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ABSTRACT

Millimeter astronomy unlocks a window to the earliest produced light in the uni-
verse, called the Cosmic Microwave Background (CMB). Through analysis of the
CMB, overarching features about the universe’s evolution and structure can be bet-
ter understood. Modern millimeter-wave instruments are constantly seeking improve-
ments to sensitivity in the effort to further constrain small CMB anisotropies in both
temperature and polarization. As a result, detailed investigations into lesser-known
processes of the universe are now becoming possible.

Here I present work on the millimeter-wavelength analysis of z ~ 1 quiescent
galaxy samples, whose conspicuous quenching of star formation is likely the result
of active galactic nuclei (AGN) accretion onto supermassive black holes. Such AGN
feedback would heat up a galaxy’s surrounding circumgalactic medium (CGM). Ob-
scured by signal from cold dust, I isolate the thermal Sunyaev-Zel'dovich effect, a
CMB temperature anisotropy produced by hot ionized gas, to measure the CGM’s
average thermal energy and differentiate between AGN accretion models. I find a
median thermal energy that best corresponds with moderate to high levels of AGN
feedback. In addition, the radial profile of cold dust associated with the galaxy sam-
ples appears to be consistent with large-scale clustering of the universe.

In the endeavor of increasingly efficient millimeter-wave detectors, I also describe
the design process for novel multichroic dual-polarization antennas. Paired with ex-
tended hemispherical lenslets, simulations of these superconducting antennas show
the potential to match or exceed performance compared to similar designs already in
use. A prototype detector array, with dual-bowtie and hybrid trapezoidal antennas
coupled to microwave kinetic inductance detectors (MKIDs) has been made and is

under preparation to be tested in the near future.



Finally, I also present my contributions to the cryogenic readout design of the Ali
CMB Polarization Telescope (AliCPT), a large-scale CMB telescope geared towards
searching the Northern Hemisphere sky for a unique ‘B-mode’ polarization expected to
be produced by primordial gravitational waves. Cryogenic readout is responsible for
successful interfacing between room temperature electronics and sensitive detectors
operating on AliCPT’s sub-Kelvin temperature focal plane. The development of
millimeter-wave instruments and future endeavors show great potential for the overall

scientific community:.
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“you are an aperture through which the universe looks at itself”

- Alan Watts
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Chapter 1

INTRODUCTION

Journeying throughout the universe in all directions is a primordial and noticeably
unique distribution of light. Originating from a location commonly known as the
surface of last scattering, this light was released from when the early universe became
transparent after the formation of neutral hydrogen. With much fewer free electrons,
light had reduced scattering and began to decouple from baryonic matter. Such an
event occurred throughout the universe at roughly the same redshift and temperature
to produce the near-uniform, well-characterized, blackbody spectrum of the Cosmic
Microwave Background (CMB) known today. Modern millimeter astronomy seeks to
examine the small perturbations within the CMB spectrum which reveal important
details about the evolution and structure of our universe. In order to further such
investigations, continuous advancements are needed in instrumentation. The next

evolution of CMB instruments could thus benefit from novel design solutions.

1.1 The Standard Model

The current standard model of cosmology is the Lambda Cold Dark Matter
(ACDM) version of the FLRW (Friedmann-Lamaitre-Robertson-Walker), which sets
the age of the universe at roughly 13.8 billion years old. This is simple yet well-

matching to observations, producing Friedmann equation solutions as

N2
a 8nGp ke Ac?
i N E _re A 11
(a) 3 2 3 (11)

where a = (1 + z)~! is the dimensionless scale factor related to redshift z, G is the

gravitational constant, p is the mean relativistic mass density, c is the speed of light, k



is the curvature of the universe, and A is the cosmological constant. In a flat (k = 0)

universe the present-day mean or critical density becomes

s
e

Po (1.2)

where Hj is the Hubble constant. A set of normalized density parameters ) are
thus defined as the ratio with respect to pg, producing (Maoz, [2016; |(Condon and
Matthews, [2018)

H\®> p Q. Q,
— ) =2 =710 — 1.3
(Ho) Lo a3 i &4’ ( )

where €y, Q4, and €2, are the total matter, vacuum, and radiation densities, re-
spectively, in units of the critical density. Throughout this dissertation, parameters
within the limits found by |[Planck Collaboration et al.| (2016¢, [2020b) are adopted as
Hy = 68 [km s~ Mpc™!], Q,, = 0.31, Q4 = 0.69, and a baryonic density of £, = 0.049
(a sub-component of matter density). The radiation term (2, only dominates at high
redshifts (z > 3500) and so is considered negligible for most observational studies

(Condon and Matthews| 2018)).
1.2  Cosmic Microwave Background

A few minutes after it began, the universe was already substantially cooled while
remaining in thermal equilibrium. This cooling resulted from inflation of the very
early universe and its continued expansion. Annihilation between matter and an-
timatter produced photons that dominated the energy of the early universe while
keeping the remaining baryonic matter in thermal equilibrium via scattering. After
annihilation, stable light nuclei formed between protons and neutrons in a period
referred to as primordial nucleosynthesis (Pathria and Beale, |2011). As the neutron

fraction (neutrons per baryon, ¢ = N,,/Np = n,,/np ~ 0.12) at this time reflects, a



substantial portion of the protons remained free. This effect would become key as
the photon-baryon plasma continued to cool in thermal equilibrium.

At ~ 380,000 years or < 0.003% of its present age, the universe reached another
important event called recombination. After nucleosynthesis, plenty of both free
protons and electrons were available to begin forming neutral hydrogen. However,
the high temperature and density of photons prevented them from becoming stable
until the surrounding plasma further cooled. This is shown to have happened at

T ~ 3000K, following the Saha equation for the neutral hydrogen fraction,

ny
fu =

= —— = (1— fu)’s, 1.4
= () (14)
with hydrogen and proton number density, ny and n,, respectively. Where solving

for the neutral hydrogen fraction fy yields

B 1+2s—+/1-+4s

fH %5 )

(1.5)

with parameter s,

s= 4<<3>\/§<1 ~20m ZBT)/ o (). (1.6)

for a baryon-to-photon ratio of n = 6 x 107! Boltzmann constant kg = 1.381

kg m? s72 K™!], and electron mass m, = 9.109 x 1073 [kg]. At which point a high
neutral hydrogen fraction, fi > 99%, indicates when nearly all free protons and
electrons were combined (Pathria and Beale, 2011). With few free electrons available
for scattering, the universe became transparent and the photons traveled unimpeded.
Thus, this is often also referred to as the surface of last scattering, with the resulting
photons being called the Cosmic Microwave Background (CMB).

As the CMB photons were in thermal equilibrium with their surroundings up to

recombination, they are well described by the Planck black-body distribution using



Bose-Einstein statistics,

2hv? 1
C2 ehl//kBT _ 17

B(v,T) = (1.7)

expressed here in terms of power per unit area per steradian per unit frequency at
frequency v, where h = 6.626 [kg m? s7'] is the Planck constant and ¢ = 2.998
[m s7!] is the speed of light in vacuum. The CMB is extremely well-characterized by
the Planck distribution of eq. with a present temperature of Toyp = 2.725K
(Fixsen, 2009).

Meanwhile the number density for a blackbody distribution of photons is

8t [ v? kgT 3
n(T) = % /0 Ty =1 = 167 (K) , (1.8)

with ¢ being the Reimann-Zeta function. For CMB photons, this yields a present-day
density of n, cup & 4.1 x 10® per cubic meter [m™3]. This is orders of magnitudes
larger than the average stellar photon density, though CMB photons only contribute

a small fraction to the total energy density in today’s universe (Maoz, |2016)).
1.2.1 Anisotropies

While the primary CMB is extremely well-fit to the Planck distribution, it still
contains smaller directional dependent fluctuations. The CMB temperature dipole
term was the first of such to be observed and is attributed to the Doppler shift
relative to the observer’s velocity with respect to the CMB. From this dipole term
the motion of the earth, our solar system, and the local galaxy group relative to the
CMB rest frame can be determined (Planck Collaboration et al., 2020a)).

Smaller-scale temperature anisotropies also occur, as shown in Fig. from
the Planck satellite, at a level of O(107°) (Lewis and Challinor, 2006). Primary
anisotropies originating at the surface of last scattering are driven by acoustic oscilla-

tions and diffusion (Silk) damping (Hu and Dodelson} 2002; |Silk, |1968]). Gravitational
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Figure 1.1: Cosmic Microwave Background temperature map from |[Planck Collab-

oration et al.| (2020a), with the primary monopole and dipole terms removed. The
faint gray outline corresponds to where residuals of foreground emissions (most no-
tably along the galactic plane) are expected to be significant.

redshifting via the Sachs-Wolfe effect also produces anisotropies both at the surface

of last scattering and afterwards as a result of perturbations in the gravitational

potential (Sachs and Wolfe, [1967)).

As the CMB is found in all directions, it is often convenient to describe it in terms

of spherical harmonics on the sky,
T(97 QS) = Z aé,mn,m(97 Qb) (19)

Lm

where Y} ,,, are the mutually orthogonal spherical harmonic terms upon the surface of
a sphere, and ay,, are the spherical harmonic coefficients. Hence the CMB monopole
term Yp0(6,¢) = 1 has a coefficient corresponding to the average CMB blackbody
temperature app = Tomp = 2.725K. Higher-order anisotropies are broken into vari-

ance with respect to multipole 2,
¢

1
Co = (ag maem) = BV Z g 1 Qs (1.10)
m=—/
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Figure 1.2: Power spectrum of the CMB from (Hubmayr et al.l 2018). TT, EE, and
BB correspond to the cross-correlation power spectrum of the temperature, E-mode,
and B-mode polarization components of the CMB, respectively.

while the CMB angular power spectrum is often discussed in scale invariant terms

of Dy = ¢({ + 1)Cy/2w. The uppermost plotted line in Fig. (Hubmayr et al.|

2018) shows the temperature cross-correlation power spectrum (denoted as C}7)
alongside polarization components discussed further below. These anisotropies found
in the CMB angular power spectrum help constrain various cosmological parameters

to further understand our universe.
1.2.2  Sunyaev-Zel’dovich Effect

One highly studied anisotropy occurs when CMB photons pass through hot ionized
gas. Via inverse-Compton scattering, these photons are scattered to higher energies,

causing a shift in their spectrum. This was first shown by Sunyaev and Zel’dovich

(Sunyaev and Zeldovich| 1972). A redshift-independent thermal Sunyaev-Zel’dovich




(tSZ) for non-relativistic scattering shifts the CMB spectrum as,

ATisz ( exp(z) + 1 )
TCMB 4 exp(x) —1 ( )
with the dimensionless Compton-y parameter defined as
ke (T, — T
yE/leTn B ( _ ous) (1.12)
mec

where o7 is the Thomson cross section, n. is the electron number density, and T, is
the electron temperature. The integral is performed over the line-of-sight distance [,

and the dimensionless frequency x is given by x = hv/kgTevp = v/56.81 GHz. The

first definitive detection of the tSZ was presented by Birkinshaw et al. (1984) in three

large galaxy clusters.
There is also a fainter kinetic Sunyaev-Zel’dovich (kSZ) that arises from a bulk

motion of the ionized gas relative to CMB rest frame along our line of sight:

ATkSZ Up
= —7—, 1.13
Tews c (1.13)

where 7 is the optical depth and v, is the peculiar velocity of the gas relative to the

CMB. This kSZ effect was first confirmed via observations in 2012 (Hand et al., 2012;

Mroczkowski et al., 2012).

Both the tSZ and kSZ are commonly used for identifying and further analyzing

large structures where gas is most readily found, such as galaxies and galaxy clusters

(e.g. [Mauskopf et al., 2000; Reichardt et al., [2013; Bleem et al., 2015} [Soergel et al.|

2016; Spacek et al.| |2016; [Schaan et al., [2021; [Meinke et al., 2021} etc.).

1.2.3 Polarization

Alongside the temperature components already stated, the CMB also has impor-

tant polarization characteristics, with CMB photons polarized at a level of O(107%) as



a result of Thomson scattering at recombination. A common polarization metric, the
Stokes parameters are not rotationally invariant on the celestial sphere (Kamionkowski
et al.,|1997)). Thus, a consistent standard was established with two polarization terms
called E- and B- modes, named as such from gradient and curl properties like the
electric and magnetic field, respectively (also referred to as ‘G-" and ‘C-" modes).
Polarization at last scattering can occur from quadrupolar temperature perturba-
tions (Kosowsky, 1996; Kamionkowski et al., [1997; [Hu and White, |1997)). A scalar
perturbation produces solely E-mode polarization, which is expected to dominate.
Gravitational waves could also produce tensor perturbations near last scattering, en-
abling faint B-mode polarization (Kamionkowski et al., |1997; [Hu and White, 1997)).

The observed cross-correlation angular power spectrum for E- and B- mode po-
larizations are shown in Fig. [1.2] E-mode polarization was first detected at the start
of this millennium (Kovac et al., 2002). Meanwhile the B-mode is noticeably fainter,
up to nearly three orders of magnitude less than that of the E-mode, and is obscured
by secondary sources such as gravitational lensing (Hanson et al| 2013). As a re-
sult, the primary B-mode polarization from primordial gravitational waves has yet
to be experimentally shown, likely due to both the detection sensitivity required and
foreground contamination. BICEP2 originally postulated detection of B-modes from
gravitational waves (Ade et al., 2014), but later results instead pointed to contam-
inant foreground dust as the source of origin (BICEP2/Keck Collaboration et al.,
2015).

Polarization anisotropies in the CMB also exist from various origins, much like
the aforementioned temperature fluctuations. One notable example is a polarized
Sunyaev-Zel’dovich (pSZ) effect, created from a remote CMB temperature quadrupole
relative to the electron gas where the scattering occurs. The largest pSZ terms are

expected to be o« 7 and o 72, though at orders of magnitude comparable to or



lower than that of primordial B-modes and thus challenging for detection due to
contamination from other sources (Sazonov and Sunyaev, 1999; |Carlstrom et al.

2002; Mroczkowski et al.| 2019; Hotinli et al., [2022)).
1.2.4 Lensing

Gravitational lensing also affects both the CMB temperature and polarization
components, as CMB photons can be deflected by gravitational wells. The first
reported observation of CMB gravitational lensing was in 2011 with the initial ACT
(Atacama Cosmology Telescope) temperature maps (Das et al., 2011)). E-modes, the
most prominent polarization mode, can be partly converted into B-modes when lensed
(Lewis and Challinor, 2006]). This property also contributes to and can overwhelm B-
modes produced via gravitational waves. Lensing is noticeable in the B-mode power

spectrum as in Fig. [[.2] especially at higher ¢ multipoles.
1.3 Circumgalactic Medium

The evolution of a galaxy is heavily dictated and reflected by the properties of its
circumgalactic medium (CGM), especially as only roughly 10% of a galaxy’s baryonic
matter is associated with stars (Walter et al. 2020). The CGM encompasses all the
diffuse gas and processes that reside outside of a galaxy’s interstellar medium (ISM)
but within its virial radius and surrounding intergalactic medium (IGM)(Tumlinson
et al., 2017). The standard view of galaxy evolution requires the accretion of IGM
gas onto galactic halos, where it contributes to the ISM and star formation (White
and Rees, 1978)). Meanwhile opposing processes like stellar feedback from supernovae
(Ceverino and Klypin) 2009) and outflows from the central supermassive black hole,
cycle material and energy back into the surrounding CGM. A concise visualization of

these processes are shown in Fig. [1.3| from [Tumlinson et al| (2017).



Figure 1.3: An artistic depiction of CGM processes around a galaxy, from Tumlinson|
. Outflowing and recycled gas are shown as orange and pink. Inflowing
material from the IGM is shown as blue, accreting onto the galaxy center and disk.
Purple shows resultant diffuse gas of the CGM likely produced through a mixing of
all such sources.

The faint diffuse nature of the CGM makes it a challenging feature to observe.
Many different methods are utilized to analyze the CGM. Transverse absorption line
studies using bright background sources, often quasars, are one of the more common

methods to constrain gas composition, temperature, and density in the CGM

et al. (2014); [Werk et al. (2014); Borthakur et al.| (2015]); Werk et al. (2016). Stacking

of spectra for multiple targets also enables absorption line analysis. Other methods

include emission line mapping, spectroscopy absorption via the galaxy’s starlight, and

a variety of hydrodynamical simulations (Tumlinson et al., [2017).
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1.3.1 Thermal Energy via the tSZ Effect

In a separate realm of measurements, the CGM can also be studied through the

tSZ effect described in Section and eqs. (L.11) & (1.12). The tSZ effect is

created as CMB photons pass through and inverse-Compton scatter off hot, ionized
gas (Sunyaev and Zeldovich| [1972). The resulting CMB anisotropy has a distinctive
frequency dependence, which causes a deficit of photons below and an excess above
Voul = 217.6 GHz, ideal for studies with millimeter-wave data.

Ionized gas is most readily found in the ISM and CGM of galaxies (and galaxy
clusters). As the Compton-y parameter is proportional to both n. and T, it provides
a measure of the total pressure along the line-of-sight. Therefore by integrating the
tSZ signal over a patch of sky (solid angle d@), the volume integral of the pressure can
be obtained, and from it the total thermal energy F, in the CGM associated with
a source (e.g. |Scannapieco et al., |2008; Mroczkowski et al., [2019)). Taking eq. ,

the integral as in (Spacek et al., [2016) becomes

o nek:BT o
/ )d6 = // T dlde = echg / kT, dV | (1.14)

where D, is the (redshift dependent) angular diameter distance of the source, V is
volume defined by the solid angle and line-of-sight, and the gas is assumed to be hot
T. > Tcmp. The integral thus is transformed into an electron pressure (P, = n.kgT?)
within a volume. This can be related to total thermal energy for a fully ionized gas

consisting of hydrogen and helium (Spacek et al.| 2016; Pandey et al., [2019),

3 /24 A 3 (8—=5Y
Ey==-|— T. = - T. ~ 2. T,
th 5 (1—|—A> /nekB edV 9 (4_2Y)/nek:3 edV 9/nek3 edV,

(1.15)

which may be solved using either the cosmological number abundance of helium A =

0.08, or primordial mass fraction of helium Y = 0.24. Combining eqs. (1.14]) & ((1.15)
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yields a thermal energy from the integrated Compton-y as,

2D? D\’ 6)de
By, = 2.9 Za /y(e) d6 = 2.9 x 1060erg( » ) J y(6) (1.16)

or Gpc/ 1079 arcmin?’

As a result, eq. (1.16) relates a measured tSZ signal around a target galaxy to the
thermal energy of its surrounding CGM. This method provides a useful tool when

certain processes are expected to significantly affect CGM energy.
1.3.2 Galaxy Quenching and Active Galactic Nuclei Feedback

Much is still unknown about the evolution of our universe’s most massive galaxies
and the processes that shaped them. These elliptical galaxies consist of a central
massive black hole, surrounded by a bulge of old, red stars. An additional mechanism
is needed to explain the lack of young stars in these galaxies (Silk and Rees| [1998;
Somerville and Davé, 2015)). The prevailing consensus reached is that star formation
is quenched by feedback on the surrounding environment by active galactic nuclei
(AGN) (Granato et al., |2004; |Scannapieco and Oh, 2004; |Croton et al., |2006; [Bower
et al.,|2006). Observations of galaxy stellar mass are well explained by AGN feedback,
showing a ‘downsizing’ or drop in star formation rate for progressively lower masses
with decreasing redshift (Cowie et al., |1996; [Treu et al., |2005; Drory and Alvarez,
2008)). This is contrary to hierarchical models of galaxy formation with no feedback
present (Rees and Ostriker} [1977; White and Frenk, |1991)).

Yet, many aspects of AGN feedback remain uncertain, with two commonly pro-
posed feedback models. In ‘quasar mode’ feedback, the CGM surrounding the galaxy
is impacted by a powerful outburst when the supermassive black hole is accreting
most rapidly. In this case, the CGM is heated such that the gas cooling time is much
longer than the Hubble time, suppressing further star formation until today. These

models are supported by observations of high-velocity flows of ionized gas associated
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with the black holes accreting near the Eddington rate (Harrison et al., 2014} |Greene|

et al. 2014} |Lansbury et al., 2018; Miller et al., 2020)). Unfortunately, uncertainty

arises in the mass and energy flux from such quasars due to uncertain estimates of the

outflowing material’s distance from the central source (Wampler et al., 1995} lde Kool

et al 2001} (Chartas et al.| 2007; Feruglio et al., |2010; Dunn et al., 2010} Veilleux

et al., [2013; Chamberlain et al.; 2015)).

Second, in ‘radio mode’ feedback, cooling material is more gradually prevented
from forming stars by jets of relativistic particles that arise during periods of lower
accretion rates. Here, the CGM is maintained at a roughly constant temperature and
entropy, as low levels of gas cooling are continually balanced by energy input from the
relativistic jets. Such models are supported by AGN observations of lower power jets

of relativistic plasma (Fabian 2012)). These couple efficiently to the volume-filling

hot atmospheres of galaxies clusters (McNamara et al., 2000; |Churazov et al. 2001;

McNamara et al., 2016), but may or may not be significant for balancing cooling in

less massive gravitational potentials (Werner et al., 2019).

A promising method for distinguishing between these feedback models is by in-
specting the energy held within the CGM. Outlined in Section [1.3.1], the tSZ effect is
produced from interactions between CMB photons and hot ionized gas of the CGM.
Therefore, thermal energy of the CGM can be determined from the tSZ effect accord-
ing to eq. .

The overall level of feedback is tied to the CGM’s observed thermal energy. How-
ever, this is likely a combination of various mechanisms. To estimate the contribution
due to gravitational heating, it can be assumed that the gas collapses and virializes
along with an encompassing spherical dark matter halo, and is heated to the virial

temperature T,;,. This gives
_ 60 5/3
Eihhato(Mis, 2) = 1.5 x 10* erg M5” (1 + z), (1.17)
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where M3 is the mass of the halo in units of 10M, (Spacek et al| [2016). In
photometric-only studies like those in the following chapters, a conversion from halo
mass to galaxy stellar mass is needed. For massive elliptical galaxies, this is done using
the observed relation between black hole mass and halo circular velocity for massive
quiescent galaxies (Ferrarese, 2002), and the relation between black hole mass and
bulge dynamical (Marconi and Hunt| 2003). As shown in [Spacek et al.| (2016)), this

gives

M, _
Eth,gravity<M*a Z) ~ 5 X 1060 erg 1011M (1 + Z) 3/27 (118)
©

representing the expected total thermal energy around a galaxy of stellar mass M,,
ignoring both radiative cooling and feedback. Unfortunately this estimate has an
uncertainty of about a factor of two, which is significantly larger than the uncertainty
in most measurements. Regardless, observational results larger than that of eq.
would suggest the presence of additional non-gravitational heating, particularly as
cooling losses are not included. To estimate the addition of quasar-mode feedback

heating, a simple model described in [Scannapieco and Oh| (2004)) is used,

M.
~ 60 * —3/2
Ein fecdback (M, 2) &~ 4 x 107 erg €1,0.05 101M, (1+2) ) (1.19)

where €, 0.05 is the fraction of bolometric luminosity from the quasar associated with
an outburst, normalized by a fiducial value of 5%, which is typical of quasar models
(e.g. Scannapieco and Oh|, 2004; Thacker et al., 2006; Costa et al., [2014)). A standard
assumption of € 905 = 1 is often valid in these cases (Spacek et al., 2017; Meinke et al.,
2021)). The sum of heating due to gravity (eq. , and quasar-mode AGN feedback
(eq. [L.19) produces an upper expected limit of Ey;, to compare with observations via
eq. (1.16)). However, these models still have about a factor of two uncertainty and do

not incorporate any form of energy losses.
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Furthermore, radio-mode feedback is expected to produce thermal energies some-
where between these two limits, where jets provide continuous heating that more
closely balances the cooling processes within galaxies, never reaching energy magni-
tudes comparable to eq. . Thus, the primary goal of current observations is to

compare with theory and discern the potential presence of AGN feedback.
1.4 Interstellar Dust

Another significant component of galaxies is the presence of dust, mostly situated
or at least noticeable in the ISM. Interpretation of galaxy photometry and spectra
must take into account the effect of dust extinction, or scattering and absorption of
visible, ultraviolet (UV), and near-infrared (NIR) starlight due to dust grain particles.
Such grains have a variety of shapes, sizes, and compositions (Draine and Lazarian,
1998; [Draine, 2011)). This dust also then emits or re-radiates thermal energy at lower
frequencies.

In far-infrared (FIR) and millimeter wavelengths, dust emission is often described

as a gray-body or modified blackbody distribution,
I(v) = v’ B(v, Ty), (1.20)

where 3 is the dust spectral emissivity index, Ty is the dust temperature, and B(v, Tj)
is the Planck blackbody distribution of eq. . Inclusion of the modification term
# is representative of limitations to the possible energies emitted due to the physical
sizes of dust grains. Analysis of CMB or its anisotropies like the tSZ have to contend
with dust emission. This occurs both from a galactic dust foreground of our Milky
Way, and from any target or neighboring galaxies of a sample. Although the tSZ

effect is redshift independent, high-redshift galaxy studies also have to grapple with
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central dust emission that becomes redshifted to lower frequencies and can more

greatly obscure tSZ signals.
1.5 Millimeter-Wave Bands and Atmospheric Windows

Millimeter astronomy is commonly defined between wavelengths of 1 and 10 mil-
limeters (frequencies between 30 — 300 GHz). This is also synonymous with the
extremely high frequency (EHF) band as defined by the International Telecommu-
nication Union (ITU) (International Telecommunication Union, 2020). Millimeter-
waves are often contained within the broader microwave regime definition (0.3 — 300
GHz), and sometimes considered within or overlapping with the radio spectrum. As
the scientific motivation and antenna design frequencies discussed here mainly reside
between 30 — 300 GHz, the millimeter definition will be used.

At these millimeter wavelengths, ground based telescopes also have to contend
with the atmosphere. Atmospheric effects are reduced through the careful selection
of a dry high-altitude site, and frequency bands designed to operate outside strong
absorption lines. Precipitable water vapor (PWV), i.e. the amount of water vapor
vertically integrated within the atmosphere, is a key value in calculating useful at-
mospheric models. A PWYV of 4.0 mm is often considered dry (Meier Valdés, E. A.
et al., 2021)). Prime targets for ground telescope sites are those with extremely low
PWYV (i.e. dry), as atmospheric absorption from water vapor is desired to be kept
at a minimum. For example, ALMA, located in the Atacama desert, has a PWV
< 2.0 mm (Otarola et al., [2019).

Fig. shows the transmission windows up to 400 GHz for PWYV values of 1.00
and 2.00 mm as calculated from the publicly available CSO Atmospheric Transmission

Interactive Plotter (Pardo et al., 2001; |(CSO, [2007)). This model takes a PWV and
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Figure 1.4: Atmospheric transmission window between 1 and 400 GHz for precip-
itable water vapor (PWYV) values of 1.00 and 2.00 mm as calculated from the pub-
licly available CSO Atmospheric Transmission Interactive Plotter (Pardo et al., 2001}
(CSO| [2007)). This model is for the Mauna Kea location, where multiple observatories
reside. Absorption of water vapor and oxygen divide the frequencies into separate
atmospheric windows. Thus, ground instruments often operate in one or more bands
centered near 40, 90, 150, 220, 280, or 350 GHz.

frequency range input to calculate atmosphere transmission at Mauna Kea, another
major dry high-altitude location used for multiple observatories.

The atmosphere can also be avoided through the use of balloon-borne or satel-
lite missions. Various balloon-borne telescopes at millimeter and sub-millimeter

wavelengths have been launched, including BOOMERanG, MAXIMA, and BLAST

(de Bernardis et al., 2000} Hanany et al., 2000} Pascale et al. [2008). Relevant

millimeter-wave space telescopes include COBE, WMAP, and Planck (Mather et al.|
11990; Jarosik et al., 2011} Planck Collaboration et al. 2020a). These often have

frequency bands near those used for ground-based telescopes, which enables easier

comparison to one another.
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Figure 1.5: Frequency bandpasses used in analysis throughout this paper for the
South Pole Telescope (SPT) and Atacama Cosmology Telescope (ACT). Each are
situated in three frequency bands near 100, 150, and 220 GHz. The original ACT
bands are used with a multipole cut of 2000 < ¢ < 10000, to represent large angular
scale filtering and consistency with the maximum SPT limit of ., = 10000.

This dissertation uses data from both the South Pole Telescope (SPT) and At-
acama Cosmology Telescope (ACT), whose bands used are shown in Fig. [1.5] The
SPT-SZ bands (without large scale ¢ from Planck) were extracted from (Chown et al.
(2018), while the ACT bands (combined with Planck data) are publicly availabld!]
per detector and multipole ¢ (Naess et al., [2020)). As such, an ¢ cut was made on

ACT to remove large angular scales (2000 < ¢) and any ¢ greater than the SPT limit
of 10, 000.

1.6 A Brief History of CMB Observations

Much of the progress in millimeter astronomy can be accredited to the push for

continuously refined measurements of the CMB. The very first direct detection of

Thttps:/ /lambda.gsfc.nasa.gov/product /act /actpol_dr5_coadd_maps_info.html
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the CMB was measured by Penzias and Wilson in 1964 as excessive antenna noise

(Penzias and Wilson, 1965)). With a steady supply of theory postulating about the

CMB and its anisotropies (Silk, 1968; Zeldovich and Sunyaev, [1969, etc.), instruments

specifically designed for CMB detection followed suit. Setups with basic feedhorn

antennas, often in a differential radiometer manner, were used to constrain the CMB

dipole term shortly thereafter (Conklin, [1969; Henry, 1971} |Corey and Wilkinson,

11976; Smoot et al., [1977; |Cheng et al., [1979; Smoot and Lubin, [1979).

Verification from such initial measurements then turned attention to improving
sensitivity for better anisotropy detection. Multiple satellite experiments like Re-

likt, COBE (Cosmic Microwave Background Explorer), and then WMAP (Wilkinson

Microwave Anisotropy Probe) were subsequently launched (Strukov and Skulachev,

11984} [Smoot et all |1990; Bennett et al. |2003; Page et al., 2003|). Balloon-based tele-

scopes with novel bolometer detector configurations were also being deployed (e.g.,

BOOMERANG, MAXIMA, [Mauskopf et al.l [1997; Masi et al., [1999; [Crill et al., 2003

Rabii et al., 2006]).

Nowadays, this process has coalesced into a continuous development of new mil-
limeter telescope technology for observing the CMB’s temperature and polarization
components. Prominent instruments since include the Planck satellite
laboration et al.l [2020a), ALMA (Wootten and Thompsonl 2009), SPT
et al., |2011; Sobrin et al.| 2022)), ACT (Das et al., 2011} [Thornton et al.,[2016)), MUS-

TANG (Dicker et al. [2014), BICEP (Keating et al., [2003; Soliman et al., 2018]), plus

many more current or upcoming like AlICPT (Salatino et al. 2020)), BICEP Array

(BICEP/Keck Collaboration et al. 2022, Simon’s Observatory (Xu et al. 2020)),

TolTEC (Wilson et al., 2020), and more.

For the purpose of this dissertation, I consider the millimeter-wave instrumenta-

tion and observational timeline to be divided into five separate areas, as shown in
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Figure 1.6: A generalized timeline of millimeter astronomy instrumentation from
device design and prototyping to final data products released to the public.

