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Abstract

Brown dwarfs are sub-stellar objects that form like stars but are not sufficiently massive
to sustain hydrogen fusion in their cores. Characterized by cool, molecule-rich atmospheres,
brown dwarfs demonstrate great diversity in spectroscopic appearance and share many prop-
erties with giant exoplanets. In this thesis I present two investigations: the first is a detailed
photometric and spectroscopic study of the three most rapidly rotating brown dwarfs. The
second examines a spectrum of a cool brown dwarf at unprecedented spectral resolution and
signal-to-noise ratio to study the accuracy of theoretical model photospheres.

Photometric monitoring of brown dwarfs has revealed that periodic variability is common
and that brown dwarf atmospheres are composed of patchy, multi-layer clouds of varying
thicknesses and compositions. In my first paper, I present the discovery of rapid photometric
variability in three brown dwarfs from long-duration photometric monitoring with the Spitzer
Space Telescope. Using moderate-resolution infrared spectroscopy I find a large degree of
rotational broadening in each of these brown dwarfs, confirming that the rapid variability is due
to fast rotation. These three brown dwarfs have the shortest rotation periods ever measured,
between 1.08 and 1.23 hours. When put in context with the entire sample of brown dwarfs with
known rotation periods, the clustering near the short-period end suggests that brown dwarfs are
unlikely to spin much faster than once an hour.

In my second paper, I study the atmospheric composition of a cold 1050 + 50 K (T6-type)
brown dwarf. Even the most up-to-date theoretical model photospheres do not completely
reproduce observed spectroscopic features in cold brown dwarfs, limiting our ability to constrain
their fundamental properties. I compare the observed data to these models to assess their
accuracy and completeness. I draw conclusions about which models are the most reliable and
which spectroscopic regions should be used to estimate physical parameters of cold brown
dwarfs and, by extension, exoplanets. Additionally, I present the first unambiguous detections
of hydrogen sulfide in an extra-solar atmosphere. These data comprise the most detailed atlas

of spectroscopic lines in a cold brown dwarf available to date.
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Summary for Lay Audience

In between stars and planets there is a class of astronomical object called brown dwarfs.
Brown dwarfs share properties with both stars and planets; they are formed in the same way
as stars, but have much lower masses, and they have thick, cloudy atmospheres similar to giant
planets like Jupiter. The clouds in the atmospheres of brown dwarfs are made up of a variety of
materials, and they tend to be patchy and varied in thickness. Storms, similar to Jupiter’s great
red spot, can develop and evolve in the atmospheres of brown dwarfs.

The varying thickness and composition of the clouds means that different parts of a brown
dwarf’s surface emit different amounts of light. As brown dwarfs rotate, different clouds and
atmospheric structures will face the Earth at a given time, so the amount of light we measure
will change over time. When we see a repeated pattern in the amount of light we measure, we
know we are seeing the same surface features going in and out of view, and so we can measure
how fast brown dwarfs are rotating. In the first half of this thesis, I present the discovery of
the fastest-ever rotating brown dwarfs. They have rotation periods of approximately one hour,
which is nearly ten times faster than Jupiter, and 24 times faster than the Earth. I explore the
consequences of this fast rotation and put these speedy spinners in context with the rest of the
known rotation periods for brown dwarfs.

The clouds on brown dwarfs are composed of many materials we are familiar with, like
water, carbon monoxide, and methane. A key tool in understanding these materials, how they
interact, and the physics governing all of this, are atmospheric models. In the second half of
this thesis, I study these molecules and rigorously test the available models with one of the
highest-resolution brown dwarf data sets ever observed. I draw conclusions about which of
the currently-available models are the most reliable and describe how to measure fundamental

properties of brown dwarfs, like their temperatures, with these models.
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Epigraph

“Nothing is impossible. Not if you can imagine it. That’s what being a scientist is all about.”

- Professor Hubert J. Farnsworth, Futurama (2000)
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Chapter 1

Introduction

Brown dwarfs are intermediate objects between stars and planets — they are not massive enough
to sustain hydrogen fusion, and are therefore not stars, but are also too massive to be classified as
planets under some classification schemes. Brown dwarfs form in the same way as stars, but are
similar to gas giant planets in their temperature and chemical makeup. They have atmospheric
temperatures that range from hundreds of Kelvin, even cooler than the surface temperature of
the Earth, up to thousands of Kelvin, as hot as the coolest stars. In this temperature range,
brown dwarf atmospheres are rife with interesting molecules like carbon monoxide, methane,

ammonia, and even water.

Brown dwarfs play a key role in the study of sub-stellar atmospheres and understanding the
formation and evolution of our exoplanetary neighbours. In almost every case, the overwhelming
light from the host star prevents us from directly observing exoplanets, forcing us to rely on
indirect measurements and theory. Luckily, brown dwarfs make excellent analogues for studying
high-mass planets; they have similar atmospheric temperatures, radii, and atmospheric content,
and most brown dwarfs are far away from the overwhelming light of a host star and are therefore

more observationally accessible.

Since the first confirmed identification of the brown dwarfs Teide 1 (Rebolo et al., 1995)
and Gliese 229B (Oppenheimer et al., 1995), the study of brown dwarfs has grown immensely.
Muzi¢ et al. (2017) estimate that the Milky Way contains 25 — 100 billion brown dwarfs, and

we are now starting to see how dynamic and varied these objects are.



2 CHAPTER 1. INTRODUCTION

1.1 Basic Brown Dwarf Properties

1.1.1 Brown Dwarf Formation and Interiors

In the past, brown dwarfs were commonly distinguished from stars and planets by their masses,
regardless of where they are located or how they formed. At the high-mass end, stars support
sustained hydrogen burning, while brown dwarfs do not. A mass of ~ 0.070 Mg (or 73 Myyp;
where My, and My, are the masses of the Sun and Jupiter, respectively) is required for sustained
hydrogen fusion (Hayashi & Nakano, 1963). On the other end of the mass scale, we sometimes
discern between brown dwarfs and planets at the minimum mass limit of deuterium (heavy
hydrogen; 2H) fusion, M > 0.012 M, (13 Mjyp; Dantona & Mazzitelli 1985; Chabrier et al.
2000; Boss et al. 2007).

It is possible for high mass brown dwarfs (M > 0.07 Mg) to burn hydrogen through a
truncated proton-proton (p-p) chain in their early lives, sometimes for billions of years (Burrows
& Liebert, 1993). The thermonuclear reactions relevant for brown dwarfs are the first two steps
of the p-p I chain:

p+p—od+e+v (1.1)

and
p+de3He+)/, (1.2)

where p represents a proton, or hydrogen atom ('H), d is deuterium (*H), e* is a positron, v is
a neutrino, and 7y is a photon (e.g., Burrows & Liebert 1993). These reactions occur for core
temperatures (7,.) of 3 x 10° K and 6 x 10° K, respectively.

The first reaction occurs for the most massive brown dwarfs, forming deuterium, and the
second occurs for brown dwarfs with M > 0.012 Mg, depleting both primordial deuterium, as
well as any deuterium formed from earlier reactions. The core temperatures of brown dwarfs
are not high enough to complete the p-p I chain by overcoming the Coulomb barrier of the
3He-*He reaction to form *He (7. = 6 x 10° K).

Ithas been argued (e.g., Chabrier et al. 2005) that the deuterium burning limit as a distinction
between brown dwarfs and planets is a poor criterion, as the deuterium burning limit depends
not only on mass, but also on the chemical makeup of the object. Spiegel et al. (2011) found
that deuterium burning generally occurs for masses above 13 Myy,, but this limit is dependent
on helium abundance, deuterium abundance, and overall metallicity (the fraction of mass that
is not hydrogen or helium). They found that the minimum deuterium burning mass ranges from
11.0 Myyp to 16.3 Myyp, depending on the composition of the object.

Chabrier et al. (2005) suggested planets should be distinguished from brown dwarfs and

stars, based on formation mechanisms, thus removing the ambiguity associated with mass
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limits. They proposed that objects of any mass formed from the gravitational collapse of a giant
molecular cloud (in multi-object systems or in isolation) are either stars or brown dwarfs, and
any objects formed in a protoplanetary disk around a parent star (or brown dwarf) are planets.
Objects of the latter type should also have enhanced abundances of heavy elements. In this
scenario, the highest mass brown dwarfs are still distinguished from stars by sustained hydrogen
burning. We will assume this definition for a brown dwarf in this thesis, where anything formed
from a giant molecular cloud with a mass below the limit for sustained hydrogen burning is a

brown dwarf.

Main sequence stars exist in thermal equilibrium, supported by the stable hydrogen fusion
in their cores. Because brown dwarfs form from cores with too little mass to support stable
hydrogen burning, they cannot reach thermal equilibrium, and they never leave the Hayashi
track (the luminosity—temperature relationship followed by newly formed stars with masses less
than 3 Mg) like main sequence stars (Burrows & Liebert, 1993). As such, all brown dwarf
interiors are convective for their entire lives, and the initial formation conditions play a large

role in determining the physical properties of brown dwarfs (temperature, rotation rates, etc.).

The main energy source powering the luminosity for brown dwarfs is heat retained from
their formation and gravitational collapse of their parent molecular cloud. Those which are
massive enough to sustain deuterium burning or, at very high brown dwarf masses, lithium
(M = 0.065 Mg; Chabrier et al. 2000) or hydrogen burning, have an additional interior source
of energy for a short time, maintaining their luminosity for the early stages of their lives (Basri &
Brown, 2006). Without hydrogen burning to provide an on-going energy source to support the
outer layers, brown dwarfs contract under gravity in their early lives, and spend the remainder

of their lives cooling, as shown in Figure 1.1.

Although their atmospheres are relatively cool, the core temperatures of brown dwarfs are
quite hot, approximately millions of Kelvin, as shown in Figure 1.2. This is not hot enough
to overcome the Coulomb barrier, thus preventing most nuclear reactions (like hydrogen and
helium fusion) from taking place, and effectively fixing the distance between particles (primarily
hydrogen) in the interior of brown dwarfs. As a result, the radius (R) is related to the mass
(M) as R o< M'/? when considering Coulomb effects (Burrows & Liebert, 1993; Burrows
et al., 2001). It is, however, hot enough to ionize hydrogen, and so the outer layers of a brown
dwarf are supported from gravitational collapse by electron degeneracy pressure (Chabrier &
Baraffe, 2000). Under the condition of electron degeneracy, the radius is related to the mass
by R «« M~'/3. These two competing effects cancel each other out and result in a roughly
constant radius (R ~ 0.8 — 1.0 Ryyp; Chabrier et al. 2000) over the mass range of brown dwarfs.
Figure 1.3 shows how the radii of brown dwarfs change over time, settling to near constant radii

after about 500 Myr. The youngest brown dwarfs that have not yet finished contracting under
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Figure 1.1: The log of luminosity as a function of the log of age for low mass stars
and brown dwarfs. Each line represents the evolution of an object with a different mass,
decreasing from top to bottom. The brown and pink dots indicate the ages at which
50% of the deuterium and lithium are burned, respectively, for each mass track. For the
highest-mass objects (stars, blue lines), the luminosity becomes constant at late ages as
sustained hydrogen burning provides a source of energy. Brown dwarfs with masses above
the deuterium burning limit (13 Mjyyp; green) have constant luminosities initially, and then
fade for the remainder of their lives after deuterium and lithium are depleted. Brown
dwarfs with masses below the deuterium burning limit (red), fade in brightness for their
entire lives. This figure is from Burrows et al. (2001).
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Figure 1.2: The core temperature as a function of the log of age for low-mass stars and
brown dwarfs. The colour scheme of this figure is the same as Figure 1.1. For the
highest-mass objects (stars, blue lines), the core temperature becomes constant at late ages
as sustained hydrogen burning provides a constant source of energy. The massive brown
dwarfs (green) have constant core temperatures initially as they burn deuterium (the dense
region at the lower left of this figure), but the deuterium depletes quickly (<100 Myr, or
log,,(Age) = —1), and brown dwarfs then contract, so their cores heat up (the bump around
300 Myr, or log;,(Age) ~ —0.5) before cooling for the remainder of their lives. The core
temperature of brown dwarfs with masses less than deuterium burning limit (red) slowly
cool after their initial contraction. This figure is from Burrows et al. (2001).

gravity will be relatively large and “pufty” compared to the oldest brown dwarfs (Kirkpatrick,
2005).

1.1.2 Effective Temperature and the Classification System

An important property of brown dwarfs is the temperature of their atmospheres. The “effective
temperature” (T.f; the temperature of a blackbody that would emit the same amount of radiation)
is typically used as an approximation of the surface (outer atmosphere) temperature, determines
the overall luminosity of a brown dwarf (because of their near constant radii), and influences

which molecules may form in its atmosphere.
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Figure 1.3: The radius as a function of the log of age for low-mass stars and brown dwarfs.
The colour scheme of this figure is the same as Figure 1.1. The deuterium-burning brown
dwarfs (green lines) contract until deuterium burning ignites, then stabilize for a short
time until the deuterium depletes, and then continue to contract down to approximately
the radius of Jupiter (1.0 Ry in this figure, dashed line). All brown dwarfs (green and red
lines), and even the lowest mass stars (blue) contract to approximately the radius of Jupiter
after 500 Myr (log;,(Age) = —0.3). This figure is from Burrows et al. (2001).
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Figure 1.4: Effective temperature as a function of the log of age for low-mass stars and
brown dwarfs. The colour-scheme is the same as in Figure 1.1. The top unlabelled region
is where low-mass stars would lie, and the dashed lines show approximate regions where
objects of spectral types L and T would lie (see Section 1.1.2). This bottom region is also
shared with the Y spectral type (Cushing et al., 2011). The lines of constant mass cross
these regions, indicating that brown dwarfs evolve through the spectral sequence from L-
to T- to Y-type over their lives. This figure is from Burrows et al. (2001).

The effective temperatures and luminosities of brown dwarfs are dependent almost entirely
on their mass and age (Burrows et al., 1997). Figure 1.4 shows the evolution of effective
temperature for low-mass stars and brown dwarfs. As hydrogen burning stabilizes in stars,
their effective temperatures become constant over time. Brown dwarfs with sufficient mass for
deuterium burning have constant effective temperatures in their early lives, but the deuterium
burning is efficient and quickly depletes the available fuel in less than ~100 Myr (Burrows et al.,
2001), leaving them to cool for the remainer of their lives (for comparison, hydrogen burning
in dwarf stars can last several billion years). After ~10 Gyr the highest-mass brown dwarfs
(~73 Myyp) cool to effective temperatures of approximately 1300 K, and the lowest-mass brown
dwarfs (<13 Myyp) cool to less than 500 K.

As discussed in Section 1.1.1, brown dwarfs have approximately constant radii, regardless

of their mass or effective temperature. With a measure of a brown dwarf’s luminosity (L), it is
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possible to approximate the effective temperature using the Stefan-Boltzmann Law:
L =4nR*c Ty (1.3)

where R is the radius of the object, and o is the Stefan-Boltzmann constant.

Stars and brown dwarfs alike are classified by the characteristics of their electromagnetic
spectra. Spectral types under the Morgan-Keenan classification system correspond to specific
atmospheric characteristics and effective temperature ranges, as determined by the spectroscopic
signatures of the dominant opacity sources present. The coolest stars, in the temperature range
just above brown dwarfs, are known as M dwarfs (To.g > 2300 K). Brown dwarfs (T.g¢ < 2300 K)
are divided into three spectral types: L, T, and, Y (Kirkpatrick et al., 1999; McLean et al., 2003;
Cushing et al., 2011; Liu et al., 2011), where L-types are the warmest and Y-types are the
coolest. These spectral types are each further divided into ten sub-types in a “near-infrared
spectral sequence” based on effective temperature and the strengths of absorption features in
their spectra (i.e., LO, L1, up to L9, where O corresponds to hotter, “earlier” types, and 9
corresponds to cooler, “later” types). These spectral types are sometimes accompanied by
a suffix representing the surface gravity (8 for intermediate surface gravity and y for low
surface gravity). The highest mass brown dwarfs and lowest mass stars (M7 or later/cooler,
T.g < 2700 K) are sometimes classified together as “ultra-cool dwarfs” (Kirkpatrick et al.,
1997; Kirkpatrick, 1998). In the remainder of this section I will briefly describe the defining
features of the L, T, and Y spectral types. Their chemistry will be explored in greater detail in

Section 1.3.

The diversity of molecules present in the atmospheres of brown dwarfs can result in con-
siderable differences in spectroscopic appearance, even at the same effective temperatures and
within spectral sub-types. This means that the brown dwarf spectroscopic sequence is not a
linear sequence in effective temperature, as shown in Figure 1.5. As seen in Figure 1.4, the
lines of constant mass (e.g., the evolution in effective temperature for an object of a given mass)
cross the rough boundaries between spectral types, indicating that brown dwarfs change spectral
type and evolve through the spectral sequence over their lifetimes (Chabrier & Barafte, 2000;
Burrows et al., 2001). Because brown dwarfs cool over time, the dominant opacity sources,
which are almost entirely dependent on temperature, are also changing over their lifetimes.
Two brown dwarfs of the same effective temperature can therefore have different spectroscopic
properties depending on their chemical composition and other properties such as surface grav-
ity, g (¢ = GM/R?, where G is the gravitational constant, M is the mass, and R is the radius;

usually given as log g).

A sample of infrared spectra are shown in Figure 1.6 for late-M, mid-L, and late-T type
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Figure 1.5: The effective temperature for brown dwarfs does not change linearly with
spectral type, as spectral types are dependent on the absorption features due to the molecular
species present in the atmospheres, and a variety of molecules can exist at effective
temperatures less than 2600 K. In this figure, solid lines indicate polynomial fits in various
publications, and grey shaded areas indicate the uncertainties on the black fit lines. In
the left panel, grey points indicate field age objects (> 500 Myr). In the right panel,
unfilled red points indicate objects with spectroscopic signatures of intermediate (3) or
low () surface gravity, and black points with red fill indicate objects with an association
with a nearby young moving group, implying youth, and therefore low gravity due to their
larger radii. By comparing the two panels, we see that in addition to effective temperature,
surface gravity plays a large role in the categorization of spectral type. This figure is from
Filippazzo et al. (2015). © AAS. Reproduced with permission.
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ultra-cool dwarfs. Jupiter is also shown for comparison. The transition from M- to L-type in
the spectral sequence occurs over a fairly linear decrease in effective temperature (Figure 1.5)
and is generally denoted by the presence of condensates (liquids and solids) in the atmosphere
(Tsuji et al., 1996). The mid-M and mid-L dwarfs in Figure 1.6 are the most similar of the set,
and water and carbon monoxide are prominent opacity sources in these spectral types (Cushing
etal., 2006). The transition from L- to T-type, however, occurs over fairly constant temperature
(~1200 K-1400 K), and is a region of particularly interesting atmospheric changes. The
dominant carbon-bearing molecule switches from carbon monoxide to methane (see details
in Section 1.3.1), and the difference between the mid-L and late-T dwarfs in Figure 1.6 are
dramatic, as methane molecular bands alter the spectra so they look nothing like blackbodies

(approximately what we observe for stars).

The spectral types L9 and TO mark the official transition from L- to T-types, but frequently
spectral types between L8 and T3 are included in the discussion of the “L/T transition” due to
their similar properties (e.g., Tef, luminosity). The L/T transition, and the brown dwarfs that
fall under these spectral types, are of particular interest in the brown dwarf community because
we observe a large diversity in their observed properties, despite the relatively narrow effective

temperature range over which the L/T transition takes place.

As we follow the spectral sequence from L- to T-type, it would be expected that the colours!
of brown dwarfs would become redder; if brown dwarfs behaved as blackbodies, the peaks
of their spectral energy distributions would shift to longer wavelengths. What we observe,
however, is that the reddening trend persists for the early L dwarfs, but at the L/T transition,
we find a rapid reversal in colours. As effective temperatures drop below ~1300 K, there is a
shift from red colours to blue (changing by ~ 2 magnitudes in brightness), yet only an effective
temperature drop of 100 K-200 K (Burrows & Sharp, 1999; Lodders, 1999; Kirkpatrick, 2005).
This behaviour is shown in the colour-magnitude diagram in Figure 1.7. This trend is partially
explained by the methane opacity lowering the flux at longer wavelengths, but has been difficult
to reproduce with models (e.g., Tsuji 2002; see Section 1.3.3).

The transition from T- to Y-type in the spectral sequence occurs over a linear decrease in
effective temperature. Y dwarfs have effective temperatures less than 500 K, and are the lowest-
mass products of star-formation (Cushing et al., 2011). Y dwarfs also display deep absorption

features from water and methane, but with the addition of ammonia. Y dwarfs closely resemble

1A note on nomenclature: the “colour” of an object is its difference in brightness (in magnitudes) at two
wavelengths. By convention, a colour is the magnitude of an object in the longer wavelength (more “red”)
subtracted from its magnitude in the shorter wavelength (more “blue”). In terms of magnitudes, a smaller number
is brighter, and a larger number is fainter, so if a colour is positive, that means it is “redder’” and if it is negative, it
is “bluer.”
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Figure 1.6: The changes in near- to mid-infrared spectral features for M, L, and T dwarfs,
and Jupiter. The fluxes are normalized to unity at 1.3 ym and multiplied by constants for
clarity. The M dwarf (7. ~ 2700 K) displays few molecular features, primarily H,O, CO,
and FeH. The L dwarf (T.g ~ 1600 K) displays similar features, but more pronounced than
the M dwarf. The T dwarf (T.g ~ 700 K) and Jupiter (T.g ~ 150 K) display primarily
CHy4 features, as well as NH3. The peak flux shifts from shorter wavelengths in the M
dwarf to longer wavelengths in the L dwarf, displaying a “reddening” effect (meaning it is
brighter at longer wavelengths). Collision-induced absorption due to molecular hydrogen
is indicated by “CIA H,.” This figure is from Marley & Leggett (2009), adapted from

Cushing et al. (2006).
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Figure 1.7: A near-infrared colour-magnitude diagram of ultra-cool dwarfs and directly
imaged giant planets (black stars). Mj is the magnitude in the J band (central wavelength
1.22 um), and J-H is the difference of the magnitudes in the J and H bands (i.e., the colour;
the H band central wavelength is 1.63 um). “Red” colours are to the right of this figure,
and “blue” colours are to the left. From M to L dwarfs, colours become slightly redder,
and from L to T dwarfs, the colours abruptly become bluer until becoming approximately
constant at later T-types and into the Y dwarfs. Low gravity objects (star symbols) show
the same behaviour as the M and L dwarfs, but shifted to redder colours. The shift to
bluer colours in the T and Y dwarfs occurs due to methane absorption at 2.2um and the
dispersion of silicate clouds. This figure is from Biller (2017).
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giant planets, and may even host water-ice in their atmospheres (Morley et al., 2014b).

Brown dwarf spectra are also heavily influenced by pressure and surface gravity. The pres-
sure influences which molecules will form, and contributes to line broadening. Spectroscopic
signatures related to surface gravity can be also used as markers for age, as young brown dwarfs
will typically have lower surface gravity than their older counterparts because they haven’t
finished their initial contraction (Knapp et al., 2004). The local pressure at a given altitude
within the atmosphere also influences at what altitudes different molecules/grains will settle,

resulting in layered, cloudy atmospheres.

1.1.3 Atmospheric Structure and Clouds

As brown dwarfs cool, gases in their atmospheres condense into larger grains and vapours in
the form of clouds. Clouds affect the atmospheres (and therefore spectral energy distributions)
of brown dwarfs in many ways. The main effect is increased opacity: thicker clouds result in
higher opacities. The relative strengths of spectral lines are heavily influenced by the presence
of clouds. To understand how cloud opacity affects spectra, we must also consider the gas
opacity producing the spectrum — we have two cases: wavelengths where gas opacity is low,
so the flux we measure originates in the deep, hot layers of the atmosphere; and wavelengths
where gas opacity is high, so the flux we measure originates in the higher, cooler layers of
the atmosphere. If gas opacity is low, clouds increase opacity and decrease flux, resulting in
fainter objects. If gas opacity is high, we have the opposite effect as clouds retain heat, warming
the upper layers of the atmosphere with the increased temperature gradient, and increasing the
flux. The combination of these two cases means that generally, cloud-free objects have stronger
absorption features and cloudy objects have weaker absorption features (Ackerman & Marley,
2001; Kirkpatrick, 2005). Two model spectra, one with iron and silicate clouds and one without
clouds, and otherwise identical physical parameters from Morley et al. (2012) are shown in
Figure 1.8, illustrating this effect.

Brown dwarf atmospheres become hotter, denser, and have higher pressures from higher
altitudes to lower altitudes. Since the molecules which may form depend on both the local
temperature and the local pressure, the clouds of brown dwarfs are made up of various layers
of gases, vapours, hazes, and dusts. Even at the temperatures of the earliest L dwarfs (1700—
2300 K), opaque dust clouds composed of iron, silicates, and other metal oxides are able to
form (Fegley & Lodders, 1996; Tsuji et al., 1996). Near the L/T transition, the silicate and oxide
clouds drop deeper into the atmosphere under a layer of opaque methane gas, where they can
no longer be seen, and so the early T dwarfs appear relatively cloud-free (Ackerman & Marley,
2001; Burgasser et al., 2002b; Lodders & Fegley, 2006). For later T-types, the atmospheres
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Figure 1.8: Model spectra for two simulated brown dwarfs at the L/T transition. Although
the models have identical effective temperatures and surface gravities, their spectra are
very different due to the presence of clouds (the purple model contains clouds and the blue
model does not). In these models, opaque iron and silicate clouds suppress flux in the
Y band (central wavelength 1.02 um), J band (central wavelength 1.22 ym), and H band
(central wavelength 1.63 um). Without clouds, the flux comes from deep, hot layers of the
atmosphere. At longer wavelengths, including the K band (central wavelength 2.19 um)
and mid-infrared, the flux comes from higher layers of the atmosphere than where the
clouds lie, so the addition of clouds increases the flux. This figure is from Morley et al.
(2012). © AAS. Reproduced with permission.
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Figure 1.9: A cartoon representation of the cloud and gas layers in Jupiter, T and L dwarfs,
and the coolest M dwarfs. The coldest objects (Jupiter and the T dwarfs) have the most
cloud layers and diversity in molecular species, while in the hotter objects, less variety in
condensates form, resulting in fewer cloud layers. The vertical direction loosely indicates
depth and temperature within the atmosphere with the top of the figure being the cool outer
most layers, and the bottom being deeper and hotter in the atmosphere. This figure is from
Lodders (2004).

are cooler and there is even more variety in molecules. Clouds re-appear in mid- to late-T and
Y dwarfs above the methane gas and are composed of alkali salts and sulfides (Lodders, 1999;
Morley et al., 2012). Figure 1.9 shows a simple cartoon of possible cloud layer compositions
for ultra-cool dwarfs compared to Jupiter. For cooler objects, clouds of a particular molecule
will sink deeper, and the atmosphere above a cloud of a particular composition will lack the
molecules and elements contained in the cloud.

The thickness of the atmosphere and cloud layers depends on the surface gravity of the
object. At low gravities, condensates can settle higher in the atmosphere, resulting in thicker,
more opaque clouds and obscuring the hotter, deeper layers. This reduces the total flux at
shorter wavelengths, and causes redder colours, as seen in Figures 1.6 and 1.7.

Clouds also present a partial explanation for the colour-reversal at the L/T transition:
radiation from the hot interiors of brown dwarfs is absorbed by clouds and re-emitted at longer
wavelengths, resulting in reddening through the L-types (where clouds are present). At the
L/T transition, clouds dissipate and this effect is lessened, resulting in bluer colours for T-type
brown dwarfs.

The dusty, cloudy nature of brown dwarf atmospheres also results in linear polarization.
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Linear polarization in ultra-cool dwarfs is not uncommon, and is primarily due to dust scattering
(Sengupta & Krishan, 2001; Sengupta & Kwok, 2005), but can also be due to magnetic fields
(Kuzmychov & Berdyugina, 2013). The degree of polarization can be a useful tool for probing
the physical properties of, and studying the presence of dust cloud decks in ultra-cool dwarf

and gas giant exoplanet atmospheres (Marley & Sengupta, 2011).

1.2 Rotation and Variability

As a consequence of contraction, both stars and brown dwarfs “spin-up” (increase their angular
velocity) to conserve angular momentum from early in their lives. In low-mass stars, rotation
is later slowed, primarily through magnetic braking, but also through interactions with disks
and other effects. Brown dwarfs, however, continue to cool, contract, and spin-up as they age
and do not undergo the same braking effects as stars. For example, due to their thick, neutral
atmospheres, brown dwarfs lack strong magnetic fields (Meyer & Meyer-Hofmeister, 1999),
which are required for magnetic braking. All brown dwarfs have at least some rotation, and
most brown dwarfs, except for the very youngest ones, are considered “fast rotators” (rotation
periods < 1 day; Scholz et al. 2015). The rate of rotation is heavily dependent on the internal and
external processes during the formation of a brown dwarf. The internal processes include the
rate of core collapse, and the external conditions depend on how turbulent the giant molecular
clouds are, and if there is angular momentum exchange with the surrounding medium (Bouvier
et al., 2014).

It is useful to gather statistics on the occurrence of rotating brown dwarfs and their rotation
rates since rotation is an important parameter in stellar evolution; rotation is linked to binary
formation, magnetic field generation, and other internal processes such as mixing and energy
transport (Bouvier et al., 2014).

But how do we determine the rotation rates of brown dwarfs? One method is to measure
the line broadening in spectroscopic observations, but this would yield the projected rotation
velocity, and not the true equatorial velocity or the rotation period (which would require the
radius and inclination of the object).

