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ABSTRACT

The spectra of brown dwarfs are key to exploring the chemistry and physics that
take place in their atmospheres. Late T dwarf (950 - 500 K) spectra are particu-
larly diagnostic due to their relatively cloud free atmospheres and deep molecular
bands. With the use of powerful atmospheric retrieval tools, these properties per-
mit constraints on molecular/atomic abundances and temperature profiles. Building
upon previous analyses on T and Y dwarfs (Line et al. 2017; Zalesky et al. 2019),
I present a uniform retrieval analysis of 50 T dwarfs via their low-resolution near-
infrared spectra. This analysis more than doubles the sample of T dwarfs with re-
trieved properties. I present updates on current compositional trends and thermal
profile constraints amongst the T dwarf population. My analysis shows that my col-
lection of objects form trends that are consistent with solar grid model expectations
for water, ammonia, methane, and potassium. I also establish a consistency between
the thermal structures of my objects with those of grid models. Moreover, I explore
the origin of gravity-metallicity discrepancies that are observed in some of my brown

dwarf candidates.
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Chapter 1

INTRODUCTION

1.1 Background

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 are hypothesized to form from
interstellar molecular gas cloud core collapse (Uehara and Inutsuka, 2000; Bate et al.,
2002; Krumbholz 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 lower than those of stars (< 2500K), they
tend to form molecules and condensates that in turn dominate the spectral energy
distribution, resulting in atmospheres that are more planetary than stellar. It is
through analyses of their spectra that I are able to infer the nature of brown dwarfs,
how they evolve overtime, and hence I are able to use them as great atmospheric
“process” laboratories.

Some key properties of brown dwarfs include their mass, radius, gravity, effective
temperatures (Teg), and elemental abundances (see review in Marley and Robinson
2015; Kirkpatrick 2005). Robust masses are usually derived through dynamical means
(Dupuy and Liu, 2012) 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



classic single or multi-line spectral analyses can be performed. As such, models play
a more important role in these determinations.

A common modeling approach for determining these properties from their spectra
is through comparisons to grids of model spectra computed with self-consistent one-
dimensional radiative-convective equilibrium models (e.g., Allard et al. 1996; Mar-
ley et al. 1996; Burrows et al. 2001), akin to classic stellar atmosphere modeling.
This approach typically relies upon the use of a-priori chemical/physical assumptions
such as thermochemical equilibrium molecular/atomic abundances and 1D radiative-
convective equilibrium (Burrows et al. 2001, Marley and Robinson 2016). These
assumptions reduce the dimensionality of the inference problem to just a handful of
parameters such as Tisr, logg, and a composition parameter like metallicity [M/H|
(in some cases alpha-element enhancement, e.g., Huesser et al.). A few key issues
arise with such a method. First, the low model dimensionality restricts any in-
ference 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 validity of
the self-consistent modeling assumptions. Recently, Zhang et al. 2020a,b (submit-
ted) sought to remedy the second and third issues through the use of a modernized
self-consistent grid (Marley et al. 2020, in prep) combined with the Starfish tool
(Czekala et al. (2015)), which attempts to marginalize over the finite model grid spac-
ing, interpolation uncertainties, and data-model misfits. However, such an approach
is still restricted to a-priori physical assumptions within the grid.

A recently utilized, more flexible alternative, known as “atmospheric retrieval”,



has shown success in providing constraints and good model-data fits to low resolu-
tion spectral observations of T-dwarfs (Line et al., 2014, 2015). Originally developed
to determine tempertaures/abundances from spectral soundings of the Solar System
planets (Fletcher et al., 2007; Irwin et al., 2008; Greathouse et al., 2011), this tech-
nique relies on the use of forward radiative transfer model that relaxes many of the
self-consistent grid model assumptions at the expense of many free parameters, com-
bined with a parameter estimation tool (e.g., Levenberg-Marquarted, Markov-Chain
Monte Carlo). The fundamental philosophy of the retrieval approach, in contrast to
the grid approach, is that much of the fundamental physical/chemical mechanisms
operating in, at least, planetary atmospheres, are not understood well enough to build
accurate enough fully self-consistent models. The aim is to directly determine, from
the spectra, the vertical temperature profiles and abundance composition. This ap-
proach has recently become rather prolific in the extra-solar planet atmosphere field
(e.g., see review by Madhusudhan (2019)).

Recognizing the shortcomings of the grid-fitting/modeling approach, and the po-
tential advantages of the atmospheric retrieval method, 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 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 radiative transfer forward model
with ~30 free parameters combined with a Markov chain Monte Carlo (Foreman-
Mackey et al., 2013), they were able to obtain bounded constraints on the molecular
mixing ratios for H,O, CHy, NHs and Na+ K, the vertical thermal profiles (temper-
ature vs. pressure), gravity, and photometric radii (given the parallactic distances).
The key findings were 1) the ammonia abundance could be constrained from low-

resolution near-infrared spectra alone, a surprise given the lack of obvious spectral



features (typical of 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 expectations. Taken together,
these findings lend support that the retrieval paradigm can be used as a compli-
mentary 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 (Bur-
gasser, 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 consistent with radiative-convective equilibrium expecta-
tions, 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-
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). Their 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 equilibrium chemistry, 3) the am-
monia 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) very
high gravities, pushing the limits of the evolution models, and 6) elemental abun-
dance ratios broadly inline with those from the local FGK star population. They also
compared the results of a self-consistent grid fit to the retrieval results finding that 1)
the retrievals fit better and the large number of free parameters were justified, and 2)
constraints on common parameters (Tss, logg, metallicity, and radius) were outside
of each-others 1-sigma uncertainties.

