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ABSTRACT

Studying the Effects of Galactic and Extragalactic Foregrounds on
Cosmic Microwave Background Observations

Maximilian Henri Abitbol

Cosmic microwave background observations have been fundamental in forming the stan-
dard model of cosmology. Ongoing and upcoming cosmic microwave background experi-
ments aim to confirm this model and push the boundaries of our knowledge to the very
first moments of the Universe. Non-cosmological microwave radiation from the Galaxy and
beyond, called foregrounds, obscures and contaminates these measurements. Understand-
ing the sources and effects of foregrounds and removing their imprint in cosmic microwave
background observations is a major obstacle to making cosmological inferences. This thesis
contains my work studying these foregrounds. First, I will present observations of a well-
known but poorly understood foreground called anomalous microwave emission. Second, I
will present results forecasting the capability of a next-generation satellite experiment to de-
tect cosmic microwave background spectral distortions in the presence of foregrounds. Third,
I will present results studying the effect of foregrounds on the cosmic microwave background
self-calibration method, which allows experiments to calibrate the telescope polarization
angle using the cosmic microwave background itself. Fourth, I will present my analysis char-
acterizing the performance of and producing maps for the E and B Experiment. Fifth, I
will present my research contributions to the readout system that used in the laboratory to
operate kinetic inductance detectors, which are being developed for cosmic microwave back-
ground observations. Lastly, I will conclude with future prospects in the field of foregrounds

and cosmic microwave background cosmology.
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Overview

This thesis contains my work on several different research projects all related to the cosmic
microwave background (CMB). My research focuses on enabling measurements of the CMB
in various ways, focusing on the problem of non-cosmological foreground signals obscuring
our view of the CMB. The thesis is divided into three parts: i) Science Introduction and
Motivation, ii)) CMB Foreground Research, and iii) Experimental CMB Research. Part I
of the thesis serves to introduce the field of CMB cosmology and motivate the research in
my thesis. Part II of the thesis contains my work related to CMB foregrounds including
observations, forecasting, and analysis methods. Part III of the thesis contains my work on

CMB data analysis and hardware development. The thesis is outlined as follows.

Part I Science Introduction and Motivation

e Chapter 1 of the thesis reviews the state of the field of CMB science. I introduce the

main concepts and scientific motivation behind the research in this thesis.

e Chapter 2 presents an overview of CMB foregrounds, which contaminate our observa-
tions. Much of my research is focused on the impact of foregrounds on CMB observa-

tions.



Part II CMB Foreground Research

e Chapter 3 presents observations and analysis of data acquired using the Green Bank
Telescope of a region with anomalous microwave emission. This chapter was accepted
for publication in The Astrophysical Journal, 2018 [6] and reproduced by permission

of the American Astronomical Society.

e Chapter 4 presents forecasts for the capability of future space-based CMB satellite
missions to measure spectral distortions of the CMB blackbody due to energy releases
in the early Universe. This chapter was published in the Monthly Notices of the Royal

Astronomical Society, 471:1126-1140, October 2017 [5], by Oxford University Press on

behalf of the Royal Astronomical Society.

e Chapter 5 presents research studying the effect of foregrounds on the self-calibration
technique for CMB polarization experiments. This chapter was published in the
Monthly Notices of the Royal Astronomical Society, 457:1796-1803, April 2016 [3],

by Oxford University Press on behalf of the Royal Astronomical Society.
Part 111 Experimental CMB Research

e Chapter 6 presents my research in CMB data analysis for the E and B Experiment
(EBEX). T worked on detector noise estimation and map-making for EBEX. Part of
these results were published in The EBEX Collaboration et al. [300].

e Chapter 7 summarizes my laboratory research for CMB Microwave Kinetic Inductance
Detector (MKID) readout. I worked on part of the readout electronics and associated
software to operate the MKIDs that are being developed by the Columbia Experimental
Cosmology Group. This work contributed to these publications: McCarrick et al.
[199], Johnson et al. [158], Flanigan et al. [110, 109], Johnson et al. [159], Jones et al.
[160], McCarrick et al. [200].

e Chapter 8 contains the conclusion and future prospects.



Part 1

Science Introduction and Motivation



Chapter 1

The Cosmic Microwave Background

The cosmic microwave background (CMB) is remnant radiation from the beginning of the
Universe. Observations of the CMB have uncovered a vast amount of cosmological informa-
tion and solidified the Hot Big Bang model of cosmology. The existence of the CMB was first
proposed in the 1940s by George Gamow, Ralph Alpher, and Robert Herman [14, 13, 116]
and confirmed with observations by Arno Penzias and Robert Wilson in 1965 [221]. Since
then, properties of the CMB have been characterized by a variety of experiments and re-
vealed that the large-scale properties of the Universe can be described by a six parameter
cosmological model [139, 238|. In particular, the CMB was observed to be nearly isotropic
blackbody radiation in 1990 by the Cosmic Background Explorer (COBE) satellite, im-
plying that the entire Universe was once in thermal equilibrium [192]. The Far-InfraRed
Absolute Spectrometer (FIRAS) instrument on COBE found that the current CMB tem-
perature is 7' = 2.725 + 0.002 K [108, 106]. Distortions from a blackbody spectrum have
not yet been detected but would give us insight into the thermal history of the Universe
beginning at the earliest moments [284, 286, 285]. The Differential Microwave Radiome-
ter (DMR) instrument on COBE detected the first hints of anisotropies in the CMB [174],
which were later confirmed and studied extensively by an array of experiments, in partic-

ular the Wilkinson Microwave Anisotropy Probe (WMAP) and Planck satellites [29, 239].



These anisotropies contain imprints of the initial conditions of the Universe and allow us
to measure precisely the six parameters that dictate the evolution of the Universe [238, 2].
Ongoing and upcoming experimental efforts are focused primarily on measuring the polar-
ization of the CMB in order to constrain inflationary model that describe the first moments
the Universe [4, 32, 127, 104, 301, 115]. Experiments are also targeting late-time features
in the CMB that are imprinted by galaxy clusters and weak gravitational lensing of the
CMB by large-scale structure [209, 170]. In the future, CMB experiments could aim to re-
visit the measurement of the CMB energy spectrum, constraining thermal processes during
recombination and studying the thermodynamic properties of matter at late times [176, 178].

In this chapter I aim to motivate the research in my thesis by introducing the scientific
background and goals of the field of CMB cosmology. I begin by reviewing the state of CMB
cosmology and introduce how observations of the CMB are used to constrain cosmological
models and estimate cosmological parameters. [ will then summarize current efforts to
measure the imprint of primordial gravitational waves from inflation on the polarization of
the CMB. I will end by introducing spectral distortions of the CMB and the cosmological

implications for detecting these features.

1.1 Overview of CMB Cosmology

The Universe is observed to be flat, homogeneous, isotropic, and expanding [29, 239]. We
can determine the evolution of the Universe using the Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric and Einstein’s equation for a perfect fluid, resulting in the Friedmann equa-

tions [305]. The FLRW metric is given by,

ds® = —dt* + a*(t)(d2® + dy* + d2?), (1.1)
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Figure 1.1: CMB blackbody spectrum as determined by COBE FIRAS. The CMB tem-
perature is 2.725 K. The residuals are plotted below to show the size of the uncertainties.
Deviations from a blackbody are limited to 1 part in 10°.

where a(t) is the scale factor that describes the expansion of the Universe. The Friedmann

equations are,

(1.2)

and

a 4G 3P

a_ ; 1.3

- (p + CQ) (1.3)
1 da

where H = ¢ is the Hubble parameter as a function of time, p is the energy density, P is
the pressure, and the index i labels the constituents of cold dark matter, baryons, radiation,
or the cosmological constant (I have excluded the potential for curvature here and in the
metric for simplicity). The quantities p and P are related by the appropriate equation of

state for each constituent. The equation of state for a perfect fluid is generally parameterized



Figure 1.2: CMB temperature anisotropies map as measured by Planck. The resolution of
the map is 5'.

as,

(1.4)

where w = 0 for dark and baryonic matter, w = 1/3 for relativistic particles, and w = —1 for
the cosmological constant. These equations can be combined to relate the Hubble parameter

and the constituent densities,

H\> Q.+Q

) =2 ROy, 1.5

A e + o + 85 (1.5)
where €; is the fractional energy density evaluated today of the respective constituents.
These densities are part of the six parameter cosmological model and can be measured by

observations of the CMB, as we discuss later.

The history of the universe as we know it begins with a rapid expansion from inflation



and the production of photons and elementary particles during reheating [89]. At this time
matter and CMB photons were tightly coupled and in thermal equilibrium. As the Uni-
verse expanded and cooled, hadrons formed during nucleosynthesis and eventually protons
combined with electrons to produce the first atoms (mostly hydrogen, helium and their iso-
topes) during recombination. The CMB energy spectrum at recombination was a thermal
blackbody at around 3000 K. CMB photons stream relatively freely after recombination and
carry in imprint of the primordial Universe as it was at 380,000 years old. This imprint from
end of recombination and the beginning of free-streaming photons is called the surface of
last scattering. The Universe continued to expand and cool and today we observe a CMB
blackbody spectrum at a temperature of 2.725 K.

The CMB is nearly isotropic however small fluctuations exist, carrying an imprint of a
variety of cosmological processes with them. These anisotropies occur on many different an-
gular scales and the spatial distribution of the CMB intensity and polarization anisotropies
can be studied to reveal cosmological information. The anisotropies trace both the initial
conditions of perturbations on the largest scales and the ensuing time evolution of these per-
turbations all the way down to the formation of structure and galaxy clusters. Anisotropies in
the CMB are typically broken into primary and secondary anisotropies, referring to whether
they occurred at early or late cosmological times. The primary anisotropies are from pertur-
bations in the initial conditions in the universe. Secondary anisotropies come mainly from
the epoch of reionization and interactions with massive galaxy clusters at late times. Ob-
servationally, the way we can study these perturbations is by measuring spatial anisotropies
in the CMB sky in intensity and polarization and studying the distribution of these features

as a function of angular scale.
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Figure 1.3: CMB T'T power spectrum as measured by Planck. The solid black curve repre-
sents the best-fit ACDM model. The model residuals are plotted below.

1.2 CMB Temperature Anisotropies

To infer cosmological parameters from CMB anisotropies, the CMB sky is projected onto
spherical harmonics, and spatial correlations in the CMB are calculated by taking the an-
gular power spectrum of temperature fluctuations, defined as C77 [89]. The power spectra
are then related to predicted models. We can relate C7 to the distribution and evolution
of primordial density fluctuations. The calculation of the CMB angular power spectrum as
it relates to cosmological parameters was developed in a series of publications; in particu-
lar Bond and Efstathiou [37], Hu et al. [148], Hu and Sugiyama [144], Kosowsky [180], Seljak
and Zaldarriaga [268], Hu and White [145], Kamionkowski et al. [162], Zaldarriaga and
Seljak [312], Seljak and Zaldarriaga [269]. For a review of these calculations see Hu et al.
[149], Scott and Smoot [266], Bucher [42], Challinor [50], Hu and Dodelson [141], Zaldarriaga

[311]. The cosmological power spectrum calculation is done numerically using the widely ac-



cepted CMBFAST, CAMB, and CLASS codes [313, 186, 187]. To understand qualitatively
how the CMB power spectrum relates to cosmological parameters we present a brief sum-
mary of how this is done. We begin by introducing perturbations in the initial distribution
of energy densities on the FRWL metric for the background cosmology (we will follow the
notation in Dodelson [89] for the following equations). For a scalar density fluctuation the

perturbed metric can be written as (in the conformal Newtonian gauge),
ds® = a®(n)[—(1 + 2¥)dn* + (1 — 2®)dx? (1.6)

where n = fot dt’ /a(t') is the conformal time (or the comoving distance that light has traveled)
and ¥ and ® describe the primordial scalar fluctuations. In the Newtonian limit ¥ = —®.
We will see that the distribution of these fluctuations is directly measured in the CMB
power spectrum. The source of the perturbations is the topic of current research, which will
be discussed in the next section. The current paradigm is that quantum fluctuations from
inflation evolved into these perturbations. The evolution of ¥ and & is calculated assuming
linear perturbation theory and using Einstein’s equation and the Friedmann equations. The
Boltzmann equation is then used to calculate the interactions between photons, dark matter,
baryons, and neutrinos [89].

The Boltzmann equation for photons is solved in two limits, the tight-coupling or free-
streaming limit, corresponding to the times before and after recombination and the surface
of last scattering. Let us examine the tight-coupling solution (before recombination and the
surface of last scattering), which in Fourier space can be reduced to,

R —k? a R

. a ) ..
B Koy =—VU——— - 1.
ot TP T B == 11 R ’ (1.7)

where © = % describes the fluctuations in the CMB. The speed of sound in the plasma is
2=1/3(1+R), R = i’% is the ratio of the equilibrium baryon to photon densities, and k

describes the Fourier wavelength. The terms on the left of Equation 1.7 describe a damped

10



harmonic oscillator with independent modes and the terms on the right are interpreted as
a forcing term. This produces the acoustic oscillations that are ultimately observed in the
CMB power spectrum. In the free-streaming limit, the Boltzmann equation can be integrated

and rearranged into, now in configuration space,

O(Zo, P, m0) = [O0 + V] (Z(nr), Nr) + /0’70 dn (W' — @ (Z(n),n)e” + [ B] Z(nr), nr) + ...
(1.8)
Here Oy is the local monopole of the temperature anisotropy, ng is the time of recombination,
7 is the optical depth, p is photon propagation direction, and v}, is the baryon velocity. The
additional terms are independent of p and depend on the local quadrupole of the temperature
field and the monopole and quadrupole of the polarization field. The first term on the right
of Equation 1.8 is the term from primordial gravitational fluctuations called the Sachs-Wolfe
Effect [261]. The second term involving derivatives of the potential is the integrated Sachs-
Wolfe effect and the last term is the Doppler effect. We will describe these effects qualitatively
later on.
To relate the time evolution equations with the initial conditions of scalar perturbations

we can calculate the angular power spectrum of the CMB,

cit = E/ dkk*Pg (k) (1.9)

™ Jo

CI'T is the quantity that is measured by observations of the CMB and this relation allows us
to estimate cosmological parameters. In Equation 1.9, Pg(k) describes the initial conditions
of scalar perturbations. ©, is the ¢-th multipole moment of the temperature field, calculated

by projecting © onto the Legendre polynomial of order /¢,

1 Ldu
0~ = / SPew) (1.10)

The initial conditions of the perturbations depends on the inflationary scenario and its statis-

11



tics are typically given by a power law with departures from scale-invariance parameterized

by ns,
Lk ng—1
Po(k) = Ag (k_) : (1.11)
For ny, = 1 the spectrum of perturbations is scale invariant, meaning the power in the

flucutuations is the same at all wavelengths. Current observations show the spectrum is
not scale invariant, with slightly more power on large scales than small scales. Departures
from this power law spectrum have not been detected. This concludes the summary of
calculations necessary to determine the CMB angular power spectrum and how the angular
power spectrum is related to the cosmological parameters.

The standard cosmological model is currently described by six parameters for a spatially
flat Universe with a power law spectrum of adiabatic scalar perturbations, as described
above. From the perspective of CMB experiments, Planck has best constrained these parame-
ters [238]. The six parameters are the baryon density (€,/?), cold dark matter density (Q2.h?),
scalar spectral index (ny), optical depth (7), angular acoustic scale (1006, ), and amplitude
of primordial perturbations (Ag). The latest (and final) Planck release has constrained these
parameters to k% = 0.02237 + 0.00015, Q.h* = 0.1200 £ 0.0012, n, = 0.9649 + 0.0042,
7 = 0.0544 4 0.0073, 1000, = 1.04092 +0.00031, In 10'°Ag = 3.044 4-0.014 [238]. Additional
model dependent late time parameters such as the Hubble constant (Hp) can be derived
from these parameters. Further cosmological information can be determined with the use
of external datasets such as baryon acoustic oscillation (BAO) observations. For example,
the effective number of relativistic degrees of freedom (N.sr) and sum of neutrino masses
(>-m,) can be measured.

We briefly provide a physical description of the source of CMB anisotropies and their
effect on the CMB angular power spectrum. The temperature fluctuations are mainly sourced
by three effects, the Sachs-Wolfe effect, acoustic oscillations, and Silk Damping.

The Sachs-Wolfe effect refers to the temperature fluctuations and gravitational red-

shifting on large scales at last scattering, as in the first term of Equation 1.8. Anisotropies on
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Table 1.1: Cosmological parameters determined by Planck. The scalar-to-tensor ratio, r, is
evaluated at a pivot scale k, = 0.002 Mpc™' and includes polarization data from BICEP.
This is a 95% confidence upper bound.

Parameter | Value Description

Qph? 0.02237 £ 0.00015 | baryon density

Q.h? 0.1200 + 0.0012 cold dark matter density

N 0.9649 + 0.0042 scalar spectral index

T 0.0544 4+ 0.0073 optical depth

1000, 1.04092 + 0.00031 | angular acoustic scale

In10°Ag | 3.044 +0.014 amplitude of primordial perturbations
7'0.002 < 0.064 Scalar-to-tensor ratio

scales larger than the horizon at last scattering have not evolved significantly and represent
directly the initial conditions of the perturbations. In the CMB angular power spectrum this
corresponds to anisotropies on scales larger than ¢ < 100. For scale invariant density fluctu-
ations this would lead to a flat spectrum at low /s, as in Figure 1.3. There is an additional
effect, called the integrated Sachs-Wolfe effect, that occurs if there is a time dependence in
the gravitational potentials, as in the second term in Equation 1.8. This effect is present
on the largest scales in the CMB as the Universe became Dark Energy dominated at low
redshifts.

On scales within the horizon at last scattering we see acoustic oscillations as gravity and
radiation pressure produce competing forces on the initial perturbations, as described by
Equation 1.7. In the temperature angular power spectrum these appear at 100 < ¢ < 1000.
At that time, photons are tightly coupled with matter so as matter over-densities gravita-
tionally attract, photons are dragged along as well. As the photon density increases with
the matter density, the radiation pressure increases, which then repulsively forces away the
matter, producing oscillations. After the Universe becomes neutral these oscillations freeze
out, producing correlations on the scale of the horizon at last scattering. The main peak in
the CMB occurs where the acoustic oscillations went through 1/4 of a cycle, corresponding

to a maximum in a harmonic oscillator. The next peak (and all even numbered peaks) then
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Figure 1.4: CMB EFE power spectrum as measured by Planck. The solid black curve repre-
sents the best-fit ACDM model. The model residuals are plotted below. The peaks in the
polarization spectrum are exactly out of phase with the peaks in the temperature spectrum
(see Figure 1.3). Polarization is created by velocity gradients in the primordial plasma which
will appear where there are troughs in the temperature spectrum.

correspond to maximal under-densities. In between the peaks, the troughs have non-zero
power because they are at a velocity maximum. The velocity maxima produce a Doppler
effect in the CMB, imparting back some energy into the photons, seen in the third term in
Equation 1.8. When used in conjunction with BAO data, the location of the peaks can be
used to determine the spatial flatness of the Universe.

On small scales, damping is evident in the oscillations. Silk Damping occurs at ¢ >
1000 as the photons and baryons are not perfectly coupled [273]. Additionally, late time
effects occur from gravitational lensing from non-linear structure growth at low redshifts

and photon-electron interactions in galaxy clusters, called the Sunyaev-Zeldovich Effect [314,

287].
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1.3 CMB Polarization Anisotropies

Current CMB experiments are focusing on measuring the polarization of the CMB to con-
strain inflationary scenarios. The intensity and polarization of the CMB is represented by
I, @, and U Stokes parameters (the CMB is not expected to be circularly polarized and
therefor V' is often not measured), where the () and U maps describe the polarization. As
with the temperature anisotropy maps, an angular power spectrum of the polarization data
is calculated to enable cosmological inferences on CMB data. The angular power spectrum
in polarization is split into two fields called E and B fields [162]. In real space both E
and B are invariant under rotations. Under reflections, E is invariant (even parity) while B
changes sign (odd parity). The F and B fields therefore represent “curl-free” and “curl-like”
modes. Power spectra and cross spectra are calculated from the T', E, and B fields to allow
for cosmological studies. We will drop the Cy notation and call the angular power spectra
by which fields are being correlated (e.g. TT for CIT). The TT, TE, EE, and BB spectra
are generally the ones of cosmological interest. In standard cosmological scenarios the T'B
and EB spectra are zero (this will be important and revisited in Chapter 5).

The CMB becomes polarized by Thompson scattering during recombination and again
during reioniziation. In both cases the polarization arises from an anisotropic CMB field
incident on a free electron. In particular, a CMB photon field with a quadrupole moment
incident on a free electron will generate linear polarization. These quadrupole moments in
the CMB photons can be generated in two ways: (i) by density fluctuations that produce ve-
locity gradients in the photon-baryon fluid and (ii) by a background of gravitational waves.
These produce scalar and tensor perturbations respectively. The velocity gradients from
scalar density perturbations produce only F-mode CMB polarization. The background of

gravitational waves produces B-mode polarization in the CMB.

FE-Mode Polarization

The peaks in the temperature angular power spectrum are due to the baryon-photon acoustic
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oscillations in the recombination plasma. The temperature spectrum receives contributions
from both the density perturbations and velocity gradients. The peaks in the E-mode polar-
ization are due only to the velocity gradients. This results in sharp peaks in the F'E angular
power spectrum that are out of phase with the temperature peaks. Because the polarization
is sourced mainly from velocity gradients in the field, the magnitude of the CMB polarization
is significantly lower than the temperature anisotropies. The polarization measurements and
E'E spectrum provide an independent check on the cosmology separate from the T7T spec-

trum, although most of the parameter constraints come from temperature since it is brighter.

B-Mode Polarization

The primary reason to measure polarization is to detect a stochastic background of gravita-
tional waves generated by inflation. The amplitude of the gravitational waves is proportional
to the Hubble constant during inflation which is related to the energy scale of inflation, which
we will describe in the next section. As photons travel through a background of gravita-
tional waves they are redshifted or blue shifted, depending on the relation between the photon
propagation direction and the gravitational waves polarization and propagation direction.
As a result, the gravitational waves produce a quadrupole anisotropy in the intensity of
CMB field. Therefore, polarization is again generated by Thompson scattering of the CMB
field with quadrupole anisotropy. The BB angular power spectrum generated by primordial
gravitational waves peaks at £ = 100 because gravitational waves with wavelengths longer
than the photon mean free-path at decoupling cannot generate quadruples necessary for
polarization. Gravitational waves decay when they enter the horizon and this limits the
small-scale polarization. Density perturbation (scalar field) cannot generate B-mode polar-
ization patterns in the CMB, so B-mode polarization on these scales is uniquely generated
by primordial gravitational waves. The BB spectrum signal is plotted in Figure 1.5. This
primordial B-mode signal from gravitational waves is currently being targeted by a variety

of CMB experiments
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Figure 1.5: Expected BB signals including CMB primordial and lensing B-modes and syn-
chrotron and thermal dust foregrounds.

1.3.1 Inflation

The current understanding of cosmology suffers from the fact that the Universe is extremely
homogeneous without a mechanism to generate this property [166]. Inflation is the idea that
the observable Universe was initially extremely small and exponentially expanded to produce
the initial conditions of the Universe that we observer today [279, 124]. Specifically, inflation
solves the “horizon”, “flatness”, and “monopole” problems and creates an initial spectrum of
density fluctuations [165, 99, 190]. These density perturbations then grew into the Universe
that we see today. In addition to scalar perturbations, many inflation scenarios lead to tensor
perturbations as well. These tensor perturbations could be visible in the polarization of the

CMB. The same method to derive the temperature anisotropies described previously is used
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to calculate the primordial gravitational wave signal in the polarization spectrum.

The metric for tensor perturbations is [305],
ds® = —dt* + a*(t)((1 + hy)d2® + (1 — hy)dy® + 2hydady + dz*) . (1.12)
From this one can derive the equation for gravitational wave propagation,
h"a+2gh'a+k2ha =0, (1.13)

where a denotes the + or x gravitational wave polarizations. The power spectrum for

primordial tensor (gravitational waves) perturbations is

Pulk) = Ap (%)WB , (1.14)

where k, is usually taken to be 0.05 or 0.002 Mpc—t. The scalar-to-tensor ratio is defined as,

r=—
Ag’

(1.15)

where Ag and Ap is the amplitude of scalar and tensor perturbations respectively. The
scalar-to-tensor ratio can be directly measured by polarization measurements of the CMB.

This ratio can then be related to the inflationary field parameters.

( " )1/4 v (1.16)

0.01) T 100GV
Planck and BICEP have constrained the scalar-to-tensor ratio to rg g2 < 0.064 [238].
The current state of CMB experiments is that we aim to measure the polarization spec-
trum well enough to characterize the BB power spectrum and therefore constrain inflation
scenarios. A detection of r could provide strong evidence for inflation and solidify our un-

derstanding of the early Universe.
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1.4 CMB Spectral Distortions

Spectral distortions of the CMB are deviations from a perfect blackbody spectrum created
by energy releases in the early Universe. Measurements of CMB spectral distortions have
implications for our understanding of physical processes taking place over a vast period in
cosmological history [142, 64, 283, 292, 274, 56, 80]. Observations show that the CMB is a
nearly perfect blackbody at T, = 2.725 + 0.002 K. The only observed spectral distortion
so far is from the anisotropic Sunyaev-Zeldovich (SZ) effect, from CMB scattering of hot
electrons in galaxy clusters. All-sky spectral distortions produced by processes dating back
to recombination are expected in the standard cosmological model and can reveal information
about the thermal history of the Universe at early times [284, 316, 151, 74]. Future CMB
experiments could more precisely measure the spectral energy density of the CMB in an
effort to detect spectral distortions [176, 178, 58], as we will discuss in Chapter 4.

Spectral distortions are caused by energy or photon injection processes that affect the
thermal equilibrium between matter and radiation [314, 286, 151, 43, 142, 64, 57]. There
are two standard distortions which are called the Compton y distortion and the chemical
potential u distortion. The Compton y distortion is created by the inefficient transfer of
energy between electrons and photons at redshifts z < 5 x 10%. In the standard model this
distortion is produced by inverse-Compton scattering of photons and high-energy electrons
during the epoch of reionization and structure formation [288, 147, 248, 138]. Chemical
potential p distortions are created much earlier on, at redshifts between 5 x 10* < z < 2 x
106 [286, 142]. During this period, photons and matter are able to reach kinetic equilibrium,
but photon production processes are unable to maintain full thermal equilibrium, producing
a distribution with a chemical potential. A detection of the p distortion would place tight
constraints on the amplitude of the small-scale scalar perturbation power spectrum and rule
out many alternative models of inflation, as well as provide new constraints on decaying
particle scenarios [285, 73, 146, 67, 262, 100, 143, 55].

The CMB spectrum is a blackbody due to scattering processes which thermalize the
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CMB with matter up to the time of last scattering. The thermalization process requires
kinetic collisions to allow for energy transfer as well as photon producing processes (photon
creation and annihilation) to change the photon number. The thermalization processes in
the early Universe are Compton scattering, bremsstrahlung, and double Compton scattering
and these must be efficient in order to maintain thermal equilibrium. Compton scattering

involves kinetic collisions of photons and electrons,

e +y—e +7. (1.17)

Bremsstrahlung and double Compton scattering (inelastic scattering) are the photon pro-
ducing processes given by,

e +X e +X+7 (1.18)
e +y—e +y+7y (1.19)

Spectral distortions of the CMB are possible because each process becomes more or less
efficient depending on the temperature of the Universe and densities of particles at that
time. The balance of these mechanisms as a function of redshift produces separate stages of
possible spectral distortion production.

