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ABSTRACT

The existence of the CMB marks a big success of the lambda cold dark matter
(�CDM) standard model, which describes the universe’s evolution with six free
parameters. The inflationary theory was added to the picture in the ’80s to explain
the initial conditions of the universe. Scalar perturbations from inflation seeded the
formation of the large-scale structure and produced the curl-free E-mode polariza-
tion pattern in the CMB. On the other hand, tensor fluctuations sourced primordial
gravitational waves (PGW), which could leave unique imprints in the CMB polar-
ization: the gradient-free B-mode pattern. The amplitude of B modes is directly
related to the tensor-to-scalar ratio r of the primordial fluctuations, which indicates
the energy scale of inflation. The detection of the primordial B modes will be strong
supporting evidence of inflation and give us opportunities to study physics at energy
scales far beyond what can ever be accessed in laboratory experiments on the Earth.

Currently, the main challenge for the B-mode experiments is to separate the pri-
mordial B modes from those sourced by matter between us and the last scattering
surface: the galactic foregrounds and the gravitational lensing effect. The two most
important foregrounds are thermal dust and synchrotron, which have very different
spectral properties from the CMB. Thus the key to foreground cleaning is the high
sensitivity data at multiple frequency bands and the accurate modeling of the fore-
grounds in data analyses and simulations. In this dissertation, I present my work on
ISM and dust property studies which enriched our understanding of the foregrounds.

The BICEP/Keck (BK) experiments build a series of polarization-sensitive mi-
crowave telescopes targeting degree-scale B-modes from the early universe. The
latest publication from the collaboration with data taken through 2018 reported
tensor-to-scalar ratio A0�05 � 0�036 at 95% C.L., providing the tightest constraint on
the primordial tensor mode.

BICEP Array is the latest generation of the series experiments. The final configu-
ration of the BICEP Array has four BICEP3-class receivers spanning six frequency
bands, aiming to achieve f„A” . 0�003. The first receiver of the BICEP Array is
at 30 and 40 GHz, constraining the synchrotron foregrounds. In this dissertation, I
cover the development of this new receiver focusing on the design and performance
of the detectors. I report on the characterizing and diagnosing tests for the receiver
during its first few observing seasons.
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C h a p t e r 1

COSMOLOGICAL MOTIVATION

1.1 The Standard Model of Cosmology

The cosmological principle assumes a homogeneous and isotropic universe at the

very large spatial scale. In describing the geometry of the universe, it leads to the

Friedmann-Lemaître-Robertson-Walker (FLRW) metric

dB2 = � 22dC2 ¸ 0¹Cº2
�

dA2

1 � :A2
¸ A2d\ 2 ¸ A2s8=2\ dq2

�
– (1.1)

assuming that the spatial components of the metric are time-dependent. The time

dependency is represented by the scale factor0¹Cº whose present value is set to 1.

: takes values of 0, 1, or -1, corresponding to a �at, close, or open universe. These

are the only three cases in which the universe can have a universal curvature radius.

With the general form of the global metric in Eq. 1.1, assuming a homogeneous and

isotropic stress-energy tensor, we get the Friedmann equations from the Einstein's

�eld equations of general relativity

� 2 �
�

¤0
0

� 2

=
8c�

3
d �

:
02

¸
�
3

– (1.2)

¥0
0

=
�
3

�
4c�

3
¹d ¸ 3?º • (1.3)

The� � ¤0•0 represents the time-dependent expansion rate, whose current value� 0

is the Hubble constant.� is the Newtonian gravitational constant,d is the energy

density, and� is the cosmological constant. Eq. 1.2 and 1.3 determine the evolution

of the scale factor0¹Cº. But to get the solution, we need knowledge of the energy

density.

In the� CDM (Lambda cold dark matter) standard model, the universe contains three

major components: matter, radiation, and dark energy. In an expanding universe,

the energy density of each kind of component evolves following the rule set by its

equation of state (EOS)
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? = Fd – (1.4)

which leads to

d / 0� 3¹F¸ 1º • (1.5)

The dark energy, or the cosmological constant� , hasF = � 1 and a constant

energy density. For both baryon and dark matter,F = 0, and the energy density

is proportional to the number density,d" / 0� 3. Radiation and other relativistic

particles like neutrino haveF = 1•3 anddA / 0� 4. The energy density of radiation

reduces faster during the cosmic expansion because the wavelength gets stretched.

The evolution of the comoving Hubble radius during a period when the universe

was dominated by a speci�c component is

¹0� º� 1 = � � 1
0 0� 1

2 ¹1¸ 3Fº /

8>>>>><

>>>>>
:

0 radiation-dominated

01•2 matter-dominated

0� 1 cosmological constant-dominated

(1.6)

The early universe was dominated by radiation beforeI 4@= 3600. After that, the

universe was matter-dominated until recent aroundI = 0•4, when the dark energy

started taking over.

In Eq. 1.2, by setting� = 0, we can solve for the critical density which gives a �at

universe (: = 0)

d2A8C=
3� 2

8c�
• (1.7)

The density parameter of each component is de�ned as


 8 � d8• d2A8C• (1.8)

The �rst Friedmann equation can be rewritten with the present density parameters

� 2 = � 2
0

�

 0–A04 ¸ 
 0–" 03 ¸ 
 0–:02 ¸ 
 0–�

�
– (1.9)
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where the subscript 0 means the present value,
 : is the �ctitious curvature density

parameter,
 0–: = 1 � ¹ 
 0–A̧ 
 0–" ¸ 
 0–� º. If the total energy density is equal to

the critical density,
 : = 0, : = 0, the universe is �at. An over-dense universe is

closed, with
 : Ÿ 0, : = 1. An under-dense universe is open, with
 : ¡ 0, : = � 1.

In the case of all three geometries, though the universe will end in di�erent ways,

it will always have an expanding era. The observation done by Edwin Hubble in

1929 (Hubble, 1929) showed that our universe is expanding. A hot and dense early

universe was then concluded by pushing the time backward from now to the past.

In the more popular term, the universe started with a Big Bang. Many observations

to date strongly endorsed the Big Band theory and the� CDM model, including the

discovery of the Cosmic Microwave Background (CMB) and its anisotropies.

1.2 The Cosmic Microwave Background

In an expanding universe, the number density of particles goes as

= / 0� 3 • (1.10)

The photon's wavelength gets stretched following the rule_ / 0 or in frequency

a / 0� 1. By de�nition, the relationship between the scale factor and redshift is

0� 1 = 1 ¸ I . The radiation temperature scales as

) = ) 00� 1 = ) 0¹1 ¸ I º – (1.11)

where) 0 = 2•72548� 0•00057K(Fixsen, 2009) is the current temperature of the

universe.

Eq.1.10 and 1.11 show that in the early time, when0 was small, andI was large, the

universe was hot and dense, and it was cooling down during the expansion. During

the �rst few hundred thousand years, the energy of the radiation was too high for

any neutral hydrogen to form.

Three main processes dominated the interaction between particles in the early uni-

verse plasma: Compton scattering, double Compton scattering, and Bremsstrahlung.

Before the decoupling of photons, the scattering rates of all three processes were

higher than the expanding rate, and the particles were in equilibrium.
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The reaction4¸ ? $ H ¸ Wcan be described by the Saha equation before dropping

to far from equilibrium . The free electron fraction- e � =4
=4¸ =H

= =?

=?¸ =H
can be

calculated by

- 2
4

1 � - 4
=

1
=4 ¸ =H

" �
< 4)
2c

� 3•2

4� n0•)

#

– (1.12)

wheren0 is the ionization energy of hydrogen,13•6 eV. This result approximates

the accurate solution of the Boltzmann equation quite nicely, see Figure 3.4 in

(Dodelson, 2003b). Eq.1.12 shows that the universe remained highly ionized (- 4

close to 1) until) dropped far belown0. Recombination occurred at) around0•3 eV

or 3000 K, I around 1100, which was approximately 300,000 years after the Big

Bang.

During recombination,- 4 dropped quickly from close to1 to 10� 3. The Thompson

scattering rate=4f ) also decreased as fewer free electrons were in the universe.

Photon decoupled when the scattering rate fell below the Hubble rate� . This

happened during the recombination. The decoupled photons then free streamed

through the spacetime and reach us today, providing a snapshot of the early universe.

Their wavelength got stretched into the microwave band by the cosmic expansion,

thus called the Cosmic Microwave Background (CMB).

The CMB was �rst measured by Arno A. Penzias and Robert W. Wilson in 1965 as

isotropic radiation at3•5 K (Penzias and Wilson, 1965). The frequency spectrum

measured by COBE FIRAS instrument agreed with a blackbody spectrum to high

accuracy as shown in Figure 1.1 (Mather et al., 1994), with a temperature) 0 =

2•72548� 0•00057K(Fixsen, 2009). These observations strongly support the Big

Bang theory as no alternate theory can predict such an equilibrium background

radiation.

In 1960-70s, inhomogeneities required by large scale structure formation were dis-

cussed (Harrison, 1970) (Peebles and Yu, 1970) (Zeldovich, 1972). Anisotropies

were predicted in CMB at a level� ) •) = 10� 5 (Sunyaev, 1978) and �rst observed

by the COBE satellite (Smoot et al., 1992). The measurements of the angular power

spectrum of the CMB anisotropies in the following decades enabled precise cos-

mology and played a critical role in establishing the� CMD standard model and the

study of in�ation.



5

Figure 1.1: Uniform spectrum measured by FIRAS and �t to Planck blackbody.
Uncertainties are a small fraction of the line thickness. (Fixsen et al., 1996)

1.3 In�ation

The in�ationary theory describes that the universe expanded exponentially during a

fraction of the �rst second right after the Big Bang. It was �rst proposed by Alan

Guth in his investigation of the lack of magnetic monopoles in the universe. He found

that a false vacuum with positive energy can cause the space to expand exponentially.

This exponential expansion can provide explanations for some long-standing cosmic

problems.

Magnetic-Monopole Problem

The Grand United Theories predict that magnetic monopoles can be produced at

high temperatures. The particle is stable and heavy. They should have persisted to

the present day and become the primary constituent of the universe. However, this

contradicts the null results of all the experimental search e�orts to date. The in�ation

that happened after the production of magnetic monopoles could have dramatically

reduced its density, making it very hard to be detected in laboratory experiments.