Since the surfaces of brown dwarfs are not uniform, neither is the radiation emitted from
them. Patchy clouds and other surface features such as banding, like what is seen on Jupiter,
result in varying flux across the surfaces of brown dwarfs. As brown dwarfs rotate, the photo-
metric and spectroscopic signatures we observe will change as these surface inhomogeneities
rotate in and out of view. If any variability detected is found to be periodic, the rotation period

can be determined.
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Figure 1.10: This cartoon illustrates the observational effects of patchy clouds with holes
in a brown dwarf atmosphere. The bottom of the image is deeper in the atmosphere (lower
atmospheric altitudes), and the top of the image is shallower in the atmosphere (higher
atmospheric altitudes). Interior layers are hotter and emit shorter wavelength radiation
(blue arrows) than the cooler, outer layers (red arrows). This figure is from Daniel Apai’s
website (http://distantearths.com/research/exoplanet-atmospheres/).

1.2.1 Photometric Variability Due to Clouds

Recent surveys (e.g., Buenzli et al. 2014; Wilson et al. 2014; Radigan et al. 2014; Radigan
2014; Metchev et al. 2015; Apai et al. 2017; Vos et al. 2019; see Section 1.2.3 for descriptions
of these studies) have found that many brown dwarfs have variable brightness with time. The
widely accepted explanation for the variability is patchy clouds rotating in and out of view.
Figure 1.10 shows a simple cartoon demonstrating the effect patchy clouds will have on the
measured flux; when holes are present in the cloud layers (left panel of Figure 1.10), some of
the observed flux will come from the deeper, hotter layers of the atmosphere. The measured
flux will brighten at shorter wavelengths when the hole faces the observer. When a region
with thicker clouds or taller cloud columns faces the observer (right panel of Figure 1.10), the
flux comes from the cooler, higher altitude regions of the atmosphere, and will appear brighter
at longer wavelengths. As the brown dwarf rotates, these patches go in and out of view, and

photometric monitoring will reveal variability in the brightness over time.

When photometric monitoring reveals periodic variations in the light curves (a plot of the

brightness as a function of time) of brown dwarfs, the period may be interpreted as the rotation
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period of that object. Some caution must be given to whether this period is the true period or
a false period: it could be a multiple of the true period, potentially caused by multiple surface
spots. And if variability is not detected, it is not that the object is not rotating, but that the
object is either rotating very slowly, the surface is uniform in brightness, the amplitude of the

variations is below the sensitivity of the instrument, or some combination of these effects.

Multi-wavelength photometric monitoring can be used to study the physics of brown dwarf
atmospheres, to understand the chemistry of clouds, and to detect atmospheric activity such as
storms. For example, variations in the dominant gas absorption species in atmospheres can ex-
plain wavelength-dependent amplitude differences (e.g., Metchev et al. 2015). When molecular
gas opacity is strong, clouds reside below the photosphere and so cloud inhomogeneities below
are obscured. Cloud structures are detectable only in relatively transparent spectral regions,
away from dominant molecular bands (e.g., Ackerman & Marley 2001). Surveys across many
spectral types and wavelengths will give a more complete picture of sub-stellar rotation rates

and cloud formation and dissipation in brown dwarf atmospheres.

If clouds are indeed responsible for the observed variability, the most effective way to search
for variability in brown dwarfs is to monitor the photometric brightness in the infrared, as the
flux at these wavelengths is sensitive to changes in cloud opacity. Contrast between clouds and
the hotter gases deeper in the atmosphere is thought to be largest in the J band (~1.22 um), as
flux originates deep in the atmospheres of brown dwarfs (at pressures of ~ 10 bar) and would
be absorbed by opaque clouds (Ackerman & Marley, 2001; Marley et al., 2002; Morley et al.,
2014a; Radigan et al., 2014). Since cloud and gas opacities vary with wavelength, depending on
the molecular species present, monitoring across many wavelengths probes various pressures
and temperatures. Spectroscopic monitoring provides a yet more detailed picture of these
variations (e.g., Kellogg et al. 2017; Schlawin et al. 2017), but is observationally difficult with
current instruments with limited sensitivity, as the changes in brightness tend to be on the order
of a few percent, or less (e.g., Buenzli et al. 2014; Wilson et al. 2014; Radigan et al. 2014;
Radigan 2014; Metchev et al. 2015).

Patchy clouds are expected to be most common at the L/T transition; during the switch from
cloudy to cloud-less atmospheres, clouds do not uniformly drop deeper into the atmospheres of
brown dwarfs. This results in patchy, multi-layer, cloudy atmospheres with varying thickness
and compositions. The holes and thinner layers allow us to glimpse at the hotter interiors of
the atmospheres which produce greater flux. The clouds also absorb and scatter radiation at
wavelengths dependent on their composition and temperature. It is now known that rotationally
modulated variability is common across brown dwarfs of all spectral types, not just at the L/T
transition (e.g., Metchev et al. 2015).

While brown dwarf cloud structures are typically found to be constant over timescales of at



1.2. ROTATION AND VARIABILITY 19

least a few rotations (e.g., Radigan et al. 2014; Radigan 2014; Metchev et al. 2015), some brown
dwarfs also exhibit changes in the shapes of their light curves indicating cloud evolution and
these light curve changes can occur on timescales of hours, days, or years (e.g., Artigau et al.
2009; Radigan et al. 2012). Long-term photometric monitoring of brown dwarfs over many
epochs will therefore be an important tool for understanding the evolution of their atmospheres.
One such survey by Apai et al. (2017) using the Spitzer Space Telescope has revealed key
information about the nature of the cloud patterns on brown dwarfs. They found that a simple
spot pattern to represent holes and columns in a brown dwarf atmosphere is not sufficient for
explaining the observed shapes of light curves. Planetary scale waves (banding with sinusoidal
surface brightness) must also be present to fully explain the observed light curves. A single
elliptical bright spot on the surface of a brown dwarf (i.e., a hole in a cloud layer) would result
in a light curve that appears as a truncated sine wave (see the bottom of Figure 1.11), but brown
dwarf light curves commonly appear sinusoidal, or as a combination of sinusoids (e.g., Metchev
et al. 2015; Figure 1.12). To display a sinusoidal modulation in a light curve, banding with
sinusoidal surface brightness is required (see the top of Figure 1.11). Apai et al. (2017) find that
to reproduce their observed light curves, they require models with both small, elliptical spots,

as well as planetary-scale waves. Additional details on this survey are given in Section 1.2.3.

1.2.2 Other Sources of Variability

Clouds are not the only mechanism which can cause variability in brown dwarfs. Magnetic
fields, fingering convection, and atmospheric temperature fluctuations have also been suggested
as possible sources for variability. These alternative mechanisms do not preclude the existence
of clouds in brown dwarf atmospheres; it means that clouds may not be responsible, or entirely

responsible, for the observed variability.

Magnetic fields are known to cause starspots (hot or cool spots on the surface of a star;
Strassmeier 1994) which can result in detectable variability. Given that brown dwarfs rotate
and their interiors are ionized, they must also have magnetic fields generated through a dynamo
effect (Mohanty et al., 2002). Starspots on rotating brown dwarfs would produce similar
variability signatures in brown dwarf light curves as holes in patchy cloud layers. Magnetic
activity is common in late-M stars and early-L dwarfs (e.g., Lane et al. 2007), but towards
later spectral types magnetic activity drops off (Basri, 2004). This drop off is due to the low
temperatures and neutral atmospheres of brown dwarfs; conductivity drops off, and so large
currents cannot be sustained beyond the ionized interiors of brown dwarfs. This both reduces
starspots which could cause variability, and prevents magnetic braking, allowing brown dwarfs

to remain as fast rotators even late in their lives (Mohanty et al., 2002).
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Two key types of atmospheric features and their impact on the lightcurve
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Figure 1.11: Panels A and B show simple illustrations of two of the main atmospheric
features expected in brown dwarfs: bands and spots. Panels C and D show how these
features would appear in a disk-integrated light curve (i.e., an observation where surface
features on the brown dwarf are not resolved). The light curve plots flux as a function
of time. Spots alone are not enough to recreate observed brown dwarf light curves; light
curves can be well modelled by a combination of planetary-scale waves, similar to the
banding on Jupiter (panels A and C, top of figure) and one or more elliptical spots (panels
B and D, bottom of figure). This figure is from Apai et al. (2017).
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Figure 1.12: A sample of light curves for L and T dwarfs from the Weather on Other
Worlds project by Metchev et al. (2015). Filled squares denote photometry at 3.6 ym and
open squares denote photometry at 4.5 um. The solid and dashed lines are the variability
models for the 3.6 um and 4.5 um photometry respectively. Some objects have simple
sinusoidal and periodic light curves (e.g., the second and third panels from the top), while

others have more complicated, yet still periodic light curves (top and fourth from the top).

For others, periodicity cannot be confirmed on the time scale of the observations (bottom
panel). All of the objects have variations on the timescales of hours, with confirmed or
likely rotation periods of less than 20 hours, the duration of these observations. This figure
is from Metchev et al. (2015). © AAS. Reproduced with permission.
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It is possible that in the hottest brown dwarfs (early L-type), magnetic fields are respon-
sible for variability through starspots, but this is not what is typically observed. Miles-Péez
et al. (2017) tested for correlation between photometric variability and magnetic activity in
previously-monitored brown dwarfs ranging in spectral type from LO-T8. They detected Ha
emission (a common tracer of magnetic activity; Zarro & Rodgers 1983) in only one of their
targets and from a further investigation of the literature conclude that photometric variability
and magnetic activity are not correlated, and that clouds typically drive photometric variability.
This result is in agreement with other studies (Bailer-Jones & Mundt, 2001; Martin et al., 2001;
Gelino et al., 2002; Richey-Yowell et al., 2020), and so magnetic fields are unlikely to be the

cause of photometric variability.

Atmospheric temperature fluctuations have been proposed as a potential cause of photo-
metric variability, especially in cooler brown dwarfs (T-types). Robinson & Marley (2014)
show that thermal fluctuations occurring deep in the atmosphere can cause surface brightness
fluctuations at infrared wavelengths. However, these models produce variability on timescales
of hundreds of hours, while observationally most brown dwarfs have variability on the scale of
hours to tens of hours. These thermal fluctuations however, could be used to explain aperiodic

flux variations.

Tremblin et al. (2015, 2016, 2017, 2020) show that fingering convection (so called for the
columns or “fingers” of rising or sinking gas in the atmosphere) in a cloudless atmosphere can
result in variability. They find that the slow conversion of CO to CHy (at the L/T transition) and
N, to NH3 (at the T/Y transition) causes surface inhomogeneities in molecular abundances and
temperature. This added convection then warms the deep layers of the atmosphere, increasing
the temperature gradient and causing a J-band brightening resulting in bluer colours for T

dwarfs.

Biller (2017) argues that abundance inhomogeneities (like those described in the Tremblin
et al. studies) should be observable through variability of individual spectral lines for rotating
brown dwarfs. Studies by Buenzli et al. (2015b) and Biller et al. (2018) find no such variability
in, for example, methane lines, compared to other spectral features, suggesting that fingering
convection may not be responsible for variability. Furthermore, Leconte (2018) find that counter
to the Tremblin et al. studies, turbulent transport would actually increase the thermal gradient,
resulting in a J-band darkening for T dwarfs, which is the opposite of what is observed. They
therefore conclude that fingering convection cannot be the source of observed variability in

brown dwarfs.
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1.2.3 Overview of Previous Variability Studies

Soon after brown dwarfs were first announced in 1995, searches for variability began. In this
section I will review some of the key brown dwarf variability studies and their results, with a
focus on the largest studies to date.

In one of the first searches for sub-stellar variability, Tinney & Tolley (1999) investigated
an M9 dwarf and an L5.5 binary, finding variability in the latter, thought to indicate changes in
cloud opacity. Bailer-Jones & Mundt (1999, 2001) performed a larger survey, investigating M
and L dwarfs, and found variability in 12/27 of their targets. Later surveys by Gelino et al. (2002)
and Enoch et al. (2003) also detected variability, finding 7/18 and 3/9 targets to be variable
respectively. Both of these studies concluded that patchy cloud cover is likely responsible for
the variability, as opposed to magnetic spots, like those seen in stars. These and other early
variability searches were ground-based observations, primarily performed photometrically at
red-optical wavelengths.

As described in Section 1.2.1, the highest contrast in brown dwarf variability is expected
in the near-infrared. In more recent studies, Wilson et al. (2014) and Radigan et al. (2014)
performed the largest ground-based surveys of brown dwarf variability to date, investigating
69 and 62 L and T dwarfs respectively, in the J band. Both studies aimed to improve the
statistics of variable brown dwarfs, targeting the L/T transition where cloud dissipation and
patchy atmospheres were expected to cause variability. While Wilson et al. (2014) found that
the variable objects in their sample were not concentrated in any particular set of spectral types,
Radigan et al. (2014) estimated that ~ 80% of brown dwarfs in the L/T transition would be
variable if viewed equator-on, and ~ 60% are variable outside of the L/T transition. Radigan
et al. (2014) also found that large-amplitude variables (> 2%) are more common at the L/T
transition. Radigan (2014) later performed an independent analysis of the targets from Wilson
etal. (2014), and combining with the data of Radigan et al. (2014), they re-confirmed that strong
(high-amplitude) variability occurs more frequently at the L/T transition. A recent study by
Eriksson et al. (2019) targeting L/T transition objects found 4/10 targets to be strongly variable
in the J band, with amplitudes >2%%, consistent with previous studies of L/T transition objects.

Despite the success of these studies, observing at infrared wavelengths from ground-based
facilities is challenging; the Earth’s atmosphere is bright in the near-infrared and introduces
large amounts of correlated noise to the data (compared to optical observations). Moreover,
water vapour, which is a major absorber in the near-infrared and is itself present in brown dwarf
atmospheres, is variable in the Earth’s atmosphere. This presents additional complications in
detecting variability, especially over the timescales of brown dwarf variability (hours). So, many
modern brown dwarf variability surveys take advantage of long-term monitoring programs and

the stability of space telescopes.
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Buenzli et al. (2014) used the Hubble Space Telescope to survey 22 L and T brown dwarfs
in one of the first large space-based brown dwarf variability surveys. Observing each target for
only 40 minutes, they found ~ 30% of their targets to be variable, noting that their survey was
not sensitive to long-period variables. While ground-based studies are biased toward detections
with the largest amplitudes, space-based surveys like this frequently detect variability with

amplitudes < 1%.

In the Weather on Other Worlds project, Heinze et al. (2013) and Metchev et al. (2015)
performed one of the largest and most sensitive photometric variability surveys to date. Utilizing
the unique stability of the Spitzer Space Telescope, this survey monitored 44 [.3-L.8 dwarfs
continuously for 20 hours each in the mid-infrared. The long durations of the observations
provided the means to detect long-period variables missed in previous surveys. This survey
found ~ 49% of single objects (non-binaries) to be variable. Figure 1.12 shows a sample of
the light curves from Metchev et al. (2015). This particular sample figure shows objects with
variability on the order of 1% (though many in the sample show variability with amplitudes
<1%), with some regular variables (the top four panels) and one irregular variable (i.e., it
does not repeat on the timescales of this survey; the bottom panel). Metchev et al. (2015)
also find large-amplitude variables near the L/T transition, similar to Radigan et al. (2014) and
Radigan (2014), but they do not find increased fractions of variables in this spectral type region.
The differences between these studies indicate that there may be differences in cloud structure
appearance at different wavelengths (observations reported by Radigan et al. 2014 and Radigan
2014 were conducted at 1.1-1.7um, while Metchev et al. 2015 was at 3-5um). Metchev
et al. (2015) also find a tentative correlation between low-surface gravity and large-amplitude
variability at 3-5 um for L3-L5.5 dwarfs, as well as a tentative relationship between colour
and variability (see Section 1.2.4).

A series of investigations by Vos et al. (2018, 2019, 2020) further investigated the tentative
correlation between low gravity and high-amplitude variability in brown dwarfs found by
Metchev et al. (2015). Using the Spitzer Space Telescope observations and ground-based
J-band observations from the New Technology Telescope and the United Kingdom Infrared
Telescope, they investigated a sample of L dwarfs and found that low-gravity L dwarfs are more
likely to be variable than higher-mass field dwarfs.

Moving towards cooler brown dwarfs, Heinze et al. (2015) studied 12 T dwarfs for variability
in the red optical wavelengths (0.70-0.95 ym). This work aimed to determine the occurrence
rate of large amplitude variability in T dwarfs, in order to put into context one of the largest
amplitude variable brown dwarfs, the T0.5 Luhman 16 B (Luhman, 2013; Gillon et al., 2013;
Biller et al., 2013; Buenzli et al., 2015a,c; Karalidi et al., 2016; Apai et al., 2021). Luhman 16 B
has an amplitude of ~11% in the I + z filter (750 nm to 1100 nm; Gillon et al. 2013). Heinze
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et al. (2015) found significant variability in two of their targets (> 10%) and suggest that high-
amplitude variability for T dwarfs is not uncommon. They also find that for cool brown dwarfs,
variability amplitude may be anti-correlated with wavelength, finding that the amplitudes at
0.7-0.95 pum are much larger than at 3.6—4.5 ym (as measured in the Metchev et al. 2015 study
for the same targets).

Variability has also been detected in Y dwarfs. Cushing et al. (2016), Esplin et al. (2016),
and Leggett et al. (2016) each report variability for single Y dwarfs using the Spitzer Space
Telescope. Leggett et al. (2016) supplement their Spitzer Observations with ground-based near-
infrared observations from Gemini Observatory, where they find tentative variability in the Y
and J bands. The results of Esplin et al. (2016) are particularly exciting — they detect variability
in the coldest known brown dwarf, WISE J085510.83+071442.5 (Teg ~ 250 K; Luhman 2014).
This object is of spectral type Y2 (Leggett et al., 2015), is very low-mass (3—10 My,p; Luhman
2014), and possesses the coldest atmosphere studied outside of our own solar system. These
results indicate that variability (and therefore cloud evolution) is detectable on exoplanets, if the
required sensitivity can be achieved for such faint targets. In fact, variability has already been
detected in hotter planetary mass companions: Zhou et al. (2016, 2018, 2019, 2020) detect
variability in five such objects with the Hubble Space Telescope, with spectral types from L1
to T2.5.

I'have already briefly described the results of the study by Apai etal. (2017), but will describe
the survey here for completeness. Apai et al. (2017) studies six brown dwarfs known to be
variable with the Spitzer Space Telescope. Each target was observed for eight epochs over 1.5
years, totalling over 30 rotations for each target. This key study found that a simple combination
of elliptical spots alone cannot reproduce brown dwarf light curves. A combination of spots
and bands powered by planetary-scale waves is required.

The combined results of these surveys indicate that variability is ubiquitous in brown dwarfs.
The majority of variability studies conclude that variability, particularly in the L/T transition,
supports the hypothesis that brown dwarf atmospheres are composed of patchy, multi-layer
clouds. Variability in brown dwarfs is driven by combinations of elliptical spots and bands.
There is yet more exciting information that can be deduced from the variability and rotation of

brown dwarfs, such as their viewing geometries.

1.2.4 Viewing Geometry

An intuitive consequence of rotation is that viewing geometry will have a large impact on what
we observe: if either pole of a brown dwarf is directed towards us, even if it is rotating, the same

parts of the atmospheric surface would always be visible to an observer on Earth. This means
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to Earth

Figure 1.13: A schematic of how the viewing geometry can be measured for brown dwarfs
with an estimate of the radius (R), and a measure of the projected rotation velocity (v sin i)
and the rotation period (Pyo). The calculation is shown in Equation 1.4.

that even if there are patchy clouds in the atmosphere, the brown dwarf would not appear to
be variable. Viewing geometry is therefore an unavoidable bias in the detection of variability;
the maximum amplitude variability will occur when a brown dwarf is viewed from the equator,
and as inclination decreases to pole-on, the measured amplitude will decrease.

To constrain the viewing geometry of a rotating star or brown dwarf, three pieces of informa-
tion are required: the equatorial rotational velocity (v), the projected rotational velocity (v sin i),
and the radius of the object (R). For ultra-cool dwarfs, the patchy atmospheres allow us to
derive a relatively unbiased rotation period (P:o), as discussed in Section 1.2.1, which, when
combined with the radius, yields the equatorial rotational velocity. Thus, the inclination (i) of

the object may be determined with the following equation:

~ 27R

sini =

(v sini). (1.4)

A schematic of this geometry is shown in Figure 1.13.

As discussed in Section 1.1.1, ultra-cool dwarfs older than ~ 500 Myr are conveniently
predicted to have fairly constant radii (0.8—1.0 Ryyp; Chabrier et al. 2000). The radii are often
the largest sources of uncertainty in determining the viewing geometry, as they are model-
dependent. The projected rotational velocities, or v sini’s, are determined from the rotational
broadening of spectral lines. The measurement and techniques for determining this parameter

are similar across astronomy: for stars and brown dwarfs, a common approach is to broaden a
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model spectrum with a suitable rotation profile (e.g., that of Gray 1992) and to compare to the
observed spectrum. Alternatively, a template slow-rotator of the same spectral type can be used
instead of a model, which are not always accurate (see Section 1.3.3). Observed templates are,
however, subject to other sources of error, such as the rotation of the template itself (e.g., Reid
et al. 2002).

Kirkpatrick et al. (2010) studied a set of L and T dwarfs containing several brown dwarfs
redder and bluer in colour than the median. Based on kinematics, they determined that these
targets were related, coming from the same relatively old population. Since the objects were
related, they suggested that the viewing geometry was responsible for the differences in spectral
appearance. They proposed that clouds distributed non-homogeneously across varying latitude
could be the cause in variation of colours. Since fewer red objects were detected than blue, they
suggest that redder colours may correspond to a pole-on viewing angle, which is statistically
less likely than an equator-on viewing angle, which would subsequently correspond to bluer
colours. They also suggest variations in cloud thickness and grain size could be dependent on

latitude (and therefore viewing angle).

The extensive photometric variability survey by Metchev et al. (2015) also suggests that
viewing angle affects spectral appearance and colour. Their study found a correlation between
colour and high-amplitude variability, and that variable brown dwarfs tend to have colours
redder than the median. Since variability effects appear larger when viewed equator-on, this
may be interpreted as a latitudinal dependence where redder brown dwarfs are seen closer
to equator-on, and bluer ones are closer to pole-on — the opposite of what was suggested by
Kirkpatrick et al. (2010), perhaps due to the limited sample in this earlier study (less than 30
targets where the variability of the targets was not known). Vos et al. (2017) further investigated
this effect, and found a statistically significant correlation between colour and inclination in
their sample. Their findings suggest that equator-on (high inclination) objects in fact appear
redder, while pole-on (low inclination) objects appear bluer. If this correlation between colour
and viewing geometry is confirmed, it could provide insight into the long-standing questions
about the L/T transition.

These studies show that viewing geometry is an important property in studies of brown
dwarf atmospheres. Two objects may have very different colours, making us think we are
studying two dissimilar objects with distinct atmospheric properties, when in reality, we are
looking at two similar objects from two different angles. Our understanding of substellar
atmospheres, their driving mechanisms, and low-mass stellar evolution depend on accurately

modelling atmospheres to reproduce these observations.
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1.3 Brown Dwarf Atmospheric Chemistry

Over the course of this introduction, we have established that brown dwarfs are complex and rich
in molecules because of their cool atmospheres (relative to stars, which mostly contain neutral
atoms and monatomic ions). Early L dwarfs have atmospheres and spectroscopic signatures
similar to the lowest mass stars, while T and Y dwarfs are more similar to gas giant planets, with
a whole sequence of subtle changes in the subtypes in between. In this section I will describe
in more detail the molecules found in each of the brown dwarf spectral types (Section 1.3.1),
and highlight some of the most important chemical reactions in brown dwarf atmospheres
(Section 1.3.2). This section concludes with a summary of the different atmospheric models

available, and a brief history of their development (Section 1.3.3).

1.3.1 Detailed Chemistry by Spectral Type

At effective temperatures less than ~5000 K, metal hydrides and oxides (e.g., CH, OH, FeH,
CaH, MgH, SiH, and in particular, TiO and VO), as well as water gas (H,O) and carbon
monoxide gas (CO) are prominent in the atmospheres of K and M stars.

Below ~2600 K, these hydrides and oxides condense into micron-sized grains, or “dust,”
such as perovskite (CaTiO3), and silicates (e.g., MgSiOsz, Mg;Si04, CaSiO3, and Ca;SiOy4) in
the atmospheres of late M and the earliest L dwarfs (e.g., Allard et al. 2001). Neutral atomic
lines of Na, Fe, K, Al, and Ca are also prominent (Kirkpatrick, 2005). As we move cooler
through the L dwarf sequence, Al and Ca lines and CaH bands disappear and these elements
instead form corundum (Al,O3) and calcium aluminates (McLean et al., 2003; Kirkpatrick
et al., 1999; Martin et al., 1999). Iron hydride (FeH) gas condenses into metallic iron clouds.
In L dwarfs, the distinguishing spectral features are H,O, and CO, with CO strengthening up to
the mid-L types (Noll et al., 2000; Cushing et al., 2005; Kirkpatrick, 2005). Alkali lines, like
the K 1 lines in the J band remain strong through all L-types and the early T-types.

At effective temperatures less than ~1800 K (mid-L and later), oxides continue to weaken,
and the majority of the carbon is in the form of methane (CH4) gas, weakening the CO signature
(Fegley & Lodders, 1996). This change in the main carbon-bearing molecule marks the change
from L-type to T-type. For effective temperatures less than 1400 K (late L, T and Y dwarfs),
sulfides like Na;S, MnS, and ZnS, as well as potassium chloride (KCl) and atomic chromium are
expected to condense to liquids (Lodders, 1999; Marley, 2000; Burrows et al., 2001; Lodders
& Fegley, 2006; Visscher et al., 2006; Morley et al., 2012).

In T dwarfs, H,O and CH,4 gas signatures strengthen, and alkali lines weaken. In late
T-types and Y dwarfs (< 600 K), ammonia (NH3) gas signatures appear in the near-infrared
(Burrows & Volobuyev, 2003; Kirkpatrick, 2005; Cushing et al., 2011). In Y dwarfs, at the
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Figure 1.14: A near-infrared (0.95-2.3 um) spectral sequence from late M dwarfs to late
T dwarfs, in steps of two spectral subtypes. The spectra are offset by constants for clarity.
Major absorption features are indicated, notably the H>O and CH4 bands (indicated on the
figure) which significantly reduce the flux. This figure is from Kirkpatrick (2005).

lowest temperatures (less than 500 K), H,O and CH4 gas signatures remain prominent, and
NHj3; begins to dominate. Phosphine (PH3) may be present, and hydrogen sulfide (H,S) also
becomes the key sulfur-bearing molecule (Lodders & Fegley, 2002).

A more detailed near-infrared spectroscopic sequence than the one shown in Figure 1.6 is
shown in Figures 1.14 and 1.15. Several of the molecules and atomic lines described above
are marked on these figures. We can see how some opacity sources like the water and methane
bands become stronger, and how atomic lines become weaker, as the effective temperatures

drop through the spectral sequence.

In Figure 1.16, pressure-temperature profiles for cloud-free model brown dwarfs of vari-
ous effective temperatures are shown. These profiles can be used to determine the interior
temperature of the brown dwarf at a particular pressure (which corresponds to altitude in the

atmosphere: higher pressures are deeper in the atmosphere, and lower pressures are higher).



30 CHAPTER 1. INTRODUCTION

Normalized flux (F)) + constant

Ob R W0 7 e e
1 1.1 1.2 1.3 1 1.1 1.2 1.3
Wavelength (um)

CHa + H20 H20]

Figure 1.15: This figure is an expanded view of the 0.95-1.35 um region (the z and J
bands) in Figure 1.14. Major absorption features are indicated, notably the K I potassium
doublet that persists through to the mid-T dwarfs. This figure is from Kirkpatrick (2005).
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Figure 1.16: Pressure-temperature profiles shown with various condensation curves.
Pressure-temperature profiles are shown in blue for cloud-free models with effective tem-
peratures covering the ranges of brown dwarfs (2400 K to 500 K). Empirical thermal
profiles Jupiter and Neptune also shown. Condensation curves are shown in grey for direct
condensation and in orange for condensates that form from chemical reactions. Liquid to
solid transitions are indicated with solid circles. This figure is from Marley & Robinson
(2015).

This is helpful for determining where in the atmosphere particular gases and condensates might
exist. This figure also shows the condensation curves for many of the molecules mentioned
above. This allows us to see where in the atmosphere liquid or solids are forming from these
molecules as opaque clouds. Note that gases are not indicated on this plot; for example, we
see that HyO will condense as a liquid in atmospheres with effective temperatures less than

~600 K, but water still exists as a gas in the atmospheres of warmer brown dwarfs.

1.3.2 Challenges in Understanding Brown Dwarf Chemistry

Identifying the aforementioned molecules and atoms in observed brown dwarf spectra, espe-
cially in cold brown dwarfs, has on occasion proven to be difficult (e.g., Bochanski et al. 2011;
Leggett et al. 2012, 2019; Beichman et al. 2014; Canty et al. 2015; Schneider et al. 2015;
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Luhman & Esplin 2016; Miles et al. 2020). Blended lines present one such difficulty: lines
from different molecular species may be blended due to rapid rotation or simply due to the
limitations on instrument resolution. Inaccurate experimental and theoretical line lists can also
prevent the identification of particular spectroscopic features. Additionally, there are gaps in
our understanding and expectations of brown dwarf atmospheres. For instance, the temperature
ranges discussed in the previous section for the various molecules and atoms are approximate;
abundances, disequilibrium chemistry, and surface gravity can all affect what molecules form

in brown dwarf atmospheres.