In the very early universe, z > 107, both the photon production and kinetic equilibrium
processes are efficient and thermalize any energy released into the baryon-photon plasma.
After z < 2 x 10°, bremsstrahlung and double Compton scattering become inefficient at
photon production, enabling spectral distortions to be created. Double Compton is the
dominant photon production mechanism at this time because the bremsstrahlung interac-
tion is dependent on the baryon density, which is small in the early Universe. Compton
scattering is an efficient process and keeps baryons and photons in a kinetic equilibrium,
producing a Maxwell distribution of photons and baryons with an equal temperature for
both. Compton scattering conserves photon number, therefore any energy injection into the

primordial plasma only changes the photon energy distribution as the electrons and photons

20



come to kinetic equilibrium. This can result in a Bose-Einstein distribution with a chemical
potential when the photon production processes are inefficient, as photons are upscattered
in energy and leave a deficiency of low energy photons with respect to a blackbody. At later
times, z < 1000, Compton scattering becomes inefficient, while bremsstrahlung will maintain

the low-energy photon population, allowing for a Compton y-distortion.

Chemical Potential py-Distortion and Recombination Line Emission

During recombination but later than z < 2 x 10%, Compton scattering is efficient and can
produce kinetic equilibrium. Double Compton scattering is the main photon production
mechanism but can only provide low-energy photons. This results in a chemical potential
p~distortion if there is an energy release during this time. In the early universe, adiabatic
cooling of the CMB produces a negative p-distortion, while diffusion damping heats up the
primordial plasma and creates a positive p-distortion. Additional, non-standard cosmology
sources are possible as well from unstable relic particles, primordial black holes, cosmic
strings, or particle annihilation. The u-distortion equation, relative to the CMB blackbody
is given by,

4.

AI" = ]Oﬁ {% - ﬂ ", (1.20)
where g is the amplitude of the distortion, 8 &~ 2.1923, x = hv/kTy, and I, = (2h/c?) (kTy/h)?
270 MJy/sr. The expected amplitude from Silk Damping is g &~ 2 x 1078, An additional dis-
tortion comes from the hydrogen and helium recombination line spectrum as these elements

are produced. Detection of the p distortion would reveal information about the thermal

history of the Universe dating back to z ~ 2 x 105,

Compton y-Distortion
After recombination, z ~ 1000, Compton scattering does not reach full kinetic equilibrium
and energy injection into CMB produces a y-distortion, similar to the SZ effect. Known

energy release scenarios after this time include contributions from the intracluster medium
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of galaxy groups and clusters, the intergalactic medium, and reionization. The y distortion

equation is given by the standard SZ effect equation,

rte”

AT} = IOW [:c coth <§> - 4] v, (1.21)

where y = 1.77 x 107° is expected. An additional relativistic correction to it is given by,

xle”

(o 1 ) e+ X2(@) 0+ V(@) 6 + [Va(e) 0+ 3¥5(x) 6] w7}

Alliel—SZ — ]o
(e*

(1.22)
where 0, = kT,sz/m.c?, kT,gz = 1.282 keV and w*?? = 1.152. The Y;(z) are obtained by
an asymptotic expansion of the relativistic SZ signal. A measurement of the all-sky aver-
aged relativistic and non-relativistic Compton y-distortion would constrain galaxy formation
models and provide information on the total thermal energy of electrons in the Universe,
as well as the electron temperature distribution and total baryon density at low redshifts.

These signals are shown in Figure 1.6.
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Figure 1.6: CMB spectral distortions as expected from ACDM. The signals are plotted in
reference to the assumed CMB blackbody at 2.725 K. The signals can be negative in this
respect and the negative portions are plotted as dotted lines to accommodate the use of a
log scale. The blue curve is an example monopole distortion, set at a level just inside the
COBE FIRAS uncertainty. The Compton y distortion is the brightest spectral distortion
(red), followed by it’s relativistic correction (cyan). The chemical potential p distortion
(green) and the hydrogen and helium recombination lines (yellow) are at the bottom. The
total intensity foregrounds are brighter than all the distortion signals as will be discussed in
Chapter 4.
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Chapter 2

CMB Foreground Signals

Foregrounds are signals that arise naturally in our Solar System, Galaxy, and beyond, that
happen to emit in the same frequency range as the CMB. Foregrounds pose one of the
biggest problems for ongoing and future CMB observations [97, 35, 102, 256]. Current
research is concentrated on studying the effects of foregrounds in CMB maps and improving
the measurements of CMB foregrounds in order to remove the foregrounds and uncover the
CMB B-mode and spectral distortion signals [240, 241, 132, 317, 281, 302, 132, 242].

My thesis covers both foreground observations and analysis, in addition to forecasting the
capabilities of future experiments given the foreground problem. In this section I will intro-
duce each of the common foregrounds that will be discussed in this thesis. I will describe the
physical mechanism that creates each foreground, current observations of each foreground,
and the parametric models that describe the observed emission. I will list parametric models
for both the Rayleigh-Jeans approximation to the brightness temperature and the model for
the spectral radiance of each foreground (the brightness temperature models are typically
used for foreground subtraction because CMB maps are usually calibrated in these units).

Foregrounds are typically divided into the ones relevant for intensity studies and the ones
relevant for polarization studies [241]. An example of all the intensity foregrounds is plotted

in Figure 2.1. There are a variety of foregrounds in intensity of varying importance to CMB
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missions. The primary intensity foregrounds are synchrotron, free-free (bremsstrahlung), and
thermal dust radiation [241, 256]. Additionally there is also anomalous microwave emission
and Galactic atomic and molecular emission lines [226]. Other signals include zodiacal
emission from the Solar System, as well as the integrated effect of extragalactic thermal dust
(called the cosmic infrared background) and integrated extragalactic atomic and molecular
emission lines [228, 229]. There are also planets, stars, and a variety of other Galactic and
extragalactic point sources that are detected by CMB experiments [227]. All of these signals
are interesting on their own from an astrophysical or even cosmological perspective and there
is a mutually beneficial relationship of studying them from as foregrounds. Modern CMB
experiments such as Planck (and a variety of others) produce incredibly detailed maps on
these astrophysical signals as a product of their CMB research [237]. The most important
‘foreground’ of all, for ground and even balloon based telescopes, is the atmosphere itself,
however the atmosphere is typically treated as correlated noise in the detectors and not as
a foreground since it is time varying (see Chapter 6 for a discussion about correlated noise
in the detectors).

Fortunately there are only two major polarized foregrounds for CMB B-mode studies:
synchrotron and thermal dust [240, 12]. Both trace the Galactic magnetic field and syn-
chrotron and thermal dust emission are spatially correlated. The polarized foregrounds
are plotted against the relevant CMB signals in Figure 2.4. The polarized foregrounds are
the center of much research (and controversy ') in order to enable B-mode studies. The
polarization of certain foregrounds actually simplifies the foregrounds problem because only
synchrotron and thermal dust are expected to be polarized. Nonetheless foreground observa-
tions in both intensity and polarization are helpful for understanding the emission mechanism

and subtracting the signals from CMB maps. They are the same foregrounds after all.

1See nytimes.com, nytimes.com, and nature.com.

25


https://www.nytimes.com/2014/03/18/science/space/detection-of-waves-in-space-buttresses-landmark-theory-of-big-bang.html
https://www.nytimes.com/2014/06/20/science/space/scientists-debate-gravity-wave-detection-claim.html
https://www.nature.com/articles/d41586-018-04535-0

—_
(=]

o
w

ATenp = 300 pK Symnchrotron
107 5 Thermal Dust AME
CIB Integrated CO

—106 4 Free — Free
E 3
=
[ 100 -
©
S
=
= 10* 3
< E
=
= 10°
+ E
Q l
9107 5

10! E \

100 T T L | T T L | T T L | T

1 10 100 1000

Frequency [GHz]

Figure 2.1: Example foreground intensity spectra. The CMB curve corresponds approxi-
mately to the size of the CMB temperature anisotropies.

2.1 Synchrotron

Synchrotron radiation is Galactic emission from cosmic ray electrons spiraling in the Galac-
tic magnetic field. The physical mechanism for synchrotron is very well understand and
can be analytically derived using electromagnetism. The complexity comes in understand-
ing the Galactic magnetic field (direction and magnitude) and the underlying cosmic ray
spectrum [79, 264]. Synchrotron spectrum in brightness temperature can be described by
a power law decreasing in frequency (it is the same model in spectral radiance but with

different parameter values),
v

Bs
Tsynchroton = As (_> ) (21)

Yo
where A, is the amplitude defined at a reference frequency vy and s is the spectral index.

The spectral index is typically near 5, ~ —3 in temperature units (5, ~ —1 in spectral
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radiance units) depending on the sky patch. Curvature of the power law (an additional

index) is a common extension of the model. Here we write the model with curvature (in

Bs
v 1 o [V
Isynchroton - As (V_0> [1 + éws IOg (V_())} ) (22)

where w, describes the curvature. Full models of the synchrotron emission which incorporate

either units),

knowledge about the cosmic ray energy spectrum and Galactic magnetic field have been
implemented by codes such as GALPROP [207]. Synchrotron is brightest at low frequencies
and is typically the dominant source below around 70 GHz [97]. Synchrotron observations
on the full sky come from the Haslam 408 MHz (intensity only), WMAP 20-90 GHz, and
Planck 30-70 GHz observations [128, 129, 254, 29, 241]. Additional observation on large sky
fractions have been conducted (and are ongoing) by S-PASS (2.4 GHz), C-BASS (5 GHz),
QUIJOTE (10-30 GHz), CLASS (30 GHz), BICEP (30/40 GHz) and ACT (30/40 GHz) [181,
161, 117, 119, 103, 277, 276]. Synchrotron is polarized with a high polarization fraction as
the emission is aligned perpendicular to the magnetic fields. Synchrotron is observed to be

polarized at a level of 10 - 40% [240, 241, 29].

2.2 Thermal Dust

Galactic thermal dust emission is the brightest foreground in both intensity and polarization
at frequencies above 100 GHz [97, 256, 241]. The radiation is due to blackbody radia-
tion from dust grains in the interstellar medium (ISM), modified by the emissivity of the
grains [132]. The nature of the grains can vary widely depending on the local ISM envi-
ronment surrounding the grains. The grains are composed primarily of hydrogen, carbon,
oxygen, magnesium, silicon, and/or iron [90]. The size of the grains can vary from several
angstrom to tens of microns [189, 306]. For CMB studies, the effects of the different grains
populations are modeled by assuming a power law spectrum of emissivities which leads to

the modified blackbody spectrum that is commonly used to model dust [240, 132, 256, 242].

27



10 p K 100

Figure 2.2: Polarized synchrotron emission map determined by Planck at 30 GHz at 40’
resolution.

The model is given by,

hv
= — 2.
T "o (2.3)
/8D+1 o
T e’ —1
THis =A — 24
dubt(y) D <=’L’0> o _ 1 ) ( )

where Ap is the amplitude, fp is the index and Tp is the dust temperature. The index is
typically Bp ~ 1.5 and the temperature is Tp &~ 20 K. The model is defined such that Ap
is the brightness of the dust at frequency vy. The spectrum behaves approximately like a
power law until THz frequencies, where the exponential cutoff is determined by Tp. We can

write the model in spectral radiance and rearrange terms to get,

hv

x:m

28



.’L’3

[dust(V) = ADl”BD o _ 1 .

(2.6)

Typically a single modified blackbody spectrum is used to describe the thermal dust emission
in a given region, although two temperature dust models are commonly tested as well [172,
203]. Dust is polarized at the level of 5 - 20%. The dust angular power spectra observationally
seem to obey several interesting properties [240, 163]. The spectra follow a power law in ¢.
The dust FE to BB ratio is around 0.5 across the whole sky. There is a dust T'B correlation
that is not expected for parity observing radiation. Thermal dust is polarized as the grains
align with the local magnetic field, however, the higher the dust column integrated along the
line-of-sight, the smaller the level of polarization. This is because the polarization is canceled
out by spatial variations of the magnetic fields. Therefore, regions that are low in intensity
are not necessarily also low in polarization and in fact usually exhibit higher polarization

fractions than bright regions.

2.3 Free-Free

Free-free emission comes from electron-ion collisions in hot ionized regions in the Galaxy,
typically HII regions [90]. The free-free spectrum in brightness temperature can be param-

eterized as,

0.04955
=1 1.5 log(T% 2.
grr = log <(V/109)> + 1.5 log(Tz) (2.7)
T—1.5
Trr(v) =T, (1 — e F) (2.9)

The parameters of the model are the electron temperature, T, of the region and the effective
emission measure, EM, (which is related to the column density) of the region. The spectrum
is weakly dependent on the electron temperature and is typically around 8000 K [235]. The

spectrum is flat and appears nearly as a power law with the amplitude set by the emission
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Figure 2.3: Polarized thermal dust emission map determined by Planck at 353 GHz at 5’
resolution.

measure. We can simplify the model and write it in spectral radiance units as,

o\
wE =0\ 1555 (2.10)

(1) = App (1 +log (1 + (VLVF)@”)) , (2.11)

where App sets the amplitude. Due to absorption, the free-free spectrum becomes optically

thick at low frequencies (around 1-10 GHz depending on the emission measure). Free-free is
intrinsically unpolarized as the emission comes from random thermal collisions of electrons
and ions (and the velocities are not correlated). Free-free is correlated with the emission from
the Ha line (the transition from n=3 to n=2 in the hydrogen Balmer series), as electrons
are captured by protons. Optical Ha observations can be used to estimate the free-free

emission, after correcting for dust extinction [105].
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2.4 AME

Anomalous microwave emission is Galactic radiation that peaks between 20 — 60 GHz and
is not explained by synchrotron, thermal dust or free-free radiation [173, 93, 184, 85]. The
mechanism for AME is currently the topic of much research [133, 91, 9, 11, 140]. The leading
model for AME is spinning dust emission that is sourced by small asymmetrical rapidly
rotating dust grains with an electromagnetic dipole moment. AME is spatially correlated
with thermal dust emission, hence the popularity of the spinning dust grains theory [225].
Other models for AME include thermal magnetic dust grains and compact HII (free-free
that is optically thick until about 10 GHz). The size and composition of the dust grain
is important for spinning dust models and far-infrared and mid-infrared observations can
reveal emission lines correlated with the size of the grain [134]. AME is observationally
not polarized, however the limits are not strong across the whole sky [119]. Depending on
the emission mechanism, there are theoretical models for both unpolarized and polarized
AME [91, 94]. Spinning dust is expected to be unpolarized while magnetic dust emission
could be polarized. Spinning dust models for the AME are derived from the SPDust code [11,
275]. For reference the shape of the spectrum looks approximately like a concave quadratic

peaking around 30 GHz. AME models will be discussed extensively in Chapter 3.

2.5 Other

There are a variety of other foregrounds that are important for CMB observations. For
intensity observations, atomic and molecular emission lines, in particular CO, CII, and NII
lines are present in relevant millimeter-wave frequencies [226]. The integrated emission from
distant dusty star forming galaxies produces a foreground signal, the cosmic infrared back-
ground (CIB) [228]. Integrated atomic and molecular lines from distant galaxies and the
intragalactic medium (IGM) are also considered a foreground [257]. These signals are im-

portant for other cosmological research and are used in intensity mapping to measure the
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Figure 2.4: Example foreground polarization spectra. The CMB curve is dominated by the
E-mode polarization of the CMB. The B-mode signal lies at least an order of magnitude
below the E-mode signal, potentially off the plot. Ground-based observations are typically
made from 20 to 300 GHz in order to constrain and remove the foreground contamination.
Space-based missions like Planck can observe even higher frequencies to further constrain
the thermal dust emission.

3-D structure and evolution of the Universe [47, 291, 191]. Within our Solar system, zodiacal
emission is sunlight that is reflected of local interstellar dust grains, producing a foreground
that lies in the ecliptic plane [229]. A variety of point sources (planets, stars, galaxies) are
also typically masked from CMB angular power spectra calculations [227]. Some of these

point sources are polarized and this is a topic of current research [246].
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Chapter 3

Studying the Anomalous Microwave
Emission Mechanism in the S140
Region with Green Bank Telescope

Observations

Anomalous microwave emission (AME) is a category of Galactic signals that cannot be ex-
plained by synchrotron radiation, thermal dust emission, or optically thin free-free radiation.
Spinning dust is one variety of AME that could be partially polarized and therefore rele-
vant for ongoing and future cosmic microwave background polarization studies. The Planck
satellite mission identified candidate AME regions in approximately 1° patches that were
found to have spectra generally consistent with spinning dust grain models. The spectra for
one of these regions, G107.2+5.2, was also consistent with optically thick free-free emission
because of a lack of measurements between 2 and 20 GHz. Follow-up observations were
needed. Therefore, we used the C-band receiver (4 to 8 GHz) and the VEGAS spectrometer
at the Green Bank Telescope to constrain the AME mechanism. For this study, we produced

three band averaged maps at 4.575, 5.625, and 6.125 GHz and used aperture photometry to
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measure the spectral flux density in the region relative to the background. We found if the

spinning dust description is correct, then the spinning dust signal peaks at 30.9 + 1.4 GHz,

and it explains the excess emission. The morphology and spectrum together suggest the

spinning dust grains are concentrated near S140, which is a star forming region inside our

chosen photometry aperture. If the AME is sourced by optically thick free-free radiation,

then the region would have to contain HII with an emission measure of 5.2773% x 108 cm~° pc
+0.21

and a physical extent of 1.0175; x 1072 pc. This result suggests the HIT would have to be

ultra or hyper compact to remain an AME candidate.

3.1 Introduction

Diffuse Galactic signals obscure our view of the cosmic microwave background (CMB). On-
going and future CMB polarization studies will likely be limited by these Galactic foreground
signals [102]. Component separation analysis methods currently being used for CMB polar-
ization studies commonly consider only Galactic dust emission and synchrotron radiation [see
235, for example]. There may be additional signals to consider as well.

Diffuse Galactic microwave signals that are not synchrotron radiation, optically thin free-
free emission, or thermal dust emission are commonly referred to as anomalous microwave
emission (AME) [85]. AME was first observed by the COBE satellite [173, 174] and later
identified in observations near the north celestial pole [185]. Since then, evidence for AME
has been reported in many other regions as well [see 126, and references therein|. The
reported AME signals have been detected between approximately 10 and 60 GHz, and active
AME research is focused on understanding the emission mechanisms [133, 91|. The emission
mechanism models that are currently being considered include (i) flat-spectrum synchrotron
radiation [28, 173], (ii) optically thick free-free emission from, for example, ultra compact
HII (UCHII) regions [83, 183], (iii) thermal magnetic dust emission [94], and (iv) emission

from rapidly rotating dust grains that have an electric dipole moment [101, 93, 92].

35



w pol X
Q
: >1n nH
3 corrugated r—
o horn
IS : 3.95to
L 1> OMT Inonse sourcel 8 GHz
s
c
2
: >1n nH
< pol Y (_
noise source 15K receiver cabin on telescope
1l N e - - F
o - .
5 g g2
) = T a
o s . H 3 Gsps ROACH i< £
% = tunable 10.5 GHz 8 bit (FPGA) | S
~ =
c o
© 7]
o
I1 oA
laboratory
8.5t0 10.35 GHz 1.5 GHz

Figure 3.1: A schematic of the GBT instrument we used for this study. The C-band receiver
elements in the receiver cabin on the telescope are shown in the box on the top. The digital
spectrometer elements in the laboratory are shown in the box on the bottom. For clarity,
just one spectrometer bank is shown. More details are given in Section 3.2.1.

Spinning dust grains could potentially produce linearly polarized signals [see 184, 91,
for example], and the theoretical emission spectrum for spinning dust grains can extend up
to frequencies above 80 GHz, where the CMB polarization anisotropy is commonly being
observed. Therefore, spinning-dust emission could be a third important polarized Galactic
foreground signal that should be considered for CMB polarization studies [135, 255, 17].
Observational evidence to date suggests the AME signal can be partially polarized, if at all,
with upper bounds at the level of 0.5 percent or less [119, 236, 84]. However, this detected
level of polarization is still appreciable because the CMB polarization anisotropy signals
are polarized at a level of ~ 107% or less [see 278, and references therein]. More investi-

gation is required to see if polarized AME would bias future CMB polarization anisotropy
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measurements.

Active spinning-dust research focuses on searching for and characterizing regions with
spinning dust signal. Discovering spinning-dust regions is challenging because they need to
be detected both spectroscopically and morphologically [27, 217]. Using multi-wavelength
analyses members of the Planck Collaboration have identified several regions that could con-
tain spinning-dust signal [224, 230]. However, there are limited observations between 2 and
20 GHz [118], so there is some remaining uncertainty in the AME emission mechanism in
these regions. As a result, these Planck-discovered regions are excellent targets for follow-
up spinning-dust studies. Omne target is near the star-forming region S140 [271], and it is
centered on (I,b) = (107.2°,5.20°), which we will refer to in this Chapter as G107.2+5.20.
Previous analysis of this region showed that both spinning dust and UCHII models fit the
data well [223, 230]. In an effort to further constrain the emission mechanism in this region
and possibly expand the catalog of known spinning-dust regions, we made spectropolari-
metric measurements of the region using the the 100-m Green Bank Telescope (GBT) in
West Virginia [156]. Specifically, we used the C-band receiver (4 to 8 GHz) and the Versatile
GBT Astronomical Spectrometer (VEGAS), which is a digital back-end [244]. During our 18
hours of observing (10 hours mapping and 8 hours calibrating) we measured all four Stokes
parameters of a nearly circular region centered on G107.2+45.20.

In this Chapter, we first describe the instrument and the observations in Section 3.2. The
analysis methods are described in Section 3.3. Our measurements of the spatial morphology
of the intensity of the region (the Stokes I parameter) and the derived spectroscopic results
are presented in Section 3.4. Our polarization results (the Stokes @, U, and V maps) will

be published in a future study.
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Table 3.1: Definition of the four spectral banks. Each bank is divided into 16,384 channels
that are 91.552 kHz wide yielding the raw bandwidth, Av,. The subscript ¢ denotes center
frequency. We ultimately used 6,400 channels in each bank (see Section 3.3.1), so the se-
lected bandwidth for map making is Av,. The estimated beam full-width at half-maximum
(FWHM) for each bank is listed as well.

Bank V. Av, Avg FWHM,
[GHz] [GHz] [GHz] [arcmin |

A 4.575  3.975-5.225 4.407 - 4.993 2.75
B 2.625  5.025- 6.275 5.457 - 6.043 2.25
C
D

6.125 5.525-6.775 5.957 - 6.543 2.05
7175  6.575-7.825 7.007 - 7.593 1.75

3.2 Observations

3.2.1 Receiver and Spectrometer

GBT is a fully steerable off-axis Gregorian reflecting antenna designed for observations below
approximately 115 GHz. The prime focus of the parabolic primary mirror is directed into
a receiver cabin using an elliptical secondary mirror. The C-band receiver we used for our
observations is mounted in this receiver cabin. The unblocked aperture diameter is 100 m, so
the beam size for our observations was between 1.8 and 2.8 arcmin, depending on frequency.
The VEGAS back-end electronics used to measure the spectra are housed in a laboratory
approximately 2 km from the telescope.

A schematic of the receiver and the digital spectrometer we used for this study is shown
in Figure 3.1. The telescope first feeds a corrugated horn. An orthomode transducer (OMT)
at the back of the horn splits the sky signals into two polarizations (polarization X and
polarization Y). The two outputs of the OMT are routed to a cryogenic stage that is cooled to
approximately 15 K. At this cryogenic stage, directional couplers are used to insert calibration
signals from a noise diode. These calibration signals were switched on and off during our
observations to help monitor time-dependent gain variations. The sky signals were then (i)
amplified with a cryogenic low-noise amplifier (LNA), (ii) band-pass filtered, (iii) amplified

a second time with a room-temperature amplifier, (iv) mixed down in frequency, and (v)
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Figure 3.2: Left: The “daisy” scan pattern used for our observations. Five minutes of
pointing data are plotted as an example to show the three “petals.” A full cycle is completed
every 25 minutes. The scan strategy densely fills in a circle of radius 1.5°. Right: Map
of the total integration time per pixel for our observations. The pixels are 1’ x 1/, and the
median integration time per pixel is 0.4 s. Note that the color bar uses a log scale.

routed to the laboratory via optical fibers.

In the laboratory, the signals were split into four banks: Bank A, B, C, and D. Each
bank used its own hardware chain to measure the spectrum of that bank. For clarity, only
one of the four spectrometer chains is shown in Figure 3.1. The spectral band for each bank
is determined by mixing up the signal in that bank using a tunable local oscillator (LO)
and then band-pass filtering. The chosen LO frequency ultimately defines the spectral band.
The pass band of the filter is between 8.50 and 10.35 GHz. The signals were then mixed
down using a fixed 10.5 GHz LO. At this stage, each bank has 1.85 GHz of bandwidth. The
signals were then (i) amplified, (ii) low-pass filtered to avoid aliasing (edge at 1.5 GHz), and
(iii) sampled at 3 Gsps with an 8-bit analog to digital converter (ADC) that is connected
to a Reconfigurable Open Architecture Computing Hardware 2 (ROACH2) board'. The
ROACH2 board uses a field-programmable gate array (FPGA) to compute the spectrum of
the sampled data. Each bank has 16,384 raw spectral channels that are each 91.552 kHz
wide. Spectra are integrated in the ROACH2, and one average spectrum is saved to disk

every 40 ms. In the following sections, we use the term ADC count to refer to the power

Thttps://casper.berkeley.edu/
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measurement in each filter bank channel. The spectral banks are defined in Table 3.1.

3.2.2 Scan Strategy and Calibration

Our GBT observations were conducted in April and June of 2017. Ten total hours of mapping
data were collected during observing sessions on April 5, April 10, and June 4. Eight total
hours of polarization calibration data were collected on April 3 and June 3. We refer to these
as Sessions 1 through 5 chronologically, so Sessions 1 and 4 are the polarization calibration
sessions, and Sessions 2, 3, and 5 are the mapping sessions. At the beginning of each session,
the system temperature was measured. For our five sessions, the mean system temperature
was 19.5 £ 1 K.

We chose to use the “daisy” scan strategy available at GBT, which is typically used for
MUSTANG mapping observations [179]. The daisy scan traces out three “petals” on the sky
every 30 seconds (see Figure 3.2). Every 25 minutes, this scan strategy completes a full cycle
densely covering both the innermost and the outermost portions of a nearly circular region.
This approach works well with our map-making algorithm (see Section 3.3.3) because map
pixels are revisited and sampled multiple times. Given that we want a densely sampled map,
we scanned GBT close to the speed and acceleration limits of the telescope? and were able

to observe a nearly circular region 3.0° in diameter centered on G107.2+5.20. Our maximum

1 1

scan speed was 21.6 arcmin s~', and the root mean squared (RMS) speed was 10 arcmin s~'.
The scan pattern is calculated in an astronomical coordinate system to ensure the center is
always on G107.2+5.20.

To convert our measurements into flux units, we calibrated using observations of 3C295.
3C295 is an unpolarized radio galaxy that has a power-law-with-curvature spectrum [222,
216]. To mitigate the effects of any gain fluctuations, we switched the noise diode on and off at

25 Hz during all observations. With this approach, every other spectrum output by VEGAS

was a measurement of the noise-diode spectrum. By comparing the noise-diode spectrum

2The maximum scan speed for GBT is 36 arcmin s~! in azimuth and 18 arcmin s~! in elevation. The

maximum acceleration is 3 arcmin s~2, and it is only possible to accelerate twice per minute.
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Table 3.2: Data sets used in this study. We used a circular aperture with a radius of 45’ to
determine the spectral flux density (SFD).

