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ABSTRACT

Galaxy clusters are the largest and most massive objects in the universe. Observing and
studying them unlocks answers to broad cosmological questions, such as the matter content
and its distribution in the universe, as well as more specific astrophysical topics regarding
the nature of physics within the intracluster medium (ICM). One method to probe clusters
is by observing them at millimeter wavelengths via the Sunyaev-Zeldovich (SZ) effect, which
results from the interaction of hot electrons in the ICM with Cosmic Microwave Background
(CMB) photons. To address expansive questions ranging from cosmological to astrophysi-
cal, clusters must be observed at angular scales from arcminutes down to arcseconds. This
necessitates multiple instruments: a sensitive arcminute-resolution wide-field survey to dis-
cover clusters and provide high fidelity on arcminute scales; and an arcsecond-resolution
instrument for efficient high-resolution follow-up. This combination can build statistics and
extract as much information as possible from each cluster.

To that end, I present two complementary instruments, the Simons Observatory (SO)
Large Aperture Telescope (LAT) and the TolTEC camera on the Large Millimeter Tele-
scope (LMT). Together, these instruments will probe clusters from arcminute to arcsecond
scales, unlocking cosmological information about dark matter and dark energy, as well as
illuminating astrophysical processes within clusters such as shocks from mergers and feed-
back mechanisms in the ICM. I present an overview of these instruments and then focus on
my contributions. These include metamaterial anti-reflection (AR) coatings fabricated for
the refracting optics of the SO LAT and TolTEC, maximum likelihood mapmaking tech-
niques that have been implemented in the TolTEC data reduction pipeline, early images
from the TolTEC camera’s 2022 commissioning observations, and conclude with forecasts

for upcoming cluster observations with the SO LAT and the TolTEC camera.
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CHAPTER 1
INTRODUCTION

The largest virialized, or gravitationally bound, objects in the universe are galaxy clusters.
These objects consist of many individual galaxies, typically between 50 and 1000, whose
dark matter halos have merged and pushed the gravitational potential energy of those halos
to be roughly equal to the kinetic energy of the galaxies inside those halos. This creates a
massive system that continues to grow over time through the accretion of matter from its
surroundings.

Clusters exist in a unique space in the study of cosmological structure formation. They
result from linear growth, but gravitational collapse causes them to become extremely non-
linear. The conditions that allow for that gravitational collapse are sensitive to the total
matter density in the universe and the distribution of that matter. Clusters are relatively
young in the cosmological sense and began forming as the universe was becoming dark
energy dominated. This makes clusters sensitive to both the matter distribution and the
acceleration of the universe, making them rich laboratories for studying cosmological physics
encompassing dark matter, dark energy, and even traditional particle physics topics such as
constraining the sum of the neutrino masses.

Clusters are also interesting astrophysical objects in their own right. They host some
of the most massive galaxies in the universe, and those active galactic nuclei (AGN) inject
energy into the intracluster medium (ICM) through powerful jets fueled by the accretion
onto the galaxies’ supermassive black holes. Along with this AGN feedback into the ICM,
the merging of galaxies within clusters sloshes the hot gas in the ICM around and injects
energy in the form of shocks. These high-energy astrophysical processes that occur within
clusters, combined with many more interesting astrophysical phenomena, make studying the
interior of clusters compelling.

The work presented in this thesis is the culmination of efforts to create next-generation
1



images of galaxy clusters at millimeter wavelengths. These efforts encompass technological
advancements, simulations, and analysis methods. In the following chapters, I will detail
the work carried out to advance millimeter-wave observations of galaxy clusters. In Chapter
2, I discuss the cosmological and astronomical value in observing clusters, and the mecha-
nism to observe clusters at millimeter wavelengths. Chapter 3 introduces two instruments,
the TolTEC camera and the Simons Observatory Large Aperture Telescope (SO LAT), and
describe their features that enable them to advance cluster cosmology. I describe the de-
sign, fabrication, and performance state-of-the-art metamaterial anti-reflection coatings on
the silicon and alumina optics that enable instruments in Chapter 4. I describe maximum-
likelihood mapmaking and its advantages in making unbiased images in Chapter 5. In Chap-
ter 6 I present three-color polarization sensitive images of the Crab Nebula from TolTEC’s
2022 commissioning campaign. In Chapter 7, I conclude with forecasts of the cluster science
the SO LAT will achieve, simulated observations of clusters with TolTEC, and the expected

recovery of critical cluster observables from those images.



CHAPTER 2
SCIENCE BACKGROUND

Observations of galaxy clusters probe the distribution of baryons and dark matter, and the
impact of dark energy. They also enable the investigation of how energy is injected into
the ICM via AGN feedback and the physics of cluster mergers. The goal of this chapter
is to explain some fundamental concepts and to firmly motivate millimeter-wave cluster
observations.

We will start from the basics of how initial density perturbations in the matter field in
the early universe grow and become galaxy clusters. This generates a redshift dependant
prediction for the number of clusters in a given mass range called the cluster mass func-
tion. We discuss analytical treatments of the cluster mass function and more sophisticated
numerical simulation efforts to understand the formation of clusters. We will conclude our
discussion of cluster formation with the astrophysical processes that occur within clusters,
mainly shocks and AGN feedback, and how observations of them are essential for calibration
of simulations.

After the discussion of the cosmological and astrophysical background associated with
clusters, we turn to how clusters are observed at millimeter wavelengths. We introduce the
Sunyaev-Zeldovich (SZ) effect which is the backbone of observing clusters at millimeter wave-
lengths. We discuss arcminute wide-scale observations of clusters with CMB telescopes, and
targeted arcsecond scale follow-up observations of those clusters with high-resolution instru-
ments. Along with describing those observations, we discuss some of the science outcomes
that they produce. Thus demonstrating why studying clusters is poignant for understanding

the nature of the universe.



2.1 Galaxy Cluster Formation

According to the ACDM standard model of cosmology, the current best cosmological model
that describes our universe, clusters are the result of an extraordinary process that started
with a nearly uniform matter field with random quantum-scale fluctuations. These were
blown up to macroscopic scales by inflation. Once the energy density from matter began
dominating the universe, those fluctuations began to grow and regions where the matter
density was above a critical density collapse into halos in a finite time. Those halos are hosts
to the galaxies we observe in the universe today, and the most massive halos became galaxy
clusters.

With some assumptions, the abundance of clusters with a particular mass that form
as a result of the above process can be derived analytically. We will outline some of the
steps to analytically deriving the cluster mass function below, however reality does not
often conform to simple analytical calculations. That is where simulations of cosmological
large scale structure formation come into play. These simulations can include gravitational
merging effects and hydrodynamical processes that cannot be captured in pencil-and-paper
work. We will review how the cluster mass function as computed via simulations differs from

the analytical results.

2.1.1 Structure Growth and the Halo Mass Function

The mass function of galaxy clusters can be derived using linear perturbation theory. In
this formalism one is concerned with density perturbation in the matter field above the
average, 0 = % — 1. Given the expansion of the universe from the Friedmann equations
one finds that spherically symmetric density perturbations will expand to a finite size and
then collapse. Given that collapse time, one finds that the critical density above which
spherical perturbations are guaranteed to collapse is §. ~ 1.68. While there is some subtleties

regarding whether one is considering the Friedmann equations for either a flat universe with
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or without a cosmological constant, the dependence caused by that is subdominant to the
matter density dependence, and so for most cosmologies . ~ 1.68 is a good approximation
for the critical density for collapse [1].

This result means that given a linear density perturbation field, which is growing during
the matter domination era of the universe, one can identify which perturbations will collapse
to a form a virialized halo. This underpins the assumptions that Press and Schechter used
to analytically derive the cluster mass function [2]. We follow the steps given in [1]. They
posited that given a perturbation field that is smoothed with a spherical top-hat and has a
mass variance o, the probability that a perturbation is above the critical density for collapse

is given by integrating a normal distribution

P(é >5)_;/Ooe _—(Sgdé—lefc O
i C_\/ﬂa Se P 202 5—2r V20

Where erfc is the complementary error function. This result then becomes the fraction
of halos above a mass. Press and Schechter introduce a factor of two when relating this
probability to the fraction of halos of above a mass, due to the result of the calculation not
ending up with what has to be the correct answer. In the above relation, if ¢ — o0, so
considering an infinite mass variance where one would expect all perturbations to collapse,
P(ds > 6¢) — %, not 1 as expected. Press and Schechter thus introduce a "fudge factor"
so that the answer becomes 1. This is because the above argument neglects underdense
regions within the overdensities. There has been more sophisticate work on the population of
collapsed halos that arrive at the same result as Press and Schechter but without introducing
the fudge factor [3].

The cluster mass function, or the number of halos with mass M in a dM wide bin, derived

by Press and Schecter is given as [1]
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All of the dependencies on cosmological parameters, the dark matter density and the pri-
mordial distribution of matter, are contained in the mass variance, o, in the above expression
which is essentially a windowed matter power spectrum. With this result one can then con-
strain those cosmological parameters simply by counting the number of halos, determining

the cluster redshift, and measuring their mass.

2.1.2  Galaxy Cluster Formation in Simulations

The previous discussion on the Press-Schechter halo mass function was entire based on a
simple model of spherical collapse of top-hat density perturbations. The real world does not
fit into this simple box. Comparing the Press-Schechter mass function to simulations and
real world data finds that it under-predicts the number of massive halos and over-predicts the
number of less massive one [4]. Therefore work must be done to better connect cosmological
parameters to the number count of observed clusters. Cosmological simulations are the best
way to do that.

Simulations can include dynamics that is as simple gravity-only N-body, up to complex
hydrodynamics within forming halos. The more sophisticated simulations are important
for determining the cluster mass function, as the energy that is injected into halos via
hydrodynamical processes are the type of effects that analytical calculations miss. Modern
simulation codes like ART and GADGET have been used to generate populations of cluster and
then functional form of the cluster mass function are fit to those populations. [5]. These
outperform the Press-Schechter mass function. That Tinker et al. 2008 result shows that
functional forms can be fit to simulated clusters but highlights the difficulty of making a single
universal cluster mass function that is accurate to less than 5%. Therefore simulations are
needed to inform how differences from universality occur.

We will conclude by pointing out that cosmological simulations are only getting bet-

ter. The last decade has seen non-radiative hydrodynamic simulations, like GADGET, make



images of clusters that appear real [6]. Current progress in adding in radiative processes
has made realistic galaxy-scale images [7,8|. The Illustriss-TNG project intends to make
a cosmological-scale simulation that includes radiative processes and magnetohydrodynam-
ics [9]. All of these next-generation simulation efforts will greatly expand the understanding
of the population of galaxy clusters by including more realistic astrophysical phenomena.
With the inclusion of those effects though it will become more important to have an under-

standing and constraints of those effects in real-world clusters.

2.2 Galaxy Cluster Astrophysics

The hydrodynamical processes that occur within clusters give the advantage to simulations
at determining the cluster mass function. These include feedback mechanism within clus-
ters such as shock heating, star formation, and AGN feedback. We discuss some of those

mechanisms in this section and review their current best observations.

2.2.1 Shocks in Clusters

In the previous parts of this chapter, we discussed clusters as the spherical collapse of the
matter distribution but once those halos collapse they still interact with one another. This
is the picture of hierarchical structure formation, that small over-densities collapse first
and build up to cluster-scale over-densities. As the merging halos become more and more
massive effects from the mergers become more pronounced. These mergers are some of the
most energetic events in the universe and the energy from those events manifests itself in
shocks and turbulent mixing in the ICM. Those processes heat up the ICM to energies that
match the gravitational potential of the cluster [10]. Shocks manifest as discontinuities in
the temperature in the ICM, this can be seen in the X-ray and is observed in objects like
the Coma cluster and the Bullet cluster [11,12].

In addition to the cataclysmic shocks from cluster mergers there are also shocks and cold
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fronts that occur from the infall of matter from the cosmic web into the cluster. These types
of shocks have high Mach number as the infalling gas from filaments are very cold compared
to the gas in the ICM. They are thought to be one of the mechanism that drives heating
in even relaxed clusters that have not undergone mergers recently and prevents runaway
cooling in the ICM [13]. Moreover, shocks within cluster and particularly the ones from
cosmic accretion could also drive cosmic ray acceleration [14].

Shocks from the dynamic mixing of gas in clusters is a well studied phenomenon and is
one of the most energetic processes within clusters. Studying those processes is interesting
in terms of the gas physics within clusters and is important to make simulations of clusters

more realistic.

2.2.2 AGN Feedback

The high-energies contained in shocks from mergers and cosmic accretion can be matched
by the energy injected into the ICM through AGN feedback. AGN are supermassive black
holes in the center of galaxies. These black holes accrete a gargantuan amount of matter
and produce high-energy jets [15]. Those jets are extremely energetic and blow energy into
the ICM. This is another process that is theorized to prevent runaway cooling in cluster
cores. As the hot gas in the ICM cools, it more easily accretes into the black hole which
then causes the black hole to have an outburst of jets. That outburst heats up the ICM and
arrests accretion onto the black hole until the gas cools and the process repeats [16].

The importance of the energy AGN inject into the ICM cannot be understated and is
why many simulations aim to include this process. Therefore, observations of AGN feedback
are important for the purpose of calibrating their role in simulations and how that feedback

scales with cluster properties such as cluster mass and the mass of the central galaxy.



2.3 Observing Galaxy Clusters at Millimeter Wavelengths

Galaxy clusters are made of both baryonic matter and dark matter. Imaging clusters at
different wavelengths is sensitive to complimentary baryonic physics and provides compli-
mentary tracers for the dark matter. At visible and infrared wavelengths, the starlight from
cluster member galaxies can be imaged. This light probes the positions and shapes of galaxies
within the cluster which are expected to trace the dark matter halo.

The distribution of dark matter in clusters can be studied by observing optical and
IR emission from galaxies that are in the background of clusters. As the light from these
background galaxies travels toward Earth, it is gravitationally lensed by intervening matter.
This effect is especially pronounced if there is a cluster between the background galaxy and
Earth as the dark matter density in clusters is as large as it can be in the universe. Weak
lensing is the minute magnification and shearing of background galaxies due to a cluster’s
dark matter distribution. This area of study has been successfully used to image the dark
matter distribution in clusters.

At X-ray wavelengths, the thermal bremsstrahlung from the electrons that are in the
ICM is visible. This radiation comes from the interaction of electrons with ions in the low
density gas between clusters that has a typical temperature of 107 — 108 K. Observations of
clusters at these wavelengths are critical for cosmological analyses that relate to the cluster
mass function as the total integrated emission from the ICM is a good proxy for the total
mass of the cluster.

In a similar vein, the electrons in the ICM can also scatter background light which pro-
duces a measurable probe of the ICM at millimeter wavelengths. In this section, we introduce
that scattering process, the Sunyaev-Zeldovich effect, and describe how observing clusters
via that effect can advance the understanding of the universe and the thermodynamical

processes in the ICM.



2.3.1 The Sunyaev-Zeldovich Effect

The observation of galaxy clusters via a secondary anisotropy of the Cosmic Microwave
Background (CMB) was first posited by Sunyaev and Zeldovich in 1970 [17]. The basic
premise of the SZ effect is that CMB photons are scattered by energetic electrons found
in the hot gas constituting the ICM through an inverse Compton scattering process. The
interactions with the electrons in the ICM causes a shift in the blackbody spectrum of the
CMB photons that has a unique spectral signature.

The SZ effect predicts a redshift independant, athermal shift in the CMB blackbody
spectrum [18|. This shift is related to the pressure of the electrons in the ICM integrated
along the line-of-sight. It is referred to as the thermal SZ effect (tSZ) and can be written in

the non-relativistic limit as

g(”) B r2e® xem +1 4
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where x = hv/kgTcyp which contains the CMB temperature, Toyp = 2.7 K, and y is

referred to as the Compton y parameter which is the electron pressure integrated along the

line of sight given by

y(8,¢) = 758 / 01 o6, 6)Te(6. 9)

MeC

2 is the rest mass of the electron, ne the is

where o7 is the Thomson cross section, mec
electron number density, and T¢ is the electron temperature in the ICM. A consequence of
the spectral shape of the tSZ effect is at frequencies lower than 220 GHz there is a decrement
in the CMB flux, at frequencies higher than 220 GHz there is an increment in CMB flux, and
at 220 GHz there is a null in the effect. Typical values of Compton y are of the order 10~%
making the decrement at 150 GHz of order -0.1 MJy/sr and the increment at 280 GHz of
order 0.1 MJy/sr. Since the SZ effect is due to a shift in the spectrum of CMB photons and

not direct emission from the cluster it does not suffer from cosmological dimming. Therefore,
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high redshift clusters can be detected via the SZ effect.

In addition to the tSZ effect, there is the kinematic SZ (kSZ) effect which is due to the
bulk motion of the cluster and its substructure. This doppler shifts CMB photons either
postively or negatively depending on the velocity of the electrons. Since this is only a doppler
shift the kSZ keeps the same spectral shape as the CMB but the intensity is either minutely

increased or decreased. The kSZ shift in CMB blackbody spectral intensity is given by

AT . 'Upec .1346:1;
20T

where vpec is the line of sight motion of the free electrons in the cluster, 7. is the optical
depth due to the electrons, and x is the same as given above for the tSZ effect. Typical
values of 7 Upec/c are order 107° making the spectral distortions of this effect an order of
magnitude smaller than the tSZ effect.

Figure 2.1 illustrates the spectral distortion to the CMB by the tSZ and kSZ effects for
typical values of Compton ¥y, vpec, and 7. The figure shows that the magnitude of the
effect is most prominent from 50 GHz to a little above 400 GHz. However the effects from
relativistic electrons are not shown in that figure which typically causes a smaller decrement

between 50 and 220 GHz and a broader increment from 220 up to 600 GHz [19].

2.3.2  Cosmology with Wide-Field Cluster Surveys

To constrain the cluster mass function described in section 2.1.1, the mass of many clusters
need to be measured. To realize this goal, one would ideally like to image a large fraction
of the sky to great depth in the millimeter bands to build a mass limited cluster catalogue.
Fortunately, this survey design is identical to CMB surveys which image in the bands needed
for measurement of the SZ effects. What follows is a description of how CMB surveys make
catalogs of galaxy clusters and constrain cosmological parameters with those catalogs.

CMB instruments with arcminute resolution have been surveying hundreds to thousands
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Figure 2.1: Shift in CMB spectral intensity due to the tSZ and kSZ effects for typical
values of Compton y, peculiar velocity, and optical depth. Measured TolTEC bandpasses
are overlayed to represent its sensitivity to the effects. SO band edges are plotted to show
how they compliment the TolTEC bands.

of squared degrees of the sky since the early 2010s. Two of the most impactful CMB in-
struments of this kind are the South Pole Telescope (SPT) and the Atacama Cosmology
Telescope (ACT) [20,21]. Since 2007, these instruments have mapped thousands of square
degrees of the sky from the South Pole and the Atacama Desert. From those maps, they have
discovered thousands of galaxy clusters over a broad range of masses and redshifts [22-24].

Clusters are discovered by those experiments by exploiting the frequency dependence of
the tSZ effect described in section 2.3.1 and the instruments’ beam. Except for the closest
clusters like Coma and Virgo, the angular extent of clusters on the sky are of the order of a
few arcminutes which is at the beam scale of ACT and SPT. Figure 2.2 shows a subset of the
ACT field at 150 GHz [25]. In that map there are clusters located at roughly (-162, -1.1) and
(-150, 2.8). One can see that clusters appear as negative point-like sources in these maps. A
matched filter can be implemented on the maps to identify these clusters and quantify the

significance of the detection.
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Figure 2.2: A subset of the ACT map of the sky at 150 GHz. There are clusters at roughly
(-162, -1.2) and (-150,2.8) and appear as negative point sources.

