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This thesis is dedicated to the universe.



Your assumptions are your windows on the world.
Scrub them off every once in a while,
or the light won’t come in.

Isaac Asimov
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ABSTRACT

Weak gravitational lensing by large-scale structure in the universe causes deflections in the
paths of cosmic microwave background (CMB) photons. This effect introduces statistical
anisotropy in the observed CMB temperature and polarization fields. The signature of lensing
can be used to reconstruct the projected gravitational lensing potential with a quadratic
estimator technique; this provides a measure of the integrated mass distribution out to
the surface of last scattering, sourced primarily from redshifts between 0.1 and 5. The
power spectrum of the lensing potential encodes information about the geometry of the
universe and the growth of structure and can be used to place constraints on the sum of
neutrino masses and dark energy. High signal-to-noise mass maps from CMB lensing are
also powerful for cross-correlating with other tracers of large-scale structure and for delensing
the CMB in search for primordial gravitational waves. This thesis describes a high signal-
to-noise reconstruction of the CMB gravitational lensing potential and a measurement of
its power spectrum using data from 500 deg? of sky observed between 2012 and 2015 with
the polarization-sensitive receiver SPTpol, installed on the South Pole Telescope (SPT).
We find the ratio of the lensing spectrum to a theoretical ACDM model to be Ayy =
0.94 £ 0.05 (stat.) = 0.04 (sys.). This measurement represents a 17.1c constraint on the

lensing amplitude and a 41c detection of lensing effects.
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CHAPTER 1
INTRODUCTION

Measurements of the cosmic microwave background (CMB) have contributed to enormous
recent progress in cosmology. Gravitational interaction with structures in the universe mod-
ifies the statistics of the observed CMB in a way that allows for the reconstruction of the
integrated gravitational potential that causes the deflections. In this thesis, we describe a
measurement of the CMB lensing potential using data from the South Pole Telescope. We
begin with a brief review of basic cosmology, the CMB and the ACDM model, and introduce

the concept of gravitational lensing in context of the CMB.

1.1 Cosmology

Cosmology has progressed greatly over the past century and especially during the last two
decades. The discovery of the expansion of the universe [10] has led to the Big Bang
paradigm, a model in which the universe started out in a state of extreme density and
temperature, and has been expanding and cooling since.

Inflation, a period of exponential expansion of the early universe [11] proposed in the
1980s, is the current favored theory for explaining the origin of primordial density fluctu-
ations. It is a period of superluminal expansion postulated to occur 10735 s after the Big
Bang, and it causes the universe to expand by over 60 e-foldings. Causally connected points
are brought out of causal contact, and any existing curvature is reduced by large factors.

Simple models of inflation assume that a scalar field ¢, called the inflaton, exists through-
out space. During inflation, the inflaton slowly rolls down and causes the exponential expan-
sion. Quantum mechanical fluctuations in the inflaton potential seed density perturbations
that are expanded to macroscopic scales. Inflation leaves behind Gaussian scalar perturba-

tions with a nearly scale-invariant spectrum. These perturbations will grow into the cosmic



structures we observe today. The inflaton ultimately decays and the energy in its potential is
converted into particles during a period called reheating. The particles dominate the energy
density of the universe until dark energy dominates once more.

The universe is comprised of four main elements. The radiation component consists of
photons and neutrinos, at early times when they are still relativistic. Baryons are the matter
that makes up visible stars, galaxies and dust, and comprise ~5% of the energy density of the
universe. Dark matter is a form of matter that does not emit light and is inferred through
its gravitational effects, making up ~26% of the energy. Dark energy is the dominant part
of the energy density budget today, at ~69%, is presumed to exist throughout space, and is
responsible for the current accelerated expansion of the universe.

The universe can be approximated as homogeneous and isotropic on large scales, and
its expansion as a function of time is parametrized by the scale factor a(t), which is unity

today and is related to the redshift parameter z as a = Flz The Hubble parameter H

parametrizes the rate of expansion: H(a) = %%. The rate of expansion and acceleration of

the universe can be described through the Friedmann equations:

aN2 8&nG K
= (C) =32 - 2z -1
a 4G

where G is the gravitational constant, p is the energy density of the universe, x parametrizes

the curvature of the universe, with x € [~1,1], w = 2 is the equation of state parameter

0
of the fluid, and the derivatives are with respect to time. Taking into account the rate of
expansion, the current age of the universe is ~13.8 Gyrs. Each component’s energy density

scales differently with the scale factor, contributing to the total energy density of the universe

as:

Qa) = Qya™ + Qpa™ + Qa2 + Qy, (1.3)



where €2; is the energy density of component i, 7 stands for radiation (which includes neu-
trinos in this definition), m stands for matter as the sum of baryons and cold dark matter, k
stands for curvature, and A for dark energy in models which assume a cosmological constant
or vacuum energy is responsible for the accelerated expansion. The energy density of the

universe is first dominated by radiation, then matter, and finally dark energy until today.

1.2 The Cosmic Microwave Background

At early times, the universe is filled with a photon-baryon plasma; radiation and baryons
are tightly coupled, and the universe is opaque to electromagnetic radiation. Baryons and
photons fall into dark matter potential wells, but the photons provide radiation pressure,
pushing the fluid out of overdense regions. The interaction of the two opposing forces gives
rise to acoustic oscillations.

As the universe expands, this plasma cools until photons do not have the energy required
to ionize hydrogen anymore. This happens when the universe is roughly 380,000 years
old. Protons and electrons bind into neutral hydrogen atoms, and the universe becomes
transparent to light. This marks the so-called “epoch of recombination”. Photons are not
coupled to baryons anymore and begin free-streaming through the universe, giving rise to
the cosmic microwave background (CMB) that we see today. The CMB is a relic of this
early epoch [12]. We observe the surface of last scattering produced during this era in a shell
centered on our location. This offers a snapshot of the universe as it was at this very early
time, when photons traced the density fluctuations in the plasma. This is, essentially, the
earliest picture of the universe that we can directly image.

The observed CMB is nearly isotropic and a nearly perfect blackbody with T=2.73 K,
with anisotropies at the 10 uK level, or one part in 109 [13]. The angular power spectrum of
the anisotropies exhibits a pattern of peaks and troughs imprinted by the acoustic oscillations

in the primordial photon-baryon plasma. The characteristic size of the hot and cold spots is
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about one degree. The harmonics are increasingly suppressed towards smaller scales. This is
caused by photon diffusion out of overdense regions and the feature is called the “damping
tail” of the CMB.

The near-isotropy of the CMB across superhorizon scales, that could not apparently have
been in causal contact in the past, was one of the “problems” in cosmological theory that
inflation was introduced as a solution to, along with the flatness of the universe and the
absence of magnetic monopoles.

The “thickness” of the surface of last scattering is very small compared to the distance to
it, meaning that recombination is a rapid process. However, it happens slow enough to give
rise to local quadrupoles in the photon intensity. The presence of these local quadrupoles of
the radiation field cause the CMB to become polarized at the ~10% level through Thomson
scattering by the photons off of electrons [14]. The scattered radiation is linearly polarized.

As they travel through the universe from the surface of last scattering, CMB photons
experience other occasional interactions that generate secondary anisotropies in the observed
CMB. Among those processes are the Sunyaev-Zel’dovich thermal and kinematic (tSZ and
kSZ) effects, the integrated Sachs-Wolfe (ISW) effect, and gravitational lensing. The tSZ
effect is the inverse Compton scattering of CMB photons by energetic electrons in galaxy
clusters, where the photons gain energy. The kSZ effect occurs when the electrons have a
bulk flow velocity and the photons are Doppler shifted to higher or lower frequency, based
on the orientation of the velocity. The ISW effect is the gravitational redshifting of photons
due to evolving potential wells along the line of sight, between us and the surface of last
scattering. Finally, gravitational lensing is the bending of the photon paths due to the
gravitational interaction with matter along the path. We focus on analyzing the lensing
effect in this thesis.

The CMB was predicted to exist in the 1940s [15]. It was discovered serendipitously in

1964 by radio astronomers Penzias and Wilson [16], who were later awarded the Nobel Prize



in 1978 for their discovery. CMB measurements have been steadily improving over the past
two decades. The CMB anisotropies were first measured with the COBE satellite [13], which
also made the first precise measurement of the CMB blackbody spectrum [17]. The following
satellite missions, WMAP [18] and Planck [1], mapped the anisotropies with better angular
resolution and lower noise. Their measurements cover the whole sky, pinning down the large
scales. Ground-based experiments like the South Pole Telescope, ACT, BICEP /Keck and
POLARBEAR have made yet deeper and sharper measurements over smaller patches of sky.

The CMB is a very powerful tool for constraining cosmological models. Temperature
anisotropy measurements are now at the cosmic variance limit on scales down to a few ar-
cminutes [19, 20, 21, 22]|. Figure 1.1 shows recent T'T power spectrum measurements. While
these can still be improved on smaller scales with deeper maps and larger area surveys, the
current focus is on mapping the polarization anisotropies. Significant progress has been made
on this front in the past few years [8, 23, 24, 1], and rapid development continues. Polariza-
tion adds complementary information and is significantly less contaminated by astrophysical
foregrounds down to smaller angular scales.

Throughout this analysis, we use multipole numbers ¢ when working with data in Fourier
space. The multipole number ¢ is related to angular size of a feature on the sky by £ ~ %

The Stokes parameters are a set of four parameters that can be used to describe the
polarization state of radiation. The parameters are labeled as I, Q, U, and V. I describes
total intensity, Q and U describe the degree of linear polarization along the chosen x axis
and at a 45° angle to that, respectively, and V describes the circular polarization (and is
null in our case).

