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ABSTRACT

Brown dwarfs are a unique class of object which span the range between the
lowest mass stars, and highest mass planets. New insights into the physics and chem-
istry of brown dwarfs comes from the comparison between spectroscopic observations,
and theoretical atmospheric models. In this thesis, I present a uniform atmospheric
retrieval analysis of the coolest Y, and late-T spectral type brown dwarfs using the
CaltecH Inverse ModEling and Retrieval Algorithms (CHIMERA). In doing so, I de-
velop a foundational dataset of retrieved atmospheric parameters including: molecular
abundances, thermal structures, evolutionary parameters, and cloud properties for 61
different brown dwarfs. Comparisons to other modeling techniques and theoretical
expectations from the James Webb Space Telescope (JWST) are made. Finally, I
describe the techniques used to improve CHIMERA to run on Graphical Processing

Units (GPUs), which directly enabled the creation of this large dataset.
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Chapter 1

INTRODUCTION

Brown dwarfs are a unique class of objects which were theorized to exist almost 60
years ago (Hayashi and Nakano, 1963; Kumar, 1963), and observationally confirmed
within the last 40 (Becklin and Zuckerman, 1988; Rebolo et al., 1995; Oppenheimer
et al., 1995). While not being massive enough to to fuse hydrogen into helium like
their stellar cousins, they are both too massive, and form through different processes,
than planets (Shu, 1977; Saumon et al., 1996; Boss, 2001; Bate et al., 2003). This
places the study of brown dwarfs’ atmospheric processes at an intersection between
stellar astrophysics, and planetary science (Marley and Robinson, 2015).

Brown dwarfs’ atmospheric properties span a range between cooler, Jovian-mass
planets and the coolest, lowest mass stars (3000K 2 T 2 200K) (Burrows et al.,
2001). Within this range are the L, T, and Y Dwarf sub-classes. Each of these
host unique atmospheric molecular signatures which have historically defined the
transition between each type (methane, CHy, for L to T, and ammonia, NHj, for
T to Y) (Oppenheimer et al., 1995; Kirkpatrick et al., 1999; Cushing et al., 2005;
Kirkpatrick, 2005; Cushing et al., 2011).

This body of knowledge was largely established through methods similar to stellar
astrophysics, whereby comparisons between atmospheric models, originally developed
for stars, and observational spectra and photometry were made. In particular, self-
consistent atmospheric models, that are models which retain a self-consistent treat-
ment of the atmosphere through radiative-convective-thermochemical equilibrium,

were largely responsible for this initial development (Marley et al., 1996; Burrows

et al., 2001; Marley et al., 2002; Knapp et al., 2004; Marley et al., 2010). While these
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models provide a self-consistent treatment of the atmosphere, there are well-known
shortcomings with this approach. Most notably are poorly fitting spectra, either due
to missing physics and/or a lack of model flexibility (Patience et al., 2012; Leggett
et al., 2017), and artificially precise constraints due to improper interpolation from
the grid of model parameter points (Cottaar et al., 2014; Czekala et al., 2015a). In
particular, one of the major theoretical challenges has been accurately modeling the
impact of condensate clouds that act to mute spectral features by creating obscuring
layers in the photosphere. However, without models which can reproduce key spectral
features, it is difficult to interpret where and to what level of complexity cloud physics
is needed. Though there have been efforts to remedy some of these problems (Morley
et al., 2012; Marley et al., 2021a), self-consistent modeling of substellar atmospheres
has proven to be a challenging theoretical bottleneck over the last two decades that
warranted the development of new approaches.

Borrowing from the success of solar system studies (Twomey et al., 1977; Fletcher
et al., 2007; Lee et al., 2012; Line et al., 2012; Benneke and Seager, 2012), the tech-
nique of atmospheric retrieval has provided a powerful alternative that addresses the
issues inherent to self-consistent modeling (Line et al., 2015, 2017). Atmospheric
retrieval relaxes many of the self-consistent assumptions and instead opts to use a
forward radiative transfer model with more free parameters. This method allows the
spectroscopic data to drive the best-fit solution and, despite the increase in number of
free parameters, is often the preferred model to match both space and ground-based
observations (Line et al., 2017). The relaxation of the assumption of thermochem-
ical equilibrium also allows for first direct measurement of the relative molecular
abundances (e.g. HyO, CHy, and CO) in substellar atmospheres. Thus, atmospheric
retrieval of both brown dwarf and exoplanets enables new exploration of key out-

standing questions in atmospheric physics and chemistry.



The recent National Academies’ Decadal Survey on Astronomy and Astrophysics
2020 highlighted one of these questions, “How do giant planets fit within a continuum
of our understanding of all substellar objects?” They noted that brown dwarfs, “offer
the opportunity to rigorously test models of thermal evolution, atmospheric dynamics,
chemistry, [and] cloud formation that are also applicable to extrasolar giant planets.
Characterizing the differences and similarities of the two classes of object will elucidate
their formation mechanisms, informing the limits of both planet and star formation.”
The focus of my dissertation has been directly aligned with answering this, and several
other related questions.

The outstanding questions explored in this work are: (1) What are the atmospheric
compositions of substellar objects? (2) What important physical and chemical pro-
cesses affect their elemental and molecular abundances? (3) How do the abundance
distributions of stars, brown dwarfs, and exoplanets compare? (4) Given the limits
of current and future instrumentation, how well should we be able to constrain sub-
stellar atmospheres? (5) Where can improvements in atmospheric modeling result in
new knowledge about these substellar worlds?

To answer these questions, Chapter 2 begins with studying a population of the
coldest brown dwarfs, the Y dwarfs. Chapter 2 uses observations from the Hub-
ble Space Telescope’s Wide Field Camera 3, and the retrieval model CHIMERA,
to establish fundamental trends of: the vertical temperature structure; fundamental
parameters such as T, gravity, radius, & mass; and finally the elemental and molec-
ular atmospheric composition for the Y dwarf spectral class. A comparison of these
results to more traditional grid models are also carried out to provide a more holistic
understanding of their atmospheres. Chapter 2 concludes with predictions for the
performance from the James Webb Space Telescope, for which, after many years, we

are finally beginning to receive observations from.



Chapter 3 diverts from purely scientific results into an application of using graphi-
cal processing units to address the computational expense of performing atmospheric
retrievals. Following a discussion on the fundamental limitations of the CHIMERA
model, a detailed explanation of the software used to accomplish an over order of
magnitude decrease in the runtime of the retrieval model is given.

Chapter 4 returns to pure science to analyze a much larger sample of 50 late-T
dwarfs, enabled by the computational advances made in Chapter 3. This chapter
establishes the largest dataset of retrieved brown dwarf atmospheric properties to
date. This includes a detailed discussion of their thermal structures, atmospheric
composition, and again fundamental parameters such as T.g, and gravity. Detail on
any objects which deviate from the observed trends are discussed. Finally, a succinct
summary of all the major findings presented in this thesis, and possible directions of

future research, are provided in Chapter 5.



Chapter 2

PROPERTIES OF Y DWARFS

“Authors do not need permission from AIP Publishing to reuse your own AIP Publish-
ing article in your thesis or dissertation”. This chapter is reproduced from [Zalesky,

J. et al., 2019, AplJ, 877, 247, with the permission of AIP Publishing.
2.1 Abstract

Ultra-cool brown dwarfs offer a unique window into understanding substellar at-
mospheric physics and chemistry. Their strong molecular absorption bands at infrared
wavelengths, Jupiter-like radii, cool temperatures, and lack of complicating stellar ir-
radiation make them ideal test beds for understanding Jovian-like atmospheres. Here,
we report the findings of a uniform atmospheric retrieval analysis on a set of 14 Y- and
T-type dwarfs observed with the Hubble Space Telescope Wide Field Camera 3 instru-
ment. From our retrieval analysis, we find the temperature structures to be largely
consistent with radiative-convective equilibrium in most objects. We also determine
the abundances of water, methane, and ammonia, as well as upper limits on the alkali
metals sodium and potassium. The constraints on water and methane are consistent
with predictions from chemical equilibrium models, while those of ammonia may be
affected by vertical disequilibrium mixing, consistent with previous works. Our key
result stems from the constraints on the alkali metal abundances where we find their
continued depletion with decreasing effective temperature, consistent with the trend
identified in a previous retrieval analysis on a sample of slightly warmer late T-dwarfs
in Line et al. (2017). These constraints show that the previously observed Y-J color

trend across the T/Y transition is most likely due to the depletion of these metals, in
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accordance with predictions from equilibrium condensate rainout chemistry. Finally,
we simulate future James Webb Space Telescope observations of ultra-cool dwarfs and
find that the Near Infrared Spectrometer (NIRSpec) PRISM offers the best chance

at developing high-precision constraints on fundamental atmospheric characteristics.
2.2 Introduction

Brown dwarfs have solicited intriguing questions since their discovery several
decades ago (Becklin and Zuckerman, 1988; Rebolo et al., 1995; Oppenheimer et al.,
1995). While not being massive enough to to fuse hydrogen into helium (Hayashi
and Nakano, 1963; Kumar, 1963), they were still too massive to be considered as
“traditional” planets following the roughly 13Mj,, definition based on the fusion of
deuterium (Shu, 1977; Saumon et al., 1996). More recently there have been arguments
that formation pathways, rather than mass limits, are more useful when defining the
difference between brown dwarfs and planets (Boss, 2001; Bate et al., 2003). This
has placed the study of brown dwarfs at an interesting crossroads between planetary
science and stellar astrophysics. Efforts to understand the physics of brown dwarfs
have thus pulled methodologies from both fields in order to measure the physical
characteristics and understand the evolution of these objects (for a review, Marley
and Robinson, 2015).

Motivation for studying the atmospheres of brown dwarfs is two-fold. First, brown
dwarfs do not have a stable internal energy source, and thus their evolution is highly
dependent upon their initial formation mass (e.g. Baraffe et al., 2003) and specific
physical/chemical structure of their atmosphere (e.g. Saumon and Marley, 2008). Sec-
ondly, brown dwarfs offer the chance to study planetary-like atmospheric conditions,
while not having to include the complication of an irradiating host star. Understand-

ing the physical and chemical mechanisms at work in cooler brown dwarf atmospheres



thus provides constraints on both their evolution, and the characteristics of planetary-
like atmospheres.

The bulk properties of field brown dwarfs (mass, radius, Teg, etc.) have been well
studied over the past several decades (for a review, Burrows et al., 2001). With cool
effective temperatures (200K < T < 3000K) over photospheric pressures (300 <
P < 107" bar), their thermal emission predominately radiates in the near-to-mid
infrared, with their spectra being sculpted by strong molecular and atomic opaci-
ties of species such as: hydrogen and helium (Hy/He), water (H2O), methane (CHy),
ammonia (NH3), and alkali metals such as potassium (K) and sodium (Na) for the
coolest objects to carbon monoxide and dioxide (CO,COz), HoO, Hy/He, and metal
hydrides and oxides for the hottest (Fegley and Lodders, 1996; Lodders and Feg-
ley, 2002; Lodders, 2003). The precise molecular and cloud compositions, and their
evolution with temperature, give rise to spectral signatures which define the L-T-Y
spectroscopic classes (Oppenheimer et al., 1995; Kirkpatrick et al., 1999; Cushing
et al., 2005; Kirkpatrick, 2005; Cushing et al., 2011).

While empirical approaches exist (e.g. Cruz et al., 2009; Filippazzo et al., 2015),
the primary method of choice for inferring atmospheric properties relies upon detailed
comparisons between theoretical models and the observed spectra. This often takes
the form of pre-computing a large grid of theoretical spectra across a range of key
physical parameters (Allard et al., 1996, 2012; Marley et al., 1996; Tsuji et al., 1996).
Most commonly these grids include effective temperature and gravity, but more re-
cently have been modified to include variable cloud models (Ackerman and Marley,
2001; Marley et al., 2002), eddy diffusion within the atmosphere (Saumon et al., 2006),
rainout of specific condensates, and varying metallicity and carbon-to-oxygen (C/O)
ratios (Marley et al., 2017; Molliere et al., 2017; Samland et al., 2017). These large

grid models are then interpolated between grid points and fit via standard maximum



likelihood comparisons (e.g. Cushing et al., 2008) or modern MCMC methods (e.g.
Madhusudhan and Seager, 2011; Rice et al., 2015; Mann et al., 2015; Samland et al.,
2017).

Though this grid modeling approach provides a useful baseline for beginning the
analysis of infrared spectra, it has been shown to fail to accurately reproduce key
spectral features, and often provides poor fits to the data (e.g. Leggett et al., 2017).
For example, Patience et al. (2012) has demonstrated that grid models from different
groups cannot reproduce statistically similar results for the same dataset of young
brown dwarf companions. These inconsistencies between grid model fitting and the
observational data suggest that not all of the possible atmospheric physics and chem-
istry is being taken into account within the established grid models. Despite this, a
more recent effort in Baudino et al. (2017) found greater consistency between several
widely-used grid models, though outstanding issues in abundance determinations still
remain. These inconsistencies motivate the need for a new methodology to compli-
ment the grid-modeling approach to reach a more complete understanding of brown
dwarf spectra.

Realizing the limitations of the grid modeling approach, Line et al. (2015, 2017)
(hereafter Parts I & II) applied well established atmospheric retrieval (Twomey et al.,
1977; Fletcher et al., 2007; Lee et al., 2012; Line et al., 2012; Benneke and Seager,
2012) tools to the problem by performing a uniform retrieval analysis on a sample of
late-T dwarfs. In Part I, the authors were able to validate their model on two bench-
mark T-dwarfs by showing that the overall retrieved abundances and C/O ratios were
consistent with the objects’ stellar companion. With the larger sample (11 T7-T8 tar-
gets) in Part II, they found a strong depletion of the combined Na+K abundances
with decreasing Tog. This had long been a theoretical expectation from rainout chem-

istry (Fegley and Lodders, 1994), and hypothesized from trends of near-infrared colors



(Marley et al., 2002; Leggett et al., 2010; Liu et al., 2012; Lodieu et al., 2013), but the
measured abundance depletion had never been directly detected. These investigations
demonstrate that the retrieval method as applied to brown dwarf atmospheres is able
to constrain key atmospheric properties often overlooked in traditional methods.

Our primary goals in this work, Part III, are to both expand the previously an-
alyzed dataset into the cooler, early-Y dwarf (Y0-Y1) regime to see if the trends
identified in Part II continue to cooler temperatures, and to test the various model
assumptions made in Parts I & II. This is accomplished by performing a retrieval
analysis on a set of objects from Schneider et al. (2015), which contains near-IR (0.9-
1.7um, Y,J,H band) spectra of 6 late-T and 16 early-Y dwarfs using Hubble Space
Telescope’s Wide Field Camera 3 (HST,WFC3).

In Section 2.3 we briefly outline the methods of our atmospheric retrieval model.
Section 2.4 discusses the dataset from WFC3 and the history of our targets. Con-
straints on the temperature structure (Section 2.5.1), evolutionary parameters (Sec-
tion 2.5.2), and chemical abundances (Section 2.5.3) are then discussed. We also
perform a comparison of our retrieval method with a recently published grid model in
Section 2.5.4. In Section 2.6 we predict how well the future James Webb Space Tele-
scope (JWST) will be able to improve our constraints. Finally, we list our primary

conclusions in Section 2.7.
2.3 Methods

We utilize the same basic retrieval framework and forward model as described
in Part’s I and II, briefly summarized here. The model includes 31 free-parameters
which include: constant-with-altitude volume mixing ratios (VMR’s) for: HoO, CHy,
NHj, CO, CO,y, HsyS, and a combined alkali [Na+K] fixed at a solar ratio (7 in

total), gravity, radius-to-distance scale factor (R/D)?, 15 independent temperature-



Table 2.1: 31 Free-Parameters in Our Retrieval Model

Parameter Description

log(f;) 7 log(constant-with-altitude

Volume Mixing Ratios)

log(g) log(GM/R?) [em s7?]
(R/D)? radius-to-distance scale [Rjup/pc]
T(P) temperature at 15 pressure levels [K]
AN wavelength calibration uncertainty [nm)]
b errorbar inflation exponent

(Part I, Equation 3)
v, B TP-profile smoothing hyperparameters
(Part I, Table 2/Equation 5)
Kpy, o, o Cloud profile parameters

(Part II, Equation 1)

pressure (TP) profile points implemented within a Gaussian-Process-like smoothing
framework, and a simple cloud parameterization (Burrows et al., 2006); summarized
in Table 2.1. All of our molecular and alkali cross-sections are those of Freedman
et al. (2008, 2014). We have also implemented new Na and K cross-sections from
Allard et al. (2016) but found no substantial change to our retrieved abundances.
One aspect to re-iterate is that we neglect scattering, which may break down in
the presence of strongly forward-scattering clouds. Part II did not find any strong
evidence for the presence of optically thick clouds in the late-T dwarf sample, as
expected for cooler brown dwarfs (e.g. Kirkpatrick, 2005), though the alkali depletion
trend was consistent with the expected trend in the NayS and KCI condensation-

temperature profile intersections. Y-dwarfs are cooler than late T-dwarfs, permitting
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the possible formation of water-ice clouds at low pressures (Morley et al., 2014),
though we note that the presence of water clouds would have minimal impact over
the 1.0-1.7um wavelength range covered by WFC3 (see Figure 16b of Morley et al.,
2018).

At the WFC3 spectral resolution (R~140) and signal-to-noise ratio (J-band SNR
~ 20), the alkalis” overall spectral signal, if present, is blended together to create a
continuum-like absorption feature along the red portion of the Y-band due to the
broad wings of the 0.59 and 0.77um resonance lines, and weak features at 1.24um
in the J-band. As was done in Parts I & II, we have combined their signatures and
kept the [Na/K] fixed to the solar ratio for this reason. We have experimented with
relaxing this assumption and allowing both Na and K to be retrieved independently,
but find no substantial difference in our results.

