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ABSTRACT

Measurements of the cosmic microwave background (CMB) can be used to map the distribu-
tion of matter in the universe through gravitational lensing deflections as the CMB photons
travel through the large-scale structures of the universe. Gravitational lensing induces corre-
lations between CMB temperature and polarization modes at different angular scales. These
correlations can be extracted by lensing quadratic estimators to reconstruct the projected
2D lensing potential and matter distribution. The power spectrum of the lensing poten-
tial is a powerful probe of the growth of structure. It can constrain the sum of neutrino
masses, dark energy, and the amplitude of matter density fluctuations. Furthermore, the
matter distribution from lensing provides a promising source for cross-correlation with sur-
veys at other wavelengths and offers a template for removing lensing-induced contamination
in searches for inflationary gravitational waves. The third-generation camera for the South
Pole Telescope (SPT-3G) is an excellent instrument for CMB lensing measurements with
high-sensitivity from a new multichroic receiver with 16,000 polarization-sensitive detec-
tors, and fine arcminute-scale resolution provided by the ten-meter dish of SPT. A compact
Fourier-Transform spectrometer (FTS) was designed and constructed for detector character-
ization. I review the SPT-3G instrument with particular focus on the detectors and F'T'S and

present measurements of the lensing potential and lensing power spectrum from the 2018

data of the SPT-3G survey.
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CHAPTER 1
INTRODUCTION

Precise measurements of the cosmic microwave background (CMB) address the most fun-
damental questions in science, including the origin and composition of the universe, the
nature of dark matter and dark energy, and neutrino masses, through their impact on the
CMB anisotropy. To enable these science goals, we need to develop sensitive microwave
cameras for mapping the CMB and extract cosmological information from the data taken.
The third-generation camera for the South Pole Telescope (SPT-3G) is one of the current
field-leading CMB instruments with 16,000 polarization-sensitive detectors [4]. I discuss the
detector characterization and development for SPT-3G in Chapter 2. An important detec-
tor characterization tool is the Fourier-transform spectrometer (FTS), which can be used
to measure the spectral bands of the detectors, optical material transmission, and CMB’s
frequency spectrum. Chapter 3 of my thesis discusses a compact FTS used for SPT-3G,
which is also similar to the design of a proposed satellite mission PIXIE [5]. With the SPT-
3G instrument, we can make low-noise CMB measurements for both the temperature and
polarization. Gravitational lensing from large scale structures (LSS) can deflect CMB pho-
tons and correlate CMB temperature and polarization anisotropy across different angular
scales. The lensing-induced correlations offer a method to reconstruct the projected LSS in
the universe. In Chapter 4, I present a measurement of gravitational lensing using SPT-3G

data.

1.1 Cosmic microwave background

In standard cosmology, the universe went through an exponential expansion period known as
cosmic inflation shortly after the big bang singularity. During inflation, quantum fluctuations

are frozen by the expansion when the scales cross the causal horizon. After the inflation,



the quantum fluctuations re-enter the horizon and become primordial seeds that later evolve
into structures. At the end of inflation, the inflaton field’s potential energy is converted
to conventional matter through a process called reheating, starting the universe’s radiation-
dominated phase. At earlier times, the universe is so dense and hot that baryons and photons
are in complete thermal equilibrium. As the universe expands and cools, electrons and
protons began to combine into atoms (recombination), which lowered the scattering rate
between photons and baryons. After that, photons began free-streaming in the universe,
forming the cosmic microwave background (CMB). When we observe the CMB photons
today, they appear to have come from a thin spherical shell with the radius being the photons’
traveling distance since they last scattered with matter during the epoch of recombination.
As a result, we refer to this surface as the last scattering surface.

The CMB is very uniform across the sky, with small anisotropies in the order of 0.001%.
The initial adiabatic curvature fluctuations from inflation seeded the anisotropies. The adia-
batic nature sets the photon-baryon plasma’s initial condition with equal fluctuations for all
species, which results in well-established gravitational wells. While the gravitational wells
attract the plasma, the radiation pressure from the heat by photon-matter interaction pushes
back, creating sound waves with oscillation structures, or “baryon-acoustic oscillations.” The
baryon-acoustic oscillations leave imprints on the CMB as a series of peaks and troughs in the
CMB anisotropy’s power spectrum. The first peak in the CMB temperature spectrum corre-
sponds to the mode that just finished a compression or half of the compression-rarefication
cycle at recombination. The second peak corresponds to the mode that finished one complete
compression-rarefication cycle at recombination. At smaller angular scales, photon diffusion,
or Silk damping, suppresses the structures in the CMB [6].

The CMB is also polarized at the 10% level. We can separate the CMB fluctuation
into temperature, Stokes Q, U ,and V components. The primordial Stokes V component is

zero according to ACDM model predictions [7]. Measurements so far have only put upper



limits on the CMB Stokes V component [8, 9]. We can then convert  and U components
into coordinate-independent curl-free E-modes and divergence-free B-modes [10], which have
different physical origins. The E-modes are primarily sourced by Thompson scattering off
electrons around local quadrupoles associated with gradients in the plasma velocity. The
B-modes contain two contributions: Thompson scattering off local quadrupoles sourced by
gravitational redshifting [11] and gravitational lensing. The first contribution to the B-modes
from gravitational redshifting is a probe of the primordial gravitational waves generated
during inflation and will be evidence of inflation once detected. The second contribution
from gravitational lensing is the dominant source of the B-modes. Large-scale structures in
the universe deflect the CMB photons as they travel through the universe, distorting some
of the curl-free E-modes into curl B-modes.

As the CMB travels through the universe, interactions with matter can introduce sec-
ondary anisotropies. We can divide the matter interactions into two classes: gravita-
tional interactions and scattering effects [12]. The first class consists of gravitational lens-
ing by large scale structure, traveling through time-varying gravitational potentials (inte-
grated Sachs-Wolfe effect [13]), and traveling through nonlinear gravitational potentials
(Rees—Sciama effect [14]). The second class consists of inverse Compton scattering between
photons and hot thermal plasma (thermal Sunyaev—Zel'dovich effect, or tSZ [15]) and the
scattering off electrons with a net bulk peculiar velocity (kinetic Sunyaev—Zel’dovich effect,
or kSZ [16]).

The milestones of CMB measurements include its discovery by Penzias and Wilson in
1965 [17], the frequency spectrum and anisotropy measurement by the Cosmic Background
Explorer (COBE) satellite in 1990 and 1992 [18, 19], the measurement of the acoustic peaks
and confirmation of ACDM cosmology by BOOMERANG (2000, [20]), MAXIMA (2000,
[21]), DASI (2002, [22]), and WMAP (2003, [23]), the E-mode detection by Degree Angular

Scale Interferometer (DASI) in 2002 [24], the lensing B-mode detection by the South Pole



Telescope (SPT) in 2013 [25], and the degree angular-scale B-mode detection by BICEP2
[26]. Over recent years, ground-based and spaceborne experiments [27, 28, 29, 30, 31, 32, 33]
have pushed the CMB measurements’ precision and angular scales, bringing us into the
era of precision cosmology. The current results are mostly well-described by the standard
ACDM model. However, with smaller error bars over the years, we began to see discrepancies
between the measurements. The most noticeable discrepancy is the different Hubble constant
Hy values from lower-redshift measurements and CMB measurements [34, 35]. We also
begin to see tensions between CMB measurements at larger and smaller angular scales [36].
For CMB lensing, an inconsistency about the lensing amplitude Aj., s is that the Planck
Ajens measured from the peak smoothing is about 2.50 higher than from the 4-pt lensing
power spectrum [29]. More precise measurements from current and next-generation CMB
experiments, including SPT-3G[4], ACTpol[37], Advanced ACTpol[38], Simons Array[39],
BICEP3/ BICEP Array|[40, 41], the Simons Observatory[42], and CMB-S4[43], will constrain
cosmology even better and allow investigation into extended parameters beyond the six
parameters in the standard ACDM model.

The CMB temperature anisotropies are characterized by a spatial variation on top of the
blackbody temperature (2.724 K) and are denoted as T'(n), where n is the direction on the
sky. The polarization Stokes parameters Q(n) and U(n) are also defined as a function of n
and can be converted into E and B modes following methods in [10]. The CMB fields are
approximately Gaussian random fields, and most of their information can be captured by the
two-point correlation function or the power spectrum. For a small patch of sky projected
to flat coordinates, the power spectrum calculation is as simple as taking the 2D Fourier
transform, multiplying its complex conjugate, and averaging over annuli in Fourier space.
We calculate the power spectrum for curved-sky by decomposing the fields into spherical
harmonics and averaging the coefficient squares’ absolute values at the same angular scales.

Figure. 1.1 shows some recent measurements and the theory TEB power spectra with best-



fit parameters from Planck2018 [29]. The model agrees with measured data points well. We
can extract the six key parameters for ACDM cosmology from the measurements, including
the universe’s content, the optical depth of reionization, and two other parameters on the
universe’s initial condition (see Section 1.2). Current data can probe the content of the
universe with percent-level precision.

E-modes have a higher peak-to-trough contrast than the temperature and are out-of-
phase compared to temperature because E-modes are mostly sourced by the gradient in the
velocity field, while temperature measures density fluctuations. E-modes are much weaker
than temperature because the local quadrupole sourcing polarization comes from the photon
diffusion from different temperatures, which only happens before recombination as the mean-
free path increases. At large scales or small ¢, the E-mode is small because photons cannot
diffuse very far. Lensing-induced B-modes are at the 10% level compared to the E-modes.
The inflationary B-modes can be even smaller depending on the amplitude of the tensor-to-
scalar ratio and can be buried in the lensing B-modes. Therefore, it’s critical to remove the
lensing B-mode signal through a process called delensing to obtain a cleaner measure of the

inflationary B-modes at all multipoles.

1.2 ACDM model and cosmological parameters

CMB measurements and other cosmological probes generally match well to a ACDM(Lambda
Cold Dark Matter) cosmology model, which people also refer to as the standard model of
cosmology. The ACDM model assumes the universe started from a hot big bang and is
composed of 5% baryon matter, 27% dark matter, and 68% dark energy at the current time.
The theory of general relativity governs the expansion of space in a homogeneous model

of the universe. Specifically, we can write down the Friedmann equation that governs the
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Figure 1.1: The power spectra of T, E, and B-modes. The gray lines are the model spectra
with Planck 2018 best-fit parameters. I have also included some recent measurements. The
measurements generally agree with each other and the model. Also plotted are the power
spectra of inflationary B-modes with the tensor-to-scalar ratio set to » = 0.1 and r = 0.01.
Depending on the tensor-to-scalar ratio, the inflationary B-modes can be much smaller than
the lensing B-modes.

universe’s expansion with general relativity:

where H is the Hubble parameter, a is the scalar factor, )y, is the matter density, €2, is the
radiation density, 2 is the spatial curvature density, €25 is the cosmological constant or
vacuum density, and w is dark energy’s equation of state. The above densities are defined
at the current time where a = 1. A flat ACDM model with six cosmological parameters

assumes the universe is flat, or Qx = 0. The six parameters in ACDM are baryon den-



sity Qth, cold dark matter density Q.h%, optical depth 7, the angular size of the sound
horizon at recombination fyjc L the amplitude of primordial scalar fluctuation Ag, and the
spectral index of primordial scalar fluctuation ng. The primordial scalar power spectrum
is scale-invariant when ng = 1 (see Eq. 1.2). The CMB temperature spectra measured by
the Planck satellite and other experiments generally fit well with the six-parameter ACDM
model. There are additional parameters beyond ACDM that can be probed by the CMB,
including curvature of the universe {2z, Hubble constant H(, the sum of neutrino mass >m,,,
the number of relativistic species Neg, tensor-to-scalar ratio r, and lensing amplitude Ajqg.
In the next paragraphs, I will review how the parameters impact the CMB spectra. Much
of the content is adapted from Wayne Hu's tutorials [44].

Spatial curvature impacts the CMB power spectra by changing the angular scale of CMB
fluctuations. We can parametrize the curvature of the universe using Q. In a closed
universe where 25 < 0, things look as if they are closer to us, and the same length viewed
from the same coordinate distance will appear at a larger angle. Therefore, the features in
CMB spectra will shift to larger angular scales or smaller ¢. Similarly, for an open universe,
the CMB features will move to a higher ¢.

Baryon density (Quh?) changes the relative amplitude between CMB power spectrum
peaks. The harmonic feature in the CMB temperature power spectrum is a result of baryon-
acoustic oscillation before recombination. As discussed in Section 1.1, the first CMB peak
corresponds to the mode that just finished a compression or half of the oscillation cycle
during recombination. And the second peak corresponds to the mode that just finished one
complete compression-rarefication cycle. If the baryon density increases, the fluid has higher
inertia and falls into the potential wells harder, which leads to stronger compressions (odd

number of peaks) and weaker rarefactions (even number of peaks).

1. Planck2018 [29] used the CosmoMC theta parameter Oy to approximate the acoustic scale 6*. 6*
is the ratio of the comoving size of the horizon at the time of recombination, rg, to the angular diameter
distance at which we observe the fluctuations, D 4. The redshift z* used for 8y is calculated using a quite
accurate but non-general fitting formula.



Dark matter can provide the background gravitational potential during the baryon acous-
tic oscillation for a flat universe. If there is less dark matter or lower Q.h2, the portion of
radiation will become larger. For a universe that is photon dominated, the gravitational
potential will also be mostly from the photon-baryon fluid instead of the dark matter back-
ground. As the fluid finishes the first compression and rarefy, the potential well is less deep.
The oscillation amplitude will be much higher because there is less gravity pulling the fluid
back. With less dark matter, the oscillation will also be stronger, and the power spectrum
amplitude will increase. Since the even number peaks correspond to modes that finish rar-
efication at the time of recombination, less dark matter will result in higher even number
peaks and an overall amplitude increase. On the other hand, a strong third (or odd number)
peak compared to the second (or even) ones means more dark matter.

The reionization optical depth (7) affects the overall amplitude of the measured CMB
spectrum and the large-scale polarization-temperature correlation. Free electrons generated
during reionization can scatter CMB photons via Thomson scattering. A higher optical
depth attenuates the CMB photons more before they can reach us. Rescattering of CMB
radiation during reionization can also create a quadrupole temperature anisotropy and a
small linear polarization that correlates with the temperature [45]. Therefore, the CMB TE
spectrum at low angular multipoles is a sensitive probe for 7.

The amplitude of primordial scalar fluctuation Ag and the spectral index of primordial
scalar fluctuation ng are the initial conditions from primordial fluctuations. They can affect
the CMB amplitude and the power spectrum tilt. The CMB structure seeded from adiabatic

primordial curvature perturbations

dns

k
Pr(k) = Ag(— s~ b G, (1.2)

where Ag is the amplitude, ng is the spectral index, k is wavenumber, and k., is the pivot

scale. The second-order term in the exponent is the running of the spectral index. Ag will
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affect the overall amplitude of the CMB spectra. It’s degenerate with optical depth, and
Age™2T can be constrained better than Ay or 7 individually. The 7-As degeneracy can be
broken using CMB together with CMB lensing or external data on large scale structure,
both of which constrain As. ng is the spectral index of the fluctuation. It determines the
“tilt” of the CMB power spectrum. With a larger ng, CMB spectra is higher above the pivot
scale and lower below the pivot scale.

The acoustic angular scale is s = ry/Djs, where ry is the comoving sound horizon at
recombination, and Dj; is the comoving angular diameter distance. The acoustic angular
scale is well constrained by the position of the first peak in the CMB angular power spectrum,
even independent of cosmology.

CMB can also constrain parameters beyond the standard six parameters in ACDM
through their effects on the CMB spectra. The effect of the Hubble constant is similar
to that of spatial curvature, or Q. With the assumption that the universe is flat (Qx = 0),
or Oy + Qp = 1, we can break the €2,-2\ degeneracy and obtain a constraint on Hj.
Ajens 1s the lensing amplitude, which is a made-up parameter for quantifying the amount of
lensing. A larger A, indicates that CMB photons are deflected more. The CMB power
spectra are less sharp with more lensing because the CMB power is shoved across different
angular scales by lensing-induced mode coupling.

CMB offers a new window into neutrino physics in two ways. 1) The sum of neutrino
mass, or 1m,,, affects the gravitational lensing of the CMB. More neutrino mass suppresses
structure growth since neutrinos act like radiation (which suppresses structure growth) at
earlier times and dark matter later. More neutrinos will cause less lensing from the large-
scale structure. 2) CMB can also be used to constrain Ng, which is the number of weakly
interacting species that is relativistic at recombination. We can use the N.g parameter to
describe radiation-like energy density. The standard model prediction for Ng is 3.046. Neg

affects the expansion history and the characteristic scale of CMB fluctuations. On the other



hand, N.g affects sound waves of photon-baryon plasma and change the mean-free-path of
photons, or the diffusion scale of the CMB. The ratio of the two scales is precisely measured
by the CMB and can constrain Ng [46].

The last parameter I'll mention here is the tensor-to-scalar ratio r. Tensor perturbation
can generate primordial gravitational waves, which imprint in the CMB as the inflationary

B-modes. Inflationary B-mode will increase as the tensor-to-scalar ratio increase.

1.3 Gravitational lensing of the CMB

As CMB photons travel through the universe, they are bent by the gravitational potentials
from the intervening large-scale-structure through a process known as gravitational lensing.
The primordial CMB fields before lensing have well-known statistics and can be approx-
imated by Gaussian random fields. Gravitational lensing distorts the CMB and induces
correlations across different angular scales for CMB temperature and polarization. These
correlations allow us to reconstruct the lensing potential that deflected the photons’ paths by
optimally weighting off-diagonal CMB modes across different angular scales [47]. The result-
ing lensing potential measurement contains information about the projected two-dimensional
matter distribution from the last scattering surface(z ~ 1100) to now. The 2D matter dis-
tribution from CMB lensing contains a wealth of information about the growth of structure,
which can probe various fundamental physics topics, including matter density fluctuation
[48], neutrino mass [49, 50, 51, 52], dark energy [53], and gravity [54, 55, 56].

Lensing induces mode-coupling between CMB modes at different angular scales and
smooths the peaks in the CMB power spectra [57]. Multiple experiments have detected
the peak smoothing effect using both the temperature and polarization data [58, 27, 29, 59].
The mode coupling enables quadratic-type estimators where one can estimate the lensing sig-
nal corresponding to a specific scale in Fourier space by averaging over pairs of CMB modes

in Fourier space separated by that scale [60, 47]. Most of the lensing measurements available
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now utilize the quadratic estimator, which works optimally at typical current instrument
noise levels. So far, there have been measurements on CMB lensing from SPT/SPTpol
61, 62, 63, 64], ACTpol [65, 66, 67], Planck [68, 69, 70], POLARBEAR [71], and BICEP
[72]. The most significant lensing amplitude measurement is at 40c from Planck 2018 [70],
and the most significant polarization-only lensing amplitude measurement is at 10.1o from
SPTpol [64]. Fig. 1.2 shows the power spectra of lensing measurements from Planck [69],
SPT-SZ [63], SPTpol [64], ACTpol [66], as well as the lensing spectrum forecast for the
SPT-3G five-year survey. The method for generating the lensing spectrum from a lensing
map is similar to that for generating the CMB power spectrum from a CMB map, which is
discussed in Section 1.1. From Fig. 1.2, SPT-3G will measure lensing features with larger-
than-unity signal-to-noise at angular scales larger than 12 arcmin where the signal curve is
above the noise line, thanks to the arcminute resolution and low noise levels of 3.0/2.2/8.8

pK-arcmin at 95/150/220 GHz [73] provided by the new SPT-3G receiver [4].
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Figure 1.2: The power spectra of lensing measurements from Planck [69], SPT-SZ [63],
SPTpol [64], ACTpol [66], along with the lensing forecast for the SPT-3G full survey. The
solid cyan line shows the Planck minimum-variance noise curve. The dotted or dashed gray
lines show the temperature, polarization, and minimum-variance combined noise curves for
SPT-3G. Figure taken from [73]. Credit to Jason Henning.

CMB lensing measures matter distribution in the redshift range between 0 and 1100,
11



overlapping with the redshift range of all other astrophysical surveys. Owning to the well-
known statistics of the CMB as the lensing source, CMB lensing measurements have rela-
tively cleaner astrophysics systematics. As a result, the matter distribution inferred from
CMB lensing measurements is an excellent template for cross-correlation studies. It can
help constrain systematic effects in other surveys, such as the multiplicative shear bias in
optical surveys [74]. Cross-correlation measurements can provide more powerful probes into
cosmology and are generally less prone to systematic effects than single surveys [75]. If the
other survey contains redshift information, we can use the combination to make a three-
dimensional tomographic measurement of the matter distribution [76, 77, 78, 79]. Since the
CMB lensing’s first detection via cross-correlation [80], there have been cross-correlations
with optical surveys [81, 82, 83, 84], far-infrared wavelength [85], infrared wavelength [79],
submillimeter galaxies [86, 87|, and X-ray [88].

With more precise current and upcoming experiments, we need to build more optimal
estimators for various analysis purposes and tackle the lensing biases more carefully. For
lensing power spectrum analysis, there are the well-known map-level bias from non-lensing
statistical anisotropies in the CMB map (mean-field bias) and the spectrum-level biases
from connected and disconnected pieces in the lensing trispectrum [89, 90]. Additionally, we
have biases from astrophysical and modeling effects, including polarized [91] and unpolarized
[92, 93] foreground emissions, non-Gaussian lensing deflections [94, 95], corrections beyond
Born approximations for the lensing deflection [96, 97, 98, 99, 100], lensed foregrounds [101],
and baryonic effects [102]. While some of the biases to the lensing power spectrum can be es-
timated and subtracted, the map-level biases are harder to deal with and are already causing
problems at the current instrument sensitivity. For example, some recent cross-correlation
analyses are limited by the lensing bias at smaller angular scales caused mostly by the tSZ ef-
fect associated with galaxy clusters [103], and the current solution is to cut the contaminated

angular scales at the cost of information loss. Recently, some bias-hardened estimators that
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are less prone to certain biases have been developed, such as the shear-only estimator [104]
and modified quadratic estimator with a tSZ-cleaned map for the gradient leg [105]. Another
direction of efforts in lensing estimator development is to build more optimal estimators with
lower variance. Quadratic lensing estimators [60, 47] will be less optimal as the CMB noise
level approaches 5 pK-arcmin [106]. Recently, Millea et al. [107, 108] developed an esti-
mator that samples the exact Bayesian posterior of desired cosmological information given
the CMB maps. Recent new lensing estimators also include a maximum-a-posteriori CMB
lensing reconstruction [109] that iteratively reconstructs the unlensed CMB to improve the
signal-to-noise and a gradient-inversion-based approach to improve the smaller-scale lensing
reconstruction [110].

Lensing can also convert some primordial curl-free E-modes into curl B-modes by dis-
torting the spatial patterns of the CMB polarizations. A few experiments have measured
lensing-induced B-modes [25, 111, 112, 31]. The lensing-induced B-mode is contamination
for primordial B-modes imprinted by primordial gravitational waves generated during infla-
tion, and its removal is critical for better constraints on inflation. To remove the lensing
B-modes, we can combine E-modes and the lensing potential to get an estimated B-mode
template and subtract this template from the measured B-mode power spectrum [113]. While
we can estimate lensing potential from the CMB data itself, we can also construct it using
other tracers of mass distribution, such as the cosmic infrared background (CIB) [114] and
galaxy surveys [115]. For future experiments, the gain of estimating the lensing potential
with multiple mass tracers is modest compared to using CMB lensing measurements alone.
Removing the lensing B-mode or delensing is also crucial for precise lensing measurements
because reconstruction can be improved by an iterative process of delensing and lensing re-
construction [109]. The Bayesian delensing method can also recover the lensing potential
and the unlensed CMB modes simultaneously [107, 108]. The South Pole Telescope has high

angular resolution and is good at measuring the lensing signal, while the BICEP Array [41]
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specializes in measuring the degree-scale B-modes. The delensing from SPT-3G can remove
2/3 of the contamination power from gravitational lensing to large-scale B-modes measured
by BICEP Array (Fig. 1.3(a)). The two experiments combined can achieve an uncertainty
of o(r) ~ 0.003. Without delensing, o(r) is about two times higher (Fig. 1.3(b)).
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Figure 1.3: (a): The power spectrum of the lensing B-modes, primordial B-modes with
tensor-to-scalar ratio r = 0.01, and the residual B-modes after SPT-3G delensing. If r = 0.01,
we will be able to detect primordial B-modes with SPT-3G delensing. (b) The uncertainty on
tensor-to-scalar ratio as a function of survey year. With SPT-3G delensing, the uncertainty
of o(r) can be reduced by a factor of ~2 to be ~ 0.003 at the end of the two surveys. Figure
taken from [73]. Courtesy of Kimmy Wu.

This work will estimate the lensing potential using the quadratic estimator, which is very
close to optimal with our data noise levels. We will estimate map-level biases from masking
and non-homogeneous noise and the spectrum-level biases to the zeroth and first order of the
lensing power spectrum. Note that most of the higher-order biases discussed in this section
are insignificant compared to our error bars with SPT-3G 2018 data’s noise level. We can use
the reconstructed lensing information to constrain cosmological parameters, including the
matter density €2, and the RMS matter mass density fluctuation within an 8-Mpc-diameter

comoving sphere, og.
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CHAPTER 2
SPT-3G INSTRUMENT

2.1 The South Pole Telescope

The South Pole Telescope (SPT) is a ten-meter diameter submillimeter-quality telescope
located at the Geographical South Pole [116, 117]. The site is the NSF Amundsen-Scott
Research Station on the 2,835 m-elevation Antarctica Plateau. The high elevation and
low temperature at the South Pole reduce the precipitable water vapor (PWV) in the
atmosphere, reducing the emission and noise fluctuations generated by PWV. The mm-
wavelength observation conditions at the South Pole have been extensively measured by
(118, 119, 120, 121, 122, 123, 124]. The South Pole has a low winter median PWV of around
0.27 mm [118] and an order of magnitude lower median fluctuation power than Chajnantor
[119]. The atmosphere during the six-month-long winter night at the South Pole is remark-
ably stable compared other sites and is ideal for continuous observation. Even the South
Pole summer is excellent compared to many of other sites. The South Pole site also enables
access to the same patch of the sky throughout the year.