Additional works by Burningham et al. 2017 and Gonzolaz et al. 2020 focused on
determining the fundamental properties of L-dwarfs using similar retrieval methods.
L-dwarfs are more complicated due to the presence of 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 tempera-
ture structures could be degenerate with the presence of clouds, but that plausible
abundances of the hydrides/oxides could be retrieved, opening up the possibility of
abundance determinations at higher temperatures.

In this work, I extend the late-T analysis in Line et al. (2017) to a broader sample

of 50 T7-T9-dwarfs with were most recently found in a volume limited survey (Best



et al. (2020)). These objects were then followed up IRTF SpeX spectra (Zhang et
al. 2020a,b). This investigation represents the largest uniform retrieval analysis on a
nearly complete sample of late T-dwarfs, a factor of 5 over the analysis in Line et al.
(2017). Again, as in the past works of this series, I 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.

I follow closely the methodologies and analysis as in Line et al. (2017) and Zalesky
et al. (2019). In Section 2, I briefly discuss the source of the data and review the
retrieval methodology. Section 3 presents the retrieved constraints for the thermal
structures (3.1), composition (3.2), and evolutionary parameters (3.3). I discuss these

results in section 4, and finally summarize the findings in section 5.
1.2 Data

I focus on IRTF SpeX prism observations (0.95 - 2.5 pm, R~120) of the late-T
dwarf described in Zhang et al. 2020b (submitted) (see their Table 3). There are a
total of 55 objects with SpeX spectra with 39 available within the SpeX Prism Library
( Burgasser 2006a, Burgasser and the Splat Development Team 2017) and 16 from an
observational campaign (through IRTF programs 2017A115, 2017B087, 2018B128-
Zhang et al. 2020). Briefly, the sample is comprised of the late-T dwarfs from the
volume limited (<25 pc) survey in Best et al. 2018 with the SpeX objects out to
20 pc. 54 of the 55 have well measured parallax’s and all spectra are flux calibrated
using MKO H-band photometry (Table 1.1). Figure 1.1) provides the color (J vs.
J-K) context for the sample. The analysis, for uniformity purposes, also includes
the 11 objects from Line et al. (2017). Due to low signal-to-noise, the final analysis

excludes 5 objects, for a total of 50 in the analysis. As in the past works, I only keep



every other 3rd point as SpeX samples the line-spread shape with ~ 2.5 pixels. This

is performed to minimize the over-fitting of data.

Table 1.1: Basic properties of the 50 targets

Name of Spec. Type  Juko [mag] Huko [mag] Kuko [mag] Distance

Object [pc]
SDSsS T7 16.2510-03 16.7215-03 16.6315-03 13.327516 (2)

J162838.77+4230821.1

+0.13 +0.10
WISE J112438.12- T7 16.7217513 16.37 16.32 17397516 (1)
042149.7
+0.13 +0.14 +0.14 +1.48
WISE T8 17.631513 18.09701% 18.0610 1% 24.811719% (3)

J004945.614-215120.0PRZ0.5

N +0.02 +0.09 +0.07 ag+1.99
WISEPC T8 16.9010-02 17.2410-99 17.457007 18.387 799 (3)

J222623.054-044003.9

+0.02 +0.06 +0.06 +0.48
WISE J105257.95- T7.5 16.841502 16.9915-0¢ 17.0715:0¢ 14737898 (1)
194250.2
+0.02 +0.09 +0.04 +0.11
UGPS T8.5 16.9415-02 17321509 17287904 8.181011 (3)

J052127.274-364048.6

+0.02 +0.06 +0.06 +1.14
WISEPC T7 16.7715:02 17.1215:0¢ 17.1115:0¢ 19.19771% (1)

J221354.694-091139.4

+0.01 +0.04 +0.01 +0.17
WISE T8 15.44F007 16.13700% 15.85100; 7.62F0 17 (1)

J200050.194-362950.1

+0.01 +0.02 +0.05 +0.53
WISE T7 16.1375:01 16.561502 16.55150% 14.0178:3% (1)

J004024.88+090054.8

2MASS T7 15.6510") 16.04 707 1591101 10.57175-27 (2)
J00501994-

3322402

WISEPA T7 17.0015-02 17.2010-06 17.2010-06 25387133 (1)

J012333.21+4-414203.9

+0.04 +0.07 +0.98
WISE J024124.73- T7 16.597004 17.047097 N/A 19.0875:98 (3)
365328.0
+0.07 +0.08 +0.09 +0.49
WISE T7 16.297007 16.1975:08 16.3915-09 12747895 (3)

J032547.724-083118.2

WISE T7 16.4310-02 16.6415-06 16.4010-06 17.6175:52 (1)

J061437.734095135.0

+0.03 +0.03 +0.03 +0.07
2MASSI T7 15.1915:0% 15.67150% 16.69150% 8.8910-07 (2)
J0727182+171001
+0.01 2+0.03 +0.07 +1.58
WISE J125448.52- T8 17.310-01 17.63100% 17.397097 24.2111-%8 (1)
0728284
+0.02 +0.06 +0.07 +0.55
WISE T7 16.881002 17.1210-08 17.16190-07 17.5110-3% (1)

