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Increasingly precise measurements of the cosmic microwave background

(CMB) continue to shape our understanding of our universe’s origin, evolution,

and contents. Measurements with ground-based observatories like the Atacama

Cosmology Telescope (ACT) and satellite missions such as Planck have been

able to precisely constrain the 6-parameter cosmological constant (Λ) Cold Dark

Matter (CDM) model of cosmology and probe the growth of structure over cos-

mic time. Future observatories like CCAT-prime and the Simons Observatory

will produce higher signal-to-noise data sets covering large areas on the sky,

which will enable unprecedented measurements of the CMB and the Sunyaev-

Zel’dovich effects. This data will inform our theoretical models of galaxy evolu-

tion and feedback mechanisms, provide insight into dark energy, and constrain

the sum of the neutrino masses.

Pursuit of these science goals necessitates the deployment of large numbers

of sensitive superconducting detectors in novel cryogenic receivers. In this the-

sis we present the design of a first light instrument for the Fred Young Submil-

limeter Telescope (FYST), Mod-Cam, which will be used to deploy the first light

microwave kinetic inductance detector array for the CCAT-prime project. Mod-

Cam will also serve as a single-module cryogenic testbed for Prime-Cam, the

first-generation science instrument for the FYST. We discuss the cryogenic de-

sign, initial instrument modules, and science goals for the Prime-Cam receiver.



Developing the superconducting detector and readout technologies for these

upcoming experiments requires laboratory testing to tune the fabrication pro-

cess to the required parameters. We present measurements of transition edge

sensors (TESes) and superconducting films that informed the fabrication pro-

cess for the Simons Observatory (SO), which will field ∼70,000 TES bolometers

in six spectral bands centered between 27 and 280 GHz, and CMB-S4, the future

ground-based CMB project that will push measurements of the CMB to cosmic

variance limits. We also measure the magnetic sensitivity of TESes and the su-

perconducting quantum interference devices (SQUIDs) required to amplify and

read out the TES signals, and discuss how these measurements inform the mag-

netic shielding requirements for successful deployment of the components for

future observatories such as SO.

Maps of the CMB from observations with ACT, which relies on AlMn TESes

like the ones measured in this thesis, have been combined with data from Planck

to yield maps with superior depth and resolution to either data product alone.

By using these maps in conjunction with optical data from the Sloan Digital

Sky Survey, we present increasingly precise measurements of the thermal and

kinematic Sunyaev-Zel’dovich (SZ) effects. We compare independent estimates

of halo optical depth from these effects to explore the potential for thermal SZ

measurements to serve as input for the measurement of kinematic SZ pairwise

velocity curves which can constrain cosmology. By probing the optical depth of

these galaxy halos, we also probe their baryon content, and make progress to-

wards defining an empirical relationship between optical depth and Compton-

y. This relationship will inform simulations of galaxy evolution and enable fu-

ture precise cosmological constraints.
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for the luminosity ranges and samples in Table 5.1. Results are
from [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

xiii



5.4 Thermal SZ results from the DR5 f150, DR5 f090, and DR4 ILC
map analyses, along with 1σ jackknife uncertainty estimates.
Dust-corrected stacked tSZ signals δTtSZ and ȳ are given for
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Planck data alone in resolution and depth thanks to ACT’s larger
6-meter mirror and more sensitive detector arrays. The com-
bined maps also include the larger scales that Planck is better at
measuring. Figure is from [175]. . . . . . . . . . . . . . . . . . . . 9

1.5 The primary temperature anisotropies and polarization of the
CMB as measured by recent experiments: ACT [56], SPT [123,
215, 100], Polarbear/Simons Array [15, 199], BICEP2/Keck [38],
and Planck [194]. The solid grey line is the ACT plus WMAP
cosmological model and the dashed grey line is the Planck cos-
mology. One sigma error bars are plotted on each point. Figure
is from [56]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
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1.6 An example of the thermal SZ effect (Section 1.2.1) in a map of
the CMB [264]. A weighted average of submaps taken from a 150
GHz ACT+Planck CMB map [175] centered on 23,504 sources
from the BOSS DR15 galaxy catalog [18] with luminosities above
11.6×1010L� (more details in Section 5.3.4). CMB photon interac-
tions with the electrons in the galaxy halos create a temperature
decrement at the observed frequency relative to what the CMB
would look like without this secondary anisotropy present. . . . 14

1.7 The spectral distortion of the CMB due to the tSZ effect via Equa-
tions 1.10 and 1.11 for a cluster that is >1000 times more mas-
sive than a typical cluster, to more easily visualize the (generally
small) shift. The undistorted CMB blackbody spectrum is the
blue line and the distorted spectrum is the red line. The tSZ ef-
fect causes a decrease in CMB intensity at frequencies below 218
GHz and an increase above this point. At ∼218 GHz, no shift
is observed, which can be useful for systematics checks in tSZ
analyses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.8 The intensity (left) and Rayleigh Jeans brightness temperature
(right) of the thermal (solid line) and kinematic (dashed line) SZ
effect distortions of the CMB. The 2.7 K thermal spectrum of the
CMB is scaled by 0.0005 in the dotted line for reference (left),
illustrating the comparatively small magnitude of the SZ effects.
The cluster properties used to calculate the plotted spectra are
Te = 10 keV, Compton-y = 10−4, and vp = 500 km/s. Figure is
from [48]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.9 Normal and inverted neutrino mass hierarchies. The colors
in each bar represent the neutrino flavor eigenstate admixtures
present in each mass eigenstate. The sign and magnitude of the
solar mass splitting (∆m2

21) has been determined through solar
neutrino experiments, but the sign of the atmospheric mass split-
ting (∆m2

32) is not yet known, resulting in these two possible con-
figurations. Upper limits on the sum of the neutrino masses with
input from cosmology can determine the neutrino mass hierar-
chy. Figure is from [187]. . . . . . . . . . . . . . . . . . . . . . . . 26

1.10 The fractional change in the matter density power spectrum as a
function of comoving wavenumber k for various values of

∑
mν,

along with ranges of experimental sensitivity from the CMB,
galaxy surveys, weak lensing of galaxies, and the Lyman-α for-
est. CMB lensing involves an integral over this power spectrum
and is also sensitive to neutrino mass. Figure is from [8]. . . . . . 29

1.11 Suppression in the matter power spectrum at small scales due to
neutrino mass. Figure is from [6]. . . . . . . . . . . . . . . . . . . 30
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1.12 Left, above: The mean pairwise cluster velocity V (as discussed
in Section 1.2.2) as a function of galaxy separation r differs based
on values of the dark energy equation of state parameter w0

and the modified gravity parameter λ, illustrating the sensitiv-
ity of the pairwise statistic to models of dark energy and mod-
ified gravity. The pairwise curves are plotted for a redshift of
0.15, and a minimum cluster mass of the sample is taken to be
Mmin = 1× 1014M�. A more negative w0 leads to an increase in the
amplitude of the mean pairwise cluster velocity (V). A smaller
γ increases the growth rate, increasing V , and vice-versa. Left,
below: Ratio of the mean pairwise velocity for the different w0

and γ values to the fiducial model, V(r)fid. Right, above: The
mean pairwise cluster velocity V for various minimum mass cuts
at the same redshift of 0.15. The minimum mass cut affects the
shape of the pairwise velocity curve in addition to its amplitude.
Higher minimum mass increases mean pairwise velocity, since
more massive clusters tend to have higher peculiar velocities.
Right, below: Ratio of the mean pairwise velocity for the differ-
ent minimum mass values to the fiducial model, V(r)fid. Figure is
from [171]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.1 Left: A photo of the CCAT-prime site, Cerro Chajnantor, and the
improvement in sub-mm mapping speed expected at 5600 m rel-
ative to that of the ALMA Plateau [202]. Right: A cross-section of
the FYST including the optics focusing onto the detector arrays
of Prime-Cam, which sits in the telescope receiver cabin. Figure
is from [260]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.2 Summary of Prime-Cam’s optical design. Top: Instrument
module optics designs provide diffraction-limited image qual-
ity across a wide field of view. Cryogenic silicon lenses offer
excellent optical performance at these wavelengths. We have
previously deployed silicon metamaterial AR coatings with <1%
reflection across an octave of bandwidth [63, 97]. Bottom: Prelim-
inary design of the Prime-Cam instrument with three first-light
instrument modules shown (two in cross-section). See Section
2.2.5 for Prime-Cam instrument mechanical design details. Fig-
ure is from [260]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
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2.3 Geometrical ray traces for each preliminary optics design for
Prime-Cam’s three initial instrument modules: the CMB polar-
ization module (CMB Pol); the Epoch of Reionization spectrom-
eter module (EoR-Spec), equipped with an FPI at the 1 K Lyot
stop of the module and a four-lens design; and the star forma-
tion history (SFH) 860 GHz module, which has a 1.0◦ diameter
FoV instead of the 1.3◦ diameter FoV of the other modules, pro-
viding better image quality at 350 µm. Strehl ratios for each of
the optics tubes are shown, with areas corresponding to the frac-
tion of the area with Strehl ratio greater than 0.8 and within a
tiled hexagonal pattern at the focal plane of the modules. One
rotational degree of freedom, where the angle of the tiled pat-
tern at the focal plane is varied to allow maximum coverage, has
the ability to be optimized in the future [96]. Figure is from [260]. 44

2.4 A rendered cross section of the Prime-Cam cryogenic receiver
design. The two-section 6061-T6 Aluminum vacuum shell is
shown in red. An 80 K filter plate and ring is shown in green,
followed by a 40 K plate and shell in light blue, a 4-K plate and
shell in dark blue, and thermal buses in copper. The temperature
stages are supported by a series of G10 tabs. The DR, two pulse
tubes, three instrument modules, and detector arrays of the ini-
tial three tube deployment are shown. Figure is from [260]. . . . 51

2.5 Labeled schematic overview of Mod-Cam. . . . . . . . . . . . . . 53
2.6 An exploded view of the 6061-T6 Al Mod-Cam vacuum shell.

The main shells consist of a front and rear shell, a front plate onto
which is mounted an UHMWPE window and double-sided in-
frared blocking filter, and a back plate which includes a vacuum
flange. The rear shell includes interfaces for readout plates (rect-
angular cutout), a pulse tube (top cutout), and the DR shells.
The DR shell consists of the main shell, a bottom plate, and an
adapter to mate to the Bluefors 300 K DR plate. . . . . . . . . . . 54
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2.7 An exploded view of the 40 K Mod-Cam shells and plates. All
are fabricated of 6063-T5 Al except for the DR shell bottom plate.
The front plate mounts a filter stack including double-sided in-
frared blockers and an alumina filter. The front and rear shells
mount to the G10 ring which supports the 40 K main shells from
the 300 K shell and the 4 K shells from the 40 K shells (Figure 2.9).
The rear shell includes interfaces for readout plates (rectangular
cutout), a pulse tube 40 K thermal connection (top cutout), and
the 40 K DR adapter and potential thermal connection. The 40 K
DR adapter is mounted onto the DR shell, which is mounted on
the 40 K shell of the Bluefors DR. When the DR shells are con-
nected to the main shells, the 40 K DR adapter floats in the side
cutout of the rear shell, and its position is offset due to predicted
thermal contractions in order to be centered when cold (Section
2.3.3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.8 An exploded view of the 6061-T6 Al 4 K Mod-Cam shells and
plates. The front plate is mounted onto the 40 K G10 ring through
a pattern of G10 tabs (Figure 2.9). The instrument module (Fig-
ure 2.12) is mounted through the rear of the 4 K shell onto the
front plate. The 4 K stage of a pulse tube is accommodated by
a recess in the 4 K shell and thermally couples to the 4 K plate.
The rear shell includes interfaces for readout plates (rectangular
cutout) and the 4 K DR adapter and potential thermal connec-
tion. The 4 K DR adapter is mounted onto the DR shell, which
is mounted on the 4 K shell of the Bluefors DR. When the DR
shells are connected to the main shells, the 4 K DR adapter floats
in the side cutout of the rear shell, and its position is offset due
to predicted thermal contractions in order to be centered when
cold (Section 2.3.3). . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.9 The G10 tabs, 9 in each circular pattern, which support the 4
(purple) and 40 K (light blue) stages of the Mod-Cam main shells
while thermally isolating them from one another. The tabs are of
the same geometry used in Prime-Cam and in the LATR [273]
and are comprised of G10 rectangles epoxied into aluminum
mounting feet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.10 The 40 K DR shell (light blue) and the 4 K DR shell (purple) are
subject to contraction towards the DR plates. The distances to
the center of the 40 and 4 K DR adapters extending into the main
shells of Mod-Cam are labeled in inches. . . . . . . . . . . . . . . 60

2.11 The cutouts in the 40 (light blue) and 4 K (purple) main shells
through which the 40 and 4 K DR adapters extend are subject to
contraction towards the center of the main shells. The critical
dimensions for this contraction are annotated in inches. . . . . . 61
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2.12 A schematic of an instrument module inside of Mod-Cam. The
module is inserted through the rear of the main shells (left),
and mounts to the 4 K plate. A series of infrared blocking and
low pass edge filters are installed on the 300 K and 40 K front
plates (right) where light enters the module, as well as in the 4 K
and 1 K instrument module lens cells. A series of metamaterial
coated silicon lenses focus the light from the telescope onto the
100 mK detector array. The array and cold readout components
will mount to the 1 K tube (not shown). Metamaterial absorb-
ing black tiles and baffles [272] line the interior of the 4 K and
1 K tubes. The Lyot stop at 1 K is labeled. A carbon fiber tube
suspends the 1 K module components from the 4 K tube. Mag-
netic shielding at 4 K surrounds additional shielding at 1 K (not
shown) to protect the detectors and cold readout components
from spurious fields (Chapter 4). The first instrument module
for Mod-Cam is currently being designed and fabricated. . . . . 62

2.13 The current status of Mod-Cam at Cornell. Cryogenic tests are
performed using an LD-400 DR and PT-410. . . . . . . . . . . . . 64

2.14 Load curves with the LD-400 DR show the temperature of the
mixing chamber plate and still plate with various applied still
and mixing chamber powers. We achieve over 400 µW of cooling
power at 100 mK in the configuration without thermal coupling
between the DR shells and the Mod-Cam main shells. . . . . . . 65

2.15 Rough three-block model of the Mod-Cam 40 K shell, including
three conductivities (G1, G2, G3) and three capacities (C1, C2,
C3) as well as loading from 300 K radiation onto the 40 K front
plate and the 40 K DR stage bath temperature. Additional load-
ing at C2 is assumed in the model plotted in Figure 2.16. . . . . . 66

2.16 Cooldown plot from the first Mod-Cam cooldown along with
three-block model cooldown estimates. At t=0, the 40 K DR
stage was at 63.5 K, and the temperatures of the other stages
are recorded for the model (Figure 2.15). The model includes
26 W of loading on the 40 K Front Plate and 10 W loading on
the 40 K shell. The thermal conductivity of the third conductive
block needed to be decreased by a factor of 2 to better estimate
the cooldown data, indicating that the performance of this con-
ductive block was lower than expected. . . . . . . . . . . . . . . . 68

2.17 Applying 0, 2.5, 5, 7.5, and 10 W to the MLI-covered front plate
during our second cooldown in which the DR shells are uncou-
pled from the main shells, and a PT 410 cools the 40 K shell
through a copper strap assembly. Gradients are seen across the
40 K stages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
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2.18 Applying 0, 50, and 120 mW to the readout plate of the 4 K shell,
as monitored using Grafana. 120 mW of power increases the
temperature of the readout plate from 9.42 K to 10.99 K and
can be used to estimate the loading and thermal conductivities
present in the system. . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.1 The superconducting transition of an AlMn 2500 ppm sample
fabricated at U.C. Berkeley as measured using a four-lead mea-
surement board (Section 3.2) in a Bluefors dilution refrigerator.
The critical temperature is recorded to be 124 mK, indicating the
temperature at which the material undergoes a rapid change in
resistance from normal resistance (RN) to no resistance (super-
conducting state). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2 Left: A circuit diagram of a four-lead measurement (also known
as four-terminal sensing) which provides precision measure-
ments of small resistances by eliminating the lead and contact
resistances from the measurement. Right: Berkeley AlMn sam-
ples affixed to a four-lead measurement board by a small amount
of rubber cement, then mounted to the 100 mK plate of a Blue-
fors dilution refrigerator before cooling down and measuring the
critical temperature of the superconducting films. . . . . . . . . . 80

3.3 Resistance versus temperature plot from four-lead measure-
ments of a U.C. Berkeley AlMn TES. Excitation currents 1, 3.16
and 10 µA were compared. Higher excitation currents reduce
Tc as expected, while lower excitation currents produce nois-
ier measurements. The excitation current for testing is selected
based on the lowest excitation current possible to measure Tc

within 2 mK. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.4 Left: Critical temperature as a function of annealing temper-

ature for the tested U.C. Berkeley 2500 ppm AlMn films. Tc

increases with increasing annealing temperature, as expected,
but the curve is steeper than expected in the region of interest
(around 210 degrees Celsius). This result motivated the selection
of the 2500 ppm target and the subsequent analysis of films an-
nealed at finer step temperatures. Right: RRR versus annealing
temperature. RRR increases with increasing annealing tempera-
ture as expected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.5 A modified SPT-3G TES island, where (A) is the AlMn TES film,
(B) is Pd for heat capacity stabilization, (C) is a load resistor, and
(D) are the Nb leads. The AlMn200nm/Ti15nm/Au15nm TES
film is 15 µm long by 80 µm wide. Figure is from [261]. . . . . . . 84

xxi



3.6 Example of the four-lead R vs. T measurement of a film super-
conducting transition. Choice of excitation current influences
results, and Tc is recorded for an excitation current which has
been reduced enough to keep Tc consistent within 2 mK. Figure
is from [261]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.7 A: Critical temperature vs. annealing temperature for three
AlMn2000ppm200nm/Ti15nm/Au15nm films along with linear fit
showing the effect of baking on Tc. B: Normal resistance vs.
AlMn thickness in nm for three film samples, showing RN de-
creasing with increasing material thickness. C: Histogram of
all Argonne sample critical temperatures measured at Cornell,
highlighting a trend of narrowing in on the desired critical tem-
perature of 150-200 mK for CMB-S4. Figure is from [261]. . . . . 89

3.8 The results of bias step measurements for the short leg length
(446 µm) TES (left) and the long leg length (865 µm) TES (right).
f3dB is plotted versis bias power in pW for four bath tempera-
tures. Figure is from [261]. . . . . . . . . . . . . . . . . . . . . . . 90

3.9 Images of tested TESes. A: POLARBEAR AlMn TES. B: AdvACT
AlMn TES. C: ACTPol MoCu TES. D: AdvACT AlMn test TES,
16.5µm wide, E: AdvACT AlMn test TES, 37.5µm wide, F: loca-
tion of AlMn film. Figure is from [262]. . . . . . . . . . . . . . . . 92

3.10 Resistance vs. temperature plot for a TES at 10µA excitation cur-
rent when exposed to various values of magnetic field. Tc is de-
termined for each applied field value and plotted as a function
of magnetic field in Figure 3.11. Figure is from [262]. . . . . . . . 92

3.11 Tc vs. B for tested TESes (AdvACT (AA), ACTPol (AP), PO-
LARBEAR (PB), AdvACT LF (LF)) and parabolic fits to the data
points. Dashed and solid lines indicate measurements of differ-
ent devices of the same type. Coefficients from parabolic fits are
listed in Table 3.4. Figure is from [262]. . . . . . . . . . . . . . . . 93

3.12 Ic vs. B for three AlMn TES films, similar to B. in Figure 3.9. We
observe Fraunhofer-like oscillations in the data. The period of
the oscillations is irregular, as is their decay. The lack of a central
peak requires further study. Figure is from [262]. . . . . . . . . . 95

3.13 Ic vs. T for the three AlMn TES films, along with fits to the high
temperature data using the Ginzburg-Landau model. Tempera-
ture is held fixed for the measurements of Ic vs. B (Figure 3.12)
for each device, indicated by the dashed vertical lines. Figure is
from [262]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
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4.1 A schematic from [121] of 1 of 32 columns of the 64-row TDM
SQUID-based multiplexing architecture used to read out the
TES arrays for Advanced ACTPol. The design is representative
of the TDM architecture used for the laboratory measurements
presented in this work. Each TES is inductively coupled to a
first stage SQUID series array (SQ1) shunted by a flux activated
switch (FAS), connected in series to form 64 rows in a column
that are addressed sequentially. Each SQ1 column is biased in
parallel and read out through the ∼1 K SQUID series array (SSA)
using custom Multi-Channel Electronics (MCE) [28, 121]. The
blue box represents one TDM MUX chip with 11 rows, and 6 of
these chips achieve the 64-row multiplexing (2 rows are not uti-
lized). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.2 A schematic of a section of µMUX readout, with three TESes each
coupled to rf-SQUIDs and µMUX resonators. The flux ramp line
coupled to the rf-SQUIDs is also shown. The original unlabeled
circuit diagram is from [256] . . . . . . . . . . . . . . . . . . . . . 102

4.3 An example of shifts in the V-φ curve of a single TDM SQUID
under the influence of applied magnetic field. Figure is from [262].104

4.4 φ0/Gauss for resonances on the µMUX chip display a gradient in
response across the chip for the Run 1 orientation (red) but not
for the Run 2 orientation (black). The top view schematic dia-
gram shows the position of the µMUX chip within the magnetic
shield for the two runs along with the applied field directions
outside the shield. An upper limit on the magnetic sensitivites
of these rf-SQUIDs is taken to be 0.3 φ0/Gauss. Figure is from
[262]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.5 Model of the 512 box test package with eight µMUX chips
(cyan) mounted in a copper box. Shielding material tested was
mounted on the copper cover of the box, 9.2 mm from the chip
surface. In the case of a sandwich, shielding material was also
mounted on the back of the box, equidistant from the chips. Fig-
ure is from [263]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.6 Experimental setup for the 512 box magnetic field testing. The
512 box package was mounted to the 100 mK plate of a Bluefors
dilution refrigerator. A set of Helmholtz coils apply DC fields
perpendicular to the µMUX chips, as shown installed around the
DR on the left. On the right, a schematic of the DR mixing cham-
ber plate and mounted 512 box test package is shown along with
the coils. The “front” view looks along the z-axis of the coils to
the face of the 512 box test package, and the “side” view shows
the x-axis of the coils and the edge of the 512 box package. The
orientation of the applied magnetic field is annotated “B.” Figure
is from [263]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
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4.7 Applied field values shift the SQUID f-Φ curves as fit to the data
acquired with the VNA. An example of the zero applied field
data points are plotted in blue, with the sinusoid curve fit blue
line overplotted. The stars and triangles mark the peaks of the
fits, which are used to calculate the phase offsets. The offsets
in phase (dΦ) are recorded to measure the magnetic pickup in
Φ0/Gauss. Figure is from [263]. . . . . . . . . . . . . . . . . . . . . 111

4.8 “Settling” the µMUX channels by applying a 0.525 G field for 1
minute before data taking (No Shielding, Runs 2, 3 and 4, 1/32”
aluminum, Run 2) versus data taking without first applying the
0.525 G field (No Shielding Run 1, 1/32” aluminum Run 1). Error
bars shown are standard errors. Linear fits to the average abso-
lute value of dΦ/Φ0 for the channels per applied field value are
plotted as solid lines. The average response of the channels de-
creases after the initial magnetic field is applied. Figure is from
[263]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.9 Magnetic pickup experienced by the 512 box channels when
shielded by a single piece of A4K (black), a thin (0.002”) single
piece of Al (blue) or a sandwich of the same (green), the thin
Al sandwich plus a piece of A4K (dashed green), or a niobium
sandwich (orange), compared to no shielding (magenta). The
best shielding configurations were the sandwiches of supercon-
ductors, and the worst was the single piece of A4K. Figure is
from [263]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.10 Residuals in |dΦ|/Φ0 from the linear fit to No Shielding Run 2
(Fig. 4.8). The distribution is typical for all data-taking runs,
with most channels showing a lower response than the linear fit
to the average, and a small number of channels showing a higher
response. Figure is from [263]. . . . . . . . . . . . . . . . . . . . . 115

4.11 Magnetic shielding simulations performed by Aamir Ali using
ANSYS Maxwell for two shielding configurations for the 512
box. A: 0.002” Al sandwich including realistic holes for connec-
tors. B: Same as A (0.002” Al sandwich including realistic holes
for connectors) with the addition of an A4K hexagon with the
same geometry as that tested in the lab (127.20 ± 0.50 mm corner
to corner, × 1 mm thick). The shielding factor in configuration
A was estimated to be 3-6, which underestimated the observed
shielding factor of 12. The shielding factor in configuration B es-
timated to be 10-20, which disagrees with the measurements in
which the addition of A4K degraded the shielding performance
of the Al sandwich by a factor of ∼4. Simulations and images are
courtesy of Aamir Ali. . . . . . . . . . . . . . . . . . . . . . . . . . 118
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5.1 The ∼600 sq. deg. 148 GHz ACT map used in the DB17 SZ anal-
ysis, overlapping with the 67,938 SDSS DR11 sources in green.
The longest strip in RA was the region of sky used for the first
measurement of the pairwise kSZ effect in Hand et al. 2011 [112].
Figure from [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.2 Top: The ACT + Planck map used for the DR5 f150 analysis in
V21 with the overlapping 343,647 SDSS DR15 selected sources
plotted in blue over 3,700 sq. deg., and the BN and D56 areas
covered by the ILC maps plotted in green and orange, respec-
tively. Bottom: The inverse white noise variance map associated
with the DR5 f150 coadded ACT+Planck map highlighting re-
gions representing a noise equivalence of 45 and 65 µK per pixel
(with a 0.5 arcmin resolution plate Carré projection), which were
used to cut the SDSS sample for the DR5 f150 analysis. The or-
ange and yellow regions of higher noise overlapped with 27%
of the DR15 sample. The SDSS sample was cut using the more
conservative 45 µK per pixel inverse white noise variance map
limit, shown in purple. We performed an equivalent cut for the
DR5 f090 map and analysis. Figure is from [264]. . . . . . . . . . 122

5.3 A histogram of the redshifts of SDSS DR11 tracer sources used
in the DB17 ACT DR3 SZ analysis (dark blue). The overlap of
the DR11 catalog with the same area as the DR9 selection used
in [112] (green, 27,291 galaxies) for the 220 sq. deg. ACT-only
region is shown in yellow (26,357 galaxies). The light blue line
shows the much smaller selected redMaPPer sample. Figure is
from [68]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.4 A signal-blind comparison of the tSZ analysis in an earlier set of
luminosity bins with the previous SDSS DR14 sample, to moti-
vate cuts in the final analysis. A kSZ analysis on these 6 sample
catalogs was also performed. The catalogs contained between
313078 and 457916 sources, depending on the combination of
cuts, which included a 50% or 40% Galactic plane mask and/or
a 45 µK per pixel or 65 µK per pixel inverse white noise variance
map cut. The more conservative inverse white noise variance
map cut was selected based on this comparison because it im-
proved the jackknife error bars in the tSZ analysis as well as the
uncertainty in the kSZ pairwise analysis. . . . . . . . . . . . . . . 128

5.5 The 40% and 50% Galactic plane masks used in the production
of the 2015 Planck Compton-y map [193], overlapping with the
SDSS DR15 catalog (blue points). Regions with mask value 0
(dark purple) are excluded from the analysis. The 50% mask was
chosen to conservatively cut sources from the Galactic plane re-
gion of our maps, which resulted in a cut of 26,521 sources after
the inverse white noise variance cut and luminosity cut. . . . . . 129
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5.6 The SDSS DR15 redshift distribution for the 602,461 total galaxy
sample and selected 343,647 galaxy sample for the analysis in
V21 and C21 overlapping with the ACT+Planck DR5 map, as
compared to the ∼9 and ∼7 times fewer DR11 galaxies overlap-
ping with the ACT DR3 area and those used for the 2017 result
(DB17), respectively. Figure is from [264]. . . . . . . . . . . . . . . 129

5.7 Stacked raw submaps for the five cumulative (top) and four dis-
joint (bottom) luminosity bins as defined in Table 5.2, for the DR5
f150 map (top two rows), the DR5 f090 map (middle two rows)
and the DR4 ILC Compton-y maps (bottom two rows, in neg-
ative units of y to better compare to the coadded maps). The
submaps represent the weighted average submaps of the sources
in a given bin, where the weight for each source is taken to be the
average value inside the accompanying R1 = 2.1 submap in the
inverse white noise variance map. The sub-0.5′-scale structure
in the submaps is an artifact of the sub-pixel interpolation and is
not physical. The maps are normalized with the average value
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CHAPTER 1

INTRODUCTION

The perception of electromagnetic (EM) radiation is a cornerstone of our abil-

ity to interact with and understand our physical world. As modern science has

progressed, we extended our reach into the EM spectrum beyond visual sight

and infrared sensation, using light with wavelengths spanning over 20 orders of

magnitude to traverse length scales in our universe from the sub-atomic to the

cosmic. As light travels over these vast distances, it also allows us to look back

in time, by carrying signals imprinted both at its origin and also along its jour-

ney through space-time. Through the development of telescopes and cameras,

detectors and readout systems, and the interpretation of the data these collect,

we can look back towards the beginnings of our universe, and probe the highest

energy and largest distance scales accessible to us. These measurements shape

our understanding of our nature and our origins.

1.1 The Cosmic Microwave Background

The discovery of a background of microwave light of wavelength 7.4 cm (4.1

GHz) from all parts of the sky opened this window for the first time in 1964. Bell

Labs scientists Arno Penzias and Robert A. Wilson were working with cryogenic

receivers and the Holmdel Horn Antenna, used to detect radio waves from pas-

sive and active communications satellite experiments. In seeking to eliminate

interfering signals, Penzias and Wilson discovered the cosmic microwave back-

ground (CMB), in the form of an excess antenna temperature of ∼3.5 K for which

they could not account, and thus attributed correctly to an extragalactic origin

[189]. Concurrently, physicists Dicke, Peebles, Wilkinson and Roll at Princeton
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University had theorized the existence of relic radiation from the Big Bang the-

ory of cosmology. Thus, the era of experimental cosmology had begun, with

experiments making increasingly precise measurements of the CMB over the

next half century.

The CMB has the spectrum of a blackbody: that of an opaque, isothermal,

and non-reflecting object, with a brightness temperature of 2.725 ± 0.001 K and

a peak frequency of 160.4 GHz [165]. The nature of this blackbody spectrum

supports the conjectures arising from the Big Bang theory. If the early uni-

verse were a hot, dense plasma, opaque due to the ionized nature of the gas,

it would be expected to emit blackbody radiation. As the universe expanded,

cooling and decreasing in density, there would come a point at which the uni-

verse would become transparent to photons, allowing them to stream freely in

all directions after protons and electrons combined to form neutral hydrogen.

Measurements of the CMB relic radiation support this “recombination” occur-

ring about ∼380,000 years after the Big Bang, when the last-scattered photons

were able to travel freely and reach us here on Earth today, largely undisturbed.

As we look back in time as we look into the sky, with objects further away com-

municating older light, the CMB represents the most ancient EM radiation we

can detect.

1.1.1 Primary Anisotropies

Probing the early universe’s history, observations of the CMB can help address

some of the most compelling questions in modern physics. The CMB radiation

comes from all directions, and is surprisingly uniform in temperature: isotropic
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Figure 1.1: The anisotropies of the Cosmic Microwave Background (CMB) as
observed by the Wilkinson Microwave Anisotropy Probe (WMAP) over seven
years, visible at the plotted temperature range of ±200 µK. The CMB is isotropic
at 2.73 K to roughly one part in 105. The correlation of the overall tempera-
ture and temperature anisotropies of the CMB at large scales presents a problem
when combined with knowledge of the comparatively small (∼ 1◦) causally con-
nected regions of sky, addressed by the inflationary paradigm in the standard
model of cosmology. Figure is from the NASA/WMAP Science Team [133].

to roughly 1 part in 105 (Figure 1.1) [129]. The fact that the temperature is so

homogeneous, and that the anisotropies we do observe appear to be correlated

on large scales, are curious when one considers the causal structure of our uni-

verse.