The telescope was designed to map the faint millimeter-wavelength emission from the
CMB with high sensitivity and resolution. The ten-meter primary dish gives the telescope
one arcmin resolution at 150 GHz . The primary dish has 20 pm RMS surface error and
can enable future surveys at submillimeter wavelengths[125]. The off-axis Gregorian design
with an unblocked primary mirror minimizes ground pickup and maintains a large field-
of-view. The optical design also provides an image of the primary dish for a potential
Lyot stop. The paraboloidal primary mirror allows changing the focus of the secondary
mirror for different receivers. SPT has three generations of receivers over the past ten years.
The first generation (2007-2011) was the SPT-SZ receiver with 960 detectors at 95, 150,

and 220 GHz optimized for measuring the CMB and the SZ-effect from galaxy clusters
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Figure 2.1: The South Pole Telescope. The primary dish is 10 meters in diameter. The
white box under the primary dish is the receiver cabin, which was mated to the roof of the
blue control room beneath it when the photo was taken. The telescope has ground shields
around the primary mirror to prevent stray reflections from the ground.

with high resolution [126, 127]. The second-generation (2012-2016) receiver was the SPTpol
receiver with 1500 polarization-sensitive detectors, which enabled the measurement of CMB
polarization anisotropy [128, 27]. The currently operating third-generation receiver, SPT-3G
[4], was installed in 2017. It has polarization sensitivity and three frequency bands centered
at 95, 150, and 220 GHz. The unprecedented detector number of 16,000 and the resulting
sensitivity makes SPT-3G a sensitive probe of many fundamental science goals, including B-

mode polarization anisotropy, gravitational lensing, inflation constraints (joint with BICEP

Array [41]), and the sum of the neutrino masses.
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2.2 SPT-3G detector overview

To reach the required sensitivity for the SPT-3G science goals, we must push the current
technological limits. In particular, the detector number needs to be increased by around
10x compared to SPTpol. Superconducting transition-edge sensor (TES) detectors are the
preferred technology for CMB measurements owing to their high sensitivity, excellent fabri-
cation scalability, and compatibility with multiplexing readout technologies. TES detectors
were used for SPT-3G. Microwave kinetic inductance detectors (MKIDs) are a competing
technology that can detect mm/sub-mm photons and have higher multiplexing factors per
readout line due to their higher readout bandwidth. MKIDs do have simpler fabrication,
potentially giving them some advantage over TES. However, MKIDs technology is not as
mature as the TES technology, which has been demonstrated in many preceding CMB ex-
periments, including SPTpol [129], ACTpol [37], and BICEP2 [130]. MKIDs are promising
for future millimeter-wavelength experiments, including CMB experiments. Recently, the
microwave-SQUID readout for TES detectors [131] can have similar-to-identical multiplex-
ing factors as MKIDs. Microwave-SQUID readout technology was not chosen for most CMB
experiments because it is not well developed but it remains a promising readout technology
for the future.

For SPT-3G, TES detectors are used in a bolometer that converts incident optical power
into thermal heat, where the TES measures the temperature change from heating. The SPT-
3G detector structure uses an antenna to collect the optical signal, a superconductor TES
film deposited on a thermal island to measure the power from thermal heat, and a thermal
bath weakly coupled to the thermal island to provide a constant reference temperature.
Fig. 2.2 is a picture of the bolometer model used by SPT-3G. SPT-3G uses a quad-layer
Ti-Au-Ti-Au film as the superconductor sensor [132]. The quad-layer film has advantages
of tunable superconducting transition temperature T, and stable chemical properties. The

model in Fig. 2.2 contains a thermal mass called Bandwidth Limiting Interface Normally

17



Figure 2.2: Bolometer model. An antenna collects the optical signal and feeds it to a thermal
island through a microstrip transmission line. The thermal island is weakly thermally coupled
to a thermal bath at a constant temperature. Incident optical power is converted into heat
at the thermal island and creates a temperature change at the TES superconductor, and the
change is measured by a readout circuit. A thermal mass with a large thermal capacity is
often attached to the TES on the same thermal island to control the response speed of the
detector.

of Gold (BLING), which is well coupled to the TES for maintaining electrothermal stability
(see Section 2.4).

Several detector parameters are defined here: optical power dissipated on the TES (Pypt),
electrical bias power generated on the TES (P,e.), heat capacity of the bolometer (C),
thermal conductivity to the heat sink (G), bolometer temperature (7), and the heat sink
temperature (7). When the bolometer reaches equilibrium, the total power on the TES
equals the power conducted to the heat sink through the weak thermal link: P = Py +
Popt = [ G(T)dT, where G(T) is the temperature-dependent thermal conductivity. With a
power P, the thermal gradient between the bolometer and the thermal bath is AT ~ P/G
with a thermalization time constant 7 &~ C'/G. The TES detector is used with a voltage bias,
which provides negative feedback and keeps the total power and the temperature on the TES

constant. The power generated by a voltage-biased TES is Pyjo. = V2 /R, where V' is the bias
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voltage on the TES, and R is the TES resistance. When the incident optical power increases,
the temperature of the TES increases. If dR/dT > 0, the resistance also increases, causing
the electrical power Py to decrease. This process is negative electrothermal feedback [133].
The steepness of the superconducting transition (Fig. 2.3), « = (T'/R)dR/dT, is proportional
to the loopgain of the electrothermal feedback, £, where in the limit of high loop gain, changes
in electrical power AP, perfectly compensate for changes in optical power AF,p¢. In this
limit, the measured TES current response Al = APg,./V = —APpt/V is close to linear in

terms of the change in optical power.
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Figure 2.3: Resistance-temperature curves for a deployed SPT-3G wafer. The detectors were
operated with a small voltage bias that does not affect their temperature. The thermal bath
temperature was swept slowly to ensure the detectors remain in thermal equilibrium with
the thermal bath. Detectors’ resistances were recorded as functions of the bath temperature.
From the curve, most detectors’ superconducting transition temperatures are at ~420 mK.
A sharper superconducting transition increases the electrothermal feedback and makes the
detector more linear. Courtesy of Tyler Natoli.
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2.3 Detector structure

TES detectors are now advanced to a stage where they are background limited, which means
their detector noise is smaller than the photon noise from optical signals, thanks to the devel-
opment of sub-kelvin detectors and low-noise readout technology. With background-limited
detectors, the only way to increase the CMB mapping speed is to increase the detector num-
ber. To improve the packing efficiency of many detectors, SPT-3G uses large arrays of detec-
tors fabricated on six-inch silicon wafers. Each wafer contains 271 pixels, and each pixel has
an antenna coupling to six TES detectors (Fig. 2.4). A log-periodic self-complementary sinu-
ous antenna [134] was chosen for its broadband frequency sensitivity, frequency-independent
impendence, and dual-polarization sensitivity. The signal collected by the antenna is trans-
ferred by niobium microstrip transmission lines and divided into the 95, 150, and 220 GHz
frequency bands by three-pole lumped-element triplexer filters. The lumped element filter
for one frequency band consists of two parallel plate capacitors and three coplanar waveguide
inductors fabricated along the transmission lines. The divided sky signal is coupled to six
TES detectors, one for each of the three observing bands and two polarizations.

Fig. 2.5(a) shows the structure of a TES detector. The center island is connected to
the thermal bath via four thin legs. Fig. 2.5(b) shows a cut wafer with a dangling thermal
island attached to the wafer by two of the four legs. The Nb transmission lines connect to
the thermal island via the legs and terminate on a 20 Ohm Ti/Au load resister [136]. The
sky signal is converted into thermal energy at the load resistor, which results in a change
of island temperature. A superconductor TES film located at the bottom of the thermal
island in Fig. 2.5(a) measures the power change. An 850 nm-thick layer of Pd BLING [136]
is deposited on the island to slow down the thermal response and stabilize the detectors. Pd

was chosen for its high heat capacity at cryogenic temperatures.
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Figure 2.4: A detector wafer and a zoomed-in pixel for SPT-3G (adapted from [135]). The
wafer is fabricated from a six-inch silicon wafer and contains 271 individual pixel antennas.
The sinuous antenna in the middle of each pixel is sensitive to a broad range of frequencies.
Microwave signal collected by the antenna is transferred by the microstrip lines and divided
into six detectors by the lumped-element filters.
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Figure 2.5: (a): SEM image of a TES detector. Four legs with a LSN(low-stress silicon
nitride) /Niobium/SiOx/Niobium quadruple layer structure[137] connect the TES island to
the rest of the wafer. The load resistor is on the top, and the superconductor TES film is on
the bottom. (b) shows a dangling detector after dicing. Two legs somehow remain connected
to the cut wafer. (b) clearly shows that the detectors are only connected to the wafer by the
four legs. Note that the dicing for (b) was non-standard for evaluation purposes and is not
how the deployed detectors wafers were diced.
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2.4 Detector operation and electrothermal feedback

The optical power received by the TES changes its temperature and resistance, causing a
modulation in current, and current variation can produce electrical power change, feeding
back into temperature. This feedback loop linearizes the detector response vs.deposited
optical power and stabilizes the detector. If the model contains multiple thermal elements,
such as the BLING, the thermal conduction between different elements and their influences
on the temperature need to be considered. For a simple TES detector, which can be treated
as a single thermal body connected to a thermal bath Fig. 2.6, we can write down two

coupling equations, one from Ohm’s law and the other from energy conservation [133, 138]:
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Figure 2.6: Thermal model for a DC biased bolometer. The TES is in a circuit with a DC
voltage source, a parasitic resistor Iy, and a parasitic inductor L. The detector has thermal
capacity Cq and is connected to the thermal bath 73,1, via a thermal link G.

L%I —V —IR— IRy, (2.1)

where L is the inductance, [ is the current, V' is the bias voltage, R is the resistance of the

TES, and R) the parasitic resistance in the circuit, and

dT
COE - G(T - Tbath) + Pext + Pelec (2'2)
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where Cj is the thermal capacity of the TES, T' is the temperature of the TES, T}, is
the temperature of the thermal bath, Feyt is the external optical power Pypt or electrical
perturbation power, and P,y is the electrical bias power I2R.

The perturbation from optical power and the subsequent changes are usually small so
that we can work with the equations in first-order perturbations. The perturbed electrical

power 1is

5 Pajec = 6(I?R) = 2IgRod1 + IZ6R (2.3)

Resistance change d R of the TES superconductor depend on the temperature and current

and has the form 0(In R) = ad(InT) + Bé(In ). We put these in 0 P, and get
OPec = (24 B)IgRydI + LGo6T (2.4)

where £ = aPpje./GT, a =0In R/0InT, § =0InR/0Inl.

Also use £ = Ry/ Ry, the perturbation equations become:

]OL%M = —GLIT — (1 + & + B)IgRoSI + sV (2.5)
00%(5T = (,CG - G)5T + (2 + B)I()R()(S] + 0 Poxt (2.6)

The two equations can be combined to a matrix form:

d
V= Av +p, (2.7)
LIyoI IpoV —r; 1 —Lr 1
where v = ,p= ,and A = ) The thermal and
CodT 0 Poxt %Te_l (L—1)r !

. . _ _ I
electrical time constants are defined as 7 = res and 7. = T3+ Rs"
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Note in the general case the thermal conductivity G is temperature dependent. The
stability requires the perturbations to be over damped, or Re(Eigenvalues(A)) > 0 and
Im(Eigenvalues(A)) = 0. The conditions are £ < (3 — \/5)% A %Tle from Eq. 2.7. For
stability, a Pd BLING was deposited on the thermal island to increase the detector time
constant 7.

The response read out from the detector is the current modulated by the incident optical

power. One important quantity we are interested in is the current-to-power (61 to Pext)

responsivity sy, which can be calculated by:

A £ 1 :
si(w) = - LIy __IoRo(£(1—£>+1+6)<1+z'weff><1+me) 2

Mj' The detector response is sped up by a
toTiers
factor of approximately 14 L from the electrothermal feedback. In the limit of large loopgain,

Here the effective time constant 7.4 =
the responsivity is —1/Ig Ry, or —1/Vjy with the electrical and thermal time constant roll-offs.

2.5 Detector noise

Detector noise, detector number, and optical efficiency determine the mapping speed of a
CMB receiver. Therefore, optimizing the detector noise is a primary goal in detector design
and operation. The noise in bolometers and TES sensors have been studied in detail in
literature [139, 133]. In this section, I summarize detector noise terms for a typical SPT-3G
detector. The noise in detectors is commonly characterized by the noise-equivalent power
(NEP), which is defined as the amount of signal power that would have signal-to-noise of one
over a one Hz bandwidth range. NEP has contributions from incident photon fluctuation,
Johnson noise, phonon (thermal carrier) noise, and readout noise. NEP can be related to the
noise-equivalent temperature by NET = \%%NEP, where the factor of 1/4/2 comes from

the convention that NEP is defined as the power spectrum with just the positive frequencies
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while the NET is defined with unit relative to the integration time (K4/s). One way to
understand the 1/4/2 factor is that the noise power spectral density PSD, or NEP2, is
conventionally defined only at positive frequencies, and the negative frequency components
are folded into the positive frequency part, which effectively doubles the PSD or multiplies
the NEP by v/2 compared to defining them using the full bandwidth. The noise in the
CMB maps made from a CMB receiver with multiple detectors is Nyap = %, where
Nmap is map depth typically in unit of pK-arcmin, Sq, is the sky area, Ny is the number
of detectors, and ¢ is the integration time. NEP can also be related to the current noise

NEI by NEP = NEI/s;, where s; is the power-to-current responsivity. In the next sections,

different contributions to the noise will be discussed in more detail.

2.5.1 Photon noise

The first significant contribution to the detector noise is the photon noise, which arises from
the random exchange of photons with the surrounding environment that leads to fluctuation
in temperature. In bolometers, photon noise can be the dominant noise source. Photon
noise can be easily calculated for a blackbody illuminating a single-mode diffraction-limited
detector. The fluctuation in the number of photons received per second per mode is (An2> =
n +n? [140] where n is the received photon number per second per mode. The first term is
due to photon shot noise, which can be described by Poisson statistics. The second term is
due to photon bunching, which is caused by the Bose-nature of photons. The second term
becomes important when the photon number is large. We are interested in the fluctuation

of energy received per second, which is [141]

2 2.2 2
NEP hoton = 2/2Nh v (An®)dv, (2.9)

where N = AQ/\? is the number of modes for a detector with an antenna surface area A

and a detection solid angle €2. In the single-mode diffraction limit N = 1. The first factor of
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2 comes from the two polarizations of a photon, and the second factor of 2 comes from the
fact that the bandwidth associated with a 1 s unweighted average is 1/2 Hz (see Section 2.5

for more details). We rewrite the equation as

NEP?)hoton = 2Popthig + NPOth/AI/a (2.10)

where Popy = 2 f Nnhvdy is the total optical power, 1 is the band center, and Av is
the bandwidth. Note that we have used the band center frequency v to approximate the
frequency of the band. For the general case with an extended polarized source, Lamarre

[142] calculated the photon noise to be

NEP2, on = 2 / hwQudv + (1 + P2) / €)%, (2.11)

where Q, is the specific flux in WHz~!, and P is the degree of polarization. The first term
is approximately 2P,pth1() when we use the band center frequency v for the frequency band.
&(v) in the second term is the partial coherence factor [142] . In the limit for a point source,
£(v) is 1. In the limit of uniform source extended over a large area, £(v) is A2/AQ, which is
one for a single-mode diffraction-limited detector. When the input radiation is unpolarized
(P = 0) and the detector is single-mode diffraction limited ({(v) = 1), the second term
reduces to P02pt /Av. The optical loading for an SPT detector comes from a variety of
sources including the atmosphere, the CMB, and various optical elements. Therefore, £(v)

is a factor between 0 and 1.

2.5.2 Thermal carrier noise

Thermal carrier noise can be the second dominant noise source for a typical CMB detector.

2 _
thermal —

From thermodynamics, the power flowing from TES to the thermal bath has NEP

4kpGT? in the classical equilibrium limit [140], where G is the thermal conductance. How-
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ever, the thermal conductivity k(7') is usually dependent on temperature. Following a more

careful derivation in [139], the analytical result is:

Tia

NEPZ . = 4kpGT? 220 (2.12)
ch [ k(t) 124t
Thath k(Tc)

where T}, is the temperature of the thermal bath, and 7, is the TES’s operating temper-
ature. Note that John Mather made the assumption that fluctuation-dissipation theorem at
equilibrium with linear elements can describe state variables out of equilibrium with nonlin-

ear elements. [133].

2.5.3 TES Johnson noise

Johnson noise is the electronic noise generated by the thermal agitation of charge carriers
inside an electrical conductor at equilibrium[143]. Johnson noise is white noise with power

spectrum density

(E?) = 4kpTR. (2.13)

E is the thermally agitated voltage measured in V/v/Hz, and R is the resistance. In a TES,
the Johnson noise is suppressed by the electrothermal feedback. The Johnson noise for an

AC-biased TES bolometer by [138] is
2 _ 2,2 2
NEP] hnson = 4kBTePrias(1 +w™77) /L7, (2.14)

where P4 is the bias power on the TES, w is the angular frequency, 7 is the effective time

constant of the TES, and L is the loopgain.
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2.5.4 Readout noise

The readout for SPT-3G is described in Section 2.7. The readout noise can come from the
first-stage SQUID amplifier, the Johnson noise of the warm electronics, and the noise of
the higher-stage amplifier after the SQUID. Most of the readout noise is generated after
the SQUID. For our readout system, we use Digital Active Nulling (DAN) to cancel the
current from the bolometer comb so that the SQUID current is smaller. DAN removes the
dynamic range limitation of the SQUID amplifier and increases its linearity [144]. Ideally,
the DAN feedback can completely cancel the detector signal and only contains the detector
signal. But in reality, noise after the SQUID amplifier in the demodulation chain cannot be
distinguished from detector signals, and DAN tries to null this noise by sending in a nulling
current of the same form. A fraction of the noise in the nulling signal leaks to the detector
comb, causing the nuller to increase the feedback amplitude to compensate for it, amplifying
the noise by the leaked amount [145]. The amplified noise is called the current-sharing noise
and is a large fraction of the readout noise. The solution to reducing this noise is to use
lower impedance SQUIDs. With a low SQUID impedance, most of the nuller noise flows
through the SQUID instead of the detector comb. The SQUIDs used in the 2017 season
have inductance around 300 nH and produce a large impedance comparable to the detector
comb at the operating frequency of several MHz. In the following season, we installed new
SQUIDs with impedance in the 60-80 nH range, which reduced the current-sharing noise
to be below the photon noise for most detectors. To minimize the SQUID noise, we used
SQUID arrays, each consisting of 100 individual SQUIDs connected in series. The noise of
each SQUID adds incoherently, reducing the SQUID array noise by a factor of v/100. The
readout Johnson current noise St _jonnson can be related to the NEP jop,0n at the detector by

NEP?2

_ 2 _1/2 _ :
Johnson — SI,Johnson/sj ~V SI,Johnson = PelecRSI,Johnsona where sy is the current-to-

power responsivity. So it’s advantageous to reduce the electrical power and the resistance of

the detectors. The lower limit of the electrical power is designed to be about the same as the
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typical optical loading of the detector to allow for some optical loading changes. The lower
limit of the resistance needs to be much larger than the stray resistance for the detectors to

be properly biased.

2.6 Detector characterization

2.6.1 Characterization overview

The properties of the detectors can be divided into two categories: optical properties and
electrothermal properties. Optical properties include the detector’s optical efficiency, spec-
tral band, and polarization sensitivity. The design and fabrication of the detectors and their
coupling optics need to be optimized for these optical parameters. Optical efficiency can
be improved by using low-loss microstrip lines to transfer signals on the detector wafer and
increasing the coupling optics’ transmission efficiency. The frequency bands of the detectors
need to align with atmosphere transmission windows where absorption is small. Lumped
element filters on the detector chip and the frequency-dependent transmission of the op-
tical elements determine the frequency bandpasses. Polarization sensitivity is essential for
measuring CMB polarization signals and is mostly determined by the antenna design and
fabrication.

Electrothermal properties include the normal resistance, superconducting resistance, crit-
ical temperature, sharpness of the superconducting transition, saturation power, thermal
conductivity between the TES island and the bath, thermal capacity of the TES island,
time constant, and loopgain. The electrothermal properties affect the operational stabil-
ity, linearity, and noise level of the detector. A TES’s critical temperature is related to
its saturation power because more power is required to bring a TES to a higher transition
temperature. Decreasing the saturation power reduces the thermal fluctuation noise. For

SPT-3G detectors, the estimated optical loadings at 95/150/220 GHz are 5.1/8.7/10.0 pW.
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We design our saturation power target to be twice the expected loading, or 10/15/20 pW, to
allow for possible loading variations. Low operating resistance is preferred because a higher
resistance increases the Johnson noise and the bandwidth per channel, resulting in more
crosstalk leakage between neighboring frequency channels. The lower limit of resistance is
set by biasing stability requirements and depends on the readout electronics.

The sharpness of the transition, saturation power, and thermal properties determines the
loopgain and linearity of the detector. A sharper transition results in a higher loopgain,
making the detector more linear with the electrothermal feedback. The higher limit of the
loopgain £ is determined by the stability requirement of £ < (3 — \/E)Tle ~ 5%% The
time constant is determined by the thermal capacity of the detector island, the thermal
conductivity to the thermal bath, and loopgain. The time constants of the detectors need
to be small enough to resolve arcmin-scale structures with a given scanning speed. We can
tune the time constants by changing the thermal island’s thermal capacity or the thermal
link between the TES island and the thermal bath.

Developing TES detectors requires an iterative process of fabrication and lab testing
feedback. In total, 120 detector wafers were characterized in-lab for SPT-3G during the
development process, though only ten were deployed to the telescope. After the deployment,
we did more detector characterizations on-site to validate the achieved integrated perfor-

mance. A mixture of lab and on-site characterization methods and results are presented in

the following sections.

2.6.2 Optical efficiency

The optical efficiency of the detector is measured with a temperature-controlled blackbody
source placed in front of the detector array [1]. Fig. 2.7(a) is a computer-aided design
(CAD) section view of the blackbody source. The emission source is a radar-absorbing

polypropylene-based material with a reflection coefficient of —40 dB at 95 GHz purchased
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from Thomas Keating Instruments [146]. The emission source is mounted on an OFHC
copper plate. Four heaters on the back of the copper plate provide a maximum total heating
power of 220 mW for temperature control (Fig. 2.7(b)). Three diode thermometers on
the back of the copper plate and one diode on the emission source monitor the system
temperature. The copper plate is connected to an aluminum shielding box via four thermally
insulating legs made of G10 (Fig. 2.7(a)). A pair of standoff legs on the two sides of the box
can bring the source close to the detector array. A PID feedback system can stabilize the
blackbody source at a set temperature below 20 K within an hour (Fig. 2.7(d)).

The optical efficiency is calculated by dividing the received optical power by the expected
optical power, assuming single-mode beam-filling coupling between the detectors and the
blackbody. We measure the electrical bias power of the detector at a fixed point in the
superconducting transition as a function of blackbody temperature. The optical power at
the detector is the saturation power minus the electrical bias power. Some additional factors
complicate the optical efficiency measurements and must be corrected. The first factor is
from the detector wafer’s thermal heating as the blackbody temperature increases, which
will reduce the electrical bias power and bias the optical efficiency high. This effect can
be corrected using detectors not coupled to antennas as the reference and subtracting their
averaged response before calculating the optical efficiency. The second bias comes from the
0.9 nH wiring inductance in series with the 30 mOhm shunt resistor in parallel with the TES
[147]. The optical efficiency measured this way also includes the imperfect transmission of
low-pass filters between the detector and source and the loss from lumped element filters in
the wafer. With these biases corrected, the optical efficiency measures the detector module’s
efficiency of converting optical power into measured electrical power. The difference between
the measured efficiency and 100% is from the imperfect transmission of the lenslet anti-
reflection coating, the antenna loss, and the microwave transmission line loss. The measured

optical efficiencies for 95/150/220 GHz are 81%/83%/73% with ~10% detector-to-detector
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Figure 2.7: (a): blackbody source section view. The emission source is a radar-absorbing
polypropylene-based material mounted on a piece of OFHC copper plate. The copper plate
is weakly thermally coupled to an aluminum shielding box via four G10 legs. (b): the back of
the copper plate. Four heaters control the temperature. Three diode thermometers monitor
the temperature and provide feedback to the PID temperature control loop. (c): a photo
of the blackbody source used for SPT-3G detector characterization. Note that a high pass
filter is attached to the front in (c), while the model in (a) has a low-pass filter. Different
combinations of low-pass and high-pass filters can be attached to the front of the box to
define certain frequency bands. (d): blackbody temperature vs.time in a test run. The
temperature can be stabilized by the PID system to a set temperature below 20 K within
an hour.

variation for a test wafer [147].