Experiment Frequency Beam FWHM  Aperture SFD  Reference
[GHz| [arcmin] [Jy]
CGPS 0.408 2.8 17.0£3 [303]
Reich 1.42 36.0 18.9+2 [251]
GBT (Bank A) 4.575 2.75 18142 This work
GBT (Bank B) 5.625 2.24 17.5+£2 “r
GBT (Band C) 6.125 2.05 17.7£2 “r
Planck 28.4 32.3 30.3+1 [234]
Planck 44.1 27.1 26.8 +1 “r
Planck 70.4 13.3 26.1 +1 “r
Planck 100 9.7 - “r
Planck 143 7.3 88.7+5 “r
Planck 217 5.0 - “n
Planck 353 4.8 1,550 £ 70 “r
Planck 545 4.7 5,190 + 200 “r
Planck 857 4.3 18,100 £ 700 “r
DIRBE 1249 39.5 44,000 =+ 1,000 [131]
DIRBE 2141 40.4 74,600 £ 2,000 “r
DIRBE 2997 41.0 41,900 + 800 “r
IRIS (100 pm) 3000 4.3 - [205]
IRIS (60 pm) 5000 4.0 - “r
IRIS (25 pm) 12000 3.8 - “r
IRIS (12 pum) 25000 3.8 - “r

to the 3C295 spectrum, we calibrated the measured G107.245.20 spectra to the 3C295

calibration spectrum at every point in time during the observation session. To calibrate

the noise diode into flux units, at the beginning and end of each observation session we

pointed the antenna directly at 3C295 and collected data for two minutes. We then pointed

1 degree in RA away from 3C295 and collected two minutes of data. These on-source/off-

source measurements yielded the desired calibration spectrum, which was measured relative

to the background. Note that we assume the the on-source measurement includes signal from

3C295 plus the unknown background, while the nearby off-source measurement includes only

the background signal.
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3.2.3 Ancillary Data

To measure the spectral flux density of the AME region G107.245.2 and to inspect its
morphology at different frequencies we compiled data from a range of observatories. A list of
all the data sets used in our study is given in Table 3.2. Data processing and unit conversions
are required for each data set as described below.

For the radio observations we used the Canadian Galactic Plane Survey (CGPS) data [295,
303] at 408 MHz as well as the Reich all sky survey at 1.420 GHz [252, 249, 251]. The CGPS
map was produced using Haslam data [128, 129, 254, 255], which is widely used to trace
synchrotron and optically thin free-free emission on 1 degree angular scales. The CGPS
data® has arcminute resolution, which is useful for morphological comparisons. To convert
from thermodynamic units to flux units we used the Rayleigh Jeans approximation,

21/2]{73

I Tp x Q, x 10% (3.1)

where v = 408 MHz for the CGPS data and 1.420 GHz for the Reich data, and €, is
the solid angle of a pixel in steradians. This conversion brings the maps into spectral flux
density units (Jy pixel™!). The Reich data required a calibration correction factor of 1.55
to compensate for the full-beam to main-beam ratio, based on comparisons with bright
calibrator sources [250]. We included an estimated 10% calibration uncertainty on all the
radio data.

We used Planck observations for measurements between 30 and 857 GHz [234]. To convert
Planck data from Kcyp to spectral radiance we used the Planck unit conversion and color
correction code available on the Planck Legacy Archive*. Note that molecular CO lines have
biased the 100 and 217 GHz Planck results, so these points are not included in the model
fitting (see Section 3.4).

Far-infrared information was provided by IRIS (improved IRAS) and DIRBE data [205,

3The CGPS data is available online at http://www.cadc-ceda.hia-iha.nrc-cnre.ge.ca/en/cgps/
4https:/ /pla.esac.esa.int/pla/
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131]. For our spectrum analysis we only used the DIRBE data up to 3 THz because of
complexities from dust grain absorption and emission lines at higher frequencies. The IRIS
data was used for morphological comparisons only (see Section). We applied color corrections
to the DIRBE data according to the DIRBE explanatory supplement [131]. For this analysis
we did not use Haslam or WMAP [29] data due to the low spatial resolution of those datasets.
However we did check that our aperture photometry results using CGPS and Planck were

consistent with the results using Haslam and WMAP.

3.3 GBT Data Analysis

The data processing algorithm consists of five steps: (i) data selection, (ii) noise diode
calibration, (iii) data calibration, (iv) map making, and (v) aperture photometry. Each of
these steps is described in the subsections below. The time-ordered data from each mapping
session are processed with steps (i), (ii), (iii), and (iv). Data from Sessions 3 and 5 are
processed with step (v). The results presented in this Chapter come from data collected
during Session 5, which was 4.5 hours long. The data from Sessions 2 and 3 are used for
jackknife tests. The mapping observations are stored in files containing 25 minutes of data
arranged in 5 minute long segments. Some of the steps in the data processing algorithm

operate on these 5 minute long segments.

3.3.1 Data Selection

Parts of the data sets are corrupted by radio frequency interference (RFT), transient signals,
and instrumental artifacts. These spurious signals need to be removed before making maps.
The transient signals and instrumental artifacts are excised by hand after inspection. To find
RFT corrupted spectral channels we search for high noise levels and non-Gaussianity using
two statistics: the coeflicient of variation and the spectral kurtosis [211]. The RFI removal

techniques based on these statistics are described below.
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The subscript v denotes the frequency channel index and ¢ denotes the time index. For
example, &, is data in ADC counts in frequency channel v at time ¢.

For each 5 minute long data segment, we calculated the coefficient of variation in each
spectral channel, which is the the inverse signal-to-noise ratio (NSR,). This statistic finds
spectral channels with persistently high noise levels. We define the mean and the standard

deviation in time per channel as

Ko = <€V7t>t (32)
Oy = <(£u,t - :uu)2>t> (33)

therefore
NSR, = 2. (3.4)

We masked channels with NSR, greater than 7.5 times the median absolute deviation of
the NSR,. We empirically chose this cutoff level because it corresponds to approximately
50 and effectively detects outliers. In addition, we calculated the spectral kurtosis (or the
fourth standardized moment),

<(fv,t - Nu)4>t

K, = 4 3.5
(e — )2’ 39

This statistic finds channels with non-Gaussian noise properties. Again we mask spectral

channels with K, greater than 7.5 times the median absolute deviation of K.

Finally, we only used the selected bandwidth that is listed in Table 3.1 for each bank
because at the spectral bank edges the band-pass filters in the receiver (see Figure 3.1)
attenuate the sky signals and the gain is low. In total, for Banks A, B, and C in Session 5,
0.7% of the bandwidth-selected data was excised because of RFI contamination, 2% was
excised because of transient signals, and 7% was excised because of instrumental artifacts.
The signal-to-noise ratio (SNR) for Bank D was low so the data in this bank was ultimately

unusable.
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Figure 3.3: Equivalent spectral flux density (SFD) of the noise diode. The noise diode
brightness was calibrated on 3C295 at the beginning (red) and end (blue) of Session 5. The
amplitude of the noise-diode spectrum used for calibration is very stable in time throughout
the observations. The RMS of the difference between the two calibrations during Session 5
over banks A to C is 30 mJy, approximately a 1% difference. The full bandwidth of Bank A
through D is shown in black, and the selected bandwidth for Bank A, B, and C is shown in
green (see Table 3.1).

3.3.2 Calibration

To convert the mapping data from ADC units to spectral radiance (Jy sr™!), we first calibrate
the noise diode using the point source 3C295 and then calibrate the mapping data using the
noise diode (see Section 3.2.2). The point source observations take place at the beginning
and the end of the observing sessions, and they allow us to convert the data to Janskys. The
noise diode is flashed at 25 Hz during both the point source and the mapping observations,
so the noise diode is used as a calibration signal to track gain stability. The assumptions

are the noise diode spectrum is stable in time and the gain is linear as a function of signal
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brightness over the observing session.
In this subsection, we now define x as calibration data while pointing away from 3C295
(off-source), y as calibration data while pointing at 3C295 (on-source), and z as mapping

data, scanning G107.245.2. We use the superscripts on or of f to denote whether the noise

on

o is off-source calibration data at time ¢ for channel v

diode is on or off. For example, x
while the noise diode is on. We calculated the average noise diode level in a spectral channel
as

D, = (2% — 2%, (3.6)

v,t v,t

which has units of ADC counts. We computed the average source level in a spectral channel

as

Sy = (k! =il ), (3.7)

which also has units of ADC counts. Both D, and S, were averaged over two minutes, which
was the total duration of the point source calibration observations. The noise diode signal

was calibrated using the known spectral flux density of 3C295 [222] in the following way:
P,=-—D,. (3.8)

Here P, is the calibrated noise diode signal in units of Janskys (see Figure 3.3) and I, is
the spectral flux density of 3C295. We then used P, to calibrate the mapping data z into
Janskys.

Let 27 and z%f be the mapping data at time ¢ and frequency channel v with the noise

diode on and off, respectively. We calculated the inverse receiver gain

P,
Gl, = o off\ (39)
<Z3;rl]€ - Zy,t >t

which has units of Janskys per ADC count. G, was calculated for every 5 minute long data

segment. When making maps of diffuse sky signals we divide the data by the beam solid
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Figure 3.4: Maps of the AME region centered on G107.24-5.2. The left column shows the
destriped maps (see Section 3.3.3) and the right column shows the estimated uncertainty
map. The top, middle, and bottom rows correspond to Bank A, B, and C, respectively.
The star-forming region, S140, is the bright feature located at (I, b) = (106.80°,45.31°), and
G107.245.20 is the center of each map. The aperture (inside the red circle) and annulus
(between the black circles) for photometry are shown in the Bank C map. The stripes in the
uncertainty maps come from the visible stripes in the integration time map (see Figure 3.2),
and they are not map-making artifacts. The peak SNR is 40, 36, and 26, and the median
SNR inside the photometry aperture is 3.2, 2.6, and 1.9 for Bank A, B, and C, respectively.
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angle,
T

Q, = FWHM?. 1
4log 2 v (3.10)

Here, FWHM,, is the beam full-width at half-maximum at the frequency channel v and
we assume a Gaussian beam profile. The FWHM values for the center frequencies of the

four Banks are given in Table 3.1. The calibrated time-ordered mapping data were then

G, 2257
= “ A1

which have units of spectral radiance (Jy sr~!). The average is taken over the selected

calculated as

bandwidth in a given spectral bank (see Table 3.1) after data selection (see Section 3.3.1).

3.3.3 Map Making

Variations in the gain and system temperature of a receiver result in a form of correlated
noise that is often referred to as 1/f noise. To separate the sky signal from the 1/f noise
we implemented a form of the destriping map-making method as described in Delabrouille
[81], Sutton et al. [289, 290]. The aim of the destriping map-making method is to solve for
the 1/ f noise in the time-ordered data as a series of linear offsets. To do this the time-ordered

data from a receiver system is defined as

d=Pm+Fa+n,, (3.12)

where the m is a the map vector of the true sky signal, P is the pointing matrix that
transforms pixel locations on the sky into time positions in the data stream, Fa describes
the 1/f noise linear offsets and n,, is the white noise vector. For our GBT data, the d is
populated with d;, which is the calibrated time-ordered data for a spectral bank given in

Equation 3.11.
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Solving for the amplitudes of the 1/f noise linear offsets (a) requires minimizing
Y)=(d-Pm—-Fa)'N!'(d-—Pm—-Fa), (3.13)

where N is a diagonal matrix describing the receiver white noise. By minimizing derivatives
of Equation 3.13 with respect to the sky signal m and 1/f noise amplitude a, it is possible

to derive the following maximum-likelihood estimate for the amplitudes
a=(F'Z'"N'zZF) 'FTZ"N"'Zd (3.14)
Here, we have made the substitution
Z=1-P(PTN'P) PN (3.15)

Once the 1/f noise amplitudes have been computed the, 1/f noise can be subtracted in the

time domain, and the sky map becomes
m=(PTN"'P)"'PTN"! (d—Fa), (3.16)

which is a noise weighted histogram of the data.

For our GBT observations a linear offset length of 1 second was chosen, which removes
1/ f noise on scales larger than 10’. The noise weights for each data point were calculated by
subtracting neighboring pairs of data and taking the running RMS within 2-second chunks of
the auto-subtracted data. The destriped sky maps and the associated uncertainty-per-pixel

maps for Bank A, B, and C are shown in Figure 3.4.
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Figure 3.5: Mean spectral radiance per pixel as a function of radial distance from
G107.2+5.20 for the Bank A map shown in Figure 3.4. The histogram bins are annuli 2" wide
centered on G107.2+5.20. The zero-point annulus and the aperture radius are highlighted.

3.3.4 Aperture Photometry

We used aperture photometry [230, 119] to measure the spectral flux density (Jy) of the
AME region centered on G107.2+5.2. This analysis used seventeen total maps including
our GBT maps and maps from CGPS, Reich, Planck, and DIRBE (see Table 3.2). This
aperture photometry procedure involves five key steps. First, we removed a spatial gradient
and smoothed all the maps in the study to a common resolution of 40’ by convolving the

maps with a two-dimensional Gaussian with

FWHM = /(40')2 — ©2, (3.17)
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Table 3.3: Measured spectral flux density in an aperture 45 in radius centered on
G107.2+5.20. Here, o, is the random error from noise in the measurement, o, is the system-
atic error from uncertainty in the calibration, and o; is the total uncertainty. These points
are plotted in Figure 3.6 and 3.7.

Bank v, Aperture SFD o, O oy
[GHz] [Jy] [yl [y] [Jy]
A 4.575 18.09 0.08 1.81 1.81
B 5.625 17.51 0.10 1.75 1.75
C 6.125 17.75 0.15 1.78 1.79
D 7.175 32.39 0.77 3.24 3.33

where © is the beam FWHM of each data set. The common 40’ resolution is set by DIRBE,
which has the largest beam of all of the data sets used in this study. The beam sizes are
given in Table 3.2. Second, we integrated the spectral radiance over the solid angle of a map

pixel Q,, to convert the units to Jy pixel™!. For our GBT maps,

Q, = s (3.18)

where s, = 1’ is the length of the side of each square pixel in the map. Third, the map offsets
needed to be subtracted because the aperture photometry technique references a common
zero point among all the maps. We determined this zero point by calculating the median
value of all the pixels in an annulus with an inner radius of 60’ and an outer radius of 80’
centered on G107.2+5.2. We found the results do not strongly depend on the precise annulus
dimensions as long as it is away from the aperture and within the boundaries of our maps
(see Figure 3.5). Fourth, we summed all the pixels inside a circular aperture with a radius
of 45" centered on G107.24+5.2 to get the spectral flux density of the AME region. The
aperture radius we chose is well matched to the map resolution after smoothing. Fifth, we
estimated the uncertainty in the aperture spectral flux density by computing the standard
deviation of the pixel values in the annulus and propagating this uncertainty through to
each pixel within the aperture. See Equations 4 and 5 in Génova-Santos et al. [118]. An

additional systematic error for the GBT data was estimated using jack-knife tests of the
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mapping data taken on different days. We found a 10% variation from this jack-knife test
and included this as a systematic uncertainty (see Table 3.3). A breakdown of the statistical
and systematic uncertainty of the spectral flux density measurements from our GBT maps
is listed in Table 3.3. The spectral flux density values from all maps computed with this
aperture photometry technique are listed in Table3.2 and plotted in Figures 3.6 and 3.7. All
of the maps and the smoothed versions of the maps are shown in Figures 3.10, 3.11, and

3.12.

3.4 Results

To understand the emission mechanism in the G107.2+5.2 AME region, we fit model spectra
to the data points from our aperture photometry analysis. These models are composed of
CMB, thermal dust emission, optically thin free-free emission, and one AME component.
The AME component is either spinning dust emission or optically thick free-free emission.
These component models are the same used in Planck Collaboration et al. [230]. We fit the
models to the data using the affine invariant Markov chain Monte Carlo (MCMC) ensemble
sampler from the emcee package [112], which gives model parameter values and parameter
posterior probability distributions. The maximum-likelihood parameter values are given in
Table 3.5 and the marginalized posteriors are plotted in Figures 3.8 and 3.9. A physical
description of the model components is given below in Section 3.4.1, and the functional form
of each model component is given in Table 3.4. We also compare the angular morphology of
all the maps, which are plotted in Figures 3.10 to 3.14. Our interpretation of the results is

given in Section 3.4.3.
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Figure 3.6: Spectral flux density for G107.2+5.2. The aperture radius used for each point in
the spectrum is 45" with the zero-point annulus extending from 60’ to 80’ (see Section 3.3.4).
The data points in black come from CGPS, Reich, Planck, and DIRBE (see references in
Table 3.2). Our new data points from this GBT study are shown in red. The gray points
are from Planck (100 and 217 GHz), but contain known CO contamination and are not used
in the fit. The solid curves correspond to the best-fit foreground models. These models
include optically thin free-free emission, thermal dust emission, the CMB, and one AME
component. If the included AME component is spinning dust, then the best-fit model is the
blue curve. If the included AME component is UCHII free-free, then the best-fit model is
the orange curve. The fractional residuals for both models are shown as well (blue points
for the spinning dust and orange points for the UCHII fractional residuals). The foreground
models are given in Table 3.4, and the best-fit model parameters are given in Table 3.5. A
close-up view of the result between 300 MHz and 200 GHz is shown in Figure 3.7.
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3.4.1 Emission Mechanisms

Free-Free

Free-free emission is electron-ion collision radiation in our Galaxy, typically in HII regions.
The model we used in this study was derived by Draine [90]. We used the same model for
optically thin and optically thick free-free emission. The optically thin free-free emission
is the diffuse signal commonly considered in CMB foreground analyses, while the optically
thick free-free emission, which could be the source of the AME signal, has a much higher
emission measure and is spatially compact. In both cases we found the spectrum is very
weakly dependent on the electron temperature, and therefore we set it to the commonly
used value of 8000 K. Since the optically thick signal is compact, we do not resolve it,
and an additional solid angle parameter is added to the model to account for the size of the
compact region. HII regions of the size and density we are considering are typically classified
as ultra compact, so in this Chapter we commonly call the optically thick free-free emission
UCHII. The difference between the optically thin and the optically thick spectra is shown in

the right panel of Figure 3.7.

Thermal Dust

Thermal dust emission is the dominant radiation source above approximately 100 GHz. The
model we used is a modified blackbody spectrum with a power law emissivity. The dust
grain properties can widely vary, which is accounted for by the emissivity power law. This
results in the 3-parameter modified black body spectrum we used. In principle, several
different grain populations at different temperatures may be present in the G107.245.2
region and could be described by the inclusion of several modified blackbody spectra with
different parameters. The presence of the star forming region S140 as well as the surrounding
diffuse emission indeed could harbor grains at different temperatures, but the high-frequency

data does not allow us to constrain multiple modified blackbody models and a model with
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a different dust temperature would only affect the dust SFD at higher frequencies above
100 GHz. Additionally, the DIRBE beam size is 40’ which does not allow us to spatially

identify different regions within the beam.

CMB

The temperature of the CMB varies between our annulus and aperture because of the angular
anisotropy. To account for this fact we included a CMB spectrum in our fit described by
the first derivative of a blackbody with respect to the temperature. The amplitude of this

derivative spectrum is a free parameter.

Spinning Dust

We used the spinning dust template from the Planck analysis [230], that is derived from
the SPDust code [11, 275] using the warm ionized medium (WIM) spinning-dust parame-
ters. The free parameters in the model are the amplitude and peak frequency. Spinning
dust emission is typically correlated with thermal dust emission because the two signals are
produced by the same dust grains. We searched for radio/infrared map-domain correlations
(see Section 3.4.2), but this study was limited by the comparatively low resolution of the

28 GHz Planck data.

Other

We considered but ruled out other AME models including hard synchrotron radiation and
thermal magnetic dust emission. Hard synchrotron radiation has a falling spectral flux
density, which was ruled out because the spectrum would have to be increasing instead
to produce the observed excess near 30 GHz. Note that we did not include conventional
synchrotron radiation in our analysis for two reasons. First, synchrotron radiation is not
expected to vary appreciably on scales less than 1 degree, so it would appear as an offset

in the map and should not effect the detected signal morphology. Second, the shallowness
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Table 3.5: Best-fit AME parameter values for an aperture region 45" in radius. The associated
models are given in Table 3.4, and the posteriors are plotted in Figures 3.8 and 3.9.

UCHII Model

EMDiffuse E1\/[UCHII HUCHH AD BD TD ACMB
[em™pe]  [em™®pc]  [aresec]  [uK] [—] [K] [ K]
30072 5.27+25 % 108 2497047 1160+20  1.8370957  20.0t03°  —20.97%

Spinning Dust Model

EMbpiffuse Asp Vp Ap Bp Ty AcmB
[em™pc] [1K] [GHz]  [pK] [—] [K] [1K]
3397116 138015 30.971% 1110737 1.9479057  19.4%05% 142730

of the measured spectrum below approximately 10 GHz is not consistent with the common
B =~ —1 spectral index in Jansky units [235], so if there is any background synchrotron
radiation, then it has to be negligible. Thermal magnetic dust is a possible AME source,
but this signal is expected to have a spectrum that peaks near 70 GHz [85, 94|, so it can not

produce the observed excess near 30 GHz.

3.4.2 Maps and Spatial Morphology

Our GBT maps show diffuse emission inside the photometry aperture, which extends out
to approximately 45 away from G107.245.2 (see Figure 3.4). This diffuse emission spa-
tially correlates very well visually with the high resolution CGPS data at 408 MHz. Inside
the photometry aperture we see the star forming region S140, a diffuse cloud centered on
G107.245.2 (hereafter the cloud), and one bright radio point source. Outside the photome-
try aperture, we also detected three additional bright radio point sources and several other
point sources with low SNR.

The diffuse emission centered on G107.2+5.2 appears in all of the maps from 408 MHz
up to 100 GHz. This seems to indicated that this emission is diffuse free-free plus possibly
AME near 30 GHz. Above 100 GHz the diffuse signal in this region is faint when compared
with the signal from S140. This seems to indicate S140 contributes the majority of the

thermal dust emission that appears in the measured spectrum. Since S140 appears all the
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way down to 408 MHz, this seems to indicated that it contains a range of signals because
thermal dust emission should be negligible below 70 GHz and effectively zero below 10 GHz

(see Figure 3.7).

3.4.3 Interpretation of Results

The spectrum shows a clear deviation from a simple model consisting of only optically thin
free-free emission and thermal dust emission near 30 GHz indicating there is AME somewhere
in the region defined by our photometry aperture. The AME could be either in S140 or in
the cloud or both. Given the varied angular resolutions of all of the data in this study —
in particular the coarse resolution at 28 GHz — it is difficult to say which case is correct.
Our GBT measurements near 5 GHz suggest the signal from the cloud is predominantly
optically thin free-free emission. Therefore, viable AME models must rapidly rise above
approximately 5 GHz, peak near 30 GHz, and then remain sub dominant to thermal dust
emission above 100 GHz. Models based on both the spinning dust signal and the UCHII
signal match this description. However, this new information puts a tighter constraint on
the angular size and emission measure of viable UCHII AME scenarios.

Fitting the combined model with the UCHII AME component to the observed spec-
trum results in a best-fit emission measure of 5.27172 x 10® cm~%pc and an angular size of
2.49%5497 arcseconds. Given that S140 is 910 pc away, the angular size from the fit corre-
sponds to an HII region with a physical extent of 1.01753} x 1072 pc. Note that an UCHII
region of this size and emission measure might be better classified as a hyper-compact HII
region [208]. High-resolution, interferometric measurements of S140 at 15 GHz from AMI
did indeed reveal a rising spectrum but did not conclusively resolve any UCHII regions and
the AMI collaboration concluded the AME signal is likely from spinning dust [223]. Our
spectrum fit suggests that, if it is present, we have enough sensitivity to see the UCHII signal

in our GBT maps, however our maps do not conclusively show compact discrete sources in

the the cloud. Therefore, if the AME signal is from UCHII emission in the cloud, then it
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seems there must be multiple UCHII sources that together look like the single diffuse region
we detected.

The combined model with the spinning dust AME component also explains the AME
excess. The best-fit model gives a spinning-dust peak frequency of 30.9 + 1.4 GHz, with
a peak amplitude of 15.27}8 Jy. Spinning dust should correlate well with thermal dust
emission. The spinning-dust AME signal could be from S140, where there is obviously a
significant amount of thermal dust emission, or it could be from the cloud or both. However,
the Planck maps show that any thermal dust emission in the cloud is small. Therefore, if
the AME is from spinning dust it seems likely that it is coming from S140. The resulting
emission at 28 GHz is then both spinning dust emission emanating from around S140 and
optically thin free-free emission from the diffuse cloud present at 28 GHz. The comparatively
low angular resolution of the 28 GHz map results in the bright region over both S140 and

the cloud as seen in Figure 3.10. To estimate the relative goodness-of-fit between the two

models we calculated the Akaike Information Criteria [7] (AIC),

AIC = 2k — 2In(L), (3.19)

where k is the number of model parameters (7 in both cases) and L is the maximum value
of the likelihood function. The AIC is an estimate of information loss and is used to select
between two models, but does not reveal information on the absolute quality of the models.
We found for the spinning dust model AIC = 54 and for the UCHII model AIC = 70. The
AIC relative likelihood estimated that the UCHII model is 0.04% as likely as the spinning
dust model to minimize the information loss and therefore strongly favors the spinning dust

model.
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Figure 3.7: Data and best-fit models plotted between 300 MHz and 200 GHz. As in Fig-
ure 3.6, the models include diffuse free-free emission, thermal dust emission, the CMB, and
one AME component — either spinning dust (left) or UCHII free-free (right). The residuals
for both models are shown as well. The foreground models are given in Table 3.4, the best-fit
model parameters are given in Table 3.5, and the posteriors are plotted in Figures 3.8 and
3.9.

3.5 Discussion

The goal for this study was to determine the AME mechanism in the G107.2+5.2 region.
Our measurements are consistent with and further support the spinning dust scenario, and
they conclusively ruled out some of parameter space for the UCHII scenario. Additional
measurements are needed to concretely determine the emission mechanism.

High angular resolution measurements near 30 GHz are ideal. Ku-band (12.0 to 15.4 GHz)
observations at GBT, for example, would provide valuable spectral information where the
AME signal rises. If the AME signal is in fact from spinning dust, then polarization measure-
ments in Ku band could convincingly reveal the polarization fraction of this spinning-dust
signal. Additionally, the angular resolution in Ku band would be higher, providing a better
view of the morphology of the region. Our original project proposal requested both C-band
and Ku-band observations. Unfortunately, the Ku-band receiver was not available in the
17A semester at GBT when we observed. Therefore, we are planning a follow-up observing
proposal for these Ku-band observations.

High resolution H-alpha measurements would also help because H-alpha is a tracer of

free-free emission. We investigated the Finkbeiner composite H-alpha map that uses data
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from the Wisconsin H — o Survey and Virginia Tech Spectral Lines Survey [105]. However,
in the G107.245.2 region the resolution of the survey is approximately 1 degree, which makes

spatial comparisons difficult, and significant dust extinction is present.

3.6 Conclusions

In this study, we performed follow-up C-band observations of the region G107.2+5.2 and fit
two potential AME models to the resulting spectra to explain the excess microwave emission
at 30 GHz. We find that spinning dust emission or optically thick free-free emission can
explain the AME in this region. Additional studies including higher spatial resolution data
between 10 and 30 GHz as well as high resolution H-alpha data are necessary disentangle the
two emission mechanics. Our analysis of the C-band polarization data are ongoing. We also
plan to look at radio recombination lines between 4-8 GHz, using the high spectral resolution

of the GBT data.