To solve the parameter estimation problem we use the affine-invariant MCMC
sampler emcee (Foreman-Mackey et al., 2013), initialized using a grid-model profile
TP profile from Marley et al. (1996) interpolated to our 15 level parameterization. We
choose an approximate Teg and gravity for each object based on the spectral type from
Schneider et al. (2015) and approximate thermochemical equilibrium abundances for
a representative pressure. As in Parts I & II, we have checked that our MCMC chains
have converged (typically 40-60K iterations with 200 walkers) and that our results

are not sensitive to the initial starting conditions for our model.
2.4 Dataset

In both Parts I & II, ground-based near-IR spectra from the SpeX Prism Library
(Burgasser, 2014) were used. As our aim is to extend into the cooler Y dwarf regime,
we turn to space-based spectroscopy in order to have comparable SNR on cooler

targets. Our chosen dataset are the 6 late-T and 16 early-Y objects observed in
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Schneider et al. (2015) with HST’s WFC3, which details the WFC3 data reduction
process. This sample was chosen as it provides the most complete, uniformly reduced
spectra of the known Y dwarfs.

For all of our targets we have used the most recent distance estimates available
in the literature (Martin et al., 2018; Kirkpatrick et al., 2019). We have also done an
analysis assuming parallax estimates from several other authors, the results of which
are presented in Section 2.5.2 (Dupuy and Liu, 2012; Luhman and Esplin, 2016; Smart
et al., 2017).

We first performed an initial retrieval on all 22 of our targets. While the retrieval
technique obtains constraints on various atmospheric parameters, it is ultimately a
data-driven technique which requires precise spectroscopy to properly converge. We
found that 8 of our 22 targets had low enough SNR to prevent our retrieval model
from converging upon physically-realistic TP profiles, and thus have not included
them in our analysis.

A brief review the remaining 14 objects, specified by their Wide-field Infrared Sur-
vey Explorer (WISE) identification, is provided below. Key observational quantities
(YJH magnitudes and distance estimates) are summarized in Table 2.2. Synthetic

photometry is from Schneider et al. (2015). Distance estimates are from Martin et al.

(2018); Kirkpatrick et al. (2019).
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Table 2.2: Basic Photometric Properties of Our Sample

WISE/AIIWISE Name

Spec. Type

YMKO [mag]

J MKO [mag]

HMKO [mag]

Dist. [pc]

WISEA J032504.52-504403.0
WISEA J040443.50-642030.0
WISEA J221216.27-693121.6
WISEA J033515.07+431044.7
WISEA J094306.004+360723.3
WISEA J154214.004-223005.2
WISEA J041022.75+4150247.9
WISEA J073444.03-715743.8
WISEA J173835.524-273258.8
WISEA J205628.88+4-145953.6
WISEA J222055.34-362817.5
WISEA J163940.84-684739.4
WISEA J140518.32+4-553421.3
WISE J154151.65-225024.9

T8
T9
T9
T9
T9.5
T9.5
YO0
YO0
YO0
YO0
YO0
YO0 Pec.
Y0.5
Y1

19.980+0.027
20.328+0.032
20.282+0.023
20.166£0.029

20.46140.028

20.870£0.041

20.899+0.034

20.833+0.023

21.33+0.057
20.461+£0.028

18.935+0.024
19.647+0.025
19.737+0.024
19.467+0.023
19.766+0.025
19.937+0.026
19.325+£0.024
20.354+0.029
19.546+0.023
19.129+0.022
20.447£0.025
20.626+0.023
21.061£0.035
19.934+0.026

19.423+0.027
19.970+0.033
20.225£0.036
19.938+0.031
20.315+0.038
20.52040.045
19.89740.038
21.069£0.071
20.246£0.031
19.643+0.026
20.858+0.035
20.764%0.029
21.501£0.073
20.520£0.045

27.2£2.2.
21.9+£1.4
12.24+0.4
13.9£0.5
10.7£0.3
11.6£0.6
6.52+0.17
15.1£1.2
7.34£0.22
7.23£0.20
11.9£0.75
4.39+0.10
6.76+0.49
5.98+0.14




WISEA J032504.52-504403.0 (W0325, T8): This is one of several new brown
dwarf discoveries from Schneider et al. (2015). The object spectroscopically well-
matches the T8 spectral standard (Burgasser et al., 2006a). Follow-up work was
done by Leggett et al. (2017) who published an archival J band magnitude.

WISEA J040443.50-642030.0 (W0404, T9): This is another new discovery
from Schneider et al. (2015) who found the spectrum to closely match the T9 spectral
standard (Cushing et al., 2011).

WISEA J221216.27-693121.6 (W2212, T9): Another discovery of Schneider
et al. (2015) which is also in good agreement with the T9 spectral standard.

WISEA J033515.074+431044.7 (W0335, T9): This object was discovered in
the Mace et al. (2013) study along with 86 other T dwarfs and given the classification
of T9. Both Beichman et al. (2014) and Schneider et al. (2015) found good agreement
with this classification. Leggett et al. (2015) published new ground-based YJHK
photometry from Gemini Observatory for this target and noted an unusually faint
K-band measurement with respect to their other T dwarfs. They found that current
equilibrium models could not well-explain their photometric measurements unless
the assumed NHj abundance was halved and/or there were systematic issues with
the CHy linelist. Leggett et al. (2017) used archival photometry combined with non-
equilibrium models from Tremblin et al. (2015) to conclude that this target may have
sub-solar metallicity.

WISEA J094306.00+360723.3 (W0943, T9.5): W0943 was initially discov-
ered in Cushing et al. (2014) who published WISE and Hubble photometry along
with WFC3 G141 spectroscopy. It was given a classification of T9.5 which agree well
with the results from Schneider et al. (2015).

WISEA J154214.004-223005.2 (W1542, T9.5): W1542 was also discovered

in the Mace et al. (2013) study and given the classification of T9.5 which is in agree-
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ment with other similar studies (Beichman et al., 2014; Schneider et al., 2015).

WISEA J041022.75+150247.9 (W0410, YO0): This is a well studied object
that was part of the initial classification of Y dwarfs as distinct from their T dwarf
counterparts (Cushing et al., 2011). These measurements helped establish the extreme
blue shift of Y-J colors across the T/Y transition (e.g. Liu et al., 2012; Kirkpatrick
et al., 2012). Cushing et al. (2014) obtained the first space-based spectrum of this
object and confirmed YO0 classification. Leggett et al. (2013) found that fitting YJHK
photometry from the Near-Infrared Imager on Gemini North with cloudy models
from Morley et al. (2012) results in effective temperatures, gravities, and low cloud
sedimentation efficiencies consistent with previous analyses of early-Y dwarfs. Spectra
from Schneider et al. (2015) agree well with the photometry of Leggett et al. (2013).
Leggett et al. (2015) highlighted that current equilibrium models were unable to
reproduce their updated photometry for early-Y dwarfs and that retrieval techniques
are needed to understand these objects. Leggett et al. (2017) visually fit the spectra of
Schneider et al. (2015) with cloud-free, vertical disequilibrium models from Tremblin
et al. (2015) and found that while Y and H band are visually well-fit, the J-band
model spectrum was ~20% brighter.

WISEA J073444.03-715743.8 (W0734, Y0): This is another object initially
discovered by an early WISE Survey (Kirkpatrick et al., 2012). Follow-up photometric
work by both Tinney et al. (2014) and Leggett et al. (2015) noted the rather red Y-J
color for this object, more consistent with a late-T than an early-Y dwarf.

WISEA J173835.52+4-273258.8 (W1738, YO0): This object is probably one
of the most well-studied cool brown dwarfs as it represents the Y0 spectral stan-
dard (Cushing et al., 2011). Saumon et al. (2012) introduced updated collisionally
induced Hy and NHj3 opacities and found improved fits to observed infrared colors.

Lodieu et al. (2013) provided Z-band imaging of this and several other cool brown
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dwarfs. Leggett et al. (2013) noted the rather blue Y-J colors now seen in many Y
dwarfs. Rajan et al. (2015) performed the first photometric monitoring of such a
cool target, however this object proved too faint to provide the precision needed to
confirm variability in the J-band. Recent ground-based spectra have revealed that
non-equilibrium models from Tremblin et al. (2015) better-fit the entire near-infrared
spectrum of this object, however a majority of the Y-band is not well fit (Leggett
et al., 2016b). Leggett et al. (2016a) found a peak-to-peak 3% Spitzer [4.5] variability
consistent with W1738’s rotation period of roughly 6hrs.

WISEA J205628.884145953.6 (W2056, Y0): W2056 represents another
archetypal WISE early-Y dwarf also analyzed in the Cushing et al. (2011) and Kirk-
patrick et al. (2012) studies. Leggett et al. (2013) obtained ground-based YJHK
photometry and far-red spectra for this object. They noted that overall, cloudy mod-
els from Morley et al. (2012) fit both the red spectra and K band well but were
too faint near 1.0, 1.5, and 1.65um. This was attributed to both overly-strong NHj
absorption due to vertical mixing of NH3 not being included in the models, and in-
complete CH, molecular line lists. Leggett et al. (2017) provided new ground-based
M’ observations for this object, and visually fit cloud-free models from Tremblin et al.
(2015) to archival WFC3 spectra. Due to poor S/N and sparse sampling in their grid
model, the archival WFC3 spectra were fit only by-eye.

WISEA J222055.34-362817.5 (W2220, YO0): W2220 was initially discovered
in the Kirkpatrick et al. (2012) study as a new Y dwarf. Chosen as part of a astro-
metric survey, Beichman et al. (2014) noted that W2220 provided tentative evidence
for variability due to more than a magnitude difference between archival J and H-
band measurements. Leggett et al. (2017) concluded this object is consistent with a

solar-metallicity and solar-age field dwarf.

WISEA J163940.84-684739.4 (W1639, YO Pec.): W1639 was first discovered
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by Tinney et al. (2012) after carefully resolving the near-infrared counterpart to
the WISE point source with ground-based imagining. Though J-band spectroscopy
matches well to the YO standard, both Y-band spectra and Y-J colors deviate from
the standard, leading to the Y0-Peculiar classification (Schneider et al., 2015). Opitz
et al. (2016) searched for, but found no evidence of another companion to the known
Y dwarf to within 2AU. Leggett et al. (2017) found that while their non-equilibrium
models matched T estimates from Schneider et al. (2015), the non-equilibrium mod-
els resulted in a significantly lower gravity for this object.

WISEA J140518.324-553421.3 (W1405, Y0.5): W1405 is an early-Y dwarf
that was identified by a methane-induced H-band feature (Kirkpatrick et al., 2011;
Cushing et al., 2011). Morley et al. (2012) obtained ground-based YJH photometry
in order to compare with a suite of models which incorporated various condensates
including several sulfides, KCl, and Cr. They found that these models better fit
near-infrared data better than completely cloud-free models. Using updated YJHK
photometry, Leggett et al. (2013) found that this object should be cool enough to
display effects from the presence of water clouds, but their model grid did not extend
down to cool enough temperatures for a reliable water-cloud model fit. Lodieu et al.
(2013) obtained lower-limit z-band measurements for this dim object. Schneider
et al. (2015) reclassified this object as Y0.5 due to its J-band spectroscopy being
narrower than the YO spectral standard. Cushing et al. (2016) obtained Spitzer 3.6
and 4.5um light curves and found the first evidence for variability in a Y dwarf with
3.6% variability detected with an 8.2hr period. Leggett et al. (2017) found this object
to also be consistent with solar metallicity and age.

WISE J154151.65-225024.9 (W1541, Y1): W1541 is the latest-type Y dwarf
we have analyzed which was re-classified as Y1 based upon the width of J-band spec-

troscopic measurements (Schneider et al., 2015). This object is another Y dwarf part
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of the initial WISE discovery papers (Kirkpatrick et al., 2011; Cushing et al., 2011;
Kirkpatrick et al., 2012). Morley et al. (2012) obtained ground-based Y and J-band
photometry of this object where they note that their cloudy, rather than cloud-free
models better reproduce the observed colors of their Y dwarf photometry. However,
Saumon et al. (2012) noted that with improved NHj opacities, their cloud-free models
well-matched the observed colors. Ground-based YJHK photometry was obtained by
Leggett et al. (2013) who’s cloud-free models estimate T.;; ~325K. Leggett et al.
(2015) obtained improved H-band measurements and compared measured colors with
a suite of both water-cloud and cloud-free models. Though they find that the inclusion
of water-clouds do better-fit several colors, there are still magnitude-scale systematic
offsets between the models and data. Leggett et al. (2017) was able to successfully
reproduce either Y or J-band spectroscopy but a simultaneous fit to the entire YJH

spectrum could not be obtained.
2.5 Results

Here we present our results from the analysis of our 14 late-T /early-Y dwarfs. Full
posteriors of all model parameters are available in the online copy of this work. Figure
2.1 summarizes the fits with the WFC3 data in black, best-fit spectra in blue, and
residuals in red. Several objects only have 1.1-1.7um coverage as full YJK coverage
requires both G105 and G141 spectra from HST (Schneider et al., 2015). From visual
inspection, there is no systematic structure in the residuals and most of our objects
have a x2 between 1 and 3. W2056 has a higher x2=5.05 but this is due to an
oversubtraction artifact with fluxes between the J and H bands being well below 0
by ~ 20. We have experimented with removing such data from our fit, but found it
to not impact our results (see Section 2.5.2).

We first discuss the implications of our constraints on the temperature structure
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Figure 2.1: WFC3 observations (black points), best-fit retrieval model (blue), and
residuals (lower, red) for the WFC3 sample sorted by the Schneider et al. (2015)
spectral classification (upper left). The retrieved log(g) [cgs|] and derived effective
temperature [K| are given in the upper right hand corner of each panel.



and evolutionary properties of these objects. Our retrieved evolutionary parameters
are enumerated in Table 2.3. We then highlight our retrieved abundances which are
listed in Table 2.4. Finally we discuss how observations of these objects with JWST

will impact our ability to characterize these objects.
2.5.1 Vertical Temperature Structure

For any non-irradiated sub-stellar object, the energy balance, and hence thermal
structure of the atmosphere, is governed by the flow of internal heat flux through
the atmosphere, controlled by the gravity and atmospheric opacity. These properties
are directly set by both the mass and age of the system (e.g. Allard et al., 1996). In
ultra cool dwarfs, energy is primarily transported through radiation and convection
(Marley and Robinson, 2015).

Late-T /early-Y type objects are ideal for the characterization of the TP profile
structure due to the high degree of spectral modulation (which maps to a wide range
of probed pressures) and the presumed lack of optically thick clouds (Morley et al.,
2012). As before, we make few a priori assumptions regarding the thermal structure
of the atmosphere, and instead allow the observations to drive the solutions. By
then making comparisons between our results, and those of self-consistent models, we
can then investigate where “atypical” atmospheric processes, such as deviations from
radiative-convective equilibrium, may be occurring. Should any significant deviations
be found, such information can be utilized in order to improve grid-based models’
treatment of atmospheric structure by inclusion of other possible sources of heating.
(e.g. Sorahana et al., 2014; Tremblin et al., 2015).

Figure 2.2 summarizes the resulting TP profiles. The median TP profile is shown
in black, with 1o and 20 confidence intervals outlined in red. Overlaid on top of the

retrieval results are radiative-convective equilibrium profiles (blue) derived using the
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ScCHIMERA modeling tool described in Piskorz et al. (2018) and Bonnefoy et al.
(2018), generated using the To and log(g) range derived from the retrieval results.
We compute the effective temperature as in Parts I and II by numerically integrating
for the bolometric flux of the retrieved spectral spread for each object from 1 - 20
pm. Contribution functions (grey) from the WFC3 observations are also overlaid
which can be treated as the effective photosphere probed by WFC3. As was noted in
Part II, we reiterate that the atmospheric structure above and below these regions is
largely driven by our TP profile smoothing parameter (described in Part I), and that
interpretation of such structure should be done with caution.

The WFC3 observations probe pressures from roughly 1-100 bars with typical 1o
temperature uncertainties of ~50-100 K, consistent with the SpeX T-dwarfs from Part
I1. For a large majority of objects, the retrieved structures appear consistent with the
assumption of radiative-convective equilibrium. Though true for a large majority of
objects, W1639 stands out in stark contrast. The retrieved TP profile shows almost
no consistency with that of radiative-convective equilibrium, as well as an interesting
“kink” structure at roughly 10bars. The unique atmospheric structure also suggests

our WFC3 wavelengths are sensitive to much lower pressures of roughly 0.1-0.01bars.

WISEA J1639-6847

W1639 is the only object in our sample with a classification of “Y0: Peculiar” (Schnei-
der et al., 2015). Though the object’s J-band spectra well-match the Y0 spectral stan-
dard, the overall Y-J color is significantly bluer due to a bright Y-band. Additionally,
the overall position of the Y-band is significantly blue-shifted when compared to the
T9 spectral standard. These features, remarked upon by Schneider et al. (2015) are
not just an artifact of the WFC3 data, as the bright Y-band has also been observed

with the ground-based FIRE instrument (Tinney et al., 2012). These unique prop-
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Figure 2.2: Retrieved TP profiles for all targets. Black lines are median values
with red 1o and 20 confidence intervals. In grey are the contribution functions of
the atmosphere from the WFC3 observations and can be thought of as the effective
photosphere. Overlaid (blue) are solar-composition radiative-convective equilibrium
profile spreads derived from the retrieved spread in effective temperature and gravity.
Finally we also include solar-composition equilibrium condensation curves (dashed
lines) for several important species (Morley et al., 2012, 2014).

22



erties motivated Schneider et al. (2015) to invest more of their limited WFC3 time
to this object, resulting in much better Y-band constraints than the other objects in
our sample (see Figure 2.1) and are the main contributor for the improved TP profile
constraints relative to our other objects. Though the W1639 spectrum seems well-fit
by our model (reduced x? of ~2) there are several lingering issues with the resulting
best-fit parameters.