The CMB polarization field can be decomposed into even-parity E-modes (curl-free) and

odd-parity B-modes (divergence-free) [25, 26]. E and B are related to Q and U for a multipole



¢ by:

By = Qg cos2¢y + Upsin 2¢y (1.4)

By = —Qpsin2¢y + Upcos2¢py (1.5)

where ¢, = arctan £y /{, is the phase angle between ¢, and ¢y.

To first order, scalar density perturbations generate only E-mode polarization. Gravita-
tional waves generate both E- and B-modes. Inflation gives rise to primordial gravitational
waves, which produce a small B-mode polarization signal in the CMB, which is brightest
at multipoles below 100 (see Figure 1.3). The strength of the signal is parametrized by the
tensor-to-scalar ratio r. Detecting this signal is the foremost goal of CMB efforts as a direct
probe of early universe physics. A measurement of » would reveal the energy scale of infla-
tion and constrain classes of inflation models, advancing our understanding of fundamental

physics and potentially of quantum gravity.

1.3 The ACDM model

The “Lambda Cold Dark Matter” (ACDM) model has emerged as a good description for
most cosmological measurements to date. The model assumes a flat universe dominated
by dark energy with an equation of state parameter w = —1, in accelerated expansion. It
describes the universe using six parameters: the baryon density today Qbhz, the cold dark
matter density today Q.h2, the angular size of the sound horizon at last scattering s, the
optical depth to reionization 7, the amplitude of primordial scalar fluctuations A%, and the
power-law index of the scalar spectrum ng. All other parameters can be derived from these
SiX.

The standard ACDM model has so far been very successful at explaining the observations,

and its six parameters have been measured with increasing precision. Still, there is ample



Angular scale
90° 18° 1° 0.2° 0.1° 0.07° 0.05°

104 . >
+ Planck
ACT
103 + SPT
N
=
o 107
10}
> 10 30 1000 2000 3000 4000

Multipole moment /¢

Figure 1.1: Summary of recent CMB temperature power spectrum measurements, taken
from Planck XI (2015) [1].

room for improvement, and extensions to this model are yet poorly constrained by current
data. Polarization measurements are now adding new information and the potential to break

parameter degeneracies.

1.4 Gravitational Lensing of the CMB

CMB photons get deflected by large scale structures in the universe as they travel from the
surface of last scattering to us. This process is called gravitational lensing. A comprehensive
review of CMB lensing can be found in Lewis and Challinor [4]

The magnitude of the deflection angles introduced by lensing is on the order of 2/, but
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the deflections are coherent over 2° scales. This is because the structures that cause the
deflections have degree-size angular scales on the sky:.

Lensing has several main effects on the CMB fields. First, lensing smooths the tempera-
ture and E-mode power spectra [27]. Although the deflection angles are small, the fact that
they are correlated over scales comparable to that of the primary CMB acoustic peaks means
that lensing has significant effect over these scales as well. Lensing hot or cold spots can result
in the magnification or demagnification of these features; they will not be enlarged or shrunk
on average, but their size distribution will become wider, which corresponds to a broadening
of the acoustic peaks at the percent-level. Another way to think about this is that local
magnification shifts the local CMB power spectrum to the left (towards smaller multipoles
or larger scales), while demagnification shifts it to the right, resulting in this peak widening
effect. Figure 1.2 shows how the temperature CMB spectrum changes with lensing. Lensing
dominates the CMB temperature power spectrum on arcminute scales (¢ ~ 3000) due to the
transfer of power from large to small scales. Essentially, large-scale lenses smooth the peaks,
while small-scale lenses lens the large-scale temperature gradient and introduce power on
small scales, in the damping tail [28]. The E-mode spectrum changes by a fractionally larger
amount since the unlensed EE peaks are sharper.

In case of the unlensed CMB, anisotropy modes with different wave vectors are uncor-
related. The second effect of lensing is that it correlates CMB Fourier modes that were
initially independent. In other words, it introduces statistical anisotropy in the covariance
of the CMB, so that the covariance now depends on direction on the sky and the lensing
structures present along the line of sight. Lensing introduces statistical anisotropy into the
CMB when considering a fixed lensing potential, or non-Gaussianity when marginalized over
realizations of the lensing potential [28].

Third, lensing converts some primordial E-modes into B-modes [29], which are a contam-

inant for a potential primordial gravitational wave signal. There are no primordial B-modes
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Figure 1.2: Angular power spectrum of lensed (red) and unlensed (grey) CMB temperature
anisotropies for a fiducial cosmology, taken from [2].

on small scales, so all of the measured B-modes at high multipole numbers (¢ 2 1000) are
due to lensing (or foregrounds). Figure 1.3 shows the theoretical power spectrum of the
lensing B-modes. The lensed B-modes have a nearly flat Cy spectrum for multipoles below
1000, resembling an instrumental white noise level of 5 pK-arcmin.

Lensing does not change the frequency of the photons, so the lensed CMB has the same
blackbody frequency dependence as the unlensed CMB. Lensing also conserves surface bright-
ness, or the number of photons observed per unit solid angle. For these two reasons, lensing
of a completely isotropic CMB would be impossible to detect.

Figure 1.4 shows the power spectrum of the deflection angle. The deflection power peaks
around a multipole of £ ~ 50, which corresponds to a coherence length of a few degrees.

In this work, we treat lensing of the CMB as “weak lensing”. The arcminute deflection

angles are small enough that the weak lensing regime holds for CMB lensing. This means
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Figure 1.3: Power spectrum of CMB E-modes (red), lensing B-modes (green) and
gravitational-wave B-mode signal for tensor-to-scalar ratios of » = 0.001 and r = 0.01
(blue), taken from [3].

that the Born approximation is valid: the effects of lensing can be calculated using the
potential gradients along the undeflected photon path.

The CMB is very smooth on arcminute scales due to diffusion damping, such that the
dominant lensing effect is by large scale structures close to the linear regime. Thus, the

lensing is not in the “strong” regime in the sense of producing intersecting lines of sight,

multiple images and caustics.
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Figure 1.4: The power spectrum of the CMB deflection angle for a ACDM model, calculated
with CAMB, taken from Lewis and Challinor [4]. The solid line shows the linear theory
spectrum and the dashed line includes non-linear corrections from HALOFIT.

1.4.1 Motivation

There are a number of reasons the CMB is a good lensing source. It is the most distant
light that can be observed; it is sourced at the surface of last scattering, at a known redshift
z ~ 1100, and it covers the whole sky. Its statistics are well-known, and the unlensed CMB
can be treated as a statistically isotropic Gaussian random field, completely characterized
by its power spectrum. This means that every mode is drawn from a complex Gaussian
with zero mean and variance that depends only on the length of the wavevector and not its
direction.

CMB lensing also probes all the mass integrated out to the surface of last scattering.
Lensing directly probes structure over a broad range in redshifts, roughly 0.1 < z < 5, with
a peak around z ~ 2. Figure 1.5 shows the cumulative contribution of different redshifts to
the deflection power. CMB lensing thus probes matter at higher redshifts than, for instance,

galaxy lensing. CMB lensing has the advantage that it probes the matter power spectrum

11
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Figure 1.5: The cumulative contribution of different redshifts to the power spectrum of the
lensing potential for a ACDM model, taken from Lewis and Challinor [4].

directly and not through a biased tracer, and suffers from little astrophysical uncertainty.
There is a strong motivation to study CMB lensing. Lensing encodes information about
the growth of large scale structure and the geometry of the universe. It can be used to place
constraints on cosmological parameters, notably the matter density €2,,, the RMS linear
matter fluctuation og, and the sum of neutrino masses >m,,.
Observations of solar and atmospheric neutrino oscillations have measured a difference
in mass between neutrino eigenstates and thus placed a lower bound on the sum of neutrino

masses of Ym, >

~Y

58 meV. Measurements of CMB lensing are a complementary way to
constrain neutrino masses. Massive neutrinos damp growth of structure on scales smaller
than the free-streaming length, so the matter power spectrum is suppressed on small scales,

and that also translates into a suppression of the lensing power spectrum.
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Lensing can also help constrain the curvature of the universe, the equation of state of
dark energy, modified gravity, and the effective number of relativistic species.

Cross-correlating a CMB lensing map with other tracers of large scale-structure like
galaxy density and weak lensing shear maps, such as those obtained with the Dark Energy
Survey, yields information about the correlation between luminous matter and dark matter
and can constrain galaxy bias, as well as enable tomographic studies [30].

Delensing can be used to improve constraints on primordial B-modes. Delensing consists
in using a map of E-modes and a map of the lensing potential to produce an estimate of
the lensed B-modes and subtract it from the measured B-modes to uncover the potential

imprint of primordial gravitational waves.

1.4.2 Previous measurements

The first detection of CMB lensing was made by cross-correlating a WMAP lensing map
with radio galaxy counts [31].

The effects of lensing have been measured in the CMB temperature power spectrum in
data from ACT [20], SPT [32, 19], and Planck [33]. The full lensing reconstruction has been
performed on temperature data in SPT-SZ [34, 6] (the latter of which combined SPT-SZ
and Planck data), ACT [20], and Planck [35].