ACT uses a multifrequency matched filter that incorporates the instrument beam, the
map noise at different frequencies, the spectral shape of the tSZ effect, and the expected
angular profile of the clusters based on a universal pressure profile [26]. This allows for
a more robust detection of clusters by leveraging the two different photometric bands at
which ACT is most sensitive. The map-based cluster finder is tested with simulated clusters
injected into the maps and for cluster masses greater than roughly 4 x 1014 Mg the ACT
catalog is 90% complete for redshifts greater than roughly 0.2 [24]. It is necessary to confirm
that the clusters identified are actually clusters and not false positives. This is done by cross
reference with cluster catalogs from optical observatories such as the Dark Energy Survey
(DES). The redshift of the clusters are also retrieved from the optical catalogs. The maps
are then match filtered with a common 2.4 arcminute filter which corresponds to a fixed
cluster mass at a fixed redshift. This allows for the estimation of the cluster mass using a
scaling relation.

Scaling relations are a vital part of cosmological analyses with clusters. The integrated
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Compton y value that is measured via the SZ effect is a good proxy of the cluster mass
however it does not directly measure the cluster mass. Instead an empirical scaling relation
between the integrated Compton y signal and the cluster mass is employed [27,28]|. Within
these scaling relations there is generally scatter at the tens of percent level, so the scaling
relations are generally accepted to be the limiting systematic to performing cosmological
analyses with SZ clusters.

To place constraints on cosmological parameters like og and §2;; a model that relates
cluster number counts to those parameters is required, such as the Press-Schacter mass
function or a cluster mass function from simulations [2,5,29]. With those models a likelihood
can be made to marginalize over cosmological parameters as well as parameters in cluster
mass-observable scaling relations.

One of the most constraining and recent cosmological analyses of SZ cluster is from the
SPT collaboration [30]. This work also constrains the masses of clusters in the SPT catalog
via weak lensing measurements from DES and HST, which reduces uncertainties associated
with the Compton y cluster mass scaling relation by marginalizing over free parameters in
that relation. To illustrate the constraining power clusters have on cosmology we show their
results in figure 2.3. While the SPT result does not have tighter constraints on the matter
content or the clumpiness of matter in the universe compared to those from Planck primary
CMB measurements, it is competitive with other constraints from CMB lensing and optical
surveys. The SPT constraints will only be improved with the inclusion of more data and
improved mass and redshift estimates of the clusters in their catalog.

Wide-field surveys of the millimeter-wave sky naturally lead to catalogs of thousands of
clusters. From those catalogs, along with some assumptions about observables and cluster
masses, analyses can be performed that constrain important cosmological parameters like the
matter content of the universe and the clumpiness of matter at a certain scale. The latter

is an interesting parameter to constrain given the present disagreements between optical
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Figure 2.3: Constraints on Qj; and og (68% and 95% credible regions) in a ACDM universe
with massive neutrinos from the abundance of SPT clusters. Contours from ACT CMB
lensing, DES lensing and shear, BAO, and Planck primary CMB analyses are shown for

comparison [30].

determinations of og based on local measurements of galaxies and the value derived from
the primary CMB anisotropy and ACDM |[31]. This highlights the importance of wide-field
cluster observations and with improving CMB instruments we anticipate a new paradigm

of constraining cosmology with millimeter wavelength observations of clusters at arcminute

resolutions.
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2.3.8  Astrophysics with Targeted Cluster Observations

While the wide-field cluster surveys described in the previous section are useful for constrain-
ing cosmology with clusters, the limited angular resolution of CMB instruments means the
internal structure in the ICM is not resolved. Studying resolved SZ observations of clusters
can reveal interesting astrophysics within clusters as outlined in section 2.2 and help reduce
scatter and systematics of scaling relations for cluster masses.

To resolve some of the effects that occur within the ICM, clusters need to be observed with
instruments that have resolution on the order of 10 arcseconds or less. While instruments
with that resolution exist, they usually do not have a large field of view, typically smaller
than a quarter of a degree. That means those instruments are unable to efficiently survey
the sky and instead must be used for targeted follow-up.

This creates a symbiotic relationship between wide-field millimeter surveys and high-
resolution millimeter observatories. Clusters are discovered and cataloged with the surveys,
confirmed via optical observations, and then clusters with promising features are followed
up with high-resolution instruments. The high-resolution observations of clusters can iden-
tify features in clusters that are unresolved by arcminute-scale observations that can po-
tentially cause systematics in estimating the cluster mass. We outline a few results from
high-resolution millimeter-wave observations of clusters made by MUSTANG [32] and Bolo-
cam [33] to showcase the astrophysics that can be probed from high-resolution measurements
of cluster and how those observations can improve measurements of clusters at low resolution.

First let us consider Abell 1835, a cluster that is observed both with arcminute resolution
by ACT and with 9 arcsecond resolution with MUSTANG. This cluster has a particularly
bright SZ decrement which has made it a target of many observatories [34,35]. The cluster
decrement appears in the ACT maps at 90 and 150 GHz, and there is no detection of the
cluster at 220 GHz as expected from the SZ signal. The top row of figure 2.4 shows the

multifrequency ACT maps. While the cluster appears to be unassuming in the ACT maps,
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Figure 2.4: (Top) ACT maps of Abell 1835 at 90, 150, and 220 GHz. The 90, 150, and 220
GHz maps have been smoothed with respective instrument beams of 2.1, 1.4, and 1.0 arcmin
FWHM. (Bottom) MUSTANG map of Abell 1835 at 90 GHz [36]. This map was smoothed
with a 9 arcsec FWHM beam.

MUSTANG observations of Abell 1835 show there is a bright radio source in the cluster [36].
This is shown in the bottom of figure 2.4. The noise in the MUSTANG map is quite high
so the cluster decrement is not as prominent, but it is clear that there is a bright point
source in the cluster. Additional observations of the cluster made with Bolocam at 273 GHz
unambiguously detect the SZ effect increment but also detect bright lensed sub-millimeter
galaxies [35].

The detection of lensed sub-millimeter galaxies are interesting in their own right and are
an example of the astrophysics that can be achieved via high-resolution imaging of clusters.
Moreover, the observations from Bolocam also highlight the importance of imaging clusters

at high resolution and at higher frequencies where the emission from dusty star forming
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galaxies (DSFGs) is more prominent. In the case of Abell 1835, the bright source that is
several hundred pK biases the Compton y signal. This bias can be handled in the ACT
maps by leveraging multifrequency maps simultaneously as the point source spectral energy
density will be different than the tSZ spectral shape, but given that most of the sensitivity
is concentrated in the 90 and 150 GHz bands such a mitigation is not presently effective.

A systematic study of point sources contaminating the signal recovered by ACT observa-
tions of clusters was presented in Dicker et al. 2021 [37]|. They show that sources impact the
recovered Compton y signal by 10% and can even result in non-detections of low mass clus-
ters with particularly bright point sources. They conclude in the necessity for high-resolution
observations of clusters to understand source properties.

High-resolution observations of clusters trace phenomena within the ICM. The hot gas
that makes up the ICM has been shown in X-ray observations to trace a range of processes
such as AGN feedback in the cluster 38|, shocks from mergers [39], and have even been used
to show the existence of collisionless dark matter [11,40]. Since SZ observations trace the
same physics, hot electrons in the ICM, it can observe similar phenomena but has a few
distinct advantages. For one, X-ray emission from the ICM is proportional to the square
of the density of electrons in the ICM whereas the SZ effect is linearly proportional to the
electron density. This means that the SZ effect can image the ICM at the cluster outskirts
where effects from mergers and infall from cosmological accretion are more prominent [41].
Since the SZ effect is a scattering process and not direct emission it does not suffer from
cosmological dimming which means clusters can be observed at higher redshift.

These advantages have lead to incredible images of phenomena within clusters. One ex-
ample of how high-resolution images of cluster reveal information about clusters undergoing
mergers comes from NIKA2’s images of MACS J0717.5+3745 [42,43]. NIKA2 observes at
150 and 260 GHz with 17 and 10 arcsecond resolution in those respective bands, so it is

able to spatially resolve both the tSZ and kSZ effects within clusters. Figure 2.5 shows the
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Figure 2.5: (Left) Map of the Compton y from the tSZ effect in MACS J0717. (Right) Map
of the kSZ Compton y in MACS J0717. Figure from [43].

tSZ and kSZ maps derived from NIKA2 data. The kSZ map shows the velocity structure of
merging systems directly imaged at millimeter wavelengths. The negative kSZ values near
the B sub-cluster and the positive values ear the C sub-cluster are at the two sigma level so
this maps is actually resolving hot gas in the ICM moving away and towards the observer
respectively.

The SZ effect is not limited to probing cluster mergers, another example of high-resolution
SZ measurements probing high-energy phenomena in clusters is from MUSTANG2 observa-
tions of MS0735.6-+7421 [32,44|. This cluster has energetic jets from an AGN. Those jets
are bright in the radio and they produce cavities in the x-ray emission [45]. Observations
of processes like these are vital to understanding how AGN heat cluster cores and limit
cooling in clusters [46]. MUSTANG2 observations of MS0735 also show evidence of cavities
as seen in figure 2.6. The exciting prospect of the agreement between the cavities seen by
MUSTANG?2 and X-ray observations is the ability for SZ observations to potentially image
effects like this at a higher redshifts where integration time of X-ray observations is not
feasible which would constrain feedback effects across the history of cluster formation and
evolution. Such observations would help clarify how AGN feedback limits cooling in clusters

and if other processes are needed to prevent runaway cooling in cluster cores.
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Figure 2.6: (Left) Map of the Compton y from the tSZ effect in MS0735 made by MUS-
TANG2 with grey circles denoting the cavities identified in the X-ray. (Right) Map of the
X-ray emission from Chandra with MUSTANG2 tSZ contours overlaid in white. The green
contours denote the radio emission. Figure from [44].

High-resolution images of clusters also constrain scales that energy is injected into the
ICM. This can be done by studying the fluctuations of pressure around the smooth universal
pressure profile [26]. One example of this analysis was done with X-ray observations of the
core of the Coma Cluster [47]. The authors there found deviations around the universal
pressure profile that are consistent with pressure fluctuations and attribute the cause to
turbulent mixing of ICM gas among other possibilities. This analysis was repeated with SZ
observations of Coma made by Planck [48]. Those authors find that the injection scale of
fluctuations in Coma is roughly 500 kpc. That scale combined with the associated Mach
number leads the authors to claim that the fluctuations are consistent with driving due
to mergers. The SZ studies of pressure fluctuations in Coma represent the first use of SZ
observations to constrain turbulence in clusters in that fashion.

The Coma cluster is relatively close to Earth, so the pressure fluctuations can be re-
solved with Planck. To image pressure fluctuations in more distant clusters, sensitive higher-
resolution SZ measurements are needed. This was demonstrated by members of the MUS-
TANG2 collaboration for the cluster Zwicky 3146 which is one of the MUSTANG?2 clusters
that has the most integration time [49,50]. The authors of that study found that, when

20



considering X-ray and SZ data, the innermost core of the cluster has fluctuations that are
consistent with sloshing and could be explained with cavities due to AGN feedback. The
signal-to-noise in the SZ measurements of fluctuations for Zwicky 3146 in the outermost
parts of the cluster were not good enough to constrain much so the X-ray measurements
were more impactful.

These studies of pressure fluctuations show promise in constraining the turbulence in the
gas in the ICM. The study of gas dynamics within the ICM is important for calibrating
hydrodynamical simulations of clusters which are in turn important for the cosmological
analyses previously described. This field of study with the SZ effect will rapidly mature as

TolTEC begins cluster observations.
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CHAPTER 3
INSTRUMENTS

It is practically impossible to build a single millimeter-wave telescope that can both survey
the entire sky to discover galaxy clusters and have high enough angular resolution to resolve
the arcsecond-scale features within those clusters. The practical solution is to use two tele-
scopes of different capabilities. One telescope with a large field of view (FOV) surveys large
fields on the sky at arcminute resolution to create a mass limited catalog of clusters. The
other telescope would have arcsecond angular resolution and make targeted follow-up images
of the more interesting clusters identified by the first telescope.

In order to extract the highest fidelity cosmological constraints from a arcminute -
resolution millimeter-wave cluster catalog, sub-beam scale systematics need to be under-
stood and constrained through targeted follow-up observations by the arcsecond resolution
telescope. The arcminute resolution maps can be combined with the arcsecond imaging to
produce maps with high fidelity over the full range of angular scales.

In this chapter we present two instruments that fit nicely requirements outlined above:
the Simons Observatory Large Aperture Telescope (SO LAT) [51] and the TolTEC camera
on the Large Millimeter Telescope (LMT) [52]. We provide overviews of these instruments
including their beam sizes and FOVs, their detector properties, and the location of the
instruments. We pay particular attention to the state-of-the-art hardware, such as the optics
and detectors, that go into those instruments and make them the next-generation cluster

imaging telescopes.

3.1 The Simons Observatory Large Aperture Telescope

The Simons Observatory (SO) consists of four telescopes, a 6-meter Large Aperture Telescope

(LAT) and three half-meter aperture Small Aperture Telescopes (SATs). The SATs are
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Figure 3.1: (Left) A model of the SO LAT. (Right) A model of the LAT receiver with a
cutaway showing the modular optics tubes and the cold optical elements it contains.

optimized for searches for inflationary gravitational waves and other CMB-specific science
goals and do not have the resolution needed for imaging of galaxy clusters. The LAT, with
its arcminute-scale beam will be incredible for observing clusters.

The 6 meter LAT will observe the sky with a 7.8° diffraction limited field-of-view (FOV)
and 2 arcminute resolution at 90 GHz [53]. This is achieved with a state-of-the-art optical
design that will usher in a new generation of millimeter-wave observations. Figure 3.1 shows
a model of the LAT and its cryogenic receiver which contains reimaging optics and detectors.
It will observe in three different dichroic bands centered at 20/40 GHz (the Low Frequency
bands, or LF), 90/150 GHz (the Mid-Frequency bands or MF) and 220/280 GHz (the Ultra
High-Frequency bands or UHF). At those frequencies, the SO LAT is leading the field in
several areas: The 280 GHz channel will be the highest frequency band deployed for a large-
scale CMB survey; The number of detectors observing at those frequencies will be the most
ever deployed in one telescope at these frequencies, leading to a near order of magnitude
improvement over what has previously been deployed.

That impressive sensitivity means that the SO LAT is an ideal instrument to survey

galaxy clusters via the SZ effect. We highlight the location of the telescope, its optical
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design, and detector technology and they contribute to cluster observations. We conclude

this section with the status of instrument and a time frame for when observations will begin.

3.1.1 The SO Site

The SO LAT is being constructed in the Atacama Desert in Northern Chile. It is situated
near the peak of the Cerro Toco at an altitude of nearly 5200 meters. This area has been
home to millimeter-wave telescopes for nearly two decades. The SO project is significantly
larger in scale than the previous and current observatories on Cerro Toco. Construction on
the SO site began in 2020. Instruments began being deployed at the site in 2023. Figure 3.2
shows the SO site in Fall 2024. The unfinished LAT is the leftmost structure in that figure.
Construction of SO will be completed by the end of 2024 with all of its instruments coming
online in 2025.

The majority of the sky can be seen from this site. The LAT will leverage this to observe
more than 40% of the sky which is vital for building the large catalog of galaxy clusters
required for cosmological analyses [54].

The Atacama Desert is incredibly dry. This is important because water vapor in the
atmosphere absorbs and re-radiates light at millimeter wavelengths. This increases loading
on detectors and adds large scale correlated noise in images which degrades sensitivity at large
scales. The atmospheric transmission and brightness temperature for the SO site are shown
in figure 3.3. The curves presented in that figure were generated using the atmospheric code
am [55]. The different percentiles correspond to the water vapor present in the atmosphere,
so the 5th percentile corresponds to some of the lowest water vapor present in the atmosphere
whereas the 50th percentile is the average atmospheric water content. The coverage of the
SO bands are overlaid in color. One can see that they were chosen to avoid the strong
absorption features in the atmosphere due to water and oxygen lines.

The two key aspects encapsulated in figure 3.3 are the high atmospheric transmission
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Figure 3.2: A picture of the SO site in the Atacama desert. The SO LAT is leftmost
structure in the image. Another millimeter-wave telescopes, the Cosmology Large Angular
Scale Surveyor, located in the foreground.

and the low brightness temperature. The atmospheric transmission being above 80% for
all the photometric bands, even on a median day, means that a significant number of as-
trophysical photons reach the LAT. Since the LAT detectors are photon noise limited this
means that the telescope is more sensitive. This is especially important at frequencies above
200 GHz where the atmospheric transmission begins to fall. In addition to high transmis-
sion, the atmospheric brightness temperature at the SO site is relatively low, between 5-20
K depending on the frequency with ideal water vapor content, compared to typical every-
day atmosphere’s brightness temperature, for example above Cambridge, Massachusetts the

brightness temperature is between 20-60 K over the same frequency range. The significant
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Figure 3.3: Plot of the atmospheric transmission (top) and brightness temperature (bottom)
at the SO site atop Cerro Toco. The SO photometric bands are represented with the colored
boxes. The percentiles refer to the amount of water vapor in the atmosphere.

reduction in atmospheric brightness temperature strongly supports the rationale for placing
SO in the Atacama Desert. This reduction implies lower loading on the detectors, which in
turn enhances sensitivity to astrophysical radiation. This is important since the atmospheric

emission dwarfs the order 100 uK signal expected from galaxy clusters.

3.1.2  Optics

The SO LAT uses a system of warm and cold optical elements to direct light from the sky
onto the detectors. The warm optical system consists of the primary and secondary mirrors.
The cold optics are more complex and consists of metal mesh filters, alumina IR blocking
filters, and silicon lenses. The cold optics are packaged in modular units called "optics
tubes." The tubes contain the detectors that observe the millimeter-wave sky.

Light from the sky first interacts with the warm optics. It is imaged on the primary,
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reflected onto the secondary, and is then incident on the window of the LAT receiver. After
it enters the receiver, the light passes through the cold optical elements and is finally imaged
onto the feedhorn arrays that begin the universal focal module (UFM). The components
of the UFM will be described in section 3.1.3. The rest of this section will describe the
optical components between the sky and the UFM, and role those optics play in making
state-of-the-art measurements of the millimeter-wave sky.

The LAT warm optics define the ultimate resolution of the telescope. The six meter
diameter primary and similarly sized hyperbolic secondary result in a far-field beam full
width at half maximum (FWHM) of 2.0, 1.2, 0.9, and 0.8 arcminutes at 93, 145, 225, and
280 GHz respectively. Those band edges are plotted along side the spectral shifts caused
by the SZ effect in figure 2.1 and in that figure one can clearly see that the SO LAT has
the correct frequency coverage to observe the SZ effect. Since the LAT will deploy the most
detectors of any millimeter-wave observatory that drives a very large FOV requirement for
the telescope. A crossed-Dragone design was chosen for the LAT [56,57]. That arrangement
satisfied the LAT FOV requirement and is compact enough to practically be constructed.
To correct for aberrations at the observed wavelengths and maintain low cross-polarization,
perturbations from the standard parabolic and hyperbolic conic sections were made to the
primary and secondary surfaces respectively.

The primary and secondary mirror surfaces are composed of segmented aluminum panels,
roughly 70 cm by 70 cm in size, that can individually be adjusted to achieve the desired
surface shape. The panels themselves, their support structures, and their alignment are the
largest contributors to the total wavefront error of the LAT [58]. The error budget from the
combined tolerance of the mirror panels, support structure, and anticipated deformations due
to gravitational sag, thermal contraction and expansion, and wind is roughly 15 microns.
The required half wavefront error is 35 microns rms, this requires a panel setting error of 20

microns which can be achieved using photogrammetry.
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Figure 3.4: Model of a LAT optics tube with the optical components labeled and their
corresponding temperatures.