The overall abundance of elements in the entire brown dwarf is of course a key factor in
determining which molecules may form. The carbon and oxygen abundances are the most
important, as CO, H,O, and CH4 are the main absorbers across all brown dwarf spectral
types. Therefore, the C/O ratio is a very important parameter for understanding brown dwarf
atmospheres (Marley & Robinson, 2015). Local abundances matter as well; as condensates
rainout in the atmosphere, it may limit the availability of particular elements elsewhere, like in

the cooler, higher altitude layers.

Model atmospheres typically assume that the brown dwarf is in chemical equilibrium. When
the atmosphere is in chemical equilibrium it implies no further reactions are taking place over
time, and the abundances of any species can be computed for a given pressure and temperature
using model pressure-temperature profiles, like the ones shown in Figure 1.16. However, many
studies have shown that departures from chemical equilibrium (chemical disequilibrium) are
common, especially for cold brown dwarfs (e.g., Noll et al. 1997; Oppenheimer et al. 1998;
Golimowski et al. 2004; Geballe et al. 2009; Leggett et al. 2012; Sorahana & Yamamura 2012;
Miles et al. 2020), and also in Jupiter’s atmosphere (Prinn & Barshay, 1977).

Chemical disequilibrium can occur when vertical mixing (convection) occurs in the atmo-
sphere (Lodders & Fegley, 2002). If material is being brought from deeper, hotter layers to the
upper atmosphere faster than chemical reactions can convert it to the next material and to settle
into chemical equilibrium, there will be more of the parent material in the upper layers of the

atmosphere than predicted from chemical equilibrium.

Consider, for example, the conversion of CO to CHy: there are many chemical pathways to
forming CH4 (Zahnle & Marley, 2014), but the net reaction to convert CO to CHy is:

CO + 3H2 - CH4 + H20 (15)

(e.g., Saumon et al. 2006). This is a relatively slow reaction as CO is particularly hard to
breakup due to its strong triple bond (Zahnle & Marley, 2014; Marley & Robinson, 2015). As

such, an excess of CO is commonly observed in cold brown dwarf spectra (e.g., Noll et al. 1997;
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Oppenheimer et al. 1998; Golimowski et al. 2004; Geballe et al. 2009; Leggett et al. 2012;
Sorahana & Yamamura 2012; Miles et al. 2020).
Carbon monoxide is not the only species which can be in chemical disequilibrium; the

conversion of Nj to NHj3 is similarly slowed by the strong bonds in Nj:
N, + 3H, — 2NH;3 (1.6)

(e.g., Saumon et al. 2006), and observations have found NH3 abundances below the expectations
for chemical equilibrium in late-T dwarfs (Saumon et al., 2006). Phosphine is also predicted to
be an indicator of disequilibrium chemistry and vertical mixing (Prinn & Lewis, 1975; Visscher
et al., 2006; Miles et al., 2020). Zahnle & Marley (2014) additionally find that the efficiency
of the atmospheric mixing related to disequilibrium chemistry can be dependent on surface
gravity.

Modern high-resolution spectrographs are allowing us to see deeper in to the jungle of
molecular features in brown dwarf spectra. We are entering an era where the accuracy of
molecular line lists can be rigorously tested, and molecular absorption can be identified even in
cases with very low signal-to-noise ratios (such as in cross-correlation analysis of exoplanets,
where the planet itself cannot be spatially resolved and the planet’s flux is mixed in with the
star’s). Many of the outstanding questions related to brown dwarf atmospheres will be resolved
as we develop models that reliably match observed data. The following section outlines some
of the history of brown dwarf atmospheric models and highlights the most popular models

available to date.

1.3.3 Atmospheric Models

Model spectra predict spectral and evolutionary properties, and are typically provided on grids
of effective temperature and surface gravity. Some models may include additional parameters
related to cloud formation or metallicity. These model grids can be compared to observations
to derive the physical properties of brown dwarfs.

Model spectra are generated by constructing an atmospheric structure model that converts
a given internal heat flux to the radiation that would be measured at the top of the atmosphere.
This type of model is called a “radiative-convective equilibrium model” (Marley & Robinson,
2015), and involves solving radiative transfer, radiative equilibrium, and hydrostatic equilibrium
equations. A convection model, a cloud model, and an opacity database for the molecular and
atomic ingredients of a brown dwarf atmosphere are also required (Burrows et al., 2003). I will
not discuss the methods for solving the radiative transfer, radiative equilibrium, and hydrostatic

equilibrium equations here. I will instead focus on the features, parameters, and physics unique
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to modelling brown dwarf atmospheres in each successive generation of models.

In even the earliest models (e.g., Lunine et al. 1986; Burrows et al. 1989) it was recognized
that cloud and dust opacities would be required to correctly model brown dwarf atmospheres.
The Tsuji (2001, 2002) models allowed for clouds to form layers which become thicker and sink
deeper for cooler atmospheres (as we expect for spectral types later than the L/T transition).
These and subsequent models placed constraints on cloud particle sizes and dust grain sizes
to prevent gravitational settling deeper in the atmospheres, in order to maintain cloud layers.
To further avoid this problem, these models assumed that grains were constantly forming and
evaporating. Tsuji (2002) were able to retrieve the L/T transition CO to CH4 conversion and
colour reversal, but over a much broader temperature range (~600 K instead of the observed
100 - 200 K).

Ackerman & Marley (2001) and Marley et al. (2002) introduced a parameter called the
sedimentation efficiency (f;eq) to give an indication of how optically thick or thin the cloud
layers are. Sedimentation efficiency determines how quickly particles settle out of clouds
relative to turbulent mixing in the atmospheres of brown dwarfs. High fi.q results in clouds
with larger particle sizes which tend to be thinner, and low f.q results in clouds with smaller
particle sizes which tend to be more vertically extended. These models were able to simulate
atmospheres with varied mixing but were still unable to match the observational colour reversal
at the L/T transition.

Ackerman & Marley (2001) and Burgasser et al. (2002b) suggested that holes in the cloud
layers allow flux from the hotter interiors to come through, like those illustrated in Figure 1.10.
Such holes can help explain the colour reversal at the L/T transition in colour-magnitude
diagrams; if there are fewer holes, brown dwarfs appear to be cooler overall (brighter at longer
wavelengths, and thus “redder” in colour), and if there are more holes, brown dwarfs appear
to be hotter overall (brighter at shorter wavelengths, and thus “bluer” in colour; Ackerman &
Marley 2001; Burgasser et al. 2002a; Kostov & Apai 2013).

Building on the Ackerman & Marley (2001) and Marley et al. (2002) models and the ideas
for “patchy clouds,” Saumon & Marley (2008)’s models for late-T and Y dwarfs simulated
patchy clouds and hot spots, by perturbing the temperature structure at various depths in the
atmospheres, combining separate cloudy and cloudless models. Marley et al. (2010) improved
upon this further by generating single models which included patchy clouds, with parameters
for cloud thickness and coverage. Morley et al. (2012) further included optically thin clouds
which were neglected in previous models by considering higher and cooler regions of brown
dwarf atmospheres, finding better matches to the observed colours of T dwarfs.

The most recent set of models built upon the Ackerman and Marley framework is known

as “Sonora” (Marley et al., 2021). Several model grids are planned for the Sonora collection,
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and these models include updated molecular line lists (notably for water and methane) and
atmospheric chemistry. Currently available are the “Sonora Bobcat” models (Marley et al.,
2021) and the “Sonora Cholla” models (Karalidi et al., 2021). The Sonora Bobcat models are
for cloudless atmospheres in chemical equilibrium, covering effective temperatures from 200 K
to 2400 K and are suitable for L, T, and Y dwarfs. The Sonora Cholla models are for cloudless
atmospheres with solar metallicity in chemical disequilibrium, and focus on lower effective
temperatures (500-1300 K), suitable for T dwarfs and wide-separation giant planets. A third
grid of Sonora models which will include cloud processes is planned for release in the coming

year (Morley et al., in prep.).

Under the PHOENIX framework (Allard & Hauschildt, 1995; Hauschildt et al., 1999), sev-
eral grids of models have been generated since the late *90s. Unlike the Ackerman and Marley
models, which use pre-tabulated chemistry and opacities, models based on PHOENIX compute
chemistry and opacities concurrently with their radiative-convective equilibrium model. Allard
et al. (2001) determined the cloud base for each condensate individually to develop two sets of
models: one which includes condensation, but ignores dust opacities, titled “COND” and an-
other which includes both condensation and dust opacities, titled “DUSTY.” Allard et al. (2012a,
2014) expand upon these models with the “BT-Sett]” model grids, which include an updated
water line list (Barber et al., 2006), and include the condensation, sedimentation, coagulation,

and convection of grains by investigating gravitational settling within the atmosphere.

More recently, Phillips et al. (2020) generated three grids of model spectra for T and Y
dwarfs titled “ATM0O2020” based on the PHOENIX framework. One grid was generated for
equilibrium chemistry, and two for variations on non-equilibrium chemistry due to vertical
mixing. Notably these models make use of a new H-He equation of state (Chabrier et al., 2019)
that improves the theoretical masses determined by their models, and alters the cooling tracks

related to hydrogen and deuterium burning masses.

As stated in Section 1.3.2, even the most up-to-date models do not reproduce all observed
features in brown dwarf spectra. However with the advances in cloud physics and the updated
line lists for the dominant absorbers in brown dwarf spectra (e.g., H,O, CHy4, NH3) the accuracy
of brown dwarf model spectra are improving rapidly. The fact that there are multiple groups
working independently on modelling brown dwarf spectra with their own radiative-convective
equilibrium models is a boon to the brown dwarf field; complementary models are necessary for
confirming the accuracy and importance of physical and chemical assumptions in atmospheric

models.
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1.4 What This Thesis Addresses and Project Motivation

It has only been in recent years that sufficient data has been collected on the rotation periods
of brown dwarfs that meaningful statistics can be calculated. One important result of modern
large brown dwarf variability surveys is that it is now known that brown dwarfs tend to be
“fast-rotators” with typical rotation periods on the order of hours to tens of hours. But how
fast can brown dwarfs rotate? Since brown dwarfs lack the braking mechanisms often seen
in stars, is there a limit on brown dwarf rotation speed? In Chapter 2 of this thesis, I present
three brown dwarfs with the shortest rotation periods ever observed. I present Spitzer Space
Telescope photometry at 3.6 ym and 4.5 ym and my precise measurements of rotation periods
of 1.080t%.%8§ h, 1.14“:8:%31 h, and 1.23f%’811 h for a T7, an L8, and an L3.5, respectively. These
“ultra-fast rotators” span spectral types from mid-L to mid-T, and the clustering of the shortest
rotation periods near 1 h suggests that brown dwarfs are unlikely to spin much faster. A
limit on brown dwarf rotation may help to set meaningful limits on breakup speeds or angular
momentum limits, and to help us understand the structure of brown dwarf interiors and the

rotation evolution in brown dwarfs.

In the second part of Chapter 2 I investigate the effects of the rapid rotation on the near-
infrared spectra of the three ultra-fast rotators. I compared the observations from Magellan/FIRE
and Gemini/GNIRS to the atmospheric model spectra of Saumon & Marley (2008), Allard et al.
(2012b; BT-Settl), Morley et al. (2012), and Marley et al. (2021; Sonora Bobcat) to determine
the physical properties of these objects. I find the highest degrees of rotational broadening ever
measured for brown dwarfs (103.5+7.4kms™!,79.0+3.4kms™!, and 82.6+0.2 km s~! for the
T7, L8, and L3.5, respectively, which all correspond to equatorial velocities of =100 kms™"),
and confirm the rotation periods determined from the rapid variability seen in the photometry.

I additionally measure the viewing geometries of all three of these brown dwarfs.

The paper presented in Chapter 2 of this thesis represents a significant contribution to the
literature. This work was originally designed to be presented in two separate publications, but

was combined into a single work at the request of the co-authors of Tannock et al. (2021).

In Chapter 3 of this thesis I delve into the complicated domain of brown dwarf atmo-
spheric chemistry. I present one of the highest resolution (R=45,000), highest signal-to-noise
(SNR>200) near-infrared spectra of a late-T dwarf ever observed. This T6 spectrum, observed
with Gemini/IGRINS, presents a unique opportunity to test the most up-to-date model photo-
spheres and to determine the accuracy of the available molecular line lists for water, methane,
and ammonia. I perform a careful comparison to the models of Allard et al. (2012b; BT-Settl),
Morley et al. (2012), Marley et al. (2021; Sonora Bobcat), and a special revised version of the

Sonora Bobcat models with molecular line lists never before included in a publicly-released
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model atmosphere grid (Hood et al., in prep.). I report the first unambiguous detection of
hydrogen sulfide in an extra-solar atmosphere, find that this T6 dwarf demonstrates CO dis-
equilibrium chemistry, and identify several absorption features in the observed spectrum that
do not appear in any of the photospheric models. I find that the updated line lists for water,
methane, and ammonia allow for precise empirical determinations of physical parameters, and
are highly promising for the detection and characterization of exoplanets with high-dispersion
spectroscopy. Finally, I present the most detailed atlas of spectroscopic lines in a cold brown

dwarf to date.

I would also like to provide some motivation for the aforementioned works, and describe
briefly my PhD project journey.

A substantial sample of L and T dwarfs were observed with the Spitzer Space Telescope as
a follow-up to the Weather on Other Worlds study (Heinze et al., 2013; Metchev et al., 2015).
Using the methods described in the Weather on Other Worlds publications, I analyzed these
data and identified variable brown dwarfs. I determined the rotation periods and generated light
curves for each of the variable brown dwarfs in this sample. Three of those brown dwarfs are
the ultra-fast rotators presented in Chapter 2. Given the remarkable rotation periods of this trio,
we felt that they merited their own paper, separate from the rest of the sample.

Over the course of my graduate studies I led an ambitious spectroscopic follow-up of the
variable objects in Metchev et al. (2015) and the follow-up Spitzer program. I aimed to confirm
the rotation periods of the variables by examining their rotation broadening and to determine
their viewing geometries to further test the colour trends found by Metchev et al. (2015) and Vos
et al. (2017). However, as the analysis progressed, again I found myself in the possession of a
particularly exceptional data set warranting its own solo publication: the Gemini South/IGRINS
T6 data that is featured in Chapter 3. In addition to the projected rotational velocity and viewing
geometry I sought, it was also clear that this observation could greatly benefit the brown dwarf
and exoplanet community by acting as an important benchmark and high resolution atlas of
molecular absorption features for cold brown dwarfs.

The data I collected through my follow-up spectroscopic survey alone could fill another PhD
project, and, personally, I think one PhD is enough. I will discuss some of the potential uses
for this data in Chapter 4. On a journey to investigate brown dwarf variability, rotation rates,
viewing geometries, and the L/T transition I found myself going in a totally different direction
and chasing discoveries I hadn’t even dreamt of. But I guess that is what science is all about,
right?
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Chapter 2

Weather on Other Worlds. V. The Three
Most Rapidly Rotating Ultra-Cool Dwarfs

A version of this chapter has been published in the Astronomical Journal as Megan E. Tannock
et al. 2021 AJ 161 224. DOI: 10.3847/1538-3881/abeb67.

2.1 Introduction

Variability in ultra-cool dwarfs (spectral types > M7; Kirkpatrick et al. 1997) is caused by
large-scale atmospheric structures, such as spots or longitudinal bands (Artigau et al., 2009;
Radigan et al., 2014; Apai et al., 2017). As inhomogeneities rotate in and out of view, they
change the object’s observed flux on the time scale of the rotation period (Tinney & Tolley,
1999; Bailer-Jones, 2002). The largest and most sensitive ultra-cool dwarf monitoring surveys
(e.g., Radigan et al. 2014; Radigan 2014; Buenzli et al. 2014; Metchev et al. 2015) have found
that variability is common across L and T dwarfs. Metchev et al. (2015) estimate that 53%f11g;77‘;
of L3-L9.5 and 3607{%%‘; of TO-T8 dwarfs are variable at > 0.4%. The rotational periods
inferred for L and T dwarfs range over at least an order of magnitude: from 1.4 h (Clarke
et al., 2008) to likely longer than 20 h (Metchev et al., 2015). Spectroscopic observations
have shown that many ultra-cool dwarfs have relatively large projected rotational velocities
(vsini > 10km s~ Mohanty & Basri 2003; Basri et al. 2000; Zapatero Osorio et al. 2006;
Reiners & Basri 2008, 2010; Blake et al. 2010; Konopacky et al. 2012), and in some cases rotate
at ~30 % of their break-up speed (e.g., Konopacky et al. 2012). Ultra-cool dwarfs with halo
kinematics also exhibit rapid rotation (Reiners & Basri, 2006), indicating that they maintain
relatively large rotational velocities during their entire lifetimes.

In this paper we present the discovery of three ultra-cool dwarfs with the shortest known
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photometric—and likely rotational—periods. In Section 2.2 we present our photometric moni-
toring with the Spitzer Space Telescope (Spitzer) and the discovery of the short periodicities. In
Section 2.3 we present moderate-resolution infrared spectroscopy to confirm the rapid rotation
of each target. In Section 2.4 we fit photospheric models to the spectra to determine the objects’
projected rotational velocities and physical parameters, and find the highest v sini value yet
reported for ultra-cool dwarfs. We discuss the objects’ rapid spins and oblateness in Section 2.5.

Our findings are summarized in Section 2.6.

2.2 Spitzer Photometry, Variability, and Periods

The photometric observations were obtained as part of the GO 11174 (PI: S. Metchev) Spitzer
Exploration Science Program, “A Paradigm Shift in Substellar Classification: Understanding
the Apparent Diversity of Substellar Atmospheres through Viewing Geometry.” The program
targeted 25 of the brightest known L3-T8 dwarfs to complement our earlier sample of 44
photometrically monitored L. and T dwarfs (Metchev et al., 2015) and to investigate viewing
geometry effects on photometric variability and brown dwarf colours. A full description of the
program will be presented in a later publication.

We focus on three variables from the GO 11174 Spitzer program with photometric periods
shorter than the shortest previously known: the 1.41 £0.01 h period of 2MASS J22282889-4310262
(Clarke et al., 2008; Buenzli et al., 2012; Metchev et al., 2015). Our targets are: the L.3.5 dwarf
2MASS J04070752+1546457 (Reid et al. 2008; herein 2MASS J0407+1546), the L8 dwarf
2MASS J12195156+3128497 (Chiu et al. 2006; herein 2MASS J1219+3128), and the T7 dwarf
2MASS J03480772—-6022270 (Burgasser et al. 2003; herein 2MASS J0348-6022).

2.2.1 Warm Spitzer Observations

We observed the three objects in staring mode with Spitzer’s Infrared Array Camera’s (IRAC;
Werner et al. 2004, Fazio et al. 2004) channels 1 (3.6 um, [3.6]) and 2 (4.5 um, [4.5]). The
dates of the observations are given in Table 2.1. The observing sequence was a 10 h staring
observation in channel 1, followed immediately by a 10 h staring observation in channel 2. All
exposures were 12 s long, taken in full-array readout mode. At the beginning of each staring
sequence an additional 0.5 h were used for pointing calibration with the Pointing Calibration
and Reference Sensor (PCRS). The PCRS peak-up procedure is intended to correct telescope
pointing over long staring observations. We used nearby bright stars for peak-up, as none of
our targets were sufficiently bright to perform the peak-up on-target.

The Spitzer IRAC detector is subject to intrapixel sensitivity variations, known as the “pixel
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phase effect” (Reach et al., 2005). Precise photometry requires correcting for an object’s
positioning to sub-pixel precision. The pixel phase effect is well characterized in a 0.5 X 0.5
pixel (076 x 0/6) “sweet spot” (Mighell et al., 2008) near a corner of the IRAC array, and flux
correction routines are available at the Spitzer Science Centre IRAC High Precision Photometry
website.!

We sought to acquire our targets as closely as possible to the center of the IRAC sweet
spot. We used observation epoch-dependent positional corrections for proper and parallactic
motions derived from a 2MASS-AIIWISE cross-correlation. However, we were not entirely
successful. The average centroid position for each of our three targets was up to a pixel away
from the center of the sweet spot: i.e., twice its half-width. We therefore used our own custom
pixel phase correction code (Heinze et al., 2013) developed for the Spitzer Cycle 8 “Weather on
Other Worlds” program (Metchev et al., 2015) and summarized in Section 2.2.2. Experiments
with archival Spitzer GO 13067 data on TRAPPIST-1, which was acquired on the sweet spot,
confirmed that for point sources at least as bright as TRAPPIST-1 (WISE W1 = 10.07 mag),
our pixel phase correction approach is at least as accurate as the set of sweet spot pixel phase

corrections on the IRAC High Precision Photometry website.

2.2.2 Photometry and Initial Variability Assessment

We conducted a two-stage photometric and variability assessment, using the Spitzer Basic
Calibrated Data images. We first performed approximate [3.6]- and [4.5]-band photometry in
1.5 pixel-radius apertures with the IDL Astronomy User’s Library? task Aper. We applied the
corresponding aperture correction from the IRAC Instrument Handbook, and a custom pixel
phase correction derived as a two-dimensional quadratic function of the centroid position on
the detector.

We identified variable targets by Lomb-Scargle periodogram analysis (Scargle, 1982), sam-
pling periods between 0.1 h and the full 20 h duration of our Spitzer observations. We use
the p-value, a measure of the likelihood that any variations are caused by random noise, to
determine the significance of the periodogram peaks. The p-value is Me™", where P is the
periodogram power of the highest peak, and M is the number of independent periods considered
(Scargle, 1982; Press et al., 1992). Relative to other non-variable field stars, a sinusoidal signal
yields the lowest p-value at a given amplitude, making it ideal for detecting rotation-induced
photometric variations. We determined a threshold to identify variables by calculating the
p-value from pixel phase-corrected light curves of 469 field stars in the IRAC field of view

for our full Spitzer sample, with obvious variables (e.g., eclipsing binaries) rejected by visual

thttps://irachpp.spitzer.caltech.edu
2https://idlastro.gsfc.nasa.gov
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Figure 2.1: Results from the initial periodogram-based variability assessment on the three
L and T dwarfs (red points) in the two Spitzer bands, compared to 469 other stars (black
points) in the IRAC field of view for our full Spitzer sample. The horizontal dashed lines
mark the p-value thresholds below which we claim variability (higher on the plot), with
95% of the comparison stars on the other side of this line (lower on the plot). We separately
compute the 95% threshold for each IRAC channel for the brighter half of comparison
stars (log(p-value) = —2.8 and —1.9 in [3.6] and [4.5], respectively) and the fainter half of
comparison stars (log(p-value) = —3.5 and —2.2 in [3.6] and [4.5], respectively).
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Figure 2.2: Lomb-Scargle periodogram power distributions of the light curves of our three
targets for both Spitzer channels after the preliminary pixel phase correction (Sec. 2.2.2).
We use the 95 percentile p-value thresholds determined from field stars (Fig. 2.1) to
identify significant periodogram peaks. The relevant thresholds (dotted lines) at [3.6] and
[4.5] are at periodogram powers of P36 = 10.7 and P45 = 7.9.

inspection. We split the field stars into two equal-sized groups based on their magnitudes. From
the full Spitzer sample, we selected as candidate variables those L. and T dwarfs for which the
p-value was below that of 95% of field star p-values. The p-values of the current three L and
T dwarfs and of the field stars are shown in Figure 2.1. The relevant thresholds are shown as

dashed horizontal lines.

The most significant periodogram peaks above the p-value threshold for our three targets
are in the 1.1-1.2 hour range (Fig. 2.2). In all three cases, significant periodicity is detected in
only one of the two Spitzer IRAC channels: at [3.6] for the L dwarfs 2MASS J0407+1546 and
2MASS J1219+3128 and at [4.5] for the T dwarf 2MASS J0348-6022.

At this stage of our analysis, the applied pixel phase correction is not in the final form
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presented in Section 2.2.3. The preliminary periodicities are potentially affected by Spitzer’s
known pointing ‘wobble.” The telescope’s boresight follows a small sawtooth quasi-periodic
oscillation with a mostly sub-hour time scale: the result of heater cycling to maintain adequate
battery temperature (Grillmair et al., 2012, 2014). The amplitude of the pointing oscillation,
up to 0.4 pix, can be sufficiently high to impact photometric measurements because of the pixel
phase effect. During 2015, when our observations were taken, the mean pointing oscillation
period was 49 minutes, with an inner quartile range of 43 minutes to 54 minutes (Krick et al.,
2018). However, a small fraction of year 2015 observations in the Spitzer archive have pointing
oscillation periods up to 80 minutes, similar to the 1.1-1.2 hour-long periods identified in our
periodograms (Fig. 2.2).

We do not believe that Spitzer’s pointing wobble is responsible for the detected 1.1-1.2 hour
periodicities for three reasons. First, we expect roughly similar pixel phase-induced behavior
of all point sources in our target fields. Therefore, by setting a global 95% p-value threshold in
our preliminary analysis, we select for variability beyond what may be incurred by the pointing
wobble. Second, in Section 2.2.3 we describe a more sophisticated photometric analysis that
includes an astrophysical variability and a pointing oscillation model, and we clearly identify
the wobble separately from the astrophysical periods. Finally, in Section 2.4 we confirm that
the rapid rotations implied by such short periods are expressed as wide Doppler line broadening

in moderate-dispersion spectra of our three science targets.

2.2.3 Simultaneous Fitting for Pixel Phase and Astrophysical Variability

Having identified candidate variables among the science targets with approximate photometry,
we iterated our variability assessment with higher-precision photometry. We determined the
optimal aperture for each object by seeking the lowest root-mean-square scatter in the measured
fluxes. The optimal apertures in the [3.5]- and [4.5]-band data respectively were 1.4 and
2.1 pixels for 2MASS J0348-6022, 1.4 and 2.0 pixels for 2MASS J1219+3128, and 1.5 and
2.1 pixels for 2MASS J0407+1546. We binned the photometry in groups of 10 consecutive
measurements to lower the random noise. Our binning interval of 120 s still ensures fast enough
sampling to retain sensitivity to the hour-long timescales of interest. We incorporated the initial
period estimates from Section 2.2.2 in an iterative least-squares method to simultaneously fit
an astrophysical model (a truncated Fourier series) and a correction for the pixel phase effect
in both channels (Heinze et al., 2013). We show the raw and corrected Spitzer light curves for
our three targets in the left panel of Figure 2.3.

The raw photometry in Figure 2.3 shows the sawtooth pointing oscillation of Spitzer in the

light curves of two of the three science targets. The effect is present mostly throughout the [3.6]-
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Figure 2.3: Left: Spitzer [3.6]- (blue) and [4.5]-band (red) light curves. Each target is
shown in a separate panel, with the raw data on top. The bottom sequences show the final
light curves after correcting for the pixel phase effect. All light curves are normalized to
unity, and the raw data are offset by a constant for clarity. A combined astrophysical and
pixel phase model fit (Sec. 2.2.3) to the raw data is shown in black. The astrophysical model
fits to the corrected data are shown in blue for [3.6] and red for [4.5]. The models are shown
with a solid line over the channel that exhibits significant variability and with a dashed line
over the other channel that exhibits no significant variability. Right: Period-folded light
curves in the channels with significant variability after the pixel phase correction. The
mean flux level is represented as a horizontal dashed line at unity flux. The astrophysical
model fit is shown as a solid line.
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and [4.5]-band staring observation of 2MASS J1219+3128 (middle-left panel of Fig. 2.3), with
a sawtooth-like pattern that repeats 10 times over 10 hours at [3.6]. The corresponding 60
minute time scale of the sawtooth pattern is distinct from the 68 minute astrophysical period
seen in the corrected [3.6]-band light curve. The latter half of the [3.6]-band observation of
2MASS J0348-6022 also shows sawtooth variations on a 60 minute time scale. However, no
astrophysical variability is detected in 2MASS J0348-6022 at [3.6]. This T7 dwarf is variable

only at [4.5], where no effect of the sawtooth pattern is seen.

We further verified that there is no residual periodicity effect from the pointing wobble by
confirming that there is no correlation between the flux and centroid position on the detector
after correcting our photometry for pixel phase (Fig. 2.4). We computed Pearson correlation
coefficients of |r| < 0.04 between flux and centroid position for each object and Spitzer channel.

We conclude that Spitzer’s pointing oscillation is not the cause of the variability we observe.

We adopt the results from the simultaneous astrophysical and pixel phase model as the true
periods and peak-to-trough amplitudes of our variables, rather than the preliminary results from
the periodogram fitting shown in Figure 2.2. In all three cases the final and the preliminary
periods agree to within 1%, and the periodogram power of the significant peaks increased for
the final, corrected data. From our best-fit astrophysical model, the two L. dwarfs require only a
single Fourier term for an adequate light-curve fit. The T7 dwarf 2MASS J0348-6022 requires
a two-term Fourier fit, and so both significant peaks seen in the [4.5]-periodogram (Fig. 2.2)
are astrophysical in nature. However, the higher-frequency oscillation is less significant, and is
a harmonic at half the period: 0.54 h versus 1.08 h. It may indicate a two-spot configuration

on opposite hemispheres of the T dwarf.