CMB lensing was measured in polarization data first in cross-correlation [36], by forming
a B-mode template though lensing the SPTpol measured E-modes with a lensing poten-
tial estimated from Herschel cosmic infrared background (CIB) data, and crossing it with
the measured SPTpol B-mode map. The lensing power spectrum was then measured from
polarization data in POLARBEAR [8], SPTpol [37], Planck [5], ACTpol [7]. Planck [5]
has placed a 2.5% constraint on the amplitude of the lensing potential; their reconstruction
covers a large fraction of the sky, but only has signal-to-noise around unity for a few modes

at L ~ 50. This work closely follows the analysis in [37], the first lensing reconstruction and
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power spectrum from SPTpol, that used data from a 100 deg? “deep field”.
Cross-correlations between lensing and other tracers of structure, for example DES Sci-
ence Verification data — galaxy density [30], galaxy shear [38, 39] — have been measured.
Delensing has only recently been performed on data. [40] delensed temperature Planck data,
while [41] demonstrated delensing in polarization, also performed internally with Planck data
by undoing the lensing deflections. Also, [42] delensed SPTpol data using a Herschel CIB

estimate for the lensing potential.

1.5 Outline

This chapter has reviewed the basics of CMB phenomenology and of its gravitational lensing.
We discuss the telescope and camera used for taking the data in Chapter 2. We describe
the observations and data processing in Chapter 3. We detail the lensing analysis theory
and pipeline in Chapter 4. In Chapter 5, we describe the creation and processing of the
simulations used in the analysis. We present the main results of this analysis, the lensing
map and power spectrum, in Chapter 6. In Chapter 7, we detail the uncertainty budget and

present systematic tests. We conclude and discuss future prospects in Chapter 8.
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CHAPTER 2
INSTRUMENT

2.1 The South Pole Telescope

The South Pole Telescope [43, 44] is a 10 meter diameter off-axis Gregorian telescope located
at the Amundsen-Scott South Pole Station in Antarctica, built for dedicated CMB obser-
vations over a wide range of scales. It has arcminute resolution at 150 GHz and a square
degree field of view. Figure 2.1 shows the telescope.

It is located at the South Pole because this is the best site on Earth for CMB observations.
It’s exceptionally dry, so there is little water vapor in the atmosphere to absorb millimeter
radiation. It is at high altitude, 9300 ft or ~2800 m (but the pressure altitude is closer to
11000 ft or 3300 m), so the radiation has less atmosphere to pass through, and the atmosphere
is very stable since the sun rises and sets only once a year and there is no daily heating. The
same patch of sky can be observed continuously for the whole year.

There have been three receivers installed on the SPT so far. The first receiver, SPT-SZ,
was installed in 2007 and was sensitive only to intensity (temperature) fluctuations. Between
2008 and 2011, it was used to survey a 2500 deg? field in three frequency bands centered at
95, 150 and 220 GHz [19]. The bands are inside windows of high atmospheric transmission.

The second camera, SPTpol, was a polarization-sensitive receiver installed on the SPT
in 2012, which performed observations until the end of 2016 at two frequencies, 95 and 150
GHz. This analysis uses data from this camera, which is described in more detail in the next
section.

The third generation camera, SPT-3G [45], has been deployed at Pole in early 2017. It
has 2700 multichroic, three-frequency pixels with 2 polarizations, equivalent to 16200 total
detectors. The secondary optics, receiver cryostat, readout electronics, and detectors have

been redesigned with significant improvements and replaced. The camera will map the sky
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Figure 2.1: The South Pole Telescope.

20 times faster and map the survey area at twice lower noise than SPTpol.

2.2 SPTpol camera

The SPTpol receiver consists of 1536 polarization-sensitive transition edge sensor (TES)
bolometer detectors. Of those, there are 1176 detectors, or 588 dual-polarization pixels, in
seven central modules observing at 150 GHz [46], and 360 detectors in 180 pixels arranged
around those modules observing at 95 GHz [47]. Figure 2.2 shows the focal plane.

The bolometers heat up when they absorb incoming radiation. The detectors are oper-
ated in the transition between normal resistance and superconducting (i.e. null) resistance,
at ~500 mK, such that a small change in temperature caused by absorbing radiation leads to
a large change in resistance. The current from the detectors is amplified using superconduct-
ing quantum interference devices (SQUIDs) and read out using a digital frequency-domain

multiplexing system (DfMux) [48, 49]. The SPTpol TES detectors are background-limited
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Figure 2.2: SPTpol focal plane. Credit: B. Benson

(limited by shot noise from the random arrival time of photons). This means that the only

way to build a more sensitive instrument is to add more detectors.

2.3 Survey

Between April 2012 and April 2013, SPTpol was used to survey a 100 deg? field called
the “deep field”. This area was chosen to maximize sensitivity to B-modes produced by
gravitational lensing of E-modes. SPTpol was then used to observe a 500 deg? field, the
“survey field”, until the end of 2016. This field has complete overlap, by design, with the
BICEP /Keck survey, and is a low-foreground patch. The analysis of this “survey field” is
the focus of this thesis.

Figure 2.3 shows the SPT survey fields, plotted on top of an IRAS dust map. SPT-SZ
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SPT-582
SPTpol: 100d2
SPTpal: 500d2

Figure 2.3: SPT survey fields plotted on top of an IRAS dust map. Yellow contour shows
the 2500 deg? SPT-SZ survey region, intended to be surveyed again by SPT-3G. Red shows
the 100 deg2 “deep” SPTpol field, and blue shows the 500 deg2 main SPTpol survey field
used in this work.

surveyed the 2500 deg? yellow area. The survey extends from 20" to 7 in right ascension

(R.A.) and from —65° to —40° in declination (dec.). The SPTpol “deep” and “survey” fields

are shown inside this area. SPT-3G is expected to survey the full 2500 deg? field again.
SPT’s arcminute resolution and low noise levels make it a great instrument for studying

CMB lensing.
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CHAPTER 3
OBSERVATIONS AND DATA PROCESSING

This chapter details how the data used in this analysis are acquired and processed. We
describe the observing strategy, the filtering, data cuts, mapmaking and masking. The

process is similar to that used in [23, 50, 37].

3.1 Observations

This analysis makes use of data of the 500 deg? survey field, which extends from 22M to 20
in R.A. and from —65° to —50° in dec. The field was observed 3491 times over ~9000 hours
between April 30, 2013 and October 27, 2015. The field was observed for the 2016 season as
well, but those data are not included in this analysis.

The SPT takes thousands of observations of the same field by scanning over it, as the
detectors are sensitive to changes in millimeter-wave brightness. FEach time, it observes the
field by scanning back and forth in azimuth (at constant elevation), then stepping 9.2" in
elevation, and repeating until the field is covered once. Every left or right pass of the telescope
across the field is called a scan. The set of scans representing one complete mapping of the
field is defined as an observation. Observations are repeated at 18 starting elevations (dither
steps) that are 0.5” apart, in order to improve coverage.

The field was observed using two strategies. Beginning 2013, the field was observed
using a “lead-trail” scanning strategy, where the field is divided into two halves in R.A. The
telescope first observes the lead half as described above, and then switches to the trail half
such that they are both observed over the same range in azimuth, and therefore the same
patch of ground. This allows for the possibility to remove any ground contamination that
might be found by differencing the two halves. It proved unnecessary to perform a lead-trail

analysis since no contamination was observed, so the two halves are simply combined to
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produce a full map of the field. The lead-trail observations are taken at a scan speed of 1.09
degrees per second in azimuth, equivalent to 0.59 deg/sec on the sky at the center of the field.
In May 2014, the scanning strategy was switched to full-field, scanning along the full R.A.
range of the field. The full-field scans are taken at 2 deg/sec in azimuth, or 1.1 deg/sec on
the sky. Faster scanning allows for better separation between sky signals and low-frequency
detector and noise. Angular frequency relates to temporal frequency by f = lvg%, where
Ugky Is the scan speed on the sky in deg/sec, ¢ is the multipole for the size of the feature,
and f is the temporal frequency at which the feature will appear in the time-ordered data.

Pointing information is gathered by a two-step process. An online pointing model with
an accuracy of a few arcminutes is used during observations. This is later corrected using
an offline pointing model. The offline pointing correction is calculated based on a ten-
parameter model that takes into consideration telescope boom flexure due to gravity, the
tilt of the azimuth bearing axis, the tilt of the elevation axis, and corrections for telescope
metrology, thermometry, and atmospheric refraction.

Aside from field observations, the telescope also takes calibration data. We take observa-
tions of RCW38 and MAT5A, two HII regions in the galaxy with known temperature, once
per fridge cycle, which lasts 36 hours. These are used to calibrate detector timestreams.
The MAT5A observations are also used for correcting the pointing. We also take fast, short
RCW38 measurements in between observations, for calculating changes to the pointing.

Regular measurements of a calibrator, which is a chopped thermal source behind the
secondary mirror, are taken to interpolate the calibration between RCW38 observations.
Elevation nods, where the telescope moves in elevation, are used to measure the change
in sensitivity as a function of elevation. The atmospheric loading changes as a function of
elevation as the airmass that the telescope is observing through changes. Noise stares, where

the telescope is not moving, are used to characterize the noise properties of each detector.
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3.2 Timestream filtering

The raw data consists of time-ordered data (TOD), also called timestreams, which represent
the electrical current required to keep the bolometer in its superconducting transition bias
point, recorded as a function of time, for every bolometer.

We filter the timestreams to remove noisy data. Below we describe this filtering. The
time-ordered data are recorded at 190.7 Hz. We downsample them by a factor of 2 to reduce
computational needs.

