design of the SAT-MF1
receiver. The structure of SAT-MF]1 incorporates an outer vacuum shell with two nested thermal
shells cooled by two Cryomech? PT-420 pulse tube coolers (PTCs), one of which is integrated
into the dilution refrigerator assembly (DR). We will refer to the first thermal shell as the PTC1

stage and the second thermal shell as the PTC2 stage. A modified SD-400 DR manufactured

2Cry0mech, Syracuse, NY 13211, USA
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by Bluefors® provides the cooling power for the 1 K still stage, which is coupled to the OT, and
the 100 mK mixing chamber (MC) stage, which is coupled to the focal plane assembly (FPA).
The FPA houses the seven UFMs and their associated cold readout components. The principal
elements of SAT-MF]1 are shown in Figure 4.3 and an image of the fully assembled receiver in

lab is shown in Figure 4.4.

4.3.1 Truss Design

The SAT receiver’s internal support structure consists of three distinct trusses that provide
mechanical support while thermally isolating temperature stages. Each truss mounts near the
center of mass of the components it supports in order to simplify the assembly and minimize any
deflection at non-vertical pointings. The design strategy allows for a single mating surface at
each stage to meet our mechanical requirements. By creating the mounting interface near the
center of mass of the components, the receiver is naturally split into two primary volumes. The
front-end volume is cylindrical and encompasses the majority of the optical components. The
back-end volume is oval in shape with flat sides to accommodate access ports and electronics
feed-throughs and encompasses the cryogenic components, focal plane, and cold electronics
components. Details of the design can be seen in Figure 4.3.

The vacuum shell was designed to hold sea-level atmospheric pressure with a minimum
FoS of four. The overall mass was not a strong driver of the design. The back-end is closed
off with one large lid which allows ample access space to the back-end cryogenics, focal plane,
and electronics. This greatly simplifies the integration of components and allows for quick
turn-arounds between cool-downs. A prominent flange at the top edge of the back-end vacuum
shell provides the mating surface to the SATP.

The first support truss (the G10 vacuum/PTC1/PTC2 truss) attaches to the same plate
that mates to the SATP. The truss is composed of three rings corresponding to the vacuum shell,

PTCI1 stage, and PTC2 stage with the thermal offset between stages provided by G10 tabs that

3Bluefors Oy, 00370 Helsinki, Finland
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Figure 4.4. The fully assembled SAT-MF1 in the UCSD laboratory space. The rack mounted to
the side houses the turbo-molecular pumps for the DR circuit and is attached to the receiver with
a mounting jig for testing in the lab.
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bolt to the rings.

The second truss is composed of carbon-fiber-reinforced polymer (CFRP) struts running
between two aluminum rings at ~45° and provides the mechanical support for the still stage, with
one end bolted to the PTC2 ring of the G10 vacuum/PTC1/PTC?2 truss and the other end bolted
to a flange near the center-of-mass of the OT (referred to as the CFRP PTC2/OT truss). The
struts providing the mechanical support and thermal isolation between the rings are comprised
of CFRP tubes with aluminum caps epoxied on each end of the tubes which are then bolted
to the aluminum rings. The CFRP tubes are manufactured by Clearwater Composites*. The
CFRP PTC2/OT truss is re-entrant with respect to the G10 vacuum/PTC1/PTC2 truss to keep the
mounting points as close to the center-of-mass of the system as possible.

A third, smaller CFRP truss (the CFRP OT/FPA truss) of similar design connects the
focal plane on the MC stage to the bottom surface of the OT. The CFRP tubes for this truss are
manufactured by vDijk Pultrusion Products® (DPP). More details of the design, manufacture,
and testing of the CFRP struts is described in [60].

A sheet of 6.25um thick mylar with a > 150 angstrom aluminum layer on both sides,
procured from MEI®, bridges each thermal gap on all the support trusses to create an enclosed
Faraday cage encompassing the back-end. The back-end vacuum shell provides the primary
element of the RF shield with specialized RF gaskets installed on the outside of each vacuum
O-ring to ensure the shielding is maintained at vacuum joints. Pi filters are attached at the
hermetic sockets for the housekeeping and non-coax readout inputs. The alumnized mylar then
carries the shield down to the focal plane where the FPA itself completes the shield in order to
isolate electronic components in the back-end volume from RF-interference.

The design also incorporates two additional CFRP trusses for the cold readout electronics
from the PTC2 to OT stages and from the OT to FPA stages. The mass suspended by these

trusses is relatively small and their primary purpose is to provide a modular mechanical structure

4Clearwater Composites, LLC., 4429 Venture Avenue, Duluth, MN 55811, USA
5vDijk Pultrusion Products, Aphroditestraat 24, NL-5047 TW TILBURG, The Netherlands
®MEI - Metallized Engineering, Suffield, CT 06078
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for the CRA components at the MC stage is also integrated into the pictured assembly. Right:
Example validation test showing the CFRP PTC2/OT truss mounted in the Instron universal
testing machine for the shear force test.

for the readout components that is stiff, with primary resonance modes above ~ 40 Hz, and low

thermal conductance.