3.7 Parameter Posterior Distributions and External Maps

In this section we show the posterior probability distributions from the spectral flux density
model fits (see Section 3.4) and all of the maps used in this study. The posteriors are shown
in Figures 3.8 and 3.9, and the associated maximum-likelihood model parameter values
are given in Table 3.5. The maps are shown in Figures 3.10 to 3.14. The left column of
Figure 3.11 shows the Bank A, B, and C maps from this GBT study. These three maps are
the same three maps shown in the left column of Figure 3.4, but smoothed with a 10’ FWHM
beam to remove noise and point sources. A contour plot of the smoothed Bank A map in
this Figure (the top left panel) is overplotted on all of the maps in Figures 3.10 to 3.14
for a morphological comparison. This Bank A contour plot clearly shows S140 and the
AME cloud centered on G107.2+5.2. The right column of Figures 3.10 to 3.12 shows the

associated map in the left column smoothed to a resolution of 40/; the photometry aperture
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and the zero-point annulus are overplotted for comparison. The aperture photometry details
are given in Section 3.3.4). For a morphological comparison (see Section 3.4.2), the nine

highest-frequency maps (143 GHz to 25 THz) are shown in Figures 3.13 and 3.14.
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Figure 3.8: Posterior from fit using the spinning-dust model. The foreground models are
given in Table 3.4, and the best-fit model parameters are given in Table 3.5.
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Table 3.4, and the best-fit model parameters are given in Table 3.5.
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Figure 3.10: Maps used in this study. The left column shows the map with contours from
our Bank A (4.575 GHz) map oveplotted for comparison. There are 12 contours from light
to dark evenly spaced between -0.10 MJy sr~! and 0.1 MJy sr~! The right column shows the
map on the left smoothed to 40’ resolution. Here, the aperture (circle 45" radius) and the
zero-point annulus ( 60" to 80') are overplotted. From top to bottom, the rows are CGPS
(0.408 GHz), Stocker (1.42 GHz), and Planck (28 GHz). Maps in each column are plotted
with the same color scale for straightforward comparison. References are given in Table 3.2.
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Figure 3.11: Maps used in this study. The left column shows the map with contours from
our Bank A (4.575 GHz) map oveplotted for comparison. The right column shows the map
on the left convolved with a 40" Gaussian. Here, the aperture (circle 45" radius) and the zero-
point annulus ( 60’ to 80') are overplotted. From top to bottom, the rows are GBT Bank
A (4.575 GHz), GBT Bank B (5.625 GHz), and GBT Bank C (6.125 GHz). Maps in each
column are plotted with the same color scale for straightforward comparison. References are
given in Table 3.2.
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Figure 3.12: Maps used in this study. As in Figure 3.10, the left column shows the given
map with our GBT contours oveplotted for comparison, while the right column shows the
map on the left convolved with a 40’ Gaussian. Again, the aperture (45" radius) and the
zero-point annulus ( 60" to 80') are overplotted. From top to bottom, the rows are Planck
44 GHz, Planck 70 GHz, and Planck 100 GHz. Maps in each column are plotted with the
same color scale for straightforward comparison. References are given in Table 3.2.
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Figure 3.13: Morphological comparison between our GBT maps and the Planck maps be-
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in Table 3.2.
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Figure 3.14: Morphological comparison between our GBT maps and the IRIS maps between
3 THz and 25 THz. Top Row: IRIS 3 THz and 5 THz maps. Middle Row: IRIS 12 THz
and 25 THz maps. The overplotted contours come from our Bank A (4.575 GHz) GBT map.
References are given in Table 3.2.
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Chapter 4

Prospects for Measuring CMB
Spectral Distortions in the Presence

of Foregrounds

Measurements of cosmic microwave background spectral distortions have profound implica-
tions for our understanding of physical processes taking place over a vast window in cos-
mological history. Foreground contamination is unavoidable in such measurements and de-
tailed signal-foreground separation will be necessary to extract cosmological science. In this
Chapter, we present MCMC-based spectral distortion detection forecasts in the presence of
Galactic and extragalactic foregrounds for a range of possible experimental configurations,
focusing on the Primordial Inflation Explorer (PIXIE) as a fiducial concept. We consider
modifications to the baseline PIXIE mission (operating ~ 12 months in distortion mode),
searching for optimal configurations using a Fisher approach. Using only spectral informa-
tion, we forecast an extended PIXIFE mission to detect the expected average non-relativistic
and relativistic thermal Sunyaev-Zeldovich distortions at high significance (1940 and 110, re-
spectively), even in the presence of foregrounds. The ACDM Silk damping p-type distortion

is not detected without additional modifications of the instrument or external data. Galactic
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synchrotron radiation is the most problematic source of contamination in this respect, an
issue that could be mitigated by combining PIXIE data with future ground-based observa-
tions at low frequencies (v < 15 — 30 GHz). Assuming moderate external information on
the synchrotron spectrum, we project an upper limit of |u| < 3.6 x 1077 (95% c.1.), slightly
more than one order of magnitude above the fiducial ACDM signal from the damping of
small-scale primordial fluctuations, but a factor of ~ 250 improvement over the current up-
per limit from COBE/FIRAS. This limit could be further reduced to |u| < 9.4 x 1078 (95%
c.l.) with more optimistic assumptions about extra low-frequency information and would
rule out many alternative inflation models as well as provide new constraints on decaying

particle scenarios.

4.1 Introduction

Spectral distortions of the cosmic microwave background (CMB) are one of the next fron-
tiers in CMB science [64, 283, 292, 274, 56, 80]. The intensity spectrum of the CMB was
precisely measured by COBE/FIRAS over two decades ago [192, 108] and is consistent with
a blackbody at temperature 7Tj = 2.72548 £ 0.00057 K from v ~ 3 GHz to 3,000 GHz [106].
This agrees with a variety of other CMB observations including COBRA, TRIS, and AR-
CADE [123, 120, 175, 267]. These impressive measurements already place very tight con-
straints on the thermal history of the Universe [e.g., 284, 316, 151, 74], limiting early energy
release to Ap,/p, <6 x 107° (95% c.l.) relative to the CMB energy density [108, 107].
Most of our detailed current cosmological picture stems from measurements of the CMB
temperature and polarization anisotropies, which have been well characterized by WMAP [139],
Planck [232], and many sub-orbital experiments [e.g., 210, 258, 220, 253, 169, 98]. More pre-
cise measurements of the polarization anisotropies are being targeted by an array of ongoing
experiments including BICEP2/3 and the KECK array, ACTPol, SPTPol, POLARBEAR,
CLASS, SPIDER, and the Simons Array [32, 209, 170, 127, 104], all with the goal to fur-
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Figure 4.1: Spectral distortion signals compared to the PIXIFE sensitivity and foregrounds.
The signals include the CMB blackbody (blue) as well as the ACDM-predicted Compton-
y (red), relativistic SZ (cyan), and p (green) spectral distortions. The dashed and solid
curves indicate negative and positive values, respectively. The total foreground model, which
dominates over all non-blackbody signals, is shown in dotted magenta. The black points
represent the PIXIE sensitivity for the nominal and extended mission, assuming fe, = 0.7
and 12 or 86.4 months of integration time, respectively. The horizontal error bars on the
noise curve points represent the width of the 15 GHz PIXIFE frequency bins. For comparison,
the COBE/FIRAS raw detector sensitivity is illustrated by the blue dots.

ther refine our understanding of the Universe and its constituents. Measurements of CMB
spectral distortions could complement these efforts and provide access to qualitatively new
information that cannot be probed via the angular anisotropy [see 58, for an overview of the
standard ACDM distortions].

Spectral distortions are caused by processes (e.g., energy or photon injection) that affect
the thermal equilibrium between matter and radiation [314, 286, 151, 43, 142, 64, 57]. One
of the standard distortions, known as the Compton y-distortion, is created in the regime

of inefficient energy transfer between electrons and photons, relevant at redshift z < 5 x
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10%. Processes creating this type of distortion include the inverse-Compton scattering of
CMB photons off hot electrons during the epoch of reionization and structure formation
[288, 147, 248, 138], also known in connection with the thermal Sunyaev-Zeldovich (tSZ)
effect [314], but can also be related to non-standard physics, e.g., the presence of long-lived
decaying particles [262, 100, 143, 55].

Chemical potential or u-type distortions [286], on the other hand, are generated by energy
release at earlier stages (z = 5 x 10?), when interactions are still extremely efficient and able
to establish kinetic equilibrium between electrons and photons under repeated Compton
scattering and photon emission processes (i.e., double Compton and Bremsstrahlung).

The latter are particularly important at z 2> 2x 10%, leading to a strong suppression of the
distortion amplitude [e.g., 142]. Expected sources of p-distortions include the Silk damping
of small-scale acoustic modes in the early Universe [285, 73, 146, 67] and the extraction of
energy from the photon bath due to the adiabatic cooling of ordinary matter [53, 64].

The Primordial Inflation Explorer (PIXIE) is a proposed satellite mission designed to con-
strain the primordial B-mode polarization power spectrum and target spectral distortions
of the CMB [177, 178]. The instrument is a polarizing Michelson interferometer spanning
15 to 6,000 GHz with a mirror stroke length corresponding to ~ 15 GHz channels. In order
to detect the small spectral distortion signals, Galactic and extragalactic foreground emis-
sion has to be precisely modeled, characterized, and marginalized over in the cosmological
analysis. In this Chapter we forecast the capabilities of PIXIE-like experimental concepts
for detecting spectral distortions in the presence of known foregrounds, extending simpler
forecasts presented earlier [e.g., by 177, 60, 138].!

Our analysis solely considers the spectral energy distribution (SED) of the sky monopole,
relying on the spectral behavior of different components in order to separate them. In
contrast, we note that the COBE/FIRAS analysis relied on spatial information in order to

separate the extragalactic monopole from Galactic foregrounds [and the CMB dipole| [108].

IForecasts for the polarization sensitivity of PIXIE were described most recently in [45] and will not be
addressed here.
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An optimal analysis would combine spectral and spatial information, with the latter primarily
helping to isolate Galactic foregrounds. We shall leave a more rigorous assessment to future
work and for now focus on the available spectral information.

We apply a Fisher matrix approach to the fiducial PIXIFE instrument configuration, spec-
tral distortion signals, and standard foreground models to estimate uncertainties on the CMB
signal parameters. We consider a range of foreground models and vary the PIXIE mission
configuration to search for an optimal instrument setup based on the assumed sky signals.
We compare part of the results to full Monte Carlo Markov Chain (MCMC) analyses, which
do not rely on the assumption of Gaussian posteriors, finding good agreement. The consid-
ered signals and total foreground emission are illustrated in Fig. 4.1 and will be discussed in
detail below.

The Chapter is organized as follows. We describe the PIXIE mission, fiducial CMB
spectral distortions, and foreground models in Sections 4.2, 4.3, and 4.4, respectively. We
summarize the forecasting calculations in Section 4.5. The CMB-only forecast is presented
in Section 4.6. Forecasts with foregrounds are discussed in Section 4.7. We search for an

optimal mission configuration in Section 4.7.3 and conclude in Section 4.8.

4.2 PIXIE Mission Configuration

We use the nominal PIXIE mission configuration as described in [176]. (A slightly updated
concept was recently proposed? but the modifications do not significantly change the fore-
cast.) The center of the lowest frequency bin is 15 GHz, with a corresponding 15 GHz bin
width. The highest frequency bin in the nominal design is ~ 6 THz; however, due to the
complexity of dust emission at such high frequencies, we use 3 THz as the highest bin edge,
yielding a total of 200 channels for distortion science. This choice does not affect the fore-
casted uncertainties because the high-frequency foregrounds are not the limiting factor. In

addition, the spectral distortion signals cut off well below 3 THz (see Fig. 4.1).

2Al Kogut, priv. comm.
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Assuming 12 months of spectral distortion mode integration time (PIXIE will also spend
time in polarization observation mode), the noise per 1° x 1° pixel is ~ 747 Jy at low
frequencies, which we convert to Jy/sr and assume 70% of the sky is used in the analysis.
The projected noise increases at frequencies above 1 THz due to a low-pass filter in the
instrument. For most of the forecasting below, we scale the sensitivity to an extended
mission with 86.4 months of integration time (representing a 9 year mission with 80% of the
observation time spent in distortion mode), with the noise scaling down as the square root
of the mission duration. For a Fourier Transform Spectrometer (FTS) such as PIXIE, the
lowest frequency bin is set by the size of the instrument. The mirror stroke length determines
the frequency resolution. Additionally, increasing the bin width (i.e., reducing the mirror
stroke) by a multiplicative factor decreases the noise by the same factor. This is due to
the fact that the noise scales with the square root of the bandwidth and the square root of
the integration time, both of which increase when increasing the bin size. We discuss the

trade-off between frequency resolution and sensitivity in Section 4.7.3.

4.3 CMB Spectral Distortion Modeling

At the level of PIXIE’s expected sensitivity, the average CMB spectral distortion signal
can be efficiently described by only a few parameters. We model the sky-averaged spectral

radiance relative to the assumed CMB blackbody, Al,, as:
AL, = AB, + AIY 4 AT'57 L ATH + AT (4.1)

Here, AB, = B, (Tcyp) — B,(Toy) represents the deviation of the true CMB blackbody
spectrum, B, (Tcyp), at a temperature Ty = To(1 + Ar), from that of a blackbody with
temperature Ty = 2.726 K; AIY is the y-type distortion; AI' =57 is the relativistic tem-
perature correction to the tSZ distortion; AI* is the u-type distortion; and Al represents

the sum of all foreground contributions. We describe our fiducial models for these signal
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components below. The results are shown in Figure 4.1 in comparison to the PIXIE (nomi-

nal/extended mission) sensitivity and the total foreground level (described in Sect. 4.4).

Blackbody Component. The average CMB blackbody temperature must be determined
in the analysis, as it is not currently known at the necessary precision [e.g., see 60]. We work
to first order in Ar = (Toyp — To) /Ty, describing the temperature shift spectrum as

xle®

AB, ~ I,——
(e =17

Ar, (4.2)

with I, = (2h/c?) (kTy/h)? ~ 270 MJy/sr and x = hv/kTy. For illustration, we assume a
fiducial value Ap = 1.2 x 10™*, consistent with current constraints [106]. The analysis is not
affected significantly by this choice.

While simple estimates indicate that PIXIE is expected to measure Ty to the >~ nkK
level [60], an improvement over COBE/FIRAS does not immediately provide new cosmolog-
ical information simply because there is no cosmological prediction for the average photon
temperature. By comparing the local (+» current) value of Ty p with measurements at
earlier times, e.g., at recombination [232] or during BBN [280], constraints on entropy pro-
duction can be deduced [280, 155]; however, these are not limited by the current ~ mK

uncertainty of Toyp.

Cumulative Thermal SZ (y) Distortion. We adopt the model for the sky-averaged
thermal SZ signal from [138], including both the standard non-relativistic (Compton-y) and
relativistic contributions.® The Compton-y signal (tSZ) includes contributions from the
intracluster medium (ICM) of galaxy groups and clusters (which dominate the overall signal),
the intergalactic medium, and reionization, yielding a total value of y = 1.77 x 107¢ [138].
This is a conservative estimate as with increased AGN feedback larger values for y could be

feasible [80]. Note that the actual monopole y value measured by PIXIE or other experiments

3 PIXIE may also have sufficient sensitivity to constrain the sky-averaged non-thermal SZ signal, but we
do not investigate this possibility here.
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will also contain a primordial contribution in general, but this is expected to be 2-3 orders of
magnitude smaller than the structure formation contributions [67]. We furthermore assume
that the average y-distortion caused by the CMB temperature dipole, ys,, = (2.525+0.012) x
1077 [61, 58], is subtracted. The non-relativistic tSZ signal takes the standard Compton-y
form [314]:

AlY = Ig(efi—ezl)Z [x coth <§> — 4] v, (4.3)

with cross-over frequency v ~ 218 GHz.

We model the sky-averaged relativistic corrections to the tSZ signal, AI**~'9Z using the
moment-based approach described in [138], whose calculation used the results of [213] up to
fourth order in the electron temperature. For the MCMC calculations below, we generate the
signal using moments of the optical-depth-weighted ICM electron temperature distribution
of SZpack [68], with parameter values identical to those in [138], to which we refer the
reader for more details. However, at PIXIE’s sensitivity, the SZ signal can be represented
most efficiently using moments of the y-weighted ICM electron temperature distribution.
In particular, using only the first two y-weighted moments is sufficient to reproduce the
relativistic correction signal for our purpose. This is explained in more detail by [26] and
greatly simplifies comparisons to the results of cosmological hydrodynamics simulations.

While we emphasize that the fiducial signal is generated using the more accurate optical-
depth-weighted approach (in the MCMC case), the Fisher forecasts and MCMC fits below
use the y-weighted moment approach in the analysis. The two approaches are equivalent
in the limit of many temperature moments, but to reduce the number of parameters, the
y-weighted approach provides an efficient re-summation of the signal templates. We denote
the first moment of the y-weighted ICM electron temperature distribution as k7.sz. The
fiducial value is kT.sz = 1.245keV, which is recovered in noiseless estimates of the full signal
(including all higher temperature moments) for PIXIE channel settings.

One can think of all-sky SZ observations as the ultimate stacking method for SZ halos. In

foreground-free forecasts, the second moment of the underlying relativistic electron temper-
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ature distribution, w$%, is also detectable with an extended PIXIE mission (see Table 4.2).
In this case, the recovered noiseless relativistic correction parameters are k1,57 = 1.282keV
and w$%? = 1.152 (again, for default PIXIE channel settings). The spectral templates for
the relativistic tSZ signal can be expressed as

rle®

T {Yi(2) 0. + Ya(z) 62 + Ys(x) 6

(e

AIiEl_SZ — Io

+ [Yala) 02 + 3%i(2) 9] w557} (4.4

to sufficient precision for our analysis. Here, 0, = kT.57/mec? and Y;(z) are the usual
functions obtained by asymptotic expansions of the relativistic SZ signal [265, 51, 154]. By
characterizing the relativistic tSZ contribution one can learn about feedback processes during

structure formation [138, 26].

Primordial p Distortion. Chemical potential u-type distortions [286] can be generated
by many forms of energy release at redshifts 5 x 10* < 2z < 2 x 10, including decaying or
annihilating particles [e.g., 262, 143, 201, 55], the damping of small-scale density fluctuations
le.g., 285, 73, 23, 67], and injection from cosmic strings [215, 293, 294] or primordial black
holes [48, 10]. A negative p distortion is also generated by the Compton-cooling of CMB
photons off the adiabatically evolving electrons [53, 64].

Here, we assume only the “vanilla” sources exist in our Universe, in particular the u
signals from acoustic damping and adiabatic cooling [67, 58]. The latter signal is expected
to be roughly one order of magnitude smaller than the former. We adopt a fiducial value
of p = 2 x 1078, consistent with current constraints on the primordial power spectrum

(67, 60, 44, 58]. The spectral dependence of the p-distortion is given by [e.g., 67, 54]:

4., 1 1
Alﬁ = [o(e:.fel)Z |:B - ;:| M. (45)

with § &~ 2.1923. This distortion has a shape that is similar to that of the y-type distortion,
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Figure 4.2: Foreground spectral radiance relative to the CMB blackbody, AI'9, for the
components in our model (as labeled in the figure). The black points with horizontal error
bars represent the PIXIE sensitivity and bin width for the nominal and extended mission
duration, as in Figure 4.1. Galactic and extragalactic dust emission dominates at high
frequencies, but multiple components are important at low frequencies (v < 100 GHz).
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but with a zero-crossing at v ~ 125 GHz rather than v ~ 218 GHz (see Fig. 4.1). By
measuring the p-distortion parameter one can place tight limits on the amplitude of the
1

primordial power spectrum at small scales corresponding to wavenumber k ~ 103 Mpc~

le.g., 67, 66, T1].

Residual Distortions. For a given energy release history, in general spectral distortions
are generated which are not fully described by the sum of the p- and y-type shapes [64,
171, 54], yielding the so-called “residual” or r-type distortion. However, for the concordance
ACDM cosmology, the lowest-order r-type distortion is expected to be well below PIXIE’s
sensitivity [60, 58]. Thus, we neglect this contribution in the forecasts carried out below.
In an analysis of actual PIXIE data, it will be interesting to search for and constrain this
signal, as it can be sizeable in non-standard scenarios, e.g., those related to energy release

from decaying particles [60].

Cosmological Recombination Spectrum. The cosmological recombination process oc-
curring at z ~ 103 also causes a very small distortion of the CMB spectrum visible at
v ~ 1 GHz — 3THz through photon injection [315, 96, 282]. This signal can now be accu-
rately computed [260, 62, 65, 8, 59] and would provide a novel way to constrain cosmological
parameters, such as the baryon density and primordial helium abundance [63, 282]. How-
ever, since this signal is about one order of magnitude below the sensitivity of PIXIE [82],
we neglect it in our analysis. A detection of the recombination signal could become feasible
in the future using ground-based detector arrays operating at low frequencies, v ~ 2—6 GHz

263).
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4.4 Foreground Modeling

We consider six main astrophysical foregrounds which contaminate CMB measurements in
the frequency range from 10 GHz to 3 THz: Galactic thermal dust, cosmic infrared back-
ground (CIB), synchrotron, free-free, integrated CO, and spinning dust emission (anoma-
lous microwave emission, or AME). We use the Planck results to estimate each component’s
SED [235]. While Planck measured intensity fluctuations, PIXIE will measure the absolute
sky intensity. We assume that the SEDs of the fluctuations measured by Planck can be used
to model the monopole SED for each foreground.

Figure 4.2 shows each foreground SED and Table 4.1 lists the relevant parameters. All
SEDs are given in absolute intensity units of spectral radiance [Jy/sr|]. The results pre-
sented below do not depend strongly on the amplitudes of the foregrounds (within reasonable
ranges), but they do depend on the spectral shapes of the foregrounds and the associated
number of free parameters (see Sect. 4.7.1 for discussion). The foreground-to-signal level sets
the calibration requirement for the instrument, but we ignore instrumental systematics for
the purposes of this work. Our results hold as long as the shapes of the foreground emission
do not deviate strongly from the assumed models.

An important note is that for this analysis we assume these SEDs represent the sky-
averaged spectra of the foregrounds. The foreground emission varies across the sky and the
average of a specific SED model over a distribution of parameter values is not in general
represented by the same SED with a single set of parameter values. For example, averaging
many modified blackbody spectra with different temperatures does not correspond exactly
to a modified blackbody with a single temperature [similarly, averaging over the CMB tem-
perature anisotropy itself produces a small y-distortion [61]]. A moment expansion approach
could appropriately handle the effects of different averaging processes [69]. Spatial infor-
mation about the Galactic foreground emission could also help in separating signals from
foregrounds. We limit the scope of this study to understanding how the shapes of known

foreground SEDs impact our ability to measure spectral distortions and leave spatial consid-
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erations to future work. In addition, we do not consider effects due to imperfect modeling,
as described for example in [136] for a polarization forecast.

For PIXIE, we find below that the limiting foregrounds are those which dominate at low
frequency, specifically synchrotron and free-free emission, and spinning dust to a lesser extent.
Additional measurements of these signals below 100 GHz will be necessary for a detection of
the standard ACDM p-type spectral distortion. PIXIE will set the most stringent constraints
to date on the thermal dust and CIB emission and these limits could only be improved by
increasing the effective integration time of the experiment. We consider including information
from external datasets in the form of priors on select foreground parameters in Section 4.7.2.
In total there are 12 free foreground parameters. We describe our model for each foreground

SED in the following.

Thermal Dust and Cosmic Infrared Background. The brightest foregrounds at fre-
quencies above 100 GHz are due to Galactic thermal dust and the cumulative redshifted
emission of thermal dust in distant galaxies, called the cosmic infrared background (CIB).
The physical characteristics of dust grains, such as the molecular composition, grain size,
temperature, and emissivity, vary widely in the Galaxy, but for CMB analyses this is of-
ten summed into a modified blackbody spectrum. Planck finds empirically that a single-
temperature modified blackbody describes the observed emission well, and we therefore
adopt this model [235]. We similarly use a modified blackbody to represent the CIB emis-
sion, and use data from Planck to determine the parameters [228]. Due to the more complex
emission and absorption spectra of dust at frequencies near and above 1 THz, the Planck
analysis cautions against the use of the model at such high frequencies. However, for the
purpose of this forecast we extend the model to 3 THz. Cutting the forecast off at 1 THz
only marginally affects the forecasted PIXIE performance.

Each modified blackbody is characterized by 3 parameters: the amplitude, spectral index,

and dust temperature, for a total of 6 thermal dust and CIB foreground parameters. This
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list can be extended using a moment expansion method [69]; however, in this case the use of
spatial information, possibly from future high-resolution CMB imagers [297, 15], is essential

but beyond the scope of this work, so that we limit ourselves to a 6-parameter model.

Synchrotron. The most dominant low-frequency foreground comes from the synchrotron
emission of relativistic cosmic ray electrons deflected by Galactic magnetic fields. The shape
of this emission is predicted to obey a power law with a spectral index of approximately
Qgyne =~ —1 in intensity units (i.e., approximately ag;mc ~ —3 in brightness temperature).
Empirically, Planck finds a power law with a flattening at low frequencies to best fit the
data [235]. Additional low-frequency SED modeling is discussed in [79] and [264], with the
latter introducing physically-motivated SED approximations.

To avoid the use of a template and allow for a more general SED we use a power law
with logarithmic curvature to describe the Galactic synchrotron emission. Such spectral
curvature generically arises when averaging over power-law SEDs with different spectral
indices [e.g., 69]. There are thus 3 free parameters in our model: the amplitude, spectral
index, and curvature index. Spectral curvature is usually neglected for single-pixel SED
modeling; however, line-of-sight and beam averages cannot be avoided and thus require its
inclusion at the level of sensitivity reached by PIXIE [69].

We estimate the synchroton parameters by fitting this model to the Planck synchrotron
spectrum. Unless stated otherwise, we impose a 10% prior on the synchrotron amplitude and
spectral index throughout the forecasting to represent the use of external datasets such as the
Haslam 408 MHz map, WMAP, Planck, C-BASS, QUIJOTE, or future observations [128,
129, 254, 29, 235, 153, 117]. We find that in particular future low-frequency (< 15— 30 GHz)

observations that can constrain the synchrotron SED or limit its contribution using spatial

information to better than 1% will be very valuable for tightening the constraints on .

Free-free Emission. The next brightest foreground at low frequencies, following a rela-

tively shallow spectrum, is the thermal free-free (+<» Bremsstrahlung) emission from electron-

84



ion collisions within the Galaxy (for example in HII regions). The shape of the spectrum is
derived from [90]. We neglect the small high-frequency suppression (at v 2 1 THz) caused
by the presence of CMB photons in the spectral template [69]. At the relevant frequencies,
the spectrum is very weakly dependent on the electron temperature, and we therefore only
allow for one free parameter, corresponding to the overall amplitude in intensity units. We

estimate the amplitude by fitting this model to the free-free spectrum from Planck [235].

Cumulative CO. The cumulative CO emission from distant galaxies adds another fore-
ground that will interfere with CMB spectral distortion measurements. From the theoretical
point of view, the exact spectral shape is very uncertain and depends on the star-formation
history [257]. Recent observations with ALMA place a lower limit on the integrated cosmic
CO signal [47], which is consistent with these models.

Here, we take the spectra calculated by [191] and produce a template with one free
amplitude parameter to model the average CO emission. In principle, one could allow
the spectral shape of each individual line to vary (with some relative constraints on the
amplitudes), but for simplicity we use only one template. We note that cross-correlations
with galaxy redshift surveys could provide an independent estimate of the CO SED (and

other lines) via intensity mapping [270, 291], which could be used to improve the modeling.

