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CHAPTER 1

INTRODUCTION
Observations of the Cosmic Microwave Background (CMB) provide a corner stone of our understanding
of the universe, and recent and upcoming CMB experiments are measuring the millimeter-wave sky with
ever increasing sensitivity. Furthermore, observations of the CMB are beginning to be used as more than
just a tool to enrich our understanding of cosmology. In this thesis, I describe both methods that are being
implemented to increase CMB detector sensitivity and how instruments like the South Pole Telescope (SPT)
are now using novel astronomy techniques to monitor Active Galactic Nuclei (AGN), opening a new window

of understanding these sources.

1.1 Time Domain Astronomy with SPT

From 2013 - 2016 SPTpol was used to survey 500 deg® of the southern extragalactic sky at arc minute reso-
lution to milli-Jansky levels. The survey consists of ~3500 observations over ~9000 hours at high Galactic
latitude, covering 22" to 2" in right ascension and -65° to -50° in declination (Henning et al., 2018). This
survey enables the monitoring of tens of mm-bright AGN on timescales from years to days at high S/N (> 10
in a 36-hour coadd). The observations provide the opportunity to include mm-band AGN variability monitor-
ing in the study of the physical mechanisms of AGN emission regions and the physics of the energy source.
Figures 1.1 and 1.2 show the difference between the typical maps used to study the CMB and a map that has
been filtered to remove the CMB while keeping point sources. The filtering process performed in my study

is described in greater detail in section 2.3.3.

1.2 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are galaxies with actively accreting supermassive (10° < M., < 10%) black
holes that are commonly found at the centers of massive galaxies (Kormendy and Richstone, 1995; Gebhardt
et al., 2000; Carroll and Ostlie, 2007). As illustrated in Figure 1.3, a unified model of AGN can be used

to explain all observed categories of AGN with a single physical picture.!

For example, in this scenario,
blazars—radio-loud AGN? that also emit strongly in the y-ray band—are understood to have a relativistic jet
pointed at relatively small angles (<5 deg) with respect to the line of sight of the observer (Antonucci, 1993;
Urry and Padovani, 1995).

Blazars, and AGN in general, can be studied by using multi-wavelength observations from a wide array of

instruments that range from radio telescopes to y-ray telescopes. Radio observations can detect synchrotron

The unified model of AGN is outdated.
2Radio loud AGN are generally defined as AGN with a ratio of radio (5 GHz) to optical (B-band) flux > 10 (Kellermann et al., 1989).
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Figure 1.2: Matched filtered survey map coadd.

radiation, caused by accelerating charged particles in a magnetic field. On the other end of the electromag-
netic spectrum in the high energy regime are y-rays, the source of which is still under debate. A key input in
the investigation of the origin of the y-ray emission in blazars is the multi-wavelength study of blazars, par-
ticularly of blazar variability and flaring states. Such studies have traditionally included y-ray, X-ray, optical,
infrared, and radio emission. I have developed a systematic program designed to fill a gap in traditional AGN

variability studies with a novel use of CMB data: turning CMB experiments into AGN monitors to study
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Figure 1.3: This diagram shows the Unified Model of AGN. The model attributes the wide range of obser-
vational signatures of various AGN types to a single type of object — an accreting supermassive black hole
(SMBH). The lower half of the diagram represents the radio-quiet class, while the top represents the radio-
loud class. This research focuses on the latter classification. Depicted here is a SMBH surrounded by an
accretion disk and a dusty torus. Depending on the angle of the observer’s line of sight, they may either
observe a radio galaxy (observed along the axis of the torus), a radio-loud quasar (observed between 45 and
80 degrees above the torus axis) or a blazar (observed between 80 and 90 degrees above the torus axis). The
latter is a scenario where the observer is looking down the jet of the AGN. Image courtesy NASA and Fermi.

them in the millimeter waveband.

In this thesis, I will provide evidence that the addition of high-cadence, long-timescale mm-wave AGN
monitoring—made possible by re-purposing CMB data—will shed light on many of the key questions in
blazar studies.

As shown in Figure 1.4, the spectral energy distribution (SED) of blazars has a characteristic double-
humped structure, with one peak (anywhere from the radio to the X-ray band) caused by synchrotron emission
from energetic electrons in the blazar jet, and a high-energy peak in the MeV-TeV 7y-ray band (Fossati et al.,
1998). Attempts to explain this double-humped structure can be divided into two classes of models that invoke
three different physical mechanisms. These models are the hadronic and leptonic models: In the hadronic
model, processes such as photo-pion production produce the TeV peak, while in the leptonic models, that

peak is caused by inverse-Compton scattering of lower-energy photons. These lower-energy photons can be



the same synchrotron photons responsible for the low-energy peak (the “synchrotron self-Compton” model)

or other components of the radiation field (the “external inverse-Compton” model).
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Figure 1.4: Broadband SED model for PKS 2326-502. The data are modeled with a one-zone leptonic
model of blazar emission (Finke et al., 2008). The low-energy component is modeled as a combination of
synchrotron emission from the jet and thermal emission from the accretion disk. A double broken power
law is used to model the electron distribution during the quiescent state flare A. A change in the size of the
emitting region is used to model flare B. The smaller dashed yellow-orange curve represents emission from
the dust torus and the larger dashed blue curve is accretion disk emission. The high-energy component is
explained by inverse Compton scattering of dust torus photons by electrons within the jet. Hollow circles
represent non-simultaneous data. Figure reproduced from Dutka et al. (2017).



CHAPTER 2

SOUTH POLE TELESCOPE

2.1 Background

The South Pole Telescope (SPT, see Figure 2.1) is a 10 m millimeter-wavelength telescope located at the NSF
Amundsen-Scott South Pole Station in Antarctica, originally built to study the CMB via continuous dedicated
observations. The SPT is able to observe the sky with arcminute resolution at 150 GHz with a square degree
field of view. The south pole location was chosen because it is a dry desert (very little water vapor to absorb
the mm-wave radiation) located at a very high altitude of 9300 ft or ~2800m. At this high altitude, the
atmosphere is very stable and much thinner, resulting in more radiation being able to reach the detectors and
more importantly, lower sky noise. The high stability of the atmosphere is due to the sun rising and setting

only once a year, providing no daily heating and cooling.

Figure 2.1: South Pole Telescope and the moon. Image courtesy of Daniel Luong-Van.

To date, three different cameras have been installed on the SPT. The first camera, SPT-SZ, was installed
in 2007 and is only sensitive to temperature fluctuations and not polarization. SPT-SZ was actively observing
between 2007 and 2011 and primarily surveyed a 2500 deg? field with detectors sensitive to radiation in bands
centered at 95, 150, and 220 GHz (Story et al., 2013) which are in spectral windows of high atmospheric

transmission. The second generation camera was the SPTpol. SPTpol was installed in 2012 with polarization



sensitive detectors sensitive to radiation in bands centered at 95 and 150 GHz and was actively observing
between 2012 and 2016. This thesis uses data from this camera. The SPTpol instrument was capable of both
temperature and polarization measurements of the CMB. This camera consists of 180 polarization sensitive
pixels at 90 GHz that are coupled by feedhorn arrays that surround the seven hexagonal sections of 150 GHz
detector modules (Henning et al., 2012) as seen in Figure 2.2. The most recent receiver being used is SPT-
3G (Sobrin et al., 2022), which was deployed in 2017 and has 2700 multichroic pixels sensitive to radiation

in bands centered at 95, 150, and 220 GHz and 2 polarizations, for a total of 16200 detectors.

Figure 2.2: SPTpol focal plane. Image courtesy of Brad Benson.

2.2 500 square degree survey
The 500 deg? SPTpol survey consists of ~3500 observations over ~9000 hours at high Galactic latitude,
covering 22" to 2" in right ascension and -65° to -50° in declination as seen in Figure 2.3. One observation
of the survey field consists of either 106 or 109 constant-elevation raster scans, depending on the observing
strategy discussed below, with the telescope first scanning right and then left. After each right-to-left scan
pair, the telescope makes a step in elevation of either 9.2” or 9.0’ before making another set of paired scans.
This process repeats until the field is completely mapped once, and we define this set of scans as a single
observation. Between 2012 and 2016, two different observing strategies were used. From first light in 2012

through May 2014, a lead-trail strategy was used, and from then on, a full field strategy was used (Henning



Figure 2.3: Orthographic projection of the SPTpol 500 deg? survey field, where the background is the Planck
dust map (Planck Collaboration et al., 2014).

et al., 2018). For lead-trail observations, the field is split into ’lead” and “trail” halves, which are forced to
match in azimuth for removal of ground contamination. For the full field strategy, we scanned the entire R.A.

range of the field.