Horizon Problem

The maximum distance light can travel between time 0 andCis
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g �
¹ C

0

dC0

0¹C0º
=

¹ 0

0

d00

�0 02
=

¹ 0

0

dln00

�0 0 • (1.13)

g is the particle horizon at timeC, which sets the boundary of a causally connected

region. Because the particle horizon can be calculated as an integral of the comoving

Hubble radius, its dependency on the scale factor is similar to Eq. 1.6 if we consider

the universe to be dominated by a single component.

g /

8>>>>><

>>>>>
:

0 radiation-dominated

01•2 matter-dominated

0� 1 cosmological constant-dominated

(1.14)

Before the fairly recent dark energy era, the particle horizon was growing as the

universe was expanding, which means its size in the early universe, e.g., at recombi-

nation, was much smaller than today. The regions of the universe that were causally

connected at the last scattering are only about2 degangular scale on today's CMB

sky. Sky patches separated by an angle larger than this were outside each other's

horizon. No known physics could interact between them.

However, the observable universe appears to be highly uniform. The measured

temperature of CMB is almost the same in all directions, with very small anisotropies

at 1/100,000 level, which suggests that the early universe was in equilibrium. The

standard Big Bang model does not explain the homogeneity except simply assumes

that the whole universe was set to the same temperature from the beginning. We

sometimes refer to the beyond-horizon equilibrium as the horizon problem.

One plausible solution to the horizon problem is letting the Hubble radius be large

at the beginning and shrink later. A large Hubble radius in the early universe can

contribute to the integral in Eq. 1.14 and result in a large enough particle horizon

at recombination.

The shrinking Hubble radius is described by

d¹0� º� 1

dC
Ÿ 0 – (1.15)

which is equivalent to¥0 ¡ 0, an accelerated expansion. The tremendous expansion

during in�ation indicates that the physical size of the universe was much smaller

than expected by the standard model at the beginning of in�ation. Thus the thermal
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equilibrium could be established between di�erent parts of the universe before they

were pushed out of each other's horizons.

With the second Friedmann Equation 1.3, an accelerating expansion requires a

negative pressure

? Ÿ �
1
3

d • (1.16)

Flatness Problem

Eq. 1.2 can be written with the density parameter as

1 � 
 = �
:

¹0� º2
• (1.17)

Since the comoving Hubble radius has been increasing in the standard model, if


 were not 1 in the early universe, the deviation would have grown rapidly with

time. An 
 � 1 today requires the value in the early universe to be �ne-tuned. For

example, the �atness required at the Big Bang Nucleosynthesis has to be

j1 � 
 ¹0BBNº j � $ ¹10� 16º • (1.18)

Like in the horizon problem, a shrinking Hubble radius can resolve the "�ne-tune"

problem. In Eq. 1.17, during an accelerated expansion,1•¹ 0� º decreases, and

j1 � 
 j is dragged toward zero.

The �atness measured by Planck plus BAO is
 : = 0•0007� 0•0037(Akrami et al.,

2020), which matches the prediction of the in�ation.

Primordial Perturbations

The quantum �uctuations in the in�ation �eld are stretched during the exponential

expansion and become seeds of the formation of large-scale structures later. In the

simplest case, a single scalar �eldq can ful�ll the negative pressure requirement

and drive the in�ation. Since the �uctuations are very small compared to the

homogeneous background, we can use linear approximation

q¹C–xº = �q¹Cº ¸ Xq¹C–xº • (1.19)

Perturbations in the metric tensor
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6`a ¹C–xº = �6`a ¹Cº ¸ X6̀a ¹C–xº • (1.20)

Metric perturbations can be decomposed into three components: Scalar, Vector, and

Tensor perturbations. We can write the scalar perturbations as

600 = �¹ 1 ¸ 2	 º – (1.21)

608 = 0 – (1.22)

68 9= 02X8 9¹1 ¸ 2� º • (1.23)

Tensor perturbations have two polarizations,� = � ¸ = � � .

68 9= 02
©
­
­
«

1 ¸ � ¸ � � 0

� � 1 � � ¸ 0

0 0 1

ª
®
®
¬

• (1.24)

In�ation does not create vector perturbations. Even if it does, the vector components

will soon decay with the universe's expansion.

The linear approximation allows all the modes to evolve independently in Fourier

space. Because of the isotropy, we can label the modes with their wave number's

amplitude: = jkj. The comoving wavelength is unchanged during the in�ation, but

the comoving Hubble radius shrinks. We say a mode exits horizon when

: Ÿ 0� • (1.25)

While it is outside the horizon, the mode stops evolving and remains frozen. After

the in�ation, the comoving Hubble radius slowly grows back up. The modes will

eventually re-enter the horizon and start to evolve again. As the modes with the

same wavelength enter the horizon simultaneously, they are naturally aligned in

phase. The coherence of the perturbation modes is a key prediction of in�ation,

which beautifully explains the peak-and-trough patterns in the CMB power spectrum

(Dodelson, 2003a).

The perturbations can be described by a probability distribution with variance given

by the power spectrum evaluated at the horizon crossing.
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%B¹: º =
� 2

2: 3

� 2

¤q2

�
�
�
�
�
: =0�

– (1.26)

%C¹: º � 2%� ¹: º =
4
: 3

� 2

" 2
?;

�
�
�
�
�
: =0�

• (1.27)

We can de�ne� 2
B, � 2

C with

� 2 �
: 2

2c2
%¹: º • (1.28)

� 2s are close to scale-invariant. The slight scale-dependency comes from the time-

dependency of� , especially when it is close to the end of the in�ation. The scale

index of the scalar perturbations is de�ned as

=B � 1 �
dln� 2

B

d:
• (1.29)

=B = 1 means perfect scale invariance. Planck CMB temperature and polarization

auto/cross spectra measured=B = 0•9649� 0•0042¹95% CLº (Akrami et al., 2020).

The de�nition of the tensor scale index is

=C�
dln� 2

C

d:
• (1.30)

The primordial perturbations are usually parameterized with the tensor-to-scalar

ratioA, which is proportional to the energy scale of the in�ation �eld

A�
� 2

C

� 2
B

/ + • (1.31)

The simplest in�ation model assuming a single slow-rolling scalar in�ation �eld

predicts that the primordial perturbations are gaussian and adiabatic. If the per-

turbations are gaussian, the power spectrum includes all the statistical information.

There is not yet detection of non-gaussianity, and the CMB measurements to date

suggest the perturbation to be highly adiabatic. However, the slow-roll model is not

necessarily the case of how in�ation happens. As discussed below, the observations

of the CMB polarization anisotropies have ruled out this simplest model at a high

con�dence level (P. A. R. Ade, Z. Ahmed, Amiri, et al., 2021).
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1.4 The Temperature Anisotropies of the Cosmic Microwave Background

As discussed in Chapter 1.2, the recombination happened rapidly enough that CMB

photons originated from a sharply de�ned surface called the last scattering surface.

The properties of the early universe plasma are encoded into the CMB photons

through the Thomson scattering at the last scattering. The anisotropies in the CMB

temperature can be written as

� ¹=̂º �
� ) ¹=̂º

) 0
=

Õ

;<

0;< . ;< ¹=̂º – (1.32)

0;< =
¹

d
 . �
;< ¹=̂º� ¹=̂º • (1.33)

Considering the isotropic nature of the universe, the angular power spectrum is

� ))
; =

1
2; ¸ 1

Õ

<

h0�
;< 0;< i • (1.34)

The angular power spectrum is related to the initial condition through

� ))
; =

2
c

¹
: 2d:%B¹: º� )–;¹: º� )–;¹: º • (1.35)

� )–;¹: º is the temperature transfer function that accounts for the evolution of a mode

from horizon re-entry to the recombination and the geometric projection to the CMB

sphere.

The density perturbations evolve in acoustic oscillations after the horizon re-entry.

The gravity of overdensities compresses the plasma �uid while the radiation pressure

provides the repulsive force. For more details, see (Hu and Dodelson, 2002). The

oscillation happens faster for the modes with shorter wavelengths or larger: . The

phases of the modes at the recombination are modulated by their wavelengths. The

modes that happen to reach maximum when the photons are released give rise to the

peaks in the CMB angular power spectrum, while those just reach their minimum

account for the troughs.

The locations and amplitudes of the peaks in the CMB angular power spectrum

shown in Figure 1.4. contain a great amount of cosmic information. The existence

of the peaks con�rmed that the perturbations are coherent, just as expected by the
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in�ationary theory. Otherwise, the random phases of modes at the same scale will

cancel out.

At very large scales, the perturbation modes have not entered the horizon at the time

of recombination. The power spectrum in those modes is

; ¹; ¸ 1º� ))
; / ;=B� 1 • (1.36)

De�ne

� ; �
; ¹; ¸ 1º

2c
� ; – (1.37)

� ))
; is scale-independent at superhorizon scales if=B = 1 except for a rise at very

low ; due to the integrated Sachs-Wolfe e�ect arising from the late-time evolution

of the gravitational potential in dark energy dominated universe. That is why the

angular power spectrum is usually plotted for� ; .

Cosmic Variance

Eq. 1.34 de�nes the angular power spectrum. In the real world, we only have one

observable universe. The power spectrum can be estimated with the observables

0;<

^� ; =
1

2; ¸ 1

Õ

<

0�
;< 0;< • (1.38)

There is a natural uncertainty in this estimation which scales as the inverse of the

square root of the number of possible samples

� � ;

� ;
=

r
2

2; ¸ 1
• (1.39)

The cosmic variance limits the constraining power of the temperature anisotropies

on in�ation, as the relevant information is mainly encoded at large scales (small;).

1.5 The Polarization Anisotropies of the Cosmic Microwave Background

Thomson scattering can generate polarization in CMB at the last scattering sur-

face if the incoming radiation �eld has quadrupole components. The polarization

anisotropies can be written as
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¹& ¸ 8*º¹=̂º =
Õ

;<

0� 2–;<� 2. ;< ¹=̂º • (1.40)

� 2. ;< are spin-2 or tensor-spherical harmonics. The spin-2 Q and U are equivalent

to the spin-0 or scalar �elds E and B

0�–;< � �
1
2

¹02–;< ¸ 0� 2–;<º – (1.41)

0�–;< � �
1
28

¹02–;< � 0� 2–;<º • (1.42)

Thus

� ¹=̂º =
Õ

;<

0�–;< . ;< ¹=̂º – (1.43)

� ¹=̂º =
Õ

;<

0�–;< . ;< ¹=̂º • (1.44)

In the Fourier space, with the �at-sky approximation,

 
~� ¹;º
~� ¹;º

!

=
1

p
2

 
cos2i ; sin2i ;

� sin2i ; cos2i ;

!  
~& ¹;º
~* ¹;º

!