We use a Markov chain Monte Carlo (MCMC) analysis, as described in Section 3.4 of
Heinze et al. (2013), to determine the uncertainties on the periods and the amplitudes. We
fit the [3.6] and [4.5] photometry simultaneously, by requiring the same period but different
amplitudes for the two channels. Since in all cases only one of the channels shows significant
variability, we set 20 upper limits on the amplitude ratios of the “non-variable” channels to the

variable channels.

The periods of the T7, L3.5, and L8 dwarfs range between 1.08 h and 1.23 h: faster than
any measured before (see Section 2.5). We show the phase-folded light curves in the variable
channel for each target in the right panel of Figure 2.3. The object names, spectral types, mag-
nitudes, variable channels, and photometric periods, peak-to-trough amplitudes, and amplitude

ratios are listed in Table 2.1.
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Figure 2.4: Pixel phase-corrected flux at [3.6] (blue) and [4.5] (red) as a function of
centroid position in both the x- and y-directions. The centroids are measured relative to
the average centroids across all exposures. The Pearson correlation coefficients (r) are
given in each panel and we find that there is no correlation between the flux and centroid
positions on the detector. We conclude that there is no residual periodic effect on the
photometry after correcting for Spitzer’s pointing wobble.
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2.2.4 Discussion of Photometric Variability: Periods and Mechanisms

Two of our three targets have been previously reported as potential variables. For2MASS J1219+3128
(L8), Buenzli et al. (2014) find a lower limit of 2% on the variability amplitude in a 1.12—-1.20
um subset of their 1.1-1.7 um HST/WFC3 spectra, over a 36 minute sequence of nine spec-
troscopic exposures. However, the variability is not significant over any other part of their
1.1-1.7 um spectra, and they classify the detection as tentative. For 2MASS J0348-6022 (T7),
Wilson et al. (2014) report a J-band amplitude of 2.4% =+ 0.5% in a three hour long obser-
vation. However, a re-analysis of their NTT/Sofl observations by Radigan (2014) shows that
the reported variability is likely spurious, and related to residual detector and sky-background
systematics. Radigan (2014) revised the J-band variability in the Wilson et al. (2014) observa-
tions to a < 1.1% + 0.4% upper limit. Similarly, a 1% upper limit for 2MASS J0348—-6022 is
deduced from a prior six hour J-band monitoring observation by Clarke et al. (2008), also with
NTT/Sofl. No variability has been previously reported for 2MASS J0407+1546 (L3.5).

The small periodogram p-values and large periodogram powers (Figs. 2.1 and 2.2) of
our Spitzer observations confidently establish that all three L and T dwarfs exhibit periodic
variability. Each of our three targets varies in only one of the two IRAC channels within the
photometric precision limits. The two L dwarfs vary only at [3.6], whereas the T7 dwarf varies
only at [4.5]. Such behaviour is consistent with prior observations of infrared variability trends
with spectral type. Metchev et al. (2015) found that five of their 19 variable L3-T8 dwarfs
varied only at [3.6] (two L3s, two L4s, and a T2), and one (T7) dwarf varied only at [4.5].
Single-band [3.6] variations in an L. dwarf have also been reported by Gizis et al. (2015), while
[4.5]-only variations are seen in Y dwarfs (Cushing et al., 2016; Leggett et al., 2016).

Wavelength-dependent amplitude differences are explained by the dominant gas absorption
species in the atmosphere. In wavelength regions of strong molecular gas opacity, clouds
reside below the photosphere and so cloud heterogeneities are obscured. Cloud structures are
detectable only in relatively transparent spectral regions, away from dominant molecular bands
(e.g., Ackerman & Marley, 2001). With CO being a dominant source of upper-atmosphere gas
opacity in L dwarfs, cloud condensate-induced variability will be suppressed around the 4.5 ym
fundamental CO band (i.e., in IRAC channel 2). Conversely, variability around the 3.3 um CH4
fundamental band (within IRAC channel 1) will be suppressed in T dwarfs.

Alternative variability mechanisms that do not require clouds have also been proposed. Such
scenarios do not imply that clouds may not exist at all in the atmospheres of brown dwarfs,
just that they are not responsible, or not entirely responsible, for the observed variability. For
example, some variable brown dwarfs show radio emission that may be best explained as auroral
in nature (e.g., Antonova et al. 2008; Hallinan et al. 2015; Kao et al. 2018). Richey-Yowell

et al. (2020) correlate such auroral signatures with the presence of Ha emission. One of our
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three variables, the L.3.5 dwarf 2MASS J0407+1546, is a strong Ha emitter (equivalent width
of 60A; Reid et al., 2008). While Miles-Pdez et al. (2017a) find no correlation between Ha
emission and large-amplitude (> 19%) variations (a result also confirmed by Richey-Yowell et al.
2020), the more subdued 0.36% variation in 2ZMASS J0407+1546 could well be magnetic in
origin.

Robinson & Marley (2014) propose atmospheric temperature fluctuations as a potential
cause of photometric variability. They show that thermal perturbations occurring deep in
the atmosphere can cause surface brightness fluctuations at infrared wavelengths. Tremblin
et al. (2015, 2020) show that fingering convection in a cloudless atmosphere can also result
in variability. Ultimately, the observations that we present are not decisive of the variability
mechanism, and our focus is instead on the short rotation periods.

The periodic regularity seen in the light curves of our three targets (Fig. 2.3) argues for
one (2MASS J0407+1546, 2MASS J1219+3128) or two (2ZMASS J0348-6022) dominant
photospheric spots. An alternative interpretation of these data is that we are seeing a repeating
spot pattern extended along a band on a more slowly rotating object, e.g., as in the case for
Jupiter (de Pater et al., 2016). Additionally, Apai et al. (2017) show that the variability of
infrared brightness in T dwarfs can be dominated by planetary-scale waves. They find that
the combined variability effect of multiple sets of planetary waves or spots may place the
periodogram peak at half the true period, or that double peaks may occur near the true rotation
period due to differential rotation.

To the sensitivity of our data, none of our objects show the kind of complex light modulations
seen in the Apai et al. (2017) T dwarfs. However, Jupiter-like repeated spot patterns remain a
possibility. In Sections 2.3 and 2.4 we use near-infrared spectroscopy to measure the projected
rotation velocities (v sin)i of our targets and confirm that all three rotate rapidly.

The rotation periods reported here are specifically the photometric rotation periods. It is
possible that due to atmospheric motions, such as winds, the rotation periods of the interiors of
these brown dwarfs may be different from the photometrically measured atmospheric rotation
periods. Differences in these rotation periods have been detected previously, such for the T6.5
dwarf 2MASS J10475385+2124234 (Allers et al., 2020).

2.3 Spectroscopic Observations

If our objects are truly rapidly rotating, then their spectroscopic line profiles will be signifi-
cantly Doppler-broadened, while more slowly rotating objects with repeating spot patterns will
not show much line broadening. Herein we report R = 6000 — 12,000 near-infrared spec-

troscopy which we use to confirm the rapid rotations and in Section 2.4 to estimate the objects’
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fundamental parameters.

We present a previously unpublished spectrum of the T7 dwarf 2MASS J0348-6022 and a
new observation of the L8 dwarf 2MASS J1219+3128 at a resolution of 6000 over 0.91-2.41
pm with the Folded-port InfraRed Echellette (FIRE; Simcoe et al., 2008, 2013) at the Magellan
Baade telescope. We also observed the L.3.5 dwarf 2MASS J0407+1546 at a resolution of
12,000 over 2.275-2.332 um with the Gemini Near-InfraRed Spectrograph (GNIRS; Elias et al.
2006) at the Gemini North Observatory. The spectroscopic observations are summarized in
Table 2.2.

2.3.1 Magellan/FIRE Spectroscopy: 2MASS J0348-6022 (T7) and 2MASS
J1219+3128 (L8)

For our FIRE observations we used the cross-dispersed echelle mode with the /6 (3.3 pixel)
slit aligned to the parallactic angle to obtain R ~ 6000 spectra over 0.91-2.41 ym. We observed
2MASS J0348-6022 on 2012 January 3 (UT) under clear skies with (/7 J-band seeing and
airmass of 1.25-1.27. We obtained two 909 s exposures, dithered along the slit. We observed
the AO V star HD 28667 (V = 6.87 mag) in four 1 s dithered exposures following the 2MASS
J0348—-6022 observations at a similar airmass (1.28). We observed 2MASS J1219+3128 on
2017 February 16 (UT) under clear skies with 172—1"4 J-band seeing and airmass of 2.12-2.31.
We obtained four 400 s exposures dithered pair-wise along the slit. We observed the A0 V
star HD 96781 (V = 10.2 mag) in six 1 s dithered exposures at a similar airmass (1.96-2.05).
For both sets of observations we obtained Thorium-Argon emission lamp spectra after each
target. We obtained dome and sky flat-field observations at the beginning of each night for
pixel response and slit illumination calibration.

The FIRE data were reduced using the Interactive Data Language (IDL) pipeline FIREHOSE
v2 (Gagné et al., 2015a), which is based on the MASE (Bochanski et al., 2009) and SpeXTool
(Vacca et al., 2003; Cushing et al., 2004) packages.®> Details for standard reduction of point-
source data with FIREHOSE are described in Bochanski et al. (2011). The ThAr lamp images
were used to trace the spectral orders and derive pixel response and illumination corrections
which were applied to the science frames. A combination of OH telluric lines in the science
frames and ThAr emission lamp lines were used to determine the wavelength solution along
the centre of each order and the order tilt along the spatial direction, so as to construct a two-
dimensional vacuum wavelength map. The typical uncertainty of the wavelength solution was
0.20 pixels, corresponding to a precision of 3.0 kms~!. The sky background in each frame was

fit with a two-dimensional sky model constructed using basis splines (Kelson, 2003), which

3https://github.com/jgagneastro/FireHose_v2/
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Figure 2.5: Magellan/Folded-port InfraRed Echellette (FIRE) z, J, H, and K-band spectra
(from top to bottom) of 2ZMASS J0348—-6022 (black), compared to template T7 spectra
where available. The uncertainty on the FIRE spectrum is shown in grey along the bottom
of each panel. The template spectrum of 2MASS J07271824+1710012 is from the Brown
Dwarf Spectroscopic Survey (McLean et al., 2003). In the J band the template and our
FIRE spectrum appear nearly identical; the template is not known to be a fast rotator, and

is much lower resolution than our FIRE data. Major molecular features (McLean et al.,
2003; Cushing et al., 2006; Bochanski et al., 2011) are indicated.

O W L 1 "y
1.15 1.2 1.25 1.3
Wavelength (um)
]..5 T T T T T | T T T T | T T T T ]
C H,0 H,0 O
1E -
0.5 :_ ata . _:
N ncertainty -
0 I_ 1YY .J;
T | T T T T | T T T T | T T T T | T T T T ]
= H,0 CH, H,0 ]
1 B 1 AR e .
C I ;h““\ YA L — 2MASS J0348-6022 Data ]
C I ik TV A ZMASS J0348-6022 Uncertaintj]
1L J il A W 2MASS J0727+1710 (T7) |15
| I f \ |
0 Ah‘l” Py ﬂ 1 | 1 } | o PARRO M bl b bbb LA b vl o bl de gl t""x
2 2.1 2.2 2.3



Normalized Flux Normalized Flux Normalized Flux

Normalized Flux

2.3. SPECTROSCOPIC OBSERVATIONS

1.5

0.5

63

1.35

| H,0 i
K1 .
1 ]
— 2MASS J1219+3128 Dat .
2MASS J1219+3128 Uncert v
— 2MASS J1632+1904 (L8
! i i i !
1.25 1.3
Wavelength (um)
T T T T | T T T T T T T T
H,0 _CH, cn, H,0

— 2ZMASS J1219+3128 Data
2MASS J1219+3128, Uncertainty
f = ' - | | : !

1.6 1.7
Wavelength (pm)

ik
Bl
]

2.2 2.3
Wavelength (um)

N
NN

Figure 2.6: Magellan/FIRE z-, /-, H-, and K-band spectra (from top to bottom) of 2MASS
J1219+3128 (black), compared to template L8 spectra where available. The uncertainty
on the FIRE spectrum is shown in grey along the bottom of each panel. The template
spectrum of 2MASS J16322911+1904407 is from the Brown Dwarf Spectroscopic Survey
(McLean et al., 2003). Major molecular features (McLean et al., 2003; Cushing et al.,
2006) are indicated.
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was then subtracted from the frame. One-dimensional spectra were optimally extracted (Horne,
1986) in each order onto a heliocentric wavelength frame. Correction for telluric absorption and
overall flux calibration was determined from the AO V star spectra using a modified version of
xtellcor from SpeXtool (Vacca et al., 2003; Cushing et al., 2004). Spectra from the individual
frames of the FIRE data were combined for each target after relative flux normalization, and
the individual orders were merged into one-dimensional spectra. The resulting reduced spectra
are shown in Figure 2.5 for 2MASS J0348—-6022 and in Figure 2.6 for 2MASS J1219+3128,
along with comparison spectra, where data at similar resolution of other objects of the same

spectral types were available from the literature.

2.3.2 Gemini/GNIRS Spectroscopy: 2MASS J0407+1546 (L3)

Our GNIRS observations of the 1.3.5 dwarf 2MASS J0407+1546 took place on 2017 October 10
(UT). We followed the same procedure and instrument settings as used by Allers et al. (2016)
for radial and rotation velocity measurements of an L dwarf. We used the 111 lines mm™!
grating with the 0715 (3.0 pixels) slit aligned to the parallactic angle to obtain R ~ 12,000
2.27-2.33 um spectra at an airmass of 1.07—-1.28. We obtained eight 600 s exposures, dithered
between two positions on the slit. 'We observed the A0 V star HD 17971 (V = 8.78 mag)
for telluric absorption correction in eight 60 s dithered exposures at a similar airmass (1.03)
using the same instrument setup. ThAr emission lamp observations were obtained immediately
after the 2MASS J0407+1546 observations. The 2MASS J0407+1546 data were reduced
using a combination of general and Gemini-specific IRAF# routines. Data were prepared,
sky-subtracted, and flat-fielded using the Gemini tasks nsprepare, nsreduce, and nsflat.
Individual spectra were extracted using apall. The XeAr lamp spectrum was extracted once
for each of the science spectra, using the science extraction traces as references, and identify
and dispcor were used to identify calibration lines and generate a wavelength solution for each
science spectrum. A Legendre polynomial was used with identify, typically of second order.
The typical uncertainty in the wavelength calibration was 0.25 pixels, which corresponds to a
precision of 2.0 km s~!. The individual wavelength-calibrated spectra were median-combined,
and the standard deviation was adopted as the uncertainty. The same reduction steps were
repeated for the standard star, and the science spectrum was divided by the standard spectrum
to remove telluric lines, and multiplied by a T.g = 9600 K blackbody. The resulting spectrum
is shown in Figure 2.7, along with a comparison spectrum of another L3.5 dwarf.

4Image Reduction and Analysis Facility, distributed by the National Optical Astronomy Observatories.
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Figure 2.7: Gemini/Gemini Near-InfraRed Spectrograph (GNIRS) K-band spectrum
of 2MASS J0407+1546 (black), compared to a template L3.5 spectrum (2MASS
J00361617+1821104 from IRTF/SpeX; Rayner et al., 2009). The uncertainty on the
GNIRS spectrum is shown in gray along the bottom of the panel. Major molecular features
(Cushing et al., 2006) are indicated.

2.4 Confirmation of Rapid Rotations and Determination of

Physical Parameters

We compared our spectra to the photosphere models of Saumon & Marley (2008; SMO08),
Allard et al. (2012; BT-Settl), Morley et al. (2012; Morley), and Marley et al. (2018; Sonora) to
determine the physical properties of our objects. These models all assume solar metallicity. All
but the BT-Settl models are based on the Ackerman & Marley (2001) cloud model. The model
photospheres are provided on fixed grids of effective temperature (7T.¢) and surface gravity
(log g). The SMO08 and Morley models also have a sedimentation efficiency (fscq) parameter, in
integer steps from 2 to 5. The Tq grids are in steps of 100 K for all except the BT-Settl models,
which are in 50 K steps, and the log g grids are in steps of 0.5 dex for all except the Sonora
models, which are in steps of 0.25 dex.

We also implemented grids for radial velocity (RV) and v sini in steps of 0.1 km s~!. For the
RV we applied a simple Doppler shift to the wavelength of the models. For v sini we simulated
rotational broadening by convolving the model spectra with the standard rotation kernel from
Gray (1992) using the 1sf_rotate task in the IDL Astronomy User’s Library.>

We first verified the spectral types of our targets by overlaying the spectra of other well-

studied L and T dwarfs (Figs. 2.5-2.7). For each object we restricted the effective temperature

Shttps://idlastro.gsfc.nasa.gov/ftp/pro/astro/lsf_rotate.pro
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grids to 300 K above and below the expected values for each spectral type based on Filippazzo
et al. (2015). We did not restrict the log g and f;.q (Where available) grids.

The quality of the model fits to the full-band FIRE spectra is dominated by the low-order
continuum which is mostly affected by the effective temperature and, when using the SMO08
and Morley models, the sedimentation efficiency. Instrument systematics may also affect the
continuum shape of our Magellan/FIRE spectra that cover a wide (0.91-2.41 um) wavelength
range. Broadband model fits thus preclude us from obtaining accurate information about the
RV and v sini, both of which do not depend on the continuum but entirely on the positioning
and profiles of spectral lines. The pressure-broadening effect of surface gravity is also well
reflected in the theoretical line profiles, even though surface gravity does affect the continuum

of model ultra-cool photospheres.

To extract accurate estimates of RV, vsini, and logg, we fit models to select narrow-
wavelength sub-regions of the FIRE spectra that are dominated by dense sequences of H;O,
FeH, or CHy absorption lines, as marked in Figures 2.5 to 2.7. It is likely that in doing so we
may still be affected by wavelength systematics among the theoretical line lists for the different
molecules. In addition, the different wavelength sub-regions probe different atmospheric depths
and pressures. Hence, a wavelength region where flux originates deeper in the atmosphere could
exhibit greater pressure broadening compared to a region where the flux originates higher up.
We account for these effects by selecting several different narrow-wavelength regions from the
Magellan/FIRE spectra (see Table 2.3) and, as much as possible, different molecular absorbers.
Overall, we find that the values for RV, v sini, and log g obtained from the narrow-wavelength
regions are more self-consistent, with uncertainties 1.5-3 times smaller, than those from the
full bands.

Our approach was first to fit each of the narrow regions to determine RV, v sini, and log g
and then to fit the full bands (z: 0.91 — 1.11 um, J: 1.14 — 1.345 ym, H: 1.48 — 1.79 um,
and K: 1.96 — 2.35 um) to determine 7. and fiq. We adopt the RV, vsini, and logg
values determined from the narrow regions of the FIRE spectra of 2MASS J0348—6022 (T7)
and 2MASS J1219+3128 (LL8) as the fiducial values for these objects (Table 2.3). While the
narrow-band fits also produce estimates for 7.g, the full-band spectra are likely more sensitive to
it. Then, in re-applying the models to the full-band spectra, we allow RV and v sin to vary only
within 20" of the values adopted from the narrow regions. That is, we constrain RV and v sini
within a small range, as they should not effect the determinations of 7. and (where applicable)
Jsea- We still allow log g to be a free parameter in the full-band fitting because of its stronger
effect on the continuum. This mirrors our approach for fitting the narrow regions, where we
allow T.g to be a free parameter, even if we adopt the results from the broad regions. In this

manner we probe the full parameter space for both log g and 7.4 in each case, and obtain a
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more reliable estimate for each. Ultimately, the two sets of determinations for 7. are consistent
with each other (Tables 2.3-2.5). Estimates for log g tend to be 0.5-1.0 dex higher based on
the line profile fits compared to the continuum fits in all models. We favour the former, as they
are closer to the fundamental radiative transfer calculations for each species. The latter involve

additional considerations of convection and relative chemical abundances.

The spectral range of our Gemini/GNIRS observation of 2MASS J0407+1546 is much
narrower, so we consider it only in its entirety.

In terms of specific steps to fit models to the data, we started by normalizing the data to
unity. In the narrow regions we divided by the median flux value, and for the full-band data,
we divided by a constant such that the peak flux was unity. We shifted the model for radial
velocity, broadened for v sin i, and then smoothed the model to the resolution of the data. We
also determined a flux zero-point to be added to the data and a multiplicative factor to scale the
model which minimized the y? statistic (y? = f\; [(0; - M;)?/ O'l.z], where O; is the observed
flux, M; is the flux of the model, and o7 is the uncertainty of the data). We computed the offset,
multiplicative factor, and )(2 statistic for every model on the grid of Teg, log g, RV, vsini, and
Jseda (Where available).

The probability of a given y? valueis p « e™¥ */2 (e.g., Wall & Jenkins 2003). We computed
the probabilities for every model on our grid, normalized the sum of the p-values to unity, then
marginalized over each of the parameters (summed the probabilities over all other parameters)
to obtain the probability distributions for each parameter. The distributions for RV and v sini
were Gaussian in shape, and we report the mean values and 10 error bars in Table 2.3. For the
other parameters the model grid spacing was coarse, and the probability of values other than the
values presented in Tables 2.3 and 2.4 is negligible. We report the results for these parameters
with error bars corresponding to the grid-spacing. Tables 2.3 and 2.4 give the most probable
values for each family of models in each wavelength region.

We find that the best-fit parameter values can vary significantly between model families
and between different wavelength regions, while giving comparable reduced y? statistics.
Understanding the subtle differences between the families of models is related to the molecular

line lists and opacities used to compute these models, and is beyond the scope of this paper.

To determine the final values of the parameters, we take a weighted average of the values
from each model family and region fit. For the FIRE data, we determine the RV, v sini, and log g
from our narrow-region fits (Table 2.3), and the 7. and f;eq from our full-band fits (Table 2.4).
For the GNIRS data we determine all parameters from the full wavelength coverage available.
We assign the weights in the weighted average as e_szeduced, where the sze duceq TOT €ach best-fit

model is given in Tables 2.3 and 2.4. We report the final values from the weighted averages in

Table 2.5, with the unbiased weighted sample standard deviation as our uncertainties.



68 CHAPTER 2. THE THREE MosT RapriDLY RoTATING ULTRA-COOL DWARFS

We describe the outcomes of our model fitting and y? analysis in detail for each target in
Sections 2.4.1-2.4.3.

24.1 2MASS J0348-6022 (T7)

Based on its T7 spectral type, 2MASS J0348—-6022 is expected to have an effective temperature
Teg < 1000 K (e.g., Stephens et al. 2009; Filippazzo et al. 2015). Its photosphere should be
governed by gas opacity, with a cloud layer buried deeply (fseq > 3; Ackerman & Marley,
2001; Marley et al., 2002) within the atmosphere. Thus we expect the atmosphere of this
object to be relatively clear and cloudless. So, the cloud-free Sonora models are appropriate for
fitting this object’s spectra. A cloudless atmosphere does not imply a completely homogeneous
surface, and it is possible that one of the alternative mechanisms presented in Section 2.2.4 (e.g.,
temperature variations; Robinson & Marley 2014) is responsible for the observed variability.
We also compared this target to the BT-Settl and Morley models. The effective temperature
grid of the available SM08 models does not extend to the low temperatures expected for a T7
spectral type.

We selected a grid of parameters ranging from 7. = 700 to 1000 K, log g = 4.0 to 5.5 dex
in steps of 0.5 dex (0.25 for the Sonora models), and, for the Morley models, condensate
sedimentation efficiencies from f,q = 2 to 5 in unit steps. We selected our log g grid based on
the range in surface gravities predicted by the SM08 evolutionary models for brown dwarfs. We
selected the RV and v sini grids by first testing a wide, coarse grid to determine approximate
RV and v sini values. We then narrowed it down to between —5kms~! and —30 kms~! for RV
and between 75 kms~! and 115kms~! for v sini, both in steps of 0.1 kms™'.

We find that a wide range in parameters fit the z band equally well, and it is therefore not
diagnostic for our study. We exclude the z band from our analysis, and only consider the J—,
H—, and K— band spectra for this target. To reliably determine log g, RV, and v sin i, we selected
narrow regions dominated by molecular lines within each band: the 1.26—1.30 um J-band region
dominated by H,O and CHy (Fig. 2.8, top left), the 1.520-1.562 um H-band region dominated
by H,O (Fig. 2.8, top right), and the 2.11-2.19 ym K-band region containing primarily CHy
lines (Fig. 2.8, bottom). The best-fit photospheric models for the narrow wavelength regions
are shown in Figure 2.8 and for the full bands in Figure 2.9. The high fi.q values of the Morley
et al. (2012) models in all of the full band fits indicate an optically thin, relatively cloudless
atmosphere, as expected for a late-T type brown dwarf.

We adopt the weighted average and unbiased weighted sample standard deviation (Sec. 2.4)
of the values in Table 2.3 as our estimates for log g, v sini, and RV. For v sini in particular, we

find a very high degree of rotational broadening: v sini = 103.5+7.4kms™!. This is consistent
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Table 2.3. Best-fit photospheric model parameters for the narrow-wavelength regions

Model Region Wavelength Tefr feed logg vsini RV X2 duced
(pm) (K) (dex) (kms™") (kms™)
2MASS J03480772-6022270 (T7, FIRE data)
BT-Settl J narrow 1.260-1.300 950 + 25 550+0.25 102.4+39 -11.8+0.8 1.2
BT-Settl H narrow 1.520-1.562 950 +25 5.00£025 949+1.5 -14.1+0.9 0.9
BT-Settl K narrow 2.110-2.190 700 £ 25 <o 450+£0.25 1154+£22 -17.1+1.3 2.0
Morley  J narrow 1.260 - 1.300 900 + 50 4 550+0.25 1057+18 -15.1+0.9 1.6
Morley  H narrow 1.520-1.562 1000 = 50 5 550+0.25 1143+22 -18.0+x1.0 2.1
Morley K narrow 2.110-2.190 800 + 50 5 5.00+0.25 103.2+19 -165+1.3 2.1
Sonora  J narrow 1.260-1.300 1000+50 .-+ 5.00+0.13 965+1.5 -12.6+0.8 1.6
Sonora  H narrow 1.520-1.562 1000 + 50 5.00+0.13 110715 -142+0.9 1.1
Sonora K narrow 2.110-2.190 800 =50 475+0.13 99.6+26 -112x14 2.0
Adopted values . 51+£03 103.5+74 -14.1+£3.7
2MASS J12195156+3128497 (L8, FIRE data)
BT-Settl H narrow 1 1.500 - 1.550 1250 =25 5.00£025 774+26 -172+1.6 1.3
BT-Settl H narrow?2 1.720-1.780 1150 £ 25 4.00+025 857+x14 -19.0+09 2.6
BT-Settl K narrow 1.970-2.055 1400+25 --- 5.00+0.25 76.8+14 -16.6=x1.1 2.7
SMO8 H narrow 1 1.500-1.550 1400 + 50 4 550+0.25 78.1+24 -19.6+x14 1.4
SMO08 H narrow 2 1.720-1.780 1500 + 50 4 5.00+0.25 843+1.3 -259+09 2.6
SMO08 K narrow 1.970-2.055 1400 + 50 2 550+0.25 77.1+1.5 -20.0+1.1 2.7
Adopted values 51+£0.5 79.0+3.4 -19.0+4.2 X
2MASS J04070752+1546457 (L3.5, GNIRS data)
BT-Settl K 2.275-2.332 1700 £ 25 5.00+0.25 82.7+09 43.7+09 1.0
SMO08 K 2.275-2.332 2000 + 50 4 550+0.25 824+09 43.1+0.8 1.1
Adopted values 1840 + 210 4 52+04 82.6+0.2 434z+2.1
Note. — Best-fit photospheric model parameters for our three L and T dwarfs over the narrow regions within each

FIRE band, and over the entirety of the GNIRS spectrum. We fit each wavelength region independently. We adopt the
log g, v sini, and RV values determined from the narrow wavelength regions of the FIRE spectra of the T7 and L8 dwarfs.
The Ter and fieq estimates are adopted from the full-band fits (Table 2.4), although we include the findings T and fieq
from the narrow region fitting for completeness. For the GNIRS data of the L3.5 dwarf we adopt all parameters from
the wavelength region shown here. The f.q parameter is only applicable to the SMO08 and Morley models. The adopted

values are the weighted averages for each object, where the weights are e_szeduced’ and the uncertainties are the unbiased
weighted sample standard deviations (as described in Section 2.4). The adopted RVs include systematic uncertainties
of +3.0 km s~! (for the T7 and L8 dwarfs) or +2.0 km s~! (for the L3.5 dwarf) added in quadrature to account for the
wavelength calibration uncertainties of the FIRE and GNIRS spectra, respectively (Sec. 2.3).
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Table 2.4. Best-fit photospheric model parameters for the full bands

Model Band  Wavelength Tett Jsed log g* v sin i* Rv? sze duced
(um) ) @dex)  (kms™)  (kms™)
2MASS J03480772-6022270 (T7, FIRE data)
BT-Settl J 1.140 - 1.345 900 + 25 5.0+ 0.25 118.3 -14.2 7.4
BT-Settl H 1.480-1.790 750 + 25 e 45+0.25 118.3 -11.3 11
BT-Settl K 1.960 -2.350 700 =25 e 4.0+0.25 107.9 -13.7 2.8
Morley J 1.140 — 1.345 800 + 50 5 4.0+0.25 118.3 -15.1 10
Morley H 1.480-1.790 700 + 50 5 4.0+0.25 118.3 -10.0 28
Morley K 1.960 -2.350 900 + 50 5 4.0+0.25 107.2 -19.5 2.5
Sonora J 1.140 - 1.345 900 + 50 -+ 525+0.13 94.0 -16.8 4.2
Sonora H 1.480 — 1.790 850 + 50 <o 425+0.13 118.3 -21.5 2.0
Sonora K 1.960 —2.350 1000 + 50 -« 450+0.13 104.5 -15.5 2.3
Adopted values . 880 + 110 5 e cee e
2MASS J12195156+3128497 (L8, FIRE data)
BT-Settl J 1.140 - 1.345 1400 = 25 . 5.50+0.25 72.2 -24.5 2.3
BT-Settl H 1.480-1.790 1200 = 25 <o 4.50+0.25 85.8 -18.9 2.0
BT-Settl K 1.960 —2.350 1250 =25 <o 4.50+0.25 85.8 -17.8 2.1
SMO08 J 1.140-1.345 1200 + 50 3 5.50 +£0.25 72.2 -14.6 2.0
SMO08 H 1.480-1.790 1500 = 50 3 5.00 = 0.25 83.2 -23.2 1.9
SMO08 K 1.960 —2.350 1500 = 50 3 4.50 = 0.25 85.8 -18.6 2.4
Adopted values 1330 = 140 3

Note. — Best-fit photospheric model parameters for the FIRE data of the T7 and L8 dwarfs, fit over
each of the full J, H, and K bands. We use these fits to inform our final 7. and fi.q determinations. The
adopted values are the weighted averages (as described in Section 2.4). The GNIRS data for the L3.5 dwarf
are not shown here as they only cover a narrow-wavelength region, and so the fitting results for that object
are shown in their entirety in Table 2.3.