We high-pass the data to remove low-frequency instrumental and atmospheric noise.
For every scan, a Legendre polynomial is subtracted from each detector’s timestream as an
effective high-pass filter. We choose a 374 order polynomial for the lead-trail scans and a 5th
order polynomial for the full-field scans. We combine this with a high-pass filter at multipole
¢=100. We also low-pass the TOD at a multipole /=7500 to avoid higher frequency noise
aliasing into the signal due to the map pixelization.

Regions within 5" of point sources brighter than 50 mJy at 150 GHz are masked in the
timestreams during filtering to avoid ringing artifacts. Two spectral lines of the pulse tube
cooler, together with their harmonics (up to the third) are removed, i.e. notch filtered in
Fourier space.

Interactions within the digital frequency-domain multiplexing readout system cause cross-
talk between detectors, especially those read out on the same resonance comb, at the 1% level.
This manifests as small negative copies of the signal in neighboring detectors’ timestreams.
This cross-talk is corrected at the timestream level. A detector cross-talk matrix is con-
structed by comparing single-detector maps of RCW38 with templates of RCW38 averaged

across the focal plane but offset and scaled to be detector-specific.
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3.3 Cuts

We apply data quality cuts at three levels: scan data for one bolometer, single bolometer
data for one observation, and whole observations.

At the scan level, data for a scan of a given bolometer is removed in case a “glitch” (sharp
spike or DC jump) is present, generally caused by a cosmic ray or a change in SQUID bias
point respectively. A scan TOD is also removed if the RMS noise for one detector is 50 away
from the median of all detectors. 8.9% of scans are removed for these reasons.

At the detector level, detectors with too high or too low noise in the 1-3 Hz signal band
are removed from the whole observation. Detectors that exhibit low signal-to-noise during
calibration observations are cut as well. Both partners in each dual-polarization pixel are
cut if one of them is flagged. 864 out of the 1176 150 GHz detectors survive these cuts on
average.

At the observation level, observations with high excess power at ¢ < 300 in Q and U

maps are removed. A statistic y is defined as:

(NXXY <300
=lo 3.1
X 510 (median(NéXX) (3.1)

where XX € [QQ,UU] and NéXX is the power spectrum of the noise in Q and U maps,
obtained by differencing left-going and right-going data. Maps are removed for y > 1 for
either Q or U. This removes maps with unusually large noise on large scales. 501 out of 4127
observations are cut in this manner. Observations with incomplete coverage of the field are

cut as well.

3.4 Relative calibration

The timestreams are converted to sky power (units of uKcyg) from bolometer gains that

are obtained from RCW38 observations and calibrator stares.

22



A relative gain correction is applied between the two detectors in the same pixel by
finding the relative gain factors such that the difference in power is minimal while keeping
the total power is constant. The factors used are averages across an observation.

Polarization angles and efficiencies are calculated for each detector from observations of

an external polarized calibrator.

3.5 Mapmaking

The timestreams are combined into maps using the pointing information, polarization an-
gles, and weights for every detector [51, 52]. For every observation, timestream weights are
calculated from the polarization efficiency 7, and the RMS noise amplitude n of a detector
in the 1-3 Hz range. Both detectors in a pixel are assigned the same weight. The noise
power is calculated by differencing left-going and right-going scans. Detector weights are
calculated from polarization efficiency and noise RMS, w o (p/n)2.

The timestreams dy; corresponding to detector ¢ are binned into weighted Stokes T, Q

and U map pixel a using the pointing information, weights w;, and polarization angles 6;:

Tin = > Avia wi dy (3.2)
t
ng = ZAtia (o dti COS 292‘
t

Ui‘g = ZAtz'a w; dti sin 292’7
t

where Ay, is the pointing matrix and ¢ denotes the time sample. A 3x3 weight matrix W,
is constructed for each pixel by summing over all detectors. This includes information about

the correlations between T, Q and U. One can then compute unweighted maps:
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The maps have 1’ resolution and are constructed using the Lambert azimuthal equal-area
projection.

We present maps in units of Kc)g, which signifies the change in temperature of a 2.73 K
blackbody that would be required to produce the power fluctuation observed. The conversion
factor between intensity and temperature is the derivative of the blackbody function dB,, /dT
evaluated at 2.73 K.

Throughout this analysis, we use the flat-sky approximation and equate multipole num-
bers ¢ with 27|u|, where u is the Fourier conjugate of an angle on the sky small enough
that the curvature of the patch and we can replace spherical harmonic transforms with
two-dimensional Fourier transforms.

The Q and U maps are combined in Fourier space to produce E-mode and B-mode maps.

E-mode maps are constructed by [53]:

Ep = Qgcos2¢y + Upsin2¢y. (3.4)

where ¢y = arctan fy/{;. B-mode maps are made using the y p method described in [54]. In
practice, this construction of E and B happens inside the C-inverse filter that we describe in
the next chapter.

We coadd all of the observations into one coadded map that is used in the lensing analysis.
By coadding many observations of the same field, the noise averages down and the signal to
noise of the sky signal increases. The noise level in the coadded maps is 6.6 yK-arcmin in
temperature and 9.4 pK-arcmin in polarization over the multipole range 1000 < ¢ < 3000.
The map depth is similar to that of the 100 deg? deep field used in the [37] analysis, but the
map covers five times the sky area.

Temperature, Q and U maps are shown in Figures 3.3, 3.4 and 3.5.
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3.6 Beam

We need a measurement of the instrumental beam, or the response of the telescope to a
point source, in order to properly perform the lensing analysis. We measure the beam from
seven observations of Venus, specifically from averaging the cross-spectra between all pairs of
those observations. To check the beam measurement on large scales, as well as to obtain an
absolute calibration, we compute the cross-spectrum of 150 GHz SPTpol observations with
the Planck 143 GHz temperature map over the same patch of sky, over the multipole range
600 < ¢ < 1000. The Planck data is mock-observed with the SPT scanning and filtering
information in order to perform the comparison over the same sky modes, and the same
apodization mask is used for both in order to remove mode-coupling effects. The beams are
matched at ¢ = 800. They agree so well that only the Venus beam is used in the analysis.
The beam is shown in Figure 3.1.

This comparison also results in an absolute temperature calibration by comparing the
SPTpol and Planck maps over the multipole range 600 < ¢ < 1000. The actual absolute
calibration that we apply comes from allowing the temperature and polarization calibrations
to be free parameters when performing cosmological fitting to the EE and TE power spectra

of the 500 deg? patch in Henning et al. (in prep).

3.7 T to P deprojection

Temperature data will leak into polarization maps if, for instance, the relative gains of a
detector pair are incorrectly calibrated, the two detectors’ pointing differs slightly, or there
is differential ellipticity to the beam. We denote this effect by T" — P leakage. It results
in the presence of a fraction of the temperature map (and possibly its first and second
derivatives) in Q and U maps.

We estimate the magnitude of this effect by taking a weighted average over multipole
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Figure 3.1: The SPTpol beam, from Henning et al. (in prep). The high-¢ (red) beam
is calculated from observations of Venus, and the low-¢ (blue) part, from cross-correlating
Planck and SPTpol temperature maps. The lower-left inset shows the agreement between
the two calculations, and the higher upper-right inset shows the fractional statistical errors.
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space of the cross-correlation of temperature with either Q or U maps. We find leakage
factors of €€ = 0.017 & 0.001 and €V = 0.008 £ 0.001. We deproject a monopole leakage
term from the maps by subtracting a copy of the temperature map scaled by these factors

from the Q and U maps, respectively.

3.8 Mask

We apply a mask to the map to downweigh the noisy field edges. We mask bright point
sources in the map. We use a 5’ radius to mask sources detected above 50 in SPT-SZ data,
corresponding to a flux cut of ~6.4 mJy. We use a 10’ radius for sources detected above
750. We also mask galaxy clusters detected above a significance £ = 4.5 in SPT data, using
a 5’ radius. The mask has a tophat shape for both the edges and the sources, because the
C-inverse filter described in the next chapter acts as an effective apodization.

The mask is shown in Figure 3.2.

3.9 [(-space cuts

We remove modes along the scan direction for ¢, < 100, in order to remove isotropic atmo-
spheric noise and low-frequency readout noise. We also cut all modes with €] > 3500. We
choose both cuts based on systematic tests described in Chapter 7.

We now have filtered and masked CMB T, Q, and U maps that are ready to be used as

input to the lensing pipeline, which we describe in the next chapter.
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Figure 3.2: Mask applied to the 500 deg? field.
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Figure 3.3: Temperature map coadd (top) and difference map (bottom) for the survey field.
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Figure 3.4: Q map coadd (top) and difference map (bottom) for the survey field.
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Figure 3.5: U map coadd (top) and difference map (bottom) for the survey field.
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CHAPTER 4
CMB LENSING ANALYSIS

Weak lensing by large-scale structure remaps the temperature T and Stokes Q and U CMB
fields according to [55, 56, 29]:

=

T(h) = T (h+a) (4.1)

Q+iU](n) = [Q" +iU™(h+a), (4.2)

where fi is a unit vector along the line of sight, and & is the deflection angle. We note that
we keep to the definitions commonly used in CMB lensing literature, in which the deflection
angle @ points from the lensed towards the unlensed position, opposite to the more standard
definition.

A photon at the surface of last scattering is deflected by a three-dimensional gravitational

potential ¥ by an angle [4]

XCMB _
. _2/ v K (XeMB = X)
0

fre (xemB) fx (X)Vﬁqj(xﬁ? 1m0 — X) (4.3)

where x is the comoving distance along the line of sight, xcyp is the comoving distance
to the surface of last scattering, 1y — x is the conformal time at which the photon was at
position xf, and fg () is the angular diameter distance, with fx(x) = x in a flat universe.