Our universe is well described by the Friedmann-Lemaı̂tre-Robertson-

Walker metric,

ds2 = −dt2 + a2(t)dx2, (1.1)

in natural units where c = 1. The dimensionless scale factor a(t) characterizes

the expansion of our universe over time. The metric provides a solution to Ein-

stein’s field equations consistent with the large-scale matter distribution in the

universe, and describes a universe that is flat (a beam of light emitted will not
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eventually make its way back to its source), homogenous (has constant den-

sity) and isotropic (the same in all directions) [188, 29]. The comoving distance

measure,

DC =
1

H0

∫ z

0

dz′√
ΩM(1 + z)3 + Ωk(1 + z)2 + ΩΛ

, (1.2)

factors out the expansion of the universe to leave a distance that does not change

in time due to the expansion of space. At a time t in the universe’s history after

the initial singularity at t = 0, the maximum comoving distance a particle could

have traversed would be

rH =

∫ t

0

dt′

a(t′)
, (1.3)

where rH denotes the radius of the particle horizon [188]. During this early

radiation-dominated phase of the universe’s history, a(t) ∝ t1/2. The horizon at

the surface of last scattering (from which we receive CMB photons, at a red-

shift of z ∼ 1000) could thus only be ∼ 100 Mpc in size, subtending an angle of

about 1 degree on the sky. This would indicate that areas on the CMB which are

separated by more than one degree could not have been in causal contact, yet

they are correlated in both temperature and observed temperature fluctuation.

Inflation suggests a solution to this problem which extends conformal time to

negative values, introducing a period of decreasing comoving Hubble radius

such that all points observed in the CMB originate from a causally connected

region of space.

Beyond this remarkable isotropy, the small anisotropies present in the CMB

are also of interest. These anisotropies point towards galaxies and clusters grow-
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ing via gravitational instabilities from seeds planted by initial perturbations.

The history of the universe onwards from 10−10 seconds is based on fundamen-

tal laws of high energy physics and general relativity, which help to explain the

growth of structure from these fluctuations. The structure problem asks for an

explanation for the origin of these perturbations. The standard Big Bang model

of cosmology predicts no such inhomogeneities, but inflation combined with

quantum mechanics offers a source for primordial fluctuations in the very early

universe [188]. During inflation, an equation of state with negative pressure ne-

cessitates an era during which the universe was dominated by a cosmological

constant. The solutions to the Friedmann equation,

H2 =
8πG

3
ρ −

k
a2 , (1.4)

in this case all evolve towards the exponential k = 0 solution,

a(t) ∝ eHt, (1.5)

known as de Sitter space. An event horizon can be defined for de Sitter space,

rEH =

∫ ∞

t0

dt
a(t)

, (1.6)

which states that the distance that particles can travel between a time t0 and

t = ∞ is finite. The proper radius of the horizon is given by a0rEH = 1/H. The

exponential expansion makes distant regions of space fall out of causal contact

with one another due to their moving apart faster than the speed of light. A

picture of thermal Hawking radiation can be constructed based on this horizon,
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Figure 1.2: The temperature angular power spectrum of the primary
anisotropies of the CMB, as measured by the Wilkinson Microwave Anisotropy
Probe (WMAP) [33] over 7 years. The measurements are consistent with a flat
universe that is expanding at the rate of 71.0±2.5km·s−1Mpc−1. The data provide
limits on the ΛCDM model of cosmology. Figure is from Larson et al. 2011 [151].

and it is these quantum fluctuations that provide the seeds for what we now

observe as galaxies and clusters. If this is true, there should exist a background

imprint of gravitational waves left in the CMB as a relic of inflation, from modes

of fixed comoving wavelength that are expanded to sizes� 1/H and forced by

causality to become frozen as classical amplitudes which seed large-scale struc-

ture [188]. Many modern cosmology experiments seek to measure this signal,

and, if observed, the amplitude would be a signature of inflation that would

teach us about the nature of the very early universe. Beyond this signal, a wealth

of information waits to be extracted from careful measurements of the CMB.

The temperature anisotropies of the CMB can be expressed in the basis of

spherical harmonics (Ylm) as
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∆T
TCMB

(θ, φ) =
∑
lm

almYlm(θ, φ), (1.7)

where (θ, φ) indicates a location on the sky [99]. The coefficients alm are deter-

mined by the underlying density perturbations, and can be described statisti-

cally, with the angular power spectrum Cl,

〈a∗lmal′m′〉 ≡ Clδl′lδm′m (1.8)

encapsulating the predictions of a given cosmological model through an ensem-

ble average over the directional index m (Figure 1.2). Measuring the angular

power spectrum of the CMB thus returns us information about the physics un-

derlying our universe.

The largest anisotropy present in the CMB is a kinematic dipole arising from

the motion of the Earth relative to the average reference frame of the CMB [229].

After this dipole, three physical processes generate most of the temperature fluc-

tuations in the CMB: gravitational red/blue shifts known as the Sachs-Wolfe ef-

fect [211], acoustic oscillations in the plasma of the early universe, and diffusion

damping of photons at small scales [242].

At the surface of last scattering, the place where CMB photons were scat-

tered by electrons for the last time before free streaming through the universe,

the photons were redshifted if they needed to climb out of a larger potential

well (a region with higher density). Since curvature and gravitational poten-

tial perturbations are frozen on the super-horizon scale, this Sachs-Wolfe effect

provides a dominant contribution to the primordial temperature anisotropies at
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Figure 1.3: Improved measurements of the CMB over time have produced im-
proved constraints on the power spectrum of the CMB anisotropies, and thus
the model of cosmology that describes our universe. This graphic shows the
improvement in resolution in 10 square degree submaps of the microwave sky
from three generations of CMB satellite experiment: COBE [82], WMAP [33],
and Planck [194]. Figure is from [177].

scales larger than the angular size of the horizon scale at recombination (Equa-

tion 1.3), (about 2 degrees) [212].

Before recombination, protons, electrons, and photons were coupled in a

plasma that can be treated as a mixed compressive fluid, inside which density

fluctuations are acoustic waves. These perturbations start to oscillate as acous-

tic waves once they cross the sound horizon, and we can measure these baryon

acoustic oscillations (BAO) in the CMB within the angular scale corresponding

to that horizon: θs = 0.80◦ [242]. The first peak of the CMB power spectrum cor-

responds to the scale at which acoustic oscillations are reaching their maximum

amplitude at the surface of last scattering, while latter peaks occur at scales of

subsequent antinodes and nodes (Figure 1.2). For a given cosmological model,
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Figure 1.4: A comparison of Atacama Cosmology Telescope (ACT), Planck, and
ACT+Planck data in a 3 square degree patch of sky across three frequencies
(band centers at ∼98, 150, and 224 GHz). The combination of ACT and Planck
data is an improvement over Planck data alone in resolution and depth thanks to
ACT’s larger 6-meter mirror and more sensitive detector arrays. The combined
maps also include the larger scales that Planck is better at measuring. Figure is
from [175].
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the location of the first peak in the CMB informs Ωm, the universe’s total matter

density. Measurements of the subsequent peaks can give us more insight into

the matter content of our universe [99].

On smaller scales, these fluctuations decrease in amplitude due to photon

diffusion: random walks of photons between collisions with electrons that re-

duce the pressure in the fluid, resulting in a decrease of the acoustic wave am-

plitude. This damping effect, often called Silk damping [224], suppresses the

fluctuations in the CMB on scales less than a few arcminutes.

After the first discovery of these primary CMB anisotropies by the COBE

Differential Microwave Radiometers (DMR) [82], the experimental cosmology

community has made increasingly precise measurements (Figure 1.2) of this an-

gular power spectrum to inform our cosmological model as it stands today. The

sound velocity in the baryon-photon fluid depends on the baryon density of our

universe (Ωb), impacting the amplitude of the BAO peaks in the CMB power

spectrum. The Hubble constant, H0, which paramterizes the time-dependent

expansion of spacetime, also impacts the amplitude of these peaks. The power

spectrum also depends on the dark matter density of our universe (Ωc), which

affects not only the amplitude of the BAO peaks but also their location, as the

matter to radiation ratio controls the age of the universe at recombination and

thus how far sound can travel. The amplitude of matter fluctuations on 8 Mpc

scales, σ8, influences the growth of fluctuations in the early universe, and de-

pends on Ωm. The curvature of the universe, Ωk, modifies the apparent angular

size, and thus the acoustic peaks and damping scale of the power spectrum. The

spectrum depends also on the initial parametrizing power law spectral index,

ns, where ns = 1 corresponds to scale invariant initial fluctuations, and current
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Figure 1.5: The primary temperature anisotropies and polarization of the CMB
as measured by recent experiments: ACT [56], SPT [123, 215, 100], Polarbear/Si-
mons Array [15, 199], BICEP2/Keck [38], and Planck [194]. The solid grey line is
the ACT plus WMAP cosmological model and the dashed grey line is the Planck
cosmology. One sigma error bars are plotted on each point. Figure is from [56].
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values just below 1 are consistent with inflationary models. Altogether, these

parameters describe the cosmology of our universe, and our confidence in their

values grows as we improve our measurements of the CMB through higher

signal-to-noise and complimentary datasets (Figures 1.3 and 1.4). An example

of this progress is shown in Figure 1.5, where measurements of the tempera-

ture and polarization power spectra by ACT are presented alongside those from

other experiments. The cosmological parameters from the ACT data agree with

ΛCDM with H0 = 67.6 ± 1.5 km/s/Mpc. Analysis of current and future data

from ACT, and that from upcoming experiments like the Simons Observatory,

will continue to improve our understanding of cosmology.

1.1.2 Secondary Anisotropies

Photons from the CMB arrive on Earth only after a long journey through our

universe, and as such they bear the signatures of their particular paths to our

telescopes. At small angular scales of at or below a few arcminutes, secondary

temperature fluctuations due to interactions with matter after z ∼1100 domi-

nate over the primary anisotropies discussed in Section 1.1.1. These secondary

anisotropies must be accounted for to meet the science goals necessitating pre-

cise measurements of the primordial fluctuations. The secondary anisotropies

also hold their own wealth of physical information and can inform us about the

local properties of the universe, such as the evolution of structure. One per-

son’s foreground is another person’s science goal. Other foregrounds that can

contaminate both the primary and secondary anisotropies of the CMB include

radio and infrared emission from our galaxy, extragalactic radio and infrared

sources such as galaxies and active galactic nuclei, and bright point sources.
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Measuring, constraining, simulating and separating these effects present in the

CMB is thus necessary to extract the full suite of science information present in

observed maps of the microwave sky.

Secondary anisotropies arise from two main types of CMB photon interac-

tions: gravitational effects, such as gravitational lensing, and scattering with

free electrons, such as inverse Compton scattering.

Photons from the CMB are affected by gravitational potentials as they travel

from the surface of last scattering, which changes the temperature of these pho-

tons when they are observed by our telescopes. In the integrated Sachs-Wolfe

(ISW) effect [211, 135], the photons traverse the gravitational potential evolv-

ing with the evolution of large scale structure. The CMB photon temperature

change due to the ISW from time-variable metric perturbations is frequency in-

dependent, as are the other gravitational effects, and thus cannot be separated

by primary anisotropies from spectral information alone. The ISW is correlated

with tracers of large scale structure, is of interest to study at larger angular scales

(at or above ∼10 degrees), and its detection can provide information about the

equation of state and clustering properties of dark energy (Section 1.4) [17, 135].

In the Rees-Sciama (RS) effect [204], corresponding to angular scales of 5-10

arcminutes, CMB photons are affected by their traversing a non-linear gravita-

tional potential. This is generally associated with gravitational collapse, if the

photon crossing time is large enough compared to the timescale of the structure

formation. The RS effect can contaminate primary anisotropies and has the po-

tential to become a limiting background for CMB polarization measurements

[17, 204].
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Figure 1.6: An example of the thermal SZ effect (Section 1.2.1) in a map of the
CMB [264]. A weighted average of submaps taken from a 150 GHz ACT+Planck
CMB map [175] centered on 23,504 sources from the BOSS DR15 galaxy catalog
[18] with luminosities above 11.6 × 1010L� (more details in Section 5.3.4). CMB
photon interactions with the electrons in the galaxy halos create a temperature
decrement at the observed frequency relative to what the CMB would look like
without this secondary anisotropy present.

Gravitational lensing of the CMB by the large scale structure of our uni-

verse (wherever there is a gravitational potential) redistributes power towards

smaller scales, with significant effects below a few arcminutes. Accounting for

lensing at large scales becomes important when seeking to measure the B-mode

power spectrum. Reconstructing the projected mass distribution of our uni-

verse via maximum likelihood estimators or quadratic statistics in temperature

and polarization can clean this effect from the CMB power spectrum, reduce the

mixing between the E and B components of CMB polarization, provide a map of

the structure lying between us and the surface of last scattering, and probe neu-

trino mass (Section 1.3.4) and dark energy equation of state parameters (Section

1.4) [17, 156, 6, 259, 61].
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In the Sunyaev-Zel’dovich (SZ) effects, CMB photons interact with the elec-

trons present in ionized gas along the line of sight (Figure 1.6). The SZ effect

is discussed in Section 1.2. The SZ effect is frequency-dependent, unlike the

secondary anisotropies from gravitational effects, but shares commonality with

these anisotropies in its usefulness to learn about the complicit matter struc-

tures, neutrino mass, and dark energy equation of state parameters (Sections

1.3.4, 1.4).

Measuring the secondary anisotropies of the CMB provides a complemen-

tary picture of the lower-redshift universe to that probed by other tools, such

as galaxy surveys. Large scale structure surveys such as BOSS [67], DES [11],

DESI [155], Euclid [73], LSST [160] and WFIRST [231] provide independent

maps of mass distribution and galaxy clustering at optical wavelengths. Cross-

correlations between these and CMB datasets can improve systematics and re-

sulting constraints on parameters of interest such as neutrino mass [6]. Simi-

larly, using optical catalogs to trace galaxy groups and clusters in maps of the

CMB can enable high signal-to-noise SZ measurements and enable this probe of

cosmology and galaxy evolution (Section 1.2).

1.2 The Sunyaev-Zel’dovich Effects

The Sunyaev-Zel’dovich (SZ) effects are a consequence of cosmic microwave

background (CMB) photons inverse-Compton scattering off electrons in hot,

ionized gas, especially that in the intra-cluster medium (ICM) of late-time

galaxy clusters and groups. This scattering results in a shift in the blackbody

spectrum observable as a secondary anisotropy in maps of the CMB [271, 243].
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The leading order effects are the thermal SZ (tSZ) and kinematic SZ (kSZ)

effects, caused by CMB photon interactions with electrons in the hot gas or

Doppler shifts of the scattered photons due to the line-of-sight motion of the

gas, respectively. The kSZ effect has a different spectral signature and is an

order of magnitude smaller in amplitude than the tSZ signal, making it sig-

nificantly more difficult to detect in maps of the CMB. Together, the SZ effects

encode rich information about the structure and composition of our universe,

including neutrino mass, dark energy, and galaxy groups and clusters.

1.2.1 The Thermal SZ Effect

A small fraction of the photons from the CMB passing through the hot gas

present in galaxy groups and clusters will undergo Compton scattering by col-

liding with electrons in that gas, leaving a characteristic frequency-dependent

distortion on the spectrum of the CMB. This is the tSZ effect [271, 243].

The distortion from the tSZ effect depends on the optical depth of the gas,

τ̄ = σT

∫
LOS

nedl, (1.9)

where σT is the Thompson cross-section, ne is the electron number density, and

dl is the integral along the line of sight (LOS) away from the observer [188, 27].

A larger optical depth represents a higher chance of photons interacting with

the electrons within that gas. The tSZ effect also depends on the electron tem-

perature, Te, in its proportionality to the dimensionless Compton-y parameter

via
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δTtSZ(θ)
TCMB

= fSZ y(θ), (1.10)

where y(θ) is the Compton parameter at a projected angle θ from the cluster cen-

ter. In the non-relativistic limit, fSZ depends on observed radiation frequency,

fSZ =
(
x

ex + 1
ex − 1

− 4
)
, (1.11)

where x = hν/kBTCMB [137].

The Compton-y parameter is

y =

∫
LOS

σTne
kTe

mec2 dl =
σT

mec2

∫
LOS

Pedl, (1.12)

where me is the electron mass, Te is the electron temperature, and Pe is the

electron pressure [27, 188]. The fractional change in temperature of the CMB

photons due to the tSZ effect can then equivalently be expressed as simply

τ(kTe/mec2) ∼ τ(vthermal/c)2 [218].

The resulting frequency-dependent shift in the blackbody spectrum of the

CMB due to the tSZ effect appears as a decrement in the intensity of the CMB at

frequencies below ∼218 GHz, and as an increment at higher frequencies (Figure

1.7).

In its sensitivity to the cluster’s integrated line-of-sight pressure profile, the

tSZ effect is a valuable, largely redshift-independent probe of gas in the intra-

cluster medium. The characteristic frequency dependence of the tSZ effect can

be isolated through the use of multi-frequency measurements of the CMB.

17



Figure 1.7: The spectral distortion of the CMB due to the tSZ effect via Equations
1.10 and 1.11 for a cluster that is >1000 times more massive than a typical clus-
ter, to more easily visualize the (generally small) shift. The undistorted CMB
blackbody spectrum is the blue line and the distorted spectrum is the red line.
The tSZ effect causes a decrease in CMB intensity at frequencies below 218 GHz
and an increase above this point. At ∼218 GHz, no shift is observed, which can
be useful for systematics checks in tSZ analyses.

Measurements of the tSZ effect allow us to study the thermodynamics of the

cluster gas, including processes such as active galactic nuclei (AGN) feedback,

star formation, radiative cooling, and cluster merger histories. The tSZ effect

can also give us information about the shapes and extents of cluster gravita-

tional potential wells and dark matter halos [25, 170]. By tracing the electron

distribution within groups and clusters, the tSZ effect is sensitive to the poorly

understood spatial distribution of ionized gas and the baryon content.

We are able to estimate the optical depth, τ, of the gas within halos by com-

bining tSZ measurements with cosmological hydrodynamic simulations (Sec-
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tion 5.3.2) [25]. In the case of the “missing baryon” problem, observations sug-

gest that this gas contains fewer baryons than would be predicted by mass-

density profile models neglecting heating processes [92, 178, 223, 203, 54]. These

baryons are thought to be located at the outskirts of groups in the diffuse warm-

hot intergalactic medium, where they are not easily measured by X-ray obser-

vations or the tSZ effect [92, 216, 130, 205, 50, 53].

To use tSZ measurements to probe cluster properties, we must extract the

tSZ signal from the microwave sky at high significance. Cleaning the tSZ signal

from sources of contamination such as competing astrophysical and cosmolog-

ical signals, instrumentation and atmospheric noise, and dusty galaxy and syn-

chrotron emission can be a challenge. Recent efforts by the Atacama Cosmology

Telescope (ACT) [164, 116, 128, 16], South Pole Telescope (SPT) [236, 41], and

Planck Collaborations [194] have produced measurements of the tSZ effect in

CMB data. Many tSZ analyses use single frequency (especially 150 GHz) CMB

maps and rely on matched filters. Heritage for both tSZ stacking and multifre-

quency dust reconstruction in ACT data includes multiple recent publications

[93, 105, 239]. Our recent work with multi-frequency ACT data is detailed in

Chapter 5.

1.2.2 The Kinematic SZ Effect

The kinematic SZ effect arises from Doppler shifts in the scattered CMB photons

due to the radial peculiar motion of the interacting gas halos relative to the CMB

rest-frame, rather than the Doppler shifts due to the thermal motion of the gas

electrons as in the tSZ effect. The kSZ effect is typically an order of magnitude
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smaller than the tSZ effect and has a spectrum that is similar to the CMB black-

body, making it challenging to detect and separate from contaminating tSZ and

dust emission foregrounds. The fractional shift in the CMB temperature signal

due to this Doppler-shifting kSZ effect depends on the peculiar velocity, v̂p, of

the gas halo along the line of sight:

δTkSZ(θ)
TCMB

=

∫
LOS

σTne
v̂pe−τ

c
dl, (1.13)

where σT is the Thompson cross-section, c is the speed of light, ne is the electron

number density, TCMB is the temperature of the CMB, and the integral is along

the LOS away from the observer [243, 27]. The fact that the galaxy groups com-

monly being analyzed, like those in our recent work with ACT data (Chapter

5), have optical depths that are at or below the ∼ 1 × 10−4 level means we can

set e−τ in Equation 1.13 to ∼1. This then simplifies the fractional shift in CMB

temperature to the more intuitive −τvp/c, where vp is the free electron bulk LOS

velocity and τ is the optical depth of the galaxy group [218]. We see that the

kSZ signal, like the tSZ signal, is dependent on the optical depth of the gas in

question (Equation 1.9).

Techniques to extract the kSZ effect from the dominating primary CMB fluc-

tuations and tSZ effect (Figure 1.8) include velocity reconstruction [217], pro-

jected fields [125, 86], cross-correlation of angular redshift fluctuations [53], clus-

ter stacking [248], and a pairwise correlation statistic, which we have used to

measure the kSZ effect in data from the Atacama Cosmology Telescope (Chap-

ter 5).
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Figure 1.8: The intensity (left) and Rayleigh Jeans brightness temperature (right)
of the thermal (solid line) and kinematic (dashed line) SZ effect distortions of the
CMB. The 2.7 K thermal spectrum of the CMB is scaled by 0.0005 in the dotted
line for reference (left), illustrating the comparatively small magnitude of the
SZ effects. The cluster properties used to calculate the plotted spectra are Te =

10 keV, Compton-y = 10−4, and vp = 500 km/s. Figure is from [48].

The Pairwise kSZ Effect

When separated by distances on the order of ∼25-50 Mpc, clusters and groups

of galaxies, on average, move towards each other due to the attractive force of

gravity. This pairwise trend in gas motion can be used to extract the kSZ ef-

fect, and the statistical nature of the approach relies on large numbers of tracer

sources to measure the small signal. A pairwise correlation statistic [65] to ex-

tract the kSZ signal depends on pairwise differences of measured temperatures

on the sky at the positions of galaxies, and thus averages out contaminating sig-

nals like the tSZ signal and dust emission without needing to model them in

detail.

The pairwise estimator,
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pest(r) =
Σi< j(pi · ri − p j · r j)ci j

Σi< jc2
i j

, (1.14)

computes the mean pairwise momentum of a sample of galaxies through their

line-of-sight components: here, ri is the comoving distance (Equation 1.2) to the

ith object, calculated assuming a given cosmology and optical catalog redshift

of the galaxy [68]. The measured kSZ signal (Equation 1.13) from a given halo is

proportional to this line-of-sight momentum (as traced by galaxy i of the cata-

log), −pi · ri. The pairwise momentum estimator is a function of r, the comoving

separation distance between galaxy pairs i and j, r = |ri j| = |ri − r j|. The factor ci j

in Equation 1.14 is a geometrical factor accounting for the alignment of a given

pair of galaxies i and j along the line of sight:

ci j = ri j ·
ri + r j

2
=

(ri − r j)(1 + cosθ)
2(r2

i + r2
j − 2rir jcosθ)

[68]. (1.15)

Here, θ is the angular separation between the two galaxies i and j relative to the

line of sight.

Because of its sensitivity to the motion of gas on large scales, the pairwise

kSZ estimator has the potential to probe the growth rate of large scale struc-

ture (LSS), providing insights into the evolution of dark energy, equations of

modified gravity, and constraints on the sum of the neutrino masses (Sections

1.3.4,1.4) [71, 36, 147, 46, 172, 171, 91].

Optical galaxy surveys can provide bright tracer galaxies to identify and

locate the clusters and groups for which we measure the pairwise kSZ effect

[143, 142, 88, 154, 241]. The first measurement of the pairwise kSZ signal was

made by Hand et al. [113] by estimating the mean pairwise cluster momentum
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with ACT data from 2008 to 2010 and a sample of galaxies from the Sloan Digi-

tal Sky Survey Data Release 9 (SDSS DR9) catalog. This measurement has since

been improved with a 4.1σ measurement in the mass-averaged optical depth, τ̄,

using data from ACT DR3 and SDSS DR11 [68], and a 5.4σ measurement using

data from ACT DR4 and DR5 and SDSS DR15 [47].

While the amplitude of the kSZ effect is proportional to both the total clus-

ter gas mass and the cluster’s line-of-sight velocity, it is independent of the gas

temperature. When both the tSZ and kSZ effects are measured for the same

sample of sources and the optical depth (and thus the total cluster gas mass) is

modeled from the tSZ data, the combination can be used to convert the pair-

wise momentum [113] measured from the kSZ effect into pairwise velocity. The

pairwise velocity can then be used to constrain cosmological parameters, such

as the sum of the neutrino masses (Section 1.3.4) [172, 171].

1.3 Neutrinos, the Early Universe, and Large Scale Structure

Measurements of the CMB can turn the universe itself into a laboratory for fun-

damental particle physics. Cosmological probes are independent from and com-

plementary to Earthly laboratory experiments, providing a useful method for

studying particles like neutrinos.

1.3.1 Neutrino Mass

Neutrinos, once thought to be massless, are now known through oscillation

experiments to have small masses: many orders of magnitude smaller than
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those of charged fermions. Understanding the mechanism of neutrino mass

could explain this deviation, as well as answer open questions about the matter-

antimatter asymmetry problem and whether lepton number is a symmetry of

nature [107].

Neutrinos could be Dirac particles (ν , ν̄), in which case lepton number

would be conserved. The Dirac mass term couples left- and right-handed chiral

states, and charged fermions (like electrons and quarks) can only have a Dirac

type mass. The existence of sterile (solely gravitationally interacting), right-

handed chiral neutrinos would allow for a Dirac type mass.

If neutrinos are instead Majorana particles (ν = ν̄), a mass term can be con-

structed in which the charge conjugate of the Majorana field is the same as the

field itself, meaning antineutrinos would be identical to neutrinos. Because the

Majorana mass term couples the antineutrino and neutrino components, inter-

actions involving Majorana neutrinos do not conserve lepton number [39].

In the presence of a Majorana mass term, the seesaw mechanism provides

an explanation for the neutrino’s tiny mass. The seesaw mechanism produces

the three known light neutrino flavors, and three heavy counterparts (which

have yet to be observed). The potential existence of these heavy particles en-

ables a hypothetical process that produced an asymmetry between leptons and

antileptons in the very early universe: leptogenesis [107].

The baryon asymmetry of the universe, or why we see more baryonic matter

in our universe than antibaryonic matter, is not yet understood. If neutrinos are

Majorana particles, violation in lepton number conservation of the heavy sterile

neutrinos early in the universe’s history would manifest in a violation in baryon
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number conservation. In this way, leptogenesis could address the missing anti-

matter problem. It is known that quarks violate CP-symmetry, the combination

of charge symmetry and parity symmetry, but not enough to account for the

disparity between matter and antimatter in the universe. CP violation in the

decays of heavy sterile neutrinos could bridge that gap [191]. CP violation is

thus interesting to study in the oscillations of light neutrinos, even though there

is not a direct connection to CP violation in the heavy neutrinos. Determining

the nature of neutrino mass is central to investigating whether neutrinos may

explain the baryon asymmetry of our universe [110].

One of the unresolved issues surrounding neutrino mass in the Standard

Model is determining the mass hierarchy. This will serve as a critical input

to more accurate cosmological and astrophysical models and help to interpret

the results of future neutrinoless double beta decay experiments. Neutrinoless

double beta decay (0νββ) is a lepton number violating decay of a nucleus with

electron emission, but without neutrino emission: (A,Z) → (A,Z + 2) + 2e−. An

observation of 0ν would indicate that neutrinos are Majorana fermions. Two

orderings (hierarchies) of the three known neutrino masses are possible. In the

normal hierarchy (NH), ν3 is the heaviest mass eigenstate, whereas in the in-

verted hierarchy (IH), it is the lightest (Figure 1.9) [187].

1.3.2 Thermal History

The thermal history of the universe and the origins of the cosmic neutrino back-

ground dictate what we can learn about the sum of the neutrino masses from

cosmological measurements. In the time during the early universe’s history that
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Figure 1.9: Normal and inverted neutrino mass hierarchies. The colors in each
bar represent the neutrino flavor eigenstate admixtures present in each mass
eigenstate. The sign and magnitude of the solar mass splitting (∆m2

21) has been
determined through solar neutrino experiments, but the sign of the atmospheric
mass splitting (∆m2

32) is not yet known, resulting in these two possible configu-
rations. Upper limits on the sum of the neutrino masses with input from cos-
mology can determine the neutrino mass hierarchy. Figure is from [187].

the temperature of the plasma was falling from ∼ 1011 K to ∼ 108 K, neutrinos

decoupled from the rest of the plasma, and electrons and positrons annihilated,

heating the photons relative to the neutrinos by a factor of (11/4)1/3. The total

energy density and entropy density of the early universe during this radiation-

dominated period are given by

ρ(T ) = g∗
π2

30
T 4, s(T ) =

4
3

g∗
π2

30
T 3, (1.16)

where g∗ counts the spin states for all particles and antiparticles, with an extra

factor of 7/8 for fermions due to integration over the Fermi-Dirac distribution

function [267, 30]. The first law of thermodynamics implies that the comoving

entropy density of particles in equilibrium is conserved (a3s(T )=const.) such

that the temperature evolves as the inverse of the scale factor for radiation in

free expansion. After the electron positron annihilation, the radiation density of
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the universe was

ρr =
π2

15

1 +
7
8

(
4
11

)4/3 Ne f f T 4
γ , (1.17)

where Tγ is the photon temperature and Ne f f is a quantity which represents the

effective number of neutrino species. Big Bang nucleosynthesis predicts Ne f f =

3.05 [6]. The current estimate predicts Ne f f = 2.99 ± 0.17 [267, 30, 196].

1.3.3 Structure Formation

The energy density in nonrelativistic neutrinos contributes to the matter budget

of the universe today, but the fact that neutrinos were relativistic for much of

the history of the universe means that their gravitational clustering is different

from that of cold dark matter (CDM) particles.

The angular power spectrum of the CMB (Section 1.1.1) at small angular

scales is sensitive to the radiation content of the early universe, parametrized

by Ne f f , introduced in Section 1.3.2 as a measure of the energy density of the

cosmic neutrino background. More generally, Ne f f receives contributions from

all forms of radiation present in the early universe apart from photons. Cosmic

neutrinos (and other light relics which would increase Ne f f ) contribute to the

total energy in radiation which controls the expansion history and affects the

damping tail of the power spectrum, as well as producing a shift in the phase of

the acoustic peaks due to their fluctuations.

The neutrino energy density is given by
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ρν =
∑

i

∫
d3p

(2π)3

√
p2 + m2

νi

eap/Tν0 + 1
, (1.18)

where mνi are the three neutrino mass eigenstates and the density depends on

the Fermi-Dirac momentum distribution [267, 30]. In early times, the neutrino

energies are dominated by their momenta and the total energy density behaves

like radiation (ρν ∝ a−4) while for later times, the energy density behaves like

matter (ρν ∝ a−3). For a neutrino of mass mνi, this transition (kBTν(a) ∼ mνic2) oc-

curs at redshift znr ∼ 300(mνi/0.05eV). The fractional energy density in neutrinos

today can then be written as[6]

Ων ≈

∑
i mνi

93eV
. (1.19)

Using current information from CMB and BAO measurements [194], an upper

limit on the contribution of neutrinos to the cosmic energy budget can be placed

at 0.003 [194], and from neutrino mixing results, an upper limit of Ων ≤ 0.0012 is

placed [107].

Because they started as relativistic particles, neutrinos do not participate in

gravitational collapse until late times when they became nonrelativistic. Before

this, the neutrinos free streamed out of gravitational wells, damping primordial

fluctuations in the neutrino density on scales smaller than the horizon at znr.

This scale corresponds to the wave number

knr ≡ anrH(anr) ≈ 0.003
(
Ωm

0.3
mν

0.05eV

)1/2

h/Mpc. (1.20)

The neutrino free streaming scale is defined in comoving coordinates as
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k f s(a) ≡

√
3
2

aH(a)
vν(a)

≈ 0.04a2
√

Ωma−3 + ΩΛ

( mν

0.05eV

)
h/Mpc. (1.21)

On scales larger than knr, perturbations in the density of neutrinos, baryons,

and CDM can be described by a single perturbation to the total matter density.

On smaller scales, only the perturbations to the CDM and baryons remain, and

they grow more slowly because the neutrino energy density contributes only to

the expansion rate. This causes a suppression in the amplitude and the growth

rate of matter perturbations with wavenumbers k > k f s relative to a universe

with massless neutrinos. The net change in the amplitude of perturbations with

k > knr depends on the fractional energy density in massive neutrinos and on

the neutrino mass sum (Figure 1.10) [6, 267, 30].