First is that, despite the object being in the Y0 Pec. classification, we derive an
effective temperature of 65473K. There has been a suggestion that double-diffusive
convection can result in much shallower thermal structures than predicted by equilib-
rium grid models (Tremblin et al., 2015). This would be consistent with the profile we
retrieve for W1639. However, using basic energy balance arguments and thermody-
namics, Leconte (2018) demonstrated that this mechanism would result in steeper, not
shallower, temperature gradients, in contrast to Tremblin et al. (2015) and the profile
of W1639. Release of latent heat due to condensation of various cloud species may
also result in shallower adiabats. However Figure 2.2 shows that the main contributor
to such heat, water, would negligibly impact our objects based on the intersection of
the retrieved TP profile with water’s equilibrium condensation curve.

Additionally, our estimate for log(g) is the lowest out of our 11 objects at log(g) =
4.35%01 requiring a radius of R=0.4T)03Rup and M=1.5T03Mj,, (see Section 2.5.2,
Table 2.3). These constraints are significantly smaller than allowed by typical field
dwarfs and, combined with the peculiar TP profile, leads us to conclude that our data-
driven retrieval model may not be well-suited to explain the physical characteristics
of this single unique object. However we reiterate that the remaining object’s TP

profiles seem to agree well with assumptions of radiative-convective equilibrium.
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2.5.2 Effective Temperature, Gravity, Radius, & Mass

The effective temperature, gravity, and thus radius, and mass are diagnostic of
brown dwarf evolutionary history (e.g. Burrows et al., 2001; Baraffe et al., 2003;
Saumon and Marley, 2008). Evolution models suggest that our late-T (>T8) and
early-Y (<Y1) sample, should have Teg’s from 800-350K (Pecaut and Mamajek,
2013). Field-age late-T and early-Y dwarfs are expected to have log(g)a5 with a
relatively strong upper bound at log(g)=5.3 for even the oldest and coldest brown
dwarfs possible (e.g Saumon and Marley, 2008). Field-aged objects over the 10 - 80
M,y range are expected to have radii within ~20% of Jupiter’s.

In this work, the total (R/D)? scaling factor is a free parameter. By using con-
straints on the distance D from the literature and our retrieved constraints on (R/D)?,
we are then able to derive constraints on the photometric radius R. Using this de-
rived constraint, with our retrieved log(g), we can then derive the total mass of the
object M, with a prior upper limit of 80Mj,,. Table 2.3 and Figure 2.3 summarize
the retrieved and derived estimates for these evolutionary parameters under two sets

of model assumptions.

Free Retrieval

We first focus on our a less constrained, “free” retrieval, which only incorporates the
80M,,, mass prior upper limit, as has been done in Parts I and II. Our retrieved log(g)
and derived Teg for this case are shown as red symbols in Figure 2.3. In general we find
that the uncertainties in both log(g) and Teg are consistent with the results from Part
IT with 1o errors between 0.1-0.5 dex and 30-90K respectively. This is encouraging
as both our dataset in this work, and the dataset in Part II had comparable SNR on

the observed spectra. For a majority of objects, our derived effective temperatures
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Table 2.3: Retrieved & Derived Evolutionary Parameters

WISE/ALLWISE Name Spec. Type Teg [K] log(g) [cgs] R [Ryuwp] Mass [Myyp) Priors

WISEA J032504.52-504403.0 TS 66473  4.97T055  1.08%01] 44733 Free
660137  5.06703T  1.107015 56135 Constrained

WISEA J040443.50-642030.0 T9 646155 5271018 0.78700¢ 47153 Free
639730 5200032 0.817008 42723 Constrained

WISEA J221216.27-693121.6 T9 555137 5.8870%%  0.471003 6975, Free
540730 5.2500.5  0.71%005 3672 Constrained

WISEA J033515.07+431044.7 T9 484155 4.87103%5  0.87100¢ 23715 Free
48315 4.8710%  0.88%000 2375 Constrained

WISEA J094306.00+360723.3 T9.5 49473 4.897030  0.70%90¢ 1519 Free
494730 4.86103%  0.755007 16447 Constrained

WISEA J154214.004-223005.2 T9.5 48875 5167013 0.61%002 211! Free
484158 5.071058  0.71500; 23712 Constrained

WISEA J041022.75+150247.9 Y0 530120 5.30003  0.73%008 4372 Free
52075 5.06702  0.75500% 2773 Constrained

WISEA J073444.03-715743.8 Y0 467151 5.39%030  0.715007 5072 Free
45615 5.24%048 0774071 42+% Constrained

WISEA J173835.52+273258.8 Y0 37172 5437013 0717008 5975 Free
31T 520702, 0.73700% RY Constrained

WISEA J205628.88+145953.6 Y0 493T90  4.95703  0.67100¢ 1613 Free
485135 4.93%035  0.72%008 184! Constrained

WISEA J222055.34-362817.5 Y0 444753 5097023 0.725002 2612 Free
449157 5.071038  0.745007 26775 Constrained

WISEA J163940.84-684739.4 Y0 Pec. 654715 4.35799%  0.4075:93 15703 Free
R - - - Constrained

WISEA J140518.32+553421.3 Y0.5 327H8 4.39703%  0.667005 4475 Free
33872 3.80M0%  0.75%008 L7553 Constrained

WISE J154151.65-225024.9 Y1 323H)  5.0610%%  0.331007 54137 Free
380150 3.911045  0.72100; 1L.772%  Constrained
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Figure 2.3: T and log(g) lo constraints for our free retrieval results (red) and
constrained retrieval (black). Each object has its own unique symbol. Most objects,
save the coldest two (W1405,W1541) and W1639 (see text) show consistent results
between the free and constrained retrievals at 1o. Evolutionary trends from Marley
et al. (2019, in prep.) with constant age (blue dotted) are overlaid for context at
100Myr, 600Myr, 1Gyr, 3Gyr, 6Gyr, and 10Gyr.

agree with the spectral types given in Schneider et al. (2015) when compared to the
table provided in Pecaut and Mamajek (2013). The notable exception to this trend
is W1639 whose unique TP profile is discussed in Section 2.5.1.

Overplotted on Figure 2.3 are curves of constant age (blue,dashed) from the up-
coming Sonora grid of evolutionary models (Marley et al. 2019, in prep.). Several
objects appear to have gravities that extend well beyond those anticipated by the
10Gyr curve, though our retrieved uncertainties are large enough to be consistent

with the oldest models at ~2¢0. This result is not unique to our retrieval approach as
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Schneider et al. (2015) also noted that grid-model comparisons resulted in a similar
result with several object’s log(g) estimates requiring gravity values higher than com-
puted in their grid model. In addition to high gravity estimates, we also found several
objects to have smaller radii than expected for our late-T, early-Y sample with several
objects below a lower limit value of ~0.7R;,, (Saumon and Marley, 2008). Both the
uncomfortably high gravities and small radii prompted us to explore the robustness
of our results through a battery of tests.

We first investigated the possibility of an unknown systematic error in the observed
spectra biasing the fits. We considered this as it was noticed that the observed fluxes
fell below 0, well outside of the reported 1-sigma uncertainties in some cases, in
the deep absorption bands for several objects (namely W2056, W2220, W1541, see
Figure 2.1). This is due to oversubtraction when attempting to remove background
fluctuations. To test this we introduced a free parameter to uniformly shift the model
spectra fluxes to within the 1o error estimates of the data, but found that it did not
produce any considerable change in parameter estimates.

Next we explored some of the key assumptions made within our model. In this
initial set of “free” retrievals we had assumed a hard prior upper limit of 80Mj,, on
the mass. This prior rejects combinations of radii and gravities that would exceed
this mass limit. We tested the sensitivity of our results to this mass upper limit
by effectively removing the prior. These resulted in significantly higher retrieved
gravities with some objects such as W1738 reaching as high as log(g):5.7f8j§§. This
indicated to us that the data was indeed favoring higher masses and gravities along
with lower radii.

We then explored how radius assumptions (through (R/D)?*-assuming a distance)
could influence the retrievals by fixing the radii to a realistic 0.9R;,, (and turning

the mass upper limit prior back on). For the case of W0734 (originally retrieved
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R~0.71Ryp, log(g)=5.39"031), we found that the fixed radius resulted in a decreased
gravity (log(g)=5.12703,). However, the resulting marginalized posterior is highly
non-Gaussian due to the enforcement of the 80Mj,, cutoff. This suggests that, despite

enforcing these priors, the high-gravity solution is still favored.

Constrained Retrieval

We finally decided to run a completely separate set of retrievals on all of our objects
with more stringent priors based on results from evolutionary models that we have
labeled as “constrained” retrievals. This included restricting 0.7Rj,, <R<2.0Rjyp,
3.5<log(g)<5.5, and effectively removing the mass upper limit. The results of this
analysis are shown as black symbols in Figure 2.3 and are enumerated in Table 2.3.
Objects whose “constrained” retrieval results are within 1o of the “free” retrieval are
translucent, while those who log(g) change by > 1o are opaque.

We obtained two key results from this constrained retrieval test. First is that,
regardless of our priors on evolutionary parameters, the data suggest that these ob-
jects have anomalously high gravity estimates. This can be seen in Figure 2.3 where
most objects still lie above the 10Gyr trend for both the “constrained” (black) and
“free” (red) retrieval. For the Y0 objects, we find a consistent decrease in their log(g)
estimates by upwards of 0.3 dex and a slight increase in the radii estimates to roughly
0.75Ryp. Though this places our retrieval results in better agreement with evolution-
ary models, our posterior distributions for log(g) are consistently non-Gaussian, and
push against the log(g)=5.5 upper limit, suggesting that the high gravity solution is
still favored.

Our second result is that, regardless of our priors on evolutionary parameters, we
still obtain the same constraints on our chemical abundances to within 1o. This was

a bit surprising as there is a well-known correlation between the gravity and overall
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metallicity for these objects. We ensured this by picking three of our objects with
anomalously high gravities (W2212, W0734, W1738) and enforcing that log(g)=5.0.
We found that our retrieved metallicity did indeed decrease as expected, however our
overall fit to the data was much worse under this assumption, with an average delta
X2 of 6.5, indicating that our original retrieved metallicities and high gravities are the

statistically favored solution.

Caveats & Exceptions

There were four objects in total which did not follow these trends which are the
opaque points in Figure 2.3. Though W2212 obtains plausible constraints on the mass

and Teg, it requires a radius of R=0.47100> under the “free” retrieval assumption.

Our “constrained” retrieval does result in a more physically realistic R=0.711553, we
find that our constraints on the chemical abundances change by ~ 20. We ran a
separate retrieval on this target using an different distance estimate from Kirkpatrick
et al. (2012) where we obtain a physically realistic R=0.68"00¢ and our chemical
abundances did not change beyond 1o though the retrieved gravity is still the largest
of our sample at log(g)=5.5"01+. Full model posteriors for this additional run are
available at the linked Zenodo site.

For W1639, our retrieval model could not converge upon a physically realistic
TP profile given the assumptions in the constrained retrieval and thus has no corre-
sponding black star in Figure 2.3. For both W1405 and W1541 (diamond and cross
respectively) we find that though our retrieval model converges upon solutions for
both objects, they are largely nonphysical. By enforcing stronger constraints on the
radius, we find that a Jupiter-like mass and significantly lower gravities (by ~ 20) are

needed in order to well-match the spectra under these assumptions. Additionally, our

constraints on the chemical abundances change by upwards of 30. Though we include
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these four objects in the results of subsequent sections, we strongly caution against
over-interpretation of their chemical abundance constraints given they significantly
change under different model assumptions.

The one technique which proved successful in reducing the retrieved gravity of an
object without encountering non-Gaussian posteriors or changes in chemical abun-
dances was changing the assumed parallax. Our distance estimates had been taken
from two specific sources in the literature (Martin et al., 2018; Kirkpatrick et al.,
2019). These were chosen in order to use the most updated parallax estimates from
the Spitzer instrument. However, several other campaigns have previously measured
parallaxes for several of our targets (e.g. Luhman and Esplin, 2016; Smart et al.,
2017). In most cases, the distances proved consistent to our previous assumptions
and, as expected, our retrieved parameters remained the same. However using the
parallax measurement for W2056 from Smart et al. (2017) resulted in a more physi-
cally realistic log(g)=4.58"033. Though we did not find similar results for the other
distance estimates from Smart et al. (2017), we note that this result shows how sensi-
tive our evolutionary parameters are to measured parallaxes. If the distance estimates
are systematically biased in a similar fashion this may also account for the fact that

our radii estimates are slightly lower than expected from evolutionary models.
2.5.3 Composition

One of the key utilities of retrievals is their ability to directly determine the
molecular abundances in an atmosphere, rather than assume them from elemental
abundances and equilibrium chemistry. From the molecular abundances we can de-
rive the atomic abundance ratios (e.g., metallicity, C/O, N/O etc.), and more im-
portantly, explore trends in these abundances which are diagnostic of atmospheric

chemical mechanisms. The primary motivations for looking at molecular abundances
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in the Y-dwarf regime are to (1) determine at what temperature the alkali metals
completely disappear and if it is consistent with grid-model chemical predictions,
and to (2) determine the role of ammonia as it is anticipated to be strongly influ-
enced by disequilibrium vertical mixing. Again, our retrieval forward model assumes
constant-with-altitude (pressure) molecular mixing ratios. The retrieved abundances
are therefore representative of column integrated abundances over the photosphere
probed by WFC3.

Table 2.4 summarizes the molecular abundance constraints (median and 68% con-
fidence interval). All abundances are reported as the log of the volume mixing ratio
log(VMR). Items in Table 2.4 without error bounds are 3o upper limits. We find well
defined, bounded constraints for H,O, CH4, NH3, and in two cases Na+K, but obtain
only upper limits for CO, CO,, H5S, and the alkalies. Upper limits are consistent
with a non-detection as shown in Part II. These results are also broadly consistent
with expectations from chemical equilibrium predictions as HoO, CH,4, and NHj3 are
expected to be the dominant species where as CO, CO,, HyS, and the alkali metals
less so (Burrows and Sharp, 1999). Section 2.5.3 highlights trends identified in both
NHj and alkali metals. First, we discuss the derived bulk atmospheric metallicity and

carbon-to-oxygen ratios.
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Table 2.4: Retrieved Atmospheric Abundances

WISE/ALLWISE Name Spec. H,O CH,4 CO CO, C/0 H,S NH; Na+K
Type

WISEA J032504.52-504403.0 ~ T8  -3.317012 -3.05707; -4.1 -3.7 0.99£0.18 -5.0 -4.49%012 -5527002
WISEA J040443.50-642030.0 ~ T9  -3.01%01% -2.74%010 -3.0 -3.3 1.0240.16 -5.0 -4.6379% -6.0
WISEA J221216.27-693121.6 ~ T9  -2.59%997 -2.5670% -2.9 -3.3 0.79+£0.09 -6.8 -4.0570%  -5.0
WISEA J033515.07+431044.7  T9  -3.35700% -3.487071 -3.8 -3.9 0.57+£0.07 -53 -4.78%013 -5.97H097
WISEA J094306.00+360723.3  T9.5 -3.35701 _3.13*017 .33 -32 1.224025 -5.0 -4.46701¢  _52
WISEA J154214.00+-223005.2  T9.5  -3.04%009 -2.92%3% 42 -43 095+0.15 -6.0 -4.327515  -6.7
WISEA J041022.754+150247.9 YO  -2.907012 -2.63%075 -3.3 -4.1 1.09£0.30 -4.3 -4.117015 -5.0
WISEA J073444.03-715743.8 Y0  -2.917012 2777007 -34 -3.7 0.78£0.16 -6.0 -4.29701%  -6.0
WISEA J173835.52+273258.8 YO  -2.87700% -2.757078 -3.3 -4.1 0.79+£0.23 -5.0 -4.21%000  -5.2
WISEA J205628.884+145953.6 YO  -3.18701% -2.89%01% 42 44 1.10£0.27 -5.0 -4.447017 5.5
WISEA J222055.34-362817.5 YO  -3.047015 -3.00707) -4.2 -43 0.62£0.10 -58 -4.1970%  -6.8
WISEA J163940.84-684739.4  YOPec. -3.32700; -3.42700% -4.3 -46 0.46+0.06 -6.3 -4.72700  -7.0
WISEA J140518.32+553421.3  Y0.5 -3.24701% -3.33701¢ -3.6 -3.8 0.46+0.10 -50 -4.847012  -6.0
WISE J154151.65-225024.9 Y1 -2.687020 280132 35 -3.6 045+0.17 -5.0 -4.43%021 64




Metallicity & C/O

The elemental abundance inventory of a substellar object is important to its evolu-
tionary history as it governs total atmospheric opacity, and hence its cooling rate
(Burrows et al., 2001). It is important to understand the elemental abundances in
brown dwarfs in order to place them into compositional context with both higher
mass stars and lower mass planets.

One would expect the population of field brown dwarfs to have a similar elemental
abundance pattern as stars, since both objects are thought to form via fragmentation
within a molecular cloud. To contrast this, planets which are formed in protoplan-
etary disks can undergo migration within that disk. The existence of ice lines and
dynamical models of migration have led to a range of predictions regarding planet-
mass atmospheric elemental abundances. These can range any where from “stellar
composition” to high metallicity (>100xSolar, (e.g. Fortney et al., 2013; Mordasini
et al., 2016)) or high carbon-to-oxygen ratios (C/O > 1, (e.g. Oberg et al., 2011; Mad-
husudhan et al., 2014; Helling et al., 2014; Eistrup et al., 2016)). Identifying at what
mass, in general, the diversity in composition substantially increases can ultimately
assist us in truly bridging the gap between stars and planets. Since brown dwarfs sit
between these mass limits, determining elemental abundances for a large number of
substellar objects can help us in bridging this gap.