2.3 Data Selection and Analysis Procedure

The following section will explain the methods and techniques used in order to conduct the pilot study
described in Chapter 3. This pilot study is the first large-scale effort to use CMB data for AGN monitoring and
will provide a foundational observing program/strategy that will be implemented in future CMB experiments.
In order to use CMB observations to monitor AGN, we first needed to produce the maps necessary to conduct
millimeter wavelength photometry on our selected sources. Each map was produced by combining a number

of single observations over a 36 hour period into bundles for Signal-to-Noise purposes.

2.3.1 Map selection
As mentioned in Section 2.2, the SPTpol survey during its time on the sky was able to take a large number of
observations. With the observing strategy outlined previously, the SPTpol survey scanned the entire survey
field and made 1 map every 2 hours, producing 12 total maps per full day of observing.

Before making our map bundles, the standard deviation using the signal for the brightest point source in

the field for the full coadd was found and calibrated to milli-Janskys(mJy). That conversion was done using



the following variables and equations:
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where Temb = 2.725K, ¢ = 2.9979 x 108 m/s, h = 6.62607 x 10734 J/s, k, = 1.38065 x 10723 J/K and fre-

quency = 150 x 10° Hz. We also calculate the beamsize (¥) in radians with:
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where Op is the Full Width Half Maximum input equal to 1 arcminute to reflect the SPTpol instruments beam
on sky. Q;, is calculated by using ¥ in arcminutes:

T 2

= Jlog2 + @

Qjp
We also calculate =, which is a necessary prefactor needed to make the conversion that includes everything

but frequency dependence and the beam using the same physical constants mentioned before:
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We then can plug all of these variables into:

mly  1x10% EQuex*

UK 1x106 (e —1.0)2 25

This final equation allows us to convert our flux from pKelvin to milliJansky. This conversion leads us to
measuring a full coadd ¢ of 10.89 uK which, when converted to flux using equation 2.5, leads to a 10 flux
uncertainty of 0.635 mJy. Then, we use fluxes from the SPTpol source list to figure out the expected S/N,
using Equation 2.6 below.

S F

—_=—. (2.6)
N ouy

With an expected S/N now determined, we then needed to decide on the best cadence necessary to conduct

our AGN monitoring program.

2.3.2 Bundling Maps
In order to settle on the best cadence, we first checked other AGN monitoring programs to determine their

cadence. We found that there was a range that was between daily and weekly monitoring between the optical



SMARTS survey (Bonning et al., 2012) and the Fermi y-ray survey (Abdollahi et al., 2020). After reviewing
the cadence of the Fermi and SMARTS data, we designed our bundle maps by combining an average of 10
maps per bundle, which is roughly 36 hours. These 36-hour bundles provide us with an expected S/N of 10
or greater for the top 20 brightest sources found in the survey field via the coadd calculations. These bundled
maps must now be filtered to remove the CMB and other long-spatial wavelength features to permit flux

extraction.

2.3.3 Matched Filtering

The filtering method we used was a matched filter. The matched filter suppresses angular scales on which
the S/N on a point source is low and maximizes the total S/N on point sources in a map. The signal used in
our matched filtering requires a number of variable inputs that include the point source profile that describes
the signal we are looking for. After each map was matched filtered, additional tests were implemented to
look for possible systematic errors. The first test was a calibration check. In this check, for each map of
ours, the average ratio of two power spectra in the ell range [750, 1250] is calculated; the numerator is the
spectrum of the cross-correlation between our map and Planck’s full-mission T map, and the denominator is
the cross-spectrum between Planck’s two half-mission T maps. For the ell bin width, I used the same value
as in the case of the noise level calculation (50). If our temperature calibration is reasonably close (0.9 or
above) to that of Planck’s, this ratio should be close to 1.0. These calibration ratios were applied to each map
in order to correct source fluxes. The next test we implemented was a pointing test. In this test, we ran an
astrometry check which that matched the RA and DEC of sources found in our map to the positions in the
Australia Telescope 20 GHz (AT20G) catalog (Murphy et al., 2010a).

To test the filtering process, we first applied the matched filter and calibrations to our full coadd CMB
map. In these maps we can easily see the typical CMB patches and structures, but if we zoom in, as seen in
Figure 2.4, we can see that there are point sources visible but sitting on the CMB fluctuations in the unfiltered
maps. After filtering, we get maps where we can see that the typical CMB patches and structures have been
largely removed. In some spots, we can even start to see where some of the really bright sources will be
found. When we zoom here in Figure 2.5, we can see that the filtering has worked well as we see the bright
point sources as bright dots with dark rings around them, which is an artifact from the filtering process.

Using the filtered maps, we search for the AGN in the field. As a further check, we plot light curves
for the top 15 brightest objects on our point source list, as seen in Figure 2.6, and inspect these curves for
any obvious correlated structure that would indicate instrumental systematics. We see no evidence of similar
behaviors between any of the light curves, which indicates that any fluctuations seen in the light curves are

intrinsic to the sources themselves.



Figure 2.4: 5 x 5 degree section of unfiltered CMB map.

2.3.4 Source Selection

The product we look to build in this section is a list of AGN found in the SPTpol 500 deg? survey field that we
could possibly monitor. To do this, we looked thorough the SPT-SZ point source catalog published in Everett
et al. (2018). This survey covered a larger 2500 deg? field, of which, our 500 deg® field was a subset. We
began by identifying all of the bright point sources found in the SPT catalog using a very broad definition
of locations near the 500 deg? footprint and made thumbnails to find sources that were within the RA and
DEC bounds of the survey. These locations were used to identify point sources by taking snapshots of a 20 x
20 pixel area around the locations to check if each location was within the survey field and not on the outer
edges as seen in Figure 2.7. In this figure we see that some snapshots contain bright point sources while others
contain blurs. These blurs are due to the coordinates being outside of the bounds of the actual survey field.
These points were later excluded to ensure that our study only included sources in the 500 deg? footprint.

To find the AGN specifically in the survey field, we took the SPT point source catalog and compared it to

10



Figure 2.5: 5 x 5 degree section of matched filtered map.

the AT20G catalog. This allowed us to distinguish bright AGN from other bright objects such as dusty star

forming galaxies. We used Fermi and SMARTS catalogs to determine if there were any cross matched obser-

vations of AGN in the field in those surveys. We marked these locations in our survey field; see Figure 2.8.
‘We found that there were ~150 or so AGN in the field! Of those, two had observations in each of the

surveys that have publicly available data. This discovery led to the pilot research study outlined in Chapter 3.

11



Top 15 Brightest Sources by Average Coadd Flux
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Figure 2.6: Light curves for the top 15 brightest AGN in the survey field.
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Figure 2.7: Snapshots of the filtered SPTpol map at locations of sources in the SPT-sz catalog. Sources within
the SPTpol survey footprint appear as white spots, while locations outside of the SPTpol survey appear as

noise.
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CHAPTER 3

SIMULTANEOUS MILLIMETER-WAVE, GAMMA-RAY, AND OPTICAL MONITORING OF
THE BLAZAR PKS 2326-502 DURING A FLARING STATE
The following work will be submitted to the Astrophysical Journal Letters and is reprinted below in

its entirety
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3.1 Abstract

While continuous high-cadence monitoring of active galactic nuclei (AGN) is common at y-ray, optical,
and radio wavelengths, AGN monitoring in the millimeter (mm) band has mostly been restricted to short
campaigns on targeted sources.Cosmic microwave background (CMB) experiments can now monitor these
objects daily in increasingly large areas of sky. We present temporal monitoring of the active galactic nuclei
PKS2326-502 from month/year to month/year with a temporal resolution of 36 hours. The flux of PKS 2326-
502 is measured at high significance in each 36 hour period (typically S/N = 221.45 — 2052.45). We use
SPT 150 GHz observations to create AGN light curves in the mm band and compare those to light curves at
other wavelengths, in particular y-ray and optical. our focus source is the blazar-type AGN PKS 2326-502,
which has extensive, day-timescale monitoring at y-ray, optical, and millimeter wavelengths between 2013
and 2016. We find PKS 2326-502 to be in a flaring state in the first two years of this monitoring, and we
present a search for evidence of correlated variability between SPT (150 GHz), SMARTS (R band) and Fermi

(y-ray) observations. This pilot study paves the way for far larger AGN monitoring campaigns with current
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and upcoming CMB experiments such as SPT-3G, Simons Observatory, and CMB-S4. These mm-wavelength
AGN monitoring campaigns will enhance multi-wavelength studies with facilities such as VRO-LSST.