The telescope receiver’s end-to-end optical efficiency for an astronomical source includes
the atmosphere transmission, the coupling efficiency of the telescope optical system, and
the detector module’s optical efficiency discussed above. The end-to-end optical efficiency

is measured by comparing the detector response to an astronomical source with known
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flux, such as RCW38 (a galactic HII region). This process involves converting a calibrated
source map into an estimated detector power response, assuming 100% optical efficiency, and
comparing it with the recorded detector power response. The measured end-to-end optical
efficiency numbers for SPT-3G are 27+4%/45+8%/12+2% for 95/150/220 GHz frequency
bands [148]. The measured optical efficiency roughly agrees with model predictions for the
95 and 150 GHz bands. But the 220 GHz efficiency is more than 50% less than the model,

probably due to extra scattering or more lens attenuation at 220 GHz.

2.6.3 Bandpass

Ground-based experiments need to look through the atmosphere transmission windows de-
fined by atmosphere absorption lines. The three SPT-3G frequency bands are designed to
be 82-105 GHz, 131-162 GHz, and 197-243 GHz to avoid the 60 and 118 GHz oxygen lines
and the 183 GHz water line from the atmosphere. The atmosphere transmission is shown
in gray in Fig. 2.8(b). SPT-3G uses three-pole lumped-element filters on the detector wafer
to define the bands. The detector band shape through the receiver can be affected by other
optical elements in the optical path, such as the lenses, Lyot stop, and vacuum window.
We measured the frequency bands of the detectors on-site using a Fourier transform
spectrometer (FTS) with symmetric Martin-Puplett design. The same FTS used is also
a prototype for the proposed NASA PIXIE mission. The design, characterization, and
simulation of the F'TS are presented in Chapter 3. For the on-site detector characterization,
we used a 1300 K blackbody as the input source and redesigned the output optics to have an
f-number of 1.4 to fill the beam of the detector. Two ellipsoidal mirrors and a Mylar reflector
replace the original output coupling mirror, directing the beam down to the receiver cryostat.
The output from the FTS is focused on the Gregorian focal plane of the receiver, where an
equal-sized image of the detector focal plane is formed by three reimaging lenses. The Mylar

beam splitter couple only 2% of FTS power to the detectors and redirect 98% of the coupling
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onto the sky to avoid saturating the detectors. To further reduce the background optical
power, a metal shield surrounds the coupling optics and directs any stray reflections onto the
sky. The on-site characterization requires measuring the spectra of thousands of detectors
efficiently. To fulfill this goal, we designed an automated measurement setup (Fig. 2.8(a))
and built a suite of controlling software. Since the Gregorian focal plane is an image of the
focal plane with a unity magnification ratio, we can predict the position of a detector to be
tested and use a 2D linear driver to move the FTS box to the target position automatically.

The complete workflow for mapping out the focal plane is

e decide a set of detectors to be tested and their testing order,

e move the FTS to the first target position,

e drop the TES detectors to the superconducting transition,

e scan the FTS and take the measurement,

e overbias the tested detectors above the superconducting transition,

e move the FTS to the next target and repeat the following steps.

The data taken is the time-ordered data of the detectors with the F'TS scanning back
and forth and contains multiple interferograms. To extract the frequency bands, we first
find the center of the interferograms by correlating the time-ordered data with a template.
With all interferograms identified, we do FF'T for each of the interferograms and average
all the FFTs to obtain a low-noise spectrum. The measured spectrum contains the black-
body spectrum, the Mylar’s frequency-dependent reflectivity, the transmission of three lenses
and the Lyot stop, and the bandpass of the detector. The spectral band of the receiver is
the measured band corrected for the blackbody spectrum and the Mylar reflectivity, both
of which are proportional to frequency square (in the Rayleigh-Jeans limit). The spec-
tral band of the receiver contains transmission through the alumina lens, the anti-reflection
coatings, and the beam’s spillover onto the Lyot stop. These factors altered the shape of

the measured spectra (Fig. 2.8(b)) from the spectra defined by the on-wafer lumped ele-
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Figure 2.8: (a) a photograph of the testing setup at the South Pole. The F'TS is mounted on
a 2D linear driver attached to the front of the receiver window. The FTS input is coupled
to a 1300 K blackbody source, and the output focal plane is coupled to the detectors within
the receiver through three reimaging lenses. The coupling optics can fill the beams of the
test detectors. A Mylar beam splitter reflects only 2% FTS power to the detectors. An
aluminum shield directs stray reflections onto the sky to further avoid detector saturation.
(b): the averaged bandpasses for detectors in the current focal plane. The plot also contains
the atmospheric transmission with 0.27 mm water vapor and the Sonnet simulation of the
on-wafer lumped-element filters. The measured bandpasses contain attenuation from other
optical elements in the optical path and are slightly different from the simulated bands.

ment filters (dashed line). The bands for different detector wafers are very similar. The
measured band edges agree with the Sonnet simulations within 5 GHz, and the bands are
within the atmospheric window. The difference between the measured band edges and the
simulation can be caused by the variation of the dielectric constant of SiO9 over a broad
frequency range. The array-averaged band centers calculated using [t(v)vdv/ [ t(v)dv
are 93.5+2.8/146.8+3.5/219.943.4 GHz for the three frequency bands, with error bars
being the standard deviation across all bolometers. The array-averaged bandwidths are
23.244.1/30.7+4.3/46.5+4.5 GHz for the 95/150/220 GHz bands. However, the effective
band centers for sources with different frequency spectra are different from the band centers

given above, which assumes uniform weighting. The effective band centers for radio sources,

dusty sources, and tSZ are 93.5/145.9/213.3, 96.0/150.0/222.8, and 95.7/148.9/220.2 GHz,
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respectively. The calculation is in Appendix A.

2.6.4 Clurrent-to-power responsivity

The TES detectors have negative electrothermal feedback, which linearizes and stabilizes the
detector response. Section 2.4 discussed the electrothermal feedback in the case of a DC-
biased TES. The responsivity for an on-resonance AC-biased TES can be derived similarly
and has the same format as the DC-biased case (Eq. 2.8) with the electric time constant
being 7. = 2L/ Ry instead of 7. = L/ Ry [138]. The model is further complicated by adding
a Pd BLING, which has a large thermal capacity and is tightly thermally coupled to the
detector island to slow down the response. With the BLING, it’s useful to define n as the
thermal capacity ratio between the BLING and the rest of the TES island, and ~ to be
the ratio between TES-to-BLING coupling and BLING-to-bath coupling. Both n and v are
much larger than one. Martin Lueker [138] calculated the current-to-power responsivity with

the presence of a BLING, which is:

-1
q@ﬂzﬁé%((E—%%%)ﬂ+§+ﬁXL+w%)—£@+6O . (2.15)

where most parameters’ definitions are the same as in Eq. 2.8. G.g = V%IG is the ef-
fective thermal conductivity between the TES and the thermal bath. G(w) is the thermal

conductivity from TES to the thermal bath at frequency w when £ = 0 and is

1 4 dwr + LT 4 wr w2
G(w) = Gy—L o m (2.16)
1+~ 1+ 1%

Since 7 is large, we can neglect terms proportional to 1/n when fitting the data, and G(w)

becomes
v 14wt

G(w) =Gy—————
W =G

(2.17)
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Figure 2.9: Current response vs. perturbation frequency for an SPT-3G detector. Mea-
surements were taken at different depths into the transition. The depth is quantified by the
fractional resistance (rfrac), which is the ratio between detector resistance and the normal re-
sistance. As the rfrac decreases, the transition becomes sharper, and the loopgain increases.
The black vertical line at 2000 Hz indicates that only data below 2000 Hz was used in the
fit because the roll-off above 2000 Hz is from a known electrical time constant.

We adopted a technique from [138] for measuring the current responsivity s;. We apply
an AC perturbation signal slightly different from the bolometer’s AC bias frequency w at
w — Aw. The perturbation signal beats against the detector bias and creates a power change
at Aw. Detector temperature and resistance respond to the power oscillation, resulting in
current amplitude modulation at Aw that produces current signals in both the w — Aw and
w + Aw sidebands. The signal in the w + Aw sideband is not contaminated by the input
perturbation signal and is a clean measurement of the responsivity sy. Fig. 2.9 is an example
measurement for a deployed detector. The X-axis is Af of the perturbation signal, and the
Y-axis is the measured current response normalized to the response at the lowest frequency.

The detector was dropped into different depths into the superconducting transition with
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different transition sharpnesses and loopgains. We fit L, v, and 79 to the model for every

transition depth.

2.6.5 Time constants

The time constant of a detector reflects its responding speed to a varying external (optical)
signal. The intrinsic time constant of a detector is 7 = %, where Cj is the thermal capacity
of the TES island, and G is the thermal conductivity between the detector island and the
thermal bath. With electrothermal feedback in a voltage-biased system, the effective time
constant is reduced to 7.g = 7/(1+ L), where L is the loopgain of the detector. The loopgain
depends on the bias power, thermal conductivity, TES temperature, and the sharpness of the
TES’s superconducting transition. The time constant can be adjusted by depositing a Pd
BLING with high thermal capacity on the TES island, changing the thermal conductivity,
changing the optical loading on the TES island, and tuning the sharpness of the supercon-
ducting transition. The time constant needs to be larger than 5.87, = 5.8(2L/R) ~ 0.35
ms to ensure the system is overdamped under a perturbation (see Section 2.4), and smaller
than ~20 ms to resolve arcmin-scale features at our scanning speed of 1 deg/second.

The time constants of the detectors are measured regularly in-situ by recording the’ data
from the detectors while chopping a thermal source behind the telescope’s secondary mirror.
The calibrator output is placed at the secondary mirror’s center and illuminates all detectors
through an aperture on the secondary mirror. The structure of the calibrator is shown in
Fig. 2.10(a). The calibrator contains two thermal sources: a 1000 K coiled filament and a
room-temperature blackbody source. A gold-plated chopper blade is at 45 degrees relative
to the optical path. The chopper blade can either reflect the 1000 K filament signal when
it is in the optical path or transmit the room-temperature blackbody signal when it is out
of the way. The chopper frequency is controlled by an electrical motor with a PID control

system and is accurate within 0.002 Hz for set frequencies below 100 Hz. We take detector
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data at six chopper frequencies chosen to avoid noise lines in the power spectrum of time-
ordered data. The detector in-phase and out-of-phase responses at each chopper frequency
are extracted using a phase-locking analysis method. The response vs. frequency data is fit

to a single-pole low-pass filter model to extract the time constant.
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Figure 2.10: (a) cross-section view of the calibrator CAD model. The room-temperature
source is a cone filled with Eccorsorb HR10 (a microwave absorbing material). The 1000K
infrared (IR) source is a 10 W coiled filament. A rotating chopper blade switches between
reflecting the radiation from the 1000 K IR source and transmitting the radiation from the
300 K blackbody. The output power is fed into an aperture at the center of the secondary
mirror through an optical pipe on the left of the model. (b) is a histogram of the time
constants of the detectors divided by their frequency bands. All time constants are above
the stability threshold of 0.35 ms, and 98.8% of all detectors are faster than 20 ms.

Fig. 2.10(b) shows the time constant histogram for all detectors in the SPT-3G focal plane
separated by their frequency bands. The mean time constant is 6.8+3.9/7.5+£4.5/4.7+3.4 ms
for 95/150/220 GHz detectors. The errors are the standard deviations for all detectors in that
band. The time constants have a wafer-to-wafer variation that is much larger than the vari-
ation within the same wafer, resulting in a broad distribution in Fig. 2.10(b). The 220 GHz
detectors have the largest bias powers, and thus the shortest time constants. Weather con-
ditions can affect the optical loading and change the time constant. The weather during

the South Pole winter season is relatively stable. The day-to-day variation in winter is 10%
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to 20% for each detector. During the summer, the day-to-day variation can be as large
as ~50%. We took a time constant measurement with every CMB field scan to track the
time-variation in the past year. Despite all the variations discussed above, the values are
mostly within the desired range. With extra optical loading, the summer-season time con-
stants can be too large to distort high-resolution features in the CMB maps, such as galaxy
clusters. The distortion can be corrected by deconvolving the time-response kernel from the

time-ordered data with the recorded time constants.

2.6.6  Thermal conductivity

The thermal conductivity between the TES and the thermal bath can be measured by varying
the thermal bath temperature 73 4}, and recording the electrical power needed to bias the
detector at a fixed depth in the transition. The thermal conductance k of a material is
usually a function of temperature and can have a power-law dependence on temperature: k =
koT™. For metal, electrons dominate the thermal transfer, and k£ o< T" at low temperatures.
For semiconductors and insulators, phonons govern thermal conduction and k o T3. The
saturation power of the detector can be calculated by integrating the conductivity over the

thermal link from the thermal bath to the TES.

kOA Te n n+1 n+1
P = A EdT = K(T™ — Tbath)’ (2.18)
Thath
where L is the length of the conductor, A is the area, and K = % is a constant coefficient

determined by the geometry and composition of the four legs connecting the island to the
thermal bath. The differential thermal conductivity at the detector is % = (n+ 1)KT}.
Fig. 2.11 is an example measurement of a detector’s thermal conductivity. We measure the
saturation power of the detector P vs.thermal bath temperature 7}, and fit the data to
the model in Eq. 2.18. The thermal conductivity values for the deployed detector wafers are

1004+8/123+13/125+16 pW /K for the 95/150/220 GHz frequency bands.
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Figure 2.11: Bias power vs.thermal bath temperature for a test detector. Black dots are
measurements. The blue line is the fit to P = K (T7+! — ngﬁ) The fit K, n, and T; values
are in the figure legend.

Eq. 2.18 shows that the saturation power is dependent on the superconducting transition
temperature T, and the thermal conductivity G. The target T, is chosen at around 450 mK
to optimize detector noise and keep the saturation power ~two times the optical loading.
The averaged saturation powers are 12/14/15 pW for the 95/150/220 GHz detectors with a
wafer-to-wafer variation of ~ 2 pW. The array-averaged T, is 453 mK, which is close to the
target [148]. The TES’s normal resistance is constrained by stability, crosstalk, and noise
requirements to be around 1.7 Ohms [132]. The measured averaged resistance is 2.2 Ohms

[148)].

2.7 Readout

We read out the 16,000 detectors in the SPT-3G focal plane using frequency-domain mul-
tiplexing (fMux) readout system to reduce the number of readout wires. We connect every
detector with a capacitor and an inductor in series, forming an RLC resonance circuit with
a resonant frequency of fj = % % A total of 66 RLC circuits are connected in parallel
and read by one single pair of readout lines (Fig. 2.12). We generate AC biases containing

66 bias frequency tones using digital modulation synthesis and a digital-to-analog converter
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operated at room temperature. The AC biases carriers are fed into the RLC combs through
the same pair of readout lines, and each RLC circuit picks up one carrier tone at its reso-
nant frequency. Fig. 2.13(a) shows a network analysis of an RLC detector comb, where we
sweep the input frequency and record the output current. The network analysis amplitude
represents the admittance of the circuit at different input frequencies. Each peak in the dia-
gram corresponds to the resonance of one RLC circuit in the comb. We set the 66 resonant
frequencies between 1.6 and 5.2 MHz with sufficient spacing such that the crosstalk between

adjacent frequency channels is low.
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Figure 2.12: The schematics for SPT-3G fMux readout system. Bolometers and the RLC
combs are at ~0.25 K. The SQUID amplifiers are at 4 K. The warm electronics at 300 K
generates carrier tones at different frequencies and demodulate the output signal. Figure
taken from [149].

The detector we use is a TES bolometer whose resistance can be modulated by sky signal.
The resistance change will cause a current amplitude modulation, which creates sidebands
around the bias frequency. The sidebands contain sky information measured by the detectors.
We collect the amplitude-modulated bias currents from all 66 parallel circuits into one wire
and feed the summed current into the first-stage SQUID amplifier. After the amplification,
we convert the summed analog signal into a digital signal. We then use a method called
digital-active nulling (DAN) [144] to inject a nulling signal that cancels the signal current

before the SQUID input coil (Fig. 2.12). DAN reduces the loads on the SQUID input coil
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Figure 2.13: Left: network analysis for a SPT-3G detector comb. Every peak corresponds
to a detector channel in series with an inductor and a capacitor. The network analysis was
taken at 350 mK, where the detectors are superconducting. Right: a SPT-3G wafer module
with the detector wafer assembly and the LLC boards. Courtesy of Matt Young.

and increases the dynamic range of the SQUID amplifier. We use the nulling current as of
the sky signal since it exactly cancels the signal current.

In total, we have 240 detector combs for the ten detectors wafer in the focal plane. Each
detector comb has 66 detectors. We connect each detector comb to a lithographed chip
with spiral inductors and interdigitated capacitors (LC chip). The LC chips are housed in
LC boards shown in Fig. 2.13(b). We use superconducting NbTi cables to connect the LC
boards to the SQUID amplifiers. The readout performance is summarized in [149], and we
list a few key properties from it below. The achieved readout yield is 94%. The readout
noise white noise levels are 10.4/13.0/16.0 pA/v/Hz for 95/150/220 GHz, which are lower
than the photon noise level. The low-frequency noise knee (1/f knee) is around 33 mHz,

which corresponds to an angular multiple of ¢ = 24 at the typical telescope scanning speed.

The crosstalk level is less than 0.5% for most detector channels.
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2.8 Optical system

The detector focal plane is coupled to the sky through a high-throughput optical system with
2.8 deg? field-of-view. The optical system consists of a primary mirror, a secondary mirror,
a folding flat, a vacuum window, infrared blockers, a Lyot stop, and three reimaging lenses.
The sky signal illuminates the primary mirror and is then reflected by a 1.8 m secondary
mirror into a folding flat mirror (Fig. 2.14). The Gregorian focus is formed after the folding
flat and in front of the high-density polyethylene (HDPE) receiver cryostat vacuum window
with triangular-groove anti-reflective (AR) coating. After the window, multiple layers of
polyethylene foam and an alumina plate cooled at 50 K block infrared radiation. Three
0.72 m diameter plano-convex alumina lenses at 4 K reimage the Gregorian focus onto the
detector wafers. The three lenses reduce aberrations and enable a large field of view. The
lenses are made from low-loss alumina by Coorstek and are AR-coated with 3-layer Teflon
[150]. Between the second and third lenses, where the ray bundle diameter is the narrowest,
we set a Lyot stop to reduce stray reflections and put a low-pass metal mesh filter to cut the
out-of-band optical loading further. Finally, the sky signal is focused by the alumina AR-
coated lenslets onto the individual detector antennas. The beam diameter of the detector
antenna through the Lyot stop is 30 deg. The beam of the detector angenna is reimaged
by the optical system, which gives a ~1 arcmin diameter detector beam on the sky. The

field-of-view of the focal plane with all detectors is 2.8 deg? on the sky.
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Figure 2.14: Left: ray-tracing diagram of the SPT-3G optical system. We use a primary
mirror, an ellipsoidal secondary mirror, a flat tertiary mirror, and three lenses to image the
sky onto the detector array. Right: the receiver cryostat of SPT-3G. The cryostat has three
aluminum shells at 300 K, 50 K, and 4 K. The 300 K shell supports vacuum pressure, and
the other two shells are radiation shielding layers. The optical signal enters the receiver
through an HDPE vacuum window. Within the receiver, we use multi-layer polyethylene
and an alumina plate at 50 K to block infrared radiation. Three lenses at 4 K reimage the
Gregorian focus on the detectors. Some cold readout components, including the LC boards
and the SQUID amplifiers, also live within the receiver cryostat.
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CHAPTER 3
A COMPACT FOURIER TRANSFORM SPECTROMETER

3.1 FTS overview

The measurement of SPT-3G detector bandpass is performed with a Fourier-transfer spec-
trometer (FTS). The core of an FTS is similar to a Michelson Interferometer, which splits
the incoming radiation along two light paths and recombines it. The difference is that an
FTS creates an adjustable optical delay between the two light paths before recombining
them. The intensity of the recombined radiation vs.optical delay is the auto-correlation
function of the incoming radiation. The Fourier transform of this autocorrelation function
gives the frequency power spectrum of the incoming radiation. Since the F'TS measures
the power spectrum of the received signal. The measured power spectrum is also sensitive
to the frequency-dependent transmission of the optical materials within the optical path
and the detector frequency bandpass. An FTS has several advantages over other types of
spectrometers at millimeter wavelength, including constructional and operational simplic-
ity, easy systematics control, high throughput, good frequency resolution, broad frequency
range, and a small number of detectors required. FTSs have been widely used in astrophysics
[151, 152], atmospheric science [153], and many other fields [154, 155, 156] to characterize
frequency power spectra of signals. The Far InfraRed Absolute Spectrophotometer (FIRAS)
for the COBE satellite is an FTS instrument that firstly measured the spectrum of the CMB.
In millimeter-wavelength cosmology, F'T'Ss are used for characterizing detectors and optical
elements.

We have constructed an FTS operating at millimeter-wavelength for characterizing the
SPT-3G detectors. The same FTS is also a prototype similar to the instrument for a NASA
MIDEX mission (PIXIE) [5], which was proposed to measure the CMB’s polarization and

frequency spectrum in space. PIXIE’s primary science goals include detecting the CMB’s
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spectral distortion from a perfect blackbody, constraining the epoch of inflation and reion-
ization, and measuring the sum of the neutrino masses. The notable features of the F'TS
are small size (355x260x64 mm), low weight (5.9 kg), and large optical throughput (100
mm? sr), which are driven by needs of a high-sensitivity CMB space mission. The FTS’s

operating frequency range of 50-330 GHz and frequency resolution of 4 GHz are chosen to

meet detector testing need for SPT-3G and can be adjusted for other applications.

3.2 FTS design and structure

3.2.1 Design overview

We modified the polarized Martin-Puplett FTS design [157] to a Mach-Zehnder arrangement
to reduce the instrument size and weight while optimizing for high throughput and high
efficiency and preserving both polarizations. Our FTS ended up having 2x throughput
compared to the COBE FIRAS FTS though the volume is about 10x smaller. The design of
the F'T'S started with the design requirements of the operational frequency range, frequency
resolution, and maximum throughput. With the design configuration chosen, specifications
for the size of optical elements, mirror move range, and surface roughness are derived from
the design requirements. The conflicting design requirements, such as compactness and large
throughput, were balanced, resulting in compact FTS that meets specifications. The FTS
also features construction simplicity with no optical adjustment needed because the mirrors
are machined on the sidewalls. The only moving part during operation is the center mirror
that generates optical delay.

The design has two input ports for measuring the differential spectra and two separate
output ports to collect redundant signals for systematics control. Input radiation propagates
from the input ports through ellipsoidal mirrors, flat moving mirrors, and wire-grid polarizers

to the output ports, as shown in Fig. 3.1. The typical Martin-Puplett design has a rooftop
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mirror that rotates polarization by 90°, so radiation components initialized separated by a
polarizer can later be recombined. Our FTS does not need the rooftop mirrors because the
two beam-splitting polarizers are at 90° relative to each other. Four polarizers instead of
two for the Martin-Puplett design are needed. However, the design is still compact, thanks
to the folded optical paths and the small polarizers. The optical delay in this design is
determined by the position of the double-sided center mirror controlled by a linear actuator.
The detector placed at the output port measures the power of the recombined radiation
from the two light paths modulated by the center mirror. Fig. 3.1 shows a Computer-Aided
Design (CAD) of the FTS and two interfering light paths through the FTS. The size is
355 x 260 x 64 mm and is driven by our design parameters, which are a 50 to 330 GHz
frequency range, a 1 GHz frequency resolution, and 100 mm? sr throughput. Size calculation
will be discussed in Section 3.2.2.

The optical paths are folded and are at an angle relative to the box edge to minimize the
instrument size and allow all ellipsoidal mirrors to be machined on the sidewalls. As a result
of the nonzero incident angle, the recombined beams are further apart when the mirror is
displaced away from the center position, causing a reduced interference of the recombined
beams. When the displacement is large, the power from the two paths will be added instead
of interfering. Another nonideality caused by this angle is the spillover of the beam off the
edges of optical elements as the mirror moves. Both effects were carefully characterized and
balanced for the required instrument performance.

The ellipsoidal mirrors each reimages the previous mirror onto the next. This design
ensures that all light rays reflected by the previous mirror are reimaged within the next
mirror and minimizes beam loss. Each mirror’s profile is part of the ellipsoid with foci at
the last and the following mirror centers. The ellipsoid is a prolate spheroid rotated about
its major axis, so there is only one remaining parameter. This parameter is chosen such that

the mirrors intersect the inner surface of the box and have the right size to contain the beam.
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Output |

Figure 3.1: Shown is a rendering of a CAD model of the FTS with the near side plate
shown transparently. The four polarizers labeled A through D are supported by a center
septum. The ellipsoidal input mirror, output mirrors, and reflection mirrors are machined
on the side walls. Input and output mirrors focus the beam on focal planes, shown as red
disks, which are 38 mm below and above the box’s surface. In our configuration, only one
input port and output port are coupled to the source and detector. Ambient temperature
HR25 absorbers (in blue) cover the other input and output ports. The differential spectrum
between the absorber and the source is measured. Each sidewall contains four machined
ellipsoidal mirrors. A flat center mirror can be moved by a linear actuator and change the
optical delay between the two optical paths. Two interfering light paths are shown in this
figure, corresponding to the red lines in Fig. 3.2.