¥We adopt the log g, RV and vsini values from the narrow-wavelength regions (Table 2.3). To better
determine T and fsq, We still allow log g to vary unconstrained in the full-band fitting, while RV and
v sini are allowed to probe within 20~ of the adopted values. In some cases the best-fitting RVs and v sini
values correspond to the extremes of their allowed range, so we do not include uncertainties for them here.
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Figure 2.8: Three narrow regions within the J (top left), H (top right), and K (bottom)
bands of our R = 6000 FIRE spectra of 2MASS J0348-6022 (T7), with the best-fitting
BT-Settl, Morley, and Sonora models. The parameters of the best-fit models shown here
are listed in Table 2.3. These regions were selected for their density of H,O and CHy
absorption lines (McLean et al., 2003; Cushing et al., 2006; Bochanski et al., 2011) to
allow precise RV, v sini, and log g determinations. The reduced )(2 statistic 1s shown for
each model ( Xlze)' The residuals are shown in the lower section of each panel, where the
colours match those of the corresponding models.
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Figure 2.9: FIRE R ~ 6000 J- (top left), H- (top right), and K-band (bottom) spectra of
2MASS J0348-6022 (T7) with the best-fitting BT-Settl, Morley, and Sonora models for
each band. The parameters of the best-fit models shown here are listed in Table 2.4. The
reduced y? statistic is shown for each model. The residuals are shown in the lower sections
of each panel, where the colours match those of the corresponding models.
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with the short rotational period (Sec. 2.2.4), and will be discussed further in Section 2.5. The

adopted parameters from the spectroscopic fitting are shown in Table 2.5.

2.4.2 2MASS J1219+3128 (L8)

Based on its L8 spectral type, we expect 2MASS J1219+3128 to have an effective temperature
of Ter ~ 1400 K (e.g., Stephens et al. 2009; Filippazzo et al. 2015). The Morley models are not
suitable for this target, as that model grid extends to a maximum of T = 1300 K. The Sonora
models are also not appropriate, as they are cloud-free, while late-L. dwarfs are very dusty and
are expected to have thick, patchy clouds. Therefore, we instead adopt only the SM08 and
BT-Settl models as they cover sufficiently high temperatures for this spectral type and include
treatments of dust. We selected a grid of parameters ranging from T.¢ = 1100 K to 1700 K,
log g = 4.0 to 5.5 dex, and for the SMO8 models, condensate sedimentation efficiencies from
Jsed = 1 to 4 in unit steps. We selected the RV and v sini grids using the same method as before
(Sec. 2.4.1): by first testing a large, coarse grid to determine the approximate RV and v sini
values. The final grid was between —5kms~! and —30kms~! for RV and between 70km s~!
and 110kms~! for v sini, both in steps of 0.1 km s~

As for 2MASS J0348-6022 (Sec. 2.4.1), we find that a wide range in parameters fit the
z band equally well. It is not diagnostic for our study, and we exclude the z band from our
analysis. The J-band data had fairly low signal-to-noise ratio and had no regions with clearly
defined lines from which we could measure v sini. We instead selected two narrow regions in
the H band, along with a narrow region in the K band. In the H band we selected 1.50-1.55 um
and 1.72-1.78 pum, where the first region is dominated by H,O, and the second is dominated by
FeH, H;0, and potentially some CH,4. The best lines in our data set for measuring v sini in the
K band are H,O lines between 1.970 um and 2.055 pm, located on either side of a major telluric
feature where our data have very low quality. We opted to mask out this region (2.00-2.02 um)
before fitting the models. We show the narrow band fits in Figure 2.10, and the full-band fits in
Figure 2.11.

We also find a high degree of rotational broadening for 2MASS J1219+3128, with v sini =
79.0 + 3.4 kms~! (Table 2.3). This is consistent with the short photometric period for this

object. The adopted parameters from the spectroscopic fitting are shown in Table 2.5.

2.4.3 2MASS J0407+1546 (L3.5)

Based onits 3.5 spectral type, 2MASS J0407+1546 is expected to have an effective temperature
of ~1800 K (e.g., Stephens et al., 2009; Filippazzo et al., 2015), with a fairly cloudy atmosphere.
We therefore select the SMO08 and BT-Settl models. We do not include the Sonora models as
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Figure 2.10: Three narrow regions within the H (top left and right) and K (bottom) bands
of our R =~ 6000 FIRE spectrum of 2MASS J1219+3128 (L8), with the best-fitting BT-
Settl, and SMO8 models. These regions were selected for their density of H,O absorption
lines (McLean et al., 2003; Cushing et al., 2006) to allow precise v sini, RV, and log g
determinations. The parameters of the models shown here are listed in Table 2.3. The
reduced y? statistic is shown for each model. The residuals are shown in the lower sections
of each panel, where the colours match those of the corresponding models. A strong
telluric feature has been masked between 2.00 and 2.02 yum in the K band.
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Figure 2.11: FIRE R ~ 6000 J- (top left), H- (top right), and K-band (bottom) spectra
of 2MASS 121943128 (L8) with the best-fitting BT-Settl and SM08 models for the entire
bands. The parameters of the models shown here are listed in Table 2.4. The reduced
y? statistic is shown for each model. The residuals are shown in the lower sections of
each panel, where the colours match those of the corresponding models. The best-fitting
SMO08 model has T.g = 1500 K and log g = 5.0 and shows a methane feature at 1.665 ym.
Despite the presence of this feature in the model and its absence in the data, the shown
photospheric model offers the best overall fit to the H-band spectrum. The appearance of
the methane feature in the photospheric model may suggest that this L8 dwarf is close to
transitioning to a T-type atmosphere. A strong telluric feature has been masked between
2.00 and 2.02 ym in the K band.
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Figure 2.12: GNIRS 2.275-2.332 um R =~ 12,000 spectrum of 2MASS J0407+1546, with
the best-fitting SM08 and BT-Settl models overlaid. The parameters of the models shown
here are listed in Table 2.3. The reduced y? statistic is shown for each model. Major
molecular features (Cushing et al., 2006) are indicated. The residuals are shown in the
lower panel, where the colours match those of the corresponding models.
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they are cloudless, or the Morley models as they are for temperatures below 1300 K. We selected
the following parameter grid for fitting: 7. = 1500 K to 2100 K in steps of 100 K, logg =
4.0 dex to 5.5 dex in steps of 0.5 dex, and condensate sedimentation efficiency fieq = 1 to 4 in
unit steps. We selected 30kms~! to 60kms™! for RV and 75kms~! to 100kms~! for v sini,
both in steps of 0.1 kms~!. Our GNIRS observations cover the narrow region from 2.275 um
to 2.332 um, which contains primarily H,O and CO lines. We show the best-fitting models in
Figure 2.12.

The narrower-wavelength coverage of our GNIRS data means we have limited effective
temperature and sedimentation efficiency information compared to the full-band spectra of
the two other objects. Although we cannot place a high confidence on the results for these
two parameters, we find that the effective temperature is consistent with expectations for an
L3.5 dwarf, with T.x = 1840 + 210 K. We find a high degree of rotational broadening, at
vsini = 82.6 + 0.2 kms~!, consistent with the short rotational period. Table 2.5 lists all of the

physical parameters determined from the spectroscopic fits.

2.5 Discussion

2.5.1 The Three Most Rapidly Rotating Ultra-cool Dwarfs: Possibility

for Auroral Emissions

The 1.080i%'%%‘; h, 1.14*00% h, and 1.23*2] h photometric periods of our three L and T
dwarfs are shorter than any others yet observed (Fig. 2.13; Table 2.6). The previously reported
shortest photometric period for an ultra-cool dwarf was 1.41 + 0.01 h for the T6 2MASS
J22282889-4310262 (Clarke et al., 2008; Buenzli et al., 2012; Metchev et al., 2015). Route
& Wolszczan (2016) have reported an even shorter possible period, 0.288 h for the T6 dwarf
WISEPC J112254.73+255021.5, based on radio flare observations from the Arecibo Observa-
tory radio telescope. However, they indicate that the 0.288 h period may be a harmonic of a
longer period, or that the flares may in fact not have been periodic. They base their period on
five flaring events with the first and last separated by ~240 days. When analyzing the data with
the flares removed, they do not find any indication of variability. A later study by Williams
et al. (2017) using the Very Large Array confirmed the same object to have variable polarized
emission, but with a longer period of 1.93 h. They also observed the target photometrically in
the z band using Gemini/GMOS-N, and did not find any indication of variability. We therefore
do not consider WISEPC J112254.73+255021.5 as an ultra-fast rotator, leaving the three objects
reported here as the fastest known L or T dwarf rotators.

We find a high degree of rotational line broadening for all three targets, consistent with the



78 CHAPTER 2. THE THREE MosT RapriDLY RoTATING ULTRA-COOL DWARFS

100 T | B — N B E— | R — 7
B A i
o X
L E < i
X X X
. x X T X —
- Vs ‘o o
— I~ QX o) Bé X -
= - X X X
o - X (o] XX X X -
S B xE, * T s 7
~ | X o o F3 N y 5 X x |
T X II = = X x X X
e} L X X o _
o — Xx X
o x x .
a¥ L o e ® N
~ | @ — This work 7]
- | @A — Metchev et al. 2015 ) .
X — Published periods
| ¢ — WISE 1122+2550 (Route & Wolszczan 2016) ]
O - WISE 1122+2550 (Williams et al. 2017)
O 1 | | | | | | | | | | | | | | | | | | | |
LO L5 TO TS YO

Spectral Type

Figure 2.13: Rotation period as a function of spectral type for all 78 periodically variable
LO-YO dwarfs known as of this writing. The full list of rotation periods is given in
the Appendix in Table 2.6 with references. The “ultra-fast rotators” of this work are
shown in red. Black circles are periods from Metchev et al. (2015), where solid circles
denote variables with well-determined periodicities and open circles denote variables with
uncertainties of > 50%. An upward-facing triangle denotes the 50 hour lower limit on the
periodicity of 2MASS 1753—-6559. Open diamonds denote the possible period harmonics
of WISEPC J1122+2550 (Route & Wolszczan, 2016), while an open square denotes the
revised rotational period for this target from Williams et al. (2017). The points for WISEPC
J1122+2550 are offset slightly to the left to avoid ambiguity with another T6 dwarf. Other
previously published periods are denoted by the “x”” symbol.
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short photometric periods. At projected rotation velocities of 103.5 km s~! for 2MASS J0348—-6022
(T7),79.0kms~! for 2MASS J1219+3128 (L8) and 82.6 km s~! for 2MASS J0407+1546 (L3.5),
these are among the most rapidly spinning ultra-cool dwarfs known to date. In the compre-
hensive compilation of ultra-cool dwarf rotation measurements by Crossfield (2014), he lists
only two other ultra-cool dwarfs with v sini > 80 km s~': HD 130948C (86 kms™!, L4) and
LP 349-45B (83 kms~!, M9), both from Konopacky et al. (2012). HD 130948C has no re-
ported photometric variability. Harding et al. (2013a) report optical photometric variability for
LP 349-45B with a rotation period of 1.86 + 0.02 h.

The rapid projected rotational velocities of our targets confirm that the ~ 1 h periodicities
of their light curves correspond to their true rotation periods, and that they are not more slowly
rotating brown dwarfs with multiple spots at semi-regular longitudinal intervals, as seen on
Jupiter (de Pater et al., 2016), or beat patterns arising from planetary-scale waves (Apai et al.,
2017).

The v sini measurements give lower limits on the true rotational velocities and may so be
used to constrain the spin-axis inclinations of our targets. We assume that these brown dwarfs
rotate as rigid spheres so that the equatorial rotation velocity is v = 27R/P, where P is the
photometric rotation period, and R is the radius. We estimate the radii, masses, and ages by
comparing our findings for surface gravities and effective temperatures to the log g-Teg grid
in the evolutionary models of SM08. Oblateness due to the rapid rotation (see Section 2.5.2;
notes in Table 2.5) and the corresponding increase in equatorial radius produce a second-order
effect, which we have ignored in these calculations. Combining the radii (R), the photometric
periods (Pyot), and the spectroscopically determined projected rotational velocities (v sini), we
calculate the inclinations (i) and the equatorial rotation velocities (veq) of our targets (Table 2.5).
All three L and T dwarfs have equatorial velocities > 100 km s~1, and 2MASS J0348-6022 (T7)

is seen near equator-on.

All three objects are also likely substellar. At a spectral type of L3.5, 2MASS J0407+1546
is the warmest and potentially most massive among our three L and T dwarfs. Its evolutionary
model-dependent mass estimate is 0.037-0.073 Mg, (Table 2.5). Optical spectroscopy from
Reid et al. (2008) does not reveal lithium absorption, so it must be > 0.060 Mg, (e.g., Burrows
et al., 1997). This still leaves the estimated 0.060-0.073 Mg mass of 2MASS J0407+1546
mostly in the substellar (< 0.072 Mg) domain.

The L.3.5 dwarf 2MASS J0407+1546 is also known to be chromospherically active based on
the strong (60 A equivalent width) Her emission reported by Reid et al. (2008). Its rapid rotation
and Ha emission may well indicate the presence of an aurora. Based on radio detections of
three L and T dwarfs with short (1.5 h-2.2 h) rotation periods, Kao et al. (2018) conclude that

rapid rotation is key to powering auroral emissions via the electron cyclotron maser instability
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Table 2.5. Physical parameters for the three L and T dwarfs
Parameter 2MASS J0348-6022 2MASS J1219+3128 2MASS J0407+1546

Spectral Type T7 L8 L3.5
Prot (h) 1.080*9-00% 1.14+903 1.23+008
T (K) 880 + 110 1330 + 140 1840 + 210
logg 5.1+0.3 5.1+0.5 52+04
vsini (kms™!) 103.5+7.4 79.0+34 82.6 +0.2
RV (kms™!) -14.1 +3.7 -19.0+4.2 434 +2.1
RR ) 0.093+0.016 0.100*+0-027 0.100+0-024
Y, (MG ) 0,041 70031 0.047+0.033 0.064+0.008

Y . +_1(1)'(§1 . +_18' 25 . +T(1)’(2)27
Age (Gyr) 3.5%5% 0.97 2% 0.8_02?5
Veq (kms™h) 105*3 107+72 99*
Inclination (°) 81%9, 474, 571,
Oblateness 0.08 0.08 0.05

Note. — Py is determined from our photometric data. 7.g, logg, vsini, and RV

are determined from our spectra by comparing to model photospheres. R, M, and the
ages are determined by interpolation of the log g-T.g grid in the evolutionary models of
SMO8. The equatorial velocities (veq) and spin-axis inclinations (i) are computed using
the aforementioned values.

The evolutionary model radii listed are assumed to be the equatorial radii. With oblate-
ness factors between 0.05 and 0.08, the difference between the polar and equatorial radii
is 5%—8%. In reality, the evolutionary models (which ignore rotation) likely produce
“mean’ radii that are in between the equatorial and the polar radii. Hence, any difference
between the “mean” and the equatorial radii would be 3%—4%. This would revise our
estimates for the equatorial velocities up by ~3%—4%, but such systematic offsets would
still be ~3 times smaller than the quoted uncertainties. The effect on the inclination
estimates would be negligible.
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(Hallinan et al., 2007, 2015). Kao et al. (2016); Pineda et al. (2017) and Richey-Yowell et al.
(2020) further demonstrate that brown dwarf Ha and radio luminosities and radio aurorae
are correlated. It is possible that all three of our rapidly rotating brown dwarfs have strong
dipole fields that power auroral emission (Kao et al., 2018). In particular, the near equator-on
view of the T7 dwarf 2MASS J0348-6022 makes it an excellent candidate for seeking pulses
of circularly polarized electron cyclotron maser emission. This is already known from other
rapidly rotating ultra-cool dwarfs seen at their equators (Berger et al., 2001; Hallinan et al.,
2007).

2.5.2 Proximity to Rotational Break-up and Oblateness

An upper limit on the spin rate of brown dwarfs exists from simple arguments of rotational
stability. Konopacky et al. (2012) estimate that their two most rapidly rotating ultra-cool
dwarfs, HD 130948C (vsini = 86 kms™') and LP 349-45B (vsini = 83 kms™!) rotate at
approximately 30% of break-up speed. The break-up periods for typical >1 Gyr-aged field
brown dwarfs are in the tens of minutes. For example, a massive 0.07 Mg, 0.09 Ry brown
dwarf has Pyreakup = 27(R?/GM)'/? = 17 min, while a low-mass 0.02 Ro, 0.12 R, brown
dwarf has Ppreakup = 49 min. These are approximately consistent with extrapolations from the
shortest known (5 h) brown dwarf rotation period at 5 Myr (Scholz et al., 2015), assuming
that the fastest rotators at ~5 Myr remain the fastest when they contract and age. Using the
evolutionary models of (non-accreting) brown dwarfs from Baraffe et al. (2015), by 3 Gyr
conservation of angular momentum, dictates periods in the 10-70 min range (e.g., Schneider
et al., 2018a).

The 65-74 min periods of our three fast rotators are at the long end of this range. They
would be near break-up only if they all had very low masses and large radii, i.e., were young
brown dwarfs with low surface gravities. This is highly unlikely, given the wide range in
spectral types (L.3.5-T7) of our three rapid rotators, and the fact that their moderate-to-high
surface gravities (log g > 5.0; Table 2.5) point to >0.1 Gyr ages. Using our measured RVs and
precise proper motions and parallaxes determined from the Hawaii Infrared Parallax Program
(Liu et al., 2016; Best et al., 2020) or from Spitzer (Kirkpatrick et al., 2019), the BANYAN X
young moving group tool (Gagné et al., 2018) reports that the space motions of all three L and T
dwarfs are >99% consistent with field-dwarf kinematics. Only for 2MASS J0407+1546 (L3.5)
is there a 1% chance of membership in the 40-50 Myr Argus association (Zuckerman, 2019),
and Gagné et al. (2015b) independently discuss that this object may either be ~200 Myr old or
have peculiar metallicity, based on weaker FeH and slightly weaker alkali line widths. Thus,

2MASS J0407+1546 may indeed be moderately young, even if it is not a member of any of the
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known young stellar moving groups.

To assess the proximity to break-up spin-velocity, we consider the effect of the centrifugal
acceleration on surface gravity. Rapid rotation decreases the surface gravity near the equator,
and may make the object appear younger. We can determine the surface gravity decrement due
to the centrifugal acceleration using the inferred radii and equatorial velocities (Table 2.5). For
our potentially fastest and largest rotator, the L8 dwarf 2MASS J1219+3128, the centrifugal
acceleration is a, = VZ/R = 1.6 x 10* cm s72 (loga. = 4.2), where veq = 107 km s~! and
R = 0.100 Rgp. The centrifugal acceleration thus reduces the surface gravity at the equator
by about 13%, when compared to the logg = 5.1 + 0.5 surface gravity inferred from the
photospheric model fitting (Table 2.5). While this does indicate that the rotation speed amounts
to a significant fraction (35%) of the break-up speed, we note that it has a minor effect on our
ability to assess the surface gravity spectroscopically.

The rotational stability limit for brown dwarfs may not necessarily be set by the centrifugal
levitation argument above. The stability limit for the oblateness f (fractional difference between
polar and equatorial radii) of axisymmetric rotating polytropes for brown dwarf-like structures
(n ~ 1 to 1.5) is about 0.4 (James, 1964). The Darwin-Radau relationship (e.g., Barnes &
Fortney 2003) connects the oblateness, mass, radius, rotation, and moment of inertia for objects
with smoothly varying interiors. Using the central values from Table 2.5, we compute oblateness
factors of 0.08, 0.08 and 0.05 for the most (2ZMASS J0348-6022, 2MASS J1219+3128) and least
(2MASS J0407+1546) oblate objects. This places the spin rates of both 2MASS J0348—-6022
and 2MASS J1219+3128 at about 45% of their rotational stability limits: closer to instability
than indicated by the rigid-body rotation break-up velocity estimates. For comparison, Saturn,
the most oblate planet in the solar system, has an oblateness of 0.1. The brown dwarfs have
surface gravities about 100 times greater than Saturn but rotation rates 10 times faster. Since
oblateness scales as Q?/g (where Q is the rotation rate), it is not surprising the oblateness of
these objects are comparable to that of Saturn.

Finally, the preceding discussion ignores the effect of any magnetic dynamo from the
metallic hydrogen interior, which may be an important contributor to the energy balance in
such rapid rotators, and may further limit the maximum spin velocity. So these three objects
may be even closer to instability than indicated by estimates that ignore magnetic fields.

From an observational standpoint, the three rapid rotators delineate a clear lower boundary
to the envelope of all 78 L-, T-, and Y-dwarf rotation periods measured to date (Fig. 2.13). This
limit holds over a broad range of spectral types, for objects that presumably have different ages.
Hence, ~1 h may be close to a physical lower limit to the spin period of field-aged Jupiter-sized

brown dwarfs.

Because of their significant oblateness, the three rapid rotators are potentially good targets
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for searches for polarized thermal emission (e.g., Marley & Sengupta 2011; de Kok et al.
2011; Stolker et al. 2017). Several surveys have been successful in detecting polarized thermal
emission from brown dwarfs (e.g., Ménard et al. 2002; Zapatero Osorio et al. 2005; Miles-Paez
et al. 2013, 2017c; Millar-Blanchaer et al. 2020), which could be attributed to inhomogeneous
cloud cover or oblateness. Intriguingly, Miles-Pdez et al. (2013) find that ultra-cool dwarfs with
the fastest rotation (v sini > 60 km s~!) are more likely to exhibit linear polarization and at a

larger degree than slower rotators.

2.6 Conclusions

We present a T7, L.3.5, and an L8 dwarf with the shortest photometric periodicities measured
to date: 1.08 h, 1.14 h, and 1.23 h. We confirm these extremely short rotation periods with
moderate-dispersion spectroscopy and comparisons to Doppler-broadened model photospheres.
The inferred v sini value of the T7 dwarf 2MASS J0348-6022 is the highest known to date
for an ultra-cool dwarf. Combining the projected rotation velocities of our targets with their
photometric periods and photospheric model-dependent radii, we determine their equatorial
velocities. All three L and T dwarfs spin at >100 km s~! at their equators, and are the most
rapidly spinning field ultra-cool dwarfs known to date. As such, they are excellent candidates
for seeking auroral radio emission, which has been linked to rapid rotation in ultra-cool dwarfs.
We consider the role of the centrifugal acceleration on surface gravity, and find that, while the
effect can be significant, at <0.1 dex in surface gravity it can be difficult to discern with current
photospheric models. We find that the objects have oblateness factors of between 5% and 8%,
which ranks them among the best targets for seeking net optical or infrared polarization. Given
that the three rapid rotators presented in this paper appear to lie near a short-period limit of
approximately 1 h across all brown dwarf spectral types, we consider it unlikely that rotation

periods much shorter than 1 h exist for brown dwarfs.

2.7 Appendix: All Known Brown Dwarf Rotation Periods

The full list of rotation periods shown in Figure 2.13 is given in Table 2.6 with references.
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Table 2.6. Known L-, T-, and Y-dwarf rotation periods

Object RA DEC Spectral ~ Period Period Reference
Type (h) Uncertainty (h)

2MASS J00132229-1143006 0013222 —114300.6 T3 2.8 e (1
LSPM J0036+1821 003616.1 +182110.2 L3.5 2.7 0.3 (2), (3), 4), (5)
2MASS J00452143+1634446 0045214 +1634447 L2 24 0.1 (6), (7)
2MASS J00470038+6803543 0047003  +68 03 54.3 L7 16.4 0.2 (8), (9)
2MASS J00501994-3322402 0050199 3322402 T7 1.55 0.02 2)
2MASSIJ0103320+193536 010332.0 +193536.1 L6 2.7 0.1 2)
2MASS J01075242+0041563 0107524  +004156.3 L8 5 o 2)
GU Psc B 0112365 +170429.9 T3.5 59 0.7 (10), (11)
2MASS 0122-2439 b 012250.8 -243951.6 L5 6 s (12)
SIMP J013656.5+093347.3 013656.6 +093347.3 T2.5 2.3895 0.0005 (13), (14), (5), (15), (16), (17), (1)
2MASS J01383648-0322181 0138364 -032218.1 T3 32 e [€))
DENIS J025503.3-470049 025503.6 —470051.3 L8 7.4 s (18), (19), (20)
2MASS J03480772-6022270 0348077 —-602227.0 T7 1.08 0.005 (21), (22)
2MASS J04070752+1546457 0407075 +1546455 L3.5 1.23 0.01 21
2MASSI J0423485-041403 0423485 —-041403.2 L7 1.47 0.13 (17), (23)
2MASS J05012406-0010452 0501240 -0010455 L3 15.7 0.2 (6), (7)
Beta Pic b 054717.0 -5103594 L1 8.1 1.0 (24)
2MASS J05591914-1404488 055919.1 -140449.2 T4.5 10 s (14)
AB Pic B 0619129 -580320.9 L1 2.12 (12)
2MASS J07003664+3157266 070036.7 43157255 L3.5 3.79 1.3 (25)
2MASS J07464256+2000321A 0746424  +20 00 32.6 LO0.5 3.32 0.15 “4)
2MASS J07584037+3247245 0758403 +3247245 T2 49 0.2 (14)
2MASS J08173001-6155158 0817299 —-615515.6 T6.5 2.8 0.2 (14)
2MASSI J0825196+211552 082519.6 +211551.5 L7.5 7.6 e (2), (26)
2MASS J08283419-1309198 082834.1 —-130919.8 L2 29 27
2MASS J08354256-0819237 0835425 -0819233 L4.5 3.1 e (27), (22)
LP261-75B 0951054 +355802.1 L6 4.78 0.95 (28)
2MASSI J1043075+222523 1043075 +222523.6 L8 2.21 0.14 17
2MASS J10433508+1213149 104335.0 +1213 149 L9 3.8 0.2 2)
2MASSW J1047539+212423 1047538 +2124234 T6.5 1.741 0.007 (29), (30), (17)
Luhman 16A 104919.0 -531910 L7.5 6.94 e (31), (32), (33), (34), (35)
Luhman 16B 1049189 -531909 TO0.5 5.28 (31), (32), (36), (33), (34), (35)
2MASS J10521350+4422559 1052135 +4422559 TO0.5 3 o 37
DENIS J1058.7-1548 1058478 —-154817.2 L3 4.1 0.2 (2), (38)
2MASS J11193254-1137466 1119325 —113746.6 L7 3.02 0.04 39)
2MASS J11225550+2550250 1122555 +255025.0 T6 1.93 0.12 (40), (41)
DENIS J112639.9-500355 1126398 -500354.8 L4.5 32 0.3 (2), (14)
WISEA J114724.10-204021.3 1147242 -2040204 L7 19.39 0.33 39)
2MASSW J1207334-393254 b 1207335 -3932544 L5 10.7 1.2 (42), (12)
HD 106906 B 121752.6  —555826.6 L2.5 4 s (43)
2MASS J12195156+3128497 1219515 +312849.7 L8 1.14 0.03 (21), (26)
2MASS J12373919+6526148 123739.1  +652614.8 T6.5 2.28 0.1 17)
VHS J1256-1257B 125601.8 —125727.6 L7 22.5 0.4 (44)
Ross 458 C 130042.0 +122115.0 T8 6.75 1.58 (45)
Kelu-1 130540.1 -254105.8 L2 1.8 e (46), (47)
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Table 2.6 (cont’d)

Object RA DEC Spectral ~ Period Period Reference
Type (h) Uncertainty (h)
2MASS J13243553+6358281 1324355 +635828.1 T2 13.2 e (16), (2)
WISE J140518.39+553421.3 1405183 +553421.3 YO 8.5 e (48)
2MASS J14252798-3650229 1425279 -365023.2 L5 3.7 0.8 (14), (7), (6)
DENIS J145407.8-660447 1454079 -6604474 L3.5 2.57 0.002 (47)
2MASSW J1507476-162738 150747.6 -162740.1 L5 2.5 0.1 (2), (15)
SDSS J151114.65+060742.9 1511146  +060743.1 T2 11 2 2)
2MASS J15164306+3053443  151643.0 +305344.3 TO0.5 6.7 e ?2)
2MASS J15394189-0520428 1539419 -052042.7 L3.5 2.51 1.6 (25), (49)
2MASS J16154255+4953211 1615425  +495321.1 L4p 24 e ?2)
2MASS 116291840+0335371 1629184  +033537.1 T2 6.9 2.4 (14)
2MASS J16322911+1904407  163229.1  +19 04 40.7 L8 3.9 0.2 2)
2MASSI J1721039+334415 172103.6  +334416.9 L3 2.6 0.1 (2)
JWISE J173835.53+273259.0 1738355 +273259.0 YO 6 0.1 (50)
2MASS J17502385+4222373  175023.8 +422237.3 T2 2.7 0.2 (14)
2MASS J17534518-6559559 1753451 —-655955.6 L4 >50 e ?2)
2MASS J18071593+5015316 1807 15.9 450 1531.6 L1.5 1.71 0.3 (25)
2MASS J18212815+1414010  182128.1  +14 14 00.8 L4.5 4.2 0.1 (2), (15)
2MASS J18283572-4849046 1828357 —-484904.6 T5.5 5 0.6 (14)
2MASS J19064801+4011089  190648.0  +40 11 08.5 L1 8.9 .- (1)
2MASSI J2002507-052152 200250.7 -0521525 L5.5 8 2 (@)
2MASS J20360316+1051295 2036 03.1  +105129.5 L3 1.45 0.55 (25)
PSO J318.5338-22.8603 211408.0 2251358 L7 8.45 0.05 (7), (52), (53), (54)
HD 203030B 2118589 42613 46.1 L7.5 7.5 0.6 (55)
2MASS J21392676+0220226  213926.7 +022022.6 T2 7.614 0.178 (15), (56), (14), (16)
HN Peg B 2144284 +144607.7 T2.5 15.4 0.5 (57, (2)
2MASSW J2148162+400359 2148162 +400359.3 L6 19 4 2)
2MASS J21483578+2239427 2148357 +223942.7 T1 2.4 0.4 (e))
2MASSW J2208136+292121 2208 13.6  +292121.5 L3y 35 0.2 (2)
2MASS J22153705+2110554  221537.0 42110554 T1 52 0.5 (1
2MASS J22282889-4310262 2228288 —-431026.2 T6 1.41 0.01 (2), (23), (58), (14), (15)
2MASS J22393718+1617127  223937.1  +1617 12.7 T3 34 (€))
2MASS J22443167+2043433  224431.6 +204343.3 L6 11 2 (8), (18), (7)
2MASS J23312378-4718274 2331237 -4718274 T5.5 2.9 0.9 (23)
Note. — Where multiple references are given, we have adopted the spectral type and period value from the first reference. Additional

L3-T8 periods compiled in Crossfield (2014) that have not withstood independent confirmation so we do not include them here.