AGN — variability — SPT — SMARTS — Fermi — millimeter

3.2 Introduction

AGN are actively accreting supermassive (10° < M, < 10”) black holes that are commonly found at the cen-
ters of massive galaxies (Kormendy and Richstone, 1995; Gebhardt et al., 2000; Carroll and Ostlie, 2007).
The Unified Model of AGN! proposes to explain observed categories of AGN via a scenario where the appear-
ance of a source depends on the angle of the axis of symmetry of the source from our line of sight(Antonucci,
1993; Urry and Padovani, 1995). The spectral energy distribution (SED) of blazars has a characteristic
double-humped structure, with one peak located anywhere from the high-frequency radio to the soft X-ray
band, caused by synchrotron emission from energetic electrons in the blazar jet, and a high-energy peak in
the MeV-TeV 7y-ray band, with the location of such peaks dependent on the luminosity of the source (Fossati
et al., 1998). Attempts to explain this double-humped structure can be classified into two classes of models
that invoke three different physical mechanisms (e.g., Blandford et al., 2019). These models are the hadronic
and leptonic models: In the hadronic model, processes such as photo-pion production are responsible for
the y-ray-ray peak, while in the leptonic models, the y-ray peak is caused by inverse-Compton scattering of
lower-energy photons. These lower-energy photons can be the same synchrotron photons responsible for the
low-energy peak (the “synchrotron self-Compton” model) or other components of the radiation field such as
the radiation from the accretion disk, or the Broad Emission Region (the “external inverse-Compton” model,
Sikora et al. 1994).

A key to distinguishing between these models is what they predict for multi-wavelength observations of
blazar flares. Leptonic models have been very successful in explaining several observed aspects of blazars
(Sikora et al., 1994; Sikora and Madejski, 2003). The simplest interpretation of leptonic models predict that
when observing AGN light curves in multiple wavelengths, there should be correlated variability between the
synchrotron peak (optical/infrared observations) and the high energy peak (y-ray observations). This behavior
has been observed in many cases (see, e.g., Bonning et al. 2009), but previous studies provide evidence that
this may not always be true. For example, in the multi-wavelength study of PKS 0208-502, there was an
observed anomalous outburst or “orphan flare,” in which a significant flux increase is seen in the optical/IR
bands but not in the y-ray band (Chatterjee et al., 2013a,b).

Both radio and mm-wave radiations are strong tracers of synchrotron emission. As such, observations of

those spectral regimes should serve as another promising piece of the puzzle to help identify the true origin of

'Radio-loud AGN are generally defined as AGN with a ratio of radio (5 GHz) to optical (B-band) flux > 10 (Kellermann et al., 1989).
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the blazar SED, and in particular, the source of radiating particles. Multi-wavelength studies of blazar flares
have traditionally included y-ray, X-ray, optical, infrared, and radio emission. Since mm-wave radiation is a
strong tracer of synchrotron emission, observations in this regime of AGN should serve as another promising
piece of this puzzle to help identify the true origin of the blazar SED. Recent studies show that on longer
timescales, mm-wave variability is better correlated with y-ray emission than optical (Meyer et al., 2020),
while on shorter timescales features tend to correlate more between the optical and y-ray. This points toward
the possibility of synchrotron emission produced in different regions of the blazar being responsible for the
mm-—y-ray correlations and the optical—y-ray correlations.

While mm emission has been included in AGN variability studies of a handful of targeted sources (e.g.,
Meyer et al., 2020), the field currently lacks systematic monitoring in the mm over large patches of sky. We
are in the process of remedying this situation by taking advantage of cosmic microwave background (CMB)
experiments as AGN monitors. AGN appear as bright point sources in maps made by CMB experiments, and
current CMB experiments are sufficiently sensitive to detect many AGN at high S/N (>10) in short (less than
1 day) observations. When combined with an observing strategy that results in high-cadence observations
of the same patch of sky over many years, CMB data-sets are very effective for AGN monitoring. We have
made an initial study into mm-wave AGN variability using data taken with the South Pole Telescope (SPT)
second-generation camera SPTpol. The SPTpol survey enables the monitoring of tens of mm-bright AGN
on timescales from years to days at high S/N (> 10 in a 36-hour coadd). These observations provide the
opportunity to include mm-wave AGN monitoring in the study of the physical mechanisms behind AGN
emission.

Although our SPTpol AGN monitoring campaign includes tens of sources, we choose to focus on the
blazar PKS 2326-502 for this pilot study because of its long history of observations in multiple wavelengths
(Dutka et al., 2017). PKS 2326-502 is a flat-spectrum radio quasar (FSRQ) at redshift z = 0.518 and is
among the targets of monitoring by both the Fermi-LAT and Yale-SMARTS Blazar Group collaborations.
Thus PKS 2326-502 has a wealth of publicly available (Fermi) y-ray, (SMARTS) optical R band, and infrared

observations to compare to our mm-wave (150 GHz SPTpol) observations.

3.3 Observations
To study the correlated variability in multi-wavelength light curves of PKS 2326-502, we use data from
Fermi-LAT, SMARTS and SPT (150 GHz). In this section, we describe the observations and data reduction

for each instrument.
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331 SPT

The SPT (Carlstrom et al., 2011) is a 10-meter telescope located at the geographic South Pole and dedi-
cated to making low-noise, high-resolution maps of the mm-wave sky, with the primary goal of mapping
the temperature and polarization anisotropies in the CMB. Three separate cameras have been installed on
the telescope, each used to map multiple large patches of the Southern Celestial Hemisphere. This work
involves a pilot study using data from the second-generation camera, SPTpol. From 2013 - 2016 SPTpol was
used to survey 500 deg? of the southern extragalactic sky at arc minute resolution to milli-Jansky levels. The
500 deg? SPTpol survey consists of ~3500 observations over ~9000 hours at high Galactic latitude, covering
221 10 2" in right ascension and -65° to -50° in declination (Henning et al., 2018). For studies of the CMB,
these observations were combined into a four-year coadd map. However, for this study we take the individual
observations and combine them into 36 hour bundles. The 36 hour bundle time was chosen due to is being the
length of the instruments cryogenic observing day. Once these bundle maps are created, we apply a matched
filter that removes the long wavelength modes from each map, maximizing the S/N on point sources. These
filtered bundles have a 1o error of ~5mly providing us with S/N >10 in a 36 hour bundle on 25 AGN in
the 500 deg? field. We then extract the flux for all of the bright sources in the SPT catalog that are associated
with a source in the AT20G catalog (Murphy et al., 2010b). This cross-matching is done to differentiate the
AGN from other point sources like dusty star forming galaxies found in the SPT source catalog. Once the
cross matching has been confirmed, a series of calibration corrections were conducted. An astrometry check
verified that the sources were properly located in the maps, while a calibration check corrected the abso-
lute calibration of each map by comparing it to a full-depth map from the Planck satellite. We additionally
checked for contamination from the sun which would appear as bright streaks in our observations by plotting
20 x 20 pixel patches of sky centered on PKS2326-502 to check for any additional maps that needed to be
removed. Once all maps have been calibrated and checked, we extract the millimeter fluxes that are used to

create the mm-wave light curve described in this pilot study.

3.3.2 SMARTS

This paper makes use of up-to-date Small and Moderate Aperture Research Telescope System (SMARTS)
optical/near-infrared light curves that are available at the SMARTS website.> The SMARTS telescope is
located in Cerro Tololo Chile, and thus very well suited to monitoring of Southern Hemisphere targets. The
SMARTS blazar sample was initially (in 2008) defined to include all Fermi-LAT-monitored blazars on the
initial public release list with declination < 20°. Observations were made in the B, V, R, J & K bands, with

an observing cadence of 1 - 3 days. Here, we use the 1 day cadence optical R band observations to match

2www.astro.yale.edu/smarts/glast/home.php
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the SPT cadence as closely as possible. The full details of the data selection and analysis procedure for

Yale-SMARTS, can be found in Bonning et al. (2012).

3.3.3 Fermi LAT

The Fermi-LAT light curve for PKS 2326-502 is taken from the Fermi-LAT Light Curve Repository (LCR,
Fermi Large Area Telescope Collaboration 2021).> The LCR is a public database of multi-cadence flux
calibrated light curves for over 1500 variable sources in the 10-year Fermi-LAT point source catalog (4FGL-
DR2, Ballet et al. 2020). The light curves generated by the LCR span the duration of the mission and are
obtained by performing an unbinned likelihood analysis over the energy range between 100 MeV-100 GeV.
The LCR analysis uses the standard Fermi-LAT Science Tools (version v11r5p3) and the PSR2_SOURCE_V6
instrument response functions on P8R3_SOURCE class photons. Photons are selected from a 12° region of
interest (ROI) centered on the location of the 4FGL-DR2 counterpart of PKS 2326-502 (4FGL J2329.3-
4955). A zenith angle cut of 90° is used to prevent contamination from the Earth’s limb. Included in the
model are all 4FGL-DR?2 point sources within 30° as well as galactic diffuse (gll_iem_v07.fits) and isotropic
(is0_P8R3_SOURCE_V3_v1) background models. The LCR provides light curves in cadences of 3 days, 1

week, and 1 month. For this analysis we use the minimum available time binning of 3 days.