The LAT warm optics direct and focus light onto the LAT receiver shown on the right
side of figure 3.1. The LAT receiver is a 2.5 meter diameter cryostat that will be populated
with up to 13 modular optics tubes [59]. The optics tubes are 40 cm in diameter and 130
cm long. They contain the cold reimaging optics that focus incident light onto the detectors.
The reimaging optics also enable a larger field of view than what is possible with the primary
and secondary mirrors alone, so they are crucial to achieve the LAT’s goals of surveying a
large area of the sky. Each optics tube contains similar optical elements, but with frequency
band specific properties. For example, the anti-reflection coatings and freespace low-pass
filter bandpasses are specific to the LF, MF, and UHF bands.

A model of a LAT optics tube is shown in figure 3.4 and shows the different filters, lenses,
window, and stop contained in the optics tube. The path of light moves from left to right
in that figure. First, light is incident on room-temperature the high-density polyethylene

(HDPE) window and a double-sided infrared blocking filter (DSIR). The DSIR filters are
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featured throughout the different cryogenic stages of the optics tubes. They are of the metal
mesh design that has been featured on numerous previous millimeter-wave experiments [60].
These filters work by patterning sub-wavelength features onto plastic substrates and then
stacking layers of these together to achieve transmission in the detector passbands, but reflect
radiation at shorter wavelengths.

After the ambient-temperature elements, the light then enters the 80 K cryogenic stage
through another DSIR filter and then passes through an alumina IR blocking filter. The
alumina filters and their anti-reflection coatings are described in more detail in section 4.2.
Alumina is transparent to millimeter wavelength radiation but absorptive in the IR [61,62].
Those features, coupled with its high thermal conductivity, mean that alumina can absorb the
incident IR light, and be operated at a cool enough temperature that they do not re-emit.
This makes a good IR filter for millimeter-wave experiments to supplement the reflective
DSIR filters. The alumina filters in the LAT also serve an optical purpose. The alumina
filters in the optics of non-central optics tubes are wedged and act as a prism to slightly
bend the light rays to be parallel to the central optics tube. This is necessary to reduce the
footprint of the LAT receiver otherwise the angled optics tubes would require an infeasibly
large cryostat.

Light then passes through a 40 K DSIR and onto the 4 K stage where it passes through
a DSIR, a low-pass edge (LPE) filter which is based off the same metal mesh technology
as the DSIRs [60], and the first lens. After the lens the light passes through the 4 K stage
which has walls lined with custom metamaterial absorbing tiles that act as baffling to absorb
scattered and stray light [63]. The next optical element encountered is the 1 K LPE and
then the second lens. Light then passes through the blackened Lyot stop which is at 1 K
and is essential to define the illumination of primary mirror. The stop produces 5.5 meter
Gaussian illumination of the primary. This under-illumination of the primary produces

sufficient resolution to achieve the science goals for the LAT.
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The final optical element in the 1 K stage is the third lens. All three lenses are made
of silicon. Silicon was chosen because its high index of refraction bends light more effi-
ciently than other materials like HDPE. When cooled to cryogenic temperatures it is highly
transparent at millimeter wavelengths. Previous millimeter-wave observatories, such as the
Atacama Cosmology Telescope, utilized silicon lenses, and the SO LAT leverages experience
that builds from that heritage, such as metamaterial anti-reflection coatings for the silicon
optics which is described further in section 4.1 [64,65]. The lens designs for lens 1 and 2 are
plano-convex and concave-convex for lens 3. Each curved lens surface is a standard conic
with higher-order aspheric terms which help to reduce aberrations.

Lastly, after lens 3 the light passes through a final LPE filter at 100 mK and then onto
the UFMs. In all, the cold optics in the LAT optics tubes build on technologies that have
been deployed on previous generations of millimeter-wave telescopes, but scale them up in

diameter and quantity to achieve the LAT’s science goals.

3.1.8 Detectors

The detector modules for the Simons Observatory are called universal focal modules (UFMs)
[66,67]. These consist of the elements that couple free space radiation onto the detectors,
the detectors themselves, and the readout that turns individual detector signals into a mul-
tiplexed signal that is then transmitted to 300 K.

The LAT arrays use feedhorn-coupled OMTs as the antenna for coupling free space
radiation to the detectors [68,69|. Feedhorns are profiled waveguides that are designed
to have low cross-polarization response across a wide bandwidth. In the case of SO, the
feedhorn arrays are single blocks of aluminum with the feedhorn profile drilled into them.
These are then gold-plated so the surface is an ideal conductor. The output of the feedhorn
is a cylindrical waveguide that defines the low frequency edge of the first of the dichroic

bandpasses. The output of the waveguide is coupled to an OMT antenna on a silicon wafer.
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The OMT consists of two linear antennae that are oriented orthogonal to each other. This
orientation enables the recovery of the intensity of linearly polarized light. There is a quarter-
wave backshort behind the OMT to ensure maximal coupling to the antenna. The feedhorn
and OMT are designed such that only the lowest waveguide mode is coupled between the
two which ensures a simple beam pattern produced by the feed, in the time-reversed sense
of light propagation.

The feedhorn-coupled OMTs transmit incident radiation onto planner transmission lines
on a silicon wafer. Along these transmission lines, the two different dichroic frequency
channels are split via a diplexer and then the two separate bandpasses are defined using
on-chip filters [70]. On-chip filtering is achieved with stub filters and the filtered radiation
is deposited onto a transition edge sensor (TES) [71,72].

The TES bolometer has been a staple of astronomical millimeter-wave detection for over a
decade. The principle behind this detector technology is to place a superconducting material
below its critical temperature and then provide it with a bias voltage that places it right
on the transition between superconducting and normal. The superconductor is then weakly
coupled to a thermal bath. So when radiation transmits through the telescope and onto
the superconductor, the energy from the light changes the resistance of the superconductor
which is detected as a change in current. This results in an extremely sensitive bolometer
that can detect picowatt-level changes in energy which makes them an ideal detector for
millimeter-wave observations.

Since each pixel is dichroic and has two antennae to make it sensitive to linear polariza-
tion, there are four TES bolometers per pixel. At 420 pixels per detector array for the MF
band and three arrays per optics tube, there are approximately 5000 detectors to read out of
a single MF optics tube. To read these out SO is using a new multiplexing approach called
microwave multiplexing, or pg-mux [73]. In this multiplexing scheme each TES is linked to

an inductor in a resonance circuit. Each of these inductors have a different inductance so
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each circuit has a different resonant frequency. When the signal from the TES is incident
on the resonator, its kinetic inductance changes minutely which in turn changes its resonant
frequency. Groups of 840 resonators, or half of the UFM, are combined onto a single trans-
mission line that reaches from the UFM at 100 mK to outside the LAT receiver. A probe
signal is then injected into that transmission line and the different resonant dips from the
inductors is received. When the power on the TES changes, the resonant frequency for that
inductor changes, which is measured as a shift in the dip on the transmission line. This read-
out scheme allows for a multiplexing roughly one thousand detectors per multiplexing unit.
For each SO detector array there are two banks of resonators meaning that each detector
array can be read out with just two sets of transmission lines.

The optical coupling, TES bolometers, and p-mux readout comprise the SO UFM and
enable observing the millimeter sky with unprecedented sensitivity. Table 3.1 summarizes
the resolution, detector count, and total noise equivalent temperature (NET) of each SO

LAT frequency channel [59].

Table 3.1: Summary of the SO LAT detectors based on the designed parameters.

Frequency Angular Resolution | Detector Count | Total NET (uK./s)
(arcmin)

27 GHz 8.4 222 48.4

39 GHz 5.4 222 25.7

90 GHz 2.0 10,320 5.4

150 GHz 1.2 10,320 6.7

220 GHz 0.9 5160 15.0

280 GHz 0.8 5160 35.9

3.1.4 Instrument Status

The SO project was conceived in 2019 and construction of the site and the instrument’s
elements began in 2020. As of early 2024, the bulk of the LAT is completed. The telescope

structure is complete, the LAT receiver is in the telescope, and the receiver has been cooled
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Figure 3.5: A photo of the LAT taken in April 2024.

down. A photo of the LAT at the site in April 2024 is shown in figure 3.5. The receiver
currently contains all of the MF and UHF optic tubes. Dark testing of the detectors and
readout system, which is a useful end-to-end test of the data acquisition system, are ongoing
and nearly complete.

The remaining components to be deployed are a single LF optics tube, the primary, and
secondary mirrors. The LF optics tube will be completed by the end of 2024. The mirrors

are scheduled to be delivered by early 2025. First light is expected in early 2025.
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3.2 TolTEC

The TolTEC camera is a trichroic polarimeter installed on the 50-meter Large Millimeter
Telescope (LMT) with photometric bands centered at 150, 220, and 280 GHz. TolTEC’s
angular resolution is 10, 6, and 5 arcsecond at 150, 220, and 280 GHz respectively and
has a 4 arcminute FOV [52,74]. This angular resolution is exceeded only by the ALMA
interferometer at these frequencies, but the FOV is much larger meaning TolTEC is the only
instrument in the world capable of imaging scales from 5 arcseconds up to several arcminutes
at these frequencies.

TolTEC was installed as a facility instrument on the LMT in the Summer of 2022 with
commissioning observations beginning in December 2022. Trouble with the LMT in 2023
meant that no commissioning observations occurred. The LMT came back on-sky in early
2024 and at that time TolTEC resumed commissioning observations. It is anticipated that
commissioning will be completed by the end of 2024 and science observations can commence.

We will describe the aspects of the Tol TEC instrument that enable groundbreaking cluster
observations. We will describe the LMT site and its suitability for observations at millimeter
wavelengths. We then describe the warm optics that TolTEC utilizes which includes the
LMT warm optics. That leads to a description of the TolTEC cryostat and the cold optics
it contains. We then describe the detector arrays and technology TolTEC uses to measure
millimeter-wave light. Finally, we conclude with a summary of the status of the TolTEC

instrument and remark on the timeline for science observations.

3.2.1 The LMT Site

The LMT is situated on Sierra Negra (known as Tliltépetl, Atlitzin, or Iztactepetl Icni in
native mexican languages) in the Mexican province of Puebla. At an altitude of 4600 meters,
it is one of the highest telescopes in the northern hemisphere. A photo of the LMT atop

Sierra Negra is shown in figure 3.6. Construction of the telescope began in the late 1990s
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Figure 3.6: A photo of the LMT site atop Sierra Negra. [75]

and was partially completed in 2010 with a primary mirror diameter of 32 meters. This
initial configuration of the primary allowed the telescope to achieve first light in 2011. The
remainder of the diameter of the primary was completed in 2018.

The LMT site is located in a somewhat tropical climate at a latitude of nearly 19 degrees
North. Therefore the atmopshere is not as arid as the climate of the Atacama Desert.
Moisture in the atmophere during the Summer months limits the quality of observations
made at higher frequencies, meaning that optimal observing conditions are achieved mostly
in the Winter and Spring.

We show the atmospheric transmission and brightness temperature in figure 3.7 [55]. The
colored boxes in that figure denote the TolTEC bandpasses. There is a steep roll-off in the
atmospheric transmission at roughly 100 GHz and consequently means that TolTEC’s higher
frequency bands can only really be used in ideal conditions. Comparing these atmospheric

quantities to those of the Atacama depicted in figure 3.3 show the benefit of moving to a
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Figure 3.7: Plot of the atmospheric transmission (top) and brightness temperature (bottom)
at the LMT site atop Sierra Negra. The TolTEC photometric bands are represented with
the colored boxes. The percentiles refer to the amount of water vapor in the atmosphere.

higher-drier site. Despite this atmospheric limitation, the LMT site is still a more than
adequate location for millimeter-wave astronomy as has been demonstrated by numerous
instruments.

There is significant infrastructure built around the LMT which enable its scientific op-
erations [75]. The telescope base camp is located in Ciudad Serdan, roughly an hour drive
away from the telescope. This close proximity allows observers to stay at the lower alititude
(2600 meters) and make a nightly trip up to the telescope for observations. The road up
Sierra Negra is paved and well maintained, making it one of the highest driveable roads in
North America.

The LMT itself contains several lab spaces where instruments can be worked on before
deployment. The LMT structure contains an elevator which makes working at altitude less

stressful on the body and generally makes it possible to not require supplemental oxygen
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while working at the telescope. These conditions permit nightly shifts for observers at the
telescope. These in-person observations, as opposed to remote, are a valuable part of observ-
ing with the LMT, especially during instrument commissioning, as having trained observers
at the telescope means that the instrument can be debugged in real time as observations are
taking place.

The LMT site is not without its problems and several of these have contributed delays
to the commissioning of TolTEC. Firstly, in early 2023 a wildfire at the base of Sierra
Negra damaged the fiber optic cable that carries internet data to the telescope. This paused
observations for many weeks until the cable could be repaired. Some observations did take
place with data being transmitted via a Starlink satellite, however no major commissioning
occurred during this time. Later in 2023, a severe lightning storm struck near the site. This
caused an electrical surge which damaged transformers in the LMT electrical substation,
rendering them inoperable. The repair of the transformers took many months and essentially
meant that no TolTEC commissioning observations took place in 2023. These problems
pertaining to and around the LMT site have since been rectified and the LMT resumed
observations in 2024.

The LMT is one of the largest telescopes in the world and the site it is located has all of
the infrastructure it needs to be a premier site for observations at millimeter wavelengths.
The atmosphere is adequate for observations roughly 25% of the time although the increased

atmospheric emission at the other times does not entirely prohibit observations.

3.2.2  Warm Optics

Light from the sky make their way through two ambient temperature optical systems in
order to reach the TolTEC detectors, the LMT mirrors and the TolTEC warm optics system.
The LMT’s optics in order are the 50 meter diameter primary mirror, the 2 meter convex

secondary, and a folding tertiary mirror inside of the receiver cabin. Once light reflects off
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that folding mirror it is directed into the TolTEC warm optical system which consists of two
parabolic and a flat mirror.

Details of the LMT optical system are given in Hughes et al. (2020) and we reproduce the
pertinent facts about the warm optical system here [75]. The LMT is an on-axis Cassegrain
reflector telescope. The primary and secondary mirrors are state-of-the-art and permit ob-
servations at 280 GHz without excessive scatter or aberrations. The surface of the 50-meter
primary mirror is made of over one thousand aluminum panels with a surface RMS of 15
microns. Groups of six to eight panels are attached to actuators that allow for adjustments
to be made to the panel’s position. The actuators are electronically controlled so that the
mirror surface can be refined at different elevations to counteract any sag in the mirror sur-
face. The overall surface is set using photogrametry measurements during the daytime. Then
during nighttime, observations of point sources are used to further tune the beam shape and
antenna gain. This optimization procedure has been shown to reduce surface errors of the
primary mirror to under 50 microns RMS.

The 2.7 meter diameter convex secondary mirror is also made of segmented aluminum
panels. There is a central 1.2 meter diameter panel surrounded by eight other panels to make
up the entire mirror. The secondary mirror assembly is mounted on a motorized hexapod so
that it can be translated in three linear dimensions and also allows for the tilt of the mirror
to be adjusted. The mirrors ability to move along the optical axis means that the focus of
the telescope can be tuned by making brief observations of an unresolved source at several
z positions and finding the position that maximizes the measured peak flux of the source.
These observations can also be used for out-of-focus holography analyses which can be used
to improve the understanding of the primary mirror surface. The entire secondary mirror
system is suspended in front of the primary mirror by a tetrapod.

The last LMT optical element encountered by light before the TolTEC warm optics is

the tertiary mirror. Located just before the Cassegrain focus, this tertiary mirror directs
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light to one of the several instruments located in the LMT receiver cabin. The primary and
secondary mirrors move to point the telescope but the instruments within the receiver cabin
remain stationary, so the tertiary mirror is mounted on a system that tracks the primary
and maintains alignment between that surface and instruments in the receiver cabin as the
telescope slews in elevation.

Three mirrors make up the TolTEC warm optics which in order are a parabolic mirror,
a flat, and another parabolic mirror [76]. These mirrors shape the beam from the telescope
and direct them through the TolTEC window.

TolTEC also includes a warm halfwave plate (HWP) [77]. The HWP can be used to
increase TolTEC’s sensitivity to polarized light by modulating the polarization of the incident
radiation by spinning the HWP at a fixed frequency and then measuring the modulated
signal. Since TolTEC’s cold optical elements are after the HWP in the optical path, any
polarized signal they introduce is unmodulated and thus suppressed when demodulating the
detector signal at the HWP frequency. This technique has successfully been used by other
millimeter-wave observatories in the past to reduce the impact of instrumental polarization
and mitigate atmospheric noise. Since the detection of the faint polarized signal from the

SZ effect is beyond the scope of this work we will not discuss the HWP further.

3.2.53 Cold Optics

Light from the warm optics is incident on the UHMWPE window of the TolTEC cryostat.
All the optical elements after that are kept at cryogenic temperatures. This includes silicon
lenses, IR filters, dichroic beamspliters, and LPE filters [74]. The optics are mounted on
a 2 meter by 1.5 meter optical bench that fits in a cryostat. Figure 3.8 shows this system
with the outer shells of the cryostat removed. TolTEC uses beam spliters that pass certain
frequencies and reflect others to direct signals defining its three bands to their respective

detector arrays. The optical paths to the three detector arrays indicated in figure 3.8 by the
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Figure 3.8: A picture of the TolTEC cold optical system with the cryostat shells removed.
The different detector arrays are annotated and the paths of light from the different bands are
denoted by the red, green, and blue arrows for the 150, 220, and 280 GHz arrays respectively.

red, green, and blue arrows for the 150, 220, and 280 GHz light respectively. The brief path
that is shared by all light is indicated with the white arrows.

The optical path that is common for all light starts with the window and ends at the
first dichroic beam splitter. After the incident light passes through the window it encounters
an ambient temperature reflective IR filter to reject IR radiation. There is an additional IR
filter located at 40 K and another at 4 K. Next to that filter is the cold Lyot stop. The light
is then focused with an aluminum parabolic mirror and directed at the first dichroic filter.

This is where the paths of the different photometric bands diverge. The dichroic passes

the 280 GHz radiation which is then focused by two silicon lenses, passes through a LPE
40



filter, and then is incident on the 280 GHz feedhorn array. The 150 and 220 GHz light is
reflected by the dichroic, focused by another silicon lens, and incident on a second dichroic
filter. This filter passes the 220 GHz light which is reflected by a flat mirror, focused by a
silicon lens, filtered by a LPE, and then incident on the 220 GHz feedhorns. The 150 GHz
light that is reflected by the second dichroic is focused by a silicon lens, filtered by a LPE
filter, and imaged onto the 150 GHz feedhorns. All of the silicon lenses are coated with
metamaterial anti-reflection coating methods described in chapter 4.

Since this optics bench is a large cavity where stray light can reflect off several surfaces
and increase loading on the cryogenic stages, the lid of the 4 K cryogenic stage is blackened
and a charcoal cloth is placed on the aluminum bench the optics are mounted on. This
charcoal cloth is not shown in figure 3.8. Testing in lab with a thermometer suspended in
the middle of the 4 K cavity by thermally insulating threads showed that the loading due to

light reflected around the cavity was sufficiently low.

3.2.4 Detectors

TolTEC’s three detector arrays are feedhorn-couple microwave kinetic inductance detectors
(MKIDs). The three bandpasses cover 150, 220, and 280 GHz and are plotted in figure
2.1. Again, from that figure one can clearly see how the TolTEC bandpasses are ideal for
measuring the SZ effect.

