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ABSTRACT OF THE DISSERTATION

Applications of High-Contrast Imaging
Techniques and Polarimetry to

(Exo-)Planetary Science

by

Briley Lynn Lewis
Doctor of Philosophy in Astronomy and Astrophysics
University of California, Los Angeles, 2024
Professor Michael P. Fitzgerald, Chair

The goal of this thesis is to characterize circumstellar disks and substellar objects, from
moons to brown dwarfs, by improving and applying techniques from high-contrast imaging.
To do so, I led four projects, two of which expand the range of targets accessible by high-
contrast imaging. In Project 1, I develop an improved algorithm for high-contrast imaging
data processing, enabling detection of fainter, smaller planets; this algorithm uses both
spatial and temporal information on the speckle noise present in high-contrast images, and
will be especially useful for next-generation photon-counting detectors such as Microwave
Kinetic Inductance Detectors (MKIDs). In Project 2, I demonstrate a new technique to
detect and monitor ejections of ice particles from subsurface oceans on outer solar system
bodies, such as Jupiter’s icy moon Europa, using ground-based polarimetric imaging. Such
plumes have not been confirmed on Europa, but are of significant interest for astrobiology

and planning for the upcoming Europa Clipper mission.

The remaining two projects use existing analysis techniques to investigate individual sys-
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tems of interest that add to our understanding of planet formation. In Project 3, I charac-
terize the atmosphere of a brown dwarf around HIP 93398, a recently discovered companion
identified via the Hipparcos Gaia Catalog of Accelerations, using high-resolution spectra
from SCExAO/CHARIS. With both a dynamical mass measurement and high-resolution
spectroscopy, HIP 93398 B provides substantial constraints on models of brown dwarf evo-
lution. In Project 4, I constrain the morphology and scattering properties of the debris disk
around the bright star HD 155623, a unique “hybrid” debris disk that shows signs of youth
despite it the system’s older age, using polarimetric data from the Gemini Planet Imager.
With the information from my investigation, the HD 156623 system can now serve as a
benchmark for models aiming to explain how gas and dust interact during the later stages

of planet formation.

These investigations both further innovation in exoplanet imaging techniques and, re-
spectively, provide insight into detections of extrasolar planets, the nature of oceans beyond
Earth, the mechanisms of planet formation, and the atmospheres of giant planets and brown

dwarfs.
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LIST OF FIGURES

Diagram of stKLIP input sequence setup — translating phase screens (top) and
resulting image sequence (middle) — with the corresponding block diagonal space-
time covariance matrix (bottom). Each covariance block C; is the covariance for
a single lag, with shape n, x n,, and together they create a single space-time
covariance matrix C with size ngn, X nsn,. The covariance matrix takes this
form because the 2d images are flattened into 1d vectors, which are then joined

to make an n, x ng 1d vector, which is multiplied by its transpose to create this

One-dimensional demonstration of speckle interference. Two sinusoidal pertur-
bations in the pupil plane interfere to create moving speckles in the image plane.
Top: 1d phase screen with interfering sinusoids over time. Middle: 1-d intensity
over time without a coronagraph, showing the Airy pattern. Bottom: 1-d inten-
sity over time with a coronagraph, with the speckles’ relative evolution appearing
more clearly due to the lack of coherent light, C(Z). This simulation is used as a

test of the space-time speckle covariance theory in Section 2.2.2. . . . . . .. ..

Space-time covariance matrices for pupil plane (middle) and focal plane (bottom)
of a 1-d model of two sinusoids with different frequencies — as illustrated in the
top panel of Figure 2.2 — with an annotated view of the simulation (top). These
matrices show a symmetric pattern that changes with the number of lags used,
due to the change in the speckles’ relative locations. At lags 0 and 100, the peaks
are due to the alignment of the speckles’ peaks, as marked in the top panel; lag 25
illustrates the lower covariance when the speckles are in slightly different places,
and lag 50 shows two lower intensity peaks when the speckles are separated.
Importantly, for a given non-zero lag, there are non-zero terms, indicating that

there are temporal correlations. . . . . . . . . ... ... L.
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2.5

2.6

2.7

Two-dimensional test of speckle interference. A sinusoidal phase screen (top)
produces a speckle pattern imposed on an Airy disk (middle). Subtracting the
PSF of a model without perturbations, we simulate observations of this sinusoidal
perturbation with a “perfect” coronagraph (bottom). All images depict the in-
tensity (I = |E|?). This simulation is used as a troubleshooting step for a first

implementation of the stKLIP algorithm. . . . . . . .. ... ... ... ... ..

One frame of the input sequence (left) for the simple two-sinusoid test case with
a coronagraph, with the residuals after PSF subtraction using mean-subtraction,
KLIP, and stKLIP, showing a clear reduction in speckle intensity. Both stKLIP
and baseline KLIP reduce image variance by a factor of at least 5.7 from the
original image, an improvement over simple interventions like mean-subtraction.
Although stKLIP does not improve upon KLIP in this limited test case, it is
important to remember that we have not optimized for modes and lags in this
scenario; this step was intended for troubleshooting, not rigorous characterization

of the algorithm. . . . . . . . . . ..

Examples of MEDIS simulations. (Top) Pupil plane, illustrating the phase screen.
(Bottom) Focal plane, with a clearly bright companion object. These simulations
are used as a preliminary test of stKLIP’s efficacy and potential; however, there

is a large parameter space to explore beyond the scope of this work. . . . . . . .

One frame of the input sequence (left) from MEDIS, with the residuals after PSF
subtraction using mean-subtraction, KLIP, and stKLIP. Both stKLIP and base-
line KLIP reduce image variance by a factor of ~1.85 from the original image for

the listed case of 10 modes and 2 timesteps lag in stKLIP. . . . . . . ... ...



2.8

2.9

2.10

3.1

3.2

Companion signal over number of KL. modes used in the model PSF subtraction;
this figure shows that signal loss begins around 5 modes, indicating that future
iterations of this algorithm would benefit heavily from implementing measures
to prevent self-subtraction. Certain choices of lag (4, 5, 6, 8) show a minor

improvement in signal retention over spatial (lag = 0) KLIP. . . . . .. ... ..

Companion signal-to-noise ratio (SNR) compared to the original image SNR, over
number of KL modes used in the model PSF subtraction; this figure shows a 10—
20% improvement over the original image using stKLIP and KLIP, with stKLIP

having a slight edge (on the order of a few percent) for certain choices of lag. . .

Contrast curves, as well as contrast improvement (a comparison to the original
image’s contrast curve), for three cases of KL modes: 5, 7, and 20. Each shows
results for the image processed with baseline KLIP (0 lags) as well as stKLIP
with a variety of lags. stKLIP is consistent with KLIP improvements, and in

certain regions may show improvements depending on number of lags used. . . .

Diagram of the orientation of the Stokes vector components I, @), U, and V, as
well as the definition of the angle of linear polarization (AoLP). This visualization
is as if the beam is propagating out of the page towards the observer, centered

on the origin. Figure adapted from Fig. 1 of De Boer et al. [2020]. . . . . . . . .

Preliminary reduction of broadband polarimetric imaging of Europa; columns
correspond to the average flux density in the J band, H band, and K band
respectively, rows correspond to total intensity and polarized intensity. Note the
different color scaling in each (mJy vs. Jy), as Europa is significantly brighter in
total intensity than in polarized light; additionally, Europa appears significantly
brighter at J band. Images are shown with North up, East left; approximate
positions of Europa’s North Pole and the subsolar point (marked with a red x)

are indicated in the bottom right. . . . . . . . .. .. ... ... L.
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3.3

3.4

3.5

3.6

3.7

Preliminary reduction of broadband polarimetric imaging of Europa in Stokes
@ and U showing the average flux density in each band. These images show a
“butterfly” pattern as expected for a face-on, circular source [De Boer et al., 2020].
Images are shown with North up, East left; approximate positions of Europa’s
North Pole and the subsolar point (marked with a red x) are indicated in the

bottom right. . . . . . . . . L

A simplified diagram illustrating the relevant components of the optical path from
the Subaru telescope to SCExAO/CHARIS. Adapted from Fig. 1 in van Holstein
etal. [2020]. . . ...

Polarimetric accuracy for SCExAO/CHARIS across the broadband wavelength
channels for an 0.1% polarized source such as Europa. Polarimetric accuracy s,

is calculated as s; = |q|Syel + Sabs, as in GJ’t Hart et al. [2021]. . . . .. .. . ..

Preliminary reduction of polarimetric imaging of Europa in CHARIS high-resolution

H-band mode; columns correspond to three wavelength channels within the data
cube, rows correspond to total intensity, and polarized intensity. Note the dif-
ferent color scaling in each, as Europa is significantly brighter in total intensity
than in polarized light. Images are shown with North up, East left; approximate
positions of Europa’s North Pole and the subsolar point (marked with a red x)

are indicated in the bottom right. . . . . . . . .. . ... o000

Preliminary reduction of CHARIS high-resolution H-band polarimetric imaging
of Europa in Stokes () and U. These images show a “butterfly” pattern as ex-
pected for a circular source. These images appear noisier because they are single
wavelength channels instead of an average over a bandpass. Images are shown
with North up, East left; and the subsolar point (marked with a red x) are indi-

cated in the bottom right. . . . . . . .. .. oo oo
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3.8

3.9

3.10

3.11

False color image of Europa in infrared total intensity as observed in CHARIS
broadband mode. Red, green, and blue values correspond to K band, H band,

and J band respectively. . . . . ...

U.S. Geological Survey (USGS) geologic map of Europa’s surface [Leonard et al.,
2024]. At the time of our observations, the sub-observer point was located at
approximately 3.5° N, 113 to 117° W. Due to the long integration time (~ 1
hour), surface features are slightly blurred, as Europa rotated by nearly 5 degrees
longitude; however, there are brighter patches visible in our images, possibly
corresponding to Powys Regio and Tara Regio. The subsolar point at the time

of observations was approximately 3.4° N, 127° W. . . . . . ... .. ... ...

Normalized scattered intensity and polarization fraction for a distribution of water
ice grains with diameters and number density as reported in [Keat Yeoh et al.,
2010], computed using Mie theory for the approximate minimum, effective, and
maximum wavelengths in J; H, and K bands and assuming unpolarized incident
light. In H and K bands, the polarization fraction for scattering off water ice

grains approaches 1. . . . . . . . .. L

A cartoon illustrating the two scattering scenarios considered for a plume on Eu-
ropa, reproduced from McCullough et al. [2020]. In the single scattering scenario,
incident solar radiation directly scatters off the ice grains of the plume; due to
the small solar phase angles at FEuropa’s distance (a <12°), this mechanism has
large scattering angles and therefore a lower polarization fraction and scattering
efficiency. In the “double-scattering” scenario, incident light first reflects off Eu-
ropa’s surface before encountering the plume. This mechanism allows for a much

larger range of scattering angles. It is worth noting that although this simple

diagram is in 2D, the double scattering does not necessarily occur in a single plane. 82
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3.12

3.13

4.1

Average polarization fraction in each wavelength channel from the broadband
J/H /K CHARIS observations, with the disk of Europa approximately indicated
with a circle and the North Pole (black dash) and subsolar point (red x) marked.
For J/H /K, our initial measurements of the average polarization fractions across
the disk are 0.175+0.135%, 0.19340.128%, and 0.248+0.087% respectively. Two
notable features stand out: a circular marking at the bottom of the disk present
across wavelength channels with a polarization fraction of roughly 0.4-0.5%, and
a bright spot about 0.1” from the North Pole only present in K band. Although
the latter is likely an artifact as it is only present in one filter (K), the former

may be a real astrophysical signal of unknown origin. . . . . .. ... ... ...

High-pass filtered image of Europa in polarized intensity (PI) averaged over
J/H /K bands. A bright marking at the bottom of the disk as seen in the image
may be an astrophysical signal of interest; further work is needed to determine
its nature. Approximate North Pole and subsolar point are marked as in other

images in this section. . . . . . . ...

PSF-subtracted images of HIP 93398 B as seen with SCExAO/CHARIS in broad-
band (top), J band (middle), and H band (bottom). Each set of images shows
the reduction with 1 KL mode, 20 KL modes, and 50 KL modes. The more KL
modes included, the higher the risk of oversubtraction. A second, fainter point
source (labeled as psl) is also visible in the 2022 broadband and H-band images;
this is investigated and found to be a background source in Section 4.3.3. J and
H band are shown with the same color stretch (maximum value = 20, arbitrary

units/detector counts), while broadband uses a different scaling (maximum value

= 50). e
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4.2

4.3

4.4

4.5

Extracted spectra of HIP 93398 B from the broadband and high-resolution H-
band data. Methane absorption features are visible at 1.6 and 2.2 ym. (Top)
Two extractions are shown: one using 10 KL modes in the reduction (orange),
and one using 20 KL modes (blue). (Bottom) Broadband data with J- and H-
band high resolution superimposed on top, and scaled to near the broadband
flux calibration for illustration purposes. It is worth noting that the J and H
band data points are not necessarily directly comparable to the broadband data
points, as these are monochromatic flux densities over a finite bandpass and no

color correction has been applied. . . . . . . . .. .. ... ... ..

Extracted spectrum of HIP 93398 C from our SCExAO/CHARIS broadband
data shown with Castelli-Kurucz 04 model stellar atmosphere fits [Castelli and
Kurucz, 2004]. The best fit model atmospheres indicate a stellar object with a
temperature between 3800-5700 K. . . . . . . ... ... L.

Orbital fits for HIP 93398 B using orvara [Brandt et al., 2021]. Randomly
drawn orbits from the MCMC chain are color-coded by companion mass and
plotted against (top) the object’s apparent position, measured position angle,
and measured separation; and (bottom) absolute astrometry [Brandt, 2021]. A
companion mass of ~66 Mjy,, is favored, in agreement with past work, cementing

this object firmly in the brown dwarf regime. . . . . . . . . .. ... ... ...

Corner plot for a subset of fit parameters from orvara: stellar mass, companion
mass, semimajor axis, eccentricity, and inclination. The posteriors are nearly

GaUSSIAIL. . o o o o o e
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4.6

4.7

Color magnitude diagrams for J — H, J — K, and H — L’ colors. HIP 93398 B
is shown in the context of a number of other field dwarfs and young companion
brown dwarfs, as reported in the Ultracool Sheet [Best et al., 2024]. HIP 93398
B is aligned with other L/T transition objects in J — H and J — K color space,
while in H — L’ it is an outlier, somewhat nearby a few other companion BDs,
namely HD 984 B (yellow, Meshkat et al. [2015], Liu et al. [2016]), HD 1160
B (red, Maire et al. [2016], Garcia et al. [2017], Nielsen et al. [2012]), and HIP
78530 B (orange, Bailey et al. [2013], Lachapelle et al. [2015], Kouwenhoven et al.
[2005], Lafreniere et al. [2011]). The strange H — L’ color may be explained by
systematic errors in the reported L’ magnitude from Li et al. [2023]; however, a

full re-analysis of those data is beyond the scope of this paper. . . . . . . .. ..

CHARIS broadband spectra of HIP 93398 B (black) compared to the five best fit
template spectra from the SpeX Prism Library [Burgasser, 2014] via the SPLAT
package Burgasser and Splat Development Team [2017]. These template matches
support the idea that HIP 93398 B is an late-L type L/T transition object. Other
than the T1 spectrum pictured, other TO/T1 spectra are substantially worse fits
for the data (x? >6). The CHARIS data shown within are from a reduction using
10 KL modes. . . . . . . . o
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4.8

4.9

CHARIS spectra of HIP 93398 B (black) compared to the best fit substellar
atmosphere spectral models from Sonora Diamondback [Morley et al., 2024]. The
H-band best fit model spectra are shown in blue (bottom), the broadband best
fit model spectra are shown in orange (top), and residuals are shown in red below
the spectra. The predicted temperatures for this object based on the best fit
models are within expectations for its designation as an L/T transition object
(~1100-1400 K; Dupuy and Liu [2012], Vos et al. [2019]). It is worth noting
that if we assume logg=5.0 (an expected value for this size of object) and solar
metallicity (similar to its host star), the best-fit broadband temperature changes

slightly to 1100 K, but the preferred cloud parameter value remains the same.

CHARIS spectra of HIP 93398 B (black) compared to the best fit substellar at-
mosphere spectral models from Sonora Diamondback [Morley et al., 2024] with
varying values of fsq (a parameterization of cloud thickness) at constant tem-
perature and logg (1200 and 1300 K, 3.5 and 4.5 dex, the best fit values for
the broadband and H band spectra respectively), where the best fit value is
indicated with a dashed line. This object is best fit with models that include
clouds with low-to-mid sedimentation efficiency, indicating the possible presence
of thick clouds; although the degree of cloudiness isn’t well constrained, clouds

are necessary to reproduce the flatness of our observed spectrum. . . . .. . ..
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4.10

4.11

4.12

Fit metrics across the Sonora Diamondback model grid for both H band (blue)
and broadband (orange) CHARIS data for the three available metallicities: +0.5
(left), 40.0 (middle), and —0.5 (right). Best fit models are shown in black crosses,
with a black star for the “constrained” best fit value, where we assumed solar
metallicity and logg = 5.0. A larger marker size corresponds to a smaller Y2
value (i.e. a better fit, where the size of x> = 1 is shown in the legend). Mod-
els without clouds—similar to those from the previous generation of models, e.g.
Sonora Bobcat—indicate a higher temperature >2000 K; however, cloudy models
and metallicity >0.0 are significantly favored overall and, for the broadband data,
indicate a lower temperature around 1200-1600 K, in line with expectations for
an L/T transition object and in agreement with evolutionary models, as shown

in Figure 4.11. . . . . . .

Age and temperature of HIP 93398 B derived from Diamondback model spectra
fitting to broadband data and from photometric polynomial relationships, com-
pared to Diamondback evolutionary models for solar metallicity. Hybrid models
including clouds are shown in solid lines, while cloudless models are indicated
with dashed lines. The temperature values derived from photometry are consis-
tent with either cloudy or cloudless models, while the lower temperatures derived

from spectra require clouds to be consistent with evolutionary tracks. . . . . . .

Age and luminosity of HIP 93398 B derived from photometric polynomial re-
lationships, compared to Diamondback evolutionary modelsfor solar metallicity.
Hybrid models including clouds are shown in solid lines, while cloudless models
are indicated with dashed lines. Similar to the previous figure for age and tem-
perature, these data do not support the tension between the known dynamical
mass (~66 Mj,,) and the mass predicted by evolution models for both cloudy

and cloudless models. . . . . . ..
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5.1

5.2

5.3

5.4

9.5

PSF-subtracted total intensity GPI H band image of HD 156623 using 5 KL
modes (top) and polarized intensity GPI H band image of HD 156623 smoothed
with a 2 pixel wide Gaussian kernel for visualization (bottom). The debris disk is
only detected in polarized light, with a signal-to-noise ratio of ~2-3 per resolution
element. The point sources visible in the total intensity image were determined

to be unbound background stars in Esposito et al. [2020]. . . . . .. .. ... ..
Corner plot of posteriors from MCFOST modeling of scattered light imaging.

MCFOST maximum likelihood scattered light model of HD 156623 with data and
residuals for Stokes Q,, Uy, Q, and U, drawn from only the last 600 iterations

(i.e. excluding burn-in). . . . . . ...

The average radial surface density profile (grey points with error bars) fit with a
smoothly-broken two-component power law (the dashed blue line). The hatched
region on the left marks the limits from the FPM as in other figures, and the
dot-dash light purple curve represents the radial profile determined by scattered-
light modeling. The values derived from this average surface density profile for r.,
Qin, and agy are substantially different from those determined via scattered-light
modeling, perhaps due to a difference in the scattering phase function or bias due
to the low SNR detection of the back-scattering portion of the disk; alternatively,

these differences may simply be an artifact of the different modeling approaches.

Measured brightness curves along the radial direction of HD 156623’s deprojected
disk for various angles. The region covered by the FPM is blocked out (hatched
in light purple, labeled FPM), and it is clear that in most cases, the inner hole
is unresolved, with the exception of possibly PA 45-90° and PA 90-235°. Each
profile is arbitrarily offset for clarity, and the dashed lines correspond to zero for

each profile depicted. . . . . . . . . ...
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5.6

5.7

5.8

5.9

Surface density (brightness corrected by a factor of 1/r?) profiles along the radial
direction of HD 156623’s deprojected disk for various angles. The region covered
by the FPM is blocked out (hatched in light purple, labeled FPM). Each profile
is arbitrarily offset for clarity, and the dashed lines correspond to zero for each

profile depicted. . . . . . . . . L

Diagram with the scattering angle across the disk of HD 156623, assuming the
geometric parameters defined in Section 5.4. The most forward scattering occurs

in the southwest, and the most back scattering occurs in the northeast. . . . . .

(Left) Measured polarized light scattering phase function for the disk, split be-
tween the Eastern and Western halves of the disk as defined by the approximate
minor axis. We observe an asymmetry between the Eastern and Western halves,
consistent with recent findings in Crotts et al. [2024] suggesting this disk may be
slightly eccentric. (Right) The measured East/West SPFs divided by a Rayleigh
polarization curve, along with Henyey-Greenstein functions fit to each SPF. There
is a lesser but still distinct asymmetry between the two halves of the disk, and

the Henyey-Greenstein function is a poor fit for the Eastern half. . . . . . . ..

Single-component blackbody models using best-fit values to available photome-
try for HD 156623, with fractional residuals shown below. The dust’s blackbody
contribution to the SED is plotted in red. (Left) For a a simple single-component
blackbody SED, the photometry is best fit with temperature T = 184423 K.
(Right) For a modified-emissivity single-component blackbody SED, the pho-
tometry is best fit with T = 140£23 K and Ao = 219 pum. Neither model is
able to capture the 9um AKARI point, and a modified emissivity is necessary to
reproduce the flux observed by ALMA. . . . . . . . ... ... ... ... ....
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5.10 Maximum likelihood SED model from MCFOST (as a dashed black line, with syn-

5.11

thetic photometric points marked) compared to available photometry (colored
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CHAPTER 1

Introduction

The field of exoplanet science is still relatively young, especially in the context of the long
history of astronomy. The first image of a circumstellar disk was taken in 1984, capturing
the debris disk around § Pictoris [Smith and Terrile, 1984]. Nearly a decade later, the first
exoplanet detection came in 1992, with two planets detected around the pulsar PSR1257412
via pulsar timing measurements [Wolszczan and Frail, 1992]. The detection that many
consider the true start of the field, however, is that of 51 Pegasi b, an exoplanet around a
Sun-like star discovered in 1995 via the radial velocity method [Mayor and Queloz, 1995]. In
the nearly 30 years since that discovery, over 5,600 exoplanets have been detected, many via
the transit method as used by the Kepler Space Telescope and the more recent Transiting
Ezoplanet Survey Satellite (TESS) [NASA Exoplanet Science Institute, 2020, Borucki et al.,
2010, Ricker et al., 2015].

The first direct detection of an exoplanet — that is, the first time we collected light from
the object itself instead of its star — didn’t come until 2004, with the famous imaging of the
HR 8799 and beta Pictoris systems soon after in 2008 [Marois et al., 2008]. Although indirect
methods such as transits and radial velocities have been indispensable for detecting large
numbers of exoplanets, direct imaging of exoplanets is key for reaching the next big goal of
exoplanet science, as set forth by the Astro2020 Decadal Survey: characterizing habitable
worlds beyond our solar system [NASEM, 2021]. Direct imaging is often combined with
spectroscopy, providing a clear look into an exoplanet’s atmosphere, including deeper layers

unable to be probed with transit spectroscopy [Madhusudhan, 2019].



Upcoming missions and facilities such as the Roman Space Telescope (launching late
2026 to early 2027), the Habitable Worlds Observatory (planned for the 2040s), and various
30-meter class telescopes aim to directly image planets closer in size to Earth, searching
for signs of life [Kasdin et al., 2020, Tuchow et al., 2024]. However, that goal is quite the
technical challenge. Current instruments are limited to planets that are young and still
luminous from their formation, at wide separations from their host stars, and larger than
Jupiter [Follette, 2023, Currie et al., 2022]. The contrast between planets and their host
stars is incredibly large, on the order of 10'° difference in brightness for an Earth-like planet
around a Sun-like star — thus why direct imaging is also often referred to as high-contrast

imaging.

1.1 High-Contrast Imaging Instrumentation and Data Processing

To achieve the contrasts necessary for imaging exoplanets and circumstellar disks, the light
of the host star must be suppressed as much as possible. This suppression is made more
difficult by the image formation process, which is subject to dynamic and non-deterministic
perturbations from sources of optical error leading to so-called speckle noise. Speckles arise
from both the atmosphere, which distorts the light from the star leading to noise in the
point spread function (PSF), and imperfections in the optical system [Racine et al., 1999].
The former are known as atmospheric speckles, while the latter are referred to as quasi-
static speckles due to the fact that they evolve over longer timescales (minutes to hours as
opposed to the milliseconds for atmospheric speckles). In high-contrast imaging instruments,
starlight suppression is primarily accomplished by coronagraphy, wavefront control, and data
processing techniques [Currie et al., 2022]. Coronagraphy is aimed at the static/deterministic
portion of the wavefront, while wavefront sensing and control and post-processing deal with

suppressing the stochastic speckle noise.

Coronagraphy was invented in the 1930s by Bernard Lyot, originally for use in observing



the faint solar corona [Lyot, 1939]. A coronagraph is simply an optical component that
blocks out starlight. Traditional coronagraphs, such as the Lyot coronagraph, accomplish
this by physically blocking the light with a coronagraphic spot [Soummer, 2004]; other
modern coronagraphs, such as the vector vortex coronagraph, manipulate the phase of the

light instead to achieve destructive interference [Mawet et al., 2009].

Wavefront control refers to the mitigation of optical aberrations caused by turbulence in
Earth’s atmosphere. This is accomplished using an adaptive optics system, which measures
and corrects for these distortions in real-time, improving the angular resolution to near the
diffraction limit [Babcock, 1953, Mendis and Rosenberg, 1994]. Adaptive optics systems
generally function by using a wavefront sensor (WFS) to measure the aberrations of the
incoming light, a deformable mirror (DM) to correct said aberrations, and a real-time control
system to convert WFS measurements to DM commands. Although many telescopes now
have adaptive optics systems, high-contrast imaging uses extreme adaptive optics, wherein
the technology has been optimized for an higher fidelity level of wavefront correction over a
relatively small field-of-view using a bright natural guide star [Guyon, 2018|. These systems

include additional wavefront sensing to improve the wavefront correction.

Even after these measures, some speckle noise (mainly from quasi-static speckles) still
remains in the images. This is commonly removed via post-processing methods, which often
rely on some form of differential imaging. The goal with these methods is to find a way to
differentiate between the real astrophysical signal and the speckle pattern, in order to create
a model of the noise for PSF subtraction. Angular Differential Imaging (ADI) exploits the
spatially quasi-static nature of the speckles by setting the instrument’s derotator to stabilize
the pupil for ground-based alt-azimuth telescopes or rolling a spacecraft such as HST'; real
astrophysical signals will move with the sky, whereas the speckle pattern will remain fixed,
creating a distinction between the two [Marois et al., 2006]. Spectral Differential Imaging
(SDI) exploits the fact that speckles are chromatic, as they are a result of diffraction within

the telescope optics; with an integral field spectrograph (IFS), it is possible to observe this



chromaticity and use it to create a model of the noise for PSF subtraction [Marois et al.,
2000, Follette, 2023]. Reference star Differential Imaging (RDI) is most often used in space,
where the PSF is stable on longer timescales; this method uses separate observations of a
reference star as the PSF model [Xuan et al., 2018, Currie et al., 2022]. Algorithms using
these techniques — namely Karhunen-Loéve Image Processing, or KLIP — are discussed at

length in Chapter 2.

Some high-contrast imaging instruments also have a polarimetric mode, in which the
incoming light is split into two orthogonal polarization states and recorded as two simul-
taneous images of the target object, which — in conjunction with a half-wave plate for
modulation — can be used to calculate the Stokes vector components I, @), and U. (Note:
With a different retardance you can also retrieve Stokes vector component V for circular
polarization, but this component is less relevant for the scattered light processes though to
be dominant in planets and disks.) This process is described in detail in Chapter 3, and is
particularly useful for imaging circumstellar disks, whose scattered light is polarized (unlike
the unpolarized starlight, creating a natural separation between the two), in a technique

known as polarimetric differential imaging (PDI).