Figure 1.10: The fractional change in the matter density power spectrum as a
function of comoving wavenumber k for various values of

∑
mν, along with

ranges of experimental sensitivity from the CMB, galaxy surveys, weak lensing
of galaxies, and the Lyman-α forest. CMB lensing involves an integral over this
power spectrum and is also sensitive to neutrino mass. Figure is from [8].
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1.3.4 Cosmological Probes

The signature of massive neutrinos is present in the energy density Ων (Equa-

tion 1.18). Probes of the matter power spectrum are sensitive to the sum of the

neutrino masses and can place upper limits on the sum (Figure 1.11). The low-

est possible value of
∑

mν depends on the mass hierarchy and is determined

by the results of the oscillation experiments: the lowest value for the inverted

hierarchy is
∑

mν ∼ 0.1 eV, and the lowest value for the normal hierarchy is∑
mν = 0.058 eV. Therefore, an upper limit below

∑
mν = 0.1 eV would disfavor

the inverted hierarchy and determine the neutrino mass ordering [184].

Figure 1.11: Suppression in the matter power spectrum at small scales due to
neutrino mass. Figure is from [6].

Gravitational lensing of the CMB directly measures the matter distribution

along the line of sight. As CMB photons travel to the Earth from the surface of

last scattering, they are deflected by matter which distorts the CMB anisotropies

and their statistical properties. In this way, CMB lensing encodes statistical in-

formation about the large scale structure (LSS) mass distribution [6].
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Beyond CMB lensing, external LSS datasets are sensitive to the scale of the

neutrino masses through the suppression of the matter power spectrum (in-

ferred from weak gravitational lensing, fluctuations in galaxy abundance, or

changes in the opacity of intervening gas) and the change in the growth rate

of matter perturbations, inferred from redshift-space distortions. The suppres-

sion of the matter power spectrum is the same effect tested by CMB lensing, but

galaxy surveys measuring the effect are probing structure at multiple epochs in

the universe’s history whereas CMB lensing provides a map of the integrated

mass distribution. The LSS information thus contains more information than

galaxy surveys [6].

Galaxy clusters form from high peaks in the matter density field, out of a re-

gions smaller than the neutrino free streaming scale. The neutrino free stream-

ing therefore slows the growth of structure on galaxy cluster scales, suppressing

the abundance of galaxy clusters.

Galaxy clusters can be identified and probed in CMB data via the thermal

Sunyaev-Zel’dovich (tSZ) effect (Section 1.2.1). The kinematic SZ effect, an order

of magnitude smaller effect due to the velocity of the galaxy clusters in which

these photons interact, can be used to constrain cosmology including the neu-

trino mass sum (Section 1.2.2). A variety of methods of extracting the kSZ signal

from CMB maps are currently being pursued, with promising results (Section

1.2.2). Forecasts for kSZ measurements in combination with Planck primordial

CMB priors provide constraints on the sum of neutrino masses with a precision

of up to 0.09 eV for the current generation of CMB experiments [173]. When

combined with laboratory experiments, CMB-S4 will be able to disfavor the in-

verted mass hierarchy if mν . 0.1 eV [6].

31



The Lyman-α forest and 21 cm surveys are other approaches to probe the un-

derlying matter clustering in LSS using neutral hydrogen as a tracer. Input from

future 21 cm surveys combined with CMB data will also improve constraints on

neutrino mass [184].

The combination of cosmological and terrestrial neutrino mass measure-

ments tests the cosmological neutrino model, with a discrepancy possibly point-

ing to new physics. Cosmological neutrino mass measurements are also com-

plementary with 0νββ experiments. In the absence of a signal in next gener-

ation 0νββ searches, a cosmological measurement constraining
∑

mν > 0.1 eV

(corresponding to either an IH or a minimum neutrino mass of 0.05 eV) would

strongly point to neutrinos being Dirac particles. On the other hand, in the pres-

ence of a 0νββ signal, in the IH cosmological measurements together with 0νββ

measurements can constrain one of the Majorana phases. If cosmological and

0νββ measurements turn out to be in tension, new physics beyond the model of

light Majorana neutrino mediated decay could be suggested [6].

Target thresholds for 2σ and 3σ detections of
∑

mν ≈ 0.058 eV are 0.03 eV

and 0.02 eV respectively for a CMB-S4 effort. Reaching these thresholds and

making a determination of the mass hierarchy through CMB measurements re-

quires constraints on degenerate parameters τ (optical depth) and Ωmh2 [6]. In-

dependent measurements of the optical depth of galaxy halos could also aid

kSZ constraints on neutrino mass (Section 1.2.2). Experiments studying neu-

trino oscillations in matter, in which resonant enhancements enhance oscilla-

tions, are expected to make the most significant determination of the neutrino

mass ordering [70]. Information from cosmology will serve as an independent

and complementary probe.
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1.4 Dark Energy

The universe is expanding at an increasing rate, a fact that remains a quag-

mire and necessitates either a modification to the well-tested theory of gen-

eral relativity, or the presence of an unknown substance dubbed dark energy.

Tests confirming this accelerating expansion include supernova Ia observations

([207, 192]), large scale structure [249, 250], and baryon acoustic oscillations

[190, 43] in addition to CMB measurements [232, 194, 115]. Our standard ΛCDM

model of cosmology includes the cosmological constant Λ to account for the ob-

served acceleration, but despite the success of the ΛCDM model, the cosmologi-

cal constant lacks theoretical motivation and is accompanied by several theoret-

ical issues [268, 49]. Many dark energy and modified gravity models have been

suggested, and experimental constraints can help distinguish between them.

Our current dark energy-dominated expansion of the universe is more mod-

ern than the z ∼ 1100 CMB, so modifications to gravity or the behavior of dark

energy do not have a significant impact on the primordial CMB. Instead, sec-

ondary anisotropies in the CMB form the picture of the evolution of large scale

structure under the influence of modified gravity or dark energy (Section 1.1.2).

Measurements of these anisotropies thus have the potential to constrain and

separate the two possible explanations for this extraordinary evolution of our

universe.

Cosmological observations of large scale structure include probes of the

bending of light due to gravitational potentials (Section 1.1.2) and probes of

the velocities of gravitationally bound objects like galaxy clusters and groups

as they move within the large scale structure. Probes of peculiar velocities in-

33



clude the kinematic SZ effect (Section 1.2.2) and redshift space distortions in the

galaxy correlation function [141].

The mean pairwise velocity of clusters derived from the kSZ effect (Section

1.2.2) can serve as a probe of large scale structure and thus models of dark en-

ergy and modified gravity.

The matter over-density, δm, is proportional to the velocity of dark matter

particles, vm. This proportionality links the time evolution of the matter per-

turbations to the velocity of dark matter, such that tracers of the dark matter

velocity distribution (like the velocities of galaxy groups and clusters) can be

used to constrain cosmology. Although in many modified gravity models, the

background expansion of the universe looks the same as in a ΛCDM universe,

the evolution of the density perturbations can look different than standard grav-

ity and thus can be used to distinguish between models. The linear perturbation

equations are solved with an equation of the form δm(x, t) = Da(t)δ(x), where Da

is the growth factor and contains the time dependence within the equation. The

growth rate at a given scale factor a can then be defined as

fga ≡
dlnDa

dlna
, (1.22)

the logarithmic derivative of the growth factor [171]. This growth of structure

can be approximated by fg(a) ∼ Ωm(a)γ where for standard general relativity

γ u 0.55 [159, 265]. For a given cosmology, the dark energy equation of state

can be written in the Chevallier-Polarski-Linder parametrization [219] as w(a) =

w0 + (1−a)wa, where the equation of state parameters are w0 and wa. In this form,

the fractional matter density and dark energy density evolve over time as
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Ωm(z) = Ω0
m(1 + z)3,ΩDE = Ω0

DE(1 + z)3(1+w0+wa)exp
(
−

3waz
1 + z

)
(1.23)

where Ω0
m and Ω0

DE are the matter and dark energy density at z = 0 [162]. These

equations can be substituted into the Friedmann equation (Equation 1.4) in or-

der to calculate the Hubble expansion and comoving distance x(z). The coming

distance increases as w0 or wa decreases, and vice versa, since a more negative

w0 or wa means the Hubble parameter was smaller in the past.

These models involve expansion histories which deviate from that of ΛCDM

due to an evolution in the dark energy equation of state. A measurement of

pairwise velocity can be used to constrain this growth of structure, and thus the

underlying theory of gravity [139, 87]. Figure 1.12 shows the mean pairwise

velocity curve and how its amplitude and shape varies when varying the equa-

tion of state parameter w0, growth exponent λ, and the minimum mass of the

galaxy sample. While changes in w0 and λ have degenerate effects on the am-

plitude of the pairwise velocity and do not impact the shape of the curve, the

redshift dependence of these parameters breaks the degeneracy, with V(z) vary-

ing with w0 differently than with λ [171]. High signal-to-noise measurements of

these pairwise velocity curves thus have the potential to constrain cosmological

models.

A CMB-S4 style survey with high resolution is projected to constrain the

growth of structure at ≤ 5% in models including a redshift dependent dark

energy equation of state, distinguishing dark energy from modified gravity.

Improving constraints on the optical depth, τ, of the clusters involved in the

pairwise velocity analysis will improve the accuracy of the kSZ pairwise ve-

locity measurements and thus the constraints on gravity and dark energy, as
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Figure 1.12: Left, above: The mean pairwise cluster velocity V (as discussed in
Section 1.2.2) as a function of galaxy separation r differs based on values of the
dark energy equation of state parameter w0 and the modified gravity parameter
λ, illustrating the sensitivity of the pairwise statistic to models of dark energy
and modified gravity. The pairwise curves are plotted for a redshift of 0.15, and
a minimum cluster mass of the sample is taken to be Mmin = 1 × 1014M�. A more
negative w0 leads to an increase in the amplitude of the mean pairwise cluster
velocity (V). A smaller γ increases the growth rate, increasing V , and vice-versa.
Left, below: Ratio of the mean pairwise velocity for the different w0 and γ values
to the fiducial model, V(r)fid. Right, above: The mean pairwise cluster velocity V
for various minimum mass cuts at the same redshift of 0.15. The minimum mass
cut affects the shape of the pairwise velocity curve in addition to its amplitude.
Higher minimum mass increases mean pairwise velocity, since more massive
clusters tend to have higher peculiar velocities. Right, below: Ratio of the mean
pairwise velocity for the different minimum mass values to the fiducial model,
V(r)fid. Figure is from [171].

discussed in Section 1.2.2. These pairwise velocity measurements are compli-

mentary to other tracers of large scale structure, like weak lensing and redshift

space distortion measurements, and combining datasets has the potential to im-

prove future constraints [6, 171].
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1.5 Instrumentation for Measuring the CMB

The light from the microwave sky can be observed using ground-based tele-

scopes at high altitudes in locations with dry atmospheres, such as in the At-

acama Desert in Chile. This is the site for the current and upcoming exper-

iments discussed in this thesis. The telescopes focus light into cryogenic re-

ceivers, which cool a series of filters, lenses and optical couplings as well as

arrays of low-temperature detectors to measure the light. The signals are read

out using multiplexed readout schemes depending on superconducting devices.

In the upcoming chapters, some of this instrumentation is discussed in detail.

In Chapter 2, cryogenic testbeds to test and deploy these detectors and read-

out components are presented. In Chapter 3, the fabrication process for transi-

tion edge sensors (TESes) for the Simons Observatory and CMB-S4 is informed

through laboratory tests of films and devices. In Chapter 4, magnetic sensitiv-

ity measurements of TESes and readout superconducting quantum interference

devices (SQUIDs) are presented to motivate the magnetic shielding designs for

upcoming cryogenic receivers. And in Chapter 5, results from measurements

with the Atacama Cosmology Telescope serve as an example of the SZ effect

science that can be done using measurements with these superconducting de-

vices.
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CHAPTER 2

CRYOGENIC RECEIVER DESIGN

In order to achieve high signal-to-noise measurements of the microwave sky

with high mapping speed (a large number of low-noise detectors), cameras need

to be designed with cold optics, detectors (Chapter 3) and readout components

(Chapter 4) that are densely packed. Modularity and ease of upgrade capability

are also design drivers, with the benefits of enabling technical upgrades over

the observing lifetime of the receiver without requiring changes to mechanical,

thermal, or electrical interfaces or lengthy turn-around times. In this chapter,

designs for a first-generation science instrument for the Fred Young Submillime-

ter Telescope (Section 2.1), Prime-Cam (Section 2.2), are presented, along with

a first-light receiver and single instrument module testbed, Mod-Cam (Section

2.3).

2.1 The Fred Young Submillimeter Telescope

The Fred Young Submillimeter Telescope (FYST) is a 6-meter aperture telescope

operating from sub-mm to mm wavelengths, currently being built by the CCAT-

prime collaboration1 at 5600 meters elevation on Cerro Chajnantor in the Ata-

cama Desert in northern Chile [233, 251]. Its novel crossed-Dragone optical de-

sign will deliver a high throughput, wide field of view capable of illuminating

much larger arrays of sub-mm and mm detectors than existing telescopes. First

light is expected in early 2023 with Mod-Cam (Section 2.3), a single-instrument

module testbed for Prime-Cam (Section 2.2). Prime-Cam will house up to seven

1CCAT-prime is an international consortium including researchers from the USA, Canada,
Germany, and Chile. www.ccatobservatory.org
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instrument modules in a 1.8 meter diameter cryostat, cooled by a dilution re-

frigerator. The instrument modules can be individually optimized for particu-

lar science goals, and will each house metal mesh and alumina filters along with

silicon lenses as the refractive optical elements. Planned broadband, polarimet-

ric surveys at five different frequency bands (220, 280, 350, 410, and 850 GHz)

along with simultaneous spectroscopic surveys (with R ∼ 100 from 210 to 420

GHz) will take advantage of FYST’s wide field-of-view, low emissivity, and ex-

ceptional atmospheric conditions [233, 251, 78]. This wide range of frequencies

will allow excellent characterization and removal of galactic foregrounds, which

will enable precision measurements of the sub-mm and mm sky. Prime-Cam

will be used to constrain cosmology via the Sunyaev-Zel’dovich effects (Sec-

tion 1.2), map the intensity of [CII] 158 µm emission from the Epoch of Reion-

ization, measure cosmic microwave background polarization and foregrounds,

and characterize the star formation history over a wide range of redshifts.

2.2 Prime-Cam

Much of the work presented in this section has been published in E. M. Vav-

agiakis et al. “Prime-Cam: A first-light instrument for the CCAT-prime tele-

scope,” Proc. SPIE 10708:107081U (2018) [260].

As the first-generation science instrument for the FYST, Prime-Cam will en-

able unique observations that address astrophysical questions ranging from the

physics of star formation to Big Bang cosmology. Prime-Cam will simultane-

ously cover five bands spanning 220 to 850 GHz [55].

The wavelength coverage, sensitivity, spatial resolution, and large field of
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Figure 2.1: Left: A photo of the CCAT-prime site, Cerro Chajnantor, and the
improvement in sub-mm mapping speed expected at 5600 m relative to that of
the ALMA Plateau [202]. Right: A cross-section of the FYST including the op-
tics focusing onto the detector arrays of Prime-Cam, which sits in the telescope
receiver cabin. Figure is from [260].

view (FoV) of Prime-Cam on the FYST allow for a set of wide-area surveys (be-

tween 5 and 15,000 deg2) to be conducted in order to address the following sci-

entific goals:

1. Trace the formation and large-scale three-dimensional clustering of the

first star-forming galaxies during the Epoch of Reionization through wide-

field, broadband spectroscopy [148];

2. Constrain dark energy and feedback mechanisms by measuring the

physical properties and distribution of galaxy clusters via the Sunyaev-

Zel’dovich (SZ) effects (Section 1.2) on the CMB [168, 27];

3. Enable more precise constraints on inflationary gravity waves and light

relics by measuring polarized CMB foregrounds and Rayleigh scattering

[7, 20];

4. Directly trace the evolution of dusty-obscured star formation in galaxies
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since the epoch of galaxy assembly, starting > 10 billion years ago [206].

At first light, Prime-Cam will deploy three modules, a subset of its seven

module capacity, installed in a single cryostat. A module for a 280 GHz MKID

array (detailed in Section 2.2.2) is currently under construction, and its design

is presented in Section 2.3.4. An 860 GHz module and KID array [52], enabled

by the very low precipitable water vapor at the CCAT-prime site, will begin the

short wavelength early science. The module will be compatible with Mod-Cam,

as all Prime-Cam modules are. A third upcoming instrument module for Prime-

Cam, the Epoch of Reionization Spectrometer (EoR-Spec) module, will contain

a Fabry-Perot Interferometer (FPI) and have spectroscopic capabilities over 210

to 420 GHz. EoR-Spec is described in Section 2.2.4.

The Prime-Cam receiver design is shown in Figure 2.4. The cryostat details

and three initial instrument modules designed for first-light observations are

discussed in the following sections.

2.2.1 Optics

The modularity of Prime-Cam enables each optical path to be independently

optimized for the science requirements of each instrument module (Figure 2.3).

Each module within the Prime-Cam receiver contains a series of anti-reflection

coated silicon optics, blocking filters, Lyot stop, and focal plane. The module

optics are designed to provide diffraction-limited (or near diffraction-limited)

image quality across a wide FoV. This instrument module approach has been

developed from the ACTPol model [253, 179] in collaboration with the Simons

Observatory, which is building a receiver with 13 optics tubes that will all be
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Figure 2.2: Summary of Prime-Cam’s optical design. Top: Instrument mod-
ule optics designs provide diffraction-limited image quality across a wide field
of view. Cryogenic silicon lenses offer excellent optical performance at these
wavelengths. We have previously deployed silicon metamaterial AR coatings
with <1% reflection across an octave of bandwidth [63, 97]. Bottom: Preliminary
design of the Prime-Cam instrument with three first-light instrument modules
shown (two in cross-section). See Section 2.2.5 for Prime-Cam instrument me-
chanical design details. Figure is from [260].

used for broadband detection between 20 and 300 GHz [270, 273, 94, 272].

Several different sizes of optics tubes were studied before converging on the

approximately 0.4-m diameter optics tubes, each capable of illuminating three

150-mm detector wafers, used in Prime-Cam. The sizes studied ranged from

approximately 0.2-m diameter optics tubes, each illuminating single 150-mm

detector arrays, to 0.6-m optics tubes illuminating 7 detector arrays and a single

2-m diameter optics tube illuminating many more detector arrays. In addition
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to optical analyses, a sensitivity calculator that included estimates of the loss

and emission of each component was used to compare all the configurations

[124]. The conclusion of these analyses was that several configurations could

provide similar mapping speeds, although, the image quality degrades as the

optics tube diameter increases. The 0.4-m diameter optics tube design provides

a practical balance between good image quality, high throughput and mapping

speed, modularity, manufacturability, and the ability to upgrade with new op-

tics tubes. These qualities led the 0.4-m size to be selected for the primary in-

struments for both CCAT-prime and SO [74].

Ultra-high-molecular-weight polyethylene (UHMWPE) vacuum windows

and a series of approximately 6 infrared-blocking and low-pass filters mini-

mize emission and block undesired radiation in the instrument [255]. The tele-

scope focus is transferred to the detector focal plane of each module by three

refractive silicon lenses with metamaterial anti-reflection coatings (four lenses

for EoR-Spec) [63]. Silicon is the preferred lens material at Prime-Cam’s target

wavelengths. High resistivity silicon has extremely low loss (tan δ ∼ ×10−5 at

T < 40 K, where δ is the loss angle), high thermal conductivity (ensuring lens

temperature uniformity and limiting detector background loading), and a high

index of refraction, n' 3.4 [63].

The baseline design for each instrument module is to target illuminating

roughly 5.5 m of the 6.0-m aperture telescope, which provides f /2.6 at the

telescope focus [186]. The selected optics tube size provides an unobstructed

1.3 deg diameter FoV and keeps the size of the entrance window manageable

and within current fabrication capabilities.

This full FoV can be focused onto three detector arrays at f /2.0 as shown
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Figure 2.3: Geometrical ray traces for each preliminary optics design for Prime-
Cam’s three initial instrument modules: the CMB polarization module (CMB
Pol); the Epoch of Reionization spectrometer module (EoR-Spec), equipped
with an FPI at the 1 K Lyot stop of the module and a four-lens design; and the
star formation history (SFH) 860 GHz module, which has a 1.0◦ diameter FoV
instead of the 1.3◦ diameter FoV of the other modules, providing better image
quality at 350 µm. Strehl ratios for each of the optics tubes are shown, with ar-
eas corresponding to the fraction of the area with Strehl ratio greater than 0.8
and within a tiled hexagonal pattern at the focal plane of the modules. One
rotational degree of freedom, where the angle of the tiled pattern at the focal
plane is varied to allow maximum coverage, has the ability to be optimized in
the future [96]. Figure is from [260].
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in Figure 2.3. This three-lens instrument module optics design was optimized

to achieve a telecentric, diffraction-limited image with minimal ellipticity for

CMB polarization measurements across a 1.3◦ diameter FoV [74]. Similar de-

signs have been optimized for use with an FPI, in which a larger optimization

weight is given to collimating the light at the Lyot stop so as not to limit the fi-

nesse of the interferometer. This approach led to a preliminary design with four

lenses instead of three (Figure 2.3) to improve the collimation. For the 860-GHz

SFH module, a combination of ray tracing and physical optics calculations are

being pursued to optimize the balance between resolution and sensitivity by

adjusting the FoV and taking into account practical detector array and feedhorn

geometry constraints. At 350 µm, a three lens design with a 1.0◦ FoV (instead

of 1.3◦) can provide significantly better (diffraction-limited) image quality. Re-

ducing the FoV changes the effective pixel spacing at 350 µm for the KID arrays,

from 1.8 F-λ to 1.4 F-λ, which improves the angular resolution at 350 µm to near

the diffraction-limited target of 14′′. While the three-lens design would suffice,

optimization (including the consideration of a four-lens design) is ongoing for

the SFH module to further improve the image quality and resolution.

2.2.2 Detectors

Kinetic Inductance Detectors

The first light array of 280 GHz microwave kinetic inductance detectors

(MKIDs) for the CCAT-prime project will be deployed in Mod-Cam (Section 2.3)

on the Fred Young Submillimeter Telescope (Section 2.1). Compared to TESes,

MKIDs have the advantage of simpler fabrication and readout. While MKIDs
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are a less mature technology than TESes, their performance in laboratory mea-

surements and millimeter-wave experiments combined with their relative sim-

plicity makes them an attractive candidate for future surveys.

KIDs, like TESes, rely on the principle of superconductivity. When photons

hit the superconducting material of a KID, they break the Cooper pairs in the

material, creating excess quasiparticles that change the inductance of the super-

conductor. This superconducting inductor is combined with a capacitor to form

a microwave resonator, such that the increased kinetic inductance from photon

absorption registers as a signal via a shift in the resonant frequency. The energy

and arrival time of the incident photons can be reconstructed by recording the

frequency shifts in this resonance. [166].

Because of this effect, while TESes are read out using time-division mul-

tiplexing (TDM) or frequency-division multiplexing (FDM) using SQUID am-

plifiers, MKIDs do not require any additional cold multiplexers. Because

MKIDS are resonators in and of themselves, they can be intrinsically frequency-

multiplexed by tuning the individual resonator parameters during fabrication.

This feature relegates the majority of the readout complexity to room temper-

ature electronics, leaving RF lines, attenuators, and low noise amplifiers at

the cryogenic stages, rather than the SQUID readout components required for

TESes [78].

First Light Array

At first light on the FYST, we will deploy Mod-Cam’s (Section 2.3) instru-

ment module currently under development (Section 2.3.4) with at least one
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280 GHz MKID array operated at 100 mK. Additional detector arrays and in-

strument modules are under development for deployment simultaneously or

shortly after this 280 GHz module in Prime-Cam, including an additional broad-

band module centered on 850 GHz, and the spectrometer module EoR-Spec

[78, 122, 58]. KIDs increase the number of detectors in the EoR-Spec module

by a factor of 2 over TESes, approximately doubling the mapping speed, al-

though they will need to be optimized for the low loading conditions of the

spectrometer [58].

The initial 280 GHz MKID array for Mod-Cam contains 3,456 feedhorn-

coupled, polarization-sensitive TiN MKIDs on a hexagonal 550-µm thick, 15 cm

diameter silicon-on-insulator wafer [78]. The feedhorn array, including all

choke structures, is being machined out of aluminum based on a spline profile

[23]. The array is optimized for background-limited observations at 280 GHz

with a ∼60-GHz wide band [56]. Fabrication of the first array was recently com-

pleted by the Quantum Sensors Group at the National Institute of Standards

and Technology (NIST) in Boulder, CO, and designs drew heavily on the her-

itage from the BLAST-TNG [75, 95] and TolTEC [23, 24] receivers. The first light

array resonators share the same design as the 280 GHz detectors designed for

TolTEC, with minor adjustments in the absorber geometry to account for CCAT-

prime’s slightly lower atmospheric loading [78].

Scaling from the first light array design and assuming a multiplexing fac-

tor of ≤580 per microwave feedline, when the seven tubes are fully popu-

lated, Prime-Cam will house 60,000 polarimetric KIDs at 220/280/350/410

GHz, 31,000 KIDS at 250/360 GHz coupled with FPIs 2.2.4, and 21,000 polari-

metric KIDs at 850 GHz. These figures include detector spacings at ≥ 1.1Fλ.
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Optimization studies of different frequency bands are ongoing to hone these

designs in order to maximize science returns [55].

2.2.3 Readout Electronics

Readout electronics for both testing and deploying the 280 GHz MKID array

will feature a reconfigurable FPGA-based design. The 280 GHz array (Section

2.2.2) contains 6 networks, each requiring 576 resonators (Section 4.1.2) between

500 MHz and 1 GHz to be read out with a single RF feedline.

Our current readout approach is evolving from the second generation Re-

configurable Open Architecture Computing Hardware (ROACH-2), including

firmware developed for BLAST-TNG [102] and TolTEC [78]. This approach

presents challenges in scaling up to the full deployment of Prime-Cam with

21 KID arrays. Since each ROACH-2 system requires about two units of rack

space and 100 W of power, and a single array requires six individual ROACH-2

systems, it would prove difficult to deploy the necessary number of ROACH-

2 systems for a fully populated instrument, even if multiplexing factors could

be significantly improved. Because of this challenge, work towards porting the

ROACH-2 firmware to the Xilinx ZCU111 RFSoC evaluation board [226] is on-

going. These next generation systens would be capable of reading out ∼ 5, 000

KIDs, which would enable significant reductions in readout hardware require-

ments [78, 55].
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2.2.4 Epoch of Reionization Spectrometer

One instrument module for Prime-Cam will contain a spectrally/spatially mul-

tiplexing Fabry-Perot Interferometer (FPI): the Epoch of Reionization Spectrom-

eter (EoR-Spec) module. EoR-Spec is designed to measure the 158 µm [CII] line

intensity from galaxies at redshifts between 3.5 and 8 (observed frequency from

210 to 420 GHz) [58].

The epoch of reionization (EoR) is a yet poorly understood period of the uni-

verse’s evolution (∼ 6<z<11) during which the neutral hydrogen in our universe

began to be re-ionized by the ultraviolet light of star formation and/or black

hole accretion. Understanding this process of reionization requires probing a

multitude of faint sources, which are difficult to detect individually. EoR-Spec

will overcome this challenge by measuring the spatial fluctuations of large-scale

structure spectroscopically at low spatial resolution, using spectral [CII] line

imaging of the aggregate signal (line intensity mapping).

By performing this large-scale intensity mapping of the [CII] emission, EoR-

Spec will probe cosmology by shedding light on the growth of density fluctua-

tions and the primordial power spectrum. These probes could eventually place

constraints on models of inflation, dark energy, and the sum of the neutrino

masses with sufficiently high signal-to-noise datasets, which will complement

similar constraints through CMB and SZ measurements. Measurements with

EoR-Spec will also be complementary with other intensity mapping probes like

21 cm, Hα, H, OIII, Lyα and CO, working in synergy to reveal information about

young massive stars, the growth of ionization, the production of metals, and

the evolution of reionization bubbles in our universe [58]. Spectroscopic mea-

surements between 210-315 will overlap with the 220 GHz “zero crossing” of
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the thermal Sunyaev-Zel’dovich (SZ) effect spectrum to improve SZ measure-

ments (Section 1.2). This will open a new frontier in the SZ spectral separation

and extraction of cluster parameters like temperature and peculiar velocities,

which will be complementary to our broadband measurements using multiple

frequency modules (Section 1.2).

EoR-Spec’s cryogenic scanning FPI will rely on metamaterial silicon

substrate-based mirrors and operate at a resolving power of 100. Our pre-

vious generations of FPIs are based on free-standing metal mesh screens

[198, 234, 152, 153, 45, 182, 77, 150], where the screen geometry results in a fi-

nesse that is a strong function of frequency (F ∝ ν−2.5 to 3). To avoid losses which

would limit efficiency over the octave bandwidth of operation we require, we

will use the silicon substrate based (SSB) mirror designs developed at Cornell

[97, 59]. The FPI will be installed at the Lyot stop of the instrument module

(Figure 2.4), which is cooled to 1 K. The optics of the module (Figure 2.2) are op-

timized to provide a well-collimated beam at the stop. The FPI will be scanned

to shift the resonant bandpasses across the three broadband MKID arrays, en-

abling spectroscopic measurements using two orders of the FPI simultaneously.

Fabrication and testing of the FPI and EoR-Spec MKID arrays is underway.

2.2.5 Cryogenics

The Prime-Cam cryogenic receiver will consist of a two-section 6061-T6 alu-

minum vacuum shell, 1.8 m in diameter, and 2.8 m in length (Figure 2.4). The

seven optics tube receiver design has evolved from the larger thirteen tube cryo-

genic design for the Simons Observatory LATR [94, 272]. Hexagonal UHMWPE
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Figure 2.4: A rendered cross section of the Prime-Cam cryogenic receiver de-
sign. The two-section 6061-T6 Aluminum vacuum shell is shown in red. An 80
K filter plate and ring is shown in green, followed by a 40 K plate and shell in
light blue, a 4-K plate and shell in dark blue, and thermal buses in copper. The
temperature stages are supported by a series of G10 tabs. The DR, two pulse
tubes, three instrument modules, and detector arrays of the initial three tube
deployment are shown. Figure is from [260].

vacuum windows on the front plate will begin the optical chain of the instru-

ment. Within the vacuum shell, several cooling stages provide thermal isola-

tion for the optics tubes and detector arrays. The temperature and stability re-

quirements for the cryostat interior are derived from the requirements for the

SO LATR [273, 270, 183, 57]. In addition to the temperature requirements, the

cryostat must be mechanically stable under the roughly 0.1-g load encountered

during execution of the nominal science scan modes of the telescope.2

2The design of a small cryogenic testbed preceding Prime-Cam and Mod-Cam is shown in
Appendix A.
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80 K and 40 K temperature stages will hold optical filters. A short 80 K shield

will be located at the front of the receiver. A 40 K shield will surround the in-

terior of the receiver. A series of G10 tabs will support the assembly of thermal

shields and provide thermal isolation as well as resilience against mechanical

shocks and vibration. Inside the 40 K shield, the three optics tubes for initial

deployment will be mounted on the 4 K temperature stage of the cryostat. A

4 K shield will surround the back end of the optics tubes. Cryomech PT-90 and

PT-420 pulse tubes, each providing 90 W of cooling power at 80 K (PT-90), 55 W

at 40 K (PT-420), and 2 W at 4 K (PT-420), along with a Bluefors LD-400 dilution

refrigerator (DR) providing 400 µW of cooling power at 100 mK, will be used to

cool the receiver. The PT-90s will be located at the front of the receiver, and will

cool the 80 K plate and shield. The PT-420s will be located towards the rear of

the cryostat, and will cool the 40 K shield and 4 K plate. The DR will be located

at the rear of the cryostat, and will cool the detector arrays to 100 mK and the

final optical lenses to 1 K through thermal buses. Around the exterior of the

vacuum shell will lie supports for room temperature readout electronics. The

fully loaded receiver, including seven optics tubes and all readout components,

will weigh about 2.8 metric tons.