Feedhorns couple free space radiation onto the detectors in a controlled manner. The
design of the TolTEC feedhorns is somewhat simpler than the SO feedhorn design since the
TolTEC detectors are monochroic and do not have as wide bandwidth as the SO detectors.
The TolTEC feedhorns are fabricated by stacking layers of thin silicon wafers, glueing those
wafers together, and then gold plating them. Each silicon wafer has an array of closely
packed holes, created by deep reactive ion etching. The diameter of the holes are varied for

each layer so when stacked up and glued they become a splined feedhorn profile. They are
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Figure 3.9: (Left Top) The TolTEC 150 GHz feedhorn array. (Left Bottom) The assembled
TolTEC 280 GHz detector array. (Right) A microscope image of 280 GHz MKID detectors.
(Image credit: NIST and the TolTEC collaboration.)

gold-plated to make the surface conductive. The TolTEC 150 GHz feedhorn array is shown
in the top left of figure 3.9 and the different layers of the silicon wafers that are stacked
to realize the entire array are visible. The advantage of a stacked-silicon feedhorn array is
that it is cryomechanically matched to the detector wafer, meaning that there is no need
to account for differential thermal contraction between the feedhorn array and the detector
array. Therefore, alignment of the feedhorns and detectors can occur at room temperature
and they will remain aligned as the arrays are cooled down to 100 mK.

At the output of the feedhorn waveguides are the MKID detectors [78,79]. The operating
principle behind MKIDs is similar to the g-mux readout system described in section 3.1.3.
In the case of the TolTEC detectors there is no OMT, instead the light that is output by

the feedhorns is incident directly on a TiN/Ti/TiN trilayer superconducting thin film that
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makes up the inductor. This inductor is coupled to a capacitor that make up a quarter-
wave resonant circuit. When photons are absorbed by the inductor, the energy from that
photon is enough to break Cooper pairs in the superconductor which changes its quasiparticle
density. This in turn changes the kinetic inductance of that superconductor which changes
the resonant frequency of the circuit it is in with the the capacitor. The shift in resonant
frequency is measured and that directly correlates with the energy of the incident photon.

A microscope image of a 280 GHz MKID array is shown on the right side of figure 3.9.
The cross or plus shapes encompassed in a circle are the inductor probes that couple to
the output of the feedhorns. Each leg is one detector. Since they are arranged at angles of
0, 45, 90, and 135 degrees that means the combination of the signals from those detectors
give TolTEC its polarization sensitivity. The rectangular blocks to the left and right of the
inductors are the interdigiated capacitors that complete the LC circuit of the detector. This
LC circuit is capacitively coupled to the transmission line that is below the detector.

The detectors in the array are grouped into networks and each network is is read out with
a single transmission line. Warm readout electronics send probe tones down the transmission
line, these tones then encounter the MKID resonator circuits, and where there is a resonance
there is no transmission of the probe tone. The detectors’ signals are then interpreted by
interrogating the transmission of the probe tones. Monitoring shifts in nulls of the trans-
mission spectrum directly corresponds to the amount of power on a detector. Since many
detectors are grouped onto a single transmission line, the readout is naturally multiplexed.
TolTEC groups between 500 and 700 MKIDS on a single readout network. Although the
multiplexing limit is theoretically higher for MKID detectors, the TolTEC multiplexing fac-
tor was chosen such that there is adequate frequency spacing between the resonators in the
readout frequency sweep. That mitigates issues with collided resonator tones which can arise
from variations in detector fabrications.

The TolTEC detectors combine the traditional feedhorn optical coupling with MKID
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detector technology. Table 3.2 provides a summary of the angular resolution, detector count,
and total array NET of each photometric array. The TolTEC detector sensitivities result
in an instrument that is capable of imaging arcminute to degree scale fields to micro-Kelvin
depths in a few hours of observing time. This makes it ideal to image galaxy clusters which
manifest as ~100 pK signal on ~5 arcminute scales, so five hours of TolTEC observations

should be more than sufficient to image a cluster.

Table 3.2: Summary of the TolTEC detectors based on the designed parameters.

150 GHz | 220 GHz | 280 GHz
Angular Resolution (arcsecond) 10 6 5
Detector Count 1172 2532 4012
Array NET (1Kcyp v/5) 18.9 39.3 70.5

3.2.5  Instrument Status

TolTEC achieved first light in 2022 with commissioning observations beginning in Decem-
ber of that year. The purpose of the commissioning campaign is to make observations that
demonstrate the telescope is operating as close to its design sensitivity as possible. A sub-
sample of the observations made during the December 2022 commissioning are presented
later in section 6.2. The December 2022 commissioning campaign showed that TolTEC
has an impressive angular resolution that will produce state-of-the-art images at millimeter
wavelengths. It also showed that there are areas where the instrument needs to be improved
to bring it more in-line with designed expectations.

An example for where TolTEC could be improved was in the quality of the instrument
beams. In observations of pointing sources there were persistent aberrations in the beam
profile. Misalignment between TolTEC and the LMT secondary is the likely cause, but
additional investigation using out-of-focus holography is underway to confirm this. It is

anticipated that this can be brought under control by adjusting the secondary mirror posi-

tion and improving the primary mirror surface. Correcting this is expected to improve the
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instrument gain by approximately 20%.

The noise of the instrument was significantly higher than what was achieved in the lab
environment. It was determined that amplifiers in the readout chain where being overdriven
which caused clipping and could explain the increased noise. To remedy this, attenuators
were placed before the amplifiers to prevent overdriving and clipping in the readout chain.
This improvement will make the TolTEC system photon noise limited for the next phase of
commissioning.

TolTEC resumed commissioning observations in 2024. The initial improvements to the
secondary position seem to have improved the beam shape but there are still improvements
to be made with detector noise before commissioning finishes at the end of 2024. After that,
science observations of the project’s legacy surveys and Pl-lead proposed projects will begin

and will usher in a new generation of high-resolution millimeter wavelength images.
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CHAPTER 4
METAMATERIAL ANTI-REFLECTION COATINGS

Instruments that observe at millimeter wavelengths, such as the Simons Observatory and
TolTEC, rely on lenses with high indices of refraction to make compact optical systems. The
usual materials of choice for these lenses are silicon and alumina with indices of refraction at
millimeter wavelengths of approximately 3.4 and 3.1 [80]. While the high index of refraction
for these two materials means that incident light can be refracted significantly to create a
faster optical system with a wide field of view, it also means that more light is reflected off
the bare optical surface. For silicon and alumina, roughly 30% and 26% of normally incident
light would be reflected per optical surface in the absence of anti-reflection (AR) coatings.

Reflected light within an optical system leads to undesirable systematic effects. In ex-
treme cases, multiple reflections occurring within an optical element can lead a coherent
re-imaging of an object at a spurious location in an image which is often referred to as
ghosting. More pervasive issues with reflected light is the reduction of the amount of trans-
mitted power that reach the detectors, degraded image quality, and reduced polarization
purity. Therefore, it is vital that reflections are reduced within optical systems.

This necessitates the use of AR coatings. One way that coatings can be realized is by
adding materials with carefully selected dielectric properties and thicknesses to the surface
of interest. In the simplest realization, a quarter-wavelength thick layer of material with
dielectric index y/n can be added to the surface of a material with index n. This quarter
wavelength coating can perfectly cancel reflections at a particular wavelength and provide
acceptable performance over a moderate bandwidth. Broader band performance is possible
with multiple layer coatings or by extending these to the continuum limit to realize a gradient
index coating.

Complications arise when attempting to apply traditional AR coatings, like laminate

plastics, to the surface of optical elements that operate at cryogenic temperatures. The
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mismatch in the coefficent of thermal expansion between the laminate AR coating and the
optic causes differential thermal contraction. This can lead to delamination of the coating
from the optic surface. The problems that arise from a complete failure of the coating
include ghosting and loss of efficiency, however partial delamination can lead to more subtle
frequency-dependant optical effects which can be hard to track down and mitigate. AR
coating delamination might not occur immediately, it may take several cryogenic cycles for
issues to arise, so every time an instrument is warmed up and cooled back down there is the
risk of coating failure. Over the lifetime of millimeter-wave receivers like SO and TolTEC
those cryo cycles occur dozens of times. Thus, it is vital to develop and impliment AR
coatings that do not suffer from differential thermal contraction to ensure the success of
millimeter-wave instruments.

Metamaterial AR coatings offer a solution to differential thermal contraction. The coat-
ings are made of sub-wavelength features machined into the optical element and so the
coating is made out of the optical material itself. Metamaterial AR coatings are realized
by creating a periodic array of features that are sufficiently smaller than the wavelength of
the incident light. By tuning the geometries of those features, reflections can be minimized
across a given bandwidth. The geometry and fabrication of the sub-wavelength features
varies greatly depending on the application and the wavelength of the incident light. Raut
et al (2011) gives a general review of designs and fabrication techniques used to create AR
coatings [81]

The design, fabrication process, and performance of diced metamaterial AR coatings for

the silicon lenses and alumina IR blocking filters for SO are described in this chapter.
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4.1 Design and Fabrication of Silicon Metamaterial

Anti-Reflection Coatings for the Simons Observatory

We present the work done to realize metamaterial AR coatings for lenses in the three SO
observing bands and at the necessary production scale for an experiment the size of SO. The
work for the TolTEC metamaterial AR coatings was similar, but the coatings were simpler
due to the narrower required bandwidth. This section is organized as follows: the design of
the AR coatings for all three SO observing bands is presented in Section 4.1.1. Section 4.1.2
describes the production process of the AR coatings and presents the achieved production
rates. In Section 4.1.3 the results of reflection measurements taken of the AR coatings are

presented.

4.1.1  Design

The design of the sub-wavelength features follows the geometry presented in Datta et al
(2013) [64]. The features consist of metamaterial layers that are an array of square "stepped-
pyramids". This design was chosen because these features are easily fabricated with a silicon
dicing saw, where the saw makes a series of nested cuts across an optic, the optic is then
rotated 90 degrees, and the series of cuts are made again. Figure 4.1 shows a fiducial model
of a three-layer metamaterial AR coating. In principle, the number of layers can be increased
to accommodate large bandwidth coverage, but this is subject to physical constraints such
as dicing blade thickness and aspect ratio. Metamaterial coatings with five-layers have been
demonstrated and show excellent performance over more than an octave bandwidth [82].
The pitch, or the spacing between the periodic cuts, each layer’s width (kerf), and depth
must be optimized to minimize the reflections across the observing bands.

The SO will observe in three dichroic frequency bands; the low frequency (LF), mid

frequency (MF), and ultra-high frequency (UHF). The band edges for those three channels
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observe from 23-47 GHz, 70-170 GHz, and 195-310 GHz for the respective LF, MF, and UHF
bands. We begin the optimization process by modeling the physical AR coating structure in
the finite-element analysis software, Ansys High Frequency Structure Simulator (HFSS)l. We
began the optimization process with the three-layer 75-170 GHz metamaterial AR coating
presented in Coughlin et al (2018).

The pitch of the sub-wavelength features is set by the criterion for scattering which is

given by Equation 1 in Datta et al (2013) [64]

A

_ 4.1
Ngi + Ny sin 6; (4.1)

p <

Where p is the pitch, A is the wavelength corresponding to the upper edge of the frequency
band, ng and n; are the indices of refraction of silicon and the incident medium (in this
case vacuum) respectively, and 6; is the angle of incidence of light on the surface of the lens.
We choose the pitch such that this criterion is met up to the upper edge of the observing
frequency band at an angle of 15 degrees which is roughly the average angle of incidence of
a light ray in the telescopes.

We then optimize the AR coating design for the free parameters, the kerf and depth, per
each metamaterial layer. For a three layer coating there are six parameters to optimize and
for a two layer coating there are four. An optimization algorithm in HFSS is used to vary
these parameters to achieve the lowest reflection possible across the SO MF band. Since
the size of the sub-wavelength features dictate what frequencies the coating is effective, the
dimensions of the parameters of the AR coating can be scaled up or down to cover the LF
and UHF bands. However, that scaling may not produce an optimized AR coatings in that

new frequency band or the resulting design may not be physically realizable with dicing saw

blades.

1. https://www.ansys.com/products/electronics/ansys-hfss
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For the SO LF band, the MF AR coating design parameters were scaled up and then
re-optimized. The resulting coating achieved sub-percent reflection across the LF band.
Finally, the MF AR coating was scaled down to try and cover the UHF band, but kerf of the
third layer became thinner than any physically producible dicing saw blade. This drove the
design of the UHF coating from a three-layer design to a two-layer design. After optimizing
the two-layer UHF design we still achieved a simulated sub-percent reflection across the band
due to the UHF’s more narrow fractional bandpass.

After the completed optimization we then have three AR coating designs that all achieve
sub-percent reflection across their respective frequency bands. The dimensions of the three
optimized AR coatings for the LF, MF, and UHF bands are presented in Table 4.1. The
parameters refer to figure 4.1. Note that the UHF design is a two-layer and therefore the
dimensions of the third layer are non-applicable. The simulated performance of the AR

coatings at normal incidence are presented later in Section 4.1.3.

P

Isometric View Side View

Figure 4.1: (Left) Isometric view of a fiducial three-layer AR coating design. (Right) Side
view of the fiducial three-layer design with the relevant design parameters labeled.

4.1.2  Production

The SO will deploy over 30 silicon lenses which is the most by any single experiment to date

and therefore the production rate of the metamaterial AR coatings for those lenses must be
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Table 4.1: Parameters of the three SO silicon AR coating designs

LF MF UHF

Pitch (P) 1.375 mm | 0.450 mm | 0.266 mm
Kerf 1 (K1) | 0.735 mm | 0.245 mm | 0.122 mm
Depth 1 (D1) | 1.520 mm | 0.425 mm | 0.200 mm
Kerf 2 (K2) |0.310 mm | 0.110 mm | 0.033 mm
Depth 2 (D2) | 1.000 mm | 0.294 mm | 0.120 mm
Kerf 3 (K3) | 0.070 mm | 0.025 mm -
Depth 3 (D3) | 0.750 mm | 0.234 mm -

high enough to follow the deployment timeline. This combined with the added complications
that we need to dice the largest diameter silicon lenses deployed on an experiment to date
and the complex surface profiles of some of the lenses [83] lead to the development of a
custom silicon dicing saw system.

The metamaterial AR coatings were fabricated using a custom-built multi-axis dicing
saw system. This system (shown in figure 4.2) consists of three dicing saw spindles mounted
on independent z-axes (100 mm of travel) on a common y-axis (£600mm of travel). A
ruby-tipped metrology probe with sub-micron accuracy is mounted on the forth z-axis. This
probe is used to map the surface of the mounted optics to be cut. The optics to be machined
are secured on a chuck mounted on a rotary stage with 360° rotation on top of an x-axis
(£275mm of travel). These axes allow the complete fabrication of an AR coating on one side
of an up to 600 mm diameter optic without need to dismount the optic. There are numerous
features that allows for significant increases in production rate compared to previous efforts
to produce metamaterial AR coatings for CMB experiments such as the multiple dicing
spindles which can each be fit with a different blade corresponding to different cuts in the
AR coating’s design. By mounting all of the blades at once we can AR coat an entire optical
surface without changing any blades. This provides for nearly continuous operation of the
saw system. Careful commissioning and calibration of this dicing saw system lead to micron
accurate stage positioning and repeatability which is well within the tolerances required for

AR coating application presented here.
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Figure 4.2: An image of the dicing saw system used to fabricate metamaterial ARCs. The
independent dicing spindles are labeled B, C, and D with the metrology axis labeled A.

To create an AR coating, a lens is mounted to the dicing saw and metrology is taken of
its surface using a sub-micron accurate metrology probe mounted to the system. A model
surface is fit to that data, and code generates program files that are used to command
the system to dice the cuts. The room that the dicing saw is situated in is temperature
regulated and the dicing process uses temperature controlled flood cooling. This temperature
regulation is necessary to ensure the fabrication machine does not thermally expand or
contract during the cutting process. The design-specific blades are then mounted to the
spindles, and are conditioned to eliminate diamond burs on the blade and to ensure the
blade is circular by making several cuts in a special ceramic material made to hone dicing saw
blades. Test cuts are then diced into a small silicon wafer affixed to the side of the mounted

lens. These cuts are then inspected and their dimensions verified with a microscope.
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The layers of the AR coating are diced into the lens, one at a time, from the largest to
the smallest cut. After the layers are diced into the lens, it is then rotated 90 degrees and
the process is repeated to complete the AR coating. After the AR coating is finished, test
cuts are made in the sacrificial wafer to monitor if any cutting abnormalities may have arisen
during the fabrication. After one optical surface of a lens is finished it is flipped and the
procedure repeated on the other side. After both sides of a lens have been AR coated, the
lens is cleaned in an ultrasonic cleaning bath.

That is the process for the MF and the UHF coatings but for longer wavelengths where
the feature size is much larger we must modify this approach. Dicing blades are not available
in widths to make the top two layers of the LF coating. For those layers, we use three defining
cuts and two clearing cuts to create a feature that is much wider than the maximum blade
thickness. In order to not load the dicing blades with too much cutting force we make
multiple passes of defining and clearing cuts to realize the full depth of the top two LF
layers.

Figure 4.3 shows an image of one of the MF lenses installed inside an SO optics tube. It
also shows a zoomed in picture of the fabricated coating. At the end of the fabrication run
for the MF lenses we achieved a production rate of one lens per week. The defect rate was
around 100 broken pyramid features out of a million which is not expected to impact the

lens quality or the AR coating performance.

4.1.8  Optical Performance

The lenses were tested and the optical performance measured using a coherent reflectometer.
The reflectometer setup is described in detail in Chesmore et al.(2018) [84]. The lenses are
mounted like in figure 1 of the Chesmore paper with the flat side down toward the parabolic
mirrors. In cases where the lens does not have a flat side, we measure the concave side

as close to the center of the lens as possible where it is the most flat. The results of the
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Figure 4.3: (Left) Picture of a SO LAT lens installed in an optics tube. (Right Top)
A zoomed in image of the MF metamaterial AR coating. (Right Bottom) A Picture of
the production team with six SO lenses. The three closest to the camera are a set of SO
Small Aperture Telescope lenses and the three farther away are a set of SO Large Aperture
Telescope lenses.

reflection measurements for the SO MF and UHF AR coatings are summarized in figure
4.4. The presented data for the LF AR coating is from lenses made for the AdvACTPol
experiment which share the same design and fabrication procedure as the SO lenses. This
data shows good agreement with simulations with sub-percent reflections across the LF
bands. The performance of all of the measured coatings so far have achieved sub-percent

reflection across their bands.

4.2 Broadband Metamaterial Anti-Reflection Cuttings for Large

Aperture Alumina Optics

Alumina is a ceramic material that can be machined into large diameter optics for millimeter

wave bands and its use as an IR rejecting filter is critical to the function of next-generation
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Figure 4.4: Plot of the reflection performance of the SO AR coatings. The solid line represent
the simulated performance of the AR coating and the dots represent measurements.

instruments. For the optics considered here, we sourced our low-dielectric loss type alumina
from NTK Ceratek in Japan?. High-purity (>99.%) sintered alumina exhibits low dielec-
tric absorption at millimeter wavelengths, but has relatively high dielectric losses in the
sub-millimeter [85-87]. This property, combined with strong restrahlen bands at infrared
wavelengths, makes alumina an ideal filter material by effectively rejecting infrared radiation
by scattering it out of the optical path or absorbing and efficiently thermally conducting it to
a cryogenic system without significant heating. However, alumina’s high index of refraction
(n = /& = 3.14) is approximately constant in the microwave [61,80,88,89] and causes 26%
of incident light to be reflected per surface in the absence of AR coatings. We focus on
two-layer metamaterial cuttings that function as an homogeneous two-layer coating which
can achieve percent-level control of reflectance over an octave of bandwidth when applied to

alumina.