4.3.2 CFRP Truss Strength Tests

The SAT-MFI trusses had to meet two primary mechanical goals: 1) support the system
with enough margin of safety to ensure reliable operation over all observing, transport, and
installation procedures, and 2) maintain the alignment of the optical system to within the
tolerances specified by the optical design. Validation tests were performed at several stages of
the manufacture and installation procedure to verify the mechanical elements of the receiver

conformed to our requirements. This section will describe the validation of the CFRP trusses.
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The loading requirements for the two CFRP trusses come from the most stringent use
cases and the weight of the mass each truss supports. These requirements are shown in Table
4.1. The multiple of 3 on the requirements for the PTC2/OT truss in compression and the
OT/FPA truss in tension comes from the site transport condition of the fully loaded SAT-MF1
receiver. The other requirements with a multiple of 1 are set by supporting the mass during

normal operation.

Table 4.1. Truss loading requirements. The mass supported by each truss in the fully assembled
SAT-MFT1 is indicated. ‘Tension’, ‘Compression’, and ‘Shear’ indicate the maximum loading
condition from transport or operation along each axis, in multiples of the supported mass.

Truss Mass  Tension Compression Shear
G10 Vac/PTC1 460 kg 3 1 1
G10 PTC1/PTC2 300 kg 3 1 1
CFRP PTC2/0T 210 kg 1 3 1
CFRP OT/FPA 30 kg 3 1 1

We performed simulations under these loading requirements to determine the maximum
stress on an individual strut. The results of these simulations across all three loading conditions
produced three numbers for each strut: the maximum stress in tension, compression, and shear.
The shear force experienced by any single strut is very small due to the design of the trusses, and
individual struts were found to exceed these requirements easily. The primary requirement is
on the tension and compression resilience of the struts. The epoxy joint between the CFRP and
the aluminum end caps experiences similar stresses in tension and compression as the dominant
adhesion area is between the walls of the nested cylinders, and so we report only the tension
requirements here. The most stringent CFRP requirements for both trusses come from the axial
loading in the site transport case, from the assembly highbay to the observing platform, with
the multiple of three included in the numbers shown in Table 4.2. The resulting strut design,
analysis, and testing is described in detail in [60], and the results described therein led to the
struts and trusses presented in this paper. We tested five of each strut type to destruction in an

Instron, all of which exceeded our requirements in their elastic regime. Notably, the failure point
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was most typically at the aluminum tab where the bolt is mated rather than at the epoxy joint.

Table 4.2. Tab and strut testing results. The elastic strength tension requirement for an individual
element was calculated using simulations of the full truss loads shown in Table 4.1. The measured
value refers to the minimum top of the elastic regime for all witness sample tabs and struts which
were tested to destruction.

Strut Type Tension Requirement Measured Yield
Monolithic G10 tab 0.575kN > 10.5kN
3mm OD CFRP 0.3kN > 0.8kN
8mm OD CFRP 1.5kN > 2.5kN

After individual struts were validated and full CFRP trusses assembled, we performed
non-destructive tests on each CFRP truss. First, the trusses were thermally cycled in liquid
nitrogen five times to simulate stresses that occur during cooldowns. Next, we applied loads to
the trusses that were safely in the elastic regime of the struts, based off the strut test data, but
beyond the minimum requirements specified in Table 4.2 to ensure the fully assembled trusses
were not susceptible to an unanticipated failure mode that would not be found in individual strut
tests. This required six tests in total. Four of the six were conducted in an Instron; the CFRP
PTC2/OT tension and compression tests were conducted by hanging and stacking weights on the
truss, since this truss would not fit in the Instron in those orientations. The tests in the Instron
yielded force vs displacement curves, shown in Figure 4.6. The CFRP PTC2/OT truss remained
in the elastic regime beyond 3.6 kN in the shear test on the Instron and successfully supported
4.2 kN in tension and 10.0 kN in compression. The CFRP OT/FPA truss remained in the elastic
regime beyond 1600 N, 600 N, and 400 N in the tension, compression, and shear directions,
respectively. The trusses were inspected for damage after each test and with no notable issues,
they were approved for installation in SAT-MFI.

Finally, it is worth noting that there are two additional CFRP trusses that support the
detector readout system. These trusses support far less mass and are made with the same 3 mm
and 8 mm OD CFRP struts as the other two trusses, with only small differences in dimension,

and so were not separately validated.
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Figure 4.6. Stress tests of the CFRP PTC2/OT truss in shear and the CFRP OT/FPA truss in all
three configurations. After some initial settling, all tests show the trusses remain in the elastic
regime as predicted, exceeding the loading requirements set in Table 4.1 (horizontal lines). The
FPA compression and tension tests start from an offset of +150N and -150N respectively due to
the weight of the testing jig.
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4.4 Housekeeping Electronics

The SAT receiver requires a suite of diagnostic sensors and heaters to monitor and
control the instrument. The most important of these are the cryogenic thermometers, which
provide the data necessary for much of the thermal analysis in the following sections. There are
sixteen silicon diodes that measure temperatures across the PTC1 and PTC2 stages, and twelve
ruthenium oxide (ROX) thermistors that measure temperatures across the still and MC stages.
The diodes and still ROXs are read out with four-wire measurements using Lake Shore’ 240
Series Input Modules (LS240s). The five MC ROXs are read out with four-wire measurements
using a dedicated Lake Shore Model 372 AC Resistance Bridge (LS372) with associated model
3716 preamp/scanner. In addition, the DR comes equipped with a temperature sensor on each
stage, which are read out with a separate LS372 and preamp/scanner.

The ability to apply heat to different temperature stages is important during both testing
and normal telescope operation. The DR comes equipped with heaters at the still and MC stages,
which are used to set the stage temperatures and to run load curves. A custom heater is located
on the focal plane to control and stabilize the temperature of the detectors (see section 4.5).
These heaters are controlled through the two LS372s. Additionally, several other heaters across
all temperature stages were used for in-lab testing to understand the thermal conductivity of the
system and were controlled via several programmable PSUs.