The first and last mirrors are also ellipsoid but have one focus at the input or output port
and the other at the neighboring mirror. The input and output mirrors can be redesigned
to fit different optical coupling configurations. For our configuration used for SPT detector
testing, the output mirror rotates the beam out of the optical plane so the beam could be
coupled to the cryostat. In our testing instrument, the input and output ports are 38 mm
above or below the box’s surface. The incident angle of the chief ray on the center mirror is
¢ = cos—1 2r/y, where r is the mirror radius, and y is the box width (see Fig. 3.2). Another
advantage of this design is that all mirrors can be machined on the sidewalls and do not

need additional alignments.
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The optical delay of the FTS is generated by a flat mirror on a linear stage that can scan
at a constant speed. The mirror is at the center of the box. Interfering light paths reflect
off the mirror’s top and bottom surfaces and recombine with an optical delay. The optical
delay between the top beam and bottom beam is d = 4y cos ¢, where y is the displacement
of the mirror from the center position. When the incident angle is small, the optical delay
is nearly four times the mirror displacement, which also helps reduce the instrument size
for the same optical delay range. During FTS operation, the center mirror scans along the
center axis, and the output power is measured as a function of the mirror delay.

Four polarizers are mounted on a central metal plate, which spans the box’s length and
has a cutout for mirror translation. The polarizers are wire grids, and their specifications
are detailed in Section 3.2.3. In Fig. 3.2, Polarizer A has its wires oriented at 45 degrees to
the z axis (pointing out of the page) and divides the incoming radiation into two orthogonal
polarizations (red and blue). Polarizer B is at 45 deg relative to polarizer A along the z axis.
Therefore, polarizer B transmits and reflects components of the two orthogonal polarizations
(solid arrows and dashed arrows, respectively), mixing the radiation initially separated by
polarizer A. The center mirror can move and add an optical delay between the radiation
reflecting off its upper surface and its lower surface. Polarizer C is placed orthogonal to
polarizer B and is along the x axis. It undoes the polarization mixing effect of polarizer
B. Light transmitted by B is reflected by C, and the light reflected from B is transmitted
by C. Still, due to the center mirror, the components of each recombined polarization have
a relative optical delay. Polarizer D is parallel to polarizer A. With no optical delay, the
split polarizations after polarizer D behave the same as before polarizer A, and all radiation
enters Output 2 (symmetric output port). With an optical delay, the modulated radiation is
the sum of two orthogonal linear polarized beams with phase shift, resulting in a modulated
elliptical polarization. Polarizer D then splits the elliptically polarized radiation into two

linearly polarized portions at the two output ports. The center mirror’s movement modulates
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both outputs’ radiation intensities. The sum of the two ports’ powers is constant. Switching
the relative orientation of A and D (or B and C) from being parallel to being orthogonal (or
the other way) switches the symmetric and antisymmetric output. The set of polarizers can

modulate both polarizations 100% with no loss in the ideal case.

Lt ul
o] X »l

Figure 3.2: Section view of the F'TS box with polarization schematic. The input and output
ports are labeled. The input radiation enters the FTS box from the bottom left input port.
The purple and orange polarizers are fixed on the center septum, and the reflection mirrors
are machined on the top and bottom of the box. The center mirror controlling optical delay
is in blue. Light paths and polarizations were tracked for the radiation from Input 1. Thin
arrows indicate propagating paths, and thick arrows are the polarization directions. Solid
and dashed lines are the two orthogonal polarization components of the input radiation. 6 is
half of the beam’s opening angle, and ¢ is the angle between the beam center and the y axis.
Ymax 1S the maximum displacement of the mirror, and r is the mirror radius and maximum
beam radius at the mirrors.

3.2.2  Optical geometry and size calculation

The FTS design in Fig 3.1 has advantages of large throughput, two separated input and

output ports, and construction simplicity with mirrors on sidewalls. The only tuning needed
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is the center mirror alignment. Other mirror alignments are fixed after assembling the metal
parts with screws. With this geometry selected, the instrument size is defined by the required
spectral resolution and the operational frequency range.

The beam’s solid angle limits the maximum measurable frequency and the frequency
resolution of the F'T'S because high-angle light rays have different optical delays compared to
the central light ray and thus decoheres with higher delay, especially at higher frequencies.
The maximum optical delay determines the frequency resolution. The maximum frequency,
the frequency resolution, and the throughput together define the size of the mirrors and the
FTS box. Assuming a tophat beam profile, Chamberlain calculated the analytic approxi-
mation of the wavefront integration over all the beam [158]. For our FTS design, we set
the added delay (b in Fig 3.3) for the largest angle light ray to be one wavelength compared
to the central ray at the maximum delay for the highest design frequency. This constrains
b = Amin = ¢/ fmax, where fiax is the highest design frequency. This constraint implies that
the beam center and the beam edge have a phase difference of 27 at the minimum wavelength
Amin When the center mirror is at its maximum displacement, reducing the contrast to near
zero. The net effect is that the interference or the amplitude of the interferogram decays
zero at the maximum optical delay, which effectively multiplies the interference pattern by
a window function and limits the frequency resolution. The interferogram scan length is the
fundamental limiting factor of the frequency resolution, so having the interference taper to
zero at maximum optical delay does not reduce the resolution much.

The size of the FTS is calculated from the design parameters using the decoherence
constraint from Fig. 3.3 and assuming the incident angle of the beam (¢ in Fig. 3.2) is
small, which turned out to be true after our size calculations. With this assumption, the
maximum optical delay dpax is 4 times the center mirror’s maximum displacement ymax.

The maximum optical delay is related to Af by:
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Figure 3.3: The incident light rays when the center mirror is at zero and maximum optical
delay of ymax. The black and gray lines are the mirror positions at zero and maximum
optical delays. The red and green lines are the optical paths of a light ray incident on the
mirror at # when the mirror is at zero and maximum optical delays. The purple line is the
wavefront. Here we assume the incident angle of the central light ray to be zero and compare
the path length difference between rays at the center of the beam and the light rays at the
edge of the beam with incident angle Oyax ~ //7.

dmax = 4Ymax = C/Af (3'1)

Using Fig. 3.3, we can calculate the path difference between the vertically incident central
ray and the beam edge incident at angle #. The path length difference is § = 2ymax — 2a + b,
where a and b are in the figure. Using the geometric relations in the figure, a and b can be
related to ymax and 6 by a = ymax/cosf and b = 2ymax tanfsinf. With these relations

combined, § can be written as a function of ymax and 6:

§ = 2ymax (1 — 1/ cosf + tan 0sin 0) = ymax (2sin(6/2))? (3.2)

The decoherence constraint requires the path length difference between the central ray
and the edge ray to be one wavelength, or 0 = ¢/ fjnax. This combined with Eq. 3.2 and Eq.

3.1 gives the dependence of 6 on fiax and Af:
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0 = 2arcsin(\/Af/ fmax)- (3.3)

The beam splitter diameter r is related to the required throughput of the system Af2,
which is the product of the area A = 772 and the solid angle Q = 47 (sin(6/2))2. The

throughput is then AQ = (27 sin(#/2))2. This combined with Eq.(3.3) gives:

1 (A0
2m Af

r =

(3.4)

The length, width, and height of the FTS box can be defined relative to r by =z =
12r, y = 2r/tan(20), and z = 2r (Fig. 3.2). Now all size parameters are calculated in
terms of of design target parameters fhax, Af, and AQ. For our FTS made primarily for
SPT-3G detector testing, the design parameters are fjnax = 330 GHz, Af = 1 GHz, and
AQ = 100 mm?2sr. The resulting dimensions are x = 347 mm, y = 260 mm, z = 58 mm,
0 = 6.3 deg, and r = 29 mm. The size of a built FTS is slightly larger (355 x 260 x 64 mm)
due to the thickness of the walls and other practical considerations. See Fig. 3.4 for a built

FTS.

3.2.8 FTS specifications

The FTS mirrors and box parts are computer numeric control (CNC) machined from Alu-
minum 6061, with a precision of £0.12 mm. The surface roughness of the machined mirrors
is 3.2 pm Ra. The polarizers are wire grids made of 25-pum-diameter gold-plated tungsten
wires spaced at 100-um periods. The linear actuator controlling the motion of the central
mirror is a Zaber LSM050B model [159] with a spatial accuracy of 25 ym and a speed res-
olution of 0.9 pum/s. The linear driver’s speed can vary between 0.9 ym/s and 29 mm/s,
and its travel range is 50.8 mm, giving an optical delay range of near 400 mm. The metal

surfaces of the FTS box that are not optical elements are covered by Eccosorb HR10 [160]
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Weight: 13 lbs

Figure 3.4: This is an FTS built from the CAD drawing in Fig. 3.1. The FTS box is
machined from aluminum. The ellipsoidal reflection mirrors were machined on the side walls
as part of the box. Metal surfaces that are not in the optical path are covered by black
Eccosorb HR10 absorber. The center septum holds four wire grids and has an opening for
moving mirror translation. The linear actuator for moving the center mirror is at the bottom
of the box.

to reduce stray reflections.

3.3 Testing results

3.3.1 Testing setup

The FTS has two input ports and two output ports. In all tests, we put a room-temperature
absorber at one input port and the testing source at the other input port, as shown in Fig. 3.1.
The differential spectra between the testing source and the room-temperature absorber are
measured. An absorber also covers the second output port, which in principle provides the
same information as the other output port, because the total power of the two output ports

is constant. A monolithic silicon bolometer [161] cooled by a liquid helium dewar is used for
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2 sr, determined by the Winston

all measurements. The detector has a throughput of 50 mm
cone coupling, and a sensitive frequency range of 50-600 GHz, set by the Fluorogold filter
placed in front of the Winston cone.

We are interested in both the broadband response and the single-frequency response of
the instrument. Therefore, two types of sources were used: an IR-563 blackbody source
operating at 1300 K with an adjustable emitting area and tunable single-mode narrow-band
Gunn oscillators [162] operating at 90 GHz, 144 GHz, and 295 GHz. The single-mode sources
can be treated as point sources because their emitting area is small, and they can be mounted
in a 2D stage to move around the focal plane and probe the position-dependent response.
Both sources have output beams fully illuminating the first input mirror and can be paired
with a chopper for modulating the signal with 100% modulation depth. Fig. 3.5 shows an
example measurement setup, where the input couples to a 1300 K blackbody and the output
couples to a bolometer (within the gold-colored helium detector dewar). The blackbody
source can probe the frequency range of the F'T'S, whereas the Gunn oscillators with known
frequencies can measure the frequency resolution and accuracy of the instrument. The
Gunn oscillator is close to a point source. The system’s resolution to an extended source
with throughput greater than A2 is determined by averaging interferograms of the Gunn
oscillator through a grid of source positions.

The only moving part of the FTS is a motorized mirror, which generates optical delay be-
tween the two interfering paths. The FTS can operate in two modes: chopped or continuous
[163]. In the chopped mode, the output signal for each center mirror position is measured by
comparing the input source and a reference source using a chopper. In this mode, only half
of the data contains the signal. In the continuous mode, the center mirror is continuously
moving while data is taken. This operation mode is susceptible to low-frequency noise, so the
center mirror’s moving speed needs to be sufficiently high to avoid overlap between the signal

frequency and the noise. On the low end, the moving speed is limited by the time constant
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Blackbody {
Source

Figure 3.5: Example FTS test setup. The FTS is the aluminum box labeled in the picture.
The input port is coupled to a 1300 K blackbody source, and the output port is coupled to
a silicon bolometer within the helium dewar. A 2D driver is below the FTS box and can be
used to move the Gunn oscillator when a Gunn oscillator is used as the source.

of the detector. The moving speed v is related to the optical speed v, by v, = 4vcos¢ for
the beam center (Fig. 3.2). The optical speed is the speed of the optical delay and is chosen
between 1 mm/s and 10 mm/s in our applications. The maximum optical delay is selected
based on the desired frequency resolution.

The sampled bolometer data needs to be synchronized with the moving mirror’s position.
However, the bolometer output voltage was sampled asynchronously with the mirror motion
during the operation. To correct this, we use a hardware-derived white light fringe indicator
sampled at the same rate as the bolometer data to determine the mirror position. The
data was oversampled by more than five times above the Nyquist frequency and above the
post-detection bandwidth of the detector to avoid aliasing. We set the white light fringe
indicator by chopping the source and finding the optical delay with the minimum optical
power (center of the white light fringe for antisymmetric output port). The software we have
developed for the operation includes linear driver-controlling software and ADC data-taking

software. The codes are publicly available [164].
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3.3.2  Measurements of sources with different bandwidths

We started our characterization by measuring the power spectra of a few sources with dif-
ferent bandwidths and coherence lengths. Their interferograms and spectra are in Fig 3.6
and 3.7. We tested three types of sources: a 1300 K broadband blackbody source, the same
1300 K blackbody source with a bandpass filter, and a 295 GHz narrow-band source, which
is a 98 GHz Gunn oscillator combined with a frequency tripler. The properties of these

sources are known so that we can compare the expected spectra with the measurement.

Inteferograms
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Figure 3.6: Normalized interferograms for three types of sources. The input sources for
(a), (b), and (c) are a 1300 K source at one input, the same thermal source as (a) with an
additional bandpass filter centered at 280 GHz, and a 295 GHz spectrally unresolved source,
respectively. The detector has an absorptive low-pass filter placed in front of it inside the
detector dewar to eliminate high-frequency thermal infrared emission in all three cases.

The data taken is the detected power vs.optical delay or the interferogram, and its
Fourier transform is the frequency spectrum (Wiener-Khinchin theorem). The three sources
have increasing coherence length, in order of a) to c), so the interferograms decay to zero

o8



Spectra

1.0 —— Broadband source
(a)
0.5
0.0
© 100 200 300 400 500
E 1.0 —— Bandpass filter
27 (b)
(]
°
N 0.5
©
IS
—
20.0
== 100 200 300 400 500

=
o

—— 295.4GHz oscillator

(c)

0.5

0.0

100 200 300 400 500
Frequency (GHz)

Figure 3.7: Normalized power spectra corresponding to the interferograms of Fig. 3.6. The
spectra are Fourier transforms of the interferograms.

at increasing optical delays (Fig. 3.6). The corresponding spectra’s bandwidths, therefore,
decrease from a) to ¢) (Fig. 3.7). Fig. 3.6a and Fig. 3.7a shows the interferogram and
spectrum of the blackbody with the atmospheric absorption spectrum and the response of
the detector. The spectrum grows at low frequencies quadratically following a blackbody
spectrum with the Rayleigh-Jeans approximation. The spectrum tapers at high frequencies
because the cryogenic low-pass absorptive filter reduces the power in the receiving detector.
The dip around 557 GHz corresponds to the water vapor’s absorption line. Fig. 3.6b is
the measured interferogram of the same 1300 K blackbody source with a bandpass filter
in the optical path. The coherence length is longer with a narrower frequency band. Fig.
3.7b is the corresponding frequency band, which is mostly defined by the bandpass filter’s
transmission spectrum. The interferogram in Fig. 3.6¢ is taken with a Gunn oscillator. The

Gunn oscillator has a <1 MHz bandwidth centered at 295.4 GHz with a long coherence
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length beyond the maximum optical delay of the instrument, so the spectral resolution or
full-width half-maximum (FWHM) in Fig. 3.7c is the resolution of the FTS and will be
discussed in Section 3.3.6. The interferograms and the corresponding spectra agree with the
source properties and the water absorption line’s position, confirming our FTS covers the

desired frequency range and can measure a wide range of spectra.

3.3.83  Transfer efficiency

A small fraction of optical power is lost when transferring through the FTS system due to
scattering from the surface roughness of the mirrors and spillover off the edges of optical
elements. The transfer efficiency is lower at higher optical delays because the incident beam
is not parallel to the mirror motion. The ratio between the optical power that goes through
the F'T'S box and the total input optical power is defined as the transfer efficiency of . The
transfer efficiency was determined by dividing the detector response viewing chopped thermal
source through the FTS by the detector response of the same chopped source illuminating
the detector through a reference optical system with only two coupling mirrors. The two
coupling mirrors in the reference optical system has one focus coupled to the detector or the
thermal source and the other focus coupled to the other mirror. The two mirrors are spaced
by y/(cos ¢), where y is the width of the box, and ¢ is the beam’s tilt angle, so the two
mirrors are at each other’s second foci. The ratio of the two responses is an estimate of the
transfer efficiency of the F'T'S relative to a system with the same input and output geometry
but no internal optics. The center mirror is at a small optical delay where the interferences
are negligible, so the power measured at one of the two input ports is roughly half of the
total output power. We multiplied the output power by a factor of two to account for this
effect. The measured transfer efficiency is n = 92%+5% when the optical delay is small. The
transfer efficiency is not a strong function of frequency because power loss is mostly caused

by spillover, which only depends on the geometry. A high transfer efficiency indicates that
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the F'TS can couple most of the input power to its outputs. As the mirror moves to higher
optical delays, the transfer efficiency is lower because more of the beam misses the moving

mirror(Fig.3.10a).

3.3.4  Modulation contrast

The useful signal of the F'TS is the power modulation from interference. We define the mod-
ulation contrast to be the modulated optical power divided by all the transferred optical
power. Several factors can reduce the interference between different optical paths, including
non-ideal polarization efficiency of the wire grid, non-uniform optical delays for light rays
within the same beam, and the spatial separation of diffraction patterns transferred along
different optical paths. The loss of modulation contrast is worse at higher source frequen-
cies because the phase non-uniformity is more significant and the spatial overlap of Airy
diffraction patterns is smaller as frequency increases.

The amplitude of the interference-modulated power is the interference amplitude of an
interferogram. To measure the total power vs. mirror positions, we operated the FTS at low
speed and modulated the source by closing and opening the source aperture alternatively
with a chopper. An interferogram with chopper modulation is in Fig. 3.8. The source is a
1300 K blackbody with a bandpass filter, the same as that used for Fig. 3.7b. The unresolved
dense blue oscillation is the chopper modulation signal, the depth of which corresponds to
the total optical power from the source. The envelope of the blue region is the interferogram.
An FFT of this chopped signal has the source spectrum as AM sidebands of the chopper
frequency. The modulation depth at a large delay (/) is a measure of the total optical
power without interference, while the modulation depth at zero delay (Ip) measures how
much radiation can interfere. For the antisymmetric port we used, an ideal interferogram
would have destructive interference at zero delay with no optical power and zero chopper

modulation depth. The contrast at a small optical delay is defined as C' = [j/Ix — 1 and
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Figure 3.8: Chopper-modulated interferogram for a broadband source. The blue region is
unresolved chopper modulation at a much higher frequency than the interference pattern,
which is the blue region’s envelope. The measured chopped depth at the output, or the
vertical span of the blue area, is proportional to the output intensity. Iy and I, are intensities
at zero and infinite optical delays.

depends on the source frequency. For an ideal interferogram where all power interferes, the
modulation contrast is -100% for the antisymmetric output port or 100% for the symmetric
output port. The measured modulation contrast for the 1300 K blackbody source (Fig. 3.7a)
and the same blackbody with a bandpass filter (Fig. 3.7b) are C' = —33+1% and —55+ 3%,
respectively. The source with a broader bandwidth has a worse contrast because of the

nonidealities stated earlier in this section. The contrast is also worse at higher optical delays

due to the spatial separation of the recombined beams.
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Figure 3.9: (a) is the fractional difference between FTS-determined frequency and the
known frequency for a 144.3 + 0.1 GHz Gunn oscillator source as the source is scanned in
a grid across the input focal plane. X and Y axes are coordinates on the input focal plane
in inches. The effective frequency shift is found by weighting these shifts by the intensity
map in b). (b) shows the intensity map for the same source used in (a). The intensity map
is the amplitude of the interferogram as the source is moved across the grid. The maximum
intensity is normalized to one. The intensity is plotted in dB, with red, orange, and yellow
contours indicating -1, -3, and -6 dB (or 79%, 50%, and 25%) relative to the maximum
power respectively. The Middle and bottom are similar plots for a 90.4 + 0.1 GHz and a
295.44+0.1 GHz Gunn oscillator. The intensity pattern decays faster for the 295 GHz source,
and the corresponding frequency shift measurement is noisier towards the sides. The -1 dB
contours in amplitude are over-plotted in the frequency shift maps. The frequency within
the -1 dB contours is weighted the most for an extended source.
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3.3.5  Frequency shift

The first step of F'TS data analysis is to convert the mirror position into the optical delay,
which depends on the accurate modeling of the F'TS hardware. For an extended source with
a wide beam, the light paths are different for different photons, resulting in different optical
delays for the same mirror position. In our analysis, we use an approximation (d = 4y cos ¢)
to calculate the optical delay based on the motorized actuator’s location for all the étendu,
which is correct for the chef ray but inaccurate for all the light paths. We can do better
in modeling by integrating the delay over different light paths using a ray-trace simulation.
Another way of quantifying this effect is to calibrate the frequency shift and its dependence on
the source’s position through measurements, which is useful for understanding the frequency
accuracy and can be used to estimate and correct the frequency shift.

The frequency shift’s location-dependence was measured by moving a Gunn oscillator
point source across the input focal plane and determining the source’s frequency using the
d = 4ycos ¢ approximation. The determined frequency will be different from the actual
frequency, and the difference provides an approximation of the correction factor. Fig. 3.9a
shows an example of frequency shift measurement. In this plot, X and Y are the Gunn
oscillator coordinates on the input focal plane. The Gunn oscillator’s actual frequency is
measured by a spectrum analyzer to be 144.3 + 0.1 GHz. The FTS determined frequency
depends on the source location and can shift between —2.5% and 2.5% across a £0.4 x £0.4
in the area of the input focal plane relative to the actual frequency. The FTS determined
frequency is accurate at the (0,0) location and deviates as the source is away from the
center, which is expected because our modeling of the optical delay assumes a point source
at the center of the input plane. The pattern of the frequency shift is a sensitive function
of the alignment of the polarizers and the center mirror, according to the simulation results
(Section 3.4.3). We performed similar measurements for a 90 GHz and a 295 GHz source

and found similar frequency shift patterns scaled by their frequency. The formula we use
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for the optical delay (d = 4y cos ¢) neglects the beam divergence and assumes that the full
beam’s delay is the same as the chief ray. The accurate optical delay for a general light ray is
d = 4y cos1) cos @', where 1) is the angle relative to the x-y plane, and ¢’ is the angle relative
to the y-axis in the projected x-y plane. The optical delay for the full beam is the weighted
average for all the light rays over the entire solid angle and source area. We also explored
ways to correct for the inaccurate optical delay via simulation in Section 3.4.3.

The frequency shift has two effects. It reduces the spectral resolution when using an
extended source, and it changes the beam weighted average frequency from that using the
simple formula (d = 4ycos¢) for the optical delay. Fig. 3.9a shows that the measured
source frequency could be shifted by 2.5%, depending on the source position. However, the
center position of the input focal plane gets the most weight with a higher coupling efficiency
(Fig. 3.9b). The coupling amplitude maps in Fig. 3.9b are the total modulated power of the
interferograms with the same grid pattern as that used in Fig. 3.9a. The weighted average
frequency shift for a source with an extended area is much less. We calculated the coupling
weight map by normalizing the intensity map (Fig. 3.9b), so the sum of all pixel weights
is one, with pixel values converted to percent from dB. After weighing the frequency shifts
(Fig. 3.9a) by the coupling weights, the FTS-determined source frequency is 144.4 GHz,
which differs from the known Gunn oscillator frequency of 144.3+0.1 GHz by only ~0.1
GHz. The FWHMs of the intensity maps for the 90, 144, and 295 GHz sources in Fig. 3.9
are 0.4 in, 0.3 in, and 0.2 in, respectively. The FWHM of the intensity map indicates limits

of the source area that can couple through the F'TS.

3.3.6  Frequency resolution

The resolution of the FTS is the FWHM of the spectral response to a single-mode source.
The resolution is inversely proportional to the interferogram’s length because the spectrum is

related to the interferogram by an FFT. It is convenient to define delay window function here,
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Chopped interferogram and oscillator interferogram
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Figure 3.10: (a): An interferogram of a broadband source with the source power 100%
modulated by a chopper. The wiggles around zero delay are the interferogram, which decays
fast due to the short coherence length. The rest of the plot is a measure of the total
power transferred through the FTS box. The blue region is unresolved oscillating chopper
modulation, the envelope of which is proportional to the transfer efficiency. The center of
the spline is normalized to the transfer efficiency at a small optical delay measured in Section
3.3.3. The transfer efficiency decreases as the mirror delay increases because more beam is
lost. (b): An interferogram for an unmodulated 295 GHz Gunn oscillator. It uses the same
data for Fig. 3.6¢ but covers a larger range of optical delay. The oscillation is the interference
pattern and is not from chopper modulation. The interferogram tapers faster as the optical
delay increases compared to (a) due to modulation contrast loss in addition to the power
loss in (a). The shape tapers to zero at the maximum optical delay, which agrees with our
design of zero contrast at 330 GHz (Section 3.2.2).

which is the envelope of a spectrally unresolved source’s interferogram. With this definition,
the spectral resolution is the FWHM of the delay window function’s FFT. Several factors

limit the width of the delay window function. The first is the interferogram scan range, or
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the maximum optical delay when the mirror is at its maximum displacement [165]. The
delay window function is also limited by the effects described in the previous sections: the
delay-dependent transfer efficiency, the reduction of contrast (decoherence) at high optical
delays, and the averaging of the frequency shift due to the effects of an extended source.
These nonidealities make the achieved spectral resolution worse than the 1 GHz target, which

was inferred from the interferogram scan range.
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Figure 3.11: Three effects limit the frequency resolution: 1) the delay-dependent transfer
efficiency, 2) the reduced coherence at high optical delays, and 3) the average of shifted
frequencies for an extended source. The red curve is the transfer efficiency, or effect 1),
measured with a chopped blackbody. The blue curve is the delay window function for a
295 GHz point-like Gunn oscillator, which is the envelope of Fig. 3.10b and includes effect 1)
and 2). The cyan curve is the delay window function for a 295 GHz extended source obtained
by averaging interferograms through a grid of source positions. The cyan curve includes
effects 1), 2), and 3), so it decays the fastest. We took the local maxima of the oscillations
in the interferogram and fitted them to a second-order polynomial. These parabolas were
then normalized to one. The full scan range is -87 to 87 mm, which is not shown here.