2. https://www.ceratech.co. jp/en/product/material/alumina/a99511d/
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Enormous efforts have gone into developing multi-layer AR coatings for alumina. This
includes laminated plastics [90], laminated epoxy [88,91-93|, laminates of commercial ma-
terials [94], and laser machined metamaterial cuttings (92, 95,96]. The laminates require
identifying materials with the required indices of refraction, controlling changes in the thick-
ness and index throughout the lamination process, and control of cryomechanical delamina-
tion. The latter poses a critical risk for applications which require a high reliability. The
recent results on laser machining shows promise as they have demonstrated coatings on de-
ployed optics though it has yet to control reflections at the percent-level across an octave of
bandwidth.

We present a new approach whereby we use dicing saw blades to cut metamaterial struc-
tures, comprised of sub-wavelength stepped pyramids, into the alumina surface. This ap-
proach is based on previous work on silicon metamaterial AR coatings [64,65,82] which are
now deployed on AdvACTPol [21|, CLASS [97,98], TolTEC [52], and the Simons Observa-
tory [51], but it is necessary to expand this technology to alumina substrates as well to take
advantage of the IR rejecting material properties inherent in alumina that are not present
in silicon. We demonstrate this technique on the alumina filters for SO.

The organization of this section is as follows: Section 4.2.1 contains a brief description
of the designs of the AR coatings for two dichroic observing bands centered at 90/150 GHz
(the Mid-Frequency bands or MF) and 220/280 GHz (the Ultra High-Frequency bands or
UHF). The fabrication procedure of the alumina coatings with the dicing saw is described in
section 4.2.2 and meteorology of the machined coatings follow in section 4.2.3. We present
measurements of the reflection and transmission of the MF and UHF AR coatings in section

4.2.4, along with the description of the apparatus used to make those measurements.
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Isometric View Side View

Figure 4.5: (Left) Isometric view of a fiducial two-layer ARC design. (Right) Side view of
the fiducial two-layer design with the relevant design parameters labeled.

4.2.1 Design

We adopt the same geometry and design process for the alumina AR coatings as for the silicon
metamaterial AR coatings described in 4.1.1. The main differences between the alumina AR
coating designs and the silicon designs is that all of the alumina coatings are a two layer
design shown in figure 4.5.

The UHF design was numerically optimized for the 200-300 GHz band. In this case,
the simple scaling of the AR coating design was not possible due to blade limitations with
regards to the thinner of the nested cuts. To overcome this issue, the kerf of the thinner cut
(K2) was fixed to the smallest achievable kerf in alumina, 50 microns, and the optimization
process adjusted the remaining three free parameters. In both the MF and UHF cases the
optimal designs result in percent-level control of reflections across the bands which satisfies
the design requirements for SO.

The initial optimal designs were prototyped and the measured profile of the cuts revealed
that the dicing blade tool wear resulted in rounded rather than flat bottoms as shown in

figure 4.6. This rounded geometry was incorporated into the HFSS simulation and the designs
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were re-optimized. The resulting final design parameters for the MF and UHF coatings are

summarized in table 4.2.

Table 4.2: Parameters of the two alumina AR coating designs

MF UHF
Pitch (P) 0.522 mm | 0.295 mm
Kerf 1 (K1) | 0.220 mm | 0.160 mm
Depth 1 (D1) | 0.425 mm | 0.250 mm
Kerf 2 (K2) | 0.070 mm | 0.050 mm
Depth 2 (D2) | 0.289 mm | 0.138 mm

After the optimal designs were chosen, the tolerance of the performance to errors in cut
depth was analyzed. The dicing blade thicknesses are controlled to a three micron tolerance
which has little to no effect on the performance. Depth errors dominate the tolerance budget
of the machining process. The AR coatings were simulated at normal incidence with com-
binations of depth errors of 20 microns in steps of 10 microns for each effective layer. The
results of this analysis, along with the nominal coating performance, are shown in figure 4.7.
Note that the simulations were performed on a single-sided AR coating model and so the
results represent the reflection per surface. All simulations that deviate from the nominal
design are below 2% reflection in the observing bands which is the design goal for SO and

so we fix 20 microns as the requirement for depth control for the fabrication of the coatings.

4.2.2  Fabrication

The dicing saw used to fabricate the AR coatings is described in secion 4.1.2. The dicing
procedure for the alumina AR coating is similar to the process used for silicon presented in
section 4.1.2, but because alumina is considerably harder than silicon extra steps must be
taken to ensure the cuts maintain the correct depth. The procedure starts with mounting
an alumina filter and using the metrology probe to map its surface. These data are fit to a
flat plane model with Fourier corrections to account for deformations due to how the filter

is clamped. The residuals of this fitting procedure are normally less than five microns. The
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Alumina MF ARC Alumina UHF ARC

Figure 4.6: (Left) Microscope image of the alumina MF metamaterial AR coating prototype.
(Right) Microscope image of the alumina UHF AR coating prototype.

40 25

w=mm Nominal MF ARC Design wmmm Nominal UHF ARC Design
35

20

w
o

~
wn

=

w

Reflection (%)
~
o

-
wn

Reflection (%)

-
=]

05
05

00

00 T T T T T T
200 220 240 260 280 300

Frequency (GHz) Frequency (GHz)

Figure 4.7: (Left) Results of the MF tolerancing analysis. (Right) Results of the UHF toler-
ancing analysis. The semi-transparent curves denote variations from the nominal designed

depths of the cuts. The solid red lines denote the average reflection across the bands and
the red dotted lines denotes 2% reflection.

cut trajectories are then generated for each dicing spindle. To confirm the absolute depth
of the cuts, test touches are then performed with the dicing saw blades on the filter surface.
These serve two purposes: the first is to confirm that the fit to the metrology data and the
model is accurate; the second is to correct for any z-offset between the model surface and

the actual filter which can arise from slight differences in the blade diameters.
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A set of test touches are additionally performed on a test silicon wafer mounted to the
same aluminum chuck as the alumina filter, which serves as a relative reference for blade
wear. After every 25 lines are diced on the filter, the system automatically makes a test touch
on the silicon wafer. The test touches are chosen to be approximately 50 microns deep. The
length of the test touch represents a chord across the 78 mm diameter circle defined by our
round blades. Measurement of this chord allows a micron accurate determination of the
depth of the cuts. This measurement is used to determine the blade wear (diameter loss) as
a function of millimeters of alumina diced.

Controlling for tool wear of the dicing blades is the critical development needed to realize
these coatings. Different blades are used to realize the two different kerfs in both the MF and
UHF coatings. These blades differ not only in thickness, but also in how the zinc composite
material they are made of is bonded and blade exposure which leads to multiple blade wear
coefficients to track. Moreover, the blade wear also depends on which orientation of the
coating is being diced. Since the second set of cuts (rotated 90° relative to the first set) dices
through previously diced material, the blades need to remove roughly half the alumina and
thus have a lower blade wear. For reference, for the MF AR coating we have found that the
most the blades wear on average is 6 microns per meter of alumina diced for the thick blade
and 20 microns per meter for the thin blade. One 42 cm diameter MF filter requires roughly
260 meters of total length diced. With the maximum blade exposure without compromising
cut quality, the dicing process requires roughly two thick and 12 thin blades to completely
fabricate a filter. To streamline the fabrication process, we mount one of the thick blades
on one spindle and thin blades on the remaining two spindles. This allows for longer cutting
periods without blade changes. Every time the blade is changed the test touches on the
silicon reference wafer calibrate the depth the new blades are cutting and allow new wear
coefficients to be inferred.

Using the procedures outlined in this section, four full-scale SO Large Aperture Telescope
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(LAT) MF filters were fabricated as well as a two-inch diameter UHF prototype. The
ultimate production rate that was achieved for the MF filters (one of which is shown in
figure 4.8) was 15 days per 42 cm diameter filter. We believe that a higher rate can be
achieved if the inspection of the test touches on the silicon reference wafer is automated.
If a microscope is added to the system this test touch process could be done remotely or
automated completely. This would allow for nearly continuous operation of the saw system

and could cut the production rate to less than a week per filter.

4.2.8  Metrology

Throughout the development of the AR coatings, measurements of the coating need to be
made to confirm that the cuts are being diced to specification. We use several techniques to
make these measurements including microscopy and photography.

Microscopy was performed on the smaller prototypes since the larger filters do not fit
in the available microscope. The microscope is also used during the fabrication process to
inspect cuts diced into a test silicon wafer to ensure the dicing blades are not excessively
worn such that the profile is compromised. Images taken with the microscope of the MF and
UHF AR coatings are shown in figure 4.6 and one can clearly see that the profile is similar
to the fiducial stepped pyramid design but with rounded bottoms due to the tool wear. The
microscope images also confirm that the kerf of the cuts are to specification. The difference
between the measured depths and the nominal values are within the 20 micron machining
tolerance which confirms that the machining procedure outlined in the previous section is
successful at achieving the design specifications for the ARCs.

We use a 5:1 macro lens on a digital camera to verify that there are no large scale
variations in the ARCs and to inspect any defects that may appear. The resulting images
from the camera serve as the quality assurance step in the fabrication procedure of the filters.

The photos shown on the right side of figure 4.8 confirm that there is essentially no chipping
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SO LAT MF Filter

Figure 4.8: (Top Left) Full sized image of an AR coated SO LAT MF filter. (Top Right)
A zoomed in picture of the MF AR coating. (Bottom Left) Full sized image of the UHF
prototype. (Bottom Right) A zoomed in picture of the UHF AR coating.

or other defects that can be associated with the dicing procedure. Additionally, no defects
appeared after thermally cycling the filter between room temperature and 80 Kelvin which
is the operating temperature of these filters in the SO LAT cyrostat. Due to the robustness
of alumina, the defect rate is extremely low with less than a dozen broken sub-wavelength

pillars across the filter which contains over 500,000 pillars in total.
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4.2.4  Reflection and Transmission

The reflection and transmission of the AR coated filters and prototypes were measured using
an ultra-broadband (20-1200 GHz) source and detector coupled to the sample using parabolic
mirrors. The measurements presented here are made at ambient room temperature. The
operating temperatures of the alumina filters in the SO optical systems are 80 K and below.
While the index of refraction will not change appreciably from room temperature to those
temperatures, the dielectric losses will decrease by as much as a factor of four [88]. This
will not to affect the reflection performance presented here, but it will result in improved
in-band transmission. The cryogenic dielectric loss was accounted for in the design of the IR
blocking filters [59].

The ultra-broadband coherent source used to measure reflection and transmission uses
two distributed feedback (DFB) lasers with indium gallium arsenide transmitter and receiver
photomixers purchased from Toptica Photonics3. The two DFB diode lasers send near-
infrared frequencies to the emitter photomixer. The difference frequency from these two
tuned lasers dictates the terahertz frequency generated in the photomixer. These two diode
lasers are temperature controlled automatically by the accompanying digital controller. The
emitter photomixer, i.e. the transmitter, outputs a beam with a divergence angle ranging
from 12 to 15 degrees from a 25 mm diameter silicon lens encasing.

The transmitter (also referred to as the source) generates a continuous wave (cw) ter-
ahertz frequency signal. This photomixer is a metal-semiconductor-metal structure with
interdigitated electrodes and a bow-tie antenna. The electrodes produce a photocurrent
which oscillates at the difference frequency. This photocurrent is then output as our desired
terahertz signal by the log-spiral antenna surrounding the photomixer.

The receiver photomixer, also encased in a silicon lens, is illuminated by both the ter-

ahertz wave and the laser beat. The photocurrent induced in the receiver photomixer is

3. https://www.toptica.com/products/terahertz-systems/frequency-domain/terascan
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Figure 4.9: The setup for the reflection measurement. The polished plate is pictured here
in the sample holder. (Tx is the transmitter, Rx is the receiver.)

proportional to the amplitude of the signal’s electric field.

A fiber stretcher extension, which adjusts the optical path length difference between the
transmitter and receiver, is used to modulate the phase at kHz frequencies. The output of
the receiver is then demodulated to get the amplitude and phase of the electric field. The
minimum frequency resolution is 1 MHz when using the fiber stretcher and the source can
sweep from 20-1200 GHz in 0.2 GHz steps in approximately thirteen minutes.

Figure 4.9 shows the setup for measuring reflection. Reflection measurements were made
by mounting the sample on an adjustable mount that precisely aligns the sample to couple
optimally between the source and receiver. The mount is made of aluminum and covered

in an Eccosorb HR-10 layer to mitigate unwanted reflections. The setup of the system can
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support standing waves which reflect through the full optical path between the transmitter
and receiver. These are reduced by two carbon-loaded polyethylene flat sheets, typically 0.5
mm thick (not pictured in figure 4.9), placed in the optical path just following the transmitter
and receiver to work as attenuators. These plates are oriented at 45° relative to the beam

propagation direction so that reflected light exits the system.
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Figure 4.10: Measured reflection of ARC of four 450 mm diameter MF filters and one 50
mm diameter prototype UHF filter. The red lines indicate the average reflection across the
observing bands. The reflection measurements were made by Shreya Sutariya.

Calibration is done by measuring the reflected signal from a polished aluminum plate.
The reflection from the sample is then measured with the surface of the AR coating placed in
the same optical plane as the aluminum plate. The ratio of the measurement and calibration
are squared to find the fractional reflected power. The reflection was measured from 60-180
GHz for the MF alumina filters, and from 190-330 GHz for the UHF filter. The step size
was set to 0.1 GHz with an integration time of 3.02 ms per frequency bin. The wedged MF
filters are roughly 8 mm thick (the thickness varies between 5 and 11 mm) and the UHF filter
prototype is 5 mm thick, so the 0.1 GHz frequency spacing of the reflection measurements
is adequate to resolve fringing within the samples which should be on the order of several
GHz. The measurements were carried out at an angle of incidence of 14 degrees for the first
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MF filter and at 10 degrees for the other three MF and the UHF filters.

The reflection measurements of four SO MF LAT filters and the prototype UHF filter
are shown in figure 4.10. The four MF filters all have mean reflections less than 2% in
the observing bands which meets the SO design requirements for the alumina filters. Due
to the wedge design of the filters, the reflection performance between all four filters are not
identical since they were measured at different locations on the filter with varying thicknesses.
However, all the filters produced are in line with HFSS simulations of the ARC.

The UHF prototype also has a mean reflection less than 2% across the UHF bands but
performs slightly worse than predicted by the design HFSS simulation. Measurements of the
coating dimensions with a microscope revealed that the cuts were too deep by as much as 20
microns at points which caused poor performance in the lower frequency band. This error
was confirmed post-fabrication by investigating the variability of the test touches made on
the silicon reference wafer during fabrication. Even with this error, the prototype achieves
less than 2% reflectance across this band. We anticipate improved UHF ARC performance
when these filters enter production for SO since better active care will be taken to control
the cut depths during fabrication.

The transmission was measured with the beam from the source aligned to point directly
to the parabolic mirror pairing it to the receiver. Calibration was performed by dividing the
power received with the samples in place by the power received when the transmitter-to-
receiver path is unblocked. These measurements were carried out from 50 GHz to 1.2 THz
in 0.1 GHz steps. The results are shown in figure 4.11 (see [61] for the transmission spectra
of alumina without an AR coating).

The results for the MF and UHF coatings place a lower limit on in-band transmission at
> 80%. The ability to assess transmission in-band are limited by the control of alignment
and standing waves in the system which are not perfectly controlled. Given the reflectance

measurements, and separate measurements of the loss-tangent of alumina [88], we interpreted
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this as consistent with 97% transmission in-band.

Both the MF and UHF coatings show a dramatic decrease in transmission above their
respective bands. This apparent attenuation is more than an order of magnitude larger than
what is expected from the loss tangent of the alumina material. This was confirmed by
measuring the transmission of an uncoated alumina plate which showed no such attenuation
at high frequency. We interpret this above band attenuation as the onset of scattering in these
coatings which is anticipated as the wavelength of the incident light becomes comparable
to the pitch of the AR coating. In this wavelength regime, the AR coating grating no
longer satisfies the "quasi-static limit" condition where only the zeroth-order diffraction
mode propagates and instead multi-mode propagation occurs [99-102]. While a rigorous
theoretical model that encompasses this behavior is beyond the scope of this paper, we can
test our interpretation by scaling the frequency axis relative to the metamaterial breakdown
frequency, or the frequency where the coating grating enters the diffractive or multi-mode

limit. This is given by [102]

Cc

P(nalumina + Mvacuum sin 0;)

fo= (4.2)

where P is the pitch of the coating previously defined in section 4.2.1, 7 1umina @0d Nvacuum
are the optical indices of alumina and vacuum respectively, #; is the angle of incidence,
and c is the speed of light. The scattering threshold frequency as stated here is dependant
on the pitch dimensions and therefore is a scale dependant property of the coating. For
the two filter designs presented in this work the diffractive limit threshold frequencies are
Jo, mr = 184 GHz and fy ygr = 326 GHz, for the MF and UHF filters respectively. We
plot the transmission after scaling, fsealed = f/f0, in the right panel of figure 4.11. The
qualitative agreement of these two measurements supports our interpretation with a change

in transmission by approximately -10 dB per octave after entering the diffractive limit.
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Figure 4.11: Transmission of the UHF AR coated alumina prototype and a MF AR coated
alumina production filter. (Left) The fractional fractional transmittance of the filters as a
function of frequency. (Right) The transmittance as a function of scaled frequency where
the frequencies are divided by fq, the diffractive limit threshold frequency of the filter. This
is done to highlight the transmission falling off at similar rates in both filters.

4.3 Conclusion

We presented metamaterial AR coatings for silicon lenses in the SO LF, MF, and UHF
bands and coatings for alumina filters in the SO MF and UHF bands. Similar coatings were
fabricated for the silicon lenses for the TolTEC experiment. The silicon AR coatings achieve
sub-percent control of reflections across up to an octave of bandwidth and the alumina coat-
ings achieve percent-level control averaged across the observing bands. That performance
satisfies SO’s requirements for reflections per optic which brings that aspect of the instrument
inline with achieving its performance goals.

The production rate of the silicon AR coatings was around four days per lens and the
alumina AR coating production rate was around 15 days per filter. That is sufficiently fast
so that optics could be manufactured, tested, and integrated into instruments within the
SO deployment schedule. This is remarkable for a project at the scale of SO which includes
dozens of optics.

The AR coated optics have been integrated into the SO LAT optics tubes and the TolTEC
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camera. The performance of a MF SO LAT optics tube has been measured in-lab. Near-
field beam maps and radio holography measurements show that all of the lenses and filters
are performing as designed and do not contribute any measurable systematic effect to the
optics [103,104]. On-sky beammaps made with TolTEC also show that the cold optics are
not the dominate source of systematics within that optical system, and there is no sign
of ghosting or other undesirable optical effects that would be associated with faulty AR
coatings.

The reliability of the metamaterial AR coatings for silicon and alumina optics makes it a
compelling technology for future millimeter and sub-millimeter experiments. The robustness
of the coatings to thermal cycling, their state-of-the-art performance, and the proven record
across many experiments make them the standard for AR coatings for high-index millimeter-

wave optics.
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CHAPTER 5
MAXIMUM-LIKELIHOOD MAPMAKING

Images from millimeter-wave telescopes are made in a different way than an ordinary camera.
Telescopes scan across the sky and record detector response as a function of time. Through
calibration procedures, the detector response is then converted to a flux. The goal of map-
making is to take this detector response that is a function of time and turn it into an image
of an astronomical source. There is a large scientific effort to make optimal procedures to
create images, or maps, from time-ordered data (TODs).