The thermometry and heater cables enter SAT-MF1 through two Accu-Glass® 50D2-L100
hermetic feedthroughs. There are four 50 pin twisted pair looms’ between the vacuum shell
and the PTC2 stage designated for: ROX thermometry, diode thermometry, heaters, and a spare.
High-frequency signals are filtered out by 0.8 MHz cutoff frequency Pi filters at the output of the
cryostat. The ROX thermometry output is connected to a break-out PCB which routes the MC

ROXs to an LS372 scanner and the still ROXs to an LS240. Manganin cables manufactured by

TLake Shore Cryotronics, Westerville, OH 43082
8 Accu-Glass Products Inc., Valencia, CA 91355
9Universal Cryogenics, Tucson, AZ 85705
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Universal Cryogenics'® with D-sub 50 connectors on one end and MDM-51 connectors on the
other route from the vacuum side of the hermetic connector to the PTC2 stage via thermalizing
clamps at both the PTC stages. The cables connect to a set of PCBs heatsunk to the PTC2 stage
which break-out each MDM-51 connector into 12 4-pin Glenair'! connectors. Individual sensors
and heaters are then routed from the PCB to their installed location on each stage.

The housekeeping system also monitors and controls a number of other telescope com-
ponents, including the pulse tube compressors, DR turbo pumps, and gas handling system.
The external temperature of the telescope and temperature-sensitive electronics are monitored
using approximately twenty thermometers read through a Labjack T7!2. Essential housekeeping
systems are provided power through an uninterruptible power supply to ensure they can be put
into a safe standby mode in the event of power interruption at the site.

The housekeeping system and other devices, such as the CHWP, are managed through
the Observatory Control System (OCS), a custom open-source platform designed by SO to
manage distributed systems!3. OCS runs across multiple nodes, managing the data acquisition
and control for many of the SAT-MF1 subsystems, as well as linking them to live-monitoring
tools. A detailed overview of OCS and the SAT-MF1 DAQ network is described in [125].

The majority of the housekeeping electronics system is located on the boresight stage of
the SATP, which holds the SAT receiver. Since the boresight plate is not environmentally sealed,
the electronics are protected by NEMA 4X standard enclosures. Power and network connections
are provided by electronics at the base of the telescope, which connect to site computing and
power outside the ground shields. A schematic diagram of the housekeeping components is

shown in Figure 4.7.

10Universal Cryogenics Laboratories, Tucson, AZ 85705
" Glenair Inc., Glendale, CA 91201

121 abJack Corporation, Lakewood, CO 80235
3GitHub: http://github.com/simonsobs/ocs
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Figure 4.7. Diagram of the SAT housekeeping system and related components. Principal loca-
tions of components are identified with different color schemes. Lines denote cable connections
between locations. Internal connections, chiefly ethernet and power, are omitted. Also omitted
are vendor supplied systems for SATP monitoring such as motors and encoders. More details on
the computing structure of the housekeeping system can be found in [125].

4.5 FPA Temperature Stability

Providing a stable thermal environment for the focal plane is important as TES detectors
are sensitive to variations in the bath temperature. SAT-MF1 uses a control thermometer
combined with a 50 Q heater epoxied into a copper mounting block to provide thermal control of
the FPA. Superconducting NbTi wires connect the heater to the housekeeping breakout board on
the PTC2 stage. We use a Lakeshore 372 temperature bridge and a custom proportional-integral-
derivative (PID) loop implemented within an OCS agent to servo the heater and stabilize the FPA
temperature. The temperature measured by the control thermometer is a good approximation for
the temperature of the entire FPA, as typical gradients across the FPA are < 1 mK.

Through PID control, the SAT is able to control the FPA to a set temperature for an
arbitrary length of time with RMS fluctuations of < 7 uK . As shown in Fig. 4.8, PID control
provides improved stability on timescales greater than 30 seconds, eliminating long-timescale

effects such as diurnal variations. This level of control has proved sufficient for the in-lab testing
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described in this paper. Future work will assess whether this setup mitigates thermal fluctuations
at a level sufficient for detector noise during observations, in particular their impact on the 1/f

noise of the demodulated detector timestreams.

4.6 CHWP
4.6.1 CHWP design

The CHWP is part of the optical stack and is located at the PTC1 stage front-end (see
Figure 4.3). The CHWP sapphire stack is mounted to a magnetic ring, which at cryogenic temper-
atures is levitated by 53 yttrium barium copper oxide (YBCO) high-temperature superconducting
pucks positioned under the ring. Rotation is provided by a combination of small fixed magnets
on the rotating component and solenoid motor coils fixed to the PTCI stage.