Fig. [1.6| These by no means create a concise or comprehensive timeline, but help
to emphasize distinctions between them, though in reality they can often intersect.
The first step is the designing and prototyping of devices, which is really a continu-
ous activity. Improved observations require improved technology that applies to all
facets, such as antennas, detectors, electronics, cryogenics, optics, etc. Compiling
such advancements into a new millimeter-wave instrument is the second area, where
a specific proposal is put forth to offer new or better observations. The third utilizes
those resources in the telescope design, assembly, and deployment. Also here, smaller
technical and often forgotten details in the design are addressed. Then the fourth
distinct area involves pointing the instrument on-sky for observing. Challenges in
data collection and processing are tackled. All of which culminates in the fifth and

final step of analyzing the final processed data. Often released to the public after a

given time, this final data allows for a wide range of scientific analysis to take place.
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1.7 Dissertation Outline
The information presented in this dissertation is arranged as follows:

e The initial tSZ stacking analysis of 138,235 quiescent galaxies near redshifts
of z &~ 1 are described in chapter 2] This uses millimeter-wave maps from the
South Pole Telescope (SPT) to isolate the tSZ from dust emission around the
target galaxies and glean information about quiescent galaxy formation. Results

hinting at potential feedback from active galactic nuclei (AGN) are found.

e Chapter [3|is an expansion of the work conducted in Chapter [2| It incorporates
recently released millimeter-wave data maps from the Atacama Cosmology Tele-
scope (ACT) along with SPT to analyze z ~ 1 selections of up to 387,627 qui-
escent galaxies. The work dives deeper into data cleaning and analysis methods
to allow for detailed inspection of radial profiles around said galaxies. Stronger
evidence for AGN feedback is observed, in addition to interesting information
from the analysis of dust. This includes a dust radial profile consistent with the
large-scale clustering of galaxies, and estimations of the sample’s galactic dust

mass.

e Chapter d| pivots to the device design phase of the millimeter astronomy timeline
shown in Fig.[1.6] Tt focuses on the design and development of multichroic dual-
polarization lenslet-coupled antennas for millimeter-wave detectors. A novel
log-periodic hybrid trapezoidal design is simulated, with further discussion on

relevant considerations in antenna selection.

e The implementation and fabrication of such prototype antennas paired with

microwave kinetic inductance detectors (MKIDs) is then discussed in chapter 5|
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That describes the prototype MKID array as a whole, and various steps to

conduct testing upon it.

Chapter [6] presents the cryogenic readout design for the Ali CMB polarization
telescope (AliCPT), set to be deployed on the Tibetan Plateau. It includes
mechanical, electrical, and thermal considerations to accurately read signals

from up to 32,376 detectors of AliCPT.

Finally, the conclusion in chapter [7| discusses the next steps in millimeter and
CMB astronomy, with a look to the future generation of telescopes currently

under development.
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Chapter 2

THE THERMAL SUNYAEV-ZEL’'DOVICH EFFECT FROM MASSIVE,
QUIESCENT 0.5 < z < 1.5 GALAXIES

This chapter is a slightly modified version of the 2021 article published in The
Astrophysical Journal (ApJ), Volume 913, Page 88 (Meinke et al., |2021|), with per-

mission from the co-authors.

2.1 Introduction

Measurements of the tSZ effect over the last decade have been focused on detecting
and characterizing high-mass cosmic structures with the highest gas thermal energies,
namely galaxy clusters (e.g. Planck Collaboration et al., [2011; Reichardt et al., [2013;
Planck Collaboration et al., [2016a; Hilton et al., 2018). On the other hand, pushing
to lower mass halos has proven to be much more challenging. While in one case, evi-
dence of a tSZ decrement caused by outflowing gas associated with a single luminous
quasar was found in ALMA measurements (Lacy et al.; 2019)), most such constraints
have involved averaging over many objects. In this regard, Chatterjee et al. (2010
used data from the Wilkinson Microwave Anisotropy Probe and Sloan Digital Sky
Survey (SDSS) around both quasars and galaxies to find a tentative ~ 20 tSZ signal
suggesting AGN feedback; Hand et al.| (2011) used data from SDSS and the Atacama
Cosmology Telescope (ACT) to find a ~ 1o — 30 tSZ signal around galaxies; |Gralla
et al| (2014) used the ACT to find a ~ 5o tSZ signal around AGNs; Ruan et al.
(2015) used SDSS and Planck to find ~ 3.50 — 5.00 tSZ signals around both quasars
and galaxies; Crichton et al.| (2016]) used SDSS and ACT to find a 30 — 40 SZ signal

around quasars; Hojjati et al.| (2017) used data from Planck and the Red Cluster
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Sequence Lensing Survey to find a &~ 7o tSZ signal suggestive of AGN feedback; and
(Hall et al., 2019) used ACT, Herschel, and the Very Large Array data to measure
the tSZ effect around ~ 100, 000 optically selected quasars, finding a 3.8¢ signal that
provided a joint constraint on AGN feedback and mass of the quasar host halos at
z 2 2.

Recent measurements have also been made around massive galaxies. At z < 0.5,
Greco et al.| (2015)) used SDSS and Planck data to compute the average tSZ signal
from a range of over 100,000 ‘locally brightest galaxies’ (LBGs). This sample was
large enough to derive constraints on FEy, as a function of galaxy stellar mass M,
for objects with M, > 2 x 101 M. More recently, |Schaan et al. (2021) and |/Amodeo
et al. (2021) combined microwave maps from ACT DR5 and Planck with in the
galaxy catalogs from the Baryon Oscillation Spectroscopic Survey (BOSS), to study
the gas associated with these galaxy groups. They measured the tSZ signal at ~ 100
along with a weaker detection of the kinetic Sunyaev-Zel’dovich effect (Sunyaev and
Zeldovich, 1980)), which constrains the gas density profile. They were able to compare
these results to cosmological simulations (Battaglia et al., 2010; |Springel et al., |2018)
to find that the feedback employed in these models was insufficient to account for the
gas heating observed at ~ Mpc scales.

At redshifts 0.5 < 2z < 1.5 the SZ signal from massive quiescent galaxies was
studied by [Spacek et al.| (2016, 2017). These are precisely the objects for which AGN
feedback is thought to quench star formation and thus where a significant excess tSZ
signal is expected (e.g. Scannapieco et al., [2008). To obtain this faint signal, Spacek
et al.| (2016)) performed a stacking analysis using the VISTA Hemisphere Survey and
Blanco Cosmology Survey data overlapping with 43 deg? at 150 and 220 GHz from
the 2011 South Pole Telescope (SPT) data release, finding a ~ 2 — 30 signal hinting

at non-gravitational heating. [Spacek et al.| (2017) used SDSS and the Wide-Field
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Infrared Survey Explorer (WISE) data overlapping with 312 deg? of 2008/2009 ACT
data at 148 and 220 GHz, finding a marginal detection that was consistent with
gravitational-only heating models.

Here we build on these measurements by making use of data from WISE, the
Dark Energy Survey, and the 2500 square-degree survey of the southern sky taken
by the SPT, which includes measurements at 95, 150, and 220 GHz. The increase
in frequency and sky coverage allows us to obtain a 10.10 detection of the tSZ effect
around z &~ 1 galaxies. This lets us move from the marginal detections and upper
limits presented in our previous work to measurements that can be applied to future
simulations to strongly distinguish between feedback models.

The structure of this chapter is as follows: In Section we describe the data
sets used for our analysis and contrast that with our previous work. In Section [2.3
we describe our galaxy selection procedure, and the overall properties of the sample
of massive, moderate-redshift, quiescent galaxies we use for the stacking analysis
presented in Section [2.4] In Section [2.5], we contrast our measurements with the work

from other groups as well as with simple feedback models. Conclusions are given in

Section
2.2 Data

For our analysis, we use three public datasets, two to detect and select galaxies,
and one to make our tSZ measurements. As discussed in section [2.3] selecting and
carrying out photometric fitting of passive galaxies at 0.5 < z < 1.5 requires data
that spans optical, near infrared, and mid-infrared wavelengths. Thus we make use of
optical and near-infrared data from DES data release 1 (Abbott et al., |2018)), which
are already matched to AIWISE data spanning 3-25 pm (Schlafly et al., 2019). For

detecting the tSZ effect, we use millimeter-wave observations from the SPT-SZ survey
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(Bocquet et al., 2019). The three datasets, which overlap over an area of &~ 2500 deg?,

are described in more detail below.
2.2.1 DES

DES DRI is based on optical and near-infrared imaging from 345 nights between
August 2013 to February 2016 by the Dark Energy Camera mounted on the 4-m
Blanco telescope at Cerro Tololo Inter-American Observatory in Chile. The data
covers ~ 5000 deg® of the South Galactic Cap in five photometric bands: grizY.
These five bands have point-spread functions of g = 1.12, r = 0.96, i = 0.88, z = 0.84,
and Y = 0.90 arcsec FWHM (Abbott et al., [2018). The survey has exposure times of
90s for griz and 45s for Y band, yielding a typical single-epoch PSF depth at S/N =
10 for g < 23.57, r < 23.34,1 <2278,z < 22.10 and Y < 20.69 mag (Abbott et al.,
2018). Here and below, all magnitudes are quoted in the AB system (i.e. (Oke and
Gunn, 1983).

2.2.2 WISE

The AIIWISE catalog is based on the Wide-field Infrared Survey Explorer (WISE)
NASA Earth orbit mission (Wright et al.; 2010; Mainzer et al., 2011). In 2010 WISE
carried out an all-sky survey of the sky in bands W1, W2, W3 and W4, centered
at 3.4, 4.6, 12 and 22 um, respectively (Schlafly et al., 2019). The 40 cm diameter
infrared telescope was equipped with four 1024x1024 pixel focal plane detector arrays
cooled by a dual-stage solid hydrogen cryostat. The whole sky was surveyed 1.2 times
in all four bands at a full sensitivity. After the hydrogen ice in the outer cryogen tank
evaporated, WISE surveyed an additional third of the sky in three bands, with the
W1 and W2 detectors operating at near full sensitivity while the W3 focal plane

operated at a lower sensitivity (Mainzer et al., 2011)).
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ANIWISE uses the work of the WISE mission by combining data from the cryo-
genic and post-cryogenic survey, which yields a deeper coverage in the W1 and W2.
The added sensitivity of AIWISE extends the limit of detection of luminous distant
galaxies because their apparent brightness at 4.6 um (W2) no longer declines signif-
icantly with increasing redshift. The increased sensitivity yields better detection of
those galaxies for redshift z > 1. This is crucial for our galaxy detection and selection

because we are especially looking for luminous distant galaxies at a redshift z > 1.
2.2.3 SPT-SZ

The SPT-SZ survey (Chown et all [2018)) covers 2500 deg? of the southern sky
between 2007 to 2011 in three different frequencies: 95 GHz and 150 GHz, which
lie on either side of the maximum tSZ intensity decrement (~ 128 GHz), and 220
GHz, which is very near vy, = 217.6 GHz where there is no change in the CMB
signal due to the tSZ effect. The South Pole Telescope (SPT) is a 10 m telescope
located within 1 km of the geographical South Pole and consists of a 960-element
bolometer array of superconducting transition edge sensors. The maps used in this
analysis are publicly availabld'| combined maps of the SPT with data from the all-sky
Planck satellite (with similar bands at 100, 143, and 217 GHz). Each combined map
has a beam resolution of 1.85’, and is provided in a HEALPix (Hierarchical Equal
Area isoLatitude Pixelation) format with Ngqe = 8192 (Chown et al. 2018). For
comparison, the previous analysis of [Spacek et al.| (2016) relied on the 2011 SPT data
release covering a limited 95 deg® at only 150 and 220 GHz (Schaffer et al. 2011)).
The addition of the 95 GHz band allows for better extraction of the tSZ component,

while the larger available field increases the galaxy sample size for reduced noise.

Thttps:/ /lambda.gsfc.nasa.gov/product /spt/index.cfm
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Figure 2.1: Color-color plot showing selection region for passive galaxies. This is slightly
modified from Spacek et al| (2017). These are BCO3 models with age as indicated. This
pre-selection is only used to query the DES database, with the final selection based on

SED-fit parameters.

2.3 Defining the Galaxy Sample

2.3.1 Selection

We carried out our initial galaxy selection using the DES database server at
NOAQO, called NOAO-Lab. In order to start with a manageable sample, we applied a
cut in color-color space designed to select old galaxies with low star-formation rates
at approximately 1.0 < z < 1.5 in the initial database query, as shown in Fig. We

used mag_auto from the DES in grizy bands, along with W1 and W2 PSF-magnitudes

(converted to AB-system) from AIIWISE (Wright et al., 2010; Mainzer et al., 2011))

joined to the main DES table. The bands and color-selection used here are slightly

different than Spacek et al.| (2017) used in SDSS Stripe 82.
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Figure 2.2: Six-band photometric redshift distribution of the initial color-selected sample
(red). As expected, the majority of the sample is at z > 1. The final sample after selecting
based on goodness-of-fit, redshift, age, and SSFR is shown in purple.

The NOAO Data lab allows direct queries in SQL via Jupyter notebook on their
server. The lines we used to make the color selection were:
((mag_auto_z_dered- (wilmpro+2.699)) <= (1.37*mag auto_g dered-1.37x

mag_auto_z_dered-0.02)) and ((mag-auto_z_dered-(wimpro+2.699) )>=2.0).
2.3.2 Photometric Fitting

After the galaxies were selected, photometric redshifts were computed using EAZY
(Brammer et al., [2008)) and the seven broad bands grizy W1 W2. In calling EAZY, we
used the CWW+KIN (Coleman et al.| [1980; Kinney et al., |1996]) templates, and did
not allow for linear combinations. Since we are looking for red galaxies and have a
gap in wavelength coverage between y-band and W1, we were worried that allowing
combinations of templates would yield unreliable redshifts, where e.g., a red template
was fit to the IR-data and a blue one was fit to the optical data and they meet in
the wavelength gap. The resulting redshift distribution is shown in Fig. [2.2] which

clearly shows that we selected galaxies in the desired range.
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Figure 2.3: Top: Stellar mass distribution of the sample after selecting based on SED
parameters (Meinke et all [2021)). Bottom: Age histogram of the sample. Note that, at a
given redshift, the ages are restricted to be younger than the age of the universe at that
redshift. The black dashed line shows the age of the universe at z = 1.1. The dotted line
shows the scaled distribution of all available Bruzual and Charlot| (2003) models on the
grid.

Once the redshifts were measured, we fit the spectral energy distributions (SEDs)
using our own code, following the method used in [Spacek et al.| (2017)), to which the
reader is referred for more details. Briefly, a grid of BC03 (Bruzual and Charlot,
2003) models with exponentially declining star formation rates (SFRs) was fit over

a range of stellar ages, SFHs (i.e., 7), and dust-extinction values (0 < Ay < 4).

Our code uses BC03 models assuming a Salpeter initial mass function (IMF), but in

30



- —2 2

B _ Age D, D,

logyo ( 31 N z Z logg (515 ) logwo (g
(1\40 ) (M()) (NIQ) [Gyr} [GpCZ] [GpCQ]

109 -11.0 3376 0.94 0.95 10.96 10.96 1.69 2.76 2.78
11.0-11.1 8241 097 0.96 11.06 11.06 2.05 2.79 2.81
11.1 -11.2 15738 1.00 0.98 11.16 11.16 247 283 2.84
11.2 -11.3 23448 1.03 1.01 11.25 11.25 2.86 2.87 2.87
11.3-114 27723 1.07 1.04 11.35 11.35 3.19 291 291
114 —-11.5 24877 1.09 1.07 11.45 11.45 3.52 2.93 2.94
11.5—-11.6 17246 1.11 1.09 11.55 11.54 3.71 2.95 2.96
11.6 —11.7 9501 1.13 1.13 11.65 11.64 3.88 2.97 3.00
11.7-11.8 4396 1.15 1.16 11.74 11.74 4.01 2.99 3.03
11.8-11.9 1625 1.17 1.21 11.84 11.84 414  3.01 3.06
11.9-12.0 506 1.21 1.25 11.94 11.93 4.13 3.04 3.09

Table 2.1: Statistics of 0.1-wide dex stellar mass bins from log;q(M,./Mg) = 10.9 — 12.0.
Both mean and median are listed for redshift, mass, and angular-diameter-distance-squared

(Da)-

comparison with the literature, we convert all stellar masses to the value assuming
a Chabrier IMF (0.24 dex offset; Santini et al. (2015)). As in Spacek et al.| (2017)),
we choose as our final sample all galaxies with age> 1 Gyr, SSFR < 0.01Gyr™ ',

0.5 < zphot < 1.5, and reduced x? < 5.
2.3.3 Removing Known Contaminants

Before using this catalog, there are several contaminants that must be removed.
We therefore remove sources from the ROSAT Bright and Faint Source catalogs
(BSC and FSC; [Voges et al., [1999). We additionally remove known clusters from
ROSAT (Piffaretti et al., 2011) and Planck (Planck Collaboration et al., |2016b).
Sources from the AKARI/FIS Bright Source Catalog (Yamamura et al., 2010) and
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the AKARI/IRC Point Source Catalog (Ishihara, D. et al., 2010) were also removed
along with galactic molecular clouds by cross-matching with the Planck Catalogue
of Galactic Cold Clumps (Planck Collaboration et al., 2016d) and compact sources
from the nine-band Planck Catalog of Compact Sources (Planck Collaboration et al.
2014)). We also remove sources from the IRAS Point Source Catalog Joint IRAS
Science (1994). We do not remove the SZ sources selected from the SPT by (Bleem
et al., |2015). In all cases, sources with a possible contaminant within 4.0’, to match
the beam of the SPT-SZ data, are flagged and those sources are removed from further
consideration. This left 138,235 massive and quiescent z = 0.5 galaxies to include in
our SZ stacks. This final sample is shown as the purple line in Fig. and stellar mass
distribution shown in Fig. [2.3, These galaxies were partitioned into 12 logarithmic
stellar mass bins of width Alog,,(M,/Ms) = 0.1 ranging from log,,(M, /M) =10.9
to 12.0. The mean and median redshift, mass, and angular-diameter-distance-squared
for each of these bins are listed in Table 2.1l These small mass bins were chosen to
more accurately fit the dust model discussed in Section [2.4] which has a dependence

on redshift and potential non-linearity with log,q (M, /Ms).
2.3.4 Comparison with Previous Work

Our current sample has several advantages to previous work in [Spacek et al.
(2016) and Spacek et al. (2017). As compared to Spacek et al. (2017), the DES
data is deeper than the SDSS data, which provides for better SED-fits in addition
to fainter sources. In addition, the use of the AIIWISE data is superior to the Wise
All-Sky Survey (Wright et al.; 2010) used in Spacek et al| (2017)), because it includes
more observing time from the extended NEOWISE mission (Mainzer et al., [2011)).
Again, this helps the fidelity of the SED-fits. Second, we have slightly altered the

color selection, as given above, so as to better include galaxies in the desired redshift
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range of 0.5 < z < 1.5. This was successful as shown in Fig. 2.2] as compared to Fig.
3 of Spacek et al.| (2017)).

The third difference is the choice of photometric redshift template. Our color-
selection aims to find very red galaxies as templates designed to work on the most
general sets of galaxies are not ideal. This is mainly, but not only, due to large 4000
A breaks. After testing all the available templates for EAZY, we found that the
best-fits were given by the empirical CWW-+KIN templates, because the elliptical
galaxy template had a sufficiently large 4000 A break. We found that 86% of our
galaxies were best-fit by either the "E” or “Sbc” CWW templates. By contrast,
Spacek et al. (2017) used the EAZY V1.0 templates, which are based on population
synthesis models.

Finally, Spacek et al. (2016)) relied on the 2011 SPT data release covering a limited
95 deg? at only 150 and 220 GHz (Schaffer et al., 2011, while the more recent data
release used here both includes the 95 GHz band and covers a significantly larger area
(2500 sq. deg.). This is also a much larger region than the ~ 300 deg? of ACT data
used in [Spacek et al.[(2017). All four of these improvements contribute to the present

study having much higher signal-to-noise measurements than our previous work.
2.4 Stacking and Filtering

Once the catalog of galaxies described in Table was determined, images were
taken around each galaxy location on the combined SPT-SZ maps at all three frequen-
cies. In the conversion from the HEALPix map format, we set the Cartesian pixel
resolution of the images to 0.05" (& 74 pixels per HEALPix pixel), so the full 60'x60’
images contain 1201x1201 pixels. As the SPT region is far from the equatorial plane,

the right ascension must be accurately scaled to the cosine of the declination. We
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Figure 2.4: 30'x30’ filtered stacks at 95 (Left), 150 (Middle), and 220 (Right) GHz
for all (N=138235) galaxies (Top), and random points (Bottom, N=138235 out of the
generated 869878). The center dashed circle in each represents the 2.0" radius top-hat
aperture discussed in Section [2.5]

constructed averaged co-added stacked images from the individual galaxies, resulting

in one stacked image per frequency per bin.
To remove large-scale CMB and dust fluctuations, we applied a 5’ high-pass Gaus-
sian filter to each averaged frequency stack. We used an iterative Gaussian method

alongside the high-pass filter to minimize central signal loss in the process. This

involved the following steps of:

1. Apply 5 high-pass filter to the stacked image.

34



. Fit the high-pass filtered image center with a symmetric 2D Gaussian. A max-

imum FWHM of 1.5 times the map resolution or 2.775" was used to ensure no
large runaway fits, as a z = 1 galaxy would have an angular size ~ 1’ (for a

diameter of 0.5 Mpc proper or 1.0 Mpc comoving).

The resultant fit is then subtracted from the image before high-pass filtering

used in Step 1.

Steps 1 — 3 above are repeated until the Gaussian fit amplitude of Step 2 is less

than the image’s surrounding noise, or the fit FWHM has < 100 certainty.

Return the final high-pass filtered image after Step 4 condition is met.

To account for any residual bias offset from SPT maps, galaxy selection, and

filtering procedure, we also generated a set of random points in the SPT field. After

an identical 4’ cut of contaminant sources, 869,878 random points were obtained.

They were then stacked, averaged, and high-pass filtered as outlined above for the

galaxies. Measurements such as those listed in Section [2.5|include corrections obtained

from these residual bias offsets. The stacked and filtered images around galaxies are

illustrated in the upper panels of Fig. 2.4, while the comparison stacks for the random

points are illustrated in the lower panels of the figure. There is a clearly visible signal

in the galaxy stacks not seen in the random stacks.

2.5 Results

2.5.1

Two Component Fitting

To extract the central signal from each filtered frequency stack, we used a circular

top-hat aperture of 2.0/ radius. This is large enough to contain the majority of the
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central signal while minimizing noise introduced from any other surrounding sources.
Additional apertures and sizes were also investigated as detailed in Appendix [2.5.2]
To correct for beam and filter effects, we scaled all apertures with respect to .S, éeam,
where S, peam 1S the aperture signal detected from a normalized central source con-
volved to the beam FWHM of 1.85, and filtered as in Section [2.4, The final 2.0’
top-hat aperture used here has a scale factor of 1.03, indicating all but 3% of an

unresolved central source is within the aperture. Table lists the 2.0" top-hat

measurements after bias correction and scaling.

2.0 7 2.0 T
--- Combined Fit /I --- Combined Fit ]
—— tSZ Fit 4 —— tSZ Fit

1.54 —— Dust Fit / 1.54 —— Dust Fit

¥ Map Aperture Sums

¥ Map Aperture Sums
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Figure 2.5: Intensity spectrum of our two-component fit for the two highest stellar
mass bins (log,y(M,/Mg) = 11.8 — 11.9 and 11.9 — 12.0). The shaded tSZ and dust
regions represent 1o error. The points are the 2.0" top-hat aperture values as listed in
Table[2.2] placed at each frequency band center. Left: For log,o(M, /M) = 11.8—11.9
bin (N=1625 galaxies). Right: For log,,(M,/Ms) = 11.9—12.0 bin (N=506 galaxies).

From our aperture measurements, we used a two-component fitting model con-

sisting of tSZ (y) and z = 0 dust in the 220 GHz band (Dagy),

SV = /ATV(O)CZQZ fm/y(e)de+dV7220/D220(0)d0, (21)

where f, = Tomg[z (€*41)/(e* — 1) — 4] of the tSZ signal (from eq. , and dy, 290 18
the gray-body dust spectrum conversion from CMB temperature at frequency band

v to CMB temperature in the 220 GHz band at z = 0:

_ (1+2)v o Bl(1+2) v, Taus)  dT
»220 = 1920GHz | B(220GHz, Tuw) dB(v,T)

dB(220GHz, T)
T

L (22)

TcMms

TomB
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logy (1\]\44_5)

S, = [ AT,(6)d6

(1K arcmin?|

f D220 (0)d0

Jy(6)do

95 GHz 150 GHz 220 GHz  pK arcmin? 10~ %arcmin?
109 —11.0 —3.66+2.95 —0.024+240 240+3.80  0.34703 0.7815:63
11.0-11.1 —0.72+1.89 220+1.54 9.07+£244 098703 0.471045
11.1-11.2 —1.044+1.37 215+1.12 347+1.77 046753} 0.1515-30
112-11.3 —2.794+1.13 —0.0640.92 573+1.46 0577515 0.871532
11.3—114 —1.554+1.04 0374085 537+134  0.507513 0.5910-23
11.4—115 0444110 3724090 13.94+1.42 1.2675% 0.4475:27
11.5—-11.6 —559+131 —0.90+1.07 928+1.69  0.80792 1.697029
116 —11.7 —416+£1.76 —0.07+£1.44 11.714+£2.27  0.937)3 1.5219-39
11.7-11.8 —6.094+258 —0.114+2.10 17.594+3.33 13475037 2.271031
11.8—11.9 —2.664+424 044+346 26.14+547 1.757933 2.23+0:94
11.9-12.0 —1552+7.60 —7.534+6.19 29.214+9.79  1.8175% 5571158

Table 2.2: 2.0’ top-hat integrated temperatures determined from their respective fre-
quency stacks (95, 150, and 220 GHz) for 0.1-wide dex stellar mass bin subsets of the
galaxy catalog. These values were extracted from the high-pass filtered stacks with the
random point bias offsets subtracted, and scaled for beam correction. The last two columns
show the Dust and tSZ values obtained via component fit of eq. .
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where (3 is the dust emissivity spectral index, and B(v,T) is the Planck distribution.
The tSZ and dust terms are integrated over SPT bandpasses extracted from (Chown
et al. (2018)), as the SPT+Planck maps are dominated by the SPT response for our
small angular scales (< 5). We use conservative values of § = 1.75 + 0.25 and
Taust = 20 £ 5K within the bounds of previous studies (Draine, [2011}; |Addison et al.|
2013}, [Planck Collaboration: et al., |2014)). Unlike investigations such as|Greco et al.
(2015)), these values impact final results due to our higher redshift and better map
resolution, that lead to an increased dust detection at lower frequencies. We treat
the dust parameters as Gaussian priors, fitting for a Gaussian distribution of 5 and
Thust with 0g = 0.25 and or,,, = 5. The reported best fit y and Dqyy are the 50th
percentile (median) obtained. Error from the priors are calculated as the bounds
containing 1o (68.27%), added in quadrature with the fit error. The uncertainty in
our dust parameters determined this way contributes up to 10% of our final reported
errors.

The integrated aperture temperatures of Table are fit according to eq.
with their median redshifts, yielding dust and tSZ signals as listed in the final two
columns in this table. The dust is kept in units of uK CMB at z = 0 redshift and
v = 220GHz for easy comparison, as dust is largest in the 220 GHz band.

We find a 0.8 — 4.20 dust signal ranging between 0.34 — 1.81uK arcmin® at 220
GHz for our mass bins. The highest dust S/N values occur in the larger mass bins,
and show a trend of increasing dust with mass. The overall signal to noise detection
of dust in our data is 9.80, and the dust fit is heavily determined by the integrated
220 GHz values, which is also the noisiest of the three SPT bands.

For the tSZ signal, we see a negligible 0.5 — 3.50 detection in the lower mass bins
between 10.9 < logyo(M./My) < 11.5. From log, (M, /M) = 11.5 — 12.0 however,

we observe a S/N up to 5.60. The four highest bins centered at 11.65, 11.75, 11.85,
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and 11.95 yield integrated y values of 1.52754 2.2770:27 2.237092 and 5.571 82 1075
arcmin?, respectively. The overall signal to noise ratio of our tSZ detection is 10.10,
which is a vast improvement from the 2 — 30 measurements we were able to obtain
from previous data sets (Spacek et al., 2016} 2017)).

Fig. [2.5] shows the intensity spectrum of the dust and tSZ signals from our two-
component fit for the two highest bins using the 2.0’ top-hat aperture. The dust
spectrum is near the Rayleigh-Jeans limit, but it still contributes a significant signal
at the lower frequencies when compared to the fainter tSZ. Some of the dust fit
uncertainty arises from our inability to accurately determine the dust emissivity ()
and temperature (Tyust ), and would likely be helped by future experiments with more
frequency channels.

The Compton-y measurements can further be converted to thermal energy follow-
ing eq. , as was done in Section . Numerous steps were taken to verify the
stacking process. Fits done with different apertures and sizes are outlined in the fol-
lowing Section [2.5.2 while Section details the reproduction of previous studies
(Planck Collaboration et al [2013; |Greco et al., [2015) to validate the stacking code

used and compare catalog selection criteria.
2.5.2 Impact of Aperture Size

The aperture shape and size used in the integrated sums at each frequency has
a large influence on the final two-component fit of eq. . It needs to be large
enough to encompass most of the signal from our galaxies without being too large to
introduce extra noise and nearby source contamination.

Table [2.3) shows the log,,(M,/Mg) 0.1-wide bin Compton-y fits, alongside the
final stellar mass correction power-law parameters E,;, and « for three other potential

aperture choices. A 3.0/ FWHM Gaussian aperture is chosen as a similar comparison
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to our main 2.0 top-hat used. Two larger apertures: a 4.0’ top-hat, and a 6.0’

Gaussian are also selected to highlight the additional noise they incur.
2.5.3 Correction for Stellar Mass Uncertainty

At 0.5 < z < 1.5 redshifts, our photometrically selected galaxies yield higher un-
certainties in stellar mass compared to previous spectroscopic studies (Greco et al.|
2015)). To quantify our uncertainties in stellar mass, we performed two Monte Carlo
tests. Using the final sample, we first perturbed the photometry using the 1-0 pho-
tometric errors for each galaxy and band, and re-ran the SED-fitting code. This
was repeated 100 times for each galaxy, and the standard deviation was computed
for each galaxy. We found the mean uncertainty, due to photometric errors, to be
Tiog( M) ~ (.140 dex. Similarly, we repeated the procedure, this time keeping the pho-
tometry fixed but perturbing the photometric redshift using a 5% uncertainty in 1+ z,
or o, ~ 0.05(1+z). Again, this was repeated 100 times for each galaxy, and we found
the mean uncertainty, due to photometric redshift errors, to be ojog(ar,) >~ 0.074 dex.
These two numbers were combined in quadrature to give a total estimated uncertainty
in stellar mass of o) ~ 0.16 dex.

This 0.16 dex uncertainty is large enough to ‘flatten’ our 0.1 dex stellar mass
bin measurements, by shifting a significant number of galaxies near the peak of the
mass distribution into wings where they can overwhelm signal from the much smaller
galaxy counts at low and high masses. As an illustration of this effect, Fig. 2.8 in
Appendix shows the results of an additional 0.16 dex uncertainty applied to the
low-redshift galaxies recreated from |Greco et al.| (2015).

Our high redshift galaxies also contain this additional artifact from stellar mass
uncertainty, but amplified further due to the narrower distribution of our sample. We

correct for this by fitting our (log,,) stellar mass distribution to a Gaussian, with a
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Top-Hat Gaussian

log, (1]\\44_5>
2.0/ 4.0 3.0 6.0/

10.9—11.0 0.78%06 1.23+135 (724061 (9ot 02
11.0 —11.1 047404 079987 0557040 0.61+066
11.1—11.2  0.15%93% 0.15%963  0.147920 0.31+0:48
11.2—-11.3 08792 0791052 0.81+02¢ (.91+9:3
11.3—11.4 059702 1107948 0.597922  .91+03¢
11.4—11.5 0.44%927 0.00%9%2 0.397922 0.069:39

115 —11.6  1.69%020 2427060 131028 9 197046

[ y(6)d6 [1075 arcmin?]