There are several challenging aspects to brown dwarf elemental abundance deter-
minations. Firstly, at these cooler temperatures the chemical inventory is largely in
the form of molecular, rather than elemental species. Molecules have much more com-
plex spectroscopic features than atomic species with broad and deep roto-vibrational
bands that overwhelm the spectral continuum; an oft used handle to obtain basic

bulk parameters for hotter stars (e.g. Bean et al., 2006). Additionally, some molecular
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Figure 2.4: Metallicity vs. C/O for our retrieved results (circles) and the results
from Part II (squares). Triangles should be interpreted with caution (see text). We
also overlay estimates for the local FGK stellar population (grey) for context (Hinkel
et al., 2014). Our combined sample of late-T and early-Y dwarfs seem relatively
consistent with the local stellar population.
species are thought to be affected by both equilibrium condensate rainout and vertical
disequilibrium mixing, while others can retain uniform chemical abundance profiles
throughout the atmosphere (e.g. Burrows et al., 2001; Sharp and Burrows, 2007).
Therefore, in order to accurately characterize the atmospheres of brown dwarfs, one
must include the key molecular components covered over their bandpass, as well as
the relevant chemical and dynamical processes which could affect such constituents.
Here, we focus our elemental abundance results on the metallicity and carbon-to-

oxygen ratios only, as these are the most readily determinable elemental ratios for

objects at these temperatures. Water and methane contain a bulk of the atmospheric
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metal content (C and O) for atmospheres cooler than <1000K.

We determine directly from the retrieved molecular abundances the metallicity
and C/O. The metallicity is computed by summing the molecular metal content
(e.g., M=H;0+2CO+3C0Os+NH3+Na+K-+CHy+H,S), then dividing by the back-
ground hydrogen content (H=2H,+4CH4+3NH;3+2H,0+2H,S) and finally normaliz-
ing by the solar M/H fraction to obtain our final “metallicity” ([M/H] = log((M/H)/
(M/H)so1ar)). The C/O is determined dividing the total carbon (CO+COs+CHy) by
the total oxygen (HoO+CO+2COy).

For both the metallicity and C/O, really, it is the water and methane that dom-
inate. We point out, as in Parts I and II, that this is a measure of the atmospheric
elemental abundance inventory. The bulk abundances can only be determined via
chemical assumptions. Specifically, it is predicted that condensate rain out by silicates
(enstatite, forsterite) can sequester oxygen by effectively locking it into condensates
which "rain” out of the atmosphere and no longer react with the surrounding gas
(e.g. Fegley and Lodders, 1994). As in Part I we apply a correction factor to the C/O
and metallicity by weighting the water abundance by a factor of 1.3 to accommodate
for the lost O.

Figure 2.4 shows our results of our retrieved metallicity and C/O constraints
(circles) compared to the results for late-T dwarfs in Part II (squares), as well as
a representative sample of these parameters from near-by FGK stars (grey circles)
(Hinkel et al., 2014). Overplotted (triangles) are the results for W2212, W1639,
W1405, and W1541 for which the retrieved abundances, and thus C/O and metallic-
ities, are dependent upon the choice of priors for evolutionary parameters and should
be interpreted with caution (Section 2.5.2). Plotted here are the results under the
“free” retrieval assumption to be consistent with the objects in Part II.

We find that our metallicities are slightly enhanced, but overall broadly consistent
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with the local FGK stellar population and our C/O values are consistent with the
results of Part II and the stellar population. We note that there appears to be no
correlation between the effective temperature and metallicity or C/O for our sample.
In Part IT it was discussed that the apparent trend of increasing C/O with increasing
metallicity for the late-T’s could potentially be explained with super-solar [Si/O]
ratios affecting the efficiency of oxygen rainout into silicates. By including our new
late-T and early-Y sample, we find no such trend even if one were to discount the

objects with questionable constraints.

Chemical Trends

One of the defining features of a classic retrieval is in its ability to directly constrain
atmospheric molecular abundances from the spectra, free from the a priori assump-
tions commonly made in self-consistent models. Molecular abundance trends with
other properties provide insight into the chemical and physical processes operating
in the atmospheres. The retrieved molecular abundances for the ensemble of HST
WFC3 late-T and early-Y dwarf are given in Table 2.4. Here, we focus on how these
abundances vary with effective temperature as this is predicted to be the dominant
abundance controlling factor through equilibrium chemistry (Burrows and Sharp,
1999; Lodders and Fegley, 2002; Sharp and Burrows, 2007).

Figure 2.5 summarizes these trends (red, yellow points) in comparison to predic-
tions from a self-consistent grid model (black curves) and to those derived for the
warmer T-dwarfs from Part II (blue points). Our chosen grid model was introduced
and validated in Piskorz et al. (2018) and Bonnefoy et al. (2018). We produce a
grid of models given Teg, log(g), metallicity, and assume radiative-convective ther-
mochemical equilibrium. The molecular abundance curves here are column weighted

mixing ratio over the photosphere.
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Figure 2.5: Constraints on our retrieved molecular abundances for H,O (upper left),
CHy (upper right), NHjs (lower left) and Na+K (lower right) in units of Volume Mix-
ing Ratio (VMR). Blue points are results from the hotter late-T sample in Part II.
Red points are objects of this study whose abundances do not strongly depend on our
assumptions of evolutionary priors (log(g), radius, mass) while yellow points are ob-
jects whose abundances are sensitive to these assumptions and should be interpreted
with caution (see Section 2.5.2). Overlaid are grid model profiles for various metal-
licites, C/O ratios, and rainout assumptions. Unless stated otherwise, curves are 1x
solar composition with assumed thermochemical equilibrium. Pure equilibrium trend
from Burrows et al. (2001).
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We find that the H,O and CH4 abundances show a systematic offset between the
late-T and early-Y sample. For context we’ve also plotted column-integrated abun-
dance trends from our grid model, showing that the variation we see between the two
samples is largely reproducible by variations in both the C/O ratio and in the metal-
licity of the system. This falls in line with predictions from equilibrium chemistry
where HoO and CH,4 remain relatively constant for a given set of elemental abun-
dance assumptions, and that neither molecule should be sensitive to other chemical
processes such as vertical disequilibrium mixing (Burrows and Sharp, 1999; Sharp
and Burrows, 2007).

Part II found no systematic trend in the ammonia abundance with effective tem-
perature, despite thermochemical equilibrium predicting a ~0.5 dex increase over the
800-600K temperature range for a given metallicity. Ammonia is well known to be
influenced by vertical mixing at these cool temperatures. Vertical mixing is expected
to quench the ammonia abundance to one order of magnitude lower than the equi-
librium abundance over the photospheric layers (Saumon et al., 2006; Marley and
Robinson, 2015).

However, we note that with the addition of our sample, we see a slight trend
of increasing ammonia that is largely consistent with thermochemical equilibrium as-
sumptions at a range of metallicities and gravities. Note that we have not included the
yellow points in this analysis given the complications with these objects, highlighted
in Section 2.5.2. Though it is possible that the ammonia in the atmospheres of these
objects is being affected by disequilibrium mixing at varying strengths, the ability to
test such ideas quickly becomes limited by both the sparse number of retrieved NHj
abundances, and the precision of our retrieval constraints.

A more striking compositional trend, extending far beyond the results in Part I, is

that of the alkali metals with temperature. The retrieved Y-dwarf alkali abundances
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fall off substantially with temperature relative to the warmer T-dwarfs. In all but
two cases (W0325,W0335), we only obtain upper limits on the alkali abundances
due to the lack of detectability. These results are consistent with predictions from
equilibrium rainout chemistry (blue, solid) and strongly disfavor pure equilibrium
(blue-dashed, from Burrows et al. (2001)). Pure equilibrium permits the existence of
aluminum and silicates in the middle atmosphere which achieve equilibrium with the
Na and K to form sanidine (KAISi3Og) and albite (NaAlSizOg) (Burrows et al., 2001),
resulting in a rapid depletion of gaseous Na and K at ~1300K. In contrast, rainout
rapidly removes aluminum /silicates leaving behind the gas phase alkalies until ~700K
where they begin to condense into KCl and NayS (e.g. Burrows et al., 2001). These
results are the first to show that a number of indirect lines of evidence for rainout
from both pre-computed grid models (e.g Marley et al., 2002; Morley et al., 2012,
2014), and observations of reddening Y-J colors (e.g. Liu et al., 2012; Schneider et al.,
2015) are directly owed to the depletion of Na and K.

We obtain two bound constraints for W0325 and W0335, and only lower limits for
cooler targets as the alkalies deplete below retrievable abundances. We note that the
one anomalous lower limit at roughly 650K is W1639 whose temperature structure
strongly deviates from the typical radiative-convective equilibrium. As a result it is
not surprising to find the upper limit for the abundance of this target is systematically
shifted from the remainder of our curve. Additionally the results for our three other
objects with questionable abundance constraints (W2212, W1405, W1541) still show
good agreement with the solar metallicity trend, though this may be a result of only
obtaining upper limits for these targets.

Improved SNR and spectral resolution with JWST, particularly at the blue end of
the Y band, and near roughly 1.2um where the resonance features for Na and K peak,

should allow us to probe cooler objects with far more depleted alkali abundances or
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Table 2.5: ScCCHIMERA Grid Model Ranges and Step Sizes

Parameter ~ Range  Step Size

Ter [K]  300—950 50
log(g) [cgs] 3.0—5.5 0.5
IM/H] 1-1 0.5
c/O  01-07 02
0.7-0.9 0.05

log(K..) 2—8 2

uniquely constrain both Na and K independent of each other. In addition, improved
NHj3 constraints on a larger number of Y-dwarfs may also allow us to directly confirm

the presence of vertical disequilibrium mixing in the future.
2.5.4 Grid Model Fitting

While the retrieval-based approach is useful in its ability to place as little a priori
information as possible into the atmospheric model, it is still useful to compare such
results against a grid-based model. Grid models incorporate more assumptions and
are presumably more self-consistent in that they often treat the atmosphere under
radiative-convective-thermochemical equilibrium whereas our retrieval method makes
no such assumptions. This is useful in the investigation of both missing model physics
within the established grid models, and any possible nonphysical results from the
retrieval method as we have seen with our evolutionary parameters.

We use a newly developed grid of self-consistent, cloud-free atmospheric mod-
els (Self-consistent CHIMERA, ScCHIMERA) (Piskorz et al., 2018; Bonnefoy et al.,
2018), which utilizes the same underlying radiative transfer and opacity sources as

the retrieval forward model. Briefly, the self-consistent model solves for layer mid-

40



point fluxes using the Toon et al. (1989) two stream source function approach. The
model is iterated to radiative equilibrium using the Newton-Raphson method until
there is zero net flux divergence throughout the column. Convection is implemented
through a mixing length flux (e.g. Marley and Robinson, 2015). Line-by-line cross-
sections are converted to R=100 correlated-K coefficients between 0.3 and 100um
(using 20 Gauss quadrature points per wavenumber-bin) utilizing the “resort-rebin”
(Amundsen et al., 2017) optical depth approach to speed up efficiency but to main-
tain accurate flux computations. The converged models are “post-processed” to an
R=1000 (again with correlated-K). These moderate-resolution spectra are then con-
volved and binned to the data wavelength grid when undergoing fitting. The grid is
generated as a function of Teg, log(g), [M/H], the C/O ratio, and the vertical eddy
diffusion K., (through the Zahnle and Marley (2014) quench-time scale framework).
The grid model parameter ranges and step sizes are given in Table 2.5. Using emcee
and an interpolating function (a variant of Python’s griddata routine) we fit each
object with this 5-dimensional grid, but have also experimented with different subsets
of parameters (e.g., fitting for only log(g) and T.g while fixing composition to solar).

Figure 2.6 shows an example comparison (for W0404) between the grid model
solutions and the retrieval solutions. In this specific instance, Teg, log(g), [M/H] and
the radius-to-distance scaling are the free parameters of the grid with no quenching.
From a visual standpoint, there are noticeable differences between the grid model fit
and the retrieval fit. The best fitting grid model under fits the Y-band peak and
overestimates the J-band peak by ~10-20%, as well as the entire blue edge of the
H-band. This issue of either overestimating the J-band, underestimating the Y and
H bands, or both, is consistent across all of our objects. This result is not unique to
our grid model, as previous work using other cloud-free grid models have had similar

issues (Schneider et al., 2015; Leggett et al., 2017).
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Figure 2.6: (Top) Best-fit grid-model (blue) and retrieval (red) results for W0404.
With only 4 free parameters (Teg, log(g), [M/H] and R) the grid model struggles to
well-fit the entire YJK-band spectra with systematic offsets in each band. Comparing
the Bayesian Information Criterion (BIC) between both models suggests the retrieval
method is highly preferred. (Bottom) Marginalized posteriors for the relevant free
parameters in each model. The poor fit of the grid model often disagrees with the
retrieval model and obtains nonphysical constraints.
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The grid model best fit produces a x?/N = 4.05 compared to the retrievals y*/N =
1.36. We utilize the Bayesian information criterion (BIC) to determine the balance
between improved fit and increased parameters and whether the retrieval parameters
are indeed justified. The retrieval forward model includes 31 free parameters and 175
data points (we stop at 1pum due to constraints on the molecular cross-sections) giving
a BIC = 379. The self-consistent grid fit has only 4 free parameters (in this example)
and 212 data points (the grid model goes down to 0.9 um) resulting in a BIC' = 880.
The ABIC = 501 overwhelmingly favors the retrieval fit according the Jeffery’s Scale
(Kass and Raftery, 1995). Regardless of the number of free parameters we include in
our grid model (including the vertical mixing and carbon-to-oxygen ratio dimensions),
we often find similar misfits.

Figure 2.6 also compares the retrieval and grid-model constraints on effective
temperature, gravity, metallicity, and radius. We find (consistent amongst our other
objects) that the retrieval and grid models often disagree by at least several sigma
in almost all model parameters. In the specific example of W0404, the grid model
derived effective temperature disagrees with our retrieval result by over 100K, the
gravity estimate is inconsistent to almost a full order of magnitude, the metallicity is
sub-solar for the grid model yet super-solar for our retrieval, and the radius is inflated
in the grid model fit.

For our other targets, the grid model often requires either unphysically high or
low: radii, masses, and gravities for typical field brown dwarfs, as well as effective
temperatures inconsistent with previously measured spectral types. A full database of
all fits, and resulting model parameters, is available at our previously linked Zenodo
site. This highlights the need for a retrieval methodology to fully utilize the infor-
mation content contained in substellar atmospheric spectra in order to accurately

characterize both current and future datasets.
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2.6 JWST Simulations

JWST promises to revolutionize our knowledge of brown dwarf atmospheres due
to: a vastly improved wavelength coverage across the near and mid infrared, combined
with improved SNR and spectral resolution (Marley and Leggett, 2009). Here we take
a preliminary look at the potential improvement in our retrieval parameters with
JWST for a representative T9 object (W0404).

We take the best fitting model to the HST data for W0404 (that is our best-
fit model with the parameters specified in Tables 3, 4, and associated figures) and
simulate both Near InfraRed Spectrometer (NIRSpec) PRISM and Mid-InfraRed In-
strument, Low-Resolution Spectroscopy (MIRI,LRS) observations using the JWST
Exposure Time Calculator (ETC) v1.3. The largest 1.6” slit was chosen for the
PRISM/CLEAR configuration and a slitless spectroscopy mode for MIRI LRS were
chosen to minimize potential systematic slit-losses from the instrument. We set the
integration time to obtain, somewhat arbitrarily, SNRa2200 at the J-band peak within
the PRISM mode and SNR’sx~10 over MIRI LRS. We found this was achievable with
15 minutes and 1 hour of exposure time on NIRSpec and MIRI respectively.

We then applied the same retrieval tools to this simulated data set, under the
same exact model assumptions, comparing three cases: WFC3 only (this work),
WFC3+MIRI LRS, and NIRSpec PRISM only (Figure 2.7). Figure 2.8 summarizes
the constraints (red=WFC3 only, blue=WFC3+MIRI, green=NIRSpec only). It is
clear that JWST will provide astounding improvements on the molecular abundances,
gravity, and temperature profile. For example, we find that the H,O abundance con-
straint improves from +0.1dex with WFC3 to roughly 4+0.06dex with WFC3 com-
bined with an hour of MIRI LRS integration time, and better than +10% for only

15 minutes of NIRSpec integration time. These extremely tight constraints approach
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Figure 2.7: JWST Spectral Fits

Top: Best fit spectrum (blue) to a combined WFC3 observation (1-1.7um, red) and

JWST MIRI LRS simulation (5-14um, grey). Bottom: best-fit spectrum (green) to
a simulated JWST NIRSpec PRISM spectrum (grey). NIRSpec provides vastly

improved SNR (200 vs. 10) for a much shorter exposure time (15mins vs 1hr) when

compared to MIRI LRS.

the precision of remote solar-system quality science on brown dwarfs, and speak to
the utility of JWST to well-characterize nearby substellar atmospheres in the future.

One caveat here is that this analysis makes the assumption that our model that
best-fits the YJH bands of WF(C3 is an accurate representation of the object’s spectra
at both longer wavelengths and higher spectral resolutions. Additionally, such an

analysis does not account for any potential systematics, currently known or unknown,
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Figure 2.8: Best-fitting model parameters from our analysis of WFC3 spectra (red).
Overlaid are the resulting JWST NIRCam PRISM datapoints and error estimates
from the ETC (green). An additional retrieval using a combined WFC3 and MIRI
LRS spectrum is also shown for comparison (blue). A NIRCam PRISM observation
provides substantially higher precision on molecular abundances and atmospheric
structure than a combined WFC3 and MIRI LSR spectrum for about a quarter of
JWST exposure time.

that will impact the future performance of JWST that are not properly accounted for
in the JWST ETC. These systematic biases between instruments, or within JWST
itself, will lower the precision of constraints shown here. Despite these limitations,

such an analysis provides an initial first step in understanding how well JWST will

be able to constrain atmospheric properties on cool brown dwarfs.
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2.7 Conclusions

We have extended the work of previous investigations using a well-vetted atmo-
spheric retrieval approach into the cooler Y dwarf spectral class. This is done by
comparing our model to a set of uniformly reduced, low-resolution WFC3 measure-
ments for an ensemble of late-T and early-Y dwarfs. Such a methodology has provided
the first direct constraints on the chemical composition of cool Y dwarfs and provides
a foundational dataset that can be compared to future low-mass characterization

work. Our main scientific results are as follows:

1. We are able to well-fit our ensemble of late-T and early-Y dwarfs with our
retrieval model across the YJH bands as shown in Figure 2.1, Section 2.5. We
find no systematic deviations from the data in our residuals. This is in contrast
to typical grid modeling efforts which often miss key spectral features of these

cooler objects.