• (1.45)

The full-sky solution is more complicated and can be found in (Kamionkowski and

Kovetz, 2016).

Consider a plane wave traveling along directionz. E-mode polarization vectors are

either perpendicular to or parallel with the direction of propagationz, while B-mode

vectors have a45� angle againstz. See Figure 1.2a and 1.2b. E and B maps are

coadded plane waves of all di�erent wavelengths and directions. The resulted E map

has polarization vectors radial around cold spots and tangential around hot spots.

Thus E-mode is described as curl-free. E-modes remain unchanged under parity

transformations. B map has polarization vectors with vorticity around any point, so

B-mode is called divergence-free or curl mode. B-modes will �ip sign under parity

transformations.
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(a) E (b) B

Figure 1.2: Plane wave E and B modes travelling along directionz.

Because E and B are spin-0 �elds, their power spectra take the same form as T

in Eq.1.34. We can generalize the formula to include all possible auto and cross

spectra

� -.
; �

1
2; ¸ 1

Õ

<

h0� -
;< 0.

;< i – -– . = )– �– � • (1.46)

The connection to the primordial power spectrum is

� -.
; =

2
c

¹
: 2d:%¹: º� -–; ¹: º� .–; ¹: º • (1.47)

As proved by (Kamionkowski, Kosowsky, and Stebbins, 1997) and (Zaldarriaga and

Seljak, 1997), scalar perturbations can generate T and E anisotropies in the CMB,

but not B, while tensor perturbation can generate T, E, and B. The fact that B-mode

polarization can only be generated by tensor perturbations makes it a unique tool

for studying in�ation.

By measuring B-mode in the CMB, we can constrain the ratio between the primordial

tensor and scalar perturbations,A. The current upper limit is from (P. A. R. Ade,

Z. Ahmed, Amiri, et al., 2021)A Ÿ0•036 ¹95%CLº. Constraints onA is usually

plotted together with constraints on=B in a 2D contour plot, as shown in Figure 1.3.

Narrowing down the possible range of these parameters enables us to distinguish

between di�erent in�ation models. With the latestA result, many once-popular

models have already been ruled out at high con�dence levels, including many

among the single-�eld slow-roll model.

The amplitude of the polarization anisotropies are much smaller than the tempera-

ture. As shown in Figure.1.4, the highest peak of the EE spectrum is almost1–000
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times lower than that of the TT spectrum. BB amplitude relates to the tensor-to-

scalar ratioA. The current best constraint onA is A0•05 Ÿ 0•36– ¹95% �! º, with

f ¹Aº = 0•009 (P. A. R. Ade, Z. Ahmed, Amiri, et al., 2021). The expected BB

spectrum atA= 0•01 is shown in Figure. 1.4. The BB peak at; � 100 is about 5

orders of magnitude smaller than EE and below the lensing signal.

Figure 1.3: Constraints in theAvs. =B plane for the Planck 2018 baseline analysis
(Aghanim, Akrami, Ashdown, et al., 2020), and when also addingBICEP/Keckdata
through the end of the 2018 season plus BAO data to improve the constraint on=B.
The constraint onAtightens fromA0•05 Ÿ 0•11 to A0•05 Ÿ 0•035. Some single-�eld
models with polynomial potentials are plotted as black lines with 50 and 60 e-fold
boundaries marked out. The natural in�ation is shown as the purple band. All these
once-popular models are now lying outside the2f contour with BK18 data.
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Figure 1.4: Angular Power Spectrum of CMB Temperature and Polarization
anisotropies in the� CDM model as produced by CAMB (Lewis, Challinor, and
Lasenby, 2000) from the Planck 2018 cosmological parameters (Aghanim, Akrami,
Ashdown, et al., 2020). The dash blue line shows the expected unlensed BB spec-
trum atA= 0•01. As Agets smaller, delensing becomes more and more important
on recovering the primordial B-mode signal.
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C h a p t e r 2

GALACTIC FOREGROUNDS

The Interstellar Medium (ISM) lies between us and the last scattering surface. The

radiation from the ISM becomes foreground in CMB observations and requires

proper treatments. Some foregrounds can be highly polarized, and their B to E

polarization ratio is much higher than the primordial signals in the CMB. Although

foreground was less of a concern for the CMB temperature anisotropies at high

galactic latitude, it becomes a problem in the B-mode experiments.

There are two kinds of galactic foregrounds we care most about because of their

high polarization fraction and abundance.

2.1 The Thermal Dust Radiation

The interstellar dust grains are heated by absorbing radiations from the background

starlights. They are cooled down through thermal emission in far-infrared and sub-

millimeters with a spectrum described as a modi�ed black-bodyn � ¹a– )3º, where

n depending on the dust property and frequency. The thermal dust has a typical) 3

around 20 K. The dust radiation dominates in the higher frequency bands in CMB

observations.

The thermal dust radiation is highly polarized. The polarization fraction can be

as high as20% (Aghanim, Akrami, Alves, et al., 2020). The dust polarization

originates from its asymmetric shape and alignment with the galactic magnetic

�eld. More discussion can be found in Chapter 3.

We model the polarized dust emission as

�3¹a– ;º / ;U3 aV3 � ¹a– )3º (2.1)

U3 is the spatial power-law index, whileV3 is the frequency power-law index of the

emissivity. ) 3 is the thermal dust temperature, �xed at 19.6 K in our analysis. The

amplitude of dust emission is usually quoted as� ;=80
3–353 in thermodynamic temperature

unit at 353 GHz and multipole; = 80.
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2.2 The Synctrotron Radiation

Relativistic charged particles gyrating ultra-relativistically in the galactic magnetic

�eld emit highly polarized radiation. The direction of polarization is decided by

both the orientation and the strength of the B-�eld. (Westfold, 1959). The predicted

polarization fraction is as high as70%, assuming a power-law SED of the electrons.

The measured polarization fraction at high galactic latitude is only about15%,

suggesting substantial tangling of the B-�eld even on lines of sight looking out of

the galactic disc(P. A. R. Ade, Aghanim, et al., 2016).

The spectral response of the synchrotron radiation can be approximated by a power

law in the wavelength of interest. We describe the synchrotron foreground in our

analysis as

�B¹a– ;º / ;UBaVB • (2.2)

UB is the synchrotron spatial index. The spectral indexVB is around� 3 due to the

population distribution of high-energy cosmic rays. The negative spectral index

makes the synchrotron radiation dominate in the lower frequency bands.� ;=80
B–23 is

the synchrotron amplitude in thermodynamic` K2 unit at 23 GHz and multipole

; = 80.

2.3 Component separation

We can separate the foregrounds from CMB using their very di�erent spectral

features. We use a multi-component, multi-spectrum likelihood analysis to constrain

all parameters in our lensed-� CDM+dust+synchrotron+r module. The model we

use has eight parameters, six of which are for the two foregrounds mentioned in

the previous two sections, plusA and the dust-synchrotron correlation factorY.

The likelihood analysis uses all BK maps and the external polarization maps from

WMAP and Planck. Early on, we almost entirely relied on the WMAP 23 GHz and

Planck 353 GHz for constraining the foreground components in our sky area. In

BK18(P. A. R. Ade, Z. Ahmed, Amiri, et al., 2021), for the �rst time, our own

220 GHz data is providing equal constraining power as the Planck 353, as shown

in Figure 2.1. The high sensitivity data at 95 GHz fromBICEP3 pushed down the

upper limit of synchrotron by a lot, but it remains undetected due to the lack of

constraining power from lower frequency bands. This motivated us to develop our

low-frequency receiver to measure the synchrotron foreground in our sky patch.
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Figure 2.1: Expectation values and noise uncertainties of the; � 80BB bandpower
in BK �eld. The color bands are the95%synchrotron upper limit (red) and the 1
and 2f constraint on dust (blue). The black horizontal dashed line is the expected
bandpower for the primordial BB assumingA= 0•01, well below the lensed-� CDM
level. The blue dots and crosses are the noise uncertainties of all the auto- and
cross-spectra involving BK data. The black dots are the noise uncertainties of the
external data used in the analysis. Plot from (P. A. R. Ade, Z. Ahmed, Amiri, et al.,
2021).
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C h a p t e r 3

AN IMPRINT OF THE GALACTIC MAGNETIC FIELD IN THE
DIFFUSE UNPOLARIZED DUST EMISSION

From the discovery of starlight polarization induced by dichroic extinction in the

interstellar medium (ISM, Hiltner, 1949; Hall, 1949) and articulation of a theory

of grain alignment (Davis and Greenstein, 1951; Spitzer and Tukey, 1951), mea-

surements of dust extinction and emission have been recognized as a way to trace

magnetic �elds (Hiltner, 1951; Stein, 1966). While historically starlight polar-

ization has been and continues to be a powerful probe of magnetic �elds in the

interstellar medium (e.g., Clemens et al., 2012; Planck Collaboration Int. XXI,

2015; Panopoulou et al., 2019), the relatively recent advent of sensitive ground-

based, stratospheric, and space-based probes of polarized far-infrared (FIR) dust

emission has opened new windows to study magnetic �elds in molecular clouds,

protoplanetary disks, and the di�use ISM (e.g., Benoît et al., 2004; Galitzki et al.,

2014; Stephens et al., 2014; Planck Collaboration Int. XIX, 2015; Ward-Thompson

et al., 2017; Chuss et al., 2019). In particular, maps of polarized dust emission from

the Planck satellite enable mapping of magnetic �elds across the entire sky (Planck

Collaboration Int. XX, 2015; Planck Collaboration XII, 2018).

Figure 3.1: Schematic illustrating the e�ect of orientation on dust intensity and
polarization. Grains rotate about their shortest principal axis, and the rotation axis
is systematically aligned with the interstellar magnetic �eld. Therefore, the grain
has a larger e�ective cross section, and thus greater emission, when the magnetic
�eld is oriented along the line of sight than in the plane of the sky. In contrast, grain
rotation eliminates polarization when the magnetic �eld is along the line of sight,
while polarization is maximal when the magnetic �eld is in the plane of the sky.
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Because of the importance of the Galactic magnetic �eld in many areas of astro-

physics, including cosmic ray propagation, the formation and structure of the Milky

Way, and polarized foregrounds for Cosmic Microwave Background (CMB) science,

constraining its morphology has been the subject of much research (see Ja�e, 2019,

for a recent review). With the sensitive, full-sky Planck maps, dust emission is

actively being used to complement other tracers, such as synchrotron emission and

pulsar rotation measures, yielding insights on both the large-scale �eld morphology

and the Local Bubble (e.g., Planck Collaboration Int. XLII, 2016; Alves et al., 2018;

Pelgrims and Mac�as-Pérez, 2018; Skalidis and Pelgrims, 2019).