2.3 Mod-Cam

The CCAT-prime project’s first light array will be tested and deployed in Mod-

Cam, a single-module cryogenic testbed for Prime-Cam [260, 55] and first light

instrument for the FYST (Figure 2.1). Mod-Cam’s 89-cm diameter cryostat (Fig-

ure 2.5 described in Section 2.3.1) is cooled by a Bluefors LD-400 dilution refrig-

erator (DR) and enables efficient swapping of instrument modules by means of
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Figure 2.5: Labeled schematic overview of Mod-Cam.

its side-car DR design. The instrument modules are installed from the back of

the cryostat and are cantilevered off of the 4 K stage. Each instrument module

tested or deployed in Mod-Cam will be optimized for a specific subset of the

overall Prime-Cam science goals and be able to hold up to three 100 mK detec-

tor arrays along with silicon lenses and filter stacks at 1 K and 4 K.

The modules themselves allow for up to a 36-cm diameter aperture and are

based on the optics tube designs for the Simons Observatory’s large aperture

telescope receiver [260, 272, 74]. In this design, light enters the instrument mod-

ule after passing through the 300 K ultra-high-molecular-weight polyethylene

(UHMWPE) vacuum window and 40 K infrared-blocking filters. The light is

additionally filtered by a series of absorbing alumina filters [74], metal-mesh

infrared-blocking filters [255], and low pass edge filters to block unwanted ra-
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diation, and it is re-imaged onto the focal plane by three meta-material anti-

reflection-coated silicon lenses [64].

2.3.1 Cryogenics

Figure 2.6: An exploded view of the 6061-T6 Al Mod-Cam vacuum shell. The
main shells consist of a front and rear shell, a front plate onto which is mounted
an UHMWPE window and double-sided infrared blocking filter, and a back
plate which includes a vacuum flange. The rear shell includes interfaces for
readout plates (rectangular cutout), a pulse tube (top cutout), and the DR shells.
The DR shell consists of the main shell, a bottom plate, and an adapter to mate
to the Bluefors 300 K DR plate.

Mod-Cam is designed to serve as a scaled-down version of the much larger

Prime-Cam cryostat (Section 2.2.5) for significantly faster testing of individual

instrument modules prior to deployment. It has an 89-cm diameter exterior

aluminum vacuum shell (Figure 2.6), along with additional aluminum shells

54



Figure 2.7: An exploded view of the 40 K Mod-Cam shells and plates. All are
fabricated of 6063-T5 Al except for the DR shell bottom plate. The front plate
mounts a filter stack including double-sided infrared blockers and an alumina
filter. The front and rear shells mount to the G10 ring which supports the 40 K
main shells from the 300 K shell and the 4 K shells from the 40 K shells (Figure
2.9). The rear shell includes interfaces for readout plates (rectangular cutout), a
pulse tube 40 K thermal connection (top cutout), and the 40 K DR adapter and
potential thermal connection. The 40 K DR adapter is mounted onto the DR
shell, which is mounted on the 40 K shell of the Bluefors DR. When the DR shells
are connected to the main shells, the 40 K DR adapter floats in the side cutout of
the rear shell, and its position is offset due to predicted thermal contractions in
order to be centered when cold (Section 2.3.3).

at 40 K (2.7) and 4 K (2.8) supported by a series of G10 tabs (Figure 2.9). The

cryostat was fabricated by Precision Cryogenics. A model of the LD-400 300,

40, and 4 K plates was designed and fabricated to ensure the alightment of the

DR shells with the main Mod-Cam shells. The side-mounted DR can provide

cooling to the 40 and 4 K stages, and/or an optional Cryomech PT-420 or PT-

410 (currently installed) pulse tube can provide cooling power at 40 K and 4 K,
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Figure 2.8: An exploded view of the 6061-T6 Al 4 K Mod-Cam shells and plates.
The front plate is mounted onto the 40 K G10 ring through a pattern of G10 tabs
(Figure 2.9). The instrument module (Figure 2.12) is mounted through the rear
of the 4 K shell onto the front plate. The 4 K stage of a pulse tube is accommo-
dated by a recess in the 4 K shell and thermally couples to the 4 K plate. The
rear shell includes interfaces for readout plates (rectangular cutout) and the 4 K
DR adapter and potential thermal connection. The 4 K DR adapter is mounted
onto the DR shell, which is mounted on the 4 K shell of the Bluefors DR. When
the DR shells are connected to the main shells, the 4 K DR adapter floats in the
side cutout of the rear shell, and its position is offset due to predicted thermal
contractions in order to be centered when cold (Section 2.3.3).

through custom OFHC braided straps from TAI3 or from straps made in house.

In the preliminary testing reported in Section 2.3.5, the only custom thermal

strap is a clamped OFHC copper strip assembly between the 40 K PT-410 stage

and the 40 K rear shell.

All thermometry and RF signals are read out through a custom modular

harness that is installed on the opposing side to the DR. The modularity of the

harness design allows for flexible and upgradable readout options. This ar-

3https://www.techapps.com/
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Figure 2.9: The G10 tabs, 9 in each circular pattern, which support the 4 (pur-
ple) and 40 K (light blue) stages of the Mod-Cam main shells while thermally
isolating them from one another. The tabs are of the same geometry used in
Prime-Cam and in the LATR [273] and are comprised of G10 rectangles epoxied
into aluminum mounting feet.

rangement is what leaves the rear of Mod-Cam relatively clear for removal of

both individual detector arrays and entire instrument modules. The first optics

module for Mod-Cam is discussed in Section 2.3.4. The mounting scheme for

the first light MKID array and readout components is currently being designed.

The thermometry plan for Mod-Cam is presented in Section 2.3.2.

2.3.2 Thermometry

The thermometry plan for Mod-Cam involves 18 temperature sensors dis-

tributed through the cryostat at important thermal interfaces, locations on plates

and shells to probe potential gradients, and within the instrument modules to
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Stages Thermometers
40 K 6
4 K 7
1 K 2

100 mK 3
Total 18

Table 2.1: Planned number of thermometers for each stage in Mod-Cam. Six
40 K thermometers will measure temperature at the 40 K PT stage, 40 K DR
adapter, and across the 40 K shells and plates. Seven 4 K thermometers will
measure temperature at the 4 K PT stage, 4 K DR adapter, 4 K instrument mod-
ule components, and across the 4 K shells and plates. Two 1 K and three 100 mK
thermometers will measure temperatures in the instrument module. Cernox
sensors will be used at 1 K and above, while ROXs will be used at 100 mK.

monitor temperatures. The number of sensors at each temperature stage is pre-

sented in Table 2.1. Cernox4 1080 thin film resistance cryogenic temperature

sensors are selected for the 40 K stage, Cernox 1050 for the 4 K stage, Cernox

1030 for the 1 K stage, and Ruthenium oxide sensors (ROXs) for the 100 mK

stage. While testing in the lab, LEMO connectors are used for four-lead sensor

measurement and read out using Lakeshore resistance bridges. Custom cables

for the thermometry will be acquired for deployment.

2.3.3 Shell Thickness

The temperature gradient along the 40 K DR shell (Figure 2.7), which mounts to

the 40 K DR plate, is estimated to determine the thickness of the shell walls.

The original design of the 40 K DR shell included 6061-T6 Al (with a thermal

conductivity at 40 K of 52 W/m·K) and a thickness of 0.25”. The length of the

shell is 36.7 inches, and the cross-sectional area of the shell in meters if is 0.008
4shop.lakeshore.com/temperature-products/temperature-sensors/cernox.html
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m2. The power of the PT-420, which cools the 40 K DR plate coupled to this

shell, is 55 W at 45 K. To estimate the radiative loading on the shell (for more

details see Appendix A), we assume the view factor to be unity, the 300 K shell

is a blackbody with emissivity ε = 1, the 40 K shell is a grey body with ε = 0.07

and that a 20 layer wrapping of MLI produces a factor of 3 reduction in the 40 K

emissivity [101]. The estimated radiative loading on the 40 K shell is then

W300 K−→40 K = σA1F12
ε1ε2

ε1 + ε2 − ε1ε2
(T 4

1 − T 4
2 ) = 13W. (2.1)

This loading leads to an estimated gradient between the ∼45 K top of the DR

shell and the bottom of the DR shell of

13W =
k
l
A(T2 − T1)→ T2 = 73 K. (2.2)

With a thinner, 0.19 inch thick shell, T2 = 82 K. To reduce this gradient, the ma-

terial choice of 6063-T5 Al was motivated, which reduces T2 to 52 K, balancing a

reduction in gradient with a desire for ease of fabrication with the thinner shell.

The thermal conductivities of the other parts in the 40 K chain were estimated

and compared to the conductivity of the 40 K DR shell, such that no thickness

was reduced enough to drop the part conductivity below 20% better than this

lowest conductivity part in the chain. A similar approach was taken to define

the thicknesses and Al alloys for the 4 K thermal chain.
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Thermal Contraction Estimate

Due to the sidecar design of the DR shells, a thermal contraction estimate was

necessary to design the position of the DR 40 and 4 K shells relative to the 40 and

4 K main shell mating flanges. As the shells contract as they cool, the flanges

on the DR shells will move upward towards the DR cold plates, and the corre-

sponding openings in the 40 and 4 K main shells will move towards the window

of the receiver. The positions of the elements contracting are shown in Figures

2.10 and 2.11.

Figure 2.10: The 40 K DR shell (light blue) and the 4 K DR shell (purple) are
subject to contraction towards the DR plates. The distances to the center of the
40 and 4 K DR adapters extending into the main shells of Mod-Cam are labeled
in inches.

From [83], at 4 or 40 K, ∆L/L(%)Al = 0.4 and ∆L/L(%)G10 = 0.75. Considering

the annotated distances in Figures 2.10 and 2.11, and assuming the 300-40 K G10

tabs contract half as much due to the thermal gradient, the vertical/horizontal

offset for the 40 K adapter is designed to be 0.11”+0.10” clearance/0.12”+0.10”

clearance, and the vertical/horizontal offset for the 4 K adapter is designed to

be 0.06”+0.10” clearance/0.14”+0.10” clearance. These offsets are built into the
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Figure 2.11: The cutouts in the 40 (light blue) and 4 K (purple) main shells
through which the 40 and 4 K DR adapters extend are subject to contraction to-
wards the center of the main shells. The critical dimensions for this contraction
are annotated in inches.

mechanical design, such that when cold, the DR adapters should be centered in

the cutouts in the main 40 and 4 K shells of Mod-Cam.

2.3.4 280 GHz Instrument Module

The first instrument module designed, assembled and tested in Mod-Cam will

be the 280 GHz module, which will house the first MKID array for the project,

described in Section 2.2.2 and [78]. The instrument module designs are based

off of the optics tube designs for the Simons Observatory LATR [270, 273], and

are self-contained assemblies of filters, lenses, and detector arrays, mounted

on the 4 K plate of Mod-Cam (and compatible with Prime-Cam) at and below

4 K. Each module is approximately 40 cm in diameter and 130 cm long, and

mounts through the rear of Mod-Cam, requiring minimal dissasembly of the

cryostat. A schematic of an instrument module and its components is shown
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Figure 2.12: A schematic of an instrument module inside of Mod-Cam. The
module is inserted through the rear of the main shells (left), and mounts to the
4 K plate. A series of infrared blocking and low pass edge filters are installed on
the 300 K and 40 K front plates (right) where light enters the module, as well as
in the 4 K and 1 K instrument module lens cells. A series of metamaterial coated
silicon lenses focus the light from the telescope onto the 100 mK detector array.
The array and cold readout components will mount to the 1 K tube (not shown).
Metamaterial absorbing black tiles and baffles [272] line the interior of the 4 K
and 1 K tubes. The Lyot stop at 1 K is labeled. A carbon fiber tube suspends the
1 K module components from the 4 K tube. Magnetic shielding at 4 K surrounds
additional shielding at 1 K (not shown) to protect the detectors and cold readout
components from spurious fields (Chapter 4). The first instrument module for
Mod-Cam is currently being designed and fabricated.

in Figure 2.12. The 4 K stage of the instrument modules is cooled through the

thermal and mechanical coupling to the 4 K plate of Mod-Cam (or Prime-Cam),

and the components at 1 K and below are cooled by the 1 K and 100 mK stages

of the LD-400 DR. The 280 GHz module is currently being fabricated at Cornell.

Other modules for Prime-Cam currently in development include the EoR-Spec

module [52] and 860 GHz module [122].
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Stage 40 K [W] 4 K [W] 1 K [mW] 100 mK [µW]
Shell radiation 9.4 0.07 0.002 0.2

Support structure 3.6 0.12 0.755 16.1
Wiring 5.4 0.29 0.121 3.1

Beam radiation 11.8 0.03 0.029 31.2
Total 28.4 0.51 0.907 50.6

Available power 95 3 24 400

Table 2.2: Loading estimates for each stage of Mod-Cam from each source esti-
mated. The cooling power at 40 K and 4 K is supplied by a PT-420 and backup
PT-410, and the cooling power at 1 and 0.1 K is supplied by the DR still and
mixing chamber stages respectively. Our estimated cooling power is more than
sufficient to meet our estimated needs at all stages for an SO-style instrument
module.

2.3.5 Status and Laboratory Testing

In considering the thermal loads for Prime-Cam and Mod-Cam, we scaled from

the SO LATR thermal model [273]. This thermal model combines material prop-

erties and radiation estimates with custom Python estimates of the optical filter

elements. The thermal loading estimates for Mod-Cam are presented in Table

2.2.

Mod-Cam is currently assembled in the lab and undergoing initial rounds

of testing (Figure 2.13). After successful vacuum tests, cooldowns were run

in a number of configurations to test the thermal performance of Mod-Cam’s

40 and 4 K stages, as well as the DR performance. As a first step towards a

thermal model, a rough three-block model to begin cooldown time estimates is

presented. Heat applied to the 40 and 4 K stages informs our estimates of the

thermal conductivities of the system, and the results of those initial measure-

ments are shown in this section.
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Figure 2.13: The current status of Mod-Cam at Cornell. Cryogenic tests are
performed using an LD-400 DR and PT-410.

DR Performance

The performance of the LD-400 was tested in the configuration with the PT-

410 coupled to the 40 and 4 K main shells of Mod-Cam, and the 40 and 4 K DR

adapters uncoupled such that the DR was not cooling the main shells. this con-

figuration is of interest to study because we might be able to cool only the 1 K

and 100 mK instrument module components with the DR if the backup PT can

handle the 40 and 4 K shell cooling. DR load curves were taken, and shown in

Figure 2.14. In this configuration, the DR mixing chamber achieves over 400 µW

of cooling power at 100 mK, which is more than sufficient for one LATR-style

instrument module [270]. Load curves will be taken again in future configura-

tions to test this performance.
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Figure 2.14: Load curves with the LD-400 DR show the temperature of the mix-
ing chamber plate and still plate with various applied still and mixing chamber
powers. We achieve over 400 µW of cooling power at 100 mK in the configura-
tion without thermal coupling between the DR shells and the Mod-Cam main
shells.

A Three-Block Thermal Model

As a first step towards a cooldown model for Mod-Cam, and a check of our as-

sumed conductivities and capacities, we adopted a rough three-capacity model

for the 40 K Mod-Cam shell and compared it with measurements from our first

cooldown of the shell (Figure 2.15). We assume that the bath temperature is

fixed to the value of the 40 K DR plate at t=0, 63.5 K. From our cooldown logs at

this point in time, C1 is taken to be at 175 K, G1 and C2 at 173 K, G2 and C3 at

170 K, and G3 at 135 K (Figure 2.16).

The mass of each capacity block (C1, C2, C3) is estimated using the Solid-
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Figure 2.15: Rough three-block model of the Mod-Cam 40 K shell, including
three conductivities (G1, G2, G3) and three capacities (C1, C2, C3) as well as
loading from 300 K radiation onto the 40 K front plate and the 40 K DR stage
bath temperature. Additional loading at C2 is assumed in the model plotted in
Figure 2.16.

Works CAD model. Each block is fabricated of 6063-T5 Al. The specific heat

capacity of 6063-T5 Al is taken to be 900 J/kg·K.5 The capacities for each block

are then:

cρ|C1 = 900
J

kg · K
· 4 kg = 3600 J/K,

cρ|C2 = 900
J

kg · K
· 26 kg = 23400 J/K,

and cρ|C3 = 900
J

kg · K
· 33 kg = 29700 J/K.

(2.3)

The thermal conductivity of each link is calculated using the equation for low-

temperature conductivity of 6063-T5 Al provided by NIST,6 through

kA
l

∣∣∣∣
G1

= k(175.0 K)
W

m · K
· 0.015m = 2.9 W/K,

kA
l

∣∣∣∣
G2

= k(173 K)
W

m · K
· 0.03m = 5.9 W/K,

and
kA
l

∣∣∣∣
G3

= k(170.0 K)
W

m · K
· 0.0035m = 0.6 W/K.

(2.4)

5http://www.matweb.com/
6https://trc.nist.gov/cryogenics/materials/
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The loading on the 40 K front plate from the 300 K shell is estimated in the

cooldown configuration without MLI installed. We assume that the outer shell

is a blackbody with εshell = 1, the inner 40K shell is a grey body with εAl = 0.07,

the view factor is unity, and the area to be that of the front plate, 0.22 square

meters. Then,

WLoading ∼ σA1
ε1ε2

ε1 + ε2 − ε1ε2
(T 4

1 − T 4
2 )

WLoading ∼ σ · 0.22m2 · 0.07 · (2934 − 1754) ∼ 26 W,

(2.5)

where σ is the Stefan-Boltzmann constant. This is an oversimplification of the

real geometry due to the potential of radiation entering the MLI layers which

are not taped down around the front of the 40 K plate. An additional 10 W of

loading on the 40 K shell is adopted into the model (WLoading 2). To estimate the

change in temperature of each block over one hour while taking the assump-

tions outlined above, we solve the following equations:

∆T |C1 = (TC1i − TC1) =
(kA

l

∣∣∣∣
G1

(TC1 − TC2) −WLoading

)
· (1 hour) ·

1
cρ|C1

,

∆T |C2 = (TC2i − TC2) =
(kA

l

∣∣∣∣
G2

(TC2 − TC3) −WLoading 2

)
·

1
cρ|C2

,

and ∆T|C3 = (TC3i − TC3) =
kA
l

∣∣∣∣
G3

(TC3 − Tbath) · (1 hour) ·
1

cρ|C3
.

(2.6)

Solving these equations for TC1,TC2 and TC3 iteratively in python returns a prim-

itive cooldown model that we can compare with our cooldown plot. The ther-

mal conductivity estimate for C3 was found to be an overestimate when com-

pared to our cooldown data, returning a faster cooldown rate than observed, so

G3 is degraded by a factor of 2 to better compare with the data. This deviation
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from expectation may be explained by the inclusion of multiple thermal joints in

reality versus in the simple model. The model with degraded G3 is overplotted

on the data in Figure 2.16 and is found to be a rough estimate for the observed

cooldown rate.

Figure 2.16: Cooldown plot from the first Mod-Cam cooldown along with three-
block model cooldown estimates. At t=0, the 40 K DR stage was at 63.5 K, and
the temperatures of the other stages are recorded for the model (Figure 2.15).
The model includes 26 W of loading on the 40 K Front Plate and 10 W loading
on the 40 K shell. The thermal conductivity of the third conductive block needed
to be decreased by a factor of 2 to better estimate the cooldown data, indicating
that the performance of this conductive block was lower than expected.

Gradient Estimates

Applying loads to various stages of the cryostat through resistive heaters al-

lows us to estimate the performance of the system. In the second Mod-Cam

cooldown, a PT-410 cooled the main 40 K shell, no 4 K shell was installed, and

the 40 and 4 K DR stages were not coupled to the main shell of the cryostat. MLI
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was installed over the 40 K front plate. Heat was applied to the front plate, and

temperatures are recorded at the front plate, G10 plate, and on the 40 K shell

side of a copper strap coupled to the PT 410’s 40 K stage (Figure 2.17).

Figure 2.17: Applying 0, 2.5, 5, 7.5, and 10 W to the MLI-covered front plate
during our second cooldown in which the DR shells are uncoupled from the
main shells, and a PT 410 cools the 40 K shell through a copper strap assembly.
Gradients are seen across the 40 K stages.

From our curves in Figure 2.17, applying heat to the MLI covered 40 K front

plate, we can estimate:

∼ 10 W = G · (113 − 107) K→ G1 ∼ 2 W/K (2.7)

which is lower than our estimated ∼3 W/K, and if we fix our estimated A/l,

would represent a material conductivity of k=133 W/mK. This could be ac-

counted for by reduced Al conductivity or poor thermal joints. From Figure
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2.17, comparing the gradient over the 40 K Front Shell with and without load

applied, we can ascertain that the ambient load on the front plate has been im-

proved from the estimated 26 W without MLI to approximately half a Watt.

When the optical filters are installed on this plate, based on estimates from the

Simons Observatory LATR performance, we will expect to see about 10 W on

the front plate.

Figure 2.18: Applying 0, 50, and 120 mW to the readout plate of the 4 K shell,
as monitored using Grafana. 120 mW of power increases the temperature of the
readout plate from 9.42 K to 10.99 K and can be used to estimate the loading and
thermal conductivities present in the system.

During our third cooldown, the 4 K main shell and plate are installed, and

coupled through a OFHC braided copper strap from TAI to the 4 K stage of the

PT 410. The DR shells remain thermally uncoupled from the main shells. A 200

Ohm resistive heater is installed on the 4 K readout plate on the 4 K shell, and up

to 120 mW of power is applied to the readout plate, increasing its temperature

from 9.42 K to 10.96 K. A plot of the effect is shown in Figure 2.18. The plot

is generated using Grafana7, an open source web application to visualize and

analyze time series data, used by the Simons Observatory for online remote

7https://grafana.com/
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systems monitoring [146]. The recording and logging of temperatures for this

cooldown and following cooldowns will rely on Grafana in conjunction with a

distributed control system developed for SO: Observatory Control System (ocs)

[146]. The application of 120 mW on the 4 K readout plate increases the PT 410

4 K cold head temperature by about 0.27 K, which is what would be expected

from the capacity curve for the cryocooler (Figure A.3), and the gradient present

between the readout plate and the cold head suggests a thermal conductivity of

G ∼ 0.09, which is reasonable when comparing to the estimated G ∼ 0.06 of the

4 K shell. We expect up to ∼300 mW of loading on the 4 K readout plate when

fully populated with readout wiring components.

2.4 Future Directions

Mod-Cam and Prime-Cam’s modular receiver design offers flexibility for future

upgrades. Adding more instrument modules can provide new measurement ca-

pabilities or reduce integration time by improving sensitivity. KID arrays will

realize the full sub-millimeter capabilities of the instruments. Observations at

new frequencies, including 90 GHz, 150 GHz, 750 GHz, and 1.5 THz would be

valuable for both complementing the current science goals [84, 168] and en-

abling new goals.

Beyond broadband surveys, additional spectrometers could be deployed,

with the possibility of including up to seven spectroscopic modules to fill the

Prime-Cam receiver. Such an approach, or one including on-chip spectrome-

ters, could dramatically improve future measurements of [CII] from the Epoch

of Reionization or other spectroscopic measurements [138]. Beyond Prime-Cam,
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CMB-S4 is the natural extension of the approach of deploying more detectors

and instrument modules, and would benefit from the development of an even

larger diameter cryostat for CCAT-prime with the capability to hold up to 19

Prime-Cam or SO-style optics tubes, or even more smaller-diameter optics tubes

[13].
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CHAPTER 3

DEVELOPMENT AND CHARACTERIZATION OF TRANSITION EDGE

SENSORS

3.1 Transition Edge Sensors

Low-temperature detectors are widely used to measure radiation across a wide

range of frequencies to achieve a large span of science goals, including x-

ray, gamma ray, neutrino and dark matter experiments. Current CMB exper-

iments rely on the use of low-temperature detectors such as superconducting

transition-edge sensors (TESes) that are individually background-limited, or

limited in sensitivity by the random arrival of background photons to improve

sensitivity and mapping speed.

TESes are a mature superconducting detector technology, which has been

demonstrated to perform well across a range of bands and applications. Present

and upcoming Stage-III ground-based CMB experiments such as Advanced

ACTPol [118], BICEP/Keck Array [144], CLASS [114], the Simons Array [79],

and SPT-3G [34], balloon-borne experiments like EBEX [81] and SPIDER [108],

and satellite experiment LiteBIRD [240] all are fielding or plan to field large ar-

rays of TES bolometers. The maturity of the technology and the fact that TES

bolometers have been thoroughly demonstrated to achieve CMB science goals

make TESed bolometers coupled to Superconducting Quantum Interference De-

vice (SQUID)-based readout systems the planned detector technology for the

CMB-S4 experiment. TESes are also scalable, enabling the order of magnitude

higher detector counts required by CMB-S4.
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Laboratory tests of superconducting films and prototype devices guide and

inform the fabrication processes required to meet experiment goals. In this

chapter, four-lead measurements of films (Sections 3.2,3.3) and TDM measure-

ments (Section 4.1) of devices for the Simons Observatory and CMB-S4 inform

the fabrication process for these experiments’ detectors.

3.1.1 Transition Edge Sensor Theory

In its essence, a transition edge sensor is a device that relies on the principle

of superconductivity to read out a relatively large change in resistance from a

relatively small change in temperature, due to the steep superconducting phase

transition in resistance vs. temperature. This property makes the TES a useful

tool to make sensitive measurements of photon energy when electrically biased

on its transition at low temperatures while coupled to a cryogenic bath. TESes

are often referred to as TES bolometers, as bolometers are devices that measure

incident electromagnetic radiation through the heating of a material with a re-

sistance that depends on temperature.

The superconducting phase transition is a rapid transition from nonzero re-

sistance (characteristic of the superconducting material at temperatures above

Tc, the critical temperature), to zero resistance (below Tc) (Figure 3.1). Tc is cho-

sen to suit the cryogenic system in which the TES is operating, such that it can

be biased on this transition. The total power into the TES can then be expressed

as

PTES = Pel + Pγ − Pbath, (3.1)
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Figure 3.1: The superconducting transition of an AlMn 2500 ppm sample fabri-
cated at U.C. Berkeley as measured using a four-lead measurement board (Sec-
tion 3.2) in a Bluefors dilution refrigerator. The critical temperature is recorded
to be 124 mK, indicating the temperature at which the material undergoes a
rapid change in resistance from normal resistance (RN) to no resistance (super-
conducting state).

where Pel is the power into the TES due to its voltage bias, Pγ is the power

into the TES from the photons being measured, and Pbath is the power flowing

into the cryogenic temperature bath [136]. In equilibrium, PTES = 0, such that

Pel + Pγ = Pbath. The saturation power of the device, Psat, is equivalent to Pel +

Pγ when biased near the top of the transition. In cryogenic laboratory testbeds

closed to light, Pγ ≈ 0. We define Psat to be the bias power that drives the TES

to 90% of its normal resistance, RN , or the resistance the device has above the

superconducting transition. The measured Psat values can be fit to the model

Psat = K(T n
c − T n

bath), (3.2)
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where Psat is related to the bath temperature Tbath and the critical temperature

(Tc) of the device. K is a constant related to the thermal conductivity, G, of the

device, [136]:

G =
dPsat

dTc
= nKT n−1

c , (3.3)

which links the heat capacity C to the cryogenic bath, and n is an exponent that

is typically ∼ 3. The total power into the TES can be expressed in terms of this

heat capacity via PTES = CdT/dt, which yields a differential equation with a

thermal time constant solution,

τ = C/G. (3.4)

This natural thermal time constant dictates the exponential decay of the in-

creased temperature of the TES due to power input back to the bath temper-

ature. Negative electrothermal feedback typically speeds up the device time

constants considerably during operation [60].

3.1.2 AlMn Transition Edge Sensors

One technique of fabricating TES bolometers uses thin films of aluminum doped

with manganese impurities to reduce the Tc of the film from ∼1K to ∼100 mK.

This approach has advantages in the simplicity of fabrication and appears to

result in reduced sensitivity to magnetic fields when compared to molybdenum

and copper bilayer fabrication techniques [72, 262]. AlMn films also bypass an

issue in the Mo-Cu bilayers used in ACTPol of small deposition rate variations
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in the thin Mo layers required for dilution refrigerator temperature targets af-

fecting Tc and therefore detector saturation power and sensitivity [157]. AlMn

TESes can be fabricated on single wafers with high uniformity, and are cur-

rently being used for Advanced ACTPol (AdvACT) [118] and POLARBEAR-

2/Simons Array [79]. These features along with demonstrated performance in

the field make AlMn TESes an attractive choice for next generation CMB exper-

iments, enabling simple film manufacturing and highly uniform distributions

of targeted device parameters over large arrays [157, 132].

The geometries and fabrication methods of the devices are tuned to meet

specifications through iterative rounds of fabrication and testing (Section 3). The

amount of manganese doping in the aluminum affects the Tc of the supercon-

ducting films, as does the thickness of the films [42, 157]. Baking of the films

then tunes the Tc in a predictable manner that is easily scaled and reproduced.

Baking also protects the film from subsequent changes in Tc due to heating dur-

ing fabrication [157].

3.1.3 Magnetic Sensitivity

Theoretical models of the physics governing the superconducting phase tran-

sition of TES bolometers are under continued development [257]. Experiments

have shown that the critical current of square thin-film TESes depends upon the

TES geometry and temperature, which can be described in terms of longitudi-

nal proximity effects in the weak-link model of TES films [213]. The proximity

effect describes the consequences of placing a superconductor in contact with

a non-superconducting material. Because the electrons of the superconducting
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material are paired into Cooper pairs and act differently than electrons in non-

superconductors, putting the two types of metals in contact results in a transi-

tional regime in both the materials. The superconductor becomes weaker near

the transition, and the paired state of the superconductor spreads into the nor-

mal metal until the coherence of the pairs is destroyed. The TES superconductor

material is connected to superconducting leads that have transition tempera-

tures sufficiently above the transition temperature of the TES material, acting

like a normal metal. Because of this, superconductivity is induced longitudi-

nally into the TES material via the proximity effect, and they may be modeled

as SS’S or SN’S weak links [213].

The critical current of these TESes has been observed to show Fraunhofer-

like oscillations in applied magnetic fields, similar to those observed in Joseph-

son junctions, which are two or more superconductors coupled by a weak link:

a small portion of insulator, non-superconducting metal, or weakened section

of superconductivity [213, 1]. A Ginzburg-Landau model can be used to explain

oscillations in measurements of Ic(T ) for TESes considered to be SN’S proxim-

ity induced weak-links, measured in bath temperatures near Tc [213, 1, 228].

These measurements have previously been made for MoAu and MoCu bilay-

ers, among others [256].

3.2 Transition Edge Sensors for the Simons Observatory

The Simons Observatory (SO) is a CMB survey experiment with three small-

aperture telescopes and one large-aperture telescope, which will observe from

the Atacama Desert in Chile. In total SO will field ∼70,000 transition-edge sensor

78



(TES) bolometers in six spectral bands centered between 27 and 280 GHz in

order to achieve the sensitivity necessary to measure or constrain numerous

cosmological quantities. The densely packed SO Universal Focal Plane Modules

(UFMs) each contain a 150 mm diameter TES detector array, horn or lenslet

optical coupling, cold readout components, and magnetic shielding [158].

3.2.1 Four-lead Measurements

Laboratory measurements of AlMn films and devices informed the fabrication

process for the SO AlMn TES bolometers. Prototypes tested at Cornell include

samples and devices from NIST, U.C. Berkeley, and HYPRES/SeeQC, and our

measurements iteratively advanced the SO TES development. Presented here

are four-lead measurements of AlMn samples from U.C. Berkeley which mo-

tivated the AlMn doping level and annealing temperature to meet the critical

temperature target of 165 mK. For further details on measurements and devel-

opment of the TESes for SO, see [237, 238, 247, 246].

Four-lead measurements precisely measure low resistance values by elimi-

nating the lead and contact resistances from the measurements (Figure 3.2).

Four-lead measurements of 2500 ppm AlMn samples fabricated at U.C. Berke-

ley’s Marvell NanoLab were performed for eight annealing temperatures rang-

ing from 180 to 240 degrees Celcius. The samples were mounted to a four-lead

measurement board (shown in Figure 3.2) and cooled in a Bluefors dilution re-

frigerator to 100 mK. Sample critical temperatures were determined by measur-

ing the resistance value of the films at bath temperatures varying from below to

above Tc for each film. The excitation current for the films was chosen to pro-
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Figure 3.2: Left: A circuit diagram of a four-lead measurement (also known as
four-terminal sensing) which provides precision measurements of small resis-
tances by eliminating the lead and contact resistances from the measurement.
Right: Berkeley AlMn samples affixed to a four-lead measurement board by a
small amount of rubber cement, then mounted to the 100 mK plate of a Bluefors
dilution refrigerator before cooling down and measuring the critical tempera-
ture of the superconducting films.

vide a balance of low current and low noise. The lower the excitation current,

the larger the statistical error bar of the measurement, and the higher the exci-

tation current, the lower the measured Tc will be, because the excitation current

heats the film (Section 3.1). An example of this effect is shown in Figure 3.3. The

excitation current for the measurements presented here was chosen to be 3.16

µA.

