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Figure 1.1 The reduced spectrum of a brown dwarf, SDSS 07584037+324724 from ground-
based observations conducted at the Apache Point Observatory using the ARC 3.5 meter
telescope with the TRIPLESPEC instrument. The gaps in the spectra are the result of
removing regions that are significantly affected by telluric lines.

Figure 1.2 The trace and extraction window for one of the observations of 2MASSI
J0415195-093506 using the AKARI Space Telescope. This is an example of a spectro-
scopic observation with a good trace because the trace captures all of the flux of the brown
dwarf and there are minimal background pixels included in the extraction.
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1.4 Disequilibrium Chemistry

In the early days of brown dwarf science, studies found that there are processes that occur faster
than the timescale of key chemical reactions, which causes the composition of molecules in the
atmosphere to be driven away from chemical equilibrium (Noll et al. 1997; Saumon et al. 2000).
We call this disequilibrium chemistry, and it is caused by vertical mixing. Vertical mixing is the
process in which molecules from lower (warmer) layers of the atmosphere are dredged up to higher
(cooler) layers of the atmosphere. The pressure and temperature of a brown dwarf both increase
with depth. Laboratory data shows that different molecules should be stable at different pressures
and temperatures, so we would expect to see a variation in the dominant molecular species with
atmospheric depth (Visscher & Moses 2011). For example, CHy4 1s not expected to be present in
the upper atmosphere of a hot L-dwarf because CH4 bonds are too quickly broken in such a hot,
energetic environment. CO, on the other hand, can more easily survive the hotter temperature of an
L-dwarf upper atmosphere. In T-dwarfs with lower temperatures at higher levels of the atmosphere,
molecules with weaker bonds can survive, such as those between carbon and hydrogen to make CHy.
When a T-dwarf is exhibiting vertical mixing, we see evidence of CO molecules being brought up
from lower (warmer) layers of the atmosphere to higher (cooler) layers of the atmosphere (Lodders
& Fegley 2002; Visscher & Moses 2011). We can see disequilibrium chemistry in T-dwarfs for the
following pair of molecules: CO with CHy, and ammonia (NH3) with molecular nitrogen (N).
Equation 1.1 showcases how CO is converted into CH4 in a brown dwarf’s atmosphere, where
CO and molecular hydrogen (H,) create CH4 and H,O. At low temperatures (~800 K), we expect
to see the abundance of CHy4 to dominate CO. When there is vertical mixing, CO is dredged up
from lower (warmer) layers of the brown dwarf’s atmosphere and does not break down quickly in
the upper atmosphere as the C-O bonds take a long time to break down at lower temperatures. The
CHy4 that is brought down to lower layers of the atmosphere is broken apart as the hydrogen bonds

cannot survive the higher temperatures. This process is similar to what is seen with NH3 and N»,
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where vertical mixing causes Ny to be dredged up from lower layers of the atmosphere and NH3 is
brought down to lower layers of the atmosphere. As such, we do not see as much NH3 as we would

expect. Equation 1.2 showcases the role that N5 plays in the creation of NHj.

CO+3H,; = CH4 +H;0 (1.1

N> +3H; = 2NH3 (1.2)

Vertical mixing drives species out of equilibrium, so any theoretical model that assumes chemical
equilibrium will not be able to recreate the spectra we observe for these objects. The result of
vertical mixing creates a spectral energy distribution that is difficult to study without creating a
model that can account for disequilibrium chemistry. By using hybrid forward modeling (see
Chapter 3), we can more accurately model the spectra of brown dwarfs to better understand the

chemical processes that drive vertical mixing.