2. Overall the retrieved temperature structures are consistent with radiative - con-
vective equilibrium except in the marked case of W1639 whose peculiar Y band
structure may be indicative of a non-radiative-convective equilibrium structure
in Figure 2.1, Section 2.5.1. However, inconsistencies in derived evolutionary
parameters may also indicate our model is not well adapted to explain the odd

Y band structure.

3. For most of our objects, we obtain mass estimates that are consistent with
field-age brown dwarfs but systematically smaller radii, and higher gravities
than allowable with evolutionary models (see Figure 2.3, Section 2.5.2). We
attempted a myriad of tests on both the observational data and our retrieval

model to discover the cause of this deviation. Using a distance estimate from
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another parallax program, we found that W2056’s anomalously high gravity
could be explained by a systematic bias in the distance estimate. If the distances
are all systematically underestimated, this would explain both our high gravities
and lower radii for the majority of our objects. More importantly this indicates
how sensitive our retrieved results can be to small changes in distance estimates.
The coldest Y dwarfs, W1405 and W1541’s results are speculative at best given
the retrieved masses and radii are inconsistent with known limits for field-age

brown dwarfs.

. We obtain for the first time, direct, bound constraints or upper limits on H5O,
CHy4, CO, CO., HyS, NH3, and Na+K for an ensemble of cool Y dwarfs (see
Section 2.5.3). From these measurements we drive preliminary C/O and metal-
licity estimates that, when oxygen sequestering via chemical rainout of silicates
is taken into account, are broadly consistent with the local FGK stellar popu-

lation, albeit at slightly enhanced metallicity.

. From these measurements we investigate chemical trends with T.g which are
diagnostic of the chemical mechanisms at work in the atmospheres of brown
dwarfs. We find that H,O and CHy are consistent with expected chemical equi-
librium predictions and are not subject to either chemical rainout or vertical
disequilibrium mixing. NH3 may show a tentative trend with either pure chem-
ical equilibrium or disequilibrium vertical mixing. Improved constraints from
JWST would be more diagnostic of this trend and may be able to constrain the
strength of mixing. Finally, Na+K shows a trend consistent with both chemical
rainout and the results in Part II, as opposed to pure chemical equilibrium.
This result confirms that the blue shift in the Y-J color photometry across the

T/Y boundary is owed to the depletion of alkali metals.
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6. We make predictions for future JWST observations for cool late-T and early-
Y dwarf targets. We find that NIRSpec offers the best observing mode in
order to do high-precision abundance measurements on near-by brown dwarfs,
approaching that of current bulk solar-system quality measurements. Such high
precision abundance measurements provide useful diagnostic for future modeling

efforts to understand cool, substellar atmospheres.
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Chapter 3

ACCELERATING ATMOSPHERIC RETRIEVAL WITH GRAPHICAL
PROCESSING UNITS

3.1 Introduction

Over the past two decades, Graphical Processing Units (GPUs) have become an
essential tool to solve increasingly complex, and computationally expensive, numerical
problems. GPUs began to outpace development of Central Processing Units (CPUs)
in terms of raw performance in the early 2000s. However, GPUs were initially de-
signed as highly specialized pieces of hardware, and required a deep knowledge of
either assembly languages, or later, translating one’s problem into shader languages
derived from C, such as OpenGL’s Core Language (GLSL). Several scientific and
mathematical fields took advantage of this new hardware to construct suites of al-
gorithms for General-Purpose computing on GPUs (GPGPU), including: early work
on ray tracing of light, photon mapping, data mining, and computer vision. Despite
these breakthroughs, the technical expertise to program on these units remained a
barrier-to-entry for those outside of the GPGPU working groups (for a review, Owens
et al., 2007).

Seeking to capitalize the market share for scientific GPGPU development, GPU
manufacturers such as NVIDIA, and to a lesser extent AMD, have placed a large
amount of research & development into making GPGPU programming more end-user
friendly. One of the dominant software suites in this space has been NVIDIA’s Com-
pute Unified Device Architecture (CUDA), which was initially developed to support

programming in the C language on GPUs (Buck, 2007). CUDA has since developed
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into one of NVIDIA’s flagship software products across multiple languages, and is
used in a wide array of fields including: medical imaging, defense, computational
finance, and, of course, astronomy (NVIDIA et al., 2020).

The field of astronomy was one of the first to adopt GPGPU methods, with papers
citing the pre-1.0 CUDA release notes in eager anticipation of new features such as
improved floating point precision (Belleman et al., 2008). As of this writing, over one
thousand papers can be found on NASA’s Astrophysical Data System that incorporate
GPGPU methods into: magnetohydrodynamic models (Liska et al., 2018), globular
cluster evolution (Wang et al., 2016), N-Body simulations (Nitadori and Aarseth,
2012; Wang et al., 2015), galactic abundance measurements (Leung and Bovy, 2019),
and MCMC sampling of high-dimensional parameter space for exoplanet lightcurve
modeling (Parviainen, 2015).

One area of astronomy which can substantially benefit from GPGPU methods,
but has yet to take full advantage of this hardware, is atmospheric retrieval of brown
dwarfs and exoplanets. Retrievals are extremely computationally expensive to per-
form, even on some of the best CPUs available on the market. Though there are some
notable exceptions in the literature (e.g. Malik et al., 2017), this computational limi-
tation of CPUs has restricted the scientific progress of understanding substellar atmo-
spheres by preventing population-level atmospheric retrieval studies. By transferring
part of the atmospheric retrieval calculations onto GPUs, not only can retrievals of
individual objects be done more quickly, but more diagnostic tests can be performed
over representative samples of the entire brown dwarf population. This improvement
in computational speed then can directly translate into a better understanding of the
entire population of substellar atmospheres.

In this chapter, I discuss my work on understanding the computational limitations

of the CHIMERA retrieval model, implementing NVIDIA’s CUDA software into the
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python-based CHIMERA code, and diagnosing the improvement in runtime this pro-
vides. Section 3.2 provides a more detailed discussion of the step-by-step operations
performed within CHIMERA in order to explain the true computational bottleneck.
Discussion for how this bottleneck is addressed is then discussed in Section 3.3. Fi-

nally, I summarize this chapter’s main findings in Section 3.4.
3.2 Radiative Transfer

Figure 3.1 provides a schematic representation of the CHIMERA retrieval model.
Beginning from the left, an initial guess for the input parameters (gas VMR, tem-
perature profiles, cloud model, gravity, etc.) are used to calculate the physical state
of the atmosphere. This includes the gas VMR at each level (taken to be constant
throughout this work), and the shape of the TP, and cloud profile. These inputs are
then used, with an estimation for the interior heat below the atmosphere, to calculate
the emergent, disk-integrated, 1D spectrum at high spectral resolution (R=10%). This
calculation is done as described in Appendix A of Lacis and Oinas (1991), where the
radiative transfer is solved assuming the intralayer temperature gradient to be linear
in Planck radiation, combined with a Gauss-Legendre standard quadrature solution.

To be explicit, the differential emission of a slab at some optical depth 7/ is given

by Equation Al in Lacis and Oinas (1991) as,
dE(u) = B, (7)e™"dr' | (3.1)
where p=cos() with 6 the angle with respect to the vertical, and B, (7') is the

Planck radiation. The linear dependence on the Planck radiation is explicitly,

By(r') = B,(T) + 7' /7 (B,(T}) — B,(T})) .- (3.2)
with T; and T, being the temperature at the top and bottom layers respectively.
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Making this assumption allows for the calculation of the upward intensity in closed

form,

(3.3)

(B(Th) = /7 [BATy) = BUT)]) (1 —e 7).
This provides the intensity with respect to emission angle i, and is the equation
used within the CHIMERA radiative transfer code. To integrate over these emis-
sion angles, the otherwise exponential integral is solved numerically using Gaussian

quadrature via Equation A8 in Lacis and Oinas (1991),

E =" E(p)psws, (3.4)

i=1

using N=4 different emission angles u; and their appropriate weights w;. This is
calculated for each wavelength v and output as a high resolution model spectrum.

This spectrum is then used, with the observational spectrum, and the emcee
package (Foreman-Mackey et al., 2013), to solve for the posterior distribution on the
input model parameters. This entire process is repeated anywhere from 20,000 to
100,000 times depending upon how long it takes for the walkers within the MCMC
to converge upon the posterior.

To improve the runtime of this process, the most computationally expensive steps
must be identified. Each step described above was timed for a full retrieval of Gliese
570D out to 20,000 iterations over the WFC3 0.9-1.7um bandpass. The average time
(to within an order of magnitude) that each step took running on ASU’s Agave Cluster
with 12 cores of Intel Xeon E5-2680 v4s with 2.4GHz base clock-speed is shown in
Table 3.1. Processes that are only done once per retrieval, such as loading in each
table of molecular cross sections, are omitted.

As shown, most steps outside the radiative transfer take a fraction of a second,
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Figure 3.1: Flowchart of the CHIMERA Retrieval Model.

Table 3.1: Average Runtime for Each Step in a CHIMERA Retrieval

Step Avg. Time [s]
MCMC Initialization 0.01
Array & Parameter Declaration 0.001
Radiative Transfer 1.5
Binning Spectrum 0.001-0.01
MCMC Step 0.01
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Figure 3.2: Schematic differences between a CPU and GPU. IC:
https://www.mathworks.com/company /newsletters/articles/gpu-programming-in-
matlab.html

with the radiative transfer dominating by two orders of magnitude. At these speeds,
a single retrieval with a single set of priors takes just over 20 hours. While multiple
retrievals can be run upon the cluster at once, this 20 hour runtime places strong
logistical constraints on how many prior assumptions can be tested and/or how many
targets can be analyzed. For this reason, the radiative transfer was targeted as the
main portion of the retrieval model to take advantage of GPGPUs.

While not a surprise, confirmation that the radiative transfer is the bottleneck was
important as not all runtime efficiency problems can be solved with a GPU. Figure
3.2 highlights an important fundamental difference in hardware between a standard
CPU and GPU. In a single or multicore system, each individual CPU core is highly
optimized for runtime of serial tasks with high clock speeds. GPUs, by comparison,
require the ability to break any given problem into many smaller computations that
can be worked on in parallel. Thus, even with lower core clock speeds compared to

CPUs, GPUs can solve problems more quickly if given the right type of problem.
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The main computational bottleneck of solving the radiative transfer in a spec-
troscopic retrieval is calculating the emergent flux for each independent wavelength
sample individually. In the test carried out in Table 3.1, there were only 12 logical
cores to compute the thousands of individual wavelength points for the R=10° model
over the WFC3 bandpass. Since each wavelength is completely independent, that it it
does not require any information from nearby wavelengths to compute the radiative
transfer, the problem of multiwavelength radiative transfer is a highly parallelizable
problem, and thus a natural fit to be placed upon a GPU.

An oversimplified attempt to quantify how much runtime could be saved is also
shown in Figure 3.2. Since a typical GPU has ~10-100 more cores than a CPU, an
upper limit to the time saved would be anywhere between a factor of 1-2 orders of
magnitude. The real runtime difference of course depends on the individual clock
speeds, core speeds, and memory speeds of both the CPU and GPU being compared,
and additional overheads of how memory is stored and processed. However, improving
the runtime by even less than 1 order of magnitude would significantly help in better
understanding substellar atmospheres. With this in mind, Section 3.3 details the

specific implementation of this idea onto a private GPU cluster at ASU.
3.3 Numba

To support this work, 4 NVIDIA V100 GPUs with 32GB of memory each were
ordered, installed, and are currently maintained by ASU’s Residental Computing
Facility. The specific incentives for choosing these cards were the high number of cores
(5120), high amount of GPU memory to support the large molecular cross sections
needed for atmospheric retrieval (32GB), and their out-of-the-box compatibility with
various CUDA APIs.

There were several options to allow CHIMERA’s radiative transfer to interface
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Figure 3.3: Schematic of the application of Numba into CHIMERA'’s radiative
transfer. 1C:
https://www.mathworks.com /help /gpucoder /gs/gpu-prog-paradigm.html

with the CUDA API, each of which required differing approaches towards rewriting
the radiative transfer. Though others were explored, such as rewriting most of the
code to interface with Cython or other brdiges to C, the most straight-forward way
was to utilize the Anaconda Numba package within Python itself. Numba is a general
just-in-time (jit) compiler that allows almost arbitrary Python functions to be passed
into assembly code and compiled just in time for execution (Lam et al., 2015). The
main benefit of this package is we are able to simply declare a Numba decorator over
two important Python functions within the radiative transfer core, and the rest of
the computational work is handled by both Numba and later processed on the GPU
via the inbuilt CUDA APL.

An illustration of how this was executed is shown in Figure 3.3. In this graphic, a
majority of the code including the specific MCMC implementation, variable and array
declaration, and visualization, were all carried out through the blue application code
on CPUs. The compute intensive functions in our implementation were two specific
functions. The first function is given the model input parameters shown in Figure 3.1.

It then calculates the total optical depth due to the presence of the specified gasses

o7



([(floatb4l:1, floatb4, floatb4, floatbd4, floatb4l:1,floatb4l:]1, floatb4l:1],

floatb4l:1,floatb4l:1, floatbdl:,:,:]1,floatbd4l:1)1],

.; fCloud, logPgrid, logTgrid. Patm, Tatm,

([(floatbd, floatbdl:]1, floatbdl:],floatbdl:],floatbdl:1, floatkdl:1)1,

y_gpufwno, T, ttau, auss, wts, F): ote, it turning "F" as a 1 element arra

Figure 3.4: Code snippet of two radiative transfer core functions. The top,
xsec_interp_tau_gpu, interpolates molecular cross sections and calculates the op-
tical depth 7 given the TP profile, gas abundances, and cloud model. The bottom,
intensity_gpu, uses this optical depth to calculate the emergent, disk-integrated
flux using our radiative transfer prescription in 3.2. The @guvectorize decorator
over each function allows Numba to pass the computations to the GPU, given the
function’s input data types and array dimensions.
at each wavelength. The second function calculates the emergent, disk integrated
flux using this optical depth for every wavelength as detailed in Section 3.2. Both
functions use Numba’s @guvectorize decorator to pass the input NumPy arrays of
varying dimensions into CUDA. A screenshot each of these functions as they appear
in CHIMERA, including the @guvectorize decorator are shown in Figure 3.4.
With this implemented into CHIMERA, the same test of running a Gliese 570D
model over the WFC3 bandpass of 0.9-1.7um at R=10° as discussed in Section 3.2 was

recomputed on a single NVIDIA V100 GPU. The average time for model generation
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Figure 3.5: Spectrum of Gl 570D calculated using both a GPU and CPU. Both
spectra are identical with the GPU calculation taking an order of magnitude less in
runtime.

was ~0.05 seconds and a total runtime for full retrieval of 33 minutes. This marks an
improvement in the runtime by a factor of 36, directly in-line with simply considering
the increase in the number of cores.

Figure 3.5 shows a representative test case of comparing the resultant spectra
computed by the CPU and GPU retrieval code over the SpeX bandpass (Burgasser,
2014). Both spectra are identical by-eye and, through testing the various targets
discussed in Chapter 4, have been shown to lead to identical science results when

performing complete retrievals.
3.4 Summary & Conclusions

GPUs are amazing scientific tools that, when applied to the correct problems,
can solve otherwise complex numerical issues with ease. Applying the technique

of GPGPUs to future problems not only in the realm of atmospheric retrieval, but
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astronomy as a whole, will be necessary to drive innovation as astronomical datasets

become larger and more complex. In this thesis chapter I have:

1. Discussed how my own specific sub-field of atmospheric retrieval could strongly
benefit from understanding and applying GPGPU techniques to computational

challenges in atmospheric modeling.

2. Described a successful implementation of GPGPUs by placing CHIMERA

within a NVIDIA CUDA framework through the Anaconda Numba package.

3. Have robustly tested this implementation to show that it provides the same
scientific output while saving over an order of magnitude in computational run-

time.

With this established, I now move on to implementing this approach on a much

larger dataset of 50 late-T dwarfs in Chapter 4.
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Chapter 4

A STATISTICAL CENSUS FROM 60 LATE-T DWARF RETRIEVALS

“Authors do not need permission from AIP Publishing to reuse your own AIP Pub-
lishing article in your thesis or dissertation”. This chapter has been accepted for
publication in The Astrophysical Journal as [Zalesky, J. et al., 2022, ApJ, Accepted],

and is reproduced with the permission of AIP Publishing.
4.1 Abstract

The spectra of brown dwarfs are key to exploring the chemistry and physics that
take place in their atmospheres. Late-T dwarf spectra are particularly diagnostic due
to their relatively cloud-free atmospheres and deep molecular bands. With the use
of powerful atmospheric retrieval tools applied to the spectra of these objects, direct
constraints on molecular/atomic abundances, gravity, and vertical thermal profiles
can be obtained enabling a broad exploration of the chemical/physical mechanisms
operating in their atmospheres. We present a uniform retrieval analysis on low-
resolution IRTF SpeX near-IR spectra of a sample of 50 T dwarfs, including new
observations as part of a recent volume-limited survey. This analysis more than
quadruples the sample of T dwarfs with retrieved temperature profiles and abundances
(HoO, CHy, NH3, K and subsequent C/O and metallicities). We are generally able to
constrain effective temperatures to within 50K, volume mixing ratios for major species
to within 0.25dex, atmospheric metallicities [M/H] to within 0.2, and C/O ratios to
within 0.2. We compare our retrieved constraints on the thermal structure, chemistry,
and gravities of these objects with predictions from self-consistent radiative-convective

equilibrium models and find, in general though with substantial scatter, consistency
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with solar composition chemistry and thermal profiles of the neighboring stellar FGK
population. Objects with notable discrepancies between the two modeling techniques
and potential mechanisms for their differences, be they related to modeling approach

or physically motivated, are discussed more thoroughly in the text.
4.2 Introduction

Brown dwarfs are substellar objects whose masses are intermediate between the
latest M-type stars and the most massive planets (Hayashi and Nakano, 1963; Shu,
1977; Becklin and Zuckerman, 1988; Rebolo et al., 1995; Oppenheimer et al., 1995;
Saumon et al., 2006). Similar to stars, brown dwarfs form from interstellar molecu-
lar gas cloud core collapse (Uehara and Inutsuka, 2000; Bate et al., 2002; Krumholz
et al., 2005; Whitworth and Stamatellos, 2006; Chabrier et al., 2007; Whitworth et al.,
2007; Hennebelle, 2012), but do not achieve masses high enough to sustain core H-
fusion over their lifetime (Burrows et al., 2001). As the effective temperatures of
brown dwarfs are much cooler than those of stars (< 2500K), molecules and conden-
sates form in their photospheres and dominate the spectral energy distribution. It is
through analyses of these spectra that we are able to infer the nature of brown dwarf
atmospheres and how they evolve overtime. Hence we are able to use them as unirra-
diated laboratories, which provides a valuable baseline for understanding extrasolar
planet atmospheres.