However, the dust polarization angle as determined from measurements of the Stokes

& and* parameters is sensitive only to the plane of sky component of the Galactic

magnetic �eld. In this work, we describe a new method for constraining the line of

sight component of the magnetic �eld, and thus the full 3D orientation, using the

total (i.e., unpolarized) intensity and the HI column density.

Emission from interstellar dust grains dominates the spectral energy distribution

(SED) of the Galaxy from FIR to microwave wavelengths. The interstellar magnetic

�eld aligns dust grains such that their short axes are parallel to the �eld direction

(see Andersson, Lazarian, and Vaillancourt, 2015, for a review). Since grains emit

photons preferentially with electric �eld oriented along the long axis of the grain,

the resulting emission from a population of dust grains is polarized. Observations

of polarized dust emission allow straightforward determination of the orientation

of the interstellar magnetic �eld projected onto the plane of the sky. When the

magnetic �eld lies in the plane of the sky, the polarization is maximal, while the

polarization vanishes when the magnetic �eld is parallel to the line of sight. This

e�ect accounts for much of the variation in the dust polarization fraction across the

sky, though averaging of multiple magnetic �eld orientations along the line of sight

is also an important contributor (Clark, 2018).

While the e�ect of the viewing angle is most readily apparent in polarization, in

principle the total intensity of dust emission also depends on the angle between

the line of sight and the interstellar magnetic �eld (Lee and Draine, 1985). This

arises simply because the e�ective cross section of an aspherical grain changes with

viewing angle. Consequently, the e�ective cross section of dust grains, and thus the

total emission per grain, is larger when the magnetic �eld is along the line of sight,

and smaller when it lies in the plane of the sky, as illustrated in Figure 3.1. Using

the Planck 353 GHz data, we present the �rst detection of this e�ect in intensity.
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In addition to mapping magnetic �elds, the dust polarization angles and their statis-

tics provide tests of models of magnetohydronamic (MHD) turbulence. For instance

Planck Collaboration XII (2018) found that the dispersion in polarization angles is

best reproduced by models with strong turbulenceequipartition between the ordered

and turbulent magnetic �eld. In this work, we demonstrate that the polarization

angle dispersion functionS is strongly in�uenced byis driven primarily by the ori-

entation of the Galactic magnetic �eld with respect to the line of sight , which may

complicate this interpretation.

3.1 Theory

Emission and Polarization from Aligned Grains

While the actual shapes of interstellar grains are unknown, they are often modeled

as spheroids or ellipsoids. For generality, we model dust grains as triaxial ellipsoids

with principal axes01 � 02 � 03. Let 0̂1, 0̂2, and0̂3 be unit vectors along the

respective axes. Suprathermally rotating interstellar grains spin about their short

axis, i.e., angular momentum� k 0̂1. Paramagnetic dissipation brings� into

alignment with the interstellar magnetic �eld� , and so perfectly aligned grains have

0̂1 k � .

In this work, we model polarized dust emission at_ = 850` m, which is much larger

than the size of interstellar grains (0 . 0•1 ` m). In the limit of 0•_ � 1, i.e.,

the �electric dipole limit,� the polarization cross section of an arbitrarily oriented

grain can be written in terms of the cross sections for photons propagating along

the principal axes. For non-magnetic grains in the electric dipole limit, this reduces

to just the three cross sections� 1
01B, � 2

01B, and� 3
01B, which are the absorption cross

sections for photons polarized with� parallel to0̂1, 0̂2, and0̂3, respectively. In the

limit of perfect internal alignment, grain rotation further simpli�es the analysis by

time averaging� 2
01Band� 3

01Birrespective of the grain orientation.

Under these assumptions, the absorption cross section for randomly oriented grains

� A0=
01Bis given by

� A0=
01B=

1
3

�
� 1

01B¸ � 2
01B¸ � 3

01B

�
• (3.1)

A population of randomly-oriented grains produces no net polarization.

Now consider a population of grains witĥ01 perfectly aligned with� . Let k be

the angle between the line of sight and� . The total and polarized absorption cross

sections can be de�ned relative to two orthogonal polarization modes:
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� 01B�
1
2

�
� ?

01B¸ � k
01B

�
(3.2)

� ?>; �
1
2

�
� ?

01B� � k
01B

�
• (3.3)

We de�ne � ?
01Band� k

01Brelative to the orientation of� projected onto the plane

of the sky. With this de�nition, perfectly aligned grains have total and polarized

absorption cross sections

� 0;86=
01B =

1
2

�
� 2

01B¸ � 3
01B

�
cos2 k ¸

1
2

�
� 1

01B¸
1
2

�
� 2

01B¸ � 3
01B

� �
sin2 k (3.4)

� 0;86=
?>; =

1
2

�
1
2

�
� 2

01B¸ � 3
01B

�
� � 1

01B

�
sin2 k – (3.5)

respectively.

Grain alignment and disalignment mechanisms operate on �nite timescales and so

in any environment there will be a distribution of angles between the grain angular

momenta� and � , with � tending to precess around� . However, in the electric

dipole limit, this can be accurately approximated by assuming a fraction5of grains

are perfectly aligned with� and the remaining¹1� 5º are randomly oriented (Dyck

and Beichman, 1974). Thus,

� 01B= 5 � 0;86=
01B ¸ ¹1 � 5º � A0=

01B (3.6)

� ?>; = 5 � 0;86=
?>; • (3.7)

In the electric dipole limit, the absorption cross section per unit grain volume+ is

independent of grain size. Assuming the grains have mass densityd, it is convenient

to de�ne the opacities

^A0=
a =

1
3d+

�
� 1

01B¸ � 2
01B¸ � 3

01B

�
(3.8)

^?>;
a =

1
2d+

�
1
2

�
� 2

01B¸ � 3
01B

�
� � 1

01B

�
(3.9)

such that a population of grains with mass surface density� 3 and temperature) 3

emits total and polarized intensities
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�a = � 3 � a ¹) 3º
�
^A0=

a ¸ 5 ^?>;
a

�
2
3

� sin2 k
� �

(3.10)

%a = � 3 � a ¹) 3º 5 ^?>;
a sin2 k – (3.11)

where� a ¹) º is the Planck function. The dust polarization fraction?a is de�ned as

?a �
%a

�a
=

5sin2 k

1 ¸ ^?>;
a

^A0=
a

5
�

2
3 � sin2 k

�
^?>;

a

^A0=
a

• (3.12)

Since we employ# HI as a proxy for the dust column, we de�ne the dust to gasHI

mass ratioX�� as

X�� �
� 3

< ?# HI
– (3.13)

where< ? is the proton mass. Combining these equations, we obtain our principal

result:

�a

# HI
=

�
^A0=

a ¸
25
3

^?>;
a

�
< ?X�� � a ¹) 3º �

%a

# HI
• (3.14)

If the dust propertieŝA0=
a , ^?>;

a , 5 X�� , and) 3 are not varying across the sky, we

expect a negative correlation between the observed�a• # HI and%a• # HI with slope

of -1.

Instead of working with the limiting cases of perfect alignment and random orienta-

tion, the e�ects of imperfect grain alignment can be parameterized by the Rayleigh

reduction factorR (Greenberg, 1968).R accounts for the distribution of angles\

between� and� and is given by

R �
3
2

�
hcos2 \ i �

1
3

�
• (3.15)

In the case of both oblate (� 2
01B= � 3

01B) and prolate (� 1
01B= � 2

01B) spheroidal grains,

the equations for the total and polarized intensities in the electric dipole limit are

recovered from our results by simply replacing the alignment fraction5with R (Lee

and Draine, 1985; Draine and Hensley, 2016).

This derivation assumes all dust emission is associated with a single magnetic �eld

orientation. In reality, averaging of multiple orientations both along the line of
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sight and within the beam is expected. These e�ects typically reduce the level of

polarization and bring�a• # HI closer to the mean value.

The Polarization Angle Dispersion Function

The polarized emission from interstellar dust is characterized by the Stokes pa-

rameters&a and* a, which are directly observable. When expressed as speci�c

intensities, they are related to the polarized intensity by

&a = %a cos 2j (3.16)

* a = %a sin 2j – (3.17)

wherej is the polarization angle and Stokes+ has been assumed to be zero. For

electric dipole emission from dust grains aligned with0̂1 k � , j is the angle

perpendicular to the projection of� onto the plane of the sky. The numerical value

of j depends on the adopted polarization convention.

The polarization angle dispersion functionS is a measure of the spatial variability

of j over a given region. For a given pixel8on the sky,S is computed over a region

' such that

S8 =

s
1
#

Õ

92'

�
j 9 � j 8

� 2 – (3.18)

where the sum is over the# pixels in ' . In practice,' is often taken to be annulus

centered on pixel8of width equal to the radius of its inner edge (see Section 3.2).

Note thatS is not dependent on the adopted polarization convention, though care

should be taken to avoid computingS near singularities in the coordinate system

(see discussion in Planck Collaboration Int. XIX, 2015).

Interpretation ofS can be subtle as a number of e�ects can give rise to dispersion in

the polarization angle. For instance,S will be high in a region in which the magnetic

�eld is relatively disordered. Indeed, measurements ofS (and the closely related

structure function) have been used to constrain models of interstellar turbulence in

clouds and in the di�use ISM (e.g. Hildebrand et al., 2009; Houde et al., 2009;

Poidevin et al., 2013; Planck Collaboration Int. XX, 2015; Planck Collaboration

XII, 2018). Disorder in the magnetic �eld along the line of sight can likewise induce

spatial variability in the measured polarization angles, as can instrumental noise in

the&a and* a measurements.
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The magnitude of each of these e�ects is modulated by the anglek between the line

of sight and� (Falceta-Gonçalves, Lazarian, and Kowal, 2008; Poidevin et al., 2013;

Planck Collaboration Int. XX, 2015; King et al., 2018). If� is nearly along the line

of sight, then even small perturbations to the 3D �eld orientation can induce large

changes inj , leading to large values ofS. In contrast, if� lies mostly in the plane

of the sky, small perturbations to its 3D orientation have only a modest impact onj ,

resulting in small values ofS. This connection betweenS andk is consistent with

the strong empirical anticorrelation betweenS and the dust polarization fraction?a

observed over a large range of column densities (Planck Collaboration Int. XIX,

2015; Fissel et al., 2016; Planck Collaboration XII, 2018).