J125715.904-400854.2

+0.02 +0.06 +0.07 +2.61
WISEPC T7 16.827002 17.16170:08 17.2270-07 21411337 (1)

J145715.034-581510.2

+0.02 +0.06 +0.06 +1.22
PSO T7 17.175:92 17.43 1396 17.0615:0¢ 20211221

J224.3820+47.4057




+0.01 +0.05 +0.08 +0.71
SDSS T7 16.5179-01 16.9979-05 17.1279-08 21.6910-T1 (2)
J150411.63+102718.4
+0.03 +0.03 +0.03 +0.16
2MASSI T7 15.3470-03 15.7610-03 15.9410-03 13.3279-1% ((2))
J15530224153236
+0.02 +0.04 +0.06 +0.56
WISEPC 7 17.0575-02 17.4970-:94 17347506 15.9279-56 (1)
J215751.384265931.4
WISEPC T7 16.675:02 16.952-05¢ 17.3510-06 13.817572 (1)
J220922.10-
273439.5
WISEPC T7 16.0815-03 16.470:0% 16.5110-06 20.9211-30 (3)
J234026.62-
074507.2
+0.02 +0.06 +0.06 +0.83
WISEPC 7 16.63175-02 16.9915-06 16.8475-06 14.7970-8% (1)
J234841.10-
102844.4
+0.03 +0.04 +0.05 +0.01
HD3651B T7.5 16.1675-03 16.6879:94 16.8715-05 11.1475:9% (a)
WISEPC T7.5 17.179-05 17.379-11 17.5910-68 12.3979-4 (3)
J022322.39-
293258.1
.+0.02 +0.06 +0.06 +0.25
WISE T7.5 14.8615-02 15.2510-06 14.9810-06 7.0719:25 (1)
J052126.29+102528.4
+0.02 +0.04 +0.07 +0.93
WISE J103907.73- T7.5 16.9575-02 17.1970-:04 17.175:97 22.1210-9% (1)
160002.9
2MASS T7.5 15.5279.9° 15.8210-6% 16.5410-62 5.5810-04 (2)
J11145133-
2618235
+0.03 +0.03 +0.03 +0.26
2MASSI T7.5 15.56175-03 15.9810-03 15.9210-03 10.9119-26
J1217110-031113 (5),(3)
+0.02 +0.03 +0.08 +0.03
ULAS (sd)T7.5 17.2619-02 17581903 18.4319-08 9.310-03 (a)
J141623.944134836.3
. +0.05 +0.05 +0.05
Gliese 570D T7.5 14.8210-05 15.2810-05 15.5210-05 5.88 (4)
+0.02 +0.05 +0.08 +0.43
WISEPC T7.5 17.5615-02 17.9515-05 18.2615-08 11757543 (1)
J231939.13-
184404.3
+0.03 +0.03 +0.01 +0.34
ULAS T7.5 16.7275-03 17.1575-03 17.1675-01 11.9675-32 (3)
J232123.79+135454.9
0q+0.02 +0.06 +0.06 +0.66
WISEPA T7 16.3315-02 16.7215-06 16.515-06 15.0615-5¢
J185215.784-353716.3
+0.01 +0.02 +0.05 +0.07
PSO T8 15.9210-01 16.2015-02 16.7315-05 6.8470-97 (3)
J043.5395+02.3995
+0.03 +0.03 +0.03 +0.06
2MASSI TS 15.3219:03 15.770:03 15.8319-03 5.7119:08 (2)
J0415195-093506
+0.08 +0.1 +0.1 +0.52
2MASS T8pec 15.66179-08 16.05791 16.5791 7.9219:52 (8)
J07290002-

3954043




+0.09 +0.09 +0.09 +0.13
2MASS T8 15.6115:09 15.961509 16.8315-09 5.341013 (7)
J09393548-
2448279
+0.01 +0.01 +0.02 +0.36
ULAS T8 17.2810-0 17.6310-01 17.641002 14.610-3% (1)
J102940.52+093514.6
+0.02 +0.04 +0.06 +0.02
Ross 458C T8 16.691062 17.0119-64 16.970-9¢ 11.5110-9% (4)
+0.11 +0.14 +0.4 +0.7
WISEPA T8 16.7575 11 16.6570 1% 17.02 T34 12,9787 (3)
J132233.66-
234017.1
+0.02 +0.05 +0.07 +0.33
WISEPA T8 17.0715:02 17.5915-05 17.057097 13.21753% (3)
J165311.05+444423.9
+0.13 +0.14 +0.14 +1.48
WISEPA T8 17.63101% 18.0619019 18.0910-19 2481778 (3)
J171104.60+350036 .8PRZ0.5
+0.02 +0.06 +0.06 +0.37
WISE T8 16.9215-02 17.1115:0¢ 16.9215-0¢ 13.597537 (1)
J181329.40+283533.3
N +0.07 +0.05 s g310.09 +0.3
WISEPA T8 16.7110-07 17.1810-0% 16.9310-99 11.7219-3 (3)
J195905.66-
333833.7
+0.01 +0.03 +0.05 +0.84
WISEPC T8 17.3310-01 17.66109% 17.42+0-68 14.1410-3% (3)
J225540.74-
311841.8
+0.07 +0.11 +0.1 +0.3
WISEPA T8.5 17.131907 17.4575 17 17.74179% 9.1610% (3)
J045853.89+643452.9
+0.02 +0.04 +0.2 +0.06
WISEPA T9 16.18 1002 16.317994 17.02793 4671096 (3)