The projected lensing potential ¢(f1) is defined as an integral along the line of sight of

the three-dimensional gravitational potential W:

o [ fr(xeMB—X) oo
#(8) = 2/0 deK(XCMB)fK(X)\MX 70 = X) 44)

such that @ = V¢(ii). We also note that this definition of the lensing potential (common

in CMB lensing literature) implies that ¢ is increasing towards massive structures, which is
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opposite to the regular definition of gravitational potential that becomes more negative at
mass concentrations.

The convergence field x is defined as the divergence of V¢:
. Lo, .
k(D) = —§V o(1). (4.5)

and represents the local magnification or demagnification of the CMB.

Equations 4.1 and 4.2 describe linear perturbations at last scattering being weakly lensed
by linear perturbations along the line of sight. They are valid assuming assuming weak
lensing, i.e., that the deflection angles are small. We describe lensing to the lowest order in
the lensing potential and neglect the small, higher order corrections in this analysis. This
approximation also implies that the deflection angles have a null curl, since they can be
written as the gradient of a potential.

We proceed to describe the filtering of the maps that go into the analysis, the estimation
of the lensing potential, its unbiasing and normalization, and the calculation of the lensing

power spectrum.

4.1 Map filtering

We filter the maps to improve sensitivity to our signal of interest, the CMB, relative to the
noise.

The maps we produce contain CMB and other sources of astrophysical signal (fore-
grounds) convolved with the telescope beam, filtering, map pixelization, and instrumental
noise. The T, Q, U data maps in real space are assumed to be given by the following

expression, with j indexing pixel number:

dj = Z PijXZ + Z PjgNg +n; (4.6)
V4 V4
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where Xy € [Ty, Ep, Byl, Pjg is a matrix operator that applies the filtering transfer function,
beam and pixelization, Ny is the sky noise, and n; is a map-domain noise contribution from
instrumental noise.

The two noise components are defined as follows: N, comes from foregrounds or atmo-
spheric emission, and n; is due to instrumental noise and is taken to be white and uncorre-
lated between pixels. This is not an entirely accurate description, since filtering is applied
to instrumental noise as well. We choose this model for convenience and note that it will
result in a slighly overestimate of the instrumental variance and cause the filtering to be

marginally suboptimal.

Inverse variance filtered modes X are given by [57]
[Sil +PIn~tP| SX = Pln~1d. (4.7)
We can solve for the filtered modes X:
X =51 [5*1 4+ PP Pl (4.8)

where S is the total signal covariance, n~1 is the mask multiplied by the inverse map noise
variance. We invert the matrix between brackets using the iterative conjugate gradient
descent method, as in [31].

We also use an approximation for this filtering process that neglects the mixing of power
between different £ multipoles. In this approximation, the filtered modes can be expressed
as:

Xo~ FXp+np (4.9)

where ]-"ZX is the filter function. By approximating all the operators in Equation 4.8 as
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diagonal, we arrive at the form
Fi X = [CF% + o N7k, (4.10)

where C’ZX X is the power spectrum of the field X and C’éN N is the map noise power spectrum.
We use the full filtering process described in this section to filter the CMB fields, and we
only use this diagonal approximation to analytically compute the normalization of the lensing
estimator, described in Section 4.2.3 (and for one consistency test).

The filtered T, E, B fields are then fed into the quadratic estimator for lensing that we

describe below. Cutouts of the filtered maps are shown in Figure 4.1.

4.2 Quadratic estimator of the lensing potential

4.2.1 The estimator

The unlensed CMB is, to a good approximation, a statistically isotropic Gaussian random

field, and modes with different multipole £ are uncorrelated:
(xprlyety = s — e (4.11)

where Xl yunl 46 yplensed CMB fields.
Lensing introduces off-diagonal correlations between CMB modes. We use a quadratic
estimator to measure these correlations and reconstruct the lensing potential [12]. The

expression for the quadratic estimator is:
where X and Y are filtered T, E or B fields, W is a weight function, £ are modes in the
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CMB and L are modes in the lensing potential.

This estimator is a weighted sum of off-diagonal elements in the covariance between
modes £ in field X and modes £ — L in field Y. The amount of lensing on scale L is thus
an average over CMB modes separated by this scale. In other words, we use correlations
between many anisotropies around a lens to constrain the potential of the lens.

Holding the lensing potential fixed and averaging over different realizations of the CMB

fields, the latter can be expanded in a Taylor series as a function of ¢ [12]:
x NOXY p*Y 2
(Xe YplomB =06 = E)C7 " + W, Gp_p + O(¢7). (4.13)

The zeroth order term in the expansion is the regular two point correlation or power spectrum
corresponding to a Gaussian random field. The lensing information is contained in the first
and higher order terms in this expansion. In this analysis, we neglect the second and higher
order terms.
One can construct different types of quadratic estimators. The type is determined by
XY

the choice of weight function WZ¢£—L in Equation 4.12. We use the minumum-variance

estimator, where the weight is defined to be the leading-order coefficient of ¢ in the expansion
d)XY
X4

induced by lensing. The weight functions for every XY estimator are given in [12]. One can

in Equation 4.13, WZ?:L = This weight is a matched filter for the covariance
also choose to use other estimators, such as “bias-hardened” estimators [58] whose weight
functions are orthogonal to systematic effects such as foregrounds.

We use CMB modes between multipoles 100 < ¢ < 3500. Most of the lensing information
comes from arcminute CMB scales, while the lensing potential peaks on degree scales. In
other words, we use arcminute CMB scales to reconstruct the lensing potential on degree

scales.
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4.2.2  Mean-field bias

After calculating this estimate ¢, we need to unbias and normalize it. The estimator is
biased due to contributions from other sources of statistical anisotropy, such as the sky mask
or inhomogeneous map noise. We construct and subtract a mean-field (MF) bias using 100

simulations that have different realizations of CMB skies, lensing potential and noise:
~XY,MF 29 XY
oL = /d W n{XeYg 1) (4.14)

The production of those simulations is described in Chapter 5. Because we average over
independent X, Y realizations, the lensing signal averages out of the expression above and

the remaining part is just the MF bias.

4.2.3 Normalization

After subtracting the MF bias, we normalize the estimator by a Rf Y factor:

1
XY
RL

XY XY XY MF

¢L = (¢L - ¢L ) (4-15)
The normalization factor Rf Y is a combination of an analytic normalization and a simulation-
based correction:

XY, Analytic XY MC

RiY =Ry xRy (4.16)

To calculate the analytic normalization, we approximate the C-inverse filter as diagonal in

Fourier space, as described in the previous section. This analytical normalization is given by

XY, Analytic [ 2,1, XY XY X Y
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Because this diagonal approximation is not exact, we calculate a correction to the normal-

ization from simulations:

T XY s
Ri(Y,MC _ {op IfL ) | (4.18)
(oL pL)

where qb£ is the input lensing potential for a given simulation and ggj XY is the reconstructed

potential for that simulation using the lensing pipeline, namely:

¢£/ o m(fbfy ¢XYMF) (4.19)

The total normalization is thus the product of the two,
REY = Ry VAnalytic , g XYMC. (4.20)
where Rfy MC has been averaged over annuli in L-space to form RfY MC 41 order to reduce

noise present in the full 2D object.

4.2.4  Combining the estimators

We construct all of the individual estimators XY € [TT,TE, FE, EB,TB]. The BB es-
timator has null signal-to-noise in our analysis if we assume negligible primordial B-mode
power. The B-mode power is coming from lensed E-modes and is at most first order in ¢,
which means that the BB estimator will only be second order in ¢ and negligible in our
approximation.

We combine the five estimators into a minimum variance estimator, quI\J/IV, by taking a

weighted average:
XY &X Y

DXy Wi,
oV = , 4.21
YoXY wL ( )

where the weight wX Y RX Y

We also construct a polarization-only estimator, QASEOL, using just the EE and EB esti-
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mators.

4.3 The power spectrum of the lensing potential

We now wish to calculate a power spectrum of the potential estimate described above. We
do this by first calculating a cross-spectrum of two estimates of ¢, subtracting two noise
bias terms, RDNO and N1 (described below), binning the spectrum, and then calculating
the amplitude of the spectrum relative to a theory spectrum. We detail all of those steps in
this section.

We start by computing a cross-spectrum between two estimates of the lensing potential,
¢EUV and ¢2XY:
oUVHXY _ 1 UV 2% XY
‘L = foask(PL° 01 ) (4.22)
where f.ck 1S the average value of the fourth power of the mask applied to the field. For each

of the two ngS estimates, we compute the mean-field bias from two separate sets of simulations

in order to eliminate any correlations due to noise.

4.3.1 Bias terms

This power spectrum is biased. We therefore compute and subtract two additive noise bias
terms, RDNO and N1 [12, 59].

The NO bias is Gaussian noise bias due to correlations between the CMB, foregrounds and
noise. It comes from disconnected contributions to the four-point function and has a large
magnitude. This bias term would be present even in the absence of lensing. We calculate it

from two sets of simulations with different realizations of CMB sky, lensing potential, and
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foregrounds:

oo bo17bi 7P wbi P
Al ’N0_< O 107 Vi X Y]
(4.23)

n Cﬁé[Ufi, Vj@a"ij’zéf)i] >”
where U fs is the i-th simulated 7', E or B lensed field with lensing potential realization ¢;
and 7, j index different simulation realizations.