The?a� S relation is often parameterized with a power law. Over the full sky, Planck

Collaboration XII (2018) found that?a / S � 1 while Fissel et al. (2016) found that

?a / S � 0•67 in the Vela C Molecular Cloud. Given these results, we hypothesize

that over the di�use high latitude sky,

sin2 k / S = • (3.19)

Under this assumption, Equations 3.10 and 3.11 can be rewritten as

�a

# HI
= � � �

�
S
1�

� =

(3.20)

%a

# HI
= �

�
S
1�

� =

– (3.21)

where� , � , and= are global mean values with scatter induced by variations in dust

properties, such as the dust temperature and dust to gas ratio. In this work, we �nd

that the observed relationship between�a and %a in the low column density sky

(# HI Ÿ 4 � 1020 cm� 2) is well described by this model.

3.2 Data

In this section we introduce the data sets used in this work. Our principal analysis

is performed on HEALPix1(Górski et al., 2005) maps smoothed to a resolution of

1600with # B834= 64.
1https://healpix.sourceforge.io/



26

Dust Emission Maps

The 353 GHz band was the highest-frequency Planck channel designed for polarime-

try. Dominated by thermal dust emission, it is ideal for studying dust polarization

properties across the sky.

Like Planck Collaboration XII (2018), we are interested in the astrophysical prop-

erties of Galactic dust and therefore require maps minimally contaminated by other

sources of emission, notably the CMB and the Cosmic Infrared Background (CIB).

We therefore follow Planck Collaboration XII (2018) in utilizing the component-

separated maps produced by application of the Generalized Needlet Internal Linear

Combination (GNILC) algorithm (Remazeilles, Delabrouille, and Cardoso, 2011)

to the Planck data (Planck Collaboration IV, 2018). Critically for this study, these

maps were created with the intention of separating the contributions of the CIB and

Galactic dust by exploiting both spatial and spectral information. This is not true

of the dust maps made with theCommander parametric component separation algo-

rithm, in which both CIB and Galactic dust emission are absorbed in the �thermal

dust� component (Planck Collaboration X, 2016; Planck Collaboration IV, 2018).

We employ the 2018 GNILC Stokes� , &, and* maps2 at 353 GHz. We smooth

the maps to1600 resolution and repixellate them at# B834= 64. Following Planck

Collaboration XII (2018), we subtract 389` K� " � from the � map to account for

zero level o�sets from, e.g, the CIB monopole,(-452` K� " � for the CIB monopole

and +63̀ K� " � for the Galactic o�set) and convert to MJy sr� 1 with the factor

287.5 MJy sr� 1 ` K � 1
� " � (Planck Collaboration III, 2018). The%map is obtained via

%=
p

&2 ¸ * 2. Because of the substantial smoothing, the noise bias is very small

even at low column densities (Planck Collaboration XII, 2018), and so we do not

perform any debiasing.

Polarization Angle Dispersion Function

Employing the 353 GHz GNILC& and* maps, Planck Collaboration XII (2018)

constructed maps of the polarization angle dispersion functionS (see Equation 3.18)

at di�erent resolutions. In all cases, they computedS on an annulus with inner radius

X•2 and outer radius3X•2, where the �lag�Xis taken to be half the resolution of the

map. They found that the map ofS computed at800resolution (X= 400) was a�ected

by noise bias and so recommended resolution1600(X= 800) when computingS. In

this work, we employ their map3of S at 1600 pixellated at# B834= 64. With this
2COM_CompMap_IQU-thermaldust-gnilc-unires_2048_R3.00.�ts
3V. Guillet, private comm.
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resolution, we �nd that debiasing would have a 10% or greater e�ect on the value

of S in less than 1% of the high latitude pixels considered in this work. Therefore,

as with the%map, we do not perform any debiasing, and we have veri�ed that this

choice does not a�ect any of our conclusions. TheS map requires the coarsest

resolution of all data products analyzed, and so we smooth all other maps to this

resolution.

HI Map

The 21 cm line from atomic H has been mapped spectroscopically over the Southern

Hemipshere by the Parkes Galactic All-Sky Survey (GASS, McClure-Gri�ths et al.,

2009) and the Northern Hemisphere by the E�elsberg-Bonn�� Survey (EBHIS,

Kerp et al., 2011). These datasets have been combined and homogenized by the

HI4PI Survey (HI4PI Collaboration et al., 2016) to a uniform160•2resolution over the

full sky. In this work, we employ the# HI map4derived from the HI4PI data by Lenz,

Hensley, and Doré (2017), which �lters out all HI emission having radial velocity

jE!( ' j ¡ 90km s� 1. Such high velocity gas was found to have little correlation with

dust reddening (Lenz, Hensley, and Doré, 2017), and so the �ltered map provides

a better predictor of the dust column. Additionally, this velocity-�ltered map is

free from extragalactic contamination down to very low levels (Chiang and Ménard,

2019). We smooth the HI map to a resolution of1600and repixellate to# B834= 64.

All analysis in this work is restricted to lines of sight with# HI Ÿ 4 � 1020 cm� 2,

where the HI column density has been shown to be a linearly related to the dust

column density (Lenz, Hensley, and Doré, 2017). At1600resolution and# B834= 64,

this corresponds to a sky fraction of 39% and 19,120 pixels.

Dust Temperature Map

In addition to its application to the Planck data, the GNILC algorithm has also

been employed on the IRIS 100` m map (Miville-Deschênes and Lagache, 2005),

a reprocessing of the IRAS 100` m map (Wheelock et al., 1994), to derive multi-

frequency Galactic dust SEDs across the sky (Planck Collaboration Int. XLVIII,

2016). The Planck and IRIS Galactic dust maps were then �t with a modi�ed

blackbody emission model to derive full-sky maps of dust temperature) 3 that are

minimally contaminated by CIB emission. We employ the resulting) 3 map5, which

has a native resolution of approximately50and is pixellated with# B834= 2048. We
4https://doi.org/10.7910/DVN/AFJNWJ
5COM_CompMap_Dust-GNILC-Model-Temperature_2048_R2.00.�ts
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smooth this map to1600 resolution and repixellate to# B834= 64.

In principle, maps of) 3 should not be smoothed by simple averaging but rather by

redoing the parameter �ts on smoothed intensity maps. We investigate the potential

impact of smoothing on) 3 in Section 3.3 and �nd our principal conclusions relating

to ) 3 also hold at160•2 resolution, suggesting that such e�ects are not important for

our analysis.

3.3 Data Model

Statistical Model

The principal aim of this work is to assess whether the observed 353 GHz dust

intensity per# HI has a statistically signi�cant correlation with the orientation of the

Galactic magnetic �eld relative to the line of sight. The maps of the dust intensity

and HI intensity employed in this study have high signal-to-noise, and the maps of

the polarized intensity and polarization angle dispersionS are also signal dominated

because of the aggressive smoothing. However,�a• # HI and%a• # HI are expected to

have large astrophysical scatter owing to changes in, e.g, the dust to gas ratio, dust

composition, and dust temperature in addition to the orientation e�ect we seek.

In Section 3.4, we investigate the relationship between�a• # HI and%a• # HI predicted

by Equation 3.14. While the magnetic �eld orientation induces a negative correlation

with slope< = � 1, variations in other properties such as dust temperature and dust

to gas ratio induce a positive correlation. To test whether a statistically signi�cant

negative correlation is present in the data, we employ the likelihood function

L /
Ö

8

1
f �

4G?

"

�

�
�a• # � �–8 � <%• # � �–8 � 1

� 2

f 2
�

#

– (3.22)

where we have assumed a linear relationship with slope< and intercept1. f �

is the random scatter in the�a• # HI measurements and is assumed to be constant

across the sky. While this model enables determination of whether or not a trend

exists between�a• # HI and%a• # HI, it does not take into account that pixel-to-pixel

variations in these two quantities can be strongly correlated. We discuss these

correlated variations in Section 3.4.

In Section 3.4, we employ Equations 3.20 and 3.21 to model the relations between

�a• # HI, %a• # HI, andS. We �t for the parameters� , � , and= in the model using
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the observations of both�a• # HI and%a• # HI. We employ the likelihood function

L /
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– (3.23)

wheref � andf % are the random scatter in the�a• # HI and%a• # HI measurements,

respectively.

All model �tting is performed with theemceeMarkov Chain Monte Carlo software6

(Foreman-Mackey et al., 2013). For all parameters, we employ broad, uninformative

priors.

Dust Temperature Correction

The total and polarized emission from a �xed amount of dust are sensitive to the

dust temperature (see Equations 3.10 and 3.11), with the long-wavelength emission

scaling as the �rst power of) 3 in the Rayleigh-Jeans limit. Dust temperature

variations add scatter to�a• # HI and%a• # HI unrelated to orientation e�ects. Even

more critically, ) 3 �uctuations a�ect �a• # HI and %a• # HI in the same manner,

inducing a positive correlation between these quantities. This e�ect minimizes and

potentially eliminates the negative correlation expected between these quantities

from orientation e�ects (see Equation 3.14). We therefore seek to mitigate the

e�ects of dust temperature by employing a dust temperature map obtained from SED

�tting. However, we �nd that, over this range of column densities, the available dust

temperature maps do not improve upon simply assuming a constant temperature.

The correlation between the dust intensity and# HI is remarkably tight, and should

tighten further when a correction is made for) 3 variations. In Figure 3.2, we use

the GNILC ) 3 map to plot�a• � a ¹) 3º against# HI, �nding that the) 3-corrected

intensity map is indeed tightly correlated with# HI. However, in Figure 3.2 we

present the same plot but instead assuming a sky-constant) 3 = 19•6K. We �nd that

this relationship has even less scatter, i.e., the GNILC) 3 map appears to make the

�a� # HI correlation worse.

We are examining here the lowest column densities on the sky, and therefore the

regions of lowest signal-to-noise on the dust emission. It is therefore possible

that variations in the) 3 map are driven by noise. To investigate this further, we
6https://emcee.readthedocs.io/en/v2.2.1/
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Figure 3.2: Relationship between# HI and the 353 GHz dust intensity�a. Top: On
the y-axis,�a is divided by the blackbody function at) 3 = 19•6K. The black line is
the running median while the gray lines are the 25th and 75th percentiles. Bottom:
Instead of assuming a constant) 3, �a is by the blackbody function evaluated at
the) 3 determined by SED �ts to the GNILC component separated maps (Planck
Collaboration Int. XLVIII, 2016). The dust temperature correction does not improve
the scatter or the linearity of the relation.

present the correlation between�a• # HI and) 3 in the left panel of Figure 3.3. We

expect a strong positive correlation in this space since hotter dust produces more

long-wavelength emission per grain, yet there is no apparent trend in the data.