11.6 — 11.7  1.527030  1.76708, 1.387038 1.657083
117 —11.8 2275030 2907115 2207035 2.427099
11.8 —11.9 2.23%090 0.327199 2.06109% 1.12+120

11.9—-12.0 5578 3.787540 4.9177%0 3.457583

By [10% erg] 5981102 7.6270%% 5767052 7.7 14

o 3.777050  2.93199% 3657050 2.8810-52

Table 2.3: Results for alternate aperture shapes and sizes: the fiducial 2.0’ radius top-
hat, a larger 4.0’ radius top-hat, a 3.0/ FWHM Gaussian, and a 6.0/ FWHM Gaussian.
Listed are their respective Compton-y parameter fits found from eq. , and the final two
rows showing the stellar mass uncertainty correction power-law fit parameters £y, and «.
As expected, the additional noise from the larger apertures results in worse fits. The 3.0/
Gaussian aperture behaves similar to that of our 2.0’ top-hat chosen for the main results.
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mass peak of log, (M, px/Mg) = 11.36 £ 0.001 and ¢ = 0.20 & 0.001. This allows for

easy deconvolution of the 0.16 dex stellar mass uncertainty, yielding an unconvolved

distribution of Tupeon. = \/(0.20)2 —(0.16)2 = 0.12. We assign a simple power-law

energy-mass function to the unconvolved distribution following:

M\
Eun(M,) = By ( M*?pk) , (2.3)

where M, = 2.29 x 10" M. In our case it is also more convenient to write eq.

as a log-log relation:

E(p) = logyo(Eum) (1) = 10g10<Epk) +a (N - Mpk) ) (2.4)

where pu = log,,(M,/Mg), the log,, stellar mass.

We assign the energies of this model to the unconvolved (o = 0.12) log;,(M, /M)
distribution and convolve (forward-model) them with our 0.16 dex uncertainty. This
brings our mass distribution back to the original ¢ = 0.20 Gaussian fit. The now-
convolved assigned energies can then be placed in similar 0.1 dex stellar mass bins
and fit to our measured SPT values to find Ey and . Fig. shows the probability
contour of our two-parameter fit (inset) and the corresponding convolved power-law
relation with shaded 20. Then Fig. shows the unconvolved energy-mass relation
alongside the thermal energies extracted from |Greco et al. (2015)).

This analysis reveals that thermal energy is indeed noticeably flattened at low
and high mass bins for our stellar mass uncertainty of 0.16 dex. We extract a basic
energy-stellar mass relation following eq. with Ep = 5981155 x 109 erg and o =
3771559, indicative of the expected signal after stellar mass uncertainty correction.
This relation also corresponds closely to the lower redshift investigations of Planck

Collaboration et al.| (2013); |Greco et al.| (2015)).
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Figure 2.6: Energy-Stellar Mass plot of measured stellar mass bin values (black cir-
cles) and the best power-law fit (eq. By = 5.987108 x 109 erg, a = 3.77109))
with shaded 20, forward-modeled to factor in stellar mass uncertainty. Inset: Prob-
ability contour for the unconvolved power-law parameters £, and «, with lines at
lo, and 20.
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Figure 2.7: Energy-Stellar Mass plot of measured stellar mass bin values (black
circles) and the best power-law fit (eq. 2.3 Ep = 5.987100 x 109 erg, o = 3.7750 %))
with shaded 20, now shown without forward-modeling. Also included are converted
measurements from Greco et al.| (2015) (blue triangles). Our non-forward-modeled
power-law fit is roughly consistent with the points from (Greco et al.| (2015).
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Figure 2.8: Low-z galaxies observed in (Greco et al| (2015)) converted to thermal
energy (blue triangles). We also recreated the low-z galaxy sample as described in
Greco et al.| (2015); |[Planck Collaboration et al. (2013)) and obtained similar results
(cyan squares). Finally, a major concern with our high-z SPT galaxies is the larger
uncertainty in mass (o, = 0.16 dex). Using the recreated low-z galaxies, an additional
om = 0.16 dex uncertainty in mass shows diluted signal in the higher stellar mass bins,
indicating our high-z galaxies contain this effect (black circles). Error bars represent
lo uncertainties. We also then show our unconvolved (non-forward-modeled) energy-
mass function of eq. applied to the flattened bins, producing a slope that aligns
well with the original values.
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2.5.4 Reproduction of Previous Low Redshift Results

To ensure there were no unknown errors in the stacking procedure and code,
we reconstructed the locally brightest galaxy catalog used in the studies of Planck
Collaboration et al.| (2013); (Greco et al. (2015) and stacked them with the Planck
Modified Internal Linear Combination Algorithm (MILCA) Compton-y map.

The catalog was selected in identical fashion as was done in [Planck Collaboration
et al.| (2013); Greco et al.|[(2015]). Starting from the spectroscopic New York University
Value Added Galaxy Catalogf] (Blanton et al., 2005)), which uses the Sloan Digital Sky
Survey (SDSS) DR7, r < 17.7 magnitude and z > 0.03 cuts were first applied. Then
any smaller neighbors of the catalog were removed by selecting only galaxies brighter
than all other sample galaxies within a 1000 km /s redshift difference and a projected
distance of 1.0 Mpc. This method was then repeated with a separate photometric
catalog, photoz2 (Cunha et al., 2009). After a final removal of any galaxies within
Planck point sources and 40% galactic masks, 243364 galaxies were obtained. This is
marginally lower than that reported in [Planck Collaboration et al.| (2013), likely from
a slightly stricter removal of flagged galaxies or updated masks. Since spectroscopic
and low redshift, these have a lower stellar mass uncertainty of ~ 0.1 dex (Blanton
and Roweis, [2007)) than our photometric and high-z catalog (=~ 0.16 dex). We bin the
low-z galaxies in similar log,,(M,/Mg) 0.1-wide mass bins.

The map used for stacking is a component-separated Modified Internal Linear
Combination Algorithm (MILCA) from Planck DR2 | (Planck Collaboration et al.|
2016€). This map has units of micro Compton-y and a FWHM of 10’. For sim-
plicity, we use an R = 10’ radius top-hat aperture and mean-subtract with an an-

nulus from R to R+FWHM. The average equal-weighted signals from mass bins of

2https:/ /sdss.physics.nyu.edu/vage/
3https://irsa.ipac.caltech.edu/data/Planck /release_2/all-sky-maps /ysz_index.html
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10.0 < log,(M, /M) < 11.9 are shown in Fig. 2.8 converted to thermal energy as
in eq. . Even without simulations for inverse-variance weighting and variable
aperture radii, our results compare well with those of |Greco et al.| (2015)) also plotted
in Fig. 2.8

To determine the effect of our larger &~ 0.16 dex mass uncertainty in our original
high-z catalog, we apply a 0.16 dex Gaussian uncertainty to all low-z galaxy masses.
By doing a new weighted mass binning according to the likelihood of each galaxy
to be in each respective bin, we calculate the new average thermal energies with the
0.16 dex mass uncertainty (also shown in Fig. [2.8)). These values reveal a dimming
of the signal at high masses, due to contamination from low mass galaxies shifted
higher from the uncertainty. This is likely to be similar for our high-z galaxies, and
provides a challenge to be accurately corrected. Our method aimed at correcting for
this (in Section and eq. can similarly be applied to these purposely dimmed
values to obtain Ey, = 0.537511 x 10% erg and a = 3.127015 about a peak mass of
l0g10(M, pk/Me) = 11.8. As shown in Fig. [2.§8] this aligns well with the expected

original results and the slope « is near the 3.7710%) extracted from our SPT sample

in Section 253l

Later studies (Hill et al., [2018) have also shown a residual two-halo effect occurs
for this low redshift catalog, more so evident at the low masses. In some instances,
the two-halo contribution was shown to dominate, but further investigation will be

needed to translate this to our higher redshift galaxies.
2.5.5 Implications for AGN Feedback

While detailed constraints on AGN models are best carried out with comparisons
to full numerical simulations, we can nevertheless draw general inferences from our

constraints on FEy,. The first of these is the remarkable similarity between our z =~ 1
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results and the |Greco et al.| (2015) at z ~ 0.1. It is important to note that these
samples were selected by applying slightly different criteria. In our case, we apply
cuts on age > 1 Gyr, SSFR < 0.01 Gyr~!, while |Greco et al. (2015) selects locally
brightest galaxies, defined as brighter than all other sample galaxies within a 1000
km /s redshift difference and projected distance 1.0 Mpc. On the other hand, a wide
range of theoretical models suggest a good match between the most massive quiescent
galaxies at moderate redshifts and the central galaxies of massive halos in the nearby
universe (e.g Moster et al., [2013; Schaye et al., [2015; Pillepich et al., |2018)).

This lack of significant evolution of thermal energy in the CGM around massive
galaxies since z ~ 1 parallels the lack of significant evolution in the luminosity function
of these galaxies (e.g. van Dokkum et al.; 2010; Muzzin et al., [2013). All in all, this
trend is slightly more compatible with models in which AGN feedback is dominated by
radio mode contributions. This is because in such models, gas accretion contributes
to CGM heating and radiative losses will contribute to CGM cooling. Whenever
cooling exceeds heating, jets will arise that quickly push the gas up to the constant
temperature and entropy at which cooling is inefficient. In quasar models on the
other hand, the energy input from feedback occurs once at high redshift, and gas is
heated to the point that cooling is extremely inefficient up until today. In this case,
gravitational heating will increase Fj, without any significant mechanism to oppose
it. However, the particulars of this evolution are highly dependent on the history of
galaxy and halo mergers between 0 < z < 1. Hence, it is possible that some types of
quasar dominated models may be compatible with our measurements.

A second major inference is the overall level of feedback. As an estimate of the
magnitude of gravitational heating, we can assume that the gas collapses and virializes
along with an encompassing spherical dark matter halo, and is heated to the virial

temperature T, following eq. (1.17)). For massive elliptical galaxies, we can convert
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from halo mass to galaxy stellar mass using the observed relation between black hole
mass and halo circular velocity (Ferrarese, 2002), and the relation between black hole
mass and bulge dynamical (Marconi and Hunt, [2003), as shown in [Spacek et al.| (2016))
that produces eq. .

This is the total thermal energy expected around a galaxy of stellar mass M,
ignoring both radiative cooling and feedback. For a mean redshift of ~ 1.1 and
M, = 2.29 x 10" My, this gives ~ 4 x 10% erg. Note that this estimate has an
uncertainty of about a factor of two, which is significantly larger than the uncertainty
in our measurements. Nevertheless it is somewhat lower than E, = 5.98702 x
1090 erg, suggesting the presence of additional non-gravitational heating, particularly
as cooling losses are not included in eq. .

As a simple estimate of heating due to quasar-mode feedback, we make use of
the model described in Scannapieco and Oh (2004) to yield eq. . For the peak
mass and average redshift of our sample, this gives &~ €053 X 10 erg. Taking
€005 = 1 and adding this to contribution from Fiy, gravity above gives a total energy
of ~ 7 x 10% erg. This is on the high side of our measurements, but as it does not
account for any energy losses, appears to be a somewhat better match than models
without non-gravitational heating.

Finally, radio mode models are expected to fall somewhere between these two
limits, with jets supplying power to roughly balance cooling processes, but never
adding a large burst of additional energy of the type, estimated in eq. . This
would suggest a somewhat better match to the data than pure-gravitational heating
models, but again with far too much theoretical uncertainty to draw any definite
conclusions.

A third major inference from our measurements comes from the slope of eq. (2.3)),

which is significantly steeper than in our simple models. This is most likely due to

49



uncertainties in the halo-mass stellar mass relation, which are particularly large for
the most massive z ~ 1 galaxies (Wang et al., [2013; Lu et al., 2015; Moster et al.,
2018; Kravtsov et al., 2018; |Behroozi et al., 2010, 2019). This represents a major
change in the field from only a few years ago, in which tSZ detections at halo masses
smaller than galaxy clusters were only marginal, and provided only weak constraints
on feedback. Rather, our measurements, along with other recent constraints (Schaan
et al., 2021;|Amodeo et al., 2021)), make it clear that observations are fast outstripping
theoretical estimates, and that future close comparisons between measurements and

full simulations will yield significant new insights into the history of AGN feedback.
2.5.6 'Two-Halo Effect

It is important to recognize that our measurements include the contribution not
only from the selected galaxies, but also from the excess of galaxies clustered around
them. This so-called two-halo contribution is described in detail in Hill et al.| (2018))
where it is shown to be significant for lower redshift galaxies and clusters. To estimate
the impact of this effect on our z ~ 1 sample, we can again make use of a simple
model for gravitational heating as given by eq. . This allows us to compute
the excess energy due to the neighboring halos within a radius R perpendicular to a

central galaxy of halo mass M, as

10YMo g (M, 2
Etherm,Zhalo = b(MO) / M Eth,halo(M; Z) b(M) dM

1011 M® dM (2.5>

100R R
></ 27?/ drr&(Vr2+12,z) drdl,
- 0

100R

where we account for the excess of neighboring halos with masses between 10!t — 1016
Mg within a cylinder of radius R and length 200R. In this expression, dn(M, z)/dM
is the number density of dark matter halos per unit mass, £(r, z) is the dark matter

correlation function, and b(M) = 1+ (v* — 1)/1.69 (with v = 1.690(M,2)7!) is
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Figure 2.9: Contribution to the thermal energy from a two-halo term (Meinke et al.,
2021)). The dashed blue line is an estimate of the gravitational thermal energy in the
CGM of a galaxy with a given halo mass (x-axis). The solid blue line estimates the
total thermal energy in a cylinder (radius = 2 Mpc x len = 400 Mpc) centered and
stacked on a galaxy with a given halo mass. This estimate uses the 2-point correlation
function to include galaxies within the cylinder given the mass of the central galaxy,
My (see details in the text). All data is for z=1.1. The red dot-dashed line indicates
the ratio of the energy in the cylinder to the sum of both curves and uses the y-axis
to the right, which shows that the central halo dominates the total energy when its
mass exceeds ~ 1013 M, or when Ey, exceeds ~ 3 x 10% erg.

bias factor that accounts for mass-dependent differences between the underlying dark
matter density field and the distribution of massive dark matter halos (Mo and White,
1996).

In Fig. W we compare the energy in the central halo given by eq. (1.17) to the
two-halo contribution given by eq. (2.5]), over the range of halo masses from M, =
10125 — 105 M. In this figure, we use the Code for Anisotropies in the Microwave
Background (Lewis and Challinor, 2011) to compute the dark matter correlation
function, £(r, z), and the rms fluctuations at a redshift z within a sphere containing

a mass M, o(M,z), and we compute the number density of halos, dn/dM (M, z),

according to the standard Press and Schechter| (1974)) formula.
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While the relationship between galaxy stellar mass and halo mass at z ~ 1.1
is uncertain as mentioned above, the fact that the central halo becomes Eiy, hao >
FEiperm 2nalo When the total thermal energy exceeds & 3 x 10%° erg suggests that the
majority of our measurements are in the range for which the central halo is dominant.
The reason that the two halo term is significantly less important than at z ~ 0 is
because the dark matter structures have had less time to collapse, meaning that
the matter correlation function £ is significantly smaller than at z ~ 1 than it is
today. Thus, although this effect merits careful consideration in comparisons with
simulations, it is less likely to complicate the analysis to the degree it does for more
local samples (e.g. Schaan et al.,2021)). In addition, although this cannot be computed
directly from eq. , the two halo contribution is likely to become more important
on sightlines with large impact parameters from the selected galaxies, and thus it is
important to keep in mind when interpreting the tSZ radial profile, a topic to which

we turn our attention in the next section.
2.5.7 Radial Profile

The radial profile of the tSZ signal has been recently studied at lower redshifts with
the latest ACT release at similar angular resolution (Schaan et al., [2021)). To compare
against this study, we apply the same procedure as in Schaan et al.| (2021) to compute
this profile: summing within a cap or top-hat shape of radius R, and subtracting the
neighboring pixels out to v/2R to remove the surrounding background offset such as
from the primary CMB. In this case we abstain from the high-pass filtering done in
our main stellar mass bin analysis.

The profile of our SPT galaxies is shown in Fig. [2.10] where it is compared to
the CMASS sample in [Schaan et al| (2021) which has a mean redshift of z = 0.55

and mean log,(M, /M) in linear units is ~ 2 x 10" M. As a preliminary analysis,
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Figure 2.10: Radial profile of our complete (N=138235) SPT galaxy catalog (red
circles, 1’ = 1.01 comoving Mpc = 0.50 proper Mpc @ z = 1.03), alongside the re-
cent profile from [Schaan et al. (2021) (blue triangles, 1’ = 0.61 comoving Mpc =
0.39 proper Mpc @ z = 0.55). The y-axis is in units of integrated CMB temperature

at 150 GHz (uK arcmin?). The two profiles are similar even with their difference in
redshift.

we stack all N=138,325 SPT galaxies, and apply the same style aperture from R =
1.2 — 6.2’ radius, at each band. We then use our two-component fit of eq. using
the median redshift of z = 1.03, and dust parameters T = 20+5K and 5 = 1.75+£0.25
applied as before. The final tSZ values are converted to integrated CMB temperature
with respect to 150 GHz, as in Schaan et al| (2021). The two tSZ profiles have
very similar overall shapes. Our profile however is slightly less defined with larger
uncertainty, due to being at higher redshift and a smaller sample size. A more detailed
comparison, such as by mass-binning and fitting to profile models, is left for future

work.
2.6 Discussion

From z =~ 1 to z =~ 0, dark matter halos continue to merge and accrete mate-

rial, but the growth of massive galaxies over this redshift range is minimal, with
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log,o(M,/Mg) = 11.15 galaxies growing in mass by less than 0.2 dex (Muzzin et al.,
2013). To explain this surprising trend, theoretical models have been forced to invoke
significant energy input from AGN, which heats the medium surrounding massive
galaxies to temperatures high enough to prevent it from cooling and forming further
generations of stars. On the other hand, such AGN feedback is largely unconstrained
by observations.

Here we make use of measurements of the tSZ effect to derive direct constraints
that can be applied to such models. As the total tSZ distortion along a given sightline
is proportional to the line-of-sight integral of the pressure, the total signal summed
over the area of sky around any object is proportional to the volume integral of the
pressure, or the total thermal energy. This means that by summing the Compton
distortions over the patches of sky around galaxies, we can directly measure the
thermal energy of the CGM surrounding them.

We apply this technique to constrain the signal of 138,235 z ~ 1 galaxies, selected
from the DES and WISE surveys. Data from the SPT at 95, 150, and 220 GHz were
stacked around the galaxies, spatially filtered to separate the signal from primary
CMB fluctuations, and fit with a gray-body model to remove the dust contribution,
which is detected with a signal to noise ratio of 9.8¢. The resulting tSZ around these
galaxies is detected with an overall signal to noise ratio of 10.1¢, which is large enough
to allow us to partition the galaxies into 0.1 dex stellar mass bins from M, = 10199 M,
- 10'2M,,, which have corresponding tSZ detections of up to 5.60. We also observe
significantly more dust at these frequencies than previous low redshift studies (Planck
Collaboration et al., 2013; |Greco et al.| 2015]), and a noticeable increase in dust signal
with larger mass bins.

As the stellar mass distribution of our selected galaxies is highly peaked at M, i =

2.3 x 101 My, the 0.16 dex uncertainty in our photometric fits to the masses is large
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enough to ‘flatten’ our measurements, shifting a significant number of galaxies near
the distribution peak into wings where they can overwhelm signal from the much
smaller galaxy counts at low and high masses. To correct for this effect, we carry out
a two parameter fit for the unconvolved energy-mass relation that best fits our data,
of the form Ey, = Epx (M* /M*7pk)a. In this case, we find an amplitude at the mass
peak of Ep = 5.987102 x 10% erg and a slope of a = 3.77705). This, however, would
not take into account any inherent biases in our stellar mass uncertainty, such as a
potentially smaller uncertainty for our brighter, more massive galaxies.

This aligns well with previous z ~ 0 studies, indicating a good match between
the thermal energy of the CGM surrounding the most massive quiescent galaxies at
moderate redshifts, and the central galaxies of massive halos in the nearby universe.
When compared to theoretical models, our energy-mass relation best corresponds to
moderate radio mode feedback. Purely gravitational heating predictions are slightly
lower than the final results, while quasar-mode AGN feedback models are slightly
higher. However, all of these models have wide enough uncertainties that definitive
conclusions are difficult to be drawn from them. This means that observations are
no longer in the regime of marginal detections, and are quickly outstripping the
capabilities of theoretical estimates. This further highlights the need for improved
theoretical models to keep pace with the ever-increasing observational capabilities.

The limitations in our observational analysis primarily stem from our ability to
accurately fit and remove the large dust component such as seen in the galaxy stacks
in Fig. and the dust fit in Fig.[2.5] The dust fit amplitude is set mainly by the 220
GHz band, and we use a spectral emissivity index § and dust temperature Tg,s With
large uncertainty due to our inability to fit them with only three frequency bands.
The addition of a similar resolution survey at far-infrared frequencies would provide

a better fit of all thermal dust parameters.
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We also recognize there is a likely two-halo contribution term for these stacking
type measurements, which was shown to be large in Hill et al.| (2018]) for lower redshift
galaxies and clusters. While simple models such as presented in Section suggest
that the contribution of this effect to the total SZ signal is small for the majority
of our z ~ 1 galaxies, the exact significance of the two-halo contribution to our
measurements of the radial profile are yet to be determined.

An initial radial tSZ profile of our entire galaxy sample in Section highlights
the similarities with lower redshift studies (Schaan et al. 2021). Additional investi-
gation will be needed to refine and compare to profile models, including the impact
of additional sources such as the aforementioned two-halo term.

Similar resolution surveys across more of the sky, such as planned with the next
generation Atacama Cosmology Telescope instrument (Advanced ACTPol |Koopman
et al. 2018), will enable a larger sampling area. Likewise, advances in spatial res-
olution, such as will be possible using the TolTEC camera being built for the 50-
meter Large Millimeter-wave Telescope (Bryan et al., 2018)), will allow for a cleaner
separation between the tSZ signal, which comes primarily from the CGM, and the
dust signal, which comes primarily from the underlying galaxy. Such developments
promise to yield dramatic new insights into the physical processes that shaped the

most massive galaxies in the universe.
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Chapter 3

EVIDENCE OF EXTENDED DUST AND FEEDBACK AROUND
z ~ 1 QUIESCENT GALAXIES VIA MILLIMETER OBSERVATIONS

This chapter is a slightly modified version of a manuscript submitted for publication

in The Astrophysical Journal (ApJ), with permission from the co-authors.

3.1 Introduction

As already discussed in Section [I.3] and the previous investigation in Chapter [2]
massive elliptical galaxies show reduced star formation best thought to be quenched
through AGN feedback. Two common models are frequently proposed. The first
and stronger of the two, ‘quasar mode’ feedback impacts a galaxy’s CGM when the
supermassive black hole accretes rapidly to produce extreme outbursts. This torrent
of energy heats the CGM such that the gas cooling time is longer than the Hubble time
and suppresses star formation to this day. Meanwhile ‘radio-mode’ feedback has the
supermassive black hole at low accretion rates produce jets of relativistic particles that
act as a more continuous heating mechanism. This instead is thought to balance gas
cooling processes, but may not be significant for lower mass gravitational potentials
(Werner et al., 2019).

The relationship of eq. allows thermal energy of the CGM to be probed via
the tSZ effect (Section and compared to feedback models. It also means that
improvements in the sensitivity and angular resolution of tSZ measurements translate
directly to better constraints on thermal energy. Thus, cosmic structures with higher
gas thermal energies, galaxy clusters, are most easily detected and indeed, have been

the focus of tSZ measurements over the last decade (e.g. Planck Collaboration et al.
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2011}; Reichardt et al.| 2013} [Planck Collaboration et al., 2016a; Hilton et al., [2018;
Lokken et al., 2022).

Further challenges arise when going to lower mass halos. Bright targets such as
quasars with abundant amounts of outflowing gas are detectable in tSZ on an individ-
ual basis using ALMA (Lacy et al., 2019; Brownson et al., 2019). However, averaging
over many objects is currently required for appreciable detection of most samples.
Chatterjee et al. (2010) stacked quasars and galaxies with data from the Wilkinson
Microwave Anisotropy Probe (WMAP) and Sloan Digital Sky Survey (SDSS) to find
a tentative ~ 20 tSZ signal suggesting AGN feedback; Hand et al| (2011) used data
from SDSS and the Atacama Cosmology Telescope (ACT) to see a = lo — 30 tSZ
signal around galaxies; |Gralla et al. (2014 found a = 50 detection for AGNs with
ACT; Ruan et al| (2015 used SDSS and Planck to find ~ 3.50 — 5.00 tSZ signals
around both quasars and galaxies; |Crichton et al.| (2016]) used SDSS and ACT to find
a 30 — 4o SZ signal around quasars; Hojjati et al. (2017) found a ~ 7o tSZ detection
suggestive of AGN feedback with data from Planck and the Red Cluster Sequence
Lensing Survey; and (Hall et al.,[2019)) used ACT, Herschel, and the Very Large Array
data to measure the tSZ effect around ~ 100, 000 optically selected quasars, finding a
3.80 signal that provided a joint constraint on AGN feedback and mass of the z = 2
quasar host halos.

Recent measurements have also been made around massive galaxies. |Greco et al.
(2015)) used SDSS and Planck data to compute the average tSZ signal from a range
of over 100,000 ‘locally brightest galaxies’ (LBGs) at z < 0.5. This sample was
large enough to derive constraints on Ejy, as a function of galaxy stellar mass M, for
objects with M, > 2 x 10" M. At redshifts 0.5 < z < 1.5 Spacek et al.| (2016, 2017)
studied the tSZ signal from massive quiescent galaxies. These are prime candidates

for which AGN feedback is thought to quench star formation and where a significant
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excess tSZ signal is expected to be produced in the CGM (e.g. Scannapieco et al.,
2008). [Spacek et al.| (2016) performed a stacking analysis with the 150 and 220 GHz
South Pole Telescope’s (SPT) 2011 data release, using a 43 deg? overlap with VISTA
Hemisphere Survey and Blanco Cosmology Survey data to select samples of up to
3394, finding a &~ 2 — 30 signal hinting at non-gravitational heating. While |Spacek
et al. (2017) used SDSS and the Wide-Field Infrared Survey Explorer (WISE) data
overlapping with 312 deg® of 2008/2009 ACT data at 148 and 220 GHz, finding a
marginal detection that was consistent with gravitational-only heating models. With
the latest SPT release covering 2500 deg®, Meinke et al.| (2021)) stacked nearly 140, 000
quiescent galaxies selected in a similar process from the Dark Energy Survey (DES)
and WISE, to obtain a combined 10.10 detection of tSZ at z =~ 1. They found the
signal was most consistent with moderate forms of AGN feedback models.

Other measurements with the latest Planck y-maps have been successfully con-
ducted on nearby targets. Support for AGN feedback in local galaxy groups was
found by [Pratt et al.| (2021). While Bregman et al.| (2022) observed a 4.00 detection
of the tSZ effect in 11 local L* spiral galaxies.

The recent ACT DR5 data release (Mallaby-Kay et al., [2021) has unlocked addi-
tional parts of the sky for detailed analysis. Schaan et al. (2021) and Amodeo et al.
(2021)) combined microwave maps from ACT and Planck with galaxy catalogs from
the Baryon Oscillation Spectroscopic Survey (BOSS), to study the gas associated with
these galaxy groups. They constrained the gas density profile through measurements
of the tSZ signal at ~ 100 and a weaker detection of the kinetic Sunyaev-Zel’dovich
effect (kSZ,|Sunyaev and Zeldovich, |1980), which is caused by peculiar motions. They
were able to compare these results to cosmological simulations (Battaglia et al., 2010;
Springel et al.,; 2018) to find that the feedback employed in these models was insuf-

ficient to account for the gas heating observed at &~ Mpc scales. Meanwhile Calatut
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et al. (2021) and |Vavagiakis et al.| (2021)) used SDSS and ACT to detect kSZ mea-
surements consistent with one another. Vavagiakis et al.| (2021)) also found up to a
120 detection of the tSZ in their galaxy groups and clusters. A novel oriented stack-
ing method was also used in |Lokken et al. (2022) on DES clusters to identify tSZ
associated with the cosmic web. These are just a first step in a new wave of tSZ and
kSZ analyses as more data becomes available.

A significant difficulty in accurate tSZ detection is the presence and removal of
dust. This becomes all the more important for higher redshift samples in far-infrared
and millimeter bands. Many tSZ studies have sought to simply remove this con-
taminant source, although there have also been an increasing number of mid- and
far-infrared (MIR; FIR) studies with a primary emphasis on the dust associated with
galaxies (Berta et al., [2016; Gobat et al., 2018]). Dust is an excellent tracer of galaxy
characteristics such as star formation and gas, and is a key component in under-
standing galaxy dynamics (Santini et al., 2014; Calura et al., 2016; Donevski et al.|
2020)). Despite having a lower star formation rate, dust in quiescent galaxies is still
significant. A recent study by [Magdis et al. (2021) highlights a noticeable increase in
dust-to-stellar mass ratio for quiescent galaxies between z =0 and z = 1.

Here we expand upon the work of Meinke et al.| (2021) (Chapter [2)) by including
the recent millimeter-wave data from ACT DR5 and conducting a more detailed
analysis of dust. Using the same quiescent galaxy selection method with DES and
WISE, we now analyze data from where the SPT and ACT telescopes overlap within
~ 2,100 deg? in the Southern Hemisphere. An ACT-only analysis is also conducted
over the larger ACT field, which shares ~ 4,600 deg® with DES and WISE. We apply
a two-component fit to separate the tSZ and dust components, both in bins by radial
profile and stellar mass. We compare these profiles to expectations and other relevant

studies, detecting signals up to 11.60 tSZ and 21.50 dust in the centermost radial
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bins. Divided into stellar mass bins, we calculate the thermal energy and dust mass
versus stellar mass. We then compare our thermal energies to current simple feedback
models to provide needed constraints for future simulations.

In Section [3.2] we describe all data sets used for our analysis. In Section [3.3] we
outline our galaxy selection procedure, and the overall properties of the massive,
moderate-redshift, quiescent galaxies we use for stacking. In Section (3.4, we detail
all considerations and stacking processes used (Section , followed by our

various results extracted from both the dust and tSZ associated with our samples

(Section [3.4.1013.4.15]). Discussions are given in Section [3.5]

3.2 Data

Our analysis uses five public datasets: two for galaxy selection, and three to con-
duct our stacking analysis upon. For selection, we make use of optical and near-
infrared data from DES data release 1 (Abbott et al., 2018), which are already
matched to AIWISE data spanning 3 — 25 pum (Schlafly et al., 2019). We select
and carry out photometric fitting of passive galaxies at 0.5 < z < 1.5 that requires
this large span of wavelengths. Finally, the maps we stack include millimeter-wave
observations from both the SPT-SZ (Bocquet et al., 2019) and ACT surveys (Naess
et al., [2020), along with a Planck component-separated CMB map (Planck Collabo-
ration et al., 2020a). The datasets are described in more detail below. Footprints of

DES, SPT-SZ and ACT DR5 are shown in Fig. [3.1]
3.2.1 DES

DES DRI1 consists of optical and near-infrared imaging from 345 nights between
August 2013 to February 2016 by the Dark Energy Camera mounted on the 4-m

Blanco telescope at Cerro Tololo Inter-American Observatory in Chile. The data
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DES SPT-SZ ACT DR5

Figure 3.1: Mollweide (equatorial) projected sky footprints showing the coverage
of DES (red), SPT-SZ (black), and ACT (blue) surveys used in this analysis. The
Planck HFT 353 GHz is shown in the background. This was made with the help of
publicly available resources at https://lambda.gsfc.nasa.gov /toolbox /footprint /.

covers =~ 5000 deg® of the South Galactic Cap in five photometric bands: grizY.

These five bands have point-spread functions of g = 1.12arcsec, r = 0.96 arcsec,

i = 0.88arcsec, z = 0.84arcsec, and Y = 0.90 arcsec FWHM (Abbott et al., 2018)).

The survey has exposure times of 90s for griz and 45s for Y band, yielding a typical
single-epoch PSF depth at S/N = 10 for g < 23.57, r < 23.34, 1 < 22.78, z < 22.10

and Y S 20.69 mag (Abbott et al) 2018)). Here and below, all magnitudes are quoted

in the AB system (i.e. Oke and Gunn, 1983).