There will be some difference between the power spectrum of the data and the theoretical
spectrum that we use as input to the simulations. To minimize the effects of this difference,
we calculate a realization-dependent NO bias (RDNO) [58] by replacing one of the simulated
CMB fields with the data:

acy?) OO U, V', X, Y

RDNO <
+ OO0, Vg, Xy, V)
+ Cﬁqs[Ud, ‘72-@,)_(?7 Yq]
U (4.24)
+ CPOU0 Vg, X9 Y]
_ Cﬁéb[(jfi’“{j@j’)‘(;bi’}?jﬁf’j]
bo17di P b P
- OO VT X Y >w

7

where the d subscript stands for data. This bias correction is constructed in such a way that
it is insensitive to differences between the power spectrum of the data and of the simulations
to first order, which makes it robust despite its large magnitude relative to the signal.

The N1 bias is linear in the lensing potential power spectrum C’;éw and emerges due to
connected contributions (secondary contractions) of the two lensing potential fields to the

four-point function [59]. We calculate it using simulations that have the same realizations
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of the lensing potential ¢ and different realizations of CMB skies, as follows:

oo O80T b AP
ACYL ’N1_< OL [Uz 7‘/3' 7XZ‘ 7ij }
yoprd v x0T ()

— ACY?

NO >z’,j’

The simulations used for the N1 calculation contain only homogeneous map noise and no
foregrounds.

We see a small difference between the mean reconstructed lensing spectrum from 400
simulations and the input used to produce those simulations. This can be due to errors
in normalizing the spectrum, in calculating the N1 bias, mode-mixing, leakage effects from
masking (correlations beyond the mean-field), or higher order corrections, and other groups
report a similar issue [5, 7]. Since the effect is small and its origin is not obvious, we can
treat it as either an additive or multiplicative term and correct for it. We plan to treat it as
an additive correction, which we denote by AC’%Q5 M This is discussed more in Chapter 7.

We obtain the spectrum by subtracting these two noise bias terms and the MC correction
from the initial estimate:

NG OO o o o
Opr =y —acg?| Ao - ac

. 4.26
L |y (4.26)

DNO

4.3.2  Binning

The C’ﬁqﬁ is a two-dimensional quantity. We bin this spectrum into a one-dimensional object.

We calculate a weighted average of CA'€¢ in a bin b:

A UV XY
UV gXY ZLeb wgVXYC’ﬁ ¢
b = OVXY (4.27)
> Leb wry,
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using weights wg VXY _ Rg VR{J( Y, Rf Y is the Fisher matrix for ¢1,, such that the nor-

malization matrix is the covariance matrix of the lensing reconstruction. The unnormalized
lensing estimate, gz;{‘( Y_ &fY’MF, is thus an inverse-variance weighted lensing reconstruction.

We calculate the amplitude of the data spectrum in a bin b relative to a theory spectrum:

¢UV¢XY
UVXY _ b
Ay - C¢UV¢XY’theory ’ (4.28)
b
with the theory spectrum
UV XY ~$¢,theory
OquUV(bXY,theory — ZLEb wL CL (4 29)
b - UVXY :
2 Leb WL,

We choose as the theory spectrum the best-fit ACDM model to the Planck
plikHM TT_lowTEB_lensing dataset [5], which includes the low-¢ temperature and polar-
ization and the lensing power spectrum reconstruction.

The bandpowers we report in a bin b with center L; are the amplitudes A multiplied by

the theoretical spectrum (averaged) in the bin:
CP0 = a,cpotheony. (4.30)

We also calculate an overall amplitude of szzﬁ relative to the theory spectrum by choosing

a single bin that spans the entire L range.
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CHAPTER 5
SIMULATIONS

The lensing pipeline uses simulations for multiple purposes. Simulations contain CMB signal,

foregrounds, and instrumental noise. We outline their creation and use below.

5.1 Procedure

We start by describing how we produce our set of simulated maps. We generate realizations
of T, E, and B simulated skies in HealPix [60] format using LensPix [61] and realizations of
a lensing potential. The skies have N4, = 8192. We use the best-fit ACDM model to the
Planck plikHM_TT_1lowTEB_lensing dataset as our input theory spectrum. We take the T,
E, and B maps and lensing potentials ¢ and convert them to spherical harmonic coefficients
ajy,- We evaluate the spherical harmonic transform of the a;,, coefficients on an equidistant
cylindrical projection (ECP) grid.

Next, we add Gaussian realizations of foreground power to the resulting CMB T, E, and

B maps, with the following components:

1. dusty star-forming galaxies that make up the cosmic infrared background (CIB): we
consider a Poisson-distributed component with Dy o ¢2 and a clustered component

with Dy oc £0-8,
2. radio galaxies: Poisson-distributed,

3. thermal and kinetic Sunyaev-Zel’dovich (tSZ and kSZ) power, with a model shape from
[62], and

4. galactic dust with Dy oc 7042,

Here Dy = %6 ((4+1)Cy. The amplitudes by which we scale these model components are given

below. The amplitudes for tSZ, kSZ, and CIB components are taken from [21], which has the
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same source masking threshold as this work. We use an amplitude Dgiz?)gé{os Z = 5.66 pK?2 for

the sum of tSZ and kSZ components in temperature maps. We use DEid:’)i(())OO = 1.06 pK? for

the Poisson radio component. We use DEC:IE(’){;O = 9.16 pK?2 for the Poisson CIB component
and DKC:I?(’)%lO = 3.46 K2 for the clustered CIB. We assume a 2% polarization fraction for all

the Poisson-distributed (unclustered) components to model extragalatic polarized emission.

We use the same model for polarized galactic dust as in [50], with an amplitude Dgfégwt
= 115 pk2, DPEAUSt — 0.0236 k2, and DAt — 0.0118 pk?, where the EE dust

amplitude is twice the BB one.

We convolve the resulting skies with the instrumental beam. We then mock-observe
these skies with the SPTpol mapmaking pipeline, using the pointing and filtering from real
observations. This means that we create mock time-ordered data from these maps for each
detector, that are then filtered and binned into maps like the real data. Maps for one
mock-obseved simulation are shown in Figures 5.1 and 5.2.

We generate realization of noise from the data. For every observation, we subtract the
leftgoing map from the rightgoing map to obtain a so-called difference map. We randomly
divide the difference maps into two equal sets. The maps from each set are all coadded
together, and then one half-coadd is subtracted from the other. This produces one realization
of noise. The sky signal cancels out, leaving the atmospheric and instrumental noise. We
generate 500 independent realizations by reshuffling the maps into two different halves each

time. We add a different realization of noise to every sky realization.

5.2 Simulation sets

We generate 4 sets of simulations on the NERSC ! Edison computing cluster:

A. 500 lensed simulations

1. The National Energy Research Scientific Computing Center (NERSC) is the primary scientific com-
puting facility for the Office of Science in the U.S. Department of Energy and is a division of Lawrence
Berkeley National Laboratory, located in Berkeley, Calif.
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Figure 5.1: Temperature map for one simulated realization. It includes a simulated lensed
sky, foregrounds, smoothing by the instrumental beam, and scanning and filtering like the
real data.
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Figure 5.2: Q and U maps of one simulated realization.
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B. 500 unlensed simulations
C. 100 lensed simulations without foregrounds

D. 100 lensed simulations without foregrounds with the same realizations of the lensing

potential as the simulation in set C, but different CMB realizations.

Set A consists of lensed simulation that include CMB skies, foregrounds, and noise re-
alizations. All 500 simulations are used to calculate the NO and RDNO bias terms. 100 of
those simulations are used to calculate the mean-field. We divide those 100 simulations into
two halves and use 50 for the mean field of the first estimator and the other 50 for the mean
field of the second estimator that goes into a power spectrum. The other 400 are used to
obtain the statistical uncertainty on the lensing spectrum.

Set B is used to check that the pipeline recovers a spectrum consistent with zero for
unlensed skies. The variance among those simulations is also used to quantify the rejection
significance of the no-lensing hypothesis, as will be explained in the next chapter.

Sets C and D contain CMB skies and homogeneous (Gaussian) noise realizations, instead
of noise realizations obtained from data. The two sets are used together to calculate the N1

bias term.

5.3 Lensing reconstruction from simulations

We show the reconstructed lensing potential from a simulation in the form of a x map in
Figure 5.3. The reconstruction is visually similar to the input lensing potential used to create
the simulation.

We show the lensing power spectrum of the lensed and unlensed simulations for the MV
estimator, which combines all of the temperature and polarization information, in Figure
5.4. We recover an average amplitude of Ay, = 0.961 4 0.054 from the lensed simulations.

There is a small difference between the input and recovered spectrum at low L, that we
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have referred to as MC bias in the previous chapter, whose amplitude is 3.8% over the full
L range. We choose to correct the data for this difference as an additive term.

We recover an amplitude A,;;) = —0.002£0.023 for the unlensed simulations, confirming
that we do not detect any spurious lensing with the pipeline. We also show the simulation
lensing power spectra for 16 estimators in Figure 5.5.