1.2 Current High-Contrast Imaging Instruments

A variety of high-contrast imaging instruments exist today, many of which were built for the
explicit purpose of detecting and characterizing exoplanets. The W.M. Keck Observatory’s
NIRC?2 infrared imager on Keck II in Hawai’i includes a coronagraph, which was used for the
groundbreaking observations of the HR 8799 system in 2008 [Marois et al., 2008], and is still
operational. In the years since that initial discovery, Keck’s adaptive optics system has been
upgraded to include cutting edge technologies such as a vector vortex coronagraph [Mawet
et al., 2009, Xuan et al., 2018], an infrared pyramid wavefront sensor [Uyama et al., 2020,

Bond et al., 2020], and a soon-to-be-completed polarimetric mode [Ragland et al., 2019].



NIRC2 was also used to discover the companion object characterized in Chapter 4 of this

thesis.

Dedicated exoplanet-hunting instruments with extreme adaptive optics systems came on-
line in the early 2010s: Project 1640 [Oppenheimer et al., 2012], the Gemini Planet Imager
(GPI) [Macintosh et al., 2014b], and the European Spectro-Polarimetic High contrast imager
for Exoplanets REsearch (SPHERE) [Beuzit et al., 2019]. These instruments had corona-
graphic hyperspectral imagers — enabling the use of SDI in post-processing — and were
located at Palomar Observatory in California, Gemini South in Chile, and teh Very Large
Telescope in Chile, respectively. These projects revealed that giant planets are relatively
rare at wide separations [Wang et al., 2017]. GPI additionally had a polarimetric mode,
producing a survey of circumstellar disks [Esposito et al., 2020]. Although Project 1640 has
been decommissioned, the Gemini Planet Imager is about to start its second life as GPI 2.0,
coming soon to Gemini North [Chilcote et al., 2020]. GPI 2.0 plans to include a pyramid
wavefront sensor and new Lyot coronagraph designs to improve its performance and reach
higher contrasts. GPI, in its first iteration, is the source of the data analyzed in Chapter 5
of this thesis. SPHERE is also operational today, but does not play a role in this thesis, and

accordingly will not be discussed in detail.

One more recent high-contrast imaging instruments is the Coronagraphic High Angular
Resolution Imaging Spectrograph (CHARIS) on the Subaru Telescope in Hawai’i [Groff et al.,
2015]. CHARIS is the source of the data analyzed in Chapters 3 and 4. CHARIS is an IFS
with two modes: a lower-resolution “broadband” mode covering J, H, and K bands in
the infrared simultaneously, and higher-resolution modes covering those bands individually.
CHARIS is also capable of spectropolarimetry in both those spectral modes, and sits behind
the Subaru Coronagraphic Extreme Adaptive Optics system (SCExAO) [Lozi et al., 2018],
which is regularly used to develop and test new technologies in adaptive optics. High-
contrast imaging has also been done with space-based observatories, namely the Hubble

Space Telescope and the James Webb Space Telescope (JWST) [Krist, 2004, Krist et al.,



2005, Hinkley et al., 2022, Carter et al., 2023].

In addition to ongoing upgrades to existing facilities and adaptive optics systems, as
well as the exciting high-contrast science happening with JWST, multiple instruments are
in development for the upcoming 30-meter class telescopes. For example, the Narrow Field
InfraRed Adaptive Optics System (NFIRAOS) and Infrared Imaging Spectrograph (IRIS)
are planned as first-light instruments for the U.S. Thirty Meter Telescope [Herriot et al.,
2012, Moore et al., 2014] and the Mid-infrared ELT Imager and Spectrograph (METIS) is
a first-generation instrument for the European Extremely Large Telescope [Brandl et al.,
2016]. Upcoming NASA space-based missions will also include high-contrast imaging capa-
bilities; the Nancy Grace Roman Space Telescope will include a coronagraphic technology
demonstration [Kasdin et al., 2020], and the eventual Habitable Worlds Observatory aims to
include a high-contrast imager capable of detecting Earth-sized exoplanets to look for signs

of life [Tuchow et al., 2024, NASEM, 2021].

1.3 Dissertation Summary

This thesis aims to illustrate both recent advances in high-contrast imaging techniques, and
a handful of the various science cases that are made possible by those techniques. This
work contributes to the larger goals in the field of maturing the technology necessary to
characterize Earth-like planets in the coming decades and building our understanding of

planetary systems, from formation to habitability.

In Chapter 2, I detail a new framework for point-spread function (PSF) subtraction based
on the spatio-temporal variation of speckle noise in high-contrast imaging data where the
sampling timescale is faster than the speckle evolution timescale. Removal of speckle noise
is one of the main challenges in high-contrast imaging, and some of the most successful post-
processing algorithms harness spatial variations in speckle noise to model and remove it. This

work explores how the new generation of photon-counting detectors (e.g. Microwave Kinetic



Inductance Detectors, Infrared Avalanche Photodiodes) may allow us to harness both spatial
and temporal information in these data processing algorithms, helping to improve the final

contrast (and therefore to detect fainter planets) in high-contrast imaging data.

In Chapter 3, I present the first resolved infrared polarimetric imaging of Europa, ob-
tained with the purpose-built high-contrast imaging instrument SCExAO/CHARIS on the
Subaru Telescope. This spectropolarimetric data covers J/H /K bands at R~18.4 and H
band at R~65.2, providing a unique view into Europa’s surface and geology. I propose
such ground-based polarimetric observations as a possible avenue for long-term monitoring
of plumes on Europa, which are still debated at present; an improved understanding of
Europa’s cryovolcanism will be crucial in the coming years for mission planning as Furopa

Clipper and JUICFE reach the Jupiter system in the early 2030s.

In Chapter 4, I analyze new spectroscopic data of the recently discovered brown dwarf
companion HIP 93398 B from Subaru SCExAO/CHARIS. HIP 93398 B was initially found
using the Hipparcos-Gaia Catalog of Accelerations (HGCA), which predicted its position
around its host star via astrometric measurements of HIP 93398’s motion. Brown dwarfs
discovered via the HGCA serve as excellent benchmarks for testing substellar atmosphere
and evolution models, due to their model-independent dynamical mass measurements. The
imaging discovery originally suggested that HIP 93398 B is an overmassive T dwarf, based on
its L’ band luminosity and dynamical mass; in this work, I revise HIP 93398 B’s classification
via comparison to spectral standards and atmospheric models, and explore the resulting

implications for agreement with evolutionary cooling models.

In Chapter 5, I characterize the debris disk around the star HD 156623, a 16 Myr-old
AQV star in the Scorpius—Centaurus association, as resolved in scattered light for the first
time by the Gemini Planet Imager (GPI), a high-contrast imaging instrument previously
located at Gemini South. I present new analysis of the GPI H-band polarimetric detection
of the HD 156623 debris disk, with particular interest in its unique morphology. This debris

disk lacks a visible inner clearing, unlike the majority of low-inclination disks in the GPI



sample and in Sco-Cen, and it is known to contain CO gas, positioning it as a candidate

“hybrid” or “shielded” disk.



CHAPTER 2

Speckle Statistics in High-Contrast Imaging

2.1 Introduction

Direct imaging of exoplanets is a challenging endeavor, given the extreme contrasts that
must be achieved to detect faint planets. Although significant starlight suppression can be
achieved through optics and instrumentation, such as coronagraphs, adaptive optics (AO)
systems, interferometers, and more, that alone is insufficient to detect analogs of planets
in our solar system [Oppenheimer and Hinkley, 2009, Guyon, 2005]. Improving contrast

expands the space of the types of planets that can be directly detected and characterized.

Existing instruments, such as the Gemini Planet Imager [Macintosh et al., 2008] and
VLT’s SPHERE [Beuzit et al., 2019] are able to image giant planets and brown dwarfs,
reaching contrasts (in the astronomical sense, meaning the detectable planet-star flux ra-
tio) of around 107%. This is enabled by a combination of wavefront sensing, control, and
post-processing, which reduce the impact of noise by distinguishing between the planet sig-
nal and residual noise; this noise arises from uncorrected wavefront aberrations, resulting in
quasi-static fluctuations in the focal plane known as “speckles.” Generally, these algorithms
use the data themselves to create a model of the speckle noise which can then be subtracted
from the data to recover the target planet signal in a process known as point-spread func-
tion (PSF) subtraction. Previously developed algorithms include LOCI (Locally Optimized
Combination of Images; [Lafreniere et al., 2007]), KLIP (Karhunen Loéve Image Processing;

[Soummer et al., 2012]), and more [Gebhard et al., 2022]. Many directly imaged planet dis-



coveries to date have relied on such algorithms, such as the famous HR 8799 planets [Marois

et al., 2008].

Improvements to data processing pipelines and methods are one way in which we can
push forward and improve contrast for future high-contrast imaging instruments. Other
approaches to improving high-contrast imaging methods focus on wavefront sensing and
control, such as predictive control techniques, which aim to improve adaptive optics cor-
rections [Guyon and Males, 2017, Guyon et al., 2018, Males and Guyon, 2018], and sensor
fusion, both currently in development at multiple facilities, including Subaru’s SCExAO fa-
cility [Guyon et al., 2017] and Keck Observatory van Kooten et al. [2021], Wizinowich et al.
[2020], Jensen-Clem et al. [2019], Calvin et al. [2022]. Other recent work such as [Guyon and
Males, 2017] focuses on using on Empirical Orthogonal Functions (EOFs), a similar mathe-
matical framework, to analyze spatio-temporal correlations; their work is in the context of
predictive control, whereas our work applies to image processing. New advances in detector
technology also affect both wavefront sensing and post-processing. High-speed, low-noise de-
tectors will provide multiple opportunities for improvements, including focal-plane wavefront
sensing, which eliminates non-common-path wavefront errors [Vievard et al., 2020]. Of par-
ticular interest are arrayed photon-counting devices, such as Microwave Kinetic Inductance
Detectors (MKIDs) [Schlaerth et al., 2008, Mazin et al., 2012, Meeker et al., 2018, Walter
et al., 2020] and Infrared Avalanche Photodiodes (IR APDs) [Goebel, 2018, Wu et al., 2021].
Electron Multiplying CCDs (EMCCDs) are a functional equivalent in the optical [Lake et al.,
2020]. Photon arrival times have already been used to distinguish speckles from incoherent
signals, such as planets [Walter et al., 2019, Steiger et al., 2021], and MKIDs have been
used for high contrast imaging with the DARKNESS instrument at Palomar [Meeker et al.,
2018] and with MEC, the MKID Exoplanet Camera for high contrast astronomy at Subaru
[Walter et al., 2018].

This new regime of photon-counting detectors and more advanced adaptive optics presents

many opportunities. With the improved temporal resolution of next-generation detectors,
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we will be able to resolve the spatial and temporal evolution of atmospheric speckles. Some
prior work has investigated use of spatio-temporal correlations on longer timescales, such as
[Mullen et al., 2019] and [Gebhard et al., 2022], but this work focuses the shorter timescale

changes of atmospheric speckles.

There is a rich history of theory and measurements of space-time atmospheric speckle
behavior in the past decades, which this work builds off of. Since the 1970s—-1980s, speckle
patterns and intensity distributions have been measured [Dainty et al., 1981, Scaddan and
Walker, 1978, Goebel, 2018, Odonnell et al., 1982], demonstrating agreement with models
based in Rician statistics [Cagigal and Canales, 2001, Canales and Cagigal, 1999] and the
importance of speckles as the limiting noise source in the high-contrast regime [Racine et al.,
1999]. The space-time covariance was even directly measured in [Dainty et al., 1981], in-
dicating that speckle boiling has a directionality related to turbulence. Speckle intensity
patterns have been modeled as a modified Rician distribution [Aime and Soummer, 2004,
Gladysz et al., 2010], and speckle lifetimes have been constrained through models and direct
measurements [Aime et al., 1986, Vernin et al., 1991, Glindemann et al., 1993]. In fact,
models of speckle boiling directly relate the lifetime of speckles to atmospheric parameters
related to wind and turbulence, as in [Roddier et al., 1982], estimating speckle lifetimes on

the order of tens of milliseconds.

This work is a new addition to the variety of time-domain algorithms that have been
developed in recent years. For example, the PACO algorithm uses temporal information from
the background fluctuations of Angular Differential Imaging data [Flasseur et al., 2018], and
the TRAP algorithm uses temporal information of the speckle pattern to improve contrast
specifically at close separations [Samland et al., 2021]. Another algorithm, from [Gebhard
et al., 2022], uses half-sibling regression on time-series data. These are all examples of
the possibilities for temporal information in post-processing, in addition to the AO control

improvements described earlier.

In this work, we aim for a second-order characterization of the statistical behavior of

11



atmospheric speckles in the high-contrast regime, described by the space-time covariance,
which we then leverage for improving contrast in post-processing with the eventual goal of
improving exoplanet detection capabilities. As previously mentioned, this goal is not without
its challenges — with kHz readouts, these detectors can produce large datasets and lead to
computationally intensive post-processing methods. While developing this new technique,

we must also contend with data storage and computational limitations.

In this paper, we first provide an analytical justification for the existence of these covari-
ances in the high-contrast regime, observe their occurrence in test simulations focusing on
millisecond time sampling, and then present an initial algorithm to exploit these covariances
for PSF subtraction. Specifically, we are testing this algorithm in a regime dominated by
atmospheric speckles at short exposures (where the timescale of our exposures is short com-
pared to that of changes in atmospheric residual wavefront error, so atmosphere is essentially

frozen).

Here in Section 2.2, we describe the process of baseline Karhunen-Loéve Image Processing
(KLIP), the origins of space-time speckle covariances, and the extension of KLIP to space-
time covariances. Following, in Section 2.3, we describe the models used to create datasets
for initial testing of this processing framework. Section 2.4 presents results of this new
algorithm implemented on simulated data. Finally, in Sections 2.5 and 2.6, we discuss the

promise of this new technique, as well as its current challenges/limitations and future work.

2.2 Space-Time Covariance Theory

Speckles can limit contrast, but can also be subtracted to some extent to improve contrast.
One of the most successful post-processing algorithms has been KLIP, described in Section
2.2.1, which exploits spatial correlations in long-exposure images. We motivate our extension
of this technique to include space-time correlations on shorter timescales in Section 2.2.2 by

describing how these correlations arise in imaging through the atmosphere. This extension of
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KLIP, referred to as space-time KLIP or stKLIP, is demonstrated in Section 2.2.3, exploiting

spatio-temporal correlations between short-exposure images.

2.2.1 Karhunen-Loéve Image Processing

Karhunen-Loéve Image Processing is a data processing technique that uses principle com-
ponent analysis (PCA), where data are represented by a linear combination of orthogonal
functions. In high-contrast imaging, KLIP is used to build a model, used for PSF subtrac-
tion, that accounts for spatial correlations between speckles and other PSF features, first
described in [Soummer et al., 2012]. This technique takes advantage of spatial covariances
of the speckles in the image, because strong correlations exist in high eigenvalue modes and
can be suppressed. This is a data-driven approach, which uses available information from
the data itself to provide an approximation of the noise, by using a subset of the data as
“reference images” from which to build the model of the noise while using another subset of

the data as the “target image” for PSF subtraction.

To increase readability, all variables for the following mathematics are described in No-
tation Glossary A. As described in [Soummer et al., 2012], we assume we observe a point
spread function T'(k), where k is the pixel index, that contains the stellar point spread func-
tion /,(k) and may also contain some faint astronomical signal of interest A(k). Therefore,

our target image can be described as
T(k) = 1y(k) + €A(k), (2.1)

where € is 0 when there is no astronomical signal of interest, or 1 if there is. The goal of
PSF subtraction is therefore to recreate I, (k) in order to isolate A(k). Without an infinite
number of references, though, we cannot exactly infer I,(k); instead, we approximate the
PSF I,(k). For consistency in our notation, herein we represent T'(k), A(k), and I, (k) as

vectors ¢, @ and 1& respectively.

In order to approximate ¢, KLIP computes a Karhunen-Loéve Transform based on the
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covariance matrix of the mean-subtracted reference images.

A sequence of reference images are first unraveled into one-dimensional vectors, each as
7. Note: henceforth vectors are denoted as bold, matrices with uppercase variables and
subscript matrix elements. These image vectors 7" are then stacked into an n, x n; matrix

R, where n, = n, x n, and n; is the number of images, as follows:

Rl 1 R1,2 Rl,nz
R— R2 1 R2,2 P'«2,'nZ (22)
_Rnp,l Rnp,2 s Rnp,ni_

We then subtract the mean image of the set (summing over the matrix columns) from the

reference set R, in order to produce a set of mean-subtracted images M to use throughout

the process of KLIP:

L1y

T = - Z R; ; (2.3)
7=1

Mi,j - Ri,j - .fl (24)

The resulting covariance matrix (2.5) C' has size n, x n,.

0171 01’2 s Cl,np
C Cop ... Coy
C=MMT=| " e (2.5)
_Cnp,O Cnp,l s Cnp,np_

Note: in practice, this implementation is computationally expensive, so the covariance is
instead often computed in image space on n; by n; images and then re-projected into pixel
space, as is done in the [Soummer et al., 2012] implementation. The ideal implementation

depends on which dimension is larger / more computationally expensive, e.g. [Long and
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Males, 2021]. In this work, the mathematics for KLIP and stKLIP, as written here, will be

in pixel space.

An eigendecomposition of the covariance matrix C'; mathematically described as solutions

to the equation

Cﬁj = /\jﬁj, (26)

with
/\1>)\2>)\3>.../\np, (27)

-

produces a length n, vector of eigenvalues () and size n, X n, (or n,, x n, if fewer than n,
eigenvectors/modes are used) matrix of eigenvectors/eigenimages (V') containing n,, rows of

individual eigenvectors ¢ each of length n,, such that V; ; = (7;);.

Viin Vig ... Vi,
V= Vf’l ‘/?’2 VQ_’"P (2.8)
Vit V2 oo V)

The eigenvalues order the eigenimages by their importance to rebuilding the original image
and are used to construct the basis of the new subspace of greatest variation onto which
we project our images. Assuming the vectors are sorted by decreasing eigenvalue, the first
coordinate corresponds to the direction of greatest variation. The lowest-order (first coordi-
nate) eigenimages are selected to represent zZ, while leaving the high-order terms to hopefully

contain our astrophysical signal.

We select a given number n,, of the eigenimages as our number of modes of variation.
The inner product of the matrix of eigenvectors V' with the one-dimensional vector of the

target image ¢ (which has length n,), is described mathematically as

15



n
P= | (2.9)
_t"z’_
o
g=v.-i=|® (2.10)
Kurs

and creates a vector of coefficients ¢ of length n,, — each of these can be thought of as how
much of each mode (or each eigenvector, v;) is in the image, or equivalently, the coordinates

in the new rotated principle axis space.

Lastly, we can project back into our original pixel space by taking the product of this
vector of coefficients with the chosen eigenvectors, recovering a vector of length n,, the same
as our target image:

=gV (2.11)

The resulting array is our image projected into the subspace of greatest variation, an es-
timation of the original PSF @@, and what we will subtract from our target image for PSF
subtraction. Note that the tuneable parameter here is the number of eigenvectors used in

the basis (the number of “modes”).

The planet signal is also projected onto a distribution of these modes, and it is assumed
that the planet signal is primarily projected onto modes with lower eigenvalue. However, as
we subtract more modes, the projection of the planet onto these modes is also subtracted.
Therefore, a larger number of modes might lead to oversubtraction of a planet signal, but
too few may not sufficiently subtract out the speckle noise. As a result, we must correct
for this throughput effect and optimize the number of modes to attain the largest possible

contrast gain.
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2.2.2 Space-Time Covariances

Whereas KLIP harnesses spatial covariances of speckle noise, we propose to expand the
scope of such projection methods to take advantage of space-time covariances in speckle
noise. For bulk flow in a turbulent atmosphere, phase errors in the pupil, from atmospheric
disturbances, translate across the telescope with wind motion, resulting in changes in phase
and amplitude in the image plane. Atmospheric perturbations evolve across a broad set
of spatial frequencies. Since the perturbations at these different spatial frequencies are
correlated, we will illustrate that the speckles at the locations that correspond to those
spatial frequencies in the image plane will be correlated as well. Similarly to the above

section, all variables for the following mathematics are described in Notation Glossary B.

The covariance of intensity in the image plane for points separated in space and time is
characterized through the second moment (I(Z,t)I(Z5,t — 7)), where I is the intensity in
the image. Angle brackets (()) denote averaging over a statistical ensemble. Suppose we
have a perfect coronagraph and only phase aberrations are present, ignoring polarization as
well as static phase errors, and treating electric field as a scalar. Also, we presume the phase
aberrations are small, a reasonable assumption for the high-contrast imaging limit. In this
case, the pupil amplitude is

Wy (i, t) = P(@)e ), (2.12)
approximated as
Uoup (U, t) = [1 4+ ip(u, t)|P(u), (2.13)

where P(1) is the pupil function, ¢ is the phase, and « is the coordinate in the pupil plane
(2 is the coordinate in the focal plane, related by a Fourier transform). It is worth noting
that departure from this assumption of linearity may affect results. The amplitude in the

focal plane is
Vie(Z,t) = FAP(@)} +iF {o(u,t)P(d)}, (2.14)
= CO(Z) + 9(2,1). (2.15)
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C(Z) is the spatially coherent part of the wavefront, and S,(Z,t) comes from phase aberra-
tions — Sy (Z, t) corresponds to the “speckles” we want to remove [Aime and Soummer, 2004,
Roddier et al., 1982]. In the case of a perfect coronagraph, C(¥) = 0 and the intensity in

the image is only due to phase aberrations, and can be expressed as

](‘f?t) = ’\ijoc(fat>|27 (216)
= [Ss(7,1)|%, (2.17)
= |[Fle@n)P(@)} [ (2.18)

The covariance of the intensity is
(1@, D@, t — 7)) = (|So(r, ) S (@ort — D). (2.19)

If we assume (complex) Gaussian statistics for Sy [Soummer et al., 2007], then by Wick’s

theorem [e.g. Fassino et al., 2019] we have,

(I(Z, )] (T, t — 7)) =

(I(Z1, ) (I (T, 1)) + |(S(Z1,1)S5(Zo t — 7)), (2.20)

Therefore to compute this covariance, we need the quantity (S(71,t)S}(%2,t — 7)), which
is the covariance of the phase-induced aberration in the focal plane. Accounting for the
Fourier relationship between the focal plane aberration S, and the pupil plane phase ¢ as

in Equations 2.14 and 2.15, we find
(Sp(T1,1)SG (T, t — 7)) =

/ dit / A€ exp|2mi€ - Ty — 2miil - (T) — T)] X

—

(@@, )i + €, — 7)) P(D)P(i + ) (2:21)

where E is the coordinate of the displacement in the pupil plane. If ¢(w,t) is statistically
stationary in the pupil plane position @ (and time), then we can define the phase covariance

function as

—

By(€,7) = (p(@, ) p(T + &, t — 7)), (2.22)
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independent of % and t. Equation 2.22 for By relates space-time covariance in the pupil
to space-time covariance in the image, and can be simplified into the Kolmogorov phase

covariance function for turbulence with an assumption about time.

Kolmogorov’s theory of turbulence describes a cascade of large scale turbulent mo-
tions that dissipate energy onto smaller scales, following a power spectrum described by
@, (k) o |k|~1V/3, where @, is the variation in index of refraction and || is the magnitude
of the turbulence [Kolmogorov, 1941, Hickson, 2008|. Fluctuations in density correspond
to fluctuations in the index of refraction. These variations in index of refraction lead to
differences in path length for the incoming light, creating some of the phase and amplitude
error that we observe. However, we assume the timescale of change for this turbulence is
generally slow when compared to wind speeds, an assumption known as Taylor frozen flow
[Taylor, 1938]. This assumption is valid so long as the turbulent intensity is low compared
to the wind speed, generally accepted to be true for astronomical contexts with the possible
exception of boundary layer turbulence [Bharmal, 2015]. The turbulence can be thought of
then as a “phase screen” propagating horizontally across the telescope with the wind. This

phenomenon is described mathematically as

¢(ﬁ7 t) - (ZS(U - ﬁwindTy t— T) (223)

which states that the phase structure at one time is related to the phase structure at a
different time, just shifted by the wind velocity times the time difference [Taylor, 1938,
Hickson, 2008].

This shows that a single phase screen ¢(u,t) (which contains Kolmogorov turbulence ®,,)
under Taylor frozen flow is related to a phase screen at a different time ¢(i,t — 7) via the

wind speed vying. Similarly, we can then say
B¢(ﬁ, t) = B¢(U - 17wind7—at - T). (224)

This implies the phase covariance function at one location and time B¢(g, t) in the pupil is
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related to the phase covariance function at that location at a previous time B¢(g, 0), where
B¢(«§7 0) is a covariance related to the Kolmogorov phase covariance function. Since we know
the Kolmogorov phase covariance function is non-zero as long as turbulence is present, this
demonstrates that the phase covariance function at an arbitrary location and time B¢(5, T)
is non-zero. Even if frozen flow is violated, as long as there is non-zero space-time covariance
in the pupil, we expect non-zero space-time covariance in the image, as shown in Equation

2.22.

Rearranging Equation 2.21,

(Sp(T1,8)S5(T2,t — 7)) =
/ 4E exp(2mi€ - #2) By (€, 7)
/ dif expl—2niti - (%) — %) P(d) P(il + €). (2.25)

The latter integral is the Fourier transform of the overlap of displaced pupils. Defining this

function,
P(7,€) = / dit exp(—2mid - 7)P(@) P (@ + £), (2.26)

we now have the space-time covariance of speckles as the product of the turbulence phase

covariance function and P, as follows:

(S(71,8)55(L2,t — 7)) =
[ dEexp(zmi€’ 2 BoEr)P(@ - ). 227
This mathematical framework illustrates how the focal plane covariance is intimately
related to pupil plane covariance in the high contrast imaging regime, with a perfect coron-
agraph and small phase errors. Looking at the overlap of displaced pupils, P(Z; — @, E), the
form of the expression suggests that covariance will be strongest at smaller spatial separa-

tions. Similarly, Equation 2.24 suggests that covariance will be strongest at smaller temporal

separations. Overall, if there is non-zero space time covariance in the pupil plane, then we
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will have non-zero space time covariance in the focal plane. We will test this further with

simulations, as described in Section 2.3.

2.2.3 Space-Time KLIP

Recall that KLIP improves contrast by projecting away features that are spatially correlated
in image sequences. We can extend the framework of KLIP [Soummer et al., 2012] to
space-time covariances by using an image sequence instead of an image. Note that for
the following mathematics we assume discrete time sequences, rather than continuous as in
Section 2.2.2 above. Additionally, we assume regular and continuous time sampling for this
implementation; however, this method can be extended easily to block-continuous sampling,

which may be useful in future work.

All variables for the following mathematics are also described in Notation Glossary A.
Baseline KLIP uses an image vector of length n, (number of pixels in image) as its target
image and a n, x n; matrix as the set of reference images to determine covariance between
pixels, find eigenvectors of covariance, and project out the largest eigenvalue modes from the
image. Similarly, space-time KLIP (referred to as stKLIP) uses an image sequence of length
ns X n, (number of images in the sequence times number of pixels per image), as shown
in Equation 2.28, to perform those steps. Note that this is transposed compared to KLIP,

which uses n, x n.