3.2.2 WISE

The AIIWISE catalog is derived from data from the 40 cm diameter Wide-field

Infrared Survey Explorer (WISE) NASA Earth orbit mission (Wright et al., |2010;

Mainzer et al., [2011]). WISE carried out an all-sky survey in 2010 of the sky in bands

W1, W2, W3 and W4, centered at 3.4, 4.6, 12 and 22 pm, respectively (Schlafly
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et al., 2019). AIIWISE uses the post-cryogenic data of the WISE mission to produce
a deeper coverage in W1 and W2, which are the two bands used here.

The added sensitivity of AIIWISE extends the detection limit of luminous distant
galaxies because their apparent brightness at 4.6 um (W2) no longer declines signif-
icantly with increasing redshift. The increased sensitivity yields better detection of

those galaxies for redshift z > 1, which are the primary focus of this analysis.
3.2.3 SPT-SZ

The SPT-SZ survey (Chown et al.| 2018) covered 2,500 deg?® of the southern sky
between 2007 to 2011 in three different frequencies: 95 GHz and 150 GHz, which
lie on either side of the maximum tSZ intensity decrement (= 128 GHz), and 220
GHz, which is very near the tSZ null frequency, v, = 217.6 GHz. The South Pole
Telescope (SPT) is a 10 m telescope located within 1 km of the geographical South
Pole and consists of a 960-element bolometer array of superconducting transition edge
Sensors.

The SPT maps used in this analysis are publicly availabld]combined maps of SPT
and all-sky Planck satellite (with similar bands at 100, 143, and 217 GHz). Each
combined map has a provided beam resolution of 1.85 FWHM, and is given in a
HEALPix (Hierarchical Equal Area isoLatitude Pixelation) format with Ngqe = 8192
(Chown et al., 2018).

3.24 ACT

The DR5 data release from the Atacama Cosmology Telescope (ACT) contains
combined maps from observations during 2008-2018 (ACT-MBAC and ACTpol, |[Naess

Thttps://lambda.gsfc.nasa.gov/product /spt /index.cfm
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et al., 2020; Mallaby-Kay et al., 2021)). These are publicly availableﬂ and cover ~
18,000 deg?, predominantly in the Southern Hemisphere. ACT uses a 6 m telescope
with transition edge bolometer detectors. The provided maps include three frequency
bands centered near 90, 150, and 220 GHz. For our purpose, we use the combined
ACT+ Planck, day+night, source-free frequency maps. These have provided FWHM
resolutions of 2.1’, 1.3/, and 1.0/, respectively. ACT maps differ from SPT and Planck
by projection; instead given in CAR (Plate-Carrée), cylindrical coordinates of right

ascension and declination.
3.2.5 Planck

The Planck Satellite was launched in 2009 by the European Space Agency and
operated from 30 to 857 GHz in 9 total frequency bands. Taking measurements
until 2013, Planck proved invaluable to the study of CMB anisotropies and the early
Universe. Its third and ultimate data release in 2018 included full-sky frequency and
component-separated maps (Planck Collaboration et al., 2020a)). Of importance to us
are the Planck CMB maps generated from various component separation techniques
(Planck Collaboration et al., [2020d). Here we have elected to use the Planck SMICA
(Spectral Matching Independent Component Analysis) SZ-free CMB map with SZ
sources projected out, to safely remove large-scale CMB anisotropies around our
sample area. This map has a resolution of 5.0 FWHM, provided in HEALPix format

with Ngge = 2048. All of the Planck products mentioned are publicly availableﬂ

Zhttps://lambda.gsfc.nasa.gov/product /act/actpol_prod_table.cfm
Shttps://irsa.ipac.caltech.edu/data/Planck /release_3/docs/
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3.3 Defining the Galaxy Sample
3.3.1 Selection

We carried out our initial galaxy selection using the DES database server at
NOAO, called NOAO-Lab. In order to start with a manageable sample, we ap-
plied a cut in color-color space designed to select old galaxies with low star-formation
rates at approximately 1.0 < z < 1.5 in the initial database query, as previously
shown in |Meinke et al.| (2021). We used mag auto from the DES in grizy bands,
along with W1 and W2 PSF-magnitudes (converted to AB-system) from AIIWISE
(Wright et all 2010; Mainzer et al., |2011) joined to the main DES table. The bands
and color-selection used here are slightly different than [Spacek et al. (2017) used in
SDSS Stripe 82.

The NOAO Data lab allows direct queries in SQL via Jupyter notebook on their
server. The lines we used to make the color selection were:

((mag_auto_z_dered- (wilmpro+2.699)) <= (1.37*mag auto_g dered-1.37%

mag_auto_z_dered-0.02)) and ((mag_-auto_z_dered-(wimpro+2.699))>=2.0).

3.5
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Figure 3.2: (a) Redshift and (b) log,, stellar mass distributions of the two samples,
SPT+ACT (black) and ACT-Only (blue, dashed). After SED selection, normalized
by count N and bin-width.
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3.3.2 Photometric Fitting

After the galaxies were selected, photometric redshifts were computed using EAZY
(Brammer et al.| [2008)) and the seven broad bands grizy W1 W2. In calling EAZY, we
used the CWW+KIN (Coleman et al. [1980; Kinney et al., |1996]) templates, and did
not allow for linear combinations. Since we are looking for red galaxies and have a
gap in wavelength coverage between y-band and W1, we were worried that allowing
combinations of templates would yield unreliable redshifts, where e.g., a red template
was fit to the IR-data and a blue one was fit to the optical data and they met in the

wavelength gap.

Catalog N Z Z  logyo(M,/My) log,o(M,/Ms)
SPT4+ACT 94,452 1.031 1.063 11.36 11.41
ACT-Only 387,627 1.037 1.066 11.40 11.44

Table 3.1: Galaxy catalogs used in this analysis with redshifts and stellar mass
statistics. Both catalogs were selected from DES and WISE as described in Sec-
tion 3.3

Once the redshifts were measured, we fit the spectral energy distributions (SEDs)
using our own code, following the method in [Spacek et al.| (2017)), to which the reader
is referred for more details. Briefly, a grid of BC03 (Bruzual and Charlot] 2003))
models with exponentially declining star formation rates (SFRs) was fit over a range
of stellar ages, SFHs (i.e., 7), and dust-extinction values (0 < Ay < 4). Our code
uses BC03 models assuming a Salpeter initial mass function (IMF), but to facilitate
comparisons with the literature, we convert all stellar masses to the value assuming
a Chabrier IMF (0.24 dex offset; Santini et al. (2015)). As in Spacek et al.| (2017)),

we choose as our final sample all galaxies with age> 1 Gyr, SSFR < 0.01Gyr ',
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0.5 < 2zphot < 1.5, and reduced x? < 5. Final redshift and stellar mass distributions
are shown in Fig. (3.2

Unlike Meinke et al.| (2021)) (Chapter [2)), we do not directly remove any galaxies
near source contaminants in order to limit potential radial profile biases. However
both SPT and ACT maps are provided with bright sources already masked, as dis-

cussed further below.
3.4 Analysis

A summary with examples for many of the Python methods used here, including

a custom Bayesian estimation code, is publicly available onlineﬂ
3.4.1 Neighboring Sources

The SPT-SZ maps contain an applied mask of all bright 150 GHz sources greater
than 50 mJy. This was done in (Chown et al| (2018), through the removal of all
signal within 5 and apodization with a 5’ Gaussian beam. For our purposes these
locations result in a large hole that potentially skews measurements. We avoid them
by using the SPT-SZ provided mask to remove any targets within 20’ of a masked
pixel. A custom map depicting minimum distance to the nearest masked pixel, shown
in Fig.[3.3] is used for this filtering purpose. The SPT+ACT random catalog described
in Section [3.4.5] also applies this removal process.

Similarly, we have chosen to use the source-free ACT maps. They however differ
from SPT-SZ, as all sources removed were done so using a finer matched filter and
fitting procedure (Naess et al., 2020)). We have found this source removal process has

a minimal effect on our stacking results.

4https://github.com/JeremyMeinke/mm_astronomy_stacking
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0 Arcmin. to Nearest Masked Pixel 20

Figure 3.3: Mollweide (equatorial) projected map showing the distance to the near-
est masked pixel for the SPT-SZ mask used in |Chown et al.| (2018). For our radial
profile stacking needs, we have dropped any galaxies within 20’ of a masked pixel.

3.4.2 Map Processing

The SPT and ACT maps span similar frequency bands and regions of the sky,
making them ideal products for tSZ and dust comparisons. However, we employ
multiple steps to further process the maps into similar formats and ensure all likely

systemic differences are minimized. Notably:

e The maximum spherical harmonic or Legendre polynomial degree £, differs
between the provided maps of SPT ({10 = 10,000) and ACT ({10, = 30,000).
For consistency, we elect to use the smaller limit of /., = 10,000 on each,
cutting all higher-order terms within ACT. This removes ACT fluctuations at
near pixel-size scales and introduces greater correlation between neighboring

pixels, but otherwise does not significantly influence our results.
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e Respective beam functions of all frequencies were replaced with a Gaussian
beam of 2.10/ FWHM. This corresponds to the lowest resolution map (ACT
90GHz). The operation was done on the spherical harmonics (asy,), with the

aforementioned cutoff at £,,,, = 10, 000.

e To remove any potential discrepancies due to projection differences, all ACT
maps in their original Plate-Carée projection were converted into the SPT’s
HEALPix format with N4 = 8192. They were first transformed to spherical
harmonics, beam and pixel window function corrections applied, and trans-

formed into the final HEALPix map.

e For each frequency map, the SMICA CMB map was masked with the corre-
sponding instrument’s boundary mask and converted into spherical ay,, coeffi-
cients. The pixel window function was replaced with the N4, = 8192 HEALPix
pixel window function of the final map format. The CMB map was then sub-
tracted from the desired frequency map(s). This approach is akin to a high-pass
filter, removing all large-scale CMB anisotropies to help reduce overall noise at

small angular scales and correlation at larger scales.

e The HEALPix projection does not lend itself to uniform stacking of individual
pixels and we also seek to place our target galaxies in the direct center of mea-
surements. Thus, all cutouts were made on a gnomonic-projected grid with a
pixel resolution of 0.05" directly centered on the target galaxies. A HEALPix
map with N4 = 8192 has pixel side lengths of roughly 0.18', so we are pur-
posely oversampling for finer alignment. Bilinear interpolation was used to
prevent any artificial beam effects from the pixel window function and allow
additional precision in positioning. Final image cutouts of our SPT+ACT sam-

ple are shown in Fig. [3.4]in both SPT and ACT processed maps. As outlined in
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the following subsection, final measurements were conducted on each individual

galaxy cutout and then averaged together.
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Figure 3.4: SPT+ACT galaxy stacks (N = 94,452) for their respective SPT and
ACT frequency maps, processed according to Section [3.4.2] A gradient was also
removed from each image. Dashed circles correspond to radii of 2.0’ and 10’.

3.4.3 Radial Profile

With the smoothed and CMB-subtracted frequency maps, we measure the radial
profile around all galaxies in our catalog. We choose to create radial bins with uniform
widths of 0.50', out to a radius of 20.0’. For our mean redshift of roughly ~ 1.1
this translates to a furthest comoving distance of 21 Mpc ~ 14h~! Mpc. Gnomonic
projection cutouts were made around each galaxy with a pixel size of 0.05". Cutouts
were mean subtracted, and radial bin averages as described above were measured on
each catalog location individually. All samples of interest were then averaged with

equal weight to create a final radial profile per map.
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With three frequencies, we are able to fit both the tSZ and the dust that obscures
it. However, any attempts to fit potential mean offsets from CMB or foreground
signals would result in overfitting. For this reason we assume all profiles go to zero
at large radii. We calculate the average signal in the three largest bins (18.5 — 20.0/)
and subtract it as an offset from the entire radial profile for each frequency map.
This method also subtracts any large-scale extragalactic background light (EBL)
that might have further biased results. We recognize this subtraction likely trun-
cates a non-zero signal, but at 20" consider it negligible in amplitude and detection.
For completeness, we test the effect by comparing different numbers of furthest bin
subtractions from one (19.5 — 20.0) to ten (15.0 — 20.0’), which results in a shift of
< 0.50 for 95 and 150 GHz radial bin measurements, and < 1.00 for 220 GHz. The
220 GHz causes the most noticeable shift due to it containing the highest S/N at
large radii as a result of extended dust emission.

Fig. shows these described radial profiles for the N = 94,452 SPT4+ACT
galaxies as measured on the SPT maps, alongside a bootstrap resampled random cat-
alog profile to highlight the lack of any unexpected bias. Our method for calculating

uncertainty and random catalog are outlined in the Sections below.
3.4.4 Uncertainties

Correct evaluation of our results requires an accurate calculation of uncertainties.
This not only pertains to the error within a radial bin, but also correlation between
its neighbors. We employ a bootstrap resampling procedure to construct a covariance
matrix across all maps and radial average bins. This is done by resampling our galaxy
catalog with replacement and with the same number of objects as the original. We
repeat this process for a large number of resamples (4,000) and measure the radial

profile in identical fashion to Section |3.4.3, The offset correction done by subtraction
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Figure 3.5: Measured radial profiles as detailed in Section for: (a) all N =
94, 452 galaxies within the SPT+ACT field overlap as measured on the SPT frequency
maps of 95, 150, and 220 GHz. (b) Profile of estimated bias in the same SPT maps and
SPT+ACT field overlap, calculated from bootstrap resampling a catalog of randomly
generated positions (Section .

of three largest radial bins’ average (18.5" —20.0") likely skews these calculations and
results in underestimated noise near large radii. For this reason and low overall S/N
at large radii, we elect to not use any radial bins above 15'.

The covariance matrix per frequency map is determined from the corresponding
distribution of bootstrapped profiles. The radial tSZ and dust covariance matrices are
also calculated via fitting each bootstrap resample to the two-component fit outlined
below in Section 3.4.8] and shown in Section [3.4.6

This bootstrapped covariance estimation assumes the noise is independent be-
tween each galaxy. However for our sample, radial measurements out to a radius of
20" will on average have a few dozen catalog neighbors. A spatial overlap will thus
cause correlation between these neighboring galaxies. This concern has been noted
by others, such as |Schaan et al| (2021), that found bootstrap resampling produced
~ 10% underestimation of error at > 6’ in their circular apertures. The severity

of this effect in our analysis is a primary challenge as well. Our subtraction of the

large-scale CMB may marginally reduce some correlation. Aperture choice would
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also be influential. However, our radial profile S/N drops by roughly a factor of three
between the center and 6’, with the tSZ falling below 20 by 8. As a result, any
profile fits should be largely controlled by the inner radial bins and any effects due
to underestimated error are considered minor. Additional avenuesfor checking this
that we may explore further could include implementation of block bootstrapping, or

generating and stacking maps of Gaussian noise.
3.4.5 Random Catalog Comparison

To validate our procedure outlined above, we also generate random samples of
1,000, 000 points uniformly distributed within the SPT and ACT catalog footprints.
From these, we measure the radial profile (following Section and bootstrap
resample subsets with the same size as our desired galaxy catalog(s). The resul-
tant bootstrap mean corresponds to the expected bias of our sample’s background.
Fig. [3.5b) shows our bias result of the SPT maps within the SPT-ACT overlap field.
Throughout all radial bins the random bootstrap mean stays within 1o of zero, indi-

cating no additional bias is present.
3.4.6 Correlation Matrices

As discussed in Section , a large number (4000) of bootstrap resampled cat-
alogs were constructed from each galaxy catalog. Covariance matrices for each re-
spective frequency map were then made from these bootstrap resamples and used
through our two-component fitting procedure of Section [3.4.8] Correlation between
radial bins is also important for our profile analysis described in Section [3.4.3] Thus,
we fit our two-component tSZ and dust model to all aforementioned bootstrap resam-
ples to correctly estimate the correlation between neighboring radial bins. Fig. [3.6

shows the radial correlation matrices for each catalog (SPT+ACT, ACT-Only) and

73



Radius [Arcmin]

4 6 g 10 12 14
Radius [Arcmin]

1.0

-0.5

-1.0

(a) SPT+ACT Dust Correlation Matrix

Radius [Arcmin]

0 2 4 6 8 10 12 14
Radius [Arcmin]

1.0

-0.5

-1.0

(¢) ACT-Only Dust Correlation Matrix

Radius [Arcmin]

4 6 g 10 12 14
Radius [Arcmin]

1.0

0.5

0.0

-0.5

-1.0

(b) SPT+ACT tSZ Correlation Matrix

Radius [Arcmin]

0 2 4 6 8 10 12 14
Radius [Arcmin]

1.0

-0.5

-1.0

(d) ACT-Only tSZ Correlation Matrix

Figure 3.6: Radial bin (0 — 15") correlation matrices for the dust (left) and tSZ
(right) two-component fit (Section [3.4.8) of 4000 bootstrap resamples outlined in
Section for SPT+ACT (top) and ACT-Only (bottom) galaxy catalogs.

fit component (dust, tSZ). The most significant effect would be from our beam reso-

lution, with minor contributions likely as a result of residual foreground components

not accounted for and structure of the surrounding signals. As shown in Fig. [3.6]

neighboring radial bins are not independent from one another.
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3.4.7 Fitting Procedure

All fits reported are conducted via Bayesian estimation with the assumption that
our measurements are normally distributed but not necessarily independent. The
likelihood function is related to our fit residuals (X; — X;) and covariance matrix (C)

as

LX) = p(X|¢) o exp _%(Xz’ -X)" xC7 X (X, - Xz) , (3.1)

incorporating parameters with discrete predefined ranges and priors p(¢)). The pos-

terior distributions are obtained as

_ p(X[ep)
T o[

where we normalize across all combinations of fit parameters (¢/'). This is calculated

p(¥]X) (3.2)

for the -dimensional array for all possible parameter combinations and implemented
via our own custom Python code. Each parameter’s reported best fit is classified as the
median (50th percentile) after the posterior is marginalized over all other parameter

ranges. Similarly, the 1o bounds are calculated as the 16th and 84th percentiles.
3.4.8 'Two Component Fitting

From our aperture measurements, we used a two-component fitting model con-
sisting of tSZ (y) and the dust spectral intensity at vy = 353 GHz in the source’s rest

frame I,.(1) with units [W Hz " 'm2sr™1],

I.(vy) I,(v) dT
14 2)? I.(vo) dB(v,T) ’

TcmB

0T (v) =y g(v) Tomp + ( (3.3)

where g(v) = [z (e* + 1)/(e* — 1) — 4] of the tSZ signal (eq. |1.11)) and B(v,T) is

the Planck function. The (1 + z)72 term arises from redshift corrections due to time
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Figure 3.7: Observed intensity spectrum within a 2.0" circular aperture for: (a)

SPT+ACT (N = 94,452) and (b) ACT-Only (N = 387,627). Measured ACT (black,

circles) and SPT (black, triangles) values are placed at each frequency map band-

center, determined by integrating over their respective response. Dust (red) and tSZ

(blu%re shown with shaded 20 bounds determined from the two-component fit of
(13.3))

eq.

dilation and energy. [,(v) is the specific dust intensity in the observed frequency

band v. It is converted to the rest frame band v (1 + 2),

L(v)=Q1+2) L [v(1+2)], (3.4)

where we assume a gray-body dust spectrum for I, with a dust temperature (7}) and
spectral emissivity index (). Thus, the intensity term from eq. (3.3]) can be written

as

Lv) _ ., [v+2)]" By (1+2),T)
I, (o) =+ )[ Vo ] B(vo,Ta)

normalized with respect to I,(1). This normalization term helps define a reference

(3.5)

frequency for all measurements while reducing the correlation between dust temper-
ature and intensity amplitude when near the Rayleigh-Jeans limit. Equation is
integrated over each respective map’s frequency band response. The SPT bands were
extracted from |Chown et al.| (2018)), as the SPT+Planck maps are dominated by the

SPT response for most of our angular scales. Full ACT bandpasses were available as a
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function of position, detector array, and multipole £. We average each ACT response
across our field of observation, all detectors, and with a cut of 2,000 < ¢ <= l;ax.
The ¢ = 2,000 minimum was chosen to reflect our angular scales of interest and
subtraction of the large-scale CMB (Section . The observed flux in mJy inte-
grated within a simple circular aperture of R = 2.0 radius is shown in Fig[3.7 for our
SPT+ACT and ACT-Only catalogs, respectively. This circular aperture is further
used in our stellar mass binning shown in Section [3.4.13]

The two component fit described above was also applied to each set of frequency
measurements per radial bin for all listed catalogs in Table 3.1 We assume priors
as outlined in Table for all fits. Uniform priors are set for the Compton-y (0 <
y <4 x 1077) and dust intensity in the 220 GHz rest frame (0 < I,(p) < 4 x 1072
W Hz 'm~2sr7!). In the event of fits near zero indicating low signal to noise, we
shift these uniform priors to include slight negative values. Thus, in the absence of
a signal we will then correctly produce a result centered about zero. Gaussian priors
were assumed for the additional parameters of dust emissivity (8 = 1.75 £ 0.25)
and dust temperature (74 = 20 £ 3 K). These Gaussian priors were chosen to align
within standard ranges (Dunne and Eales, 2001} Draine, 2011; Addison et al., 2013}
Magdis et all 2021), but were not set as free uniform parameters due to our limited
number of maps to fit. The resultant dust parameter fits are found to be highly
constrained to within 1.50 of the prior mean. This method allows us to include
additional uncertainty associated with our lack of information about the dust in our
sample(s) without overfitting.

Our samples were selected with low SFRs and thus should have minimal radio
sources at these frequencies. However if non-negligible radio contamination was

present in the lower frequency bands, our two-component fit would then underesti-
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Parameter Description Prior

Y Compton-y [unitless] [0, 4 x 1077]
I (v) Dust Intensity [W Hz 'm~2sr=!] [07, 4 x 1072

g Dust Emissivity [unitless] G(1.75,0.25%)

Ty Dust Temperature [K] G(20,3?%)

Table 3.2: Two component fit parameters (from eq. and given priors used on
each catalog and radial bin. Gaussian G(u, o) priors are assumed for dust emissivity
B = 1.75 4+ 0.25, and temperature Ty = 20 £ 3 K. TA realistic lower limit of zero is
used on the uniform free parameters unless the fit is poor and near zero. In which
case, the lower limit is shifted negative to allow for accurate fitting around zero and
avoid artificially inflated values.

mate the tSZ signal. Meanwhile the dust fit would be either over- or under-estimated,

dependent upon the radio source’s spectrum into the higher bands.
3.4.9 Profile Fits

As detailed above, we obtain profiles for both the tSZ and dust responses per
radial average bin from our frequency maps. The dominant source is expected to be
a central point source associated with our target sample. However, we also expect an
extended secondary profile term due to spatial correlations with neighboring galaxies.

A few different profile models could be considered, such as a generalized Navarro-
Frenk-White (NFW) profile like that conducted by (Amodeo et al., 2021), or ba-
sic power-law models for two-point correlation clustering measurements (Coil et al.
2017). However, our 2.1" beam and z & 1 redshift would result in highly degener-
ate and correlated NFW parameter fits, while a power-law model cannot easily be
forward-modeled with the beam since it diverges to infinity as r — 0. As we are
primarily interested in the power-law slope at radii away from the center, we opt for

a simple pseudo-power-law approximation that can be made using a type of King or
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isothermal model (King} 1962):

f(r)= A (1 + i) ; (3.6)

with an amplitude Ay, comoving core radius rq, and that now instead converges to
Ayx/ro as r — 0. Converted to a function of projected angle (6) through the line-of-

sight, this gives

rG) g

f(e)zAk—F(%)F(%> <1+ (DCW) B (3.7)

where D, is the comoving distance. This profile is best defined as a function of angle
0, as it must be convolved with the beam for accurate comparison to our measured
values. For a combined model of a point source plus King (6 + f) convolved with the

beam (b) can be described as,

// 5(0') + £(6')] b6 — 6)de. (3.8)

Our final beam as described in Section is a Gaussian with FWHM= 2.1’, but
with an £,,., = 10, 000 cutoff. Compared to convolution with a perfect Gaussian beam
this can produce a 10% difference for a central point source, but has a negligible effect
on our broader King profile of eq. . For this reason we elect to assume a perfect
Gaussian beam to simplify the King convolution, but maintain the exact beam (with
lmax cut) for the point source defined below as b(6). These yield a profile function
with one integral that we compute numerically,

F(0) = Apub(0) + / N exp (—922 J; '9/2> Jo (z 29/ ) JO) 'de’, (3.9)

beam gbeam O—beam

where J; is the Bessel function of the first kind and the size of our Gaussian beam as
Opeam = 0.8918'. This eq. (3.9) allows us to set a lower bound for the profile’s central

point source component and examine the extended profile slope.
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3.4.10 Dust

Our resultant dust from the two-component fit per radial bin is shown in Fig. [3.§
We observe up to a 16.60 and 21.50 detection of dust in the center of SPT+ACT and
ACT-Only catalogs respectively. Beyond the beam’s FWHM, detection in both cases
monotonically decreases to 5.30 at 10" and down further to 2.00 at 15.0" where noise
begins to dominate. Of particular interest is the shape of our dust profile, which has
a definitive central source similar to the beam along with a sloped extended signal.

We expect the dust profile to consist of an unresolved central source associated
with our target galaxies, and a secondary extended profile tied to the two-point
correlation function of neighboring galaxies. We fit the convolved point source plus
King model of egs. (3.7) and to our dust profile up to 15" (= 15.2 comoving
Mpc). This cutoff is meant to avoid incorporating low S/N radial bins and reduce

any residual impact from the offset correction discussed in Section [3.4.4]

Parameter Description Prior SPT+ACT ACT-Only

Aps [1073 W Hz 'm~2sr71] Pt. Src. Amp. [0, 4.0]  2.2479%2 2321018

Ay [1072# W Hz 'm~2sr7!]  King Amp. [0, 4.0]  1.26703% 1.52103%
~ [unitless] King Slope  [1.0, 4.0]  2.52%01% 2.90M015
ro [Comoving Mpc] Core Radius 3.0 - -

Table 3.3: Dust profile fit parameters for eq. (3.9), applied priors, and resultant fits
for our SPT+ACT and ACT-Only catalogs. The King amplitude and slope will be
positively correlated. We set the core radius to a constant larger than the beam due
to its inherent degeneracy with the amplitudes.

We assume fit parameters with priors as outlined in Table [3.3] As core radius
(ro) has inherent degeneracy with the amplitudes we instead hold ry as a constant

larger than the beam, selecting o = 3.0 comoving Mpc. Due to this degeneracy and

inability to resolve our central source, this fit is not an attempt to fully separate the
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one- and two- component contributions within the profile. However, it provides us
the opportunity to determine other characteristics such as the extended profile slope

at larger radii.

10—23
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—— ACT-Only, PS+King Fit
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Figure 3.8: Dust radial profile and best fit point source + King model as defined in
Section [3.4.10], shown here with core radius rg = 3.0 comoving Mpc for SPT+ACT
(black) and ACT-Only (blue) catalogs. Shaded regions represent 20 uncertainty of
the combined fit. Dashed lines correspond to the separate best fit point source and
King components.

The radial bin dust profile and resultant fits are shown in Fig. for a core radius
of rg = 3.0 comoving Mpc. We have separately checked the impact of different core
radii. For instance, if a core radius of ry = 5.0 comoving Mpc was chosen instead, it
would result in a ~ 10% increase of our dust’s point source (Aps), with a =~ 5 — 10%
decrease in the King (Ay) amplitude. Increasing the core radius also has a noticeable
effect on the King slope, due to heightened dependence on the noisier high radial
bins and our limited range of 15’. A core radius of o = 5.0 comoving Mpc produces

steeper dust slopes () by a factor ~ 25%.
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Figure 3.9: Posterior corner plot of the dust profile fit for our SPT+ACT (blue)
and ACT-Only (black) galaxy catalogs. From dark to light, the three shaded contour
regions correspond to the 1o, 20, and 30 levels.
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Our dust profile fits are shown in Table [3.3| and Fig. for both catalogs. The
resultant posterior distributions are shown in the corner plot of Fig. [3.91 The point
source (Aps) and King (Ax) amplitudes are fit at a 10.7 — 12.90 and 6.6 — 8.40 level,
respectively, and are consistent (within 20) between galaxy samples. The best fit King
slopes are 2.5210-15 and 2.907015 for SPT+ACT and ACT-Only. These are slightly
steeper than reported power law slopes from galaxy clustering studies (y = 1.5 — 2.0,
Eftekharzadeh et al., 2015 (Coil et al.| 2017; Amvrosiadis et al., [2018), likely as a
result of the difference between our King model and a power-law, which diverge near
and below the core radius. Since our King model is designed to level off as it nears
the core radius, it would have to fit a steeper slope to be comparable with that of a
power-law. Additionally, our necessary zeroing of the frequency profiles at large radii
(Section results in an underestimation of the dust by a small constant which
would contribute to steeper slope fits. To test this, we incorporated an additional
constant offset term in our profile fit and found it to be insignificant. The best fit
offset was less than our measured signal at 15, within 1o of zero, and simply increased
the fit uncertainty of our other parameters while marginally decreasing the slope
by < 5%.

Thus, we can still conclude that our extended dust has a shape consistent with
that expected from the two-point correlation function of neighboring galaxies and
structure. Overall, we have shown here that at our z & 1 redshifts, dust in the mil-
limeter bands contains useful insights into intergalactic structure and can be detected

at a high significance.
3.4.11 Dust Mass

Also of interest is the mean dust mass associated with our galaxy samples, which

can be estimated from the rest-frame dust intensities I,.(1p) found from eq. (3.3). The
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dust mass follows,
. DSIL«(V())dQ

M, ,
T k() B(vo, Ty)

(3.10)

where k(1p) is the dust mass opacity coefficient or absorption cross-section per unit
mass [m? kg™!] at our reference frequency of 353GHz. We take T; = 20+ 3 K as used
previously in our two-component fit. The final error is determined by standard error
propagation of both I,.(1g) and Ty.

Unfortunately x(vp) is overall poorly constrained. Further potential uncertainty
arises as k(1) values in literature are often derived from dust observations or models
designed for the Milky Way or other local galaxies, which may slightly differ compared
to our z ~ 1 quiescent samples. At vy = 353 GHz, or Ay = 850 pm, commonly used
k(1) values range from 0.04 — 0.15 m?*kg~! (Li and Draine| 2001; [Dunne and Eales,
2001; Draine, 2003; Dunne et all [2003; |Casey, 2012). Thus, we take a conservative
approach and assume a center value of k(v9) = 0.08 m?kg~!, while acknowledging
this can fluctuate by a factor of two.

As evident by the previous subsection, we observe a dust profile containing both
a central point source and extended neighboring structures. However, our beam
introduces difficulty in accurate separation of them. As a lower bound for the expected
central dust, we take the fit point source component: [ I.(19)dQ = A [ b(0)d,
integrated over the beam solid angle. In contrast, we also integrate within a R = 2.0/
circular aperture instead, assuming that the central point source will dominate any
extended dust structure within this radius. Our results for each catalog are shown in
Table 3.4

The lower limit to our dust mass - extracted solely from the point source com-
ponent (Aps) from Section - indicates consistent dust masses of 8.457519 and
8.461509 log,o(Mg) for the complete SPT-+ACT and ACT-Only catalogs, respectively.