The CHWP system has a number of crucial interfaces which contribute to thermal loading.
There are three linear actuated motors that grip the CHWP when the CHWP is mechanically
connected to the cryostat, most crucially when the receiver is cooling and warming. The actuators
are mounted symmetrically around the CHWP on the vacuum shell and grip the CHWP via
three small diameter G10 cylinders, which provide the requisite compression strength while
maintaining thermal isolation. The CHWP also has wiring for thermometry, the drive motor
solenoids, and the rotation encoder elements. This wiring is routed out of the receiver via
two Accu-Glass 15D2-L.63 hermetic feedthroughs on the front end of the vacuum shell. The
rotation encoder primarily consists of five LEDs and associated photodiodes that provide accurate
information about the spin frequency of the CHWP. The CHWP itself imparts some friction on
the system through non-idealities in the magnetic field that induce eddy currents, which can also
cause heating. The gripping, wiring, and eddy current thermal loading, as well as mechanical
constraints imposed by the system, were incorporated into the design for the SAT receivers. A

detailed description of the CHWP system can be found in [198].
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Figure 4.8. Focal plane temperature stability with and without PID control. The ‘PID control’
data was taken at a temperature of 100mK, and the ‘without PID control’ data was taken while
constant heating power was applied to the focal plane to produce a similar temperature. A single
thermometer sampled at 2Hz was used to record the FPA temperature and provide PID feedback.
PID control was optimized for lower frequencies and begins to provide improved stability at
periods longer than about 30s.
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4.6.2 Vibrational heating from the CHWP

During the course of SAT-MF]1 testing, we observed a coupling between the temperature
of the FPA and certain CHWP spin frequencies. This was caused by the spinning CHWP exciting
vibrational modes in the FPA structure, resulting in up to a 5 mK increase in the FPA base
temperature. The spin frequencies that excited resonances were identified using an accelerometer
attached to the SAT receiver, which showed spikes at 96 times the CHWP spin frequency. This
multiplicative factor is associated with two symmetry numbers in the CHWP system: the 16
magnetic segments on the spinning part of the CHWP, and the 48 superconducting YBCO pucks
on the static part of the CHWP. The heating is most noticeable when spinning the CHWP from 1
to 2 Hz, which corresponds to focal plane vibrational resonances at 100 to 200 Hz. However,
since the CHWP can maintain a fixed spin rate to < 0.01 Hz accuracy, and the focal plane
resonances appear narrow, there are wide regions of spin frequency space to operate in without
causing noticeable heating. This allows the CHWP to spin at its desired frequency of ~ 2 Hz
without issue. We have also changed the number of superconducting YBCO pucks in the system
to 53 such that the number of pucks and number of magnet segments are relative primes of each

other to eliminate the observed resonances [198].

4.7 Magnetic field testing
4.7.1 Magnetic Shielding

The TES detector and readout architecture used in the SATS is susceptible to interference
from fluctuating magnetic fields [189, 112]. During operation these can come from the scanning
of the telescope through Earth’s magnetic field, the drive motors of SATP, and the CHWP bearing
and motor. The SAT receivers incorporate multiple levels and types of shielding to maximize
attenuation of external fields at the location of the FPA (see Figure 4.3).

The first shielding layer is composed of Amuneal'* Amumetal 4 K (A4K) material and

“Amuneal Mfg. Corp., Philadelphia, PA 19124
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comprises a cylinder that attaches to the PTC2 stage and wraps around the OT and FPA volumes
with a hole for the optical beam and a lid at the other end to allow FPA access. The second
shielding layer is also an A4K cylinder nested inside the first layer and attached to the OT
which is thermally coupled to the still stage. A third shield, mounted on the back of the OT, is
composed of a cylindrical copper shield around the FPA volume with a 90/10 tin/lead plating on
the outer surface to provide a type 2 superconducting shield with a lid at one end of the cylinder
to provide access. The lead is included to prevent tin pesting. The impact of penetrations in the
A4K magnetic shielding by the 1" diameter copper rods of the heat straps is minimized with
small cylindrical protrusions from each of the magnetic shield lids. More details on the SAT
receiver’s magnetic shielding can be found in [21]. Shielding is also integrated directly into the
UFM package, principally in the form of an aluminum shell that composes the outer layer of the

UFM package [189, 112].

4.7.2 Solenoid Driven Magnetic Fields

We performed two tests of the magnetic field sensitivity with a field-deployable UFM:
once in a test cryostat with no additional magnetic shielding added over the UFM’s intrinsic
shielding and once in the SAT-MF1 cryostat with all three of the deployment magnetic shields.
We compare the UFM magnetic field response measured in both tests to measure the total
attenuation of the SAT-MF1 magnetic shielding. We also use these tests to estimate the magnetic
field seen by the UFM’s from the Earth’s magnetic field during observations.

The sensitivity of the UFMs to external magnetic fields was tested using a coil of audio
cabling wrapped 100 times around a 1 m X 1 m box that was positioned below and to the side
of SAT-MFI1. This setup does not provide a uniform magnetic field as a Helmholtz coil would,
but the field was measured with a Honeywell HMR2300 smart digital magnetometer!> to be
uniform to < 10% within the region spanned by the detectors. A sine wave current with a period

of 100 s was sent through the cabling, which was slow enough to act as an approximately DC

15Honeywell Aerospace, Phoenix, AZ 85034
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field while providing an unambiguous magnetic response in the detectors. The magnetic field at
the location of the detector arrays relative to the solenoid was measured using the magnetometer,
and a maximum field of 0.8 Gauss was applied.

The response of the UFM to the injected magnetic field was determined by measuring
the amplitude of the sine-wave in the detectors’ time-ordered data. We first subtracted a linear fit
and then applied a Buttersworth filter centered on the injected magnetic field frequency. Finally,
we fit a sine wave to the resulting data using a least squares regression to extract the amplitude.
The resulting data product is the response of the UFM to external magnetic fields with units of
pA/G of external magnetic field. We were able to complete the analysis with the test cryostat
data, however, no response was seen when the full shielding was present in the SAT-MF1 test so
the detector noise level forms an upper bound on the magnetic pickup.