It is then necessary to create a block diagonal covariance matrix of size ng X ny, by ng x ny,
as illustrated in Figure 2.1, from the mean-subtracted image sequence. Each block is the
covariance at a given time lag, with the block diagonal as lag zero (spatial covariance). If only
lag zero is used, the mathematics here reduces down to baseline (spatial) KLIP, as described
in Section 2.2.1. Lags should be chosen based on the translation time of the smallest relevant
feature within the field of view at the focal plane up to the full crossing time of the wind
across the telescope aperture. This is an additional tuneable parameter to consider when

optimizing the algorithm, in addition to the number of modes.
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Pupil plane view of turbulence, leading to the below image sequence

ﬂﬂ

Input image sequence with length n_=5, lags=[0,1,2,3,4], n, =5

Iags

Space-time covariance matrix with shape n

Iags p|x Iags pix
ﬁ N N N7 N \
Co C [ G C,
~ 7 s J N J \ J N J
s N N N ofF N N
Gi G G G G
- J \ J N 2% F N J
Each block ; - = - > =
CA is the / [ C Co (o G,
I 2 1
covariance for L L L JL JAS )
: e 7 ~ .ff N 7 NE =
that time lag h
G G, G Co C
A o N N 2 N F'S P
s N N ™ F N N
Cs G G G Co
- J J N oA N JoN J

Figure 2.1: Diagram of stKLIP input sequence setup — translating phase screens (top) and
resulting image sequence (middle) — with the corresponding block diagonal space-time co-
variance matrix (bottom). Each covariance block C; is the covariance for a single lag, with
shape n, x n,, and together they create a single space-time covariance matrix C' with size
nsn, X nsny,. The covariance matrix takes this form because the 2d images are flattened into
1d vectors, which are then joined to make an n, x n, 1d vector, which is multiplied by its

transpose to create this matrix.
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The following computations mirror baseline KLIP, but, in practice, are potentially more

computationally expensive due to the larger size of the covariance matrix used in the eigen-

decomposition. The steps of stKLIP are as follows:

1. Subtract the mean image over the whole reference set, then partition the reference set

into image sequences. These image sequences have length ng = n; = 2L + 1 where L is

the largest number of timesteps (lags) away from the central image and n; is the total

number of timesteps (lags) in the sequence. (The following steps will be repeated over

each image sequence, such that every image, with the exception of L images at each

end, is at some point the central image. Therefore, for n; images, there will be n; — 2L

image residuals at the end of this process.)

Similarly to KLIP, the reference set/target image set S (which in this implementation

are the same) are unraveled into one-dimensional vectors § of length ng x n,, as seen

below.
Si1 Sie
g_ S%,l 52,2
_Sns,l SnS,Q
s

Sl,np
S2,np

Sns,np_

Si1
Si2

Sl,np

_S"S Mp

(2.28)

(2.29)

2. Compute the [nyn,, nyn,| size covariance matrix C' of the image sequences. In practice,

this is more straightforward when done by computing the covariance of each image

pair (C;) and then arranging them in the block diagonal ordering shown in Figure 2.1.
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3. Perform an eigendecomposition on the covariance matrix, obtaining nsn, eigenvalues

-

(A) and a matrix eigenvectors (V') of size [nsn,, nsn,| containing individual eigenvectors

v.

CUj = )\j'l}j

)\1>)\2>>\3>...)\p

(2.30)

(2.31)

4. Choose a number of modes n,,, reducing the vector of eigenvalues and matrix of eigen-

vectors to sizes n,, and [n,,, nsn,| respectively. The matrix of eigenvectors contains n,y,

rows of eigenvectors each with length nyn,, such that V; ;
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5. Obtain image coefficients through inner product of chosen eigenvectors and image

sequence, similar to Equation 2.10.
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dn,,

(2.33)

6. Project the image sequence back into pixel space to obtain a reconstructed sequence

§ with central image Jk, again mirroring Equation 2.11. Note: For ease of implemen-

tation, we have calculated the entire sequence, but projecting only onto the central

image may improve efficiency.
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7. Perform PSF subtraction using the central image.

8. Iterate through the above steps such that each image is the central image of a sequence

of length n,, resulting in a set of residuals €dy ; = [€0k0, €10k 1, - - - » €ny Tk, -

9. Compute mean of image sequence residuals to output an averaged residual, 7 av-

ns

— 1 —
Tk avg = - Z €0, ; (2.37)

s 730

Once our image sequence is projected into the new subspace in Step 6, we have two options
for PSF subtraction: subtract the residuals from the whole sequence used, or subtract only
from the central “target” image. We use a central target image to take advantage of speckle
motions in timesteps both before and after. We then iterate through the full data set,
as described in Step 8, performing stKLIP and PSF subtraction, so that each image is the
central image of some image sequence with length ny, = n; = 2L+ 1. This outputs a sequence
of image residuals that is of length n; — 2L. In Step 9, we then average over the number of

timesteps to output an averaged residual.

There are possibilities for improving the algorithm, such as by exploiting the symmetry in
the covariance matrix C' in order to hasten the process of updating the eigenimages; however,

we leave this for future work. Further improvements are discussed in Section 2.5.

2.3 Algorithm Development

In Section 2.2.2, we showed that we expect non-zero space-time covariance to exist in speckle
noise. In Sections 2.2.1 and 2.2.3, we showed the mathematical framework for an algorithm

to exploit these statistics for image processing and PSF subtraction.

In this section, we illustrate aberrations of increasing complexity to examine their covari-

ance structure and test the application of stKLIP. These tests and simulations are described
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in 2.3.1, for initial proof of concept. Section 2.3.2 describes the algorithm application to
simulated data and calculations of possible contrast gains in the algorithm’s current form;
here we also discuss selection criteria for the choices of number of modes and lags. Analyzing
these data sets also requires some computational optimization, which is described in 2.3.3.

In the following Section 2.4, we will discuss the results of these applications of stKLIP.

2.3.1 Foundational Tests

Our first step was to create and implement simple test cases in one and two dimensions to
demonstrate that our theoretical expectations from Section 2.2.2 are valid and ensure that
our algorithm reduced image variance as expected. A one-dimensional case allows us to
directly compare a simulated covariance matrix with one calculated from the analytic theory
in Section 2.2.2; serving as a test of the relationship between pupil plane covariance and
focal plane covariance. Then, a two-dimensional case serves as a first in implementing the
algorithm, ensuring that the algorithm reduces variance on a well-understood simple case

before moving onto more complex atmospheric simulations.

2.3.1.1 One-Dimensional Test of Pupil/Focal Covariance Relationship

To begin, we created a simple one-dimensional model of two interfering speckle PSF's, which
are simply two sinusoids with slightly different frequencies in the pupil plane. We first use
this simple sinusoidal model to compare the simulated space-time covariance to the predicted
behavior from theory, to show how a set of input aberrations in the pupil plane corresponds
with the resulting focal-plane space-time covariance. Although the algorithm does not require
pupil plane covariances, this test is done to further establish the existence of the focal plane

covariances that we seek to harness.

To create the 1-d speckle model, first we must create a grid setup for evaluating the

wavefront in the pupil and focal planes. These are parameterized in units of D/\ and
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A/ D respectively, where X is our wavelength of observation, assuming monochromatic light.
Keeping these units preserves the Fourier duality relationship, and they can be converted to

more conventional units if the focal length is known.

The next critical piece is to define the entrance aperture in the pupil plane. This pupil
function sets the amplitude A of the electric field (E = Ae'), and is simply a top-hat
function (II(u), 1 inside a given region and 0 outside). We also apply a translating phase
screen (shown in the top panel of Figure 2.2) to the pupil, which is where phase aberrations
are accounted for. We use a simple perturbation of two superimposed sinusoids with similar
periods/frequencies, so that the wings of their PSFs overlap. This set-up is like simulating
one layer of frozen flow translating across the telescope’s aperture. These perturbations are

small (< 1 radian), consistent with the high-contrast regime.

We then perform the necessary Fourier transform to retrieve the focal-plane electric field.
By doing this for the pupil function with no perturbations, we retrieve what we would see
in an ideal case for a uniformly illuminated pupil; this is also what would be blocked if
we had a perfect coronagraph. We subtract this “perfect” case from the case with the
sinusoidal perturbation, performing the action of the coronagraph and suppressing light

from the unaberrated portion of the wavefront.

A one-dimensional case (Figure 2.2) illustrates the relative evolution of two neighbor-
ing speckles created from atmospheric perturbations. Atmospheric theory (as in Section
2.2.2), in particular the frozen flow assumption, predicts a symmetrical space-time covari-
ance structure, which can be computed for a 1-d model with a top-hat pupil function (II(w)),
two sinusoidal functions in the pupil, and no uniform illumination in the pupil (C'(z) = 0).
We carried out these calculations in two ways. First, we solved the integrals in Section
2.2.2 for the simple two sinusoid situation using Fast Fourier Transforms (FFTs). Second,
we began with an array describing the sinusoidal “phase screen” and simulated propagation

through an optical system using FFTs.

The variation in pupil and focal plane covariance over various time lags, as shown in
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Figure 2.2: One-dimensional demonstration of speckle interference. Two sinusoidal pertur-
bations in the pupil plane interfere to create moving speckles in the image plane. Top: 1d
phase screen with interfering sinusoids over time. Middle: 1-d intensity over time without a
coronagraph, showing the Airy pattern. Bottom: 1-d intensity over time with a coronagraph,
with the speckles’ relative evolution appearing more clearly due to the lack of coherent light,
C(Z). This simulation is used as a test of the space-time speckle covariance theory in Section

2.2.2.
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Figure 2.3: Space-time covariance matrices for pupil plane (middle) and focal plane (bottom)

of a 1-d model of two sinusoids with different frequencies — as illustrated in the top panel
of Figure 2.2 — with an annotated view of the simulation (top). These matrices show a
symmetric pattern that changes with the number of lags used, due to the change in the
speckles’ relative locations. At lags 0 and 100, the peaks are due to the alignment of the
speckles’ peaks, as marked in the top panel; lag 25 illustrates the lower covariance when the
speckles are in slightly different places, and lag 50 shows two lower intensity peaks when
the speckles are separated. Importantly, for a given non-zero lag, there are non-zero terms,

indicating that there are temporal correlations.
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Figure 2.3, can be clearly interpreted based on the locations of the two interfering speckles.
These matrices show a symmetric pattern that changes with the number of lags used, due
to the change in the speckles’ relative locations. At lags 0 and 100, the peaks are due to
the alignment of the speckles’ peaks, as marked in the top panel; lag 25 illustrates the lower
covariance when the speckles are in slightly different places, and lag 50 shows two lower
intensity peaks when the speckles are separated. Importantly, for a given non-zero lag, there
are non-zero terms in both the pupil and focal plane covariances, indicating that there are

temporal correlations.

This simulation further demonstrates the claim that a simplified frozen flow scenario in
the pupil can create calculable space-time covariances in the focal plane, and validates our

use of this simple test case to test stKLIP.

2.3.1.2 Two-Dimensional Test Case for Algorithm Development

In order to ensure that the algorithm is behaving according to our expectations — that it will
reduce the image variance — we expand this one-dimensional test case into two-dimensions to
make an image sequence of the two time-varying, interfering speckles. We use this idealized
test case as a check against our expectations for our stKLIP implementation, and for a first
test of efficacy, comparing the reduction in image variance between three data processing
methods: mean-subtraction, KLIP, and stKLIP. The setup is the same as the above one-
dimensional test case, but in two dimensions, with a circular aperture instead of a top hat
as the pupil function. We create a series of images at various time steps as the input to

stKLIP, shown in Figure 2.4.

Although there are two tuneable parameters for st KLIP — number of modes (e.g. number
of eigenimages used in the projection) and number of lags, as described in Sections 2.2.1 and
2.2.3 — we only test one set of modes and lags (10 modes, 2 lags) with this simple test case
and leave further exploration of these parameters for later testing (see Section 2.3.2). We

similarly use 10 modes for KLIP to make the comparison fair.
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Figure 2.4: Two-dimensional test of speckle interference. A sinusoidal phase screen (top)
produces a speckle pattern imposed on an Airy disk (middle). Subtracting the PSF of a
model without perturbations, we simulate observations of this sinusoidal perturbation with a
“perfect” coronagraph (bottom). All images depict the intensity (I = |E|?). This simulation

is used as a troubleshooting step for a first implementation of the stKLIP algorithm.
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Figure 2.5: One frame of the input sequence (left) for the simple two-sinusoid test case with
a coronagraph, with the residuals after PSF subtraction using mean-subtraction, KLIP, and
stKLIP, showing a clear reduction in speckle intensity. Both stKLIP and baseline KLIP
reduce image variance by a factor of at least 5.7 from the original image, an improvement
over simple interventions like mean-subtraction. Although stKLIP does not improve upon
KLIP in this limited test case, it is important to remember that we have not optimized for
modes and lags in this scenario; this step was intended for troubleshooting, not rigorous

characterization of the algorithm.

In this simple test case, KLIP and stKLIP reduce the variation in the image by factors
of 6.8 and 5.7, respectively. Although stKLIP does not improve upon KLIP in this limited
test case, it is important to remember that we have not optimized for modes and lags in
this scenario; determination of performance is left for more rigorous and realistic tests in
the following section, 2.3.2. They both outperform simple interventions, such as subtracting
the mean of the image, in reducing the total variation in the image, as shown in Figure 2.5.
To summarize, this 2d test was performed to demonstrate that the overall image variance
decreases after projecting out modes of variation with stKLIP, as qualitatively expected, and

in that sense the test can be considered successful.
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2.3.2 Simulated AO Residual Tests

We then wanted to test stKLIP on a more realistic atmospheric phase screen and again
measure potential contrast gains. To this end, we created a set of simulated observations to
represent AO residuals and performed stKLIP on them for a variety of different modes and
lags. We measure contrast curves and companion SNR for four methods of post-processing
in order to understand the effectiveness of our new method: stKLIP, baseline/spatial KLIP,
mean-subtraction, and no post-processing. Results from these tests are described in Section
2.4 and discussed further in Section 2.5. In this section, we first detail the methods used to
create the simulated data set, then the methods for computing contrast curves and SNR on

the processed data.

To create the simulated data set, we use a simulator specifically designed for high-contrast
imaging with next-generation detectors, such as MKIDs, called MEDIS (the MKID Exoplanet
Direct Imaging Simulator), the first end-to-end simulator for high contrast imaging instru-

ments with photon counting detectors [Dodkins, 2018, Dodkins et al., 2020].

MEDIS generates atmospheric phase screens with HCIPy [Por et al., 2018]. These phase
screens use models of Kolmogorov turbulence, and we use the simplest option of a single
frozen flow layer. Then, MEDIS uses PROPER to propagate the light through the telescope
under Fresnel diffraction, including both near- and far-field diffraction effects [Krist, 2007].
Separate wavefronts are propagated for each object in the field — the host star, and any
companion planets. MEDIS also includes options to introduce coronagraph optics, aberrations
(like non-common path errors), and realistic detectors. MEDIS outputs the electric field or
intensity at specified locations in the optical chain, such as the pupil and focal planes in our

case, as shown in Figure 2.6.

Given the wide range of parameters available in MEDIS, we had to make decisions on what
to use for the MEDIS simulations used to test stKLIP. For these simulations, we implement

a telescope with 10 meter diameter, similar to the Keck Telescopes. We begin with a case
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Figure 2.6: Examples of MEDIS simulations. (Top) Pupil plane, illustrating the phase
screen. (Bottom) Focal plane, with a clearly bright companion object. These simulations
are used as a preliminary test of stKLIP’s efficacy and potential; however, there is a large

parameter space to explore beyond the scope of this work.
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without adaptive optics for simplicity. For this, the sampling rate needs to be a few mil-
liseconds, a few times oversampled compared to the smallest temporally resolvable features
given the field-of-view (FOV) under consideration. The number of frames is chosen to create
a total observation time of 30 seconds (6,000 frames at 0.005 second sampling) to recreate a
realistic observation and attain a sufficient number of independent samples. The grid size is
significantly larger than the area of interest (256 x 256 pixels) to avoid edge effects. How-
ever, we choose a region size / FOV that is significantly smaller than our whole grid (100 x

100 pixels) to make this problem more computationally tractable.

The simulation includes atmospheric parameters, such as the Fried Parameter (rg), a
length scale for coherence in the atmosphere, and the structure constant (C,,), a description
of turbulence strength over multiple atmospheric layers. The atmospheric model we use
is a simple single layer of extremely mild Kolmogorov turbulence, with rq > 10 m, since
we want g > D to stay in the high-contrast regime of small phase errors. Note: this
simulated atmosphere is not realistic in ground-based imaging, but we chose these parameters
to approximate the high-contrast regime without simulating adaptive optics and introducing
additional parameters. While our numerical experiments will depend on the input power
spectrum, our primary aim was to assess the characteristics of a second-order statistical
analysis of the linearized system (Equation 2.13), rather than impacts of the particulars
of the wavefront error power spectrum. It is worth exploring how different atmospheric
conditions (e.g. a smaller ry value) would change the effectiveness of this method, but that

is beyond the scope of this initial investigation.

We choose a vortex coronagraph [Mawet et al., 2009], since it is the closest to an “ideal”
coronagraph of the options available in MEDIS (e.g. closest to perfect cancellation of the
spatially coherent wave), thanks to its small inner working angle [Guyon et al., 2006]. We
want an ideal detector since, for this initial investigation, we are not yet interested in how
detector noise/error affects this method. We also include one companion object that would

be readily detectable given current capabilities (a contrast of 5 x 103), in order to enable
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SNR measurements of an injected companion for various post-processing methods including
stKLIP. As mentioned in Section 2.2.2, lags should be chosen based on crossing times and
relevant features. In these simulations, this ranges from 2 to 10 timesteps (0.01 to 0.05
seconds) for a wind speed of 5 m/s and 5 millisecond sampling. Future work should test a
further range of lags, up to 400 timesteps (2 seconds, or one full crossing time), but our cur-
rent method is computationally limited as mentioned in Section 2.3.3. In this investigation,

we also test a range of modes from 1 to 500.

Although these simulations are computationally expensive, MEDIS is capable of parallel
processing, except in cases where AO parameters require serialization. We take advantage
of this capability by using UCLA’s Hoffman2 Cluster. The resultant data sets are quite
large, and require inventive ways of computing the necessary statistics without loading the
full array into memory, described further in Section 2.3.3. These simulations show us how
realistic space-time covariance differs from the idealized case, and allow us to begin to test

the effectiveness of our new method.

Metrics of efficacy used in this study are measurements of variance, signal, noise, signal-
to-noise ratios (SNR), and contrast curves. Variance is simply computed over the whole
100x 100 pixel residual image using numpy .var. Signal is computed using aperture photom-
etry (via photutils), centered on the simulated companion. Noise is similarly computed
using aperture photometry by taking the standard deviation of a series of apertures in an
annulus at the same separation as the simulated companion. SNR is then the ratio of these
two measurements. Contrast curves are estimated using aperture photometry at various
distances from the image center and dividing by the aperture photometry measurement of
the unmasked (e.g. no coronagraph) peak, then adjusting by the signal throughput; the
throughput here is estimated as the signal after processing divided by the signal before data
processing. These various metrics are computed for the original images, as well as different
post-processing scenarios, to understand the relative efficacy of stKLIP. Results are described

in Section 2.4.
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2.3.3 Iterative Statistics Calculations

There are two key computational challenges for large data sets such as those produced by
MEDIS: memory access and computational complexity. Simulations with MEDIS for a realistic
observing sequence based on our criteria above can be on the order of 100GB, which can pose
challenges to RAM-based manipulation for the calculation of mean and covariance given our
current computing resources. To address this problem, we implemented the framework for

iterative statistics calculations set forth in [Savransky, 2015].

In order to perform a KLIP-style calculation, we first need to compute second-order
statistical quantities for a data set of n samples Z;, such as the mean and covariance. The

formula for the calculating mean is:

n

> E (2.38)
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When the mean g is estimated from the data, the sample covariance can be calculated as

follows:
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These sums can be broken up into smaller iterative steps k, to make the calculation less

memory intensive. For each step k, the mean can be updated with the formula
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However, Equation (2.41) is only applicable to the spatial covariance, e.g. a time lag of

zero. The space-time covariance can be calculated as

S = L Z(fz — )T — )" (2.42)



Following a similar protocol to [Savransky, 2015], we derived an update formula for the

space-time covariance:

n -1 n
1 — — — — — — —
S = n—1[0—1 E :%‘%T—z — (n = D" + " E T + [ § T — 2| (2.43)
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It is identical to Equation (2.41), except for the last 3 additional cross-terms. These cross-
terms were directly calculated and determined to be negligibly small as the sample size
becomes large relevant to the maximum lag, and thus would only be relevant in edge cases.
For 1,000 samples, the error on the space-time covariance calculation is on the order of
10~*% or less. For 10,000 samples, the error decreases to 1076 to 1077%, indicating a trend
of decreasing error for an increasing number of samples. We do not plan to use fewer than
1,000 samples in a data set, so we consider this approximation to the space-time covariance

acceptable and have implemented it for the tests described in Section 2.3.2.

Although the mathematics laid out in this section make covariance calculations possible,
the resulting covariance matrices can be quite large, on the order of 10GB for even short test
cases with small FOVs. Even with sufficient RAM for manipulation, these large covariance
matrices can lead to long computation times for following steps of the algorithm. The image
size and sequence length of data sets used in our stKLIP method is therefore still currently
limited by memory requirements and prohibitively long execution times. This is mostly due
to the eigendecomposition calculations, since the full space-time covariance matrix needs to
be loaded into memory for input into scipy.linalg.eigh. As we proceeded with larger
data sets, we chose to perform a standard eigendecomposition with scipy.linalg.eigh
using the default backend (C LAPACK evr) but limited the maximum number of eigenval-
ues/eigenvectors computed, since many of the smaller eigenvalues only capture noise and are
not necessary for this process. There may be more optimal choices for the eigendecomposition

algorithm, but such optimization is left for future work.

Another possible solution to mitigate this bottleneck would be using an iterative eigende-

composition. This could theoretically be done with the NIPALS (Nonlinear Iterative Partial
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Least Squares) algorithm [Risvik, 2007]. However, applying the NIPALS algorithm is not
straightforward for this problem; our space-time covariance matrix is currently assembled
from various spatial covariance matrices, and considerable changes would need to be made to
NIPALS to accommodate a space-time calculation instead of a solely spatial one, since the
NIPALS algorithm relies on a data matrix as input instead of a covariance matrix. Future
iterations of this algorithm could also make use of the dask package for parallelization of com-
putations to help speed up run time, but as of this writing an eigendecomposition function
(e.g. dask.linalg.eigh) was not yet implemented, although the similar dask.linalg.svd

function could possibly be used. We leave such improvements in efficiency for future work.

2.4 Algorithm Performance on Simulated AO Residual Data

We have confirmed through theory (§2.2.2) and simulation (§2.3.1) that space-time covari-
ances exist for speckles in a simple high-contrast imaging system in the regime of small
phase errors and short exposures. In Section 2.2.3, we defined a new algorithm, similar
to Karhunen-Loeve Image Processing, to take advantage of space-time covariances and im-
prove final image contrast, with the eventual goal of detecting fainter companion objects. As
shown in Section 2.3.2, we have developed an initial implementation of this space-time KLIP
(stKLIP) algorithm, and demonstrated it on simulated data. In this section, we present
the results of those demonstrations. It is worth noting that these tests on simulated data
only explore a small range of parameter space, and are not indicative of the absolute po-
tential of using space-time covariance in data processing. Instead, we present this as a first

proof-of-concept for the possibility of this new method.

An example of the images input to and output by the stKLIP processing algorithm is
shown in Figure 2.7, along with a comparison to two other data processing interventions,
mean-subtraction (as in Equation 2.3) and KLIP. For this simulated data, mean-subtraction

makes such a slight improvement that in the following figures we omit it from comparison
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Figure 2.7: One frame of the input sequence (left) from MEDIS, with the residuals after PSF
subtraction using mean-subtraction, KLIP, and stKLIP. Both stKLIP and baseline KLIP
reduce image variance by a factor of ~1.85 from the original image for the listed case of 10

modes and 2 timesteps lag in stKLIP.

plots, as it would be almost precisely coincident with the original image’s metrics.

To quantitatively measure the efficacy of our stKLIP data processing algorithm, we com-
puted total image variance, signal-to-noise ratios, and approximate contrast curves, as de-
scribed in Section 2.3. To further determine the utility of this algorithm and characterize its
dependence on the tuneable parameters, we also investigated the relationships between these
efficacy metrics, the number of KL modes used, and the number of stKLIP lags used. We
leave adjustments of the residual wavefront error statistics and companion location, among

other parameters, and their effects on stKLIP’s efficacy for future work.

Image variance is a primary metric for subtraction efficiency. Total image variance is
reduced by almost half for both spatial / baseline KLIP and stKLIP within the first 10
modes, and variance approaches 0 around 50 modes. In this test, spatial and stKLIP are
similar in their variance reduction abilities, and are both improvements on mean-subtraction
and the original image. Image variance drops off steeply within the first 20 modes, indicating
that most of the power is removed with only a few eigenimages required in the reconstruction.

Given that only a small number of modes are required to remove the majority of the variance
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in the image, future applications of this algorithm could exploit this fact to reduce the

computational burden by only calculating the first n eigenvalues/eigenimages.

For both KLIP and stKLIP on these simulated data, signal starts to be lost around 5-10
modes and drops off more steeply after ~30 modes. Space-time KLIP with 4, 5, 6, or 8 lags
in this scenario shows a slight edge over baseline KLIP in signal retention, as shown in Figure
2.8. It is worth noting that the choice of optimal number of lags depends on the wind speed
and region in the image that we are most interested in. Recall from Section 2.3.2 that this
test uses v = 5m/s, and the companion location can be seen in Figure 2.7. Noise reduction
capabilities appear very similar between KLIP and stKLIP; after about 40-50 modes, so
much of the image has been removed that noise approaches zero and shows small random

fluctuations, indicating that these higher modes contain less information.

Signal-to-noise ratio (SNR) shows a 10-20% improvement over the original image within
the first 40 modes, as shown in Figure 2.9. The 2nd peak in Figure 2.9 is possibly due to
small number statistics (most of the signal has been removed by then) and not a real SNR
improvement. It is worth noting that the SNR shown here could improve significantly if
a method is implemented to retain signal and improve throughput, which we discuss more
in the following section. We again see that there is a slight advantage for certain lags over
spatial (lag=0) KLIP on the order of a few percent, indicating that there is possibility for
properly tuned stKLIP to outperform KLIP.

Contrast curves (as shown in Figure 2.10) similarly show potential for up to 50% im-
provement depending on the number of modes, lags, and region of the image. Within 20
pixels, we see potential for up to 400% improvement, but with the caveat that this close
to the coronagraphic mask, measurements of SNR and contrast are less reliable. A slight
spread in the contrast curves for various lags, such as that seen around 30-40 pixels for 5
modes in Figure 2.10, indicates that it is necessary to strategically choose the number of lags
used in stKLIP depending on the image region in which we want to optimize contrast. We

will discuss these results and future work further in the following section.
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Figure 2.8: Companion signal over number of KL. modes used in the model PSF subtraction;
this figure shows that signal loss begins around 5 modes, indicating that future iterations of
this algorithm would benefit heavily from implementing measures to prevent self-subtraction.
Certain choices of lag (4, 5, 6, 8) show a minor improvement in signal retention over spatial

(lag = 0) KLIP.
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Figure 2.9: Companion signal-to-noise ratio (SNR) compared to the original image SNR
over number of KL modes used in the model PSF subtraction; this figure shows a 10-20%
improvement over the original image using stKLIP and KLIP, with stKLIP having a slight

edge (on the order of a few percent) for certain choices of lag.
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Figure 2.10: Contrast curves, as well as contrast improvement (a comparison to the original

image’s contrast curve), for three cases of KL modes: 5, 7, and 20. Each shows results for

the image processed with baseline KLIP (0 lags) as well as stKLIP with a variety of lags.

stKLIP is consistent with KLIP improvements, and in certain regions may show improve-

ments depending on number of lags used.
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2.5 Discussion

Overall, our tests on simulated data (Section 2.4) show that there is a demonstrated contrast
gain (or equivalently, SNR improvement) of at least 10-20% from the original image using
stKLIP with fewer than 40 modes. There is also evidence that stKLIP provides a slight
advantage over spatial-only KLIP for certain choices of number of lags, number of modes,
and location in image. However, the real potential for this method will be unlocked when

the technique is safeguarded against self-subtraction and demonstrated on real data.

In this section, we first discuss how well the signal is retained for this new algorithm,
and possibilities for future improvements to better avoid self-subtraction and retain signal in
Section 2.5.1. Next, we discuss the relationship between the lag parameter and the optimized
region of the target image in Section 2.5.2. Then we consider the addition of quasi-static
speckles to our currently idealized, only atmospheric speckle regime in Section 2.5.3. Lastly,
we propose other considerations for future work and implementations of this algorithm in

Section 2.5.4.