In comparison, an upper limit to the dust mass - simply integrating within a radius
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Parameter SPT+ACT ACT-Only
Aps R=20 Aps R=20

log,(Ma/Me) 8457575 8.82%03]  8.46%0%,  8.85751

log,o(My/M,) —2.96%019 —2.59%999  _2.98+0:99  _9 59+0.09

Table 3.4: Dust mass associated with our central point source fit shown in Fig. |3.8
and Table 3.3 and for all dust within R = 2.0’. Dust-to-stellar mass ratio is also
shown. For a k(1) = 0.08 m?kg™!, which we recognize might fluctuate by a further
factor of two or 0.30 dex.

of R = 2.0/ - produces dust masses 0.37 and 0.39 dex larger. The ratio of dust mass
to stellar mass show even greater consistency between catalogs, ranging from —2.98
(lower limit using Aps) to —2.59 (upper limit using R = 2.0") orders of magnitude.
For smaller sample sizes when profiles cannot be well-constrained, such as when bin-
ning by stellar mass, the circular R = 2.0" aperture is still possible. We employ this
generalized method in Section to analyze our dust-to-stellar mass relation.
While these dust masses are on the high side expected for galaxies with low SFRs,
other studies have found similar results for massive galaxies with increasing redshift
(Santini et al., [2014; |Calura et al., 2016} Gobat et al., 2018). There are also indications
that this increase in dust-to-stellar mass with redshift is more extreme for quiescent
galaxies than dusty star-forming ones (Donevski et al., 2020; Magdis et al., 2021)). The
additional uncertainty from k(1) prevents us from drawing any strong conclusions.
However, as our dust masses appear to be within an acceptable range compared
to these previous studies, we can treat them as another verification of our stacking
and analysis process. Determination of dust mass in this manner also highlights the

potential for similar use in future sub-mm and FIR investigations.
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3.4.12 Compton-y

In comparison with the dust measured above, we expect our tSZ profile to be
similar but not identical in shape. Unlike dust, we expect the tSZ from our target
galaxies to have a broader one-halo distribution associated with hot ionized gas, which
spans throughout the CGM out to &~ 0.5 — 1.0 comoving Mpc. With our 2.1 FWHM
beam, most of this central component will still be unresolved. We also expect a
steeper profile slope, as the extended tSZ is a tracer for hot gas that is less prevalent

in lower-mass neighbors.
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Figure 3.10: Compton-y radial profile for our quiescent galaxy catalogs; SPT+ACT
(black, triangles) and ACT-Only (blue, circles). Alongside their best fit (solid),
shaded 20 bounds, and individual point source and King components (dashed).

The Compton-y component from our two-component fit of eq. (3.3) per radial bin
is shown in Fig. |3.10] for each complete catalog. Here the difference in sample size is
apparent, as the centermost radial bins for SPT+ACT (N = 94,452) detect the tSZ

at up to 5.50, while ACT-Only (N = 387,627) is up to 11.60. Of equal importance
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is the distance at which the S/N drops below 20. This occurs at a radius of 4.0’ (4.0
comoving Mpc) for SPT+ACT, versus 8.0 (8.1 comoving Mpc) for ACT-Ounly. So
while we do observe extended tSZ larger than the beam, noise begins to dominate
much quicker than observed with dust, especially for SPT+ACT. Therefore we elect
to only fit our profiles up to 10" (10.1 comoving Mpc).

We assume tSZ profile fit priors given in Table 3.5l Due to degeneracy between
the central point source and King model, we assume a core radius again of ry = 3.0
comoving Mpec. It should be noted that just as with the dust, this profile fit does not
fully isolate the one- and two- component contributions due to our inherent central
degeneracy between the King and point source models as a result of the beam. Our
main goal in applying this fit is to demonstrate the presence of extended tSZ, and
compare the resultant King slope to that found for dust. We again checked the
effect of using different core radii and see similar trends as with the dust; increasing
core radius to rg = 5.0 comoving Mpc yields a ~ 25% increase in tSZ point source
amplitude (Apg), < 5% decrease in King amplitude (Ay), and ~ 40% increase in slope
(7). The change in slope with core radius here is larger than observed with dust, due

to the faster rate at which our tSZ profile S/N drops.

Parameter Description Prior SPT+ACT ACT-Only

Aps [1077] Pt. Src. Amp. [0, §] 21712 25708

Ay [1078] King Amp. [0, 20] 75751 7.3%172

7 [unitless] King Slope  [1.0, 10.0]  6.2%33 4.010¢
ro [Comoving Mpc]  Core Radius 3.0 - -

Table 3.5: Compton-y profile fit parameters for eq. (3.9)), given priors, and resultant
fits on our SPT+ACT and ACT-Only catalogs. We set the core radius to a constant
larger than the beam due to its inherent degeneracy with the amplitudes.
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Figure 3.11: Posterior corner plot of the tSZ profile fit for our SPT+ACT (blue)
and ACT-Only (black) galaxy catalogs. From dark to light, the three shaded contour
regions correspond to the 1o, 20, and 30 levels.
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Our fit results are shown in Table |3.5| and plotted alongside our measurements
in Fig. [3.10] The marginalized posterior distributions are shown in Fig. B.11] In-
dicative of the quick S/N drop-off, the King model for the SPT+ACT sample is
poorly constrained. Point source amplitudes (Aps) are detected with 1.80 and 3.10
significance for SPT+ACT and ACT-Only, respectively. They are also within 1o of
each other, showing overall consistency. The King slopes of v = 6.275% and 4.07)¢
indicate a sharper decline in tSZ two-point correlation than that of dust, as possible
from a nonlinear relationship between ionized gas and lower mass neighbors. An un-
even presence of radio contamination in the profile’s outer vs inner radius, could also

increase our reported slope via tSZ fit underestimation.
3.4.13 Stellar Mass Binning

We also wish to measure the dust mass and thermal energy from our galaxies as
a function of stellar mass, similar to previous studies (Planck Collaboration: et al.,
2014; |Greco et al., 2015; [Meinke et al., 2021). Hence we no longer are concerned with
a profile fit, but rather the total integrated signal over a solid angle expected to be
dominated by the primary central source.

A circular top-hat aperture with radius of R = 2.0/ is selected to integrate within,
on all frequency maps per stellar mass bin. The two-component fit of eq. is then
applied to each sample and bin. Errors are calculated via bootstrap resampling from
the same resample catalogs as Section [3.4.4]

We separate our catalogs into stellar mass bins with widths of 0.1 in log, (M, /Mg),
over a range from 10.9 — 12.0 and 10.8 — 12.1 dex for our SPT4+ACT and ACT-
Only samples, respectively. Additional bins were possible in the latter due to its
larger number of total galaxies. The impact of bin size was checked and found to

be negligible, as wider 0.2 dex-wide bins produced similar results, but created fewer
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points of measurement for the subsequent stellar mass uncertainty correction to be
applied in Section

Integrated Compton-y values are converted to thermal energies via eq.
and are shown versus stellar mass in Fig. [3.12 These align closely to the previous
investigation in Meinke et al| (2021), showing a clear trend of increasing thermal
energy versus stellar mass. For our mass range we expect the relation between thermal
energy (Fyp) and stellar mass to be sufficiently described by a simple power-law model.
As our analysis is conducted in terms of u = log,,(M,/Mg), we write this energy-mass

relation as a log-log model,

E(p) =1ogo(Ewm) (1) = logo(Epx) + a (1 — fipr) » (3.11)

where « is the slope, p,, = logyo(M, pk/Mg) is the log,, peak stellar mass, and Epy
is the thermal energy at the peak stellar mass.

We conduct a similar analysis using the two-component fit’s dust result to de-
termine our dust mass (via Section as a function of stellar mass. These are

shown in Fig. |3.13] Here we again assume a log-log power-law relation,

M) = logyo(Ma) () = logyo(Ma px) + aa (# - ,Upk) ) (3.12)

where aq is the slope, and My, is the dust mass at the peak stellar mass. Both

power-law equations of eqs. (3.11)) & (3.12)) describe the expected relation versus
stellar mass prior to any contributions that may arise from stellar mass uncertainty,

discussed below.
3.4.14  Stellar Mass Uncertainty

The main caveat in the stellar mass bin approach is our catalogs’ inherent stellar

mass uncertainty. We find our SED fitting in Section [3.3]has a stellar mass uncertainty

90



of osgp = 0.16 dex, due in part from our high redshift and use of only photometric
data (Meinke et al) [2021)). Thus, to accurately fit measured stellar mass bins with
the energy and dust mass vs stellar mass functions of egs. & , we must
correctly incorporate our stellar mass uncertainty. Luckily our quiescent galaxy mass
distributions are well fit by Gaussians of the form G(ppx, 02), with oy = 0.20 dex for
both and ppk listed in Table . Applying uncertainty, the average log,, thermal

energy within a stellar mass bin centered on log;, mass p; becomes,

Jo 7 E () wlp, i) dps

E(Bpx, a, 1) = (3.13)
’ ST wpe, i) dps
and similarly for average log,, dust mass,
15
- M i) d
Ma(Ma pi, a, i) = Jo_ Malp) wipe ) dp (3.14)

15
Js wlp, ) du
where w(p, 11;) is the effective weight of a galaxy with log;, stellar mass p to appear

within the mass bin defined from pi;_1 /5 to 112,

Hit1/2
w(p, ) = G(p = pipk, 7)) / Gy — p,08pp) dit, (3.15)
o

i—1/2

with 0 = 07 — 0&gp, corresponding to the standard deviation of our expected true
mass distribution if no stellar mass uncertainty was present. The first Gaussian term
is the weight of a galaxy selected with the true mass p, while the integral and second
Gaussian term is the chance that said galaxy actually appears in the mass bin between
fi—1/2 and p;1q1/2 due to our stellar mass uncertainty.

Equations & take the ideal generalized power-law functions from
eqs. & and forward-model them into expected observations within a
stellar mass bin. To clarify, this method is synonymous with the past energy-mass
approach in Meinke et al.| (2021)), which was not described in as much detail.

Equation ([3.13]) was fit to the energy-mass bins found for each catalog. We refrain
from fitting any bins with S/N < 1o to avoid introducing spurious bias. The forward-

modeled best fits and 20 uncertainties are shown in Fig. [3.12] The inset plot shows
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Figure 3.12: SPTH+ACT (black, circles) and ACT-Only (blue, triangles) galaxies’
energy in 0.1 dex stellar mass bins with associated energy-mass fit as described in
Table after forward-modeling our stellar mass uncertainty (Section . The
shaded fit regions correspond to forward-modeled 20 levels. Inset: 1- and 2-0 bounds
of the (non-forward-modeled) fit parameters Fi,(u = 11.36 dex), and slope a. We
show Ey, (1 = 11.36 dex) instead of E, here as the samples contain different peak
masses.
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the posterior distributions of o and Ey,(p = 11.36 dex). We display Ei,(p = 11.36
dex) instead of Ep in order to compare catalogs, as they have different peak masses
(ppk). Best fit values for Ey and a are shown in Table , compared to previous
SPT results (Meinke et al., [2021). All three catalogs show agreeing slopes (a) within
lo, 4.047552 for SPTH+ACT and 4.00103) for ACT-Only. These slopes uphold a
strong trend of observations that indicate only CGM in the most massive galaxies
and clusters produce significant levels of thermal energy (Greco et all [2015). Some
plateauing at lower stellar mass may be present as well, evident by the low mass
bin outliers in our ACT-Only measurements. Energies at peak mass (Epx) are also

significant, at a level of 4.40 for SPT+ACT and 15.8¢0 for ACT-Only.

Catalog Lpk Eox Q Ma px g
[logyo(M,/Mg)]| [10%erg] [unitless] [10°Mg] [unitless]

SPT+ACT 11.36 6.6671%0  4.0470%%  6.18708  2.5870%5
ACT-Only 11.40 8.007038  4.00%93% 6.70793% 223705
SPT-Only! 11.36 598108 3.771550 - -

Table 3.6: Forward-modeled energy and dust mass versus stellar mass fits of
egs. (3.11) & (3.12)) following the inclusion stellar mass uncertainty via eqs. ,
(3.14), & (]3_15 . For our two quiescent galaxy samples and fprevious energy-stellar
mass fit from Meinke et al. (2021) (SPT-Only). TOur methods differ slightly from
those in [Meinke et al.| (2021]) due to changes in beam, map processing, and S/N < lo
cut. Dust mass was calculated from eq. for a k(vy) = 0.08 m?*kg™!, which we
recognize might fluctuate by a further factor of two or 0.30 dex.

In similar fashion, eq. (3.14]) was fit to the measured dust versus stellar mass bins
found for each catalog. We again refrain from fitting any bins with S/N < 1o to
avoid introducing spurious bias. The forward-modeled best fits and 20 uncertainties

are shown in Fig. |[3.13, The inset plot shows the posterior distributions of a4 and

Mq(pn = 11.36 dex). Fits for My and oq are shown in Table [3.6]
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Figure 3.13: SPTH+ACT (black, circles) and ACT-Only (blue, triangles) galaxies’
dust mass in 0.1 dex stellar mass bins with associated dust-stellar mass fit as in [3.6]
after forward-modeling our stellar mass uncertainty (Section 3.4.14|i. The shaded fit
regions correspond to forward-modeled 20 levels. Inset: 1- and 2-0 bounds of the non-
forward-modeled fit parameters Mq(p = 11.36 dex), aq. We show My(p = 11.36 dex)
instead of My i here as the samples contain different peak stellar masses.
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Dust mass at the peak stellar masses were detected at a 9.4¢0 level for SPT+ACT
and 12.10 for ACT-Only. Both catalogs show agreeing slopes (aq) within 1o, 2.585:45
for SPTHACT and 2.237033 for ACT-Only. As these slopes are greater than 1, they
highlight a non-linear relationship between dust and stellar mass that indicates in-
creasingly massive quiescent galaxies have a higher dust-to-stellar mass ratio. How-
ever, this trend may only be present in the high stellar mass regime due to our narrow
galaxy mass distribution.

We also consider the potential of neighboring two-halo contributions that may
falsely inflate these measurements. Discussed in more detail in Meinke et al.| (2021)
with the same R = 2.0" aperture corresponding to a radius of &~ 2.0 comoving Mpc, a
central halo will be expected to dominate the tSZ signal for thermal energies exceeding
~ 3 x 10% erg or halo masses larger than ~ 10®*M. This is determined under the
assumption that the gas in all neighboring halos is heated to virial temperature T%;;.
As all our reported thermal energies with S/N > 1o in Fig. |3.12] reside above 3 X
10%° erg, we conclude the two-halo contribution within them are negligible compared
to their respective measured uncertainties.

We also consider our dust mass measurements in Fig. to be the expected
upper limit. As discussed in Section [3.4.11] the R = 2.0" aperture produces a result
roughly 0.30 dex greater than a separate conservative estimate via evaluation of the
dust profile in Section . As the assumed dust mass opacity coefficient k(vy) =
0.08 m?kg~! contains a further factor of two or 0.30 dex uncertainty, any contributions
from neighbors are likely within this uncertainty. Hence, we refrain from drawing any
large conclusions aside from the relation indicated by our dust-to-stellar mass slope

fit, as we expect k(1p) to not vary significantly between our stellar mass bins.
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3.4.15 Implications for AGN Feedback

Our constraints on Fyy, allow us to glean information about AGN feedback, though
detailed comparisons with AGN models are best carried out alongside full numerical
simulations. First, comparisons with previous work in Meinke et al. (2021) show
strong similarities in their energy-mass fit. This is as expected, due to an overlap of
target galaxy samples and use of SPT data. However, as before we also see significant
similarities with the lower redshift (z ~ 0.1) results from Greco et al| (2015]), even
though they used locally bright galaxies as opposed to our age > 1 Gyr, SSFR < 0.01
Gyr!, quiescent galaxies. There are a variety of theoretical models that suggest a
good match between the most massive quiescent galaxies at moderate redshifts and
the central galaxies of massive halos in the nearby universe (e.g, Moster et al., 2013;
Schaye et al., [2015; Pillepich et al., [2018)).

Such lack of thermal energy evolution in the CGM around massive galaxies since
z ~ 1 mirrors what occurs for the luminosity function of these galaxies (e.g. van
Dokkum et al., 2010; Muzzin et al.| |2013)). This trend could be more indicative of
radio-mode AGN feedback, where gas accretion contributes to CGM heating and
radiative losses to CGM cooling. Whenever cooling surpasses heating, jets will arise
that quickly push the gas up to a constant temperature and entropy at which cooling
is inefficient. On the other hand, quasar models instead produce an energy input
from feedback which occurs once at high redshift, heating the gas such that cooling is
extremely inefficient up until today. As a result, gravitational heating will increase Ey,
without any significant mechanism to oppose it. However, specifics of this evolution
are highly dependent on the history of galaxy and halo mergers between 0 < z < 1.
Hence, it is possible that some types of quasar dominated models may be compatible

with our measurements.
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A second major inference is the overall level of feedback. To estimate the mag-
nitude of gravitational heating, we can assume that the gas collapses and virializes
along with an encompassing spherical dark matter halo, and is heated to the virial
temperature T,;,. This gives the relation in eq. ([1.17). We can convert from halo
mass to galaxy stellar mass using the observed relation between black hole mass and
halo circular velocity for massive quiescent galaxies (Ferrarese, 2002), and the rela-
tion between black hole mass and bulge dynamical (Marconi and Hunt, 2003). As
shown in|Spacek et al.| (2016|) this gives eq. , which represents the expected total
thermal energy around a galaxy of stellar mass M, ignoring both radiative cooling
and feedback.

For a mean redshift of z ~ 1.1 this yields ~ 3.8 x 10% erg and =~ 4.1 x 10% erg for
our M, px = 2.29x 10" Mg, (SPT+ACT) and 2.51 x 10" Mg, (ACT-Only), respectively.
Unfortunately this estimate has an uncertainty of about a factor of two, which is
significantly larger than the uncertainty in our measurements. Regardless, these are
lower than the E = 6.6671 50 x 10° erg and 8.00102) x 10% erg respectively, that we
found in Section [3.4.13] These suggest the presence of additional non-gravitational
heating, particularly as cooling losses are not included in eq. .

To estimate quasar-mode feedback heating we use a simple model described in
Scannapieco and Oh| (2004)), given by eq. where €005 is the fraction of bolo-
metric luminosity from the quasar associated with an outburst, normalized by a
fiducial value of 5%, which is typical of quasar models (e.g. Scannapieco and Ohl
2004; Thacker et al. [2006; |Costa et al. [2014). Taking €05 = 1 for our sam-
ples’ mean redshifts and peak masses, this gives ~ 3.0 x 10% erg (SPT+ACT) and
~ 3.3x10% erg (ACT-Only). Adding these to the contributions from FEy, gravity above
gives a total energy of ~ 6.8 x 10% erg and ~ 7.4 x 10°° erg, respectively. Including

this additional energy from quasar-mode AGN feedback better matches our results of
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By = 6.661750 x 109 erg and 8.007) 2 x 10% erg than heating from gravity alone.
It also does not account for any energy losses.

Meanwhile, radio mode models are expected to fall somewhere between these two
limits, with jets supplying power to roughly balance cooling processes, but never
adding a large burst of additional energy near that of eq. . This would sug-
gest values slightly below our measurements, but again with too much theoretical
uncertainty to draw any definite conclusions.

A third major inference from our measurements comes from the slope of eq. ,
which is significantly steeper than in our simple models. This is most likely due to
uncertainties in the halo-mass stellar mass relation, which are particularly large for
massive z ~ 1 galaxies (Wang et al., 2013 [Lu et al., 2015; Moster et all [2018;
Kravtsov et al., 2018; |Behroozi et al., [2010, 2019)). Recent studies alongside our own
(Schaan et al.; 2021; Amodeo et al., 2021} [Meinke et al., 2021; |Vavagiakis et al., 2021))
make it clear that observations are now fast outpacing theoretical estimates, a major
change from several years ago when only galaxy cluster sized halos were capable
of being moderately detected. Future comparisons between measurements and full

simulations will yield key new insights into the processes behind AGN feedback.
3.5 Discussion

Many galaxies from z &~ 1 to present day, starting with the most massive, undergo
a process that quenches new star formation. The proposed likely culprit is feedback
from accretion onto supermassive black holes, which would have a noticeable impact
on the surrounding CGM. By probing the CGM for signs of heating via the redshift-
independent tSZ effect, we can begin to differentiate between various AGN accretion

models and provide much needed constraints for theoretical simulations.
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Here we have selected N = 387,627 old quiescent galaxies with low SFR at 0.5 <
z < 1.5 from DES and WISE within the ACT millimeter telescope field. A subset of
N = 94,452 galaxies are further used to incorporate data from SPT for an analysis
across multiple instruments. These quiescent galaxies are ideal candidates to show
strong heating via feedback. A detailed set of map processing (Section is
conducted to mitigate any systematic differences between SPT and ACT, applying
a uniform 2.1’ FWHM Gaussian beam across all maps that reside near 95/150/220
GHz. We then subtract a 5.0" resolution Planck SMICA SZ-Free CMB map to remove
large-scale CMB fluctuations uncorrelated with our target galaxies.

When stacked, we observe separable dust and tSZ profiles from both galaxy cat-
alogs. Further split into stellar mass bins, we show a clear thermal energy versus
stellar mass relation influenced by our photometric uncertainty in stellar mass. Often
simply discarded in tSZ analysis, we also use the dust to estimate the associated dust
mass for our samples.

This work builds off of previous z ~ 1 quiescent galaxy stacking conducted by
Spacek et al.| (2017); [Meinke et al.| (2021)). Our analysis here is enhanced from the
prior via use of the recent ACT data release (Naess et al., [2020; Mallaby-Kay et al.|
2021), improved map processing, and a heightened focus on the radial profile and
dust mass of our target galaxies. Others have also begun a more concerted effort to
analyze the galactic structure of the tSZ and kSZ (Schaan et al.| [2021; |/Amodeo et al.,
2021}, |Calafut et al., [2021; |Vavagiakis et al., 2021} Lokken et al 2022).

Firstly, the dust profile of our SPT4+ACT and ACT-Only galaxies produce up to
16.60 and 21.50 detection respectively, for radial bins with widths of 0.5’. Profile
detection with S/N > 20 is found out to 15" (15.2 comoving Mpc). We observe a
dust profile shape for each sample indicative of a central point source associated with

our galaxies and an extended profile that traces the two-point correlation function
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of neighboring galaxies and structure. To obtain a slope for the extended dust, we
fit a point source plus King model as described in Section [3.4.9, finding slopes of
v = 2.527515 and 2.9017015. These are 20 —80% greater than power-law fits conducted
in galaxy cluster studies (y =~ 1.5 — 2.0, |[Eftekharzadeh et al., 2015; (Coil et al., [2017)).
We attribute most of this discrepancy to a divergence between the King and power-law
models when near or below our core radius of ry = 3.0 comoving Mpc.

Such dust profile analysis might also provide a novel method to constrain a cat-
alog’s intergalactic medium (IGM) and central halo mass, wherein a similar catalog
of known halo mass or bias factor is used to compare two-point correlation terms
traced by the observed extended dust. However a correct comparison requires careful
consideration of all systematic differences in catalog selection and accurate removal
of dust associated with the central source(s).

Secondly, the high S/N detection of dust allows us to convert our dust intensity fit
in the 1y = 353 GHz rest frame to a dust mass as shown in eq. . The primary
difficulty in this approach is an existing uncertainty in the dust mass opacity or
absorption cross-section coefficient, where we take an intermediate value of k(vy) =
0.08 m%kg~! while acknowledging this may vary by a factor of two (Draine, 2003;
Dunne et al [2003; (Casey, 2012). We then consider reasonable lower and upper
limits to isolate the dust solely associated with our central galaxies: the lower limit
from the point source fit of our aforementioned profile fit, which has noted degeneracy
with the King model at small radii; and an upper limit through integration within a
circular aperture of R = 2.0" radius.

These result in a log,, dust mass range from 8.457019 to 8.8270% log,,(Mg) for
SPT+ACT and 8.4670%) to 8.85517 log,o(Mg) for ACT-Only. As a dust-to-stellar
mass ratio, these become —2.967019 to —2.5970% log,,(M4/M,) and —2.9815% to

—2.59100 log,o(Mg/M,), respectively. Other studies involving massive or quiescent
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galaxies at z ~ 1 have found log,,(Ma/M,) ~ —3.5 to —2.7 (Gobat et al., 2018}
Magdis et al., 2021). As our dust mass contains an additional 0.30 dex uncertainty
from k(vp), we conclude our values are in agreement, but do not draw any larger
inferences. This consistency is notable however, as it echoes reports of higher dust-
to-stellar mass ratios for massive galaxies at z &~ 1 than those at nearby lower redshifts
(Santini et al., 2015; Magdis et al., [2021)).

Thirdly, we inspect our tSZ radial profile and obtain a clear central detection, up
to 5.50 in our SPT+ACT catalog and 11.60 in ACT-Only. However our detection
falls off much more rapidly than for dust, dropping below 20 at 4.0’ (4.0 comoving
Mpc) and 8.0" (8.1 comoving Mpc), respectively. As a result compared to dust, we
find steeper King slopes of v = 6.275% and 4.070%, which indicate a sharper decline
in the tSZ two-point correlation or two-halo term. This is within expectations, since
the neighboring lower mass galaxies should contain reduced or cooler levels of ionized
gas at a nonlinear relationship to stellar mass (Hill et al., |2018). We also note that
radio contamination would produce an underestimated fit of the tSZ, while uneven
relation of radio contaminates versus radii could affect fit slopes as well. This effect
is likely marginal for our redshift and frequency bands.

We also fit the tSZ point source amplitudes at 1.8¢ significance for SPT4+ACT
and 3.10 for ACT-Only. These profiles and fits as shown in Fig. indicate a clear
extended tSZ signal. However, also evident is the inherent degeneracy between our
combined point source plus King model brought about by the map resolution. This
results in an inability to accurately separate the central one-halo tSZ from its two-halo
counterpart and limit further detailed analysis.

Fourthly, we focused on measurements split into 0.1 dex stellar mass bins. In a
more generalized approach than our profiles above, we separated the tSZ and dust

integrated within a R = 2.0/ radius circular aperture. These signals were then con-
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verted into thermal energy (eq.|1.16)) and dust mass (eq. , respectively. Power-
law relations were defined for both thermal energy and dust mass versus stellar mass
(eqgs. & , scaled with respect to peak mass (M, ) of 2.29 x 10'* M, for
SPT+ACT and 2.51 x 10" Mg, for ACT-Only. However, to accurately fit our mea-
surements we also incorporated and forward-modeled a stellar mass uncertainty of
0.16 dex that arises from our SED fitting of photometric data.

Our thermal energy to stellar mass power-law fit produces energies of E, =
6.66715% x 109 erg for SPT+ACT and 8.007525 x 109 erg for ACT-Only, at their
peak mass. These values only appear inconsistent due to their different peak masses.
The power-law slopes are found to be within 1o of each other, with a = 4.047055 and
4.0015:27, respectively. These slopes are significantly steeper than our simple feedback
models in Section [3.4.15] This can likely be attributed to model uncertainties in the
halo-to-stellar mass relation for massive z ~ 1 galaxies (Wang et al., 2013} Moster
et al., 2018} Behroozi et al.,[2019). Our fits, shown in Fig. , are also consistent with
the previous investigation of Meinke et al.| (2021) and lower redshift measurements
by (Greco et al.| (2015).

Meanwhile, our dust to stellar mass power-law fit produces dust masses of My ,x =
6.1810:50 x 108 My, for SPT+ACT and 6.7070328 x 108 Mg for ACT-Only, at peak
stellar mass. With power-law slopes of ag = 2.587043 for SPT+ACT and 2.23%0-3]
for ACT-Only. Our slope fits are more trustworthy than the aforementioned dust
masses due to the uncertainties in dust mass opacity k(1) that would only scale our
measurements and not affect the fit slope agq. As our slopes indicate a greater than
linear relation (aq > 1), we conclude that massive z ~ 1 quiescent galaxies have an
increasing dust-to-stellar mass ratio for our sample. Notably this may only be valid

for our high and narrow stellar mass range.
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Finally, we compare the stellar mass binned energy fit to those predicted by sim-
ple theoretical feedback models in Section Our values more closely align with
heating due to quasar-mode feedback rather than gravitational-only feedback. How-
ever, both theoretical models have uncertainties of roughly a factor of two that result
in the models overlapping in the same regime that our energy fit is found. Addi-
tionally, a third option of radio-mode feedback would also be situated in-between.
Hence, we conclude our values are strong indicators that some form of AGN feed-
back is present, but the exact process and amount is unable to be determined when
compared to theory. This highlights the need for improved theoretical and simulation
models to keep pace with observations.

With the development of better instruments in both noise, resolution, and sky
coverage, observations will continue to improve the characterization of galactic struc-
tures. We have demonstrated here that such detailed analysis at z &~ 1 is currently
possible and will greatly benefit from improved resolution for future analysis. The
latest generation of telescopes includes SPT-3G (Benson et al., 2014; [Sobrin et al.|
2022)) and TolTEC (Austermann et al) 2018; [Wilson et al. 2020)) which are more
than capable of improving upon this work. TolTEC in particular, currently being de-
ployed on the 50 m Large Millimeter Telescope, will grant a > 5x better resolution.
This will enable the ability to resolve the tSZ mainly associated with the CGM and
separate it from the potentially still unresolved dust which comes primarily from the

underlying galaxy:.

103



Chapter 4

DESIGN OF MULTICHROIC DUAL-POLARIZATION
MILLIMETER-WAVE ANTENNAS

Observational astronomy is continuously driven by technological improvements
and innovations. At millimeter wavelengths, such advancements are frequently dic-
tated by the end goal of achieving more detailed observations of the CMB. This is
evident in a variety of manners, including improvements in telescope design, readout
electronics, signal chains, superconducting detector design, etc. Not to be forgotten
however, is the significance of the optical coupling process present at the telescope’s
focal plane and responsible for efficiently delivering signal from incident photons to
their respective detector sensor elements.

This chapter details the design of planar multichroic, dual-polarization, lenslet-
coupled, superconducting antennas for their potential use in millimeter wavelength
detectors. Concepts, design methodology, and simulations of the technology are de-
scribed in the subsequent sections. This is meant to showcase the primary antenna
design steps conducted, in the hopes of constructing a foundation for these or similar

antenna designs to be used in the next generation of millimeter-wave detectors.

4.1 Motivation

As detailed in Section [I.2] the already faint signature of the CMB contains even
fainter and smaller fluctuations of keen interest. These are worth close investigations
to help determine cosmological constants and evolution parameters of the universe,

in addition to detailed properties of galaxies and large-scale structure within the uni-
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verse. In such an endeavor, increased sensitivity requires increasing an instrument’s
overall signal-to-noise characteristics.

Simply stated, this can be achieved by either increasing an instrument’s signal,
or decreasing noise. For a single-frequency band, upgrading the number of detec-
tors or total observing time are the primary methods to increase signal. Meanwhile,
decreased noise can be achieved through reducing noise contributions from sensors
and readout electronics. The transition-edge sensor (TES) bolometer and kinetic in-
ductance detector (KID) are the two prevalent low-noise sensors currently used in
millimeter astronomy. For most cases now, these detectors approach background lim-
ited or photon-noise dominated levels in which they contribute minimally to measured
noise compared to that of incident photons (Abitbol et al., 2017; Mauskopf, [2018).
TES bolometers have been thoroughly studied and used in millimeter detectors for
upwards of two decades (Irwinl [1995; [Irwin and Hilton) [2005; [Holland et al., [2013).
Meanwhile, the slightly newer KIDs, first introduced in [Day et al.| (2003]), show up-
side in ease of fabrication and scalability for large arrays. The most common forms of
KIDs include microwave- (MKID), and lumped-element kinetic inductance detectors
(LEKIDs) (Doyle, 2008; |Abitbol et al., 2017)).

Sensitivity to polarization is also an evermore important factor in millimeter as-
tronomy to observe effects such as galaxy lensing and search for the elusive CMB
B-mode polarization. By the use of detectors with dual-polarization capable antennas
and a sensing element per polarization, the respective focal plane signal is effectively
doubled. Deployment of multichroic detectors operating in more than one frequency
band (see Section similarly increases the total observable signal detected. As a
result, multichroic dual-polarization detector arrays are now becoming standard to

capitalize on both effects.
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4.1.1 A Brief History of CMB Detectors and Antennas

The first such multichroic polarization-sensitive array to be used in a large-scale
CMB experiment was deployed in 2015 as apart of ACTPol’s third pixel array (PA3)
at 97 and 148 GHz (Datta et al. 2016; [Thornton et al., 2016). Since then most
CMB instruments have been polarization-sensitive, and a handful including Advanced
ACTPol (Simon et al., 2016) and SPT-3G (Posada et al., 2018) were also multichroic.
SPT-3G in particular spans three bands, at 95, 150, and 220 GHz (Sobrin et al., 2022]).
Many planned upcoming instruments will also be using some form of multichroic dual-
polarization detectors (e.g. Simon’s Observatory, LiteBIRD, AliCPT, POLARBEAR-
2; \Westbrook et al., 2018; Xu et al.l [2020; Salatino et al., |2020; [Westbrook et al.,
2021).