We can quantify the nonidealities” effect on the resolution by measuring their impact on
the delay window function. Fig. 3.10a is the interferogram of a broadband source (the same
as Fig. 3.7a) with a chopper turning on and off the source aperture at a high frequency. We
fit the local maxima of the oscillating curve to a spline to get the envelope, which is propor-

tional to the transfer efficiency. Note that interference only happens at the center portion of
67



the interferogram, and the rest is just a measure of the transferred power. Fig. 3.10b is the
interferogram of a 295 GHz source without chopper modulation. The envelope of the inter-
ference tapers faster due to delay-dependent decoherence. Fig. 3.11 shows the fit envelope
of these two situations and a third, which is the envelope of a weight-averaged interferogram
through a grid of source positions (Section 3.3.5). The FFT FWHMs of the three envelopes
in Fig. 3.11 are 2, 4, and 6 GHz, respectively. The three widths are the frequency resolu-
tions for cases with 1) transfer efficiency loss only, 2) efficiency loss and decoherence, and 3)

average of frequency shift, efficiency loss, and decoherence.

3.4 FTS simulation

The FTS design requires optimizing design targets of a large étendu, high spectral resolution,
compact size, and operational simplicity. These targets conflict with each other and need
to be balanced. To study how hardware configurations affect the achieved performance, we
have developed a ray-trace-based simulation, which is detailed in [3]. The simulation can
trace the radiation transfer of the light rays and study the interference through the geometry
of the F'TS as the optical delay changes. The FTS geometry and the resulting interference
pattern affect the instrument’s transfer efficiency and frequency resolution, but the effects
are hard to evaluate analytically. The ray-trace simulation can model these effects and can
be used to cross-check with the experimental results, which helps understand the systematic
effects and assist F'T'S design optimization.

In the simulation, light rays are launched at the source plane with positions and angles
following the source’s area and beam profile. The rays propagate through the FTS optics
with their complex phase, polarization, and amplitude information tracked. The interaction
with optical elements uses laws of reflection and assumes all mirror surfaces to be perfect,
and all polarizers have 100% polarizing efficiency. All the light paths are tracked until they

reach the output focal plane or lost if they fall beyond optical elements’ edges. At the
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detector plane, the detector is modeled as a single-mode perfect power absorber. The power
measured by the detector is calculated with the amplitude and phase information of the

collected light rays. Fig. 3.12 shows the ray-tracing through the F'T'S box for a point source.

[mm]
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0
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Figure 3.12: An example ray-trace for a point source. The source is placed at the source
plane in the lower left, and its emitting beam pattern approximates the beam of a Gunn
oscillator. The mirrors are shown in grey on the top and bottom of this plot. The polarizers
and the moving mirror in light grey are along the center of the F'T'S. This image is rotated
180 degrees from Fig. 3.1 about the z (vertical) axis. All rays in this image are linearly
polarized, so they all reflect from polarizer A. Rays reflecting from polarizer B are not shown
for clarity. The ray trace also illustrates the mirror design in Section 3.2.1. Each mirror
images the previous optical element on the next one, so the beam converges to a single point
at every other ellipsoidal focusing mirror. In this optical configuration, the image at the
detector plane is not an image of the source, but an image of the first mirror.

The simulation provides flexibility in studying effects from hardware configurations that
can not be easily tested by experiments, such as the effect of alignment errors, shifted optical
element positions, non-ideal polarization efficiency, and the detector and source geometry.
Understanding these effects can help set the construction requirements with the given design
targets. The simulation can study almost all effects in the experiment section. The light

rays’ positions enable us to calculate the portion of light rays falling off edges of the optical
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elements and calculate the transfer efficiency as a function of optical delay. With the light
ray positions, we can also measure the recombined beam’s spatial separation and study the
recombined beams’ spatial coherence. The distances that the light rays traveled can be used
to construct an accurate relationship between the optical delay and mirror position, which
will correct the frequency shift caused by assuming d = 4y cos ¢ for all the light rays within
the étendu. The light rays’ phase information can help model the interference, and the
polarization information can help study effects caused by imperfect polarizer angles.

The simulation also has limitations. We assume a single-mode detector with a perfect lens
collecting all the light rays at the detector plane in our simulation. Horn-coupled single-mode
detectors can also be modeled since the phase arriving at the detector can be calculated.
However, the simulation cannot model multi-mode detectors due to the ray-tracing nature of
the simulation. Also, the ray-trace cannot model diffraction because ray-trace assumes the
accurate position of each light ray is known, whereas diffraction means every photon’s wave
function spread over the surface area of the optical elements. As the center mirror moves, the
diffraction patterns for different interfering paths have less overlap and become more different
in their phases, resulting in a reduced coherence level. The simulation pipeline cannot model
this effect. However, it can track the spatial separation of the recombined beams, which can
be used to estimate spatial decoherence with a given diffraction pattern. The right way to
model diffraction and decoherence is to propagate the fields by doing Fourier transforms of

the aperture fields, which is beyond the scope of our simulation.

3.4.1  Simulation implementation

The simulation starts with a distribution of light rays that can well sample the input source’s
spatial shape, beam profile, and polarization distribution. Each initial light ray has its launch
position, direction vector, and linear polarization assigned according to the source properties.

The initial light rays’ distances traveled are set to zero, and their initial intensities are the

70



same. The light rays have their phase and traveled distance tracked as they travel through
the optics towards the output port. In total, nine quantities were stored and updated for
every light ray, including the position (p = [z,y, 2]), direction (v = [vg,vy,v;]), distance
traveled (D), polarization angle (), and intensity (I o Eg)

The FTS model in the simulation assumes all metal surfaces are perfect, and all polarizers
are perfect. In the simulation, the ellipsoidal mirror surfaces and polarizer surfaces agree with
the CAD drawing for the F'T'S hardware. Light rays interact with the optics by reflecting
at mirror surfaces and reflecting and transmitting at polarizer surfaces. When the light
ray meets an optical element, its position, direction vector, and distance traveled will be
updated according to laws of reflection and polarizer properties. After reflecting off an
ellipsoidal mirror, the light ray’s direction vector is modified as vy = v; — 2(v; - n)n, where
n is the unit normal vector of the tangent plane at the intersection, and v; and Uy are unit
direction vectors before and after the reflection. The distance travelled D is updated as
Dy =D;+ d(p;,p f), where Dy and D; are the distance before and after the interaction,
and d(p;,p f) is the distance between the previous tracked position and the intersection point
with the mirror. The polarization angle after the reflection 6 is modified as 6y = 6; + 7.
When interacting with a wire grid, an incident ray R; is split into a reflected light ray and
a transmitted light ray. The incident light ray’s electric field vector is decomposed into two
vectors polarized along the wire grid direction and its orthogonal direction. The electric
field of the reflected light ray is along the wire grid direction, and the electric field of the
transmitted light is in the orthogonal direction. The reflection at a polarizer is treated in the
same way as the reflection at the mirrors. The transmission is simpler, with the direction
vector unchanged and only traveled distance and position updated.

The radiation transfer through the FTS is simulated by propagating all light rays through
the box to the detector focal plane. Each light ray will interact with four polarizers and either

transmit or reflect at each polarizer, resulting in 2% different light paths for every initial ray.
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Half of these paths end up at the detector plane, and half arrive at the other output port
covered by an absorber. If a light ray falls beyond the optical element edge during the
transfer, it will be removed. The ratio of the number of rays that reach the detector to the
total number is the transfer efficiency. When the center mirror moves in the simulation,
a different number of rays will be lost, and a delay-dependent transfer efficiency can be
simulated. The motion of the center mirror also causes a difference between the traveled
distances of different light paths, which leads to different interference amplitudes as the rays
sum up at the detector.

At the detector plane, we assume a single-mode detector and add the electric field of
all light rays and square it. This method can also model a feedhorn-coupled single-mode
detector with a flat phase front. The electric field for every single light ray can be decomposed

into x and y axes at the output plane:
E = e“'[E e + Eyei(bgj] (3.5)

Here ¢ is the phase of each light ray, and E, and Ej are the x and y components of the
electric field calculated using the relative angle between the light ray polarization and the
coordinate axes. The phase ¢ is derived from the distance that a light ray has traveled:

¢ = 2w D/X. The total power of all the rays is modeled by

2 2
Piot = (Z Ea:,k) + (Z Ey,k) : (3'6>
k

where index k goes over all the collected light rays.

The distribution of rays in the simulation represents the probability function of a single
photon from a source with a large emission beam and a finite limiting angle. The initial
rays have identical initial phase and source point approximating a spherical phase wavefront.
The polarization of all rays is set along the +x direction to match the Gunn oscillator used
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in the tests. The Gunn oscillator is used with a waveguide antenna or a horn antenna, which
produces nearly spherical phase fronts at the input mirror. The detector in the simulation is
assumed to be a single-mode detector with zero phase error, which is a good approximation
for feedhorn-coupled single-mode detectors. The power at the detector is calculated by
summing the electric field of all light rays with no additional phase added. This power

summing method, however, is not accurate for a multi-mode detector.

3.4.2 Efficiency loss simulation

The efficiency loss is caused by the beam falling beyond optical elements. The transfer
efficiency can be simulated by tracking the number of rays within the optics and dividing it
by the total number of all rays launched at the source. The percentage of rays that can reach
the detector as a function of the optical delay is just a simulation of delay-dependent transfer
efficiency shown in Fig. 3.10a. We compare the simulation result with the measurement in
Fig. 3.13 and found them to agree well. The small difference between the measurement and
the simulation can be caused by a small optical configuration difference between the actual

FTS hardware and the perfect modeling of the FTS optics assumed in the simulation.

Chopped interferogram and oscillator interferogram

1.5 Broadband source
—— Profile
1.0 —— Simulation
— 057
©
5
& 0.0
—0.5 Jnun
-1.0
-1.5
—60 —40 —-20 0 20 40 60

Figure 3.13:  Shown in blue is the modulated interferogram of a broadband source the
same as in Fig. 3.10a. The red envelope of the interferogram is proportional to the power
transferred through the FTS or the transfer efficiency. The simulated transfer efficiency is
the black line, which agrees with the measurement.
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3.4.3  Frequency shift simulation

The frequency shift is a geometric effect originating from the discrepancy between the optical
delay for the chef ray used in the data analysis and the actual optical delay for the full beam,
which can be estimated using the travel distance of all light rays in the simulation. In the
simulation, the distribution of the initial rays agrees with the beam shape of the Gunn
oscillator used for the experiment in 3.3.5. The position of the source can be moved in the
simulation to study the location-dependent frequency shift. With the simulation, we can
get a more accurate relationship between the optical delay and the center mirror position by
averaging the optical delay over light rays within the beam. Simulation results show that the
alignment of the polarizers and mirrors needs to be better than 0.3 deg for the frequency shift
to be within 1%. Our prototype FTS was not built to this tolerance. However, this can be
easily improved. The simulation does not have the same configuration as the hardware and
cannot fully correct for the frequency shift pattern in Fig. 3.9. The alignment accuracy of
0.3 deg is unnecessary for our current applications of characterizing detectors and materials.
If such accuracy is needed, the wire grid polarizer mounts will need to be improved. The
wire grids now sit on a layer of glue used to fix the wires to the frame. The glue layer has
an inhomogeneous thickness. With better mounts and better alignment of the instrument,

we will be able to use the simulation to correct the frequency shift.

3.4.4 Coherence and frequency resolution

As discussed in Section 3.3.6, loss of coherence reduces the interference level, especially at
high optical delays, resulting in a narrower delay window function and reducing the frequency
resolution of the FTS. One dominant source of decoherence in our system is the divergence of
light rays traveling along interferring optical paths at the source plane (referred to as spatial
decoherence). This effect is present because the beam incident angle at the moving mirror
is nonzero; thus, as the mirror moves away from the center, the two light paths are shifted
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from each other. A more classical system with a mirror that travels along the optical path
does not have this effect but will result in a non-compact design. The spatial decoherence
is worse at higher frequencies because the Airy diffraction patterns through the optics are
smaller and have less overlap and less interference. The simulation pipeline cannot simulate
diffraction and model this effect properly, but it can measure the spatial divergence of the
recombined beams. With an estimated size of the Airy diffraction pattern, we could estimate
the overlap of the recombined beams and their interference level as a function of optical delay.
The divergence of the recombined beam vs. optical delay is in Fig. 3.4.4. Points in the same
color are from interfering optical paths with the same mirror position, and different-colored
points have different mirror delays. As the mirror moves further, the separation between
the recombined point pairs also increases, leading to a decrease of spatial coherence and a

reduction of interference amplitude at larger optical delays.

-105.0 4 —— detector
° 0.0
1075 1 20mm
displaced e 29
110.0 1 mirror e 5.7
g 8.6
= 114
;*1 12.5 1 Seanceeee ° . i
g .K..o © ° 14.3
F-115.0 e 17.1
” Centered
cn e 200
-117.5 A Mirror
-120.0 4
150 155 160 165 170 175

X-axis (mm)

Figure 3.14: The intersection points between the interfering beams and the detector plane
as a function of the center mirror position. The intersection points for interfering light
paths are in the same color. When the mirror delay is zero, the recombined beams along
different paths land in the same spot at the detector plane. When the mirror displaces, the
recombined positions become further apart, leading to less interference. The detector area
is the red circle.

Another decoherence source is the large solid angle of the beam, which results in length
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differences for light paths within the same beam (referred to as phase coherence). The
non-uniform phase front at the detector plane causes the beam not to add up coherently
and reduce the coherence level. When the mirror is displaced far enough from the center
position, the beam center’s phase and the beam edge cancels the interference completely.
The optics’ size needs to be balanced against the coherence requirements to maintain a high
throughput with a large solid angle and a high interference level at the same time. To reduce
this nonideality, we can make the optical elements larger while reducing the solid angle to
get the same throughput, but this will increase the instrument size. The phase decoherence
is a geometric effect and can be estimated with ray-tracing simulation.

Equipped with the tools, we simulated the detected power vs. optical delay, or the inter-
ferogram, and compared with the experimental results. The experimental results are from
a 144 GHz spectrally unresolved Gunn oscillator. We moved the Gunn oscillator across a
0.8 inch by 0.8-inch grid at the input plane to probe the position-dependence of the inter-
ferogram. The 81 interferograms taken across the grid were added together to approximate
that of an extended source. The simulation was done similarly. For each source position,
500 light rays were launched from the source point with direction vectors following the beam
profile. We moved the source over the same grid pattern as the experiment and obtained
an interferogram for each grid position. A typical source coupled to the FTS has a finite
area. We sum up all 81 interferograms with their coupling efficiency as weights for both
the simulation and the experiment to approximate a wholly illuminated source plane. The
resulting interferograms are in Fig. 3.15a and Fig. 3.15b for the simulation and experiment,
respectively. The spectra from the interferograms are in Fig. 3.15¢ and Fig. 3.15d. The
FWHM of the spectrum is the frequency resolution for an extended source. The resolution
for the experiment is 7.1 GHz, which is different from the 6 GHz resolution for an extended
source reported in Section 3.3.6 due to a different source frequency and an extra Hanning

apodization window used in our analysis. Section 3.3.6 used a cosine window function only
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at the edges of the interferogram because the 295 Ghz interferogram already tapers at high
optical delays due to reduced coherence. The simulated resolution from adding all 81 sim-
ulated interferograms is 6.7 GHz, close to the experimental result. The small difference is
caused by extra scattering and diffraction that is not captured by the simulation. The sim-
ulation provides a method to predict the resolution of an FTS with a given geometry and

will be useful for optimizing F'T'S designs.
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Figure 3.15: (a) and (b) are the sums of all simulated and experimental interferograms over
81 source positions, which approximate an extended source illuminating the full source plane.
The interferograms are summed with the interferogram amplitude as the weight, which is
also proportional to the location-dependent coupling efficiency. The FFTs of (a) and (b)
generate the corresponding frequency spectra shown in (c) and (d). The FWHMs of the
frequency peaks are the frequency resolutions of the simulation and data.
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CHAPTER 4
GRAVITATIONAL LENSING ANALYSIS

4.1 Observation and data processing

4.1.1  CMB Observations

The main SPT-3G survey field covers a 1500 deg? patch of sky extending in right ascension
from 20040™0% to 3M20™08 and in declinations from —42° to —70°. We chose the survey
field to overlap with the BICEP Array survey to help remove lensing-induced contamination
from BICEP Array data in search of inflationary B-modes. The survey field also overlaps
with the Dark Energy Survey (DES) field, enabling cross-correlation measurements at optical
wavelengths. We divide the observation of the full survey field into four subfields centered at
—44.75°, —52.25°, —59.75°, and —67.25° declinations to maintain a relatively stable optical
loading and detector response for each subfield.

The telescope observes each subfield using a raster scanning strategy. It repetitively
scans right and left at a constant elevation and then moves up in elevation by ~12 arcmin
until finishing the subfield. A left-going or right-going constant-elevation sweep is called
a scan, and all scans covering a subfield constitute an observation. See Fig.4.1 for the
scanning pattern. The observations began at a set of different elevations called “dither
steps” to better cover the gaps between the elevation steps. While the noise of an individual
observation is high, we observed each subfield ~150 times in 2018 to integrate the noise down.
The observing efficiency is defind as the percentage of observing time spent on observing
the CMB field and is close to 59%. During a 24 hr observing cycle, the telescope spends 4.3
hours re-condensing liquid helium in the helium absorption fridge and cooling the detectors,
~(0.8 hours doing calibration measurements, and the remaining time observing two of the

four subfields three times each.
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Figure 4.1: Telescope scanning patterns for the four subfields. For each subfield, the telescope
starts to scan at one side of the field, sweep right and left at a constant elevation, step up in
elevation (or step down in declination), and repeat the above steps until finishing a subfield.
The elevation steps are on the left edge of the plot. To better sample the declination, we
also apply small dither steps to offset individual subfield observations of the same sky area.
The dither steps are less than the elevation step during the field observation and fill in the
gap between elevation steps.

4.1.2  Data calibration

The TES detectors used by SPT-3G convert received optical power into thermal power. The
thermal power perturbation results in an equal amount of change of the measured electrical
bias power in the high electrothermal feedback limit. The electrical bias power, or the current
flowing through the detectors, is recorded as the measured signal. We conduct a suite of
calibration measurements to relate the recorded electrical power change to differential CMB
temperature on the sky. The main temperature calibration comes from observations of

two galactic star-forming HIT regions: RCW38 and MAT5a (NGC3576). We use RCW38

79



at declination —47°30’39” to calibrate the two higher-declination subfields from —56° to
—42° and MAT5a at declination —61°21’44" to calibrate the two lower-declination subfields
from —70° to —56°. We compare the individual detector source maps in pW with Planck-
calibrated SPT-SZ source maps in Koy to obtain a pW to Kcyp calibration factor for
each detector.

We perform ten-minute-long (short) RCW38 or MAT5a observations over a small sky
area where only a fraction of detectors observes the source during every observing cycle. We
also take a longer and more extended source observation once a week where all detectors scan
through the source. The more extended observations provide per-detector calibration factors,
while the shorter ones monitor the daily atmosphere transmission changes per frequency
band.

Another factor we include in the calibration is the current-to-power responsivity change
of the detectors. In reality, the electrothermal feedback of the detectors is not infinite, and
their responsivity can change as a function of time and the elevation-dependent optical load-
ing. We measure all detectors’ responses to a chopped thermal calibrator before each CMB
observation or source observation at the corresponding elevation to calibrate the detector
responses properly. Note that the response calibration is a relative calibration tied to the
RCW38 or MAT5a calibration.

We can summarize the per-detector power-to-temperature calibration factor for an ob-
servation in the equation below:

Clobs) — [ P(HIL long) [ P(HII, short)/R(HIL, short)  R(obs)
(obs) = [ T(HII) | P(HIL long)/R(HIL long) R(HII,long)

(4.1)
= pW/K(HII, long) x Atmosphere transmission change x Response ratio .

Here [ P(HIL long) or [ P(HIL, short) is the integral of the HII region source map made

in power unit (pW) from a long or short source observation, [T(HII) is the integral of

Planck-calibrated SPT-SZ source map in temperature unit (K), R(HII, long) or R(HII, short)
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is the calibrator response corresponding to the long or short HII region observation, and
R(obs) is the calibrator response corresponding to the observation we want to calibrate.
The calibration in Eq. 4.1 can be decomposed into three parts: the per-detector power-to-
temperature conversion factor for the long source observation, the per-band and per-subfield-
observation atmosphere transmission change monitored by the short source observations,
and the per-detector response ratio between the calibrator responses corresponding to the
observation to be calibrated and the long source observation. The atmosphere transmission
change is calculated for each of the three frequency bands using a subset of detectors that
cover the source during the short source observations.

A further non-ideality can come from the demodulation process. We encode sky signal
as amplitude modulations of a high-frequency sinusoidal carrier signal and then demodulate
the carrier signal to get the sky signal. Ideally, all the sky signal is in the in-phase part of the
carrier when the carrier’s phase is perfectly known. A misaligned phase when demodulating
the carrier signal can leak some sky signal into the out-of-phase part. To correct the phase
misalignment, we scan the telescope through two degrees in elevation and measure the in-
phase and out-of-phase drift of the demodulated sky signal. We then perform a phase
rotation for the in- and out-of-phase signals so that all the optical signal is in the in-phase
part. The phase rotation is done for every sky observation and happens before the power-

to-temperature calibrations discussed above.

4.1.83  Time-ordered data filtering and data cuts

The recorded data from the receiver after demodulation is the time-ordered data (TOD) of
current flowing through the detector as a function of time. We sample the data at 152 Hz
and downsample it by a factor of two to speed up the computing and compress the data
for transmission while not losing the information within the signal band. We apply a series

of filters at the TOD level to prevent low- and high-frequency noise from leaking into our
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signal band. Note that the filtering scheme here is for the analysis of the 2018 data used
for lensing reconstruction. The atmosphere and temperature drift do not affect large-scale
polarizaiton as signficantly, and we are filtering more lightly for the B-mode analysis. The
primary sources for low-frequency noise include atmosphere fluctuations and the detector
wafer’s temperature drift. To eliminate the low-frequency noise, we subtract a 19th-order
Legendre polynomial and remove modes corresponding to multipoles less than 300 from the
TOD for each constant-elevation scan. To further reject the low-frequency noise, we apply a
common-mode filtering technique where we calculate the averaged signal across all detectors
within the same wafer and frequency band and subtract the averaged signal from each
detector’s TOD for the corresponding detector group. The common-mode filtering removes
temperature noise and signal on scales larger than ¢ of ~500, which corresponds to a single
wafer’s field-of-view on the sky. To deal with higher-frequency noise, we low-pass filter the
TOD on a by-scan basis at multiple of £ = 6600 to avoid the aliasing of high-frequency noise
beyond the spatial Nyquist frequency of our two-arcmin pixel size into the signal band. To
avoid filtering wings around bright point sources, we mask the bright point sources detected
at above 50 mJy at 150 GHz in the TOD before applying the above TOD filters.

We perform data quality checks and cut data on several levels: individual detectors of a
scan or all observations, all data in a scan, and all data in a subfield observation. The data
from a detector is cut from a scan if the detector data has sharp spikes or discontinuities in
the TOD (glitch), low response less than S/N of 20 to a chopped thermal source, oscillations
from unstable bolometer operation, or anomalously low variance. A detector is also cut
if the bias point is not in the superconducting transition, or if the readout is beyond the
dynamic range. While the above reasons make up most detector cuts, there are cuts due to
technical reasons in data processing that cause a detector to have unphysical values or miss
identifying information. After the filtering process, detector weights are calculated based on

their noise in the frequency range between 1.0 Hz and 4.0 Hz, which roughly corresponds to
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500 < ¢ < 2000. We removed detectors with anomalously high or low weights beyond 3o
of the distribution center. We excluded some bolometers through the 2018 observing season
because of their noisy behavior, fabrication defects, or readout issues. In particular, we cut a
detector wafer because it has high noise lines at 1.0 Hz, 1.4 Hz (pulse tube fridge frequency),
10 Hz, and their harmonics. We also exclude the physically disconnected detectors due to
a telescope mechanical issue earlier in 2018 that shook and broke the detector focal plane’s
mounting structure and some detectors. The issue was fixed in 2019 and later by limiting
the telescope acceleration and installing a more stiff detector mounting structure. Besides
detector-level cuts, a scan including all detectors’ data is cut if fewer than 50% detectors
survive the cuts or the telescope pointing range does not match the CMB field’s range.
The data in this analysis typically uses 8340 detectors, after cuts, over a 3-month period in
2018. During the 2018 season, the number of observations was limited by mechanical damage
to the focal plane, which also limited the number of detectors that could be renumbered after
fixing the mechanical damage. All other detector cuts removed ~20% detectors out of the
operable detectors. We cut subfield observations without complete calibration information
or detector mapping information and ended up with 569 observations out of the 602 subfield

observations collected in 2018.

4.1.4  Map-making

We convert TOD data into maps with detector pointing information, detector weights calcu-
lated from noise RMS, and detector polarization properties. The weight w; for detector 7 is
calculated by (v;/ n)2, where 7; is the polarization efficiency, and n is the detector TOD noise
level between 1.0 Hz and 4.0 Hz. We use one for the polarization efficiency and correct for
the deviation from one during the polarization calibration step (discussed in Section 4.1.6).
The Stokes T, Q, and U maps for the ith detector can be constructed with the weight w;,

detector i’s TOD data as a function of time t dy;, the pointing matrix P, indicating when

83



detector ¢ points at pixel «, the polarization efficiency ~;, and the polarization angle 6;.
Tin = Priawids
t
W =N Pyiqwiv; cos 20;dy,;
Qin = tia Wi COS 200y (4.2)
t

oY = > Priawyy; sin 26;dy;
t

Here, the detector polarization angle 6; is the antenna’s designed polarization angle from the
CAD drawing propagated through the optical system into sky coordinates. The designed po-
larization angle agrees with the actual polarization angle measured by comparing individual
detector’s measurement of Centaurus A’s polarized radio lobes to a template.