3.2.2 Results

Plots of critical temperature and residual-resistivity ratio (RRR, the ratio of the

resistivity of the film at room temperature to at 4 K) versus annealing tempera-

ture are shown in Figure 3.4. The results confirm that the annealing temperature

range met the desired critical temperature target, with an annealing tempera-

ture of 210 degrees Celcius resulting in a Tc of 180 mK. The curve was steeper
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Figure 3.3: Resistance versus temperature plot from four-lead measurements
of a U.C. Berkeley AlMn TES. Excitation currents 1, 3.16 and 10 µA were com-
pared. Higher excitation currents reduce Tc as expected, while lower excitation
currents produce noisier measurements. The excitation current for testing is se-
lected based on the lowest excitation current possible to measure Tc within 2
mK.

than expected, and follow-up efforts with smaller steps in annealing tempera-

ture were conducted after seeing these plots. The RRR values and trends were

consistent with expectations, rising with annealing temperature as expected.

These results confirmed that the target of 2500 ppm Mn doping was satisfac-

tory, and subsequent tests proceeded to inform the current fabrication process

for the SO TESes.

3.3 AlMn Films for CMB-S4

The work presented in this section has been published in E. M. Vavagiakis, N.

F. Cothard, J. R. Stevens, et al., “Developing AlMn Films for Argonne TES fab-
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Figure 3.4: Left: Critical temperature as a function of annealing temperature
for the tested U.C. Berkeley 2500 ppm AlMn films. Tc increases with increasing
annealing temperature, as expected, but the curve is steeper than expected in
the region of interest (around 210 degrees Celsius). This result motivated the
selection of the 2500 ppm target and the subsequent analysis of films annealed
at finer step temperatures. Right: RRR versus annealing temperature. RRR
increases with increasing annealing temperature as expected.

rication,” Journal of Low Temperature Physics 199, 408–415 (2020) [261].

CMB-S4 is a proposed “Stage-4” ground-based CMB experiment that will

map the polarization of the CMB in multiple frequency bands to nearly the cos-

mic variance limit. The reference design for CMB-S4 relies on large arrays of

AlMn Transition-Edge Sensors (TESes) coupled to Superconducting Quantum

Interference Device (SQUID)-based readout systems to reach its sensitivity tar-

gets [14, 10].

Monolithic arrays of multichroic TESes have previously been fabricated at

Argonne National Laboratory and deployed in the South Pole Telescope’s SPT-

3G camera [200]. These Ti/Au bolometers have a critical temperature of Tc =

420 mK and a normal resistance of RN = 2Ω. To meet the experiment design re-

quirements for CMB-S4, current AlMn2000ppm TES fabrication targets a Tc ∼ 150-

200 mK and an RN ∼ 10-20 mΩ. While SPT-3G used a 4He-3He-3He absorption
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refrigerator with a bath temperature of ∼250 mK, CMB-S4 uses dilution refrig-

erators with bath temperatures <100 mK [230]. Reducing the bath temperature

reduces the devices’ thermal fluctuation noise. Reducing RN will optimizes the

detector arrays for TDM or microwave-SQUID multiplexing (µMUX) readout.

The fabrication process at Argonne therefore needs to be tuned to achieve these

new device parameters. Variables in the fabrication process such as the Mn

concentration, thickness and geometry of films, thermal annealing temperature,

and presence of additional material layers all affect the AlMn device parameters

and are tuned to meet specifications through repeated rounds of fabrication and

testing [221, 157].

3.3.1 Fabrication

Film samples and devices for testing were fabricated at Argonne National Lab-

oratory and tested at Cornell University to develop Argonne’s fabrication pro-

cess. Bare film studies were performed to investigate the impact of substrate

choice and Ti (or Mo) buffer layer between AlMn and Au depositions. A film

stack of 2000ppm AlMn on SiO2 with a Ti15nm/Au15nm top layer was cho-

sen based on good critical temperature repeatability and was derived from the

Ti/Au SPT-3G array fabrication (Fig. 3.5). The top layer of Au was chosen to

prevent oxidation and protect the underlying films, while remaining conduc-

tive to connect leads to the device. Patterned films were then tested to predict

device Tc and RN .

The thickness and aspect ratio of the film stacks were iterated to target the

desired RN . Baking time and temperature were selected to target Tc. A lift-
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Figure 3.5: A modified SPT-3G TES island, where (A) is the AlMn TES film,
(B) is Pd for heat capacity stabilization, (C) is a load resistor, and (D) are the
Nb leads. The AlMn200nm/Ti15nm/Au15nm TES film is 15 µm long by 80 µm
wide. Figure is from [261].

off process was used for TES patterns, which could potentially lead to tapered

edges and interaction between the Al and Au layers, and thus to poor transi-

tions for thicker films. Furthermore, direct contact of Al and Au leads to the

formation of intermetallic compounds and variation in superconducting prop-

erties. Such effects as well as proximity effects were considered while iterating

patterned film and TES designs.

3.3.2 Testing

Four-lead Measurements

Samples were wire bonded and affixed with rubber cement to a printed circuit

board (PCB) and mounted to the coldest (100 mK) stage of a dilution refrigerator

with an internal 300 K magnetic shield. Four-lead measurements were taken of

the samples once cold (Section 3.2). Temperature was varied as resistances were
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logged via a Lakeshore AC resistance bridge, reading out the superconducting

transition and measuring Tc and RN . For each transition Tc was taken to be the

temperature value at 50% RN , where RN is the resistance value measured at 2

mK above the last superconducting data point in the resistance versus temper-

ature curve (Figure 3.6). Excitation currents were varied to ensure their choice

didn’t significantly affect the measured Tc. Based on the noise in the obtained

curves due to temperature fluctuations and Lakeshore measurements, the total

uncertainty on Tc is estimated to be 2 mK, and the uncertainty on RN to be 0.2

mΩ.

Figure 3.6: Example of the four-lead R vs. T measurement of a film super-
conducting transition. Choice of excitation current influences results, and Tc

is recorded for an excitation current which has been reduced enough to keep Tc

consistent within 2 mK. Figure is from [261].

TDM Measurements

Fabricated TESes of two different leg lengths (865 µm, ”long” and 446 µm,

”short”) of equal cross-sectional area (21 µm wide, 1µm SiN + 0.3 µm Nb + 0.5

µm SIO2 thick), were mounted to a PCB on the cold stage of the dilution refrig-
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erator, and read out using the same time division multiplexing (TDM) system

used in AdvACT with NIST SQUIDs [121] (Section 4.1.1). TDM measurements

of current-voltage (IV) curves at various bath temperatures were aquired for the

“long” and “short” leg length TES bolometers. The geometry of the legs control

the thermal conductance to the bath. We define Psat to be the bias power which

drives the TES to 90% of its normal resistance, RN . The measured Psat values are

fit to the model in Equation 3.2, where Psat is related to the bath temperature

Tbath and the critical temperature (Tc) of the device (Section 3.1). Because K is

degenerate with n in our fits, we hold n fixed at a range of values while fitting

the other parameters, and finally determine the best fit n by plotting n vs χ2 and

obtaining the minimum χ2. The thermal conductivity, G, of the device is then

given by Equation 3.3.

The temporal response of a given TES can be approximated by a one-pole fil-

ter with an effective time constant f3dB = 1/2πτeff , where τeff is the effective time

thermal constant of the TES operated under negative electrothermal feedback:

f3dB = fnat

(
1 +

L

1 + β

)
=

G
2πC

(
1 +

1
(1 + β)

αPbias

TcG

)
(3.5)

Here, fnat = 1/2πτnat = G/2πC is the natural thermal time constant (Equation

3.4), L = αPbias/TcG is the loop gain, and α =
d logR
d logT is the TES sensitivity to small

changes in temperature [136]. To measure f3dB, a small amplitude square wave is

added to the DC detector voltage bias. The detector response is sampled quickly

at ∼1600 Hz. The time constant, τeff, is extracted by fitting the response to a

single pole exponential. These measurements are performed at multiple bath

temperatures and at several different points on the superconducting transition

[145]. Similar measurements were pursued to characterize TESes for the Simons
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Film Label Material
A Ti5nm/AlMn1200ppm100nm/Ti5nm/Au20nm
B AlMn1200ppm100nm/Mo10nm/Au20nm
C AlMn2000ppm100nm/Ti15nm/Au15nm
D AlMn2000ppm80nm
E AlMn2000ppm550nm/Ti15nm/Au15nm
F* AlMn2000ppm200nm/Ti15nm/Au15nm
G* AlMn2000ppm380nm/Ti15nm/Au15nm
H* AlMn2000ppm550nm/Ti15nm/Au15nm
I* AlMn2000ppm200nm/Ti15nm/Au15nm
J AlMn2000ppm200nm/Ti15nm/Au15nm

Table 3.1: Samples tested using four-lead measurements, with various materials
and geometries (listed here). The different bake times, temperatures, and re-
sulting critical temperatures and normal resistances are listed in Table 3.2. *TES
devices. Film information is from [261].

Observatory [60, 238]. The bias step measurement results from the two tested

Argonne devices are plotted in Figure 3.8.

3.3.3 Four-lead Measurement Results

The critical temperature and normal resistance measurements for TESes and

films varying in material and geometry (Table 3.1), and bake time and tempera-

ture are given in Table 3.2.

Baking was found to shift Tc, and the films showed evidence of annealing,

where Tc doesn’t change again after the first bake. Thicker and wider geome-

tries lowered RN to approach the target value, and aspect ratios were also found

to influence Tc (Fig. 3.7).
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Film Heating C Tc [mK] RN [Ω]
A 0 196 0.86
A 180/10 min 153 0.80
A 180/10 min,90/2 min,110/2 min 141 0.77
B 0 371 0.27
B 180/10 min 399 0.37
C 0 223 0.43
C 0 159 1.65
C 180/10 min 181 1.45
C 180/10 min,90/2 min, 110/1.5 min 180 1.46
C 0 179 0.09
C 180/10 min 193 0.05
C 180/10 min,90/2 min, 110/1.5 min 172 0.05
C 0 167 3.31
C 180/10 min 160 3.06
D 0 335 2.10
E 0 151 0.22
E 0 146 0.11
E 180/10 min 66 0.11
E 180/20 min 67 0.11
F* 0 127 0.03
F* 180/10 min 129 0.04
F* 180/10 min 140 0.04
G* 180/10 min 179 0.02
H* 180/10 min 167 0.02
H* 0 219 0.02
H* 180/20 sec + 10 min 88 0.01
H* 180/60 sec + 10 min 86 0.01
I 180 89 0.03
I 210 125 0.03
I 240 174 0.03

Film Length [µm] x Width [µm] Tc RN

J 5x80 201 0.01
J 20x200 126 0.01
J 5x140 172 0.01
J 10x200 146 0.01

Table 3.2: Critical temperatures and normal resistances for samples tested using
four-lead measurements, varying in material and geometry (given in Table 3.1),
and bake time and temperature. *TES devices. Results are from [261].
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Figure 3.7: A: Critical temperature vs. annealing temperature for three
AlMn2000ppm200nm/Ti15nm/Au15nm films along with linear fit showing the ef-
fect of baking on Tc. B: Normal resistance vs. AlMn thickness in nm for three
film samples, showing RN decreasing with increasing material thickness. C: His-
togram of all Argonne sample critical temperatures measured at Cornell, high-
lighting a trend of narrowing in on the desired critical temperature of 150-200
mK for CMB-S4. Figure is from [261].

Parameter Leg Length 865 µm Fit Leg Length 446 µm Fit
Tc 122 mK 136 mK
G 0.013 pW/mK 0.024 pW/mK
k 4.6e-7 pW/mKn 1.5e-6 pW/mKn

RN 21.9 mΩ 21.7 mΩ

Table 3.3: Parameter fits to Psat measurements (Eqs. 3.2, 3.3), for two Argonne
devices of different leg length and identical leg cross-sectional area. The best fit
values for these data were n = 2.76 and n = 2.91 for the short and long leg lengths
respectively. Table is from [261].

3.3.4 TDM Measurement Results

The results of Psat fits for two Argonne devices are shown in Table 3.3. We ob-

served a large decrease in time constant as the detectors are biased lower on

the superconducting transition, which is consistent with previous AlMn TES

measurements (Figure 3.8) [145].
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Figure 3.8: The results of bias step measurements for the short leg length (446
µm) TES (left) and the long leg length (865 µm) TES (right). f3dB is plotted versis
bias power in pW for four bath temperatures. Figure is from [261].

3.3.5 Summary

Measurements of Tc, G, k, f3dB, and RN for two Argonne AlMn TESes, and Tc and

RN for various film stacks, motivated the selection of materials, thickness, geom-

etry, and bake time and temperature for the Argonne fabrication process. The

targeted parameters for devices used for precision measurements of the CMB in

the next-generation CMB experiment, CMB-S4, include a critical temperature of

150-200 mK and normal resistance of 10-20 mΩ.

3.4 Behavior In Magnetic Fields

The work presented in this section and Sections 4.2 to 4.3 has been published

in E. M. Vavagiakis, S. W. Henderson, K. Zheng, et al. 2018. “Magnetic Sensi-

tivity of AlMn TESes and Shielding Considerations for Next Generation CMB

Surveys,” Journal of Low Temperature Physics 193, 288–297 (2018) [262].
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3.4.1 TES Critical Temperatures

In these Sections, we test TESes from ACTPol chips [104], AdvACT 150 GHz

(HF) chips, AdvACT 30 GHz (LF) chips [79], TES test chips with AlMn films of

varying geometries, and POLARBEAR TES test chips [245] with varying leg

lengths for magnetic sensitivity. We take resistance measurements of TESes

varying in geometry, material, doping, manufacturer, and leg length using four-

lead measurements (Section 3.2, Figure 3.2). The TES chips were mounted to the

100 mK stage of a dilution refrigerator (DR). A set of 1 m diameter Helmholtz

coils applied DC magnetic fields up to 10.5 Gauss to the outside of the DR. The

fields were attenuated by a 30 cm diameter, 85 cm long half-open cylindrical

room temperature mu-metal magnetic shield inside the DR. Shielding factors

were measured by using a gaussmeter to measure the field between the coils

with and without the shield in place, and were determined to be 380 ± 20 in

the horizontal direction (for the SQUID and weak-link-like behavior measure-

ments) and 2.9 ± 0.2 in the vertical direction (for the four-lead measurements) at

the locations of our detectors. The series array modules used for TDM readout

are additionally shielded in a niobium box. Resistance vs. temperature data

was acquired for each TES at various values of applied magnetic field, using

a lakeshore AC resistance bridge with a low-noise preamplifier and ruthenium

oxide thermometry with low magnetic field-induced errors.

We chose excitation currents for the four-lead measurements to balance noise

reduction in the measurements with minimizing power dissipation through the

TES bolometers (Table 3.4). For each device and at each applied magnetic field

value, we took Tc to be the temperature value at 50% RN , where RN is the re-

sistance value measured 2 mK above the last superconducting datapoint in the
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Figure 3.9: Images of tested TESes. A: POLARBEAR AlMn TES. B: AdvACT
AlMn TES. C: ACTPol MoCu TES. D: AdvACT AlMn test TES, 16.5µm wide, E:
AdvACT AlMn test TES, 37.5µm wide, F: location of AlMn film. Figure is from
[262].

Figure 3.10: Resistance vs. temperature plot for a TES at 10µA excitation current
when exposed to various values of magnetic field. Tc is determined for each
applied field value and plotted as a function of magnetic field in Figure 3.11.
Figure is from [262].
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Figure 3.11: Tc vs. B for tested TESes (AdvACT (AA), ACTPol (AP), POLAR-
BEAR (PB), AdvACT LF (LF)) and parabolic fits to the data points. Dashed and
solid lines indicate measurements of different devices of the same type. Coeffi-
cients from parabolic fits are listed in Table 3.4. Figure is from [262].

resistance vs. temperature curve at zero applied magnetic field. A plot of Tc vs.

applied magnetic field for the tested bolometers is shown in Figure 3.11 along

with parabolic fits to the points. Parameters from the parabolic fits are listed in

Table 3.4. The error bars on Tc are chosen to be 1.3 mK, the standard deviation

of a Gaussian fit to the differences in recorded Tc between 18 otherwise identical

data points taken over the course of two separate cooldowns for the AdvACT

LF chips.

3.4.2 Weak-link-like Behavior in AlMn TESes

In this section we present observations of weak-link-like behavior in AlMn

TESes (Section 3.1.3). Using the same experimental field setup described in Sec-

tion 3.4.1, magnetic fields are applied perpendicular to the plane of the TES

films. The TES devices tested were most similar to the AdvACT HF TESes (B. in
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TES Leg w x l [µm] AlMn Area Ex. Curr. TC,B=0[K] w[ K
G2 ] dI0

dB [µA
G ]

PB5 4, 10 x 500 610 µm2 100 nA 0.423 7.3e-6 4e-5
PB7 4, 10 x 700 610 µm2 100 nA 0.423 9.7e-6 5e-5
PB15 4, 10 x 1500 610 µm2 100 nA 0.416 1.3e-4 5e-4

AdvACT 15 x 61 6200 µm2 10 µA 0.211 1.2e-3 1e-1
AA16 20 x 61 3300 µm2 10 µA 0.214 1.1e-3 1e-1
AA37 20 x 61 11250 µm2 10 µA 0.208 0.6e-3 1e-1

ACTPol 20 x 61 9000 µm2 10 µA 0.171 4.2e-3 5e-1
AA LF 10 x 1000 6200 µm2 10 µA 0.159 1.0e-3 2e-2
AA LF 10 x 500 6200 µm2 10 µA 0.171 0.9e-3 3e-2
AA LF 10 x 220 6200 µm2 10 µA 0.173 0.9e-3 5e-2

Table 3.4: AdvACT (AA), ACTPol (AP), and POLARBEAR (PB) TESes, leg
lengths, AlMn (or MoCu for ACTPol) areas, and excitation currents, with
parabolic fits in the form of y = TC,B=0 − wx2 to Tc vs. B data for each type of
tested TES. AA16 indicates an AdvACT test TES with a width of 16.5 µm, and
AA37 indicates a width of 37.5 µm. PB TESes have one leg which is 4 µm wide
and one which is 10 µm wide. Errors on parameters are taken to be 1.3 mK due
to scatter in otherwise identical data points during separate cooldowns, and
20% of sensitivity fit mK/G2 due to fitting error. Estimates of dI0/dB should be
regarded as comparative figures only and are based on an approximation of the
sensitivity at B = 0.05 G as described in Section 4.3. Table is from [262].

Figure 3.9). The TESes are read out using the same TDM readout system used

in AdvACT (Section 4.1.1) with NIST SQUIDs similar to those in [121]. At each

value of applied magnetic field or each value of temperature, we perform volt-

age ramps to get a reading of the critical current Ic at which the TES transitions

from superconducting to normal.

Plots of Ic vs. B are shown for three devices in Figure 3.12. This data was ac-

quired for the TESes at bath temperatures near Tc where the Ginzburg-Landau

model would apply for the AlMn films (3.1.3). A plot of Ic vs. T for the three

devices is shown in Figure 3 along with fits to the data where the Ginzburg-

Landau model applies. The fits take the form Ic(T ) = a
√

T/Tc − 1e−b
√

T/Tc−1,

where a is proportional to the width of the device film and b is proportional
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Figure 3.12: Ic vs. B for three AlMn TES films, similar to B. in Figure 3.9. We
observe Fraunhofer-like oscillations in the data. The period of the oscillations
is irregular, as is their decay. The lack of a central peak requires further study.
Figure is from [262].

to the length [213]. We observe a trend in a consistent with the theory, with

a = 0.50 ± 0.01 × 106 µA for the 16.5 µm wide AlMn device (“TES 2”) and

a = 1.00 ± 0.05 × 106 µA for the 25 µm wide devices (“TES 1” and “TES 3”).

We observe Fraunhofer-like oscillations in all three tested devices, though

the observed oscillations are not consistent in period or decay. The absence of

the central peak in the oscillations requires further study. The ability of the

Ginzburg-Landau model to describe the high temperature data suggests that

the behavior observed in these devices agrees with the weak-link model.

3.4.3 Conclusions

The MoCu ACTPol TESes are the most sensitive to magnetic fields, followed

by the AdvACT AlMn TESes, with the POLARBEAR-2 AlMn TESes being the
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Figure 3.13: Ic vs. T for the three AlMn TES films, along with fits to the high
temperature data using the Ginzburg-Landau model. Temperature is held fixed
for the measurements of Ic vs. B (Figure 3.12) for each device, indicated by the
dashed vertical lines. Figure is from [262].

least sensitive. The primary source of the differences between the sensitivities

of the AlMn TESes is not yet clear, though we note that the POLARBEAR2 and

AdvACT TESes do have significantly different areas, critical temperatures, dop-

ing, and thicknesses. An observation of weak-link-like behavior in AlMn TESes

at low critical currents was made. Further study could help inform how this

behavior impacts detector parameters.
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CHAPTER 4

MAGNETIC SENSITIVITY OF SUPERCONDUCTING READOUT

DEVICES

The superconducting devices on which current and future CMB surveys

depend are sensitive to magnetic fields (Section 3.1.3). CMB map artifacts in-

troduced from devices improperly shielded from scan-synchronous pickup of

Earth’s magnetic field, rotating half-wave plates, magnetic components inside

of cryostats, and other sources could be difficult to remove and jeopardize sci-

ence goals. Device performance in the presence of magnetic fields is difficult to

compute analytically (Section 3.1.3), and the response of SQUID gradiometers

changes with each design iteration and is difficult to simulate [257, 213]. Direct

measurements are thus necessary to understand the behavior of these devices.

Information about SQUID and TES magnetic sensitivity will motivate magnetic

shielding design considerations for future CMB experiments.

The treatment of magnetic shielding currently varies for CMB experiments.

Instruments for ACT rely on TDM readout and have used multiple layers of

Cryoperm and Amumetal A4K in combination with individual niobium shields

for SQUID series arrays [252, 266]. Experiments using MHz FDM readout sys-

tems, like POLARBEAR and SPT-3G, have mounted SQUIDs on Nb foil sur-

rounded by a small cryoperm sleeve [201]. Appropriate shielding factors will

be motivated by experimental testing of these SQUIDs and TESes combined

with simulated telescope observations. This information will be combined with

simulations of shield geometries in order to develop mechanical designs for the

cryogenic receivers currently under development, including Prime-Cam and

Mod-Cam (Sections 2.2, 2.3).
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Present and future CMB experiments will rely on multiplexed arrays of

AlMn TESes, as discussed in Sections 3.1.2 and 4.1. In this chapter, TDM DC

SQUIDs and FDM µMUX rf-SQUIDs are tested for magnetic sensitivity. In Sec-

tion 4.2 we present upper limits on magnetic sensitivities of TDM DC SQUIDs

and µMUX rf-SQUIDs. In Section 4.3 we discuss order of magnitude estimates

for required shielding factors based on our measurements. Measurements of

µMUX SQUID magnetic sensitivity in various shielding configurations for the

Simons Observatory are presented in Section 4.4. We review how these mea-

surements have informed magnetic shielding designs for future experiments in

Section 4.5.

4.1 SQUID Multiplexed Readout

The arrays of thousands of TESes relied upon by current and upcoming CMB

experiments (Section 3.1) must be multiplexed in order to be read out with-

out overheating the experiments’ cryogenic systems. This means that each wire

coming from the coldest stages of a cryogenic receiver must carry the signals

from many TESes at once. SQUIDs (superconducting quantum interference de-

vices) are sensitive magnetometers constructed of superconducting loops con-

taining Josephson junctions that are used to amplify the TES signals. Multiplex-

ing readout of TESes is currently achieved with either time division multiplex-

ing (TDM) using DC SQUIDs [12] or frequency division multiplexing (FDM)

using DC SQUIDs and MHz LC resonators [2] or inductive coupling to GHz

frequency rf-SQUIDs (µMUX) [3, 4, 12]. In this section, a brief overview of TDM

and µMUX readout is given as an introduction for subsequent measurements.
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4.1.1 Time-Division Multiplexing

In Time-Division Multiplexing, each TES is sampled sequentially by reading

out one row of a two-dimensional array of bolometers at a time. The rows are

addressed sequentially at ∼0.5 MHz to read out the entire array of TESes.

Figure 4.1: A schematic from [121] of 1 of 32 columns of the 64-row TDM
SQUID-based multiplexing architecture used to read out the TES arrays for Ad-
vanced ACTPol. The design is representative of the TDM architecture used for
the laboratory measurements presented in this work. Each TES is inductively
coupled to a first stage SQUID series array (SQ1) shunted by a flux activated
switch (FAS), connected in series to form 64 rows in a column that are addressed
sequentially. Each SQ1 column is biased in parallel and read out through the
∼1 K SQUID series array (SSA) using custom Multi-Channel Electronics (MCE)
[28, 121]. The blue box represents one TDM MUX chip with 11 rows, and 6 of
these chips achieve the 64-row multiplexing (2 rows are not utilized).

TDM readout depends on inductively coupling the TESes to SQUIDs, specifi-
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cally DC-SQUIDs, for signal amplification. The superconducting loop of a DC-

SQUID contains two Josephson junctions in parallel and functions as a sensitive

magnetometer. The DC-SQUID output voltage is a periodic function of applied

magnetic flux, where Φ0, the magnetic flux quantum, is the period. The DC-

SQUIDs are inductively coupled to TESes, reading out currents through changes

in the SQUID voltage modulated by changes in input magnetic flux from the

TES coupling inductors. They also function as switches, as the DC-SQUIDs can

be either superconducting or resistive. In the measurements of magnetic sensi-

tivity presented below, the magnetic pickup of a TDM SQUID can be measured

by observing the offset of the voltage-flux curve of the SQUID.

A schematic of the TDM architecture used in the laboratory measurements

presented in this work (Chapters 3 and 4) and for observations with the Ata-

cama Cosmology Telescope is presented in Figure 4.1. Each TES in the detector

array is inductively coupled to a first stage SQUID series array (SQ1). The SQ1 is

addressed with a flux-activated switch (FAS), forming a single a channel of the

readout, with many channels connected in series to form “columns” of channels.

”Rows” of channels across each column are sampled sequentially by connecting

the coil of each FAS in series with one other FAS in every column. Each column

is then read out by another SQUID series array (SSA) at ∼1 K, which amplifies

the signals before they are read out using the warm Multi-Channel Electronics

(MCE) [121]. The MCE controls the tuning of the various SQUID curves through

bias currents and flux offsets, keeping the SQUIDs locked at the desired point in

their V − φ curves and reading out the recorded signals for each TES. The result

is a multiplexing (MUX) factor of 64, which requires eight wires per column and

two per row.
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4.1.2 Frequency-Division Multiplexing with SQUID-coupled

GHz Resonators

In contrast with TDM, frequency-division multiplexing (FDM) schemes contin-

uously read out signals from all observing TESes, due to each TES being in-

ductively coupled to a resonator with a resonant frequency tracked over time.

SQUID-coupled GHz resonators (µMUX) have been successfully deployed in

the MUSTANG2 experiment [235], and the Simons Observatory plans to use

µMUX readout to achieve a multiplexing factor of ∼1,000 [214].

In µMUX readout schemes, a TES is coupled to a radio frequency (rf-)

SQUID, which is in turn coupled to a resonator with a unique resonant fre-

quency (Figure 4.2). A single superconducting transmission line is then able to

read out many resonators with different resonator frequencies, densely packed

within several GHz of bandwidth. Changes in TES current create a shift in the

coupled resonator frequency, which is read out through a phase shift of a probe

tone. A feature of µMUX readout which differentiates it from FDM with MHz

LC resonators is the addition of “flux-ramp demodulation,” the continuous ap-

plication of a sawtooth signal to the rf-SQUID through a flux ramp line, which

linearizes the SQUID response and decreases the 1/ f readout noise [214].

The warm readout components for the Simons Observatory µMUX readout

reside in the SLAC Superconducting Microresonator Radio Frequency (SMuRF)

electronics [120]. The SMuRF generates the tones that track the resonators and

provide the flux ramp and TES bias signals.

The chips tested for the Simons Observatory are prototype designs for SO,

read out using the SMuRF electronics. In our initial measurements, we used
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Figure 4.2: A schematic of a section of µMUX readout, with three TESes each
coupled to rf-SQUIDs and µMUX resonators. The flux ramp line coupled to the
rf-SQUIDs is also shown. The original unlabeled circuit diagram is from [256]

a Reconfigurable Open Architecture Computing Hardware (ROACH) readout

system and a vector network analyzer (VNA) to measure the shifts in resonant

frequency associated with magnetic field pickup from the rf-SQUID channels.

The ROACH system depends on an FPGA board coupled to a DAC/ADC board

for generating and measuring probe tones. The VNA traces the resonance fre-

quencies, and the minimum of each frequency can be tracked and measured for

offsets from the applied magnetic fields (Section 4.4).

4.2 µMUX and TDM SQUIDs

The work presented in Sections 4.2 to 4.3 and Section 3.4 has been published

in E. M. Vavagiakis, S. W. Henderson, K. Zheng, et al. 2018. “Magnetic Sensi-

tivity of AlMn TESes and Shielding Considerations for Next Generation CMB
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Surveys,” Journal of Low Temperature Physics 193, 288–297 (2018) [262].

To measure the magnetic sensitivity of TDM SQUIDs (Section 4.1.1), mag-

netic fields were applied perpendicular to the planes of the SQUIDs used for

TDM readout for ACT [120]. The SQUIDs were mounted in the same MUX

board used to read out AdvACT single pixels on the DR’s coldest stage. V-φ

curves were acquired for various applied field values using the MCE readout

electronics (Figure 4.3). The shift in the V-φ curves due to the presence of ap-

plied fields was averaged for 72 readout channels and for two applied direc-

tions of fields (positive and negative normal). We determine the upper bound

on measured sensitivities to be 1.2 φ0/Gauss.

To estimate the magnetic sensitivity of µMUX rf-SQUIDs (Section 4.1.2),

magnetic fields were applied perpendicular to the planes of 33 rf-SQUIDs on a

single NIST µMUX 14a chip and time-ordered data was taken on each rf-SQUID

using a ROACH readout system, returning an average phase response of the

µMUX channel in radians as a function of applied magnetic field. Data was

taken for two different orientations of the chip within the magnetic shield. A

gradient in response to the magnetic field was seen across the µMUX chip in

the first orientation, with a minimum in sensitivity at the central rf-SQUIDs and

maxima at the ends of the chip (Figure 4.4). This slope is thought to be due to

the sensitivity of the gradiometric winding of the SQUID coils to gradients in

magnetic field as a function of position inside the DR, since the same response

was not observed in the second orientation of the chip within the shield. With

this single chip we place an upper limit on magnetic sensitivities of 0.3 φ0/Gauss

for the µMUX rf-SQUIDs. Many more chips were characterized in the measure-

ments discussed below.
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Figure 4.3: An example of shifts in the V-φ curve of a single TDM SQUID under
the influence of applied magnetic field. Figure is from [262].

Figure 4.4: φ0/Gauss for resonances on the µMUX chip display a gradient in
response across the chip for the Run 1 orientation (red) but not for the Run 2
orientation (black). The top view schematic diagram shows the position of the
µMUX chip within the magnetic shield for the two runs along with the applied
field directions outside the shield. An upper limit on the magnetic sensitivites
of these rf-SQUIDs is taken to be 0.3 φ0/Gauss. Figure is from [262].
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4.3 Magnetic Shielding Estimate

Magnetic shielding designs for upcoming CMB experiments should be driven

by device sensitivities such as those presented here in order to minimize cost

and extent of mechanical design. Using the measurements obtained for our

tested TESes and SQUIDs, we can convert detector and readout magnetic sensi-

tivities into estimates of the change in detector bias current per applied magnetic

field by using δI0
δB ≈

G(Tc)(−2wB)
V0

, where w is our parameter fit listed in Table 3.4, B

is a magnetic field value offset from zero (taken to be 0.05 G, or ∼1/10 Earth’s

magnetic field) and G is the thermal conductance of the TES (eq. 3.3) [5]. Using

appropriate values for the types of TESes tested, we obtain sensitivity estimates

in detector bias current and list them in Table 3.4 [131, 103, 244, 145]. Because

these sensitivities are estimated at an arbitrary value of magnetic field, and the

true relationship between dB and dI0 is more complex than fully represented in

this estimate, these numbers should be treated as a comparative guide to rela-

tive sensitivities.