J174124.264-255319.5
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Figure 1.1: An MKO system based color-magnitude diagram of a population of field
brown dwarfs ((Best et al., 2018, 2020)), and a collection of brown dwarfs from this
study. This collective ensemble shows L and T dwarfs, in descending order from the
top of the diagram to the bottom.
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Chapter 2

METHODS

The retrieval framework follows closely that described in Line et al. (2017) and Za-
lesky et al. (2019), with a few minor modifications. I separate the alkali’s into both
Na and K (as opposed to Na+K), removed HyS, and updated the alkali metal wing
profiles (Allard et al. 2016)-all other opacity sources are identical to what’s in Line
et al. (2017) and Zalesky et al. (2019) ). Cross-section sampling is used at a constant
R=10000 (vs. 1 cm-1 resolution), a resolution sufficient for interpreting SpeX brown
dwarf observations (Line et al., 2015). The remaining parameters are given in Table
2.1 (for a total of 31 free parameters). In the table, note that 16 of the 31 param-
eters are accounted for by temperatures a different layers (slabs) of an atmosphere.
Parameter prior ranges are the same as those in Table 2 of Line et al. (2015) with
subsequent modifications in Line et al. (2017) and Zalesky et al. (2019). Fits were
assessed using the likelihood function given by equation 2 in parameter estimation
(utilizing the likelihood function in Line et al. (2015)) was performed with the emcee
package (Foreman-Mackey et al., 2013) with 224 walkers run out to 60,000 iterations.
[ ran a few test case’s out to between 120K and 1 million iterations and found no
significant differences from 60K. emcee, like all MCMC-based methods, requires an
initial guess to initiate the walkers. The initial guess is based on a “gaussian-ball”
about a lose "by hand” fit to the spectra of each object. The solutions are insensitive
to the intial guess.

Due to the larger number of objects, to reduce computational burden, I had to
re-write the core radiative transfer solver (relations in appendix A in Lacis & Oinas

1991) to make use of graphics processing units (GPUs). This was done using the

11



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 - 2.5 wavelength range). Given the limited memory of the GPUs (32
GB), I could only run up to 16 simultaneous CPU threads at a time. The overall
computational improvement between this work and in Line et al. (2017) is about a
factor of 10 (about 6 hours to hit 60,000 iterations). GPU and CPU routines produced

identical model spectra and thus had no impact on any science results.

Table 2.1: 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, CO,, NH3, K, and Na

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

(R/D)? Radius-to-distance scale factor [Rj,p/pc]

T; Temperature (in Kelvin) at a given pressure level
AN Wavelength calibration uncertainty [nm]

b errorbar inflation exponent

~ TP-profile smoothing hyperparameter (eq. 5, Line et al. (2015))

kp,, Py, & Cloud opacity profile parameters (cloud base opacity, cloud base

pressure, cloud fractional scale height)
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Chapter 3

RESULTS

As it is unwieldy, and largely un-informative, to show the full posteriors and
discuss each individual object (those are made available online at ZENODO link),
here we simply summarize the key results broken down by thermal structure, com-
position (molecular abundance trends/chemistry and elemental abundances), and
evolutionary-like parameters.

Figures 3.1 and 3.2 provide a snap shot 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 the sample are provided in the appendix (Figures
B.1 and C.1). Table A.1 summarizes the nominal constraints for the key properties
of individual objects. As in the past works, the effective temperatures are derived
by integrating over an ensemble of best fits for each object, extrapolated out to be-
tween 0.7 - 100 , and radius is derived from the retrieved (R/D)? scale factor and
the measured distances (from Table 1.1). The elemental abundances are derived from
the retrieved molecular abundances (more details below). When comparing the re-
trieved quantities to those predicted from “self-consistent” grids (given an effective
temperature and gravity and assuming solar abundance chemistry and cloud free), I
refer to those produced by the SCCHIMERA model described/developed in Piskorz
et al. 2018; Arcangeli et al. 2018; Gharib-Nezhad & Line 2019 and used for the same

purposes as in Zalesky et al. 2019.
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3.1 Thermal Structures

The vertical temperature structure of any atmosphere is a basic atmospheric quan-
tity /property that is required for understanding atmospheric energy balance and
chemistry. The temperature profile shape dictates the importance specific chemi-
cal mechanisms and determines where clouds ultimately form in an atmosphere. It
is generally presumed (Marley and Robinson, 2015), and indeed demonstrated (Line
et al., 2015, 2017; Zalesky et al., 2019), that radiative-convective equilibrium dictates
the equilibrium thermal structure, set by the effective temperature, gravity and opac-
ity structure (which dictates the optical depth-pressure relationship). Typically, for
brown dwarfs, this results in a monotonically decreasing temperature with pressure
and radiative-convective boundaries predicted to occur between a few bars to ~ 100
bars. Detached convection zones are also predicted to occur for effective tempera-
tures > 1500K, usually arising from the induced temperature gradients driven by
cloud formation (Burrows et al. 2006).