Spinning Dust Grains. Lastly, we consider AME, which is non-negligible at v ~ 10 —
60 GHz and thought to be sourced by spinning dust grains with an electric dipole mo-
ment [93]. We adopt the model used by Planck, which generates a template from a theoreti-
cally calculated SED [235] [see also [9] and references therein]. We allow one free parameter
for the amplitude of the AME template. This is a relatively rigid parameterization, but the
AME is not a dominant source of error in the forecast and we find that expanding the model
does not significantly change the results. We furthermore anticipate that future ground-
based observations will help to improve the modeling of this component, given its potential

relevance to ongoing and planned B-mode searches [153, 117].
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Table 4.2: CMB-only MCMC forecasts. This table gives noise-limited constraints for CMB
spectral distortion parameters in a no-foreground scenario, derived via MCMC methods.
The fiducial parameter values are AL = 1.2 x 1074, y' = 1.77 x 107, uf = 2.0 x 1078, and
kT's, = 1.245keV. The table lists the MCMC-recovered values with 1o uncertainties, as
well as detection significances in parentheses (fiducial parameter value divided by 1o error).
We illustrate the improvement resulting from an extended nine-year PIXIE mission (86.4
months of integration time in spectral distortion mode). We consider spectral distortion
models of increasing complexity to examine potential biases in the parameters. Parameter
values that are left blank were not included in the model. The small biases seen in p and Ay
are due to the fact that the relativistic SZ signal includes contributions from higher-order
temperature moments. This bias disappears when including the y-weighted temperature

dispersion, w$®?, in the analysis. In this case, one expects to find kT.sz ~ 1.282keV and

w$3% ~ 1.152 in noiseless observations (see Sect. 4.6 for more discussion).
Parameter Baseline Extended Baseline
(Ar — AL)1079] 0.07%3 0.0070°%3 —0.5723
y [1079] L7700 50015 (14750) 177000400041 (40230)  1.769275:0015 (14740)
p[1078] 2.0%173 (1.50) 2.00%55 (4.00) 2.3%11 (1.60)
kTesz [keV] - - 1.24410030 (420)
wSSZ B . B
Parameter Extended Extended
(Ar — AF)[1077] —0.5370%6 0.0075 57
y [1076] 1769217090044 (40215)  1.7699675-99950 (35400)
11 [1078] 2.3079:23 (4.30) 2.0010:23 (3.80)
kT.sz [keV] 1.2447501 (1130) 1.28175018 (800)
wss? - 1.147032 (3.50)

Other Components. For the purpose of our forecast, we only include the above fore-
grounds, which are well-known and (relatively) well-characterized. We neglect several other
potential foreground signals, such as additional spectral lines [e.g., CII; see 47, 270] or inter-
galactic dust [152]. In an effort to capture the dominant effects of the known foregrounds,
we also do not include more general models for our foreground signals, with some possible
generalizations being discussed in [69]. One could also use physical models instead of tem-
plates for the CO and AME, or extended dust models with distributions of temperatures
and emissivities [e.g., 172, 69]. This will be studied in the future and also requires taking

spectral-spatial information into account.
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4.5 Forecasting Methods

We implement two methods to estimate the capability of PIXIE (or other CMB spectrom-
eters) to constrain the signals described above. First, we use a Markov Chain Monte Carlo
(MCMC) sampler to calculate the parameter posterior distributions. This allows us to de-
termine the most likely parameter values and the parameter uncertainties, even in the case
of highly non-Gaussian posteriors, as can be encountered close to the detection threshold.
Second, we employ a Fisher matrix calculation to determine the parameter uncertainties,
assuming Gaussian posteriors. The Fisher method has the benefit of running much more
quickly than the MCMC, which allows us to more easily explore the effects of modifying the
instrument configuration. In the high-sensitivity limit (i.e., when Gaussianity is an excel-
lent approximation), the two methods converge to identical results. The Fisher information

matrix is calculated as

Z a(AIV)a C—la(AIV)b .

E .=
J api ab apj

(4.6)

Here the sum is over frequency bins indexed by {a, b}, p; stands for parameter i, and Cy,
is the PIXIE noise covariance matrix, which we assume to be diagonal. The parameter
covariance matrix is then calculated by inverting the Fisher information, Fj;.

For the MCMC sampling, we use the emcee package [112], with wrappers developed previ-
ously as part of SZpack [68] and CosmoTherm [55]. This method allows us to obtain realistic
estimates for the detection thresholds when non-Gaussian contributions to the posteriors
become noticeable. It also immediately reveals parameter biases introduced by incomplete
signal modeling. We typically use N ~ 200 independent walkers and vary the total number
of samples to reach convergence in each case. Unless stated otherwise, flat priors over a wide
range around the input values are assumed for each parameter. We impose a lower limit
Agyne > 0, as in many of the estimation problems this unphysical region would otherwise be
explored due to the large error on Agy,.. For high-dimensional cases (14 and 16 parameters),

we find the convergence of the affine-invariant ensemble sampler in the emcee package to
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become extremely slow, so that in the future alternative samplers should be used.

4.6 CMB-Only Distortion Sensitivities

To estimate the maximal amount of information that PIXIE could extract given its noise
level, we perform several MCMC forecasts omitting foreground contamination. The CMB
parameters are Ar = (Toyp —10) /1o, ¥y, kTosz, and u. Considering the cases with only A,
y, and p (i.e., neglecting the relativistic SZ temperature corrections), the baseline mission
(12 months spent in distortion mode) yields a significant detection of the y-parameter, but
only a marginal indication for non-zero p (see Table 4.2). This situation improves for an
extended mission (86.4 months in distortion mode), suggesting that a ~ 40 detection of u
would be possible. In both cases, the constraints are driven by channels at v < 1THz.
When adding the relativistic temperature correction to the SZ signal and modeling the
data using Ar, y, u, and the y-weighted electron temperature kT,sz; = (y kT.) / (y), only
a small penalty is paid in the constraint on u: the error increases from o, ~ 1.3 x 107®
to 0, ~ 1.4 x 1078 for the baseline mission, consistent with the results of [138]. A very
significant measurement of kT, is expected. The central value of pu is biased high by
Ap ~ 0.3 x 1078, since the relativistic SZ correction model includes contributions from
higher-order moments that are not captured by only adding kT.sz (see Sect. 4.3). When
also adding the second moment of the y-weighted electron temperature to the analysis (wS°),
this bias disappears. The main penalty for adding this parameter is paid by k7T.s, for which
the detection significance degrades by a factor of ~ 1.4. The second temperature moment
is seen at a similar level of significance as . The relativistic distortion signal receives extra
information from frequencies v ~ 1 THz — 2 THz, which makes it distinguishable from u
without impacting its constraint. For baseline settings, we find p = (2.0 £ 1.4) x 1078 (~
1.40), kT,sz = (1.279 + 0.042) keV (~ 310) and w§®? = 1.127552 (~ 1.10), and practically

unaltered constraints on Ar and y. Overall, we conclude that for an extended mission and a
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Figure 4.3: Comparison of the CMB spectral distortion parameter contours for vary-
ing foreground complexity. — Left panel: CMB-only (blue), CMB+Dust+CO (red),
and CMB+Sync+FF+AME (black) parameter cases. Adding Dust+CO has a small ef-
fect on p, while adding Sync+FF+AME has a moderate effect on kT.sz. — Right
panel: CMB+Dust+CIB+CO (blue), CMB+Sync+FF+Dust+CIB (red), and all foreground

(black) parameter cases. The degradation of y due to the foregrounds is more severe than
that for the other parameters. The axis scales are different between the left and right panels
and offsets are added.

foreground-free sky, the noise level of PIXIE would be sufficient to detect the standard ACDM
w1 distortion at moderate significance, as well as the y and kT.g7 signals at high significance.

As we show below, the presence of foregrounds significantly changes the conclusion for p,

but the outlook for the y and kT,sz signals is still very positive.

4.7 Foreground-Marginalized Distortion Sensitivity Es-
timates

We estimate the capability of a PIXIE-like experiment to detect the Ap, y, kT.s7, and
spectral distortion parameters in the presence of the foregrounds described in Sect. 4.4. To

understand the effect of each individual foreground on the distortion parameter forecast,
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Table 4.3: Forecasts with foregrounds, using MCMC. All results are for the extended mission
(86.4 months), except for the first column (12 months). The given numbers represent the
average of the two-sided 1o marginalized uncertainty on each parameter. The models for
the extended mission are sorted using the errors on y and k7. Values in parentheses are the
detection significance (i.e., fiducial parameter value divided by 1o error). We assume a 10%
prior on the synchrotron amplitude and spectral index, Ag and ag, to represent external
datasets. This only has a noticeable effect for the 14 and 16 parameter cases. No band
average is included, but this is found to have only a small effect.

Sky Model CMB CMB Dust, CO Sync, FF, Sync, FF,

(baseline) AME Dust
# of parameters 4 4 8 9 11
oar[1077] 2.3 0.86 2.2 3.9 9.7
o,[107] 1.2 (15000) 0.44 (40000)  0.65 (27000)  0.88 (20000) 2.7 (6600)
OrTus, [1072 keV] 2.9 (420) 1.1 (1130) 1.8 (71lo) 1.3 (960) 4.1 (300)
0,[1078] 14 (1.40)  0.53 (3.80) 0.55 (3.60) 1.7 (1.20) 2.6 (0.760)
Sky Model Dust, CIB,  Sync, FF,  Sync, FF, AME

CO Dust, CIB  Dust, CIB, CO

# of parameters 11 14 16
o, [1077] 5.3 59 75
o, [1077] 4.8 (3700) 12 (1500) 14 (1300)
OkT.s, 11072 keV] 7.8 (160) 11 (110) 12 (100)
0,[1078] 0.75 (2.70) 14 (0.150) 18 (0.110)

we compare the effects of each component in Table 4.3. The forecasts assume an extended
PIXIE mission and a 10% prior on the synchrotron amplitude and index, As and ag, unless
stated otherwise. We find that in general the p and k7,57 signals are the most obscured by
foregrounds, which is expected since they are the faintest distortion signals. Ar and y are
measured with high significance even in the worst cases. We therefore focus on the impact
of the foregrounds on the k7,5, and u spectral distortion parameters. As a reference point,
note that for the CMB-only extended mission, we found in the previous section that kT,s,
is measured at 1130 and p at 3.80. Including all foreground parameters, this degrades to
100 for kT,sz and 0.110 for p (Table 4.3).

We find that the k7,57 measurement is mainly affected by the high-frequency foregrounds
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Table 4.4: Errors on CMB parameters as a function of synchrotron parameter priors, using
MCMC. These results assume an extended PIXIE mission and various priors (deduced from
external data sets) on the synchrotron spectral index and amplitude, as indicated by the
percentage values in the first row, respectively. In the final four columns, the p parameter is
not included in the data analysis (although it is present in the signal), yielding improved con-
straints on kT,sz. For comparison, we also show the CMB-only (foreground-free) constraints
(4*h and 8" column).

Parameter 1% / - 10% / 10% 1% / 1% CMB only
oap[10°7] 194 75 13 0.86
5,[10] 32 (550) 14 (1300) 5.9 (3000)  0.44 (40000)
Oty [102 keV] 23 (5.50) 12 (100) 8.6 (140) 1.1 (1130)
0, [107%] 47 (0.040) 18 (0.110) 4.7 (0.430)  0.53 (3.80)
Parameter 10% / 10% (no u) 1% / 1% (no u)  CMB only  none (no p)
oA [10°7] 14 37 0.42 17
5,110 4.6 (3800) 4.6 (3900)  0.28 (62000) 9.1 (1940)
ote, [102 keV] 7.9 (160) 7.6 (170) 1.0 (1200) 12 (110)
7,10 ) : ) -

of Galactic thermal dust and CIB, bringing the detection significance down to 160 when in-
cluding these components. The integrated CO emission and dust alone have a more marginal
effect (compare the 8 and 11 parameter dust cases in Table 4.3). This degradation is also
illustrated in Fig. 4.3, where we show the CMB distortion parameter posteriors for various
sky models. It appears to be related to the fact that a superposition of modified blackbody
spectra (thermal dust and CIB) produces a signal that mimics a Compton-y distortion and
relativistic correction in the Wien tail of the spectrum [69].

The g distortion measurement is primarily obscured by the low-frequency synchrotron
and free-free foregrounds (this will be further illustrated in Sect. 4.7.2). The three syn-
chrotron parameters are poorly constrained by PIXIE and significantly degrade the u de-
tection significance. The free-free spectrum is relatively flat in this frequency range and
parameterized by only its amplitude, which is better measured than the synchrotron param-
eters by PIXIE. AME, the other low-frequency foreground, affects only a fairly narrow band

and thus only has a small effect on p. These three foregrounds alone bring the p detection
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Table 4.5: Percent errors on foreground parameters, using MCMC. These results assume an
extended PIXIE mission and various priors on the synchrotron spectral index and amplitude,
as labeled in the first column. The average of the two-sided errors is quoted. The recovered
parameter posterior distributions for the final three cases (no u in the analysis) are shown
in Figure 4.8. The synchrotron and free-free parameters are the least well constrained by
PIXIE, suggesting that low-frequency (< 15 GHz) ground-based measurements could provide
important complementary information.

Prior Qg / AS AS Qg Ws AFF AAME Ad 6(1 Td
1% / - 34.0% 1.0% 106.0% 23.0% 1.7% 0.35% 0.087% 0.0051%
10% / 10% 9.6% 9.3% 52.0% 7.3% 09% 0.18% 0.0561% 0.0046%
1% / 1% 0.99% 1.0% 5.5% 1.1% 0.77% 0.13% 0.04% 0.0045%

none (no p) 33.0% 29.0% 93.0% 89% 1.3% 0.18% 0.048% 0.0049%
10% / 10% (no u)  7.3%  7.0% 21.0% 2.2% 0.85% 0.14% 0.043% 0.0046%
1% /1% (no p)  0.95% 0.95% 5.1% 047% 0.61% 0.12% 0.038% 0.0042%

Acie Bers Tcrs Aco

1% / - 1.2%  0.32%  0.1%  0.33%
10% / 10% 0.58% 0.17% 0.053% 0.23%
1% / 1% 0.3% 0.11% 0.031% 0.22%

none (10 /1) 0.6% 0.17% 0.069% 0.33%
10% / 10% (no ) 0.35% 0.12% 0.029% 0.21%
1% /1% (no pr)  0.29% 0.1% 0.028% 0.16%

significance down to 1.20 for an extended mission (see Table 4.3 and Fig. 4.3). Combining
the four brightest components — synchrotron, free-free, thermal dust, and CIB — reduces
the kT,s7 detection significance to 110 and completely obscures the p distortion (0.150).
In the presence of all six foreground components, the kT.s7 distortion is still detected at
100 significance (see Figure 4.3 and the last column of Table 4.3). However, the ACDM
p~distortion seems to be out of reach without additional information.

For completeness, we list the forecasts for the baseline PIXIE mission with 12 months of
spectral distortion mode integration time. With no priors (including, in this case, no priors
on the synchrotron parameters) and all foreground components included, the 1o uncertainties
are: oar =6.9%x 1077, 0, =12 x 1077, o47., = 0.9 keV, and 0, = 1.5 x 107%. Comparing

to the 1o limits of COBE/FIRAS, oar ~ 2.0 x 107*, 0, ~ 7.5 x 107% and 0, ~ 4.5 x 107°,
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shows that with 12 months in spectral distortion mode PIXIE will improve the parameter
constraints by more than a factor of ~ 30. However, this comparison is not precisely valid,
as the COBE/FIRAS limits are derived on combinations of two parameters only (oar and y
or 11). For example, omitting p and kT,sz we find the baseline sensitivities ocar = 4.1 x 1078
and o, = 8.7 x 107, which highlights the large improvement in the raw sensitivity (= 1000
times better than COBE/FIRAS; see Fig. 4.1.).*

Assuming 10% priors on the synchrotron index and amplitude and the baseline mission
sensitivity gives: oar = 9.6 X 1078, 0, = 2.1 x 1078, 041, = 0.25 keV, and 0, = 2.3 x 107".
The priors carry a significant amount of information about the low-frequency foregrounds.
In the framework of this analysis, the biggest gains on CMB parameters come from better
constraining these foregrounds, in particular the synchrotron emission. A side effect of
including external priors is that they necessarily reduce the efficiency of increasing the mission
sensitivity in a Fisher analysis. The extended mission has ~ \/m ~ 2.68 times better
sensitivity than the baseline mission, but we see only a factor of ~ 1.3 improvement in the
CMB parameter constraints due to the external priors dominating the information on the
synchrotron SED. When comparing the baseline and extended mission without priors, we
find an improvement of almost exactly 2.68, but the constraints are of course better with

the external priors applied, as seen in Figures 4.5, 4.6, and 4.7 (discussed in detail below).

4.7.1 Foreground Model Assumptions

We consider the effects of varying the foreground models and parameter values on the spec-
tral distortion forecast using the Fisher method. First, we vary each foreground amplitude

parameter by up to a factor of 5 and find very little change in the projected spectral dis-

4We show the raw sensitivity of the COBE/FIRAS mission in Fig. 4.1, but the cosmological parameter
constraints quoted in the text include additional degradation due to systematic errors. Furthermore, as
mentioned in Sect. 4.1, the COBE/FIRAS analysis methodology differs significantly from ours. In particular,
that analysis relies entirely on spatial information to separate Galactic foregrounds from the extragalactic
monopole, while ours relies entirely on spectral information to separate different components at the level
of the monopole SED. An optimal analysis would combine both sets of information, but this requires the
simulation of detailed sky maps at each PIXIFE frequency.
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tortion uncertainties. Next, we find that the forecasts are still accurate when varying the
spectral indices or component temperatures by up to &~ 20%. Further modification of the
spectral shape parameters, in particular the synchrotron spectral index and curvature, can
noticeably change the forecast estimates, but these modifications are not consistent with
current observations [e.g., 29, 235] which indicate that gy, only varies at the ~ 5 — 10%
level across the sky.

We also consider simplifying the synchrotron model to a two-parameter power law, which
improves the detection significance by about a factor of 2 on y and by 1.3 on kT.sz. This
is expected, since we saw previously that low-frequency foregrounds mainly degrade the
detection significance of i (e.g., Fig. 4.3). However, this scenario is again unrealistic, as the
curvature of the synchrotron spectrum is an inevitable result of the average of the synchrotron
emission over the sky and along the line-of-sight. Spatial information on ay,. could be used
to further constrain wgy,., but the effects of line-of-sight and beam averaging will not be
separable in this way. In addition, due to the rather low angular resolution of PIXIE, a
combination with other experiments might be required in this case, so that we leave this
aspect for future explorations.

Removing the CIB emission entirely results in the largest (factor of ~ 5) improvement
in the detection of all CMB parameters, but this is also unrealistic. Rather, we expect a
more complicated model for the dust components to be required, which directly handles and
models the information from spatial variations of the SED parameters. Allowing the peak
frequency of the spinning dust SED to be a free parameter negligibly affects the p and kT,sz
detection significance when assuming the 10% prior on Agy,. and agyn.. In fact with this
synchrotron prior, the entire spinning dust SED provides only a marginal (< 20%) reduction
in CMB parameter detections. Even when relaxing the synchrotron priors, the spinning dust
affects the CMB parameters’ detection significance by less than a factor of 2. Overall, we
find that the forecast is robust to moderate variations in the assumed foreground model and

parameters. Rather than the specific amplitude of the signals, the shapes and covariance
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with the distortion parameters is most important in driving the CMB parameter limits.

4.7.2 Addition of External Data Using Priors

We examine the use of external information in the form of a priori knowledge of the fore-
ground SED parameters. The biggest improvements can be expected for the low-frequency
foreground parameters, as the high-frequency components generally are found to be con-
strained with high precision (< 1%) due to the large number of high-frequency channels in
FTS concepts. We thus compare results using combinations of 10% and 1% priors on the
synchrotron amplitude and spectral index in Tables 4.4 and 4.5. This is meant to mimic
information from future ground-based experiments similar to C-BASS and QUIJOTE, pos-
sibly with extended capabilities related to absolute calibration, or when making use of extra
spatial information in the analysis.

Focusing on Table 4.4, the ACDM p distortion is still not detectable even with tightened
priors, but the kT.g7 detection significance could be improved to 14c when imposing 1%
priors on Agyue and agyne.  In this case, an upper limit of |u| < 9.4 x 107® (95% c.l.)
could be achieved. Comparing this with the CMB-only constraints reveals that foregrounds
introduce about one order of magnitude degradation of the constraint. To detect the ACDM
1 distortion at 20 requires a ~ 0.1% prior on the synchrotron amplitude, index, curvature,
and the free-free amplitude. This is not met by PIXIE alone, but could possibly be achieved
by adding constraints from ground-based observations at lower frequencies. In particular
the steepness of the synchrotron SED might help in this respect, with increasing leverage as
lower frequencies are targeted. Performing similar measurements with a space mission will
be very challenging due to constraints on the size of the instrument.

Nevertheless, PIXIE could significantly improve the existing limit from COBE/FIRAS,

placing tight constraints on the amplitude of the small-scale scalar power spectrum, A,
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Figure 4.4: Estimated CMB-only (i.e., no foregrounds; extended mission) detection signifi-
cance for the ACDM g (upper panel) and kT.sz (lower panel) signals as a function of the
frequency resolution, Av. The different curves show the effect of dropping a varying number
of the lowest-frequency channels to mimic systematic-related channel degradation.

around wavenumber k ~ 740 Mpc ™", corresponding to [cf., 60]

Ak ~ 740 Mpc™1) < 2. 1*8L 1 4.
s(k >~ 740Mpc™) < 2.8 x 10 [3.6><10—7 (95% c.l.), (4.7)

when assuming a scale-invariant (spectral index ng = 1) small-scale power spectrum. Here,
|| is the 20 upper limit on the chemical potential. This would already rule out many alter-
native early-universe models with enhanced small-scale power [66, 71]. Assuming 1% priors
on Agyne and ogy,e, one could obtain Ag(k ~ 740 Mpc™!) < 7.3 x 107°(95% c.l.), bringing
us closer to the value obtained from CMB anisotropy observations, As(k ~ 0.05Mpc™') ~
2.2 x 1072 [232] at much larger scales.

As mentioned above, the biggest issue for the p detection indeed lies in the synchrotron
emission. Table 4.5 shows the expected uncertainties on foreground parameters with various
assumed synchrotron SED priors. The thermal dust, CIB, and CO parameters are all mea-
sured to < 1%, while the low-frequency foregrounds have much larger uncertainties. This
implies that the largest gains in terms of CMB distortion science can be expected by im-
proving ground-based measurements at low frequencies. These measurements will also be
required to complement CMB B-mode experiments, aiming at detection of a tensor-to-scalar

ratio r < 1073,
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Generally, we also find that imposing a prior on oy, alone does not significantly improve
the results. For example, we find the distortion constraints with 10% and 1% prior on cgyne
to be practically the same (the 1% prior on gy, case is shown in Table 4.4). This is due
to the strongly non-Gaussian posteriors of the model parameters (see Fig. 4.8 for the cases
without p) and adding a 10% prior on Asy,. immediately improves the CMB distortion
constraints by a factor ~ 2. This means that it will be crucial to obtain additional low-
frequency constraints on the absolute sky-intensity, while simple differential measurements
will only help in constraining the spatially-varying contributions to wsyne.

Further improvements for k7,5, are seen when p is excluded from the parameter analysis
(although the signal is still present in the sky model). In this case, the kT.sz detection
significance can reach 170 (see Table 4.5). The addition of 10% priors on Agy,. and ogyne
are sufficient to achieve this. This can also be seen in Fig. 4.8 and stems from the highly
non-Gaussian tails of the kT.s, posterior without external prior. We also find small biases
in the deduced distortion parameters (see Fig. 4.8). For example, for the case with 1% priors
on Agyne and agyne, we obtain y = (1.7676 £0.0045) x 107% and kT,s7z = (1.182£0.075) keV/,
corresponding to marginal biases of ~ —0.5 ¢ and ~ —0.8 g, respectively. These can usually
be neglected. CMB spectral distortion measurements are thus expected to yield robust

constraints on kT,g.

4.7.3 Optimal Mission Configuration Search

In an effort to optimize the instrument configuration in the presence of foregrounds, we
study the effect of varying the mission parameters, such as sensitivity, frequency resolution,
and frequency coverage, all assuming an FTS concept. Aside from extending the mission
duration, the overall sensitivity can only be increased by increasing the aperture and detector
array (to increase the étendue), as concepts like PIXIE are already photon-noise-limited. The
F'T'S mirror stroke controls the frequency resolution and the physical size of the detector array

limits the lowest frequency channels. This implies that changing the above experimental
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parameters is a strong cost driver, and complementarity between different experimental
concepts needs to be explored.

We characterize the mission in terms of the detection significance for the CMB spectral
distortion fiducial ACDM p and kT,g, parameters (y and A are detected at high significance
in all scenarios and will not be further highlighted). We assume the extended mission and
consider varying the priors on the synchrotron amplitude and spectral index, Ag and as.
The lower edge of the lowest frequency channel is set to vy, ~ 7.5 GHz (similar to PIXIE),
determined by the physical dimension of the instrument. We assume an otherwise ideal
instrument with a top-hat frequency response’ and, in terms of systematics, consider white

noise only.

Optimal setup without foregrounds

In Figure 4.4, we show the estimated CMB-only detection significance for the ACDM pu
and kT.sy signals as a function of the frequency resolution, Av, which in principle can
be varied in-flight by adjusting the mirror stroke. The sensitivity per channel scales as
~ Av/15GHz (i.e., wider frequency bins have higher sensitivity). The lowest frequency
channels are susceptible to instrument-related systematic errors, so we also consider forecasts
in which we drop a fixed number of the lowest frequency bins. When ignoring foreground
contamination, the optimal configuration for measuring the p distortion is Av ~ 142 GHz
when all channels are included, yielding a 10.40 detection of the standard ACDM value,
i~ 2 x 1078, This drops steeply to ~ 5.50, 4.00, 2.60 for optimal resolutions Ay ~
50 GHz, 27 GHz, 11 GHz, if the lowest one, two, or five frequency channels cannot be used,
respectively.

A similar trend is found for the optimal configuration aiming to detect kT.s7 (lower panel,
Fig. 4.4), with the optimal resolution being Ar ~ 135 GHz when all channels are included in

the analysis, giving a > 3000 detection of the signal. This degrades to ~ 2260, 178¢, 118¢ for

5For large Av, the band average becomes very important.
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Figure 4.5: Estimated detection significance (foregrounds included; extended mission) for the
ACDM p-distortion signal as a function of the frequency resolution, Av (note the logarithmic
scale on the vertical axis). The different curves show the effect of dropping the lowest-
frequency channels and changing the priors on Agy,. and agyn.

optimal resolutions Av ~ 83 GHz, 54 GHz, 25 GHz, if the lowest one, two or five frequency
channels cannot be used, respectively.

The error is mainly driven by the competition between sensitivity per channel (<« fre-
quency bin size) and frequency coverage (<> lowest frequency bin) to allow the separation
of the distortion parameters, with k7,57 and p usually most strongly correlated. In partic-
ular, the sensitivity to p drops when the design is near a regime in which no independent
frequency channel is present below the null of the u-distortion signal at v ~ 130 GHz. For
instance, assuming all channels can be included, one would expect a configuration with one
bin between 7.5 GHz and 130 GHz, giving Arv ~ 120GHz, to be roughly optimal. Dropping
the lowest frequency bin, one would expect a configuration with two bins between 7.5 GHz
and 130 GHz, giving Av ~ 120GHz/2 ~ 60 GHz, to be optimal, and so on. These numbers

are in good agreement with the true optimal frequency bin widths found above.

99



Optimal setup with foregrounds

When including foreground contamination, the picture changes significantly. Focusing on the
detection significance for p (Fig. 4.5), we see that when including all channels the optimal
frequency resolution is Av < 27 GHz, independent of the chosen prior on the synchrotron
parameters (blue curves in Fig. 4.5). The sensitivity remains rather constant in this regime,
since most of the information is already delivered by including external data as represented
by the 10% or 1% priors on Agypn. and agyne. A sharp drop in the p-sensitivity is found around
Av ~ 30GHz. This is roughly where in our model the transition between low- and high-
frequency foreground components occurs (see Fig. 4.2), driving the trade-off in the frequency
resolution toward lower frequencies. For Av ~ 30 GHz all of the low-frequency foreground
information is contained in one channel, which limits the ability of such a setup to separate
individual components. This feature is also seen in Figures 4.6 and 4.7 (discussed below).