Two methods to methods to create maps from TODs are filter-and-bin mapmakers and
maximum-likelihood mapmakers. Filter-and-bin mapmakers are relatively straightforward
to implement. TODs are filtered in timestream-space and frequency-space to mitigate atmo-
spheric and instrumental noise. Then those filtered timestreams are binned into a pixelated
representation of the sky. The filtering can be as simple as a combination of low-pass and
high-pass filters, or as complex as removing the largest eigenvalues from the timestreams
in a principle component analysis. The upside to this method is that filtering and binning
are simple computationally and can make high-quality maps quickly. The downside is that
the filtering introduces biases in the final maps that can reduce recovered flux on the larger
angular scales. Filtering out the atmosphere or other sources of %—like noise also reduces the
signal flux that may appear at scales similar to the atmosphere.

Maximum-likelihood mapmaking is an alternative method to make images with data
that does not rely on filtering to remove noise. Instead, a combination of the pointing
matrix and an estimation of the noise covariance are combined with the data to produce
an unbiased realization of the sky. Since no filtering is required in maximum-likelihood
mapmaking, larger angular scales can be reconstructed from the data so signal more signal
on larger angular scales can be recovered compared to filter-and-bin mapmakers. The lack

of filtering produces an unbiased image of the sky which is important for imaging signals
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from extended astrophysical objects. However, this comes at a cost of computation time.
Maximum-likelihood mapmaking usually requires manipulations of extremely large matrices
and other time consuming algorithms. However, these are tractable and the timescales for
producing a map do not become so large as to be infeasible. The time trade-off is permissible
given the more optimal reconstruction of the sky.

In this chapter we present the maximum-likelihood mapmaking pipeline developed for
the TolTEC collaboration and maps made from early commissioning data. We begin with an
introduction to maximum-likelihood mapmaking and then move onto how it is implemented
by TolTEC. We conclude with presenting a comparison between the performance of TolITEC’s

maximum-likelihood mapmaker and its filter-and-bin mapmaker.

5.1 Introduction to Maximum-likelihood Mapmkaing

Maximum-likelihood mapmaking solves a single linear equation called the mapmaking equa-
tion. To understand that equation, we begin with a model of telescope timestreams.

Data from a millimeter-wave telescope like TolTEC can be modeled as the true sky
signal acted on by an observation’s pointing matrix plus noise. Mathematically this can be

represented as

d=Pm+n (5.1)

where the true sky is m, the pointing matrix is P, the noise is n, and the data is d. Note
that m, n, and d are all vectors in the above equation and P is a matrix. If we assume that
the noise is Gaussian and can be described by a covariance matrix defined as N = (nnT)

then we can use a standard Gaussian likelihood for m given our data d which is given by
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L£(m) = (2rN) "2 exp [ — %(d — Pm)IN"Y(d — Pm)] (5.2)

Since our goal is to find the solution m that maximizes this likelihood (i.e. we differen-
tiate this expression and then find m that make it the differentiated expression zero), we
can consider the log-likelihood. Since log is a monotonically increasing function, extremal

solutions must be maxima. The log-likelihood is proportional to

log L(m)  (d — Pm)' N~Yd — Pm) (5.3)

Differentiating this and setting this equal to zero gives

PIN"1d=PTN"1Pm (5.4)

Which means the most likely sky m given the data d is

m=(PTN"IP)"1PT N1 (5.5)

This relatively simple expression means that if an observation is made, the pointing
information is known, and the noise covariance of that observation is known, an optimal
representation of the true sky can be reconstructed by simply evaluating the above equation.
However, there are several complications to that ideal world.

The first complication is the (PTN —1P)~1 term on the right hand side. For an ex-
periment like TolITEC which has an order of 1000 detectors in each frequency band and a
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small map containing tens of millions of pixels, that term becomes impractical to invert. We
instead approximate the solution iteratively by solving equation 5.4.
The second complication comes from the noise covariance matrix N. This is not known

a priort and must be estimated from the data itself.

5.2 Maximum-likelihood Mapmaking for TolTEC

In this section we outline the process to make maximum-likelihood maps with TolTEC data.
We will take particular care to explain how we are estimating the noise covariance from the
timestreams and will detail the iterative mapmaking approach to recover flux from bright
extended sources.

Data from the observation are first analyzed using TolTEC’s filter-and-bin mapmaker
that is a part of the standard data reduction pipeline, citlali. The maximum-likelihood
mapmaking pipeline for TolTEC is built on the minkasi mapmaker that was developed for
the MUSTANG-2 collaboration [32,49]!.

The process for making TolTEC maps with minkasi is as follows: raw timestreams
with only a flux calibration and a correction for atmospheric extinction applied are output
from the citlali data reduction pipeline, those timestreams are then fed into the minkasi
mapmaker. In minkasi, a second order polynomial is fit to approximately 15 minutes of data
or the entire observation if it is shorter than 15 minutes. The fitted polynomial is removed
from the timestreams to generally account for detector drifts. Then the noise covariance
matrix is estimated.

There are two important aspects that are necessary to represent when estimating a noise
covariance matrix, the correlated noise between the detectors that are due to sources like
the detector readout, and the correlated noise that varies with time such as the atmo-

sphere. To estimate the noise we use the default function in minkasi. This function take the

1. https://github.com/sievers/minkasi
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timestreams, which are a matrix that is ngetectors PY Msamples and performs a singular value
decomposition (SVD) on that matrix, rotates the timestreams into the detector eigenspace
defined by that SVD, and computes the power spectrum of the rotated timestreams. This
is a complex and important process so it is worthwhile go over those steps in more detail.
A SVD is a generalization of an eigenvalue decomposition for a rectangular matrix. It
takes any rectangular matrix as an input and represents it as two square matrices and
a rectangular-diagonal matrix. For matrices with real elements which is the case for the

timestream matrix, this can be represented as

T=UsvT (5.6)

where T'is the ngetectors PY Psamples timestream matrix, U 1S a ngetectors PY Mdetectors unitary
matrix, S 1S a Ngetectors PY Msamples Tectangular diagonal matrix, and VT is a Nsamples
by Ngamples unitary matrix. If 7" was a square matrix this reduces to a usual eigenvalue
decomposition where U becomes a matrix of the eigenvectors, S a diagonal matrix of the
eigenvalues, and VT = UT. However in this general case one can think of the U matrix as
the principle vectors that span the detector space and so define the most important modes
common to all detectors. Therefore to capture the important correlations between detectors

we can take the T matrix and perform a rotation via the U matrix so we have

T =UT (5.7)

The rotated individual timestreams (i.e. the individual rows of T”) then capture the
principle correlations between the detectors ranked by from the largest to smallest eigenvalue.

Now we have to capture the time varying correlated noise between the detectors which is
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mostly % noise from the atmosphere and detector readout. To do this, we Fourier transform
the rows of the 77 matrix and then multiply that by its complex conjugate to get a matrix

of one dimensional power spectra,

N; = F(T)F(T))* (5.8)

2 ]

This matrix /N is how we define the noise covariance. We use the subscript ¢ above to
denote that we are defining the ¢th row of the N matrix. We then define the weights in this
rotated space as 1/N where we are taking the element by element inverse and are not finding
the inverse matrix.

Now anytime we want to perform the operation on the right hand side of equation 5.4
all we need to do is rotate timestream matrix into singular space as define by equation 5.7,
take the Fourier transform of that rotated matrix, multiply it by the weights defined by 1/N,
inverse Fourier transform back into the time domain, and then perform the inverse rotation
of equation 5.7.

This model of the noise is adequate for our application. The SVD involves computations
on a vary large matrix and for long observations it becomes necessary to chunk the data into
smaller timestreams, estimate the noise of those smaller timestreams, and then put them
back together during the mapmaking step. As long as those chunks are sufficiently long to
encompass the % noise this will not degrade the estimation of the noise and so we generally
make our chunks of order five minutes long which represents many scans across the observed
field.

With the noise covariance estimated we determine the weights for the detectors. This is
done by summing the inverse of the noise power spectra calculated above, making a diagonal
matrix with the diagonal entries equal to the summed power spectra, and then rotating that

diagonal matrix back into the original timestream space. With these weights in hand we
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observe that some detectors have erroneously high weights. This is generally due to those
detectors having low variance compared to the other detectors. This can be because they
never scanned over a source or because they are not active and only sense readout noise.
While those detectors are generally cut on the citlali side of this pipeline, some do make
it through and we cut them here based on the weights. Detectors with weights that are
six standard deviations above the median are then identified and cut from the remaining
analysis, and then the noise covariance is saved for the first mapmaking iteration.

The mapmaking procedure proceeds by making a pointing matrix for the observation,
calculating the hits map, and the weights map. minkasi then proceeds to the preconditioned
conjugate gradient (PCG) algorithm to solve the maximum-likelihood mapmaker equation.
To improve convergence of the PCG algorithm, we chose a preconditioner map that is the
inverse of the hits map. This preconditioner generally helps with small scale converge of the
map.

After the PCG solves the mapmaking equation the first time, the output map is re-
projected into timestream-space and differenced from the data. This results in residual
timestreams that more closely resemble noise. We then use these residual timestreams to
re-estimate the noise covariance matrix and then repeat the mapmaking procedure from
the proceeding paragraph. This iterative mapmaking approach is essential for observations
of high signal-to-noise sources like the Crab Nebula since a single iteration of maximum-
likelihood mapmaking underestimates the source flux. This is due to a weighting imbalance
between detectors on and off the source. Detectors on the source will have a higher variance
than those off the source which erroneously causes them to be downweighted. By iterating
the noise estimation, we get rid of this issue of lower flux and find that 50 mapmaking itera-
tions is sufficient to reach a plateau of flux recovered. We run an additional 20 mapmaking

iterations for a total of 70 as a conservative choice.
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5.3 Comparing Maximum-likelihood Maps to Filter-and-Bin Maps

We use simulations to see how images of extended low signal-to-noise objects differ between
the minkasi maximume-likelihood mapmaker and TolTEC’s naive filter-and-bin. We simu-
lated five hours of observations with TolTEC of a simulated cluster with realistic tSZ and
kSZ signals. The simulations are described in more detail in section 7.2.2. For this com-
parison of the two mapmakers it is important to note that the simulations contain realistic
atmospheric noise.

For the naive filter-and-bin mapmaker, which uses PCA cleaning to remove atmospheric
noise, we had to cut 10 eigenvalues in the PCA cleaning to get a map that was free of large
scale noise. We also used 100 iterations of iterative mapmaking to improve the recovered
flux at large scales. This is similar to the iterative mapmaking approach described for the
maximum-likelihood mapmaking procedure, but instead of trying to better estimate the
noise covariance this method is attempting to add back in extended flux that was removed
as part of the PCA cleaning. A low signal-to-noise threshold for adding signal back in was
used since the signal from the simulated cluster is weak.

For the maximum-likelihood images of the cluster we used the procedure outlined in the
previous section. Since five hours of observations is too much to read into the mapmaker
at once, we took the individual 30 minute observations of the simulated cluster and broke
them up into 15 minute chunks. This length is sufficient to capture the large scale noise in
the noise covariance estimation. We only used one iteration of mapmaking since we found
that more iterations did not improve the recovered signal or reduce the large scale noise.

We show the simulated 150 GHz maps of the cluster in figure 5.1. The extended emission
of the cluster is better recovered in the maximum-likelihood map compared to the filter-and-
bin mapmaker, however the noise outside of the cluster signal is more uniform in the filter-
and-bin map. Both of these aspects can be explained by the PCA cleaning algorithm that

the filter-and-bin mapmaker uses. It biases the recovered signals to be on scales that are not
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Figure 5.1: (Left) A maximum-likelihood map of a simulated cluster at 150 GHz. (Right) A
map of the same cluster at the same frequency made with a naive filter-and-bin mapmaker.

correlated between groups of detectors which adequately removes atmospheric emission while
sacrificing extended emission from the cluster. The maximum-likelihood map’s unbiased

reconstruction of the sky allows more signal from extended low signal-to-noise objects to be

recovered.
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CHAPTER 6
EARLY RESULTS FROM TOLTEC COMMISSIONING

The TolTEC instrument achieved first light on the LMT in June 2022. Commissioning
observations took place in December of that year. In total, around 10 nights were spent
observing extended and unresolved sources. However due to weather, improper observing
scripts, and issues with the detectors, only around two nights had satisfactory observing.
During those two nights, TolTEC observed the Crab Nebula and the Moncerous R2 molecular
cloud (MonR2). Those objects are bright at millimeter wavelengths and are excellent objects
to commission TolTEC and demonstrate the instruments capabilities. We focus on the early
maps of the Crab Nebula. The Crab Nebula (also known as M1, Taurus A, or NGC 1952) is a
supernova remnant that has been well studied across the electromagnetic spectrum [105-107|.
Its bright emission at millimeter wavelengths makes it an ideal target to use for instrument
commissioning. However interest in millimeter-wave observations of the Crab Nebula go
beyond its bright emission, it is of particular interest to the millimeter-wave community as the
polarized synchrotron emission from electrons in the pulsar’s magnetic field are particularly
bright. This makes the Crab Nebula a valuable astrophysical polarization calibrator, with
applications in CMB experiments seeking to detect a faint polarization signal in the relic
radiation, which could indicate the presence of gravitational waves, a signature of cosmic
inflation [108].

We present the preliminary results from TolTEC commissioning observations of the Crab
Nebula in this chapter. All of the maps presented were made using the minkasi maximum-
likelihood mapmaker. First we show images of the pointing observation taken directly before
the Crab Nebula observations. We introduce a model of the instrument’s point spread
function, or beam, derived from that pointing observation. We then present images of the
Crab Nebula in three frequencies both in intensity and polarization. Finally, we conclude

with measurements of the integrated flux derived from the TolTEC intensity maps and
79



several images of the polarization properties of the Crab Nebula.

6.1 Pointing Observations and Beam Model

Before a science target is observed, TolTEC’s observing procedures require a brief 60 second
observation of a bright unresolved radio source. This source is usually selected from the
SMA catalog of bright radio sources I or from the ALMA Calibrator list 2. It is chosen such
that it is roughly in the same area of the sky as the science target. This observation serves
several purposes among which are to make sure the telescope is properly in focus, to measure
any telescope pointing offset, and to confirm that the detector flux calibration is reasonable.

During observations, quick maps of the pointing source are made with citlali which can
produce maps in seconds. The quick maps are consulted to see if the instrument beam looks
reasonable. If the beam looks unsatisfactory, for example if the FWHM of the 280 GHz beam
is larger than its fiducial 5 arcseconds, then a focusing procedure takes place. That procedure
consists of making a series of quick 20 second observations of the same bright source with
the secondary mirror offset by various values along the optical axis. The flux of the sources
is quickly measured in those maps, fit to a function of the secondary mirror position, and
the position of the secondary where the point source flux is maximal is declared "in focus."
If moving the secondary does not achieve a quality beam, then the surface of the primary
mirror can also be adjusted. This process is referred to as "tuning the dish." Similar to the
optimization of the secondary position, several 20 second observations of the bright source
are made with the primary mirror distorted according to the Y-Tilt Zernike polynomial.
The distortion where the measured point source flux is maximal is considered the optimal
shape of the primary mirror. If the primary mirror’s shape is changed, then secondary focus

procedure is usually repeated. These procedures together result in a satisfactory instrument

1. http://smal.sma.hawaii.edu/callist/callist.html

2. https://almascience.eso.org/sc/
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Figure 6.1: Maximum-likelihood maps of the pointing observation of 0510+180. The white
annuli represent the region used for background subtraction in aperture photometry.

beam. Once the instrument is focused following the above procedures, a final 60 second
observation of the pointing sources is taken. From this final images is where any pointing
offset is derived for the science target observations.

For the Crab Nebula observations on the night of December 16, 2022, the pointing source
0510+180 was used. This source (also known as QSO B0507+179) is a radio bright quasar
that is identified in numerous surveys. Importantly, it is included in both the SMA Sub-
millimeter Calibrator List and the ALMA Calibrator Source Catalog. In fact, ALMA also
observed this target on the same night [109].

Cropped 3 arcmin by 3 arcmin images of the TolTEC observation of 05104180 at 150,
220, and 280 GHz (2.0, 1.4, and 1.1 mm) are shown in figure 6.1. The beams for the
three frequency bands are approximately Gaussian, however there is a somewhat significant
aberration located to the North-East of the main beam. This type of aberration is expected
as the focus procedure outlined above is imperfect and improving it is an ongoing goal for
the TolTEC team.

The first task for analyzing this observation is to measure the flux of the source. We
do this by performing aperture photometry which is as follows: for each image we define a
circular aperture that encompasses the main Gaussian source and the aberrations around

it. We also define an annular aperture that has an inner radius equal to the radius of the
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circular aperture and an outer radius that is the inner radius times the square root of two
so that the annulus has the same area as the circular aperture. We then sum up all of the
pixels in the circular and annular apertures. Since there is no emission from the source inside
the annulus, we use that as an estimate of the background and subtract its sum from the
circular aperture to get the total flux from the source.

The annular apertures used to estimate the background of the pointing source maps are
shown in white in figure 6.1. The circular aperture is not shown, but is the area within the
inner radius of the shown annuli.

We find that the statistical uncertainty from this measurement, calculated as the RMS
flux within the annular aperture, to be a fraction of a percent of the source flux. However,
the systematic uncertainty is much larger than that. This was determined by comparing the
measured flux of all the TolTEC pointing sources from the commissioning data to known
values from the SMA and ALMA. The scatter of these measured fluxes was around 10%
so we adopt this value as the uncertainty in our estimation of the flux of 0510+4180. This
systematic uncertainty is as large as it is because during TolTEC’s commissioning campaign
it was forced to calibrate the instrument gain off of a radio galaxy. A thermal source, such
as a planet or asteroid, would have been a better calibrator, but none were available during
the nights TolTEC was observing.

The measured fluxes are plotted, along with the fluxes measured by ALMA on the same
night, in figure 6.2. A power law was fit to the ALMA measurements so that a comparison
could be made at TolTEC’s frequencies and that is shown as the black dotted line. The
agreement between the ALMA fit and the TolTEC data is remarkable, although unsurprising
considering the large uncertainty in the TolTEC measurement.

We now turn to modeling the TolTEC beam from the pointing observations. Since the
observed aberration is a known deviation from a simple Gaussian beam model, a more

sophisticated model of the TolTEC beam is required for two reasons. The first is that beam
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Figure 6.2: Measurements of the flux of 0510+180 made by TolTEC and ALMA on the night
of December 16, 2022. The black dashed line represents the best fit to a power-law by the
ALMA data.

models are needed for more sophisticated analyses of images that will be performed in the
future, such as combining low-resolution millimeter wave images with the high-resolution
TolTEC images which requires deconvolutions. Second, by building a model of the beam
and measuring how much power is outside of the main beam we can understand what sort
of improvements in instrument sensitivity we can make by improving the focus and primary
mirror surface.

Our straightforward approach to model the TolTEC beam is to make an image of the
telescope aperture, add phase errors at the aperture plane, and then apply the Fraunhofer
diffraction equation to make an image of the instrument beam in the far-field. The telescope
aperture is 50 meters in diameter with a 2.5 meter diameter occlusion in the center due

to the secondary mirror. The legs that support the secondary also provide some occlusion
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however the resolution of our model in the aperture plane is not fine enough to resolve the
legs of the quadripod. TolTEC illuminates the LMT’s primary with a Gaussian that has -3
dB of power at a radius of 24 meters. The instrument’s Lyot stop provides a harsh cut at
that point, so the outer 2 meters of the primary is not illuminated by TolTEC.