Figure 3.2 summarizes the general morphology of the thermal structures for 9 rep-
resentative objects, compared to those arising from several self-consistent radiative-
convective model assumptions. In general, the temperatures monotonically decreases

with decreasing pressure, as expected.
3.2 Atmospheric Composition
3.2.1 Molecular Abundances

Photospheres of T-dwarfs are rich with various molecules. As alluded to earlier,
much of my focus is placed on understanding the molecular abundance trends of the
ensemble of brown dwarfs for H,O, CHy4, NHj3, and K constrained species. I emphasize

these gases because they are the most traceable gases in the probed wavelength range
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Figure 3.1: Best-fit plot for a sub-sample (arbitrarily selected to represent objects
across the 950-500K range) of the 50 T dwarfs in this study. Black dots indicate
“every other third” data points, the blue trace shows the best-fit retrieval model,
and the residuals are shown in red. Also included in each panel are 1o and 20
confidence intervals (light green). The spectra are arranged according to their effective
temperature (K).

(Burrows and Sharp, 1999).

Figure 3.3 shows molecular abundances of WFC3 Y and T dwarfs (Zalesky et al.,
2019), as well as the T dwarfs from this study. As shown in the figure, there are no-
ticeable trends in the abundances of H,O, CHy, and NHjs. In general, the molecular
abundances for early Y dwarfs are observed to be higher relative to molecular abun-

dances of T dwarfs as expected. This is because cooler atmospheres are conducive

environments for easily replenish-able large-scale molecular abundance. Hence, T.g
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Figure 3.2: TP-profiles of representative T-dwarfs of my collection of 50 objects.
The thermal profiles indicated here are of the retrieved objects (in red), and of grid
models (in blue) that they closely compared to based on their similarities in a mix
of Tog, log(g), C/0O, and metallicity parameters. For each of the thermals profiles,
both 68% and 95% confidence intervals are shown. Equilibrium condensation curves
of Mg,SiOy4, Fe, MaSiOg3, NasS, and K are shown by the cyan, blue, black, yellow,

and magenta dashed lines, respectively.

The grid model of SDSS J162838.774230821.1 is defined by Teg =

900 K, log(g) = 5.0, [M/H] = 0.0, and C/O = 0.75, that of WISEPC J222623.05+044003.9 is defined by Tee = 850 K, log(g) = 5.0,

[M/H] = 0.0, and C/O = 0.80, that of WISEPC J215751.384265931.4 is defined by T = 800 K, log(g) = 5.0, [M/H] = 0.0, and

C/O = 0.85, that of WISEPC J022322.39-293258.1 is defined by Toe = 800 K, log(g), [M/H] = 0.0, and C/O = 0.5, that of ULAS

J232123.79+135454.9 is defined by Teer = 750 K, log(g) = 5.0, [M/H] = 0.0, C/O = 0.90, that of WISE J004945.614+215120.0PRZ0.5

is defined by T.g = 750 K, log(g) = 5.0, [M/H] = 0.0, and C/O =0.90, that of PSO J043.5395+02.3995 are defined by Tery = 700 K,

log(g) = 5.0, [M/H] = 0.0, and C/O =0.90, that of UGPS J052127.27+364048.6 is defined by T,g = 650 K, log(g) = 5.0, [M/H] = 0.5,

C/O = 0.85, and that of ULAS J141623.944134836.3 is defined by Tery = 600 K, log(g) = 5.0, [M/H]
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Figure 3.3: Molecular abundances (expressed as log of the VMRs) of HyO, CHy,
NH;, 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 I am 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 I assume equilibrium chemistry unless otherwise specified. I
observe that the overall trends of water, methane, and ammonia are consistent with
solar chemistry curve models.

is a key factor affecting the concentration of molecular species in a brown dwarf’s
atmosphere.

To generate the predicted molecular abundance trends in Figure 3.3, I employ a
sparse grid of 1D-radiative-convective-thermochemical (dis)equilibrium models over
a range of gravities, effective temperatures, abundances (C/O and [M/H]), and eddy
mixing (using the Zahnle and Marley (2014) prescription for the NH3-Ny and CO-CH,4
systems) using the ScCCHIMERA framework described in Piskorz et al. (2018); Ar-
cangeli 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) under
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the standard rainout paradigm. Gas mixing ratios from the converged model atmo-
spheres are then averaged over 30 - 1 bar for all models to compute an ”effective”
abundance, on an equal footing to what the retrievals constrain. Inspecting Figure
3.3, I find that grid model solar composition is fairly consistent with water, ammonia,
and methane abundance trends. Similar to the other three gases, the orientation of
the emergent straight line that appears for K seems to be fairly consistent with the

solar composition grid model, albeit that composition has a relatively higher VMR.
3.2.2  Metallicity and C/O Ratio

Unlike stars, brown dwarfs are generally known to have significant molecular abun-
dances compared to individual elemental abundances due to their relatively low tem-
peratures and internal pressures that are located at different layers of their atmo-
spheres. In the NIR wavelength regime used in this study, some of the element ratios
I determine are the C/O and [M/H] ratios. At such wavelengths, brown dwarfs con-
tain vital identifiable oxygen and carbon-bearing molecules, as well as other molecular
gas species. The C/O ratio is simply derived from C and O bearing gaseous species
that are computed in the retrievals. For T,g <1000 K, the most abundant source of
carbon is methane, followed by both carbon monoxide and carbon dioxide. Oxygen
is observed to be in high abundance in form of water vapour, and also in both carbon
monoxide and carbon dioxide. Equation 3.1 summarizes how the C/O ratios for each

of the objects were determined.