The sensitivity, even for the extended mission, is not sufficient to detect the ACDM pu
distortion, but greatly improved limits of |u| < few x 1077 are within reach. The increase
in detection significance at lower frequencies is due primarily to better constraining the
synchrotron and free-free SEDs. Dropping the lowest frequency channels further pushes the
optimal frequency resolution to Av < 15 GHz. This statement is relatively independent of
the assumed synchrotron priors and indicates that the p-distortion sensitivity of PIXIE is
relatively robust with respect to the inclusion of the lowest FTS channels. However, modest
improvements are seen when choosing Av < 10 GHz.

Figure 4.6 shows the detection significance for k7,57 when varying experimental param-
eters as above. We also show the constraints when p is excluded from the analysis (lower
panel). For the relativistic tSZ parameter, the optimal frequency resolution is Av ~ 27 GHz
or ~ 37GHz when all channels are included in the analysis. For Av ~ 27 GHz, the sen-
sitivity to p is also optimized. Although this is not the default resolution of PIXIE, the
improvement in the distortion sensitivity over Av ~ 15 GHz is only ~ 15%. Av ~ 27 GHz is

also optimal when dropping the lowest frequency channel, but in this case drops off rapidly
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Figure 4.6: Estimated detection significance (foregrounds included; extended mission) for
the ACDM kT,sz signal as a function of the frequency resolution, Av. The different curves
show the effect of omitting the lowest-frequency channels and changing the priors on Agy,.
and agyne. The upper panel illustrates the results when p is included in the analysis, while
in the lower panel the cases for 10% priors are compared with and without x included.

for Av 2 30 GHz. When dropping the lowest two frequency channels, the optimal frequency
resolution is Av =~ 17 GHz, which is very close to the default setting of PIXIE. In this case,
the sensitivity to k7,57 furthermore drops strongly for Av 2 20 GHz.

Ignoring p in the parameter analysis generally yields improved constraints on kT.s7 (lower
panel, Fig. 4.6). In particular, gains are seen for Av < 30 GHz, as low-frequency information
can be used to improve the constraint without competition from p. Again, Av ~ 15 GHz is
found to optimize the overall trade-offs when the lowest frequency channel is omitted, and
Av ~ 11 GHz is optimal when dropping the lowest two channels.

We also study the dependence of the i constraints on the overall sensitivity of the instru-
ment, which could be modified by increasing the total aperture and detector array (e.g., by
replicating the instrument) or further extending the mission duration. As expected, this im-
proves the spectral distortion measurements (Fig. 4.7). In particular, increasing the mission
sensitivity by a factor of 100 enables a ~ 3 — 40 detection of the expected ACDM g distor-
tion, pu ~ 2 x 1078, for the default setup. This implies an étendue 10,000 times greater than
that of PIXIE, which is prohibitively expensive with current technology. Combining PIXIE
with 1% synchrotron index and amplitude priors performs as well as an experiment with 10

times the sensitivity and no priors when focusing on the p constraints, for Av < 30 GHz.
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Figure 4.7: Estimated detection significance (foregrounds included; extended mission) for
the ACDM p-distortion signal as a function of the frequency resolution, Av, and for varying
priors on Agyn. and agy,. and increasing the overall mission sensitivity (note the logarithmic
scale on the vertical axis).

This emphasizes the impact external synchrotron datasets, possibly also exploiting spatial
information, could have when combined with PIXIE.

Our analysis shows that ultimately the biggest hurdle to measuring p comes down to the
low-frequency foregrounds, in particular the synchrotron and free-free emission. A dedicated
ground-based, low-frequency instrument with spatial resolution at least as good as PIXIE will
be essential in constraining these foregrounds. Alternatively, one could think about adding a
low-frequency instrument not based on the FTS concept to the payload. A detailed analysis
of these ideas is left to future work, but a rough estimate with the Fisher method seems to
indicate that tens of spectral channels between ~ 1 and 30 GHz with sensitivity equal to or
better than the baseline PIXIE mission would be required. This leads to < 1% constraints
on the synchrotron, free-free, and spinning dust SEDs and could yield |u| < 2.0 x 1078 (95%
c.l).
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4.8 Conclusions

Measurements of CMB spectral distortions will shed new light on physics in both the early
(«» p distortion) and late («+» y and kT.sz signals) periods of cosmic history. This will
open a new era in CMB cosmology, with clear distortion signals awaiting us. However,
detecting spectral distortions will require extreme precision and control of systematics over
large bandwidths. Our analysis shows that foregrounds strongly affect the expected results
and demand dedicated observations and experimental designs, particularly with improved
sensitivity at low frequencies (v < 15 — 30 GHz).

We considered foreground models motivated by available CMB observations to forecast
the capability of PIXIE or other future missions to detect spectral distortions, focusing on
FTS concepts. We find that PIXIE has the capability to measure the CMB temperature to ~
nK precision and to detect the Compton-y and relativistic tSZ distortions at high significance
(see Table 4.4). With conservative assumptions about extra information at low frequencies
from external data, we expect detections at 1940 and 11¢ for y and k7T.g, respectively. We
emphasize that kT, is detected at above 5o with no modification of the PIXIE mission and
no external data. The kT,s, detection significance is increased to > 11¢ when p is ignored in
the parameter analysis (shown in the last 3 columns of Table 4.4 and in Figure 4.8). These
measurements would provide new constraints on models of baryonic structure formation,
thus providing novel information about astrophysical feedback mechanisms [138, 26].

Due to its many high-frequency channels, PIXIE will provide the best measurements
of thermal dust and CIB emission to date (see Table 4.5). These sub-percent absolute
measurements will provide invaluable information for the modeling of CMB foregrounds
relevant to B-mode searches from the ground. They will furthermore allow improvements in
the channel inter-calibration, potentially allowing us to reach sensitivities required to extract
resonant scattering signals caused by atomic species [e.g., 25, 259]. They will also greatly
advance our understanding of Galactic dust properties and physics, providing invaluable

absolutely calibrated maps in many bands.
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The fiducial ACDM g distortion (p ~ 2 x 107%) is unlikely to be detected in the presence
of known foregrounds without better sensitivity or additional high-fidelity datasets that
constrain the amplitude and shape of low-frequency foregrounds. Nevertheless, PIXIE could
improve upon the existing limit from COBE/FIRAS by a factor of 250, yielding |u| <
3.6 x 1077 (95% c.l.) for conservative assumptions about available external data. This
would place tight constraints on the amplitude of the small-scale scalar power spectrum at
wavenumber k ~ 740 Mpc™' (Sect. 4.7.2) and would rule out currently allowed parameter
space for long-lived decaying particles with lifetimes ~ 10% — 10 s [e.g., see 60].

We find PIXIFE’s frequency resolution of Av ~ 15GHz to be close to optimal, although
for p slight improvements could be expected when using Av ~ 10 GHz, depending on the
quality of the low-frequency channels (Sect. 4.7.3). A similar choice seems optimal for kT,sz,
in particular if the lowest frequency channels cannot be used in the data analysis due to
systematic errors (see Fig. 4.7).

The most practical way to improve the p results from a PIXIFE-like experiment is to
complement it with ground-based observations of the low-frequency synchrotron, free-free,
and AME foregrounds. Measuring the synchrotron and free-free SEDs to 0.1% would enable
PIXIE to detect p at ~ 20. Some of the challenges could be avoided by selecting specific
patches on the sky with low foreground contamination, but we generally find that the dis-
tortion sensitivity is mostly limited by the lack of constraints on the shape of the foreground
SEDs rather than their amplitude (Sect. 4.7.1).

Our analysis only uses spectral information to separate different components. Adding
spatial information would yield a reduction in the total contribution of fluctuating foreground
components (e.g., Galactic contributions) to the sky-averaged spectrum. In addition, a more
optimal sky-weighting scheme could be implemented for the monopole measurement, as op-
posed to the simple average taken on 70% of the sky assumed in our analysis. Extragalactic
signals (e.g., CIB) will, however, not be significantly reduced by considering spatial infor-

mation, unless high-resolution and high-sensitivity measurements become available. In this
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case, extended foreground parameterizations, which explicitly include the effects of spatial
averages across the sky and along the line-of-sight [69], should be used. Since PIXIE has a
fairly low angular resolution (Af ~ 1.6°), a combination with future high-resolution CMB
imagers might also be beneficial. A more detailed analysis is required to assess the overall
trade-offs in these directions.

We close by mentioning that information from the CMB dipole spectrum could also help
in extracting the CMB distortion signals [75, 21]. In particular, these measurements do
not require absolute calibration and thus can also be carried out in the PIXIE anisotropy
observing mode. This can furthermore be used to test for systematic effects. Also, Galactic
(«» comoving) and extragalactic foregrounds are affected in a different way by our motion
with respect to the CMB rest frame, so that this could provide additional leverage for

foreground separation. All this is left to future analysis.
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Figure 4.8: Posteriors obtained with MCMC runs for the full foreground model without p
in the analysis. The case without priors on the foreground parameters (black line / blue
contours) is highly non-Gaussian. Including 10% priors on Ag and ag (red dashed line) leads
to much more Gaussian posteriors, improving the CMB parameter constraints by a factor
of ~ 2. Tightening the priors on Ag and ag to 1% (blue line) improves the constraints
on low-frequency foreground parameters, but only marginally affects the CMB parameter
constraints. Details about the error estimates for these cases can be found in Tables 4.4
and 4.5.
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Chapter 5

Foreground Biases in CMB

Polarimeter Self-Calibration

Precise polarization measurements of the cosmic microwave background (CMB) require ac-
curate knowledge of the instrument orientation relative to the sky frame used to define the
cosmological Stokes parameters. Suitable celestial calibration sources that could be used
to measure the polarimeter orientation angle are limited, so current experiments commonly
‘self-calibrate.” The self-calibration method exploits the theoretical fact that the FB and
T B cross-spectra of the CMB vanish in the standard cosmological model, so any detected
EB and T'B signals must be due to systematic errors. However, this assumption neglects the
fact that polarized Galactic foregrounds in a given portion of the sky may have non-zero B
and T'B cross-spectra. If these foreground signals remain in the observations, then they will
bias the self-calibrated telescope polarization angle and produce a spurious B-mode signal.
In this paper we estimate the foreground-induced bias for various instrument configurations
and then expand the self-calibration formalism to account for polarized foreground signals.
Assuming the E'B correlation signal for dust is in the range constrained by angular power
spectrum measurements from Planck at 353 GHz (scaled down to 150 GHz), then the bias

is negligible for high angular resolution experiments, which have access to CMB-dominated
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high ¢ modes with which to self-calibrate. Low-resolution experiments observing particu-
larly dusty sky patches can have a bias as large as 0.5°. A miscalibration of this magnitude
generates a spurious BB signal corresponding to a tensor-to-scalar ratio of approximately

r ~ 2 x 1073, within the targeted range of planned experiments.

5.1 Introduction

The cosmic microwave background (CMB) is a primordial bath of photons that permeates
all of space and carries an image of the universe as it was 380,000 years after the Big Bang.
Physical processes that operated in the early universe left various imprints in the CMB. These
imprints appear today as angular anisotropies, and the primordial angular anisotropies have
proven to be a trove of cosmological information. The precise characterization of the intensity
(or temperature) anisotropy of the CMB has helped reveal that space-time is flat, the universe
is 13.8 billion years old, and the energy content of the universe is dominated by cold dark
matter and dark energy [29, 232]. The associated ‘F-mode’ polarization anisotropy signal
has been observed at the theoretically expected level [29, 233, 247, 209, 72]. Experimental
CMB polarization research is currently focused on (i) searching for the primordial ‘ B-mode’
polarization anisotropy signal from inflationary gravitational waves (IGW) [312, 162] and
(ii) characterizing the detected non-primordial B-mode signal generated when E-modes are
gravitationally lensed by large-scale structures in the Universe [125, 76, 33, 31, 32, 170,
1, 35]. A key challenge for B-mode studies is disentangling foreground signals from CMB
observations because they can appreciably bias the results in a variety of ways [111]. In this
Chapter we address biases to polarimeter calibration.

Precise measurements of the polarization properties of the CMB require accurate knowl-
edge of the relationship between the instrument frame and the reference frame on the sky
that is used to define the cosmological Stokes parameters. We refer to this relative ori-

entation angle as the polarization angle of the telescope, ¥ = Vgesign + AV, where Vqesign
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Figure 5.1: (a) Measured EB and T'B dust cross-spectra with best-fitting power laws. The
blue and green data points show the £ B and T'B dust cross-spectra, respectively, as measured
on Planck 353 GHz data in the BICEP2 region using PolSpice and scaled to 150 GHz using
the dust grey-body spectrum (plotted with a slight offset for clarity). The solid lines are
the best-fitting power laws with a fixed index and the shading represents the uncertainty of
the best-fitting amplitude. (b) Rotated CMB E B cross-spectra and dust £ B cross-spectra
as a correlation fraction. The solid rainbow lines show the rotated EB spectra given an
experiment observing only the CMB but misaligned by various angles Av. The dashed line
is an upper bound on the dust E'B spectrum, determined by a correlated fraction of the
E- and B-mode power (see Equation 5.3 with m = 5 and f. = 0.5). At ¢ 2 300 even
the brightest dust E'B spectrum is negligible compared to the rotated CMB spectra for
Ay > 0.5°.

is the intended orientation and A is a small misalignment. Calculations show that
must be measured to arcminute precision for IGW searches targeting tensor-to-scalar ratios
r < 0.01 [150, 214, 204]. Ideally, celestial sources would be used to measure the polarization
angle [19, 193, 209, 301]. At millimetre wavelengths, the best celestial source appears to be
Tau A, though it is not ideal because (i) it is not bright enough to give a high signal-to-
noise ratio measurement with a short integration time, (ii) the source is extended with a
complicated polarization intensity morphology, (iii) the millimetre-wave spectrum of Tau A
is not precisely known, which is important for polarimeters that have frequency-dependent
performance, and (iv) Tau A is not observable from Antarctica where many ground-based

and balloon-borne experiments are sited (see [157] and references therein). Since an ideal

celestial calibration source does not exist, many current experiments [164, 22, 209, 301, 34|
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use a ‘self-calibration” method [167].

The self-calibration method exploits the fact that the EB and T'B cross-spectra of the
CMB vanish for parity-conserving inflaton fields [312], so any detected EB and T'B signals
are interpreted as systematic effects that can be used to de-rotate instrument-induced biases.
However, this assumption neglects the fact that polarized Galactic foregrounds in a given
portion of the sky may have non-zero EB and T'B cross-spectra. If these foreground signals
remain in the observations, then they will bias the derived polarization angle and produce
a spurious BB signal even if the instrument was perfectly mechanically aligned before self-
calibration [150, 272, 307].

In this Chapter, we consider the case where the EB and T'B cross-spectra for Galactic
dust are non-zero, and estimate the foreground-induced bias produced by different levels of
polarized dust intensity for various instrument configurations. We then expand the formalism
to mitigate the effect of polarized foreground signals. The Chapter is structured as follows.
In Section 5.2.1, we discuss the data used to establish the likely range of polarized foreground
signals. In Section 5.2.2, we review the self-calibration method and add foregrounds to the
rotated power spectra. Miscalibration results for different levels of dust and instrument
designs are presented in Section 5.3. We then estimate the bias on r due to miscalibration in
Section 5.3.2. Section 5.4 corrects the self-calibration formalism to account for foregrounds
in the observations. We show that this recovers the telescope polarization angle at the cost

of increased statistical error on Aty. We summarize and conclude in Section 5.5.

5.2 Methods

5.2.1 Estimating Foreground Power Spectra

To perform the self-calibration calculation and estimate the foreground bias we require CMB

and foreground power spectrum measurements. We use CAMB! to generate theoretical CMB

'http://camb.info
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power spectra [188], with the Planck best-fitting ACDM cosmological parameters [232]. We
include gravitational lensing and set the tensor-to-scalar ratio » = 0.0.

To assess the impact of dust foregrounds on the self-calibration procedure, we require
estimates of realistic dust FE, TE, TB, EB, and BB power spectra. For this purpose,
we consider the BICEP2 field, in which foregrounds have been particularly well-studied
(e.g., [113, 111, 225, 35, 31]), and in which the foreground levels are low but non-negligible.
Later we also consider different scenarios for the dust amplitude. To measure the power
spectra, we use the Planck 353 GHz T, (), and U half-mission split maps and an angular
mask approximating the BICEP2 region from [111]. We also apply a polarized point source
mask constructed from Planck High Frequency Instrument data. The combined mask is
apodized using a Gaussian with FWHM = 30 arcmin, yielding an effective sky fraction
fsky = 0.013. Our power spectrum estimator is based on PolSpice [70], with parameters
calibrated using 100 simulations of polarized dust power spectra consistent with recent Planck
measurements [225]. The power spectra are estimated from cross-correlations of the Planck
half-mission splits, such that no noise bias is present in the results. We bin the measured
power spectra in four multipole bins matching those used in [225], spanning 40 < ¢ < 1000.
Error bars are estimated in the Gaussian approximation from the auto-power spectra of the
half-mission splits. We then re-scale the 353 GHz measurements to 150 GHz using the best-
fitting greybody dust SED from [225], which corresponds to a factor of 0.041 for polarization
and 0.043 for temperature.

Our measured BB power spectrum is consistent with that measured in the BICEP2 patch
in [225] (small deviations are expected due to the slightly different masks employed). The
measured £ B and T'B power spectra are shown in Figure 5.1a. Both spectra are consistent
with zero. The observed amplitudes are smaller than those measured in [225] for FB and
TB spectra on large sky fractions containing more dust, as expected (see Appendix 5.6
here and figs. B.2 and B.3 of [225]). We note that even on the large sky fractions studied

in [225], the dust EB and T'B spectra are generally consistent with zero, except for masks
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with fu, 2 0.5, which show evidence of a signal on roughly degree angular scales. We
take the results measured in the BICEP2 patch as fiducial dust power spectra and consider
variations around this scenario below. For simplicity, we fit a simple power-law template to
all dust power spectra (see below), such that each spectrum is completely characterized by

an overall amplitude. We then vary the amplitudes to produce two additional sets of dust

power spectra to represent different possible observations:

g —2.42
Cdust,XY — AXY _ 51
; - (51)
dust, XY dust, XY
CZ,melt =mC, ' (5.2)
dust,ZB dust,Z Z ~dust,BB
Cl,corr = fC \/Cé,mult Cf,mult ) (53)

where AXY is the best-fitting amplitude, m is a multiplicative factor, f. is a correlation
fraction, X,Y € {T,FE,B} and Z € {T, E}.

Data set 1 is calculated by fitting for the amplitude of a power law spectrum to each
of the dust power spectra, with a fixed index § = —2.42, as given by Equation 5.1. This
is motivated by the Planck foreground analysis which finds the dust power spectra to be
consistent with a power law in ¢ [235].

In data set 2, we increase the amplitude of all dust power spectra by an overall multi-
plicative factor, m, given by Equation 5.2. This represents measurements on patches larger
and dustier than the BICEP2 region.

In data set 3, we write the EB and T'B dust spectra as a correlated fraction, f., of
the FE and BB and TT and BB spectra, respectively, as given by Equation 5.3. We use
the correlation fraction to explore the possibility of proportionally large EB and T'B cross-
spectra while imposing the constraint that they do not exceed the level of the FE and BB
or TT" and BB power, respectively. The dashed lines in Figure 5.1b show the data set 3 EB
dust cross-spectrum. These data sets provide realistic upper bounds on the observed dust

power spectra at 150 GHz. We list the amplitude of the dust cross-spectra in each case in
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Figure 5.2: (a) Clean sky EB likelihoods for various instrument configurations (see Sec-
tion 5.3.1). Self-calibration likelihood for recovering Aygp given an experiment misaligned
by Ay, = —2°. We exclude dust and consider only the effects of different beam sizes and
sky fractions. We test experiment configurations with Opy g = 5 and 60" and fg,, = 0.01,
0.1, and 0.7. Red curves show the likelihood for 5’ resolution experiments and blue curves
show 60’ resolution experiments. The two experiment configurations with nearly the same
likelihood will be referred to as experiments Eygr and Er i for the high-resolution and low-
resolution configurations, respectively. (b) Dusty sky E B likelihoods for various instrument
configurations (see Section 5.3.1). The same experiment specifications as Figure 5.2a but
including dust in the rotated power spectrum. Dust dominates the polarized CMB at low
multipoles and thus weakens the self-calibration procedure for low-resolution experiments.
There is a small bias in the recovered alignment angle for large beam experiments.

Table 5.6.

5.2.2 Review of Self-Calibration Procedure

Following the self-calibration procedure of [167], a miscalibration of the instrument polariza-
tion angle, Ygesign, by an amount A results in a rotation of the observed Stokes vector and

thus the observed Stokes parameters, Q(p) and U (p), as given by Equations 5.4 and 5.5:

Q(p) = cos(28¢)Q(p) — sin(2A¢)U (p) (5.4)

U(p) = sin(2A¢)Q(p) + cos(2A¢)U (p) , (5.5)
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where Q(p) and U(p) are the sky-synchronous linear polarization Stokes parameters, and p
denotes the pointing on the sky (note we use the CMB convention for the polarization angle
direction). The observed E(I) and B(I) modes are then rotated from the sky-synchronous
E(l) and B(1l) modes as given by Equations 5.6 and 5.7:

E(l) = cos(2A0)E(1) + sin(2A4) B(1) (5.6)

B(l) = —sin(2A¢) E(1) + cos(2A) B(1) (5.7)

where [ is the conjugate variable to p. To determine the best-fitting misalignment angle,
A1), we minimize the variance between the rotated spectra and theoretical CMB spectra and
thus maximize the likelihood functions given by Equations 5.8 and 5.9, which are analytically
solvable. We define fy, as the observed sky fraction, Ax as the observation noise, Opw rn

as the telescope beam full-width at half-maximum, and let the subscript and superscript

X e{T,E, B}.
2
(O Lsin(4A0)(CEE — OfB))
Lpp(AY) x exp x 5.8
. 2
(CZTB + sin(QAw)CKTE)

Lr(AY) xexp | — = 5.9
r8(AY) ; 2(504713)2 (5:9)

R 1
5CEB CEE tOtCBB ,tot 510
( ¢ ) (26 + 1)fsky ( )

. 1
6CTB CTT totcBB ,tot 511
(6Ct")" = i i7 o
CXXtot — GXX 4 A2 FOhwin/(B1n2) (5.12)

The hat on C, denotes rotated angular power spectra, which include foregrounds and a
rotation angle in the model, and represent, in this Chapter, the power spectra that would

be measured by an experiment. C} represents theoretical CMB power spectra. The rotated
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power spectra are given by Equations 5.13 - 5.17 with the foregrounds given by C’lf g,

C’fE = sin2(2A1/J) (C’fB + C{Q’BB) + COSQ(QA@/))

x (CFE 4+ C[9PP) 4 sin(4Ayp)CloPP (5.13)

CPP = cos®(2A0) (CFP + CI#PP) + sin®(2A4)

x (CPP + CJ9PF) — sin(4Ay)Cf9"P (5.14)
CTE = cos(2A4) (CFF + C{Q’TE) + sin(2A9)CJo"P (5.15)
CTB = cos(20¢)CI7TE — sin(2A¢) (CTF 4 Cf#TE) (5.16)

- 1
CFP =3 sin(Ap) (CPP = CFF + C["7F — o[F)

+ cos(4Ap)CJ9EP (5.17)

We use dust power spectra as defined by Equations 5.1 - 5.3 as the foreground spectra.
Figure 5.1b shows the rotated EB spectrum, without dust, for various rotation angles.
Figure 5.7 shows the CMB, dust, and rotated power spectra as well as noise for a fiducial
experiment design.

Once At is found it can be corrected for by a rotation of —At applied to the measured
() and U maps, however any non-zero EB or T'B foreground power will bias the calibra-
tion angle, as shown in the next Section. We write a complete formalism that takes the

foregrounds into account in the likelihood itself in Section 5.4.
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AYgp [degrees|
®FWHM fsky CMB Only CMB + Dust
50 0.01 | —2.00 £0.03 | —2.00 = 0.03
) 0.1 | =2.00£0.01 | —2.00£0.01
60.0/ 0.1 | —2.00£0.07 | —2.03 £0.10
’ 0.70 | =2.00 £0.03 | —2.03 £0.04
Atrp [degrees]
50 0.01 | =2.00£0.09 | —2.00 £ 0.09
' 0.1 | —2.00£0.03 | —2.00 £0.03
60.0° 0.1 | =2.00£0.12 | =2.03 £0.13
’ 0.70 | =2.00 £0.05 | —2.03 £ 0.06

Table 5.1: Recovered angle with and without dust (see Figure 5.2a and 5.2b). Simulated
misalignment Ay, = —2.0°. The recovered Ay and lo uncertainties for experiment con-
figurations with different beams and sky coverage, with and without dust in the rotated
spectra. The E B calibration is more precise than T'B in all scenarios. The uncertainties
scale inversely with fg,.

5.3 Results

5.3.1 Foreground Biased Self-Calibration Angle

We perform the self-calibration procedure to measure the telescope misalignment A using
several different instrument configurations and compare the effects of foregrounds in each
case. For all experiments we assume an effective instrument noise Ay = buK arcmin. We
use three data sets of different dust spectra to characterize the effects of foregrounds on the
self-calibration angle.

For convenience we define Exg as the high-resolution and small sky fraction experiment
with Opwpy = 5 and fgy, = 0.01 and Err as the low-resolution and large sky fraction

experiment with Opy gy = 60" and fo,, = 0.7.

Self-Calibration with CMB Only

We reproduce the CMB-only results of [167] in Figure 5.2a and Table 5.1, with all the dust

spectra set to zero. High angular resolution or large sky fraction experiments have inher-
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Figure 5.3: (a) E'B Likelihood with increased dust level (see Section 5.3.1). We increase the
level of dust power and compare the results for experiment configurations Eyr and Epg,
with the simulated misalignment A, = 0.0°. The low-resolution experiment is biased and
has larger statistical uncertainty than the high-resolution experiment when high levels of
foregrounds are observed. The multiplicative factor is m = 1, 5, and 10. (b) T'B Likelihood
with increased dust level. Same as Figure 5.3a but using T'B as a calibrator. Notice the T'B
calibration has larger uncertainties than E'B but is more robust in general to high power
foregrounds.

ently less statistical uncertainty on the self-calibrated angle than low-resolution or small sky
fraction experiments. Experiments Fyr and Fp g have approximately the same constraining

power on AYgp using the self-calibration procedure on the CMB-only sky.

Self-Calibration with Dust Measured in BICEP2 Region

We add dust, as measured in the BICEP2 region and fit to a power law, to the rotated
spectra as in Equations 5.13 - 5.17, and show the results in Figure 5.2b and Table 5.1. The
recovered Ay for experiment Egp is unbiased. However, the dust foreground produces a
small bias in the calibration angle of experiment Epr by Ay, — Athgy = 0.03° at 0.750
significance. The dust also increases the statistical error of the calibration. A bias of this
size is negligible compared to current calibration uncertainties (of order 0.5°), but could
prove relevant in the future. Also, the dust power spectra can be larger in other regions of

the sky, producing a larger bias, as we show below.
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Experiment Config. A [arcmin]
Orwanm | foky | M EB TB

1 |-00x£16 | —01+48
5.0/ 001 5 | -01+1.7| -02+£5.2
10 | -02£1.7| -06+5.6
1 | -12+£21] -04+36
60.0/ 0.70 | 5 | —424+3.0| —-1.3£5.0
10 | =71£38 | —-1.94+5.9

Table 5.2: Increased dust level by multiplicative factor (see Figure 5.3a and 5.3b). Simulated
misalignment A, = 0.0° for experiment configurations Eyr and Ep g and m = 1, 5, and
10. An experiment observing large portions of the sky near the Galactic plane will observe
high levels of dust which can bias the calibration angle, as evident in the second row of the
table. Note the units of Ay are arcminutes.