3.4 Methods
Here we report both qualitative and quantitative results from the analysis of multi-wavelength light curves
(mm, optical and y-ray). We focus on the observations made in the first two years of available SPTpol data
(2013-2014), because: 1) PKS 2326-502 entered into a quiescent state thereafter, and 2) there is no publicly
available optical data from SMARTS after 2014. Quantitatively, we measure the local cross correlation
functions (CCFs) of year-long light curves and calculate the significance by comparing these to uncorrelated
simulations. The simulations used here were created by taking the power spectrum of the light curve from
each data set, fitting to a model in which P(f) = Po(1+ (f/ fknee) %), and producing 10,000 simulations of
light curves from each model power spectrum. The simulated light curves are generated in Fourier space
with random phase (i.e., they obey Gaussian statistics in real space). Some recent results have indicated
that, at least in the y-ray, blazar variability is better described by a log-normal probability distribution than
a Gaussian (e.g., Duda and Bhatta, 2021). We have created an alternate set of simulations with log-normal
statistics and do not see any significant change in our results when we use this alternate set.

We calculate the local CCF for each pair of light curves in the real data and all 10,000 simulations using

the following procedure. For a given time lag bin 7, we select all data points in light curves a and b that

3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
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satisfy:

t(a) —1(b) € TEAT, 3.1

where A7 is the bin width, and 7(a) and #()) are the times for observations in each light curve. We define the

local CCF as:
n —a(b:—b
CCF(7) = Ei=! (ai ~a)(bi—b) (3.2)
(n—1)sg8p
where s, is defined as:
3.3)
a is defined as:
1 n
a= - Z a; (3.4)

and i runs over all pairs of points that satisfy Equation 3.1. The simulated CCFs were then used to find the
10, 20 and 30 envelopes for the local CCF.

As discussed in Welsh (1999), the full correlation function and any attempt to determine a lag are chal-
lenging in data that is dominated by the longest time-scale feature in the data. For this reason, we only
calculate the zero-lag correlation and associated p-value for unfiltered data. This p-value is estimated by

calculating the number of simulations that have a higher zero-lag correlation than the data:

N(CCFyim, T =0 > CCFyy10,T =0
P(CCF, 7t — 0) = N(CCFm. T T ©=0) 3.3)
sims

To investigate the full correlation function and to highlight shorter-timescale features we polynomially
filtered the data. We applied a fifth order polynomial filter, which preserves features on ~ 0 — 6 month-long
time scales. We also report the zero-lag correlation and zero-lag p-value of data that has been smoothed by a
boxcar average with a window of 7 days. This smoothing removes any possible dependencies on the binning

from our reported p-values.

3.5 Results
Multi-wavelength (y-ray, optical, mm) light curves for the four years of monitoring of PKS 2326-502 are
shown in Figure 3.1. We note that the raw statistical significance of the variability in all three bands is very
high: The typical signal-to-noise ratio (SNR) in the SPT light curve is ~50 in the quiescent state and over 200
in the flaring state, and corresponding values for the Fermi light curve are 1-2 and 7-10. For SMARTS-R,
where we only have data in the flaring state, the typical SNR is ~50.

Several features of these light curves which make up the primary results of this letter are evident by-eye

in Figure 3.1, including:
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Figure 3.1: Light curves for FSRQ PKS 2326-502. top: Fermi-LAT; middle: SMARTS optical R; bottom:
SPT 150GHz. here we can see long-timescale correlation between mm and 7y-ray observations and short-
timescale correlations between the optical and y-ray observations.

1. Long-timescale flaring state in the first 2 years followed by a 2 year quiescent period.
2. Long-timescale correlations between mm and 7y-rays.

3. Short-timescale correlations between y-ray and optical data.

As discussed in Section 3.4, we use several tools in an attempt to assess these features quantitatively. As
a rough measure of the significance of the correlated year time-scale flare in y-ray and mm, we calculate
the number of simulations that show a similar or larger flux increase over one year in those two bands. We
find that only 42 out of 10,000 simulations show a factor of 2.5 increase over one year in both bands. We
chose a factor of 2.5 because the ratio of the last month’s vs. first month’s flux was 2.7 in SPT and 3.3 in
Fermi. Therefore, we report 0.0042 as a raw, non-trials-corrected p-value for this long-timescale correlated
flaring state. We also calculate the zero-lag correlation for the unfiltered year one data and we find a zero-lag
correlation value of 0.6934 for SPT x Fermi. Only 259 simulations show a zero-lag correlation between SPT
x Fermi higher than this, thus we report in Table 3.1 a p-value of 0.0259 for this correlation.

Another fairly strong identifiable feature in the data is the short ~week-long-timescale flare seen in both
Fermi and SMARTS but not in SPT. This leads to a fairly significant detection of zero-lag correlation even in
the unfiltered data P(CCF, 7 = 0) = 0.001. Once we filter out the long time-scale features we find a zero-lag
correlation value much higher than found in any of our simulations and thus report a p-value of < 10# in

Table 3.1. This confirms that this correlation is being driven by the shorter-timescale feature in the Fermi and
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SMARTS light curves shown in Figure 3.2. By contrast, when we filter SPT x Fermi data in year one, we
find no evidence of correlations on shorter timescales in year one, while in the year two de-trended data, we

show a significant zero-lag detection of P(CCF,t = 0) = 0.0054.
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Figure 3.2: Year one boxcar smoothed light curves (left column), year one boxcar smoothed and de-trended
light curves (middle column), year one detrended light curve cross correlation functions (right column). The
grey shaded regions represent the 1o, 26 and 36 envelopes of simulated CCFs.

For year two, we report a significant correlation between the filtered and de-trended SPT x Fermilight
curves, but none for the SMARTSs X Fermidata as seen in the previous year. (Year two light curves and de-
trended CCF’s are shown in Figure 3.3.) Similarly we find no significant correlations between the unfiltered
or de-trended SPT and SMARTS data in either year’s observations. Finally we note that we measure no

significant correlations at non-zero lag for any data combination.

3.6 Discussion

Our study of the multi-wavelength variability of PKS 2326-502 yields three basic results:

1. Clear long-timescale correlations between y-ray and mm-wave light curves.
2. Clear short-timescale correlations between y-ray and optical light curves.

3. No measurable correlation between mm-wave and optical light curves.

These results have implications for the production mechanism of y-rays in blazars and the structure of
these systems in general, possibly adding motivation to revisit the Unified model. The strong correlations

on short time scales seen in year one but not year two for the Fermi x SMARTS light curves do agree with
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Figure 3.3: Year two boxcar smoothed light curves (left column), year two boxcar smoothed and de-trended
light curves (middle column), year two detrended light curve cross correlation functions (right column). The
grey shaded regions represent the 10, 20 and 30 envelopes of simulated CCFs.

Light Curve Statistics
Dataset zero-lag correlation | zero-lag p-value
SPT x Fermi year one (raw) 0.6934 0.0259
SPT x Fermi year one (de-trended) 0.0745 0.3519
SPT x Fermi year one (smoothed) -0.0488 0.5688
Smarts x Fermi year one (raw) 0.8012 0.0010
Smarts x Fermi year one (de-trended) 0.7249 <107
Smarts x Fermi year one (smoothed) 0.9223 <107
SPT x Smarts year one (raw) 0.3994 0.1770
SPT x Smarts year one (de-trended) 0.0106 0.4880
SPT x Smarts year one (smoothed) -0.0479 0.5657
SPT x Fermi year two (raw) 0.2632 0.2646
SPT x Fermi year two (de-trended) 0.4625 0.0054
SPT x Fermi year two (smoothed) 0.6698 0.0009
Smarts x Fermi year two (raw) 0.3766 0.1163
Smarts x Fermi year two (de-trended) 0.2432 0.1011
Smarts X Fermi year two (smoothed) 0.3444 0.0874
SPT x Smarts year two (raw) 0.2664 0.2738
SPT x Smarts year two (de-trended) 0.0378 0.4353
SPT x Smarts year two (smoothed) 0.0605 0.4135

Table 3.1: Values of zero-lag correlation and associated p-value for de-trended and unfiltered data, and values
of the y>-like statistic, number of degrees of freedom, and associated p-value for the full CCF of de-trended
data. Values for years one and two are reported separately.

traditional models for flaring behaviors. Additionally the lack of correlation between the SPT x SMARTS
light curves, implies that the mechanisms that produce the two respective groups of synchrotron photons may

be different. Furthermore, the high significance of the short time scale correlations for SPT x Fermi in year
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two leads to further questions about the mechanisms behind AGN emissions.