We show the distribution of lensing amplitudes reconstructed from simulations in Figure
5.6. This distribution will be used in the next chapter to quantify the significance of the

lensing detection in the data and the measurement precision.
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Figure 5.3: A simulated x map. Top: a realization of an input lensing potential k-map.
Middle: the k map reconstructed from a simulation that has been lensed using the potential
from the top panel. Bottom: the x map reconstructed from an unlensed simulation. The
reconstruction looks visually similar to the input map, and the unlensed reconstruction gives

a sense of the noise level. 50
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Figure 5.4: Power spectrum of the lensing potential reconstructed from 400 lensed and 400
unlensed simulations, shown for the MV estimator. The theory curve shows the best-fit
model to Planckdata, which is the input spectrum to the simulations.
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Figure 5.5: Lensing power spectrum for 16 estimators, averaged over 400 simulations. The
theoretical curve is the same for all estimators, and is the input to the simulations.
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Figure 5.6: Histogram of MV lensing amplitudes reconstructed from 400 simulations for
lensed (green) and unlensed (purple) simulations. The MV amplitude of the data appears as
the blue vertical line. The precision of the data amplitude measurement can be quantified
from the variance in the lensed simulations, while the significance of the rejection of the
no-lensing hypothesis can be computed by comparing the data amplitude to the variance in
the unlensed simulations.
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CHAPTER 6
RESULTS

In this chapter, we present the main results of this analysis: the reconstructed lensing
potential, its power spectrum, and the amplitude of the spectrum relative to the Planck best-

fit model.

6.1 Lensing potential

The reconstructed MV k map is shown in Figure 6.1. The x map (defined in Equation 4.5) is
a representation of the fractional overdensity of matter projected along the line of sight, with
positive values showing overdensities that magnify the CMB, and negative values showing
underdensities that demagnify it. & is also a representation of %L(L + 1)¢§L in real space,
with QBL from Equation 4.15.

This is a high signal to noise map. Figure 6.2 compares the reconstruction noise levels
for the x map to the theoretical lensing spectrum, showing that we measure modes between
100 < L < 220 with a signal-to-noise ratio above unity. This map has the highest signal-to-
noise per mode of reconstructions performed from the CMB so far.

This lensing reconstruction can be used in conjunction with the E-modes measured by
SPTpol to delens the BICEP2/ Keck Array B-modes, since they are observing the same patch
of sky. It can also be used for cross-correlation with other tracers of large scale structure,
such as optical DES data, whose footprint covers this patch of sky.

Figure 6.3 also shows maps from the five individual estimators next to the MV map.

6.2 Power spectrum of the lensing potential

We present results for the power spectrum of the lensing potential ¢. We compute band-

powers in 10 logarithmically spaced bins between 100 < L < 2000. We compute the power
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Figure 6.1: The reconstructed MV lensing potential x map. This is a representation of the
fractional overdensity of matter integrated along the line of sight, constructed from all of the
available temperature and polarization data. The map has been smoothed with a 1 degree
Gaussian.

spectra for all pairs of individual estimators, and then combine all estimators into a MV
estimate, and all the polarization estimates into a POL estimator. The power spectra of the
MV and POL ¢ estimators are shown in Figure 6.4. The MV bandpowers are listed in Table
6.1.

We find an amplitude of Aypy = 0.9440.05 (stat.) £0.04 (sys.) for the minimum variance
spectrum and Apor, = 0.99 £ 0.09 (stat.) £ 0.05 (sys.) for the polarization-only spectrum.
This translates to measuring the MV amplitude with a precision of 6%, equivalent to a
17.10 constraint. The precision becomes 11% if we include systematic errors. For the POL
estimator, the precision is 9%, equivalent to a 11.1c constraint, or 15% including systematic
errors. The systematic error budget is described in Chapter 7.

We calculate the x2 of the data amplitude relative to the fiducial Planck best-fit theory
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Figure 6.2: Reconstruction noise levels for the lensing potential. The black solid line is the
theoretical best-fit Planck lensing spectrum. The realization-dependent NO (RDNO) bias
term is shown in dashed yellow. The N1 bias is shown in dashed purple. The total bias is
the sum of these two terms and is shown as the solid green line. This total bias shows the
reconstruction noise level. This figure shows that the reconstructed potential is measured
with a signal-to-noise ratio greater than 1 for 100 < L < 220. The MC bias is shown in
dashed cyan.

spectrum used throughout this work and compare it to the 2 values for all of the simulation
spectra. We find a probability to exceed (PTE) of 0.92 for the MV amplitude, and 0.71 for
POL, so our data is in good agreement with the model.

We calculate the significance of our rejection of the no-lensing hypothesis by comparing
the measured amplitude of the data to the variance in the unlensed simulations, as shown
in Figure 5.6. This results in a 410 rejection for the MV estimator and a 19.8¢ for the POL
estimator.

Our rejection of the no-lensing hypothesis has a higher significance value than the con-

o6



(Lin  Lmax] Ly | 107[Ly(Ly + D]2CP% /2n
[100 133] 117 0.709 £ 0.142
[134  181] 158 0.617 + 0.097
[182  244] 213 0.514 + 0.069
[245 330] 288 0.355 +0.047
[331 446] 389 0.248 4+ 0.033
(447  602] 525 0.177 +0.024
[603  813] 708 0.113 £ 0.018
[814 1097] 956 0.063 +0.013
[1098 1481] 1290 0.043 £+ 0.010
(1482 1998] 1741 0.034 +0.010

Table 6.1: Bandpowers.

straint we place on the lensing amplitude (see Figure 5.6). This is because we are dominated
by the sample variance of the lenses for modes below L ~ 220, which can be reduced by
observing a larger sky area. However, we strongly detect the effects of lensing.

Figure 6.5 shows this lensing power spectrum measurement alongside other recent mea-
surements. The Planck team [5] measured the lensing spectrum with a higher precision,
2.5% (400), as the lensing map covers ~70% of the sky, but the noise levels are higher such
that the signal-to-noise per mode is unity only for a few modes around L ~ 50. The ACTpol
team [7] placed a 14% constraint on the lensing amplitude (7.10). The POLARBEAR team
8] detected lensing at 4.20 in polarization alone.

The Planck team find a mild tension between their four-point Cfgb measurement and the
prediction from the best-fitting ACDM model [22], with the two-point function preferring
higher lensing with A7 = 1.22 £+ 0.10 (Planck TT+lowP). Our data appear consistent with
the Planck four-point function and will add another data point in context of this mild tension.

The power spectra between pairs of individual estimators are shown in Figure 6.6. They
are consistent within error bars.

The next step is to run CosmoMC chains using the lensing spectrum and its covariance
as inputs, and derive cosmological parameter constraints from this measurement. The 5%

constraint we place on the MV lensing amplitude is comparable to the Planck temperature-
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only constraint of 4% [35], and so we expect to be able to produce interesting cosmological

constraints.
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Figure 6.3: The reconstructed lensing map for the MV estimator and for the five individ-
ual estimators: TT, EE, TE, EB, and TB, plotted on the same color scale as Figure 6.1.
The estimators are plotted in decreasing order of their signal-to-noise ratio. The similarity
between them is visible.
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Figure 6.4: Power spectrum of the lensing potential for MV and POL estimators. The solid
line shows the best-fit power spectrum from Planck.
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Figure 6.5: Power spectrum of the lensing potential from this analysis, plotted alongside
recent measurements from Planck [5], SPT-SZ [6], ACTPol [7], and POLARBEAR [8].
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Figure 6.6: Power spectrum of the lensing potential for 15 pairs of estimators, shown next
to the MV combination. The amplitudes relative to the Planck fit are printed for each case.
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CHAPTER 7
UNCERTAINTY BUDGET AND SYSTEMATIC TESTS

Uncertainties on the lensing spectrum consist of sample and noise variance, calibration and
beam errors. In Chapter 5, we used 400 simulations to compute the variance due to sample
and noise. This variance represents the statistical uncertainty in our measurement. We now

discuss sources of systematic uncertainty below.

7.1 Sources of uncertainty

We consider the following sources of systematic uncertainty in the lensing amplitude mea-

surement:

1. Calibration. The absolute calibration uncertainty from the cross-correlation between
the SPTpol and Planck map over the survey field is 0.3%. The beam measurement
errors are under 1.5% over the whole £ range that we use, and under 0.3% for ¢ > 800
(from Henning et al., in prep), but we use a conservative overall 1.5% term. We get
0T, = 1.8%, which we propagate into the lensing amplitude uncertainty as AAr =

Al(L+ 67, )t = 1] = 0.017.

2. Polarization calibration. The polarization calibration uncertainty, calculated from the
ratio of an EE cross-spectrum between Planck and SPTpol E-mode maps over the
range 500 < £ < 1500, is op,, = 1%. We propagate this into the lensing amplitude
uncertainty for the POL estimator as AAECOML = A[(1 + 5pcal)4 — 1] = 0.025. We
then obtain the uncertainty on the MV amplitude by computing the change in the
analytic normalization REOL’AnalytiC when we shift P, by 0p _, = 1%, which yields

MV _
AAYPY = 0.012,

3. Foregrounds. We consider the effects of extragalactic and galactic foregrounds on our

lensing measurement, in temperature and polarization data.
62



(a) Gaussian. Gaussian foreground power is picked up by the RDNO bias calculation
(which combines data and simulations) described in Section 4.3.1 and is subtracted

from the lensing spectrum.

Temperature. Bright point sources are masked in the maps down to a 6.4 mJy
threshold. The simulations in described in Chapter 5 contain our best esti-

mates of residual Gaussian foreground power in temperature.

Polarization. Henning et al. (in prep) place an upper limit on polarized point
source power of Dé’; %OOO = 0.099 pK? from the E-mode power spectrum of
this same 500 deg? SPTpol field with a point source masking threshold of 50
mJy, which is significantly higher than ours. Thus, residual polarized point
source power is too low to be detected in this data, and has a negligible con-
tribution to RDNO. Polarized galactic dust power is added to the simulations

(see Chapter 5), and is also removed through RDNO.
(b) Non-Gaussian. We then look at foregrounds with a non-Gaussian signature.