Self-Calibration with Brighter Dust Spectra

We increase the dust power in all spectra by a multiplicative factor as in Equation 5.2. This
is motivated by the fact that we measured the dust spectra on only 1 per cent of the sky at
high Galactic latitude, while larger sky fractions will see more dust. We increase the dust
amplitude by up to an order of magnitude, which is consistent with Planck observed dust
power on 70 per cent of the sky. Figure 5.3a and Table 5.2 illustrate the effect of increasing
levels of dust power for experiments Eyr and Epg. The dust power dominates the CMB at
low ¢ and thus low resolution experiments using the self-calibration procedure are susceptible
to a bias (as large as 1 —20). The calibration angle for high resolution experiments is robust

to strong foregrounds.

Self-Calibration with Correlated Dust Spectra

We write the EB and T'B spectra as a correlated fraction of the power in FE and BB and
TT and BB, respectively, as in Equation 5.3. For simplicity we let the correlation fraction
be the same and positive for both EB and T'B, although the T'B spectra measured in the
BICEP2 region is slightly negatively correlated. To show an extreme case, we take the dust

level to be 5x that measured in the BICEP2 region and then set EB and T B using various
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Figure 5.4: (a) EB likelihood with correlated dust (see Section 5.3.1). Self-calibration
likelihood using correlation fractions to set the £B and T'B dust power. We set the overall
dust level to be 5x that measured in the BICEP2 region and the correlation fraction f. =
0.01, 0.1 and 0.5. The low-resolution experiment measures a calibration angle biased by up
to 1°. Again the high resolution experiment is robust to foregrounds. (b) T'B likelihood with
correlated dust. Same as Figure 5.4a but using T'B as a calibrator. The bias in Ayrp is
of the opposite sign of the other Awrp results because we have set the CI'Z dust spectrum
to be positive when using the correlation fraction, however it is measured in the BICEP2
region to be slightly negative.

correlation fractions, as shown in Figure 5.4a and 5.4b and Table 5.3. We plot the EB
cross-spectra derived using this method in Figure 5.1b.

The self-calibration angle in this scenario can be biased by up to 1°. There are several
factors that must conspire together to achieve this bias. First, we used a relatively large beam
telescope, although with a large sky fraction. Second, we used dust power 5x that in the
BICEP?2 region, which is generally only realistic for patches near the Galactic plane. Third,
the dust correlation fraction is 50 per cent which is approximately 100x that measured by
Planck. We do not expect this to be observed, although theoretically possible, and thus
include it to show an upper bound. Using a small beam eliminates the bias and thus self-

calibration for high resolution experiments is robust to bright polarized foregrounds.
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Experiment Config. A [arcmin]
Orwun | fsky | [fe EB TB
0.01 | =0.1£1.7]0.1£5.2
5.0/ 001} 01 | =04+£1.7]0.7£5.2
05 | =1.94+1.7 | 35+£5.2
001 ] -1.1£31[04+£5.0
60.0/ 0.70 | 0.1 | —11+£3.1 | 3.7£5.0
0.5 | =d57£3.1 | 19£5.0

Table 5.3: Increased dust by using a correlation fraction (see Figure 5.4a and 5.4b). Simu-
lated misalignment A1, = 0.0° for experiment configurations Eyg and Fpr and setting the
dust £B and T'B cross-spectra by m = 5 and f. = 0.01, 0.1, 0.5. The low-resolution exper-
iment measures significantly biased calibration angles. Disagreement between the £'B and
T B self-calibration angles would be a sign of foreground biases or other systematic errors.

5.3.2 Self-Calibration Angle Bias and Spurious B-mode Power

A miscalibration of the telescope angle will generate B-mode power from the rotation of
E-modes into B-modes, as shown in Figure 5.4a. We estimate the tensor-to-scalar ratio
from the spurious B-mode power for various rotation angles in Table 5.4. To estimate
the equivalent 7 we take the rotated CPP spectra divided by the r = 1.0 theoretical C2P
spectrum and evaluate at ¢ = 80, for a given angle Ay. We have neglected dust in the
calculation as adding dust can produce an additional bias (i.e., we assume high-frequency
data is used to clean polarized dust from the maps). We have also excluded lensing B-mode
power in the calculation.

Current experiment systematic biases are generally larger than the potential foreground-
induced bias. For example, BICEP2 measures a self-calibration angle of Ay = —1.1° [34],
POLARBEAR measures Ay = —1.08° with a statistical uncertainty of 0.2° [301], and ACT-
POL constrains their polarization offset angle to —0.24+0.5° [209]. A 50 detection of r = 0.01
requires a polarization angle uncertainty < 0.5° for an otherwise ideal experiment with no
other sources of systematic error. Accounting for other instrument systematics brings this
requirement to < 0.2° [36, 214, 167, 157], which approaches the foreground bias for low-

resolution experiments observing particularly dusty regions. Similarly, a miscalibration of
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Ay | 0.0° 0.2° 0.5° | 1.0° | 2.0°
r | 0.000 | 0.0003 | 0.002 | 0.008 | 0.033

Table 5.4: Estimated spurious r due to a rotation. We set r as the ratio of the rotated BB
spectrum to the theoretical » = 1.0 BB spectrum at ¢ = 80.

the telescope angle by 2 0.5° greatly biases the measurement of gravitational lensing of

E-modes into B-modes [272], as can be seen qualitatively in Figure 5.5.

5.4 Foreground Corrected Self-Calibration Method

We incorporate foregrounds into the calibration method by including them explicitly in the
likelihood functions as given by Equations 5.18 and 5.19. This has the effect of eliminating
the bias but increasing the uncertainty on the calibration angle, as shown in Figure 5.6.
We marginalize over foreground amplitudes assuming a fixed index foreground power law

spectrum, although this can be straightforwardly generalized:

Lpp(AY, A) xexp — [Z (éfB — cos(4Ay)CyIOEE
‘

+ %sin(élAw) (C’fE - CcpP

2
e c;f%BB)) / 2(5CE)?

(A/EB _ AEB)2
X exp — 5
2045
A'EE _ AEE)2 A'BB _ A\BB)2
AT AT W AT (5.18)
205 2058
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Experiment Config. A [arcmin]
Dust Level m | Corrected £ EB TB
0 No 0.0£14 0.0+2.6
) No —424+31] -1.3+£5.0
) Yes 0.0£3.9 0.0£5.3

Table 5.5: Likelihood corrected for foregrounds (see Figure 5.6). Simulated misalignment
Ay, = 0.0° for experiment Err and m = 0 or 5. Using the full likelihood calculation
recovers the correct calibration angle as if there were no dust, but has larger uncertainty.

Lrp(A, A') ocexp — [Z <CA'(ZTB — cos(2Ay)C9TP
¢

+sin(2A0) (€7 + 7))’ / 2(5CTP)’

(ATB — ATB)2  (ATE ATE)2_

_ 5.19

X exp 202 202, ( )

EXB(A¢) X /dA/EXB(A¢, A/) . (520)

Here Céf 9XY represents the foreground power spectra determined by the amplitude AXY.

We marginalize over the prime quantities in Equation 5.20. The Gaussians are centred on the
best-fitting foreground amplitude, AXY | with variance 0%, as determined from 353 GHz (or
other high frequency) data. Figure 5.6 compares self-calibration results using the original
and foreground-corrected likelihood functions. The corrected version accurately finds the

calibration angle, with a slightly larger uncertainty due to the marginalization, as expected.

5.5 Discussion

Unmitigated foreground interference can bias and appreciably reduce the utility of the CMB
self-calibration method because a foreground biased polarization angle will generate spurious
B-mode power. We consider only dust in this Chapter, however, at lower frequencies other

polarized sources such as synchrotron will likewise bias and reduce the effectiveness of the

122



109

—— Theoretical: = 0.01

—— Observed: r = 0.0, Ay = 0.5°
—— Observed: r = 0.0, Ay = 2.0° /\/W
101

1072
/

1073

00+ 1)CPB J2m[uK?]

1074
T
10 102 103

107°

Figure 5.5: Rotated and theoretical BB power spectra. The blue curve shows the theoretical
CMB BB power spectrum with » = 0.01, including lensing. We compare this to the rotated
BB spectra, in the green and red curves, given a miscalibration of the telescope angle by
Ay = 0.5° and 2.0°, respectively. The rotated spectra were calculated using » = 0.0, and
thus consists of lensing and leaked E— to B-modes only. For a misalignment of Ay < 0.5°,
the E-mode leakage does not contribute significantly to the BB spectrum until ¢ 2 100.

self-calibration procedure. To account for polarized foreground signals one can either include
them in the self-calibration likelihood function or subtract them in the map domain. A map
domain foreground cleaning may require an iterative method between self-calibration and
component separation, especially if combining data from multiple instruments.

We note that, in principle, experiments should simultaneously estimate both the cos-
mological parameter values and the polarization angle because the cosmological parameters
used as inputs to the theoretical CMB power spectra have non-zero uncertainty. Addition-
ally, the likelihood functions for EB and T'B should be maximized simultaneously, although

the use of two separate estimators provides a consistency check.
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Figure 5.6: Likelihood corrected for foregrounds (see Section 5.4). We use experiment con-
figuration Epr and compare the uncorrected to the foreground-corrected likelihood. The red
curve shows the likelihood without foregrounds for reference. The blue curve adds dust with
m = 5 into the rotated spectra using the original (uncorrected) likelihood (Equation 5.8).
The green curve includes the same dust power but corrects for foregrounds in the likelihood
(Equation 5.18). Including the dust in the likelihood eliminates the bias but increases the
statistical uncertainty (see also Table 5.5).

It is important to note that primordial magnetic fields and cosmic birefringence should
produce faint non-zero EB and T'B cross-spectra [231, 243]. Because the self-calibration
method minimizes the EB and T'B correlation, it is difficult to both search for these sig-
nals and self-calibrate. Nevertheless some experiments are investigating ways to make this
observation [243].

We conclude that experiments using the self-calibration procedure should be aware of
the potential bias of non-zero EB and T'B power due to foregrounds. CMB experiments
using foreground monitors at frequencies far above or below the foreground minimum need
to account for foreground contamination in the self-calibration procedure. Self-calibration

for experiments with access to high-¢ multipoles is robust to foreground contamination, as
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the foreground power spectra generally falls off as a power law. Low-resolution or low-¢

experiments observing small sky fractions are vulnerable to foreground-induced biases.

Dust Data Set | Dust Power [((¢ + 1)/27 uK?] x 1000
Dust Params CZZ“SB’EB CZESZ’TB
Measured 0.39+3.5 5.66 29
Best-Fitting 0.64 + 3.2 —11.84+24
m=>5 3.2 —59.2
m = 10 6.4 —118
m =5, f. =0.01 0.86 17.0
m=2>5, f.=0.1 8.6 171
m="5, f.—0.5 43 853

Table 5.6: Dust EB and T'B Power (see Section 5.2.1). We show the dust cross-spectra
at ¢ = 80 (multiplied by 1000 for ease of reading) for the three data sets we use in this
Chapter (see Section 5.2.1). The best-fitting row refers to the amplitude of the power-law
fit to all four band-powers (normalized at ¢ = 80), whereas the measured row refers to the
band-power measured at ¢ = 80. The dust cross-spectra are currently not well-constrained
and are consistent with zero in the BICEP2 region. We thus use these data sets to represent
other possible measurements of the EB and T'B dust cross-spectra, which are consistent
with the bounds set by Planck, except for the f. = 0.5 case.

5.6 Dust Cross-Correlation Spectra

For completeness, we list the amplitudes used in the EB and T B power-law spectra in
Table 5.6. These can be compared to the EB and T'B spectra in fig B.2 and B.3 of [225].
Briefly, Planck measures EB and T'B power at 353 GHz in the range 0 — 10 and 0 — 100
K2, respectively, depending on the sky fraction analysed. Those upper limits correspond to
approximately 0.017 and 0.17 uK? when scaled to 150 GHz using the grey-body frequency
dependence of dust emission [235]. Comparing these to Table 5.6 (note we multiplied the
Table by 1000 to ease readability), we see that all our spectra are within those bounds except
the extreme case where m =5 and f. = 0.5.

Lastly, we reproduce fig. 2 of [167] using our data sets and show the resulting rotated

BB spectra in Figure 5.7. The rotated BB spectra follows the dust spectra for £ < 100 and
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Figure 5.7: Theoretical and rotated amplitude spectra. CMB FE and BB amplitude spectra
(square root of power spectra) with » = 0 and rotated BB spectra when including a telescope
misalignment of Ay, = 2.0°. Also shown is the dust BB spectrum and the noise amplitude
spectrum given Ax = 5uK arcmin. The rotated spectra are shown both before and after
adding dust to the sky in purple and gold lines, respectively. At low multipoles, ¢ < 100,
the dust contributes significantly to the rotated BB spectrum.

then follows the leaked EF'E component for ¢ 2 300.
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Chapter 6

The E and B Experiment Data

Analysis

The E and B EXperiment (EBEX) was a balloon-borne CMB polarization experiment that
flew over Antarctica in January 2013. EBEX was designed to measure the polarization of
the CMB and foregrounds as well as serve as a pathfinder for new detector and readout tech-
nologies. EBEX observed in three frequency bands centered on 150, 250, and 410 GHz, using
1960 frequency domain multiplexed (FDM) transition edge sensor (TES) bolometers. EBEX
used a continuously rotating cryogenic half-wave plate (HWP) to modulate the polarization
signal in an effort to reduce polarized systematic errors. EBEX was designed to measure a
400 deg? area of sky with an angular resolution of approximately 10’. An attitude control
motor malfunctioned during the flight, causing EBEX to lose control of its pointing. This
resulted in observations covering 6000 deg? of sky instead of 400 deg®. The expected noise
per pixel was thus significantly increased and systematic errors were much more difficult to
understand. See the three EBEX papers, The EBEX Collaboration et al. [299, 300, 298], for
details about the experiment and flight.

This chapter describes my work for the EBEX experiment as we attempted to recover

maps of the CMB despite the in-flight motor failure. The chapter is divided into two sections
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Figure 6.1: Example calibrated time-ordered data from three detectors at 250 GHz over the
course of one data segment (approximately one day). The destriped map-making algorithm
is designed to remove the long timescale drifts seen in the data.

i) noise modeling and ii) map-making. The noise modeling section summarizes my work
characterizing the noise performance of the experiment by estimating the noise for each
detector throughout the whole flight and using this information to inform the map-making
algorithm and estimate the expected signal-to-noise on the sky. The map-making section
discusses my work applying a destriped map-making code (destriper) to the EBEX data in

order to make clean maps of the sky.

6.1 EBEX Noise Modeling

The goal of CMB experiments is to measure the angular power spectrum of the temperature
and polarization anisotropies of the CMB. In order to do this, maps are made at different

frequency using observations from many detectors. The frequency maps are then combined
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Figure 6.2: Example PSD of a 5.7 minute length of TOD for a 250 GHz detector (labeled 65-
3-06) with the corresponding noise model fit. The red is the unbinned power spectrum and
the blue is the logarithmically binned power spectrum. The dotted line is the best fit noise
model of Equation 6.5 with W = 780 uK+/s, fr = 0.10 Hz, and o = 1.56. Below f < 0.1
Hz we see an increase in low-frequency noise power. The HWP template is subtracted only
to 10 Hz and higher than this we see residual HWP signal harmonics. We apply this noise
fitting to every detector TOD every 5.7 minutes for the entire flight to characterize the noise
performance of EBEX.

to remove foregrounds and produce I, ), and U maps of the CMB, which are then projected
into T, ¥, and B modes. Cosmological parameters are then inferred from the angular
power spectra of the T, F and B-mode maps. A variety of preprocessing steps are applied
to the data before the map-making procedure. For EBEX, these steps include pointing
reconstruction, half-wave plate template subtraction and demodulation, deglitching, data
selection, and calibration. See Didier [86], Araujo [16], Aubin et al. [18] for information
on these methods for EBEX. For my noise modeling and map-making work, I use data
that has all the preprocessing applied and is ready for science analysis, which we will call

time-ordered data (TOD). The data was gathered in segments of time lasting approximately
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one day, which make for a natural timescale to organize the data. An example segment
of TOD for three 250 GHz detectors is plotted in Figure 6.1. Several features stand out
in the TOD. The TOD are correlated across detectors, which can come from a variety of
sources including atmospheric drifts, sky signals, or cryogenic temperature changes. The high
frequency noise (essentially the width of the lines) is much less than the size of the long-
timescale drifts. To characterize the noise properties of the experiment, we will work in the
power spectrum domain. Thus the long-timescale drifts are referred to as low-frequency noise
and the short-timescale noise is related to the white-noise level of the TOD. The destriped
map-making algorithm addresses the issue of drifts by combining multiple observations of
the same location on the sky to separate signal from noise, and will be discussed in the map-
making section. EBEX has the advantage of using a HWP to modulate the polarization
signal which moves the polarization signal out of the low-frequency noise regime and into
the white-noise regime.

EBEX flew with nearly 2000 detectors, producing approximately 1 Terabyte of data. In
order to characterize the experiment performance and prepare for map-making, we produced
a noise estimation method that would quickly analyze the noise for the entire dataset. There
are two important characteristics of the noise that we would like to measure i) the Gaussian
white-noise component and ii) the low-frequency red-noise component. The white-noise level
determines how long observations must be conducted in order to average down the noise and
detect the sky signal. The red-noise component does not average down in time and has to
be removed by filtering or destriped map-making. The modeling procedure is performed in
the power spectrum domain of the TOD. We first describe the noise estimation method and

then describe the resulting noise statistics and map sensitivity.

6.1.1 Noise Estimation Method

We estimated the white-noise level and low-frequency behavior of the TOD, as well as the

time variability of these noise characteristics. For each detector we calculated power spectral
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Figure 6.3: Example NET distribution for one 150 GHz detector (labeled 69-1-12). Each
NET is measured from a 5.7 minute long length of TOD for the whole flight.

densities of 5.7 min sections of calibrated, deglitched, half-wave plate synchronous signal-
subtracted TOD, and fit them with a three-parameter noise model M (f) consisting of red
and white noise terms as a function of frequency. Figure 6.2 shows an example PSD of a 5.7
minute section of TOD and the corresponding best-fit noise model. The fitting procedure is
as follows.

We apply a Hanning window to the 5.7 minute chunk of TOD and then calculate a
one-sided PSD as the magnitude squared Fast Fourier Transform (FFT) [245]. The zeroth
and first lowest frequency bin are ignored due to the small bias induced by the windowing.
Additionally, to avoid complications from the HWP harmonics, we fit PSD data only up
to 10 Hz. The PSD measured in this way (also called a periodogram), P(f), is a biased

estimator of the ‘true’ underlying noise power spectrum and is y? distributed with two degrees
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of freedom (x3) [218]. The source of this distribution can be understood as follows. The
real and imaginary parts of the FFT data are Gaussian distributed so taking the magnitude
squared produced a distribution that is the sum of two squared Gaussian distributions, which
is the definition of a y3 distribution. Standard least squares fitting applies to Gaussian
distributed data only, therefore we modify the least squares fitting procedure to correct for
the x2 distributed data. We take the logarithm of the PSD which separates the expectation

of the x? distribution from the expectation value of the PSD,

2

E [log <15(f)ﬂ — log (P(f)) + E {%} — log (P(f)) — 7, (6.1)

where P(f) represents the true power spectral density and v = 0.57721... is the Euler-
Mascheroni constant. The logarithm of the PSD is still a biased estimator, but we can
correct for this by subtracting the constant, v [30]. The variance of the logarithm of the

PSD is then a constant given by,
VAR [k)g (P(f))] = 7%/6. (6.2)

The weighted least squares residuals are then minimized to produce unbiased estimators of

the model parameters using,

5 (105 (1)) ~log (M(/)) +7)

v (6.3)

X’ =

To account for the possibility of binning the PSD, which adds to the degrees of freedom of
the PSD x? distribution, we can calculate the correction needed for x3, distributions with
any even number of degrees of freedom. The correction factor for y? distributed data with

2N degrees of freedom is given by the digamma function,

— 7. (6.4)



Note that the correction goes to zero as the number of degrees of freedom approaches infinity
because the x? distributions approaches a Gaussian (it is negligible after about 50 degrees of
freedom) [218]. Binning the PSD this many times is a common way to reduce the bias in the
estimator, however for our purposes this would require continuous TOD over long periods
of time (hours). This is often not achievable experimentally (see for example the many gaps
in the data in Figure 6.1) and so we used this method to estimate the noise PSD on fast
timescales.

The noise model is given by

M(f)=W? [1 + (%)a] : (6.5)

The noise model parameters are W, the white noise level in K/ VHz, which we will identify as
the noise-equivalent temperature (NET) of the detectors; fx, the frequency cutoff of the red-
noise power law, also referred to as finee, in Hz; and «, the red-noise spectral index [218, 206].
In the case that the PSD is particularly flat, the f; parameter should be zero, in which case
we change the model to simply a constant white noise level. Figure 6.2 shows an example
PSD and fit for one section of TOD for a 250 GHz detector.

This fitting procedure benefits from being a fast and simple method to estimate both the
white-noise and low-frequency noise performance of the detectors as a function of time. The
5.7 minute length of time was chosen so that enough of the low-frequency noise was present
in the PSD while being short enough that continuous sections of TOD could be chosen with
no experimental glitches. The length is in fact 2!® samples which enables the FFT to be
calculated efficiently. The model suffers somewhat from being non-linear in the parameters,
however the logarithm separates the white noise level from f;, and «. The white noise
parameter is log-normally distributed, which encourages use of the median and not the mean
when examining the distribution of the white-noise levels. Figure 6.3 shows the distribution

of white-noise levels measured throughout the flight for one 150 GHz detector. Additionally,
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Figure 6.4: (From left to right) 150, 250, and 410 GHz detector NET distributions as a
function of time. Each point is a box and whisker plot indicating the 25", 50, and 75
percentiles of the detector NET median values during one segment (approximately one day
each). The whiskers indicate the outliers. We see the NET distribution does not change
significantly as a function of time, except for the 410 GHz detectors.

non-linearity of the model implies that the reduced y? statistic, e.g., x%/(number of data
points - number of model parameters), is potentially rendered meaningless as a goodness-of-
fit statistic, due to the degeneracy of f, and o when either is near zero. The accuracy of this
procedure was extensively tested using simulations and confirmed with the more conventional
method of averaging many spectra together and estimating the white-noise level as the mean

of the PSD in a certain bandwidth above fi,cc.

6.1.2 Noise Statistics and Map Sensitivity

After applying the fitting procedure to all the detector data for all of the flight we have a
set of parameters W, fi, and «, which we can study to characterize the performance of the
instrument. For each detector we calculate the three median parameter values over each
segment and over the entire duration of the flight. Figure 6.4 shows the distribution of the
detector median NET per segment. Figures 6.5, 6.6, and 6.7 show the NET, fi,ce, and «
histograms of detector median values for each parameter. The median NET is 400, 920, and
14590 pK4/s for the 150, 250, and 410 GHz detectors respectively. The white-noise level
is used in conjunction with the pointing data to produce instrument effective sensitivity
maps (see Chapman et al. [52] and Araujo [16] for details on the pointing reconstruction

algorithm). The median fypee is 0.15, 0.21, and 0.18 Hz for the 150, 250, and 410 GHz
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Figure 6.5: (Left to right) 150, 250, and 410 GHz distribution of median detector noise-
equivalent temperatures, NET, for all available detectors in a given frequency band and the
median of the distribution (vertical red). The median NET is 400, 920, and 14590 uK,/s for
the 150, 250, and 410 GHz detectors respectively.
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Figure 6.6: (Left to right) 150, 250, and 410 GHz distribution of median detector knee
frequency, frnee, for all available detectors in a given frequency band and the median of the
distribution (vertical red). The median fgpee is 0.15, 0.21, and 0.18 Hz for the 150, 250, and
410 GHz detectors respectively.
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Figure 6.7: (Left to right) 150, 250, and 410 GHz distribution of median detector red noise
index, «, for all available detectors in a given frequency band and the median of the distri-
bution (vertical red). The median « is 2.77, 2.60, and 2.46 for the 150, 250, and 410 GHz
detectors respectively.
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detectors respectively. And the median « is 2.77, 2.60, and 2.46 for the 150, 250, and
410 GHz detectors respectively. The fi,.. and o parameters characterize the low-frequency
noise performance of the detectors and is provided as an input to the destriped map-making
algorithm. The HWP modulates the polarization signal to a band around 5 Hz, far above
the red-noise regime below approximately 0.2 Hz. The fi,.. values of approximately 0.2 Hz
indicate that the TOD contain drifts in the data on timescales longer than 5 seconds. These
drifts will be subtracted by the destriping algorithm.
To estimate the map sensitivity we binned all the noise data onto the sky using HEALPix [122]

with N4 = 64. Each sample is associated with an equivalent temperature noise Ny (in pK)
equal to the product of the NET calculated during that time section and the square root of

the sampling rate. We calculated depth per pixel D, as,

D, = (Z NLQ) o , (6.6)

S?p

where the sum is over all samples that had pointing within a given pixel p. Figure 6.8
shows the estimated map sensitivity for the experiment and histogram of the sensitivity per
pixel at a resolution of ~1 deg?. The map sensitivity is spatially inhomogeneous due to the
motor malfunction, as described in The EBEX Collaboration et al. [300]. The median depth
values per pixel for the 150, 250, and 410 GHz maps are 11, 28, and 1982 K, respectively.
These are several factors larger than sensitivity achieved by Planck and the expected CMB
E-mode signal, indicating that even ideal maps without low-frequency noise residuals would
not reveal many features of the CMB. We then combined these sensitivity maps with the
expected polarized microwave sky (including Galactic foregrounds) determined by Planck to
estimate the expected EBEX signal-to-noise maps. Figures 6.9 and 6.10 show the polarized
signal-to-noise maps for the full dataset and zoomed in on the Galactic plane, where the

signal is brightest.
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Figure 6.8: (Top from left to right) 150, 250, 410 GHz sensitivity depth maps in Galactic
coordinates using the measured NET and EBEX pointing. The maps have resolution of
about 1° (HEALPix N4 = 64 pixels) and the color scale is linear. At this pixelization the
median pixel noise is 11, 28 and 1982 pK for the 150, 250, and 410 GHz bands, respectively.
(Bottom from left to right) 150, 250, 410 GHz histograms of sensitivity per pixel.

6.2 Destriped Map-making

One of the most important steps for CMB experiments is the map-making procedure. The
map-making procedure entails combining all the detector TOD back into a single map of
the sky. The required components for map-making are the pointing, TOD, and TOD noise
estimates. In general the TOD will contain a variety of systematic effects that are not
representative of the sky. For EBEX, after deglitching and half-wave plate template sub-
traction, the most prominent signal in the TOD are low-frequency drifts in the data, as
described above. A variety of approaches were tested and used to mitigate the effect of
low-frequency noise. Here we will focus on a destriping algorithm that simultaneously solves
for low-frequency noise in the data and produces cleaned maps of the sky.