References. — (1) Eriksson et al. (2019); (2) Metchev et al. (2015); (3) Berger et al. (2005); (4) Harding et al. (2013b); (5) Croll
etal. (2016); (6) Vos et al. (2020); (7) Vos et al. (2019); (8) Vos et al. (2018); (9) Lew et al. (2016); (10) Naud et al. (2017); (11) Lew
et al. (2020); (12) Zhou et al. (2019); (13) Artigau et al. (2009); (14) Radigan et al. (2014); (15) Yang et al. (2016); (16) Apai et al.
(2017); (17) Kao et al. (2018); (18) Morales-Calderodn et al. (2006); (19) Koen (2005); (20) Koen et al. (2005); (21) This work;
(22) Wilson et al. (2014); (23) Clarke et al. (2008); (24) Snellen et al. (2014); (25) Miles-Pdez et al. (2017b); (26) Buenzli et al.
(2014); (27) Koen (2004); (28) Manjavacas et al. (2018); (29) Allers et al. (2020); (30) Williams & Berger (2015); (31) Apai et al.
(2021); (32) Biller et al. (2013); (33) Buenzli et al. (2015b); (34) Buenzli et al. (2015a); (35) Karalidi et al. (2016); (36) Gillon et al.
(2013); (37) Girardin et al. (2013); (38) Heinze et al. (2013); (39) Schneider et al. (2018b); (40) Williams et al. (2017); (41) Route
& Wolszczan (2016); (42) Zhou et al. (2016); (43) Zhou et al. (2020); (44) Bowler et al. (2020); (45) Manjavacas et al. (2019);
(46) Clarke et al. (2002); (47) Koen (2013); (48) Cushing et al. (2016); (49) Koen (2013); (50) Leggett et al. (2016); (51) Gizis et al.
(2015); (52) Biller et al. (2015); (53) Allers et al. (2016); (54) Biller et al. (2018); (55) Miles-Pdez et al. (2019); (56) Radigan et al.
(2012); (57) Zhou et al. (2018); (58) Buenzli et al. (2012).

85



Bibliography

Ackerman, A. S., & Marley, M. S. 2001, ApJ, 556, 872, doi: 10.1086/321540

Allard, F., Homeier, D., & Freytag, B. 2012, Philosophical Transactions of the Royal Society
of London Series A, 370, 2765, doi: 10.1098/rsta.2011.0269

Allers, K. N., Gallimore, J. F.,, Liu, M. C., & Dupuy, T. J. 2016, ApJ, 819, 133, doi: 10.3847/
0004-637X/819/2/133

Allers, K. N., Vos, J. M., Biller, B. A., & Williams, P. K. G. 2020, Science, 368, 169,
doi: 10.1126/science.aaz2856

Antonova, A., Doyle, J. G., Hallinan, G., Bourke, S., & Golden, A. 2008, A&A, 487, 317,
doi: 10.1051/0004-6361:20079275

Apai, D., Nardiello, D., & Bedin, L. R. 2021, ApJ, 906, 64, doi: 10.3847/1538-4357/abcbh97

Apai, D., Karalidi, T., Marley, M. S., et al. 2017, Science, 357, 683, doi: 10.1126/science.
aam9848

Artigau, E., Bouchard, S., Doyon, R., & Lafreniere, D. 2009, ApJ, 701, 1534, doi: 10.1088/
0004-637X/701/2/1534

Bailer-Jones, C. A. L. 2002, A&A, 389, 963, doi: 10.1051/0004-6361:20020730

Baraffe, 1., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42, doi: 10.1051/
0004-6361/201425481

Barnes, J. W., & Fortney, J. J. 2003, ApJ, 588, 545, doi: 10.1086,/373893
Basri, G., Mohanty, S., Allard, F., et al. 2000, ApJ, 538, 363, doi: 10.1086/309095

Berger, E., Ball, S., Becker, K. M., et al. 2001, Nature, 410, 338. https://arxiv.org/abs/
astro-ph/0102301

86


http://doi.org/10.1086/321540
http://doi.org/10.1098/rsta.2011.0269
http://doi.org/10.3847/0004-637X/819/2/133
http://doi.org/10.3847/0004-637X/819/2/133
http://doi.org/10.1126/science.aaz2856
http://doi.org/10.1051/0004-6361:20079275
http://doi.org/10.3847/1538-4357/abcb97
http://doi.org/10.1126/science.aam9848
http://doi.org/10.1126/science.aam9848
http://doi.org/10.1088/0004-637X/701/2/1534
http://doi.org/10.1088/0004-637X/701/2/1534
http://doi.org/10.1051/0004-6361:20020730
http://doi.org/10.1051/0004-6361/201425481
http://doi.org/10.1051/0004-6361/201425481
http://doi.org/10.1086/373893
http://doi.org/10.1086/309095
https://arxiv.org/abs/astro-ph/0102301
https://arxiv.org/abs/astro-ph/0102301

BIBLIOGRAPHY 87

Berger, E., Rutledge, R. E., Reid, I. N., et al. 2005, ApJ, 627, 960, doi: 10.1086/430343

Best, W. M. J., Liu, M. C., Magnier, E. A., & Dupuy, T. J. 2020, AJ, 159, 257, doi: 10.3847/
1538-3881/ab84f4

Biller, B. A., Crossfield, 1. J. M., Mancini, L., et al. 2013, ApJ Letters, 778, L10, doi: 10.
1088/2041-8205/778/1/L10

Biller, B. A., Vos, J., Bonavita, M., et al. 2015, ApJ Letters, 813, L23, doi: 10.1088/
2041-8205/813/2/L23

Biller, B. A., Vos, J., Buenzli, E., et al. 2018, AJ, 155, 95, doi: 10.3847/1538-3881/aaa5a6

Blake, C. H., Charbonneau, D., & White, R.J. 2010, ApJ, 723, 684, doi: 10.1088/0004-637X/
723/1/684

Bochanski, J. J., Burgasser, A. J., Simcoe, R. A., & West, A. A. 2011, AJ, 142, 169, doi: 10.
1088/0004-6256/142/5/169

Bochanski, J. J., Hennawi, J. F., Simcoe, R. A., et al. 2009, PASP, 121, 1409, doi: 10.1086/
648597

Bowler, B. P, Zhou, Y., Morley, C. V., et al. 2020, ApJ Letters, 893, L30, doi: 10.3847/
2041-8213/ab8197

Buenzli, E., Apai, D., Radigan, J., Reid, I. N., & Flateau, D. 2014, ApJ, 782,77, doi: 10.1088/
0004-637X/782/2/77

Buenzli, E., Marley, M. S., Apai, D., et al. 2015a, ApJ, 812, 163, doi: 10.1088/0004-637X/
812/2/163

Buenzli, E., Saumon, D., Marley, M. S., etal. 2015b, ApJ, 798, 127, doi: 10.1088/0004-637X/
798/2/127

Buenzli, E., Apai, D., Morley, C. V., et al. 2012, ApJ Letters, 760, L31, doi: 10.1088/
2041-8205/760/2/1L31

Burgasser, A. J., McElwain, M. W., & Kirkpatrick, J. D. 2003, AJ, 126, 2487, doi: 10.1086/
378608

Burrows, A., Marley, M., Hubbard, W. B., et al. 1997, ApJ, 491, 856, doi: 10.1086/305002

Chiu, K., Fan, X., Leggett, S. K., et al. 2006, AJ, 131, 2722, doi: 10.1086/501431


http://doi.org/10.1086/430343
http://doi.org/10.3847/1538-3881/ab84f4
http://doi.org/10.3847/1538-3881/ab84f4
http://doi.org/10.1088/2041-8205/778/1/L10
http://doi.org/10.1088/2041-8205/778/1/L10
http://doi.org/10.1088/2041-8205/813/2/L23
http://doi.org/10.1088/2041-8205/813/2/L23
http://doi.org/10.3847/1538-3881/aaa5a6
http://doi.org/10.1088/0004-637X/723/1/684
http://doi.org/10.1088/0004-637X/723/1/684
http://doi.org/10.1088/0004-6256/142/5/169
http://doi.org/10.1088/0004-6256/142/5/169
http://doi.org/10.1086/648597
http://doi.org/10.1086/648597
http://doi.org/10.3847/2041-8213/ab8197
http://doi.org/10.3847/2041-8213/ab8197
http://doi.org/10.1088/0004-637X/782/2/77
http://doi.org/10.1088/0004-637X/782/2/77
http://doi.org/10.1088/0004-637X/812/2/163
http://doi.org/10.1088/0004-637X/812/2/163
http://doi.org/10.1088/0004-637X/798/2/127
http://doi.org/10.1088/0004-637X/798/2/127
http://doi.org/10.1088/2041-8205/760/2/L31
http://doi.org/10.1088/2041-8205/760/2/L31
http://doi.org/10.1086/378608
http://doi.org/10.1086/378608
http://doi.org/10.1086/305002
http://doi.org/10.1086/501431

88 BIBLIOGRAPHY

Clarke, F. J., Hodgkin, S. T., Oppenheimer, B. R., Robertson, J., & Haubois, X. 2008, MNRAS,
386, 2009, doi: 10.1111/3j.1365-2966.2008.13135.x

Clarke, F. J., Tinney, C. G., & Covey, K. R. 2002, MNRAS, 332, 361, doi: 10.1046/j.
1365-8711.2002.05308.x

Croll, B., Muirhead, P. S., Han, E., et al. 2016, arXiv e-prints, arXiv:1609.03586. https:
//arxiv.org/abs/1609.03586

Crossfield, I. J. M. 2014, A&A, 566, A130, doi: 10.1051/0004-6361/201423750
Cushing, M. C., Vacca, W. D., & Rayner, J. T. 2004, PASP, 116, 362, doi: 10.1086/382907
Cushing, M. C., Roellig, T. L., Marley, M. S., et al. 2006, ApJ, 648, 614, doi: 10.1086/505637

Cushing, M. C., Hardegree-Ullman, K. K., Trucks, J. L., et al. 2016, ApJ, 823, 152, doi: 10.
3847/0004-637X/823/2/152

Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, VizieR Online Data Catalog, 11/246

de Kok, R. J., Stam, D. M., & Karalidi, T. 2011, ApJ, 741, 59, doi: 10.1088/0004-637X/
741/1/59

de Pater, 1., Sault, R. J., Butler, B., DeBoer, D., & Wong, M. H. 2016, Science, 352, 1198,
doi: 10.1126/science.aaf2210

Elias, J. H., Joyce, R. R., Liang, M., et al. 2006, in Proc. SPIE, Vol. 6269, Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, 62694C, doi: 10.1117/12.
671817

Eriksson, S. C., Janson, M., & Calissendorff, P. 2019, A&A, 629, A145, doi: 10.1051/
0004-6361/201935671

Fazio, G. G., Hora, J. L., Allen, L. E., et al. 2004, ApJS, 154, 10, doi: 10.1086/422843

Filippazzo, J. C., Rice, E. L., Faherty, J., etal. 2015, ApJ, 810, 158, doi: 10.1088/0004-637X/
810/2/158

Gagné, J., Lambridges, E., Faherty, J. K., & Simcoe, R. 2015a, Firehose v2.0, Zenodo

Gagné, J., Faherty, J. K., Cruz, K. L., et al. 2015b, ApJS, 219, 33, doi: 10.1088/0067-0049/
219/2/33


http://doi.org/10.1111/j.1365-2966.2008.13135.x
http://doi.org/10.1046/j.1365-8711.2002.05308.x
http://doi.org/10.1046/j.1365-8711.2002.05308.x
https://arxiv.org/abs/1609.03586
https://arxiv.org/abs/1609.03586
http://doi.org/10.1051/0004-6361/201423750
http://doi.org/10.1086/382907
http://doi.org/10.1086/505637
http://doi.org/10.3847/0004-637X/823/2/152
http://doi.org/10.3847/0004-637X/823/2/152
http://doi.org/10.1088/0004-637X/741/1/59
http://doi.org/10.1088/0004-637X/741/1/59
http://doi.org/10.1126/science.aaf2210
http://doi.org/10.1117/12.671817
http://doi.org/10.1117/12.671817
http://doi.org/10.1051/0004-6361/201935671
http://doi.org/10.1051/0004-6361/201935671
http://doi.org/10.1086/422843
http://doi.org/10.1088/0004-637X/810/2/158
http://doi.org/10.1088/0004-637X/810/2/158
http://doi.org/10.1088/0067-0049/219/2/33
http://doi.org/10.1088/0067-0049/219/2/33

BIBLIOGRAPHY 89

Gagné, J., Mamajek, E. E., Malo, L., et al. 2018, ApJ, 856, 23, doi: 10.3847/1538-4357/

aaae09

Gillon, M., Triaud, A. H. M. J,, Jehin, E., et al. 2013, A&A, 555, L5, doi: 10.1051/
0004-6361/201321620

Girardin, F., Artigau, E., & Doyon, R. 2013, ApJ, 767, 61, doi: 10.1088/0004-637X/767/
1/61

Gizis, J. E., Dettman, K. G., Burgasser, A. J., et al. 2015, ApJ, 813, 104, doi: 10.1088/
0004-637X/813/2/104

Gray, D. F. 1992, The observation and analysis of stellar photospheres. (Cambridge University
Press). http://adsabs.harvard.edu/abs/1992o0asp.book.. ... G

Grillmair, C. J., Carey, S. J., Stauffer, J. R., & Ingalls, J. G. 2014, in Proc. SPIE, Vol. 9143,
Space Telescopes and Instrumentation 2014: Optical, Infrared, and Millimeter Wave, 914359,
doi: 10.1117/12.2057238

Grillmair, C. J., Carey, S. J., Stauffer, J. R., et al. 2012, in Proc. SPIE, Vol. 8448, Observatory
Operations: Strategies, Processes, and Systems IV, 844811, doi: 10.1117/12.927191

Hallinan, G., Bourke, S., Lane, C., et al. 2007, ApJ Letters, 663, L25, doi: 10.1086/519790

Hallinan, G., Littlefair, S. P., Cotter, G., et al. 2015, Nature, 523, 568, doi: 10.1038/
naturel4619

Harding, L. K., Hallinan, G., Boyle, R. P., et al. 2013a, ApJ, 779, 101, doi: 10.1088/
0004-637X/779/2/101

Harding, L. K., Hallinan, G., Konopacky, Q. M., et al. 2013b, A&A, 554, A113, doi: 10.1051/
0004-6361/201220865

Heinze, A. N., Metchev, S., Apai, D., et al. 2013, ApJ, 767, 173, doi: 10.1088/0004-637X/
767/2/173

Horne, K. 1986, PASP, 98, 609, doi: 10.1086/131801
James, R. A. 1964, Apl, 140, 552, doi: 10.1086/147949

Kao, M. M., Hallinan, G., Pineda, J. S., et al. 2016, ApJ, 818, 24, doi: 10.3847/0004-637X/
818/1/24


http://doi.org/10.3847/1538-4357/aaae09
http://doi.org/10.3847/1538-4357/aaae09
http://doi.org/10.1051/0004-6361/201321620
http://doi.org/10.1051/0004-6361/201321620
http://doi.org/10.1088/0004-637X/767/1/61
http://doi.org/10.1088/0004-637X/767/1/61
http://doi.org/10.1088/0004-637X/813/2/104
http://doi.org/10.1088/0004-637X/813/2/104
http://adsabs.harvard.edu/abs/1992oasp.book.....G
http://doi.org/10.1117/12.2057238
http://doi.org/10.1117/12.927191
http://doi.org/10.1086/519790
http://doi.org/10.1038/nature14619
http://doi.org/10.1038/nature14619
http://doi.org/10.1088/0004-637X/779/2/101
http://doi.org/10.1088/0004-637X/779/2/101
http://doi.org/10.1051/0004-6361/201220865
http://doi.org/10.1051/0004-6361/201220865
http://doi.org/10.1088/0004-637X/767/2/173
http://doi.org/10.1088/0004-637X/767/2/173
http://doi.org/10.1086/131801
http://doi.org/10.1086/147949
http://doi.org/10.3847/0004-637X/818/1/24
http://doi.org/10.3847/0004-637X/818/1/24

90 BIBLIOGRAPHY

Kao, M. M., Hallinan, G., Pineda, J. S., Stevenson, D., & Burgasser, A. 2018, ApJS, 237, 25,
doi: 10.3847/1538-4365/aac2d5

Karalidi, T., Apai, D., Marley, M. S., & Buenzli, E. 2016, ApJ, 825, 90, doi: 10.3847/
0004-637X/825/2/90

Kelson, D. D. 2003, PASP, 115, 688, doi: 10.1086/375502
Kirkpatrick, J. D., Henry, T. J., & Irwin, M. J. 1997, AJ, 113, 1421, doi: 10.1086/118357

Kirkpatrick, J. D., Martin, E. C., Smart, R. L., et al. 2019, ApJS, 240, 19, doi: 10.3847/
1538-4365/aaf6af

Koen, C. 2004, MNRAS, 354, 378, doi: 10.1111/3j.1365-2966.2004.08192.x
—. 2005, MNRAS, 360, 1132, doi: 10.1111/3j.1365-2966.2005.09119.x
Koen, C. 2013, MNRAS, 429, 652, doi: 10.1093/mnras/sts370

Koen, C. 2013, MNRAS, 428, 2824, doi: 10.1093/mnras/sts208

Koen, C., Tanabé, T., Tamura, M., & Kusakabe, N. 2005, MNRAS, 362, 727, doi: 10.1111/
j.1365-2966.2005.09280.x

Konopacky, Q. M., Ghez, A. M., Fabrycky, D. C., et al. 2012, ApJ, 750, 79, doi: 10.1088/
0004-637X/750/1/79

Krick, J., Ingalls, J., Lowrance, P., et al. 2018, in Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, Vol. 10698, Space Telescopes and Instrumentation
2018: Optical, Infrared, and Millimeter Wave, 106985Y, doi: 10.1117/12.2310185

Leggett, S. K., Cushing, M. C., Hardegree-Ullman, K. K., et al. 2016, ApJ, 830, 141, doi: 10.
3847/0004-637X/830/2/141

Lew, B. W. P., Apai, D., Zhou, Y., et al. 2016, ApJ Letters, 829, L32, doi: 10.3847/
2041-8205/829/2/1L32

Lew, B. W.P., Apai, D., Zhou, Y., et al. 2020, AJ, 159, 125, doi: 10.3847/1538-3881/ab5£59

Liu, M. C., Dupuy, T. J., & Allers, K. N. 2016, ApJ, 833, 96, doi: 10.3847/1538-4357/833/
1/96

Manjavacas, E., Apai, D., Zhou, Y., etal. 2018, AJ, 155, 11, doi: 10.3847/1538-3881/aa984f


http://doi.org/10.3847/1538-4365/aac2d5
http://doi.org/10.3847/0004-637X/825/2/90
http://doi.org/10.3847/0004-637X/825/2/90
http://doi.org/10.1086/375502
http://doi.org/10.1086/118357
http://doi.org/10.3847/1538-4365/aaf6af
http://doi.org/10.3847/1538-4365/aaf6af
http://doi.org/10.1111/j.1365-2966.2004.08192.x
http://doi.org/10.1111/j.1365-2966.2005.09119.x
http://doi.org/10.1093/mnras/sts370
http://doi.org/10.1093/mnras/sts208
http://doi.org/10.1111/j.1365-2966.2005.09280.x
http://doi.org/10.1111/j.1365-2966.2005.09280.x
http://doi.org/10.1088/0004-637X/750/1/79
http://doi.org/10.1088/0004-637X/750/1/79
http://doi.org/10.1117/12.2310185
http://doi.org/10.3847/0004-637X/830/2/141
http://doi.org/10.3847/0004-637X/830/2/141
http://doi.org/10.3847/2041-8205/829/2/L32
http://doi.org/10.3847/2041-8205/829/2/L32
http://doi.org/10.3847/1538-3881/ab5f59
http://doi.org/10.3847/1538-4357/833/1/96
http://doi.org/10.3847/1538-4357/833/1/96
http://doi.org/10.3847/1538-3881/aa984f

BIBLIOGRAPHY 91

Manjavacas, E., Apai, D., Lew, B. W. P., et al. 2019, ApJ Letters, 875, L15, doi: 10.3847/
2041-8213/ab13b9

Marley, M., Saumon, D., Morley, C., & Fortney, J. 2018, Sonora 2018: Cloud-free, solar
composition, solar C/O substellar atmosphere models and spectra, nc_m+0.0_co1.0_v1.0,
Zenodo, doi: 10.5281/zenodo. 1309035

Marley, M. S., Seager, S., Saumon, D., et al. 2002, ApJ, 568, 335, doi: 10.1086/338800

Marley, M. S., & Sengupta, S. 2011, MNRAS, 417,2874,doi: 10.1111/3.1365-2966.2011.
19448.x

McLean, I. S., McGovern, M. R., Burgasser, A. J., et al. 2003, ApJ, 596, 561, doi: 10.1086/
377636

Ménard, F., Delfosse, X., & Monin, J. L. 2002, A&A, 396, L35, doi: 10.1051/0004-6361:
20021657

Metchev, S. A., Heinze, A., Apai, D., et al. 2015, ApJ, 799, 154, doi: 10.1088/0004-637X/
799/2/154

Mighell, K. J., Glaccum, W., & Hoffmann, W. 2008, in Proc. SPIE, Vol. 7010, Space Telescopes
and Instrumentation 2008: Optical, Infrared, and Millimeter, 70102W, doi: 10.1117/12.
789801

Miles-Péez, P. A., Metchev, S. A., Heinze, A., & Apai, D. 2017a, ApJ, 840, 83, doi: 10.3847/
1538-4357/aa6fl1

Miles-Paez, P. A., Pallé, E., & Zapatero Osorio, M. R. 2017b, MNRAS, 472, 2297, doi: 10.
1093 /mnras/stx2191

Miles-Paez, P. A., Zapatero Osorio, M. R., Pallé, E., & Pefia Ramirez, K. 2013, A&A, 556,
A125, doi: 10.1051/0004-6361/201321851

Miles-Péez, P. A., Zapatero Osorio, M. R., Pallé, E., & Pefia Ramirez, K. 2017c, MNRAS, 466,
3184, doi: 10.1093/mnras/stw3278

Miles-Péez, P. A., Metchev, S., Apai, D., etal. 2019, ApJ, 883, 181, doi: 10.3847/1538-4357/
ab3d25

Millar-Blanchaer, M. A., Girard, J. H., Karalidi, T., et al. 2020, ApJ, 894, 42, doi: 10.3847/
1538-4357/ab6ef2


http://doi.org/10.3847/2041-8213/ab13b9
http://doi.org/10.3847/2041-8213/ab13b9
http://doi.org/10.5281/zenodo.1309035
http://doi.org/10.1086/338800
http://doi.org/10.1111/j.1365-2966.2011.19448.x
http://doi.org/10.1111/j.1365-2966.2011.19448.x
http://doi.org/10.1086/377636
http://doi.org/10.1086/377636
http://doi.org/10.1051/0004-6361:20021657
http://doi.org/10.1051/0004-6361:20021657
http://doi.org/10.1088/0004-637X/799/2/154
http://doi.org/10.1088/0004-637X/799/2/154
http://doi.org/10.1117/12.789801
http://doi.org/10.1117/12.789801
http://doi.org/10.3847/1538-4357/aa6f11
http://doi.org/10.3847/1538-4357/aa6f11
http://doi.org/10.1093/mnras/stx2191
http://doi.org/10.1093/mnras/stx2191
http://doi.org/10.1051/0004-6361/201321851
http://doi.org/10.1093/mnras/stw3278
http://doi.org/10.3847/1538-4357/ab3d25
http://doi.org/10.3847/1538-4357/ab3d25
http://doi.org/10.3847/1538-4357/ab6ef2
http://doi.org/10.3847/1538-4357/ab6ef2

92 BIBLIOGRAPHY

Mohanty, S., & Basri, G. 2003, ApJ, 583, 451, doi: 10.1086/345097

Morales-Calderén, M., Stauffer, J. R., Kirkpatrick, J. D., et al. 2006, ApJ, 653, 1454, doi: 10.
1086/507866

Morley, C. V., Fortney, J. J., Marley, M. S., et al. 2012, ApJ, 756, 172, doi: 10.1088/
0004-637X/756/2/172

Naud, M.-E., Artigau, E., Rowe, J. F, et al. 2017, AJ, 154, 138, doi: 10.3847/1538-3881/
aa83b7

Pineda, J. S., Hallinan, G., & Kao, M. M. 2017, ApJ, 846, 75, doi: 10.3847/1538-4357/
aa8596

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 1992, Numerical recipes in

C. The art of scientific computing (Cambridge: University Press)
Radigan, J. 2014, ApJ, 797, 120, doi: 10.1088/0004-637X/797/2/120

Radigan, J., Jayawardhana, R., Lafreniere, D., et al. 2012, ApJ, 750, 105, doi: 10.1088/
0004-637X/750/2/105

Radigan, J., Lafreniere, D., Jayawardhana, R., & Artigau, E. 2014, ApJ, 793, 75, doi: 10.
1088/0004-637X/793/2/75

Rayner, J. T., Cushing, M. C., & Vacca, W. D. 2009, AplJS, 185, 289, doi: 10.1088/
0067-0049/185/2/289

Reach, W. T., Megeath, S. T., Cohen, M., et al. 2005, PASP, 117, 978, doi: 10.1086/432670

Reid, 1. N., Cruz, K. L., Kirkpatrick, J. D., et al. 2008, AJ, 136, 1290, doi: 10.1088/
0004-6256/136/3/1290

Reiners, A., & Basri, G. 2006, AJ, 131, 1806, doi: 10.1086/500298
—. 2008, AplJ, 684, 1390, doi: 10.1086/590073
—. 2010, ApJ, 710, 924, doi: 10.1088/0004-637X/710/2/924

Richey-Yowell, T., Kao, M. M., Pineda, J. S., Shkolnik, E. L., & Hallinan, G. 2020, ApJ, 903,
74, doi: 10.3847/1538-4357/abb826

Robinson, T. D., & Marley, M. S. 2014, ApJ, 785, 158, doi: 10.1088/0004-637X/785/2/158


http://doi.org/10.1086/345097
http://doi.org/10.1086/507866
http://doi.org/10.1086/507866
http://doi.org/10.1088/0004-637X/756/2/172
http://doi.org/10.1088/0004-637X/756/2/172
http://doi.org/10.3847/1538-3881/aa83b7
http://doi.org/10.3847/1538-3881/aa83b7
http://doi.org/10.3847/1538-4357/aa8596
http://doi.org/10.3847/1538-4357/aa8596
http://doi.org/10.1088/0004-637X/797/2/120
http://doi.org/10.1088/0004-637X/750/2/105
http://doi.org/10.1088/0004-637X/750/2/105
http://doi.org/10.1088/0004-637X/793/2/75
http://doi.org/10.1088/0004-637X/793/2/75
http://doi.org/10.1088/0067-0049/185/2/289
http://doi.org/10.1088/0067-0049/185/2/289
http://doi.org/10.1086/432670
http://doi.org/10.1088/0004-6256/136/3/1290
http://doi.org/10.1088/0004-6256/136/3/1290
http://doi.org/10.1086/500298
http://doi.org/10.1086/590073
http://doi.org/10.1088/0004-637X/710/2/924
http://doi.org/10.3847/1538-4357/abb826
http://doi.org/10.1088/0004-637X/785/2/158