Figure 4.9 shows the results of each of the two magnetic field tests. We calculate the
lower bound for the total magnetic shielding factor for the entire SAT-MF1 deployment shielding
by dividing the medians of the no shielding test response by the full shielding test result. We
measure a lower bound of total magnetic shielding attenuation of 200.

We can divide the nominal magnitude of Earth’s magnetic field at the Chile site by
this total attenuation to get the expected magnitude of the detector response from the Earth’s
magnetic field. The maximum variation in the earth’s magnetic field during SAT operation can
be estimated using our nominal scan strategy, which involves scanning approximately 45° in
azimuth at a constant elevation of roughly 50°. The component of the earth’s magnetic field
at the Chilean site that lies in the azimuthal plane is ~ 0.2 Gauss. Thus, we can put an upper
bound of the injected magnetic field from the Earth to be less than 0.1 mGauss. The upper bound
detector signal induced by this injected field (after attenuation due to shielding) is expected to be

subdominant to other sources of 1/f at the same frequency.
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Figure 4.9. Comparison between the injected magnetic field tests done with a deployment
caliber UFM in a test cryostat with no shielding and in the SAT-MF1 cryostat with full magnetic
shielding. The detector population shown was coupled to feedhorns but with a reflective mask at
the feedhorn aperture. The unshielded test (dark blue) exhibited unambiguous responses to the
magnetic field in both 90 and 150 GHz channels. The shielded test produced no identifiable
response above the noise floor of the detector which is used to provide an upper bound on
the response level. The noise level varies by frequency band providing a 90 GHz distribution
(light blue) and 150 GHz distribution (orange). The magnetic field strength is measured by a
magnetometer external to the cryostat but at the same distance relative to the solenoid.
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4.7.3 CHWP-generated magnetic fields

The CHWP magnetic pickup in dark detector and readout timestreams from the detector
test unit is measured by examining the PSDs for peaks at multiples of the CHWP spin frequency.
The measurements shown here were done before the still stage superconducting magnetic shield
was installed. Clear evidence of HWP-induced pickup at the spin frequency was observed across
detectors and resonators at multiple different HWP spin frequencies between 1 — 2 Hz. Pickup at
both 1x and 2x the spin frequency was visible when spinning the HWP at 2 Hz, see Fig. 4.10.
The strength of the CHWP pickup across detectors and resonators is consistent with the levels
observed in Section 4.7.2. This strongly suggests that most of this pickup is due to a variable
magnetic field generated by imperfections in the CHWP magnetic bearing. The lines have a
narrow bandwidth set by the stability of HWP rotation, which is < 10 mHz when PID control is
used.

We also placed the external magnetometer above SAT-MF1 at an equivalent distance to
the CHWP as the FPA and observed a clear magnetic field generated at the spin frequency. These
results were observed at three distinct spin frequencies of 1 Hz, 1.5Hz, and 2 Hz, providing
unambiguous evidence that the pickup is associated with the spinning CHWP. The magnetometer
recorded magnetic field pickup when the CHWP motor was turned off but the CHWP was still
spinning, which indicates that the CHWP drive motor coils and corresponding fixed magnets
do not generate a significant magnetic field fluctuation at the distance of the FPA, in line with
predictions.

We expect the primary non-ideality of the rotor magnet to be a dipole, which is confirmed
by the fact that the pickup in Fig. 4.10 is strongest at 1x the spin frequency (2 Hz), but higher
order modes can also be present. Any pickup at higher multiples of the CHWP frequency is more
significant for the SAT performance since the incoming polarization signal is modulated at four
times the spin frequency. Therefore non-optical signals around this frequency, nominally 8 Hz,

can be transferred to the demodulated data, resulting in potential systematics that would need to
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be addressed in the analysis pipeline. While the 2x (4 Hz) line is clearly seen, we are unable to
distinguish the 3x or higher order modes from the noise in the eight-hour timestream we used in
this analysis. In particular, the 4x HWP signal is not visible above the integrated white noise
level, which is an encouraging sign. The level of the higher order pickup in our detectors, and
especially that of the 4x signal, will continue to be assessed in future testing as we integrate the
deployment arrays in SAT-MFI1 to ensure any systematic contribution from CHWP-associated

magnetic fields is sub-dominant to other systematic sources or the white noise level.

4.8 Ground Shield
4.8.1 Why Have a Ground Shield?

The ground shield is shown in Figure 4.2 and Figure 4.11, along with the forebaffle
and co-moving shield. Together, these three components comprise the warm baffling system
of the SAT. The basic motivation for this baffling is simple: the ground is a thermal emitter
with a temperature of ~ 300K, and the polarization anisotropies we are trying to measure are
< 1uK. The microwave signal from the ground, then, provides a potentially huge source of
contamination. This is significantly mitigated by the fact that only a small part of the telescope
beam sees the ground (part of the so-called ‘spillover’ power), but the ground still provides a
significant source of contamination that must be addressed.

A major help in mitigating ground contamination is that the SAT is attempting to measure
the CMB anisotropies rather than the monopole. This means that isotropic sources of ground
contamination are significantly less concerning than anistropic sources. In data processing this
will be exploited by subtracting a background signal from the data, which removes much of the
ground signal. The primary concerns when it comes to reducing ground contamination, therefore,
are twofold: 1) Minimize the overall spillover onto the ground; and 2) really minimize spillover
onto the ground that changes as the telescope scans.