A similar calculation can be done to convert the TDM SQUID sensitivity

estimate into a predicted detector current response as a function of magnetic

fields inside the shielding, using conversion factors particular to our readout

setup [5]. For our upper limit sensitivity, 1.2 φ0/Gauss, we estimate δI0 e f f /δB ≈

100 µA/G, three orders of magnitude larger than the estimates for our TESes.

For the µMUX rf-SQUIDS, with an upper limit sensitivity of 0.3 φ0/Gauss due

to the gradiometric response of the rf-SQUIDs, δI0 e f f /δB ≈ 4 µA/G.

Based on these measurements, we consider order of magnitude estimates

for required shielding factors. These factors would ideally take into account
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several phenomena that are not considered here, including the rate at which

the instrument is rotated through Earth’s field, whether gradients inside the

shields result in significantly different pickup levels on different SQUIDs, and

how non-common mode magnetic pickup could generate spurious systematics;

however, those phenomena are beyond the scope of this study. In this study

we consider that the detector white noise level for TDM and µMUX readout is

roughly 10−10 A/
√

Hz [121]. If we aim to maintain pickup below this noise level

and the instrument sweeps through 1/10 of Earth’s field (0.05 G) in one second,

this would require a shielding factor of roughly 50,000 for TDM and 2,000 for

µMUX. If we use a similar scaling approach for the TES pickup in a background

DC field comparable to Earth’s field, we find smaller required shielding factors

for the TESes; however, as described above, the true δI0/δB relationship is more

complex for TESes than SQUIDs and warrants further study.

Current shielding factors in the field include: ∼500 from two A4K shields for

AdvACT, with additional localized Nb shielding around the SQUID modules

and PCBs [253]; ∼150 from two A4K shields for CLASS, with additional mag-

netic shielding provided by localized Nb shielding around SQUID-based read-

out components [85]; and ∼50,000 from two layers of A4K and two Nb shields

for BICEP [220]. Targeted shielding module factors for the Simons Observatory

are at or above ∼200. As large magnetic field pickup is expected to impede

science goals more significantly in the low-l regime (at large angular scales),

shielding considerations for the SO SATs will be treated more carefully than for

the LATR which is focused on smaller angular scale measurements [19].
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4.4 512 Box µMUX SQUIDs for the Simons Observatory

The work presented in this section has been published in E. M. Vavagiakis

et al. “The Simons Observatory: Magnetic Sensitivity Measurements of Mi-

crowave SQUID Multiplexers,” IEEE Transactions on Applied Superconductiv-

ity PP(99):1-1 (2021) [263].

The Simons Observatory will use a microwave SQUID multiplexing (µMUX)

readout (Section 4.1.2) for its planned ∼70,000 TESes (Section 3.2) at an initial

multiplexing factor of ∼1000. The cold (100 mK) readout components are pack-

aged in a µMUX readout module, which is part of the UFM, and can also be

characterized independently [117, 273]. The 100 mK stage TES bolometer arrays

and microwave SQUIDs are sensitive to magnetic fields, and their response to

changing fields will vary with the local magnetic shielding quality. Each UFM

will contain ∼1800 µMUX resonators in the 4–8 GHz band, each coupled to a

dissipationless radio-frequency superconducting quantum interference device

(RF-SQUID), which is in turn inductively coupled to a TES, and read out us-

ing a single pair of coaxial cables [214]. The resonators and SQUIDs for SO are

developed by NIST (National Institute of Standards and Technology) [76].

We present measurements of the magnetic pickup of test microwave SQUID

multiplexers as a study of various shielding configurations for the Simons Ob-

servatory. We discuss how these measurements motivated the material choice

and design of the UFM magnetic shielding.

107



4.4.1 Experimental Setup

Readout testing was performed using 512 µMUX resonators and RF-SQUIDs on

eight chips installed in the test package referred to as the “512 box.” The NIST

µMUX chips were of microwave SQUID design uMUX100k v1.0, wafer 1, and

covered 4–8 GHz. While the µMUX resonators and RF-SQUIDs may both be

sensitive to magnetic fields [90], we cannot yet distinguish between the compo-

nents’ behaviors, and thus refer to the magnetic pickup of each combined chan-

nel. 87 channels were chosen for analysis, evenly spaced across the 4–8 GHz

frequency range. For each data taking run, the same channels were selected for

data taking (as chosen by the closest resonance frequency match).

Figure 4.5: Model of the 512 box test package with eight µMUX chips (cyan)
mounted in a copper box. Shielding material tested was mounted on the cop-
per cover of the box, 9.2 mm from the chip surface. In the case of a sandwich,
shielding material was also mounted on the back of the box, equidistant from
the chips. Figure is from [263].
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The 512 box (Figure 4.5) was mounted to the cold stage of a Bluefors dilution

refrigerator (DR) and cooled to 100 mK (Figure 4.6). Any shielding material

tested was placed on one or both sides of the test packaging, 9.2 mm from the

chips. Any single layer of shielding material was mounted to the side of the 512

box shown in Fig. 4.5, while sandwiches of material included a layer attached

to the back side in Fig. 4.5.

Figure 4.6: Experimental setup for the 512 box magnetic field testing. The 512
box package was mounted to the 100 mK plate of a Bluefors dilution refrigerator.
A set of Helmholtz coils apply DC fields perpendicular to the µMUX chips, as
shown installed around the DR on the left. On the right, a schematic of the DR
mixing chamber plate and mounted 512 box test package is shown along with
the coils. The “front” view looks along the z-axis of the coils to the face of the
512 box test package, and the “side” view shows the x-axis of the coils and the
edge of the 512 box package. The orientation of the applied magnetic field is
annotated “B.” Figure is from [263].
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An external room temperature mu-metal magnetic shield was placed over

the DR while the test chips were cooled to avoid trapping magnetic flux in the

chips which would degrade their performance. Once at base temperature, this

shield was removed, and a set of Helmholtz coils were positioned outside of the

vacuum shell of the DR to apply constant DC magnetic fields perpendicular to

the plane of the chips (Fig. 4.6). Fields were not applied parallel to the plane of

the chips because uniform magnetic fields applied in this direction should not

couple to the SQUIDs or resonators. No additional magnetic shielding beyond

the test pieces near the chips was included.

4.4.2 Magnetic Field Application

Upon reaching base temperature, the external mu-metal magnetic shield around

the DR was removed, and the Helmholtz coils were installed. The highest field

value tested (0.525 G) was applied for approximately one minute, and then re-

moved. DC fields were then applied starting at 0 G for a given polarity, and

stepped from 0 to 0.525 G in steps of 0.105 G. Fields were applied by setting a

power supply to a given current value (i.e. were set suddenly and not ramped

up slowly). The field polarity was then reversed, and data were again taken

starting from low to high applied field. The field polarities were not tracked

between cooldowns, and small relative asymmetries between the two polarities

are expected from Earth’s magnetic field.

At each applied field value, a vector network analyzer (VNA) traced S pa-

rameters versus frequency, and the frequency (f) of minimum magnitude of S21

was recorded for each applied voltage. Voltage applied to the flux ramp line
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was stepped from 0 to 0.5 V in discrete steps of 0.02 V to trace f-Φ curves for the

chosen channels (Φ, the flux through the SQUID, is controlled by voltage ap-

plied). Seeking only to measure the phase offsets in Φ, a simple sinusoid was fit

to the resulting f-Φ curves, where one period is Φ0, the magnetic flux quantum,

in this case 0.39 V. The phase offsets of the sinusoid fits (dΦ/Φ0) were recorded

for each SQUID (Fig. 4.7).

Figure 4.7: Applied field values shift the SQUID f-Φ curves as fit to the data
acquired with the VNA. An example of the zero applied field data points are
plotted in blue, with the sinusoid curve fit blue line overplotted. The stars and
triangles mark the peaks of the fits, which are used to calculate the phase off-
sets. The offsets in phase (dΦ) are recorded to measure the magnetic pickup in
Φ0/Gauss. Figure is from [263].

The offsets from Earth’s magnetic field and the zero-flux phase are accounted

for by subtracting the zero applied field dΦ/Φ0 from all the data points for each

channel, such that dΦ/Φ0 = 0 for 0 G applied field. The absolute value of these

responses is taken so that one linear fit may be performed to the positive and

negative shifts. The best fit sensitivity in Φ0/G for the tested resonances was
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estimated by fitting a line (y = mx, where m = Φ0/G) to the average absolute

value of the f-Φ curve phase shifts as a function of applied magnetic fields.

We found that exposing the chips to the highest value of applied field (0.525

G) had the effect of “settling” the channels such that their measured sensitivity

was lower after this exposure as compared to before. This applied field value

is larger than the component of Earth’s magnetic field running perpendicular

to the surface of the chips, which is estimated to be ∼0.05 G. This meant that

removing the external magnetic shield and taking measurements starting at 0 G

to 0.525 G yields a higher pickup estimate than subsequent repeated set of iden-

tical measurements (Fig. 4.8). This led us to adopt the approach applying the

maximum field value (0.525 G) for ∼1 minute before taking the data compared

in Fig. 4.9.

With this approach, no hysteresis was observed when taking data from 0 to

0.525 G in steps of 0.105 G, and then again from 0.525 to 0 G in steps of 0.105 G

for the test assembly with a single piece of 0.002” Al.

4.4.3 Shielding Materials

The magnetic shielding materials tested included two thicknesses (1/32”,

0.002”) of 6061-T6 aluminum, 0.002” thick Type 2 annealed niobium from Ea-

gle Alloys, and a hexagonal piece (127.20 ± 0.50 mm corner to corner, × 1 mm

thick) of annealed A4K from Amuneal.
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Figure 4.8: “Settling” the µMUX channels by applying a 0.525 G field for 1
minute before data taking (No Shielding, Runs 2, 3 and 4, 1/32” aluminum,
Run 2) versus data taking without first applying the 0.525 G field (No Shielding
Run 1, 1/32” aluminum Run 1). Error bars shown are standard errors. Linear
fits to the average absolute value of dΦ/Φ0 for the channels per applied field
value are plotted as solid lines. The average response of the channels decreases
after the initial magnetic field is applied. Figure is from [263].

4.4.4 512 Box µMUX SQUID Results

Tab. 4.1 lists the average sensitivity results for the data taken in a given magnetic

shielding configuration. Average Φ0/Gauss sensitivities as estimated by linear

fits to the average f-Φ phase offsets for the 512 box µMUX channels per applied

field value are shown for each material configuration. Uncertainties listed come

from the linear fits to the average data point per applied field value. A factor of

sensitivity reduction from no shielding material is listed.

With no shielding, the 512 box µMUX channels show a 0.108 ± 0.015 Φ0/G

shift as estimated using the mean linear fit. This fit is a conservative estimate
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Figure 4.9: Magnetic pickup experienced by the 512 box channels when shielded
by a single piece of A4K (black), a thin (0.002”) single piece of Al (blue) or a
sandwich of the same (green), the thin Al sandwich plus a piece of A4K (dashed
green), or a niobium sandwich (orange), compared to no shielding (magenta).
The best shielding configurations were the sandwiches of superconductors, and
the worst was the single piece of A4K. Figure is from [263].

of the responses, as the distribution of Φ0/G per channel was not Gaussian, but

positively skewed with a lower mode (Fig. 4.10). The best shielding configura-

tions tested were the sandwiches of 0.002” Al or Nb, with a layer of supercon-

ductor on either side of the µMUX chips, 9.2 mm from the chip surface. These

two shielding configurations reduced the shift by a factor of 12.0 or 21.6, respec-

tively. Single layers of Al were the next most successful, providing a 2.0–2.5

factor reduction in field pickup.

The single layer of annealed A4K yielded higher pickup than no shielding,

and introduced a field polarity-dependent asymmetry in sensitivity, repeatable

over multiple data-taking runs. To check for asymmetries introduced by the

hexagonal shape of the A4K piece, only channels on the central 512 box chips
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Figure 4.10: Residuals in |dΦ|/Φ0 from the linear fit to No Shielding Run 2 (Fig.
4.8). The distribution is typical for all data-taking runs, with most channels
showing a lower response than the linear fit to the average, and a small number
of channels showing a higher response. Figure is from [263].

(which were farthest from the hexagonal edges of the piece) were analyzed.

The behavior was the same for these chips alone. When the piece of A4K was

included inside the 0.002” sandwich of Al, the shielding was degraded by a

factor of 3.6 as compared to the 0.002” sandwich of Al alone.

4.5 Conclusions

We have made measurements of the magnetic sensitivity of AlMn and MoCu

TESes, varying in geometry, leg length and doping, TDM SQUIDs, µMUX rf-

SQUIDs, and NIST test chip µMUX resonators and RF-SQUIDs for the Simons

Observatory.

The measured unshielded channel sensitivity of 0.108 ± 0.015 Φ0/G of the
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Table 4.1: Magnetic Shielding Results

Material Sensitivity [Φ0/G]a Reduction Factorb

None 0.108 ± 0.015 1.0
1/32” Al 0.044 ± 0.009 2.5
0.002” Al 0.053 ± 0.007 2.0

A4K 0.199 ± 0.091 0.5
0.002” Al SWc 0.009 ± 0.002 12.0

0.002” Al SW+A4Kd 0.033 ± 0.005 3.3
0.002” Nb SWe 0.005 ± 0.001 21.6

aAverage pickup of the channels for the shielding configuration.
bFactor by which sensitivity was reduced compared to no shielding.
cA sandwich of 0.002” Al.
dA sandwich of 0.002” Al + layer of A4K within the top layer of Al.
eA sandwich of 0.002” Nb.

NIST test chip µMUX resonators and RF-SQUIDs for the Simons Observatory in

[263] (section 4.4.4) is in agreement with the upper bound of 0.3 Φ0/G placed on

NIST µMUX RF-SQUIDs in [262] (Section 4.2). This pickup equates to a 2 µm2

effective cross-section, or one part in 2×104 of the 40,000 µm2 SQUID area, and is

due to imperfect gradiometry, metal symmetry, and uniformity of applied field.

Because Earth’s field can produce a magnetic flux quantum through just a 40

µm2 area, and the SQUIDs are much larger, gradiometry and magnetic shield-

ing must be combined to provide sufficient insensitivity to Earth’s field and

other sources while scanning and observing. Layers of superconducting mate-

rials 6061-T6 Al and Nb reduce the measured pickup by a factor of 2.0-21.6. This

behavior agrees with general expectations as both Type I and II superconduc-

tors respond to applied magnetic fields by setting up electric surface currents

that cancel out these fields. It is notable that single layers of superconductors

provided ∼5–11 times less shielding than sandwiches of superconductors. The

presence of A4K degraded the shielding performance of an Al sandwich by a

factor of ∼4, and increased the sensitivity of the µMUX SQUIDs when compared
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to no shielding at all. The presence of A4K also introduced a large field polar-

ity asymmetry. This motivated the decision not to include A4K in the SO UFM

packages.

Instead of canceling out applied magnetic fields like superconductors, A4K

redirects them. The details of an A4K shielding geometry may thus have pro-

found effects on the material’s shielding ability: single flat layers of A4K may

not behave like cylindrical shields or boxes, acting to concentrate, distort, and

amplify magnetic fields instead of redirecting and attenuating them. It can also

be difficult to simulate the behavior of A4K due to numerical issues when mod-

eling high-permeability materials like A4K directly next to zero-permeability

materials like superconductors. Our measured results did not agree with our

expectations from simulations using ANSYS Maxwell, which estimated that

adding a single hexagonally shaped sheet of A4k to the 0.002” Al sandwich

would improve, rather than degrade, the shielding performance of the sand-

wich by a factor of ∼4 (Figure 4.11). The disagreement with this result from sim-

ulations highlights the importance of laboratory measurements to accurately

predict the effectiveness of magnetic shielding materials and geometries.

Along the same lines, our results may not easily extend to real-world SO

UFM shielding designs. Current magnetic shielding tests are being conducted

with a more realistic package for an SO µMUX multiplexer assembly with up-

dated NIST microwave SQUID design that includes a 6061-T6 Al cover with

holes in it for connectors. Introducing holes in this material may degrade its

shielding performance. The best performing sandwiches of continuous layers

of superconductors may be difficult to implement within the UFM, so further

tests are ongoing to define the UFM shielding design.
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Figure 4.11: Magnetic shielding simulations performed by Aamir Ali using
ANSYS Maxwell for two shielding configurations for the 512 box. A: 0.002”
Al sandwich including realistic holes for connectors. B: Same as A (0.002” Al
sandwich including realistic holes for connectors) with the addition of an A4K
hexagon with the same geometry as that tested in the lab (127.20 ± 0.50 mm
corner to corner, × 1 mm thick). The shielding factor in configuration A was
estimated to be 3-6, which underestimated the observed shielding factor of 12.
The shielding factor in configuration B estimated to be 10-20, which disagrees
with the measurements in which the addition of A4K degraded the shielding
performance of the Al sandwich by a factor of ∼4. Simulations and images are
courtesy of Aamir Ali.

We used our estimates for AlMn TES, TDM SQUID, and µMUX SQUID mag-

netic sensitivities from device measurements along with simulations to inform

shielding factors that would sufficiently suppress field excursions in upcom-

ing experiments. These results will inform the design of magnetic shielding for

future CMB experiment receivers such as those for CCAT-prime, Simons Ob-

servatory, and CMB-S4 and thereby help enable precision measurements of the

CMB.
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CHAPTER 5

SUNYAEV-ZEL’DOVICH MEASUREMENTS WITH THE ATACAMA

COSMOLOGY TELESCOPE

By combining high-resolution maps from the Atacama Cosmology Telescope

with optical catalogs from BOSS-SDSS, we have made increasingly precise mea-

surements of the kSZ and tSZ effects in maps of the CMB. By measuring both

SZ effects using the same datasets, we compare independent estimates of halo

optical depth to explore the potential for tSZ measurements to provide optical

depth information in order to measure pairwise velocity curves and constrain

cosmology. By probing the optical depth of these galaxy halos, we begin to

constrain their baryon content, and progress towards an empirical relationship

between optical depth and Compton-y which will inform simulations of galaxy

evolution and future cosmological constraints.

The majority of the work presented in this chapter has been published in F.

De Bernardis, S. Aiola, E. M. Vavagiakis, N. Battaglia, M. D. Niemack et al., “De-

tection of the pairwise kinematic Sunyaev-Zel’dovich effect with BOSS DR11

and the Atacama Cosmology Telescope,” Journal of Cosmology and Astropar-

ticle Physics 03, 008 (2017), and E. M. Vavagiakis, P. A. Gallardo, V. Calafut,

S. Amodeo et al. “The Atacama Cosmology Telescope: Probing the Baryon

Content of SDSS DR15 Galaxies with the Thermal and Kinematic Sunyaev-

Zel’dovich Effects,” (2021) (in submission to Physical Review D) [68, 264].
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5.1 ACT Data

5.1.1 ACT DR3

In 2011, Hand et al. presented a measurement of the tSZ effect in ACT maps

using a matched-filtering method with an assumed galaxy cluster profile [112].

In De Bernardis et al. 2017, henceforth DB17 [68], we used a 600 deg2 map from

ACT Data Release 3 (DR3) with an aperture photometry filter for the kSZ pair-

wise analysis and a matched filter for the tSZ signal extraction. This map used

a combination of data from two seasons of ACT observations [62] and two sea-

sons of nighttime observations with the ACTPol receiver [254] at 148 GHz [174].

The coadded area included the deep patches called D5 and D6, centered at right

ascensions (RA) -5° and 35°, as well as the region encompassing D5 and D6,

previously called deep56 and now referred to as D56 [69]. The D56 area was

observed deeply in 2014 and 2015 and spans roughly from RA of -9° to 43° and

declination of -7° to 4° with a total area of about 456 sq. deg [163]. The white

noise level in the D56 area from the 2014 observations ranges from 10 to 20

µK·arcmin. Figure 5.1.1 shows the coadded map used in DB17 overlaid with the

galaxies from the SDSS DR11 catalog, described in Sec. 5.2, used as tracers in

the SZ analysis.

5.1.2 ACT DR4 and DR5

Our 2021 work used two component separated internal linear combination

(ILC) maps, referred to as the DR4 ILC maps, covering the same D56 region

as in DB17, as well as the BN (1633 sq. deg.) region. The ILC maps are cre-
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Figure 5.1: The ∼600 sq. deg. 148 GHz ACT map used in the DB17 SZ analysis,
overlapping with the 67,938 SDSS DR11 sources in green. The longest strip in
RA was the region of sky used for the first measurement of the pairwise kSZ
effect in Hand et al. 2011 [112]. Figure from [68].

ated using two seasons of observations with the ACTPol receiver (ACT DR4)

and public Planck satellite data [163]. In Calafut et al. 2021 (C21, [47]), we use

the CMB+kSZ DR4 ILC map, and in Vavagiakis et al. 2021 ([264]), we use the

Compton-y DR4 ILC map. The ILC approach was designed to account for the

anisotropic noise found in ground-based CMB experiments. The ILC method

combines multi-frequency data from Planck and ACT and constructs wide-area,

arcminute-resolution component-separated maps of CMB temperature and the

tSZ effect. CIB-deprojected Compton-y maps are also available, but we did not

analyze them due to their higher noise. Additionally, we used ACT DR5 single

frequency data at 150 and 98 GHz coadded with data from Planck at 100 and 143

GHz to cover about 21,100 sq. deg. of sky (3,700 sq. deg. of which overlaps with

the SDSS data sample) [175] (Figure 1.4). These maps are referred to as the DR5

f150 and DR5 f090 maps. While the DR5 data has the highest signal-to-noise

ratio, the DR4 ILC results serve to check consistency with a map that already

combines the multi-frequency information. A higher signal-to-noise ILC map

for the DR5 data was not available at the time of analysis, but will be useful for

future measurements. The beams have FWHM = 1.3′, 2.1′, and 1.6′ for the DR5

f150, DR5 f090 and DR4 ILC maps, respectively, with associated uncertainties of

several percent [175].
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The inverse white noise variance map associated with the DR5 data is used

for cutting the SDSS data sample (Section 5.2.2) and for weighting (Section

5.3.4). For the ILC analysis, the DR5 f090 inverse white noise variance map is

used for weighting as it best estimates the noise properties in the ILC map. Fig-

ure 5.2 shows the ACT+Planck map overlaid with the selected 343,647 sources

from the SDSS DR15 catalog.

Figure 5.2: Top: The ACT + Planck map used for the DR5 f150 analysis in V21
with the overlapping 343,647 SDSS DR15 selected sources plotted in blue over
3,700 sq. deg., and the BN and D56 areas covered by the ILC maps plotted in
green and orange, respectively. Bottom: The inverse white noise variance map
associated with the DR5 f150 coadded ACT+Planck map highlighting regions
representing a noise equivalence of 45 and 65 µK per pixel (with a 0.5 arcmin
resolution plate Carré projection), which were used to cut the SDSS sample for
the DR5 f150 analysis. The orange and yellow regions of higher noise over-
lapped with 27% of the DR15 sample. The SDSS sample was cut using the more
conservative 45 µK per pixel inverse white noise variance map limit, shown in
purple. We performed an equivalent cut for the DR5 f090 map and analysis.
Figure is from [264].
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5.2 SDSS Data

In both our 2017 and 2021 works, we used sources from the Sloan Digital Sky

Survey (SDSS) Baryon Oscillation Spectroscopic Survey (BOSS [66]) to trace the

positions of galaxy clusters and groups. SDSS conducts optical and infrared

spectroscopy [227, 269] using the 2.5-meter Sloan Foundation Telescope at the

Apache Point Observatory in New Mexico [109] and infrared spectroscopy us-

ing the du Pont Telescope at Las Campanas Observatory in the Atacama Desert

in Chile [44]. SDSS measures galaxies and quasars at z ∼ 0.6–3.5 to characterize

large scale structure, nearby galaxies using integral field spectroscopy, and large

scales of the Galaxy with high resolution near-IR measurements [18]. For our

purposes, we use publicaly available catalogs of luminous red galaxies includ-

ing position, luminosity and redshift information, described below in Sections

5.2.1 and 5.2.2.

5.2.1 DR11 Sample

In DB17, we used the public Large Scale Structure (LSS) DR11 catalog 1. Sources

within a 5 arcmin radius from >15 mJy point sources were cut from the sam-

ple, leaving 67,938 objects overlapping with the DR3 map area, with redshifts

ranging from 0.05 to 0.8 with an average redshift of 0.48. The luminosities of the

sources were calculated based on their r-band Petrosian de-redened magnitudes

and a K-correction applied using the kcorrect2 software [40]. The K-corrected

luminosities for the sample ranged from 1.5×108 to 1.25×1012L�. In addition to

the SDSS sources, sources from the redMaPPer [210, 208, 209] SDSS DR8 cata-
1http://data.sdss3.org/sas/dr11/boss/lss
2http://kcorrect.org
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log of galaxy clusters were analyzed for comparison. The redMaPPer algorithm

provides a more precise estimate of cluster centers, at the cost of a smaller sam-

ple of objects and the inclusion of less precise photometric redshifts as opposed

to spectroscopic redshifts of individual luminous red galaxies (LRGs). 31,600

sources overlapped with the coadded ACT DR3 map, of which only 2,242 met

a redMaPPer richness cutoff of λ>20 after including a correction factor which

accounted for masked clusters and incompleteness [68].

To explore the dependence of the SZ signals on the luminosity of the LRG

sample, eight bins were chosen in the range 5.3×1010Lodot-11.6×1010Lodot (corre-

sponding to the brightest 50,000 and 5,000 sources, respectively). The range was

then divided by choosing the most luminous 5,000 sources, and increasing the

number of objects per bin in steps of 5,000, or 10,000 for the larger bins. The

number of sources per bin used in the tSZ analysis were slightly reduced due to

wider submaps discarding some sources at the map edges. The selected lumi-

nosity cuts and the number of sources per bin is shown in Table 5.1.

5.2.2 DR15 Sample

In our 2021 work, 602,461 SDSS DR153 LRGs overlapping with the DR5 f150

ACT+Planck map were selected for use through a luminosity cut, a cut based on

the CMB map noise level, point source masks, and a Galactic plane mask. The

catalog was downloaded from the SDSS SkyServer using the query presented

in Appendix B.1. The luminosities of the sources were calculated based on their

(multiband) de-reddened SDSS composite model magnitudes and K-corrected

using the kcorrect [40] software according to the luptitude to flux conversion
3https://www.sdss.org/dr15/
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Figure 5.3: A histogram of the redshifts of SDSS DR11 tracer sources used in the
DB17 ACT DR3 SZ analysis (dark blue). The overlap of the DR11 catalog with
the same area as the DR9 selection used in [112] (green, 27,291 galaxies) for the
220 sq. deg. ACT-only region is shown in yellow (26,357 galaxies). The light
blue line shows the much smaller selected redMaPPer sample. Figure is from
[68].

outlined in [161]. The DR15 luminosities of the selected sources range from

4.30 × 1010L� to 2.61 × 1012L� with an average luminosity of 7.38 × 1010L�. Lu-

minosity bins for joint tSZ and kSZ analyses with C21 were chosen to match

two of the luminosity cuts from DB17 (L = 7.9 × 1010L� and L = 6.1 × 1010L�)

as well as one lower luminosity cut (L = 4.3 × 1010L�). The three disjoint bins

based on these cuts were selected to have roughly equal spacing, and such that

each bin has over 100,000 galaxies that pass cuts for analysis with the DR5 maps

(Table 5.2). The cumulative luminosity bins include the highest signal-to-noise

SZ measurements, while the disjoint bins enable comparisons between indepen-

dent bins. Since the tSZ signal-to-noise ratio is higher for high mass halos, we

also perform the tSZ analysis for the two highest mass bins from DB17 (L98 and
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L116) which are not studied in C21. A plot of the luminosity distribution and

bins is shown in Appendix B.2.

After we selected luminosity bins and applied the minimum luminosity

cut, which removed 80,162 lower luminosity sources from the sample, we per-

formed an inverse white noise variance cut. Figure 5.2 shows the inverse white

noise variance map that was used to explore cuts in a DR14 sample. Initially two

different cuts were studied (45 and 65 µK per pixel) (Figure 5.4). The more con-

servative cut of 45 µK per pixel was selected for all subsequent analyses based

on a signal-blind uncertainty analysis which compared the jackknife error bars

on the aperture photometry (AP) analysis for the samples cut by 45 µK per pixel,

65 µK per pixel, and no noise cut. The 45 µK per pixel cut removes 27%, or

140,209 sources from the overlapping sample and improves the jackknife error

bars as compared to no noise cut (Figure 5.4).

Galactic plane masking was then performed with the mask used in the pro-

duction of the 2015 Planck Compton-y map to reduce Galactic contamination

[193] (Figure 5.5). The 50% mask was selected to conservatively cut sources

from the Galactic plane region of the ACT+Planck map, resulting in a cut of

26,521 additional sources from the DR15 sample.

To mask point sources we first used the two source masks developed for

Choi et al. 2020 [56]. For the lowest noise D56 region a 15 mJy point source

mask was applied, and for the higher noise regions a 100 mJy mask was applied.

Together these masks removed an additional 11,922 sources from our sample,

leaving us with a final selected sample of 343,647 sources after all masks and

cuts are applied.
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Figure 5.4: A signal-blind comparison of the tSZ analysis in an earlier set of
luminosity bins with the previous SDSS DR14 sample, to motivate cuts in the
final analysis. A kSZ analysis on these 6 sample catalogs was also performed.
The catalogs contained between 313078 and 457916 sources, depending on the
combination of cuts, which included a 50% or 40% Galactic plane mask and/or
a 45 µK per pixel or 65 µK per pixel inverse white noise variance map cut. The
more conservative inverse white noise variance map cut was selected based on
this comparison because it improved the jackknife error bars in the tSZ analysis
as well as the uncertainty in the kSZ pairwise analysis.

Figure 5.6 shows the redshift distributions of the 343,647 DR15 galaxies over-

lapping with the ACT+Planck map after the luminosity, inverse white noise vari-

ance map, Galactic plane mask and point source mask cuts. The 67,938 DR11

sources overlapping with the coadded ACT DR3 map used in our 2017 result

(Figure 5.3) are also shown for comparison. The redshifts range from 0.08 to 0.8

with an average reshift of 0.49 for the DR15 catalog.

128



Figure 5.5: The 40% and 50% Galactic plane masks used in the production of
the 2015 Planck Compton-y map [193], overlapping with the SDSS DR15 cata-
log (blue points). Regions with mask value 0 (dark purple) are excluded from
the analysis. The 50% mask was chosen to conservatively cut sources from the
Galactic plane region of our maps, which resulted in a cut of 26,521 sources after
the inverse white noise variance cut and luminosity cut.

Figure 5.6: The SDSS DR15 redshift distribution for the 602,461 total galaxy sam-
ple and selected 343,647 galaxy sample for the analysis in V21 and C21 overlap-
ping with the ACT+Planck DR5 map, as compared to the ∼9 and ∼7 times fewer
DR11 galaxies overlapping with the ACT DR3 area and those used for the 2017
result (DB17), respectively. Figure is from [264].

Histograms of the luminosities depicting cuts and bins are provided in Ap-

pendix B.2. The properties of each luminosity-selected bin are summarized in

Table 5.2. The mean stellar masses are estimated from the mean luminosities
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assuming M∗/L = 3.0 as predicted by the Chabrier IMF [51] and discussed in

[149, 31, 32, 35]. The mean halo masses are derived from the M∗ − Mvir relation

from abundance matching as described in [149]. Abundance matching is a sta-

tistical technique to model the correlations between galaxy and halo properties

based on mapping galaxies to dark matter halos of the same number density in

the universe.

5.3 tSZ Analysis

5.3.1 Average Compton-y Parameter ȳ

The tSZ temperature signal extracted from maps of the CMB after filtration is

proportional to the Compton-y parameter. The Compton-y parameter is the

number of photon scatterings occurring with the hot electrons in the halo gas,

multiplied by the energy gain per scattering (Section 1.2.1).