3.7 Conclusion

We have presented results from a pilot study using multi wavelength light curves (y-ray, mm, optical) of
PKS 2326-502, in an attempt to gain new insight into the mystery of AGN 7y-ray emission. While we found
long-timescale correlations between the mm and y-ray and short-timescale correlations between the optical
and y-ray, we found no correlations between the mm and optical. These results are broadly consistent with
the leptonic Self Synchrotron Compton model of y-ray production, but they imply that the production of
synchrotron emission is more complex than a single source at all wavelengths.

While this study only used data from a single object, we have mm-wavelength data from many more AGN
in the SPTpol survey that we are now looking to use to investigate these multi-wavelength correlations. We
look to expand this monitoring program by exploiting the yet more sensitive data from the current camera on
the SPT, SPT-3G (Sobrin et al., 2022). The bulk of SPT-3G time is being used to observe a 1500 deg? survey
field. Thus, SPT-3G will not only increase the number of possible sources to include in further studies but
will also provide AGN light curves with increased sensitivity. In addition to expanding this AGN monitoring
into the SPT-3G survey, we also look to use the data from future experiments to expand our AGN monitoring
program. The CMB-S4 (Abazajian et al., 2016a) and Simons Observatory (Ade et al., 2019) experiments
combined with current mm-wave observatories will cover up to 70% of the sky at nearly daily cadences.
With the mm-wave sky having a larger footprint, it will pair well with future optical survey observatories
such as VRO-LSST (Ivezi¢ et al., 2019) for multi-wavelength AGN studies. CMB experiments are poised to

become an integral part of the AGN monitoring landscape.
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CHAPTER 4

MICROWAVE DETECTOR DEVELOPMENT AND TESTING: ROOM TEMPERATURE
MEASUREMENTS

4.1 Introduction

This section will describe in detail the initial testing of new detectors for the CMB-S4 experiment. With new
CMB experiments on the horizon, the development of detector technologies with increased sensitivity has
been identified as a major focus point. One of these experiments, CMB-S4 or CMB “Stage-4,” is the next
generation ground based cosmic microwave background experiment. The CMB-S4 experiment (Abazajian
et al., 2016b) seeks to explore the physics of inflation, dark matter, neutrinos, and dark energy through pre-
cision measurements of the anisotropies of the Cosmic Microwave Background radiation. A key objective
for CMB-S4 is to search for the primordial B-mode signal predicted by inflation. Figure 4.1 shows current
measurements of the CMB B-mode power spectrum from gravitational lensing. Going beyond these mea-
surements requires more telescopes and many more detectors compared to previous or current experiments

(500,000 detectors for CMB-S4 vs ~10,000 currently, Abitbol et al. 2017b).

4.1.1 Detector Technologies

CMB-S4 is developing feedhorn-coupled Transition Edge Sensor (TES) bolometer arrays, similar to work
described in McMahon (2004) and fielded on SPTpol (Austermann et al., 2012), ACTPol (Grace et al., 2014)
and Advanced ACT (Henderson et al., 2016). In this detector architecture, the signal from the telescope is
transmitted into a feedhorn where it is transduced on to the detector wafer via an Orthomode Transducer
(OMT, see Figure 4.2). The OMT also separates the signal into two orthogonal polarizations. On the wafer,
the signal is transmitted via a superconducting microstrip where it is filtered and eventually thermalized. The
thermal signal is measured by a Transition Edge Sensor (TES) bolometer (Irwin and Hilton, 2005).

TES bolometers can be fully characterized through two kinds of tests: dark tests, which measure the
intrinsic noise of the detectors (from phonon fluctuations), and optical tests, which measure the detector
optical performance, including coupling efficiency and systematics. Our goal was to carry out both dark and
optical tests to characterize the performance of these new detectors. Based on what we found, we will change

the design and construction of the detector to improve its performance and the reliability of its production.
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Figure 4.1: Theoretical predictions for the temperature (black), E-mode (red), B-mode (blue) power spectra.
B-mode spectra are shown for two representative values r = 0.001 and r = 0.05. Also shown are expected
values for the contribution to B modes from gravitationally lensed E modes (green). Current measurements of
the B-mode spectrum are shown for the BICEP2/Keck Array (light orange marker), POLARBEAR (orange
marker), and SPTPol (dark orange marker) from left to right respectively. Detecting the GW B-mode signal
will require many more detectors relative to these experiments. Figure reproduced from: Abazajian et al.
(2016b).

4.1.2 Transition Edge Sensor Bolometers

Large detector arrays for several applications, including CMB measurements, have been enabled by Transi-
tion Edge Sensor (TES) bolometers. These arrays are currently used by the SPT and Atacama Cosmology
Telescope (ACT), enabling both intensity and polarization measurements. Figure 4.3 shows a cartoon of a
bolometer and a plot of the superconducting-normal transition curve for a TES detector. TES measurements
are made by large resistance changes in the sensor, caused by small temperature fluctuations in the absorber
while it is in transition. The transition being talked about is the change between the normal state and the
superconducting state of the metal, which is often niobium.

The shape and width of the transition region can be changed by adjusting the detector geometry and
adding additional features to the superconducting structures connected to the TES (Chang et al., 2015). This
transition is maintained by applying a constant or (bias) voltage across the TES. This bias voltage creates
a strong negative electro-thermal feedback loop that allows the TES to self adjust its location within the

superconducting transition region across a wide range of temperature fluctuations.
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Figure 4.2: Example OMT window structure with each component labeled. Figure reproduced from McMa-
hon et al. (2009).

4.2 Room Temperature Measurements

OMT coupled feed horn detectors are a candidate technology for CMB-S4. At Argonne National Laboratory,
where all of the detector work we describe took place, we began developing fabrication processes for these
types of antennas. In this chapter, we present a design for a room temperature experiment to measure the
coupling properties of Argonne fabricated OMT’s at 90 GHz. These warm measurements are conducted by
coupling the test antenna to the OMT centered above a circular waveguide and choke structure. The test
signal is injected down the circular waveguide where it couples to the OMT antennae. The signal on the
antennae is then read out via a Vector Network Analyzer (VNA). The aim here was to use a simple room
temperature setup to measure the polarization and coupling efficiency of candidate OMT structures. These
room temperature measurements were conducted by first designing an OMT that was made of gold, since
gold is conductive at room temperatures. We used these gold OMT structures to measure the loss across

different lengths of microstrips that would have connected. In the sections that follow, we’ll talk in detail
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Figure 4.3: Left: Cartoon depiction of a bolometer. Incoming light hits an absorber, heating up a thermometer
with heat capacity C. The thermometer is connected to a cold bath through a weak thermal link G. Right: Plot
of resistance vs. temperature showing the superconducting transition of a TES. When operated at a point
centered within the dotted region of the curve, the TES serves as a very sensitive thermometer. Figure
reproduced from Abitbol et al. (2017a).

about how the experiment was set up and what the measurements at room temperature showed.

4.2.1 Experimental setup

In order to complete the necessary room temperature measurements, we needed to design a test chip that
could be easily fabricated and geometrically altered. A plus-sign shaped test structure was selected since the
OMT design would fit well and multiple signals could be probed. Figure 4.4 shows both the Solid Works
model of a ~550 micron thick outline of the shape of the test chip as well as the graphic model of the chip
that was created using Graphics Data System via Python to create a mask that shows where the microstrip,
OMT antennae, and other features are found. The fabrication of this chip would take this outline and mask
the locations where gold was to be layered on the wafer.

The OMT window is created by a layer of Silicon Nitride that is between the silicon wafer and gold, as
seen in Figure 4.6. The shape of the wafer is cut out of a larger wafer, and the OMT window is also removed
using a chemical etching process.

With the chip design chosen, a mounting structure needed to be designed to hold the chip in place during
testing. This structure needed a number of important components that would make taking the measurements

as repeatable as possible. These requirements are listed here:

1. OMT back short depth machined to 1/4 measured wavelength.

2. Sufficient spacing between the chip and OMT window to allow slack.
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Figure 4.4: Left: Solidworks drawing of the shape the silicon wafer containing the test antenna. Right: GDS
model of silicon wafer with dimensions.

horn
OMT
probes

Figure 4.5: Visual of how the wafer fits into the base of the test block, focusing on the center OMT window.

3. Alignment pins to secure the chip.
4. Alignment pins between lid and base.
5. Mounting spaces for Edge Launch Connectors (ELCs).

6. Waveguide centered in lid above OMT window.

As seen in Figure 4.6, the base of the assembly is centered around the 220 GHz OMT backshort. Around

the edges are the ledges where the test chip is elevated just above the window and held in place by the Edge
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Launch Connectors (ELC’s). The lid would then be attached to the base through alignment pins and screwed

tight.

Figure 4.6: Solidworks models for: A) base of bracket and chip holder, B) lid of bracket, C) exploded view
of entire assembly, D) complete assembly.