C %C  CHy+CO+CO0,
O~ 30" H,0+CO+200,

(3.1)

For the collection of brown dwarfs, the range of C/O ratios is found to be from
0.41 < C/O < 1.28 (see Table A.1 for reference). These ratios lie within reasonable

extremes of the solar C/O ratio (0.55). This diversity in C/O ratios can be indicative
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of the different evolution patterns the various brown dwarfs may be undergoing. It
also reveals fairly conspicuous hints about the nature of the environments in which
they could have formed, in terms of whether or not they were formed amid other
sub-stellar objects.

Taking a similar approach as in Zalesky et al. (2019), I determined the M/H ratio
by summing up all species used in the retrieval process to determine the metallicity M
and dividing by the molecular sum of hydrogen-bearing species used in the retrieval,

as described in Equation 3.2.

(M/H)waarf

MIH] =100 ) )

(3.2)

In Figure 3.5, I show how the metallicities of the retrieved objects compare with
metallicities of a population of FGK stars (Hinkel et al., 2014) as well as objects from
Zalesky et al. (2019). In the figure, C/O ratios are plotted as a function of [M/H]
ratio for the collection of retrieved brown dwarfs. Also plotted are the C/O ratios as
a function of [Fe/H] for FGK spectral types. This crude comparison between stars
and brown dwarfs reveals a noticeable metallicity discrepancy between the two groups
of objects. Generally, the C/O values for stellar sources are smaller than the values
for brown dwarfs at a given [Fe/H] or [M/H] value by ~1-20. This suggests that the
heavy element content in the stars is likely to be relatively higher compared to the
heavy element content found late-T and Y dwarfs. The two populations of stars and
brown dwarfs are relatively consistent with one another, which makes sense because
they form under similar environments.

Figure 3.4 on the other hand shows a relationship between the N/C and C/O
ratios. In the calculation of N/C, the only nitrogen-bearing gas that was considered
was NHj, while carbon-bearing gases were taken to be CHy, CO, and COs, given the

spectral wavelength range. In the figure I observe a characteristic clustering of the
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different late T-dwarfs within C/O and N/C ranges that are also observed in FGK

stellar populations.
3.3 Other Derived Basic Physical Properties

Among the key diagnostic tools for understanding the evolution of brown dwarfs
are effective temperature and surface gravity. Depending on the effective temperature
of a brown dwarf, coupled with its size in terms radius and mass, its gravity can span

the range of 3.5 < log g < 5.5 (Saumon and Marley, 2008). In principle, for a large
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Figure 3.4: The N/O vs. C/O plot of the collection of 50 late T-dwarfs.
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Figure 3.5: C/O vs. bulk metallicity of my Y and T dwarfs ensemble. The brown
dwarfs are color-coded according to their effective temperatures. For comparison
with field stars, I 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. I observe that my collection of brown dwarfs tends to have
higher C/O ratios compared to those of the stars. Higher metalicities are observed
typically for some Y dwarfs, as well as some early T dwarfs.
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Figure 3.6: log g vs. T.g for my collection of early Y dwarfs and late T dwarfs.
Here I notice that I 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).

enough collection of brown dwarfs, a plot of log(g) vs. Teg should show a discernible
overall distribution. Although relatively small, the distribution of objects in Figure
3.6 suggests there are a few brown dwarfs with T.¢ >700 K and log(g) values of less

than 4 cm s~ 2.

Brown dwarfs in this region are primarily thought to be younger
relative to the ages of most T and Y dwarfs. The oddly low surface gravities are

discussed further in 4.2.
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3.4 Poor Retrievals

The initial collection of late T-dwarfs comprised of 56 objects. Out of this set, I
produced satisfactory retrievals (in terms of constrained parameters) for the earlier
highlighted 50 objects. However, the retrieval tool could not yield proper constraints
for K and NH3 for WISE J050003, WISE J062309, WISE J1809, and WISE J171104.
For UGPS J072227, the retrieval could not get a good constrain on K only. Based on
previous studies (Zalesky et al. (2019), Burrows et al. (2001)), the poor constraints
on ammonia could stem from such processes such as vertical disequilibrium mixing
that could be at plays within parts of the observed photospheres. Another reason
could be that the retrieval framework is encountering a non-physical computations

while exploring parameter space.
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Chapter 4

DISCUSSION

4.1 Molecular Abundances and Condensation Curves

The altitude at which the condensation of molecules within the upper atmospheres
of brown dwarfs occurs is largely contingent on the brown dwarf’s T,g. In general,
as illustrated in Figure 4.1, high T.g objects tend to form condensates at higher
altitudes than low T.g do. Within a brown dwarf’s atmosphere, elements such as
C, O, and N can be sequestered depending on the condensation locations of the
different condensates (Burrows et al., 2001; Lodders, 2003). This could potentially be
a attributing factor to the low metalicities of the the seven aforementioned T-dwarfs
that are observed from their spectra.