1.5 Project Overview

The goal of this project is to use state-of-the-art modeling methods to characterize the atmospheric
features of two T-dwarfs from 1-15 um. To do this, we employ PICASO (see Section 3.5) to
explore in greater detail the extent of vertical mixing in these two T-dwarfs, so that we may further
understand how certain model parameters, such as the ratio of carbon to oxygen and metallicity,
affect the observed disequilibrium features. This project is uncommon as data from 2.5-15 um range
are rarely available. The work that is done here can not only be applied to brown dwarfs, but can

also be used to characterize exoplanet atmospheres.
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Figure 1.3 This figure is taken from Kirkpatrick (2005). The left panel showcases optical
spectra of M-types transitioning to L-types with varying strength of the spectral features.
The right panel showcases the optical spectra of brown dwarfs transitioning from L to
T-types with varying strength of the spectral features. From the right panel, we can see that
optical observations of later T-types are much nosier because these objects are intrinsically
less luminous compared to M and L-types. Because T-types are so faint, they are best
classified using near-infrared spectra.
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Figure 1.4 This figure is taken from Kirkpatrick (2005). The left panel showcases spectra
of late M-type to L-types in the near-infrared and the growing depth of H,O and CO bands.
The right panel showcases the spectra of mid-L types transitioning to T-types and the
appearance of CHy4. As brown dwarfs evolve, CHy begins to dominate over CO as the
L-types transition to T-types. These spectra come from the Brown Dwarf Spectroscopic
Survey archive by McLean et al. (2003).

10



Chapter 2

Data

In this chapter, we will briefly discuss the attributes of the two T-dwarfs in this study. Following the
discussion on their fundamental properties, we will discuss the data that were used from telescopes
to observe the spectra of these brown dwarfs. Additionally, this chapter discusses the history of the
space telescopes from which spectroscopic data were used to analyze the disequilibrium chemistry
of these two T-dwarfs. For this project, we used ground-based observations along with observations
from two space telescopes, Spitzer and AKARI. In addition, we present the spectra for each brown

dwarf of this study.

2.1 The Sample

As discussed in Section 1.5, the purpose of this study is to explore the disequilibrium chemistry of
two T-dwarfs from 1-15 um. This can be done by combining ground based, AKARI, and Spitzer
observations. Many brown dwarfs have been observed from the ground, but fewer have been
observed by spaced-based telescopes. As such, this study is limited to two T-dwarfs that have
complete spectra from 1-15 um. The result of these limitations and the science questions that we are

looking to explore gives us our sample: 2MASSI J0415195-093506 (hereafter called 2MASS 0415)
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and 2MASS J05591914-140448 (hereafter called 2MASS 0559). 2MASS 0415 is a T8 brown dwarf
while 2MASS 0559 is a T4.5 brown dwarf that is suspected to be a possible brown dwarf binary
system (Cushing et al. 2008). 2MASS 0415 is located 5.7 pc (parsecs) from the Solar System, and
2MASS 0559 is 10.5 pc from the Solar System (Dupuy & Liu 2012).

2.2 Ground Based Observations

Brown dwarfs can be observed in the infrared using ground-based telescopes. Although ground-
based telescopes have the potential to observe brown dwarfs from 1-5 um, ground-based data from
2.5-5 ym is difficult to get due to Earth’s atmospheric water lines (shown in Figure 2.1). As such,
we are using ground-based data from 1-2.5 pm and using 2.5-5 um AKARI observations, which is
discussed later in this chapter.

The brown dwarfs in the sample of this project were both observed in the near-infrared (1-2.5
um) using two different telescopes in the early 2000s. 2MASS 0415 was observed spectroscopically
using the United Kingdom Infrared Telescope (UKIRT) on Mauna Kea (Knapp et al. 2004) and was
the coolest brown dwarf to date at that time (see bottom panel of Figure 2.2). It was noted to have
very deep near-infrared H,O and CH4 lines. 2MASS 0559 was observed spectroscopically using the
NASA Infrared Telescope Facility (IRTF) SPeX instrument on Mauna Kea (Cushing et al. 2005).
The CHy feature at 1.6 um in the near-infrared spectrum of 2MASS 0559 (and 2MASS 0415) can

be seen in the top panel of Figure 2.2.