BIBLIOGRAPHY 93

Route, M., & Wolszczan, A. 2016, ApJ Letters, 821, L21, doi: 10.3847/2041-8205/821/2/
L21

Saumon, D., & Marley, M. S. 2008, ApJ, 689, 1327, doi: 10.1086/592734
Scargle, J. D. 1982, ApJ, 263, 835, doi: 10.1086/160554

Schneider, A. C., Hardegree-Ullman, K. K., Cushing, M. C., Kirkpatrick, J. D., & Shkolnik,
E. L. 2018a, AJ, 155, 238, doi: 10.3847/1538-3881/aabfc2

—. 2018b, AJ, 155, 238, doi: 10.3847/1538-3881/aabfc2

Scholz, A., Kostov, V., Jayawardhana, R., & MuZzié, K. 2015, ApJ Letters, 809, L.29, doi: 10.
1088/2041-8205/809/2/1.29

Simcoe, R. A., Burgasser, A. J., Bernstein, R. A., et al. 2008, in Proc. SPIE, Vol. 7014, Ground-
based and Airborne Instrumentation for Astronomy II, 70140U, doi: 10.1117/12.790414

Simcoe, R. A., Burgasser, A. J., Schechter, P. L., et al. 2013, PASP, 125, 270, doi: 10.1086/
670241

Snellen, I. A. G., Brandl, B. R., de Kok, R. J., et al. 2014, Nature, 509, 63, doi: 10.1038/
naturel3253

Stephens, D. C., Leggett, S. K., Cushing, M. C., et al. 2009, ApJ, 702, 154, doi: 10.1088/
0004-637X/702/1/154

Stolker, T., Min, M., Stam, D. M., et al. 2017, A&A, 607, A42, doi: 10.1051/0004-6361/
201730780

Tinney, C. G., & Tolley, A. J. 1999, MNRAS, 304, 119, doi: 10.1046/3j.1365-8711.1999.
02297.x

Tremblin, P., Amundsen, D. S., Mourier, P., et al. 2015, ApJ Letters, 804, L17, doi: 10.1088/
2041-8205/804/1/L17

Tremblin, P., Phillips, M. W., Emery, A., et al. 2020, A&A, 643, A23, doi: 10.1051/
0004-6361/202038771

Vacca, W. D., Cushing, M. C., & Rayner, J. T. 2003, PASP, 115, 389, doi: 10.1086/346193

Vos, J. M., Allers, K. N., Biller, B. A., et al. 2018, MNRAS, 474, 1041, doi: 10.1093/mnras/
stx2752


http://doi.org/10.3847/2041-8205/821/2/L21
http://doi.org/10.3847/2041-8205/821/2/L21
http://doi.org/10.1086/592734
http://doi.org/10.1086/160554
http://doi.org/10.3847/1538-3881/aabfc2
http://doi.org/10.3847/1538-3881/aabfc2
http://doi.org/10.1088/2041-8205/809/2/L29
http://doi.org/10.1088/2041-8205/809/2/L29
http://doi.org/10.1117/12.790414
http://doi.org/10.1086/670241
http://doi.org/10.1086/670241
http://doi.org/10.1038/nature13253
http://doi.org/10.1038/nature13253
http://doi.org/10.1088/0004-637X/702/1/154
http://doi.org/10.1088/0004-637X/702/1/154
http://doi.org/10.1051/0004-6361/201730780
http://doi.org/10.1051/0004-6361/201730780
http://doi.org/10.1046/j.1365-8711.1999.02297.x
http://doi.org/10.1046/j.1365-8711.1999.02297.x
http://doi.org/10.1088/2041-8205/804/1/L17
http://doi.org/10.1088/2041-8205/804/1/L17
http://doi.org/10.1051/0004-6361/202038771
http://doi.org/10.1051/0004-6361/202038771
http://doi.org/10.1086/346193
http://doi.org/10.1093/mnras/stx2752
http://doi.org/10.1093/mnras/stx2752

94 BIBLIOGRAPHY

Vos, J. M., Biller, B. A., Bonavita, M., et al. 2019, MNRAS, 483, 480, doi: 10.1093/mnras/
sty3123

Vos, J. M., Biller, B. A., Allers, K. N., et al. 2020, AJ, 160, 38, doi: 10.3847/1538-3881/
ab9642

Wall, J. V., & Jenkins, C. R. 2003, Practical Statistics for Astronomers, Vol. 3 (Cambridge
University Press), doi: 10.1017/CB09780511536618

Werner, M. W,, Roellig, T. L., Low, F. J., et al. 2004, ApJS, 154, 1, doi: 10.1086/422992
Williams, P. K. G., & Berger, E. 2015, ApJ, 808, 189, doi: 10.1088/0004-637X/808/2/189

Williams, P. K. G., Gizis, J. E., & Berger, E. 2017, ApJ, 834, 117, doi: 10.3847/1538-4357/
834/2/117

Wilson, P. A, Rajan, A., & Patience, J. 2014, A&A, 566, Al111, doi: 10.1051/0004-6361/
201322995

Yang, H., Apai, D., Marley, M. S., etal. 2016, ApJ, 826, 8, doi: 10.3847/0004-637X/826/1/8

Zapatero Osorio, M. R., Caballero, J. A., & Béjar, V. J. S. 2005, ApJ, 621, 445, doi: 10.1086/
427433

Zapatero Osorio, M. R., Martin, E. L., Bouy, H., et al. 2006, ApJ, 647, 1405, doi: 10.1086/
505484

Zhou, Y., Apai, D., Schneider, G. H., Marley, M. S., & Showman, A. P. 2016, ApJ, 818, 176,
doi: 10.3847/0004-637X/818/2/176

Zhou, Y., Apai, D., Metchev, S., et al. 2018, AJ, 155, 132, doi: 10.3847/1538-3881/aaabbd
Zhou, Y., Apai, D., Lew, B. W.P,, etal. 2019, AJ, 157, 128, doi: 10.3847/1538-3881/ab037f
Zhou, Y., Apai, D., Bedin, L. R., et al. 2020, AJ, 159, 140, doi: 10.3847/1538-3881/ab6£65

Zuckerman, B. 2019, AplJ, 870, 27, doi: 10.3847/1538-4357/aaee66


http://doi.org/10.1093/mnras/sty3123
http://doi.org/10.1093/mnras/sty3123
http://doi.org/10.3847/1538-3881/ab9642
http://doi.org/10.3847/1538-3881/ab9642
http://doi.org/10.1017/CBO9780511536618
http://doi.org/10.1086/422992
http://doi.org/10.1088/0004-637X/808/2/189
http://doi.org/10.3847/1538-4357/834/2/117
http://doi.org/10.3847/1538-4357/834/2/117
http://doi.org/10.1051/0004-6361/201322995
http://doi.org/10.1051/0004-6361/201322995
http://doi.org/10.3847/0004-637X/826/1/8
http://doi.org/10.1086/427433
http://doi.org/10.1086/427433
http://doi.org/10.1086/505484
http://doi.org/10.1086/505484
http://doi.org/10.3847/0004-637X/818/2/176
http://doi.org/10.3847/1538-3881/aaabbd
http://doi.org/10.3847/1538-3881/ab037f
http://doi.org/10.3847/1538-3881/ab6f65
http://doi.org/10.3847/1538-4357/aaee66

Chapter 3

IGRINS Spectroscopy of the T6 Dwarf
2MASS J08173001-6155158: Verification
of Water, Methane, and Ammonia Line

Lists and a Near-Infrared Spectroscopic
Atlas of a Cold Brown Dwarf

3.1 Introduction

Reliable determinations of the effective temperatures, radii, and masses of self-luminous brown
dwarfs and giant exoplanets are dependent on accurate modelling of their spectra. However,
it is known that the laboratory-based experimental line lists used to generate model spectra
are inconsistent with each other and are even missing lines for some molecular species (e.g.,
Saumon et al. 2012; Canty et al. 2015). Even the most up-to date spectral models do not
completely reproduce observed spectral features in cold brown dwarfs, limiting our ability to

constrain their basic properties.

Methane and ammonia are of particular interest for T dwarfs. At the time of their discovery,
the distinction between L and T dwarfs was based on whether methane lines were present in
their spectra (Oppenheimer et al., 1995; Geballe et al., 1996). Similarly, ammonia was used to
mark the end of the T-sequence and is the distinguishing opacity source of Y dwarfs (Cushing
etal., 2011). However, Noll et al. (2000) showed that the onset of methane absorption actually
occurs earlier in the near-infrared spectral sequence, as early as L5, due to overlooked lines in

wavelength- and resolution-limited data, and ammonia bands first appear at spectral types as
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early as T2 in the mid-infrared (Cushing et al., 2006). In the latest T dwarfs (T8, T9), ammonia

becomes a major opacity source (Cushing et al., 2006).

Previous spectroscopic studies of late-T and Y dwarfs with broad wavelength coverage have
been limited to R ~ 6000 or less, making the identification of specific molecular absorption
features difficult. Additionally, older generations of photospheric models have not been able
to fit the available data well (e.g., Bochanski et al. 2011; Leggett et al. 2012, 2019; Beichman
et al. 2014; Canty et al. 2015; Schneider et al. 2015; Luhman & Esplin 2016; Miles et al. 2020;
Tannock et al. 2021).

A current hurdle in characterizing cold brown dwarfs and giant exoplanets are systematic
uncertainties in the wavelengths and strengths of absorption lines in theoretical photospheres.
Missing lines or inaccurate line lists make detections of molecules and determinations of radial
velocities and spins difficult or impossible, especially in low signal-to-noise observations of
exoplanet atmospheres. It is therefore necessary to confirm the accuracy of line lists by compar-
ing to high signal-to-noise observations. Isolated brown dwarfs, free from the overwhelming
light of a companion star, have atmospheres containing some of the key opacity sources in exo-
planets, making them suitable laboratories for testing the accuracy of line lists. Improvements
in the atmospheric opacity estimates for cold substellar atmospheres would also be invaluable
for the characterization of potentially habitable exoplanets. Methane and ammonia have been
suggested as biosignature gases in exoplanet atmospheres (e.g., Léger et al. 1996; Seager et al.
2013). Water, while not a biosignature gas, is also an important signature of habitability and is

a major opacity source in brown dwarfs.

We present a high signal-to-noise (SNR > 200) spectrum of a T6 dwarf with unprecedented
R=45,000 resolution and 1.45-2.48 um coverage, observed with the Immersion GRating IN-
frared Spectrometer (IGRINS; Yuk et al. 2010; Park et al. 2014; Mace et al. 2016, 2018) on
Gemini South. We study in detail absorption features due to water, methane, ammonia, carbon
monoxide, and hydrogen sulfide. Our target, 2MASS J08173001-6155158 (also known as
DENIS J081730.0-615520; herein 2M0817) was discovered by Artigau et al. (2010) through
a photometric cross match between the Two Micron All Sky Survey (2MASS) and the DEep
Near-Infrared Survey of the Southern sky (DENIS) point-source catalogues, and spectroscopi-
cally identified as a T6 dwarf. It is at a heliocentric distance of only 5.2211 + 0.0165 pc (Gaia
Collaboration, 2018), and is one of the brightest late-T dwarfs (K-band magnitude 13.52; Cutri
et al. 2003). Radigan et al. (2014) find a rotation period of 2.8 + 0.2 h from ground-based

J-band observations for 2M0817, spanning four hours.
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3.2 Spectroscopy with IGRINS on Gemini South

We observed 2M0817 with IGRINS on Gemini South under Gemini program ID GS-2018A-
Q-304 (PI: M. Tannock). IGRINS is a high-resolution (R = 1/AA = 45,000), cross-dispersed
spectrograph that simultaneously covers the H and K bands from 1.45 to 2.48 ym.
Observations took place over four nights in April and May 2018 while IGRINS was on
Gemini South. The slit was oriented at a position angle of 90 degrees (east-west), and exposures
were taken along an ABBA dither pattern. We observed an AO V star before or after each

observation of the target. We summarize these observations in Table 3.1.

3.2.1 Data Reduction

The data were reduced with the IGRINS Pipeline Package (PLP; Lee & Gullikson 2016) at each
epoch individually. The PLP produces telluric-corrected, wavelength-calibrated fluxes and the
signal-to-noise ratio (SNR) for each point in the spectrum.

We used a custom IDL code to combine the individual spectra. We first corrected for the
barycentric velocity at each epoch. We then processed the H and K bands separately: we
normalized the flux to peak at unity in each of the H and K bands, and then resampled the
data to identical wavelength values. We computed the weights from the SNR values computed
by the PLP (w; = (SNR;/f;)?, where f; is the flux at each epoch) and computed the weighted
average (f = Zf\i , (fiwi/w;) where w; is the sum of the weights for N epochs) and uncertainties
(o= wt1 / 2) across all epochs.

We found that in some cases, the IGRINS PLP produced fluxes of ~0, but with a dispropor-
tionately high SNR value, resulting in a large weight. This produced large downward spikes
in the weighted average spectrum. We obtained the highest SNR combined spectrum free of
such spikes when we combined the three highest SNR epochs: 2018 May 22 (both sequences)
and 2018 May 23. In Figure 3.1 we show the data from each epoch in an region at the centre
of the H band. Three epochs stand out with their higher SNR. We performed the remainder
of our analysis with the weighted average of these three epochs. Our final combined spectrum
(Figure 3.2) had a signal to noise of ~300 at the peak of the H band and ~200 at the peak of
the K band.

There is some overlap between the diffraction orders in the spectrum (see Table 3.2 for a
list of the order numbers, m, and their wavelength coverage). For our analysis, we analyzed
each order individually. The instrument blaze profile results in the short-wavelength ends of the
order having lower SNR than the long-wavelength ends (see the bottom panel of Figure 3.1).
We also observed an instrumental effect resulting in an upward curving in the residuals when

compared to models at the ends of the orders. To minimize this effect and analyze the highest
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Data from every epoch for H band, Order m = 114
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Figure 3.1: A sample order near the centre of the H band, showing spectra from each of
the six observing epochs. The normalized flux is shown in the top panel, and the deep
absorption features in this order are due to H,O. The SNR is shown in the bottom panel.
The SNR of the neighbouring orders are also shown in grey, to show that IGRINS has good
SNR coverage at all wavelengths. The IGRINS instrument transmission profile (blaze) is
clearly imprinted on the SNR spectrum, and is the reason for the fall-off in SNR at the
edges of the order. The three highest-SNR spectra, obtained on 2018 May 22 and 23, were
combined to create the final spectrum shown in Figure 3.2.
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Full H- and K-band IGRINS spectra of 2MASS J08173001-6155158
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Figure 3.2: The full H- and K-band IGRINS spectra of 2MASS J08173001-6155158
with epochs combined and the orders stitched together. This figure does not include the
quadratic correction described in Section 3.3.1. These data appear noisy but in fact have
SNR=~300 at the peak of the H-band spectrum and SNR~200 at the K-band peak. The
apparent noise spikes are all absorption features, and can be seen in detail in the full set of
figures in Appendix 3.7.

SNR regions of the data, we removed the ends of each order, leaving ~1-2 nm overlap between
orders. We additionally divided out a quadratic function which minimized the chi square
statistic (y2) between the data and a given model to further remove this instrumental effect (see
Section 3.3). In each region of overlap, we averaged the fluxes from the two orders. We show

the complete spectra with the orders stitched together in Figure 3.2.

3.2.2 Confirmation of Wavelength Calibration and Masking of Telluric
Lines
We verified our wavelength calibration by comparing the telluric lines in the spectra of our AOV

standard stars to an Earth’s transmittance spectrum from the Planetary Spectrum Generator
(PSG; Villanueva et al. 2018). We used the Earth’s Transmittance template with the longitude,
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latitude, and altitude of the Gemini South Observatory to generate spectra over the wavelength
coverage of IGRINS at 1.5 times the resolution of IGRINS. We then compared the positions of
the minima of the telluric lines in the PSG and in our data. We find an average offset of less
than half an IGRINS pixel (0.110 A at the centre of the H band), confirming our wavelength

calibration.

We found that masking strong telluric features improved the precision of our model photo-
sphere fits (Section 3.3). To prepare our data for comparisons to model spectra, we masked out
telluric absorption lines with greater than 35% absorption strengths in the PSG Earth transmit-
tance spectrum. This threshold is shown as a horizontal dashed line in Figures 3.13 and 3.14.
We also masked out wavelengths with strong OH emission features. These telluric features

were otherwise found to drive the y? values.

3.3 Model Fitting and Parameter Determination

We compared our observed spectra to the models of Allard et al. (2012, 2014; hereafter, BT-
Settl), Morley et al. (2012; hereafter, Morley), Marley et al. (2021; hereafter, Sonora Bobcat),
and an alternative version of the Sonora Bobcat models with updated molecular line lists
Hood et al. (in prep.; hereafter, Bobcat Alternative A). The BT-Settl models are based on the
PHOENIX code (Allard & Hauschildt, 1995; Hauschildt et al., 1999). The latter three model
sets are all based on the same 1D radiative-convective equilibrium model atmosphere code
(e.g., Marley et al. 1996; Fortney et al. 2008; Marley & Robinson 2015). The Morley models
include the effect of clouds that may be relevant for T dwarf atmospheres by applying the
Ackerman & Marley (2001) cloud model. In contrast, the Sonora Bobcat models assume a
cloud-free atmosphere. In addition, the Sonora Bobcat models include post-2012 updates to
the gas opacity database, described in Freedman et al. (2014), Lupu et al. (2014), and Marley
et al. (2021). The Bobcat Alternative A models are thermal emission spectra generated from
the Sonora Bobcat atmospheric structures with the code described in the Appendix of Morley
et al. (2015). Only a selection of opacities are included, which dominate at near infrared
wavelengths: H,O, CHy4, CO, NH3, H;S, and collision-induced opacity of H,-H,, H>-He, and
H,-CH4. The opacity data for these sources are the same as the Sonora Bobcat models, with
the notable exceptions of updated H,O (Polyansky et al., 2018), CH4 (Hargreaves et al., 2020),
NHj; (Coles et al., 2019) line lists.
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3.3.1 Fitting of Photospheric Models

The models are provided on fixed grids of effective temperature (7.¢) and surface gravity (log g),
and we do not interpolate to intermediate values. We allowed our model fitting to explore Teg
grids between 700 K and 1300 K (the expected range of 900-1100 K in 7¢g for a T6 dwarf,
+200 K; Filippazzo et al. 2015), in steps of 50 K or 100 K, depending on the model family. For
log g we explored grids between log g = 4.0 and 5.5, in steps of 0.5 dex for all model families
except the Sonora Bobcat models, which are in steps of 0.25 dex. The Morley models also have

a sedimentation efficiency ( fseq) parameter on a grid from 2 to 5 in integer steps.

We also explored a radial velocity (RV) grid by applying a Doppler shift to the wavelength
of the models. We also expect that our observed spectrum will have significant rotational
broadening from its known axial rotation. We explored a grid of projected rotation velocities
(v sini), by simulating rotational broadening in the model spectra. We convolved the model
spectra with the standard rotation kernel from Gray (1992), as described in Tannock et al.
(2021). For both RV and v sini we first explored coarse grids with steps of 2 kms~! over a
broad range of values, then narrowed our grid and repeated the fitting with finer steps of 0.1

kms™!.

For every model available at every point on these grids, we calculated the y? statistic to
determine the best fitting family of models. In Tannock et al. (2021) we included a flux zero-
point offset as a free parameter added to the data in order to correct for instrumental effects and
minimize the y? statistic. We include the same correction here, and after our initial analysis
found that the residuals exhibited a curve over each order, implying an additional unaccounted

for instrumental effect. Thus we have included a quadratic correction for the data as well.

Following a similar process to Sudrez et al. (2021), we designed a “goodness of fit”

parameter G:

N 2 2
O;+d)—(al; + bA; + c)M;
G:Z (O; ) (al i+ )M, 3.1
i=1

o

where O; is the observed flux, M; is the flux of the model, o7 is the uncertainty of the data, and 4;
is the wavelength of the corresponding data point. The coefficients of the quadratic correction
are a, b, and ¢, and the additive flux zero-point is d. We set the partial derivatives of G to zero
and solve the resulting system of equations to find the values of a, b, ¢, and d. We determine
these parameters for every model on the model grid individually. We multiply the model by the
quadratic correction in order to simplify solving the system of equations. We later divide the
data by this quadratic, in order to present data that are free of instrumental systematics, rather

than models that have been “bent” to fit these systematics.
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Our final y? statistic is given by:

2

N ) 2 _ )
e Z ( [(O; +d)/(ad” + bA +¢)] — M; 32)
i=1

g

To account for uncertainty in the flux of the models, we identified the best-fit order of
the entire spectrum (order m = 85 of the K band for the Bobcat Alternative A model) and
determined a constant to be added to the uncertainty to give a reduced y? statistic of 1.0 in that
order. This value was then added to the uncertainty in every order. We used the same value in
every order to represent the uncertainty on the model to allow for a comparison between orders.
The total uncertainty, including this constant, is shown in grey in Figure 3.3 and all following
figures, including the Appendix. The total uncertainty is small in most orders, but we believe

this uncertainty to be accurate based on this y? statistic analysis.

3.3.2 Determination of Physical Parameters

We show the results of the model fitting across all orders for all model families in Figures 3.3
and 3.4. In the top panel, a Bobcat Alternative A model is used to separate the contribution
of each molecular species, in order to identify the dominant molecule or molecules in each
order. These “single-molecule models” include a single molecule (e.g., water, methane), plus
collision-induced absorption from molecular hydrogen and helium. To help identify particular
features and molecules, a panel like this is included at the top of almost all of our figures.

We find that the Bobcat Alternative A models with the updated line lists provide the best
fits to the data. These models are the most consistent across all orders, and give the smallest
uncertainty on the measured parameters. Overall, all models do fairly well in regions dominated
by water, while fits are poor in regions dominated by methane. The goodness of the fits under
each molecule will be explored further in Section 3.4.

We adopt the values given by the Bobcat Alternative A models, and present the weighted
average of each parameter across all H and K band orders in Table 3.3. As described in Tannock
et al. (2021), we compute the weighted average and the unbiased weighted sample standard
deviation, where the weight is e ™ rzeduced, so that the better fits and more reliable orders are more
heavily weighted. The values given in Figures 3.3 and 3.4 are computed in the same way, but
for each order separately.

For the remainder of our analysis, we will focus on the results of the Bobcat Alternative
A models, unless otherwise stated. We show the best fitting Bobcat Alternative A models for
all orders of the H and K bands in Figures 3.13 and 3.14, and in the following sections we

highlight a few notable orders and regions.
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Table 3.2.  Wavelengths of the IGRINS orders and the major molecular absorbers

Order = Wavelength Major Order = Wavelength Major
Name Coverage (um) Absorbers Name Coverage (um) Absorbers
H 124 1.454-1460 H,O K 94 1.894-1.910 H,O

H 123 1.459-1470 H,O K 93 1.909-1.930 H,O

H 122 1.469-1.483 H,O K 92 1.929-1.950 H;0

H 121 1.482-1494 H,O K91 1.949-1.972  H,0, NH;3

H 120 1.493-1.506 H,O K 90 1.971-1.993  H;0, NH3

H 119 1.504-1.519 H,0, NH; K 89 1.992-2.015 H,O, NH;3

H 118 1.517-1.531 H,O K 88 2.014-2.038  H,0, NH3

H 117 1.529-1.543 H,O0 K 87 2.037-2.061 H,0, NH3
H116 1.541-1.556 H,O K 86 2.060-2.085 H,0, CH4, NH;3;
H 115 1.554-1.569 H,0, CO K 85 2.084-2.109 H,0, CH4

H 114 1.567-1.583 H,O K 84 2.108-2.134  H,0, CH4

H 113  1.581-1.596 H,O, CH4, H,S K 83 2.133-2.159 H»0, CH4

H 112 1.594-1.610 H,O, CH4 K82 .2.158-2.185 CH4

H 111 1.608-1.624 H,O, CH4 K 81 2.184-2.212  CHy4, NH3

H 110 1.622-1.639 H,0, CH4 K 80 2.211-2.239 CH4

H 109 1.637-1.653 H,0, CH4 K79 2.238-2.267 CHyu

H 108 1.651-1.668 H,0, CHy4 K78 2.266-2.295 H,0, CHy

H 107 1.666-1.683 H,O, CH4 K77 2.294-2.326 H,0, CH4, CO
H 106 1.681-1.699 H,O, CH4 K76 2.325-2.355 H;0, CHy4, CO
H 105 1.697-1.715 H,0, CH4 K75 2.354-2.383  H,0, CH4, CO
H 104 1.713-1.730 H,O, CH4 K74 2.389-2.414  H,0, CHy4, CO
H 103 1.728-1.747 H,0, CH4 K73 2.420-2.445 H,0, CHy4, CO
H 102 1.745-1.764 H;0, CH4 K72 24522478 H,0, CHy

H 101 1.762-1.781 H,O, CH4

H 100 1.779-1.798 H,0, CH4

H 99 1.797-1.812  H,0, CH4

Note. — Diffraction order numbers, m, were extrapolated from Stahl et al. (2021).
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Figure 3.3: Results of the model fitting for the H band. Top panel: The spectra of each major molecule with
collision-induced absorption from molecular hydrogen and helium included. The Model Flux is what would be
measured at the surface of the object. The models shown in this panel have Tox = 1100 K, log g = 5.0, vsini = 22.3
kms~!, and RV = 6.1 kms~!, and are also matched to the resolution of the IGRINS data. The IGRINS order names
are given along the top horizontal axis. Second panel from the top: The full H-band IGRINS spectrum, with the
orders stitched together. Bottom four panels: The parameters of the best-fit model for each order, from each family of
models. From top to bottom the parameters are: RV, v sini, T.g, and log g. The weighted average of each parameter
is given on the right side of the figure. In some cases the best-fitting models are at the maximum and minimum values
of the allowed grid, which indicates that these models produce inadequate fits in the particular order. These values
are still included in the weighted mean, but have very little weight assigned to them due to their large y? statistics.
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Figure 3.4: The same as Figure 3.3, but for the K band. The log g value is extremely consistent
for the Bobcat Alternative A models, with log g=5.0 in every order of the K band. The
standard deviation on this weighted average is therefore zero (see Section 3.3.2 for details on
this calculation). In Table 3.3 we compute the weighted average and standard deviation based
on both the H and K bands, so the standard deviation is non-zero for the final adopted value.
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Table 3.3. Physical parameters of 2MASS JO8173001-6155158

Property Value
Spectral Type T6?
Effective temperature (7ef) 1050 £ 50 K
Surface gravity (log g) 5.0+0.1
Projected rotation velocity (vsini) 22.3 +0.7kms™!
Radial velocity (RV) 6.1 +0.5kms™!
Note. — Parameters estimated from the spectra pre-

sented in this paper are based on all H and K band orders.

aArtigau et al. (2010)

3.4 Molecule-by-Molecule Analysis of the Model Spectra

In this section we assess the quality of the fits from each family of models. We examine the
parameters determined for each region of the spectrum and what the dominant absorbers are in
each region. Water (H,O) and methane (CH4) are the most abundant absorbers in late-T dwarf
spectra (Burgasser et al., 2006). Carbon monoxide (CO) and ammonia (NH3) also play a major
role, and hydrogen sulfide (H,S) is the next most abundant absorber. The references for the line
lists of the major molecules used in each family of models are listed in Table 3.4. As 2M0817
is a fairly rapid rotator (v sini = 22.3 + (0.7 km s~!: Table 3.3), we see that most lines are in fact

blends of the dominant absorbers, most often H,O and CHy.

In Figure 3.5 we show order m = 85 of the K band: the order where the models most
accurately represent the data. The dominant absorbers in this order are H,O, and CH4. The
Bobcat Alternative A model provides the best fit, and the residuals for this model are very
flat. The other models also do a fair job in matching the major features. For comparison, in
Figure 3.6, we show order m = 111 of the H band: one of the orders where all models provide
poor fits. The major absorber in this order is CH4. We see that the locations of the strongest CHy
features are matched in the Bobcat Alternative A model, which has the most up-to-date CH4

line list (Table 3.4). In the following sections, we discuss each molecular absorber separately.
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Figure 3.5: In order m = 85 of the K band all models are very well matched to the data.
The dominant absorbers in this region are H,O and CHy4. The top panel shows the Bobcat
Alternative A model spectra including opacity from one major molecule at a time, in
addition to Hy/He collision-induced absorption. The middle panel shows the IGRINS data
(black; uncertainty shown in grey) with the best fitting models from each model family.
The Bobcat Alternative A model spectra in the top panel have the same T, and log g
values as the best fitting Bobcat Alternative A model, are broadened to the same v sini,
and have the same RV shift applied. The bottom panel shows the residuals (data - model)
on the same vertical scale as the middle panel, with the same colour scheme. The data and
residuals contain gaps in the plot where strong telluric lines have been masked out. The
reduced chi square statistics ( sze duceq) fOr each model are also shown.
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Figure 3.6: The same layout as Figure 3.5, but now showing order m = 111 of the H band,
an order with a poor fit. The dominant absorber in this order is CH4. The most up-to-date
line lists for CH4 (Hargreaves et al. 2020, used in the Bobcat Alternative A model) provide
accurate wavelengths for the deepest lines, but the weaker features in the continuum (likely
CH4 blended with H,O) are poorly-fit.