In the absence of phase errors at the primary, that aperture and illumination will produce
a Guassian beam in the far-field with approximate FWHM of 10, 6, and 5 arcseconds at 150,
220, and 280 GHz. However, we know that the observed instrument beam is not Gaussian.
To reproduce the aberrations that are seen in the field, we include phase errors at the aperture
in our model. These errors allow for imperfections in the instrument’s optical chain to be
included in the beam model. However they are not directly included, instead we assume all
the phase errors can be modeled by linear combinations of the first 28 Zernike polynomials.
The Zernike polynomials are a natural basis for modeling phase errors at the instruments
aperture.

With this beam model in hand, we fit the coefficients to the 28 Zernike polynomial model
to the data. The resulting best fit beams are presented in the middle column of figure 6.3.
Our model clearly does a better job including the aberrations present in the real beam than
a Gaussian beam would alone. The residuals are shown in the right column of figure 6.3 and
are of order +100 mJy per beam which is less than 10% of the source flux. The resulting
phase errors are shown in figure 6.4. While we would expect that the phase should be similar
between all three frequency bands this is not guaranteed to be true since the optical path
for the three arrays are different in the cold optical system. Thus, the difference between
the phase in the 1.1 mm plot and the other two arrays could be attributed to optics unique
to that area. Nonetheless, the agreement between the far-field modeled beams and the data

is satisfactory.
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Figure 6.3: Results fitting a beam model to the Crab Nebula pointing data. The left column
is the data from the pointing observation. The middle column is the fitted model beam. The
left most column is the residual between the data and the model. The rows correspond to
the different photometric bands with 2.0, 1.4, and 1.1 mm going from top to bottom. The
colorbar is in fraction of the source flux to show that the residuals are less than 10% of the
source flux.

6.2 Three Color Images of the Crab Nebula in Intensity and

Polarization

TolTEC observed the Crab Nebula for a total of 22 minutes, spread across six different
observations. A raster scan strategy measuring 12’ by 10.5’ was employed, with a scan rate

of 2 arcminutes per second and step of 30 arcseconds between rows in the scan. The scan
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Figure 6.4: Plots of the best fit phase at the aperture for the 2.0, 1.4, and 1.1 mm arrays
from left to right.

strategy was rotated relative to the celestial equator a couple of times. As a result, two
observations were made with a raster scan along lines of declination, two were performed
with the raster pattern angled at 45° to the previous frame, and two were conducted with
the raster orthogonal to the original frame. Although TolTEC has the capability to observe
with a warm half-wave plate to modulate the polarization of the incident radiation on the
camera, this half-wave plate was not utilized during the commissioning observations of the
Crab Nebula.

Before presenting the TolTEC images of the Crab Nebula in intensity and polarization,
it is useful to briefly cover how the polarization of light is quantified in astronomical images
and how the these polarization images were made. Classically, electromagnetic radiation
is a wave composed of oscillating electric and magnetic vector fields. These fields oscillate
orthogonal to the direction of propagation and the direction of the electric field vector defines
the polarization of an electromagnetic wave. Radiation can either be linearly polarized,
elliptically polarized, or unpolarized (meaning that the radiation is an incoherent addition of
many polarizations). It is also possible for light to be mostly unpolarized but have fraction
that is linearly polarized. Due to TolTEC’s antenna design, it is only sensitive to linearly

polarized or unpolarized light.
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Since there is no universal basis for the polarization plane of light, an issue arises for
quantifying the direction of polarization. The most common way to quantify the polarization
is in terms of the scalar Stokes parameters: I, Q, U, and V. The V Stokes parameter is
strictly zero for linearly polarized light, so in the context of TolTEC it can be ignored.
The I parameter regards the total intensity of the light whereas the Q and U parameters
regard to what degree the light is linearly polarized. The formal definition of the Q and U
quantities involves the phase of the electric field, but since TolTEC is not sensitive to the
phase the incident light these definitions are not particularly illuminating. Instead, we take
advantage of the fact that the I, Q, and U parameters can be completely characterized by
carefully planned intensity measurements, and the design of the TolTEC detector array to
make a more illuminating definition of Q and U. Each pixel on the TolTEC camera consists
of two orthogonal antennae that each independently measure the intensity of incident light.
Alternating pixels are rotated 45 degrees with respect to each other, so there are two pixel
orientations which we call the + and x pixels. These can be seen in figure 3.9. With these

pixel orientations we can then define I, Q, and U as

1
I'=511+512= 51+ 52 = 5(511+ 512+ 5x1+5x2) (6.1)
Q=S511-542 (6.2)
UESX’]__SX’2 (63)

Where S; ; denotes the intensity measured by an antenna, with ¢ being either the + and X
pixel and j denoting which orthogonal antenna in the pixel. This is equivalent to writing
the Stokes parameters in terms of the normalized real Jones vectors.

With these definitions of I, Q, and U settled we turn to how we make maps of the Stokes
parameters with preliminary TolTEC data. The I maps are straightforward to compute,

however the Q and U maps require some care. In the timeframe that TolTEC data was
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taken there was not enough time to identify which detectors on the arrays exactly correspond
which resonantors tones that are being read out. So we did not have enough information to
match timestreams to orthogonal detector pairs and construct the above Stokes parameters
directly in timestream space. Fortunately, resonators of antennae with alike orientation are
grouped together in the readout frequency sweeps, so we can leverage that information to
construct the maps of the Stokes parameters. First, we make intensity maps of each antenna
orientation so we essentially make maps of the S; ; defined above. Then we difference these
maps as in equations 6.2 and 6.3 to construct the maps of the Stokes parameters in map
space. While this is not the ideal way to construct these maps (systematics associated with
counts of each antenna type per pixel can arise) for brightly polarized objects like those
studied in the TolTEC commissioning this construction is sufficient. The last step for the Q
and U maps is to rotate the maps to conform to the convention for the Stokes parameters
that the International Astronomy Union uses.

With the knowledge of how to construct the maps for intensity and polarization we
are finally able to reveal the maps. We present the resulting coadded maximum-likelihood
maps of the Crab Nebula in Stokes I, Q, and U in figure 6.5. Qualitatively we see that
the intensity decreases as a function of wavelength which is indicative of sychrotron emission
from the nebula. Comparing the 150 GHz image to the image produced by a NIKA, a camera
on the 30-meter IRAM telescope, we see the TolTEC images are more detailed owing to the
near factor of two increase in aperture size. We present a more quantitative comparison in
section 6.2.2.

A unique aspect of TolTEC that sets it apart from other instruments at this angular
resolution is its three photometric bands. This means that the intensity images from above
can be easily combined into a a single RGB image. To do this, we first convert the units of
the maps from mJy per beam to a brightness temperature in pK Rayleigh-Jeans which is

an aperture independent unit. This puts the intensity for the three different bands on equal
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Figure 6.5: Preliminary maps of the Crab Nebula made with TolTEC. From the top row to
bottom correspond to maps of 150, 220, and 280 GHz respectively. Left to right corresponds
to flux from Stokes I, Q, and U respectively. The linear polarization intensities presented
here may still be subject to a rotation calibration.

footing and provides a more accurate comparison between the bands which lends to a more
interesting RGB image. Figure 6.6 shows the RGB combination of the Crab Nebula maps.
The red, green, and blue layers correspond to the 150, 220, and 280 GHz bands respectively.
The emission from the nebula is roughly in the same location for each frequency band which
is why the image looks mostly white in color but the reddish-orange tinge is due to the fact
that the observed emission is mostly synchrotron radiation which has a negative spectral
index and therefore is somewhat brighter at the lower frequencies.

The maps presented in this section represent the highest resolution maps of the Crab

Nebula in intensity and polarization at these frequencies that have been made with a single
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Figure 6.6: Preliminary map of the Crab Nebula made with TolTEC in RGB. The red, green,
and blue correspond to the 150, 220, and 280 GHz maps respectively. This Stokes I map
was smoothed with a 3 arcsecond FWHM Gaussian kernel to smooth out pixel-scale noise.

dish telescope. The only instrument that can achieve higher resolution at these frequencies
is ALMA, but since that instrument is an interferometer its fine synthetic aperture comes
at the expense of a small field of view meaning it cannot image the arcminute-scale features
that TolTEC captures. Additionally, these images prove TolTEC’s ability image polarized
intensity simultaneously in three frequency bands. Something that no other instrument can

do at this resolution.
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6.2.1 Map Noise Properties

Ideally we would like maps with no noise present, but that is not the reality of astronomical
observations with known noise sources present. Noise from readout electronics and the

atmosphere will contaminate detector timestreams at longer timescales and manifest as

o e

noise or pink noise. Disentangling what is noise in the presence of signal can be done in
couple of ways. The simplest is to mask regions of the map that contain signal and analyze the
unmasked regions. While simple, this estimation of noise lead to low signal-to-noise features
persisting. An alternate and more robust way of estimating noise is to make a coaddition of
many observations, difference the coadded map with the individual observations, and then
study the differenced maps. This is a robust way to remove signal from maps and the method
we choose for our analysis.

We follow the example of noise analysis from the publically available ACT data analysis
iPython notebooks that were published with the DR4-DR5 data release [110]. We made maps
of the six individual observations that TolTEC made of the Crab Nebula and a coaddition
of those observations. Since the edges of the maps have uneven coverage and higher noise
we apply a square mask so that only the center of the map where all the observations
overlap is analyzed. To reduce any ringing when we perform Fourier transforms, we apply
a half arcminute cosine taper to the edges of that mask so the edges smoothly go to zero.
Additionally, we mask an elliptical region that is just large enough to cover the source. We
made that choice because upon inspecting the difference maps we noticed some residual
signal leaking into the difference map. This is most likely due to gain variations at the 10%
level and is most likely only an issue because the Crab Nebula is so bright at millimeter
wavelengths. As a result of this masking, the total unmasked area that is being analyzed is
62 square arcminutes.

With the mask in hand we then construct difference maps by subtracting individual splits

from the coadded map. At the same time we convert from the native map units of mJy per
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Figure 6.7: The two dimensional noise power spectrum for the TolTEC observations of the
Crab Nebula. The noise power is calibrated so the units are arbitrary.

beam to an aperture independent unit of Jy per pixel so that a fair comparison can be made
between the noise curves for the three TolTEC photometric bands. The difference maps are
then Fourier transformed and multiplied by their complex conjugate in Fourier space to get
the noise power spectrum. The noise power spectra of the six independent observations are
then averaged in Fourier space. Figure 6.7 shows the two dimensional noise power spectra
for each frequency of the TolTEC Crab Nebula observations.

The bright feature at the center of each of the plots can be attributed to % noise. The
bright lines along £; = 0 and ¢, = 0 are explained by noise along the scan directions since
a raster scan pattern was employed for the observations. The other bright line that appears
at an angle of -45 degrees between /; and ¢, is due to two of the six observations raster
scan oriented 45 degrees with respect to lines of constant declination. The faint spots that
appear radially outward occur at multipole values that can be associated with harmonics
of the instrument beam, hence why the they occur at increasingly higher multipole as the
frequency increases. Further investigation is needed to completely understand why these
features occur in the power spectra.

To get a more compact picture of the noise from these 2D power spectra, we radially bin
the power spectra in £. We present the radially binned noise power spectra in figure 6.8.

Again the noise power is not well calibrated so the units on the y-axis should be considered
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arbitrary, the important information in this plot is the scales at which the noise arising in

the maps. To quantify that, we fit a pink plus white noise spectra of the form

E —
N(@ = Npink (T) + Nywhite
nee

to these curves with the goal to measure the (-knee of transition from pink to white noise.
The fits of the data to the model are plotted with dotted lines. The discrepancy of the fit
with the data at low multipole is most likely due to the size of the map, not many large
modes exist in the map.

We summarize the fitted parameters in table 6.1. Notice that the f},¢e is increasing with
frequency which would be expected as effects like the atmosphere get worse with frequency.
Additionally note that the white noise floor is the best at 150 GHz but worse at the other
frequencies which is expected from the designed noise equivalent temperature (NET) of the
detectors [74]. The white noise of the 280 GHz detectors being comparable to the 220 GHz
detectors, even though their NET is higher, is due to a failed readout network in the 220 GHz
array which means it has around 600 fewer detectors available than design. The difference
in the spectral index of the pink noise of the 220 GHz map from the 150 and 280 GHz map
is surprising and not fully understood. It may be due to different noise properties of the

readout between the frequency arrays.

Table 6.1: Fitted parameters of the radially binned noise power spectra for the TolTEC Crab
Nebula observations.

150 GHz | 220 GHz | 280 GHz
Npink | 9-7x 10719 1 1.0 x 10718 | 2.7 x 10718
o 3.5 2.9 3.2
Cenee 44040 56881 89820
Nyhite | 6.7x 10719 [ 33 x 10718 | 2.9 x 10719

If we convert the 0. multipole values into angular scales, we find that they are only
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Figure 6.8: Radially binned noise power spectra from the TolTEC observations of the Crab
Nebula. The solid lines are the binned power spectra from data and the dotted lines corre-
spond to a best fit model of white plus pink noise.

marginally larger than the instrument beam at those frequencies. This is surprising as we
would expect those values to be closer to the instrument FOV. This is most likely due to the
readout noise being higher than expected. If the system was photon-noise dominated then
you would expect FOV scales to be recovered, but as readout noise can cause correlations
within network then one could expect the fi, .. to be smaller than the FOV. Whether this

can explain why it is only slightly larger than the beam size still needs to be investigated.
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0.2.2 Integrated Flux

We use aperture photometry to measure the flux, but first we correct for large scale negative
modes in the three maps. If uncorrected these would bias our measurement of the fluxes
lower than reality. To correct for the negatives we mask all positive values in the map to
model the left over negative values. We then subtract that model from the map so that the
mean signal of the area around the nebula is zero. Since the negative modes encompass the
nebula we additionally subtract a top hat within the nebula that is equal to the mean of the
modeled negative flux regions. This naive background subtraction comes at the cost of an
additional systematic error which we add to the final error budget of our measurement.

With the large scale negatives corrected, we perform the aperture photometry. We sum
the flux within increasing circular apertures around the nebula until the cumulative flux
plateaus. The values of the plateau is then the integrated flux of the nebula. We plot our
results for the integrated flux in figure 6.9. The error bars for the TolTEC measurements are
the quadrature sum of a 10% flux calibration error and the standard deviation of the modeled
negative subtraction. The statistical error is subdominant to those two systematic errors.
We also plot the Crab Nebula flux as measured by WMAP, Planck, and NIKA [111-113].
The TolTEC values are consistent with the values measured by those experiments.

We hope to improve the systematic sources of error in this measurement in two ways.
First, the overall gain calibration of TolITEC can be improved with more frequent beammap
measurements of thermal emission of astronomical sources like planets and asteroids. Issues
with the LMT ephemeris during the December 2022 commissioning lead to problems tracking
Uranus during beammap observations which was supposed to be a primary calibrator so a
radio galaxy was used instead. Radio galaxies are non-ideal calibration sources since their
emission can flare on day timescales. We know via observations of other radio galaxies that
the scatter in our calibration is at the 10-15% level and thus the source of a large systematic

error. Future commissioning observations will feature more stringent calibration based on
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Figure 6.9: Spectral energy density of the Crab Nebula including the measured TolTEC
values. Measurements from WMAP, Planck, and NIKA are also plotted for reference. The
plotted dotted line is a simple power law fit to the WMAP and Planck data.

thermal sources.

The second way to improve our systematic error is to improve the maximum likelihood
mapmaking pipeline. For bright sources, like the Crab Nebula, we have found that large
scale negative modes appear in the maps around the source that cannot be astrophysical
in nature. This is thought to be due to how the noise covariance is being estimated in the
maximum-likelihood mapmaking pipeline. Since the signal-to-noise of the Crab Nebula is so
large an iterative approach is used to estimate the noise covariance. Previous mapmaking
iterations are subtracted from timestreams to get better estimation of the noise, but the
noise on the largest scales are the last to converge. Investigating better ways to estimate
the noise covariance will improve this and resolve the large-scale negative modes. Another

avenue to potentially solve this issue is to combine the TolTEC maps with lower resolution
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but more sensitive maps from ACT to improve the large scale noise. This is also currently

being investigated.

6.2.3 Polarization Properties

We now turn to presenting results on the polarization of the Crab Nebula. Given the
uncertainty of the instrumental polarization, we present these results with the caveat that,
like the Stokes Q and U maps presented in section 6.2, these images may be subject to an
overall rotation. With that being said, the spatial resolution of TolITEC makes these derived
polarization quantities incredibly impressive.

First we construct the polarized intensity of the Crab Nebula. From the Stokes Q and U
maps presented in section 6.2, we estimate the polarized intensity as the quadrature sum of

Stokes Q and U

Ipol =V Q2 + U?

This quantity should be independent of any systematic rotation, although if there is induced
instrumental polarization that could introduce and error in this quantity. However, with the
brightness of the Crab Nebula in polarization we would anticipate those errors to be small.

We present the three color polarized intensity of the Crab Nebula at 150, 220, and 280
GHz in figure 6.10. We find that the polarized intensity is the greatest near the location of the
pulsar within the nebula. This is expected as the magnetic fields that generate the polarized
synchrotron emission should be the most intense near the pulsar. The observed decrease
in polarized intensity with frequency is consistent with the falling synchrotron spectrum.
While the ratio of polarized intensity to total intensity, or the polarized fraction, should be
consistent across the three frequencies since we are not dividing by the total intensity we
expect a falling spectrum.

The linear polarization fraction is found by taking the polarized intensity maps presented
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Figure 6.10: Map of the polarized intensity of the Crab Nebula made in three colors by
TolTEC.

above and dividing them by the total intensity maps. Doing this with the total intensity maps
presented in section 6.2 resulted in a values that disagrees with those measured by NIKA.
This can be attributed to the difference in how the Stokes Q and U maps are constructed
compared to the Stokes I maps. We instead construct different Stokes I maps made by
summing all of the antenna orientations and dividing by two as shown in equation 6.1.
These maps still have non-physical negative values in the maps, so we mask all values that
are less then 10% of the max in the nebula and add the negative background subtraction
found for the total intensity maps found earlier in this section. This gives us an estimate of
the polarized intensity only for the highest flux areas of the nebula where there is the most
certainty. Even then there is most likely high error in these maps and so they should be
considered preliminary. We present the linear polarized fraction in figure 6.11. We note that
the polarized fraction is roughly consistent across all three bands although the 150 GHz map
has the highest signal to noise. The morphology of the 150 GHz polarization fraction map
is more or less consistent with the result from NIKA, although at higher resolution [113].
The highest polarization fraction is around the pulsar but there is significant filamentary
polarization fraction throughout the nebula.

The final polarization related quantity to consider is the polarization angle. By the

construction of the Stokes Q and U maps, this quantity has the most uncertainty. First,
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Figure 6.11: Map of the linear polarized fraction of the Crab Nebula made in three colors
by TolTEC.

the instrumental polarization is unknown so if the optics cause any rotation this will bias
the determination of the polarization angle. Second, by differencing the pair of antenna we
are essentially finding the polarization angle in the frame of the detector arrays and there
is a rotation needed to get the polarization angle in equitorial coordinates. This rotation
is derived empirically through observations of bright polarized quasars that have known
polarization angles that are stable. We estimate the uncertainty of this calibration is at the
10-20% level, but this will be greatly improved in the future. The maps of the polarization
angle at the three TolTEC frequencies are shown in figure 6.12. The angle is consistent
between all three bands as expected and agrees at 150 GHz with the angles reported by
NIKA [113].