A standard in many polarization sensitive millimeter-wave detectors is the use of
profiled or corrugated feedhorns coupled to planar probes or orthomode transducers
(OMTs) (Dicker et al., [2014; [Simon et al., 2016]). The fabrication method and assem-
bly of the feedhorns can vary, ranging from direct machined horn profiles to detailed
stacking of etched silicon wafers (Simon et al.,; 2018). Such processes are also often
multichroic, but can be costly and challenging for large arrays. Deep reactive-ion
etching (DRIE) of the substrate between OMT probes and feedhorns adds a further
necessary step in fabrication.

One alternative to feedhorns, planar antenna phased arrays have been developed
and deployed in multiple CMB instruments including SPIDER, BICEP2, Keck Array,
and BICEP3 (Ade et al 2015a). Avoiding bulky feedhorns, these instead utilize an
array of on-chip sub-antennas (Abitbol et al.,2017). To enable dual-polarization, each
pixel consists of two orthogonal interleaving arrays, fed from separate microstrip feed-

lines. While they have been made up of simple slot antennas for single-band detectors,
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broadband arrays are also under development. Challenges to antenna array pixels
and scalability are primarily with the complex microstrip feed-lines. The efficacy of
multichroic antenna arrays is also still undetermined, as feed-line complexity increases
with required bandwidth. Antenna arrays do provide beam customization through
phase adjustments which can be used to further optimize designs (Abitbol et al.,
2017).

The other significant optical coupling method is the use of an individual antenna
placed on the back of an anti-reflection (AR) coated lenslet. The aforementioned SPT-
3G, the first large CMB array to span three frequency bands, utilizes a broadband
sinusoidal log-periodic antenna paired with an alumina lenslet and detailed multi-
layer AR coating (Posada et al., 2018; Nadolski, |2020). Other planned studies such as
Simon’s Observatory, LiteBIRD, and POLARBEAR-2 will use similar lenslet-coupled
antennas for at least some of their bands [Westbrook et al. (2018]); Xu et al.| (2020);
Westbrook et al.| (2021). In many cases, they are chosen for use in the lower-frequency
bands where they provide a significant size benefit compared to their horn-coupled
antenna counterparts. The lenslet-coupled method shows large potential and is the

primary focus of this investigation, detailed below.
4.2 Lenslet Design

By placing a dielectric lenslet over a planar antenna, the main beam can be focused
and gain greatly increased. With the antenna operating on a high-dielectric half-
space (half air, half dielectric), a significant portion of the energy will radiate into the
dielectric. For a thick (compared to \) dielectric, the effective dielectric constant at

the half-space interface approaches,

€+ €
Geff: 9 y (4.1)
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which also reduces the required physical antenna size for a desired frequency. An ideal
lenslet geometry for detecting incident plane waves requires an ellipsoidal lens of ec-
centricity e = 1/n with the detector residing at the opposing focal point (Filipovic
et all [1993; |O’Brient, 2010). Hence, spherical waves emanating from an antenna
would be transformed outside the ellipsoidal lens into planar waves. However, fabri-
cating such a perfect ellipsoidal lens is both challenging and expensive, so one viable
alternative is to use an extended hemispherical lenslet design. This is also commonly
referred to as a synthesized ellipse (Filipovic et al., [1993)).

Fig. 4.1 shows extended hemispherical lenslet diagrams both without and with a
single layer anti-reflection (AR) coating. Rays are traced from the extended focal
plane where a planar antenna would be located. An optimal synthesized elliptical
lens seeks to minimize the zenith angle (V) traced out from the extended focal point

along all possible focal angles (¢'). This focal angle 6’ can be redefined as:

0’ = arctan < Rsin > ,

- 4.2
L+ Rcost (4.2)

where R is the hemispherical lens radius, L is the extension length from the hemisphere
to focal plane, and € is the hemispherical angle from zenith |O’Brient, (2010). Solving
for a lenslet without an AR coating, an incident zenith angle ¥ is defined as

L :
U = arcsin (n2/no) sin -0, (4.3)
\/L2 + 2RL cos 6 + R?

with the lenslet refractive index ny and surrounding (air) index ng. The inclusion of
one AR coating of thickness T produces a lengthier solution,

U — arcsin RL(ns/ng) sin 6 ©oresin L(ns/n1) sin 0
(R +T)vL* + 2RLcosd + R* V/I” + 2RLcos § + R?

) RL(ng/nq)sin@
— arcsin - 97
(R+ T)v/L? + 2RLcos f + R?

(4.4)
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Figure 4.1: Ray tracing diagrams for an extended hemispherical lenslet (a) without
and (b) with a single anti-reflection (AR) layer. Key parameters are labeled as follows:
extension length L of the focal plane from the hemispherical plane, hemisphere radius
R, hemispherical zenith angle 0, focal point zenith angle ', final angle from zenith
U, and anti-reflection layer thickness T. (¢) The addition of even a thin (T/R = 0.1)
AR layer helps extend the viable final angle ¥ ~ 0 to larger focal angles ¢'.

with refractive index of the AR coating, n;. In the limiting cases of the AR coating
being either thin relative to the lenslet radius (T<R) or with a similar index of
refraction to the surrounding medium (n; — mng), eq. (4.4) becomes the simpler
eq. (4.3). In the standard lenslet case where ny < n; < ns, the addition of an AR

coating also helps to create a more ideal near-ellipsoidal lens, as shown in Fig. [£.1d
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Of course, there are plenty of additional considerations that go beyond the scope
of this derivation. This includes the physical size of the antenna residing at the focal
plane, the model working in the ray-optics limit, lenslet quality, and effects of the
curved hemispherical surface. For optimization, the extension-to-radius ratio L/R is
often best near ~ 0.38 — 0.46 (O’Brient, [2010)). Calculations can be analyzed further
with desired AR coatings, but the thickness T is constrained by operating frequency.
The antenna far-field radiation pattern can further be taken into consideration when
defining lenslet parameters, but fluctuations with frequency limit the ability to op-
timize for broadband purposes. Many of these considerations depend on the size of
the antenna, which can vary but should be smaller in radius than the hemispherical
lenslet. In using a ray-optics limit, I also assume the lens’ hemispherical surface is in
the antenna’s far-field. The standard far-field (Fraunhofer) radiation distance of an
antenna is defined as:

2D”

RFF - T, (45)

where D? is the effective area of the antenna. When the majority of radiation is along
the lenslet axis (small 0'), effects from the lenslet curvature can also be considered
negligible (Luhn and Hentschel, [2019)).

Millimeter astronomy lenslet architecture was first used with crossed double-slot
dipole antennas in POLARBEAR (Arnold et al., 2012). A subsequent deployment
with sinuous log-periodic antennas was used in SPT-3G (Posada et al. [2018) with
3 multichroic bands. Similar sinuous lenslet designs are planned for low- to mid-
frequency bands in Simons Observatory and LiteBIRD (Xu et al., [2020)).

Lenslet coupled antenna pixels are extremely beneficial to increasing the size of
telescope focal planes. It not only allows for smaller antennas thanks to the dielectric
half-space, but saves weight without the need for additional feedhorns and enables

custom antennas for broadband multichroic detectors. Similar to feedhorns however,
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Figure 4.2: Left: A basic dual-bowtie self-complementary antenna layout. The
arms are not directly connected in the center (close-up, right), but rather excited
individually, normally as a slot antenna fed with a microstrip. No scale bar is included
as this antenna can be scaled invariantly according to desired frequency.

the main drawback is the complexity of construction. Lenslets with a high dielec-

tric constant require at least one layer of AR coating, while broadband pixels would

be better served with multiple layers. Various coating methods have been used for

lenslets that require specific and uniform AR thicknesses (Abitbol et al., 2017; Nadol-

ski et al., 2018). The methods of carefully applying these AR coatings are still being

improved, and show promise in scaling to large pixel arrays.
4.3 Self-Complementary Antenna Arm Geometry

The concept of self-complementary antennas for wide bandwidth applications
has been around for decades, primarily investigated at radio frequencies (RF). Self-
complementary antennas are also often considered frequency-independent due to their

scalability and predicted impedance that follows an altered Babinet’s Principle, shown

by Deschamps (1959):

2
Z
Zslothetal = (m) ) (46)

which can be simplified for self-complementary planar layouts where the metal con-
ductor arms are identical to the slots between them (Z,,c1a1 = Zsior). For an n = 4

arm pattern in free space (Zy = 120m = 377 ), the arm impedance is roughly
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133 Q. When placed on a silicon dielectric half-space (e = 11.7, €55 ~ 6.35, eq. ,
individual arm impedance becomes approximately 52.9 €.

The premise of most planar self-complementary antennas is rotational symmetry.
A four-arm design places an identical arm every 90°, while the complementary prop-
erty requires there to be an identical slot or gap between them. The most basic design
is a dual-bowtie antenna (Fig. [4.2), with inner (r;) and outer (rg) arm radii scaled to
operating wavelengths. The simplicity in geometry also grants uniform current den-
sity at constant radius, minimizing fluctuations in both impedance and polarization
along zenith. The downsides that promote investigation into other designs include a

weak beam efficiency and slightly noticeable cross-polarization.
4.3.1 Log-Periodic Geometry

Log-periodic self-complementary designs are one class of broadband planar anten-
nas. The side of each arm is defined by a periodic unit cell pattern in radial log-space,
oscillating between an angular amplitude of +w. The angular difference between arm
sides is defined as 9, with a unit cell expansion rate of 7 that characterizes half the
length of the unit cell (from |O’Brient|, [2010)). For M unit cells and an inner radius

r;, the outer radius is defined as:

ro = 1M, (4.7)

An n = 4 arm self-complementary layout requires § = 3320 = 45°, while 7 > 1
can vary. Common examples are the sinuous and trapezoidal unit cells with w = 45°
(w often chosen as this for better polarization), shown in Fig. alongside their

respective antenna patterns. The sinuous design has been extensively analyzed at

mm-scales for CMB detection (O’Brient|, 2010; [Edwards et al., 2012; |Suzuki, [2013;
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Figure 4.3: Left: Log-space unit cells for the Sinuous (top) and Trapezoidal (bottom)
designs. Both respective antenna patterns (right) have n = 4 arms with M = 7 unit
cells each. These can also be scaled invariantly. Note the trapezoidal design has an
additional slope parameter S, that corresponds to the percentage of the unit cell at a
max/min (+w, S = 50% shown). S — 100% produces a rectangular unit cell, while
S = 0% is triangular (Meinke et al.; 2020)).

Suzuki et all 2014)), while the trapezoidal has mainly undergone testing at larger

wavelengths (Klemp et al., 2005, 2006).

Each sinuous arm’s side/edge can be described from a continuous function in polar

(r, ) coordinates:

¢ = wsin (Wlnr/ri) + 0 (4.8)

InT 2’

The deviation in expected polarization along the zenith direction (polarization wob-

ble, see eq. [4.16]) in these sinuous antennas has been shown to decrease with 7 — 1

(Edwards et al., 2012).
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The trapezoidal antenna is defined in a similar fashion, but with an additional
slope parameter 0 < S < 100% that designates the percentage the unit cell spends at

a max/min (+w). It is not a continuous function, so must be defined piecewise:

(

1-s

_1+ﬁ(lnr—lnrk) re <1 < 71T 2
1 rE <r <prte
¢_i§+w 2 148 145 35
=55 1—m(lnr—lnrk—(7)ln7) T2 S < Tz
-1 e E <r <t

345
_1+ﬁ(lnr—lnrk—(%§)ln7) TET 2 grSTkTZZr,«kH,

\

(4.9)
with the inner radius of the kth unit cell r, = r;72=Y (for & > 1). Simulations
in HFSS show polarization wobble decreases as 7 — 1 and S — 100% (towards a
rectangular unit cell shape) (Meinke et al., [2020]).

However, mask and fabrication resolution create more realistic expectations for
antenna designs. The planar antennas need a feed structure in place, which must ex-
cite the arms near the center or else only high-order modes will be coupled (O’Brient,
2010). The best method of doing so involves running a microstrip feed down each
antenna arm. At the center, this allows for opposing arms in the n = 4 pattern to
connect and act as a differential feed-line, forming a virtual ground. An established
feed design is shown in Fig. that has been used in the sinuous pixels (Suzuki,
2013).

As fabrication resolution of a few microns is often required for consistent microstrip
lines, log-periodic designs can have issues where the narrow switchback portions of the
arms are below the necessary width to function as the microstrip line’s ground plane.

This issue arises as operating wavelength decreases (higher frequency), and is more
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Figure 4.4: Center microstrip feed-line in sinuous (slot) antenna designs from [Suzuki
(2013)). Orthogonality of the central feed connection (right) ensures reduced cross-talk
between orthogonal polarizations even in the absence of a cross-over.

evident in the trapezoidal designs which have improved polarization with narrower

switchbacks (due to slope parameter S — 100%).
4.3.2 Novel Hybrid 'Trapezoidal Design

A solution around the issue preventing microstrip feeds below a specific radii
and parameter set is to modify the trapezoidal design. Narrow arm widths can
be held constant by changing the slope parameter S with radius, such that S has
the maximum allowed value at all radii for the desired microstrip in an attempt to
also minimize polarization wobble. This removes the log-periodic classification, but
maintains the self-complementary property. Here the hybrid trapezoidal designs were
made to have a minimum width of W = 4 um for a 2 pym wide microstrip plus
padding on either side. This changes the first trapezoidal cell to look like Fig.
left, becoming more rectangular (S — 100%) as radius increases. The piecewise
trapezoidal equation thus transforms into a ‘hybrid’ trapezoidal definition as shown
in eq. below. This is actually nicer than before but no longer log-periodic due

to the W terms of the piecewise bounds.
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Hybrid Trapezoidal First Cell
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Figure 4.5: Left: First cell of the hybrid trapezoidal design (no longer log-periodic),
compared to the previous trapezoidal (dashed, S = 50%) unit cell. The goal of this
design is to fix the narrow portions of the antenna arms (right), all 4 ym in width.
The loss of periodicity also makes the design no longer invariantly scalable, the final
design chosen and shown here has r; = 29.8 ym, M = 6, and 7 = 1.35.

[W(r—rk)] re <r<rp,+W
1 e+ W <r<nr-Ww
0 1
d=F+w  [Wnr-n]" nr-W<r<nr+W (4.10)
-1 rreT + W <r <rpr? =W

(W (r —re7?)] et — W <r <1t =1,

4.4 Final Antenna Structure

The final antenna structure implemented within a millimeter-wave detector circuit
requires a few additional modifications from the arm designs described above. As some
of the arm features are small, it is often easier to instead create a complementary slot
antenna out of a solid conducting ground plane, as done in other previous lenslet-

coupled CMB antennas like the sinuous shown in Fig. £.4 This is equivalent to
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subtracting the arm designs (and central radius) from the ground plane. Via Babinet’s
principle, such subtraction is equivalent to the independent arm designs without a
ground plane and is used to help simplify simulations as described in the following
section.

Also as previously mentioned, difficulty can arise in ensuring correct routing of
an antenna’s signal. To avoid exciting only higher-order modes, the antennas must
be fed from the lowest-order or smallest element, in this case meaning the center.
A proven method of doing so involves careful routing of a microstrip feed-line down
each arm (or slot antenna’s ground plane “arm”). Thus at the center, each microstrip
crosses over and excites the slot, converging to form a plus-shaped connection. Since
each pair of opposing arms couples to an orthogonal linear polarization this creates
a differential feed on opposing arm microstrip feed-lines, while minimizing cross-talk
between the other polarization due identical central feeds oriented at 90°. Longer
and winding feed-lines required for the more complex log-periodic antennas also lead
to additional loss and cross-talk concerns, though attempts at modeling them have

proven challenging.
4.5 HFSS Simulation Setup

Ansys High Frequency Structure Simulatorﬂ (HFSS) is a simulation software used
to solve complex electromagnetic structures via the finite element method (FEM).
The lenslet-coupled antennas are simulated with a driven modal HFSS solution type
that is preferred for instances where higher-order modes may also be present. Each
design is solved at the highest desired frequency of 230 GHz (smallest wavelength)
for the finest mesh resolution. A linear frequency sweep is then conducted down

to 130 GHz with a step size of 2 GHz. To slightly reduce memory for complex

'"https://wuw.ansys.com/products/electronics/ansys—hfss
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antennas such as the hybrid trapezoidal, the refinement percentage (mesh resolution
increase) is kept at 10% per solution attempt, while the minimum AS' is set to 0.01.
A rectangular radiation boundary is used with a minimum \,,,,/4 spacing from all
lenslet and antenna components. An extra mesh constraint of \,,.,/16 was applied
on the radiation boundary to limit the maximum allowed mesh grid spacing for more
consistent far-field calculations.

The general HFSS setup is shown in Fig. [4.6]for these antenna simulations. Lenslet
designs as described overall in Section are used, with two AR layers (¢, =2 & 5)
centered at 180 GHz for the final operational goal of covering both the 150 and
220 GHz bands. The prototype lenslet design used in chapter [5| will initially be a
single-layer AR coated lenslet for testing focused on the 150 GHz band. Simulations
of the dual-bowtie, sinuous, and hybrid trapezoidal designs are conducted following
the design parameters listed in Table [4.1] A constant lenslet radius of R = 1.7 mm
is used in all simulations.

To excite opposing arms, two non-overlapping lumped ports are placed in the
center as in Fig. [4.6] A plus-shaped feed with four lumped ports could be used here,
but the difference was found to be marginal while increasing total simulation resources

needed.

Parameter Dual-Bowtie Sinuous Hybrid TZ.

i [pm] 10 24 29.8
M 9 7 6

T 1.3 1.3 1.35

L/R 0.38 0.46 0.42

Table 4.1: Antenna design parameters chosen for final simulations discussed in the
following sections.
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(a) Full Simulation Setup (b) Center Feed Setup

Figure 4.6: General HFSS setup for these antenna simulations. (a) Full view of
simulation radiation box, silicon lenslet, single AR layer, and antenna location (dual-
bowtie antenna shown). (b) Close-up of excitation present at the dual-bowtie antenna
arm center. A pair of lumped ports (green) are used to excite each opposing arm pair.
They do not physically overlap in the simulation, as one port is elevated slightly above
the other.

HEF'SS solutions include field calculations at mesh-grid points within the radiation

boundary, and scattering parameters in relation to the defined ports described in

(2011)) as the ratio of port output to input voltages

S = < . (4.11)
I 1v,=0, k#j

with the + and — denotes with respect to the incident and reflected port voltages.
Reflections are often the most important in antenna simulations, with reflection at a

port 1 defined as
Zl - Zout

S :P = -,
M ! Zl+Zout

(4.12)

where Z,,; is the output impedance or defined port impedance within the simulation.

For any n = 4 arm design with a lumped port as a differential feed for an opposing
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pair of arms, each arm impedance is thus calculated from the reflection coefficient as

Zout 1 + F1
7 = . 4.1
LN T (4.13)

For millimeter-wave detectors, the final product will be a slot antenna cut out of
a superconducting ground plane as described above. Thus, simulations can simply
define the complementary antenna arms as 2-dimensional sheets of perfect electrical

conductors (PEC) with marginal expected differences.
4.5.1 Polarization

Consideration must be had to report an accurate representation of far-field po-
larization results obtained from simulations. While Stokes parameters are frequently
used for polarization observation and analysis, they are not best suited for antenna
characterization. Instead a Ludwig-3 definition is used for linear polarization, defined

in [Ludwig (1973) as

E.(0,¢) = Egcos¢p — E,sin¢ (4.14)

E,(0,¢) = Egsin¢ + E, cos ¢, (4.15)

where Z is the direction of propagation of the light. This definition is good at de-
scribing an antenna’s linear polarization in simulated projected far-fields and is often
utilized in 3D electromagnetic simulation software like HF'SS. Naming convention fur-
ther divides polarizations into co- and cross- polarization compared to the desired or
expected result. For an antenna sought to operate with linear polarization along z,
the “co-pol” term would be E, (4.14), while “cross-pol” or “x-pol” would be consid-
ered the orthogonal F, term (4.15]).

Another prominent polarization metric for similar antennas is referred to as “po-

larization wobble” ((O’Brient, |2010), defined as deviation of the far-field polarization
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along the zenith direction from desired,

EX— @) ) E )
Pol.Wob. = arctan (#&%%) = arctan (%) , (4.16)

with the rightmost definition valid in our example when the desired polarization
is along the = or 6 direction. This value is useful in detectors when most of the
incident signal received is expected along the zenith and identification of inherent

“handedness” for an antenna versus frequency may be needed.
4.5.2 Radiation Patterns

A more complete picture can also be made by looking at an antenna’s radiation
patterns. The overall far-field radiation intensity [Watts per solid angle] can be defined

in terms of E-fields as

U0.6) = 5 [ 1Ea0.0) +] 0. 0] (.17

where 7 is the intrinsic impedance of the far-field medium (n = Z, = 377 § in our
case) (Balanis, 2016). Following the same convention, co- and cross- polarization

radiation intensities may be written from & as

E,?
E, 2
Uy(0,9) = |—2Z;7‘ : (4.19)

respectively, for again when the desired polarization is in the z direction. Antenna
designs and simulations also benefit from inspecting the far-field directivity, or ratio

of intensity compared to what would be expected from an isotropic source,

_ ArU(0,9) _ U(¥,9)
D(0,9) = FUO.0d0 T (4.20)
Q

where 2 is the entire solid angle integrated over and Uy = ¢f U (0, ¢)dQ2/4m = P,qq/47
Q

is the radiation intensity for an isotropic source or total radiated power averaged over
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the entire solid angle sphere. Co- and cross- polarization directivities D, and D,
may then be found by plugging in the definitions of & into the numerator,

respectively (still assuming co-pol is in the & direction).
4.5.3 Beam Efficiency

Radiation patterns are the primary aids in identifying significant side-lobes and
cross-polarization contamination that both harm the effectiveness of an antenna. To
quantify such effects I report the co-pol beam efficiency of an antenna, often in per-

centage form,

# Um<87 ¢)deeam @S Ux(97 Qb)deeam

Qbeabm Qbream
BE, = = 4.21
FF U6, §)d) 4nU, (4.21)
Q

where Qpeam 1S the main or desired beam solid angle to integrate over. I elect to
report the co-pol BE, integrated over an (., defined as the main azimuthal beam
to its first null or minimum. However, designs with an already identified telescope or
instrument to pair with may instead prefer to define a specific angle from the azimuth.
It is also worth noting a potential frequency-dependence, in which main beams often

become narrower with frequency.
4.5.4 Polarization Ratio

Another useful metric is the ratio between integrated co- and cross- polarization
intensities or directivities over the far-field sphere. This helps identify if reduced beam
efficiencies are simply due to significant co-pol side-lobes or if cross-pol contamination

may be a concern. Here the polarization ratio is defined as,
P Ua(0,0)d2 ¢ Do (0, §)dS2

Pol. Ratio = & —
0,002 gD, (0.0)d0
Q Q

(4.22)
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where again co-polarization is considered synonymous with desired polarization in

the z direction, and undesired cross-polarization in the .
4.6 Simulation Results

The parameters outlined in the previous section are used to carefully compare
simulations for the dual-bowtie, sinuous, and hybrid trapezoidal antennas. Each
design creates their own unique benefits and detriments, which must be carefully
weighed for the final desired use. For each simulation, I focus on bands centered at
150 and 220 GHz with a two-layer AR coating with dielectric constants of 2 and 5.

A constant lenslet radius of R = 1.7 mm is used in all simulations.
4.6.1 Impedance

Here I report the impedance as defined in averaged between the two identical
lumped ports. Impedance results are shown as real (resistance) and imaginary (reac-
tance) in Fig. . The real resistance corresponds to the far-field power radiated or
absorbed, while the imaginary reactance corresponds to the near-field non-radiated
power lost. The expected arm resistance for an n = 4 arm self-complementary design
on a silicon dielectric half-space is 52.9 Q (eq. . The dual-bowtie design stays
very near this expected resistance. Meanwhile, both log-periodic designs suffer from
impedance that oscillates with frequency. The hybrid trapezoidal has the widest fluc-
tuations, which here were used to position the impedance peaks outside of the desired

frequency bands.
4.6.2 Polarization Wobble

Polarization wobble is the alignment of polarization along the zenith, and does

not provide any off-axis insights. The polarization wobble as defined in eq. (4.16)
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(b) Antenna Polarization Wobble

Figure 4.7: Dual-bowtie (red), sinuous (black), and hybrid trapezoidal (blue) sim-
ulation results of (a) antenna arm impedance eq. with solid and dashed lines
for resistance and reactance, respectively. A horizontal orange line indicating the
expected impedance from eq. (4.6)). (b) Polarization wobble, eq. , versus fre-

quency.

124



is shown in Fig. [£.70] for the dual-bowtie, sinuous, and hybrid trapezoidal antennas.
The dual-bowtie has minimal polarization wobble fluctuations with frequency. The
log-periodic designs again share a similar result, oscillating between roughly +5°. The
periodic fluctuations in impedance and polarization wobble indicate the log-periodic

geometry is likely the cause.
4.6.3 Directivity Patterns

From just the impedance and polarization wobble results presented so far, it ap-
pears as if the dual-bowtie design would be the outright favorite. However, the entire
radiation pattern must be taken into account. Here I report the directivity as defined
in eq. (4.20]). Table lists the maximum co-polarization directivities found for each
design at both 150 and 220 GHz, while Fig. shows the relation versus all frequen-
cies. The dual-bowtie has a noticeably lower max directivity than the sinuous and

hybrid trapezoidal designs.

Freq. Maximum Directivity

[GHz]  Dual-Bowtie Sinuous Hybrid TZ.

150 GHz 14.7 dB 15.3 dB 15.8 dB
220 GHz 17.5 dB 19.2 dB 19.0 dB

Table 4.2: Maximum (co-polarization) directivities of each simulated antenna design
at 150 and 220 GHz.

A further inspection of normalized directivity cross-section patterns in the E-, H-,
and 45°- planes are shown in Figs. & respectively. These reveal why the
dual-bowtie has such a lower max directivity. There are obvious side-lobes present

in all designs, but they exist at up to —10 dB for the dual-bowtie compared to only
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Figure 4.8: Simulated maximum co-pol directivity for each antenna design versus
frequency. Dual-bowtie (red), sinuous (black), and hybrid trapezoidal (blue). The
dual-bowtie has noticeably reduced peak directivity than the log-periodic designs.
—18 dB and —20 dB for the sinuous and hybrid trapezoidal, respectively. This is
most evident in the E-plane patterns of Figs. & [£.9D]

The sinuous and hybrid trapezoidal patterns show the cross-pol contamination
responsible for producing polarization wobble also extends off the zenith at up to
—20 dB. This indicates that their polarization wobble extremes are likely due to a
constructive interference from the geometric and lenslet properties present. Mean-
while, the dual-bowtie design has extremely low cross-polarization below —55 dB in
both E- and H- planes, but the 45°-plane is important in revealing off-axis side-lobes
that reach almost —15 dB. As a result, the dual-bowtie antenna is not fully immune

to cross-polarization contamination, only if looked at on-axis or along-zenith.
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Figure 4.9: Simulated normalized directivity patterns in the E-plane, for the dual-
bowtie (red), sinuous (black), and hybrid trapezoidal (blue) antenna designs. Co-
(solid) and cross- (x-, dashed) pol are both shown, for (a) 150 GHz and (b) 220 GHz.
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bowtie (red), sinuous (black), and hybrid trapezoidal (blue) antenna designs. Co-
(solid) and cross- (x-, dashed) pol are both shown, for (a) 150 GHz and (b) 220 GHz.
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Figure 4.11: Simulated normalized directivity patterns in the 45°-plane, for the
dual-bowtie (red), sinuous (black), and hybrid trapezoidal (blue) antenna designs.
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Freq. Band Avg. Beam Efficiency

[GHZ] Dual-Bowtie Sinuous Hybrid TZ.
130 — 170 GHz 49.3% 82.6% 84.6%
190 — 230 GHz 45.0% 82.3% 84.2%

Table 4.3: Band averaged beam efficiencies for each antenna type at 130 — 170 and
190 — 230 GHz.
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Figure 4.12: Simulated beam efficiency, eq. (4.21]), for each antenna design versus
frequency. Dual-bowtie (red), sinuous (black), and hybrid trapezoidal (blue). The
dual-bowtie has reduced efficiency compared to both log-periodic designs.
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4.6.4 Beam Efficiency

The co-polarization main beams are converted to a beam efficiency via integrating
down to the first null following eq. . This evaluation helps quantify the impact
of side-lobes and cross-polarization contamination evident in the directivity patterns
discussed and shown above. The calculated beam efficiencies at 150 and 220 GHz are
shown in Table [4.3] while also shown versus frequency in Fig. [4.12] It is evident that
the dual-bowtie design with a beam efficiency of around 50% pales in comparison to
the sinuous and hybrid trapezoidal designs with efficiencies upwards of 85%. When
comparing the log-periodic antennas they are again extremely similar to one another,
with the hybrid trapezoidal slightly better but likely within the simulation’s mar-
gin of uncertainty. Minor differences in design parameters, as more time was spent

optimizing the hybrid trapezoidal design in this investigation, could also play a role.
4.6.5 Polarization Ratio

Finally, the polarization ratio versus frequency is shown in Fig.[4.13] Both the sin-
uous and hybrid trapezoidal designs have ratios greater than 10 dB, or 10 times higher
expected power in the co-polarization compared to the cross-polarization. The hybrid
trapezoidal does show a slight 1—2 dB improvement over the sinuous. Meanwhile, the
dual-bowtie antenna has a ratio closer to 7 dB indicating that the cross-polarization

side-lobes evident in the 45°-plane of Fig. do significantly impact polarization.
4.7 Inferences and Future Potential

The multichroic dual-polarization antenna designs outlined in this chapter high-
light a promising area for further advancement in the millimeter-wave detector and

CMB astronomy community. The simulations here highlight how the three discussed
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Figure 4.13: Simulated polarization ratio, eq. (4.22)), for each antenna design versus
frequency. Dual-bowtie (red), sinuous (black), and hybrid trapezoidal (blue). The
dual-bowtie also has lower polarization ratio compared to both log-periodic designs,
implying the 45° x-pol side-lobes in Fig. 4.11| are significant.
designs have their own unique pros and cons. The remainder of this chapter includes

a summary of key takeaways, hindrances, and further comments on the gathered

simulation results.

e The dual-bowtie antenna employs a simple design that allows for easy scaling
down to even sub-millimeter wavelengths. Its constant impedance and minimal
polarization along the zenith as shown in Fig. [£.7] allow for easy matching to
reduce unnecessary loss. However, significant side-lobes increase the chance of
cross-talk and lower overall efficiency, particularly in the E- and 45°- planes.
These are likely due to multiple reasons, like arm width and cross-coupling
between orthogonal arms. Thus, the dual-bowtie should be desired in cases

where polarization (preferably near zenith) is important and efficiency is less
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of a concern, such as when detecting a high occupation or concentration of
photons. The dual-bowtie impedance can also be easily adjusted by dropping

the self-complementary requirement and changing angular width of the arms.

e [t is also worth noting that this broadband dual-bowtie antenna was designed
to be multiple wavelengths larger than the operational maximum (r, 2 2\42)
to increase electrical length and reduce fluctuations with impedance. This is
likely a partial cause in the increased side-lobes. For instance, decreasing the
simulated design’s outer radius by one factor of 1.3 so M = 8 instead of 9
in Table [4.1] drops side-lobes by 2 — 5 dB. However it also then increases the
maximum cross-pol by roughly 5 dB, the HPBW by ~ 5°, and impedance

fluctuations by ~ 5%.

e The sinuous and hybrid trapezoidal log-periodic designs share a multitude of
similarities. They both have high overall beam efficiency, but less than desired
fluctuations in impedance and cross-polarization versus frequency. The hybrid
trapezoidal has a slight edge in both beam efficiency and polarization ratio, and
may be marginally easier to geometrically adjust for better impedance matching.
However, the sinuous antenna is an already proven design used in millimeter-
wave detectors (Sobrin et al., 2022)). A primary takeaway from these simulations
is that the hybrid trapezoidal highlights potential for further improvement in
the field, and show there are likely still many antenna designs yet to be found

that would greatly benefit millimeter-wave astronomy.
4.7.1 Hindrances

Of course, it would be remiss to not also summarize many shortcomings of the

current designs that have been described above. Some concerns have been addressed
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or reduced in previous deployments for millimeter telescopes, but still remain an area

for desired future improvement.

e A primary goal of these antenna designs is to minimize cross-polarization for
accurate detections. Log-periodic designs in particular often have a “handed-
ness” in the form of a polarization wobble with frequency. Experiments have
corrected for this both during data analysis and by alternating pixels of oppo-
site orientation/handedness (Abitbol et al., 2017). The challenge of improved
co-pol gain or directivity along the main beam and minimized cross-pol is ever

persistent.

e Long and winding microstrip feed-lines for the log-periodic designs introduce
opportunities for undesired signal loss and cross-talk, while proving difficult to
accurately simulate. Others have proposed solutions that reduce the antenna’s
physical size (increasing effective size), such as wavy sinuous arms discussed
in [Suzuki| (2013). When routed down narrow portions of arms, difficulty also

arises in accurate impedance matching.

e Asevident in Fig.[4.7a] the frequency-dependent fluctuation in impedance is also
a noticeable concern. Although centered around what is predicted by eq. ,
the log-periodic antenna impedances fluctuate significantly with frequency. This
will cause a decrease in overall efficiency within any desired bandpasses unless

well-matched.

e A further challenge arises in the required fabrication resolution of antenna pat-
terns. The current standard fabrication resolution is often around 1 — 2 um,
with increasing cost for increased resolution. As the central radii is the small-

est feature for the simple dual-bowtie, it can be easily made down to sub-mm
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operating wavelengths. On the other hand, the switchbacks and curves in the
log-periodic designs discussed here likely limit them to mm or larger wave-
lengths. Instead, horn-coupled detectors are often selected at these limits, as
echoed in the antenna choice for Simon’s Observatory and LiteBIRD (Xu et al.|
2020; Westbrook et al., 2021). One other alternative might be to switch out the
silicon wafer and lenslet for a material with lower dielectric constant. Quartz,
with a dielectric constant of € = 4.5 could be a viable alternative to avoid fab-
rication resolution limits and allow sub-mm operation in exchange for reduced

forward gain due to larger back-lobes.

e Fabrication of the required lenslet designs discussed in Section 4.2 has proven to
be a primary difficulty as well. Creation of a suitable hemisphere, inclusion of
necessary AR layers, and the scalability to kilo-pixel sized arrays, are all costly

endeavors that vary with each detector design but continue to improve.