The molecular abundances for water, ammonia, and methane present a recog-
nizable trend that is consistent with some solar-based metallicity grid models. This
discernible trend has been made possible by the use of a larger sample of brown
dwarfs than has been used in previous studies. Due to their low effective tempera-
tures, T dwarfs favor the formation of compound species that are in molecular form.
The trend of water, ammonia, and methane abundances indicate that the hotter an
object is, the lower its abundances of the aforementioned species. The converse is
also evident from Figure 3.3. For K, however, the figure suggests that K abundances

increase with increasing T.gin a fairly linear pattern.
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Figure 4.1: Summary of TP-profile medians (solid colored curves) of the 50 T
dwarfs under study. The solid colored lines are arranged with respect to specific
effective temperatures of the objects. The five dashed lines are representative of
the condensation curves of MgySiO4 (cyan), MgSiO3 (black), Fe (blue), KCI (pink),
and NayS (yellow). On average, the TP-profile medians are arranged from coldest
(lower left) to hottest (upper right), in agreement with TP-profile observations from
radiative-convective equilibrium.

4.2 Metallicities and Surface Gravities of the Brown Dwarfs

The trend found in Figure 3.5 is consistent with that of similar results obtained
in Parts II (Line et al. (2017)) and III (Zalesky et al. (2019)) of this series. The
C/O ratios of the objects span 0.4-1.3 dex and the [M/H] ratios range from -0.7 to
0.65. This is typical of brown dwarfs (Madhusudhan et al., 2016). Given that the
overall chemical content of brown dwarfs undergoes insignificant alterations during

their lifetime, the aforementioned ratios of the T dwarfs that I observe are arguably
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representative of the chemical nature of the molecular clouds from which they formed.
Hence, by analyzing the ranges of the ratios, one can make inferences about the
characteristic nature of the environments in which they form and evolve, and how
diverse it is.

In Figure 3.6, seven T dwarfs appear to have lower surface gravity values compared
to the rest of the objects. Among the seven objects is WISE J0325, which has the
lowest log(g). Besides having a low log g, WISE J0325 is defined by comparatively
low abundances of ammonia, methane, and water.

The other six objects with relatively low gravities are WISE J1254, PSO-J224,
ROSS-458C, WISE-J1257, WISE-J1322, and WISE-J1959. Similar to WISE J0325,
all the aforementioned T dwarfs, with the exception of ROSS-458C, register relatively
low in both water and methane abundances. Furthermore, all seven of these T dwarfs
have very low ammonia abundances. This observation of brown dwarfs exhibiting
low gravities and molecular abundances is atypical because it is inconsistent with
expectations that young brown dwarfs tend to showcase both low gravities and high
metallicities (e.g., Helling and Casewell 2014). The younger a brown dwarf is, the
more likely that it is characterized by high metallicity because the element abundances
of interstellar molecular clouds from which brown dwarfs form increase overtime (Yuan
et al. (2011)). Therefore, the generally older cooler brown dwarfs are characterised by
lower element abundance content Helling and Casewell (2014). Moreover, the element
abundance content of a brown dwarf is also influence by the chemical repository
history of the environment in which it forms. Some brown dwarf formation regions
can have insufficient elements while other can be replete with the elements (Cheng
et al. (2012), Henry and Worthey (1999)).

The observed low metallicity of the young objects could stem from a myriad of

causes such as the depth of the atmosphere to which I probe the brown dwarfs as well
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as cloud-thickness presence (Gagné et al., 2014). The unusually low metallicities can
perhaps be explained by the depletion of oxygen by silicate condensation processes in
the objects that are younger than 0.1 Gyr. Oxygen accounts for a significant portion
of metals within the atmospheres of the brown dwarfs. One striking feature of ROSS-
458C is that it has a high [M/H] ratio, relative to that of the other six low gravity T

dwarfs. This anomaly stems from a gravity-metallicity discrepancy effect.
4.3 Metallicity - Surface Gravity Relationship

To a large extent, the surface gravity of a brown dwarf goes hand in hand with its
metallicity as referenced earlier. Both properties, together with mass, play a crucial
collective role in defining the physical makeup of a brown dwarf. Low gravity, for
instance, can be associated with low mass characteristics.

To test the credibility of the surface gravity values of the retrievals, I conducted
a sanity check on the lowest gravity object (WISE 0325) and on the highest gravity
objects (2MASS 0729) by varying their permitted priori gravity ranges. For WISE
0325, a retrieval with a full log (g) prior range of 0 < log (g) < 6 was compared to
a retrieval done with a constrained log (g) prior range of 4.3 < log (g) < 6. The
constrained log g prior for 2MASS 0729 was set to 0 < log (g) < 4.3 while the
full range was maintained at 0 < log (g) < 6. In the limited cases, the gravity
ranges were deliberately restricted to lower and higher gravity ranges to see how the
retrieval system would behave. Figure 4.2 indicates that the retrievals favor higher
gravities in the case of 2MASS 0729 and lower gravities in the case of WISE 0325.
Alterations in gravity prior ranges also impact the convergence points of other species
like water, ammonia, and methane, as is evident in Figure 4.2. This reinforces the
evidence that gravity strongly correlates with these species. Hence parts of the spectra

where gravity would be most evident would be regions where the absorption of these
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gases are most prominent. Potassium on the other hand 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. Changes in gravity priors also alters the thermal shapes of brown
dwarfs, as is shown in Figure 4.3.