2.5.1 Signal Retention

The signal clearly decreases beyond ~5 KL modes as shown in Figure 2.8, indicating that we
are not only subtracting from the noise but also the companion (known as self-subtraction).
If we can find a way to reduce this self-subtraction and retain signal, we could potentially
further improve the contrast gain. This could possibly be accomplished by masking the
location of the planet or excluding regions with high spatial covariance but low temporal
covariance, but further development is needed to enable this functionality. Depending on
the masking implementation, this data processing method could be used for blind searches
or characterization observations. In fact, it may be particularly suited to characterization
observations due to the dependence on a specific image region from the nature of atmospheric

speckles.
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Based on previous work on LOCI (Locally Optimized Combination of Images) [Lafreniere
et al., 2007, Marois et al., 2014, Thompson and Marois, 2021], we can expect additional
contrast gains once masking is implemented. Additionally, there are other techniques used
for KLIP to differentiate between signal and speckles, such as angular differential imaging
(ADI, [Marois et al., 2006]), spectral differential imaging (SDI, [Marois et al., 2005]), and
reference differential imaging (RDI, [Marois et al., 2003]). Similar efforts to increase the

distance between the signal and the noise in the eigenimages may be useful for stKLIP.

Additionally, when the number of lags is zero, stKLIP simply reduces to baseline KLIP
[Soummer et al., 2012] as mentioned in Section 2.2.3, and we have included spatial-only/baseline
KLIP as a comparison for stKLIP in our analyses. It is worth noting, however, that KLIP
is typically used on long-exposure images, a different regime than that for which stKLIP is
useful. Additionally, we are comparing stKLIP to KLIP with no self-subtraction mitigation.
Most current implementations of KLIP, such as pyKLIP [Wang et al., 2015], do have some
sort of self-subtraction mitigation or method to increase spatial diversity implemented, such
as forward modeling, angular differential imaging, or spectral differential imaging [Pueyo,
2016, Marois et al., 2006, Vigan et al., 2010]. Therefore, in practice, KLIP would currently
have a significant advantage over stKLIP as implemented in this work. However, future
work can adapt many of the existing methods and techniques from KLIP to improve the

implementation of stKLIP and its resulting performance.

2.5.2 Optimization for Lags and Image Region

Despite KLIP’s apparent advantages, it appears that, depending on the number of lags used
and the location in the image, stKLIP can outperform KLIP by a few percent without self-
subtraction implemented for either case as is done in our test. This is evident in Figure 2.10,
showing detail of the region with highest contrast gain (other than near the central mask).
The region of highest contrast gain will vary depending on the chosen lag as well as the

atmospheric conditions creating the speckles in question. Optimization of input parameters
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is a notoriously tricky problem for KLIP [Adams et al., 2021], and it appears stKLIP is

subject to the same challenges.

The variation of optimal lag and image region is due to the relationship between the
wind speed and spatial frequency, since wind speed and telescope diameter combine to de-
termine the crossing time for one cycle of the spatial frequency as teoss = dielescope/Vwind-
Spatial frequency in the pupil then corresponds to a location in the image plane. The effect
of atmospheric parameters on speckle properties is further quantified in [Guyon, 2005] and
speckle lifetimes are observed on shorter scales in [Goebel et al., 2018]. Empirical investi-
gations of telescope telemetry and ambient weather conditions are also an ongoing area of
study, especially with regards to predictive control [Guyon et al., 2019, Rudy et al., 2014,
Hafeez et al., 2021], but that information may additionally be useful in determining optimal
parameters for stKLIP on-sky. Additionally, using this information on the temporal/spatial
locations of strongest correlations, it may be possible to reduce the matrix size or use only

the most correlated images such as in T-LOCI [Marois et al., 2013].

For this work, we have been operating in the regime of milliseconds to track atmospheric
speckle motions. However, in practice, the full 3D space-time correlation matrix will have
power on multiple timescales, from that of atmospheric speckles to quasi-static speckles. It
is outside the scope of this work to fully explore how space-time KLIP could be applied on
multiple time domains, and there is additionally the caveat that computational complexity

grows with longer timescales than those we have applied here.

2.5.3 Including Quasi-Static Speckles

As mentioned in Section 2.1, the scenario we have investigated is an idealized case — one in
which quasi-static speckles are absent and our images are dominated entirely by atmospheric
speckles. We are also working on short timescales, where the atmosphere is frozen at each
time step. There is a timescale over which the intensity changes, which we are observing in

this scenario, but there is also a timescale for changes in the electric field’s phase. These phase
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changes will only result in changes in intensity if superimposed onto a constant electric field,
such as the case of non-coronagraphic imaging, or when quasi-static speckles are significant
(C(Z) in Equation 2.15). This is another regime in which to explore algorithm performance,
wherein quasi-static and atmospheric speckles co-exist and interact, possibly even changing
the speckle lifetimes [Soummer and Aime, 2004, Fitzgerald and Graham, 2006, Bloemhof
et al., 2001, Soummer and Aime, 2004]. In this regime, there will likely be additional space-
time variation as “pinned” speckles oscillate. Given that the presence of quasi-static speckles
will make visible the additional space-time variations in phase, it is possible that stKLIP
will operate even more effectively with this additional information to exploit. However,
additional quasi-static speckles will lead to additional photon noise, which may counteract
any theoretical contrast gains from including phase information. (Note: recent work from
[Mullen et al., 2019] shows that using KLIP on shorter exposures may even help remove quasi-
static speckles more effectively, further bolstering the case for the stKLIP’s effectiveness
in this regime.) Additionally, the presence of atmospheric residuals could even provide
information about the phase of quasi-static speckles, allowing them to be effectively nulled
with a deformable mirror [Frazin, 2014, Frazin and Rodack, 2021]. Future simulations may

explore this regime and determine if additional contrast gain is possible.

2.5.4 Considerations for Future Work

In this idealized test case, we also chose not to simulate adaptive optics corrections, instead
leaving an investigation of how AO parameters affect space-time correlations and the result-
ing stKLIP processing for a future investigation. Since AO suppresses low frequencies and
heaves high frequencies unchanged, although our total error is on par with an AO residual
scenario, the overall shape of the power spectrum would be different. This would likely lead
to weaker temporal correlations with AO. Previous work also shows that AO corrections do
affect the lifetime of speckles [Males et al., 2021, Males and Guyon, 2017], so this will be an

important factor to consider in future work.

48



Currently, we have yet to demonstrate the full potential of this algorithm, in part due
to the high computational costs. To run stKLIP on a 100x100 pixel window of a simulated
30-second data set (with the parameters specified in Section 2.4) over a range of KLIP pa-
rameters, we required 128GB of RAM and approximately 400 hours of computation time.
The high memory requirement is due to the eigendecomposition, since the space-time co-
variance matrix can become extremely large when including a large number of lags and
must be loaded in fully to the eigendecomposition. As mentioned in Section 2.3.3, there are
possible solutions to this challenge to reduce computational costs in less memory intensive
implementations, or even analytical gains in efficiency that exploit symmetries inherent in
the covariance matrix (shown in Figure 2.1) or focus on only the strongest correlations de-
pending on the temporal and spatial scales of interest, but those are beyond the scope of

this paper.

It may also be possible to reduce the number of eigenvalues/modes computed, which will
reduce computation time and possibly memory consumption as well, given that we now know
that values beyond ~50 KL modes aren’t of much use in our tested scenario, but the exact
threshold will be dependent on the region of interest and number of lags used, among other
factors. In future iterations, this code could also likely be improved by implementing this
algorithm more optimally rather than in a high-level language, as the current implementation

is in Python, and by using parallel processing.

2.6 Conclusion

Evolving atmospheric layers lead to time-varying speckles in the focal plane of an imaging
system; for the high-contrast imaging regime, we have shown that spatio-temporal covari-
ances in these speckles exist, and can be exploited for use in data processing to improve
contrast. Our data processing tool has been implemented in Python, tested on a simple

analytic test case to prove viability, and also tested on realistic simulations to understand
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the effectiveness of this technique. We have shown there is potential for a contrast gain (or
equivalently, SNR improvement) of at least 10-20% from the original image, with significant
potential for an even larger gain if self-subtraction is adequately addressed. Additionally, we
have shown evidence that the space-time nature of our algorithm, in its current form, may
provide a slight advantage over spatial-only KLIP in certain cases, with significant potential
for stronger improvement under different conditions and with improvements to the algo-
rithm implementation. Although the SNR gains for this new method aren’t fully developed,
this initial work on space-time KLIP opens the door for the use of space-time covariances
in high-contrast imaging, especially in the short timescale regime of atmospheric speckle

lifetimes.

Future work can use our data processing tool to further explore the dependence of the
space-time covariances and the resulting contrast improvements on various parameters, such
as the type of coronagraph, AO performance, strength of quasi-static speckles, and atmo-
spheric conditions. It would be particularly interesting to determine how AO affects these
covariances, since AO is important in a realistic scenario for exoplanet imaging and affects

the resulting speckle lifetimes and structures.

Future implementations of this algorithm will also need to consider how to minimize
self-subtraction of the companion object, and overcome the memory and computational
demands in the eigendecomposition. Further optimization of the tunable parameters is
also necessary to optimize algorithm performance and implement this as a refined tool for
exoplanet imaging. It would also be interesting to apply this tool to on-sky data, such as that
from MEC on SCExAO at Subaru [Walter et al., 2020, 2018, Jovanovic et al., 2015b, Minowa
et al., 2010], to determine potential on-sky contrast gains from this technique. Although this
current work focuses on the use of speckle space-time covariances in post-processing, these
covariances could even be used in real-time predictive control [Guyon et al., 2018]. Overall,
the results in this work show that harnessing space-time covariances through “space-time

KLIP” may be a promising technique to add to our toolkit for suppressing speckle noise in
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exoplanet imaging while retaining signal throughput.
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Notation

Glossary A — Sections 2.1 & 2.3

Symbol Definition

I (k) Stellar PSF, as in Soummer et al. 2012

k Pixel index

T(k),t Target image as in Soummer et al. 2012, and
as in this work unrolled to 1-d and repre-
sented as a vector

A(k),a Faint astronomical signal (as above)

€ True/false binary parameter

f¢(k), @Z Approximated PSF as in Soummer et al.
2012 and as a vector in this work, respec-
tively

R Matrix of reference images before mean sub-
traction

r Individual reference image

X Mean image from reference set

M Mean subtracted reference images

n; Number of images in reference set

ny Pixel count n, x n,

Ny Dimension 1 size

Ny Dimension 2 size

N, Number of modes / eigenvectors chosen

1 Used as an arbitrary index

J Used as an arbitrary index

C Covariance matrix

X, A Vector of eigenvalues, eigenvalue

V Matrix of eigenvectors/eigenimages
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Un R <
Wy

W>|

s

ng

Tk, avg

Eigenvector

Vector of coefficients

Mean subtracted image sequences (in matrix
and vector form)

Reconstructed image sequence

Number of images in sequence

Largest number of timesteps/lags in use as
measured from the central image

Total number of timesteps/lags used, equal

to ng

Averaged residual from stKLIP
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Notation Glossary B — Sections 2.2

Symbol Definition
1 Intensity
z Location in image plane

U Location in pupil plane
t Time
T Time step
Vpup Pupil amplitude
W foc Focal amplitude
(U, t) Pupil phase
P() Pupil function

C(Z) | Spatially coherent wavefront

Se(Z, 1) Phase aberrations
& Displacement in pupil
By phase covariance function
Vwind Wind velocity
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CHAPTER 3

Using Ground-Based Polarimetry to Monitor Plume

Activity on Europa

3.1 Introduction

Multiple purpose-built instruments have been created for high-contrast imaging of exoplanets
and planet-forming disks in the past decade. Although these instruments’ main purpose is
for extrasolar investigations, they can be powerful tools for solar system observations as well.
Herein we present the first disk-resolved multiband infrared imaging polarimetry of Europa,
one of Jupiter’s four Galilean satellites and a popular target in the search for life in the solar

system.

Unresolved polarimetric observations of the Galilean satellites were originally used in the
1970s and 1980s to determine Europa’s surface composition, suggesting that it has a water
ice surface [Dollfus, 1975, Mandeville et al., 1980], which we know today to be true from
observations taken by the Galileo and Juno missions to Jupiter [Greeley et al., 1998, Szalay
et al., 2024]. These observations, however, were quite limited in the range of phase angles and
wavelengths probed; more recent disk-integrated polarimetric observations (e.g. Kiselev et al.
[2017, 2022]) tracked the dependence of Europa’s surface polarization on phase angle, and
determined that sunlight scattering off the surface of Europa is linearly polarized between
-0.4-0.4%, caused by a regolith layer with a high albedo. Spatially resolved polarimetry
should be able to provide information on the grain sizes of the icy regolith across the surface,

determining distinct compositional units indicative of differing geologic features, as well as
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information on active processes like cryovolcanism, colloquially referred to as plumes [Poch

et al., 2018, Sparks et al., 2022].

Unlike the well-established plumes on Enceladus [Hansen et al., 2006], the existence of
plumes on Europa are still under debate, but are suspected due to its surface features and
known subsurface ocean [Fagents et al., 2000, Melosh et al., 2004]. Water vapor consistent
with plume activity on Europa was detected with HST observations circa 2012, but not
in previous imaging, suggesting more variable plume activity on the timescales of years
[Roth et al., 2014]. Follow up observations with HST /STIS similarly revealed images of
possible plume activity, and recent searches for water vapor outgassing showed low levels
with occasional stronger events, which may be considered indirect evidence of plume activity
[Sparks et al., 2016, Paganini et al., 2020]. Additional monitoring of Europa’s exosphere was
obtained in 2018 with Keck/HIRES, but this work does not provide information on plume

constraints [Brettle and Brown, 2018].

Plumes are an exciting window into the geology of icy outer solar system moons with
subsurface oceans. Cassini observations of Enceladus’s plumes have provided information on
the geophysical mechanisms powering the plumes as well as the chemistry of the subsurface
ocean — a key target of interest for habitability and astrobiology studies — even revealing
signs of hydrothermal vents [Waite et al., 2017]. Tt is yet unclear where Europa’s plumes
originate — from evaporation or sublimation in pockets of liquid near the surface, or from
nozzles originating deep in the subsurface ocean [Vorburger and Wurz, 2021]. Two key
parameters in models of Europa’s plumes are the spatial extent and column density, as
different mechanisms will produce features with different sizes and flow rates. Location of
plumes on the surface may correlate with existing surface features, again providing insight
into how the plumes form. Additionally, others have hypothesized that Europa’s plumes,
similarly to those of Enceladus, may be tidally modulated, appearing when tidal stresses
deepen cracks on the surface and allow water to escape [Quick et al., 2013, Rhoden et al.,

2015).
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Better constraints on the size and timing of Europa’s plumes — as well as clearer evidence
that they exist at all — will significantly constrain models of plume formation and deepen our
understanding of subsurface ocean geology. These geological questions also have significant
implications for astrobiology on Europa — similar to the previously described scenario on

Enceladus.

Determining whether the plumes are periodic/predictable or stochastic could also assist in
determining timing for mission plans, in preparation for two upcoming solar system missions:
Europa Clipper [Phillips and Pappalardo, 2014], launching in 2024, and the European Space
Agency’s Jupiter Icy Moons Explorer (JUICE) [Grasset et al., 2013], launching in less than
one year in April 2023. Understanding the timing of plumes is crucial for possible in-situ
sampling, which could provide a direct observation of the subsurface ocean’s composition,
possibly including the molecular components of biology or even microbial life itself [Lorenz,
2016]. Space-based monitoring with HST, however, is challenging — as it is difficult to
obtain sufficient time and cadence — but ground-based polarimetry (as first proposed by
McCullough et al. 2020) could enable routine monitoring, providing data on both plume
size and timing/variability to constrain features of plume activity and prepare for upcoming

missions.

Ice particulates of size ~1-2 microns should present a polarized signal in the infrared
due to scattering. Additionally, this method of using imaging polarimetry allows direct
detection of plumes across the disk of Europa — not limited to features located on the limb
or detections of water vapor at non-specific locations as previous observations have been.
This work is both a proof-of-concept, paving the way for future monitoring efforts, and an
opportunity to learn more about the nature of Europa’s plume activity, either via a positive

detection or a constraint on the level of activity, and Europa’s surface geology more generally.

We present observations taken with SCExAO/CHARIS infrared spectropolarimetry [Groff
et al., 2016] on the Subaru Telescope of Europa in Section 3.2 with details of the data pro-

cessing required for this unique dataset in Section 3.3. These data constitute the first disk-
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Date (UT) 30 July 2023
Instrument SCExAO/CHARIS
Filter Broadband (JHK) | H
Exp. Time (s) 13 30
Tot. Time (min) 48 30

Table 3.1: Summary of observations of Europa with Subaru SCExAO/CHARIS.

resolved multiband infrared polarimetric imaging of Europa to be published. Preliminary

analysis is presented in Section 3.4, and future work is detailed in Section 3.5.

3.2 CHARIS Observations

We observed Europa on 2023 July 29 UTC with Subaru SCExAO/CHARIS. At the time of
observation, the system was a combination of extreme adaptive optics (SCExAQ, the Sub-
aru Coronagraphic Extreme Adaptive Optics system, Guyon et al. [2010], Vogt et al. [2010],
Garrel et al. [2010]) to build off the initial wavefront correction from the facility’s AO188
system [Hayano et al., 2008, Hayano et al., 2010], and the CHARIS instrument (the Coro-
nagraphic High Angular Resolution Imaging Spectrograph) for infrared spectropolarimetric

observations [Groff et al., 2015, 2016]. Observations are summarized in Table 3.1.

CHARIS observations were taken in broadband mode (simultaneous observations in .J,
H, and K bands -9- 1.16-2.37 pym with R~18) [Groff et al., 2016]) and so-called “high-
resolution” H-band (centered on 1.63 pm, R~65), using natural guide star adaptive optics
locked on Europa. Seeing conditions were steady at 0.4-0.6" as recorded in the observing
logs and by the MASS/DIMM data available from the CFHT seeing and mass profile records.
The individual exposure time was 13 seconds for broadband and 30 seconds for H band, with
total on-source integration times of 48 minutes and 30 minutes, respectively. All observations

were taken without a coronagraph in the optical path, and without the instrument’s usual
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astrometric grid spots. We additionally observed a variety of stars for photometric and
astrometric calibration (BD 343631, HD 239068, HD 236419, HD 236894, HIP 3373) on the
same night for use in calibrations. Sky flats for calibration were taken at a similar separation

to Europa for use in removing stray polarized light from bright nearby Jupiter.

Data “cubes” (with wavelength as the third dimension) were extracted from the raw
CHARIS reads using the instrument’s standard extraction pipeline (CHARIS-DEP) [Brandt
et al., 2017]. Data cubes were then flat fielded and sky subtracted using a series of po-
larization flats taken on the same night with CHARIS and the aforementioned sky flats,
via the instrument’s standard data processing pipeline (CHARIS-DPP) Currie et al. [2018],
Lawson et al. [2021]. Further calibration steps of image registration and spectrophotometric
calibration for polarimetric data, however, are only implemented in the standard pipeline
for observations using astrometric satellite spots and a central host star as the spectropho-
tometric reference; as a result, we perform these calibrations with processes tailored to this

unique dataset as described in the following section.

3.3 Data Reduction and Processing

3.3.1 Image Registration

For image registration, we first split the images into left and right halves (i.e. separating
each of the orthogonal polarization states that is imaged on the detector). We then use the
nominal centers for the two polarization images on the detector, as listed in the CHARIS-DPP
and adjusted by eye for a better match, to center the first image in the sequence, and align
all subsequent frames to that centered frame via cross-correlation using scikit-image’s
phase cross correlation function [van der Walt et al., 2014] to determine the pixel offset and
scipy.ndimage’s shift function [Jones et al., 2001] to move each split frame to the correct
centered position. We then create and apply a mask to the data to set all values outside

the field of view to NaN, to prevent aliasing effects later on in the data reduction process
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(particularly during the final step of polarized differential imaging, a.k.a. PDI, described
further in Section 3.3.3).

3.3.2 Absolute Flux Calibration

For the broadband Europa data, we then perform the absolute flux calibration using the
reference star HD 236894; these observations were also taken in broadband mode, with 16
second exposures for a total integration time of 8.5 minutes. HD 236894 is an O8V star with
magnitude H (2MASS) = 8.877+0.026 [Cutri et al., 2003], listed as a polarization standard
star in Heiles [2000]. These reference images are extracted using the same procedure as the
target science data with the CHARIS-DEP, flat fielded with the CHARIS-DPP, and registered
via cross-correlation. Notably, we do not use the CHARIS-DPP for sky subtraction here, as

the only sky frames we have available from the night are from near Jupiter.

Instead, we perform sky subtraction via aperture photometry for the reference star data.
We find the radius at which the signal is <0.5% of the point spread function (PSF) core,
and use an annulus with that as the inner radius and the outer radius set by the limits of
the field of view (FOV). We find the average pixel value in that annulus and use that as the
noise value to subtract from each pixel in the image. Then, we take the median for each
pixel across all sky subtracted reference star cubes and divide by the exposure time to create

one master reference star cube with units of counts per second.

With this master reference star cube, we then extract the stellar flux for each wavelength
slice in the cube. We again use aperture photometry (via photutils [Bradley et al., 2019]),
here with an aperture of three times the full width at half maximum (FWHM) centered on
the star. The FWHM is calculated as % for each channel, and then converted to pixels
using the CHARIS pixel scale 16.440.1 mas/pix. Given that our target science data is for an
extended object, we must account for the finite aperture used in this process. We compute
an encircled energy correction by deriving a curve of total flux versus radial distance from

the star, and determining the fraction of flux contained at each radial location. After this
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correction, we have a reference flux for each of the 22 CHARIS wavelength channels as if

using an infinite aperture in counts/sec, hereafter referred to as the reference spectrum.

To convert to physical units, we then create a model data cube for the reference star using
a Pickles model spectrum [Pickles, 1998] for an O9V star, the closest match in that spectral
library to our reference star’s classification, obtained via pysynphot [Lim et al., 2015]. We
then compute the FWHM in pixels using the known central wavelength of the H-band filter

and dlog\ value from the CHARIS data headers, and use this to convolve the model to the

FWHM
24/2log2 "

the CHARIS wavelength channels. To scale the model to the known stellar magnitude, we

CHARIS resolution via a Gaussian with ¢ = The model is then interpolated to
compute synthetic H-band photometry using the Hyixo filter transmission profile from the
SVO Filter Profile Service [Rodrigo et al., 2012, Rodrigo and Solano, 2020] and the following

equation from Tokunaga and Vacca [2005]:

[ E,S,/vdv

TR (3.1)

where F), is the specific flux density, S, is the filter transmission profile, and v is the frequency.

We convert the known stellar magnitude to Janskys using the 2MASS H-band zeropoint
(1024 Jy) and the equation F, = ZP x 107™/2® [Cutri et al., 2003], and convert the model
synthetic photometry to Janskys. We then fit for a scaling factor to scale the model to the
known magnitude, resulting in a model spectrum at CHARIS resolution and wavelengths

scaled to the known stellar flux.

Lastly, with this model spectrum (in Jy) and the aforementioned reference spectrum (in
DN/s) we can divide the two to create a conversion factor in Jy/counts/second, which we
can then use to convert our science target data to physical units by dividing by the target
exposure time and multiplying by this conversion factor. Given that we are interested in the
brightness of this extended object, we additionally convert to mJy/sq. arcsec by dividing by

the subtended solid angle of a pixel in square arcseconds and converting from Jy to mJy.
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3.3.3 Polarimetric Imaging via Double-Differencing

We then return to the CHARIS-DPP to complete the steps necessary to obtain images corre-
sponding to the I, ), and U components of the Stokes vector. Dual-band poalrimeters are
generally insensitive to Stokes V' (circular polarization) due to the retardance of the wave

plate. The Stokes vector [Stokes, 1851] describes the elliptical polarization of light as:

= S Qo ~

where [ is the light’s total intensity, () and U are its two orthogonal linear polarization states,
and V is its circular polarization, as illustrated in Figure 3.1. From the components of the
Stokes vector, we can calculate the polarized intensity (PI), degree of linear polarization

(DoLP), and angle of linear polarization (AoLP) as follows:
Pl = \/Q? 1 U2 (3.3)

/0?2 2
DoLP = ? = M (3.4)

I

AoLP = %arctan (%) (3.5)

For an ideal polarimeter, if the incoming light is split into two orthogonal polarization
states aligned with coordinate axes (I; and I5), Stokes I and @) can be retrieved from adding

and subtracting the intensity of I; and I, respectively:
I=5L+1 (3.6)
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Figure 3.1: Diagram of the orientation of the Stokes vector components I, (), U, and V, as
well as the definition of the angle of linear polarization (AoLP). This visualization is as if

the beam is propagating out of the page towards the observer, centered on the origin. Figure

adapted from Fig. 1 of De Boer et al. [2020].
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Equivalently, we can describe the transmission for I; and I, as:

I — %(1 +0Q) (3.9)

h=3(1-Q) (3.9)

To obtain Stokes U, the angle of linear polarization must be rotated by 45° (i.e. by an

additional optical component); then the above equations can be applied to retrieve +U.

In a polarimetric imaging instrument like SCExAO/CHARIS, simultaneous images of
the field-of-view (FOV) are obtained in two orthogonal polarization states using a polarizing
beam splitter, such as a Wollaston prism. Additionally, the system contains a half-wave
plate (HWP) to rotate the polarization direction, allowing us to obtain Stokes I, @, and U
with some mitigation of instrumental polarization (IP) via double-differencing [Tinbergen,
2005, Witzel et al., 2011, Canovas et al., 2015, De Boer et al., 2020]. Stokes V' (circularly
polarized light) is unable to be measured by such a system. For the double-differencing
procedure, images are recorded with four HWP angles; the HWP angle corresponds to half
of the angle of linear polarization (e.g. a HWP angle of 22.5° creates a change of AAoLP =
45°) [Appenzeller, 1967, De Boer et al., 2020]. Two HWP angles (0° and 45°) are used to
obtain +@), and two (22.5° and 67.5°) are used to obtain +U as follows, where Q*, Q~, U™,
and U~ correspond to the Stokes vectors obtained via single-difference (as in Equations 3.6

and 3.7 from each HWP angle (0, 22.5, 45, and 67.5°) respectively:

Q= 5(Q" Q) = 5(h(0°) ~ B(0°) ~ L(45°) + L(45°)) (3.10)
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lo= 5 lg- — Ig-) = 5 (1(0°) + B(0°) + [1(45°) + L(45°)) (3.11)
U= %(U+ U = %(11(22.50) — 1,(22.5°) — I,(67.5°) + L,(67.5°)) (3.12)

lo = (g ~ 1) = L(L(225°) + L(22.5°) + L(67.5°) + L(6757) (3.13)

Double-differencing is able to remove IP downstream of the HWP in the telescope optics;
however, further calibration is necessary to remove IP from the telescope mirrors, instrument
optics upstream from the HWP, and crosstalk between polarization channels. For CHARIS,
there exists a full Mueller matrix model of the instrumental polarization, which primarily
arises from the image derotator (K-mirror), telescope mirrors, and the half-wave plate itself

[van Holstein et al., 2020, GJ’t Hart et al., 2021] as further described in Section 3.3.4.

In the CHARIS-DPP pipeline, these steps (double-differencing and instrumental polariza-
tion calibration) are collectively referred to as polarimetric differential imaging (PDI). PDI
is a high-contrast imaging technique that is often used for detecting circumstellar disks, as in
Chapter 5; this technique removes unwanted stellar light by relying on the fact that starlight
is generally unpolarized, while light scattered off the small dust grains of a disk is polarized
[Follette, 2023]. Although disk imaging is not the end goal of this particular investigation,
the steps to processing dual-band polarimetry for our case and for traditional high-contrast
imaging are largely the same, and result in total intensity and polarized intensity as shown
in Figure 3.2, as well as Stokes ) and U images that display the typical “butterfly” pat-
tern expected for a face-on, axisymmetric circular source as shown in Figure 3.3 [De Boer
et al., 2020]. In each wavelength averaged image shown within, we have removed wavelength

channel 12 due to a hot pixel over the disk of Europa interfering with image quality.
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Figure 3.2: Preliminary reduction of broadband polarimetric imaging of Europa; columns
correspond to the average flux density in the J band, H band, and K band respectively,
rows correspond to total intensity and polarized intensity. Note the different color scaling
in each (mJy vs. Jy), as Europa is significantly brighter in total intensity than in polarized
light; additionally, Europa appears significantly brighter at J band. Images are shown with
North up, East left; approximate positions of Europa’s North Pole and the subsolar point

(marked with a red x) are indicated in the bottom right.
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Figure 3.3: Preliminary reduction of broadband polarimetric imaging of Europa in Stokes
(@) and U showing the average flux density in each band. These images show a “butterfly”
pattern as expected for a face-on, circular source [De Boer et al., 2020]. Images are shown
with North up, East left; approximate positions of Europa’s North Pole and the subsolar

point (marked with a red x) are indicated in the bottom right.
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3.3.4 Instrumental Polarization Calibration

In a non-ideal polarimeter, there are multiple sources of error that must be accounted for
and calibrated; the two most critical of these effects are polarization induced by the telescope
and instrument optics (often simply referred to as instrumental polarization) and crosstalk (a
form of “leakage” in which one polarization state is converted into another, usually between
linear and circular polarization). IP is generally caused by diattenuation, in which an optical
component has different reflectance or transmission properties depending on the polarization
state. Crosstalk, on the other hand, is due to retardance, wherein a polarization state

acquires a phase shift due to reflection or transmission [van Holstein et al., 2020].