1) is primarily accomplished by designing the optics inside the receiver so that the
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Figure 4.10. Narrow-bandwidth noise sources seen in a TES-coupled detector from the detector
test module. Testing was performed without the superconducting magnetic shield installed. The
pickup at 1x (2Hz) and 2x (4 Hz) the HWP spin frequency is clearly visible. We do not detect
pickup at 4x (8 Hz) the spin frequency which is the modulation frequency of the desired CMB
polarization signal. The lines at multiples of 1.4 Hz are associated with the PTC motor drive
frequency and are not seen in resonator-coupled channels. The unlabelled lines appear in both
resonator-coupled and TES-coupled channels at equal strength, and are likely associated with
the warm readout system.
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Figure 4.11. An overview of the ground shield and other warm baffling. Top Left: A solidworks
model of the ground shield. Top Right: The interior of the ground shield, with the co-moving
shield mounted on the SATP. Bottom Left: All three ground shields fully constructed on site.
Bottom Right: The interior of the ground shield with the SAT receiver forebaffle, but no co-
moving shield. Pictures taken by Michael Randall, model by Grant Teply.
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Figure 4.12. A view of the landscape from the site in azimuth and elevation. The image has
been vertically stretched. The nearby mountain Cerro Toco has the highest elevation, at 15°. All
other features are < 5°. Image credit: Paolo Calisse

telescope does not see much light directed too far away from the main beam. The reflecting
portions of the warm baffling (the co-moving shield and ground shield) do play some role by
ensuring that the spillover is directed towards the sky, which is much cooler than the ground in
the microwave. It is impossible to completely eliminate spillover, though, and so 2) is where the
warm baffling really comes in to play. The combination of all three baffling components ensures
that the vast majority of the spillover does not see a change as the telescope scans, and therefore
contributes only an isotropic signal. The landscape outside of the ground shield is decidedly
anisotropic, and except for the top of the nearby mountain Cerro Toco (see Figure 4.12), light
from all objects outside the ground shield must diffract at least twice in order to be been by any

detector.

4.8.2 Optical Baffling Requirements

The optical requirements for the ground shield are a part of the overall requirements on
the warm baffling system. I did not lead the design of these optical requirements but will briefly
summarize them here, as they are important for understanding the ground shield mechanical

design. The requirements were:

* The warm baffling must not interfere with the telescope’s field of view.
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* Rays greater than 40° away from the telescope pointing angle must not enter the telescope

window.

* The spillover onto the warm baffling and ground, numerically estimated by simulations,

must meet certain thresholds that depend on the observing frequency.

* All objects below 5° in elevation must diffract at least twice before entering the telescope

window.

* The bottom of the forebaffle cone (near the telescope window) must not directly see Cerro

Toco over the ground shield.

The first requirement is self-explanatory, and the second requirement stems from the need
to avoid the sun and moon while observing. The final three requirements are based on the
considerations outlined in Section 4.8.1. The spillover requirement numbers were predetermined
from a sensitivity calculation that was done to meet the overall instrument science goals. The
diffraction and Cerro Toco criteria require some additional explanation.

At the beginning of the design process, the requirement was simply that all objects
outside the ground shield diffract twice before entering the telescope to minimize the anisotropic
signal. However, this required the top of the forebaffle to not see Cerro Toco, which in turn
required very large baffling components. It was then determined that the diffraction from the top
of the forebaffle was very small, and the diffraction from the bottom of the forebaffle was more
immportant, and the requirement was relaxed so that the bottom of the forebaffle cone must not
directly see Cerro Toco over the ground shield. At the same time, to minimize scattering off of
the forebaffle hitting the ground, it was determined that the top of the forebaffle should not see
any object lower than 5° in elevation.

The result of this optimization yielded an microwave-absorbative conical forebaffle 1.70
m in length, a microwave-reflecting co-moving shield 2.3 m in length, and a ground shield with

a radius of 8.42 m and a height of 5.66m. The forebaffle and shield move with the telescope as it
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scans to provide an azimuth-independent signature for spillover. The purpose of the forebaffle
is to block rays greater than 40° away from the telescope and absorb the largest chunk of the
spillover on an microwave-black surface. The forebaffle is absorbative, rather than reflective,
because it allows for greater control over reflections and unexpected sidelobes, although at the
cost of higher spillover. The purpose of the co-moving shield is to help realize the double-
diffraction criterion and reflect the vast majority of the remaining spillover to the sky. The
purpose of the ground shield is to provide the final diffraction layer and reflect to sky the

remaining spillover.

4.8.3 Mechanical Design Requirements

The ground shield requirements are shown in Figure 4.13, Table 4.3, and Table 4.4. The
guiding principle was to create an azimuthally-symmetric structure that minimizes both its own
emission and the ground emission seen by the telescope, subject to the dimensions noted in
Section 4.8.2 and the relatively harsh environmental conditions of the Atacama Desert. This
section will explain how this principle guided a number of design choices that led to the ground
shield requirements.

The most important part of the ground shield is the upper portion, because the spillover
onto the ground shield rapidly diminishes away from the top. Simulations show that 80% of the
spillover is concentrated into the upper 2m, which is therefore where the design requirements are
the most stringent. This portion of the ground shield will be referred to as the ‘optical section’.

A key requirement for the optical section was azimuthal uniformity: we required that the
structure deviate from the specified height (8.42m) and radius (5.66m) by no more than Scm. This
requirement effectively required a cylindrical ground shield, rather than a polygon. Although the
latter would almost certainly have been easier to build, it induces azimuth-dependent ground
pickup as the telescope scans. This has effect has been seen in other experiments that have
constructed polygonal ground shields, and so we wanted to avoid that issue if possible.