2.3 The Spitzer Space Telescope

Spitzer was a space telescope launched in 2003 with the capability to observe celestial objects in
the mid and far-infrared from 3-160 um (Werner et al. 2004). Spectroscopically, Spitzer had the

capability to observe from 5-40 pm. During the cold mission between 2003-2009, Spitzer observed
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brown dwarfs to help astronomers characterize mid-infrared spectra and bolometric luminosities.
While ground-based near-infrared observations are limited in the near-infrared, due to the Earth’s
atmospheric absorption, Spitzer sets itself apart from ground-based observation in being able to
observe the complex chemistry and cloud physics that occur in brown dwarf atmospheres without
having to deal with Earth’s atmospheric absorption.

In the earliest studies of brown dwarfs using Spitzer, Cushing et al. (2006) used the Infrared
Spectrograph (IRS) to study features of M-, L-, and T- dwarfs (Y-dwarfs had not yet been discovered).
They presented the first detection of NH3 in the 10 um band and the first detection of CHy4 in the
7.8 um band. These observations would mark the early beginnings of studying the disequilibrium
chemistry in mid-L-type dwarfs. In Figure 2.3, Cushing et al. (2006) presented 5-15 pum spectra of
L-types transitioning to T-types and showcased the NH3 disequilibrium feature around the 10 um
band.

Figure 2.4 showcases the 5-15 um spectra of 2MASS 0415 (bottom panel) and 2MASS 0559
(top panel), respectively, that were observed using Spitzer. Both spectra for 2MASS 0415 and
2MASS 0559 contain the NH3 absorption feature in the 10.3 um band and the CH4 absorption in
the 7.8 um band.

2.4 The AKARI Space Telescope

In 2006 a Japanese space telescope, AKARI, was launched with the primary objective to carry out
an all-sky survey in the infrared (Murakami et al. 2007). The combination of all its instruments
allowed AKARI to image and conduct observations from 2-180 pum. In this thesis, we use 2.5-5 um
observations from the Infrared Camera (IRC) (Onaka et al. 2007). AKARI’s mission was retired in
2009 upon the completion of Phase 3, in which the cryocooler was allowed to continue only for

near-infrared observations with the near-infrared camera (Sorahana & Yamamura 2012).

13



Transmission (%)

Transmission (%)

120 . 1 ' 1 ’ I
100 -
80:‘
60 F
a0
20}

1.0

120[ v | ' T ' | ' | ' T '
100
801 I |
60 |- [
a0 g |

20 ‘ ; 1 : :
ol . A 21 : L, I s S

ro. BN T T T

2.5 3.0 3.5 4.0 4.5 5.0
Wavelength (um)

Figure 2.1 This figure is adapted from Tokunaga et al. (2002). The atmospheric transmis-
sion from the Earth at Mauna Kea is plotted as solid lines. The dotted lines are the spectral
ranges for the filter profiles used at Mauna Kea Observatories. When the transmission
drops to 0%, an object’s flux cannot penetrate Earth’s atmosphere. When the transmission
is 100%, then an object’s flux can pass through Earth’s atmosphere. In the bottom panel,
the 3-5 um regime is dominated by transmission and emission from Earth’s atmosphere, i.e.
telluric lines. As such, important information is lost because of the absorption of Earth’s
atmosphere. Due to the strong presence of telluric lines from ground-based observations,
there is a need for mid-infrared observations to be conducted using space-based telescopes
in the 3-5 pm range.
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Figure 2.2 The 1-2.5 pm spectra of 2MASS 0559 (top) and 2MASS 0415 (bottom) from
IRTF and UKIRT, respectively, plotted in black. This CH4 absorption feature around 1.6
um is so strong in the spectrum of 2MASS 0415 that it wipes out almost all of the photons
from the brown dwarf at that wavelength.
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Figure 2.3 This figure was taken from Cushing et al. (2006). Spectra of L-type brown
dwarfs with varying spectral types (left) and of T-types with varying spectral types (right)
plotted in the mid-infrared. In these plots we can see the presence of CH4 and NHj3
absorption at 7.8 um and 10.3 um, respectively.
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Figure 2.4 The 5-15 pm spectra of 2MASS 0559 (top) and 2MASS 0415 (bottom) plotted,
along with the inverted absorption spectra of key molecules for this study: CHy (green),
NH3; (purple), and CO; (yellow). One of the two absorption features that are of interest to
us, as it relates to disequilibrium chemistry, is the NH3 absorption feature seen in the 10
um band. In particular, we can see how the NH3 absorption feature is much deeper for the
cooler 2MASS 0415, compared to the warmer 2MASS 0559.
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One of AKARTI’s key contributions was its spectroscopic observations of brown dwarfs from
2.5-5 um. This is significant in that previously there was no spectroscopic space-based observations
of brown dwarfs within this wavelength range and there would be no further observations in this
band until the launch of JWST. AKARI observations highlighted the strengths of the molecular
bands of CH4 and CO; for L1 to T8-dwarfs within the 2.5-5 um range (Sorahana & Yamamura
2012). Additionally, AKARI observations showed the first evidence of CO; in the spectra of late-L
and T-dwarfs. Studying this spectral range in brown dwarfs allows for investigation of vertical
mixing and carbon to oxygen ratio in brown dwarf atmospheres (Yamamura et al. 2010).