It is possible to create a mathematical model of the polarization effects for an optical
system, obtaining a Mueller matrix (M) to describe the transformation between the input
Stokes vector (S;,) and the Stokes vectors S, describing the light on each half of the detector
(L/R):

Srec,L/R = Msys,L/RSin (314)

or, equivalently:

Leeiym| |11 Q=1 U—=1 Vo1l [m
CQrec,L/R . I — Q Q — Q U— Q V= Q Qin (3 15)
Usee, /R I—-U Q—=U U—=U V-=>U| |

| Viee,L/R | =V Q—=V U=V V=V] | Vi

where My, is the 4x4 Mueller matrix. Mgy can be written as the product of the Mueller

matrices for each individual component, i.e. M,,, M, _1--- MyM;.

For CHARIS, the instrumental Mueller matrix model [van Holstein et al., 2020, GJ’t Hart
et al., 2021] accounts for the effects of the three main telescope mirrors (dependent on the
parallactic angle a and the altitude angle p), the effects of the Wollaston (simply describing
the left and right channels), the derotator/K-mirror (dependent on its angle 6 and offset ),
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and the HWP (also dependent on its angle and offset). A simplified diagram of the Subaru
SCExAO/CHARIS optical path, including these components, is shown in Figure 3.4. For
components that can rotate the polarization angle, the model includes a rotation matrix

T(0):

1 0 0 0
0 cos(20) sin(20) 0
T(9) = (3.16)
0 —sin(20) cos(260) 0
0 0 0 1

Each component in the model (the telescope mirrors, HWP, and derotator) also has a

Mueller matrix that describes the optic’s diattenuation (¢) and retardance (A):

1 ¢ 0 0o |
e 1 0 0
Mcomponent = (317)
0 0 +1—~¢€2cosA +/1—e€2sinA
_O 0 —+v1—e2sinA V1 — €2COSA_

The Wollaston prism has a simpler Mueller matrix that describes the split into the two

orthogonal states:

(1 41 0 0
+1 1 0 O
Mw /= (3.18)
0 0O 00
(0 0 00

Combining these components, where My 1,/r describes the Wollaston, Mg, describes the
derotator, Mywp describes the HWP, and M, describes the telescope mirrors, the model

(as in van Holstein et al. [2020]) can be expressed as:
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Figure 3.4: A simplified diagram illustrating the relevant components of the optical path
from the Subaru telescope to SCExAO/CHARIS. Adapted from Fig. 1 in van Holstein et al.
[2020].

SrCC,L/R = M/rmW,L/RT(_edera _5der)MderT<6der> 5der)T(_9HWP> _5HWP)MHWP
T (Oawp, ouwe )T (—a) Mia T (p)Sin  (3.19)

van Holstein et al. [2020] implemented this model for CHARIS and fit values for the re-
tardance of the HWP and derotator across all 22 wavelength channels recorded by CHARIS,
providing a first-order calibration for instrumental polarization. GJ’t Hart et al. [2021] then
fully characterized the instrumental polarization effects for CHARIS spectropolarimetry, in-

cluding the addition of physical models of the derotator and HWP retardance, the addition
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Figure 3.5: Polarimetric accuracy for SCExAO/CHARIS across the broadband wavelength
channels for an 0.1% polarized source such as Europa. Polarimetric accuracy s, is calculated

as Sqg = |q|Srel + Sabs, as in GJ't Hart et al. [2021].

of a physical model of the tertiary mirror’s diattenuation, and validation using both internal
calibration sources and unpolarized standard star observations. These calibrations for in-
strumental polarization effects are included in the CHARIS-DPP PDI module. GJ’t Hart et al.
[2021] reports that the total polarimetric accuracy in normalized Stokes ¢ (s,) of CHARIS
spectropolarimetry observations is 0.08% to 0.24% for a 1% polarized substellar companion,
with an absolute accuracy s.us of 0.067% to 0.22% and a relative accuracy s, of 0.41% to
2.5%. Polarimetric accuracy s, is calculated as s, = |¢|Syel + Sabs Where ¢ is the polarized
fraction @)/Ig; accordingly, for our observations, we expect an accuracy of 0.07% to 0.22%
for an 0.1% polarized source such as Europa in Stokes ¢, shown for each wavelength channel
in Figure 3.5. Accuracy for Stokes u is calculated similarly, assuming a polarization fraction
of 0.01% [Kiselev et al., 2022], and then used to calculate the accuracy in the degree of linear
polarization spop = 1/¢%s; + u?sy; due to the extremely low expected signal in Stokes ¢

(<0.01% according to measurements in Kiselev et al. [2022] for phase angle a ~ 11), s, ~

SDoLP-
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Although we observed unpolarized stars (BD+34 3631 and HD 239068, Heiles 2000)
on the same night, these stars’ polarization fraction uncertainties are the same order of
magnitude as our observed signal; as a result of this fact and the already high accuracy of
the existing CHARIS Mueller matrix model [GJ’t Hart et al., 2021], we do not perform an
additional instrumental polarization calibration with these observations. We do, however,
leverage the large number of half-wave plate cycles as a confidence check on our polarization
accuracy; the spread in polarization fraction across the 55 HWP cycles is substantially
smaller than the accuracy calculated above (measurements of percent polarization fraction
vary by £0.08%, 0.01%, and 0.03% for J, H, and K bands respectively), and as such, we do

not incorporate this spread as an additional error term.

3.3.5 Astrometric Calibration

The CHARIS-DPP corrects for a true north position angle (PA) offset relative to the recorded
PA in the data headers, using the published value of -2.24+0.27° [Lawson et al., 2020]. It is
worth noting, however, that recent work has reported a slightly different mean PA offset for
some data sets, as in Chen et al. [2023]. However, a degree difference in PA would correspond

to <1 pixel on the limb of Europa in our imagery, and therefore is negligible for our purposes.

3.3.6 High-resolution H-band Data

For the H-band CHARIS data, we complete the same data processing steps previously
described for the broadband data. In this reduction, we use observations of HD 236894 (the
same reference used for the broadband reduction) taken in spectral high-res H-band mode
(R~65.2) as our photometric reference. These calibrated H-band data are visualized for

select wavelength channels in Figures 3.6 and 3.7.
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Figure 3.6: Preliminary reduction of polarimetric imaging of Europa in CHARIS high-res-
olution H-band mode; columns correspond to three wavelength channels within the data
cube, rows correspond to total intensity, and polarized intensity. Note the different color
scaling in each, as Europa is significantly brighter in total intensity than in polarized light.
Images are shown with North up, East left; approximate positions of Europa’s North Pole

and the subsolar point (marked with a red x) are indicated in the bottom right.
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Figure 3.7: Preliminary reduction of CHARIS high-resolution H-band polarimetric imaging
of Europa in Stokes () and U. These images show a “butterfly” pattern as expected for a
circular source. These images appear noisier because they are single wavelength channels
instead of an average over a bandpass. Images are shown with North up, East left; and the

subsolar point (marked with a red x) are indicated in the bottom right.
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Figure 3.8: False color image of Europa in infrared total intensity as observed in CHARIS
broadband mode. Red, green, and blue values correspond to K band, H band, and J band

respectively.

3.4 Europa’s Geologic Features

These unique data provide an opportunity to study Europa’s surface features and charac-
terize the scattering properties of the surface ice. Although similar resolved polarimetric
imaging data have been collected with the Hubble Space Telescope (HST) in the visible
(F435W) [Sparks et al., 2022], this is the first published resolved polarimetric dataset of
Europa at infrared wavelengths. Here, we describe various geologic investigations that will
be carried out with this dataset in future work. Additionally, a false color image of Europa
in J/H /K bands is provided in Figure 3.8, showing that we have resolved various geological

units with distinct infrared colors.

5



3.4.1 Surface Scattering and Geologic Features

Using information from the JPL Horizons ephemeris [Giorgini, 2015], we are able to de-
termine the orientation of Europa at the time of observation, enabling us to compare our
observations with previously published maps and other results. The central point in our
images (known as the subobserver point) corresponds to 3.54°N latitude and 113° to 117°W
longitude on FEuropa. The range in longitude of the subobserver point is due to the long
integration time, as Europa’s rotation period is approximately 3.5 days; correspondingly, in

our hour-long integration time, Europa will have rotated by approximately 4°.

At the time of observation, the subsolar point was located at 3.38°N 125-129°W; this can
similar be described in terms of position angle in degrees and distance from the subobserver
point in arcseconds, 72.53° and 0.09”. > 98% of Europa’s surface was illuminated, with a
solar phase angle o = 11.74. Europa’s North Pole, in terms of PA and distance from the
subobserver point, was 342° and 0.432”. The disk of Europa had an angular diameter of
0.867" and was separated from Jupiter by 169” to 174.7” during the observations. Currently,
we do not correct for solar illumination, but plan to do so in future work, similar to the
photometric correction in King et al. [2022]; this correction will affect the polarized intensity

images, but not polarization fraction.

The known orientation of Europa implies that two known geographical features — Powys
Regio and Tara Regio, as shown in Figure 3.9 — should be present in our images. Powys Re-
gio and Tara Regio are regions of mottled chaos material, although Tara Regio also contains
units of high-relative-brightness chaos material [Doggett et al., 2009]. “Chaos” on Europa
refers to areas with disrupted ice, possibly originating from areas of shallow subsurface water
[Schmidt et al., 2011]; this type of geologic structure potentially differs in composition and
grain size from less disturbed areas on the surface, which are coated in irradiated sodium
chloride [Trumbo et al., 2019], and therefore may present different polarimetric properties

(e.g. degree of linear polarization, phase curve structure [Poch et al., 2018]). Tara Regio is an
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Figure 3.9: U.S. Geological Survey (USGS) geologic map of Europa’s surface [Leonard et al.,
2024]. At the time of our observations, the sub-observer point was located at approximately
3.5° N, 113 to 117° W. Due to the long integration time (~ 1 hour), surface features are
slightly blurred, as Europa rotated by nearly 5 degrees longitude; however, there are brighter
patches visible in our images, possibly corresponding to Powys Regio and Tara Regio. The

subsolar point at the time of observations was approximately 3.4° N, 127° W.

area of particular interest due to the recent discovery of a concentration of CO, via JWST
observations, which suggests interactions with the subsurface ocean [Trumbo and Brown,
2023]. Additionally, several large bands — locations where the terrain has been fractured
by tectonic forces, likely due to a convecting layer of ice — are present to the South of Tara

Regio [Howell and Pappalardo, 2018].

Previously, polarimetry has been used to determine properties of the surface ice of Eu-
ropa, dating back to the 1970s when polarimetric observations supported the idea of a water
ice surface [Dollfus, 1975]. Disk-integrated polarimetry has traced the surface polarization’s
behavior with phase angle « (e.g. Kiselev et al. [2009, 2017, 2022]), and our average degree

of linear polarization across the surface is roughly in alignment with this work. Kiselev et al.
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[2022] reports a degree of linear polarization of ~0.1% for a phase angle of 11-12°, broadly
in agreement with our measured values of 0.175+0.135%, 0.1934:0.128%, and 0.2484-0.087%
for J, H, and K bands respectively. Measurements of polarization at various phase angles
constrain the shape of the negative branch of polarization, which provides information on
the size and scattering behavior of the grains; Kiselev et al. [2022] determined this polariza-
tion corresponds to backscattering off microscopic icy grains with a single-scattering albedo

~0.985.

Other laboratory work has suggested that polarimetry can provide insight into not only
grain size, but also the degree of sintering on an icy surface such as Europa’s [Poch et al.,
2018, Cerubini et al., 2018, 2020]. Sintering is the modification of ice grains’ shapes as they
are exposed to warmer temperatures, where they grow and coalesce to create a hardened
icy surface; more sintered grains are larger, and depart from the spherical grain shape of-
ten assumed in Mie scattering calculations. This leads to changes in both the shape of
the scattering phase curve and the degree of linear polarization; in particular, laboratory
measurements have shown that the minimum depth of the negative portion of the polari-
metric phase curve is shallower for larger grains, and the angle at which that minimum
occurs decreases with sintering [Poch et al., 2018]. The properties of Europa’s polarimetric
phase curve suggest that it may have coarser and more sintered grains than other icy worlds
like Enceladus [Poch et al., 2018]. With this resolved multiband polarimetric imaging from
SCExAQO/CHARIS, we can now investigate relationships between degree of polarization,
spectroscopy, and more within distinct geographical units on Europa’s surface. Similar work
has been proposed in the visible with HST, describing how such an investigtion can provide
insight into the porosity, composition, size, and shape of the icy regolith and even perhaps
identify regions of recent ocean-surface ice interactions [Sparks et al., 2022]. Our infrared
SCExAO/CHARIS data will complement those from Hubble, and may be compared to high
spectral resolution infrared data such as those from VLT /SINFONI [Ligier et al., 2016].
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3.4.2 Constraints on Plume Activity

The possibilities of cryovolcanism and the resulting water ice plumes are perhaps the most
tantalizing subject within Europa’s geology. As described earlier, there has not yet been an
undisputed detection of plume activity on Europa; however, estimates from HST in 2014
claim observations consistent with a 102 m™2 column density plume (similar to the column
density of Enceladus plumes) 200 km in height [Roth et al., 2014, Paganini et al., 2020].
Such activity on Europa must also be weaker or more intermittent than that of Enceladus to
account for the numerous non-detections of plumes over the past two decades. Additionally,
recent observations with JWST did not detect plume activity, suggesting that any plumes

on Europa are infrequent and/or quite weak [Villanueva et al., 2023].

Given the lack of plume detections on Europa, the majority of modeling of such pro-
cesses has been done for Enceladus. Plumes on Enceladus are known to be quite consistent
and quite large [Hansen et al., 2006], and therefore we have more information about their
composition and other characteristics; from both in-situ measurements with Cassini and
space telescope observations (e.g. JWST), these plumes have a measured flow rate of ~300
kg/s. They originate from Enceladus’s “tiger stripe” features, which have a spatial extent
of approximately 100 km on the moon’s surface, and can reach heights of up to 10,000 km
[Hemingway et al., 2020, Villanueva et al., 2023]. These plumes are mainly composed of wa-
ter, but have small amounts of CO, NHj3, CyHy, CoHy, CH30H, and O,; they have a column
density of 10 to 10'” cm™2 depending on the molecular species [Hansen et al., 2020]. A

majority of these particles are thought to be around 1 micron in size [Keat Yeoh et al., 2010].

With such small ice grains, we would expect the light scattered off of water ice plumes to
be quite polarized according to Mie theory, in strong contrast with the low polarization of
surface scattering described in the previous section. To calculate the polarization fraction and
scattered intensity from a collection of grains originating from a plume, we use pymiescatt

[Sumlin et al., 2018], a Python implementation of Bohren and Huffman’s BHMIE code
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Figure 3.10: Normalized scattered intensity and polarization fraction for a distribution of
water ice grains with diameters and number density as reported in [Keat Yeoh et al., 2010],
computed using Mie theory for the approximate minimum, effective, and maximum wave-
lengths in J, H, and K bands and assuming unpolarized incident light. In H and K bands,

the polarization fraction for scattering off water ice grains approaches 1.

which computes scattering efficiencies, angular scattering functions, and scattering matrix
elements using Mie theory [Bohren and Huffman, 2008]. Assuming spherical grains with a
given radius and number density (based on the particle size distribution of Enceladus-like
plumes, as in Keat Yeoh et al. [2010] and McCullough et al. [2020]), and using the refractive
index of water ice (1.31), we calculate curves of scattered intensity and polarization fraction
versus scattering angle at J, H, and K bands as shown in Figure 3.10, illustrating the high

polarization fractions expected for a collection of small ice particles.

It is worth noting, however, that the highest polarization fractions occur for scattering
angles near 90° under Rayleigh scattering. If we assume there is only single scattering off
an Enceladus-like plume, the range of scattering angles available is quite small due to the

restrictions of the solar phase angle «; for Europa, the phase angle is at most ~12°, which
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corresponds to a scattering angle of ~168°. Given that micron-sized grains are quite forward-
scattering, such a high scattering angle corresponds to not only a low polarization fraction
(<10%), but a lower overall scattered intensity; this is evident again in Figure 3.10. This
polarization fraction may still be substantially larger than that of scattering off the surface
ice, but the lower overall intensity would increase the difficulty of resolving a signal against

the bright (~ 5 mag) background disk of Europa.

There is another case to consider on Europa that provides access to a much larger range
of scattering angles, and thus a potentially higher polarization fraction for light scattered
off the plumes. Light that initially scatters off Europa’s icy surface (and is very slightly
polarized) can then encounter the plume and become further polarized, which we refer to
as the “double-scattering” scenario. The two cases of single scattering and double-scattering
scattering are illustrated in Figure 3.11. A polarized signal from an icy plume would be

dominated by the latter scenario.

Previous work by McCullough et al. [2020] predicted a plume signal on Europa — as-
suming an Enceladus-sized eruption and the above described double-scattering scenario —
on the order of 1071 W/m?, with exact values depending on the solar phase angle at time of
observation and the plume’s location on the surface relative to the subsolar point. That work
determined that such a plume should be detectable with the Gemini Planet Imager (GPI)
[Macintosh et al., 2014b] with a signal-to-noise ratio of 7o with a half-hour of observing time

in H band.

Such a bright plume signal should similarly be readily observable with CHARIS in our 48
minute integration time. To isolate the plume signal, we attempt two approaches: calculating
the polarization fraction (PF) and using a high-pass filter (HPF) on the polarized intensity
(PI) images. To compute the polarization fraction, we divide the PI images by the double
sum total intensity images (Stokes I'), as shown in Figure 3.12. As a simple HPF, we subtract

a version of the data smoothed with a 0=5 Gaussian from the image, shown in Figure 3.13.

A small bright feature at A RA 0.25” A Dec -0.15” is present only in polarization fraction
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Figure 3.11: A cartoon illustrating the two scattering scenarios considered for a plume
on Europa, reproduced from McCullough et al. [2020]. In the single scattering scenario,
incident solar radiation directly scatters off the ice grains of the plume; due to the small solar
phase angles at Europa’s distance (a <12°), this mechanism has large scattering angles and
therefore a lower polarization fraction and scattering efficiency. In the “double-scattering”
scenario, incident light first reflects off Europa’s surface before encountering the plume.
This mechanism allows for a much larger range of scattering angles. It is worth noting that
although this simple diagram is in 2D, the double scattering does not necessarily occur in a

single plane.
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Figure 3.12: Average polarization fraction in each wavelength channel from the broadband
J/H/K CHARIS observations, with the disk of Europa approximately indicated with a
circle and the North Pole (black dash) and subsolar point (red x) marked. For J/H /K, our
initial measurements of the average polarization fractions across the disk are 0.175+0.135%,
0.193+0.128%, and 0.248+0.087% respectively. Two notable features stand out: a circular
marking at the bottom of the disk present across wavelength channels with a polarization
fraction of roughly 0.4-0.5%, and a bright spot about 0.1” from the North Pole only present
in K band. Although the latter is likely an artifact as it is only present in one filter (K),

the former may be a real astrophysical signal of unknown origin.
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Figure 3.13: High-pass filtered image of Europa in polarized intensity (PI) averaged over
J/H /K bands. A bright marking at the bottom of the disk as seen in the image may be an
astrophysical signal of interest; further work is needed to determine its nature. Approximate

North Pole and subsolar point are marked as in other images in this section.
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averaged over K band, but not the high-pass filtered images nor J and H polarization
fraction; its extent is also smaller than 1 A\/D. As such, we regard it as a likely instrumental

artifact.

An ovoid feature at A RA 0.17 A Dec 0.4” appears in the average polarization fraction
for J, H, and K bands, as well as in a high-pass-filtered J/H /K averaged polarized intensity
image; this feature has a polarization fraction of roughly 0.4-0.5%, and further work is needed
to determine its nature, as well as to place constraints on the presence and strength of plumes

based on this imagery.

3.5 Conclusions and Future Work

In this chapter, I have presented the collection, reduction, and preliminary analysis of novel
imagery of Europa’s surface in polarized light using Subaru SCExAO/CHARIS. These data
are the first disk-resolved multiband infrared imaging polarimetry of Europa to be published,
and have potential to provide insight into the composition, grain size, degree of sintering, and
more for FEuropa’s icy regolith. Additionally, these data will be used to place constraints on
cryovolcanic plume activity on Europa, as scattering off the micron-sized particulates in water
ice plumes should present a strongly polarized signal, easily observable for an Enceladus-
sized plume; this method may be useful for future monitoring of plumes, as ground-based
observing is better suited to a long-term monitoring campaign than oversubscribed space

telescope time.

At this time, preliminary data reduction and analysis reveals a region of interest on the
Southeastern edge of Europa, although further investigation is needed to determine the true
nature of this feature, whether it relates to surface geology, cryovolcanic activity, or another
aspect of the Europa-Jupiter system. This investigation will include analysis of the feature’s
spectrum to learn more about its possible composition, as well as an analysis of the feature’s

presence and morphology across half-wave plate cycles; as described in Section 3.4.1, Europa
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rotated by around 4° during our integration time, leading to a possible smearing of surface

features, which we hope to mitigate by analyzing subsets of the full dataset.

To place real constraints on plume activity and determine if the feature of interest is
consistent with plume activity, further improvements to the existing method of plume mod-
eling from McCullough et al. [2020] are also necessary. Current modeling assumes a grain
size distribution without a connection to underlying physical processes of cryovolcanism; we
plan to apply theory of Europa’s plume mechanics (e.g. Yeoh et al. [2015, 2017], Goldstein
et al. [2018]) and existing software such as DUDI (“Dust Distribution,” a Fortran-95 package
modeling the ejection of material from a solar system body [Ershova and Schmidt, 2021,
Ershova and Schmidt, 2021], translated into Python by undergraduate Eulrika Wu under
my supervision in 2022 [Wu et al., 2023]) to predict plume signals and place constraints on
plumes’ size and perhaps their origin mechanism based on our observations. Additionally,
prior modeling from McCullough et al. [2020] makes optimistic assumptions on the light
incident on the plume in the double scattering scenario; we plan to undertake a more rigor-
ous treatment of this scenario including polarization and attenuation from scattering off the

surface, in addition to the already included albedo and surface illumination.

Additionally, there are a number of avenues for future work with this data set beyond the
scope of this thesis, such as comparison to high-resolution spectroscopic mapping, descrip-
tion of the polarization of various compositional units, and measurements of infrared colors
of various compositional units. We also have data from SCExAO/VAMPIRES [Norris et al.,
2015, Lucas et al., 2022, Zhang et al., 2023] taken simultaneously with the SCExAO/CHARIS
data presented within. These are visible light polarimetric images across four wavelength
channels, and they provide an opportunity for future work to connect Europa’s visible and
infrared spectra from simultaneous observations and characterize geologic features; how-
ever, further work is needed to reduce the VAMPIRES data and correct for artifacts from

instrumental polarization.
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CHAPTER 4

Direct Spectroscopic Characterization of Cloudy L/T
Transition Companion Brown Dwarf HIP 93398 B

4.1 Introduction

Brown dwarfs are substellar mass objects that may burn lithium or deuterium (~13-~80
Mjyp), but are not sufficiently massive to sustain hydrogen fusion and enter the main se-
quence as a star [Hayashi and Nakano, 1963, Kumar, 1963]. Over their lifetimes, they cool
and evolve through spectral types late-M, L, T, and Y [Marley, 1999, Mason, 2006]. Of
particular interest is the L/T transition, a stage characterized by a major change in infrared
color, but only a minor change in temperature; additionally, T dwarfs are characterized by
methane absorption that is stronger in later-type objects [Burgasser et al., 2006b, Helling
and Casewell, 2014]. As substellar objects cool, their atmospheric chemistries evolves, and
various species of clouds are able to condense [Lodders and Fegley Jr, 2006, Kirkpatrick,
2005]. Multiple generations of substellar atmosphere models of increasing complexity in
their treatment of atmospheric composition, cloud formation, and vertical transport, have
been generated to describe the cooling evolution of brown dwarfs across their NIR spec-
tra[Marley et al., 1996, Baraffe et al., 2002, Morley et al., 2014], such as the Sonora series of
model grids [Marley et al., 2021, Morley et al., 2024, Mukherjee et al., 2024]. These models
have also been used to estimate masses of directly-imaged substellar objects based on their
observed luminosities and spectra. One of the key challenges of brown dwarf characterization

is the degeneracy present between age, luminosity, and mass due to the way they cool over
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time. Systems with independently-derived ages, masses, and spectral types are therefore key
benchmarks for testing substellar atmosphere models, especially as these models increase
in complexity, including factors such as disequilibrium chemistry and clouds [Marley and

Robinson, 2015, Morley et al., 2024, Mukherjee et al., 2024].

Informed direct imaging searches using the Hipparcos-Gaia Catalog of Accelerations
[Brandt, 2018, 2021] have recently yielded numerous discoveries of new brown dwarf compan-
ions [Fontanive et al., 2019, Bonavita et al., 2022, Franson and Bowler, 2023], including some
that are amenable for direct spectroscopy such as those observed with the SCExAO/CHARIS
instrument at Subaru Observatory [Guyon et al., 2010, Groff et al., 2016, Swimmer et al.,
2022, Currie et al., 2021, Kuzuhara et al., 2022, Chilcote et al., 2021]. For systems with ra-
dial velocity measurements, it is also possible to determine a companion’s dynamical mass,
a measurement independent of models describing an object’s luminosity evolution [Brandt
et al., 2019]. To date, around 30 brown dwarf companions have been imaged and character-

ized using these combined techniques [Li et al., 2023].

Modeling the atmospheres of L/T transition objects has been a challenge for decades;
accurate models require thorough line lists for a variety of molecules, many of which have
only recently become available, and a consideration of many parameters, particularly gravity
and metallicity, to which resulting spectra are quite sensitive [Morley et al., 2024]. Addition-
ally, the treatment of clouds has been a major issue facing substellar atmosphere models,
especially in finding self-consistent evolutionary and spectral models. Until recently, many
models assumed cloud-free atmospheres, despite the fact that disequilibrium chemistry and
clouds are known to be important factors in brown dwarf atmospheres, especially for L/T

transition objects [Marley and Robinson, 2015].

Many brown dwarfs do agree with evolutionary models, supporting the models’ validity
(e.g. € Indi BC; Chen et al. 2022). However, a few recently discovered T dwarfs show a slight
tension with models (e.g. Oppenheimer et al. [1995], Cheetham et al. [2018], Bowler et al.

[2021]). It has been suggested that this tension may be a result of an unresolved additional
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companion, contributing to the measured mass but not substantially to the luminosity and
observed spectrum. Alternatively, this tension may be due to missing physics in atmosphere

models.

The massive companion brown dwarf HIP 93398 B was initially discovered with Keck/NIRC2
by Li et al. [2023] as one of the first objects whose location was predicted from radial velocity
and astrometric accelerations prior to imaging, and suggested as another T dwarf in tension
with evolution models. Here, we present follow-up imaging and spectroscopy of the object
using Subaru SCExAO/CHARIS [Guyon et al., 2010, Groff et al., 2016]. We aim to more
confidently establish this object’s spectral type, determining whether or not it is in tension
with brown dwarf cooling models as previously suggested. With a well-constrained dynami-
cal mass and known spectral type, HIP 93398 B has the potential to serve as a benchmark

brown dwarf for testing substellar atmosphere models.