The most important part of the optical section is the top edge, where light undergoes
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Figure 4.13. Diagram showing ground shield requirements as given to vendors during the
Request For Proposal. The remainder of this caption is a direct copy of the text given to the
prospective vendors. A cross section and top-down view of the ground shield are shown. The
interior, top portion will require an optical section made of aluminum. The optical section will
help prevent thermal radiation from the ground from diffracting into the telescope field of view.
The optical section should be as close to the inner wall as possible. It is not a precision mirror
and does not need to satisfy especially tight tolerances. The interior of the structure should be as
cylindrical as possible within structural constraints — more extensive support may be used on the
exterior. The interior of the cylindrical section must be covered with metal to within 0.5m of the
ground. The optical section will be tilted by 30°. The circular shape of the ground shield must be
maintained, making the optical section conical.
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Table 4.3. The ground shield mechanical requirements, as given to prospective vendors during
the Request for Proposal.

Parameter Value
Optical section material aluminum
Optical section sheet thickness > 2mm
Localized deformation of optical section < 3mm
Radius at highest point 842 cm
Height at highest point 566 cm
Radius uniformity tolerance < S5cm
Height uniformity tolerance < 5cm
Length of optical section > 200 cm
Radius of curvature at the top of the optical > Scm
section

Arc angle at the top of the optical section > 150 degrees
Structural components of the optical sec- TRUE
tion not visible to the telescope

No gaps between optical section panels TRUE
Thermal strain relief TRUE
Door width 35m
Door height 3.5 m
Total allowable outer radius including sup- 9m
port structures

Minimum allowable inner radius 6.5 m
All exposed components UV resistant TRUE
All exposed components rust resistant TRUE

Paint on outside fiberglass

Valspar “desert sand” WXDO0S55L
OR “Beige” RAL 1001

Grounding to telescope cabling TRUE
Human door TRUE
Tilt of optical section 30 degrees
Metal below optical section TRUE
Length at bottom of GS not covered by < 05m

metal

96



Table 4.4. The ground shield environment requirements,

the Request for Proposal.

as given to prospective vendors during

Parameter Value
Location Cerro Toco, Chile
Altitude 5190 m

Air temperature 21 to+15°C

Air temperature, maximum diurnal varia-
tion

Air pressure

Relative humidity

Wind speed during observation

Wind speed, survival

Sand and dust, diameter

Sand and dust, concentration

Rain

Ice

Snow

Hail, survival

Seismic acceleration at ground, survival
Solar radiation, short wavelength

Solar radiation, long wavelength

30 °C, peak to peak

58 to 61 kPa
0to90 %
<30 m/s

60 m/s
74 to 1000 um
1 g/m’
22 mm/hr
1cm
75 cm
2 cm diameter at 25 m/s
0.28g peak

1290 W/m?

100 W/m?
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diffraction over the top of the ground shield. It was estimated!® how much less optical power
a rounded edge diffracts as compared to a straight edge. This effect increases with radius of
curvature, and at 150 GHz there is an 80% reduction in optical power over a cylindrical surface
with a radius of S5cm . The effect also decreases with wavelength, and so the minimum effect we
expect is a 33% decrease at 30 GHz. For practical reasons, we limited the radius of curvature
required to Scm.

Another design decision involved whether the optical section should be absorbative or
reflective in the microwave. The basic trade-off is the same for the forebaffle and co-moving
shield: absorbing material provides better control of reflections and unexpected sidelobes,
while reflecting material provides lower total optical loading. For the ground shield, however,
the primary concern was practical. Trying to make the entire upper 2m of the ground shield
absorbative would have been costly and a huge logistical challenge. It also posed a risk, because
if the blackening material was damaged or peeled off, it would provide a highly non-uniform
signature. Therefore it was determined that a reflective optical section, of unpainted aluminum,
was an easier and more robust solution. We considered painting, which would have protected the
aluminum and reduced thermal gradients. However, a special microwave-transparent paint would
have been needed, as most commercially available paints are *grey bodies’ in the microwave,
and this would have been too difficult and costly to apply.

Several requirements revolved around the deformations and gaps allowed in the the
optical section. It is desirable to minimize these to preserve uniformity, but as a practical matter
they are impossible to eliminate. Furthermore, it is difficult to set quantitative requirements on
them that flow directly from the science goals, and the 3mm specification on local deformations
was set to allow for inclusion of things like protruding rivet heads. Gaps are a natural part of the
structure due to thermal expansion - a 3m section of aluminum panel, for example, will change
size by 2.5mm under the AT = 35°K temperature swings normally experienced at site. However,

a slit between two conducting surfaces produces a polarized signature [191], and so we required

16] yman Page, private communication of unpublished work
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that these be covered.

The tilt of the optical section, which was ultimately set at 30°, necessitated a revision
of the requirements after a vendor was selected. While a tilt intuitively makes sense as a way
to direct spillover onto the ground shield towards the sky, initially no tilt was specified, and the
ground shield was essentially a big cylinder. This was because there is no direct or reflective
path from the telescope window to the ground shield, and therefore the spillover onto the ground
shield was seen as not important enough to warrant tilting, given the considerable perceived
difficulties in constructing an aluminum cone nearly 17m in diameter.