AKARI observed twenty-six brown dwarfs. Some of the brown dwarfs observed using AKARI
had good signal to noise. In some of the archived AKARI data, we found that the trace on a number
of observations was poor because of computer operation leading the trace to be misaligned. This
led to poor-quality (or incorrect) spectra for some of these objects. When the trace is off (see Figure
2.5), the target’s light is missed and additional background noise adds noise to the data, which cause
artifacts, as seen in Figure 2.6.

Due to our interest in studying disequilibrium chemistry in brown dwarfs, the sample for this
project is limited to T-dwarfs that have ground-based, Spitzer, and AKARI spectra, along with
having a good trace and signal-to-noise. The 2.5-5 pum AKARI spectra of 2MASS 0415 and 2MASS

0559 can be seen in Figure 2.7.
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Figure 2.5 The trace for an observation and extraction window of SIMP J013656.5+093347
using the AKARI Space Telescope. This is an example of a spectroscopic observation with
a misaligned trace calculated by the AKARI pipeline software, leading to missing target
light and additional background noise in the final spectrum. Note, the object is so bright
that the pixels are blacked out. The resulting spectrum for this observation can be seen in
Figure 2.6.
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Figure 2.6 The AKARI spectrum of SIMP J013656.5+093347. The bars on the plot are
indicative of upper and lower limits of the flux density measured using AKARI. Here we
see the result of misalignment of the trace, which causes there to be poor signal-to-noise in
the spectrum. The trace for this spectrum can be seen in Figure 2.5.
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Figure 2.7 The 2.5-5 um AKARI spectra of 2MASS 0559 (top) and 2MASS 0415 (bottom)
plotted, along with the inverted absorption spectra of key molecules for this study: CHy
(green), CO (blue), and CO; (yellow). The CO absorption feature in the 4.6 um band and
CO, absorption feature in the 4.2 pm band may help constrain the carbon to oxygen ratio.
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Chapter 3

Theoretical Modeling

There are two approaches to modeling the atmospheres of brown dwarfs: forward modeling and
retrieval modeling. This project employs forward modeling. In this chapter I discuss the model
families, which include Sonora and Phoenix, their parameters, and how these modeling families
compare to each other. Within those discussions, I explain the reason why certain model families
were used for initial analysis. Later in the chapter, I introduce PICASO — a Python-based interactive

hybrid of forward modeling that will serve as the primary use of forward modeling for this thesis.