In this work, we begin with an overview of the system’s properties, including previously
published information on the companion HIP 93398 B from the recent initial discovery by
Li et al. [2023], in Section 4.2. We describe our new observations of the object using Subaru
SCExAO/CHARIS in Section 4.3. Section 4.4 presents an update to the companion’s orbital
fit, and Section 4.5 presents spectral typing and photometry of HIP 93398 B, as well as
a comparison to the newly updated Sonora Diamondback [Morley et al., 2024] substellar
atmosphere models, which include both evolutionary and spectral models with clouds for
warm L and early T dwarfs. Finally, we discuss the implications of these findings for the

“overmassive T dwarf” problem and conclude in Section 4.6.

4.2 System Properties

HIP 93398 (HD 176535) is a main-sequence K3.5V star [Gondoin, 2020] at a distance of
36.99+0.03 parsecs, as measured by Gaia EDR3 [Gaia Collaboration et al., 2022]. Its

properties are summarized in Table 4.1. This star has multiple age estimates with large
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uncertainties, but no conclusive precise value. Measurements of the chromospheric index
log Ry = —4.732 indicate that this star is old and inactive, with a weakly constrained age
of 5.57 £ 4.84 Gyr [Gomes da Silva et al., 2021]. The system’s isochronal age, based on a
sample of FGK stars from the HARPS sample with Gaia parallaxes and using the PAdova
and TRieste Stellar Evolution Code (PARSEC) [Bressan et al., 2012], is 5.214+4.68 Gyr [Del-
gado Mena et al., 2019b]. Meanwhile, the Gaia collaboration measures an isochronal age
of 3.347597 Gyr with the PARSEC isochrones and their Fitting Location of Age and Mass
with Evolution (FLAME) model [Gaia Collaboration et al., 2022]. Recent work from Li et al.
[2023] uses S-index values of 0.43 [Gomes da Silva et al., 2021] and 0.63 [Delgado Mena et al.,
2019b] and Bayesian-based method for age estimation developed by Brandt et al. [2014] to
0.87

estimate an age of 3.5979%7 Gyr. In this paper, we adopt an age assumption of 3.591%7 Gyr

as in Li et al. [2023].

The recently discovered brown dwarf companion HIP 93398 B was inferred to be a T
dwarf based on its age, mass, and luminosity [Li et al., 2023]. According to that work, the
companion is on a 41.3f§j? year orbit, with a measured dynamical mass of 65.91%9 Miyp.
The companion’s other known properties are also listed in Table 4.2. This was one of the
first companions with an astrometric location known prior to direct imaging. However,
based on its derived bolometric luminosity (obtained by estimating W1 from L’ and using
relationships between W1 and bolometric luminosity), it is somewhat overmassive compared
to expectations from evolutionary models, possibly indicating a tension between models and

observations or that the companion is actually an unresolved binary [Li et al., 2023].
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Property Value References
Host Star (A)
w (mas) 27.0331+0.018 1
Distance (pc) 36.99+0.03 1
SpT K3.5V 2.3
Mass (Mg) 0.72+0.02 4.5
Age (Gyr) 3.591941 12
T (K) 4727104 6
[Fe/H] (dex) -0.15+0.07 7
log(RYy ) (dex) -4.85 8
Ry (dex) <-4.28 9
logg (dex) 4.6419-9530 14
Gaia RUWE 1.019 1
Luminosity (Lg) | 0.208£0.007 12
Gaia G (mag) 9.374+0.003 1
Br (mag) 11.195:£0.066 10
Vr (mag) 0.92340.035 10
J (mag) 7.804£0.027 11
H (mag) 7.313+£0.033 11
K, (mag) 7.175£0.020 11

Table 4.1: Table summarizing the previously known and new properties of the host star HIP
93398 B. References abbreviated as (1) Gaia Collaboration et al. [2020a]; (2) Gray et al.
[2006]; (3) Bourgés et al. [2014]; (4) Reiners and Zechmeister [2020]; (5) Delgado Mena et al.
[2019a]; (6) Sousa et al. [2011]; (7) Géspar et al. [2016]; (8) Pace [2013]; (9) Voges et al.
[1999]; (10) Hog [2000]; (11) Cutri et al. [2003]; (12) Li et al. [2023]; (13) this work; and (14)

Stassun [2019].
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Companion (B)

SpT L9.0 |13
Mass (Mjyp) 65.9730 |12
H apparent (mag) 16.514+0.07 | 13
H absolute (mag) 13.67+0.07 | 13
J apparent (mag) 17.54+0.33 | 13
J absolute (mag) 14.70£0.33 | 13
L’ apparent (mag) 16.31£0.07 | 12
L’ absolute (mag) 13.47£0.07 | 12
10g( Lot/ Lo) 15.26+0.07 | 12
Semimajor axis (AU) | 11.05%0% | 12
Inclination (°) 48.9731 112
Period (yr) 40.6732 | 12
Eccentricity 0.49670 05 | 12
Temperature (K) 1300135, | 13

Table 4.2: Table summarizing the previously known and new properties of the companion
HIP 93398 B. References abbreviated as (1) Gaia Collaboration et al. [2020al; (2) Gray et al.
[2006]; (3) Bourgés et al. [2014]; (4) Reiners and Zechmeister [2020]; (5) Delgado Mena et al.
[2019a]; (6) Sousa et al. [2011]; (7) Gaspar et al. [2016]; (8) Pace [2013]; (9) Voges et al.

[1999]; (10) Hog [2000]; (11) Cutri et al. [2003]; (12) Li et al. [2023]; (13) this work; and (14)

Stassun [2019].
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4.3 Observations and Data Reduction

The HD 176535 system was previously observed with the ESO HARPS spectrograph [Mayor
et al., 2003, Trifonov et al., 2020] for radial velocity measurements, and its astrometric ac-
celeration was identified via Hipparcos and Gaia data in the Hipparcos-Gaia Catalog of
Accelerations [Brandt, 2018, 2021], allowing for the prediction of the astrometric location of
the B companion in Li et al. [2023]. Li et al. [2023] also obtained L’ band Keck/NIRC2 AO
imaging data of the system, revealing the companion at the predicted astrometric location.
In this work, we add follow-up imaging spectroscopy using the Coronagraphic High Angular
Resolution Imaging Spectrograph [CHARIS, Groff et al., 2016] behind the Subaru Coron-
agraphic Extreme Adaptive Optics [SCExAO, Guyon et al., 2010, Jovanovic et al., 2015¢]

system on the 8.2-meter Subaru Telescope on Maunakea in Hawai'i.

4.3.1 SCExAO/CHARIS High-Contrast Imaging & Spectroscopy

We observed HIP 93398 on 2022 October 7 UTC in CHARIS broadband mode (simultaneous
observations in J, H, and K bands — 1.16-2.37 pum with R~18 [Groff et al., 2016] and high-
resolution H-band (centered on 1.63 um, R = 65). We additionally acquired high-resolution
J-band data (centered on 1.24 pm with R ~ 75) on 2023 September 1 UTC. Seeing conditions
were a steady ~('5 across the 2022 night and were variable between ~(”5-0/8 on the 2023
night , according to the MASS/DIMM data available from the CFHT seeing and mass profile
records. The individual exposure time was 60 seconds for broadband, 40 seconds for J band,
and 60 seconds for H band, with total on-source integration times of 34 minutes, 80 minutes,
and 82 minutes. All observations were taken with the instrument’s 139 mas coronagraph.

Observations and measured companion characteristics are summarized in Table 4.3.

For these observations, an initial wavefront correction was applied by AO188 [Hayano
et al., 2008], followed by higher-order corrections from SCExAO [Guyon et al., 2010, Jo-

vanovic et al., 2015¢]. A Lyot coronagraph within SCExAO with 3A/D inner working angle
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Filter Date (UT) | Sep.(mas) | PA (°)

Broadband | 2022-10-07 | 368 £11 | 96.7 £ 1.0
H 2022-10-07 | 370 £11 | 96.7£1.0
J 2023-09-01 | 38711 [ 99.9+£1.0

Table 4.3: SCExAO/CHARIS observations and relative astrometry of HIP 93398 AB. Similar

to Li et al. [2023], we adopt 3% fractional errors for separation and 3% for position angle.

then masks the central star for observation with the CHARIS integral field spectrograph
(IFS). The IFS allows for spectral differential imaging (SDI; Oppenheimer and Hinkley 2009),
and the observations were performed using SCExAQ’s pupil-tracking mode to enable angu-
lar differential imaging (ADI; Marois et al. 2006). All observations also included “satellite
spots” created by modulations imposed on the SCExAQO deformable mirror for astromet-
ric and spectrophotometric calibration, using a 15A/D separation and 0.05 pm amplitude

[Jovanovic et al., 2015a, Sahoo et al.; 2020].

4.3.2 Data Reduction with CHARIS-DEP & pyklip-CHARIS

Data cubes (with wavelength as the third dimension) were extracted from the raw CHARIS
data and calibrated using the instrument’s standard pipeline (CHARIS-DEP) from Brandt
et al. [2017], which includes crosstalk corrections and removal of correlated noise. We then

performed PSF subtraction using pyklip-CHARIS [Chen et al., 2023]'.

First, pyklip-CHARIS uses the satellite spots to locate the image centroid in preparation
for Karhunen-Loéve Image Processing (KLIP) [Soummer et al., 2012]. We perform KLIP
using both ADI and SDI with the following parameters: 9 annuli, 4 subsections, 1 pixel
movement, and 1, 20, and 50 as the maximum number of basis vectors used in noise re-

construction for PSF subtraction. The KLIP PSF-subtracted images are shown in Figure

!Detailed information and tutorials on CHARIS-specific additions to pyklip can be found at https:
//pyklip.readthedocs.io/en/latest/instruments/CHARIS. html
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4.1.

After the initial KLIP reduction, we perform forward modeling (KLIP-FM, Pueyo [2016],
Wang et al. [2016]) to model the companion PSF and fit for its astrometry, testing 1, 20,
and 50 KL modes to find a balance between oversubtraction and sufficient noise removal.
Using an estimate of the companion’s location and a known instrumental PSF, KLIP-FM
produces the PSF-subtracted image from data and a forward-modeled companion PSF at the
estimated location. We then convert the PSF model flux to the flux of the unocculted star
using the satellite spot flux and a known reference-spot-to-star ratio as reported in Currie
et al. [2020]. Pending calibration results from the CHARIS team indicate that this ratio
may not be stable over time, and as a result we use the latest value for data taken with
the default satellite spot modulation frequency after May 2022 of 1.25x1073 4+ 1.30 x 10~*

(Kellen Lawson & Thayne Currie, priv. comm., Currie et al. [2020]).

The forward model is then fit using a Markov-Chain Monte Carlo (MCMC; implemented
in emcee from Foreman-Mackey et al. 2013) to approximate the posteriors of the RA and
Dec offsets, a flux scaling factor for the model, the companion separation, and the position
angle (PA). For this MCMC implementation, we use uniform priors, 100 walkers with 2000
steps, 400 of which are discarded as burn-in. The maximum likelihood values of the posteriors
from the MCMC are adopted as the raw astrometric values, i.e. before including instrumental
calibration uncertainties. For CHARIS, we use uncertainties of 0.05 mas (30% of a lenslet)
on the position of the central star, a lenslet scale of 16.15+0.10 mas/lenslet [Kuzuhara et al.,

2022], the uncertainty of the aforementioned satellite spot/host star contrast, and a PA offset

of 220 + 0°4 [Chen et al., 2023].

KLIP-FM also allows us to extract the companion’s spectrum, which, for the broadband
data, we then convert from contrast to physical units. This requires the observed magnitude
of the host star (listed in Table 4.3), the contrast between the unocculted star and our PSF
model, and a stellar model spectrum for the host star, for which we use a Castelli/Kurucz

model [Castelli and Kurucz, 2003] implemented in pysynphot [STScl Development Team,
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Figure 4.1:

Broadband

KL Modes = 1 KL Modes = 20 KL Modes = 50

J band

KL Modes = 20 KL Modes = 50

H band

KL Modes = 1 KL Modes = 20 KL Modes = 50

PSF-subtracted images of HIP 93398 B as seen with SCExAO/CHARIS in

broadband (top), J band (middle), and H band (bottom). Each set of images shows the
reduction with 1 KL mode, 20 KL modes, and 50 KL modes. The more KL modes included,
the higher the risk of oversubtraction. A second, fainter point source (labeled as psl) is also
visible in the 2022 broadband and H-band images; this is investigated and found to be a
background source in Section 4.3.3. J and H band are shown with the same color stretch

(maximum value = 20, arbitrary units/detector counts), while broadband uses a different

scaling (maximum value = 50).
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2013] with stellar parameters Tog = 4727 K, [Fe/H] = —0.15, and log g = 4.64 as referenced

in Table 4.1 above. This calibration can be expressed as

Fcom anion Fs I¢}
= L X pot Fstar7 (41)

Fcom anion —
P Fspot Fstar

where Foompanion/ Fipot 1S the raw contrast spectrum previously extracted, Fipot Fstar 1S the star-
to-spot ratio previously used, and Fi.,, is the stellar model flux calibrated to the observed
magnitude. This results in a calibrated spectrum in flux density units, Fy (ergs™! cm™2 Afl).
Error bars on this spectrum are estimated by injecting and recovering synthetic sources at an
annulus of the same separation as the companion, resulting in the spectrum shown in Figure
4.2. We do not report an absolute flux calibration for J band, due to the poorer quality of
the J-band data resulting from variable seeing during those observations. Additionally, the
H-band absolute flux calibration differs slightly from the broadband calibration. We have
included this difference in the error on our reported H band magnitude; however, for color
measurements, we use H and J both derived from broadband, as the relative calibration
between bands in that observation is more reliable. In Figure 4.2, include both H and J
spectral data with an arbitrary scaling factor to compare their overall shape with that of
the calibrated broadband and H band spectra. Subtle differences in the spectra as shown
in Figure 4.2 should be interpreted with caution, as no color correction has been applied to
account for the different bandpasses between the higher-resolution and broadband modes;
additionally, the discrepancy between the H band and broadband data is larger than it

appears in Figure 4.2, but is included in the error budget on our derived photometry.

4.3.3 Background Object Identification

An additional point source with an H-band apparent magnitude of ~17 was detected in
the 2022 data set at 180° + 5.04 PA and 515 4+ 15.5 mas separation in the broadband and
H-band images. We believe this to be a background object, based on its spectrum as shown

in Figure 4.3. We perform a least squares fit to a grid of normalized Castelli-Kurucz model
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Figure 4.2: Extracted spectra of HIP 93398 B from the broadband and high-resolution
H-band data. Methane absorption features are visible at 1.6 and 2.2 pm. (Top) Two
extractions are shown: one using 10 KL modes in the reduction (orange), and one using 20 KL
modes (blue). (Bottom) Broadband data with J- and H-band high resolution superimposed
on top, and scaled to near the broadband flux calibration for illustration purposes. It is
worth noting that the J and H band data points are not necessarily directly comparable to
the broadband data points, as these are monochromatic flux densities over a finite bandpass

and no color correction has been applied.
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HIP93398 ps1 Spectral Fit (Broadband)
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Figure 4.3: Extracted spectrum of HIP 93398 C from our SCExAO/CHARIS broadband
data shown with Castelli-Kurucz 04 model stellar atmosphere fits [Castelli and Kurucz,

2004]. The best fit model atmospheres indicate a stellar object with a temperature between

3800-5700 K.

stellar atmospheres [Castelli and Kurucz, 2004] for the broadband and H-band data each
separately, as well as together using all available data. The best fit model (x2 = 0.13) to the
broadband data is a star with T,g = 5672 K, solar metallicity, and log g = 4.95. As a result,

we conclude that this is likely a background star with temperature 3800-5700 K.

Using our broadband data, we determine an observed apparent K-band magnitude of
18.6+1.37. We use this apparent K-band magnitude to determine a distance estimate using
the surface brightness color relation, as described in Pietrzynski et al. [2019]. For this
calculation, we assume a V — K color (1.53) and radius (0.93R) typical for a star near
the best fit temperature [Cox, 2015, Zombeck, 2006], and derive a distance of ~10.4 kpc, a

reasonable distance for a background star in the direction of the Galactic center.

Given the lack of a second detection in the 2023 dataset, we are also unable to establish
common proper motion for this point source with the host star; however, due to the poor
seeing conditions of the 2023 J-band epoch, we also cannot use this non-detection to rule

out common proper motion.
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4.4 Orbital Fitting

Li et al. [2023] indicated a need for future data to further refine the orbital constraints for
HIP 93398 B. Our recent epoch of data from 2023 Sept 1 is sufficiently removed from the
observations in Li et al. [2023] that the object would have shown substantial motion (~2-3°
PA and 0.2” separation); accordingly, we perform a joint fit using our new epoch of relative
astrometry from Subaru/CHARIS, existing Keck/NIRC2 relative astrometry [Li et al., 2023],
HARPS radial velocities (RVs) [Trifonov et al., 2020], and stellar absolute astrometry from
the HGCA [Brandt, 2018, 2021, Gaia Collaboration et al., 2020b, 2022].We do not include
our 2022 Subaru/CHARIS astrometry in the fit, as it does not provide additional leverage
and, although consistent, has larger errors than the existing 2022 Keck/NIRC2 relative

astrometry.

We fit this combined data using the Bayesian orbit fitting code orvara [Brandt et al.,
2021], which fits Keplerian orbits using the ptemcee parallel-tempered affine-invariant MCMC
algorithm [Vousden et al., 2016, Foreman-Mackey et al., 2013] and nine parameters describ-
ing the companion’s orbit: semi-major axis (a), inclination (7), longitude of ascending node
(), time of periastron passage (1), eccentricity and argument of periastron (y/esinw and
Ve cosw), companion (secondary) mass (M), and host star mass (M, ). We use log-uniform
priors for semi-major axis and companion mass, a geometric prior for inclination, and a Gaus-
sian prior for host star mass based on previously published stellar mass values of 0.72 £ 0.02
Mg,. For this MCMC, we use 10 temperatures, 100 walkers, 200,000 steps, and discard 500
of those steps as burn-in. Figure 4.4 illustrates the orbital fit for HIP 93398 B using orvara,
compared with both absolute and relative astrometry. Our orbital fit is in agreement with

that of Li et al. [2023] within lo.

As a check for consistency, we additionally fit for the orbit of HIP 93398 B using the
HGCA module of orbitize! [Blunt et al., 2020], an alternative open-source orbit fitting

code for directly imaged objects. By default, orbitize! wuses uniform priors, except for

100



Parameter Li et al. [2023] | This Work (orvara) | This Work (orbitize!)
Mass (Myyp) 65.9729 669123 60.374%°
Semimajor Axis a (au) 11.0575:5¢ 11027582 12,1775
Eccentricity e 0.5070 035 0.49700% 0.497015
Inclination 7 (°) 49.8+34 491732 56.67177

Table 4.4: Companion mass and selected orbital parameters for HIP 93398 B from both
orvara [Brandt et al., 2021] and orbitize! [Blunt et al., 2020], compared with previously
published values from Li et al. [2023].

semi-major axis (log uniform), inclination (sine), parallax (Gaussian), companion mass (log
uniform), and host star mass (Gaussian). We useorbitize!’s default priors (except on the
stellar mass, for which we use the above Gaussian prior), ptemcee, and the above data,
except for the HARPS RVs. For clear comparison to the results from orvara, this parallel-
tempered MCMC also used 10 temperatures, 100 walkers, 500 burn-in steps, and 200,000
total steps in the chain. Values from orbitize! are in agreement within error bars with
both the Li et al. [2023] values and our orvara fit results. We report updates to a subset
of the parameters fit by orvara and orbitize!-M;, a, e, and —and compare them to the
constraints from Li et al. [2023] in Table 4.4. Although this additional epoch of relative
astrometry only marginally improves constraints on the system’s orbit and companion mass,
we confirm that this object is firmly in the brown dwarf regime at ~66 Mj,p,, with a semi-
major axis of ~11 au and moderate eccentricity around ~0.5 in line with results for the

eccentricity distribution of directly imaged brown dwarfs from Bowler et al. [2020].

4.5 Spectral Analysis

Using the age of the system and HIP 93398 B’s mass as listed in Table 4.1, evolutionary

models predict the companion to have a temperature of ~1200-1400 K and a luminosity
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Figure 4.4: Orbital fits for HIP 93398 B using orvara [Brandt et al., 2021]. Randomly
drawn orbits from the MCMC chain are color-coded by companion mass and plotted against
(top) the object’s apparent position, measured position angle, and measured separation; and
(bottom) absolute astrometry [Brandt, 2021]. A companion mass of ~66 My, is favored, in

agreement with past work, cementing this object firmly in the brown dwarf regime.
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Figure 4.5: Corner plot for a subset of fit parameters from orvara: stellar mass, companion

mass, semimajor axis, eccentricity, and inclination. The posteriors are nearly Gaussian.
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log(Lype/ L) of ~-4.5. This is in tension with the values derived by Li et al. [2023], where
log(Lype/Le) = -5.26+0.07 and Teg ~900-1000 K, and is fainter and cooler than predicted by
evolutionary models. In this section, we extract J, H, and K band photometry to compute
a revised bolometric luminosity, and then use our new spectral observations to determine a

spectral type for the object.

4.5.1 Photometry and Colors

J-, H-, and K-band photometry are primarily derived from the calibrated broadband spec-
trum, due to the more reliable relative calibration between the two channels in that observa-
tion, which will be crucial for determining colors. We compute the photometry in each band
by integrating the observed flux multiplied by the transmission profile for each filter (Jyko,
Hyko, and Kyko, from Rodrigo and Solano [2020]) over its bandpass via the following
equation as in Tokunaga and Vacca [2005],

B [ E,(v)S(v)/v dv
- [Sw)vdv

where (F,) is the monochromatic flux density (erg/s/cm?/Hz) for the resulting photometry,

(F))

(4.2)

F,, is the observed monochromatic flux density (erg/s/cm?/Hz), S(v) is the filter transmission
function, and v represents the frequencies in each bandpass. Monochromatic flux densities
are then converted to Vega magnitudes using the MKO filter zero points. As mentioned
earlier in Section 4.3, we do not attempt an absolute flux calibration for the J-band high-res
observations due to data quality, and we incorporate the discrepancy between the H-band
as measured in broadband and as measured in high-res mode as part of the error on the

reported photometry.

Then, to place HIP 93398 B in context with other substellar objects, we use our newly
derived J, H, and K magnitudes, along with the previously published L’ magnitude from [Li
et al., 2023], to compute its J — H, J — K and H — L' colors. We determine that J — H
= 1.03 £ 0.69, J — K = 1.5840.41 and H — L' = 0.20 £ 0.57 for HIP 93398 B. In Figure
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4.6, HIP 93398 B is shown alongside a sample of field and companion M-, -, and T-dwarfs
from the Ultracool Sheet [Best et al., 2024]. In J — H color space, HIP 93398 B is aligned
with other L/T transition objects, while in H — L’ it is somewhat of an outlier, along with
a few other young companions, namely HD 984 B Meshkat et al. [2015], Liu et al. [2016],
HD 1160 B [Maire et al., 2016, Garcia et al., 2017, Nielsen et al., 2012], and HIP 78530
B [Bailey et al., 2013, Lachapelle et al., 2015, Kouwenhoven et al., 2005, Lafreniere et al.,
2011]. These three comparison objects have all been identified as much younger (<120 Myr)
late M-dwarfs, with masses ranging from ~25-125 Mj,,. Although there is low precision on
HIP 93398 B’s age measurement, even the lowest bounds indicate this object is at least 500
Myr old. The strange H — L’ color alternatively may be explained by systematic errors in
the reported L’ magnitude from Li et al. [2023]; however, a full re-analysis of those data is

beyond the scope of this paper.

Additionally, we derive a bolometric luminosity for HIP 93398 B via the methods de-
scribed in 7 and Sanghi et al. [2023]. We first use the ? polynomial relationship between
the object’s absolute H band magnitude My and its effective temperature T, resulting in
a temperature of 12801155 K for HIP 93398 B. Assuming a radius of R~1Ry,, and using
the Stefan-Boltzmann law, this results in a luminosity log(Lye/Le) of -4.657539 dex. Using
the polynomial relationships between bolometric luminosity and J, H, and K magnitudes
from Sanghi et al. [2023], we obtain log(Lye/Le) = -4.65+ 0.15, -4.6440.23, and -4.631+0.08
respectively. The value we report in Table 4.1 is that of the H band magnitude derived
bolometric luminosity from the Sanghi et al. [2023], as that relationship is described as the

most reliable in that work.

4.5.2 Spectral Standards and Empirical Spectra

We first compare HIP 93398 B’s CHARIS spectra (reduced with 10 KL modes) to spectral
standards from the SpeX Prism Library Analysis Toolkit (SPLAT) [Burgasser and Splat De-

velopment Team, 2017]. Using SPLAT’s classifyByStandard routine, we determine that the
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Color magnitude diagrams for J — H, J — K, and H — L’ colors. HIP 93398 B is

shown in the context of a number of other field dwarfs and young companion brown dwarfs,

as reported in the Ultracool Sheet [Best et al., 2024]. HIP 93398 B is aligned with other L/T

transition objects in J — H and J — K color space, while in H — L’ it is an outlier, somewhat

nearby a few other companion BDs, namely HD 984 B (yellow, Meshkat et al. [2015], Liu

et al. [2016]), HD 1160 B (red, Maire et al. [2016], Garcia et al. [2017], Nielsen et al. [2012]),

and HIP 78530 B (orange, Bailey et al. [2013], Lachapelle et al. [2015], Kouwenhoven et al.

[2005], Lafreniere et al. [2011]). The strange H — L’ color may be explained by systematic

errors in the reported L' magnitude from Li et al. [2023]; however, a full re-analysis of those

data is beyond the scope of this paper.
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broadband spectra and the H-band spectra are each best matched with an L9.0 standard
(DENIS-P J0255-4700, Burgasser et al. [2006a]). The uncertainty-weighted mean classifica-
tions calculated by SPLAT are L5.0£4.5 and [.9.0£0.6 respectively. The higher uncertainty
on the broadband classification in this routine is likely due to the larger errors present in J

band in the broadband data set.

We also compared the HIP 93398 B broadband spectrum to templates from the SpeX
Prism Library [Burgasser, 2014], and we present the 5 best fit spectra in Figure 4.7 along
with their reduced chi squared (x2) values. These spectra are — in order of best fit —
the 1.9.0 dwarf 2MASS J11181292-0856106 [Kirkpatrick et al., 2010], L4.0 dwarf 2MASS
J01341675-0546530 [Kellogg et al., 2017], L5.0 dwarf 2MASS J16231308+3950419 [Kellogg
et al., 2015], T1.0 dwarf WISE J005757.63+201304.2 [Kirkpatrick et al., 2014}, and L5.0
dwarf SDSS J164916.89+464340.0 [Chiu et al., 2006]. These spectral types are NIR spectral
types as given by the SpeX Prism Library [Burgasser, 2014]. Template matches support the
classification of HIP 93398B as L5.0-9.0 type, establishing it as an L/T transition object.

4.5.3 Comparison to Substellar Atmosphere Model Spectra and Evolutionary
Models

We then fit HIP 93398 B’s broadband J/H /K and high-resolution H-band CHARIS spectra
independently to substellar atmospheres from the Sonora Diamondback [Morley et al., 2024]
model grids. For this portion of the analysis, we omit the high-resolution J-band data due
to its larger error bars from poorer seeing conditions. Sonora Diamondback models are
the recently-released successor to the well-established Sonora Bobcat models, and include
the effects of clouds on substellar spectra (unlike Bobcat, which only included cloud-free
models). These models cover effective temperatures from 900 to 2400 K, surface gravities
logg = 3.5 — —5.5, metallicities [M/H] = —0.5, 0.0, and +0.5, plus cloud sedimentation
efficiency fseq [Ackerman and Marley, 2001] values from 1 to 8. Both models are appropriate

for a large range of masses of substellar objects.
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Figure 4.7: CHARIS broadband spectra of HIP 93398 B (black) compared to the five best
fit template spectra from the SpeX Prism Library [Burgasser, 2014] via the SPLAT package
Burgasser and Splat Development Team [2017]. These template matches support the idea
that HIP 93398 B is an late-L type L/T transition object. Other than the T1 spectrum
pictured, other T0O/T1 spectra are substantially worse fits for the data (x? >6). The CHARIS

data shown within are from a reduction using 10 KL. modes.
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For comparison to our spectra, we used a Gaussian filter to convolve and resample the
model spectra to the CHARIS resolutions for broadband (R ~ 18.4) and H-band (R ~ 65)
observations. For each spectrum in the model grid, we determine an optimal scaling factor
to the data via x? minimization, and then compare these independent reduced chi squared
X2 values across the grid to find the best fit model. The best fit model for H band has
T = 1300 K, logg = 3.5, Solar metallicity, and cloud parameter f.,q = 4. The best fit
model for the broadband data has Tog = 1200 K, log g = 5.0, metallicity [M/H] = 4+0.5, and
cloud parameter fi,q = 4. These best fit spectra are shown compared to our data in Figure
4.8. However, it is unlikely for a companion to have a substantially different metallicity from
its primary (in this case, near solar metallicity), and for an object of this mass and R~1
Rup, we would expect a surface gravity around logg=>5.0. If we assume solar metallicity and
logg=5.0, the best fit broadband spectrum has Tog = 1100 K and f,.q = 4. Additionally,
spectra from atmospheres with the same temperature, logg, and metallicity but different
fsea values are shown in Figure 4.9, highlighting the importance of clouds in reproducing the

relatively flat spectrum observed for this object.