In contrast, as shown in the right panel of Figure 3.3, we �nd a strong positive

correlation between# HI and) 3 for # HI Ÿ 2 � 1020 cm� 2. While it is possible

that the lowest column density sightlines have systematically cooler dust, it seems

more likely that this correlation is driven by the �tting degeneracy between the dust

column and the dust temperature. If the e�ects of) 3 on the shape of the dust SED

cannot be adequately constrained due to low signal-to-noise, then both) 3 and the

normalization parameter both have the e�ect of increasing the overall amplitude

of the dust emission. Thus, an arti�cial correlation between) 3 and the true dust

column can emerge. This may also explain why the e�ect is limited to only the very

lowest values of# HI, where the signal-to-noise on the dust SED is the lowest.
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Figure 3.3: Left: 2D histogram of�a• # HI versus dust temperature) 3. In principle,
higher temperature dust should emit more radiation per H, but the expected positive
correlation is not evident. Right: The relationship between the� � column density
and dust temperature. No a priori correlation is expected in the di�use gas examined
here. However, a positive correlation is evident for# HI < 2•0 � 1020 2< � 2 as
highlighted by the running median (black solid line). This may re�ect a systematic
trend that the lowest column density gas happens to have cooler dust temperatures,
or may be an artifact of model �tting, as discussed in the text.

This analysis employed the GNILC dust temperature maps smoothed to1600 as

described in Section 3.2. Such aggressive smoothing, particularly by simple aver-

aging of) 3 across pixels, could induce biases in the map. However, the e�ects seen

here persist even at the limiting160•2 resolution of the# HI map. It seems therefore

unlikely that the issues identi�ed in the) 3 map are solely the result of smoothing.

Finally, we attempted a dust temperature correction using theCommander) 3 map

instead (Planck Collaboration X, 2016). However, it is also unable to improve

the �a� # HI correlation relative to assuming a constant) 3. In addition to being

subject to similar issues as the GNILC map, this alternative dust temperature map is

more prone to CIB contamination since CIB anisotropies were not �t as a separate

component from Galactic dust. For a more in-depth exploration of these issues in

presently-available dust temperature maps, see Herman (2019).

We therefore conduct our analysis without a dust temperature correction, e�ectively

assuming that) 3 is constant over the di�use high-latitude sky.
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Figure 3.4: Left: 2D histogram of�a• # HI and%a• # HI for the 39% of the sky having
# HI Ÿ 4•0� 1020 2< � 2. The overall mean is plotted as a black dashed line while the
black solid line is the running median. Right: Posterior distributions of �t parameters
after applying the �tting formalism of Section 3.3. Best �t values are indicated
with solid blue lines and are< = � 0•40̧ 0•03

� 0•03, 1 = 4•51̧ 0•01
� 0•01 � 1022 MJy sr� 1 cm2,

f � = 0•784̧ 0•004
� 0•004 � 1022 MJy sr� 1 cm2.

3.4 Results

�a• # HI � %a• # HI Correlation

The most direct test of the sensitivity of the total dust intensity to the magnetic

�eld orientation is the predicted anti-correlation between�a• # HI and%a• # HI (see

Equation 3.14). In the left panel of Figure 3.4, we present the 2D histogram of these

quantities over all pixels having# HI Ÿ 4� 1020 cm� 2. The running median suggests

a slight tendency for low values of%a• # HI to correspond to high values of�a• # HI

and vice-versa, but the e�ect is not strong (Spearman rank coe�cientd = � 0•15).

We quantify the signi�cance of the linear trend using Equation 3.22 and the formal-

ism presented in Section 3.3. We indeed �nd a statistically signi�cant preference for

a negative slope,< = � 0•40� 0•03, even given the degeneracy with the �t intercept.

The posterior distributions for each of the three �t parameters (< , 1, andf � ) are

given in the right panel of Figure 3.4.

Even if the negative correlation is robust, the slope is much shallower than the

expected -1. However, positive correlations between�a• # HI and%HI• # HI are easily

induced from �uctuations in the dust to gas ratio, dust temperature, and dust opacity.

Indeed, we �nd that� 10% variations in) 3 in Equations 3.10 and 3.11 are alone

su�cient to reduce the slope to values comparable to what is observed. Further,

systematic errors in separation of the Galactic dust from the CIB induces scatter in
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Figure 3.5: 2D histogram of�a• # HI andS for the 35% of the sky having# HI Ÿ
4•0 � 1020 2< � 2 and1� Ÿ S Ÿ 20� . As in Figure 3.4, the overall mean is plotted as
a black dashed line while the black solid line is the running median. The Spearman
rank coe�cient d = 0•29.

�a• # HI and potentially also correlations in this space. That the negative correla-

tion induced by the orientation of� persists despite these complicating factors is

indicative of the homogeneity of dust properties in the di�use high latitude sky. A

more robust correlation could likely be extracted with a higher �delity map of) 3,

and indeed the strength of this correlation may be a means of validating future dust

temperature maps.

�a• # HI � S Correlation

While the�a• # HI � %a• # HI anti-correlation may be the most direct probe of the e�ect

of the magnetic �eld orientation on the unpolarized dust emission, it is complicated

by physical variations in dust properties that induce a positive correlation between

these quantities, as discussed in the previous section. Therefore, we seek a quantity

that is sensitive to the magnetic �eld orientation but insensitive to the dust temper-

ature, dust to gas ratio, and other dust properties. In this section, we demonstrate

that the polarization angle dispersion functionS satis�es these criteria and robustly

illustrates the sensitivity of�a• # HI to the anglek between the Galactic magnetic

�eld and the line of sight.

As discussed in Section 3.1,S is a measure of the variability of the polarization

anglej in a given region of the sky. BecauseS is computed only from polarization

angles, it is not sensitive to the dust column density and has no a priori dependence

on dust temperature. Further, changes inj are more easily induced when� is

oriented along the line of sight than when� is in the plane of the sky. Thus, high
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Figure 3.6: 2D histograms of�a• # HI, %a• # HI and S, with global means (black
dashed) and running medians (black solid) plotted as in Figure 3.4. The columns cor-
respond to di�erent# HI thresholds:# HI Ÿ 2•0� 1020 2< � 2 (left), 2•0� 1020 2< � 2 Ÿ
# HI Ÿ 4•0 � 1020 2< � 2 (middle), and# HI Ÿ 4•0 � 1020 2< � 2 (right). The top row
illustrates the robustness of the�a• # HI � S correlation to column density. The mid-
dle row presents the strong anti-correlation between%a• # HI andS, similar to what
has been observed using the polarization fraction (Planck Collaboration XII, 2018).
The bottom row demonstrates that summing�a• # HI and%a• # HI removes much of
the correlation, as expected from Equation 3.14. The blue solid lines are the best
joint �ts to �a• # HI, %a• # HI, andS in each# HI range. The best �t parameters
are � = 4•736� 0•008, 4•682� 0•009, and¹4•708� 0•006º � 1022 MJy sr� 1 cm2;
� = 0•691� 0•005, 0•689� 0•005, and¹0•688� 0•003º � 1022 MJy sr� 1 cm2; and
= = � 0•478� 0•005, � 0•528� 0•006, and� 0•502� 0•004 in the left, middle, and
right columns, respectively.
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Figure 3.7: Posterior distributions of �t parameters after applying the �tting for-
malism of Section 3.3 to the�a• # HI, %a• # HI, and( data. The �t was restricted to
pixels having# HI Ÿ 4 � 1020 cm� 2 and1� Ÿ S Ÿ 20� . Best �t values are indi-
cated with solid blue lines and are� = ¹4•708� 0•006º � 1022 MJy sr� 1 cm2, � =
¹0•688� 0•003º � 1022 MJy sr� 1 cm2, = = � 0•502� 0•004, f � = ¹0•764� 0•004º �
1022 MJy sr� 1 cm2, andf % = ¹0•124� 0•001º � 1022 MJy sr� 1 cm2.
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S is expected when� is along the line of sight and lowS when in the plane of the

sky. We therefore expect�a• # HI to be positively correlated withS.

In Figure 3.5, we present the correlation between�a• # HI andS over the di�use

high latitude sky (# HI Ÿ 4 � 1020 cm� 2). These quantities have a clear positive

correlation (Spearman rank coe�cientd = 0•29) despite considerable scatter.

It is worth emphasizing the remarkable nature of this correlation.�a• # HI is the

ratio of density tracers having no polarization information.S is computed purely

from polarization angles, which contain no information about the density �eld. It

is di�cult to explain their evident correlation in any way other than through the

orientation of the Galactic magnetic �eld.

We present a more detailed test of the correlation in Figure 3.6. Each column in

this �gure corresponds to a di�erent range of column densities, with the left column

being# HI Ÿ 2 � 1020 cm� 2, the middle2 � 1020 cm� 2 Ÿ #HI Ÿ 4 � 1020 cm� 2, and

the right# HI Ÿ 4� 1020 cm� 2. Thus, the �rst two columns are two independent sets

of pixels on the sky. As in Figure 3.5, the top row presents the correlation ofS with

�a• # HI. It is present at the same level in all three panels, demonstrating robustness

to the range of# HI considered.

The middle row of Figure 3.6 presents the correlation between%a• # HI and S.

Planck Collaboration XII (2018) demonstrated a clear anti-correlation between the

polarization fraction? andS, and so the strong (Spearman rank coe�cientd '

� 0•7) anti-correlation seen here is expected.

The bottom row of Figure 3.6 correlates¹�a ¸ %aº•# HI andS. If the simple model

described in Section 3.1 holds, then the positive correlation between�a• # HI andS

should precisely balance the negative correlation between%a• # HI andS. Indeed,

the correlation withS is greatly reduced (Spearman rank coe�cientd ' 0•1),

though some residual correlation remains.

Figure 3.6 demonstrates thatS is a proxy for the anglek between� and the line

of sight. If S were sensitive only to disorder in the magnetic �eld along the line of

sight, then there would be no expected correlation with�a• # HI. That this correlation

exists and is of the same magnitude as the correlation with%a• # HI suggests that

variation ink is the dominant driver of the empirical anti-correlation betweenS

and both%a• # HI (this work) and the polarization fraction? (Planck Collaboration

XII, 2018) across the high latitude sky.