3.1 Forward Modeling

One of the techniques used to calculate possible atmospheric properties of brown dwarfs is forward
modeling. Using a self-consistent radiative transfer code, we generate models of atmospheres based
on a simulation of a brown dwarf atmosphere structured in layers, with assumptions on the pressure,
temperature, and molecular opacities at each layer (Marley & Robinson 2015). For each model that
is calculated, we assume a metallicity, gravity, and carbon to oxygen ratio (C/O), which sets the
chemistry of the atmosphere. For each atmospheric layer, we calculate the molecular abundance

of molecules assuming chemical equilibrium. The model is constructed by atmospheric layer,
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where each layer is increasing in temperature and pressure with depth. For a given temperature
and pressure, the code calculates which molecules should be present and an opacity coefficient
which determines what percentage of photons will be absorbed at each wavelength. Given these
assumptions, the radiative transfer code calculates how photons are absorbed, scattered, and emitted
as they travel through the atmosphere to produce a final model spectrum.

Complexity can be added to a forward model by accounting for vertical mixing in the form of
the eddy diffusion parameter. This parameter represents the speed and depth at which molecules are
being dredged up from deeper layers of the atmosphere. Quenching occurs in upper layers of the
atmosphere when the timescale of vertical mixing (Tyiyx) is equal to or greater than the timescale of
chemical reactions (T¢hem). This results in molecules that you would not expect being present in the
upper atmosphere and the molecule that should be there being suppressed (i.e. quenched). When
Tehem 18 1less than T,ix, then molecules in the upper atmosphere are in chemical equilibrium. When
Tchem 18 greater than Tix, then the molecules are in chemical disequilibrium (Marley & Robinson
2015). For example, in the case of CO (see Equation 3.1), the effect of vertical mixing dredges up
CO and causes there to be an overabundance of this molecule at higher layers of the atmosphere. We
do not see an overabundance of CH4 because the CHy4 1s dragged to deeper (warmer) layers of the
atmosphere and destroyed. The molecules driven out of equilibrium include CH4 and CO, along with
N, and NHj3 (see Equation 3.2). This type of forward model is in chemical disequilibrium. Figure
3.1 compares how forward models that are in chemical equilibrium and chemical disequilibrium

differ by showcasing the depth of CO absorption for both aforementioned cases.

CO+3H; = CH4 +H;0 3.D

N +3H, = 2NH; (3.2)
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Figure 3.1 This plot was taken from Mukherjee et al. (2022). The model theoretical spectra
of brown dwarf atmospheres change noticeably when applying either equilibrium (dashed
line) or disequilibrium chemistry (solid line). Note the change in absorption strength for
CO and CHy4 in the 3-5 um region, which corresponds to the relative strength abundance
of each molecule. With PICASO, the user can apply disequilibrium chemistry and freely
vary other parameters, such as the presence of molecules in certain wavelength bands, to
produce models that better-fit the observed spectra.
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The advantage of forward modeling is that we can quickly compare grids of models to an
observed spectrum using a chi-squared fitting algorithm. The disadvantage of forward modeling is
that we are limited to the resolution of the parameters within the model grid. It is also not easy to
interpolate between parameters and we are limited to the cloud models and molecules that were
included in the forward models. For example, the Sonora and PHOENIX models have fixed ranges

for parameters such as temperature, gravity and metallicity, and we cannot vary those values.

3.2 The Forward Models

To find the most probable values of temperature and gravity, we compared model spectra to observed
brown dwarf spectra to estimate the most likely values for temperature and gravity. To do this, we
take each theoretical model and compare each model one by one using a chi-squared algorithm
(Cushing et al. 2008) to the observed spectrum. All models used for this project were regridded
such that the spectral resolution of the models matched that of our data. The model spectrum is
scaled to the observed spectra such that the deviation between the model and the data is minimized.
This process is repeated for every single model. The model with the smallest deviation from the
observed spectrum is the best-fit model.

The forward models used to make the best-fit have been pulled from various libraries: Sonora
Bobcat (Marley et al. 2021), Sonora Cholla (Karalidi et al. 2021), Sonora Diamondback (Morley
et al. 2024), Sonora EIf-Owl (Mukherjee et al. 2024), and Phoenix (Brock et al. 2021). The Sonora
family and its code was built to model atmospheres for brown dwarfs and gas giant planets (Marley
et al. 2021); (Karalidi et al. 2021); (Morley et al. 2024). The PHOENIX family (Brock et al. 2021)
started as a grid of models used to study the atmospheres of stars along with novae and supernovae
explosions, but now include brown dwarf atmospheres. In short, each group of models take a

different approach to model the atmospheres of brown dwarfs. Additionally, each group of models
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has different ranges for temperature and do not cover the same parameter space. Table 3.1 gives a
summary of ranges for effective temperature, clouds, [M/H], vertical mixing, and gravity for each

group of models.