We construct a 3 x 3 weight matrix for each pixel encoding the weight and correlation
between pixels [166]. We sum up the weight matrix and the weighted maps over detector
number ¢ for each frequency bands and multiply the inversion of the weight matrix by the

weighted per-pixel T, QQ, and U map vectors to obtain the unweighted maps.

{Tw, Oa, Ua} =W HTWV, QW 0V} (4.3)

For our analysis, we make maps in the oblique Lambert azimuthal equal-area projection
with square one arcminute pixels and then rebin the maps into two-arcmin resolution with
anti-alias filtering following methods in Section 4.2.2) before using the maps for lensing
reconstruction. Since the Q and U angles for the initial maps are defined in a curved sky
relative to longitudes and latitudes, we rotate the polarization angles by 1 («) to redefine

the angles relative to the x-y grid in flat-sky coordinates.
(@ +iU") = e 2™)(Q +iU). (4.4)

Here () is the angle between the north direction along longitudinal lines in curved-sky
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coordinates and the north direction in projected flat-sky coordinates.

Following the procedures above, we made 2018 CMB maps and show the 150 GHz CMB
maps in Figs. 4.2. From top to bottom are temperature (T), Stokes Q, and Stokes U maps.
The noise levels of the maps are 20.9/21.8/73.7 pK-arcmin in temperature and 27.8/20.3/77.4
pK-arcmin in polarization for the 95/150/220 GHz bands over the multipole range of 1000 <
¢ < 3000. The maps have two-arcmin resolution and contain effects from the map filterings
discussed above. High spatial frequency features along the scanning direction are removed
during the time-ordered data filtering step. Spatial anisotropies from the CMB are visible
in the T, Q, and U maps. The bright dots in the temperature map are from point sources
emitting at millimeter-wavelength, such as active galactic nuclei (AGNs). The curl-free
polarization E modes dominate the signals in Q and U maps. As a result, the Q map’s
spatial patterns are preferentially along X or Y direction, while the U map’s features are 45
degrees relative to the axes.

Finally, we convert the Q and U maps to coordinate-independent scalar and pseudoscalar

fields E and B. The E-mode and B-mode are calculated by [10]:

Ep = Qgcos2¢p + Upsin2¢, (45)

By = —Qpsin2¢p + Up cos 2¢yp

where £ can be related to the Fourier wavevector u by £ = 2mu, and ¢y = arctan (—{/{y).
Note that ¢p should be defined from north to east. Our map array is stored such that the
increasing directions of x and y are along the west and north direction.

The inverse-variance filtering of the CMB fields (Section 4.2.2) requires a 2D noise spec-
trum in Fourier space. And we need to make CMB simulation with realistic noise realizations
that are close to the data for estimating the lensing biases (Section 4.2.3). We generate the
noise maps by differencing half-depth maps and dividing the difference map by two. For

every observation, we make one CMB map with data taken when the telescope scans left-to-
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Figure 4.2: From top to bottom are temperature (T), Stokes Q, and Stokes U maps made
with the SPT-3G 2018 150 GHz data. I have smoothed the maps with a 10 arcmin beam.
The CMB maps are the inputs for the lensing analysis.
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right and another map with the telescope scanning right-to-left. We subtract the right-going
CMB map from the left-going map for every CMB subfield observation. The next step is
to add the difference maps from all CMB observations with random sign flips. In total, 500
noise realizations were generated for the simulations in Section 4.2.3. We then calculated the
1D and 2D noise spectra averaged over all 500 noise realizations. The 1D noise curves are in
Fig. 4.3. The 150 GHz band has the lowest noise level. The Q/U polarization noise power
spectra are flatter vs. angular multipole compared to temperature because the polarization
component is measured by differencing pairs of detectors with orthogonal polarization angles,
so the common fluctuations cancel out. The high noise at low-frequency in 2018 data was
known to be associated with microphonics heating, which improved with a redesigned focal
plane structure in the following year. The 220 GHz band has the worst noise performance
because of lower atmosphere transmission and worse instrument performance. I have also
plotted the noise levels we use as white noise floors in the inverse-variance map filtering step

(Section 4.2.2).

4.1.5 Beam

The beam of the telescope can be measured by the response to a point source of the sky.
To zeroth order, the optics design aims for a diffraction limited beam across the focal plane,
however optical aberations and other non-idealities (e.g., scattering, reflections) in the optical
design can cause additional features in the beam on the sky. The illuminated diameter of the
primary dish is 8-meter for SPT-3G, and the corresponding Airy disk diameter is ~1 arcmin
at 150 GHz, which is close to the FWHM diameter of the beam at 150 GHz. The measured
sky signal by the telescope is the convolution of the true sky signal and the beam response,
and the beam By needs to be divided out in Fourier space to recover the true sky signal. We
measure the beam for 2018 using a combination of Mars observations and point sources in the

CMB maps. Planets such as Mars can provide high signal-to-noise (S/N) beam response out
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Figure 4.3: From left to right are the 2018 temperature and polarization noise curves for
the 95, 150, and 220 GHz bands. The white noise floors used in the inverse-variance map
filtering (Section 4.2.2) are overplotted in dashed lines. The white noise floors are lower
than the average noise levels or noise curves. We include 2D scale-dependent noise beyond
the noise floor in the anisotropic noise term. As discussed in more detail in Section 4.2.2,
we have found that slightly varying the white noise floor does not change the map filtering
results as long as the sum of the white noise floor and the anisotropic noise equals the total
noise.

to a large angular diameter (~1 deg) but cause the detector to saturate when the telescope
points close to the planet. Point source observations do not saturate the detectors but do
not have enough S/N to probe the beam out to large angular diamter (~1 deg). We convolve
the coadded point source profile with the planet disk (~ 20" diameter for Mars depending
on the time) and convolve the planet map with the telescope pointing jitter to match up
the two types of maps. Then we stitch the point source map and the planet map using
an overlapped annulus where both maps have high S/N. The stitched hybrid beam contains
large-scale (>~>5 arcmin) beam from the planet and small-scale beam from the point sources.
Lastly, we subtract the CMB measured by Planck from the hybrid beam and correct the
planet disk. For our analysis in Section 4.2.2, we want to characterize the 1-d response of
our beam in Fourier space, By. To measure By, we start with measuring real-space beams,
generate Fourier transforms of the real-space beams, and average the 2D Fourier modes

within angular multipole annuli. The beam uncertainty is calculated by adding By s scatter
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from individual point source observations and individual planet observations in quadrature.
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Figure 4.4: The beams of SPT-3G’s 95, 150, and 220 GHz frequency bands. To generate
the beam as a function of angular multipole, we measure the telescope’s response to a point
source in real space, Fourier transform the response into 2D Fourier space, and then average
over annuli in Fourier space. The beams are normalized to one at ¢ = 1000, and their

absolute temperature calibration is discussed in Section 4.1.6. Figure made with code from
Neil Goeckner-Wald.

4.1.6  Absolute temperature and polarization calibration

Besides the calibration using the HII regions, we obtain the absolute temperature calibration
of the coadded maps by comparing the SPT-3G 95, 150, and 220 GHz maps with 100, 143,
and 217 GHz maps measured by the Planck satellite (PR3 dataset [167]) over the angular
multipole range of 400 < ¢ < 1500. We compute the calibration factor nT by dividing the
SPT-3G cross-spectra between two half-depth maps by the cross spectra between full-depth
SPT-3G and Planck maps:

T RSPT ées PRSI ek
— anc
mBptT = C,SPTfu”xPlanckBé ) (4.6)
0
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where ég is the power spectrum of the maps without de-biasing, BESPT is the SPT-3G beam,
and Bf lanck i the Planck beam. We mock-observe the Planck maps in the same manner as
we made the SPT-3G maps, with the same pointing, filtering, data cuts, and binning steps,
so the mock-observed Planck maps have the same filter-transfer function and mode-coupling
as the SPT-3G maps. With this processing, the bias to the power spectra from these effects
divides out from the ratio. We estimate the uncertainty of the calibration factor using
SPT-3G and Planck simulations of the same underlying sky. We generate noise realizations
for SPT-3G simulations by adding individual observation maps with random sign flips, and
we use FFP10 [167] simulations of Planck noise for the Planck simulations. We apply the
approximate SPT-3G beam and Planck beam to the corresponding simulations and compute
the nT and a(nT) from these simulations. The calibration numbers are in Table 4.1. The
maps calibrated by HII regions in Section 4.1.2 are scaled by the calibration factors in Table
4.1 on a per-subfield basis.

The absolute polarization calibration 77P is computed by fitting a scaling factor that
minimizes the chi-square between the EE power spectrum from the temperature-calibrated
SPT-3G maps and the power spectrum from Planck 2018 best-fit ACDM cosmology. The
uncertainties in nP come from the distribution of calibrations for different data subsets.
The absolute polarization calibration is not subfield-dependent, because the relevant factors
affecting the number, such as non-ideal detector polarization angle and polarization efficiency,

do not change across subfields.

4.1.7 Temperature to polarization leakage

The CMB temperature signal (T) can leak into the polarization signal (P) if the gains of the
orthogonal-polarization detector pairs are mismatched, which creates a scaled copy of T in
P (monopole leakage). Other factors, such as differential pointing of detector pairs, beam

ellipticity, or common-mode filtering (Section 4.1.3), can induce higher-order leakage. We
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Type of calibration (Sub)field 95 GHz 150 GHz 220GHz
raOhdec-44.75 | 1.086+0.004 | 1.050+0.003 | 1.0164+0.011
raOhdec-52.25 | 1.08040.003 | 1.050+0.003 | 1.01940.011
Absolute temperature
ra0hdec-59.75 | 1.101£0.004 | 1.034+0.002 | 1.04640.010
raOhdec-67.25 | 1.091£0.005 | 1.04240.004 | 1.063+0.010
Absolute polarization | All subfields 1.0240.01 1.0540.01 1.124+0.05

Table 4.1: Temperture and polarization absolute calibration factors. We calculate the abso-
lute temperature calibration on a per-subfield basis because different subfields are calibrated
differently. The subfield label ra0hdec-67.25 indicates the subfield is centered at right ascen-
sion of Oh and declination of 67.25° The absolute polarization calibration is not dependent

on subfields.

quantify the monopole leakage by fitting a combination of TT and TE spectra to the TQ,
TU cross-spectra:

it =efcft + PTECTE, (4.7)

where P € (Q,U . We did not perform the same fitting of CZP =P CZTT as previous work
[168, 27] because the (common-mode) filtering in our map-making induced strong TP and
TE correlation as well. We found €@ to be {0.0061+0.0007, 0.0046-0.0005, 0.0090-+0.0013}
and €V to be {0.0080+0.0008, 0.0128+0.0007, 0.0133+0.0018} for the 95, 150, and 220 GHz
bands, respectively. We calculate the spectra in Eq. 4.7 using cross-spectra between two
half-depth maps to avoid noise biasing. The uncertainties come from the leakage distribu-
tion among ten pairs of simulations with different CMB, foreground, and half-depth noise
realizations, which account for both the noise variance and sample variance. We depro-
ject temperature leakage from polarization map using P=p—¢ T, where T and P are
uncalibrated temperature and polarization maps, and P is the polarization map after leak-
age correction. We can summarize the map calibration and leakage correction steps in two

equations:

(4.8)



where T" and P are the calibrated and corrected temperature and polarization maps, nT is
the absolute temperature calibration, nP is the absolute polarization calibration, and el is

the temperature-to-polarization leakage.

4.2 CMB-lensing analysis

4.2.1 Analysis overview

Gravitational lensing from large-scale structure deflects CMB photons and induces corre-
lations in CMB temperature and polarization modes. We can use these correlations to
reconstruct the intervening matter distribution from CMB data maps. Before doing lensing
reconstruction with the data, we need to clean contaminations in the maps that can mimic
lensing. The map cleaning steps include inpainting map areas contaminated by bright point
sources and clusters and anti-alias filtering that prevents higher-angular-frequency features
from aliasing into our signal band. We also inverse-variance filter our maps to suppress non-
CMB modes and maximize the signal-to-noise of lensing reconstruction. The map processing
steps are in Section 4.2.2. Another critical ingredient for lensing analysis are simulations with
similar statistical properties as the measured CMB maps. These simulations are useful for
estimating the bias terms and normalizing the lensing reconstruction. We summarize the
simulation generation steps in Section 4.2.3.

In Section 4.2.4, we introduce CMB lensing and derive the off-diagonal correlations in-
duced by lensing to the CMB temperature field. The correlations allow us to build weight
functions to weigh pairs of CMB modes and extract the lensing potential with minimum
variance. We convolve the cleaned and filtered CMB maps with weight functions to get the
2D lensing potential (Section 4.2.5). The reconstructed lensing maps contain the weight
function and map filtering effects and need a renormalization to recover the proper am-

plitude (Section 4.2.6). To reduce the noise, we combine the lensing maps from different
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combinations of CMB fields into a minimum-variance combined (MV) map (Section 4.2.6).
We then Fourier-transform the lensing map and multiply the Fourier transform by its con-
jugate to get the 2D lensing power spectrum. However, the lensing spectrum estimated this
way contain biases. We can divide the biases into a map-level bias called the mean-field bias
and spectrum-level biases proportional to the zeroth and first order of the lensing spectrum.
We discuss the map-level bias in Section 4.2.5 and spectrum-level biases in Section 4.2.7.
We estimate the bias terms with simulations and subtract the bias terms from the lensing
reconstruction to get unbiased results. To reduce the lensing spectrum’s variance, we can
bin it into wider multipole annuli in Fourier space and get a 1D power spectrum.

The lensing reconstruction results from the simulations are presented in Section 4.2.9
and 4.2.10, and the results from SPT-3G measurements are in Section 4.2.11. We discuss

forecasts of cosmological parameter constraints in Section 4.2.12.

4.2.2  Map processing and filtering

We make our CMB data maps and mock-observed simulation maps at 1’ resolution. To speed
up the analysis, we rebin the maps into 2 resolution, which corresponds to a pixel Nyquist
frequency corresponds to ¢ = 5400. One problem with direct rebinning is the aliasing of
small-scale modes at ¢ > 5400 into ¢ < 5400. Power aliasing is also the reason not to make
2 arcmin-resolution maps directly, which will have the same effect as direct rebinning. We
reduce the aliasing by multiplying the 1’ resolution maps in Fourier space by a cosine-tapered
low-pass filter to remove modes beyond ¢ = 5200 before rebinning into 2’ resolution maps.
A second treatment we apply to the maps and mock-observed simulations before the
lensing analysis is inpainting the point sources and galaxy clusters detected in the maps.
The temperature gradient around point sources and galaxy clusters can mimick lensing and
cause bias to our lensing maps and lensing spectra. We inpaint all detected sources and

galaxy clusters. The inpainting radius is 10" for sources with 150 GHz flux S >500 mJy,
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7' for sources with 150 GHz flux 50 < S < 500 mJy, 3’ for sources with 150 GHz flux
6.4 < S < 50 mJy, and 1’ for sources with 150 GHz flux below 6.4 mJy. We inpaint all sources
detected at above S/N of 5 for any one of the three frequency bands. The S/N threshold
roughly corresponds to the minimum fluxes of 2.7, 3.3, 12.0 mJy at 95, 150, and 220 GHz.
Similarly, we inpaint clusters detected above S/N of 9 and below S/N of 9 with radiuses of
6 and 3/, respectively. The inpainting method used here is similar to [169, 68, 170, 171]. We
define two regions around the source or cluster center, R < Ry and R} < R < Rs, where R
is the inpainting radius and Ry is fixed to be 25’. We fill values within R based on values

in the R1 < R < Ry annulus using constrained Gaussian realizations
A ~ A ~—1 ~
Ty =Th + C12C9 (Th — T3), (4.9)

where 1 indicates the R < Rj region, 2 indicates the Ry < R < R region, T is the original
map, T is the inpainted map, T is the simulated Gaussian map realization, and C Xy is
the covariance matrix of the CMB fields between two regions X, Y. We generate Gaussian
realizations in a fixed 200" x 200" box with the same CMB, foreground, noise spectra, and
filter transfer function as the data to be inpainted. We estimate the covariance matrices
C’lg and C’gg with 5000 Gaussian realizations following the method in [171]. During the
inpainting process, small-scale noise can creep into larger scales of interest. Therefore, we
low-pass filter the map region to be inpainted and the simulated maps for generating the
covariance matrices below ¢ = 3000. However, low-pass filtering a map region with a bright
source can cause filtering wings around the source. To avoid filtering artifacts, we have
adopted a two-step filtering method. We first fill the source region with some reasonable
values by inpainting without a low-pass filter and then inpaint again with the low-pass filter
turned on. We also found that inpainting a faint point source next to a bright one can
contaminate the inpainted map. Our solution was to inpaint all sources and clusters from

bright to faint. Some point sources could be close to the masking edge, but we can still
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inpaint them because the CMB map around the masking edge still has sufficient signal-to-
noise. See Fig. 4.5 for an inpainting example. The inpainting process does not change the
power spectrum or Gaussian statistics of the original maps. However, the inpainted region
has no lensing, resulting in reduced lensing power. We can correct the deficit of lensing
power from inpainting using simulations inpainted the same way as the data. The same
normalization that brings the simulation lensing reconstruction to the proper amplitude will

work for the data too.
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Figure 4.5: Original CMB temperature map before inpainting, inpainted map, and their
difference. The original map contains a bright point source at the center, which is gone after
inpainting. The inpainting process fills a map region with values that satisfies the same
Gaussian statistics as the rest of the map.

We filter our maps to minimize the variance of lensing reconstruction. The inverse-
variance filter consists of two parts: a Wiener filter that minimizes the expected residual be-
tween the estimated signal and the underlying signal given the noise level; and a weighting of
the Wiener-filtered modes. The SPT-3G data map d € [T'(n), Q(n), U(n)] is a measurement
of the underlying sky signal X, € [T'(€), E(£), B(£)], and the data maps are related to the

underlying sky signal by

dj = ZPjEXE + ZPjENZ +n;j. (4.10)
£ £
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Here Pjp is a matrix operator that includes the transfer function, and TEB—TQU conversion.
For temperature 7', the operator is Pjp = 16X Fy, where Fp is the transfer function, which
includes beam, pixelization effect, and timestream filtering. x; is the position vector for pixel
J. For E'and B modes, this operator is Pjy = ewXJ'iZiWFg, which also includes the Fourier
space angle ¢p for EB to QU conversion (also see Section 4.1.4). Ny is the anisotropic sky
noise that does not trace the CMB, such as atmosphere noise. n; is the map noise variance
modeled as homogeneous white noise.

The inverse-variance filtered field X takes the form
X=5"1X=9"Ys 4 Pip~tp~lPin1q, (4.11)

where S = Ci( X 4 Cév N'is the total signal covariance matrix including CMB, foregrounds,
and anisotropic noise. Cg( X is the sum of CMB and foreground spectra interpolated to 2D,
and Cév N is the 2D anisotropic noise spectrum. The inverse-variance filtering includes a

S—1 multiplication and a Wiener-filter shown below
X =[s"'+ PlntP|"tPIn"14. (4.12)

Note that the Wiener filtering here optimizes for the total signal S, which includes CMB,

1 is the inverse of map white noise multiplied by the

foreground, and anisotropic noise. n~
map mask, so it also effectively removes the masked region in Eq. 4.12.

The full inverse-variance filtering effect is X = S~1P~1d = $71X in regions away
from the masked area if we include the white noise n into signal covariance S and do the
approximation of n — 0 for Eq. 4.11. In our analysis, we use the same CMB and foreground
spectra used for generating CMB simulations in Section 4.2.3 for C’i( X We estimate our

anisotropic noise with 500 independent noise realizations created following the method in

Section 4.1.4. We average over 500 noise realizations to reduce the variance and subtract
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the uncorrelated white noise floor n from the averaged 2D noise spectrum to obtain Cév N
The white noise floors and the transfer functions are discussed in Section 4.1.4 and 4.2.3,
respectively. The white noise floors used for n are in Fig. 4.3. After the filtering, we remove
the modes at ¢ < 300 and ¢ > 3000, which are contaminated by low-frequency noise or

contain higher foreground or noise than the CMB.

4.2.3  Simulation generation

We use simulations to estimate the lensing map-level mean-field bias gz_ﬁfY’MF

(Section 4.2.5),
corrections to the response function, uncertainty, and spectrum-level bias terms proportional
to the zeroth and first order of the lensing spectra (NfD’O and Nﬁ, see Section 4.2.7). The
cosmology we use to generate the simulated CMB comes from the Planck best-fit results
29, 172]. We use CAMB [173] to generate theoretical CMB and lensing potential angular
power spectra from Planck cosmology and HEALPix [174] to synthesize random spherical
harmonics realizations a;,, of the CMB and lensing potential that satisfy the power spectra
statistics. We generate the lensed CMB by deflecting the unlensed CMB realizations by the
lensing potential with Lenspix [175].

The measured millimeter-wave signals also contain foreground emissions or contamina-
tions from the cosmic infrared background (CIB), thermal and kinetic Sunyaev-Zel'dovich ef-
fects (tSZ, kSZ), radio sources, and galactic dust. We model the diffuse foreground emissions
as Gaussian realizations following the measured angular power spectra of these components.
The measured foreground spectra come from [176]. The CIB in the simulation consists of
a Poisson-distributed component with D, o (2 from faint dusty star-forming galaxies and

EO.S'

a clustered part with Dy o Here Dy is related to angular power spectrum C)p by

D, = %5(6 +1)Cy. The spectral shape of the CIB is v° By, (Tyust), where B, is the black-
body spectrum, Tyt is 12 K, and 3 is 1.48+£0.13 for the Poisson term and 2.23£0.18 for the

clustered term. At 150 GHz and ¢ = 3000, the amplitude of DECIB is D%(])BO’P = 7.24K2 for
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the Poisson term and Dgol(%d — 4.03uK? for the clustered term. The clustered term includes

the contributions from one- and two-halo terms. The tSZ and kSZ angular power spectra
shapes follow the tSZ template in [177] and the kSZ template in [178, 179]. The amplitude at
143 GHz and ¢ = 3000 is D:t%%)%o = 3.42uK? for tSZ and Dlggozo = 3.0uK?2 for kSZ. The radio
source component has a spectrum shape of Dy 2 and amplitude of Dg%%ioo = 1.01pK2 at
150 GHz. The frequency spectrum for radio sources is v~0-70. Gaussian foregrounds in the
simulation can model the contribution to the NI]:2 DO pias term, which is the largest bias to
the lensing power spectrum. However, Gaussian modeling of the foregrounds cannot catch
their four-point power contribution to the lensing measurements, since we do not include
higher-order correlations in the simulations. The four-point power from foregrounds can be
estimated and subtracted later.

Besides Gaussian foregrounds, the CMB maps also contain point sources and galaxy clus-
ters. We found point sources and galaxy clusters from the CMB data maps using simplified
methods similar to [180] and [181]. The point source fluxes and the galaxy clusters’ peak
amplitudes are accurate within 10% and not biased after checking against previous measure-
ments. We included detected point sources and clusters in the detected positions with the
detected amplitudes and profiles in the simulated maps for all three frequencies. Reichardt et
al. [176] included contributions from fainter point sources and clusters’ below their detection
thresholds in the Gaussian foreground spectra. Since SPT-3G detection thresholds are lower
than [176], we have populated some faint detected point sources and clusters below [176]’s
detection thresholds in the simulated maps. Thus we need to subtract the contributions from
these sources and galaxy clusters to the foreground spectra in [176]. The point sources and
clusters are the same between the data and the simulation, which allows us to use the same
masks and inpainting (Section 4.2.2) for both. The final component of the simulations is
instrument and sky noise similar to the data, which is generated using the method in Section

4.1.4.
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After combining all components, we convolve the simulated maps at the three frequency
bands with the corresponding beams reported in Section 4.1.5. We then mock-observe the
simulations using the same methods used for data processing, so the mock-observed simula-
tions will have the same filter transfer function and mode-coupling as the data maps.

We generate five sets of simulations:

e A: 500 lensed simulations with foregrounds,

e B: 160 lensed simulations with no foregrounds,

e (C: 160 lensed simulations with no foregrounds and with the same realizations of lensing
potential as set B, but different CMB,

e D: 500 unlensed simulations with foregrounds and the same CMB power spectrum as

the lensed CMB.

A simulation from Set A is shown in Fig. 4.6. The maps have random Gaussian real-
izations of the CMB that are different from the CMB measurements in Fig. 4.2. But the
map-processing steps are identical, so they have the same statistical properties. The point
sources are in the same spots as the data.

We use all simulations in A to estimate the NI]?” D0 ias term and 340 simulations in A to
estimate the statistical uncertainty of the lensing power spectrum. We use 160 simulations
in A to estimate the mean-field bias (Section 4.2.5), with 80 sims for each of the two lensing
potential estimations that form the lensing spectrum (see Eq. 4.28). All of simulation set
B and C are used to calculate the Nﬁ bias term, which is proportional to the first order of
lensing power and does not depend on the foregrounds. Simulation set D can check that the
lensing pipeline returns zero lensing for the unlensed maps and quantify the probability of
lensing detection against the no-lensing hypothesis. The number of simulations for estimating
each term is chosen such that each term sufficient converges, to not bias the lensing spectrum
estimation.