Fundamental properties of brown dwarfs include their mass, radius, gravity, effec-
tive temperatures (Teg), and elemental abundances (see review in Kirkpatrick 2005;
Marley and Robinson 2015). Robust masses can be derived through dynamical means
(Dupuy and Liu, 2017) and radius is inferred via distance and bolometric luminosity.
Determining gravity, effective temperatures, and abundances for brown dwarfs can

be more challenging than it is for stars due to the lack of clear atomic lines for which
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classic single or multi-line spectral analyses can be performed. As such, atmospheric
models which properly incorporate molecules and condensate species play a more
important role in these determinations.

A common modeling approach for determining these properties is through com-
parisons of observations to grids of model spectra computed with self-consistent one-
dimensional radiative-convective equilibrium models (e.g., Allard et al. 1996; Marley
et al. 1996; Burrows et al. 2001) or using more recent grid-fitting methods (Zhang
et al., 2021a,b). This approach typically relies upon the use of a priori physical and
chemical assumptions such as thermochemical equilibrium, molecular/atomic abun-
dances, assumed atmospheric chemistry paradigms, and 1D radiative-convective equi-
librium (Burrows et al., 2001; Marley and Robinson, 2015). These assumptions are
made to reduce the dimensionality of the inference problem to just a handful of pa-
rameters such as Teg, log(g), and a composition parameter like metallicity [M/H] (in
some cases, alpha-element enhancement e.g. Husser et al., 2013).

A few key issues arise with this method. First, the low model dimensionality
restricts any inference solely to the dimensions specified for the pre-computed grid.
Second, the choice of inference tool is often not rigorous and typically does not account
for grid-interpolation uncertainties (e.g., often a simple chi-square type minimizer is
combined with a multi-linear-type interpolater) and can result in artificially precise
constraints. Thirdly, often times the overly restrictive assumptions lead to poor model
spectra fits to the data (e.g., Patience et al. (2012)), leading one to question the va-
lidity of the self-consistent modeling assumptions. Zhang et al. (2021a,b) sought to
remedy the second and third issues through the use of a modernized self-consistent
grid (Marley et al. (2021b)) combined with the Starfish tool (Czekala et al. (2015b)),
which attempts to account for the finite model grid spacing, interpolation uncertain-

ties, and data-model misfits. However, such an approach is still restricted to a priori
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physical assumptions within the grid itself.

A more flexible alternative known as atmospheric retrieval, has shown success in
providing robust model-data fits to low resolution spectral observations of T and L
dwarfs (Line et al., 2014, 2015; Burningham et al., 2017; Gonzales et al., 2020). Orig-
inally developed to determine temperatures and abundances from spectral soundings
of the Solar System planets (Fletcher et al., 2007; Irwin et al., 2008; Greathouse
et al., 2011), this technique relies on the use of a forward radiative transfer model
that relaxes many of the self-consistent grid model assumptions at the expense of re-
quiring many free parameters. The fundamental philosophy of the retrieval approach,
in contrast to the grid approach, is that much of the physical/chemical mechanisms
operating in low temperature atmospheres are not understood well enough to build
accurate, fully self-consistent models. The aim of atmospheric retrieval is to directly
determine, from the spectra the vertical temperature profiles and atmospheric compo-
sition. This approach has recently become prolific in the extrasolar planet atmosphere
studies (e.g., see review by Madhusudhan (2019)).

Line et al. (2015) applied the atmospheric retrieval approach to low resolution
SpeX data of the benchmark late-T dwarfs, G1 570D and HD 3651B. Late-T dwarfs
were specifically chosen to mitigate the impact of uncertain cloud properties and the
presentation of strong molecular absorption features from water and methane. Using
a radiative transfer forward model with ~30 free parameters combined with Markov
Chain Monte Carlo (MCMC) inference (Foreman-Mackey et al., 2013), they were
able to obtain bound constraints on the molecular mixing ratios for [HoO, CHy, NH;
and Na+K], the vertical thermal profiles (temperature vs. pressure), gravity, and
photometric radii (given the parallactic distances). The key findings were (1) that
ammonia abundance could be constrained from low-resolution near-infrared spec-

tra alone, a surprise given the lack of obvious visual spectral features (typical of
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longer wavelengths Saumon et al. 2006 or higher resolutions (Canty et al., 2015)); (2)
the retrieved molecular (and alkali) abundances were consistent with self-consistent
chemical predictions (albeit constant-with-altitude mixing ratios were assumed in the
retrieval); (3) derived metallicities and carbon-to-oxygen ratios were consistent with
their host star abundances; and (4) the vertical thermal temperature profiles agreed
with radiative-convective equilibrium. Taken together, these findings lend support
that the retrieval paradigm can be used as a complimentary tool to grid-modeling for
inferring fundamental brown dwarf atmospheric properties.

Having validated the retrieval methodology against late-T benchmark systems,
Line et al. (2017) performed a systematic retrieval analysis on the spectra of 11 late-T
dwarfs (T7-T8, spanning 600 - 800K) available in the SpeX prism library (Burgasser,
2014). This uniform analysis found that (1) the large number of free parameters
required in retrievals, compared to self-consistent grid models (27 vs. 4 parameters)
is justified owing to their much better fits; (2) the T7/T8 atmospheres are cloud free
(upper limits on the cloud optical depth of unity were obtained); (3) the temperature
profiles for all objects were again consistent with radiative-convective equilibrium; (4)
the retrieved gravities, radii, and inferred effective temperatures agreed with evolution
model predictions; (5) abundances for ammonia, methane, and water were found to
be constant with effective temperature but a strong decreasing trend in the alkali
abundances was observed to occur with decreasing effective temperature; and (6)
the late-T dwarf ensemble had somewhat lower metallicities and higher carbon-to-
oxygen ratios than the local FGK stellar population. These findings provided a first
look at the carbon-to-oxygen ratio and metallicities of a sample brown dwarfs as well
as the first direct determination of the possible influence of alkali rainout on their
abundances.

Building upon Line et al. (2015, 2017), Zalesky et al. (2019) extended the uni-
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form retrieval analysis into the cooler Y-dwarfs. This sampled comprised eleven Y
dwarfs and three T dwarfs as observed with the Hubble Space Telescope’s Wide Field
Camera 3 (WFC3) (Schneider et al., 2015). The conclusions were similar to the
late-T results Line et al. (2017), finding that (1) the retrieved temperature profiles
for most objects were consistent with radiative-convective equilibrium predictions;
(2) water and methane abundances were consistent with equilibrium chemistry; (3)
the ammonia abundances showed an upward rise with decreasing temperature, with
scatter consistent with both equilibrium and quenched abundances; (4) constraints
and/or upper limits on the alkali abundances consistent with rain-out predictions;
(5) findings of very high gravities, pushing the limits of the evolution models; and
(6) elemental abundance ratios broadly inline with those from the local FGK star
population. They also compared the results of a self-consistent grid fit to the re-
trieval results finding that (1) the retrievals fit better and the large number of free
parameters were justified, and (2) constraints on common parameters (Teg, log(g),
metallicity, and radius) were inconsistent at 1o.

Additional works by Burningham et al. (2017) and Gonzales et al. (2020) focused
on determining the fundamental properties of L-dwarfs using similar retrieval meth-
ods. L-dwarfs are more complicated to characterize due to the presence of condensate
clouds and additional higher temperature species (hydrides, oxides), and the reduced
vertical grasp on the thermal structures. Overall these cloudy investigations showed
that the retrieved temperature structures could be degenerate with the presence of
clouds, but that plausible abundances of the hydrides/oxides could be retrieved, open-
ing up the possibility of abundance determinations at higher temperatures.

In this work, we extend the late-T analysis in Line et al. (2017) to a broader sample
of 50 T7-T9-dwarfs which were contained in a volume limited survey (Best et al.

(2020)), including new IRTF SpeX spectroscopy (Zhang et al., 2021a,b). Our work
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here represents the largest uniform retrieval analysis on a nearly complete sample of
late-T dwarfs, with a factor of 5 larger sample over the analysis in Line et al. (2017).
As in the past papers of this series, we focus on late-T dwarfs as these have been
shown to be largely free of influence from clouds and they present deep methane and
water absorption features, enabling simultaneous carbon and oxygen constraints.
We follow closely the methodologies and analysis as in Line et al. (2017) and
Zalesky et al. (2019). In Section 4.3, we briefly discuss the source of our data, and
review our retrieval methodology in Section 4.4. Section 4.5 presents our retrieved
constraints for our thermal structures (4.5.1), composition (4.5.2), and evolutionary

parameters (4.5.3). Finally, we briefly summarize our findings in Section 4.6.
4.3 Data

Our entire dataset is derived from late-T dwarf IRTFEF SpeX prism observations
(0.95 - 2.5 um, R~120) largely described in (Zhang et al., 2021a,b, see Table 3).
There are a total of 55 objects with SpeX spectra with 39 available within the SpeX
Prism Library, and 16 from our own observational campaigns. Briefly, the sample is
comprised of objects from the volume-limited (d <25 pc) survey in Best et al. (2020)
with our SpeX objects out to 20 pc. 54 of the 55 have well measured parallaxes
and all spectra are flux calibrated using MKO H-band photometry. Our analysis,
for uniformity purposes, also includes the 11 objects from Line et al. (2017). Due
to low signal-to-noise, our final analysis excludes 5 objects, for a total of 50 in our
analysis. This subset is highlighted in a color-magnitude diagram shown in Figure
4.1 with photometry and parallax measurements enumerated in Table 4.1. As in our
past works we only analyze every 3rd spectral point as SpeX samples the line-spread

shape with ~2.5 pixels.
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Table 4.1: Basic Properties of Our 50 Late-T Dwarfs

Name of Object Spec. Type Jumko [mag] Hako [mag] Kako [mag] Distance [pc]  J-Band Peak SNR
HD3651B T7.5 16.161593 16.681004 16.871592 11145591 (4) 73.7
WISE J004024.88+090054.8 T7 16137351 16.5610:52 16.5519:52 14.0119-2% (1) 73.4
WISE J004945.61+215120.0PRZ0.5 T8 17.637013 18.09701% 18.0619:14 24.81%1-9% (3) 76.5
2MASS J00501994-3322402 T7 1565101 16.04 101 15.91401 10571937 (2) 60.4
WISEPA J012333.21+414203.9 T7 17001063 17.297000 17.297000 25.3811:2% (1) 67.7
WISEPC J022322.39-293258.1 T7.5 1715508 17.375:1 17.5975-08 12.3970°% (3) 58.3
WISE J024124.73-365328.0 T7 16597054 17047357 N/A 19.0810:95 (3) 66.1
PSO J043.5395+02.3995 T8 15.9210-01 16.2910:02 16.7379:02 6.8470-07 (3) 125.0
WISE J032547.72-+083118.2 T7 16297007 16197008 16.3970 03 12747545 (3) 66.1
2MASSI J0415195-093506 TS 15.3217053 15.719-0% 15.8319-53 5717506 (2) 223.0
WISEPA J045853.89+643452.9 TS5 17134907 17.45+011 17.74+91 916793 (3) 35.5
WISE J052126.29+102528.4 T7.5 14.8610:03 15.2510:08 14.9879:08 7075022 (1) 93.8
UGPS J052127.27+364048.6 T8.5 16.947002 17.321009 17.2849-0% 8.1810-11 (3) 60.5
WISE J061437.73+095135.0 T7 16.4370:52 16.647055 16.4979-5¢ 17.6119-52 (1) 106.1
2MASSI J0727182+171001 T7 15197053 15677053 16.6970-03 8.8970-07 (2) 47.8
2MASS J07290002-3954043 T8pec 15.6610:9 16.0510:1 165791 7.92+0:32 (8) 58.6
2MASS J09393548-2448279 T8 15.6150%9 15.961099 16.8315-09 5341013 (7) 64.0
ULAS J102940.52+093514.6 T8 17.2810-01 17.6310:01 17.6475:03 1467035 (1) 54.1
WISE J103907.73-160002.9 T7.5 16957052 17197054 17.149-07 22.12+5:9% (1) 35.6
WISE J105257.95-194250.2 T7.5 16.847052 16.9970-65 17074908 14731995 (1) 714
2MASS J11145133-2618235 T7.5 15.52¢ 9.95 15.8210:95 16.5470:95 5.587001 (2) 26.0
WISE J112438.12-042149.7 7 16.7210.13 16.37 16.32 17.3970-10 (1) 85.4
2MASST J1217110-031113 T7.5 15567053 15987053 15.9219-03 10917925 (5),(3) 31.0
WISE J125448.52-072828.4 T8 1731901 17.631053 17391907 24.21%7°2% (1) 25.0
WISE J125715.90+400854.2 T7 16.8810:52 17.1210:5¢ 17.161997 17.517935 (1) 32.9
Ross 458C T8 16.6910-03 17.0149:0 16.97000 11515003 (4) 415
WISEPA J132233.66-234017.1 T8 16,7511 16.6575:11 17.02 7075 12,9197 (3) 315
ULAS J141623.94+134836.3 (sd)T7.5 17.2610:03 17.5810:03 18.4370:08 9.37003 (4) 52.0
WISEPC J145715.03+581510.2 T7 16.8210:52 17.1619:5¢ 17.227097 21.41+281 (1) 51.8
Gliese 570D T7.5 14.827052 15.2870:52 15521952 5.88 (4) 317
PSO J224.3820+47.4057 T7 17.1+9:02 17.43 £590 17.0619:08 20.21°22 (1) 34.4
SDSS J150411.63+102718.4 T7 16.5110:01 16.9910:02 17.1275:08 21.691071 (2) 49.9
2MASSI J1553022+153236 T7 15.3470:53 15.7610:53 15947093 13.32191¢ (2) 140.6
SDSS J162838.77+230821.1 7 16.2510-03 16.7210:03 16.6375:03 13327018 (2) 42.8
WISEPA J165311.05+444423.9 T8 17.077053 17.5970:52 17051907 13211932 (3) 38.7
WISEPA J171104.60+350036.8PRZ0.5 T8 17.637013 180679014 18.0919-14 24.81179% (3) 32.1
WISEPA J174124.264255319.5 T9 16.18 1502 16317054 17.02552 4.671095 (3) 122.5
WISE J181329.40+283533.3 TS 16927052 17117358 16.9279-5¢ 13.5979:37 (1) 54.2
WISEPA J185215.78+353716.3 T7 16.337052 16.7270:5¢ 16.5+5:00 15.0610:58 125.9
WISEPA J195905.66-333833.7 T8 16717067 17181062 16.9319-09 1172793 (3) 60.2
WISE J200050.19+362950.1 T8 15447051 16.1370:54 15.8570:01 7.62+917 (1) 67.3
WISEPC J215751.38+-265931.4 T7 17.055:02 17.49%5:04 17.34+0:0 15.92703% (1) 87.0
WISEPC J220922.10-273439.5 T7 16.619:02 16.95% 9% 17.3519-08 13.811972 (1) 75.2
WISEPC J221354.69-+091139.4 T7 16771053 17121968 17114908 19.197114 (1) 77.0
WISEPC J222623.05-+044003.9 T8 16.9070:52 17.247359 17451907 18381199 (3) 69.7
WISEPC J225540.74-311841.8 T8 17.337051 17.6670°53 17.4219-5 14.147984 (3) 50.6
WISEPC J231939.13-184404.3 T7.5 17.5610:03 17.9510:02 18267908 11757043 (1) 313
ULAS J232123.79+135454.9 T7.5 16.7240:03 17151008 17167001 11961931 (3) 51.9
WISEPC J234026.62-074507.2 T7 16.0870:53 16.419-0% 16.51+9-5¢ 20.92+1:39 (3) 95.9
WISEPC J234841.10-102844.4 T7 16.6370:52 16.9970:5¢ 16.8479-56 14791988 (1) 71.3

References for both spectral types and parallax distances in this table are (1) Best et al. (2020), (2) Dupuy and Liu
(2012), (3) Kirkpatrick et al. (2019), (4) Gaia Collaboration et al. (2018), (5) Tinney et al. (2003), (6) Faherty et al.
(2012), (7) Burgasser et al. (2008), (8) Faherty et al. (2012), (9) Leggett et al. (2012)
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Figure 4.1: A color-magnitude diagram of a population of field brown dwarfs (Best
et al., 2018, 2020), and our sample of brown dwarfs from this study (T5-T9). This
collective ensemble shows L. and T dwarfs, in descending order from the top of the
diagram to the bottom.