The device measurements were made by using a Vector Network Analyzer (VNA) to send a signal through
the waveguide in the lid of the sample box and down onto the OMT antennae. The antennae would then absorb
the signal and transmit it through the microstrip and down to the ELC’s. The results of these measurements
will be discussed in section 4.2.2.

In order to make our measurements, we identified all possible points of signal leakage and feedback-
/reflection and took precautions to minimize their effects. As for any internal reflections, we put 50 Ohm
terminating resistors on each microstrip lead that wasn’t connected to the VNA’s read-out line, as shown in
Figure 4.7. This outline shows the path that the microwave signal produced by the VNA will follow once
absorbed by the OMT probes. In this case, we are looking to measure the signal absorbed that travels down
only one of the paths, representing roughly half of the total signal in that mode. The reason for the 50 Ohm

resistors is to completely dampen out any possible reflections that may return from the ELC’s.

4.2.2 Experimental Results
After making multiple measurements through our gold OMT test structures, we came to the conclusion that
the gold was too resistant. While we were able to confirm that the design and geometry of the OMT probes

were optically efficient, we were unable to make any significant signal measurements through our VNA
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Figure 4.7: Electrical schematic of warm test readout

readout. This loss was verified by placing multiple breaks on a microstrip of different varied lengths and

measuring the power at the end of each, as seen in Figure 4.8.
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Figure 4.8: Gold resistivity at varying lengths of microstrip in millimeters.
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This measurement shows us that at room temperatures, as the length of the microstrip grows, the resistance
of the material increases. This indicates that the use of gold to conduct any further experiments of material
loss using varied lengths of microstrips would lead to null results since the higher the resistance the lower
the signal transmission through the microstrip. To verify that the signal was being absorbed by the OMT
probes and not simply reflected back into the VNA, reflection and transmission measurements were taken
that verified that in both pairs of terminated microstrips and the connected transmission lines there was little
to no reflection as seen in Figure 4.9. In this figure we see that with the complete assembly intact and the
chip in place we see absorption from the OMT probes as a dip in the signal around 100 GHz (where the probe
geometry was designed to function) where in the compete assembly with no chip there is a roughly 10 dB

signal reflected the entire range of frequencies.
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Figure 4.9: VNA reflection measurements made with complete test assembly. Complete assembly with chip
and termination resistors in place (black). Complete assembly box with no chip or resistors (blue). Measured
reflection of each length of microstrip (green, red, purple, maroon).

This figure also shows that when connecting the signal port to either of the microstrip lines after removing
the termination, we see a massive loss in the power, indicating that the signal is unable to propagate through
the microstrip either way through transmission or reflection. This pointed out a limitation in our room temper-
ature measurements and identified the need to move on to conducting cryogenic testing of similar structures.
Therefore, we then took the design and geometry of the OMT probes and applied them to our OMT test

structures as described in Section 5.
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4.3 Continued R&D approach
Further development and testing of these devices include the following objectives. For the mechanical mount-
ing hardware, we use Solidworks models to design a new mechanical holder that will mount the detector wafer

(Figure 4.10) in the cryostat and provide the wiring for detector bias and readout.
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Figure 4.10: Left: Picture of a CMB detector array that is 150 mm across. Right: Close up of a single
detector pixel. The signal is coupled on to the wafer from waveguide through the central OMT. The OMT
also separates the signal into two orthogonal polarizations. The signal is then filtered and measured by a TES.
Images courtesy Tom Cecil.

Measuring the detector I-V and R-vs-T curves, which measure the underlying physics of the detector
noise, the detector saturation power, Py, Which is determined by the weak thermal link and the detector oper-
ating temperature, T, determines the fundamental detector noise. Where the P, is measured by the detector
I-V curves, the T; on the other hand, is measured by the detector R-vs-T curves. The optical tests will involve
coupling the entire wafer to a feed-horn array. We input an optical signal using either an internal blackbody
source or an external source with modulated polarization. The internal black body allows us to measure
the detector’s optical efficiency while the external source allows us to measure the detector’s polarization
properties (Pan et al., 2018). We carried out these measurements and compared the results to predictions
of a detector model that I will simulate using RF software, High Frequency Simulation Software (HFSS).
We additionally measured the microstrip loss using different geometries and materials. These measurements
were made at cryogenic temperatures in order to use Microwave Kinetic Inductance Detectors (MKIDs) as
the connected detectors. These detectors were chosen because they are easier to fabricate than TES and have
a faster turn-around time for the experimental stage of testing. The results of these measurements will be

further discussed in Chapter 5.

34



44 Summary

In conclusion, our room temperature measurements have contributed to developing the OMT-coupled detector
technology at Argonne and are part of my long-term goal of developing this technology for deployment in
the CMB-S4 experiment. Next, we report on measured detector response to a black body source while cold,
to measure the detector performance and efficiency that characterize the dark properties of the microstrip

materials using MKIDs, which will be further discussed in Chapter 5.
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CHAPTER 5

TESTING LOW-LOSS MICROSTRIP MATERIALS WITH MKIDs FOR MICROWAVE
APPLICATIONS
The following work has been submitted to the Journal of Low Temperature Physics (November 1,

2021) and is reprinted below in its entirety

TESTING LOW-LOSS MICROSTRIP MATERIALS WITH MKIDs FOR
MICROWAVE APPLICATIONS

J. Hood"?34 P.S. Barry>3, T. Cecil?, C. L. Chang?3~, J. Li%, S. S. Meyer>*>6, Z. Pan~, E. Shirokoff>,
A. Tang6
! Dept. Physics and Astronomy, Vanderbilt University,Nashville, TN 37235
2 Kavli Institute for Cosmological Physics, Univ. of Chicago, 5640 S. Ellis Ave., Chicago, IL 60637
3 Argonne National Laboratory, High-Energy Physics Division, 9700 S. Cass Ave., Argonne, IL 60439
4 Dept. of Astronomy and Astrophysics, Univ. of Chicago, 5640 S. Ellis Ave., Chicago, IL 60637
5 Enrico Fermi Institute, Univ. of Chicago, 5640 S. Ellis Ave., Chicago, IL 60637
6 Dept. of Physics, Univ. of Chicago, 5640 S. Ellis Ave., Chicago, IL 60637

5.1 Abstract

Future measurements of the millimeter-wavelength sky require a low-loss super- conducting microstrip, typ-
ically made from niobium and silicon-nitride, coupling the antenna to detectors. We propose a simple device
for characterizing these low-loss microstrips at 150 GHz. In our device we illuminate an antenna with a ther-
mal source and compare the measured power at 150 GHz transmitted down microstrips of different lengths.
The power measurement is made using Microwave Kinetic Inductance Detectors (MKIDs) fabricated directly
onto the microstrip dielectric, and comparing the measured response provides a direct measurement of the
microstrip loss. Our proposed structure provides a simple device (4 layers and a DRIE etch) for character-
izing the dielectric loss of various microstrip materials and substrates. We present initial results using these
devices. We demonstrate that the millimeter wavelength loss of microstrip lines, a few tens of millimeters

long, can be measured using a practical aluminum MKID with a black body source at a few tens of Kelvin.

5.2 Introduction
Superconducting microstrip is commonly used in detector arrays for measuring the Cosmic Microwave Back-

ground (CMB) where it serves as the transmission line for the optical signal. The CMB is an imprint of the

36



universe from when it was only ~380 K years old and provides unique insight into fundamental physics. Cur-
rent and upcoming measurements of the CMB temperature and polarization require large arrays of detectors
observing from ~30GHz to 300 GHz, and superconducting microstrip is a key technology for all state-of-
the-art CMB architectures as seen in (Ade et al., 2015; Suzuki et al., 2012; Posada et al., 2018; Duff et al.,
2016; Rostem et al., 2012; Abazajian et al., 2016a). In this paper, we introduce a device that uses Microwave
Kinetic Inductance Detectors to measure the microstrip dielectric loss at both a few GHz and ~220 GHz. We
present our device design and fabrication, a measurement of the low frequency loss for our materials, and the

predicted outcome of our measurement at ~220 GHz.

5.3 Design

Our design is shown in Fig. 5.1. Incoming light feeds our detectors via feed horns and then couples to our
device through a planar ortho-mode transducer (OMT). From the OMT probes the signal travels through a Co-
Planar Waveguide (CPW)-to-microstrip transition consisting of alternating sections of CPW and microstrip
waveguide. The microstrip consists of a ground and top conductor layer of niobium (Nb) with a dielectric
layer of silicon nitride. In each pixel, each polarization couples to two pairs of detectors where the power is
split in half and transferred to the two detectors through different lengths of transmission lines. Each of the
detectors are Al MKID designed with parallel plate capacitors so that they are also sensitive to the underlying

dielectric and can then measure the loss at a few GHz.