Future work with TolTEC will constrain this angle even better. The high-resolution
measurement of the polarization angle of the Crab Nebula is of great importance to CMB
experiments that can leverage these measurements as an astrophysical polarization calibrator

for their experiments.

6.3 Conclusion

These early measurements of the Crab Nebula by TolTEC are remarkable. They serve as

one of the first demonstrations of TolTEC’s next-generation imaging capability.
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Figure 6.12: Map of the polarization angle of the Crab Nebula made in three colors by
TolTEC.

The pointing observations show the angular resolution TolTEC achieves is as designed.
They also show that there are aberrations in the instrument beam that remain but can be
corrected by adjusting the primary mirror surface and the alignment between TolTEC and
the secondary mirror. We presented a model for the instrument beam that accounts for these
aberrations and reproduces the beam with percent-level accuracy.

The Crab Nebula images show TolTEC’s ability to make simultaneous measurements in
three frequency bands with high sensitivity and angular fidelity. The ability to constrain
the polarization properties of the Crab Nebula with roughly 20 minutes of integration time
is remarkable and will only be improved as instrument commissioning continues. Future
improvements to maximum-likelihood mapmaking of bright sources will eliminate some of
the systematic uncertainties that plague these measurements of total intensity and empirical
measurements of the instrument polarization will improve the polarization measurements.
There is no other instrument in the world that has TolTEC’s imaging capabilities at these

frequencies and resolution. This chapter demonstrates why that is so impressive.
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CHAPTER 7
GALAXY CLUSTER FORECASTS WITH SO AND TOLTEC

So far, we have presented the science background motivating galaxy cluster observations, two
instruments, the SO LAT and TolTEC camera, that are going to make the next-generation of
galaxy cluster observations, state-of-the-art metamaterial AR coatings that were developed
and fabricated for the refracting optical elements in those instruments, and preliminary re-
sults from the commissioning of TolTEC. Now we turn to forecasting what these instruments
will be able to achieve in the coming years.

In this chapter we describe forecasts of constraints that the SO LAT will make on cosmo-
logical quantities over its lifetime, plans for immediate cluster observations during TolTEC’s
continuing commissioning phase, mock TolTEC observations of a simulated cluster and the
recovery of SZ quantities from those mock observations, and finally we conclude with pre-

liminary ideas of a 100-hour TolTEC Cluster Legacy Survey.

7.1 SO Cluster Cosmology Forecasts

The SO LAT will achieve first light in 2025 at the earliest and will begin its survey of nearly
40% of the sky. The current best estimate of instrument sensitivities, which have been
measured in the lab, show that the SO LAT will reach its baseline sensitivity [104]. That
means SO will image 40% of the sky to depths of 8.0, 10, 22, and 54 pK-arcmin in the
SZ-relevant bands of 90, 150, 220, and 280 GHz [54]|. These map depths are comparable to
the depths achieved by SPT in the maps they used for their cluster cosmology analysis but
will be over a larger portion of the sky [30].

The complete science forecasts for SO are covered in the SO science goals and forecasts
paper from 2019 [54]. We wish to highlight several science points made in that paper which

related to science cases we presented in chapter 2. Mainly the constraints on cosmology that

101



B SO Baseline (fyy = 0.4)
T SO Goal
10% | .
— 2 L 4
N 10
=
10t | ;
10°
0.0 0.5 1.0 15 2.0 25 3.0
z

Figure 7.1: Galaxy cluster abundance forecast by SO [54]. The baseline bars are what is
realistic for the instrument at this point in time.

can be made with SO cluster counts.

At baseline sensitivity, SO is forecast to observe 16000 clusters [54]. That is around
a factor of four increase over the ACT DR4 cluster catalog [24] and a significant increase
over the SPT catalogs [22,23]|. We reproduce the SO forecast for galaxy number count as a
function of redshift in figure 7.1.

This increase in cluster number counts is not necessarily what will lead to better cos-
mological constraints as the dominant systematic to using clusters for cosmology remains
the SZ to mass scaling relation. Fortunately, SO shares a survey area with next-generation
optical surveys, like the Rubin Observatory [114]. For clusters up to roughly redshift 1.2,
Rubin will be able to positively confirm what SO observed is in fact a cluster, measure the

redshift to that cluster, and provide a weak lensing mass estimate. Above redshift of 1.2, SO
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will rely on IR observatories to confirm the clusters and will use weak lensing of the CMB
as a proxy to estimate the mass.

SO does not forecast constraints on 2, directly from cluster abunances, as the primary
CMB constraints on that will be much tighter than what can be achieved with clusters.
However for beyond ACDM parameters, SO forecasts that from cluster abundances it will
constrain the sum of the neutrino masses to 27 meV, and if dark energy is not a cosmological
constant SO will be able to constrain the equation of state parameters wg and wg, to an
uncertainty of 0.06 and 0.2 respectively. The later constraint is especially interesting in light
of recent measurements made by the Dark Energy Spectroscopic Instrument [115].

Beyond the cosmological constraints that SO will make with galaxy cluster number
counts, the nearly 20000 clusters that it will identify will be ripe for follow up with other
instruments. The SO cluster catalog will provide new and interesting targets for X-ray

instruments and for high-resolution millimeter wavelength observatories like TolTEC.

7.2 Future Targeted Observations with TolTEC

While Tol TEC achieved first light in 2022, it has yet to make significant cluster observations.
This is due to bugs being worked out that have limited the instrument’s sensitivity as well
as lack of integration time on the sky due to issues with the LMT. In lieu of cluster images
from TolTEC’s ongoing commissioning campaign we present a list of clusters that TolTEC
will observe as part of commissioning and the anticipated integration time for each cluster.
We will then show some simulations made with realistic cluster inputs to show what TolTEC
will observe when it is operating at designed sensitivity. Additionally we will show what tSZ
signal can be recovered from those simulations using an internal linear combination (ILC) of
the simulated data. Lastly, we will conclude with a discussion of a future 100-hour TolTEC

Cluster Legacy Survey and what that can give to the science community.

103



7.2.1  Commassioning Cluster Observations

As part of TolTEC’s commissioning program it plans to observe three different clusters:
MACS J0717.5+3745, MACS J1206.2-0847, and MACS J1149+-2223. MACS0717 will have
two hours of integration time whereas the other two clusters will only have one hour each.
The goal of these commissioning observations is to demonstrate that TolTEC can achieve
a reasonable signal to noise in a brief integration time. Additional observations of these
clusters can be made to increase the depth of the observations.

The benefit of observing these clusters as part of commissioning is that there is a large
amount of ancillary data for them. They are all CLASH clusters so there is HST weak lensing
data, and two of them, MACS0717 and MACS1149 are Frontier Fields clusters [116,117].
These clusters were also imaged with the precursor instrument to TolTEC on the LMT,
AZTEC.

The observations of these clusters should conclude by the end of 2024 or early 2025 at

the latest. After which TolTEC science observations will begin.

7.2.2  TolTEC Observation of a Simulated Cluster

To anticipate what TolTEC will measure when it eventually spends time observing clusters,
we use simulations of the SZ effect, input those simulations into a mock observing simulation
pipeline that was developed for TolTEC to generate mock timestreams, and then make maps
with those timestreams. From those maps we then use an ILC to separate the tSZ and kSZ
components from the map and see how that compares to what we input.

For the input to the simulation pipeline we used a simulated galaxy cluster from the
Omega 500 simulations! [118]. This is a large scale N-body plus gas-dynamics dynamics
simulation that used the Adaptive Refinement Tree code [119]. The cosmological simulation

used a box size of 500 Mpc comoving and re-simulated the regions around the halos with

1. https://geme.hub.yt/omega500/index.html
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Figure 7.2: Simulated quantities of HaloID 13 from the Omega 500 simulations.

Msp0 > 3 % 1014h_1M@. From this catalog we selected HaloID 13 and used the x projection
of that cluster.

The clusters presented in the catalog are at degree scales which is unfeasible to observe
with TolTEC so we push the cluster back in time so it has an angular scale of a more
representative cluster at a higher redshift. We show the scaled simulation images in figure
7.2. While the total density plot is useful to understand where subhalos are in the images
and the temperature plot helps to identify where shocks occur, the two plots of the tSZ and
kSZ Y-Compton are what we desire to make images in the millimeter-wave. We take those
two tSZ and kSZ plots and use the spectral shifts in CMB brightness from section 2.3.1 to
get the brightness in TolTEC’s photometric bands. We add the signal from both the tSZ
and kSZ together to make the final images to input into the TolTEC simulator.

A full observing simulator called TolTECA simu was developed by the TolTEC collabora-
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tion [120]. This simulator takes input image files, actual telescope observing scripts that are
used for real observations, generates realistic detector and atmospheric noise, and outputs
timestreams in the format of actual TolTEC timestreams. Those timestreams are then run
through the same mapmaking pipeline described in section 5.2.

We mock observed this cluster for a total of five hours across three nights. The scan
strategy employed was a 6 arcmin by 6 arcmin double lissajous which covers an effective
area of around 100 square arcmin. Each night contained four observations of half an hour
each. The scan strategy was rotated 45 degrees for each observation to symmetrize any noise
associated with the scan strategy. We used the designed TolTEC detector counts and noise
properties for these observations.

We ran the timestreams through the TolTEC maximum-likelihood pipeline. This was
the first real exercise of the maximum-likelihood mapmaking pipeline with several hours of
timestreams as the input. As a result, we ran into some memory issues associated with
loading in all of the timestreams so the decision was made to downsample the timestreams
from 122 Hz down to 41 Hz which should not effect the output maps since the scan speed
of the telescope would put all signals below roughly 16 Hz, so we are still Nyquist sampling
the signal. Since the signal-to-noise of the cluster is much lower than the other test cases
like the Crab Nebula, we found that the iterative mapmaking method needed to recover the
extended flux in those maps were not needed and instead one mapmaking iteration of 100
steps in the PCG were sufficient to get quality maps.

We plot the maximum-likelihood maps in figure 7.3. One can clearly see the SZ decrement
in the 150 GHz map and a hint of the increment at the cluster core in the 280 GHz map. There
is even very low signal-to-noise features in the 220 GHz map which bodes well for the direct
imaging of the kSZ effect. There does appear to be significant atmospheric contamination
in the 220 and 280 GHz maps. The intended atmosphere model was supposed to the top

25th percentile of good observing however there is a known issue in the scaling of this model
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Figure 7.3: Maximum likelihood maps made with simulated TolTEC observations at 150,
220, and 280 GHz.

with a realistic atmosphere generated by TOAST. The result is atmospheric emission that is
quite harsh, so this should be interpreted as data taken in medium to poor quality weather.

While we can see that the SZ signals are present in these maps, there is also clear atmo-
spheric contamination. To extract the SZ signals in the presence of atmospheric foregrounds
we employ an ILC to separate the SZ components for which we know the spectral dependence.
ILCs leverage the multifrequency maps of the sky and the differing spectral dependence of
the signals in those maps. Each map at the different frequencies that ToTEC observes at can
be modeled as a sum of different signal components multiplied by a weight that corresponds

to the spectral response of that component at that frequency plus noise.

M;=>"a;;S;+N;
J
Above M; corresponds to the map at the i frequency (i.e. 150, 220, or 280 GHz), S;
corresponds to the jth signal component (i.e. the tSZ or kSZ signal), a; ; represents the
spectral response of the jth signal component at frequency i, and NN; represents the noise in
band 1.
The aim of ILC component separation is to reconstruct a S; map with only the set of M;

maps and known a; ; spectral response. If one is only interested in a single signal component,
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M; = a;Sinterest + Z b; ;S + N;
J

then one finds that the reconstruction of Sj,terest that has minimum variance is given by

Sinterest = Z w; M;
1

with the weights w; being given by

a;(C™ 1)
aj(C~1)jpaz

P =

with (C_l)ij being the inverse of the covariance matrix between map at frequency ¢ and
frequency j [121,122]. This is essentially an inverse covariance weighted average of the maps.
For our case we are interested in recovering a minimum variance reconstruction of the tSZ
signal from our simulated maps so the a; are given by the tSZ spectrum defined in 2.3.1 and
the covariance matrices are calculated from the maps themselves.

We calculate these quantities with the simulated maps and show the minimum variance
reconstruction of the tSZ signal in figure 7.4. The tSZ signal that we recover is roughly 60%
lower than the original tSZ map that was input into the simulator. We ran multifrequency
maps with no noise through the single component ILC reconstruction and recovered maps
that were identical to the input, so this 60% loss is occurring somewhere in the simulator
and mapmaking pipeline.

Attempts to made a minimum variance reconstruction of the kSZ signal are more difficult
since the kSZ has unit response across the three TolTEC frequency bands in CMB brightness
temperature units. This means that if there are gain mismatches or other correlated signals
between the maps, like the atmosphere, then those signals will leak into the kSZ map.
Therefore a more sophisticated approach to component separation must be made.

We turn to the multicomponent ILC reconstruction to do attempt to reconstruct the
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Figure 7.4: (Left) Minimum variance reconstruction of the tSZ signal from the simulated
maps of the cluster. (Right) The original simulated tSZ signal that was input into the
TolTECA simulator.

kSZ signal. This method takes the model of the sky from above and instead of considering
one component that we wish to recover it considers two components, one we would like to
recover and one we wish to null (i.e. the weights in the ILC construction with respect to that
component sum to zero) [121]|. In this case the model of the sky is represented as follows,

and now we are explicit with the tSZ and kSZ signal maps,

M; = a;Stsz + bjSxsz + N;

So we have two options in this case, we can construct a tSZ map with the kSZ signal
nulled or a kSZ map with the tSZ signal nulled. In the tSZ with the kSZ signal nulled case

the weights in that the multifrequency maps are averaged with become

o — (b (C™ Db ag (C71) i = (ar(C™ 1) gab)bi (C1) i
' (0 (C D) gaby) (ag (C~ V) iar) — (ag(C=1)gby)?

To get the weights for the kSZ signal with the tSZ nulled simply replace the a; above
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with b; and vice versa.

We construct the two maps of each component with the other component nulled and they
are shown in figure 7.5. We can see low signal-to-noise tSZ and kSZ features in each of these
maps, but there are significant large scale artifacts in each of the reconstructed maps. We
again confirm that the multicomponent ILC returns the tSZ and kSZ input when maps with
no noise are used, so the large scale features are due to the noise in the maps. To test this,
we increased the signal of the maps that are input into the TolTECA simulator by a factor of
ten which dramatically increased the signal-to-noise in the simulated maps. We found that
with those maps we were able to recover the tSZ and kSZ signals using the multicomponent
ILC procedure.

Unfortunately increasing the signal that is input into the simulator by a factor of ten is
equivalent to observing the cluster by a factor of 100 longer which is not realistic, so we are
investigating other ILC techniques that can deal with signals that occur at different scales.
From the maps in figure 7.3 we can see that the atmospheric noise occurs at a larger angular
scale than the cluster signal we are trying to recover. Instead of making weights that are flat
across all angular scales like we did above, it would be better to construct weights that not
only incorporate the spectral information from the component signals but also the spatial
information in Fourier-space [123|. This is currently ongoing work to improve the signal
reconstruction with TolTEC maps.

Another avenue that can improve the noise in these maps at larger scales is to combine
the TolTEC maps with an instrument that has lower noise at the larger angular scales. The
SO LAT is a perfect instrument that has white noise at the arcminute scales where the
atmospheric noise dominates the TolTEC maps. This can be seen by looking at the noise
power spectrum of TolTEC and SO LAT together which is plotted in figure 7.6. Where the
noise from the SO LAT starts to dramatically increase due to the finite beam size is where

TolTEC begins to be the most sensitive. Likewise at the larger angular scales where the
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Figure 7.5: (Top Left) Reconstruction of the tSZ signal with the kSZ signal nulled made
from the simulated maps of the cluster. (Top Right) The original simulated tSZ signal that
was input into the TolTECA simulator. (Bottom Left) Reconstruction of the kSZ signal
with the tSZ signal nulled made from the simulated maps of the cluster. (Bottom Right)
The original simulated kSZ signal that was input into the TolTECA simulator.

TolTEC noise is increasing due to %, the SO noise is flat and several orders of magnitude
lower.

We are currently working on combining the simulated TolTEC and SO maps following a
prescription used by SPT to combine their maps of the LMC with Planck [124]|. This work is
currently underway and does not yet have results, but if one looks at the simulated TolTEC
and SO maps side-by-side in figure 7.7 one can see the power of the large scale information
SO maps will add.

In summary, we took the tSZ and kSZ information from a simulated cluster and put it
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Figure 7.6: Noise power spectra for SO and TolTEC. The SO noise uses projects baseline
map depths and the TolTEC curve uses the noise power spectrum found in section 6.2.2.
Both curves deconvolve the instrument beams.

though a simulation pipeline that replicates actual observations with the TolTEC instrument.
We then took the output of that simulator and made maximum-likelihood maps of those
simulated observations. Those maps have decent signal-to-noise but suffer from large scale
noise. We then attempted to make reconstructions of the tSZ and kSZ signals using ILC
methods. We find good that the minimum variance reconstruction of the tSZ morphologically
agrees with the input tSZ map however work remains to understand why the recovered signal
is roughly 60% the magnitude of the input. The multicomponent ILC methods recover
acpects of the tSZ and kSZ signals but at low signal-to-noise and with large scale noise
present. We have identified two ways to improve our reconstructions, ILCs that leverage
harmonic space information and combining the TolTEC maps with SO, and we are currently
working towards implementing those methods. Overall, this exercise of forecasting images

of clusters that will be made with TolTEC shows immense promise.
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Figure 7.7: (Top Row) Simulated TolTEC maps of the cluster at 150, 220, and 280 GHz.
(Bottom Row) Simulated SO maps of the cluster at 150, 220, and 280 GHz.

7.2.8  Future 100-hour Cluster Legacy Survey

We have outlined future immediate work that is underway with TolTEC clusters, mainly
observing clusters and working with simulations to build a pipeline that recovers important
cluster signals, but we would like to conclude this dissertation with a discussion of far-future
work that can be done with TolTEC and that would be a great service to the broader cosmol-
ogy and astronomy community. The current number of high-resolution cluster images that
exist at millimeter wavelengths is limited to observations made by MUSTANG2, Bolocam,
and a few other instruments like ALMA. These observations are either limited in resolution,
field of view, or frequency coverage. A multifrequency high-resolution sample of 50-100 clus-
ters across a range of redshifts would revolutionize our understanding of the physics that
occur within the ICM. This is important for the calibration of hydrodynamics within the
ICM for simulations and calibrating the Compton y to mass scaling relations.

The NIKA2 experiment has finished a 300 hour survey of roughly 50 galaxy clusters
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and will soon release their results [125]. This catalog will be remarkable and a step in the
next-generation of cluster observations. To go even further, a similar study needs to be
done with TolTEC which has twice the resolution of NIKA2, roughly an order of magnitude
greater sensitivity, and an additional photometric band. We estimate that with 100 hours
of TolTEC observing time we could similarly image 100 clusters to a noise RMS of roughly
200 pK at 150 GHz. If the selection of cluster for TolTEC’s program were to avoid clusters
selected by NIKA2 then the combination of the TolTEC and NIKA2 catalogs would mean
that there would be over 150 clusters imaged with sub-arcminute resolution. That is a
statistically significant sample. To see how impressive this sample would look, we took 100
of the clusters from the Omega 500 simulations and added white noise consistent to one hour
of observing time. We plot the resulting 100 cluster sample at 150 GHz in figure 7.8. A

sample such as this would begin a new era of cluster astronomy and cosmology.
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100 Clusters at 150 GHz

Figure 7.8: Simulations of 100 Clusters at 150 GHz with white noise levels consistent of one
hour of TolTEC observations.
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