To obtain the Compton-y parameter from our tSZ signals we follow the steps

detailed in [116]. The tSZ temperature signal is related to the Compton-y param-

eter via Equation 1.10 (Section 1.2.1). Relativistic corrections are negligible for

the SDSS DR11 and DR15 sample masses and can safely be excluded [181]. At

an effective frequency of 146.9 GHz, as for the ACT DR3 map, fSZ = −0.992.

For the coadded DR5 maps, the effective band centers vary based on sky po-

sition, so the median values of the SZ-weighted band centers are chosen for

the analysis. The appropriately weighted band center frequencies are 97.8 and

149.6 GHz for the DR5 f090 and DR5 f150 maps, respectively, so fSZ,f090 = −1.53

and fSZ,f150 = −0.958 [127]. We assume the ACT-based band center frequencies
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because the ACT measurements dominate over those from Planck at our scales

[175]. These frequencies are associated with a 2.4 GHz uncertainty, and detailed

bandpass considerations could carry a larger impact (at the few percent level).

However, each of these has a small effect on ȳ compared to our statistical uncer-

tainties.

5.3.2 ȳ − τ Relationship

A strong relationship exists between the Compton-y parameter of a halo and

its optical depth. In simulations with AGN feedback, Battaglia [25] finds the

relationship between ȳ and optical depth to be

ln(τ̄) = ln(τ0) + m ln(ȳ/10−5) (5.1)

where ln(τ0) = −6.40 and m = 0.49 at z = 0.5 for an average area with radius 1.8′,

a close approximation to the filter scales used in both our ACT tSZ analyses.

We use this to estimate τ̄ from our tSZ ȳ measurements. The systematic error

bars on τ̄ from the ȳ-τ̄ relationship are calculated in V21 by using the Monte

Carlo method taking into account the estimated 4% systematic uncertainty on

ln(τ0) and 8% on m, which were estimated in [25] by taking the largest relative

differences between the radiative cooling and AGN feedback models used for

Equation 5.1. In DB17, a max/min approach to estimating the systematic uncer-

tainties on τ̄ is adopted as a conservative approach which returns slightly larger

uncertainties than standard error propagation.
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5.3.3 tSZ Signals from ACT DR3 and SDSS DR11

In DB17, we adopted the same matched filtering approach as used in Hasselfield

et al. [116], which is based on a Universal Pressure Profile [22] with a fixed scale

of θ500 = 5.9′. After the filter was applied to the CMB map (Section 5.1.1), the

sources from the DR11 catalog were binned using the same luminosity cuts as

those used for the kSZ analysis (Table 5.2). Within each luminosity bin, a 10.5′

by 10.5′ submap centered on each SDSS source was repixelized from 0.5′ per

pixel to 3.75′′ per pixel. The temperature signal associated with each source is

taken to be the central pixel value in units of µK. These source signals are aver-

aged within each luminosity bin to obtain a stacked tSZ signal per bin, tS Z. The

uncertainty associated with each temperature signal is obtained by taking the

standard deviation of the pixels within an annulus of inner radius R1 = 3′ and

an outer radius of
√

2R1. This 3′ size of this annulus is a conservative estimate

of the local noise in the map. This approach has the advantage of not requir-

ing the modeling of variations of the noise across the map. We verified that the

distribution of the standard deviation values is similar for annuli around the

sources and for annuli selected in source free regions, implying that, regardless

of the presence of sources, there can be non-negligible variations in the noise

across the map. We also verified that the error increases monotonically up to 3

arcmin and is stable for larger rings. For each source, y(θ = 0) is obtained from

the central pixel temperature signal via Equation 1.10.

The angular averaged Compton parameter ȳ is determined for each source

by integrating over the generalized Navarro-Frenk-White (GNFW) pressure

profile [176],
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Luminosity cut/1010L� δTtSZ (µK) y0/10−7 ȳ1.8/10−7

L > 5.30 -0.52 ± 0.16 1.91 ± 0.58 0.88 ± 0.27
L > 6.10 -0.65 ± 0.18 2.41 ± 0.65 1.11 ± 0.30
L > 6.90 -0.79 ± 0.20 2.92 ± 0.75 1.34 ± 0.34
L > 7.40 -0.90 ± 0.22 3.32 ± 0.82 1.51 ± 0.37
L > 7.90 -0.91 ± 0.25 3.35 ± 0.92 1.52 ± 0.42
L > 8.70 -1.23 ± 0.29 4.52 ± 1.06 2.05 ± 0.48
L > 9.80 -1.67 ± 0.35 6.17 ± 1.29 2.78 ± 0.58

L > 11.60 -3.70 ± 0.49 13.60 ± 1.82 6.09 ± 0.81
5.30 < L < 7.90 -0.26 ± 0.20 1.00 ± 0.75 0.45 ± 0.35
7.90 < L < 9.80 -0.15 ± 0.35 0.54 ± 1.30 0.25 ± 0.60

Table 5.3: Extracted tSZ temperature signals δTtSZ, central Compton parame-
ter y0, and angular averaged ȳ for a 1.8 arcmin radius circle for the luminosity
ranges and samples in Table 5.1. Results are from [68].

y(θ) ∝
∫

dsP
( √

s2 + (R500θ/θ500)2
)
, (5.2)

where θ500 = R500/DA(z),DA(z) is the angular diameter distance to the source with

redshift z and we vary R500 to fix θ500 = 5.9′. The integral s is along the line of

sight, with P(r) being the pressure profile, defined as in [116]. We normalize

this integral with the y0 value of each luminosity bin and calculate an averaged

Compton ȳθ parameter:

ȳθ =
2
θ2

∫ θ

0
y(θ′)θ′dθ′. (5.3)

These results are shown in Table 5.5.
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5.3.4 tSZ Signals from ACT DR4 and DR5 and SDSS DR15

In V21, we used aperture photometry (AP) to filter the Compton-y and DR5 f150

maps and extract the tSZ signals by stacking on source-centered submaps. A 2.1′

AP filter is also used in the kSZ analysis in C21. This approach to comparing

estimated optical depths is an improvement in consistency over our work in

DB17.

We selected submaps of 18′ × 18′ (about three times larger than the outer

diameter of the AP annulus) of pixel size 0.5′, interpolate in the Fourier do-

main with a pixel size of 0.1′ per pixel, and reprojected to a coordinate system

centered at the galaxy center position using pixell4. A comparison between dif-

ferent pixelization approaches is discussed in C21 Appendix A, and we used the

same approach adopted in C21. On each source-centered submap, we drew an

aperture of R1 = 2.1′ located at the central coordinate in RA and DEC provided

by the DR15 catalog. The signal associated with the sources is taken to be the

average within this aperture, minus the average of the pixels within an annu-

lus of inner radius R1 = 2.1′ and an outer radius of
√

2R1. The 2.1′ size of this

annulus was selected to correspond to ∼1.1 Mpc based on the average angular

diameter distance for the source sample. An associated weight for each source

was assigned by taking the average within a R1 = 2.1′ disk centered on the same

source position on a 18′ × 18′ submap taken from the inverse white noise vari-

ance map. This value is used for weighting the signals in the tSZ analysis.

We stacked on the positions of DR15 sources in the nine luminosity bins

listed in Table 5.2 to measure the average δTS Z in differential CMB temperature

units from the DR5 f090 and DR5 f150 maps, and the average Compton-y for

4https://github.com/simonsobs/pixell
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the DR4 ILC map. The round number luminosity cuts discussed in Section B.2

were chosen to yield five cumulative and disjoint luminosity bins, before any

cuts were made to the DR15 sample, or any analyses were run. The weighted

averages of the stacked submaps for each bin are shown in Figure 5.7, and the

radial averages of these submaps are plotted in Figure 5.8. The signal associated

with each source in a bin was taken to be the average of the 〈disk〉 − 〈ring〉 val-

ues per source, weighted by the associated average inverse variance weight per

source. The presence of dust emission on angular scales comparable to or less

than the beam size is visible in all the maps analyzed, but is most prominent

in the DR5 f150 map (Figure 5.7). We studied the impact of discarding the pix-

els within the beam radius from our analysis. This “core-excised” AP method

removes the SZ signal within the beam radius along with the dust emission;

it has a small (generally < 1σ) effect on the tSZ signals (Figure 5.9), so it was

not adopted for the final analysis. The 2.1′ AP signals were then averaged in

each bin to obtain a stacked tSZ signal, δTtSZ. The uncertainty associated with

the stacked tSZ signal for each bin was obtained using a jackknife estimation

method over the sources with 2,000 iterations per bin.

We corrected the δTtSZ and ȳ estimates obtained from the DR5 f090 map to

account for the larger DR5 f090 beam (FWHM=2.1′) compared to the DR5 f150

map (FWHM=1.3′) [175]. We also corrected the ȳ estimates from the DR4 ILC

map which has an effective beam corresponding to a 1.6′ FWHM Gaussian [163].

We computed the beam correction factors as follows: we considered a fiducial

pressure profile for the average virial mass (Mvir) in each bin [26]; we derived

three estimates of the Compton-y signal in a 2.1′ AP filter, convolved with the

f150 and f090 beams from [175] and with a 1.6′ FWHM Gaussian beam, us-
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Figure 5.7: Stacked raw submaps for the five cumulative (top) and four disjoint
(bottom) luminosity bins as defined in Table 5.2, for the DR5 f150 map (top two
rows), the DR5 f090 map (middle two rows) and the DR4 ILC Compton-y maps
(bottom two rows, in negative units of y to better compare to the coadded maps).
The submaps represent the weighted average submaps of the sources in a given
bin, where the weight for each source is taken to be the average value inside
the accompanying R1 = 2.1 submap in the inverse white noise variance map.
The sub-0.5′-scale structure in the submaps is an artifact of the sub-pixel inter-
polation and is not physical. The maps are normalized with the average value
within the AP annulus, such that the mean of the pixels in the annulus in these
maps is equal to zero. The apertures used for the tSZ and kSZ AP are drawn,
where R1 = 2.1′ (red) and

√
2R1 (black). Radial averages of these submaps are

plotted in Figure 5.8. A central bright spot due to dust on approximately the
beam scale can be seen across luminosity bins in the DR5 f150 submaps, but not
the DR5 f090 submaps. Dust contamination of the DR4 ILC maps is more subtle,
but can be noticed in radial average plots (Figure 5.8). Figure is from [264].
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Figure 5.8: Radial average of the stacked submaps, which have been repixelized
to 0.1′ per pixel, normalized to the average annulus value, for each luminosity
bin, for the DR5 f150 and DR5 f090 coadded maps as well as the DR4 ILC map,
shown for illustrative purposes only. The native units of the DR5 f150 and DR5
f090 maps are in µK and the DR4 ILC maps in y. Negative y is plotted here to
compare with the decrements present in temperature. The aperture photometry
disk radius is plotted as a vertical black dashed line, and the annulus outer
radius is plotted as a vertical solid black line. The beam radius is plotted as a
blue vertical line for DR5 f150, an orange vertical line for DR5 f090, and a black
vertical line for the effective DR4 ILC beam. A central “bright spot” is observed
in nearly all but the most luminous bin, and is attributed to dust emission. Due
to this effect, we studied the core-excised AP approach for the DR5 f150 and
DR5 f090 analysis. Figure is from [264].
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ing Mop-c GT 5 (see [21] for a detailed description on how the projection from

pressure to Compton-y profile and the beam convolution are implemented). We

found an AP beam correction of 31% for the DR5 f090 measurements, and a

beam correction of -5% for the DR4 ILC measurements. Thus, the DR5 f090

δTtSZ measurements are multiplied by 1.3, which propagates into the DR5 f090

Compton-y estimates and resulting analyses, and the DR4 ILC ȳ measurements

are multiplied by 0.95. The value for the correction changes negligibly across

luminosity bins, and is insensitive to our estimate of Mvir (the change in factor is

∼ 1% if we vary Mvir in our mass range). While Figures 5.7 and 5.8 show the raw

data, the DR5 f090 and DR4 ILC data in the rest of the work are multiplied by

these factors. We note that because the f150 beam is not exactly Gaussian, but

features side lobes [98], we get a negative (< 1) ILC correction, contrary to what

we would expect given the larger ILC FWHM.

One potential tSZ signal contamination is the light emitted from star-

forming SDSS galaxies in the optical/UV that is absorbed by dust grains and

re-emitted in the infrared/sub-mm. To account for this, we used data from the

Herschel Astrophysical TeraHertz Large Area Survey (H-ATLAS) [80] to infer

the amount of dust emission at 150 GHz and 98 GHz, following the approach in

Amodeo et al. [21]. The details of this correction are in [264]. These corrections

are applied to the tSZ signals per bin from the DR5 f150 and DR5 f090 maps

(Figure 5.9). Because the error bars on the dust estimates are asymmetric, the

largest values for each data point are selected for the more conservative estimate

of ȳ/σ(ȳ) (Figures 5.9,5.11).

For each luminosity bin, ȳ was obtained from the AP temperature signal δTtSZ

via Equation (1.10). A jackknife approach was used to estimate the uncertainties

5https://github.com/samodeo/Mop-c-GT
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Figure 5.9: Aperture photometry tSZ signals in units of temperature rescaled
by fSZ (Equation 1.11) for disjoint luminosity bins and the full analysis sample,
with 1σ jackknife estimated uncertainties, for the DR5 f150 and DR5 f090 maps.
Raw results using the 2.1′ radius are compared to results after Herschel dust cor-
rection and the removal of the pixels within a beam-scale radius (0.7′ for the
DR5 f150 map and 1.1′ for the DR5 f090 map). The DR5 f090 results shown
have been beam corrected. The Herschel dust correction has a small effect on the
temperature signals and lowers signal-to-noise for the DR5 f090 map due to the
relatively large error bars on the dust estimates which are propagated into the
uncertainties on tSZ signal. The “core-excised” AP approach removes a notice-
able amount of tSZ signal in the L116 bin, as there is less dust contamination
apparent on the beam scale in the stacked submaps for this bin as compared to
the lower luminosity bins (Figure 5.8). For the most part, it has less than a 1σ
effect on the tSZ signals, and is not included in the rest of this analysis. The dust
corrected (filled triangle) results are propagated through to our comparisons of
optical depth estimates. Figure is from [264].

associated with the binned tSZ signals and the covariance matrix for the kSZ

analysis. The jackknife estimator for the standard error in the mean value of X

is
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DR5 f150 DR5 f090 DR4 ILC
Bin δTtSZ,corr.(µK) ȳ/10−7 δTtSZ,corr.(µK) ȳ/10−7 ȳ/10−7

L43 -0.14 ± 0.02 0.53 ± 0.09 -0.21 ± 0.02 0.51 ± 0.06 0.54 ± 0.08
L61 -0.21 ± 0.03 0.79 ± 0.11 -0.29 ± 0.03 0.70 ± 0.07 0.78 ± 0.10
L79+ -0.32 ± 0.03 1.22 ± 0.13 -0.47 ± 0.04 1.12 ± 0.11 1.28 ± 0.14
L98 -0.57 ± 0.06 2.18 ± 0.22 -0.77 ± 0.06 1.84 ± 0.15 2.19 ± 0.22
L116 -0.89 ± 0.10 3.42 ± 0.37 -1.19 ± 0.10 2.86 ± 0.24 3.52 ± 0.34

L43D+ -0.03 ± 0.03 0.11 ± 0.13 -0.08 ± 0.04 0.20 ± 0.09 0.13 ± 0.11
L61D+ -0.10 ± 0.05 0.39 ± 0.18 -0.13 ± 0.05 0.31 ± 0.11 0.28 ± 0.12
L79D -0.11 ± 0.05 0.41 ± 0.18 -0.22 ± 0.05 0.53 ± 0.13 0.46 ± 0.16
L98D -0.25 ± 0.07 0.97 ± 0.27 -0.35 ± 0.08 0.85 ± 0.19 0.78 ± 0.28

Table 5.4: Thermal SZ results from the DR5 f150, DR5 f090, and DR4 ILC map
analyses, along with 1σ jackknife uncertainty estimates. Dust-corrected stacked
tSZ signals δTtSZ and ȳ are given for the two coadded temperature maps, and
ȳ for the DR4 ILC Compton-y map. For the DR5 f150 map, the Herschel dust
correction is applied, and the uncertainties associated with these corrections are
propagated into the cited jackknife uncertainties. For the DR5 f090 map, the
Herschel dust correction and the f090 beam correction scaling factor are applied.
The ȳ results from the disjoint bins shared with C21 (marked as +bins) are shown
in Figure 5.16.

S E jackkni f e =

√
n − 1

n

∑
(χ−i − χ(.))2 (5.4)

where χ(.) =
∑
χi/N [167]. To use the estimator, we split the sample of sources

into N smaller subsamples and removed one subsample at a time, calculating

the weighted average for each bin on the summed N − 1 subsamples to obtain

N realizations of the computation. The jackknife method has the advantage of

being self-contained and not requiring external information such as simulated

CMB maps. We varied N to check the convergence of the jackknife algorithm,

selecting the value that provided a stable significance against variations of N.

For the tSZ analysis, a choice of N = 2000 was conservative (Figure 5.10).

Table 5.4 presents values of δTtSZ for each luminosity bin along with the av-
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Figure 5.10: Varying the number of subsamples in the jackknife estimator (Equa-
tion 5.4) to check the convergence of the jackknife algorithm, using the positions
of 31,262 SDSS DR14 galaxies on a coadded full sky (ACT MBAC + ACTPol S13-
S16 day+night + Planck) map. This catalog and map were intermediary datasets
not used in the final analysis, but were used to tune our pipeline and analysis
approach. N = 2000 was chosen to provide a conservatively stable significance
against variations of N.

eraged Compton ȳ parameter we calculated using the tSZ signal. These results

are beam and dust corrected using our Herschel-based estimates, and assume

one source per filter. The signal-to-noise ratios for the tSZ measurements are up

to 10 for the DR5 f150 map, 12 for the DR5 f090 map, and 10 for the ILC map,

with the highest signal-to-noise in the L98 bin for the coadded maps, and the

L116 bin for the ILC map. Before the Herschel dust corrections were applied and

the uncertainties from those corrections propagated into the statistical tSZ un-

certainty estimates, the highest signal-to-noise was seen in the highest luminos-

ity bin (L116) for the coadded maps as well, which is as expected. The average

Compton ȳ from the tSZ signals in the three maps is presented in Figure 5.11
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along with signal-to-noise per disjoint bin. The ȳ measurements are consistent

across the maps we analyzed.

Figure 5.11: Average Compton-y in the 2.1′ aperture for the five disjoint (highest
luminosity bin L116 and bin labels with suffix “D”) luminosity bins and the
full source sample (L > 4.3 × 1010L�), with jackknife estimated uncertainties,
for the DR5 f150 and DR5 f090 maps after dust and beam correction, and the
DR4 ILC Compton-y map after beam correction. The lower panel shows the
signals divided by their associated uncertainties. The significance of the tSZ
effect observed generally decreases for less luminous sources, as expected. The
results from each of the three maps are consistent. Figure is from [264].

Null Test

A null test was performed by stacking the ILC sample on a simulated CMB-

only map. This test served as a check of our pipeline and jacknife estimates.

The same pipeline used in the ILC analysis was used to measure the Compton-y

parameter in the simulated CMB map for all luminosity bins in Table 5.2 (Figure

5.12), print stacked submaps as in Figure 5.7 (Figure 5.13), and plot radial aver-
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ages as in Figure 5.8. The Compton-y results for the simulated CMB map were

consistent with zero for all luminosity bins (Figure 5.12). The stacked submaps

were also consistent with the same noise level as estimated using the jackknife

uncertainty estimations.

Figure 5.12: The same pipeline and sample used for the ILC map analysis as ap-
plied to a simulated CMB map as a null test for the tSZ pipeline. The Compton-y
results are consistent with zero for all luminosity bins.

5.3.5 tSZ Systematics

Several systematic effects can affect SZ measurements. Systematics for the kSZ

measurements are discussed in DB17 and C21, including tracer galaxy miscen-

tering, map filtering, and imperfect removal of other effects such as the tSZ

effect itself.

For the thermal SZ effect, a potential systematic is emission from dusty star-

forming galaxies. At the frequencies used in our ACT DR3, DR4, and DR5 anal-
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Figure 5.13: Stacked submaps from the same pipeline and sample used for the
ILC map analysis as applied to a simulated CMB map as a null test for the tSZ
pipeline. There is no signal observed, and radial average plots return the same
noise level as estimated with jackknife uncertainty estimates (Figure 5.12).

yses, this dust emission is not negligible [106, 195]. Data at 220 GHz, where the

tSZ effect vanishes, can be used to estimate the dust contribution and remove it

from the measured temperature signals with an appropriate temperature scal-

ing. In DB17, while a 220 GHz map was not available covering the full coadded

map, a 220 GHz map for the noisier ACT-only region was shown to increase the

value of the estimated tSZ signal by about 20% for luminosities above 7.9×1010L�

and up to 50% for the lower luminosity bin, where the tSZ signal is weaker.

As discussed in Section 5.3.4, we corrected our measurements in V21 for

dusty star-forming galaxy emission by using data from Herschel. In the raw

data, we observed a central “bright spot” in several luminosity bins in all maps,

most notably the DR5 f150 map. We attributed this to additional dust contami-

nation at approximately the beam scale in the stacked submaps (Figure 5.7), as

shown in the radial averages presented in Figure 5.8. This apparent dust con-

tamination is particularly present in the DR5 f150 map and is stronger than the
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emission estimated from Herschel. The apparent angular scale, comparable to

the beam size, suggests a compact source. We explored the effect of this ex-

cess emission by using a core-excised AP approach for the DR5 maps, using an

aperture photometry filter which excluded the central disk on the beam scale

(Section 5.3.4). We do not include the core-excised AP approach in our reported

results or optical depth comparisons due to the small (generally < 1σ) impact

on the tSZ signals, to avoid biasing our results by removing the central portion

of the tSZ signal, and to best compare with the results from C21. Thus, while

the Herschel dust correction accounts for some of the dust present in the DR5

f150 and DR5 f090 maps, this correction is imperfect, and some contamination

remains from source galaxy emission. The effects of the dust correction steps

taken on the DR5 f150 and DR5 f090 analyses can be seen in Figure 5.9.

Another potential cause of increased uncertainty in the tSZ measurements

is dust and synchrotron emission from our own galaxy. To account for this, we

applied the same 50% Galactic plane mask as used in the production of the 2015

Planck all-sky Compton-y maps [193] in our work in V21 (Figure 5.5). This cut

eliminated 16,977 sources after all other cuts are considered, or 6% of our fi-

nal sample, and was found to have a negligible impact on our signal compared

to not applying the mask. We did not expect that synchrotron emission from

the SDSS galaxies themselves had a significant impact on our discussion in V21

based on the core excised comparison shown in Figure 5.9. Future work could

improve upon our results by modeling and removing dust and synchrotron

emission from the LRGs.

Our ȳ estimates in V21 include a contribution from neighboring halos,

known as the two-halo term (e.g. [126]), which biases them high when assum-

146



ing we have only one halo per source. Compared to the [25] simulations, our

sample includes lower mass halos and our measurements include a beam, so

they will have a larger two-halo contribution. We estimate this contribution us-

ing Mop-c GT (see Appendix A of [21] for details on the implementation) and

we find that our ȳ values are biased high by a factor between 2% and 10% in the

luminosity bins of interest. The two-halo bias does not significantly affect the

V21 results, but will need to be accounted for in future higher signal-to-noise

analyses.

The ȳ-τ̄ relationship (Equation 5.1) also carries associated systematics. In ad-

dition to the quoted systematic uncertainty between different hydrodynamical

simulations, we conjectured in DB17 that there is also uncertainty in extrapo-

lating from the larger masses in the hydrodynamical simulations to the lower

mass objects in the DR11 sample used in DB17 (Section 5.5). New hydrody-

namical simulations of lower mass clusters and groups would help address this

concern.

In both analyses we used the best fit relation provided by Battaglia [25] for

a redshift z=0.5. This is a reasonable choice, because, as shown in Tables 5.1

and 5.2, the average redshift of all the luminosity bins is close to 0.5. In DB17,

we checked the redshift dependence of the ȳ − τ̄ conversion by repeating the

analysis for the best fit values provided by Battaglia [25] for z = 0.3 and z = 0.7.

We found variations in the value of τ̄ in the range 6–20%. These variations are

still within 1–2 of our estimates but suggest that future larger surveys, which

will be able to split the cluster sample into redshift bins, will need to account for

the redshift dependence of the ȳ − τ̄ relation.
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Luminosity cut/1010L� τ̄1.8, kSZ/10−4 τ̄1.8, tSZ/10−4 σsys.

L > 5.30 0.84 ± 0.20 1.64 ± 0.24 ±0.49
L > 6.10 0.78 ± 0.21 1.83 ± 0.24 ±0.54
L > 6.90 0.99 ± 0.28 2.01 ± 0.25 ±0.58
L > 7.40 1.17 ± 0.31 2.13 ± 0.26 ±0.60
L > 7.90 1.46 ± 0.36 2.14 ± 0.29 ±0.60
L > 8.70 1.66 ± 0.43 2.57 ± 0.28 ±0.68
L > 9.80 1.13 ± 0.60 2.87 ± 0.29 ±0.78
L > 11.60 1.22 ± 0.82 4.22 ± 0.28 ±1.11

5.30 < L < 7.90 0.89 ± 0.37 1.17 ± 0.45 ±0.40
7.90 < L < 9.80 1.42 ± 0.68 0.88 ± 1.04 ±0.21

Table 5.5: Best fit optical depths from the pairwise kSZ signal as a function of lu-
minosity cut, and the estimated optical depths for the same sample from the tSZ
measurements for comparison. The bottom part of the table shows the disjoint
luminosity ranges, and values from these two samples plus the L > 9.8 × 1010L�
sample are plotted for comparison in Figure 5.5. The 1σ uncertainties on the
kSZ tau estimates are from simulations. The 1σ uncertainties on the tSZ optical
depth estimates are from propagated jackknife uncertainties, and theσsys. values
are from the systematic uncertainties present in the hydrodynamical simulation
relationship (Section 5.3.2). Values are from [68].

5.3.6 Optical Depth

In each analysis, the average Compton ȳ value per luminosity bin is converted

to an estimate of area-averaged optical depth τ̄ via Equation 5.1. These values

are presented in Table 5.5 for the ACT DR3 analysis and in Table 5.7 for the

ACT DR4 and DR5 analysis. The listed 1-σ uncertainties are derived from the

max/min approach and Monte Carlo methods described in Section 5.3.2.

5.3.7 Theoretical Optical Depth

For comparison with our measurements in V21, we calculate theoretical esti-

mates for the mean optical depths τ̄theory for each of the luminosity bins. We

148



Luminosity cut/1010L� τ̄theory/10−4

L43∗∗ 1.39
L61 1.77
L79+ 2.42
L98 3.35

L116 4.44
L43D+ 0.70
L61D+ 1.06
L79D 1.53
L98D 2.09

Table 5.6: Theoretical estimates for mean optical depth (to calculate fc, as de-
scribed in Section 5.3.7) for each luminosity bin in V21. Luminosity bins are
described in Table 5.2. Values are from [264].

follow the derivation in [25] using an NFW profile to estimate the optical depth

in a given aperture,

τ̄theory = σTxeXH(1 − f?) fb
Mvir(< θ2.1′)

d2
Amp

. (5.5)

Here σT is the Thomson cross-section, xe is the electron fraction defined as xe =

(XH + 1)/(2XH), XH is the primordial hydrogen mass fraction (XH = 0.76), f? is

the stellar mass fraction of the halo, fb is the universal baryon fraction (Ωb/ΩM),

mp is the proton mass, and dA is the angular diameter distance to mean redshift

of our sample. The parameter value for fb = 0.157 is set from the cosmological

parameters we choose. The value for f? is inferred from the stellar mass-halo

mass relation from abundance matching as described in [149]. We defined the

parameter fc = τ̄obs/τ̄theory to compare the estimated τ̄ values from V21 (Table

5.7) to the theoretically predicted values. This parameter represents the fraction

of theoretically predicted optical depth obtained by the two SZ measurements,

and is of interest to compare the consistency of the two optical depth estimate

methods.
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DR5 f150
τ̄tSZ σsys. τ̄kSZ [C21]

Bin [10−4] [10−4] fc,tSZ ± (stat., sys.) [10−4] fc,kSZ

L43∗∗ 1.28 ± 0.10 0.27 0.92 ± (0.07, 0.20) 0.54 ± 0.09 0.39 ± 0.06
L61 1.55 ± 0.11 0.30 0.88 ± (0.06, 0.17) 0.69 ± 0.11 0.39 ± 0.06
L79+ 1.92 ± 0.10 0.34 0.79 ± (0.04, 0.14) 0.88 ± 0.18 0.36 ± 0.07
L98 2.55 ± 0.12 0.39 0.76 ± (0.04, 0.12)
L116 3.18 ± 0.17 0.43 0.72 ± (0.04, 0.10)

L43D+ 0.59 ± 0.35 0.17 0.85 ± (0.50, 0.24) 0.46 ± 0.24 0.66 ± 0.34
L61D+ 1.10 ± 0.25 0.25 1.04 ± (0.24, 0.23) 0.72 ± 0.26 0.68 ± 0.25
L79D 1.12 ± 0.24 0.25 0.74 ± (0.16, 0.16)
L98D 1.71 ± 0.23 0.33 0.82 ± (0.11, 0.16)

DR5 f090
τ̄tSZ σsys. τ̄kSZ [C21]

Bin [10−4] [10−4] fc,tSZ ± (stat., sys.) [10−4] fc,kSZ

L43∗∗ 1.25 ± 0.07 0.27 0.89 ± (0.05, 0.19) 0.65 ± 0.13 0.47 ± 0.09
L61 1.46 ± 0.07 0.29 0.82 ± (0.04, 0.16) 0.82 ± 0.17 0.46 ± 0.10
L79+ 1.84 ± 0.08 0.32 0.76 ± (0.03, 0.13) 0.79 ± 0.27 0.33 ± 0.11
L98 2.35 ± 0.10 0.37 0.70 ± (0.03, 0.11)
L116 2.91 ± 0.12 0.41 0.66 ± (0.03, 0.09)

L43D+ 0.79 ± 0.18 0.20 1.14 ± (0.25, 0.29) 0.83 ± 0.34 1.19 ± 0.49
L61D+ 0.98 ± 0.18 0.23 0.92 ± (0.17, 0.22) 1.07 ± 0.35 1.01 ± 0.33
L79D 1.27 ± 0.15 0.27 0.83 ± (0.10, 0.18)
L98D 1.60 ± 0.18 0.30 0.77 ± (0.09, 0.15)

DR4 ILC
τ̄tSZ σsys. τ̄kSZ [C21]

Bin [10−4] [10−4] fc,tSZ ± (stat., sys.) [10−4] fc,kSZ

L43∗∗ 1.29 ± 0.09 0.27 0.92 ± (0.07, 0.19) 0.47 ± 0.12 0.34 ± 0.09
L61 1.54 ± 0.09 0.30 0.87 ± (0.05, 0.17) 0.74 ± 0.15 0.42 ± 0.08
L79+ 1.96 ± 0.11 0.34 0.81 ± (0.04, 0.14) 0.78 ± 0.23 0.32 ± 0.10
L98 2.55 ± 0.13 0.39 0.76 ± (0.04, 0.12)
L116 3.22 ± 0.15 0.43 0.73 ± (0.03, 0.10)

L43D+ 0.64 ± 0.26 0.17 0.91 ± (0.37, 0.25) 0.18 ± 0.32 0.26 ± 0.46
L61D+ 0.93 ± 0.20 0.22 0.88 ± (0.19, 0.21) 0.69 ± 0.34 0.65 ± 0.32
L79D 1.19 ± 0.20 0.26 0.78 ± (0.13, 0.17)
L98D 1.54 ± 0.27 0.30 0.74 ± (0.13, 0.14)

Table 5.7: Optical depth estimates from the tSZ effect and fraction of theoretical
estimates for mean optical depths ( fc, Section 5.3.7, calculated from values pre-
sented in Table 5.6) for each luminosity bin and analyzed map in V21/C21. The
fractions for the full galaxy sample (∗∗bin) are shown in Figure 5.15, and kSZ
results from the three disjoint bins shared with C21 (+bins) are shown in Figure
5.16. Values are from [264].
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5.4 kSZ Analysis

As described in Section 1.2.2, the mean pairwise momentum of groups and

clusters as a function of their comoving separation distance is negative at and

around separations of 25-50 Mpc, implying that they are moving towards one

another on average due to gravity [111, 180, 140, 222]. While the 3-dimensional

momentum of the groups is not easily measurable, the mean pairwise momen-

tum can be still estimated from the line-of-sight component of the momenta [89].