4.7.2 Further Ideas and Comments

As outlined in the subsequent chapter, a prototype detector array with both dual-
bowtie and hybrid trapezoidal antennas has been fabricated and under preparation
for testing. A detailed analysis of each antenna design will yield promising insights
into the best next steps. Here I will stick to a discussion about the antenna design
process and emphasize a few key areas of desired improvement.

To begin with, the second and third hindrances listed in the above subsection
only become an issue for the complex log-periodic antennas. The basic dual-bowtie
design has the shortest possible microstrip feed path. With an outer radius large
compared to the maximum wavelength, i.e. r, = 2\, the dual-bowtie also has
minimal variations in impedance with respect to frequency. However, that comes at

a cost of lower overall efficiency due to higher side-lobes. In fact, any non-bowtie
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self-complementary design will lack a reflection symmetry that amplifies impedance
fluctuations when placed on a dielectric half-space.

From a wider perspective, I offer a simpler question: are self-complementary de-
signs here truly beneficial? The usual primary benefit (aside from pleasing geometric
patterns) is to produce an antenna with constant impedance. However, that property
is significantly negated by combination of the dielectric half-space and any antenna’s
finite outer cutoff radius.

Furthermore, if the self-complementary characteristic is removed from consider-
ation, what would an optimized design look like? The ideal antenna design would
leave a narrow radial portion of the arm (or rather ground plane, if a slot antenna)
for the required microstrip feed-line to travel over a shortest possible distance and
excite the antenna center. This and an n = 4 arm dual-polarization layout would
then constrain each antenna arm to non-overlapping regions of A¢ < 90° angular
width. Implementation of a log-periodic arm structure would still likely be beneficial,
as it aids in creation of broadband antennas with long electrical lengths.

Finally, to entertain/propose an “out of the box” idea (and mainly get it out of
my head), the inclusion of a vertical stack of parasitic elements could help facilitate
improved forward gain for the types of antennas outlined in this chapter. It also
allows for further domains of customization likely requiring a methodical approach
via simulations to optimize. Such an idea could very well be poppycock, but it is not
completely unfounded. A sequence of carefully spaced parasitic director elements are
the foundation for the commonly used Yagi-Uda antenna (Udal [1926). A few recent
studies have also employed a multi-layer or vertical stacking of planar elements in a
manner similar to proposed (e.g. Kramer et al., 2010; |Choe and Lim, 2014; Ramos

et al., |2018). However, the validity of a design to aid or even replace the lenslet
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component discussed in this chapter, while still operating over a wide bandwidth, is

unsupported and likely far-fetched.
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Chapter 5

12-PIXEL PROTOTYPE ANTENNA-COUPLED MKID ARRAY

With potential lenslet-coupled antennas designed and simulated, the next steps are
to find valid methods to fabricate and test them. This chapter describes the ongoing
endeavor to do just that for both the dual-bowtie and hybrid trapezoidal (HTZ)
designs described in Chapter [l Here I outline the background, implementation,
and fabrication of a 12-pixel prototype multichroic MKID array where each pixel is
coupled to a lenslet-coupled multichroic antenna. At the time of this writing, the
devices have been made and are present at Arizona State University. However, they
are currently still under preparation for testing to fully begin. Here I shall describe

the MKID array and the potential avenues for testing and development in the future.

5.1 MKID Overview

As these antennas are paired with superconducting microwave kinetic inductance

detectors (MKIDs), I will first outline the processes present in such detectors.
5.1.1 Superconductivity

Superconductors are a classification of materials that exhibit zero DC resistance
and an expulsion of magnetic fields below a given critical temperature 7.. The
ground state of superconductors below T, is made up of Cooper pairs, or elec-
trons paired together through electron-phonon interaction. This is known as the
Bardeen—Cooper—Schrieffer (BCS) theory of superconductivity (Bardeen et al., |1957)).

When at T' < T, Cooper pairs have energies below that of the normal ground state
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by an energy gap of
2A¢ ~ 3.5kgT., (5.1)

where kg is Boltzmann’s constant. Breaking a Cooper pair requires energy above this
2Ay gap. Conventional superconductors, with critical temperatures below roughly
T, < 20 K, thus have energy gaps on the order of O(1073) eV or O(10722) Joules.
This translates to the capability to detect photons above a minimum frequency of
Vmin = 20¢/h ~ T73(T./1K) GHz, and is three orders of magnitude lower than
charge-coupled devices (CCDs) used in optical and infrared observations (Mauskopf,
2018).

In addition to Cooper pairs, superconductors have a secondary charge carrier in
the form of electron quasiparticles. The thermal properties of a superconductor and
breaking of Cooper pairs dictate the quantity of quasiparticles present in a supercon-
ductor. These have a distribution f(F) that when in thermal equilibrium follows a

Fermi-Dirac distribution, with a quasiparticle number density shown in [Zmuidzinas

(2012) as
7%p:4A%/" [(B)EIE o 1 EdE 5.9
A  E? — A(T)? acry exp(E/ksT) +1/E? — A(T)?

where N is the single-spin density of states when at the Fermi energy. For low

temperature (7" < T,), this becomes (Mauskopf, 2018)

—A
ngp(T) = 2No\/2mkpT Ay exp ( 0) : (5.3)

kT

A superconductor’s conductivity and thus impedance is dictated by the current
carried by both such quasiparticles and Cooper pairs. Conductivity as defined in
the Drude model with Ohm’s law J = oE, requires a complex form of o = o1 — io»
for superconductors (Glover and Tinkham, 1957). This is outlined via the Mattis-

Bardeen theory (Mattis and Bardeen, [1958)), of which the surface impedance for
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thin-film superconductors approaches (Gao, 2008))

) ) : :
Z =1 _ S e L B e (5.4)
ot (o —iog)t (0% + o)t o3t

for a given thickness ¢. The final approximation is made when at low temperatures

where 0; < 05 is assumed.
5.1.2 Kinetic Inductance

Inductance within a conductor is present in two forms, magnetic and kinetic. The
standard everyday inductance often discussed is the magnetic, corresponding to the
magnetic energy stored within an ideal conductor,

1

gmag = §Lmag[2 (55)

as a function of current I. This can be considered as geometric or external inductance,
where it is independent of the density of charge carriers present (Mauskopf, 2018).
However, there is also energy stored in form of the charge carriers’ kinetic motion,

1 1 mel 1
Er = —Nyggmov? = —I*—%— = ~ [, I? 5.6
k=5 totT1leV 2" 2n.A o kL (5.6)

for a wire of length [ and cross section A with carrier density n., whose current can
thus be described as I = en.Av (Mauskopf, 2018). Thus kinetic inductance is defined
as Ly = m.l/(e’n.A). In normal metals the kinetic inductance is negligible due to
a large number of charge carriers (n.) present in a conductor. However in super-
conductors it becomes significant with fewer carriers below the critical temperature.
The surface impedance in low temperature thin-film superconductors of eq. can
then in turn be characterized as a combination of surface resistance (R) and kinetic

inductance per unit square (Ly),

01+ 109

Ly~
ost

=R+ iwly. (5.7)
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The resistance R is associated with the quasiparticle density (n,,), while the
inductance term L is related to the density of Cooper pairs (n.,). Hence a su-
perconducting transmission line resonator will consist of both geometric and kinetic

inductances, L = Ly,qq + Ly.
5.1.3 Kinetic Inductance Detectors

Kinetic inductance detectors (KIDs) utilize the appreciable kinetic inductance
(L) component of superconductors to fashion them into sensitive detection elements.
The two most common forms are lumped-element KIDs (LEKIDs) and microwave
KIDs (MKIDs). LEKIDs have lumped elements, i.e. elements shaped into respec-
tive components physically smaller than the operating wavelength. Meanwhile other
KIDs, including most MKIDs, utilize distributed elements made of transmission line
structures at sizes comparable to the target wavelength. To multiplex, KIDs may
either be inductively or capacitively coupled to a main transmission line. The latter
of which is increasingly common and used in this antenna-coupled prototype array.

A general schematic of a capacitively coupled KID is shown in Fig.[5.1a] It consists
of an LC resonator circuit and coupling capacitor (C.). Two potential types of loss are
included in the form of a capacitive parallel shunt resistance (&) and inductive series
resistance (R;). The inclusion of both adds algebraic complexity that can frequently
be simplified. Parallel shunt resistance Rj of a KID geometry is often large, while
series resistance R, associated with quasiparticle density n,, is small when operating
at T' < T,.. However the exclusion of both creates a fictional “perfect” LC circuit with
no loss, so most models incorporate at least one form of resistance (see McCarrick,

2018; [Mauskopf, 2018).
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(a) (b)
Figure 5.1: (a) General schematic diagram of a single KID-style resonator. It
consists of an RLC resonant circuit, capacitively coupled to a transmission line for it
to be read out. (b) Simulated example Sy response versus fractional shift relative to
resonant angular frequency wy for such a resonator. Blue is the original design with
resonance wy, while red, dashed is shifted via an increase in inductance by 1%.

5.1.4 Impedance, Quality Factors, and So;

The resultant resonator impedance as in the circuit depicted in Fig is

-1
1 1 1 1
Zres = - : - - > 5.8
() wC, + <Rs + iwlL, + wC, + R) (58)
where w = 27v is the angular frequency. Expanding eq. (5.8)) yields

_ Ry/Rj+1—-WwL(C, 4 Ce) + iw [Ry(C, + Co) + L/Ry]

A
res(w> —WQCC(RSC’I‘ + L/RH) + iWC’c(Rs/RH +1— (,UQLCT)

(5.9)

An example scattering parameter transmission (Ss;, see eq. further below)
for a resonator using this eq. is shown in Fig.|5.1bl The dashed line corresponds
to an increase in kinetic inductance as one would expect when a photon is detected
by a KID via breaking of Cooper pair(s).

While eq. appears daunting, it can be further simplified. Both R, and 1/R),

are expected to be < 1, thus any second-order terms are negligible (R,/Rj — 0).
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Near resonance, evaluation in terms of quality factors is an additional tool, where a
quality factor is the ratio between the maximum energy in a system (&) and the

energy dissipated (Pyiss), per cycle,

= % 5.10
Q Pdiss 7 ( )

with the resonance angular frequency wy is dependent upon the inductance and ca-
pacitance within the system,

1
VL(C, +Co)

Quality factors may be broken down into multiple sub-systems. First is the cou-

(5.11)

Wy =

pling between the transmission line (Z) and resonator capacitor (C,) referred to as

coupling quality factor (Barry, 2014]),

Q o WO(CT + Cc)|‘/7’es|2 /2 o 2<CT + Cc)
‘ \I,” Z/4 woC2Z

(5.12)

where Z is the microwave transmission line impedance coupled to the KID under
investigation. Furthermore, there is an internal quality factor of the RLC resonator

indicative of the loss within resistance components R, and R,

. WDL|IL|2 /2 . wOL][L|2 -~ WOL

Qi = = - ~ . 5.13
P+ B |]L|2Rs+|]L|2|R8+ZWOL|2/RH Ry +wiL?/ Ry, (5.13)

Taking all of the above into account, eq. ((5.9) at resonance can be rewritten as:
W [RS(CT + CC) -+ L/RH]
—WQCC(RSCT + L/RH) + ich(Rs/RH +1-— (,UQLCT)

[ R+ WL /Ry (C,+C. 1 (5.14)
N CL)(]L WOCE 1+ iWQ(Cr + Cc) (RSCT + L/RH)/CC

Zres (WO) =

ZQ, 1

where ex = wo(C, + C.)(R,C, + L/R))/C.. A slight shift off-resonance is often

represented as a dx = (w — wp)/wo, or w = wo(1 + dx). Substituting this into eq. ((5.9)
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for dz < 1 yields:

N Q. Z
Zres(w) =~ (2Qz~+z’Qc§m> Tr i (5.15)

The expected scattering parameter transmission (Ss1) through a network with one

KID resonator thus becomes

2Zres A

S :—:1——
T2+ Z 2 yes + 2

(5.16)

which in combination with eq. (5.15) may be approximated as (Khalil et al., 2012),
QT@S ]‘

Sop >~ 1 — 5.17

. Qc 1+ 2iQres07 (5.17)
with Q,.s being the overall resonator quality factor:
1 1 1 1

— 4+ —+ (5.18)

Qres B Qc Qz C?loss7
taking into account both coupling, internal, and parasitic loss Q,ss (Mauskopf, 2018)).

This Q;.ss may include a variety of external factors such as parasitic reactances along

with temperature- and optical load- dependent effects.
5.1.5 Thermal and Optical Response

The properties outlined above are all influenced by the density of charge carriers
(Cooper pairs and quasiparticles) in the superconducting structures that make KIDs.
The two most common properties that affect charge carrier density are temperature
and optical loading.

A lower temperature (below T.) creates more Cooper pairs, causing a lower kinetic
inductance and thus shifts the resonance to higher frequencies. The change in resonant

frequency vy with temperature can be modeled as in [Mauskopf! (2018))

% _Lkljo exp(—AO/kBT) 27T]€BT (1 + AO )

dT N LtOtT A0 5 kBT

QAO hVO hVO
1 _ o g (e
T\ Tk eXp( kBT) D(kBT>

(5.19)




where I, is the zeroth-order modified Bessel function of the first kind. Lower base
temperatures are often desired, as they produce a higher overall resonator quality
factor (Qes)-

Meanwhile, KIDs are also influenced by any absorbed power. This is most signif-
icant to determine the response of incident absorbed photons that are detected once
pointed on-sky. The resonance frequency shift is described as a set of differential

equations,
dvg  diyy dop dng,
dPus  dogdng, dPys

(5.20)

As shown in [Mauskopf (2018), superconductors like aluminum have the product

dVO dO'Q LkVO ZAO
— ~——— 1+, 21
d0'2 dnqp 4LtotN0A0 ( + 7T]€BT ’ (5 )

with the final differential of eq. (5.20|) being,

dng, 1 /[
S S 5.22
dPabs 2 fypabsAZ ( )

for an average quasiparticle generation efficiency 7 and superconductor volume X.

of:

This is under the assumption that the superconductor is dominated by optically
excited quasiparticles, as expected for Al, and not thermal or background generated

quasiparticles (Mauskopf], 2018; |Gordon, [2019)).
5.2 Array Specifications

The prototype antenna-coupled MKID array functions through the absorption of
an incident photon via the antenna, filtered into its respective spectral band, sent to a
MKID resonator where it breaks Cooper pair(s), changing the kinetic inductance and
thus shifting the observed resonant frequency of the MKID. This process requires
a detailed set of fabrication steps. All non-antenna designs were adapted from an

existing multichroic MKID horn-coupled prototype design described in |Johnson et al.

145



Layer Material Thickness Info

6 Nb 400 nm Microstrip & Gnd Straps

5 Au 100 nm Term. R at 180° hybrid sum port
4 Vias thru SiN (see 3) For Microstrip & Gnd Straps

3 SiN, 350 nm Microstrip Dielectric/Insulator

2 Nb 200 nm Bi-layer Gnd: CPWs, Slot Antenna
1 Al 40 nm Bi-layer Gnd: CPWs, Slot Antenna
0 HRFZ Si Wafer 500 pm Device Wafer

Table 5.1: Fabrication layer stack-up of the prototype lenslet-coupled antennas
paired with multichroic MKIDs. Note: The MKID sensing elements are made of
CPWs with exposed aluminum (layer 2 Nb removed).

(2018)). The fabrication stack-up of all layers involved in the prototype array is listed
in Table 5.1} These prototype arrays were fabricated at NIST (National Institute
of Standards and Technology) and received here at ASU via Dr. Bradley Johnson
(University of Virginia), the lead PI of this MKID collaboration.

The “uppermost” layers for the microstrip geometry consists of Nb on SiN, di-
electric, as fabrication layers 3 & 6 in Table [5.1 Each prototype array contains 6
dual-bowtie and 6 HTZ antennas. The antenna microstrip feed-lines have a minimum
width of 1.0 and 1.3 um at the dual-bowtie and HTZ antenna center, respectively.
The feed-lines are then stepped in a Chebyshev-like impedance transformer towards
the 5.0 pm-wide microstrip network, where each microstrip feed splits and filters
incident signal into their respective 150 and 235 GHz bands per antenna arm. Differ-
ential signals from opposing arms are then recombined at a 180° hybrid tee, where the
sum port signal is dissipated with a gold film terminator resistor (layer 5). A photo
is shown in Fig. of one such described pixel coupled to an HTZ antenna. The

green region is the SiN, microstrip substrate, with the thin yellow defining the Nb
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Figure 5.2: The center of one hybrid-trapezoidal MKID pixel in the prototype array.
The green region is the SiN, microstrip substrate, with the thin yellow defining the
Nb microstrip edges. The thin regions extending from the center are the antenna
microstrip feed-lines. The antenna slot (no Nb-over-Al ground plane) is dark blue.
Photo Credit: Dr. M. Vissers, NIST
microstrip edges. The thin yellow stripes extending from the center are the antenna
microstrip feed-lines. The antenna slot (no Nb-over-Al ground plane) is dark blue.
A microstrip to slotline transition transfers the 180° hybrid’s difference signal to
a coplanar waveguide (CPW) cut out of an Nb-over-Al bilayer ground plane. This
occurs at each pixel corner, visible in Fig. The CPW structure then constructs
the MKID resonator, shown in Fig. [5.3. The CPW resonator starts narrow with an
exposed Al center-line (no Nb) acting as the sensing element where Cooper pairs

are broken due to aluminum’s critical temperature of T, = 1.4K. The rest of the

CPW then widens and is made out of Nb-over-Al bilayer, with a measured 7, = 8.3K

(Flanigan| 2018;|Johnson et al., [2018)). Breaking Cooper pairs at this 7, would require

photon energies of ~ 600 GHz, greater than the designed spectral bands and thus

limiting destruction of Cooper pairs to only the narrow exposed Al resonator section.
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Figure 5.3: Closer view of one MKID resonator, made of an etched CPW geom-
etry shown here as white. The thin CPW extending from the microstrip geometry
transition (SiN, here is the brown) has an exposed Al center-line where Cooper pairs
are able to be broken. Also seen is the horizontal CPW transmission line (top) that
the MKIDs are capacitively coupled to, with ground straps in an effort to reduce

cross-talk between MKIDs. Photo Credit: Dr. M. Vissers, NIST

The Nb-over-Al portion of the resonator however helps set the base inductance
and capacitance, which depend upon the over CPW length. Each MKID resonator is
tuned to a unique resonance by varying this CPW length, for 4 per pixel or a total of

48 resonators in the prototype array. Their expected frequencies span from roughly

2.5 — 3.0 MHz (Flanigan| 2018; Johnson et al., 2018). The CPW resonator end is

then capacitively coupled to the main CPW transmission line that is routed around all
pixels. Ground straps connecting the opposing CPW grounds, visible in Fig. [5.3] are
placed over the main transmission line, via bridges made of Nb over SiN, at frequent
intervals. This is an attempt to minimize potential cross-talk between neighboring

MKID resonators.

148



Figure 5.4: Side-view image of one prototype silicon lenslet with a single-layer glass
AR cap/coating, with a A/4 thickness centered at 150GHz.

5.2.1 Antenna and Lenslet Geometry

Echoed in the previous chapter, fabrication of AR-coated lenslets is one of the
primary challenges for lenslet-coupled antennas. These prototype arrays will have a
limited number of hyper-hemispherical silicon lenslets from Hyperion Opticdl] with
a radius of R = 1.7 mm and thickness of 1.9 mm (0.2 mm hyper-extended from
the hemispherical plane). Combined with the HRFZ silicon wafer, it creates a lenslet
extension length of L = 0.7 mm for an L/R =~ 0.41. Although not the optimized values
used in the Chapter simulations, this L/R value should be within near-optimal range
for both dual-bowtie and hybrid trapezoidal antennas.

The two-layer AR coating was also unable to be easily obtained, so these first
batch of lenslets instead use a single-layer of H-PZ33 glass (ng = 1.472 or € = 2.17)
with 7" = A/4 thickness set at 150 GHz. As a result, the 150 GHz band will be
the primary band under investigation, but the 235 GHz band can still be utilized to
help improve efficiency estimations. This layer is also only applied to roughly 80°
from zenith rather than a full 90° hemispherical cap due to fabrication limitations.

An image of one such lenslet is shown in Fig. [5.4. Table outlines the rest of

Thttp://www.hypoptics.com/
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Parameter Dual-Bowtie Hybrid TZ.

i [pm] 10 29.8
M 9 6
T 1.3 1.35
L/R 0.7/1.7 ~ 0.41

Table 5.2: Design parameters for the prototype lenslet-coupled antennas paired with
MKIDs. Both dual-bowtie and hybrid trapezoidal arm designs from Chapter [4] were
chosen. However, the lenslet geometry was not able to be optimized per design,
instead using an R = 1.7 mm radius lens with an extension length of L = 0.7 mm.

the antenna parameters, which do not otherwise differ from the previous simulation

values.
5.3 Package Specifications

A device package was designed to hold the prototype array and lenslets for cryo-
genic testing. Machined out of aluminum, it must safely route an RF signal to the
array’s microwave transmission line. An SMA connector is soldered to a microstrip
to CPW transition board that rests adjacent to the array. This is shown in Fig.
with an array placed (but not fully installed). Twelve circular cutouts reside behind
the array that correspond to lenslet positions where incident light is to be observed
from. A remaining difficulty is the accurate wire-bonding of the device array to the
transition board and Al package. This requires Al wire-bonding between the upper
bilayer of Nb to copper on the transition board and Al of the package. With limited
Al wire-bonding experience and a manual wire-bonder that is currently experiencing

issues, the many dozens of wire bonds necessary have proven difficult.
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lem 1

(b) Bottom

Figure 5.5: Device module package to hold the prototype lenslet antenna-coupled
MKID array. (a) Inner top half of package, where the array is held and microwave
transmission line is to be connected (Al wire-bonds not present). (b) Inner bottom
half of the package, designed with a close-fit and individual 150 GHz \/4 backshorts.
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The bottom side of the device package, shown in Fig. [5.5b] contains individual
A/4 backshorts designed for 150 GHz. When assembled, the package top and bottom
are tight-fitting to limit stray radiation from undesired directions.

Securing the device array is a primary concern, but securing and aligning indi-
vidual lenslets over their respective pixel is of equal importance. A system has been
devised to attach an aluminum holder to the outside of the module’s top. Lenslets
as previously shown in Fig. may be placed within their circular cutouts of the
package top and then secured from above via slightly narrower circular cutouts in the
aluminum holder attachment. An image of this is shown in Fig. resting upon
the three available lenslets. Initial “dark” measurement testing where detectors are
not illuminated may instead be conducted by simply placing a cover or tape over
the package opening. Subsequent testing while illuminating the device array requires
attaching the aluminum holder to the module package via a set of springs to hold
the lenslets, shown in Fig. [5.6b| which allows for potential changes due to thermal

expansion.
5.4  Future Steps

Testing has yet to fully commence on these prototype device arrays. That doesn’t

however prevent me from outlining potential steps in the testing timeline.
5.4.1 Dark Testing

The first and easiest test step would be to begin characterization of the MKID
components. This involves keeping the array “dark” by minimizing any stray light
and observing their base resonance frequencies. For accurate results, the array must
be placed on a cryogenic stage at T < 300mK to be well below the 1.4K critical

temperature of the aluminum. No lenslets nor their holder attachment are required
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(a) Lenslet Holder

a..-.: @

s

v

(b) Assembled Lenslet Holder

Figure 5.6: (a) Lenslet holder, resting upon the three available prototype lenslets.
(b) Outer top side of the MKID device package, where a spring clamp setup is used
on an aluminum holder to keep the individual lenslets in place (lenslets nor device
array are present here).
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for this step. The package’s focal side can instead be covered or taped up to prevent
stray light.

The temperature response, such as briefly described in Section [5.1.5( may also be
characterized via the inclusion of a heater on the same ultra-cold cryogenic stage
that the device is located. Paired with a reliable thermometer, the temperature can
be controlled and dark resonator response recorded to help determine their kinetic

inductance and energy gap Ag.

5.4.2 Iluminated Testing

Inclusion of the novel antenna designs was the primary motivation for these new
MKID arrays, which unfortunately does not have direct influence on dark test results.
Instead, the lenslet-coupled antennas must be illuminated to gauge antenna efficiency
and overall optical response of the detectors. A clean manner of directing light onto
the detectors would be using an external source outside the cryostat directed through
a series of cryostat windows. However, most cryostats, including those in the lab here
at ASU do not have that capability.

A standard alternative to cryogenic windows is to illuminate the detector array
through a controllable external source routed into the cryostat. Waveguides are often
preferred for millimeter wavelengths, as other methods such as RF coaxial cabling
become lossy. The downsides are that waveguides can take up substantial amounts of
space, and often require reconfiguration of parts within a cryostat. The second option
involves placing a material inside the cryostat, normally at a higher temperature stage
and directed towards the device to act as a blackbody source. This illuminates the
device array with an incoherent broadband radiation, but is still partially controllable

if placed with a heater to adjust its temperature.
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Figure 5.7: Test system schematic from McCarrick, H. et al. (2018), depicting two
manners to radiate the focal plane of a detector array. The first option is the use
of a controllable external coherent source sent in via a waveguide plus horn antenna,
and further modulated by a half wave plate (HWP). The second option is to use
Eccosorb coated with etched Teflon weakly coupled to a higher temperature stage
(2.7K stage shown in image). This would emit a broadband blackbody radiation
within the cryostat at its thermal temperature, which can be further adjusted by an
adjacent heater.

A schematic containing both options is shown in Fig. extracted from

rick, H. et al, (2018)). Here the blackbody source (second option) is Eccosorb coated

with etched Teflon, to ensure a sufficient but not excessive amount of blackbody ra-
diation is generated within the cryostat. For initial testing, the blackbody source
would be the easiest method to implement and compare overall responsivity between

the dual-bowtie and hybrid trapezoidal antenna designs.
5.4.3 Antenna Considerations

If further antenna design modifications are conducted, such as some points raised
in Section [£.7) of the previous chapter, the initial steps in fabrication and testing may
benefit to differ from what was described and conducted here. Instead of full inte-

gration within a device array, antennas could first be fabricated individually or even
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scaled to longer wavelengths and constructed out of valid normal room temperature
conductors (i.e. copper). Then standard antenna testing in anechoic chambers could
be conducted without the need for complex cryogenic systems. This was done for
initial versions of the sinuous log-periodic designs (O’Brient), [2010). It may also then
be more cost-effective, especially if any extremely novel untested designs are to be

considered.
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Chapter 6

CRYOGENIC READOUT DESIGN OF ALICPT

6.1 Scientific Motivation

A dominant portion of the current ground-based millimeter-wave telescopes are

currently deployed in the Southern Hemisphere. More specifically, many reside at

either the Atacama Desert in Chile; i.e. ACT (Choi et al. [2018; Mallaby-Kay

et al), 2021), ALMA (Wootten and Thompson, 2009; /ALMA Partnership et al., 2015),

CLASS (Dahal et al 2022), POLARBEAR (Westbrook et al., [2018; Kaneko et al.|

2020)), and the upcoming Simon’s Observatory (Xu et al., 2020); or Antarctica; such

as SPT (Anderson et al., [2018), and the BICEP /Keck instruments (Ade et al., 2015b;

Moncelsi et al., 2020). Frequent balloon missions are also deployed near the South

Pole, including BOOMERanG and SPIDER (Crill et al., [2003; Hubmayr et al., 2016)).

For the Ali CMB Polarization Telescope (ALICPT), its location on the Tibetan

Plateau shares many desired properties with the aforementioned sites, namely being

dry, high altitude, and far from potential pollutants (Li et al., 2018)). However, with

AlICPT’s presence in the Northern Hemisphere and resolutions of 19" and 11’ for 90

and 150 GHz, respectively, it becomes an important counterpart to the BICEP /Keck

family of Antarctic telescopes (Keating et al., [2003; [Salatino et al.| |2020). These

are ideal instruments in the search for primordial gravitational waves via detection
of the faint B-mode CMB polarization component, predicted to peak at moderate

angular scales. They will also help to identify large-scale foreground contamination,

such as galactic dust and synchrotron emission (Li et all 2018). Shown in Fig. |6.1]

AliCPT enables coverage in the Northern Hemisphere unreachable by instruments at
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Figure 6.1: The general observational range of AliCPT compared to that of instru-
ments at the South Pole and Atacama Desert, inspired by a similar graphic from the
AliCPT THEP team. AliCPT will unlock much of the less-studied Northern Hemi-
sphere that these other instruments cannot observe. The background image is an
equatorial Mollweide projected sky at 353 GHz from Planck (Planck Collaboration|

"

the South Pole and Atacama Desert. It also provides opportunities for other analy-

sis by overlapping with Northern Hemisphere sky surveys such as SDSS (Ahumada

et al| [2020) and the Dark Energy Spectroscopic Instrument (DESL, [Levi et al., 2019).

Fig. further highlights the lack of Northern Hemisphere CMB experiments, where

AliCPT is a significant addition due to it’s high sensitivity, detector count, and ded-

icated telescope (Salatino et al., [2020).