We can also use the simulations to estimate the transfer function, which contains the
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Figure 4.6: From top to bottom are the simulated temperature (T), Stokes Q, and Stokes

U maps at 150 GHz. The simulated maps have the same foregrounds and noise statistics as

the data. The map-making TOD filtering steps are also the same as the data. The detected

point sources (bright dots in the maps) and galaxy clusters are in the same spots as the data.
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filtering effects in the map-making process (Section 4.1.3). The filtering removes low and
high-frequency modes along the telescope scanning direction, which causes anisotropic sup-
pression of CMB modes at specific angular scales. We estimate the transfer function with
mock-observed simulations. During a mock-observation, we have the detectors scan through
a simulated map with identical pointing information as the actual observation. The simu-
lated time-ordered-data then goes through the filtering steps in Section 4.1.3 and is made
into mock-observed maps using the methods in Section 4.1.4. The transfer function is the
ratio between the mock-observed map and the simulated map in Fourier space. The ratio
will therefore contain filtering effects from map-making. We average the transfer functions
from 160 simulations and smooth it in Fourier space to reduce the scatter. Fig. 4.7 shows
the transfer functions for temperature and E-mode polarization. If the scanning (constant-
declination) direction is the same as the x-direction, then high-pass filtering will generate a
low-value stripe around ¢, = 0. In our map projection, the scanning direction is not along

the x-axis, which gives the filtering pattern in Fig. 4.7.
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Figure 4.7: The 2D filter transfer function for temperature (T) and E-mode. The transfer
function for B-mode is not shown because it’s noisier and should be roughly the same as the
E transfer function.
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4.2.4  Gravitational lensing of the CMB

The 3D gravitational potential ¥ from large scale structures deflects CMB photons as they
travel through the universe. With Newtonian gauge and natural unit, the deflection angle

a is [182]:

X x _
o= =2 [ XX wii - v). (4.13)

X+
where y is the comoving distance, y« is the source’s comoving distance, and ng — x is the
conformal time when the photon was at position yn.

The lensing deflection angle can be expressed as the angular gradient of the 2D lensing

potential ¢, a = V¢ (n), with ¢ defined as:

X x _

. X X .

o(n) = —2 / = Xy (i — ). (4.14)
0 XxX

We assume weak lensing with small angular deflections, which is generally true for CMB
lensing. Weak lensing remaps sources to image planes by deflecting the unlensed maps by
the gradient of the projected lensing potential ¢. Below we take the temperature field as an

example:

T(h) =T(h+ Vo(n)) = T(R) + V;¢()V'T(R) + - - . (4.15)

Here T is the lensed field, and T is the unlensed field. We express Eq. 4.15 in Fourier
space to gain intuition to the lensing process. T'(n) and ¢(n) can be related to their Fourier

transforms by:

Ty = / dAT (n)e” 0

B (4.16)
o0 = [ dio(ieien.

We expand the lensed field 7'(¢) in Fourier space and only keep the first-order term in the
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weak-lensing limit:

Ty = / dAT (R)e D
~ / A[T(R) + V;6(0)VIT(A)]e 0, (4.17)

~ v N
=Ty — / Loy(e - £1)Tp_¢, ¢,

21

which indicates that lensing can couple CMB modes at different angular scales and cause
off-diagonal correlation in CMB band power covariance. The third line of Eq. 4.17 used
integration by parts and the convolution theorem. The power spectrum of CMB temperature

is < TKTZ/ >cemp= (2m)26(€ — E’)OZT. Combine with Eq. 4.17 and we have:
< TyT) >cnp= (CTT (e L) = CTT (€ - D)oy, = W, por,. (4.18)

where W, o = CIT(e-L)- C’ZT(E' -L)and L =£€—¢ (L # 0). We have used [ g(€')§(€ —
0))dt' = g(€) in Eq. 4.18. The average is over CMB realizations and not over the large scale
structure (LSS) that deflect the CMB, otherwise ¢, would average to zero. Since lensing at
angular scale L creates off-diagonal correlations between CMB modes differed by L, we can
define a weighting of the pair of CMB modes separated by L to extract the lensing potential

at scale L:

o = Ry} ﬂF TyT% (4.19)
L=, 27T2 E,Kl £L g :

Here Ril is the normalization function chosen such that < QBL >cyMB= ¢r. Hu and
Okamoto [47] found the weighting Fl,l’ that minimizes the variance < gzgzggL > — < QZSE ><
¢, > to be Frp =W/ (2ClTTCg 7). Similarly, the minimum-variance weight functions
between CMB TE, TB, EE, and EB modes can be derived [47]. Note that the primordial
B-modes are small, and most of the B-modes come from lensed E-modes, so the above ex-

pansion in Eq. 4.17 do not apply to B-modes. In our lensing analysis, we include ClTT
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and CTT in the inverse-variance weighting S~1 step of map-processing (Section 4.2.2) and
convolve the filtered maps with the weight function W, which is noted as fn(l1,13) in [47].
We also use the lensed CMB spectra instead of unlensed CMB spectra in the weight function

W to reduce lensing bias [90].

4.2.5 Quadratic lensing estimation

The unlensed CMB is a statistically isotropic Gaussian random field with zero off-diagonal
covariance. Lensing breaks the statistical isotropy and introduces off-diagonal correlations
across CMB temperature and polarization modes in Fourier space. Section 4.2.4 derived the
covariance of CMB temperature fields with a fixed lensing field averaged over different CMB

realizations. In the general case where XY € [TT,TE, EE, EB,TB], the covariance is
(Xy Yp)oms = 06 = €)CFY + W ¢p_p + 0(67) (4.20)

Using these off-diagonal correlations, we can estimate the inverse-variance weighted lensing
potential at L by calculating the weighted sum of the inverse-variance filtered lensing modes
separated by L

WXY in Eq. 4.20 for minimum variance lensing

where the weighting function is the same as
estimation.

The lensing estimation contains biases from other statistically anisotropic sources unre-
lated to lensing, such as the map mask and anisotropic sky noise. To remove it, we estimate

the mean-field (MF) bias qng’MF by averaging the lensing estimations of multiple simula-

tions with different realizations of CMB, lensing potential, and noise.

XY MF Y,
op N = / W L (Xe Vg p) - (4.22)

104



The lensing potentials from different simulations are independent and average zero, so
the averaged lensing estimation only contains the MF bias from common non-lensing features

shared among the simulations. We subtract the MF bias from ggf Y,

4.2.6  Normalization and combination of lensing estimations

We also normalize the lensing potential so they are unbiased in amplitude. The normalization
function contains contributions from the weights (WX Y) used to convolve the filtered CMB
fields, and the approximated inverse-variance filters FX for the CMB fields. We also call the
normalization function the lensing response because it is the Fisher matrix for the lensing
potential estimation gzﬁf Y The analytical normalization function, or response, takes the

form of

XY, Analytic 2 XY XY XY
RL Y = /d KWE,Z—L X WK,E—LIK .Fe_L . (423)

Here .FeX Xy = [CKXX + C’é\] N1=1X, is the approximation of the inverse-variance filtering
(Section 4.2.2), and the approximation is accurate when n = 0 and C’év N captures all
anisotropic noise. For the general case with anisotropic noise that Cév N does not capture or
when n # 0, we apply an MC response correction RfY’MC to account for the deviation from
this approximation. We divide the cross-spectrum between the estimated lensing potential
and the input lensing potential by the input auto-spectrum and average this ratio over many

simulation realizations to get the MC response. MC here indicates the term is from the

difference between the amplitude in simulations and the input.

XY [ Ix
Ri(Y,MC: <¢LI ;bL> (4.24)
(o1,017)
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Here ngI is the input lensing potential, gz@f Y"is the estimated lensing potential with mean-field

subtraction and analytical response normalization:

XY 1 XY  7XY,MF
oL = XV Analytic (on" —og, ) (4.25)
L

~ —

We use a hat (¢) to denote debiased estimation, and a cross-bar (¢) to denote inverse-variance

weighted estimation. We average over the analytical response within annuli in Fourier space

to reduce the noise and get RfY’MC = fY’MC>. The full response is
XY XY MC XY, Analytic
Ry," =Ry Ry, : (4.26)

and the lensing potential with the full correction is

1
XY
7—\)’L

XY XY XY MF

o1, = (¢L - ¢L ) (4.27)
To reduce the noise in individual lensing estimators, we add them with proper weighting

to obtain minimum-variance (MV) lensing estimator and polarization-only (POL) estimator.

The weight used to combine them is just the response function Rf Y, Therefore, the weighted

sum is the sum of inverse-variance weighted lensing estimators, which, with the mean-field

subtraction, takes the form of »° XY(&{J(Y o qgi(Y,MF

), where XY goes over TT, TE, EE,
EB, and TB for the MV estimator. Note that we omitted the BB estimator because the
primordial B-mode is very small, and the B-mode signal from the lensing of E-mode is linear
in ¢, which makes the BB estimator weight function second-order in ¢ and thus negligible
compared to other estimators. For the POL estimator, XY includes EE and EB. We correct
the weighted sum of all estimators first by the analytical response, which is the sum of in-

dividual estimators’ analytic response functions: Rﬁnalytlc =5 Xy(Ri(’Y,Analymc)' We then

apply the MC response RJL\/[ Ccorrection, which is calculated by crossing the combined lensing
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estimation by the input lensing potential and dividing the input lensing auto-spectrum.
We plot the MV mean-field spectra for 95, 150, and 220 GHz in Fig. 4.8. The 150 GHz

mean-field spectrum is lower than the theoretical lensing spectrum for most of the L range

we report. The 95 and 220 GHz mean-field spectra are higher than 150 GHz due to higher

noise plus foreground.
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Figure 4.8: MV mean-field spectra for 95, 150, and 220 GHz. The solid line is the theoretical
lensing spectrum.

4.2.7 Lensing power spectrum and its biases

We can calculate the lensing power spectrum with the debiased lensing potentials &X Y and
oUV . where XY, UV € [TT,TE,EE,EB,TB]. The two lensing potentials can also be MV
or POL combinations. Since we apply a border apodization and point source mask to the

four XY UV maps entering the lensing estimation, we need to divide out a masking factor
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IMask, which is the average of the mask applied to a single map to the fourth.

XY UV . .
-1 XY uv
Cﬁ ’ - fMask<¢L ¢* L > (4'28)
However, the above lensing power spectrum is biased because the lensing spectrum is
the integral of a four-point correlation function that includes spurious correlations among
the CMB fields. According to Wick’s theorem, a four-point correlation (XYUV)cMmB LSS
averaged over CMB and large scale-structure (LSS) realizations includes three pairs of two-

point contractions

(XYUV)emB,Lss =(XY)eMmB(UV)cmB)Lss + ((XU)omB(Y V) oMB) LSS

+ (XV)emB(YU)cMB) LSS

(4.29)

Here the average over the CMB gives lensing-induced correlations, and the average over LSS
yields the lensing spectrum. In our analysis, we only have one sky with one realization of
CMB and LSS. Therefore, the results will contain sample variance. The sample variance
will reduce at higher angular multipoles, where we have more modes to average into the 1D
power spectrum. We can expand the two-point contractions similarly to Eq. 4.18 and neglect
second order terms proportional to ¢2. Only the first contraction ((XY)onB(UV)oMB)LSS
contains the unbiased lensing power spectrum CA’M, and the other two contractions lead to
biases. After expanding the two-point contractions in Taylor series of ¢, we can demonstrate
that the latter two terms in Eq. 4.29 contain bias power to the zeroth order of lensing
spectrum NY and the first order of lensing spectrum N!. NU comes from the Gaussian
(two-point) correlation in the input fields, while N1 is from the four-point power. We can
also expand Eq. 4.29 further to the second order in ¢ and estimate the N2 bias to the
second-order of the lensing spectrum. We reduce the N2 bias by using the lensed CMB

spectra in the lensing estimators [90] instead of the unlensed ones in [47]. Higher-order bias
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terms are small and not considered.
We estimate the N and N1 bias terms with simulations. Since NY bias contains Gaussian
correlations, we use simulations with CMB, foregrounds, and noise components that have

the same Gaussian power spectrum as the data. NV is estimated using

MC,MC
where C’fé [Xnmcs Yarer, Umcs Varer] s the lensing cross spectrum between two unbiased lens-
ing potentials ngX Y and (;BUV. MC and MC’ denote simulations with different realizations
of the CMB, foreground, and lensing potential. Therefore, in the above equation, only the
Gaussian correlations between fields with the same subscript (MC or MC') are non-zero.
The two terms in Eq. 4.30 correspond to Gaussian correlations in the latter two contrac-
tions in Eq. 4.29. The NE estimated this way can be inaccurate, because the data may have
slightly different Gaussian power from the simulations depending on the simulation modeling

and realization. To reduce the bias caused by the difference, we adopt a realization-dependent

NI{%D’O [183] defined by
RDO
NL =
COPX 4, Vagen O, Vaae] + C¥% [Ragen Yy, Uy, T
+ O [Xa, Yme, U, Ve + C1 [ Xwes Yas Ug, Vel

N 3
+ " [Xa, Ymc, Ome, Val + O [ Xwes Ya, Umes Vadl

_nNO
L>MC,MC’

where d denotes the data. In NI]? D’O, we calculate the lensing spectra from lensing potentials
estimated using both the data and simulation. We then subtract NE bias defined in Eq. 4.30.
This method also suppresses off-diagonal contributions to the covariance of the lensing power

spectrum.

The Nﬁ bias term is from connected contributions to the trispectrum and is estimated
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using simulations with the same lensing field but different CMB realizations. Nﬁ is

Nf =

(+ L0104 pc: Vot aier Xt s Vit e (4.32)
+ C€¢[U¢1’MC’ ‘_/qﬁl,MC” X¢1,MC” }7¢1,MC]
_nNO

L>MC,MC’ ’

where ¢! indicates that the simulations share the same lensing field. Fields with subscripts
MC and MC’ have different CMB realizations, and the correlation between them averages
zero. The first two terms contain NE bias from Gaussian power and the Nﬁ bias from the
shared lensing potential among the four fields. We subtract NE bias from the first two terms
to get the Nll, bias.

The debiased lensing spectrum after NO and N1 correction is

CP = cf? — NP N (4.33)

We define another bias term called MC bias that includes any other corrections not
considered yet. The MC bias is the difference between the averaged debiased lensing spectra
from random simulation realizations and the input theory lensing power spectrum:

LMC — \YLMC L, Theory" (4.34)

The MC bias can be additive or multiplicative. Wu et al. [64] found their MC bias mostly
come from higher-order coupling from the point source masks and have a multiplicative
nature. However, our current dominant sources for MC bias are likely 4-point power from
point sources, galaxy clusters, filtering wings, and low-frequency noise, which are additive.
We treat our MC bias as an additive correction here and are currently investigating this

term further. A more thorough study of the MC bias sources can lead to a more confident
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lensing power spectrum measurement [64]. The MC bias is typically small compared to the
measurement’s error bars in other analyses [62] when the bias term modeling is accurate,
and the contamination is low. In Fig. 4.9, our MC bias in 150 GHz is relatively insignificant.
The MC bias at 95 GHz is slightly higher, and the MC bias at 220 GHz is fractionally large
compared to the theory curve. We expect to reduce this term with better data processing
and bias modeling discussed in Section 4.2.10.

We show the bias terms for 95, 150, and 220 GHz minimum-variance lensing measure-

ments in Fig. 4.9. The bias terms we plot include the NI]?

DOUNL, and Acﬁﬁm (MC bias)
defined above. We plot the theoretical lensing power spectrum in black for comparison. We
also add individual bias terms and plot the total bias in green. The total bias is an estimate
of the noise in the lensing measurements. We can measure per-mode lensing signal with
larger-than-one signal-to-noise at the angular scales where the theory line is above the total
bias (see [89] Eq. 24). From Fig. 4.9, the lensing modes have greater-than-unity signal-
to-noise at L < 120 for 95 GHz and L < 160 for 150 GHz. These angular scales roughly
correspond to 1.5 and 1.1 degrees . Therefore, with one-degree beam smoothing, the 95
and 150 GHz lensing maps in Fig. 4.17 are mostly lensing features with larger-than-unity

signal-to-noise. All lensing modes in 220 GHz have less-than-unity signal-to-noise because

the total bias is always higher than the theory curve for 220 GHz.

4.2.8 Power spectra binning

Now we have the debiased lensing power spectrum in 2D Fourier space (or spherical harmonic
space for curved sky coordinates), we need to bin it into larger angular multipole bins. To
save disk space, we first bin the lensing spectra to 1D with a angular multipole space of
AL = 1 before saving the spectra. The first-stage binning averages the 2D Fourier modes
within the AL = 1 annuli to get a 1D power spectrum C’¢¢, which has spectral values for

each integer L. Then we calculate the averaged power spectrum values for a larger angular
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Figure 4.9: The lensing spectrum biases for 95, 150, and 220 GHz. We plot the NI]?”D’O,

Nlln and MC biases, all of which are corrections terms subtracted from the raw lensing

spectra. The N§ PO hias term from the disconnected contribution to lensing four-point

power dominates over other bias contributions. The NII, bias from connected term in lensing
four-point power is much smaller in amplitude. We also plot the theory lensing spectrum in
black for comparison. The sum of all bias terms is the total bias. Regions where the total
bias is lower than the theory curve have larger-than-one per-mode signal-to-noise.

multipole bin b. A naive averaging is not optimal because the modes within each bin b can

have different signal-to-noise. We calculate the weighted average for each bin based on the

variance: "
> repwrCr

C¢¢ =
b > Leb WL

(4.35)

where wy, = C}éf’b]fheory / Var(@ﬁqb). The variance for C’?qs is from the distribution of simulation
results with the same settings. We calculate the binned theory power CZS ?Fheory also using
Eq. 4.35 and define C;f (b/ C’gb’ ?fheory as the lensing amplitude A in bin . The measured
lensing power at the bin center Ly is CA'%Z) = Abé%iTheory’ where é?iTheory is the theory
power at bin center L;. The full dataset’s lensing amplitude is defined the same way, with

one single bin covering all the angular scales.

4.2.9 Lensing reconstructions from noiseless simulations

We need to validate our lensing reconstruction pipeline on simulations before using it on
the data. The first set of tests we did are on lensed CMB simulations without noise and
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mock-observation. We first generate Gaussian realizations of unlensed CMB maps and large-
scale structures following the power spectra from Planck 2015’s plikHM _TT_1owTEB_lensing
cosmology [184]. We then deflect the unlensed CMB with the large scale structure to form the
lensed CMB. We run our lensing reconstruction pipeline on the lensed CMB and reconstruct
the underlying large scale structure. The lensing reconstruction steps include inverse-variance
filtering the maps and convolving the maps’ filtered Fourier modes with the weight functions
in Fourier space. We also performed mean-field bias correction and normalization. Fig.
4.10(a) and Fig. 4.10(b) are the simulated and reconstructed large-scale structure maps
for one simulation realization. In the two figures, we plot the lensing convergence k, the
Laplacian of the lensing potential k = —1/2 V26, which represents the projected 2D matter
density in the universe. The two maps’ features match well, indicating that our lensing
reconstruction pipeline can recover the lensed CMB maps’ underlying matter distribution.
We can quantify the agreement between the lensing reconstruction and the lensing input
in the power spectrum space. Fig. 4.11 plots the minimum-variance combined (see Section
4.2.6) lensing power spectra extracted from 400 lensed CMB simulation realizations (gray
lines). The lensing spectra are normalized by R{f Y following Section 4.2.6 and corrected
for NI{% D0 and Nﬁ biases using the methods in Section 4.2.7 . We also overplot the simula-
tion average (red dots) and the input theoretical lensing spectrum for generating the lensed
CMBs (black line). The extension of gray curves in the background represents the statistical
uncertainty among the simulations, which includes noise variance and sample variance in
the lensing reconstruction. The averaged lensing spectrum of all simulations agrees with the
theory input spectrum within 4%, which is well within the statistical uncertainty. To further
improve the agreement, we can improve the convergence of the bias terms and normalization
using more simulations. We can also explore ways to improve the accuracy of bias term esti-
mations, such as using the cosmology that agrees with the data better to generate simulations

used for estimating the bias terms. The tests performed here have demonstrated the lensing
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analysis pipeline can reconstruct the lensing map and lensing spectrum that agrees with the
input theory within the statistical uncertainty. However, the simulations used here does not
contain noise and have different statistics from the actual CMB measurements. Therefore,
we will test the pipeline further in the next section with mock-observed simulations that

have more similar statistics to the CMB maps.

Input k¥ map Reconstructed x map

—0.02

arcmin arcmin
0 500 1000 1500 2000 2500 3000 3500 4000 4500 -0.04 0 500 1000 1500 2000 2500 3000 3500 4000 4500 =008

(a) Input & (b) Reconstructed &

Figure 4.10: (a)Input x map for simulating the lensed CMB maps. (b) Reconstructed £ map
from the lensed CMB maps. The features in the two figures match well, which indicates our
lensing reconstruction pipeline works.

4.2.10 Lensing reconstructions from mock-observed simulations

We generate mock-observed simulations following the procedures in Section 4.2.3. These
simulations have the same foregrounds, noise properties, and map-making filtering processes
as the data, so they have the same statistical properties as the data maps. The statistical
uncertainty and biases from lensing reconstructions of mock-observed simulations will inform
us of the pipeline’s performance on CMB data. We start by comparing the input lensing
convergence xk map and the reconstructed x map. Fig. 4.12 is the input x map, and Fig.
4.13 is the reconstructed minimum-variance combined x maps for the 95, 150, and 220 GHz
frequency bands. We have smoothed all the maps with a 1 deg beam to show the large-scale
modes at L smaller than ~180, where the per-mode signal-to-noise for 95 and 150 GHz is
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Figure 4.11: Reconstructed lensing spectra vs.theory lensing spectrum. Gray lines in the
background are reconstructed lensing spectra from 400 lensed CMB simulations, and their
average are the red dots. The theory lensing spectrum is in black. The averaged recon-
structed lensing spectra agree well with the theory curve.
2 1. The large-scale features in the input and reconstructed maps agree well. The 150 GHz
reconstruction has the highest signal-to-noise due to lower map noise and follows the input
lensing map more closely than the other two frequency bands. The 95 GHz map noise is
slightly higher, and the 220 GHz map noise is much worse (Fig. 4.3). The x maps from the
three frequency bands agree with each other visually, though different bands have different
noise features. Despite of the high noise fluctuations in the 220 GHz reconstruction, we can
see common lensing features shared between the input and the 220 GHz reconstruction. We
quantify the lensing reconstruction’s agreement with input theory and the lensing amplitude
for the three frequency bands in power spectrum space.

The minimum-variance combined lensing spectra for the three frequency bands are in Fig.
4.14. The data points are the averaged lensing spectra reconstructed from 320 simulation

realizations, and the statistical uncertainty is the standard deviation among 320 simulation
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Figure 4.12: The input x map for generating the lensed CMB simulation.

reconstructions. The uncertainties contains both the sample and noise variances in the
lensing reconstructions. We calculated the lensing amplitude using the method in Section
4.2.8. The black line is the theory lensing spectrum curve for generating the simulations,
and the averaged lensing power reconstructed from the simulations should approximate the
theory curve. The averaged 150 GHz spectrum is close to the input theory, while the 95 and
220 GHz spectra are biased more. The difference between averaged simulation spectra and
the theory is the MC bias. Note that the lensing spectra in Fig. 4.14 is only corrected for
NII,% DO and N 1 “and not corrected for the MC bias.

To locate the sources for the MC bias of 95 and 220 GHz spectra, we plot the mean-field
maps for the three frequency bands. The mean-field is the lensing reconstruction averaged
over many simulation realizations (see Section 4.2.5) so that the lensing features average out.
The remaining structures in the mean-field map are from shared features in all simulations,
such as gradients around the mask and filtering artifacts around the bright point sources.
Regions with high inhomogeneous noise that do not average to a negligible level will also
remain in the mean-field.

We have found several causes for the biases in the 95 and 220 GHz lensing spectra by

studying their mean-fields and performing related tests. Fig. 4.15 shows the mean-fields for
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Figure 4.13: The reconstructed x maps from mock-observed CMB maps. From top to bottom
are 95, 150, and 220 GHz reconstructions. 95 and 150 GHz xk maps have similar noise levels.
220 GHz is much noisier than the other two bands.

117



1.6 14
MV, 150 GHz : MV, 220 GHz

14 A=1.00+0.05 12 A=0.63+0.16
1.2

I
IS

1.0

0.8

0.6

0.4

107[L(L + 1)12CPr2n
o o = -
o [« o N

o
IS

o
N

0.2

o
=)

0.0

102 103 102 10°
L L L

(a) 95 GHz (b) 150 GHz (c) 220 GHz

Figure 4.14: Reconstructed lensing spectra for 95, 150, and 220 GHz. The dots are averaged
and binned spectra for 320 simulation realizations. The uncertainty comes from the standard
deviation of the 320 simulations. 150 GHz spectrum is close to the theory curve, while 95
and 220 GHz spectra are more biased. The causes of the biases are discussed in this section.
the three frequency bands. The mean-field maps have structures around the point source
masking holes, which generates gradients around the masking edges shared by all simulations.
Two other prominent features are the bright short lines along the telescope scanning direction
in the 95 GHz mean-field and the large-scale fluctuations in the 220 GHz mean-field. The
bright lines in 95 GHz are from high-pass filtering around bright point sources or high
significance clusters while making the maps. The solution is to mask out point sources and
galaxy clusters during the time-ordered data filtering process. Our current masking threshold
of 50 mJy source flux at 150 GHz is not enough, and we need to decrease this threshold.
We can also mask or inpaint along the scanning direction around point sources and galaxy
clusters to cover the filtering wings. However, this solution will unnecessarily inpaint or cut
out too much map area and reduce the signal-to-noise. The current inpaint and mask area
is ~ 2% of the field size. The filtering wings extend about ten times the source or cluster’s
diameter and cover ~ 20% of the field size. The large-scale features in 220 GHz are from
low-frequency noise in the CMB maps that are not filtered away by the high-pass filter. The
solution is to implement harsher filtering on time-ordered data or remove the noisy modes
in Fourier space. Some fine-tuning of the filtering scheme is needed. The noisy structures

are mostly along the scanning direction or constant-declination, but they are not along the
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x-direction due to the projection distortion. One way to cut low-frequency noise modes along
the scan direction is to reproject our map into the sinusoidal projection such that the noise
features are along the x-axis in Fourier space. Then we can remove the low ¢, modes in
Fourier space and project the cleaned map back to the original map projection. We can also
try removing particularly noisy CMB observations from the coadded map.