Maps of x? across the model grid points are also shown in Figure 4.10, and they illustrate
the favored parameter space for each data set; [M/H] < 0 and models with no clouds or
thin clouds (fsq = 8) are clearly disfavored, while a fairly broad range of temperatures are
preferred, especially for the H-band data. We calculate constraints on temperature from this
information by marginalizing over metallicity, sedimentation efficiency, and log g, resulting
in a temperature of 12007130 K derived from the broadband data and 2000735 K from the H
band data. These values agree at the 20 level, and the marginalized posterior distributions
show a strongly peaked Gaussian for the broadband fit, but a much broader skew normal
distribution, allowing for cooler temperatures, for the H band fit. The skewness of the H-
band temperature distribution is visually evident in Figure 4.8. Additionally, the H band
high-resolution data only probes a small part of wavelength space, and therefore has less

leverage to discriminate between models. As a result, we adopt the broadband-data derived
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temperature for the remaining discussion.

Additionally, we compare the spectrum-derived temperature of HIP 93398 B and its
independently-derived age to evolutionary models for both cloud-free and “hybrid” (i.e. in-
cluding clouds) models from Sonora Diamondback. As described in [Morley et al., 2024],
the inclusion of clouds can change the predicted temperature for an object by ~100-200 K
and, therefore, has a significant effect on the predicted evolutionary track for a given mass
of object. In Figures 4.11 and 4.12, we place HIP 93398 B in the context of evolution models
for various substellar object masses assuming solar metallicity. HIP 93398’s temperature,
spanning ~1000-1500 K when considering estimates from both spectra and photometry, as
well as its revised luminosity, are consistent with both cloudy and cloud-free evolutionary
tracks for its mass as shown in Figures 4.11 and 4.12. If the temperature is lower as suggested
by spectral fits alone, there would be a notable disagreement with cloud-free evolutionary
tracks. The agreement with evolutionary models is also not particularly sensitive to age if

the object were to be older, as was estimated by some methods in Section 4.1.

4.6 Discussion and Conclusions

Li et al. [2023] suggested HIP 93398 B to be a likely T6 dwarf based on inference from
other analogous substellar objects with similar masses and ages. However, the additional
information provided herein from the object’s spectra suggest that this is not the case, as
HIP 93398 B is more likely a late L dwarf near the L /T transition and with a temperature of
approximately 1100-1300 K. Its location at the L /T transition is supported by multiple lines
of evidence: spectral typing via standards, temperatures derived from substellar atmosphere
models, J — H and J — K colors, and position on color-magnitude diagrams. HIP 93398
B’s estimated bolometric luminosity log(Lye/Le) = -4.6440.23 is also significantly brighter
than the estimate from Li et al. [2023)’s L’ photometry of -5.26+0.07; this revised bolo-
metric luminosity is similar to that of L5 gamma dwarf 2MASS J03264225-2102057 [Gizis
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Figure 4.8: CHARIS spectra of HIP 93398 B (black) compared to the best fit substellar
atmosphere spectral models from Sonora Diamondback [Morley et al., 2024]. The H-band
best fit model spectra are shown in blue (bottom), the broadband best fit model spectra
are shown in orange (top), and residuals are shown in red below the spectra. The predicted
temperatures for this object based on the best fit models are within expectations for its
designation as an L/T transition object (~1100-1400 K; Dupuy and Liu [2012], Vos et al.
[2019]). It is worth noting that if we assume logg=>5.0 (an expected value for this size of
object) and solar metallicity (similar to its host star), the best-fit broadband temperature

changes slightly to 1100 K, but the preferred cloud parameter value remains the same.
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Figure 4.9: CHARIS spectra of HIP 93398 B (black) compared to the best fit substellar
atmosphere spectral models from Sonora Diamondback [Morley et al., 2024] with varying
values of fiq (a parameterization of cloud thickness) at constant temperature and logg
(1200 and 1300 K, 3.5 and 4.5 dex, the best fit values for the broadband and H band spectra
respectively), where the best fit value is indicated with a dashed line. This object is best
fit with models that include clouds with low-to-mid sedimentation efficiency, indicating the
possible presence of thick clouds; although the degree of cloudiness isn’t well constrained,

clouds are necessary to reproduce the flatness of our observed spectrum.
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Figure 4.10: Fit metrics across the Sonora Diamondback model grid for both H band (blue)
and broadband (orange) CHARIS data for the three available metallicities: 0.5 (left), +0.0
(middle), and —0.5 (right). Best fit models are shown in black crosses, with a black star
for the “constrained” best fit value, where we assumed solar metallicity and logg = 5.0.
A larger marker size corresponds to a smaller x? value (i.e. a better fit, where the size of
X2 = 1 is shown in the legend). Models without clouds—similar to those from the previous
generation of models, e.g. Sonora Bobcat—indicate a higher temperature >2000 K; however,
cloudy models and metallicity >0.0 are significantly favored overall and, for the broadband
data, indicate a lower temperature around 1200-1600 K, in line with expectations for an L /T

transition object and in agreement with evolutionary models, as shown in Figure 4.11.
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Figure 4.11: Age and temperature of HIP 93398 B derived from Diamondback model spec-
tra fitting to broadband data and from photometric polynomial relationships, compared to
Diamondback evolutionary models for solar metallicity. Hybrid models including clouds are
shown in solid lines, while cloudless models are indicated with dashed lines. The temperature
values derived from photometry are consistent with either cloudy or cloudless models, while

the lower temperatures derived from spectra require clouds to be consistent with evolution-

ary tracks.
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Similar to the previous figure for age and temperature, these data do not

by evolution models for both cloudy and cloudless models.
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et al., 2003], L7 dwarf 2MASSW J0030300-145033 [Kirkpatrick et al., 2000], and L7.5 dwarf
SDSSp J042348.57-041403.5 [Geballe et al., 2002]. Perhaps most notably, modeling fits to
this spectrum clearly indicate that some amount of clouds are likely present in HIP 93398
B’s atmosphere, although further modeling work would be needed to determine the cloud

composition and characteristics.

Additionally, the classification of HIP 93398 B as a late-L. dwarf resolves the previously
proposed tension between evolutionary models and dynamical masses, particularly when
clouds are included. Li et al. [2023] determined that their T6 classification and dynamical
mass measurement justified the addition of HIP 93398 B to a growing list of brown dwarfs
that may challenge existing evolutionary models, as they are overmassive and underluminous
compared to model predictions. However, our spectral classification leads to a substantially
higher model-dependent T, and also a higher luminosity, resolving this issue. Using the
newest generation of substellar evolution models (Sonora Diamondback; Morley et al. [2024])
— which include clouds, an important feature for objects at the L/T transition and a key
factor in brown dwarf atmospheres [Marley and Robinson, 2015] — the dynamical mass
measurement is now in agreement with the spectrum-derived temperature and independently

measured age.

In this work, we presented follow-up spectroscopic imaging on recently-discovered directly
imaged brown dwarf companion HIP 93398 B using Subaru SCExAO/CHARIS in broadband
(J/H/K), H band, and J band. Using a new epoch of data from 2023 combined with existing
relative astrometry, HARPS RVs, and Hipparcos/Gaia absolute astrometry, we support
previous measurements of the object’s dynamical mass of ~66 M}, establishing this object
as an old (3.597%3T Gyr) and massive brown dwarf companion. Spectral analysis reveals this
object to be a cloudy L/T transition brown dwarf, contrary to previous classifications as
a T dwarf. =With the revised spectral type, temperature, and luminosity in evolutionary
models (e.g. Sonora Diamondback), HIP 93398 B is no longer in tension with evolutionary

predictions; although there are a handful of such T class objects that are in disagreement
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with evolutionary models (e.g. Gl 229 B, Calamari et al. [2022]), HIP 93398 B does not seem

to be among them.

Instead, the case of HIP 93398 B points to the importance of cloud physics in brown dwarf
atmospheric and cooling models. Comparing so-called “overmassive” T dwarfs with new
generations of substellar atmosphere models featuring clouds and disequilibrium chemistry
may resolve some of the disagreement between models and observations. The growing sample
of brown dwarfs with dynamical mass measurements, identified by HGCA-informed surveys

like HIP 93398 B, will be key for continued testing of substellar atmosphere models.
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CHAPTER 5

High-Contrast Polarimetric Imaging of the
Low-Inclination Debris Disk Around HD 156623

5.1 Introduction

High-contrast imaging is extremely useful for spatially resolving debris disks, the extrasolar
analogs of our solar system’s interplanetary dust/Kuiper Belt [Mann et al., 2006]. Debris
disks represent a later stage of a system’s formation and evolution, wherein the circumstellar
disk has evolved and lost most of its gas content. They also have low optical depth, and
their dust is thought to be replenished by collisions and/or sublimation of planetesimals
[Wyatt, 2008]. Imaging of debris disks provides significant information about the system
beyond what an infrared excess measurement alone can provide, such as grain properties
and disk morphology [Hughes et al., 2018]. Longer-wavelength observations (e.g. those from
ALMA, the Atacama Large Millimeter Array) are able to resolve the thermal emission of
disks, providing information on the distribution of large grains and the presence of gas in a
system. In the near-infrared and optical, however, we are able to trace smaller grains, and
polarimetric scattered light observations can reveal additional information about a disk’s
composition and structure. Morphological information can even reveal signs of a planetary
companion, as demonstrated by the disk warp that led to the discovery of S Pictoris b
[Roques et al., 1994, Lagrange et al., 2010].

The Gemini Planet Imager (GPI) [Macintosh et al., 2008, 2014al, a ground-based adaptive-

optics (AO) instrument dedicated to high-contrast discovery and characterization of exoplan-
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ets (formerly at Gemini South), has also imaged multiple debris disks with its integral-field
spectrometer and dual-channel polarimeter [Esposito et al., 2020]. In addition to the planet
search component of the Gemini Planet Imager Exoplanet Survey (GPIES), whose results are
reported in Nielsen et al. [2019], Esposito et al. [2020] reports on a survey of debris disks with
GPI. This survey resolved 26 debris disks and 3 protoplanetary/transitional disks, several of

which were resolved in scattered light for the first time.

One of these newly resolved disks was HD 156623, a debris disk around a 16 Myr-old
AOQV star in Sco-Cen, at a distance of ~112 pc [Houk and Fuentes-Williams, 1982, Gaia
Collaboration, 2018]. HD 156623 is a low-inclination disk (= 35°), detected by GPI only
in polarized light [Esposito et al., 2020]. This system lacks a visible inner clearing unlike
many other imaged debris disks, including others in Sco-Cen [Bonnefoy et al., 2021]; close
to the star, dust is usually cleared by Poynting-Robertson drag, accretion, stellar radiation
pressure, and/or blowout from stellar winds on short timescales [Wyatt, 2008, Hughes et al.,
2018], and a planet, if present, can sculpt a sharp inner edge of a debris disk (e.g. Engler et al.
[2020], Pearce et al. [2024]). Additionally, prior observations in thermal emission via ALMA
imaging from Lieman-Sifry et al. [2016] reported evidence for an inner clearing and showed
significant CO gas mass, leading to the “hybrid” disk label given to this system. There is still
significant debate on the mechanism that leads to the observed gas mass; either primordial
gas has been retained (i.e. due to shielding by carbon atoms from photodissociation of CO)
[Kral et al., 2019, Modr et al., 2019, Marino et al., 2020] or secondary gas has been re-
generated via collisions, sublimation, or another process [Péricaud et al., 2017, Hales et al.,

2019, Modr et al., 2017, Beust et al., 1990).

In this work, we aim to perform more detailed modeling of the disk around HD 156623
as seen in polarized infrared scattered light by GPI, with particular interest in constraining
the presence and location of the hidden inner edge of the debris disk. In Sections 5.2
and 5.3 respectively, we include information on the host star HD 156623 and observations

done by the Gemini Planet Imager with relevant information on the data reduction. In
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Section 5.4, we present scattered light imagery models from MCFOST and the resulting best-
fit parameters for the disk geometry [Pinte et al., 2006, 2009, Pinte, 2022]. In Section 5.5, we
present empirical measurements of radial brightness profiles, scattering phase function, and
polarization fraction. We then present analysis of the system’s spectral energy distribution
(SED) in Section 5.6. These measurements and insights into the inner edge location and

minimum grain size in the context of this gas-rich disk are then discussed in Section 5.7.

5.2 Previous Observations of HD 156623

HD 156623 (HIP 84881) is an AOV star with a parallax of 9.240.03 mas [Houk and Fuentes-
Williams, 1982, Gaia Collaboration, 2018, Brown et al., 2021]. Stellar parameters are sum-
marized in Table 5.1. It exhibits pulsations consistent with zero-age main sequence (ZAMS)
0 Scutis stars, and it is a member of the Upper Centaurus-Lupus subgroup of the Sco-Cen
association, which contains stars of a wide-range of ages from ~3 to 19 Myr [Pecaut and
Mamajek, 2016, Mellon et al., 2019, Ratzenbock et al., 2023]. This star system appears to

be relatively young — 16+7 Myr according to Mellon et al. [2019].

HD 156623 has been covered by many ground-based photometric surveys and space-based
missions—including WISE [Cutri et al., 2012, Wright et al., 2010], 2MASS [Skrutskie et al.,
2006], IRAS [Neugebauer et al., 1984, Beichman et al., 1988], and Tycho [Hgg et al., 2000,
Pickles and Depagne, 2010]-which is useful for constructing an SED as described in Section
5.6. Data from WISE indicate an infrared excess for HD 156623 of L/L, = 4.33x1073
[Rizzuto et al., 2012].

The disk around HD 156623 was also previously observed with ALMA, which marginally
resolved the disk and found a strong '2CO(2-1) signature, indicating the presence of a mass
of CO gas > 3.9- 1074 M, [Lieman-Sifry et al., 2016]. Lieman-Sifry et al. [2016] also reports
a 1240 pm continuum flux for HD 156623 of 720+£110 uJy. Further detections of CO gas
with APEX and IRAM were also completed in Péricaud et al. [2017].
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Parameter Value Reference

D (pc) 111.75 £ 0.96 | Gaia et al. [2018]
Age (Myr) 16 £ 7 Mellon et al. [2019]
Ter (K) 90407350 Mellon et al. [2019]
M. (M) 1.9019:9% Esposito et al. [2020]
L. (L) 13.06 £+ 1.80 | Esposito et al. [2020]
R. (Ro) 1.51 £ 0.09 | Mellon et al. [2019]
I (mag) 7.1 Esposito et al. [2020]
H (mag) 7.0 Esposito et al. [2020]
Lir/L. 4.3-1073 Rizzuto et al. [2012]

Table 5.1: Summary of parameters for HD 156623. Magnitudes are synthetic photometry
in Cousins I [Bessell et al., 1998] and 2MASS H [Skrutskie et al., 2006] as calculated by
Esposito et al. [2020].

5.3 Observations and Data Reduction

5.3.1 Gemini Planet Imager Observations

GPI observations resolved the disk in scattered light using GPI’s polarimetric mode, which
uses a half-wave plate for modulation and a Wollaston prism beam splitter for analysis [Perrin
et al., 2010, 2014]. The polarimetric data presented herein were first published as part of
a larger survey in Esposito et al. [2020]. In total intensity, GPI uses angular differential
imaging (ADI) to create angular diversity that can be exploited to improve the images’ final
contrast [Marois et al., 2006]. Observations in pol mode result in measurements of the Stokes
Z, Q, and U vectors. Most data products for debris disks — including those used in this
work — use azimuthal Stokes vectors, Q4 and U, (described below in Equations 5.1 and
5.2, where ¢ is the azimuthal angle around the star measured counterclockwise starting from

North), which is useful for understanding polarization relative to the central star [Schmid
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Date (UT) | Mode | texp (8) | tint (s) | APA (°)
2019 Apr 27 | Pol 88.74 2129.81 | 28.2

2017 Apr 21 | Pol 59.65 954.34 | 11.2

Table 5.2: GPI observations of HD 156623. The debris disk was detected in both polarimetric
observations, and for the purposes of this investigation we focus on the higher-quality, longer—
exposure data from 2019. The following observation parameters are provided: exposure time

(texp), total integration time (¢i,), and field rotation (APA, degrees). All observations were

taken in the H band.

et al., 2006, Millar-Blanchaer et al., 2015].

Q4 = Qcos2¢ + Usin2¢ (5.1)
Uy = —Osin2¢ + Ucos2¢p (5.2)

Qg4 then contains all polarized light from the debris disk that is aligned perpendicular
or parallel to a vector from the host star to a given pixel. U, then contains polarized light
oriented 45° to this vector, which we expect to be devoid of signal for an optically thin debris
disk (discussed further in Esposito et al. [2020]). GPI images also include four “satellite”
spots, reference images of the occulted star used for astrometric and photometric calibrations
[Sivaramakrishnan and Oppenheimer, 2006, Esposito et al., 2020].

The effective outer radius of the full circular field of view in reduced images is 1.4” from
the star, with radial separations up to 1.8” visible over limited ranges of position angle (PA).
The field of view size of each frame is 2.6” x 2.6”, and we use the GPI pixel scale value
of 14.166 + 0.007 mas lenslet ™' [Konopacky et al., 2014, De Rosa et al., 2015, 2020]. The
minimum projected separation viewable in the data is 0.123”, set by the edge of the focal

plane mask (FPM, De Rosa et al. [2015]).

We observed HD 156623 on 2017 Apr 21 and 2019 Apr 27. A summary of the observations
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are listed in Table 5.2. The debris disk around HD 156623 was detected by GPI in H band
(Ae=1.65 pm) polarized light (Qy), in both 2017 and 2019. In 2017, sixteen 60-second
exposures were taken in H band polarimetry mode with the wave plate rotating between
exposures (typically 22.5° per move as described by Perrin et al. [2015]), with 11.2° of field
rotation and approximately 1.15 arcsec seeing. In 2019, twenty four 88-second exposures
were taken in H band polarimetry mode with 28.2° of field rotation and ~0.39 arcsec seeing.

The 2019 data was higher quality and is what will be used in our analysis.

5.3.2 Data Reduction and Polarized Differential Imaging

Data for HD 156623 were reduced using the standard GPI Data Reduction Pipeline (DRP),
documented in Perrin et al. [2014], Perrin et al. [2016], and Wang et al. [2018]. The data
reduction procedure for polarimetry data in particular, as well as sources of noise in GPI
polarimetric data, are further described in Perrin et al. [2015] and Section 4.1 of Esposito
et al. [2020]; this reduction, however, is an improved reduction from that presented in Es-
posito et al. [2020] due to the quadropole correction described later in this section. The GPI
DRP completes dark subtraction, flexure correction, field distortion correction, destriping,
bad pixel corrections, and other calibrations specific to the GPI instrument, such as a clean-
ing procedure to account for biasing between orthogonal polarization channels [Perrin et al.,
2014, 2015, Wiktorowicz et al., 2014, Konopacky et al., 2014]. After the standard DRP, the
series of reduced polarimetric observations is converted into a single data cube containing the
Stokes vectors Z, Q, U, and V), before then converting Q and U to radial Stokes vectors (Q
and U,) as previously described [Perrin et al., 2015]. This data reduction pipeline produces
images in units of analog-to-digital units per coadd (ADU coadd™!); using the measured flux
of the satellite spots, which are themselves images of the host star, and the star’s known H
band magnitude (see Table 5.1) we converted those detector units into surface brightness
units of mJy arcsec™? for the subsequent analysis, as in Wang et al. [2014], Hung et al. [2016],
and Esposito et al. [2020]. The calibration factor for this data reduction was 6.41x1079+
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0.27x1072 Jy/(ADU/coadd). Additionally, an extra instrumental polarization subtraction—
a quadrupole modulation of the total intensity pattern scaled to data and subtracted for
each waveplate modulation—was applied to the data to remove an instrumental polarization

effect seen in GPI images [De Rosa et al., 2020].

Polarized intensity frames from the standard data reduction readily show the disk, due
to the natural separation of unpolarized stellar light and polarized light scattered from the
disk. For total intensity, we must complete stellar point spread function (PSF) subtraction,
for which we use the pyKLIP package [Wang et al., 2015]. pyKLIP uses Karhunen-Loéve
Image Processing (KLIP), a form of principal components analysis, to create a model of
the stellar PSF using its dominant modes of variation for PSF subtraction [Soummer et al.,
2012]. For polarimetric GPI data, the total intensity is the sum of the two orthogonal
polarization states, plus any unpolarized light. We employ ADI in our reduction for total
intensity data taken with GPI polarimetry mode. Parameters for the pyKLIP reduction
generally must be chosen with care to maximize the signal from the disk, avoiding self-
subtraction [Milli et al., 2012] while also reducing contamination from the stellar PSF. For
this particular disk, which is faint relative to the stellar halo in total intensity, we use a
particularly unaggressive implementation of KLIP, using one annulus and one subsection in
the subtraction as recommended by pyKLIP documentation. We additionally test multiple
KL modes (1, 5, 10, 20, 50) and use pyKLIP’s minimum rotation (minrot = 3) criterion
for basis vector selection, as is recommended to avoid self-subtraction. Even after applying
PSF-subtraction, however, we were unable to recover the disk in total intensity light, as
shown in Figure 5.1. Although other recent algorithms have focused on improving this issue
of self-subtraction (e.g. non-negative matrix factorization (NMF), Ren et al. [2018]), we
do not pursue additional reductions in this work; although such algorithms may be able to
recover the disk’s general morphology, we choose to focus on the polarized intensity detection
which already provides such morphological information. Additionally, low-inclination and

radially extended disks are particularly challenging to retrieve in total intensity with an ADI
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Figure 5.1: PSF-subtracted total intensity GPI H band image of HD 156623 using 5 KL
modes (top) and polarized intensity GPI H band image of HD 156623 smoothed with a
2 pixel wide Gaussian kernel for visualization (bottom). The debris disk is only detected
in polarized light, with a signal-to-noise ratio of ~2-3 per resolution element. The point
sources visible in the total intensity image were determined to be unbound background stars

in Esposito et al. [2020].
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approach. The point sources in total intensity were already determined by Esposito et al.
[2020] to be unbound background objects and are thus not considered in our analysis of this

system.

5.4 Disk Morphology

In this section, we reproduce the modeling originally presented in Esposito et al. [2020] to
show the scattered light model disk images and quality of fit to the data, which were not
provided in that work, with the goal of constraining the inner edge from our imagery. This
modeling is nearly identical to that of Esposito et al. [2020], but run with a 40% longer chain.
This leads to a small improvement in the quality of the results due to more total samples of
the posterior. We use these morphological results (namely position angle, inclination, and
radius constraints) to guide our measurements of the disk’s brightness profiles and phase

function, calculated in Section 5.5.

As in Esposito et al. [2020], morphological parameters of the disk were estimated by
comparison to models from the Monte Carlo radiative transfer code MCFOST [Pinte et al., 2006,
2009]. MCFOST is a radiative transfer code that uses Monte Carlo and ray tracing methods to
produce models of observables (scattered-light imagery, millimeter and infrared visibilities,
line maps, SEDs, dust temperature distributions) for circumstellar environments such as
protoplanetary and debris disks. Models were fit to Stokes Q4, Q and ¢ data simultaneously,
as Qg is the only available data with the quadrupole noise signal removed. Following the
procedure in Esposito et al. [2018], our models assume Mie scattering from spherical grains in
an azimuthally-symmetric, optically-thin disk centered on the star, observed at 1.65 microns
(the H band peak wavelength). We additionally use the same disk parameters and procedure
as described in Esposito et al. [2020], as summarized below. The disk has a vertical structure
where the scale height is a constant fraction of the radius, set to 0.055, a value consistent

with measured values for similar disks in the literature and consistent with modeled vertical
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structure assuming the effects of radiation pressure and collisions [Esposito et al., 2018,
Millar-Blanchaer et al., 2015, Krist et al., 2005, Thébault, 2009]. The surface density is
described by a smoothed broken/two-component power law, with two different fixed power
law indices: one for the disk interior to a critical radius (R.), set to as, = —3.5, and one
for the disk exterior to R., set to auy = 1.5 as in Esposito et al. [2020]; these values were
manually tuned to a reasonable by-eye match in that work, and we have adopted the same
parameter choice for consistency. The following model parameters were left free to vary
in the fit: the minimum grain size (@), grain porosity, dust mass (within the grain size
distribution used) My, disk position angle (PA), inclination (7), dust inner radius Ry,, dust
outer radius R,, and the critical radius R. at which the inner and outer surface density
profiles cross. Although the o power law exponents can theoretically be used to define a disk
edge where the signal falls below the noise, Ry, and R, are included as free parameters to
be able to define an edge that is more abrupt than that from a smoothly declining power
law, e.g. from planet sculpting. Additionally, we do not expect the dust mass My to be
physically meaningful; instead, it essentially functions as a scaling factor for the global
surface brightness of the disk. PA is defined as the angle counterclockwise from North to

the projected major axis of the disk.

We used a parallel-tempered MCMC with three temperatures, each with 120 walkers.
Walkers were initialized randomly from a uniform distribution and then simulated for 3500
iterations. We discarded the first 2900 iterations as “burn-in” where the ensemble of walkers
had not yet converged to their peak in posterior space, and used the final 600 iterations
of the zeroth temperature walkers (equivalent to 2.16x10° models) for the disk parameter
value estimates, which are summarized in Table 5.4. “Max Lk Value” contains the values
for the maximum likelihood model, which is shown in Figure 5.3 and the adjacent column
shows the median values with a 1-sigma confidence interval. A corner plot of posteriors
from the MCMC is shown in Figure 5.2. Multiple parameters have slightly multimodal or

non-Gaussian posteriors, and as such the 1o values should be interpreted with caution for
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Figure 5.2: Corner plot of posteriors from MCFOST modeling of scattered light imaging.

those parameters; parameters with strongly non-Gaussian posteriors are reported as either
maximum likelihood values or 99.7% confidence upper/lower limits. Similar to Esposito et al.
[2020], we aim for a model that constrains the necessary morphological parameters with
sufficient accuracy for our purposes, while acknowledging that a more complex / physically-
motivated treatment of grain properties is necessary to truly reproduce the observed scattered

light distribution.
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Figure 5.3: MCFOST maximum likelihood scattered light model of HD 156623 with data and
residuals for Stokes Qy, Uy, Q, and U, drawn from only the last 600 iterations (i.e. excluding

burn-in).
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Best-Fit Morphological Parameters

Parameter Max. Lk. Value 50 £ 1o Value from Esposito et al. [2020)]
PA (deg) 102.081 100.9735 100.9%9
Inclination (deg) 38.978 36.67%4 34.975¢
Ri, (AU) 12.707 < 26.6 < 26.7 (99.7% confidence)
Rouw (AU) 184.482 > 139.2 > 139.3 (99.7% confidence)
R.(AU) 67.113 65.2753 64.441.8
Other Parameters Used
Parameter Free/Fixed Max Lk. or Fixed Value | Value from Esposito et al. [2020]
Apin (pm) Free 1.13 1.19
My (logMy) Free -6.31 -6.31702%
Porosity (%) Free 0.82 0.84
Qlip Fixed 1.5 1.5
Qlout Fixed -3.5 -3.5
B Fixed 1 1
Ho/ry Fixed 0.055 0.055

Table 5.3: Summary of retrieved disk parameters from MCFOST from the final 600 iterations
(i.e. excluding burn-in). The top section outlines the best fit morphological parameters
adopted for our analysis, alongside the values from Esposito et al. [2020] which are generally
in agreement. The bottom section describes parameters which are not necessarily physically
meaningful in this application and should be interpreted with caution, but are included here

for reproduciblity of our models.
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5.5 Brightness and Scattering

5.5.1 Radial Brightness Profiles

Radial brightness profiles allow for further investigation of both the inner clearing and the
outer radius of the disk, e.g. determining when the observed data is consistent with zero

disk signal, in addition to the above modeling with MCFOST.