The destriper we have used was developed by Sutton et al. [289, 290] and is called
the DEStriping CARTographer (DESCART). DESCART is a FORTRAN code that I have
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Figure 6.9: (Left to right) 150, 250, 410 GHz polarization signal-to-noise ratio maps. The
maps have resolution of about 1° (HEALPix Ny;4. = 64 pixels) and the color scale is loga-
rithmic.
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Figure 6.10: (Left to right) 150, 250, 410 GHz polarization signal-to-noise ratio maps zoomed
in on Galactic plane. The maps have resolution of about 1° (HEALPix N4 = 64 pixels)
and the color scale is logarithmic.

adapted and applied to EBEX data. A variety of data formatting modifications were made
and most importantly I added capability for DESCART to handle polarization timestreams
produced by an experiment with half-wave plate modulation. The modified DESCART
algorithm was tested extensively in simulation with realistic signals, noise, and pointing
before being applied to real EBEX data. The final EBEX polarization maps are statistical-
noise dominated, as expected from the depth sensitivity maps, and the temperature map is
systematic-noise dominated. The temperature systematic appears to be due to unexpected
loading on the detectors, potentially from the sun, which produced a non-linear response in
the detectors. Some of this effect is seen in the polarization maps as well. A discussion of
the EBEX systematics errors can be found in Didier [86], Araujo [16]. Here I will summarize
the destriping algorithm, then present results from realistic simulations, and finally 1 will

present the destriped EBEX maps.
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Figure 6.11: (Top left) Input CMB temperature map. (Top right) Binned and averaged
map with simulated red-noise. (Bottom left) Destriped map. (Bottom right) Histogram of
map residuals. The destriped map recovers the input CMB very well even in the presence
of low-frequency red-noise. The destriped residuals (green in histogram) are approximately
the same as a white-noise only simulation, showing the destriper effectively removes the
red-noise from the map. Note the scale of the color bar for the binned map is larger than
the other maps by a factor of 2.5.

6.2.1 Destriping Algorithm

To estimate the sky map from the TOD we begin by writing down a model for the TOD [296],

d=Pm+n, (6.7)

where d is the TOD vector, P is the pointing matrix, m is the pixelated observed sky map,
and n is the noise in the TOD. This equation assumes the detectors have a linear response

and that the noise is additive. For polarized map-making the sky map, m, has 3 components,
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I, @, and U, each with length n, and so in total has length 3n,. A detector sensitive to one

linear polarization will observe a signal,
s=1+Qcos2¢+Usin2y, (6.8)

where 1) is the polarization angle of the detector and I, ), and U are the Stokes parameters
in a given pixel. This equation is modified for EBEX due to the half-wave plate modulation,
such that,

5= %(1 + Q cos(40p + 200) + U sin(40p + 20) (6.9)

where 0, is the angle of the half-wave plate. The pointing matrix identifies the corre-
sponding pixel on the sky for every time and so has a size of the number of time samples
by the number of map pixels, (n¢,3n,). The TOD, d, and noise, n, have length n;. For
experiments with multiple detectors, the detector TODs are concatenated end-to-end (so n;
is the total observation time for all detectors). The sky-map, m, is assumed to already have
already been convolved with the beam (this assumes all the detectors have the same shape
beam). The noise vector, n, can in general contain correlations in time within a detector
and correlations between detectors. This can be represented by the noise (time-time and
detector-detector) covariance matrix, N = (nnT>. Thus, we have the TOD vector, the point-
ing matrix, and know statistical properties of the noise vector and would like to solve for
the sky-map. The previous section describes our method to estimate the noise properties.

Assuming a Gaussian likelihood, the maximum likelihood solution for the sky-map is [296],
m=(P N 'P)"'P'N'd (6.10)
with the map (pixel-pixel) covariance matrix,

C=(P N'P). (6.11)
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For Gaussian uncorrelated noise, the noise covariance matrix is diagonal and this solution
amounts to binning and averaging the data assigned to a pixel. For non-diagonal noise ma-
trices this solution is computationally infeasible to implement due to the size of the datasets.
For EBEX, even with assumptions to estimate N~! which otherwise has size 10 x 10°, the in-
version of (P" N~'P) would require 10'® operations (= 1 CPU-year) and Terabits of memory.
Instead, various approximations are made about the statistical properties of the noise and
this allows us to reduce the computational complexity. A variety of map-making algorithms
exist to solve this problem including Weiner filtering, time-domain filtering, Fourier-domain
filtering, and maximum-entropy algorithms [296]. The method we apply here is a destriping
algorithm as its main goal is to reduce the effect of correlated low-frequency noise on the
map, which produce stripes along the scan path [182, 168, 310]. This method benefits from
being computationally and practically efficient for producing high fidelity maps.

The destriping algorithm is based on the principle that the noise can be linearly de-
composed into two components: a Gaussian uncorrelated white-noise component, n,,, and a

low-frequency correlated component, n.y.. [290],

n=n, + N . (6.12)

The correlated noise is then modeled as a series of parameterized basis functions over a set
baseline duration. The length of the baseline duration, ny, is determined by where the low-
frequency noise cuts off, which was measured in the previous section as fine.. For DESCART,
the basis functions are step functions with a free amplitude and therefore the low-frequency

noise is modeled as a series of constant offsets [290],

N0 = Fa. (6.13)

Here the matrix F describes the basis functions composed of step functions with length 7.
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The model for the TOD is now,
d=Pm+Fa+n,. (6.14)

The white-noise component obeys,

(n,) =0, (6.15)
and has a diagonal covariance matrix,

T

C, = (n,n,) (6.16)

with diagonal elements given by the white-noise variance, ¢7. This matrix, C,,, is esti-

mated in the previous section using the white-noise levels measured every 5.7 minutes. The
destriper solves simultaneously for the sky-map and the correlated noise offsets, then iter-
atively updates both and repeats the procedure until they converge to a final map. The

maximum likelihood sky-map is given by [290],
m = (P C,'P)"'"P ' C,'(d — Fa), (6.17)
with map variance,
C=P C,'P)". (6.18)

This solution is computationally efficient to solve because C! is diagonal. All the matrices
in Equation 6.17 are known except the offset amplitudes, a.
Before we address the solution of the offsets, let me briefly remark on the importance of

the scan strategy for map-making. Let us define the matrix M,
M= (P C,'P), (6.19)

which consists of the white-noise covariance matrix assigned to each map domain pixel [182].
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The matrix M is block diagonal with a 3 x 3 block, M,,, assigned to each pixel to represent

the I, @), and U terms. We can use Equation 6.9 to write,

PO >, o
Mp — Zt COS20¢t Zt 005220@5 Zt COS it SinOét , (620)

Tt T Ot

Z sin ot Z sin oy cos o Z sin? ot
t o't2 t Ut2 t o'?

where we have defined a; = 46, + 29 as the effective angle at a time t (05, can be set to
0 for polarization experiments without a half-wave plate). The sum is taken over all times ¢
that are associated with observations of pixel p. The I, @), and U parameters can only be
measured if each pixel is observed with at least three different angles (optimally the angles
are distributed uniformly between 0 and 7). If the angles are too similar, then I, @), and U
are degenerate and M,, becomes singular and cannot be inverted. This is accounted for in
the destriper by ignoring the TOD that are associated with pixels with singular M,,.

Now, to estimate the destriping offsets, we assume the offset amplitudes are Gaussian

distributed and uncorrelated, and solve the equation [290],
(F'C'ZF)a=F C.'Zd, (6.21)
to get the maximum likelihood solution for a. We have introduced the definition,
Z=1-PM 'P C;!, (6.22)

which operates in the time-domain and subtracts the uncorrelated component from the TOD
(leaving only the correlated component). Z is a projection matrix such that Z? = Z, meaning
we project out the uncorrelated TOD and then solve for the correlated offset amplitudes.
Equation 6.21 is solved using a preconditioned conjugate gradient method [290].

This concludes the summary of the destriping algorithm. The algorithm takes the TOD

and noise estimate as input and the baseline offset length as a parameter and returns the de-
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Figure 6.12: Simulated TOD shown with destriping offsets overplotted. (Left) White-noise
only simulation. (Right) Red-noise simulation. The destriper solves for the offsets and
subtracts them from the data to produce maps without red-noise biases. For both figures,
the blue points are the simulated TOD and the red points are the destriping offsets. In the
right figure, the green shows the TOD minus the destriping offsets to reveal the resulting
destriped TOD.

striped approximation to the maximum likelihood map. The results of the destriper applied

to simulation and EBEX data are discussed in the next section.

6.2.2 Simulated Data

The destriper was tested extensively in simulation. We began with full sky temperature
only, white-noise only, simulations and step-by-step added more complexity and capability
including realistic red-noise, real EBEX pointing, multiple detectors, and polarization. The
final simulation before applying the destriper to EBEX data was to use the EBEX pointing
but with simulated timestreams. Here we show the results of the simulations, beginning with
temperature only maps and advancing to the polarization simulation.

To make the simulations realistic we used pointing that resembled the EBEX scan strat-
egy and we used the measured noise statistics from the previous section to add noise to
the timestreams. The sky was modeled using the EBEX sky-map which was based on the
Planck results at the time. The first simulation was temperature only maps with one detector

over the approximate EBEX region. Red-noise typical of EBEX detectors was added to the
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Figure 6.13: Standard deviation of map residuals as a function of destriping length for
three different simulation scenarios (white-noise destriped, red-noise destriped, and white-
noise binned and averaged). For white-noise only simulations the destriper converges to
binning and averaging as the offset length increases. For the red-noise simulation, there is
an optimal offset length dictated by the fi,.. low-frequency noise cutoff. For this red-noise
simulation the fi,.. corresponds to 477 samples, which, as expected, is approximately where
the minimum in the residuals is located.

timestream. Examples of the simulated timestream are shown in Figure 6.12. Figure 6.11
shows the results of the destriper on the maps.

First we simulated white noise only timestreams and then compared these to the input
CMB maps. Next we added red-noise (with the same white noise level) and compared the
destriped red-noise maps again to the input CMB maps and the white noise maps. Ideally if
the destriper performs well the destriped map should converge to the white-noise only map.
Figure 6.11 shows the simulated maps and a histogram of the map residuals between the red-

noise binned, red-noise destriped, and white-noise binned and the input CMB. Figure 6.12
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Figure 6.14: (Top left) Input CMB U map. (Top right) Binned and averaged map with
added simulated red-noise. (Bottom left) Destriped map. (Bottom right) Histogram of
output minus input map residuals. The destriped map recovers the input CMB very well
even in the presence of low-frequency red-noise. Note the scale of the color bar for the binned
plot is larger than the others by a factor of 2.5.

shows the destriped offsets in the red-noise and the resulting cleaned timestream.

Next we considered how the length of the destriping baseline offsets effects the maps and
determined what is the optimal baseline length. We confirmed that the optimal baseline
length should correspond approximately to the f,.. frequency in samples. This is shown in
Figure 6.13. We compared the performance of the destriper with various offset lengths for
red- and white-noise simulations compared this to the white-noise binned residuals. If the
baseline is too short then the destriper will remove signal from the maps. If the baseline
is too long then the destriper will not remove all of the low-frequency drifts. Additionally,
applying the destriper to white-noise only simulations does increase the noise in the map as

there are correlations in the map that are not accounted for in the destriper. The destriper
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Figure 6.15: (Top I, bottom left @, bottom right U) Destriped EBEX maps zoomed in
on Galactic plane. The maps are strongly dominated by systematics in temperature. The
polarization maps reveal features along the Galactic plane, but these appear to be from
instrumental polarization.

assumes uncorrelated baseline offsets but this requirement is not always satisfied if the signal
dominates over the noise. For EBEX data, the low-frequency noise is dominant and so the
destriper performs optimally. Additional residuals due to sub-pixel fluctuations are also
possible but not taken into account here as EBEX has a high enough resolution to resolve
most of the strong gradients on the sky, except towards the center of the Galactic plane.
Finally, we introduced polarization into the simulations. We assumed the TOD model
from Equation 6.9 and added red- and white-noise to the TOD. Figure 6.14 shows the maps
and histogrammed residuatls for the polarization simulation. The destriper again performs

well and recovers the sky-map at the expected white-noise level.

6.2.3 Destriped EBEX Maps

We first applied the destriper to EBEX data on the Galactic plane only (defined as |b] < 5
degrees) and produced I, @), and U maps as shown in Figure 6.15. The temperature maps
revealed only systematic artifacts. Time domain filtered temperature maps reveal more

features of the Galaxy implying the systematic effects are inherent and dominant on long
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Figure 6.16: Example EBEX data before and after destriping. (Left) The example TOD
in blue and the destriping offsets in red. (Right) The PSD of the TOD before and after
destriping. The blue is the PSD of the raw TOD and the green is the PSD of the destriped
TOD. The raw PSD shows the low-frequency noise and the destriped PSD is reduced to
nearly white-noise.

time scales in the data. These effects could be due to sunlight leaking into the detector
beams. The motor failure meant that EBEX pointed closer to the sun than was allowed
by the specifications of the baffles. The Galactic plane polarization maps reveal some of
the expected Galactic structure due to the half-wave plate modulation avoiding the low-
frequency noise, however there are still clear systematics in the maps. The issue is that the
observed polarization signal switches sign on opposite sides of the Galaxy for both the () and
U maps, which is not expected and indicative of an experimental systematics. This feature
is also present in the filtered maps. The source of this instrumental polarization feature and
attempts to remove it are discussed in Didier et al. [87].

We double checked that the destriper was performing as expected by inspecting the TOD
and the solved destriper offsets, as shown in Figure 6.16. From this test we found additional
detectors that performed poorly and removed them from the science selected data, however
this did not resolve the systematic features in the temperature maps. The power spectrum of
the destriped TOD shows that the destriper performed as expected and removed a majority
of the low-frequency noise.

We then applied the destiper to the full flight data for all the 250 GHz data and produced
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the maps shown in 6.17. Again the temperature maps show no discernible signal. The
polarization maps show structure along the Galactic plane, but again this is most likely
an instrumental polarization artifact of temperature leaking into polarization. These maps
are made with the baseline offset length set based on the measured fi,c., however we also
checked a variety of shorter and longer baselines as a test. The maps at 150 GHz are similar.
The 410 GHz detectors did not produce very much usable data so we did not make destriped
maps at 410 GHz.

We tested the possibility that a reflection of the sun was producing a signal by producing
set of sun-centered coordinates. The motion of the sun was then subtracted from the pointing
coordinates. We then made destriped temperature maps in the sun-centered coordinates,
as shown in Figure 6.18. The figure shows that the side facing the sun sees a very bright
signal and there could be a second reflection on the opposite side but it is hard to confirm
whether is is purely from the sun or not. As another test we produced sun-signal subtracted
maps by scanning the sun template and subtracting this sun template from the TOD. We
then made maps with the sun subtracted TOD, as shown in Figure 6.18. The polarization
maps were not strongly effected by the sun subtraction. The large signal on the left side
of the temperature map was successfully removed by this method and some more features
of the Galaxy could be seen but the maps was still dominated by systematics. For these
reasons, EBEX sky-maps were not published, using either the destriping algorithm or a

filtering method.
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Figure 6.17: (From left to right) I, @, U destriped EBEX maps. The temperature map
is dominated by systematics, potentially related to sunlight leaking into the beam. The
polarization maps are random noise dominated away from the Galaxy.
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Figure 6.18: (Left) Total hit map of EBEX 250 GHz observations. (Right) Sun-centered
map. (Bottom) Sun subtracted T map zoomed in on Galactic plane.
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Chapter 7

Microwave Kinetic Inductance

Detector Readout

One of the major design considerations for CMB experiments is the detector and readout sys-
tem. Microwave Kinetic Inductance Detectors (MKIDs) are superconducting resonators that
are designed to be highly sensitive photon detectors for astrophysical observations [77, 78].
At Columbia, MKIDs are being developed for cosmic microwave background polarization
observations [199, 200, 198, 110, 158, 159, 160]. MKIDs are a strong candidate technology
for CMB experiments because they are inherently multiplexable, meaning that many detec-
tors can be read out at once. A variety of experiments have deployed or are planning to
deploy KIDs for millimeter and sub-millimeter observations including BLAST-TNG, NIKA-
2, TolTEC, and C-CAT Prime [49, 46, 88, 114, 20, 219]. Future CMB experiments such as
CMB-S4 may also benefit from deploying KIDs [4]. This Chapter will focus on the readout

system for MKIDs, which is one of the main advantages of MKIDs for CMB experiments.

7.1 Readout System Overview

MKID arrays are readout using frequency division multiplexing [38, 197, 304, 308, 40, 88,

202]. See Figure 7.1 for a diagram of the MKID multiplexing scheme. MKID readout requires
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Figure 7.1: (Left) Example MKID multiplexing circuit schematic. In this design, each MKID
is based on a quarter-wavelength coplanar waveguide (CPW) resonator. The length of the
niobium section of the CPW is tuned to give each detector a unique resonance frequency.
Tones at the appropriate frequencies are then passed down a single transmission line to
resonant and read out all the detectors simultaneously. Photons are absorbed by the MKID
which produces small changes in the inductance and therefore resonance frequency of the
MKID. The resulting amplitude and phase shifts in the tone are then readout and calibrated
into sky signals. (Right) Measured transmission as a function of frequency for an array of
multi-chroic MKIDs. Each red line corresponds to an observed MKID resonance. Figures
reproduced from Johnson et al. [158, 159].

playing a tone at the detector resonance frequency while simultaneously reading out that
tone and measuring the resulting amplitude and phase shift. Changes in the amplitude and
phase of the probe tone are due to changes in the resonance of the devices, which are caused
by changes in the surface impedance of the device film [194, 196, 309, 212, 198, 110, 24].
Photons incident on the detectors with energy greater than the superconducting gap break
Cooper pairs, changing the quasi-particle density and kinetic inductance, and thus surface
impedance which is read out as a change in the probe tone amplitude and phase.

MKID readout systems must satisfy several basic requirements [304, 195, 95, 39, 41, 130].
The system must operate at the range of the resonance frequencies of the detectors, which is
typically 100 - 8,000 MHz. The readout noise must be much less than the intrinsic detector
noise (below ~ —90 dBc/Hz). The system needs to support a large enough bandwidth to
read out hundreds or thousands of detectors at once. Lastly the readout needs to have the
frequency resolution to readout resonators with very high quality factors, Q ~ 100, 000.

The system is designed as follows (see Figure 7.2 for a diagram of the readout setup).
A field-programmable gate array (FGPA) and digital-to-analog converter (DAC) generate

complex IQ signals. The signals are mixed with a local oscillator to the required frequency
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of the resonators. The tones are passed into the cryostat on a single coax line and excite the
detectors at their resonance frequencies. The resulting signal is then demodulated by an 1Q
mixer and digitized by an analog-to-digital converter (ADC). The detector signal channels
are selected and read out using a polyphase filterbank on the FPGA and sent to a computer
for processing and storage. The resulting amplitude and phase shifts of the tones are then
analyzed and calibrated into intensity units [114, 41, 39, 198, 110].

MKID readout requires a digital tone generator, such as an FPGA, connected to a DAC
to produce the probe tones [121]. The waveforms are generated on the FPGA by taking
a length N inverse Fast Fourier Transform (IFFT) of a delta function comb. The length
of the IFFT sets the frequency resolution of the tones. For example, an FPGA with 500
MHz of bandwidth spaced with N = 2!8 bins gives a frequency resolution of about 1.9 kHz.
The initial waveform amplitude should be maximal within the range of the DAC and the
waveform crest factor should be minimized. This is achieved by randomly generating the
probe tone phases (more advanced techniques are unnecessary because the MKID devices
themselves will quasi-randomly shift the tone phases).

A mixing circuit is used to bring the signals to the required frequency. For example, to
readout devices with resonances between 1000 to 1500 MHz, one would use the FPGA to
generate tones from -250 to 250 MHz and mix them with a 1250 MHz local oscillator and
IQ modulator to the required frequency. The same LO is used to demodulate the tones after
passing through the MKID array. The tones are fed into the cryostat via coaxial cables
and vacuum feedthroughs. The coax is wired through the cold stages and attenuated before
interacting with the detectors. The signal is passed into a cold low noise amplifier and then
back out of the cryostat. The signal is again amplified and mixed down before going into an
ADC and back into the digital readout. Signals are then demodulated into amplitude and

phase shifts, which can be calibrated to power variations on the detectors.
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Figure 7.2: Schematic of the readout electronics. The top left shows the signal generation,
digital-to-analog conversion, and 1) mixing. The blue portion shows the cryogenic elec-
tronics. The bottom left shows the demodulation and filtering scheme. Figure reproduced
from Johnson et al. [158].
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7.2 Readout Development

My work for the Columbia readout consisted of two projects, (i) building an analog signals
condition circuit to operate high frequency MKIDs and (ii) updating the FPGA firmware to
accommodate a 1 Gbit/s Ethernet connection directly from the FPGA to the local readout

computer.

7.2.1 Analog Signal Conditioning and Mixing Circuit

The signals conditioning circuit for the testbed at Columbia was built to allow for devices to
be readout at frequencies between 500 MHz and 4 GHz. The previous heterodyne readout
system operated between 1 and 2 GHz and the baseband readout operates between 0 and
256 MHz. The new electronics circuit I built, which we named the MkII Heterodyne Readout
Box, is shown in Figure 7.3. The purpose of the circuit is to convert between the baseband
frequencies of the FPGA and the resonance frequencies of the MKIDs. A ROACH-2 !
generates readout tones between —256 to 4256 MHz while the detectors have resonance

frequencies that could be anywhere between 500 MHz to 4 GHz.

thttps:/ /casper.berkeley.edu/
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The signals conditioning circuit is composed of a series of amplifiers, attenuators, mixers,
filters and a frequency synthesizer. The circuit is constructed as follows. Quadrature (IQ)
signals are generated by the ROACH-2 and passed to the MKII Readout Box. The signals
are low-pass filtered (Minicircuits Low Pass Filter SLP-2004) and then sent to quadrature
modulator (Polyphase Microwave AM0350A Quadrature Modulator) where the signals are
mixed with a local oscillator (LO) to the desired frequency range. The LO is produced by a
frequency synthesizer (Valon 5008 Dual Frequency Synthesizer). The LO frequency can be
set by communicating with the Valon via USB. This is done using the Python readout soft-
ware developed at Columbia. The modulated signals are then attenuated to the desired level
before being sent sent into the cryostat and to the MKID devices. The attenuator (Mini-
circuits Programmable Attenuator RCDAT-6000-60) can be controlled via Ethernet, which
again is done automatically using the Python readout software. The signals resonant the
MKIDs and then are amplified by a cold low-noise amplifier in the cryostat before being sent
back to the MkIT Readout Box. On the return side, the signals are again amplified by a se-
ries of two room-temperature amplifiers (Minicircuits Connectorized Amplifier ZX60-6013E).
The signals are then demodulated back down to baseband using the LO and a quadrature
demodulator (Polyphase Microwave AD0540B Quadrature Demodulator). The demodulator
sets the high edge of the operating band with a cutoff at 4 GHz. The demodulated signals
are then low-pass filtered and sent back to the ROACH-2. The ROACH-2 box houses both
the ADC and DAC (Techne Instruments ADC2X550-12 and DAC2X1000-16).

The components and circuit were tested extensively for ensure the noise properties and
performance satisfied the requirements for MKID testing. We studied the stability and phase
noise of the LO from the Valon as well as the phase error of the modulators. We did find
that the LO leakage through the modulators can be unacceptably high and so the LO is
typically set at a frequency at least 50 MHz away from the nearest MKID resonance. All

the components operated to the necessary specification.
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Figure 7.3: (Left) Image of the ROACH-2 board, which houses the FPGA and ADC/DAC.
Signals are generated on the ROACH-2 and then passed to the heterodyne mixing circuit
before going into the cryostat. (Right) MKII heterodyne readout circuit. The heterodyne
readout circuit mixes the baseband signals from the ROACH-2 with a local oscillator to
produce tones between 500 MHz and 4 GHz. The tones are then fed into the cryostat and
resonant the MKIDs. On the return path, the mixing circuit demodulates the signal back to
baseband and then sends it back to the ROACH-2 for channelizing and processing. Images
reproduced from Johnson et al. [158].

7.2.2 FPGA Programming

Another upgrade I made to the readout system was to program the ROACH-2 FPGA (the
FPGA is programmed using MATLAB Simulink and the CASPER tookit [137]) to enable
1 Gbit/s Ethernet speeds directly from the ROACH-2 to the readout computer. This upgrade
meant that the system was capable of simultaneously reading out 800 MKIDs at once. (Other
issues that were never addressed limited the actual readout capability to 128 MKIDs.) The
previous system was only capable of reading out 16 tones and the largest array of MKIDs
tested at Columbia had 256 MKIDs so this was satisfactory at the time. I will briefly
review how the ROACH-2 FPGA produces the readout tones which are sent out to the
MKII readout box and then the MKIDs. First, a set of readout tones is synthesized on the
ROACH-2 computer (PowerPC 440EPx) and saved to a memory that is shared with the
ROACH-2 FPGA (Virtex-6 SX475T FPGA). The ROACH-2 reads from this memory and
outputs these tones to the DAC. The tones are then conditioned as described above and sent
to the MKID devices and back. On return, the signals are sent to the ADC and then passed

to the ROACH-2 FPGA. The FPGA takes an FFT of the signal using a poly-phase filter
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bank (PPFB). The PPFB is a multi-rate digital signals processing algorithm that allows us
to divide the incoming signal into an array of its constituent frequencies while maintaining
high fidelity of the signals (in particular avoiding windowing and leakage issues between
FFT bins). The result is that the FPGA now outputs a time-series of data for each input
readout frequency (i.e. a time series for each MKID). The code I wrote took these time-series
and arranged them into memory buffers and then User Datagram Protocol (UDP) packets
in such a way that packets were continuously streaming from the ROACH-2 to the local
readout computer at a rate fast enough to accommodate reading out up to 800 tones. The

FPGA Simulink block diagram code is shown in Figure 7.4.
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Figure 7.4: FPGA block diagram firmware I wrote to enable 1 Gbit/s data link from the
ROACH-2 to the readout computer. The code works by implementing a state machine
that fills alternating UDP packets while maintaining a memory buffer to collect data as the
packets are being processed.
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Chapter 8

Conclusion

This concludes my graduate research. I plan to build upon several of these projects in
the future, in particular the self-calibration, spectral distortions, and GBT research. In
terms of the self-calibration foreground biases, experiments like Simons Observatory [115] are
currently developing their calibration methods and I plan to study how best to calibrate the
polarization angle given the foregrounds. For the spectral distortions forecast, recently I have
been updating the forecast and applying it to a newly proposed satellite experiment called
PRISTINE. I am adding additional complexity to the forecast as well as adding functionality
for more general experiment designs. For the GBT project, there are radio recombination
lines and polarization data that we plan to study using our existing data set. I will also apply
for time with GBT to observe the S140 region at Ku-band. Additionally, the GBT could
be used to make high spatial and spectral resolution maps of other small regions for low-
frequency foreground studies. It may also be possible to study Faraday rotation of Galactic
synchrotron emission with the high spectral resolution of the VEGAS backend.

Lastly, one of the main projects I will work on is studying a new parametric foreground
modeling method, called the moments method [69]. The moments method was developed
by Jens Chluba, with Colin Hill and me, while we were working on the spectral distortions

forecast. The moments method aims to generalize the parametric foreground modeling idea
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to include the effect of line of sight and non-zero angular resolution integration. Current
foreground subtraction methods can be dividing into what domain they operate in: the
map domain, harmonic domain, or a combination of both, using spectral information and
prior constraints to inform each method. The latest Planck release has five separate CMB
removal methods, which each operate in different domains with different assumptions. For
example, a common method is to assume the CMB blackbody spectrum and apply a linear
combination of available frequency maps to produce a minimum variance result. Extensions
to this involve applying constraints to the foreground models or using harmonic information
to inform the statistics of the map. Another method is to simply apply physical constraints
for the foreground models and gather a wide range of spectral information and fit for each
foreground and CMB parameter. The principle of the moments method is that foregrounds
are known to vary spatially, and in general should even vary along the line of sight and
within the beam of current observations. This integration will produce a deviation from the
assumed model since most models are not linear in the parameters. Assuming there exists an
individual foreground element that follows a certain parametric model with a set number of
parameters, then the spatial integration will be over a distribution of parameter values. The
method is to model the effect of this integration by estimating the parameter distribution
with the statistical moments of the distribution (mean, variance, skewness, kurtosis etc).
The effect of the integration on the foreground model can then be taken into account by
adding additional parameters to the model that are related to the moments of the underlying
parameter distribution (hence naming it moments method). Future research in this area is

warranted.
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