Temperature. For temperature data, these were considered in [63], who looked
at the effect of radio and dusty Poisson-distributed galaxies, clustered dusty
galaxies, the galaxy-lensing correlation, galaxy clusters (tSZ effect), and the
galaxy cluster-lensing correlation. These biases are no more than a few per-
cent given our point source and cluster masking thresholds. We plan to

subtract an estimate for these bias terms from our spectrum.

Polarization. The polarization fraction of foregrounds is estimated to be around
2% for dusty galaxies [64], and around 3.7% for radio galaxies (based on
bright AGN in SPTpol data in this field). It is lower than the polarization
fraction of the CMB, and so polarized non-Gaussian foregrounds will have a
lower amplitude relative to the signal than in temperature, which is already

small. We can thus neglect this contribution.
63



Type | AAyy | Adpor
AArea | 0.017 | 0.017
AApen | 0.012 | 0.025
AAyic 0.036 0.038
AAiot 0.04 0.05

Table 7.1: The systematic uncertainty terms. The total systematic uncertainty, AAtqt, is

the quadrature sum of the individual uncertainties.

4. MC bias. The lensing amplitude recovered from simulations is 3.8% low for the MV

estimator and 3.8% low for POL. If we do not correct for this, we can incorporate it as

a Adyc systematic uncertainty of AM% = (0.036 and A%’dgL = 0.038. We plan to apply

an additive correction to the data based on this difference, so this will be replaced

by the uncertainty on that correction, which we can compute based on the difference

between considering an additive versus a multiplicative correction.

All of those contributions are listed in Table 7.1. The total systematic uncertainty is the

quadrature sum of the individual error terms.

7.2 Systematic tests

We perform a set of systematic tests for our results. We change various analysis settings and

calculate the lensing spectrum and amplitude for each case, then compare the results to the

baseline case.

We test for the following changes:

1. lymin cut. We vary the minimum /ly,;, value that we use for the CMB data. We

started out with a lower cut of 450, but we found from this test that we can go lower

and thus set the baseline for fy,;, = 100. We move fy,,;, down to 50 and up to 200

and 300. The ly,;,, = 50 test passes, but we do not gain significantly in signal as we

filter out modes below 100 heavily in our timestream filtering. The higher cut tests all

pass, so we keep the lower limit at 100.
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2. lmax cut. We vary the fax cut for the CMB data. We started with £,,x=3000 and
found that we can move this up to a f;ax=3500 baseline. The MV test passes for
both 3000 and 4000, but the temperature-only test at 4000 fails with a PTE of 0.05
in the amplitude, and the spectrum shows a rise at high L. This is consistent with
the expectation that foregrounds will start contributing to the spectrum as we increase
the fmax cut, and will do so first in temperature data, where the amplitude of the

foregrounds is much greater. We thus keep to the £;ax=3500 cut.

3. Apodized mask. We rerun the analysis with a cosine-apodized mask. The baseline
analysis uses a tophat sky and point source mask because the C-inverse filter has an

effective apodizing effect based on map noise.

4. Curl test. We replace the gradient lensing estimator with a curl estimator and rerun
the analysis with the expectation to recover a null spectrum. This tests that the

reconstruction is not contaminated by foregrounds or secondary effects.

For each of the tests above, we calculate the difference AC? ? between the lensing spec-

trum C ¢

b, sys and the spectrum for the baseline choices, C’Z) ? We also calculate this difference

for the overall lensing amplitude, AAppy:

o _ ole) ol
ACY = ¢ - (7.1)
Adyy = AMv sys — Ay - (7.2)

We then choose a metric to assess whether the test has been passed. We compute a X2
for the difference spectrum based on how much the data spectrum changes relative to the

variance in the simulation difference spectrum:

(AC) i)
ngs — Z 27—” . (7.3)
b Ub, Sys
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Test Name Xays (PTE) A Ayy (PTE)

ivar(AAMV,sim)
lxmin = 90 10.2  (0.419) | 0.00340 4+ 0.01239 (0.787
lymin = 200 9.4 0.499) | 0.00093 £ 0.03351 (0.963
lymin = 300 9.5 0.488) | 0.01246 £ 0.03721 (0.775

Imax = 4000 6.7 -0.01096 £ 0.01560
Apodized Mask | 15.5 0.02876 £ 0.01263
Curl 6.7 -0.01700 =+ 0.07361

(0.419) (0.787)
(0.499) (0.963)
(0.483) (0.775)
Imax = 3000 | 9.5 (0.488) | 0.01246 £ 0.03721  (0.775)
(0.750) (0.515)
(0.115) (0.110)
(0.749) (0.860)

Table 7.2: Results of systematics tests for the MV estimator. For each test, the y2 and
PTE of the C’jéw spectrum are shown in the second column. The change in amplitude and

associated PTE are shown in the third column.
This evaluates the change in the data spectrum relative to the expected change from the
simulations.

We also quantify the change in overall amplitude. We calculate the difference amplitude
for the data and for every simulation. We take the variance of the difference among all
simulations, which evaluates the expected change. We then calculate the PTE of the data
difference amplitude as the fraction of simulations that exceed the difference amplitude of
the data.

We show the lensing spectra for all systematic tests and the corresponding differences

from the baseline in Figure 7.1. We also summarize the systematic tests results in Table 7.2.
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Figure 7.1: Systematic test power spectra. The top figure shows the power spectrum for each
test, next to the baseline MV spectrum (hashed rectangles). The bottom figures show the

same spectra plotted as AC’[? ? from 7.1 (the difference between the test and the baseline),
divided by the statistical error on the baseline spectrum. The error bars are the variance
expected from simulations, o0y, . The grey band shows the statistical error on the MV

spectrum (o) and sits at unity because we divide AC’g5 ¢ and 0p, sys Dy this value.
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CHAPTER 8
OUTLOOK

In this work, we have presented a high signal-to-noise reconstruction of the CMB grav-
itational lensing potential and a measurement of its power spectrum. We have calcu-
lated the amplitude of this power spectrum relative to a Planck theory spectrum to be
Ayy = 0.94 4+ 0.05 (Stat.) £ 0.04 (Sys.), which represents a 6% (17.10 constraint) measure-
ment of the amplitude. We have also rejected the no-lensing hypothesis at 41¢.

Lensing measurements from the CMB will become extremely powerful in the near future.
Third generation experiments like SPT-3G and AdvACT, with low instrumental noise levels,
are currently taking data. With them, lensing is becoming one of the main sources of new
information for cosmological constraints. Lensing will start to drive the constraints on the
sum of neutrino masses and improve dark energy measurements. The Simons Array and
Simons Observatory are on the horizon. Lensing measurements from the proposed future
Stage 4 experiment, CMB-S4, with even lower noise and wider sky coverage, can start
distinguishing between the neutrino mass hierarchies and place tight constraints on the
equation of state of dark energy and the curvature of the universe.

Lensing reconstructions are currently driven by the TT estimator, and the reconstruction
noise is dominated by the sample variance of the CMB anisotropies. As polarization maps get
deeper with more data and improved instruments, this will start to change: the EB estimator
will gain more weight with an experiment like SPT-3G, and will eventually provide the main
contribution to the minimum variance reconstruction for a CMB-Stage 4 experiment. This
is shown in Figure 8.1.

The EB estimator has the advantage of both lower astrophysical foregrounds, since the
polarization fields are much cleaner of contamination on arcminute scales, and greatly re-
duced reconstruction noise due to the absence of noise variance from unlensed small-scale

B-modes, which will allow low-noise mapping of the lensing potential down to smaller scales.
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Figure 8.1: Signal and noise-per-mode levels for the lensing reconstruction for 3 experiments,
similar to Figure 6.2. “Stage 2”7 stands for a second generation experiment like SPTpol or
ACTPol. “Stage 3”7 is a current, third generation experiment like SPT-3G or AdvACT.
“Stage 4”7 stands for the proposed CMB-S4. Taken from [9].

CMB-54 is projected to be sample variance limited in the lensing potential up to L ~ 1000
scales [9].

With the much improved sensitivity levels in the near future, data analysis will become
a greater challenge as well. Work needs to go both into handling the increased data volume
and refining the analysis techniques in order to keep systematic errors low. In particular,
detailed foreground bias studies will need to be performed for lensing via simulations, and
improved estimator implementation will likely be required for this and, for instance, for
addressing effects from nonlinear large scale structure.
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Cross-correlations with datasets such as DES or future data from LSST, WFIRST and
Euclid will provide tests of general relativity, probe the geometry of the universe and dark
energy, improve neutrino mass constraints, measure galaxy bias and help calibrate the shear
multiplicative bias [9].

Using the deep E-mode map measurements and a lensing convergence map, either recon-
structed internally or using a tracer for the large scale structure such as the cosmic infrared
background from dusty star-forming galaxies, one can produce a map of the lensing B-modes
and use it to reduce their amplitude, in a process known as delensing.

With sensitive new experiments, accurate delensing is becoming a requirement, not only
for measuring the tensor-to-scalar ratio, but also going beyond that to start constraining the
shape of primordial tensor power spectrum. An iterative delensing procedure will work best
for this, with successive B-mode cleaning and lensing reconstruction steps. Delensing will
also improve parameter constraints; delensing the temperature and E-mode power spectra
can break the degeneracy between the effective number of relativistic species Nog and the
primordial helium fraction Yp.

Future CMB lensing measurements, especially from polarization data, hold the promise

to significantly advance our understanding of the universe.
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