5.4 Device Fabrication

Fabrication is done on a double-sided polished high resistivity 500 um thick silicon (Si) wafer with one side
coated by 450 nm of thermally grown SiO; and 2 um of Low Pressure Chemical Vapor Deposition (LPCVD)
Si3Ny. These layers were both commercially deposited, the commercial SizNy layer serves as the structural
support for the OMTs. The 450 nm SiO; layer is the etch stop layer for the deep silicon etching process
Fig.5.2. The first layer of commercially deposited silicon nitride (SizNy4), step A (red) acts as a stop layer for
the deep silicon etch done in the last step. Next, we deposit 300 nm of Nb using sputtering, which is then
patterned and etched using inductively coupled plasma (ICP) etching (step B) to make the ground plane. We
then grow a layer of SiN3 with a thickness of 500 nm, which makes up the dielectric layer of our microstrip
(step C). Next, a 30 nm thick layer of aluminum (Al) is subsequently deposited using sputtering, patterned,
and wet etched using a standard phosphoric acid-based Al etchant (step D), which forms the Al capacitor pads
and Al inductors of our MKIDs. The last metal layer consists of a 300 nm layer of Nb, which is deposited via
sputtering, patterned, and plasma etched (step E). This layer makes up the Nb wiring of our device, including

the CPW readout lines, OMT probes, and the CPW part of our CPW-to-microstrip transition section.
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Figure 5.1: OMT with antennae probes (A), short microstrip (B) to MKID detector (C) and long microstrip
(D). The long microstrip length varies across multiple devices ranging from 2.65 mm to 200 mm longer in
length. Terminating resistor (E). F is the CPW to microstrip transition.

In the last step (step F), we use a deep silicon etch to remove the handle wafer from underneath the OMT
and capacitor part of our MKIDs. This is done by first spinning a protective resist layer on the front surface
of the wafer. We then flip the wafer, pattern the backside and use deep reactive ion etching (DRIE) to etch
until the Si3Ny stop layer. Hydrofluoric acid (HF) bath is then used to remove the SiO; stop layer, which
would otherwise contribute significant two-level system (TLS) loss and noise to our MKID. We also release
the chip itself in this final step. The outer dimensions of the chip are defined during the deep silicon etch.
We leave several tabs at the corners of the chip to physically connect it to the wafer frame during subsequent

processing. After all processing is complete the chip is snapped from the wafer frame, breaking the tabs.

5.5 Testing Results

We fabricated our first batch of test devices using aluminum for both the capacitor and inductor. In Fig. 5.3 we
show the S21 vs. frequency sweep measured with a vector network analyzer (VNA). There are 12 resonators
in total for a yield of 100%. The resonance dip depth changes as a function of driving power at the resonator,

and the bifurcation power for these resonators is around -85 dBm.
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Figure 5.2: Outline of the fabrication process. The side profile shows layers of Si (black), SizNy (red),
Nb (green), Al (blue), dielectric (pink). A) Si wafer with SizNy layer deposited. B) First layer of Nb. C)
Dielectric layer. D) Al layer. E) Top Nb layer. F) Handle wafer etch done to open OMT window.
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We measure temperature-dependent frequency shifts at high power levels as probes for dielectric loss
at low frequencies below 10 GHz as described in (Carter et al., 2019). Here we measure the S21 of each
resonator as a function of frequency in a small segment near the resonant frequency and fit for the resonance
frequency. We then vary the stage temperature and plot the resonance frequency as a function of operating
temperature. The frequency shift at lower temperatures can be described by a two-level system (TLS) model
which describes the tunneling states in amorphous solids and their coupling to external electrical fields. The

frequency shift is described by (Phillips, 1987; Pappas et al., 2011):

f(T)—fo  F&%s 1 fo fo
% = [Re‘l’ < - ) —log kBT] 5.1

2 jkgT
Where W is the complex digamma function, F is the filling factor of the TLS, 519LS is the loss tangent,
f(T) is the temperature-dependent resonant frequency, and fj is the resonator frequency at zero temperature.
At higher temperatures, the frequency shift is dominated by the breaking of Cooper pairs, and the model is
discussed in (Gao et al., 2008). We fit the data to the model and obtained F 89, =2 x 1073 for the resonators.
The electrical field is mostly confined in the dielectric for our design, so F is close to one, and this indicates
our loss tangent 6&5 is close to 2 x 1073, which is typical for silicon nitride, the material we used for our
dielectric. Note that the measurements done above are with a sample enclosed by an aluminum box, and this

sample is not coupled to an optical source. The next step is to fabricate devices with aluminum inductors and

Nb capacitors and couple the devices to an optical load.
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Figure 5.3: S21 vs. frequency sweep of the mm-loss device. All 12 designed resonators appear as dips with
100% yield.
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Figure 5.4: Left: the resonator fractional frequency shift as a function of temperature and the fit to Eqn. 5.1
as well as the higher-temperature model described in (Gao et al., 2008). This shows the measured loss at
~1-10 GHz. Right: resonance S21 as a function of temperature. We extracted the resonance frequencies
from the S21 measurements and fit frequency as a function of temperature.

5.6 Forecast for Microstrip-Loss Measurement at ~ 220 GHz

In the previous section, we demonstrated that we could fabricate these devices with a 100% yield and measure
the dielectric loss tangent at ~10 GHz. We can also measure the loss at ~220 GHz by illuminating our device
with a black body and comparing the response between detectors with different lengths of transmission lines.

Here, we predict the MKID optical response for varying microstrip lengths and a black body temperature
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of 40 K. To model this, we first calculate the expected power that will be transmitted down the different mi-
crostrip lengths and absorbed by our detectors. Second, we calculate the number of quasiparticles generated
by this absorbed power. Finally, we use our measured frequency shift as a function of temperature to convert
the number of quasiparticles into the predicted detector response.

To calculate the optical power absorbed by each detector, we use the Rayleigh Jeans approximation and

the following equation:

—(dxL1) —(d=L2)

P=k,«xT+Avsnje % 05¢ % , (5.2)

where: k; is the Boltzman constant, T is the black body temperature, Av the optical bandwidth (which
we take as 25 GHz), 7y is the transmission for each of our two free space filters (which we take as 0.95),
A =7.559 x 10~ is the wavelength in microstrip, and L1 is the length of microstrip from the OMT paddles
to the power splitter (which is ~1.1 mm). There is a factor of 0.5 to account for the power splitting between
the two detector arms and L2 is the varying length of microstrips (2.65 mm, 10 mm, 20 mm, 30 mm and
200 mm) and d is the dielectric loss tangent. To determine the number of quasiparticles from the absorbed
optical power, we use N;, = P17,,/MA. Since 1), o Nq’p1 as seen in (Baselmans, 2012), we are left with the

following equation:

Pr, N,
Ngp(P) = \/ T e— (53)

where 7,025k = 0.05ms is the quasiparticle lifetime we measure from the our Generation Recombination

(GR) noise roll-off at 250 mK, and N, 0.25x = 595.3 is the calculated quasiparticle number at 250 mK.

Detector Response at 40K

31— tan6 = 2.50x1073
------- tand = 0.70x1073

0 25 50 75 100 125 150 175 200
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Figure 5.5: Predicted fractional frequency shift as a function of differential microstrip length at ~220 GHz.
Both lines are coupled to the same black body with a temperature of 40 K.
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To calculate the change in detector resonance frequency due to the change in quasiparticle number, we
use the slope of the high temperature data shown in Fig. ??. Fig. 5.5 shows our prediction for the detector
fractional frequency shift (61/f) for the various microstrip lengths, a black body temperature of 40 K, and two
different loss tangents. The choice of loss tangents is motivated by the measurements in the previous section
and (Duff et al., 2016). Since we can typically measure 8f/f down to values of 10~7 we expect to have no

issue measuring Sf/f at a level of 1074,

5.7 Summary

In conclusion, for the loss tangents that we expect these materials to have, at reasonable black body source
temperatures and microstrip lengths, our predicted 8f/f is large enough for us to measure the loss tangent.
Therefore we have demonstrated that the mm-wavelength loss of microstrip lines, only a few tens of mm

long, can be measured using a practical aluminum MKID with a black body source at a few tens of Kelvin.
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CHAPTER 6

SUMMARY

In this thesis, we described the results of both microwave detector development work and our pilot AGN
monitoring study. The results of our microstrip loss measurements and room temperature measurements show
that for the loss tangents we expected our materials to have from previous experiments, at reasonable black
body temperatures and microstrip lengths, our predicted 8f/f is large enough for us to achieve measurable
loss tangents. Therefore we have demonstrated that the mm-wavelength loss of microstrip lines, only a few
tens of millimeters long, can be measured using a practical aluminum MKID with a black body source at
a few tens of Kelvin. These measurements will help guide further efforts in the development of detector
technologies for CMB experiments. Additionally, we have taken data originally meant to study the CMB and
developed a method of processing it for the use of monitoring point sources. In addition to the discovery
space, we have strong evidence that mm-wave monitoring of AGN will shed light on specific long-standing
mysteries in AGN studies, in particular the origin of y-ray emission and the possible correlation with high-
energy neutrinos. The pilot study presented in this thesis, will serve as a great foundation for an expansion of
similar software pipelines and methods to be implemented into projects like Simons Observatory and CMB-
S4. Additionally, this study will serve as a catalyst to bring different astronomical communities together from
different wavelength regimes, including polar and non-polar research teams to study AGN. The significance
of this joint effort is that it will be able to answer questions about the emission sources of AGN through multi-
wavelength correlation studies. Making the mm catalog available to everyone, as suggested by the Decadal