The T dwarfs vary in age depending on a combination of their effective temper-
ature and gravities as illustrated in Figure 3.6. The vast majority of the objects
(approximately 84%) are estimated to be between 100 Myr and 10 Gyr. One object
is calculated to have an age that approaches that of the universe (i.e. above 10 Gyr),
while the rest are young T dwarfs below 100 Myr. Relative to field stars, these young
brown dwarfs have low surface gravities that are consistent with low masses and large
radii. Overall, the calculated surface gravities of the brown dwarfs are well within

my expectations. Over its lifetime, a brown dwarf is expected to cool down and con-
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Figure 4.3: TP-profile comparisons of limited and full logg ranges retrievals for
2MASS-J07290002 and WISE-J032547. Restrictions in gravity ranges influence the
shape of thermal profiles.

tract (Martin et al., 2017). This inevitably leads to an increase in its surface gravity

(Burrows and Sharp, 1999).
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Chapter 5

SUMMARY AND CONCLUSIONS

This study of T dwarfs, combined with the results of Zalesky et al. (2019), provides
insight into the dynamics that dictate the nature of brown dwarfs atmospheres at
relatively low effective temperatures, in chemical content and overall evolution. Using
my atmospheric retrieval tools, I have performed retrievals on a larger set of T-dwarfs
using the same instrument routine than has previously been done (Line et al., 2017,
Zalesky et al., 2019). This collection of brown dwarfs has allowed me to diagnose
and explore fundamental composition trends and features that defines atmospheres
of T-dwarfs and how they relate to properties of comparable stars and planets.

Among the conclusions that can be drawn from this analysis are:

1. In general, TP-profile structures of the T-dwarfs are consistent with TP-profiles
created using the grid model approach. Probed photospheres reveal a cascading
effect in the manner in which molecular compounds form with respect to alti-
tude in terms of temperature since occurrences of condensation are more closely
linked to temperature than they are to pressure (Burrows et al., 2001). Sim-
pler compounds such as H,O form a higher altitudes than complex compounds
like Fe do. The most evident condensates in the T-dwarfs are Nay,S and KCI.
Condensates such as MgySiO4 and MgSiO3 that form at deeper parts of the
atmospheres highly depends on oxygen that is mostly sequestered from regions
of photosphere that register higher concentrations of water. As is evident from
figure 4.1, on average the shape of a T-dwarf is largely influenced by its effective
temperatures. Other potential key drivers of the positioning of one TP-profile

relative to another can be its mass, surface gravity level, as well as opacity
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levels. Hence, as can be expected, TP-profiles vary among T-dwarfs based on

a given T-dwarf’s dominant spectral feature.

. The analysis of a collection of brown dwarfs reveals some diagnostic composition
trends for molecules species of water, ammonia, methane, and K. In general,
the molecular abundances of each of these species from the Y-dwarfs (from Za-
lesky et al. 2019) and T-dwarfs form observable trends that are in line with
modeled solar grid models. This makes solar elemental and molecular abun-
dances suitable yardsticks for both categories of brown dwarfs. For my large
set of Y and T-dwarfs (ranging from ~ 350 K to ~ 950 K), my results indi-
cate that the range of HoO spans from approximately -4.0 < log(VMR) < -2.5.
Methane molecular abundances span from approximately -4.2 < log(VMR) < -
2.5. The molecular abundances for ammonia and potassium species ranges from
~ —6.0< log(VMR) < -4.0 and from ~ —7.5< log(VMR) < -6.3, respectively.
The trends for water, ammonia, and methane molecular abundances in figure
3.3 reveal that the more abundant these species are, the cooler the effective
temperature of a brown dwarf is. Conversely, the trend observed for potassium
hints that high abundance of K correlates with high effective temperature in

the browns.

. It was observed that the C/O ratios that define the T dwarfs in this study are
largely super-solar. Some of the T dwarfs have been established to be carbon-
rich. These observed high C/O ratio are also evident in some giant extra-solar
planets such as WASP-12 (Madhusudhan et al., 2011), which is an irradiated
hot Jupiter. The overall noticeable trend is that the cooler a brown dwarf
is, the more prone it is to exhibiting higher metallicities (see figure 3.5), also

depending on gravity to a significant extent (Lodders and Fegley, 2002; Saumon
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et al., 2000). Additionally, there is an observed consistency of FGK stars with

the T and Y dwarfs, in terms of C/O ratio as function of metallicity.

. As shown in figure 3.6, gravities of brown dwarf vary with effective temperature.
On average, most Y-dwarfs appear to be relatively older than the majority of
the T-dwarfs. In fact, some of the Y-dwarfs register ages of ~ the age of the
universe that seem fairly physically unrealistic. Generally, the objects are within
plausible gravity-age evolution tracks. The reason behind such odd ages is yet to
be explored. Out of the collection of objects shown in the aforementioned figure,
seven T-dwarfs strikingly indicate low gravities. This could perhaps point out
to the notion that the molecular clouds from which they formed were relatively
small than that of most typical T-dwarfs. Differences in brown dwarf gravities
can majorly be attributed to the nature of Y and J band-passes of spectra where
it appears that surface gravity correlates with KI. Needless to say, the K and

H bands of the infrared spectra also showcase changes to gravity, albeit small.
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APPENDIX B

BEST-FIT SPECTRA OF ALL 50 T-DWARFS
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APPENDIX C

THERMAL PROFILES OF ALL 50 OBJECTS
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