We have performed several tests that indicate better treatments of the point sources,
galaxy clusters, their filtering wings, and the low-frequency noise can help reduce the MC
bias. We have found that removing the point source apodization mask increased the MC
bias, which suggests that harsher source masking can help. We also tested harsher noise
filtering by removing ¢, < 1000 modes for 220 GHz and successfully reduced the MC bias
level in 220 GHz lensing spectra. While these tests are not conclusive yet, they suggest the

treatments mentioned above will likely reduce the MC bias.

95 GHz 150 GHz 220 GHz
1400 1400 1400

1200 TR 1200 ; . 1200

1000 A Slaa L e 1000 ; 1000

——
s

200 " e 200

0 0 0
0 250 500 750 1000 1250 1500 1750 2000 2250 0 250 500 750 1000 1250 1500 1750 2000 2250 0 250 500 750 1000 1250 1500 1750 2000 2250
Pieel number, 2 arcmin resolution

Figure 4.15: The mean-fields from the TT estimator for the 95, 150, and 220 GHz frequency
bands. 150 GHz mean-field is the cleanest. 95 GHz is contaminated by high-pass filtering
wings around point sources, and 220 GHz is contaminated by large-scale noise features that
do not average down.

The 150 GHz mean-field is better-behaved because the low-frequency noise is not as high
as in 220 GHz, and the point sources and galaxy clusters are fainter than 95 GHz. With
lower bias sources, the reconstructed lensing power spectrum for 150 GHz is less biased (Fig.

4.14). Fixing the biases in lensing spectra is the next analysis step. For now, we assume the

data and the simulation share the same additive (MC) bias and correct the data by the MC
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bias.
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Figure 4.16: Top: 95 GHz lensing spectra from eight high signal-to-noise lensing estimators.
Bottom: 150 GHz lensing spectra from eight high signal-to-noise lensing estimators. The
150 GHz estimators are less noisy and less biased, especially for the TTxTT estimator.

The lensing power spectrum is a four-point correlation function because we use two CMB
fields to estimate the lensing potential and two lensing maps to estimate the lensing spec-
trum. The four CMB fields entering the lensing spectrum can be T, E, or B, forming many
estimators. The complete list of lensing spectrum estimators is TTxTT, EEXEE, TEXTE,

TBxTB, EBXEB, TTxEE, TTxEB, TTxTE, EEXTE, EExEB, TEXEB, TTxTB, EExTB,
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EBxTB, and TExTB. We neglect estimators containing BB because of the low signal level.
The lensing spectra from individual lensing estimators can give insight into each estimator’s
signal-to-noise and the bias sources. Fig. 4.16 top and bottom are the lensing spectra from
eight high-signal-to-noise estimators for 95 and 150 GHz. We do not show 220 GHz plots
because they are noisy and do not contribute too much to the overall signal-to-noise. Most
of the lensing signal-to-noise comes from the TTxTT estimator, and we need to reduce the
bias in TTxTT by subtracting bias estimations or tuning the analysis steps using methods
mentioned above. In the future, CMB polarization will dominate the signal-to-noise in lens-
ing reconstruction, and the lensing bias from foregrounds and low-frequency noise will be

less of a concern for CMB polarization.

4.2.11  Preliminary results from SPT-3G data

From the simulation tests, we are confident about the lensing maps, while the spectrum
results are preliminary because work is ongoing to understand and remove the sources of
extra MC biases. The MC bias is small at 150 GHz (see Fig. 4.14), where we have the most
precise lensing measurements. The MC bias is slightly higher at 95 GHz and more visible at
220 GHz. We have discussed the sources of the biases and their removal in Section 4.2.10.
We report the significance of our lensing measurements from their statistical uncertainty
here. We will report the lensing amplitudes of the data after all other sources of the MC
biases are accounted for, and the correction from them is small for 95 GHz and 150 GHz.
Fig. 4.17 shows the minimum-variance lensing convergence x map extracted from the 95,
150, and 220 GHz CMB measurements. These maps are smoothed by a one-degree beam,
which constitute the high S/N modes, and the fluctuations seen by-eye are dominated by
the matter density. The 95 and 150 GHz lensing x maps have similar signal-to-noise and
share common large-scale structures. The 220 GHz s map is noisier but still share common

structures with the other two frequency bands. We can also compare the lensing maps
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with previous lensing measurements, such as the SPTpol measurement in [64]. The SPTpol
lensing measurement covers 500 deg? of the sky, while SPT-3G covers 1500 deg?. The two
lensing measurements agree well in the common sky area (Fig. 4.18). Fig. 4.18 top is the
SPTpol lensing map and Fig. 4.18 bottom is the lensing map from this work. The SPTpol
lensing k map is also overplotted as contour lines at [-0.048,-0.032,-0.016,0,0.016,0.032, 0.048]
(unitless) to assist the visual check.

We also report lensing spectra measurements in logarithmically-spaced bins between 50 <
¢ < 2000. In Fig. 4.19, we show the minimum-variance combined lensing spectra for the 95,
150, and 220 GHz frequency bands. We have corrected the MC bias assuming the mock-
observed simulations and the data have the same additive MC biases . The lensing amplitude
uncertainties and the lensing spectra error bars are statistical uncertainties inferred from the
distribution of mock-observed simulation results. The significance of the lensing amplitude
is measured to be 18.40 at 150 GHz and 14.50 at 95 GHz data, relative to the Planck2018
best-fit cosmology in the TTEEEE lowl lowE_lensing dataset [29, 172]. The systematic
uncertainty is yet to be estimated with the uncertainties from the beam, calibration, T—P
leakage, and foreground uncertainties in a similar way to [64]. The SPTpol measurement of
the lensing amplitude is 0.946+£0.058(Stat.)£0.025(Sys.) [64] (16.30) relative to the Planck
2015 plikHM TT_1owTEB cosmology dataset. Our 150 GHz lensing amplitude is consistent
with the SPTpol number and has slightly smaller statistical uncertainty. The per-mode
noise for SPT-3G 2018 measurement is higher than SPTpol, but SPT-3G covers three times
of sky area, which reduces the sample variance and results in slightly tighter constraints.
Note that we still need to perform systematic tests to validate the number and propagate
systematic uncertainties to the lensing amplitude. Given the comparable noise level and
similar calibration procedures, we expect our systematic uncertainty to be similar to the
SPTpol measurement. The largest contribution to the SPTpol systematic uncertainty comes

from data calibration. To improve the calibration, we can cross-calibrate the map with
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Figure 4.17: The reconstructed x maps using SPT-3G’s 2018 data. From top to bottom are
95, 150, and 220 GHz reconstructions. All the lensing maps shown are smoothed with a 1
degree beam to show the signal-dominated modes. The three lensing maps share common
large scale structures. 150 GHz has the highest signal-to-noise, followed by 95 and 220 GHz.

123



-44°
0.04

.age |

o
8 52°
g 0.00
Q
L
= )

-56° |

-0.02
-60° -0.04
3h 2h 1h Oh 23h 22h 21h
RA (J2000)

-a4¢ |~ This work

150 GHz 004

-48°
0.02
=)
8 52°
g 0.00
U
i}
[m}
-56°
-0.02
-60° [ —-0.04
3h 2h 1h Oh 23h 22h 21h
RA (J2000)

Figure 4.18: The SPT-3G k measurement vs. the SPTpol x measurement in the shared 500
deg? of sky. Top: the minimum-variance x map from SPTpol using 150 GHz data [64].
Bottom: the minimum-variance x map for the same patch of sky using SPT-3G 150 GHz
data. The contour lines in the bottom plot are SPTpol measurements from the top plot. Both
maps are smoothed with a 1 degree beam. The CMB datasets for the two measurements
were taken with different receivers in different years. Their visual agreement serves as a
consistency check.

external datasets with lower noise and more accurate calibrations. Another way is to use the
measured data spectrum for one of the weight functions of the lensing response (Eq. 4.23),
so the map calibration cancels out when dividing the lensing response[64].

The 95 GHz lensing power is biased low towards smaller angular scales. The bias is related
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to higher tSZ and point source foregrounds and the associated filtering artifacts compared
to 150 GHz. Our next step is to implement better masking, filtering and foreground bias
estimation to reduce the bias in 95 GHz. The 220 GHz measurement is much noisier than
the other two frequencies with larger error bars. The low ¢ or large angular scales of 220 GHz
CMB maps are heavily contaminated by low-frequency map noise, which we will fix with
better noise filtering or noisy map cuts. The detailed procedures for improving the 95 and
150 GHz reconstructions were discussed earlier in this section. The same improvements will

also help with 150 GHz.
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Figure 4.19: Reconstructed lensing spectra using the 95, 150, and 220 GHz CMB measure-
ments by SPT-3G. The statistical uncertainty comes from the standard deviation of the 320
simulations. 150 GHz measurement has the lowest noise and matches the theory best. The
95 GHz lensing spectrum bias towards high ¢ is likely associated with stronger point sources,
tSZ foregrounds, and the related filtering artifacts. The 220 GHz lensing spectrum have less
than unity per-mode signal-to-noise through all angular scales and is contaminated by large-
scale map noise more than the other two frequency bands. The solid lines are the theoretical
lensing spectrum from Planck2018 best-fit cosmology in the TTEEEE lowl lowE lensing
dataset [29, 172].

4.2.12  Parameter constraint forecast

While the lensing spectra need more systematic checks, we can forecast the cosmological
parameter constraints with estimated SPT-3G 2018 lensing measurement uncertainties. We
use the noise curves in Fig. 4.3 and theoretical CMB power spectrum to construct the NE

and Nﬁ bias terms, which we use to estimate the expected lensing spectrum uncertainties
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[89]. When estimating the lensing uncertainty, we remove the noise and theoretical CMB
spectrum below L < 300 to approximate the treatment on SPT-3G data. The parameter
estimation input is the lensing spectrum from Planck18 cosmology [29] combined with the
SPT-3G lensing uncertainty estimated using the method above. We construct the CMB
lensing likelihood following [185] and sample the parameter posteriors with the Markov
Chain Monte Carlo CosmoMC code [186]. Fig. 4.20 shows the lensing-only constraints for
Qy, and og. The constraint is in a well-defined band of 0892'125 = const. The colored contour
area indicates how tight SPT-3G 2018 lensing constraint will be. Fig. 4.20(a) indicates that
the lensing constraint from 95 GHz is comparable to 150 GHz and that combining the two
frequencies in a minimum-variance (MV) manner improve the constraint. Both effects are
expected, as can be seen in the simulations in Fig. 4.14 and the data constraints in Fig. 4.19,
the lensing amplitude constraints from 95 and 150 GHz are similar. In addition, combining
the 95 and 150 GHz data can shrink the error bar and tighten up the constraint. We are
now working on combining the 95 and 150 GHz lensing reconstruction in map space instead
of power spectrum space because the 95 and 150 GHz data is measuring the same structures
in the sky, and there is significant correlated information between the two data sets. Fig.
4.20(b) illustrates the impact of large-scale lensing spectrum on the parameter constraints.
Lensing measurements with large angular scale data (L, = 50) do not have significantly
better lensing-only parameter constraint compared to L,,;;, = 100 because the measurement
is sample variance limited there. Also included in Fig. 4.20(b) is the SPTpol parameter
constraints, which are worse than the SPT-3G 2018 constraints.

The CMB lensing meaurements can be used with other data sets to place interesinting
constraints on cosmology. One data set we consider is combing CMB lensing measurements
with baryon acoustic oscillation (BAO) data. CMB lensing spectrum shape is sensitive to
the loq = keqX+ and can constrain Q%0h = const since feoq ox Q00 [188]. Here keq is

the wavenumber that passes the Hubble scale at matter-radiation equality, and yx is the
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Figure 4.20: (a)Lensing-only og and 2, constraints with SPT-3G 95 GHz, 150 GHz, and
95+150 GHz minimum-variance (MV) combined data. (b) 954150 GHz parameter con-
straints with different L, cuts. CMB modes below L,,;, are removed. We also overplot
the SPTpol constraints. Plot made with code from Federico Bianchini [187].

distance to the CMB last-scattering surface. The BAO data prefers a correlation between
Hy and €);,, and can break the parameter degeneracy from CMB lensing measurement, which
prefers an anti-correlation between these two parameters. With BAO data, we can obtain
a tighter constraint for og as well. Fig. 4.21 shows the expected constraints on Hy, og,
and , using SPTpol+BAO, SPT-3G 2018 data+BAO, SPT-3G full survey+BAO, and
Planck+BAQO. The SPT-3G 2018 constraints will be better than SPTpol. SPT-3G 2018
lensing measurements improves on SPTpol mostly on larger scales due to three times of sky
coverage and smaller sample variance. The 5-year SPT-3G survey constraints will be better
than Planck2018 [70] constraints.

We can also compare the 1o constraints from different surveys quantitatively. With SPT-
3G 2018 95+150 GHz lensing spectrum measured to Lyi, = 50, our 1o constraint on og9:25
is 70070, compared to 0.025, 0.020, and T00¢2 from SPTpol, Planck [185], and SPT-3G full
survey, respectively. The parameter constraints from lensing+ BAO are summarized in Table

4.2.
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Figure 4.21: Constraints of {2, Hy, and og with CMB lensing and baryon acoustic oscillation
(BAO) data. The constraints are tighter with BAO data. The green, gray, blue, and red
contour are constraints for SPTpol, SPT-3G 2018 data, SPT-3G full survey, and Planck.
The full 5-yr SPT-3G lensing+BAO constraints will be tighter than Planck lensing+BAO.
Plot made with code from Federico Bianchini [187].

Parameter SPTpol SPT-3G (2018) SPT-3G (5yr) Planck 2018

o(os) 0.023 o 0.011 0.019
U(Q ) +0.031 +0.025 +0.015 +0.016
m —0.036 —0.018 —0.019 —0.018
+2.0 +14 +1.1
a(Ho) ~2.5 ~1.6 ~1.3 1.2

Table 4.2: Table for 1o constraints on og, {2, and H( from different lensing measurements
combined with BAO. Hy is in unit of km s~ !Mpc~1. The constraints are projected from
Fig. 4.21.
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CHAPTER 5
CONCLUSIONS

Precise measurements of the CMB are a cornerstone of modern cosmology and will continue
to deepen our understanding of the universe. The CMB temperature anisotropy is at the
107? level, while the polarization anisotropy is an order of magnitude lower. The primordial
polarization B-mode is predicted to be at a lower level, depending on the tensor-to-scalar ratio
r. Additionally, the emerging discrepancies between CMB measurements and low-redshift
surveys and between different CMB measurements[34, 35, 36] can be better understood
through more sensitive measurements. There are a host of new measurements that can
potentially weigh in from the current and future CMB experiments, including SPT-3G[4],
ACTpol[37], Advanced ACTpol[38], Simons Array[39], BICEP3/ BICEP Array[40, 41], the
Simons Observatory[42], and CMB-S4[43].

With the rapid advancing of detector and readout technologies, CMB detectors are now
limited by background photon noise. The direction to increase receiver sensitivity is to
increase the detector number. SPT-3G uses 16,000 polarization-sensitive sensors operating
at 95, 150, and 220 GHz frequency bands. A crucial task for detector development is to ensure
that the uniformity and performance meet our target. In Chapter 2, I have described the
detector structure, characterization methods, and characterization results for SPT-3G. We
measured the detector modules’ optical efficiency with a temperature-controlled blackbody
to be 81, 83, and 73% for the 95, 150, and 220 GHz bands. We designed a calibrator
that can chop at different frequencies to probe the time constants of the detectors, which
mostly fall between 0.5 and 10 ms. We measured the spectral bands of the detectors with
a Fourier transform spectrometer (FTS) and validated their agreement with the simulate
bands from Sonnet simulations. The electrothermal properties of the detectors, including the
superconducting transition temperature, resistance, saturation power, thermal conductivity,

also agree with the design targets. At the end of Chapter 2, I have summarized the readout
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system for reading the detectors and the optical system that couples the detectors to the
sky, which, together with the detector system, constitutes an optically efficient CMB receiver
with low noise.

SPT-3G is at the geographic South Pole, where the atmosphere emission is low. How-
ever, even at the South Pole, the atmosphere emission is still stronger than the CMB and
contributes to noise in the measurements. Moreover, the frequency-dependent atmosphere
transmission limits the observation frequency bands, making CMB spectrum measurements
challenging. A way to avoid these problems for CMB spectrum and anisotropy measurements
is going to space. Previous space missions, including COBE [18, 19], WMAP [23], and Planck
[29], have achieved several milestones in CMB measurements. The planned LiteBird [189]
mission aims to measure CMB polarization over the entire sky and constrain the tensor-to-
scalar ratio with o(r) <0.001. PIXIE is a proposed space mission to measure the primordial
B-mode and the spectral distortion of the CMB [190, 5]. A compact Fourier transform spec-
trometer (FTS) is required to measure the yet unprobed CMB spectrum distortion from a
perfect blackbody.

Chapter 3 has discussed a compact FTS operating at millimeter-wavelength, which is
similar to the design of the PIXIE satellite instrument and was also used to characterize
the spectral bands of SPT-3G detectors. A critical difference between the ground-based
experiments like SPT-3G and PIXIE is that SPT-3G uses single-mode optics with 16,000
detectors while PIXIE uses multi-mode optics and only four detectors. To increase the
number of modes and detection significance, the FTS needs to have a large throughput.
Additional driving factors for the FTS design include high spectral resolution, compact size,
and operational simplicity. These requirements are converted into instrument dimensions
once the optical configuration is determined. Our optical configuration’s unique features
include the large solid angle of the beam, folded optical paths, and simple focusing optics

milled on box walls. After designing and building, we characterized the optical properties of
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the FTS carefully, out of which the most important ones are the frequency resolution and
the frequency accuracy. We studied all effects limiting our frequency resolution, identifying
decoherence to be the dominant factor. The frequency accuracy was dependent on the optical
path and can be improved using a ray-tracing simulation.

We also developed a ray-trace based simulation for the FTS. The simulation tracks the
polarization, path length, and intensity of the light rays through the FT'S. These properties
allowed us to study the transfer efficiency, non-idealities of the optics, and loss of interference.
The simulation can be extended for F'TS systems of other designs and can function as an
assisting tool for FTS design and performance study.

SPT-3G instrument was quite successful and started its 1500 deg? survey beginning in
February 2018. Low-noise temperature and polarization CMB measurements have been
going on since then. While the wealth of information in CMB temperature and polarization
spectra has established the standard ACDM model, the statistical anisotropy in the CMB
can be used to reconstruct the 2D matter distribution and probe the growth of structure
over a large redshift range. I have presented a measurement of gravitational lensing using
SPT-3G’s 2018 data in Chapter 4. We have performed lensing reconstruction using 95, 150,
and 220 GHz data from SPT-3G and made lensing maps that contain large-scale features
highly consistent with the last-generation SPTpol lensing measurements. With our statistical
uncertainty level, we estimate an 18.40 measurement of the lensing amplitude relative to the
Planck2018 best-fit cosmology in the TTEEEE lowl lowE lensing dataset [29, 172] using
SPT-3G 150 GHz data. The 90 GHz lensing amplitude measurement is estimated to be
14.50, slightly worse than 150 GHz due to higher data noise. This measurement has a
slightly higher significance than the SPTpol measurement with the best-fit lensing amplitude
to be 0.946+0.058(Stat.)£0.025(Sys.) [64] (16.30 measurement) relative to the Planck 2015
plikHM TT_1lowTEB cosmology dataset. The slightly higher significance here is due to three

times of sky coverage than SPTpol despite slightly higher per-mode noise. The lensing

131



spectra from 150 GHz mock-observed simulations are generally consistent with the theoretical
prediction given the error bars and consistent with a biased lensing amplitude of unity. The
95 and 220 GHz are more biased than 150 GHz compared to the theory curve. We have
located the major bias sources to stronger point sources, galaxy clusters, and the associated
filtering artifacts for 95 GHz. We attribute the bias at 220 GHz to high map noise at low
spatial frequencies. To reduce the biases, we need to implement better time-ordered-data
filtering, better source masking, and harsher noise filtering for low spatial frequencies, which
are future work for this analysis. The systematic error budget will be estimated after the
bias correction. With the current noise level, we will obtain tighter cosmological parameter
constraints compared to SPTpol with better lensing measurements at larger scales. The
SPT-3G 2018 1o constraint on ‘7899{125 with lensing data only is fgg%g, compared to 0.025
from SPTpol[185]. When combined with BAO, the SPT-3G 2018 constraints of og, {2, and
Hy are fgg%g , fgg%g, and f%:é, as compared to 0.023 , fgggé, and J_rgg from SPTpol [185].

The future of CMB lensing is promising with SPT-3G and other third- and fourth-
generation experiments. Lensing estimators weigh pairs of CMB modes to reconstruct the
lensing potential. SPT-3G data is the ideal dataset for lensing measurements because SPT-
3G can provide a large number of low-noise modes, thanks to SPT-3G’s unprecedented com-
bination of high angular resolution and low-noise. The ten-meter dish gives the telescope
1.6, 1.2, and 1.0 arcmin resolution at 95, 150, and 220 GHz, respectively. A focal plane
with 16,000 detectors will help the SPT-3G full survey reach low noise levels of 3.0, 2.2, and
8.8 pK-arcmin at 95, 150, and 220 GHz for a 1500 deg? patch of sky. The joint de-lensing
with BICEP Array can help remove lensing-induced contaminations to the B-mode and en-
able a better constraint on the primordial B-mode. The constraint on tensor-to-scalar ratio,
o(r), will be 0.003 with delensing and 0.006 without. Cross-correlation measurements are yet
another frontier. SPT-3G full survey will measure lensing features with signal-to-noise larger

than one for scales larger than 12 arcmin, compared to ~1 degree for current experiments
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[64]. The parameter constraints from the SPT-3G full survey will be better than Planck [70].
The lensing only 1o constraint on 0g©%:2% is 0.020 for Planck [185, 188] and will be J_rgg(l)g
for the SPT-3G full survey. With lower noise, lensing signal-to-noise in future experiments
will be dominated by polarization estimators, especially the EB estimator. Future lensing re-
construction will benefit from more optimal estimators, including the maximum-a-posteriori

CMB lensing reconstruction [109] and the Bayesian delensing approach in [107, 108].
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APPENDIX A
EFFECTIVE FREQUENCY BAND CENTERS FOR SPT-3G

The framework here is based on Tom Crawford’s internal collaboration note [191]. The
frequency bands for a CMB detector usually extends over several tens of GHz. It is useful
to define an effective frequency center for each frequency band that can be used to calculate
a source’s temperature calibrated against the CMB. The effective frequency center depends
on the source spectrum. We calculate the effective frequency centers for radio sources, dusty
sources, and tSZ in this note.

We define v to be the frequency, By, (v, T') to be the frequency spectrum of the blackbody,
Temp to be the CMB temperature (2.725 K), I(v) to be the source spectrum, t(v) to be
the detector frequency band (not including the detector throughput Af2). To simplify the
equations, define B/,(v) to be the partial derivative of By (v, T) relative to T at T, define
f(v) to be the frequency-dependent part of I(v), where I(v) = Iy f(v), and veg to be the
effective frequency of a frequency band. vg satisfies I(veg) = Bl (Vo) ATs, here ATy is the
temperature of the source calibrated against the CMB temperature at the same frequency
band.

The effective frequency satisfies the following equation:

AT, = I(veg)  [AQU(v)t(v)dv

"~ Bl(veg) [ AQBL(v)t(v)dv (A1)

where T have used I(v) = I f(v). The sources are assumed to be beam-filling with the
same A2 as the CMB.

The frequency-dependent part of the source spectrum is f(r) = v~ 05 for radio sources
and f(v) = 3 for dusty sources. The frequency-dependence of tSZ is f(v) = Bl,g(v), where
g(v) = (xg;—f% —4)(1 + 0gzg(z, Te)) is the frequency-dependent part of ATsyg/Temn- Here

x = hv/kgTe, and dgzr(x,Te)) is the relativistic correction (neglected in the following
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calculations).

Using the above formulas, dusty source effective frequencies for the SPT-3G 95/ 150/
220 GHz frequency bands are 95.96/150.01/222.76 GHz, radio source effective frequencies
are 93.52/ 145.92/ 213.34 GHz, and tSZ effective frequencies are 95.69/148.85/220.15 GHz.

If we want to convert a source map in CMB unit measured by SPT-SZ to a SPT-3G map,
we need to calculate the scaling ratio based on their effective frequencies for the corresponding
bands. Define v.g1 to be the effective frequency for SPT-3G, and define v.go to be the
effective frequency for SPT-SZ. The effective frequencies for SPT-SZ (vyg9) comes from

[192]. The conversion factor from a source temperature measured in SPT-SZ to SPT-3G is

ATspr—sc _ 1(Ve1)/ By (Vesi1) (A2)

Conv =
ATspr—sz  1(Vem2)/ B (Ver2)
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