4.4 Methods

Our retrieval framework follows closely that described in Line et al. (2017) and
Zalesky et al. (2019). The model computes the thermal emission spectrum of a
brown dwarf and includes 31 free-parameters to describe the atmosphere: constant-
with-altitude volume mixing ratios (VMR'’s) for: H,O, CHy, NH3, CO, CO,, HsS, Na,
and K (8 in total), gravity, radius-to-distance scale factor (R/D)?, 15 independent
temperature-pressure (TP) profile points implemented within a Gaussian-Process-like
smoothing framework, and a simple cloud parameterization (Burrows et al., 2006);

summarized in Table 4.2.
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Table 4.2: Retrieved Parameters

Parameter Description

log (f;)  log of the Volume Mixing Ratio (VMR) of a gas species that is
constant with altitude. Gases that are considered include H5O,
CH4, CO, COq, NH3, K, and Na

log (g)  log of surface gravity [cm s?]

(R/D)?>  Radius-to-distance scale factor [Rjup/pc]

T; Temperature (in Kelvin) at a given pressure level
AN Wavelength calibration uncertainty [nm]|
b errorbar inflation exponent

v, B TP-profile smoothing hyperparameters (eq. 5, Line et al. (2015))
Kpy, Po, @ Cloud opacity profile parameters (eq. 1, (Line et al., 2017), cloud

base opacity, cloud base pressure, cloud fractional scale height)

Compared to our previous work we have made several adjustments to this model.
We have separated the alkali constraints into distinct Na and K free parameters (as
opposed to Na+K fixed at a solar ratio), removed HyS due to low predicted abun-
dances at these temperatures, and updated the alkali metal wing profiles (Allard
et al., 2016). All other opacity sources are identical to Line et al. (2017) and Zalesky
et al. (2019). Model cross-section sampling is used at a constant R=10000, a reso-
lution proven sufficient for interpreting SpeX brown dwarf observations (Line et al.,
2015). Parameter prior ranges are the same as those of Line et al. (2015) which are
restated in Table 4.3. Fits were performed as in the mentioned previous studies using
the emcee package (Foreman-Mackey et al., 2013) with 224 walkers run out to 60,000
iterations. To assure convergence several test cases were ran to between 120K and 1

million iterations with no significant differences in model posteriors. emcee, like all
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MCMC-based methods, requires an initial guess to initiate the walkers. The initial
guess is based on a “Gaussian-ball” about a lose by-eye fit to the spectra of each
object. The final solutions were found insensitive to the initial guess as was the case
in previous publications.

To reduce computational runtime for such a large number of objects, our radiative
transfer core (Appendix A in Lacis and Oinas (1991)) was rewritten to make use
of GPUs. This was done using the Anaconda Numba guvectorize framework on
NVIDIA Tesla V100 GPUs. Forward model times improved by a factor of ~100 (0.01s
or so per model, at an R=10,000 over the 0.95 - 2.5um wavelength range). Given
the limited memory of the GPUs (32 GB), we could only run up to 16 simultaneous
CPU threads at a time. The overall computational improvement between this work
and that of Line et al. (2017) is about a factor of 10 (about 6 hours to hit 60,000
iterations). GPU and CPU routines were tested to produce identical model spectra

with no impact on any science results.
4.5 Results & Discussion

As it is largely uninformative to show the full posteriors, and discuss each indi-

vidual object (available in the online version of this work), here we simply summarize

Table 4.3: Parameter Priors

Parameter Prior
log (f;) > -6, Xf;=1
log (g), (R/D)? M < 80M jup
AN (-10 , 10)
10° (0.01xmin(c?) , 100xmax(c?))
y Inverse Gamma(I'(v; «, B)), a=1, =5 x107°
log(kc), log(Py), « (-12, 0), (2.3, 2.8), [0,10)

71



the key results broken down by thermal structure, composition (molecular abundance
trends/chemistry and elemental abundances), and evolutionary parameters.

Figures 4.2 and 4.3 provide a snapshot of the fits and temperature-pressure pro-
files, respectively, of a sub-sample of representative objects. The best fits and tem-
perature profiles for all objects in our sample are provided at the end of this chapter
(Figures 4.10 and 4.11). As has been discussed in previous papers in this series,
the visual quality of the model fits in Figures 4.2 and 4.10 are substantially better
than those by more traditional grid-based models, with residuals following only the
uncertainty in the data itself with little other deviation.

Table 4.4 summarizes the nominal constraints for the key properties of individual
objects. As in our past works, the effective temperatures are derived by integrating
over an ensemble of best fits for each object, extrapolated out to between 0.7 - 20
pum, and radius is derived from the retrieved (R/D)? scale factor and the measured
distances (from Table 4.1). The elemental C and O abundances are derived from the
retrieved molecular abundances (more details below). When comparing the retrieved
quantities to those predicted from self-consistent grids (given an effective temperature
and gravity and assuming solar abundance chemistry and cloud free), we refer to those
produced by the ScCCHIMERA model Piskorz et al. (2018); Arcangeli et al. (2018);
Mansfield et al. (2018); Kreidberg et al. (2018); Gharib-Nezhad and Line (2019);
Zalesky et al. (2019); Colén et al. (2020); Beatty et al. (2020); Meisner et al. (2021),
with additional eddy-mixing for the NH3-Ny and CO-CH4 chemistry (Zahnle and

Marley, 2014).
4.5.1 Thermal Structures

Late-T type brown dwarfs are ideal for temperature profile retrievals due to the

lack of obscuring, optically thick condensate clouds that would otherwise limit the
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Figure 4.2: Subset of the data (black round points with errors) and resulting fit
(binned best fit in blue, residuals about the dashed line below in red). In blue is a
higher resolution (R~25,000) representation of the best fit spectrum. The effective
temperature and gravity constraints are given in the upper right hand corner of each
panel.

range of pressures that could be probed via spectroscopy. The high degree of flexibility
of the thermal profile parameterization allows us to compare thermal profiles derived
directly from observational spectra against assumptions often made in more self-
consistent models. Since the thermal structure is a reflection of the total energy
balance, identifying similarities and differences between retrieved profiles and those
predicted from 1D radiative-convective-thermochemical equilibrium (RCE) for such a

large number of objects enables us to assess and quantify potential sources of heating

outside of the standard RCE assumptions.
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Figure 4.3 summarizes (see Appendix, Figure 4.11 for all objects in the sample)
the retrieved thermal structures for nine representative objects (red) compared with
1D RCE predicted TP profiles (blue). Uncertainties for the RCE temperature profiles
are derived by propagating uncertainties in the retrieved log(g), Teg, metallicity and
C/0. Overlaid for context are condensation curves for several notable condensate
species (Morley et al., 2012, 2014). As in previous studies we reiterate that our SpeX
observations largely probe only the region between 0.1 and 10bars with the rest of the
profile’s constraints being largely dependent upon the smoothing prior; any structure
outside this range should be interpreted with caution.

We find that the uncertainties on the retrieved profiles are similar to previous
studies, with 1o errors on the order of 100K with larger deviations being owed to
larger uncertainties on the spectra themselves (Line et al., 2015, 2017; Zalesky et al.,
2019). While some objects appear to be in agreement with the assumption of 1D RCE
to 20 (see WISEPC J0223 in Figure 4.3, middle left) 18 objects are discrepant with the
1D RCE predicted profiles. There is a systematic offset whereby the retrieved profiles
for a given Tegand log(g) are hotter (at a given pressure) than the corresponding 1D
RCE predicted profiles. In addition to this systematic offset, 9 objects display an
interesting "kink” in the profiles near the 10bar pressure level.

We first tested if the overall offset was physical or a simple result of over or under-
constraining either model. To make clear, the error bounds for the grid model are
calculated by taking the constraints from the retrieval model and propagating them
into error bounds for the grid’s thermal profile using several key parameters: Teg,
log(g), metallicity, C/O, as well as a reasonable range of K, values for late-T dwarfs.
We tested the robustness of these constraints by artificially inflating the errors of
the retrieval results by 1o to see if the resulting thermal profiles would then overlap.

Inflating the errors in this way removed the evidence of any kink structure near 10bars.
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Figure 4.3: TP-profiles of representative T dwarfs of our collection of 50 objects.
The thermal profiles indicated here are of the retrieved objects (in red), and of grid
models (in blue, see text) that they closely compared to based on their similarities
in a mix of Teg, log(g), C/O, and metallicity parameters. For each of the thermals
profiles, both 1 and 20 confidence intervals are shown. Equilibrium condensation
curves of MgySiOy4, Fe, MaSiO3, NayS, and K are shown by the cyan, blue, black,

yellow, and magenta dashed lines, respectively.

As this pressure range is near the edge of the contribution functions that our spectra

probe, the presence of such a feature should be interpreted with caution.

The most likely reason for the retrieval profiles being systematically hotter than

the 1D RCE profiles is owed to how T.gis computed in the retrieval model coupled

with the grid-based models being forced onto RCE. As explained in previous papers,

a sample of several thousand spectra are taken from the posterior and propagated

out to roughly 20um. This flux is then integrated and T.gis computed from Lpg,.
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However, its important to note that a majority of the output flux for these T dwarfs lie
at longer wavelengths outside the range of our SpeX dataset. Since we cannot detect
molecules such as CO or CO, in our SpeX data, these major absorptive species at
longer wavelengths may not be properly included in these models which stretch out
to 20pum. Therefore the result may be an over-estimate for the flux and thereby T.g.
This estimate for Tegis then used as an input into the 1D RCE model which, while at
similar Teg, may be limited by being forced onto a strict 1D RCE prescription for the
PT profile. Another complicating factor is that, as shown in Figure 4.8 and discussed
in Section 4.5.3, some objects can be offset by several hundred kelvin depending upon
the choice for priors on log(g).

If we assume the offset is physically motivated, then it might be possible that these
late-T dwarfs may be impacted by the presence of iron-silicate condensate clouds. To
test this we calculated the cloud column optical depth, 7,4 by integrating the random
draws of our retrieved opacity profile from our cloud model. Figure 4.9 shows the
result for two representative objects (all targets available in the online version), where
the most likely values of 7.4 are far below unity. This suggests that optically thick
clouds do not strongly affect our dataset. Even targets such as ROSS 458C, which
has been seen in previous works to better fit grid-based models that incorporate
these clouds (Burgasser et al., 2010; Burningham et al., 2011; Morley et al., 2012),
still strongly favors a cloud-free retrieval result.

Additionally, these targets may have additional heating mechanisms in their at-
mospheres that could be driving the system away from pure radiative-convective equi-
librium. However it seems more likely that differences in the physical and chemical
assumptions between the 1D RCE models and retrieval can bias the thermal profile

using the same Teg.
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4.5.2  Atmospheric Composition

Molecular Abundances

A key goal of this investigation is to develop a large, diagnostic dataset of retrieved
molecular abundances across the late-T spectral class to serve as a baseline unirra-
diated comparison for directly imaged and transiting exoplanets. For these objects,
species such as HyO, CH4, NH3, and K are the most readily accessible over the SpeX
wavelength range. The change in the abundances of these gases with T.gare diag-
nostic of the driving physical and chemical processes in brown dwarf atmospheres
(Burrows and Sharp, 1999; Lodders and Fegley, 2002; Sharp and Burrows, 2007).

Figure 4.4 shows the behavior of the retrieved molecular abundances with tem-
perature combined with the retrieved Y-dwarf molecular abundances from Zalesky
et al. (2019) (cyan). Overlaid for context are predictions from the 1D RCE models
over a range of atmospheric metallicity and C/O ratios. Unless labeled otherwise
each curve assumes a solar composition ([M/H]=0, C/0=0.55). To compute effective
atmospheric abundances from the 1D RCE models, gas volume-mixing-ratios (VMRs)
are averaged over the 1 - 30bar pressure levels based on the range of pressure lev-
els probed by the SpeX spectra. The exact retrieved abundances for all 50 objects
are enumerated in the Appendix under Table 4.4. We find that the precision of our
constraints is slightly improved relative to Zalesky et al. (2019) as expected from the
increase in quality of data. For all species we find that our abundances are constrained
to within ~0.25dex at 1o.

For both HyO (top left) and CHy (lower left) there is a trend of decreasing abun-
dance with higher Teg, consistent with what was found in Zalesky et al. (2019). We
are able to confirm that this trend extends beyond two late-T dwarfs and contin-

ues with increasing temperature though there is considerable spread. For H,O, this
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Figure 4.4: Molecular abundances (expressed as log of the VMRs) of H,O, CHy,
NH;3, and K plotted against Teg for T dwarfs from this study (color:tomato) and
brown dwarfs from Zalesky et al. (2019). For K, objects from Zalesky et al. (2019)
are not included because that work considered Na+K as one alkali species, whereas
herein we are treating them as individual species. The four sub-plots show how the
molecular and alkali abundances of each species varies with T.g. All the modelled
molecular abundance trends are defined by log(g) = 5.0 and solar composition (M/H
= 0.0, C/O = 0.5), and we assume equilibrium chemistry unless otherwise specified.
We observe that the overall trends of water, methane, and ammonia are consistent
with solar chemistry curve models.
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spread is consistent with what is expected for these objects between a metallicity of
0.1 to 10 times solar and various C/O ratios as shown. As there is no known physical
mechanism for why these two populations should be disparate in their water con-
tent, and given the error bounds and sampling size of the Y-dwarfs, it seems likely
that such a trend is a result of low-sampling from this population. Future studies
which could retrieve higher precision (~0.25dex) water abundances for brown dwarfs
between 300-7T00K would strongly help either confirm or deny such a trend with Tg.

For CH4, most objects are within the predicted ranges of from the grid model.
However, there are interestingly several objects with Tegbetween 900-1000K which
deviate from this assumption. This would require either anonymously high C/O ra-
tios (some well-above 1.0), high metallicities, or both when compared to the curves
from the grid model. These objects must be interpreted with caution for two reasons.
First is that only 4 objects lie above the expectations from the grid model at only
lo. Second, we emphasize such curves do not represent all possible combinations of
parameter space. Despite this, there may be physical motivation for finding objects
with anomalously high CH; abundances near 900K. It has been well studied that L
and T dwarfs have both theoretical and observational evidence for the presence of CO
in their photospheres driven by disequilibrium convective mixing (Noll et al., 1997;
Oppenheimer et al., 1998; Saumon et al., 2003; Golimowski et al., 2004; Burgasser
et al., 2006b; Geballe et al., 2009; Sorahana and Yamamura, 2012; Leggett et al.,
2012). More recently, Miles et al. (2020) found that the CO constraints for several
brown dwarfs between 250-700K suggest that at lower temperatures (~250K) there
is evidence for stronger mixing (higher CO, less CH4) and at higher temperatures
(~700K) there is evidence for reduced mixing strength (less CO, more CHy). It is
possible that we could be seeing objects that follow such a trend up to higher tem-

peratures, however given the low number of objects in our sample and the precision
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of our constraints, this is largely inconclusive. There is a wealth of available early T
and L spectral class objects to study to confirm such a trend, but have the added
complication of obscuring condensate clouds which is beyond the scope of this work.

We find that the retrieved NH3 abundances are largely consistent with grid model
expectations, with the exception of 9 objects which show additional NH3 near 900K.
This result is surprising given that the onset of ammonia is the defining feature
of the Y-dwarf spectral class. While again this could be a result of small number
sampling, it is possible that this could be evidence for enhanced mixing strength at
higher temperatures resulting in an excess of NH3 compared to expectations from
equilibrium. While Miles et al. (2020) found no evidence for enhanced mixing at
these temperatures, disequilibrium abundances of NH3 have been detected in the
past (Saumon et al., 2007; Geballe et al., 2009; Leggett et al., 2010, 2015).

As was found in Part II and III, there is a strong systematic trend of decreasing
potassium between the late-T to early-Y spectral types as a result of equilibrium
rainout chemistry removing aluminium and silicate reserves near 1300K, leading to
a delayed depletion of Na+K closer to Teg~700K where they condense into KCI
and NayS. Figure 4.4 shows the the trend with our larger sample which continues to
indicate a steadly decreasing trend with decreasing Teg, with potassium abundances
falling roughly 1 dex between -6.5 and -7.5 log(VMR) consistent with what was found
in Parts II and III. We do not show the results from the Y dwarfs here as in that
work, Na and K were treated as a single gas with most objects only providing upper
limits.

While we are not able to fully explain the observed abundance trends with stan-
dard 1D RCE assumptions, it may indicate that some underlying physical or chemical
process is not being taken into account in these models. Regardless, this sample of

retrieved abundances provides a unique dataset to further explore the chemistry of
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sub-stellar atmospheres.

Metallicity & Elemental Ratios

In addition to the molecular composition of a brown dwarf atmosphere, the total
elemental abundance inventory, and ratios between those abundances, can assist in
placing brown dwarfs in a larger context with their stellar and planetary-mass cousins.
Stars and field brown dwarfs are expected to form via fragmentation and core-collapse
of a molecular cloud. Thus one would expect their elemental inventories to be highly
similar. In contrast, planets that are formed in disks might have a completely different
elemental composition due to a wide variety of processing mechanisms, differential
ice-lines and thus elemental ratios within the disk, and/or migration of the planet
within the disk (e.g. Oberg et al., 2011; Helling et al., 2014). These mechanisms can
change the elemental composition to range from anywhere from stellar composition
(Fortney et al., 2013; Mordasini et al., 2016), to vastly different metal enrichment,
and/or to have completely different C/O ratios, sometimes several factors greater or
lesser than the host star (Madhusudhan et al., 2014; Eistrup et al., 2016). Identifying
at what masses this dramatic compositional shift may occur for a large sample of
brown dwarfs can better place brown dwarfs as a whole in a larger astronomical
context.