Later it realized that this would in fact violate the 5° elevation diffraction criteria. The
problem is reflections off of the ground shield, which would allow the telescope to see objects
behind the telescope at < 5° elevation through scattering (rather than specular reflections) off
of the forebaffle. It was this scattering path that was ignored in the initial analysis. Although
the microwave-absorbing surface of the forebaffle only allows for a small fraction of light to be
scattered, simulations with a 1% scattering rate showed these backwards reflections could cause
a significant problem, see Figure 4.14. This problem can be avoided by tilting the ground shield
just a few degrees, but this back side lobe also poses a second issue for sun and moon avoidance.
This can only be mitigated by tilting far enough that the back side lobe is entirely hidden within
the existing sidelobe given by forebaffle scattering. A tilt angle of 30° accomplishes this, as
shown in Figure 4.14. Fortunately, the ground shield vendor was able to accommodate the
change in design relatively easily.

The rest of the structure below the optical section is less important, and was required to
simply be a cylinder opaque to microwaves. The environmental considerations were standard
for the rest of the site buildings. The most notable specification is the wind requirement. It is
extremely windy at the site, with gusts up to 60 m/s, and this was the driving requirement on the
size of the foundations, which were a significant portion of the cost of construction. Another
practical reason for the existence of the ground shield is as wind protection for people working

on the telescope. Although not optically necessary, it was for this reason that the ground shield
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Figure 4.14. The distribution of optical power from forebaffle scattering given no tilt (left) or 30°
tilt (right) of the upper 2m of the ground shield. The output is from a geometric optics simulation
of a single detector beam in the telescope focal plane. The map coordinates are angular and
centered in the direction of boresite pointing at the nominal observing elevation of 50°, and the
color shows the radiant intensity seen by the detector. The simulation assumes that the window
scatters 1% of the main beam into 27 solid angle, and the forebaffle is 99% absorbative and
the remaining 1% fully scatters. The left panel clearly shows a sidelobe that develops behind
the telescope at an elevation of ~ 0 —20° due to reflection off of the ground shield (red arrow),
violating the 5° diffraction criterion. The right panel shows how this sidelobe is absorbed into
the main forebaffle scattering sidelobe with a tilt of 30°, satisfying the criterion and avoiding
additional issues with sun and moon avoidance. Figure credit: Fred Matsuda.

walls were required to be mostly flush with the ground, so as not to allow wind and wind-blown

debris to get in.

4.8.4 Construction of the Ground Shield

The construction contract was won through a competitive bidding process by VyS, a
Chilean construction company who was also responsible for constructing the SO foundations at
the site'”. They specialize in providing fiberglass structures for telecommunications equipment,
and were able to provide a cylindrical and conical structure of molded fiberglass. The overall
structure and dimensions are shown in Figure 4.11 and Figure 4.15.

Various components of the optical section are shown in Figure 4.16. The conical structure

https://www.vys.cl/
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Figure 4.15. A cross section of the ground shield, showing dimensions and major components.
Annotated from drawings provided by VyS.

of the optical section is provided by 18 custom-built fiberglass panels. Covering the panels are
54 pieces of aluminum sheet metal, arranged with 18 sheets azimuthally and three radially. There
were two options to arrange the 54 panels: the second option was to put the long side of each
aluminum sheet in the radial direction. The first option was chosen because it yields 18 rather
than 54 radial seams, which generate an azimuth-dependent signal as the telescope scans. The
seams that allow for thermal expansion were covered by small strips of aluminum.

The panels were initially slated to be epoxied in place, with no externally visible fasteners.
This arrangement was tested with a mock-up of a small portion of the optical section, which
revealed that the expoxy along was not sufficiently strong. This necessitated the addition of
rivets along the panels, which are small enough to satisfy the requirement on deformations of the
optical surface. Additionally, after the ground shields were installed, it was discovered that the
optical section focused sunlight in such a way that portions of the SAT platform caught on fire.
The aluminum panels were roughened to solve this issue.

The aluminum pipe at the top of the ground shield was also composed of 18 segments,

each 3m long. The pipes were machine-bent into circular sections and joined together by the
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insertion of a smaller section of pipe. As with the aluminum panels, a Smm gap was left for
thermal expansion, which was covered by the same aluminum strip.

The cylindrical structure of the ground shield is provided by fiberglass panels in a similar
manner to the conical section, see Figure 4.17. The steel structure is hot-dipped galvanized
and situated on a foundation of twelve concrete blocks, each 1.2m x 2m x 2m. The concrete
structure was initially much larger, as the site wind spec of 60 m/s had not been converted to a
sea level spec, where it is the equivalent of just 49 m/s. This conversion led to significant cost
savings. A portion of the interior of the ground shield is paved to allow for vehicles to drive in
and for people to walk around. This paved area includes two mounting points for a removable
structure designed to allow for the telescope to be hoisted into place.

As of the time of writing this thesis, all three of the ground shields have been fully
installed. The telescopes for each have been delivered and just begun operations, although the

optical performance of the ground shields and warm baffling has not yet been determined.
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Figure 4.16. The optical section of the ground shield. 7Top Left: The optical section as built,
showing the additional rivets added after the mock-up, and the surface roughening added after
focused light caused a fire on the platform. 7op Right: A mock-up built to test the design.
The epoxy alone was not strong enough, so rivets were added to the final design. Bottom Left:
The layout of the aluminum panels. Bottom Right: A pipe joint, achieved by inserting a small
diameter pipe. Upper left image provided by Michael Randall, all other images and drawings
provided by VysS.
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Figure 4.17. Top Left: The paved area inside of the ground shield. 7op Right: A test fit of
the cylindrical panels on the ground shield structure. Botfom Left: The steel structure and
foundations of the ground shield. Bottom Right: The cylindrical panels being prepared in the
workshop. All images besides top left provided by VyS.
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