Survey, is the most effective way to solve the long-standing questions about AGN physics.
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CHAPTER 7

APPENDIX

Table 7.1: AGN found in AT20G and SPTpol survey, decreasing in average SPT flux

RA DEC AT20G Flux (mJy) | SPTpol Flux (mJy)
352.33206 | -49.92615 221 857.6891
14.69086 -56.98399 842 733.0095
12.49499 -57.63815 1872 495.0398
331.92767 | -53.77746 1122 443.1507
339.79593 | -57.02045 925 395.8309
348.93268 | -50.31010 726 369.616
15.886239 -64.6495 323 311.6593
354.04837 | -52.60524 1069 281.158
353.685 -52.854459 934 279.93
23.26988 -51.99899 1198 227.9214
19.95725 | -53.953169 245 204.966
340.77765 | -62.849219 235 189.4486
341.56573 | -56.13224 1052 176.9112
28.57927 -51.12897 329 170.75
21.23532 -51.219 745 143.0875
337.78384 | -62.52101 275 130.4427
15.54022 -56.61524 204 125.5117
359.68448 | -60.88035 311 117.8467
357.10141 -60.82291 144 116.7781
347.2583 -50.84908 135 112.43
356.8309 -51.17595 407 111.982
26.700029 | -52.04054 226 110.5314
354.3598 -59.02013 264 104.169
25.60351 -57.4985 75 100.8344
345.39951 | -59.222519 155 95.2117
355.86041 -56.43956 109 89.5304
330.99731 | -61.504059 387 89.3338
343.7359 -59.43315 180 88.2769
2.00597 -52.72435 124 88.1281
4.85861 -56.69463 72 86.6067
345.96402 -54.1123 206 85.7667
22.07921 -56.82579 189 84.5478
0.71924 -59.8039 71 81.4112
17.30534 | -60.828369 460 79.4477
26.05917 -64.36068 186 76.3292
332.199039 | -63.428769 353 72.9623
5.92585 -59.50798 85 67.0503
358.91449 -54.3089 93 64.9062
17.55952 -63.26379 206 63.7246
15.30378 -62.5502 184 58.325
5.75459 -56.83405 99 57.3348
350.19791 -53.16189 79 55.7061
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Table 7.1: (Continued) AGN found in AT20G and SPTpol survey, decreasing in average SPT flux

RA DEC AT20G Flux (mJy) | SPTpol Flux (mJy)

1472664 | -52.32257 170 55.0059
359.94571 | -50.70908 68 54.1629
2495505 | -52.29552 91 53.8353
15.77591 | -51.151959 82 52.6971
1427087 | -52.23793 97 52.4791
7.89025 51.7224 78 51.7095
333.39017 | -63.49933 316 49.697
2920482 | -54.66137 278 47.8283
339.59885 | -51.24187 54 46.0396
338.58746 | -54.10189 80 44.9852
2197799 | -51.61019 100 449567
34931079 | -62.258109 132 44.8609
34358746 | -51.81415 56 44.6636
2849135 | -54.113319 50 445732
1.82629 61.2165 150 43.8109
3.6067 256.63743 134 42,5683
0.76231 | -55.501619 44 423707
355.820979 | -57.16091 127 41.8845
469814 | -51.24754 154 40.3085
563718 | -51.88686 77 40.1167
35024872 | -54.0427 87 39.1415
339.76801 | -55.434059 152 38.7845
350.424679 | -64.63515 62 37.8657
340.59256 | -60.74119 66 37.5519
350.71716 | -53.367419 130 37.1451
148773 | -56.47314 151 36.215
342.14145 | -59.567869 57 35.8419
0.78995 | -54.747869 95 35.758
16.02771 | -56.95244 40 35.3449
23.947879 | -52.73672 55 34.6265
14.83002 | -61.44543 70 33.8022
10.02401 | -59.062969 174 33.7057
939506 | -53.12544 81 33.5737
1227224 | -55.35252 89 33.5723
35434491 | -52.27124 221 32.7358
330.71362 | -56.59536 69 32.571
15.87355 | -51.596709 87 31.433
343.95596 | -52.76189 247 30.7714
1.05539 -52.9166 65 30.2956
358.34286 | -58.95704 62 29.715
25.42046 | -56.84158 135 28.8379
235335 | -55.43769 47 28.5584
331.81226 | -63.42705 76 27.6372
240043 | -63.95921 59 27.2022
21.5964 | -51.050979 111 27.0822
349.81647 | -53.53011 75 26.7883
356.96692 | -59.262069 72 26.5597
28.78945 | -64.42266 51 26.1764

Continued on next page
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Table 7.1: (Continued) AGN found in AT20G and SPTpol survey, decreasing in average SPT flux

RA DEC AT20G Flux (mJy) | SPTpol Flux (mJy)
25.72907 | -60.74803 106 25.6922
336.7774 | -52.33105 152 25.4988
629199 | -54.45881 59 25.0504
33256216 | -50.5175 51 22.6796
347.75281 | -60.756159 47 225762
337.67654 | -63.4906 103 22433
340.96518 | -56.93965 142 22.1428
357.18481 | -58.78605 48 22.0438
342.90076 | -54.88641 62 21.7274

239187 | -51.82798 60 21.4474
356.17227 | -61.14048 90 21.3408
27.70516 | -60.73354 48 21.2709
337.54202 | -63.17834 165 20.9919

234176 | -51.50249 49 20.9789
352.01886 | -56.50138 43 20.874
334.60229 | -64.91107 71 20.5517
332.62671 | -55.14559 64 20.3353
34836017 | -53.724909 139 19.8179
2041382 | -63.15081 54 19.7166
29.340359 | -54.3767 48 19.6784
340.07059 | -52.531169 55 19.5101
22.13795 | -52.92033 175 19.3522

3.3499 ~50.08538 71 18.9308
334.92569 | -52.90662 90 18.9242

33457794 | -50.64648 119 17.871
935586 | -59.29803 50 17.695

334.17035 | -56.62517 64 17.6404
15.95425 | -63.84885 61 17.4556

355.32568 | -58.26928 204 17.3142

337.67053 | -54.25526 57 17.2036

351.29456 | -56.941759 121 16.0752
20.02916 | -52.1834 59 15.7316

347.01578 | -52.315 72 15.3273
955393 | -61.21159 68 15.242

34921924 | -55.13178 104 15.1697

347.789029 | -56.41394 99 147126

342.90698 | -58.019969 79 14.6078
18.33923 | -53.49431 117 14.4342

336.73737 | -62.63039 84 14.0324

6.9038 | -54.152359 43 13.7389
11.33271 | -54.79409 62 13.721

347.61609 | -59.6834 134 13.502

334.96887 | -63.55955 75 13.1115

334.00488 | -52.6313 82 13.041
0.79948 | -59.097019 49 12.9605

343.48816 | -50.420629 60 12.9207
498646 | -62.883419 »n 12.7752
6.304559 | -60.47472 52 12.5526
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Table 7.1: (Continued) AGN found in AT20G and SPTpol survey, decreasing in average SPT flux

RA DEC AT20G Flux (mJy) | SPTpol Flux (mJy)
344.188479 | -51.97893 157 11.8937
2538427 | -54.46337 13 11.6725
347.48892 | -61.141319 87 10.8226
1227283 | -64.4197 94 10.7395
0.7247 756.35423 94 10.6559
5.83467 | -60.77194 47 10.6526
400498 | -63.16757 67 10.2283
336.75638 | -52.557269 110 9.977
28985400 | -51.42559 115 9.6648
34137305 | -59.92252 71 9.1708
345.49658 | -53.72638 86 9.1062
2029263 | -56.043269 50 8.85
14.683639 | -59.53086 50 8.4863
331.26648 | -55.298269 92 74575
33216 756.17326 48 74517
354.8027 | -55.3928 65 72478
34474728 | -59.32861 ) 6.925
354.338980 | -50.557 48 6.6134
348.28159 | -55.06641 61 6.4576
229591 | -51.86458 49 6.4218
16.56182 | -50.73233 47 6.3053
350.53400 | -54.7567 73 6.0491
341.78333 | -54.15028 56 5617
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