6.2 Overview of AliCPT

AliCPT is a dual-band polarimeter set to unlock large areas of the Northern
Hemisphere sky via ground-based millimeter observations as part of an international
collaboration led by the Institute of High Energy Physics (IHEP). AliCPT’s telescope
receiver development is led by Stanford University, with detector array development
by NIST and readout electronics (both room temperature and cryogenic) from ASU.

It will be deployed in the Tibetan Plateau with a 72 cm diameter aperture that illumi-

nates a 63.6 cm diameter focal plane (Salatino et al., [2021)). Cooled down to 280 mK,
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Figure 6.2: Various CMB experiments and their locations throughout the world,
image created by Maria Salatino (Stanford University). AliCPT will be one of only
a handful located in the Northern Hemisphere.

the focal plane will be populated by up to 19 detector modules, each of which contains
1704 transition-edge sensor (TES) bolometer detectors for a total of up to 32,376 de-
tectors. These TES bolometers are voltage-biased superconducting devices that are
operated just below their critical temperature (7). Thus, an increase in tempera-

ture produced by an incident photon creates a change in the TES electrical current.

It then causes a resonance frequency shift in an inductively coupled RF supercon-

ducting quantum interference device (SQUID) resonator (Irwin and Hilton| 2005).

AliICPT makes use of a microwave frequency-domain multiplexing pmux structure,

where each TES-SQUID pair is tuned to a unique resonant frequency (Mates| 2011}

Salatino et al.,|[2020). The final detector module design aims to operate on a single RF

network, for a multiplexing factor of 1704. A complex system of cabling, components,
and electronics are then required to accurately read out all signals detected.
Outside the cryostat at room temperature resides the warm readout electronics

responsible for producing the frequency tones that probe the detector resonances. Al-
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iCPT uses a Xilinx RF system, the REFSoC ZCU111 evaluation board, for all digital
signal processing (DSP) demands (Sinclair et al. 2020; |Salatino et al., 2021). An
intermediate frequency (IF) transceiver board, from Alphacore Inc., is used in con-
junction to up- and down- convert the RFSoC frequencies to the required 4-8 GHz
detector resonator band (Salatino et al., |2020).

Fig. [6.3shows the AliCPT cryostat vacuum jacket (VJ) during assembly at Stan-
ford University and the SolidWorks model cross-section depicting most parts within
the complete cryostat. The cryostat has temperature stages of approximately 50K,
4K, 1K, 350mK, and 280mK. The 50K and 4K stages are cooled down with a Cry-
omech PT420 2-stage pulse tube CryocooleIE.Meanwhile, a custom Chase 3-stage ad-
sorption fridge is responsible for the three lower temperature stages (Salatino et al.|
2020)). Cryogenic readout pertains to all components in the signal chain between the
electronic readout rack and TES detector array. The Mauskopf lab here at Arizona
State University works on such readout design in collaboration with the AliCPT U.S.

team, led by Stanford University.
6.3 Cryogenic Readout Overview

Of equal importance to detectors themselves is the ability to reliably read their
signals out of the cryostat for detailed data analysis to begin. This relies upon
a comprehensive set of cables and components routed from the room temperature
readout electronics through the AlICPT cryostat, to the detectors at 280mK, and
back out. The readout chain between the warm readout electronics and one such

detector module is detailed in Fig. [6.4] This includes a set of RF coaxial (input

ICurrent thermal design predicts one PT420 cryocooler is sufficient the total deployment of 19
modules; however in the case of non-optimal performance, the receiver has been designed to host a

second PT420 cryocooler.
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Figure 6.3: The ALiICPT cryostat. (a) External view of 300K vacuum jacket and
(b) SolidWorks model showing a cross section summary of the inner components.
Originally published in Salatino et al.| (2020)).

and output) to successfully probe the resonance frequencies of the pymux resonators,
and dedicated DC lines for the detectors and cryogenic readout electronics. These
DC lines provide power to the low noise amplifiers (LNAs) situated on the RF chain
output at 4K and 50K, along with providing TES voltage bias and RF SQUID (“flux
ramp”) bias at the detector module.

The RF input coaxial chain contains cryogenic attenuators starting at the 4K

temperature stage and cooler. The resonators are optimally probed with a power

of & =70 dBm (Dober et al.| [2017) at the detectors. However, to minimize noise

temperature within the entire RF chain, a higher power tone (roughly —40 to —45
dBm) is input into the cryostat and then attenuated down at the colder stages. Ideally,
this attenuation would be done at the coldest stage (280mK), but cryogenic loading

also needs to be taken into account. Colder temperature stages have lower cooling
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Figure 6.4: AliCPT cryogenic readout diagram, updated version from that originally
published in [Salatino et al. (2021)) (cryogenic DC filter moved). It outlines all cabling
and components needed to successfully read out one final AliCPT detector module.
Initial detectors in AliCPT will require two sets of RF chains.

power, making the management of thermal loads a balancing act between cryostat
capabilities and readout efficiency, particularly on the three lower stages cooled by
the custom Chase adsorption fridge.

Listed in Table [6.1] are recent attenuator values used in ALiICPT The 4K tem-
perature stage has the largest attenuation (20 dB), due to its significantly higher
cooling power of which RF attenuation uses only a marginal portion. The 1K and
sub-Kelvin stages on the other hand, have lower cooling power from the adsorption

fridge which allows for only 0 — 3 dB attenuators. This is assuming the maximum of

1704 frequency-multiplexed tones through the RF cabling system.
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Stage: 4K 1K 350mK 280mK

Attenuator: 20dB 0 dB 3 dB 3 dB

Table 6.1: Recent attenuator selection within AliCPT (subject to change). As the
1K stage is nearest its net cooling power limit, no attenuation is assigned.

On the RF coaxial output, LNAs situated at 4K and 50K are made here at Arizona
State University, providing nominal gains of roughly 25 dB and 15 dB, respectively.
In combination, the two LNAs bring the RF signal back to readable power levels
while minimizing noise contributions. An RF isolator is placed on the 1K output line
before the first (4K) LNA to further reduce noise and limit any reflections at 4K from
traveling back to the detector module. DC blocks are also utilized between the 4K
and 1K stages, with available space at 300K and 280mK if deemed necessary, to limit
DC and thermal propagation.

Similarly, the DC lines require minimal noise and as low electromagnetic interfer-
ence (EMI) as possible within the cryostat. Unwanted EMI, especially near the focal
plane, would interfere with both the readout cabling and the sensitive components
of the detector module itself. Therefore, the DC lines incorporate a low-pass ferrite
filter adapter at the cryostat VJ interface and a higher quality Cristek pi-type EMI
filter at the 4K interface. The AlICPT cryostat also employs RF shielding around

the sub-4K focal plane unit (FPU).
6.4 Mechanical Considerations

Cryostat temperature stages have minimal surface areas and volume, in part to
minimize their required cooling power. This adds a spatial complexity to the already
delicate balance between thermal limits and readout performance. Much of this space

is allocated for general cryostat function and operation, while cabling between stages
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must also incorporate either loops or flexibility to accommodate potential differences
in thermal expansion. As a result, very deliberate cryogenic readout configurations
must be designed. All AiCPT inter-stage RF cabling consists of semi-rigid coaxial
cables with loops or turns for this reason. The cryogenic readout within AliCPT can
be divided into three distinct portions. These pertain to a readout harness present
from 300K to 4K, distribution of the 4K readout components on a panel mounted to
the cryostat’s 4K baseplate, and the 4K to 280mK cabling that traverses the FPU

to/from the detector module.
6.4.1 Readout Harness

For AliCPT, a mechanical harness design is used, which includes the cryogenic
readout VJ plate (room temperature, i.e. 300K) down to an intermediate “float-
ing” 4K panel. In this manner, the readout harness can be assembled outside of the
cryostat and then installed inside without further need to adjust any of the difficult
semi-rigid inter-temperature coaxial cabling within it. The final deployment of Al-
iCPT will have a total of four identical readout harnesses, each capable of carrying
the components necessary for supporting up to 5x detector modules. Once installed,
copper coax connects RF cabling from the “floating” 4K panel of the harness to a
4K readout panel attached to the cryostat’s 4K baseplate. The initial and latest
SolidWorks design iterations of the AiICPT readout harness are depicted in Fig [6.5]

The readout VJ plate is stainless steel, 448 by 123 mm, with hermetic feedthrough
connectors for 10x SMAs, 5x 37-pin d-sub, 1x 25-pin d-sub, and two tapped exten-
sions used during harness assembly. Fig. shows the VJ readout plate from the
side that is visible outside the cryostat when the harness is fully installed. The subse-
quently attached 50K panel is copper, roughly 357 by 68 mm, with mounting locations

for 10x SMA bulkheads, the aforementioned DC cabling (converted to micro-d con-

164



VR O Ty

(a) First harness assembly model. (b) Latest harness assembly model.

Figure 6.5: 3D models of the AliCPT readout harness. (a) First assembled ver-
sion. (b) Latest version, after identification of alignment difficulties. These latest
modifications were implemented by Collaborators at Stanford University.

Figure 6.6: AliICPT VJ (300K) readout plate, the hermetic panel part of the readout
harness design visible from outside the cryostat when fully installed.

nectors), and 4x through-holes for alignment legs during assembly. The 5x 50K
LNAs and a breakout board from the 25-pin DC cable for all dedicated 50K LNA
bias are also present on the 50K panel.

An intermediate “floating” 4K panel within the harness is implemented for the
sole purpose of mounting 10x SMA bulkheads to constrain the 50K-4K semi-rigid
coaxial cables within the harness design and simplify installation. It is not neces-

sarily in complete thermal equilibrium with the 4K stage, as it is mounted via an
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(a) First Readout Harness Assembly Test (b) Later Readout Harness Assembly Test
Figure 6.7: Initial readout harness assemblies of AliCPT with cabling for two RF

chains. (a) The first assembly test, conducted at ASU (without 50K LNAs). (b) A
later assembly conducted by Stanford University, with 50K LNAs and the updated
assembly structure.

aluminum panel. Flexible copper coaxial cabling is then used to connect the har-
ness once installed to the proper 4K panel (described in Section . Inserted into
the cryostat the harness is secured, starting sequentially with the VJ plate, to each
respective temperature stage. The alignment legs are then removed to help limit
thermal conductivity between stages when cooled.

The VJ plate and 50K panel are separated by just 50.65 mm, while the 50K and
intermediate 4K panels are only 59.75 mm apart. Such narrow distances restrict the
number of possible coaxial cable configurations, especially when thermal properties
are factored in (see Section . The 50K LNAs are placed on the 50K panel in a
staggered manner that prevents physical interference between parts. Flexible copper
coaxial is then carefully routed from the LNAs to the 50K SMA bulkhead outputs.
Custom helically-looped 2.19 mm diameter stainless steel coaxial cables from Coaz-

C’aEl are used for all inter-temperature RF cabling within the readout harness. Images

of the first test assembly and a later assembly are shown in Fig. with an image of

Zhttp:/ /www.coax.co.jp/en/
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Figure 6.8: Image of me at Stanford

. 4 W a
University helping to conduct the first instal-
lation test of the AliCPT readout harness.

myself during the initial harness installation fit check at Stanford University is shown
in Fig. [6.8
6.4.2 4K Readout Panel

All AliCPT 4K readout components are situated on the 4K readout panel that
resides upon the cryostat’s 4K baseplate. This is the defining stage that spatially
isolates the FPU from the rest of the cryostat. The intermediate “floating” 4K panel
of the readout harness, mentioned above for simplicity in installation, connects to
the 4K panel via flexible copper coaxial cabling. DC cables are also routed from
the harness’ 50K. Like the readout harness, each 4K readout panel is responsible for
reading out up to 5 detector modules.

The 4K readout panel consists of the 5x 4K LNAs responsible for producing
roughly 25 dB of gain on each RF output. The LNA bias is provided through indi-
vidual breakout PCB boards, each routing bias for one LNA from a 37-pin micro-d

DC cable. Before the breakout board, the DC cabling encounters a Cristek pi-type
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EMI filter on the 4K stage. This is further protection for any residual EMI interfer-
ence that could affect other electronics within the FPU. Each 37-pin DC cable then
progresses through all FPU stages via thermal heat clamps and then connects to the
detector module where it provides the TES and SQUID bias signals.

Other RF components are present on the 4K stage. As previously mentioned in
Section , the largest attenuator (20 dB) is placed on the 4K input line, and DC
blocks are placed on both RF input and output lines to help further isolate the FPU.
Semi-rigid coaxial is then routed to the 1K stage, designed to avoid any potential

interference with other equipment.
6.4.3 Sub-Kelvin Cabling

From the 4K panel, readout cabling must climb a stack of rings that constitute
the three lowest temperature stages before reaching detectors at the focal plane. To
maintain a high sense of modularity, all five RF chains (per harness side) are designed
to be identical with interchangeable components between FPU stages. This is done
with evenly spaced SMA bulkheads on a separate modular brass attachment for easy
removal, designed by Stanford.

The primary difficulty for readout is the longer distances which the semi-rigid RF
cables must traverse. Between 4K to 1K, the coaxial cabling must span a physical
distance of roughly 280 mm. While distances of 77 mm and 94 mm are required from
1K to 350mK and 350mK to 280mK, respectively. Flexible copper coaxial cables
are then employed for the 280mK isothermal connection to the detector modules.
Custom 0.86 mm diameter coaxial cabling from CryoCoaaf]| was used for these stages.
Stainless steel was the material chosen for the input RF lines, while superconducting

NbTi was selected for the output to minimize loss between the detectors and 4K

3https://cryocoax.com/
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(a) Sub-Kelvin RF Solidworks 3D Model (b) Sub-Kelvin RF Physical Assembly

Figure 6.9: (a) SolidWorks 3D model of the AliCPT RF readout within the focal
plane unit (4K-280mK). (b) Image of two assembled RF readout chains (four coax
lines) within the focal plane unit. RF cryogenic isolator and DC cabling not shown.

LNA. The 3D model and initial assembly of AliCPT’s sub-Kelvin RF coaxial chain
is shown in Fig.

Physical routing of the flexible DC cabling was easier. Since no breakout points
past 4K are required, a long single cable can be directed along the FPU and thermally

heat-sunk via copper clamps (designed by Stanford) at each stage.
6.5 Thermal Considerations
A cryostat’s thermal load is highly dependent upon the selection of materials and

parts present between temperature stages. This is often a balancing act for cabling, as
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higher electrical conductivity is preferred to reduce loss, but is normally accompanied
by higher thermal conductivity. For non-superconducting material, this is described

via the Wiedemann-Franz law (Franz and Wiedemann, |1853)),
K
~= LT (6.1)

where T is temperature and L is the Lorenz number (itself related to Boltzmann’s
constant and the elementary charge). A material spanning some temperature range
T1 to Ty will carry a thermal load
A (T
AQ =4 /T (DT (6.2)
where A is the cross-sectional area and [ is the material length between situated
temperatures. The standard units of conductivity used here are [W/m/K].

Therefore, cryogenic loading limits must also be taken into account. RF and DC
cables within AliCPT make use of multiple material types between stages. For the
RF coaxial cables, stainless steel and NbTi are used with two diameter sizes and a
Polytetrafluoroethylene (PTFE or Teflon) dielectric insulator. Meanwhile, the DC
lines use custom Tekdataﬁ cabling. These employ a proprietary sequence of shielding
and PTFE around individually-shielded twisted pairs of 36-AWG conductors. Man-
ganin was used for all DC cabling between 300K to 4K, while the 4K to 280mK DC
cables are made of NbTi and thermally heat-sunk via clamps at the FPU rings of 1K,
350mK, and 280mkK.

To approximate the thermal loads expected to be produced from all readout ca-
bling, existing thermal conductivity data and fits are utilized. The predominant

source is the public cryogenic materials database from NISTH (NIST; Marquardt et al.,

4https://www.tekdata-interconnect.com/

Shttps://trc.nist.gov/cryogenics/materials /materialproperties.htm
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2002)). This database encompasses material properties for a large set of commonly
used cryogenic materials.
For stainless steel (304) coaxial cabling, the NIST database fit is employed down

to 1K, below which a basic fit of a T2 relation is used as follows,
(

—1.4087+1.3982(log, o T)+0.2543(log 5 T)2—0.6260(log,, T)3+0.2334(log,n T)*+...
10 10 10 10 10

Kgg = { --+0.4256(log;o T)%—0.4658(log ;o T)6+0.1650(log ;o T)” —0.0199(log; T)® T > 1K
0.039 T'2, T < 1K
\
(6.3)

For PTFE or Teflon dielectric insulator, the NIST database fit is employed down

to 4K, below which a T8 fit is used,

(

102.738*30.677(10&0 T)+89.430(log; o T)2—136.99(log;o T)3+124.69(logo T)*+...

KprrE = { -—69.556(log;o T)5+23.320(log;, T)%—4.3135(log; T)7+0.33829(log T)s’ T > 4K
3.40 x 1073 T**%, T < 4K
\
(6.4)

Unfortunately, NIST does not have any superconducting NbTi data. Instead,
results from |Olson| (1993) are used. As the data is reported only up to 2K, the range

between 2 < T < 4K should be considered over-estimated and diverging for T > 4K,
kpri ~ 0.015T%, T < 4K (6.5)

ALiICPT does not use any NbTi above 4K, so this approximation is deemed suf-
ficient. In comparison with other reported thermal conductivity measurements of
NbTi near 4K (Bychkov et al| |1981]), this approximation is anywhere between a 60%
overestimation or 20% underestimation depending on NbTi concentration. Lower Nb
concentrations in |Bychkov et al.| (1981) were seen to have lower overall conductivities,

but with differences between different states of structure as well.
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Figure 6.10: Thermal conductivity of materials used for all readout cabling within

AliCPT. (a) From 4 — 300K, manganin points (red circles) shown are for the polyno-
mial fit used. (b) From 0 — 10K, including NbTi below 4K (cyan).

Manganin is also not included in the NIST cryogenic materials database, so ther-
mal conductivity is determined via a polynomial fit of data points from H and [Z| for

large T, then switched to a fit from Peroni et al.| (1999) below when the curves inter-

sect at 34.26K:

/

0412 + .1251T + .0025T% — 4.136 x 107°T3 + ...
KMang. & § 4+2.380 x 1077T* — 6.120 x 107 19T + 5.977 x 10~¥T% T > 34.26K

0.079 T'%2, T < 34.26K
(6.6)

\

The thermal conductivities of all these materials are shown in Fig. |6.10] versus

temperature.

Shttps:/ /www.lakeshore.com /products/categories /specification /temperature-
products/cryogenic-accessories/cryogenic-wire
‘https://nvlpubs.nist.gov/nistpubs/Legacy /NSRDS /nbsnsrds8.pdf
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6.6 Cryogenic Link Budget

A helpful aid in the ALICPT readout design was a cryogenic link budget Python
coddﬂ originally produced by Adrian Sinclair (Sinclair, 2021). The thermal info de-
scribed above was incorporated into the link budget calculator to help outline all
potential thermal and RF considerations of a design. It also now allows one to op-
timize a coaxial cable’s length according to thermal demand via balancing expected
attenuation and thermal load. However, the best optimized lengths determined in
such a manner were found to be out of the physical limitations required for AliCPT
(as described in Section [6.4)).

Two potential RF configurations are shown in Figs. & [6.12] calculated at
the 6 GHz center frequency and with an input power of —40 dBm. In Fig. all
semi-rigid RF cabling as discussed in Sections & 6.4 and attenuator values as
listed in Table are assumed. The detector module would expect to see a power of
roughly —76.4 dBm, with the power out of the cryostat at —38.06 dBm (~ 2 dBm
increase from input).

For an alternative comparison, Fig. [6.12] is identical with exception of the 4 —
1K input coax, where stainless steel is replaced by NbTi to help alleviate potential
loading concerns on the 1K stage. However the trade-off is additional loading from
attenuation on sub-Kelvin stages. This configuration provides an expected power
of —71.8 dBm at the detector module, and final cryostat output of —33.46 dBm
(~ 6.5 dBm increase from input). Combined with the four possible attenuators
that may be easily changed, this allows for future RF chain customization to ensure
the cryostat stays within cooling limits once the focal plane is populated with the

maximum 19 detector modules.

Shttps://github.com/ASU-Astronomical-Instrumentation /CryoChainCalc
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Figure 6.11: AliCPT RF cryogenic chain model for the default RF chain order, at the 6 GHz center frequency. Per
component, input power is shown as S, temperature T of the component (or estimate noise temperature for LNAs),
attenuation is given as A (or gain G), and output power shown as P. Further values include T, for cascaded noise
temperature in reference to the first chain component, T for output noise temperature, P, for power dissipated due to
attenuation, and Prg for cooling power required due to thermal conductivity of cabling (see Section




GLT

5C-219/50-5S-SS Cable 5C-219/50-55-5S Cable

5C-086/50-NbTi-NbTi Cable

SC-086/50-5S-SS Cable

SC-086/50-S5-SS Cable

Warm Readout Atten Atten Atten Atten
AMA AMA A A
Q> Q> Q> QD QO
S [dBm]: -40 . . . N
T IKE 300 S [dBm: -40.0 S [dBm]: -40.78 S [dBm]: -41.52 S [dBm: -61.52 S [dBm]: -61.66 S [dBm: -61.66 S [dBm]: -63.76 S [dBm: -66.76 S [dBm]: -68.8
(300.00-50.00K), Tayg [K]: 196.0 (50.00-4.00K), Tayg [K]: 35.83 TIK: 4 (4.00-1.00K), Tayg [K]: 3.19 TIKE:1 (1.00-0.35K), Tayg [K]: 0.77 TI[K): 0.35 (0.35-0.25K), Tayg [K]: 0.31 TIK]: 0.25
A[dB]: -0.78 A[dB]: -0.74 A[dB]: -20 A[dB]: -0.15 A[dB]: 0 A[dB]: -2.1 A[dB]: -3 A[dB]: -2.05 A[dB]: -3
P [dBm]: -40
P [dBm]: -40.78 P [dBm]: -41.52 1.52 P [dBm]: -61.66 P [dBm]: -61.66 P [dBm]: -63.76 P [dBm]: -66.76 P [dBm]: -68.8 P [dBm]: -71.8
Teas [K]: 300

Teas [KI: 338.41 Teas [K]: 346.34 Teas [K]: 907.65

Ty [K]: 282.96 Tw [K]: 244.34 T [K: 6.4

1704 tone Py [uW]: 27.92 1704 tone Py [uW]: 22.26 1704 tone Py [uW]: 119.01

Length [mm]: 86.5 Length [mm]: 107.0

Pry @ 50.00K [mW]: 60.99 Pry @ 4.00K [mW]: 2.46

Teas [K]: 923.17
Ty [KL: 6.3
1704 tone Py [NW]: 39.88
Length [mm]: 293.0
Pry @ 1.OOK [nW]: 417.22

Teas [K]: 923.17
Tw (K1 6.3
1704 tone P4 [UW]: 0.0

Tess [K]: 992.8
Tw [K]: 4.18
1704 tone Py [nW]: 445.08
Length [mm]: 130.0
Pry @ 0.35K [nW]: 35.99

Teas [K]: 1075.56
Tu [K]: 2.27
1704 tone Py [UW): 0.36

Teas [K]: 1162.62
Tu [K): 1.53
1704 tone Py [nW]: 135.07
Length [mm]: 127.0
Pri @ 0.25K [nW]: 2.05

Teas [K]: 1351.57
Tu [K]: 0.89
1704 tone Py [uW): 0.11

5C-219/50-55-5S Cable Amp | 5C-219/50-55-5S Cable Amp | SC-086/50-NDTi-NbTi Cable  SC-086/50-NbTi-NbTi Cable  SC-086/50-NbTi-NbTi Cable
® ® | Gc, ® ® =S
. X X X UMUX Array
S [dBm): -32.68 S [dBm]: -47.68 S [dBm): -47.05 S [dBm]: -72.05 S [dBm]: -71.95 S [dBm]: -71.88 S [dBm]: -71.8
(50.00-300.00K), Tayg [K]: 196.0 TIKE 30 (4.00-50.00K), Tayq [K]: 35.83 TIKES (1.00-4.00K), Toyg [K]: 3.19 (0.35-1.00K), Tayg [KI: 0.8 (0.25-0.35K), Tayg [K1: 0.31
AldB]: -0.78 6 (dBI: 15 AldB]: -0.63 G [dBI: 25 AldB]: 0.1 A [dB]: -0.07 A[dB]: -0.08
P [dBm: -33.46 P [dBm]: -47.68 P [dBm]: -72.05 P [dBm]: -71.95 P [dBm]: -71.88

P [dBm]: -32.68
Teas [K]: 113203 Teas [K]: 11313.18
Ty [K]: 51053.22 Ty [K]: 61019.33

1704 tone Py [uW]: 150.59
Length [mm]: 86.5
Pri @ 50.00K [mW]: 60.99

Tess [K1: 11137.29
Ty [K1: 1899.6
1704 tone Py [uW]: 4.57
Length [mm]: 92.0
Pri @ 4.00K [mMW]: 2.86

P [dBm]: -47.05
Teas [K]: 11108.74
Ty [KI: 2192.76

Teas [K]: 1496.51
Tw [KI: 0.93
1704 tone Py [NW]: 2.52
Length [mm]: 203.0
Pry @ 1.00K [nW]: 602.19

Teas [K]: 1378.46
Tw [K]: 0.88
1704 tone Py [NW]: 1.64
Length [mm]: 130.0
Pry @ 0.35K [nW]: 14.69

Teos [K]: 1359.76
Tu[K]: 0.88
1704 tone Py [NW]: 1.94
Length [mm]: 151.0
Pry @ 0.25K [nW]: 0.37

Figure 6.12: AliCPT RF cryogenic chain model with 2.19mm NbTi coax in place of the stainless steel between 4 — 1K.
This modification could be a beneficial alternative due to reduced cooling demand of the 1K stage, and less overall system
loss. However it also results in higher cooling power needed for the sub-Kelvin stages and a higher cabling price. Also
calculated at the 6 GHz center frequency.



Chapter 7

CONCLUSION

7.1 Future Millimeter-Wave Endeavors

Technology for millimeter-wave astronomy is at a very prosperous time, driven by
ambitious scientific goals. The push for improved detection of the CMB temperature
and polarization anisotropies has led to a simultaneously notable advancement in
related millimeter-wave astronomical studies.

Galaxy stacking and tSZ analysis, like those discussed in Chapters 2] & [3], will
greatly benefit from reduced noise, improved resolution, and larger survey fields of
future instruments. The latest thermal energy measurements shown here for z ~ 1
quiescent galaxies support AGN feedback models. In addition, detection of dust
following the large-scale clustering of matter in the universe also helps highlight the
potential in upcoming surveys. These results also emphasize the need for continued
improvements to theory and galaxy simulations to correctly identify all observations
being documented.

The investigations into new antenna designs, such as the promising hybrid trape-
zoidal design described in Chapter |4, and prototype MKID-paired test arrays as in
Chapter [f] play another important role in identifying continued avenues of detector
development. Novel antenna designs lead to further evaluation of current and new
architectures. Meanwhile the cryogenic readout development of Chapter [6]in support
of AliICPT will allow for better CMB B-mode polarization constraints. Similar tele-
scopes designed for the specific goal of B-mode detection, like BICEP Array, are also

key for the next steps in CMB polarimetry.
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Competing forms of detector technology in TES bolometers and KIDs play a role
as well. Simon’s Observatory will utilize large and small aperture telescopes with
TES bolometers, followed by its even larger successor in the CMB-S4 project (Abit-
bol et al.l 2017)). These will be used for the search of primordial gravitational waves
alongside the characterization of polarized dust, neutrino mass constraint, gravita-
tional lensing, mapping of dark matter and more (Abazajian et al., 2016; Hensley
et al) 2022). At the same time, technological up-scaling of KIDs is happening.
TolTEC has recently become operational, observing at sub-arcminute resolutions.
Its future beneficiary, CMB-HD, will act in a further manner with high sensitivity. In
this way, both will differ from CMB-S4 and allow finer detailed analysis of gravita-
tional lensing, thermal and kinetic Sunyaev-Zel’dovich effects, inflation models, and
much more (The CMB-HD Collaboration et al., 2022).

With these various projects all working in parallel, millimeter-wave astronomy
and the detector systems that make it possible will continue to flourish and find new

creative paths to success.
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APPENDIX A

PREVIOUSLY PUBLISHED WORK
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All co-authors have granted permission to allow the inclusion of these previously
published works in their present form for this dissertation.

The results shown in Chapters 2| and [3|detail research previously published or cur-
rently submitted to a reputable journal, respectively. Slight modifications were made
in each chapter to incorporate expanded details and comply with format guidelines.
Additionally, listed below are the titles and abstracts as they appear (or were initially
submitted) for publication.

A.1 The Thermal Sunyaev-Zel’dovich Effect from Massive, Quiescent 0.5 < z < 1.5
Galaxies

Abstract, |Meinke et al.| (2021):

We use combined South Pole Telescope (SPT)+Planck temperature maps to an-
alyze the circumgalactic medium (CGM) encompassing 138,235 massive, quiescent
0.5 < z < 1.5 galaxies selected from data from the Dark Energy Survey (DES) and
Wide-Field Infrared Survey Explorer (WISE). Images centered on these galaxies were
cut from the 1.85 arcmin resolution maps with frequency bands at 95, 150, and 220
GHz. The images were stacked, filtered, and fit with a gray-body dust model to iso-
late the thermal Sunyaev-Zel’dovich (tSZ) signal, which is proportional to the total
energy contained in the CGM of the galaxies. We separate these M, = 101990, -
10'2M,, galaxies into 0.1 dex stellar mass bins, detecting tSZ per bin up to 5.60
and a total signal-to-noise ratio of 10.10. We also detect dust with an overall
signal-to-noise ratio of 9.8¢, which overwhelms the tSZ at 150GHz more than in
other lower-redshift studies. We correct for the 0.16 dex uncertainty in the stel-
lar mass measurements by parameter fitting for an unconvolved power-law energy-
mass relation, Eiherm = Ftherm peak (M* /Mtpeak)a, with the peak stellar mass distri-
bution of our selected galaxies defined as M, pearc = 2.3 x 10" M. This yields an
FEiherm peak = 5.98T105 x 109 ergs and o = 3.7710%). These are consistent with z ~ 0
observations and within the limits of moderate models of active galactic nuclei (AGN)
feedback. We also compute the radial profile of our full sample, which is similar to
that recently measured at lower-redshift by |Schaan et al.| (2021)).
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A.2 Evidence of Extended Dust and Feedback around z &~ 1 Quiescent Galaxies via
Millimeter Observations

Abstract, Meinke et al. 2023 (Submitted and under revision with The Astrophysical
Journal):

We use public data from the South Pole Telescope (SPT) and Atacama Cosmology
Telescope (ACT) to measure radial profiles of the thermal Sunyaev-Zel’dovich (tSZ)
effect and dust emission around massive quiescent galaxies at z =~ 1. Using survey
data from the Dark Energy Survey (DES) and Wide-Field infrared Survey Explorer
(WISE), we selected 387,627 quiescent galaxies within the ACT field, with a mean
stellar log,o(M,/Mg) of 11.40. A subset of 94,452 galaxies, with a mean stellar
log,o(M,/Mg) of 11.36, are also covered by SPT. In 0.5’ bins around these galaxies,
we detect the tSZ profile at levels up to 11.60, and the dust profile up to 21.50. Both
profiles are extended, and the dust profile slope at large radii is consistent with galaxy
clustering. We analyze the thermal energy and dust mass versus stellar mass via in-
tegration within R = 2.0’ circular apertures and fit them with a forward-modeled
power-law to correct for our photometric stellar mass uncertainty. For galaxies at the
mean log stellar mass of each respective catalog, we extract thermal energies from the
tSZ of By = 6.667150 x 109 erg and 8.0070 2} x 10% erg, most consistent with mod-
erate to high levels of active galactic nuclei feedback acting upon the circumgalactic
medium. Dust masses at the mean log stellar mass are My = 6.18108 x 10% Mg
and 6.70702% x 10® Mg, and we find a greater than linear dust-to-stellar mass rela-
tion, which indicates that the more massive galaxies in our study retain more dust.
Our work highlights current capabilities of stacking millimeter data around individual
galaxies and potential for future use.
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