Using the model presented in Equations 3.20 and 3.21, we can perform a joint �t
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to the�a• # HI, %a• # HI, andS data. We �t for the model parameters� , � , and= as

well as the intrinsic scatterf � andf % in �a• # HI and%a• # HI, respectively, using the

likelihood function in Equation 3.23. In addition to the column density threshold

of # HI Ÿ 4 � 1020 cm� 2, we restrict the �t to pixels having1� Ÿ S Ÿ 20� where the

relationship between the polarization fraction andS is observed to be linear (Planck

Collaboration XII, 2018). The additional restriction onS reduces the usable sky

fraction from 39% to 35%.

Over this sky area, corresponding to the right column of Figure 3.6, we �nd� =

¹4•708� 0•006º� 1022 MJy sr� 1 cm2, � = ¹0•688� 0•003º� 1022 MJy sr� 1 cm2, = =

� 0•502� 0•004, f � = ¹0•764� 0•004º� 1022 MJy sr� 1 cm2, andf % = ¹0•124� 0•001º�

1022 MJy sr� 1 cm2. The posterior distributions for each of the �t parameters are pre-

sented in Figure 3.7. The overall �t to the data is quite good, reinforcing the fact

that the observed variation in�a• # HI is of the magnitude expected from orientation

e�ects given the the observed variations in%a• # HI.

We �nd that %a• # HI scales approximately as1•
p

S, somewhat shallower than the

scaling of?a / ( � 0•67 found with BLASTPol observations in Vela C (Fissel et al.,

2016) and signi�cantly shallower than?a / ( � 1 found over the full sky with the

same Planck 353 GHz data as we employ (Planck Collaboration XII, 2018). The

%a• # HI � S relation departs from a pure power law forS & 10� . While the relation is

expected to change character asS approaches the asymptotic value ofc•
p

12 ' 52�

expected for uniform random variations in the polarization angles, that we observe

this departure at smallerS than the full-sky Planck analysis may also point to spatial

variability in the power law index=. As the relation is an empirical one depending on

properties of MHD turbulence and the three-dimensional structure of the ISM (see

discussion in Planck Collaboration XII, 2018), such variations are not unexpected.

Indeed, for the other column density cuts presented in Figure 3.6, we �nd slightly dif-

ferent values of our �t parameters. While� is consistent with0•689� 1022 MJy sr� 1 cm2

in all # HI ranges considered,=varies from -0.478 for# HI Ÿ 2� 1020 cm� 2 to -0.528

for # HI between 2 and4 � 1020 cm� 2 with �tting uncertainty of about 0.005. Like-

wise,� has best �t values of 4.736 and4•682� 1022 MJy sr� 1 cm2 in the two column

density ranges, respectively, with an uncertainty of0•009� 1022 MJy sr� 1 cm2.

As evident from the bottom row of Figure 3.6, there remains residual correlation

between¹�a ¸ %aº•# HI andS that is not accounted for in the model. This could be

attributed to a number of e�ects. First, the model considers only a single magnetic

�eld orientation in a given pixel, both along the line of sight and within the beam.
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Variations in the �eld orientation a�ect the total and polarized intensities di�erently,

complicating the simple linear correlation. Second, there can be true correlations

betweenS and dust properties in our Galaxy. For instance, ifS depends in part on

the properties of MHD turbulence, and if those properties are found preferentially

in regions of high or low dust temperature or dust to gas ratio, then such residual

correlations could emerge.

3.5 Discussion

We have demonstrated that the� 10% variation in the dust emission per grain

induced by orientation e�ects is detectable in the 353 GHz Planck data at a statistical

level. Unlike the polarization angle which gives the projection of� onto the plane

of the sky, this e�ect is sensitive only to the orientation of� relative to the line of

sight, making it a complementary probe of the �eld orientation.

To progress from the statistical detection presented here to using this e�ect as a

tracer of �eld orientation in speci�c sky regions, it will be necessary to improve the

dust model �tting to extract reliable dust temperatures. Additional sensitive, high-

frequency data, such as that provided by a mission like the Probe of In�ation and

Cosmic Origins (PICO, Hanany et al., 2019), would greatly improve existing SED

�tting. In particular, high frequency polarization data is minimally contaminated

by the CIB and thus may be more e�ective in constraining dust model parameters

such as) 3 than the total intensity data.

In the nearer term, incorporation of HI data into component separation, as has been

demonstrated in CIB studies (Planck Collaboration XXX, 2014; Lenz, Doré, and

Lagache, 2019) and is being explored in the context of CMB foregrounds (Zhang

et al., 2019), has considerable potential for improving the �delity of dust model �ts.

Further, such HI-based model �ts could explicitly account for the e�ect of viewing

angle in the data model.

Beyond improving determination of the dust temperature and other dust model pa-

rameters, HI emission itself is a powerful tracer of the Galactic magnetic �eld.

Linear �lamentary structures seen in HI emission have been shown to align strongly

with the local magnetic �eld (Clark et al., 2015), allowing the magnetic �eld orien-

tation to be traced both as a function of position on the sky as well as HI velocity

(Clark & Hensley, in prep.). A synthesis of far-infrared and HI emission could

therefore in principle enable mapping of the full three-dimensional orientation of

the Galactic magnetic �eld over the sky. With existing stellar distances from Gaia
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(Gaia Collaboration et al., 2016) and upcoming starlight polarization measurements

from PASIPHAE (Tassis et al., 2018), such Galactic magnetic �eld models could

be translated from magnetic �eld orientations in HI velocity-space to the full distri-

bution of dust and magnetic �eld orientations in the three spatial dimensions.

The line of sight component of the Galactic magnetic �eld can be constrained in

ways other than the one presented here. For instance, the dust polarization fraction

?a is sensitive to the inclination of� (see Equation 3.12), but is complicated by

non-uniformity in the magnetic �eld orientation along the line of sight (Clark,

2018). Joint modeling of?a and�a• # HI can help overcome the di�erent limitations

of each diagnostic and therefore also quantitatively distinguish between the e�ects

of magnetic �eld orientation and beam/line-of-sight depolarization. Additionally,

Faraday rotation and Zeeman splitting have both been used to measure the line of

sight component of� , though they may preferentially probe di�erent ISM phases

than dust-based tracers.

Dust emission in total intensity and polarization are tightly coupled in ways straight-

forwardly captured in parametric models, as described in Section 3.1. As the

quest for the detection of primordial B-modes in the polarized CMB pushes to

ever-increasing precision, the importance of accurate modeling and subtraction of

dust foregrounds is paramount (see discussion in BICEP/Keck Collaboration et al.,

2018). E�ects like the one discussed in this work enable other datasets, such as

dust intensity and HI emission, to be brought to bear on modeling dust polarization.

Even if not accounted for explicitly, this e�ect can validate dust temperatures and

dust column densities that emerge from model �tting. As we are pushed to higher

�delity modeling of dust foregrounds, we should at the same time be learning about

the structure of the magnetized ISM in increasing detail.

3.6 Conclusions

The principal conclusions of this work are as follows:

1. Because dust grains are aspherical, the e�ective cross section and thus total

emission from dust depends on the viewing angle. We demonstrate that this

induces a direct anti-correlation between the total dust intensity per# HI and

the polarized dust intensity per# HI (Equation 3.14).

2. In the low column density sky (# HI Ÿ 4� 1020 cm� 2), we �nd that application

the GNILC dust temperature map does not improve the correlation between the



40

353 GHz dust intensity and the HI column density as expected. We suggest

this arises from parameter degeneracies in the low signal to noise regime.

The tests outlined in Section 3.3 can provide a means of validating future dust

temperature maps.

3. We �nd a robust positive correlation between�a• # HI and the polarization

angle dispersion functionS as predicted from the orientation e�ect. This

suggests that observed variations inS are driven largely by the variations in

the angle between the Galactic magnetic �eld and the line of sight.

4. We �nd that the positive correlation between�a• # HI andS is largely com-

pensated by the anti-correlation between%a• # HI and S, as predicted by

Equation 3.14.

5. We argue that the variation in dust emission per# HI can be used to probe

the full 3D magnetic �eld orientation vector, complementing the plane of sky

orientation provided by the dust polarization angle.

6. We suggest this e�ect can also be exploited in component separation in CMB

experiments, particularly since the formalism developed in Section 3.1 pro-

vides a physically-motivated means of connecting observations of total inten-

sity and polarization.
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C h a p t e r 4

THE BICEPARRAY EXPERIMENT AND INSTRUMENT
OVERVIEW

4.1 TheBICEP/KeckExperiments

The BICEP/Keck (BK) Experiments are a series of experiments measuring pri-

mordial B-mode in the CMB polarization with degree-scale telescopes. All BK

telescopes share a similar design and observing strategy, aggressively targeting the

bump around; = 100 (about two degrees on the sky) in the B-mode spectrum by

making deep maps of a relatively small patch of sky. Table 4.1 lists all the BK ex-

periments with their frequency bands and year of operation. The interested reader is

referred to the following references for more information on the former experiments:

(Tolan, 2014; Teply, 2015; Karkare, 2017) forBICEP2 andKeckArray, (Wu, 2015;

Grayson, 2016; Hui, 2018; Kang, 2020; Yang, 2021) forBICEP3, and (Crumrine,

2022; Palladino, 2021) forBICEPArray. In the rest of this Chapter, I will talk about

the observing site and the experimental strategy.

Experiment Band (GHz) Year of Operation
BICEP1 100 / 150 2005-2009
BICEP2 150 2009-2012

KeckArray 95 2014-2015
150 2012-2016
220 2015-present1
270 2017-present

BICEP3 95 2015-present
BICEPArray 30 / 40 2019-present

150 2022
95 2023

220 / 270 2023

Table 4.1: Table of all the BK experiments, frequency bands, and the year of
operation.

1KeckArray stopped mission at the end of 2019. ThreeKeckreceivers, two at 220 GHz and
one at 270 GHz, have been put into the newBICEPArray mount running along with the �rstBICEP
Array receiver.
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Observing Site

The BK experiments are based at the Amundsen-Scott South Pole Station. The sta-

tion has supported ground-based microwave observations for the past three decades.

Owing to the National Science Foundation's support, operations at the South Pole

are logistically simple. Lodging, power, heat, meals, transportation, and shipping

are all taken care of by the Antarctic Support Contract (ASC), which supports the

day-to-day needs of the station. Also available are: an on-site machine shop, a wood-

shop, and a large stock of scienti�c equipment and supplies.BICEP1 (2005-2009),

BICEP2 (2009-2012), andBICEP3(2015-present) are located in the Dark Sector

Laboratory (DSL).KeckArray (2011-2019) andBICEPArray (2019-present) are

located in the Martin A. Pomerantz Observatory (MAPO). Both sites are about 1

kilometer from the main station building.