As noted in previous studies in this series, the bulk of the metals found in brown
dwarf atmospheres with Teg<1000K are largely comprised of C and O contained in
the water and methane content with a smaller amount of N stored in NHs. The

metallicity is computed as,

(M/H)waarf
(M/H)solar

where the metallicity of the T dwarf is taken to be the summation of the number

[M/H] = log( ) (4.1)
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of elemental species included in the retrieval model. The C/O ratio is taken as,

C BC  CHi+CO+C0, 42)
O~ 0" Hy0+CO+200; '

Figure 4.5 shows the [M/H] compared against our computed C/O for both this

study and those objects in Zalesky et al. (2019). For context a representative sample
of local FGK stars are overlaid (dark red) (Hinkel et al., 2014). As in Parts II and III,
we note that we additionally weight our water abundance by a factor of 1.3 to account
of the loss of oxygen to condensate rainout species such as enstatite and forsterite
(Fegley and Lodders, 1994). We find that, in agreement with previous papers in this
series, the broad-scale metallicities and C/O ratios for our brown dwarfs largely match
both in value and in distribution that of the local FGK stellar population. The new
population (largely green-orange color) seems to fill in the gap between our two pre-
vious late-T and early-Y populations. Additionally, we performed a two-dimensional,
two-sample, Kolmogorov—Smirnov test and found a p-value of 0.18 between the brown
dwarf and stellar populations (Press et al., 1992). This suggests that our measure-
ments display no statistically significant difference from the local FGK population.
Though there is considerable scatter, there is a slight positive correlation between

metallicity and Teg.
4.5.3 Effective Temperature & Gravity

A brown dwarf’s effective temperature and gravity are highly diagnostic of both
its age and evolutionary history (Burrows et al., 2001; Baraffe et al., 2003; Saumon
and Marley, 2008). Given that our sample should be comprised of largely field-age
brown dwarfs, deviations in the these parameters from evolutionary models serves as
both a sanity-check for our retrieval model, but may also serve as a sign of youth if

a particularly low surface gravity is found.
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Figure 4.5: Bulk metallicity vs. C/O of our Y and T dwarfs ensemble. The brown
dwarfs are color-coded according to their effective temperatures. For comparison
with field stars, we overplot the brown dwarfs (C/O vs. [M/H]) with Hypatia FGK
stars(C/O vs. [Fe/H]) that are within comparable parallax distances (< 30 pc) to
that of the brown dwarfs. The two populations have highly similar distributions owed
to their similar formation environments.

Figure 4.6 shows our sample of late-T objects (orange) against results from Zalesky
et al. (2019) (cyan). Over-plotted are evolutionary cooling curves for several different
ages (blue-dashed, Marley et al. 2021, in prep). A large and extensive discussion
for why the population from Zalesky et al. (2019) have anomalously high gravities is
given in that paper.

Here we focus on our sample, which for a roughly forty objects agree with being
near 1-3Gyr at 1lo. However, seven T dwarfs appear to have lower surface gravity

values compared to the rest of the objects by several sigma with ages of near 0.1Gyr.
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Figure 4.6: T.s vs. log(g) for our collection of early Y dwarfs and late-T dwarfs.
Here we notice that we almost have a handful of T dwarfs with low surface gravity
values while Y dwarfs tend to have higher gravity values. Based on evolutionary
models from (Marley et al. (2020), in prep) (shown by blue dashed curves), T dwarfs
having the lowest log g values would be relatively young (~100 Myr) while Y dwarfs
having the highest log g would be relatively old (~12 Gyr). Most of the objects
above the 10 Gyr curve are considered atypical although their high gravities can be
justified by the logic that under-estimations of gravities that are done in grid models
(Schneider et al., 2015; Zalesky et al., 2019).
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Additionally several objects are within 1o of being consistent with a 10Gyr age.
Both of these ages are unusual given our sample and necessitate a sanity check of our
retrieval model.

The seven youngest objects are WISE J1254, PSO-J224, ROSS-458C, WISE-
J1257, WISE-J1322, WISE-J1959, and WISE J0325. All the aforementioned T
dwarfs, with the exception of ROSS-458C, have relatively low water and methane
abundances. Furthermore, all seven of these T dwarfs have very low ammonia abun-
dances. This observation of brown dwarfs exhibiting low gravities and metallicites is
highly atypical (Helling and Casewell, 2014; Yuan et al., 2011; Helling and Casewell,
2014). To test the credibility of the surface gravity constraint, we conducted an exper-
iment on both the lowest gravity object (WISE 0325) and on one of our two highest

gravity objects (2MASS 0729) by varying their gravity priors.

Metallicity - Surface Gravity Relationship

In this test we took a representative object that had both a relatively high and low
log(g) constraint. The low-gravity object, WISE 0325, was used to perform a retrieval
with a ”full” log(g) prior range of 0 < log(g) < 6 compared to a retrieval done with a
”constrained” log(g) prior range of 4.3 < log(g) < 6. The high-gravity object, 2MASS
0729, was set to 0 < log(g) < 4.3 while the full range was maintained at 0 < log(g)
< 6. In the constrained cases, the gravity ranges were deliberately restricted to lower
and higher gravity ranges to see how the retrieval results changed if forced to be in
agreement with the system’s likely true age.

Figure 4.7 shows stair-pairs plots for both object’s molecular abundance and grav-
ity constraints in both the constrained (red) and unconstrained (blue) test cases. The
constraint on log(g) shows a strong several-sigma offset between the two cases and

importantly that the posterior in the constrained case is highly non-Gaussian as it is

85



Full logg prior (< 6) Full logg prior (< 6)
. J /. \Limited logg prior (< 4.3) Limited logg prior (> 4.3)

y 4
X 4
& /4
4 ;
e |0 || o ﬂ
O I P I

g~ Q<
S 4 ) '
<1 7 < o

200 a7 o Y S N s P A S S S S S S S LU ST SIS N
log(H,0) log(CH,4 log(NH3) log(K) log(g) [cgs] log(H,0) log(CHy) log(NH3) log(K) log(g) [cgs]

Figure 4.7: Corner plot posteriors of 2MASS-J072290002 (highest gravity object)
and WISE-J032547.72 (lowest gravity object). This is based on a test of constraining
priori ranges of gravity for the two objects. Gravity range restrictions affect gravity’s
correlation with the other gas species. Limited logg priors’ results for surface gravity
lean more toward full log(g) priors’ results.
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pushing up against the limit of the prior. This indicates that, despite being ”guided”
to a lower/higher gravity in-line with field-age expectations, the spectrum itself has
features which favor a higher/lower gravity than the priors allow.

Alterations in gravity prior ranges also impact the posteriors of other species
like water, ammonia, and methane as the parts of the spectra where gravity would
be most constraining are the same regions where the absorption of these gases are
most prominent. Potassium notably appears to be insignificantly affected by changes
in gravity. This is likely because potassium absorption features only affect a small
portion of the spectrum between 0.95-2.5 pm, mostly in the Y and J bandpasses.
This high correlation between gravity and metallicity also impacts the constraints on
the thermal profiles as well. as shown in Figure 4.8.

Though a large majority of our objects are within reasonable expectations for

field age brown dwarfs, the age estimates from several of these objects are highly
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Figure 4.8: TP-profiles comparisons of limited and full logg ranges retrievals for
2MASS-J07290002 and WISE-J032547. Restrictions in gravity ranges influence the
shape of thermal profiles.

nonphysical being either less than 0.1Gyr or older than the age of the Universe in the
most extreme cases. These results show that retrievals, 1D RCE models, and com-
parison/sanity checks between both are needed to fully understand the atmospheres
of brown dwarfs. One area this is possible is with different types of benchmark sys-
tems, where either metallicity or age is constrained. In our sample we have three
systems which are in a binary (ROSS 458B,HD 3651B) or quaternary (Gliese 570D),
all of which are within 1o for their stellar companion’s age and metallicity, giving
confidence to the reliability of our retrieval results despite the many caveats of using

this technique.
4.6 Summary & Conclusions

Below we list the key conclusions of our analysis:

1. For most of our sample, we find that the retrieved thermal structures are in
agreement with with predictions from self-consistent grid based approaches (Fig-
ure 4.11). However, 18 objects have retrieved thermal profiles that are much

hotter, at roughly 20, than the grid models. Though possibly physical in origin,
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it is more likely owed to the different physical and chemical assumptions in each
model. Longer wavelength information, namely beyond 2.5 microns where most
of the flux is, would significantly help in testing if this is the true cause of the

discrepancy.

2. In addition to the thermal profiles, the highlight of this work is the retrieval of
abundance constraints for the major atmospheric molecular species [HoO, CHy,
NH;, K] with a precision of roughly 0.25dex at 1o (Figure 4.4, Table 4.4). For
a majority of our sample, we find that HyO, CHy, and NHj3 are consistent with
expectations from equilibrium chemistry. There are however, a small subset of
objects which do not fit these trends. There are four objects with elevated CHy
and roughly ten with elevated NHj3 constraints. Though it may be a simple
result of small number sampling, there is literature showing that objects near
this temperature range may begin to show signs of elevated CH, and NH3 due to
non-equilibrium vertical mixing. Developing a larger sample of earlier T dwarfs
(Ter>900K) requires accurately taking into consideration a realistic cloud model
into our retrieval framework, but would show if this trend continues into higher
temperatures. Finally we note that our sample helps confirm previous findings
that the depletion of Na and K near 500-600K owed to the chemical rainout of

species like enstatite and forsterite is present.

3. Using the retrieved molecular abundances we are able to infer the atmospheric
metallicity and C/O ratio. We find that the distribution of our 50 targets
is broadly consistent with measurements of the local stellar FGK population.
Though there is substantial scatter, there also is a slight positive correlation

between atmospheric metallicity and effective temperature.

4. We compare our constraints on both Tegand log(g) to expectations from evo-
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lutionary models and previous results of Y dwarfs (Figure 4.6). For a majority
of objects, we find them to be consistent with expectations of typical field age
brown dwarfs. However we also find several outliers that have unphysically
old and young ages. We preformed several tests in which we altered the pri-
ors on our retrieval model to ”guide” these objects to more physically realistic
ages. Despite these efforts, we found that the resulting posteriors were highly
non-Gaussian and were clustered near the limit of the new prior ranges. This
indicates that there is some as yet undetermined feature in the spectra which
favors these anomalous ages. Given that these age estimate are likely incorrect,
this result highlights the importance of complimenting such retrieval studies

with more traditional grid models.

This uniform atmospheric retrieval analysis of 50 T dwarfs provides a large and
unique dataset of retrieved thermal profiles, gravities, and atmospheric abundances
which offer insight into the physical and chemical mechanisms at work in their at-
mospheres. This dataset now can serve as a baseline for comparisons between other

stars and planets to place brown dwarfs in a holistic astronomical context.
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Table 4.4: Retrieved Atmospheric Abundances and Derived Pa-

rameters
Object Ter[K] log(g) [cgs] R [Ry] HxO[VMR] CHy [VMR] NH; [VMR] K [VMR] [M/H] C/0
HD3651B 7155712488 5077099 1177010 3337098 3914007 4547007 7027007 -0.047098  0.987011

WISE-J0040  885.44715%52  4.661031 0977059  -3.5170% 3547010 482803 -6.917008 0357013 0.7070 1]

WISE-J0049  727.2870%2 5187030  0.817507  -3.097093  -2.96%015 4407013 -6.9970% 014701 1.017013

2MASS-J0050  945.6415:% 0 5267032 0757007 -3.19701%  -3.0710 0L 4497003 6371008 0107015 0.98701%

WISE-PAJ0123  872.83%%45 5151040 1.028000  -3.51%000  -3.48F007 4591008 6787008 -0.317003  0.80700%

WISE-J0223  787.9671¢ 5237035 0817090  -3.a2000r 3250007 472f0l 6.8010%  -0.02101%  0.547008

WISE-J0241  835.787%82 4907019 1067005  -3.557008  -3.51709%  474f0l 6937007 -0.367005  0.827057

06

PSO-J043 699.5372° 75 522%014 0841000 3994007 309007 _g47H098 6817096 0.027097  1.0079:19

WISE-J0325  897.8075%2  3.54750%  0.947058 3777057 4007807 -5.47T01  -6.847008  -0.697547  0.477092

2MASS-J0415 675247895 5107032 0.947006 3247007 3131098 4537097 6.88100%  -0.02759%  0.9670-99

WISE-PCJ0458  616.507g%2  4.8770% 1157013 3287018 -3.40703%  -4.77igls 7327048 -0.057037  0.537008

UGPS-J0521 658437020 5287032 0747008 -3.057008  -2.97159) 4497010 6791007 0.247090  0.8310-0%

WISE-J0521 880.607512 4187938 0.85700% 3470l 3547010 -5.077047 -6.79705T  -0.277008 0.6315:09

WISE-J0614  897.89717%,  4.937032 1227005 -3.487007 3451007 -4.68709%  -6.867008  -0.29700%  0.791057

2MASS-J0727  953.071%30 5231050 0.76700;  -3.0970¢0  -3.157000 4761050 6517005 0.057010  0.65700¢

2MASS-JO729  719.3675%0 5287015 0.827015  -3.24709% 337090 4557010 .6.897009  0.017015  0.5275:0%

2MASS-J0939 631727043 4.85703%  1.01%00%  -3.44701%F  -3.497075  -4.68T013  -7.327091 -0.29%51%  0.677007
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Table 4.4: Retrieved Atmospheric Abundances and Derived Pa-

rameters

Object Ter[K] log(g) [cgs] R [Ry] HxO[VMR] CHy [VMR] NH; [VMR] K [VMR] [M/H] C/0
ULAS-J1029  690.39%%3%  4.997012  1.047009  -3.33%097  -3.08701% 4447010 72704 -0.01707) 1287048
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Table 4.4: Retrieved Atmospheric Abundances and Derived Pa-

rameters

Object

Terr[K]

log(g) [cgs]

R [Ry]

H,0 [VMR]

CH, [VMR]

NH; [VMR]

C/0
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Figure 4.9: Cloud column optical depth (744) posteriors for two different represen-
tative targets of our 50 target sample. The optical depth is calculated by integrating
the retrieved opacity profile. The central dashed line indicates where 7.,4=1. The
histograms sharply decline as we approach this value, suggesting that the data are
not affected by optically thick clouds. Profiles for all 50 objects are available in the
online version of this work.
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Figure 4.10: A continuation of Figure 4.2 showing the SpeX spectra (black), best-fit
spectra (blue) and residuals (red) for all objects in our sample.
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model (blue) PT profiles, overlaid with relevant condensate curves, for all objects in
our sample.
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Chapter 5

CONCLUSION & FUTURE DIRECTIONS

This thesis presents both a uniform atmospheric retrieval analysis of ultra-cool
brown dwarfs, and a technical discussion on how atmospheric retrieval can be im-
proved with graphical processing units. Future efforts to combine these techniques will
be fundamental to developing a better understanding of brown dwarf atmospheres,
and their place in the continuity between stellar and planetary objects.

Chapter 2 details a study of 11 ultra-cool Y dwarfs, provides a foundational dataset
of constraints on their physical and chemical atmospheric properties, and compares
such results with both other modeling methods and expectations from current and
future JWST observations. Chapter 3 establishes a computational tool that allows
retrievals to not only perform faster, but opens up the possibility of population-level
atmospheric retrieval studies of substellar atmospheres. Chapter 4 leverages this tool
to study 50 different late-T dwarfs, and further the foundational dataset begun in
Chapter 2.

There are several avenues of exploration which form a natural continuation from
the work presented here. The first, and most obvious extension is to continue using
the same atmospheric retrieval analysis into the hotter early-T and L dwarf classes.
These objects have been historically difficult to characterize due to the presence of
iron-silicate condensate cloud species in their photospheres (e.g. Marley and Robinson,
2015). Several improvements to address this problem have been made to CHIMERA
including modifying the radiative transfer to account for multiple scattering in the
atmosphere to enable an implementation of the Ackerman and Marley (2001) cloud

model, and the addition of several other TP profile parameterizations from the liter-
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ature (e.g. Madhusudhan and Seager, 2009). Though such work has yet to be carried
out, the SpeX database offers an abundance of ideal early-T and L dwarf spectra to
carry out an analysis similar to Chapter 4 on the hotter spectral classes.

Continuing to focus on the L dwarf class, another project could be to apply
CHIMERA to the extreme subset of unusually red L-dwarfs. Though red J-K colors
are typically an indicator of youth, a small subset of objects have evidence that they
are much older, requiring an atmospheric explanation for their colors and spectra.
In addition, these objects often overlap planetary-mass objects in several color-mag
and color-color spaces making them ideal targets to characterize for comparison with
the observed exoplanet population. Recent literature has found success in using at-
mospheric retrieval to fit the entire spectrum of a single red L dwarf (Burningham
et al., 2021). As the these red L Dwarfs have been observed more readily in the lit-
erature compared to other objects, there is a wealth of publicly available spectra and
photometry that has yet to be analyzed with GPU-accelerated atmospheric retrieval.

Another avenue of work could involve retrieval studies of brown dwarfs in young
(<100Myr) moving groups. Moving groups provide two key constraints of having
both a well-defined age, and such objects should have similar bulk metallicities as
they formed in the same environment. These two constraints can strongly anchor
atmospheric models and provide valuable laboratories for improvements in cloud pre-
scriptions, non-equilibrium chemistry, or other novel ideas. There are dozens of young
moving group brown dwarfs spanning the full range of L and T dwarfs. Since such
an analysis would require a population-level study, this area of research is also ripe
for exploration with the GPU-accelerated version of CHIMERA.

A final project could involve using retrievals to look at the coolest brown dwarf
known, WISE-0855. This object is part of an approved JWST Cycle 1 GO program

which will obtain high quality spectra which may prove diagnostic on both the pres-

99



ence of water ice clouds thought to be present in the coolest brown dwarfs (Morley
et al., 2014), and any variability associated with these clouds. Using a mix of comple-
mentary grid-based and retrieval models to holistically understand the full spectrum
of this object would provide a strong anchor in a temperature regime which straddles
the coolest brown dwarf and exoplanet population.

With these future prospects, amplified with the wealth of future JWST observa-
tions on the horizon, I hope this thesis has provided a small, but focused, flicker of

light in what are often the hazy, cloudy, and dim atmospheres of brown dwarfs.
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