To that end, we measure radial brightness profiles (Figure 5.5) for various position angles.
To compute these profiles, we first deproject the disk based on our determined value of
inclination, such that each radial cut traverses the same distance from the center of the
disk, using the Python package diskmap [Stolker et al., 2016]. Zero position angle is defined
counterclockwise from North, as described earlier. Radial brightness profiles are the average
of a wedge at the given angle range that is 5 pixels long in the radial direction and 45°
(~5-80 pixels depending on the radial distance from the center) wide, with its error as the
variance of that slice of the wedge. Pixels within 15 AU of the center are masked, as this
region is within the influence of the FPM (FPM) and therefore contains large errors. To
determine a rough estimate for the visual outer radius of the disk—i.e. where the disk signal is
dominant over the noise-in our data, we rebin the brightness profiles to 5 pixel wide annuli,
and determine where the signal becomes consistent with zero by 20 in our images at each
angle. We average those measurements across azimuthal angles to find a visual outer radius
of ~78 AU. This visual outer radius is not an inherent property of the disk, but instead a
quantitatively-derived limit for where the image is dominated by the signal instead of the
noise for use in further calculations, e.g. the scattering phase functions in Section 5.5.2. We
additionally compute radial surface density profiles (Figure 5.6) by correcting the brightness
profiles by a factor of 1/r?, as shown in Figure 5.4. As an independent check on the disk
morphology, we fit a smoothly broken power law (as defined via MCFOST and below in
Equation 5.3) to the average measured surface density profile using least-squares, shown in

Figure 5.4.
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exp[—|z|/H(r)7]
p(r, z) o [(r/re)—20m + (T/rc)—anut}1/2

(5.3)

We set the z coordinate to a constant for simplicity, use the same formalism for H(r) =
Hy(r/rg)? as Esposito et al. [2020] where =0 and Hy/ry=0.055, set the exponent y=1,
and leave 7., ai,, and a,y as free parameters, along with an arbitrary scaling/normalization
factor N. The best fit values for the average radial surface density profile are N=1.73+0.13,
r.=78.846.0 AU, ;,=0.58+0.15, and a,,=-1.31+0.15. These differ significantly from the
scattered-light modeling values for r., a;,, and a,y. These differences may be explained
simply by the fact that a;, and oy, were fixed in the MCFOST models, as 7. is expected to
vary with any change in the power law exponents. Additionally, this average profile may be
biased due to a lower SNR detection of the back-scattering half of the disk, where the outer
edge is much less well-defined, or a different scattering phase function than that assumed by

MCFOST, which may change the ratio of surface brightness to surface density.

5.5.2 Observed Polarized Scattering Phase Functions

Scattering phase functions (SPFs) describe the fraction of light scattered into a solid angle
by a single dust grain, and their shapes are determined by the properties of the dust itself;
therefore, they are often used as a probe of the grain size, porosity, composition, and shape

of a disk’s dust grains.

We make several assumptions in this calculation, similar to those used for geometric
modeling; that is, we take the disk to be azimuthally symmetric (but radially varying,
related to the observed surface brightness) and optically thin, with the previously-described
morphological parameters inferred via MCFOST. We also assume that scattering is independent
of azimuthal angle (e.g. only the scattering angle 6 is a variable in our equations), which

is true for a spherical grain by symmetry and a good approximation for randomly oriented
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Figure 5.4: The average radial surface density profile (grey points with error bars) fit with
a smoothly-broken two-component power law (the dashed blue line). The hatched region on
the left marks the limits from the FPM as in other figures, and the dot-dash light purple
curve represents the radial profile determined by scattered-light modeling. The values derived
from this average surface density profile for r., a;,, and ayy; are substantially different from
those determined via scattered-light modeling, perhaps due to a difference in the scattering
phase function or bias due to the low SNR detection of the back-scattering portion of the
disk; alternatively, these differences may simply be an artifact of the different modeling

approaches.
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Figure 5.5: Measured brightness curves along the radial direction of HD 156623’s deprojected
disk for various angles. The region covered by the FPM is blocked out (hatched in light
purple, labeled FPM), and it is clear that in most cases, the inner hole is unresolved, with
the exception of possibly PA 45-90° and PA 90-235°. Each profile is arbitrarily offset for

clarity, and the dashed lines correspond to zero for each profile depicted.
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Figure 5.6: Surface density (brightness corrected by a factor of 1/r?) profiles along the radial
direction of HD 156623’s deprojected disk for various angles. The region covered by the
FPM is blocked out (hatched in light purple, labeled FPM). Each profile is arbitrarily offset

for clarity, and the dashed lines correspond to zero for each profile depicted.
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Figure 5.7: Diagram with the scattering angle across the disk of HD 156623, assuming the

geometric parameters defined in Section 5.4. The most forward scattering occurs in the

southwest, and the most back scattering occurs in the northeast.

non-spherical grains. The expression for a normalized SPF is then as follows:

£(0) ~ W 2 (5.4)

where f(0) is the SPF, solely dependent on scattering angle and radially varying properties,
Bows(r, 0) is the observed brightness at a given radius r and PA 6, p(r) is the surface density
of the disk, derived from the observed radial brightness profile, and r is the radius from the

central star.

Given that this disk does not have a clearly defined single ring at which to compute a
SPF, SPFs were instead determined by taking measurements of Bops(r, ) at multiple radii
around the disk, then averaging over the varying radii. For this specific calculation, we limit
the range over which we compute the SPF to the annuli beyond the FPM and within the
visual outer radius as determined by the radial brightness curves; this range is 15 AU (at
the FPM limit) to 78 AU. Since we do assume the disk’s surface density can vary radially,
we retain p(r) and r in our calculations, even though they are constants for a given radius.

The disk surface density, p(r), was approximated using the average best fit radial brightness
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profile where the peak surface brightness was normalized to 1.

Scattering angle () for each point in the disk is determined analytically, as shown in
Figure 5.7, following the above geometric assumptions. This disk is most forward scattering
around ~200° PA, with a scattering angle of 54°, and most backward scattering near ~10°

PA with a scattering angle of 126°.

HD 156623’s debris disk appears slightly asymmetric in visual inspection, particularly in
the northwest quadrant, so SPFs were measured separately for the East and West halves
of the disk (divided approximately along the minor axis), as shown in Figure 5.8. Errors
were derived by the variance of pixels in each annulus, similar to the procedure for the
radial brightness profiles, and propagated appropriately through the calculation. There is
a slight asymmetry that is most pronounced near the eastern ansae (~80-95°), consistent
with the brightness asymmetry described in Crotts et al. [2024] that suggests the disk may
be eccentric or experiencing more frequent collisions on the Eastern half. However, it is
also worth noting that in our calculation, there is an implicit assumption that the density
is azimuthally constant and radially varying. As a result, even if there is a true increase in
brightness at those angles, there may not be a corresponding overbrightness in the SPF if

we do not assume this symmetry.

We additionally fit a Henyey-Greenstein SPF [Henyey and Greenstein, 1941] to each of
our observed scattering SPFs divided by a Rayleigh polarization curve (approximating the
total intensity SPF), also shown in Figure 5.8. The Henyey-Greenstein (HG) function p(6)
is an empirical description, not based in Mie theory or another physical scenario, and it is

calculated as

1 1—g°
4w [1+ g2 — 2gcosd]3/2

p(0) (5.5)

where ¢ is the Henyey-Greenstein asymmetry parameter (¢ = cos#, ranging from -1 to

1) and 0 is the scattering angle. For debris disks, which are typically forward scattering, g is
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Band | Source et (pm) | Flux (Jy) References

B Tycho 2 | 0.44 4.7540.10 Hog et al. [2000], Cox [2015]

\Y Tycho 2 0.55 4.71+0.1 Hog et al. [2000], Cox [2015]

J 2MASS 1.24 2.33+0.05 Cohen et al. [2003], Skrutskie et al. [2006]

H 2MASS 1.66 1.4740.03 Cohen et al. [2003], Skrutskie et al. [2006]

K, 2MASS 2.16 1.05£0.02 Cohen et al. [2003], Skrutskie et al. [2006]

W1 | ALLWISE | 3.35 0.5020.027 Wright et al. [2010], Mainzer et al. [2011]

W2 ALLWISE | 4.6 0.30 £0.010 Wright et al. [2010], Mainzer et al. [2011]

SOW | AKARI |9 0.21540.015 Murakami et al. [2007], Ishihara et al. [2010]

W3 ALLWISE | 11.6 0.155+0.007 Wright et al. [2010], Mainzer et al. [2011]

W4 ALLWISE | 22.1 0.626£0.036 Wright et al. [2010], Mainzer et al. [2011]
ALMA 1240 0.00072+0.00011 | Lieman-Sifry et al. [2016]

Table 5.4: Summary of photometry used in creating the spectral energy distribution for HD
156623.

greater than 0. For the Eastern half of the disk, the HG function is a poor fit, even with the
best fit value g = 0.33; however, the HG function with g = 0.45 is a reasonable approximation
for the Western half. These g values are broadly consistent with similar measurements for
other low-inclination debris disks as summarized by Hughes et al. [2018], supporting the
ideas that disk dust may not obey one Henyey-Greenstein SPF at all scattering angles and
that best-fit g values may correlate with the range of scattering angles probed. Although
the HG function is not inherently physically informative, we do not pursue physical dust
model fits to our phase function given the limited range of scattering angles for the available
data. Additionally, there is still an asymmetry in the derived total intensity SPF-albeit less

pronounced—again mirroring findings from Crotts et al. [2024].
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Figure 5.8: (Left) Measured polarized light scattering phase function for the disk, split be-
tween the Eastern and Western halves of the disk as defined by the approximate minor axis.
We observe an asymmetry between the Eastern and Western halves, consistent with recent
findings in Crotts et al. [2024] suggesting this disk may be slightly eccentric. (Right) The
measured East/West SPFs divided by a Rayleigh polarization curve, along with Henyey—
Greenstein functions fit to each SPF. There is a lesser but still distinct asymmetry between

the two halves of the disk, and the Henyey-Greenstein function is a poor fit for the Eastern

half.
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5.6 Thermal Emission

The main goal of our investigation of HD 156623’s SED is to constrain the location of the
disk’s unseen inner edge. Photometric measurements of HD 156623 were acquired from a
variety of sources, ranging from visible to mid-infrared to millimeter ALMA observations.
Most measurements were obtained in magnitudes from the IRSA or Vizier databases, and
then converted to Janskys using the zero points provided by each mission/project’s docu-
mentation. These observations and their references are summarized in Table 5.4; all data
listed here are before color corrections, as we instead treat points with large bandpasses
(namely W3/W4 and AKARI S9W) using synthetic photometry as described below. Al-
though photometric data from IRAS were available for this object, they were not used due
to poor data quality flags present in the catalog. Given the wide bandpasses of the WISE
W3/W4 [Wright et al., 2010] and AKARI S9W [Fujiwara et al., 2010] filters, we compute
synthetic photometry by integrating the model flux multiplied by the transmission profile
for each filter (from Rodrigo and Solano [2020]) over its bandpass via the following equation

as in Tokunaga and Vacca [2005]:

_ JFE)S(w)/vdv
(k) = [Sw)/vdv

where (F,) is the monochromatic flux density (erg/s/cm?/Hz) for our synthetic photom-

(5.6)

etry, F), is the monochromatic flux density (erg/s/cm?/Hz) from the object, S(v) is the filter
transmission function, and v represents the frequencies in the bandpass. Additional absolute
calibration uncertainties were incorporated for the WISE data points [Cutri et al., 2012] and

AKARI data points [TanabE et al., 2008].

We initially fit a simple model consisting of two single-temperature blackbody curves for
the stellar emission plus the disk’s thermal emission to these monochromatic flux densities
using a Levenberg-Marquardt least-squares fit implemented in scipy. The free parameters
included are disk temperature (7;) and a parameter proportional to the disk emitting area

(A). The stellar radius (R,) and temperature (7}) are set using the values in Table 5.1 from
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Mellon et al. [2019]. The best-fit dust temperature is 184+23 K with a reduced chi squared
x2 value of 1.088, corresponding to a radius of 8.49175 AU if treated as an equilibrium
temperature for a grain radiating as a blackbody. It is additionally worth noting that radii
derived from SEDs are known to be underestimates; i.e. they are often smaller than the inner

radii derived from resolved observations [Wyatt, 2008, Pawellek and Krivov, 2015, Pawellek
et al., 2021, Booth et al., 2013, Hom et al., 2020].

Given the poor fit at long wavelengths while using a single-temperature blackbody to
represent thermal emission from dust, we subsequently tested a model for the spectral energy
distribution using a single-temperature blackbody plus an additional modified wavelength-
dependent emissivity, following the formalism in Backman et al. [1992]. Again, this model
does not assume a spatial distribution or grain size distribution. In this model, grains of a

characteristic size ~\o/2m radiate with a modified emissivity €, as follows:

N> )\
EV f— (5-7)

1 otherwise
This model was again fit using the scipy implementation of a Levenberg-Marquardt
least-squares fit, now for both temperature and \g. The best-fit disk temperature for this
model is 140423 K with a y2 value of 1.21, corresponding to a radius of 14.7753: AU, with
Ao unconstrained (best fit value of 219 pm, corresponding to a characteristic grain size of
~35 pm). These models are visualized in Figure 5.9. Neither model is able to capture the

9um AKARI point, and a modified emissivity is necessary to reproduce the flux observed

by ALMA.

However, these simple models do not explicitly fit for the inner radius we are interested
in, as they assume a single temperature across the entire disk. To constrain the inner radius,
we then compute the SED for a spatially resolved, azimuthally symmetric disk using MCFOST.
We set up this resolved model using a Kurucz 9000 K model atmosphere [Castelli and Kurucz,

2004] and the same parameters and assumptions (e.g. Mie scattering, dust grain size and
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Figure 5.9: Single-component blackbody models using best-fit values to available photometry
for HD 156623, with fractional residuals shown below. The dust’s blackbody contribution
to the SED is plotted in red. (Left) For a a simple single-component blackbody SED, the
photometry is best fit with temperature T = 184423 K. (Right) For a modified-emissivity
single-component blackbody SED, the photometry is best fit with T = 140+£23 K and A\g =
219 pm. Neither model is able to capture the 9um AKARI point, and a modified emissivity

is necessary to reproduce the flux observed by ALMA.
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composition) as the scattered-light model in Section 5.4, leaving only 7y, amin, and My as
free parameters. We explore the posterior for those parameters again with a Goodman and
Weare [2010] affine invariant MCMC ensemble sampler using the emcee package with 16
walkers and uniform priors, with bounds on the priors for ry, (0< ry, <15) and logam, (-
2< logamin <1). Walkers were initialized randomly from a uniform distribution and then
simulated for 1500 iterations. We discarded the first 100 iterations as “burn-in” where
the ensemble of walkers had not yet converged to their peak in posterior space, and used
the remaining 1400 iterations (equivalent to 2.2x10* models) for the disk parameter value
estimates. The maximum likelihood model SED is shown compared to available photometry

in Figure 5.10, and a corner plot of the approximate posteriors is shown in Figure 5.11.

Scattered-light image modeling is limited by the focal-plane mask in its determination
of ri,, resulting in a maximum likelihood value that corresponds to the FPM edge (~12—
15 AU) and a 30 upper limit of <26.6 AU; SED modeling, on the other hand, returns a
maximum likelihood value of 2.37 AU and is limited by the prior bound at zero, resulting
in an upper limit of <13.4 at 99.7% confidence (<8.85 AU at 95% confidence). The value
for log(M,) should be considered as a scaling factor more than a physically relevant value,
as we assume a sparse grain density and do not consider dynamical effects like collisions;
for the sake of reproducing our modeling, the value for log(My) for the maximum-likelihood
model shown in Figure 5.10 is -7.02. The minimum grain size ap;, is much smaller as
suggested by SED modeling, <0.21 pym at compared to ~1 pum from scattered-light image
modeling. For comparison, the blowout size for the system is around 3.5 pum, as further
discussed in Section 5.7. This a,;, value from SED modeling reached a bound on the prior
at 0.01 pum, suggesting that the Dohnanyi size distribution or other grain characteristics
we have assumed may not fully describe this system; however, given the limited number of
photometric data points currently available (four data points—AKARI 9um, W3, W4, and
ALMA-and currently three free parameters), we choose not to add further free parameters

to our model in this work. This best-fit MCFOST SED model has x? = 1.11, similar to the
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Figure 5.10: Maximum likelihood SED model from MCFOST (as a dashed black line, with
synthetic photometric points marked) compared to available photometry (colored according
to its source). The best fit model requires sub-blowout size grains and a close-in inner radius
around ~3 AU. 500 additional SED models randomly drawn from the post-burn-in MCMC

are plotted in grey.

simpler models above. Again, the AKARI and ALMA points are not fit well by this model;
we discuss this discrepancy—as well as the discrepancy in a,;,—further in Section 5.7. The
maximum temperatures calculated by MCFOST at 7y, and R. at the disk midplane in the best
fit model are ~500 K and 355 K respectively.

5.7 Discussion

All SED fits are unable to capture the AKARI data point (the red point in Figure 5.9), and
no single model we have tested is able to satisfactorily explain the entire set of photometric

data points available. MCFOST modeling similarly has trouble reproducing the AKARI point,
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Figure 5.11: Corner plot for MCMC fit with photometry and MCFOST SED models. The
reported value for ry, is an upper bound (< 13.43 AU at 99.7% confidence), as seen in the
posterior distribution. Additionally, the value for loga;, is also only an upper limit of
-0.685 (0.21 pm); this suggests that different assumptions for the grain composition and/or

size distribution may be needed to fully understand the minimum grain size of this system.
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as well as the long wavelength flux measured by ALMA indicating that different assumptions
for grain composition and/or size distribution may be needed; given the limited number of
photometric points available, exploring those as free parameters in a model is beyond the
scope of this work. However, based on our modeling, it appears that—under the assumptions
described in our work—the thermal signature of the disk is best explained by a population of
close-in warm dust with sub-blowout size grains, and a modified emissivity trend at longer
wavelengths. One could additionally imagine that the debris disk has two components: a
cold outer disk imaged by GPI and ALMA, and a separate warm inner belt that is behind the
GPI FPM and unresolved by ALMA, but also boosts the 9 pm emission as seen by AKARI
Future work may include exploring two-component models, and further observations (e.g.
JWST /MIRI spectroscopy) are necessary to better define the shape of the spectrum through

the mid-infrared.

The radiative transfer modeling of the scattered light data is limited by the focal-plane
mask, initially constraining ry, to be less than 26.6 AU. Single-component blackbody fits to
the SED suggest an inner edge of ~8-15 AU (not accounting for non-blackbody behavior
of real dust grains or the possibility of grain overheating; e.g. Pawellek and Krivov [2015],
Morales et al. [2011]), and disk models with MCFOST fit to the SED constrain the edge to <
13.4 AU. However, it is again worth noting that even the best fit SED model is unable to
reproduce both the 9 pm excess and the long wavelength flux observed by ALMA, indicating
that different assumptions on the grain properties or surface density distribution (e.g. inner
and outer power laws) are necessary to fully explain this system; given the lack of photometry
at this time, we leave this endeavor for future work. Lieman-Sifry et al. [2016] similarly
constrains the inner radius of this disk using ALMA data and SED modeling, with a best fit
value of r;,, = 10 AU from a visibility-only fit and r;, = 2.99 AU from a simultaneous visibility
and SED fit. Our result is in agreement with these values within 1o. This < 13.4 AU inner
edge is certainly unique; HD 156623 is one of few known low-inclination debris disks in Sco-

Cen imaged in scattered light (which is biased towards edge-on disks) where the inner clearing
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is not visible due to its location behind the FPM [Bonnefoy et al., 2021]. Additionally, this
modeling assumes a certain power law for surface density; different assumptions in that value
may lead to significant changes in the value of ry,, possibly explaining the slight differences

between our estimate and that of Lieman-Sifry et al. [2016].

The blowout grain size of this system is estimated as ~3.5 um, according to Arnold et al.
[2019] which uses the equation below [Burns et al., 1979] to compute the blowout size for

HR 4796, a similar temperature A-type star.

ano = 1.152(Q,,) (f-@) G‘j@)_l (1-P) (g/fm3>_1 (5.8)

where L, is the stellar luminosity is solar luminosities, M, is the stellar mass in solar masses,

P is the grain porosity (assumed to be zero), p is the grain density (assumed to be 3.3 g/cm?
from Draine and Lee [1984], Draine [2003]), and (Q,;) is the average radiation pressure

efficiency, calculated from grain scattering properties through:

1 Vmax

(Qor) =~ D [FoQubsi + (1= 9)Quea: (5.9)

i=Vmin
where vy, is the lowest frequency used in the calculation, vy, is the highest frequency used
in the calculation, F) . is the stellar spectrum at a given frequency, Qans; is the absorption
coefficient for a given frequency, g is the asymmetry parameter, Qsc.; is the scattering coef-
ficient for a given frequency, and n is the number of frequency samples used. We will adopt
the blowout size of 3.5 pm for the remainder of this discussion which assumes astrosilicate

grains as we have in our modeling.

Values for the minimum grain size from both scattered-light image modeling and SED
modeling are in significant disagreement with the calculated blowout size; additionally, these
values constrain the minimum grain size from different data and different assumptions on
the physics of grain interactions with light, as the image modeling value is derived from the
polarized scattering phase function and the SED modeling value is derived from thermal

equilibrium. MCFOST scattered-light image modeling reports the maximum likelihood value

147



for a,,i, as 1.13 um, with smaller peaks in the probability distribution around 1.35-1.82
pm as shown in Figure 5.2, and SED modeling suggests < 1um; however, these values are
much smaller than the minimum dust grain size predicted by the blowout size of 3.5 mi-
crons. Lieman-Sifry et al. [2016] provides additional evidence for sub-blowout size grains via
their simultaneous model fits to their observed ALMA visibilities and the SED, finding a
minimum grain size around ~1 pm, in agreement with our scattered-light modeling. This
discrepancy from the blowout size could indicate a rapid re-supply of small grains, possibly
from ongoing collisions; however, this blowout size could alternatively indicate that we have
underestimated the minimum grain size from radiative transfer and grain modeling due to
our assumptions on grain properties [Grigorieva et al., 2007] and/or the use of Mie theory,
which is known to be a poor representation of true grain properties. However, if the grains
are, in fact, porous as indicated by our radiative transfer modeling, the blowout size could be
significantly larger, making this discrepancy even larger. The blowout timescale is approxi-
mately the free-fall time, which is short, on the order of orbital timescales. As a result, the
blowout timescale should be the dominant timescale for this system. The collision timescale,
which dominates the dust replenishment, is ~ 10? yr—substantially longer than the blowout

timescale.

As HD 156623 is known to host a gas-rich disk, gas drag could change the blowout size
and associated timescales—that is, small dust grains may be coupled to the gas, enabling their
retention and explaining the observed inner edge and sub-blowout size grains. In Lieman-
Sifry et al. [2016], HD 156623 has one of the strongest CO J = 2-1 detections out of their
sample in Sco-Cen; perhaps this system has a particularly high gas mass, and therefore
greater influence of gas drag on the dust dynamics. The sample of Sco-Cen disks from
Lieman-Sifry et al. [2016] also suggests a correlation between the presence of gas and sub-
blowout grains, as seen in this system. Further modeling is needed to fully understand the

impact of the presence of gas in this disk.
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5.8 Conclusions

We have (1) presented analysis of the morphology of the possible “hybrid” debris disk around
HD 156623 in H band polarized scattered light, (2) presented an empirical measurement of
the brightness/surface density profile and scattering phase function for HD 156623’s debris
disk, and 3) determined that the inner radius of the disk is likely close to the star to <
13.4 AU via SED modeling and imaging. Our work suggests that HD 156623 retains sub-
blowout size grains, and gas drag may be a key influence on the dust population of this
debris disk, in line with findings from Lieman-Sifry et al. [2016]. However, we acknowledge
the numerous degeneracies present in this type of debris disk data, as the observed scattered-
light distribution is a complicated and difficult-to-disentangle combination of disk geometry,
grain size distribution, grain properties (e.g. porosity, scattering efficiency), and more [Stark
et al., 2014]. Future work should consider obtaining additional mid-infrared photometry
(e.g. from JWST) to further constrain the debris disk SED, and testing more complex
models, such as a two-component dust population or simultaneously modeling the gas and
dust components of the disk to explore how gas drag impacts small grain retention in this

system.
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CHAPTER 6

Conclusions

This thesis aims to highlight the deep, critical connection between astronomical instrumen-
tation and cutting-edge astronomical discoveries, especially in the context of high-contrast
imaging and (exo-)planetary science. Additionally, these investigations contribute to our
understanding of the formation of planetary systems, our ability to detect and characterize
exoplanetary systems, and our search for habitable conditions beyond Earth — topics that

were all recently prioritized by the Astro2020 Decadal Survey [NASEM, 2021].

In Chapter 2, I developed a new framework for harnessing both spatial and temporal
information to remove speckle noise from high-contrast imaging data. To utilize this space-
time covariance, our new approach uses a Karhunen-Loéve transform on an image sequence,
as opposed to a set of single reference images as in previous applications of Karhunen-Loéve
Image Processing (KLIP) for high-contrast imaging. With the recent development of photon-
counting detectors, such as microwave kinetic inductance detectors (MKIDs), this technique
now has the potential to improve contrast when used as a post-processing step. Preliminary
testing on simulated data shows this technique can improve contrast by at least 10-20% from
the original image, with significant potential for further improvement. For certain choices of

parameters, this algorithm may provide larger contrast gains than spatial-only KLIP.

In Chapter 3, I presented the first resolved infrared polarimetric imaging of Europa, one
of the most promising targets for the search for life in the solar system. Although no strong
plumes were detected in this data, this work illustrates the sensitivity and capabilities of

existing polarimetric instruments, and the potential for high-contrast imaging systems to
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contribute to solar system science. Additionally, we intend to continue analysis of this data

set for other geologic information and/or fainter plume signals.

In Chapter 4, I revised the spectral type classification of brown dwarf companion HIP
93398 B with new spectroscopic observations from Subaru SCExAO/CHARIS. Spectral typ-
ing via empirical templates, temperatures derived by fitting substellar atmosphere models,
and J — H, J— K and H — L’ colors all suggest that this object is instead a late-L dwarf
near the L/T transition (T = 12001]35 K) with moderate to thick clouds present in its
atmosphere. When compared with the latest generation of evolution models that account
for clouds with our revised luminosity and temperature for the object, the previously sug-
gested tension between the model-independent mass/age and model predictions is resolved,

illustrating the importance of cloud physics in brown dwarf cooling models.

Finally, in Chapter 5, I analyzed the first scattered light detection of the debris disk
around HD 156623, as imaged by the Gemini Planet Imager in polarized light. I used ra-
diative transfer models to constrain the geometric parameters of the disk based on scattered
light data, and thermal models to constrain the unresolved inner radius based on the sys-
tem’s spectral energy distribution (SED). I also computed a measurement of the polarized
scattering phase function, adding to the existing sample of empirical phase function mea-
surements. [ found that HD 156623’s debris disk inner radius is constrained to less than
26.6 AU from scattered light imagery and less than 13.4 AU from SED modeling at a 99.7%
confidence interval, and suggest that gas drag may play a role in retaining sub-blowout size

dust grains so close to the star.

In this thesis, I have presented novel contributions to both high-contrast imaging tech-
niques and our understanding of planetary systems. These works provide insight into de-
tections of extrasolar planets, the nature of oceans beyond Earth, the atmospheres of giant
planets and brown dwarfs, and the mechanisms of planet formation — all topics for which
we need to improve our understanding in order to reach the eventual goal of identifying

habitable worlds beyond Earth.
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