The South Pole station is at 2,835 meters (9,306 feet). The atmosphere is extremely

cold and dry, thus proving excellent transparency at millimeter wavelength (Lane,

1998). There is only one sunrise-to-sunset cycle a year at the South Pole, which

proves stable weather conditions, especially in the water vapor �uctuations. Figure

4.1 shows the median atmospheric transmission during the winter season in black

bracketed by the 10th and 90th percentiles, overlaid with the frequency bandpasses

of the BK experiments. The e�ect of water vapor �uctuations is almost negligible at

low-frequency bands while remaining at an acceptable level at the high frequencies.

Because the station sits right on the Earth's rotation axis, the sky rotates around

the zenith without any shift in elevation. Thus the targeted sky patch is visible to

the telescope all year round, allowing long continuous observing season and long

integration times, which is essential for measuring the faint polarization signals.

Observing Strategy

The main idea of BK experiments' observing strategy is making deep polarization

maps of a small sky patch, about1% of the full sky, which is large enough for the

modes in interest. The map depth goes down as the square root of the covered sky

area, making the current strategy suitable for an initial detection. The mapping area

is400 deg2 for KeckArray, and has been enlarged to600 deg2 for BICEP3 because of

its larger �eld of view. BICEPArray inherited the extended sky patch fromBICEP3.

Unlike the CMB, foregrounds vary a lot over the sky. The BK sky patch is chosen

to be a low-foreground area centered atRA = 0h–Dec = 57•5� , within a region

known as the "Southern Hole". Figure 4.2 shows the sky patch on the map of dust
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Figure 4.1: Atmospheric transmission at the South Pole and the bandpasses of
existingBICEP/Keckreceivers. Median atmospheric transmission during the winter
season is shown in black, bracketed by the 10th and 90th percentiles.

emission.BICEPArray observes the same sky patch asBICEP3 for CMB, covering

� 60� Ÿ R•A• Ÿ 60� and � 70� Ÿ decl• Ÿ � 40� , with an e�ective sky area of

� 600 deg2. About15%of the observing time is targeting a separate �eld mapping

a part of the Galactic plane, centered atR•A• = 15 : 42 hr, decl• = � 53� .

BICEPArray scans the targeted �elds continuously through the austral winter. The

fundamental observing block is called "scanset", consisting of 48 back-and-forth

scans in azimuth at a constant elevation over 50 minutes. The scan is at a speed of

2•8� s� 1, spanning64•4� . The scan center is shifted by25� in azimuth every other

scanset to track the change in R.A. due to the earth's rotation. The azimuth-�xed

scan pattern enables us to develop templates at an hour time scale for subtracting

ground-�xed signal. The elevation is stepped every other scanset by0•25� to �ll in

coverage between the spatially separated detector beams.

Detector load curves and elevation nods are taken before and after each scanset

for calibration purposes. The load curves scan the TES bias current from high

to low and measure the detector current to power responsivity for temporal gain

calibration. The elevation nod is usually abbreviated as "elnod", which is a quick

elevation motion by1•6� . The current response to the elnod can be �t linearly to

the airmass varies as the cosecant of the elevation angle. The elnod can provide

immediate gain calibration over each band. We take load curves and elnods at the

beginning and end of each scanset to ensure the stability of the gain through the

observation.
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Figure 4.2: The BK sky patch plotted against the Planck 2018 GNILC dust intensity
map at 353 GHz. The grey line shows the400 deg2 area mapped byKeckArray.
The white line shows the extended600 deg2 area mapped byBICEP3 andBICEP
Array.

BICEPArray has adapted the 2-day observation schedule fromKeck Array. The

scansets are grouped into "phases", each has 7 or 10 scansets along with the ac-

companying calibrations. During the 2-day schedule, the telescopes complete one

cryogenic cycle, four 10-hour phases on the CMB �eld, and one 7-hour phase on the

Galactic plane. The whole telescope mount rotates about the boresight of the array

after each 2-day schedule for polarization measurement. A total of eight boresight

angles at23� , 68� , 113� , 158� , 203� , 248� , 293� , and338� are used.

The BICEPArray receiver can hold at desired base temperature for three days or

longer. The current 2-day schedule is a compromise for theKeckreceivers running

along. The schedule may be extended when more BA receivers are deployed for

observation.

Design Strategy

The BK telescopes are on-axis refractors with small apertures. The angular res-

olutions are at the sub-degree level. This design is optimized for detecting the

degree-scale patterns and is compact enough to allow cold optics for low instrument

loading. The on-axis design allows deck rotations around the telescope boresight,
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modulating the polarization angles of the detectors, and enables cancellations of

beam systematics(P. A. R. Ade, R. W. Aikin, et al., 2015).

The BK experiments build telescopes at di�erent frequency bands within the at-

mosphere window constraints, as shown in Figure 4.1. Deep mapping at multiple

frequencies is the key to foreground component separation.KeckArray added 95,

220, and 270 GHz bands in 2014, 2015, and 2016. In the latest BK18 results

(P. A. R. Ade, Z. Ahmed, Amiri, et al., 2021), the constraint power fromKeck220

is equivalent to that from Planck 353 GHz, which means BK now can independently

constrain dust without priors derived from other sky areas.BICEP3 is a stage-3

CMB telescope that started observation at 95 GHz in 2016. Three years ofBICEP3

data has achieved the same map depth as all the 150 GHz data accumulated over

the past decade.BICEPArray will have fourBICEP3 class receivers at all existing

frequency bands and new bands at 30/40 GHz for constraining synchrotron. Figure

4.3 shows the progression of the BK instruments.

Figure 4.3: The progression of theBICEP/Keckinstruments. The relative sizes of
the instruments as installed at the South Pole and their focal planes can be seen in
the �rst two rows. The �nal row depicts detector beams as projected on the sky with
colors denoting the frequency coverage of the arrays. Figure from theBICEP/Keck
collaboration.
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4.2 BICEPArray

BICEPArray is the latest generation of the BK experiments. In the �nal con�g-

uration, it has fourBICEP3-class telescopes spanning six frequency bands, with

an ultimate sensitivity to the amplitude of the primordial gravitational wave of

f ¹Aº . 0•003(Hui et al., 2018).

The �rst BICEPArray receiver is at 30/40 GHz for synchrotron foreground. It was

deployed to the South Pole around the end of 2019 along with the new telescope

mount. The rest three receivers are planned to be deployed in 2022-2023. Table 4.2

shows the proposed detector counts and sensitivities.

Receiver Number Single Beam Survey
Observing Band of Detectors Detector NET FWHM Weight
(GHz) (̀  

p
B) (arcmin) (̀  � 2HA)

KeckArray
95 288 288 43 24,000
150 512 313 30 25,700
220 512 837 21 3,500
270 512 1,310 17 300
BICEP3
95 2,560 288 24 211,000
BICEPArray
30 192 260 76 19,400
40 300 318 57 20,300
95 4,056 288 24 334,000
150 7,776 313 15 390,000
220 8,112 837 11 55,500
270 12,288 1,310 9 34,300

Table 4.2: The proposed detector counts and sensitivity ofBICEPArray. The
achieved numbers for the past experiments are also listed in the table. The boldface
numbers are actual/achieved quantities which we scale from. TheBICEPArray
values in the survey weight column are scaled from the achieved values using only
the ratio of the number of detectors, plus, if necessary to change frequency, the ratio
of nominal NET values squared.

4.3 TheBICEPArray receiver

Cryogenic, optics, and ba�ing

The cryostat structure of theBICEPArray builds on the success and heritage of the

previousBICEP/Keckinstruments. The cryostat is mainly composed of a series of

co-axial shells, as shown in Figure 4.4. The out-most shell is the vacuum jacket at

the ambient temperature. The two inner layers are cooled down to 4K and 50K by
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Figure 4.4: A rendered cross section of the 30/40 GHzBICEPArray receiver
deployed during the 2019-2020 austral summer.

the Cryomech PT415 cryocooler2. The outer 50K shell is covered with one high-`

sheet for magnetic shielding and 30 layers of MLI to reduce radiation absorption.

The 4K shell is also covered by 5 layers of MLI externally for the same purpose.

The top side of the receiver is enclosed by an "extension piece", which provides

mounting surfaces for the HDPE vacuum window and a stack of twelve layers of

high-density polyethylene (HD30) absorptive foam �lters blocking unwanted IR. An

alumina �lter is anti-re�ection coated and mounted at the top of the 50 K cylinder.

The bottom side is bucket-like structures with openable hatches supporting the upper

structures and providing attachment points for the readout electronics. The whole

50 K radiation shield (bucket+shell) is held by six low-conductivity G10 �berglass

legs from the bottom. Six thin titanium strips maintain the concentricity of the

shells from the top. The Pulse Tube cold head is mounted outside the main cylinder

in a structure usually referred to as "doghouse".

Our telecentric refractive optics design consists of a pair of HDPE lenses with a

clear aperture of 550 mm at 4K. Thef#s from ZEMAXsimulation are 1.57 at the

center of the FPU, 1.72 at the worst sagittal, and 2.04 at the worst tangential. Figure
2https://www.cryomech.com/products/pt415/
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Figure 4.5: ZEMAX ray-tracing of theBICEPArray optics model for the 30/40 GHz
receiver.

4.5 shows the optics stack and the ray-tracing diagram. A Nylon IR �lter is mounted

between the two lenses. All optics elements are cooled down to 4K for less detector

loading from instruments. The inner surface of the 4K optics tube is covered by

HR-10 ba�ing rings to intercept unwanted re�ections.

An extended piece called "foreba�e" is attached above the cryostat window and

comoves with the receiver during observations, blocking side-lobe rays, ground-

sourced rays which may re�ect from the lip of the external ground shield, and RFI

from base communications. The very top of the receiver hosts a thin membrane

of Bi-axially Oriented Polypropylene (BOPP) pressurized into a tightly stretched

dome by a feed of room temperature dry nitrogen, preventing snow and ice from

accumulating on the vacuum window inside the foreba�e.

Sub-Kelvin camera

The bottom part of Figure 4.4 shows the sub-K camera. The structure is tower-like,

with the coldest stage on the top. The supporting legs are made of low conductivity

carbon �ber trusses whose mechanical strength has been carefully simulated and

tested.

Detectors ofBICEPArray require an operating temperature at around 300 mK, which

is realized by a three-stage4He•3He•3He sorption fridge, as shown in Figure 4.6.
4He is condensed into the evaporating cylinder by the 4K stage of the cryostat. The

pump is activated charcoal which can absorb He molecules and keep the pressure

low in the still. The3Hestages work in a similar way as the4He, except they use the
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