The kSZ signal of a given cluster is directly proportional to this line-of-sight mo-

mentum: δTkSZ,i ∝ −pi · ri, where the unstated multiplicative factors depend on

the properties of the cluster (density profile, including angular extent in the sky)

and on the pixel scale and angular resolution of the CMB experiment. This was

the same approach taken in DB17, where the same pairwise estimator was ap-

plied to the ACT DR3 map and the SDSS DR11 sample presented in Table 5.1.

In both C21 and DB17, he significance of the kSZ measurement is determined

by a fit to the analytic prediction of linear perturbation theory for the pairwise

velocity [111, 180, 140, 222, 37, 172, 171], rescaled by the factor −τ̄TCMB/c, where

τ̄, the average halo optical depth of the galaxy sample used for the pairwise

momentum estimator, is the free parameter of the fit.

C21 presented a value of τ̄ = (0.69±0.11)×10−4 as the highest signal-to-noise

best fit average optical depth. It was derived from the mean pairwise momen-

tum for the full sample of 343,647 sources and DR5 f150 map using bootstrap

uncertainty estimates of the pairwise correlation covariance matrix. In C21, we

found that the analytical signal model is a good fit to the data with a best fit χ2

of 10 for 17 degrees of freedom. Selected best fit optical depths from the mean
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pairwise momentum fits and bootstrap estimated signal-to-noise are reported

in Table 5.7, and shown in Figures 5.15 and 5.16, along with the results derived

here. The statistical uncertainties on tSZ estimated optical depth presented in

Table 5.7 are propagated from the tSZ AP jackknife uncertainty estimates and

Hershcel dust corrections (Section 5.3.4). The systematic uncertainties presented

in Table 5.7 are estimated using the Monte Carlo method taking into account

the estimated systematic uncertainties in the ȳ-τ̄ relationship from simulations

(Equation 5.1). Selected τ̄ estimates from the pairwise kSZ effect from C21 with

bootstrap uncertainties are listed along with fc for comparison.

In DB17, we estimated the covariance matrix of the mean pairwise mo-

mentum using microwave sky simulations, jackknife evaluation, and bootstrap

estimates, and the most conservative simulation-based errors give signal-to-

noise estimates between 3.6 and 4.1 for varying galaxy luminosity cuts [68].

For the highest signal-to-noise bin, we obtained a best fit optical depth of

τ̄ = (1.46 ± 0.36) × 10−4. The best fit optical depths from the mean pairwise

momentum fits and simulations-estimated signal-to-noise are reported in Table

5.5, and compared with the tSZ-derived optical depth estimates in Figure 5.5.

5.5 Optical Depth Comparisons

ACT DR3

In DB17, we compare the kSZ optical depth results (Section 5.4) to those ob-

tained from tSZ measurements and find a slope m1.8 = 1.60±0.49(stat)±0.59(sys)

(Figure 5.5), where the systematic uncertainty is related to the uncertainties on
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the best fit parameters from the ȳ − τ̄ relation. The resulting slope is within 1.3σ

and 1σ of unity, considering the statistical and systematic uncertainties respec-

tively, suggesting that the tSZ and kSZ optical depth estimates are consistent

given current uncertainties, and that this approach is promising for extracting

pairwise velocities from pairwise momentum measurements.

Figure 5.14: Best fit line for the tSZ and kSZ optical depth measurements
from DB17. The fit is only performed to the dark blue points, which corre-
spond to the three independent luminosity bins in the DR11 sample (second
row and last two rows in Table 5.1) indicated by the labels (in units of 1010L�).
The cyan points correspond to the other cumulative bins. We find a slope of
m1.8 = 1.60 ± 0.49(stat) ± 0.59(sys). The gray areas represent the 1σ statistical
(dark) and systematic (light) uncertainty ranges. Figure is from [68].
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ACT DR4 and DR5

Optical depth estimates from the two SZ effects are presented in Section 5.5 Ta-

ble 5.7 along with comparisons to theory. Figure 5.15 presents the fraction of

theoretically predicted optical depth ( fc) for the three independent joint analy-

sis bins and the full sample, a representation of the baryon fraction we observe

within the AP radius for those source samples. The tSZ and kSZ estimates are

consistent within 1σ for the two lower mass disjoint bins (L61D and L43D),

while they differ at 2-3σ in the highest mass bin (L79), which is also the best

constrained. This difference drives 2-3σ differences between the tSZ and kSZ

results in the cumulative bins. We look forward to comparing the two tracers in

more detail in future work with even more sensitive datasets. The comparisons

with theoretical estimates of the optical depth suggest that between one third

and all of the predicted baryons lie within the aperture size of radius 2.1′, or 1.1

Mpc (for a mean redshift of z = 0.55) studied in this analysis. However, because

uncertainties in the luminosity-mass relation for DR15 (Section 5.3.7) are diffi-

cult to accurately propagate through to τ̄theory, it is challenging to draw strong

conclusions about baryon content based on our estimates of fc. For future high

signal-to-noise measurements, careful treatment of the uncertainties, discussed

in [149], will be necessary for accurate interpretation of these SZ results. Here,

the fc values are used for making comparisons between the SZ estimates and

studying trends.

Figure 5.16 shows a comparison of τ̄ estimates from kSZ measurements and

average Compton-y from tSZ measurements to the power-law scaling relation

using an AGN feedback model simulation relation (Equation 5.1) [25]. We ex-

pect significant covariance between the data from the different maps. Two of the
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three disjoint analysis bins are in agreement with the model, while the highest

mass bin (L79) is an outlier. This appears to be driven by low kSZ τ̄ estimates

for this bin (Figure 5.15).

The two-halo contribution to our tSZ measurements, discussed in Section

5.3.5, does not affect these results. Propagating our ȳ corrections to τ̄tS Z and

then to fc,tSZ (filled circles in Fig. 5.16), we get lower tSZ fractions by a factor of

4% for the L43D bin and less for the other bins.

Figure 5.15: Fraction of the theoretically predicted optical depth ( fc) for the full
DR15 sample. The estimates are extracted from tSZ measurements (filled cir-
cles) from three different maps (DR5 f150: blue, DR5 f090: orange, and ILC:
black) and kSZ measurements from the same maps, as described in C21 (open
circles). The tSZ measurements are converted to optical depth estimates us-
ing a scaling relationship from hydrodynamic simulations [25]. The tSZ jack-
knife uncertainties are plotted in color, and the systematic uncertainties from
the simulation-based scaling relationship are plotted as grey bars. The plotted
kSZ uncertainties are from bootstrap estimates. The kSZ and tSZ results agree
within 1σ in the L61D and L43D bins, while in the highest signal-to-noise L79
bin they differ at 2-3σ. This results in the 2-3σ difference observed in the full
sample, L43. The difference between the kSZ and tSZ results is discussed in
Section 5.5. The kSZ results are lowest for the L79 bin. Figure is from [264].
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Figure 5.16: Optical depth fits from kSZ signals versus average Compton-y from
the tSZ measurements for the three jointly analyzed disjoint luminosity bins
with statistical error bars from jackknife estimates (bootstrap estimated uncer-
tainties for the kSZ, see C21). The scaling relation between τ̄ and ȳ from hydro-
dynamical simulations with aperture Θ = 1.8′ (the closest scaling relation in [25]
to our 2.1′ aperture) is plotted as the green model curve (Equation 5.1) with the
1σ uncertainty envelope shaded. The tSZ and kSZ results in the L43D and L61D
luminosity bins are consistent with the model, while the kSZ results in the L79
bin fall below the model line. Figure is from [264].

5.6 Discussion

We have presented estimates of halo optical depths from measurements of the

tSZ effect made on ACT DR3, DR4 and DR5 maps in combination with data

from Planck and LRG tracers from the SDSS BOSS DR11 and DR15 catalogs.

By combining these measurements with the kSZ measurements from the same

datasets, we compare estimates of optical depths from the two SZ effects and

make progress towards empirical ȳ − τ̄ relationships from the SZ effects. The

tSZ results in V21 are consistent with those in DB17, with smaller uncertainties.
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The details of the kSZ analysis that differ between V21 and DB17 are discussed

in C21. And although our galaxy samples are different than those in Hand et

al. 2011 [112], our results are statistically consistent with those results for bins

with similar average luminosity. We improved our approach in our later work,

V21, compared to DB17, by analyzing the CMB map with the same AP filter

for both the kSZ and tSZ analysis, and removing contaminating dust emission

by estimating the contribution from dusty star-forming galaxies using Herschel

maps and a modified blackbody dust emission model.

In both works, the stacked tSZ signals were converted to an estimate of op-

tical depth through a hydrodynamic simulation scaling model [25], while the

pairwise kSZ signals were fit to theoretical predictions to find best fit optical

depths. The two methods are independent of one another, and in V21, each of

the SZ results is consistent over the three maps analyzed (DR5 f150, DR5 f090,

and DR4 ILC). In DB17, we found that the optical depth estimated with tSZ

measurements is consistent with the one estimated by fitting the kSZ pairwise

momentum measurements to the analytical pairwise velocity. In V21, the results

from the tSZ and kSZ measurements agreed with one another within 1σ in the

two lower mass disjoint bins, while they differed by 2-3σ in the highest mass

bin and thus the cumulative bin.

When comparing to the theoretical optical depth in V21, the kSZ and tSZ op-

tical depth estimates accounted for one third to all of the theoretically predicted

baryon content. When comparing the tSZ ȳ measurements and kSZ τ̄ results to

the hydrodynamic model, two of the three bins analyzed are in agreement with

the model.

Using tSZ data appears to be a promising approach for obtaining accurate
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estimates of galaxy group and cluster optical depths and eventually estimating

the mean pairwise velocity from pairwise momentum measurements, once a

better understanding of the relationship between ȳ and τ̄ is achieved. Our re-

sults help to move us from an era of measurement alone to one of interpretation

based on the consistency of previously inaccessible quantities.

With improved data from the complete ACT dataset [119] and current and

upcoming projects such as CCAT-prime [233], the Simons Observatory [225],

DESI [155], SPT-3G [34] and CMB-S4 [9], we will achieve higher signal-to-noise

measurements of the SZ signals and be able to probe the baryon content of

galaxy clusters and groups and large-scale structure further. Improved multi-

frequency data will enable precise measurements of optical depths and peculiar

velocities simultaneously for large samples and for single sources, potentially

sensitive enough to measure the missing baryons between groups. With these

data, the SZ signals are anticipated to become valuable cosmological probes that

are complementary to current observables.
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CHAPTER 6

CONCLUSION

Measuring the Sunyaev-Zel’dovich effects in high-resolution, multifre-

quency maps of the cosmic microwave background will provide valuable in-

formation about our universe and the largest gravitationally bound structures

within it. With high signal-to-noise measurements of the SZ signals, we will

improve constraints in cosmology and particle physics that are complemen-

tary to concurrent surveys and laboratory experiments on Earth. These con-

straints will inform our understanding of dark energy and the sum of the neu-

trino masses. By probing the baryon content of galaxy clusters and groups, we

will learn about their evolution and the distribution of matter in our universe.

These measurements will provide unprecedented experimental data to inform

our theoretical models of galaxy evolution and feedback mechanisms.

With upcoming observatories like CCAT-prime and the Simons Observatory,

we will precisely image the cosmic microwave background and submillimeter

sky by opening previously inaccessible windows in frequency and deploying

novel cameras with large numbers of sensitive superconducting detectors in

state-of-the-art telescopes. Observing large areas of sky which overlap with

complementary surveys such as optical galaxy catalogs will provide synergies

that will allow statistical methods such as the pairwise kSZ estimator to yield

high significance measurements. These projects will advance cosmology and

astrophysics while developing technologies for the next generation CMB ex-

periment, CMB-S4, the definitive ground-based CMB project to investigate the

nature of our universe.

Future high-resolution maps of the CMB will enable measurements of veloc-
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ity fields at large scales, which will constrain the amplitude of matter density

fluctuations (σ8(z)) and the linear growth factor f [10, 171]. While other observ-

ables such as direct measures of galaxy clustering as a function of redshift can

in principle yield such constraints, the kSZ effect is able to probe the growth

of structure over large volumes and across epochs of our universe’s timeline

due to its redshift independence [147]. High signal-to-noise kSZ measurements

will complement measurements of clustering in galaxy redshift surveys and the

weak gravitational lensing of the CMB to synergistically constrain cosmology.

Expected constraints on fσ8 from CMB-S4 in combination with an upcoming

DESI survey are shown in Figure 6.1. An important degeneracy is the opti-

cal depth of the galaxy sample used in the analysis, τg, which can be broken

through measuring redshift-space distortions of the sample, or through X-ray

or tSZ measurements of the galaxies themselves like discussed in this disserta-

tion. With ACT data, we have taken steps towards breaking this degeneracy

by estimating the halo optical depth of the same sample of galaxies through the

tSZ and pairwise kSZ effects, and comparing these measurements in order to

extract pairwise velocities in the future [68, 264].

When the sensitivity of kSZ measurements becomes high enough, like is ex-

pected from CMB-S4, the kSZ effect will allow for the direct measurement of op-

tical depth profiles (τg(θ)), which is proportional to the gas profile of the galaxy

sample. This will enable the calibration of baryon effects on the power spec-

trum, which are a leading systematic for weak lensing surveys to study dark

energy (Figure 6.2) [258, 169].

In this dissertation, we discussed the exciting potential of science with the

SZ effects. In pursuit of this goal, we discussed novel cryogenics, detectors, and
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Figure 6.1: Constraints on the linear growth factor × matter amplitude ( fσ8)
from the kSZ effect as a function of the size of the prior on the optical depth
of the galaxy sample used in the analysis (τg), assuming a single redshift bin
centered at z=0.75. The horizontal dashed line shows redshift space distortion
measurements from DESI. The kSZ signal from pure galaxy clustering is plotted
in orange, while the combination with redshift space distortion information is
plotted in blue, yeidling a constraining power of twice that of DESI alone. The
kSZ signal will become an instrumental probe for dark energy studies with this
future dataset. Figure from [10].

Figure 6.2: Expected constraints on the neutrino mass sum (Σmν) versus the
matter density (Ωmh2) and dark energy equations of state and evolution param-
eters (w0 and wa). Contours shown are 68% confidence levels for combinations
of information from Planck, kSZ information from CMB-S4, and CMB lensing.
Dashed lines include a 1% prior on the average cluster optical depth evolution,
bτ(z). Figure from [172].

161



readout for microwave and submillimeter observations.

We presented the design and testing of cryogenic receivers for the Fred

Young Submillimeter Telescope. Mod-Cam is a single-module cryogenic testbed

for the first-generation science instrument, Prime-Cam. With Mod-Cam we will

test and deploy the first instrument module for the CCAT-prime project. These

receivers will capitalize on rapid developments in microwave detector technol-

ogy, deploying microwave kinetic inductance detector (MKID) arrays coupled

with imaging Fabry-Perot interferometers for spectroscopic measurements in-

cluding those for SZ spectral science. We presented the instrument modules

that will house the light-focusing and light-filtering elements of the cameras,

detailed the detector and readout technologies, discussed how these elements

will be optimized for science goals, and gave an overview of the cryogenic sys-

tems that will cool these components. We discussed the ongoing tests that will

ready Mod-Cam, and, soon, Prime-Cam, for observations at the exceptionally

high FYST site in the Atacama.

In addition to the MKIDs on which Mod-Cam will rely, we discussed the

transition edge sensors (TESes) that will be used for SO and are baselined for

CMB-S4, as well as the principals of their multiplexed readout. Through tests

of superconducting film samples and devices, we helped tune the fabrication

process of the AlMn TESes to meet the specifications needed for the Simons Ob-

servatory. Similar tests provided iterative feedback to Argonne National Labo-

ratory to inform the fabrication process for AlMn TESes for CMB-S4.

Understanding the magnetic sensitivity of these superconducting detectors

and readout components on which future experiments rely is important to mo-

tivate the magnetic shielding designs of the instrument and detector modules.
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Through laboratory experiments, we presented and compared estimates of the

magnetic sensitivity of µMUX and TDM SQUIDs as well as AlMn and MoCu

TESes, and explored magnetic phenomena in the TES films. These measure-

ments provided an estimate for desired magnetic shielding factors for upcoming

experiments. Testing various magnetic shielding materials with NIST µMUX

SQUIDs for SO also guided the design of the SO focal planes.

Cameras for the Atacama Cosmology Telescope provided heritage for some

of the technologies presented in this work, as well as observations used to de-

velop SZ analysis techniques. We used ACT data from data releases 3, 4 and 5

in conjunction with optical catalogs from BOSS-SDSS data releases 11 and 15 to

measure the SZ effects. Our work with ACT DR4 and DR5 improved upon our

work with DR3, and helped to develop the pairwise kSZ methods that future

analyses and observations will push to a higher sensitivity regime. Measur-

ing both the tSZ and kSZ effects using the same datasets allows us to compare

independent estimates of halo optical depth and explore the potential for tSZ

measurements to provide optical depth information for kSZ pairwise velocity

measurements. Through comparing tSZ and pairwise kSZ measurements, we

began to constrain the baryon content of the halos in our optical catalog, and

we made progress towards an empirical relationship between optical depth and

Compton-y for these galaxies which will inform simulations of their evolution.

Improved measurements of the SZ effect will require large collaborative ef-

forts to further advances in detector and readout technologies and deploy large

cryogenic receivers in upcoming microwave and submillimeter telescopes. Lab-

oratory experiments like the ones discussed in this work motivate the design

of these technologies, and data analysis progress such as that presented here
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guides pipelines for the upcoming datasets. Together, these advances will make

SZ measurements an important tool for cosmology in the years to come.
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APPENDIX A

CRYOCOOLER TESTBED

The design of a small test cryostat which housed a Cryomech PT 410 cry-

ocooler served as a laboratory testbed and a reference point for the future cryo-

stat designs presented in this thesis. Loading estimates verified by laboratory

performance informed the estimates used in the design of Mod-Cam (Section

2.3).

Figure A.1: A labeled diagram of the PT Test Dewar, including the Cryomech
PT 410 crycooler with 40 and 4 K stages coupled via OFHC copper straps to
6061-T6 Al 40 and 4 K plates. Off of the cold plates hung 40 and 4 K 6061-T6 Al
shells. The cold plates were each thermally isolated via three G10 rods epoxied
to 6061-T6 mounting feet. A vacuum shell with multiple ports for wiring and
pressure sensors was pumped out using a scroll and turbo pump.
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The 12” diameter, 30” long cryostat, dubbed the ”PT Test Dewar,” was fab-

ricated by Precision Cryogenics. It consisted of a vacuum shell and 40 and 4 K

stages separated by epoxied G10 rods and coupled to the cold heads of the PT

410 via Bluefors OFHC copper braided straps (Figure A.1). The G10 rods were

epoxied with Stycast 2850-FT Epoxy to aluminum mounting feet in an epoxy

jig. The loading on the 4 K stage from the three rods mounted to the 40 K stage

was estimated to be ∼20 mW.

A.1 Loading Estimate

A loading estimate for the PT Test Dewar with only a copper plate attached to

the 4 K cold head (Figure A.2) is compared to the initial cooldown performance

in which a base temperature of 5.52 K was achieved.

Figure A.2: The first cooldown of the Cryomech PT 410 within the vacuum shell
of the PT Test Dewar, with one thermometer attached to a copper plate on the
bottom of the 4 K stage.

Heat exchange equilibrium between two blackbodies can be computed as

the difference between radiation emitted from the first body and absorbed by

the second, and the radiation emitted by the second body and absorbed by the

first. This power is given by

166



W = σA1F12(T4
1 − T4

2) (A.1)

where the geometrical view factor F12 is the fraction of the total radiation leav-

ing the first body absorbed by the second, σ is the Stefan-Boltzmann constant,

A1 is the area of the first body, and T1 and T2 are the temperatures of the first

and second bodies, respectively [197]. F12 depends on the relative orientation

of the two surfaces, with 0 ≤ F12 ≤ 1, and it can be shown that reciprocity ap-

plies, i.e. A1F12 = A2F21 [185]. The view factor for our specific geometry won’t

be calculated here and will be taken to be unity, which assumes parallel plane

surfaces and is an obvious overestimation of the radiation from the outer shell

intercepted by the copper stage on the PT. Therefore the following calculations

will be upper bounds on the loading on the PT stages.

We assume that the outer shell of the dewar is a blackbody with εshell = 1.00,

the inner 40 K shell is a grey body with εaluminum = 0.07 and the copper plate on

the bottom stage of the PT is a grey body with εcopper = 0.01. Then, equation A.1

is modified to be [197]

W = σA1F12
ε1ε2

ε1 + ε2 − ε1ε2
(T4

1 − T4
2). (A.2)

We estimate the involved areas to be the walls and bottom of the outer/inner

shell (ignoring the top of the dewar due to the view factor) and the walls and

bottom of the copper plate. Using 5.000” diameter, 0.404” tall copper cylinder

dimensions, 9.874” diameter, 21.260” tall inner shield dimensions, and 11.750”
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diameter, 25.000” tall outer shell dimensions, we obtain Aouter = 0.665 m2, Ainner =

0.475 m2, and Acopper = 0.017 m2. We take room temperature to be 293.00 K, the

temperature of the inner shield to be 40.00 K, and the temperature of the copper

plate to be 5.52 K, the lowest temperature achieved during the first cooldown of

the dewar. Plugging in to equation A.1 we find

Wouter→copper = σ · 0.6654[m2] · 0.01 · (2934 − 5.524)[K2] = 2.78 W (A.3)

for the load on the second stage of the PT when no intermediate shell is installed

on the dewar. While this is a rough upper estimate, the Cryomech capacity

curve (Figure A.3) for the PT when there is 0 W of loading on the 40 K stage of

the PT suggests that this estimate is credible for our recorded base temperature

of 5.52 K. Another estimate gives

Wouter→inner = σ · 0.6654[m2] · 0.07 · (2934 − 404)[K2] = 13.6 W (A.4)

for the load on the first stage of the PT if an intermediate shell on the stage

is installed and brought to 40 K, ignoring the second stage. This is in rough

agreement with what we would expect looking at the capacity curve. Another

check,

Winner→copper = σ · 0.4749[m2] · 0.01 · (404 − 5.524)[K2] = 0.4 µW , (A.5)

shows that the inner shell, once cooled to 40 K, even if modeled as a blackbody,

will produce a negligible load on the second stage of the PT.
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Figure A.3: Capacity curve of the PT 410 cryocooler, courtesy of Cryomech [134].
The first stage temperature is that of the 4 K stage and the second stage temper-
ature is that of the 40 K stage. Achieved temperatures give an indication of the
amount of loading present on each stage.

Subsequent tests with the PT Test Dewar in the full configuration with 40 and

4 K shells attached were successful, achieving temperatures below 30 K and ∼2.5

K as expected from the loading curves from the first and second stages of the PT,

respectively (Figure A.3). Later, students converted the testbed into an optical

filter wheel assembly for Fourier Transform Spectrometer measurements.
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APPENDIX B

SDSS DR15 CATALOG AND BINNING

B.1 CasJobs SDSS Query

The SDSS data used in V21 [264] and C21 [47] was downloaded from the SDSS

Catalog Archive Server (CAS) via the SkyServer website in May of 2019. All

of the CMASS and LOWZ galaxies are included in this catalog, in addition

to more recently released eBOSS galaxies. We used this approach in defining

the catalog to utilize as many SDSS LRGs as possible. The following query

returned 602,461 objects. The positions, redshifts, cmodel and Petrosian magni-

tudes, extinction corrections, and object IDs are recorded for the objects. An

RA and DEC cut is applied to target the survey area overlapping with our

maps, and the redshifts of the objects are selected to match the range in DB17.

“ZWARNING NOQSO=0” indicates that the automated redshift estimate is re-

liable for the source. Objects with “zWarning=0” have no known redshift is-

sues. Querying with “sciencePrimary>0” selects the best available unique set

of spectra for the objects. Bitmasks are applied to exclude SDSS target flags:

“SpecObjAll.TILE>= 10324” excludes incorrectly targeted LOWZ galaxies in

early BOSS data, and the i-band fiber magnitude is selected to be the same as in

DB17 [68].

SELECT

SpecObjAll . ra , SpecObjAll . dec , SpecObjAll . z ,

PhotoObjAll . cModelMag u , PhotoObjAll . cModelMag g ,

PhotoObjAll . cModelMag r , PhotoObjAll . cModelMag i ,

PhotoObjAll . cModelMag z , PhotoObjAll . cModelMagErr u ,
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PhotoObjAll . cModelMagErr g ,

PhotoObjAll . cModelMagErr r , PhotoObjAll . cModelMagErr i ,

PhotoObjAll . cModelMagErr z ,

PhotoObjAll . petroMag u , PhotoObjAll . petroMag g , PhotoObjAll .

petroMag r , PhotoObjAll . petroMag i , PhotoObjAll .

petroMag z , PhotoObjAll . petroMagErr u , PhotoObjAll .

petroMagErr g ,

PhotoObjAll . petroMagErr r , PhotoObjAll . petroMagErr i ,

PhotoObjAll . petroMagErr z , PhotoObjAll . e x t i n c t i o n u ,

PhotoObjAll . e x t i n c t i o n g , PhotoObjAll . e x t i n c t i o n r ,

PhotoObjAll . e x t i n c t i o n i ,

PhotoObjAll . e x t i n c t i o n z , SpecObjAll . bestObjID i n t o

DR15 actplanck catalog wbestObjID PetrANDcModel 20200902 EMV

from SpecObjAll , PhotoObjAll , Photoz

WHERE

( ( SpecObjAll . bestObjID = PhotoObjAll . objID ) and (

SpecObjAll . bestObjID = Photoz . objID ) )

and

( ( ( ( SpecObjAll . ra BETWEEN 14 2 .0 AND 1 8 0 . 0 ) and (

SpecObjAll . dec BETWEEN −8.3 AND 2 2 . 0 ) ) or ( (

SpecObjAll . ra BETWEEN 0 . 0 AND 1 4 2 . 0 ) and ( SpecObjAll

. dec BETWEEN −61.5 AND 2 2 . 0 ) )

or ( ( SpecObjAll . ra BETWEEN 246 .0 AND 3 6 0 . 0 ) and (

SpecObjAll . dec BETWEEN −61.5 AND 2 2 . 0 ) ) or ( (

SpecObjAll . ra BETWEEN 180 .0 AND 2 4 6 . 0 ) and (

SpecObjAll . dec BETWEEN −8.3 AND 2 2 . 0 ) ) )
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and ( SpecObjAll .ZWARNING NOQSO = 0) and

( SpecObjAll . zWarning = 0) AND

( SpecObjAll . sciencePrimary >0) and

( SpecObjAll . z>0.049) and

( SpecObjAll . z<0.8) and

( ( ( ( SpecObjAll . BOSS TARGET1 & 0 x0000000000000001 ) != 0)

and

( SpecObjAll . TILE>= 10324) ) OR

( ( ( SpecObjAll . BOSS TARGET1 & 0 x0000000000000002 ) ! = 0 ) and

( PhotoObjAll . f iber2Mag i <21.5) ) ) )

B.2 DR15 Luminosity Binning

Luminosity bins for the joint tSZ and kSZ analyses with V21 [264] and C21 [47]

were chosen based on luminosity cuts from DB17 (Table 5.1) (L > 7.9 × 1010L�

and L > 6.1 × 1010L�) as well as one lower luminosity cut, (L > 4.3 × 1010L�).

The three disjoint bins were selected to have roughly equal spacing, each with

∼100,000 galaxies after cutting for analysis with the DR5 maps (Table 5.1). The

luminosity cuts are plotted over a histogram of the SDSS samples in Figure 9.
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Figure B.1: Luminosity bin cuts for the SDSS DR15 catalog plotted over a his-
togram of the full sample (green), DR5 f150 and DR5 f090 selected analysis sam-
ple (blue), and DR4 ILC sample (black). The bottom three bins were selected to
each have over 100,000 galaxies for the joint tSZ and kSZ analyses of the DR5
maps, while being roughly evenly spaced and overlapping with bin selection
from the DB17 analysis. The top two bins were added for the tSZ analysis to
study higher mass bins that have a strong tSZ signal, while also overlapping
with DB17 bins.
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Turner, C. Umiltà, A. G. Vieregg, A. Wandui, A. C. Weber, D. V. Wiebe,
J. Willmert, W. L. K. Wu, E. Yang, K. W. Yoon, E. Young, C. Yu, and
C. Zhang. Design and Performance of the First BICEP Array Receiver.
Journal of Low Temperature Physics, 199(3-4):976–984, February 2020.

[221] D. R. Schmidt, H. Cho, J. Hubmayr, P. Lowell, M. D. Niemack, G. C.
O’Neil, J. N. Ullom, K. W. Yoon, K. D. Irwin, W. L. Holzapfel, M. Lueker,
E. M. George, and E. Shirokoff. Al-mn transition edge sensors for cosmic
microwave background polarimeters. IEEE Transactions on Applied Super-
conductivity, 21(3):196–198, 2011.

[222] Ravi K. Sheth, Antonaldo Diaferio, L. Hui, and Roman Scoccimarro. On
the streaming motions of haloes and galaxies. Mon. Not. Roy. Astron. Soc.,
326:463–472, 2001.

[223] J. Michael Shull, Britton D. Smith, and Charles W. Danforth. The Baryon
Census in a Multiphase Intergalactic Medium: 30% of the Baryons May
Still be Missing. , 759(1):23, November 2012.

[224] Joseph Silk. Cosmic Black-Body Radiation and Galaxy Formation. ,
151:459, February 1968.

[225] Simons Observatory Collaboration. The Simons Observatory: science
goals and forecasts. , 2019(2):056, February 2019.

[226] A K Sinclair, T Browning, L R Miles, T L Jamison, R Stephenson, J Hoh,

200



S Bryan, P D Mauskopf, J Smith, D Bradley, and B Mazin. Develop-
ment of a Reconfigurable Readout for Superconducting Arrays (Confer-
ence Poster). In Proceedings of the 18th International Workshop on Low Tem-
perature Detectors. Journal of Low Temperature Physics, July 2019.

[227] Stephen A. Smee et al. The Multi-object, Fiber-fed Spectrographs for the
Sloan Digital Sky Survey and the Baryon Oscillation Spectroscopic Sur-
vey. , 146(2):32, August 2013.

[228] S. J. Smith, J. S. Adams, C. N. Bailey, S. R. Bandler, S. E. Busch, J. A. Cher-
venak, M. E. Eckart, F. M. Finkbeiner, C. A. Kilbourne, R. L. Kelley, S.-J.
Lee, J.-P. Porst, F. S. Porter, and J. E. Sadleir. Implications of weak-link
behavior on the performance of Mo/Au bilayer transition-edge sensors.
Journal of Applied Physics, 114(7):074513–074513–24, August 2013.

[229] G. F. Smoot, M. V. Gorenstein, and R. A. Muller. Detection of Anisotropy
in the Cosmic Blackbody Radiation. , 39(14):898–901, October 1977.

[230] J. A. Sobrin et al. Design and characterization of the SPT-3G receiver.
In Jonas Zmuidzinas and Jian-Rong Gao, editors, Millimeter, Submillime-
ter, and Far-Infrared Detectors and Instrumentation for Astronomy IX, volume
10708, pages 187 – 197. International Society for Optics and Photonics,
SPIE, 2018.

[231] D. Spergel, N. Gehrels, J. Breckinridge, M. Donahue, A. Dressler, B. S.
Gaudi, T. Greene, O. Guyon, C. Hirata, J. Kalirai, N. J. Kasdin, W. Moos,
S. Perlmutter, M. Postman, B. Rauscher, J. Rhodes, Y. Wang, D. Wein-
berg, J. Centrella, W. Traub, C. Baltay, J. Colbert, D. Bennett, A. Kiessling,
B. Macintosh, J. Merten, M. Mortonson, M. Penny, E. Rozo, D. Savran-
sky, K. Stapelfeldt, Y. Zu, C. Baker, E. Cheng, D. Content, J. Doo-
ley, M. Foote, R. Goullioud, K. Grady, C. Jackson, J. Kruk, M. Levine,
M. Melton, C. Peddie, J. Ruffa, and S. Shaklan. Wide-Field InfraRed Sur-
vey Telescope-Astrophysics Focused Telescope Assets WFIRST-AFTA Fi-
nal Report. arXiv e-prints, page arXiv:1305.5422, May 2013.
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