Table 3.1 This table showcases how the Sonora grid of model libraries compares to each
other and to the PHOENIX grid of models.

Parameters of Forward Models
Effective Log(g) Clouds Vertical Metallicity
Temperature | (cgs) Mixing [M/H]
(Kelvin) (Kz2)
Sonora Bobcat 200-2400 2.5-5.5 None None -0.5to 1.5
Sonora Cholla 500-1300 3.0-5.5 None 2,4,and7 | -0.5t00.5
Sonora 900-2400 3.5-5.5 1-8 (f00) None -0.5t0 0.5
Diamondback
Sonora Elf-Owl 275-2400 3.25-5.5 None 2,4, 7, 81-10to1.0
and 9
PHOENIX 800-2000 3.5-5.5 1-10 4 and 8 -0.5t0 0.5
(microns)

3.3 Sonora Models

Table 3.1 outlines the parameters from the Sonora models. Before we go on to explain these models
and how they fit in this thesis, we take a moment to explain some of the parameters. Surface gravity,
hereafter called gravity, is in cgs units (i.e., centimeters, grams, and seconds) and is represented
as log(g). For reference, Earth’s log(g) is approximately 3 and the Sun’s log(g) is approximately

4. Values for metallicity, hereafter denoted as [M/H], are generally in steps of 0.5 for the models
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in Table 3.1. A positive value of metallicity means that the brown dwarf has a higher percentage
of metals than the Sun. A negative value of metallicity means that the brown dwarf has a lower
abundance of metals compared to the Sun. The carbon to oxygen ratio (C/O) is also generally in
steps of 0.5. Values of C/O that are greater than 1 are indicative of the atmosphere of a brown dwarf
containing more carbon than oxygen, whereas values of C/O less than 1 tells us that there is more
oxygen than carbon. For reference, the C/O of the Sun is 0.5.

The Bobcat models (Marley et al. 2021) are a grid of L-, T-, and Y-dwarf atmosphere models
and are the first set of atmosphere models produced by the Sonora group. These were then
followed by the Chollas (Karalidi et al. 2021), Diamondbacks (Morley et al. 2024), and Elf-Owls
(Mukherjee et al. 2024). While the Bobcat models do not include vertical mixing, the Bobcats differ
from previous models in that they include cooler temperatures and more diverse values for C/O
abundances along with updated line opacities. Due to their lack vertical mixing, the Bobcats did not
play a significant role in our analysis.

The Sonora Cholla models (Karalidi et al. 2021) are a grid of models that explore the disequilib-
rium chemistry in T-dwarfs (Burgasser et al. 2001) through the introduction of the eddy diffusion
parameter, log(K;;). A higher value of log(K;,) is indicative of a brown dwarf atmosphere exhibiting
more disequilibrium chemistry, whereas a lower value of log(K_;) is indicative of less vertical
mixing. These cloud-free models assume solar metallicity, [M/H]=0. The choice to not include
clouds in the Cholla grid of models is because T-dwarfs are typically cloudless.

The Sonora Diamondback models (Morley et al. 2024) do not include a parameter to account for
vertical mixing and instead focus on accounting for clouds in the form of the condensate sedimenta-
tion efficiency, which represents how "cloudy" a brown dwarf is. The condensate sedimentation
efficiency is represented as fy,;. Lower f,; values are indicative of a brown dwarf with thicker
clouds with high opacity, while higher f.; values are indicative of a brown dwarf with thinner

clouds and lower opacity (Marley & Robinson 2015). As such, the Diamondback models are best
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