3.4.1 Water

The water-dominated regions of the spectrum provide the most consistent results from fitting
models to spectra across all model families (Figures 3.3 and 3.4). The short-wavelength end
of the H band (1.454-1.580 um) gives consistent results for each model family, and across the
various families. The long-wavelength end of the H band (1.750-1.812 um) and the short-
wavelength end of the K band (1.894-2.100 um) give consistent results within each family of
models, but not necessarily across the various model families.

We note that the Sonora Bobcat and BT-Settl models give higher estimates of the RV, and
there is a trend in RV where the RV increases with wavelength (the models are increasingly
blue-shifted) in the short-wavelength end of the K band (1.894-2.060 um; Figure 3.4) for these
two models. NHj3 is also an important absorber in this region but is likely not responsible
for this trend in RV because Sonora Bobcat shares the same line lists for ammonia as the
Morley models (Yurchenko et al., 2011; BYTe), and the Morley models do not show this
trend. The behaviour for the BT-Settl models indicates that the BT2 (Barber et al., 2006)
H>O line lists, when used alone, are unreliable for RV determinations in this wavelength
region. The similar behaviour from Sonora Bobcat indicates that BYTe (Yurchenko et al.,

2011), supplemented with isotopologues from BT2, is also unreliable. The Bobcat Alternative
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A models use ExoMol/POKAZATEL (Polyansky et al., 2018) as their main H,O line list, and
also use isotopologue data from BT2. However for this model, we obtain very consistent RV
measurements in this wavelength region. The improved accuracy of ExoMol/POKAZATEL
line lists appear to make up for any discrepancies in BT2. The HITRAN’08 (Rothman et al.,
2009) and Partridge & Schwenke (1997) line lists used in the Morley models also give more
self-consistent estimates of RV in this region.

Overall we consider water, specifically for the line list used in the Bobcat Alternative A
models (ExoMol/POKAZATEL), to be the most reliable molecule for determining the physical
parameters of cold brown dwarfs, producing values that we trust.

3.4.2 Methane

As seen in Figures 3.3 and 3.4, there is much greater variation in the parameters estimated in
the methane-dominated regions (1.60—1.73 yum in the H band and 2.11-2.40 um in the K band)
compared to the water-dominated regions. The v sini values are particularly discrepant in the
methane-dominated regions, and we also see that where the dominant absorber switches from
water to methane at the peaks of both the H and K bands the spectra are fairly featureless, and
therefore not very sensitive to v sini.

Each family of models uses a different set of line lists for CHy, though there is some overlap
between the Sonora Bobcat, Morley, and BT-Settl models which use multiple sources for their
CHy line lists (Table 3.4). Uncertainty has been reported for CH4 band positions previously:
Canty et al. (2015) report offsets between the absorption features in their observed data and the
peaks of CHy4 opacity from the Exomol/10to10 line list (Yurchenko & Tennyson, 2014) between
1.615 and 1.710 pm.

In Figure 3.7 we show a Sonora Bobcat model and a Bobcat Alternative A model with
identical physical parameters for an order in the methane region of the H band (order m = 111
of the H band, 1.608-1.624 um). The CH4 lines used in the Sonora Bobcat models (the same
as examined by Canty et al. 2015; Table 3.4) do not match the data well, and appear to have
a stretch, or misalginment, across this order compared to the updated Bobcat Alternative A
model. The stretch in this order worsens further away from the 1.6355 pum feature, which has
the best alignment at the given RV. Using this feature as a zero point, we find that the offset in the
seven deepest absorption features of this order are misaligned by ~3.5% per unit wavelength.
Both models also poorly fit the weaker lines and the continuum in this region.

Radial velocities estimated by the Sonora Bobcat models are particularly discrepant in
the methane-dominated regions, due to these inaccurate line positions. We find significant

improvement from the line lists used in the Bobcat Alternative A models (HITEMP, Hargreaves
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et al. 2020) over older models in regions dominated by CHy, in particular in the H band.
However, the regions dominated by CHy, even in the Bobcat Alternative A models, still have
the most variation in the estimates of the physical parameters. We summarize these regions in
Table 3.5, noted as “CHjy regions.” Models using older CHy line lists should therefore be used
with caution.

Recent theoretical line lists are far more complete than the previously-used laboratory-
measured line lists, which are designed to have very accurate line positions but capture fewer
lines due to the limits on resolution in laboratory experiments. Therefore, theoretical line lists
should improve accuracy in regions of the spectrum with weaker bands present, if those bands
were unresolved in the laboratory lists. A recent improvement in the available line lists has
been the combinations of theoretical line lists with laboratory measurements (e.g., Hargreaves
et al. 2020). Such combination lists provide the best of both worlds, as we show here, where
we find a dramatic improvement to high resolution spectroscopic fits.

In high-dispersion spectroscopic observations of exoplanets, where the planet itself cannot
be spatially resolved, cross-correlation is a powerful technique for detecting and characterizing
the planet. In addition to the identification of specific molecules, the velocity relative to the host
star, information about planetary spin (v sin ) and atmospheric wind speeds may be determined
(Snellen et al., 2010, 2014). However, when a spectrum combines the star and planet, individual
lines from the planet can have SNR < 1, and the ability to recover a planet is only as good
as the model. If fitting an incorrect model to a low SNR spectrum, the planet may not be
recovered, or even discovered. We have confirmed that the older CHy line lists are inaccurate in
the 1.60—1.73 um region, and the inaccurate line positions could result in a non-detection of the
exoplanet. Snellen et al. (2010, 2014) were successful in this type of cross-correlation with CO,
but fail to recover CHy in the K-band spectra of HD 209458 b and S Pictoris b, respectively.
Inaccurate line lists could be responsible for these non-detections, as these studies use the older
HITRAN’08 (Rothman et al., 2009) for their CH4 line lists. More recently, Guilluy et al. (2019)
and Giacobbe et al. (2021) had success detecting CH4 for HD 102195 b and HD 209458 b,
respectively, with more up-to-date line lists. Guilluy etal. (2019) used HITRAN2012 (Rothman
et al., 2013), and Giacobbe et al. (2021) used Hargreaves et al. (2020), the same CH4 line list

we use here.

3.4.3 Carbon Monoxide

For effective temperatures < 1300 K (near the L/T transition), the dominant carbon-bearing
molecule in the visible part of atmospheres of brown dwarfs switches from CO to CHy (Fegley
& Lodders, 1996; Burrows et al., 1997). There are still signatures of CO in the spectra of
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Figure 3.7: The improvement made with the newer CHy line lists is most apparent in order

m = 110 of the H band. The top panel is similar to Figure 3.5: the Bobcat Alternative A
model spectra of each major molecule with Hy/He collision-induced absorption are shown.

Here the middle panel shows the IGRINS data (black), the Sonora Bobcat model (light

blue), and the Bobcat Alternative A model (gold). The models have identical physical
parameters, rotational broadening (v sini), and RV shift. The bottom panel shows the
residuals (data - model) on the same vertical scale, with the same colour scheme. The
deepest features are CHy4, and the weaker features in the continuum are mainly CHy or
CHy4 blended with H,O. The Bobcat Alternative A model shows excellent agreement with
the data in the major features, while the Sonora Bobcat model appears to have a stretch
causing misalignment in the major features when compared to the IGRINS data.
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cold brown dwarfs, and carbon exists abundantly as CO deeper in the atmosphere, where

temperatures are higher.

We found that at the CO bands (1.554-1.569 ym in the H band and 2.29-2.45 um in the
K band), our model fitting selected higher effective temperatures (Teg ~1200 K) compared
to other orders. Accordingly, we observed several notable features in the residuals of orders
m = 77 through m = 73 of the K band (2.294-2.445 pm), as well as in order m = 115 of the
H band (1.554-1.569 um), where a CO band head is present. The features in the residuals
aligned with CO absorption features. We show an example of this in Figure 3.8, along with a
model with increased CO abundance, providing an improved fit. The model with increased CO

abundance is described in detail below.

This increased CO abundance implies disequilibrium chemistry, which can occur when
vertical mixing (convection) occurs in the atmosphere (Lodders & Fegley, 2002). If CO is
being brought from deeper, hotter layers to the upper atmosphere faster than the chemical
reaction that converts CO to CHy, there will be more CO in the upper layers of the atmosphere

than predicted from chemical equilibrium.

The Sonora Bobcat and Bobcat Alternative A models use the same cloudless, rainout
chemical equilibrium structure models (Marley et al., 2021). These structure models assume
chemical equilibrium and give the pressure, temperature, and chemical abundances throughout
the atmosphere. To improve our fitting, we generated a small grid of Bobcat Alternative A
models with varied amounts of CO, deviating from the chemical equilibrium assumptions used
in the Sonora Bobcat structure models. We take a simple approach where we fix the volume
mixing ratio (VMR) for CO to values of 107, 3x 107>, 1073,3x 1074, 107, 3x 1073, and 1073,
This is a zeroth-order approximation, as 1) the CO VMR is not constant throughout the entire
atmosphere, 2) other abundances like CH4 and H,O will also be affected by disequilibrium
chemistry, and 3) we are using the temperature-pressure profile from the chemical equilibrium
Sonora Bobcat models, but a much higher CO abundance could affect the temperature-pressure

profile.
We found a CO VMR of 3 x 10~ provided the best fits to our data. Figure 3.8 shows a

comparison of the original equilibrium chemistry model to the model with this fixed CO VMR
value. Figures 3.3 and 3.4, along with the figures for order m = 115 of the H band of the H
band and orders m = 77 through m = 72 of the K band of the K band (orders where CO has a
strong signature) shown in the Appendix (Section 3.7), show models with the fixed CO VMR
of 3 x 10™*. In equilibrium models, the CO VMR ranges from 1073 to 10~7 for pressures
probed by the K band. The increased CO VMR beyond the equilibrium range also explains
why our initial fitting selected models with higher effective temperatures, as the CO abundance

would be higher in the hotter models.



Model Flux (W/m?/m)

3.4. MOLECULE-BY-MOLECULE ANALYSIS OF THE MODEL SPECTRA

6x10"

4x10"

2x10"

Flux

Normalized

Residuals

0
2.5

2.0
1.5

1.0 g

0.5
0.0
1.0

0.5h
0.0 ¥
-0.5 f

-1.0

metrically in many other late-T dwarfs and Y dwarfs (e.g., Noll et al. 1997; Oppenheimer et al.
1998; Golimowski et al. 2004; Geballe et al. 2009; Leggett et al. 2012; Sorahana & Yamamura
2012; Miles et al. 2020), and has been known in Jupiter for decades (Prinn & Barshay, 1977;
Noll et al., 1988). The growing number of T and Y dwarfs with evidence for CO disequilibrium

chemistry indicates that vertical mixing is an important factor in accurately modelling brown

CO disequilibrium chem|stry |n K band Order m=77

115

H,O

Extra CO
NH,
H,S

e

==
>
IIIII|IIII|IIII| —I—III|III

R

Data
Uncert
Original
Extra CO

=
|y,

=
-
e

E i

Wavelength (um)

Figure 3.8: Order m = 77 of the K band is dominated by CH4, but CO and H,O are
also important absorbers. Here the top panel is similar to Figure 3.5, with an extra line
for a model with an increased CO abundance (CO volume mixing ratio of 3 x 1074,
labelled “Extra CO”). The middle panel shows the observed spectrum with two versions
of a Bobcat Alternative A model, one with the CO as estimated by chemical equilibrium
(labelled “Original”) and one with an increased abundance of CO (labelled “Extra CO”).
The bottom panel shows the residuals for the two models. The CO strength in particular is
important to improve the accuracy of the models in the long end of the K band. It is clear
that the depth of the features in the “Original” model is too weak at the positions of the
CO features, implying that vertical mixing must be taking place in this atmosphere.

Disequilibrium chemistry for CO has been observed spectroscopically and inferred photo-

dwarf spectra even at cold temperatures.

ratio. Line et al. (2017) found super-solar C/O ratios for nine out of 11 late-T type (>T7) brown

It is also possible that the increased CO abundance may be due to a larger primordial C/O

dwarfs.

Model

,l“.mw“m parameters:
! T.,=1000 K

log(g)=5.0
H v sin(i)=

21.8 km/s

1 1
2.295 2.300 2.305 2.310 2.315 2.320 px

Ryv= 6.2 km/s
Xreduced 5.3

2.2




116  CuartER 3. IGRINS SpreEcTrROSCOPY OF THE T6 DWARF 2MASS J08173001-6155158

3.44 Ammonia

Water and methane are the dominant absorbers in the spectra of late-T dwarfs, but ammonia is
important too, especially at T<700 K (the coldest T dwarfs and Y dwarfs), where it becomes
the dominant nitrogen-bearing molecule (Lodders & Fegley, 2002). Ammonia is of special
significance as it is the defining species in the spectra of Y dwarfs (Cushing et al., 2011).

The choice of an ammonia line list (among published lists) does not appear to significantly
impact the physical parameters derived by comparing to models, but ammonia lines are clearly
present in the observed spectrum and are important to include in the models. We are able to
detect ammonia clearly in several regions of our spectrum.

This T6 dwarf joins the handful of T dwarfs with confirmed NH3 detections in the near-
infrared. Saumon et al. (2000) find evidence for NH3 in the H- and K-band spectra of Gliese
229B (spectral type T6.5p, Teg ~ 950 K) and Canty et al. (2015) report the detection of several
NHj3 absorption features in the H and K bands in a T8 and T9 dwarf. Bochanski et al. (2011)
additionally report detections of NH3 in a T9 dwarf, however, Saumon et al. (2012) question
whether some of those detections are indeed attributable to NH3. Saumon et al. (2012) do
confirm the stronger NH3 features at ~2 um in the spectrum of Bochanski et al. (2011). We
re-confirm the strongest NH3 identified in these works, but some of the weaker lines identified
in these later spectral types do not appear in our warmer T6 dwarf.

Cushing et al. (2021) indicate NH3 features should be present in the infrared at 1.03, 1.21,
1.31, 1.51, 1.66, 1.98, and 2.26 um, but would be blended with stronger H,O and CHy lines
making them difficult to detect. While the features at 1.03, 1.21, and 1.31 um are outside
of our wavelength coverage, we do have clear detections of NH3 at 1.51, 1.98, and 2.26 um
using the Bobcat Alternative A models. The ammonia lines in our observed spectra are indeed
blended with stronger H,O lines, but we are able to detect them nonetheless. We compared
Bobcat Alternative A models, with and without NH3, and the presence of the NH3 is clear in
the comb-like residuals of Figure 3.9. We also see significant improvement in the reduced y?
statistic when NH3 is included in the model. We find that the NH3 at 1.66 pum is far too weak
to detect amongst the much stronger H,O and CHy features in this region for an object of this
temperature. While NH3 has been detected in early T dwarfs in the mid-infrared (Roellig et al.,
2004; Cushing et al., 2006), 2M0817 is the warmest brown dwarf with individual NH3 lines
detected in the near-infrared.

More recently, Line et al. (2015, 2017) and Zalesky et al. (2019) constrained the NH3
abundance for multiple cold brown dwarfs (spectral types T7 and later, including several Y
dwarfs) with low-resolution (R < 300 with IRTF/SpeX and HST/WFC3) retrievals. These
studies are sensitive to how NHj opacities influence the spectroscopic appearance of cold

brown dwarfs, but the low-resolution of the observations prevents identification of individual
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Figure 3.9: The same layout as Figure 3.8, but showing Bobcat Alternative A models with
and without NH3. Arrows indicate where the model without NH3 deviates from the data.
The NHj3 lines are blended with stronger H,O lines, but we see significant improvement in
the y2 values when NHj is included in the model. Order m = 89 of the K band has

reduced
many strong telluric lines, but is still well fit by the models. It is difficult to discern the

data from the model containing NH3, and the quality of the fit is reflect in the flat residuals
and low y?2 value.

reduced
NHj3 lines in the spectra. Additionally, Line et al. (2021) recently determined the C/H, O/H, and
C/O ratios of the hot Jupiter WASP-77AB using cross-correlation methods with IGRINS data.
That work and our study of 2M0817 presented here have clear implications for exoplanetary

studies like this in the future.

3.4.5 Hydrogen Sulfide

We present clear, unambiguous detections of H,S in 2M0817. Our most notable detection is a
feature at 1.590 um. This feature is blended with a weak H,O line at the same position, so we
show our data compared to Bobcat Alternative A models with and without H;S in Figure 3.10.
We see the clear signature of this H,S line in the residuals, as well as the presence of other
weaker H;S lines nearby at 1.5906 ym and 1.5912 um.

There is only one other report of a possible H,S detection in a brown dwarf in the literature.
Saumon et al. (2000) note an H,S absorption feature at 2.1084 um in the spectrum of Gliese
229B (spectral type T6.5p), but we do not confirm this line in our data, nor do our updated

models predict any H»S lines at this position.

Xfeduced= 11
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Figure 3.10: The same layout as Figure 3.9, but showing Bobcat Alternative A models
with and without H,S. This order shows a clear H,S detection at 1.590 ym. Orderm = 113
of the H band is well fit by models. The H»S line of interest is blended with an H;O line,

but we see improvement in the sze duceq Value for the model including H;S.

H,S has been identified in the giant planets of our Solar System: Irwin et al. (2018) detect
H,S in the atmosphere of Uranus and Irwin et al. (2019) present a tentative detection of H,S
in Neptune, both in the 1.57-1.59 um region, the same region in which we have our clearest
detection. Detections of H»S in Jupiter have also been debated (Noll et al., 1995; Niemann
et al., 1998). Our spectrum of 2M0817 exhibits the only convincing detection of H;S in an
extra-solar atmosphere to date.

3.4.6 Shortcomings of the Models and Unidentified Lines

A major goal of this work is to identify regions where the photospheric models do not completely
reproduce the features in the observed spectra. To identify regions and specific absorption lines
in the data which are not well reproduced with the models, we performed two checks. First, we
measured the standard deviation, o, of the residuals in each order, and then selected regions
with at least five consecutive pixels more than 20~ away from zero. Second, we applied a
matched filter to the residuals of each other, using a high SNR telluric line surrounded by a flat
continuum as the template. We then identified regions in the spectra where both the pixel values
were outside of two standard deviations, and the matched filter response was higher than the

surrounding pixels. This helped to eliminate false detections due to noise. We perform these
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checks only for the Bobcat Alternative A models, as they are the most up-to-date and the most
accurate. We show an example of this analysis in Figure 3.11, and we summarize the regions of
interest in Table 3.5, with a brief description of the potential issue affecting the model in each

case. These discrepancies can be seen in Figures 3.13 and 3.14, indicated with black arrows.

Most notably, a line is clearly missing from the model in order m = 84 of the K band at
2.12187 um. We show this region in Figure 3.12. Another notable line missing from the data
is at 2.20695 ym in order m = 81 of the K band, (Figure 3.14). None of the models includes a
line at this wavelength, and we have not identified the element or molecule responsible for this
feature. Additionally, we find no absorption or emission in the AOV stars at the wavelengths
given in Table 3.5 which could introduce these unidentified features to our T6 spectrum. The
feature in H band order m=121 does line up with a weak telluric H,O feature, but given the
difference in the line widths, we believe this discrepancy between the data and model is not

caused by the telluric line.

The Bobcat Alternative A models we use to anlayze our data are comprised of the five
most abundant molecules (H,O, CHy4, CO, NH3, and H,S), plus collision-induced absorption
from molecular hydrogen and helium. The older Sonora Bobcat, Morley, and BT-Settl models
consist of more complete sets of molecules. We have confirmed that the lines listed in Table 3.5
are indeed missing in all families of models. We cannot eliminate all molecules (such as C,Hj,
C,yHy, CyHg, etc.) that are included in the more complete Sonora Bobcat, Morley, and BT-Settl
model families as being responsible for these missing lines, as the line lists could be incomplete
or inaccurate, or there could be disequilibrium chemistry taking place, as we observed with CO
(Section 3.4.3).

Disequilibrium chemistry could imply that other mixing-sensitive gases such as phosphine
(PH3; the next most abundant molecule in these cold atmospheres) could also be present
at higher abundances than expected for chemical equilibrium (Fegley & Lodders, 1996). We
generated a Bobcat Alternative A model with a greatly over-estimated abundance of PH3; (VMR
of 1 x 107*, which is more than 300 times the amount expected for equilibrium chemistry, and
would require far more phosphorus than would be available in a solar-composition atmosphere)
to compare to our spectra, intending to match the locations of the PHj features to the unidentified
lines. We found that the PH3 features did not match with any of the unidentified lines, and PH3
is likely not responsible for these features. A recent study by Miles et al. (2020) searched for
PHj3; in atmospheres of cold brown dwarfs displaying disequilibrium CO absorption. This study
was performed in the L and M bands (centred at 3.45 ym and 4.75 um, respectively), where
H,0, CHy, and NHj3 absorb less strongly, but PH3 absorbs much more strongly, and so should
give the best chance at detecting PH3. Unfortunately, they were also unable to detect PH3.

Among the list of unidentified regions and lines in Table 3.5, we list nearly the full wavelength
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Figure 3.11: An example of the analysis done on the residuals to identify discrepancies
between the models and data. The top panel shows the IGRINS spectrum with the best-
fitting Bobcat Alternative A model for this order. The middle panel shows the residuals
on the same y-scale as the top panel. Horizontal blue lines delineate 20 threshold, and
regions with more than five consecutive pixels beyond 20 are highlighted with green. The
filter response of a matched filter using a clean telluric line surrounded by a flat continuum
is shown in the bottom panel. There is a clear outlier region at 1.52094 um flagged by both
the residuals analysis, and also giving a high filter response. Other regions with a high
filter response (e.g., 1.51714 ym and 1.52602 pum) don’t meet our residuals criteria, and
are therefore more likely due to noise in the data. The dominant absorber in order m = 118
of the H band is H,O.

coverage of orders m = 113 through m = 107 of the H band. These orders cover 1.596—-1.681
um and the dominant absorber in these orders is CHy. As discussed in Section 3.4.2, while the
strongest absorption features are very well modelled in the Bobcat Alternative A models, the

weaker features and continua in the models deviate significantly from the observations.

3.5 Lessons Learned

We find that atmospheric models that use state-of-the-art line lists represent observations well.
We are now able to extract more precise information from our data than merely detect the most
abundant molecules: we can detect trace species that have never been seen before (like H,S),
see low abundance species, and more readily detect abundances of species (as we have done for
CO here).
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Table 3.5. Wavelengths of discrepancies in the models and unidentified lines
Band Order  Wavelength Notes
(um)

H 121 1.48463 Potential issue with blended line or something miss-
ing in the model

H 118  1.52090 A line appears in the model which is missing in the
data. The model line appears to be a water/ammonia
blend

H 116  1.55120 Potential issue with blended line (H,O and NH3?)

H 115 1.56396 Potential issue with blended line (H,O and NHj3 or
H2O and st())

H 113 1.5875-1.5960 CHy, region ?

H 112 1.598-1.609 CHy region ?

H 111 1.608-1.624 CHy4 region ®

H 110  1.6244-1.6390 CH,y region ®

H 109  1.6375-1.6510 CH,4 region?

H 108  1.6515-1.6650 CHy region ®

H 108  1.65355 Potential issue with blended line (CH4 and H,O?)

H 108  1.65446 Model over-estimates flux

H 108 1.66319 Model over-estimates flux

H 107  1.6675-1.6810 CH, region ®

H 107 1.66960 Line too weak in model

H 107  1.67380 Model under-estimates flux

H 106 1.68443 Potential issue with blended line (CH4 and H,O?)

H 106 1.68672 Potential issue with blended line (CH4 and H,O?)

H 106 1.69600 Potential issue with blended line (CH4 and H,O?)

K 87  2.04020 Model over-estimates flux

K 87  2.05478 Model under-estimates flux

K 84  2.12187 Line missing from model (see Figure 3.12)

K 81 2.20690 Line missing from model

121

Note. — The wavelengths of discrepancies in the models and unidentified lines. These
regions are identified in Figures 3.13 and 3.14, with black arrows for lines, and black
brackets for regions.

2In these CH4 regions the model accurately represents the deepest features, but appears
to be incorrect or incomplete in the weaker features and continuum. Given the accuracy
of the H,O lines elsewhere in the spectrum, we suspect these discrepancies are due to
weak CHy lines, and not H,O.
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Figure 3.12: The same layout as Figure 3.8, but showing only the best-fitting Bobcat
Alternative A model for this order. Order m = 84 of the K band is very well fit by models,
and shows an unknown absorption feature that doesn’t appear in any model of any family
at 2.12187 pum. This line is indicated with a black arrow.

In all cases we recommend using the most-up-to-date models available with the most recent
molecular line lists. We have found that the line lists used in the Bobcat Alternative A models
(Table 3.4) give the most reliable and consistent estimates of all physical parameters across all
wavelength regions of this study. More generally, we have found that all models do an adequate
job fitting the data in regions where H,O is the dominant absorber.

We summarize our main recommendations and warnings, organized by the information of

interest in the following two subsections.

3.5.1 Fitted Spectroscopic Paramaters

Effective Temperature (7.¢) measurements are the most accurate and consistent in the K
band, in regions where H,O is the dominant opacity source. We recommend using the Bobcat
Alternative A models for measuring T.g anywhere in the H and K bands. The BT-Settl
models under-estimate T in the K band. If disequilibrium chemistry effects are not taken into
consideration, T may be over-estimated.

Surface gravity (log g) measurements are the most accurate and consistent in regions where
H,O is the dominant opacity source in the H band. We recommend using the Bobcat Alternative

A models for measuring log g anywhere in the H and K bands. The Sonora Bobcat models
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over-estimate log g in the K band. log g may be over estimated in regions where the dominant
molecule switches from H;O to CHy4, near the peaks of H and K bands (1.6 um and 2.1 um,
respectively).

Projected Rotation Velocity (v sin /) measurements are the most accurate and consistent in
regions where H,O is the dominant opacity source in both the H and K bands. We recommend
using the Bobcat Alternative A models for measuring v sini anywhere in the H and K bands.
We recommend using the region from 1.45 to 1.57 ym in the H band, or 1.89 to 2.10 um in
the K band if measuring v sini with any other model. v sini may be over estimated in regions
where the dominant molecule switches from H,O to CHg4, near the peaks of H and K bands
(1.6 ym and 2.1 um, respectively).

Radial Velocity (RV) measurements are the most accurate and consistent in regions where
H,O0 is the dominant opacity source in both the H and K bands. We recommend using the
Bobcat Alternative A models for measuring RV anywhere in the H and K bands. We recommend
using the region from 1.45 to 1.58 um in the H band if measuring RV with any other model.
RV measurements demonstrate a blueshift with wavelength when measured from the Sonora
Bobcat and BT-Settl models between 1.894 and 2.060 pum.

3.5.2 Specific Molecules

Water (H,0) is the dominant opacity source between 1.45 and 1.58 um in the H band, and
between 1.89 and 2.10 ym in the K band. The H>O-dominant region of the H band (1.45-1.58
pm) gives consistent results for all parameters across all model families. We recommend using
the ExoMol/POKAZATEL (Polyansky et al., 2018) line list when studying water.

Methane (CH,4) is the dominant opacity source between 1.60 and 1.73 pm in the H band,
and between 2.10 and 2.48 um in the K band. The CH4-dominant region of the K band (2.10—
2.48 um) gives consistent results for all parameters for the Bobcat Alternative A models. Weak
CHy lines between 1.59 and 1.67 um are poorly matched to data in all model families and in all
line lists. We recommend using the HITEMP (Hargreaves et al., 2020) line list when studying
CHy.

Carbon monoxide (CO) bands occur between 1.55 and 1.57 um in the H band, and
2.29 to 2.45 ym in the K band. To measure accurate and consistent parameters, especially
T.s, disequilibrium chemistry may need to be considered for CO. We recommend using the
HITEMP 2010 (Rothman et al., 2010) line list when studying CO.

The strongest ammonia (NH3) features occur between 1.50 and 1.52 pum in the H band, and
1.95t02.09 um and 2.18 to 2.21 yum in the K band. The choice of NHj3 line list does not appear

to significantly impact the measured parameters, and we recommend using the ExoMol/CoYuTe
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(Coles et al., 2019) line list when studying NH3.
The strongest hydrogen sulfide (H,S) features occur in the H band between 1.58 and 1.60
um. The choice of H;S line list does not appear to impact the measured parameters, and we

recommend using the combinations of ExoMol (Tennyson & Yurchenko, 2012), Azzam et al.
(2015), and HITRAN 2012 (Rothman et al., 2013) line lists when studying H;S.

3.6 Conclusions

The data presented here are among the highest resolution spectra ever published for a cold brown
dwarf. We find that model spectra with the most recent line lists show significant improvement
in fitting the observed spectra of the T6 dwarf 2MASS J08173001-6155158, in particular in
regions where methane is the dominant absorber. We determined the physical parameters of
this brown dwarf, and identified the most reliable regions for measuring physical parameters
of cold brown dwarfs by comparing to model spectra. We present the first unambiguous
detection of HS in an extra-solar atmosphere. We also confirm that like many other late-
T and Y dwarfs, 2MASS J08173001-6155158 demonstrates CO disequilibrium chemistry.
Additionally, we identify several absorption features and regions which are missing from, or
poorly fit by the models. The updated line lists for water, methane, and ammonia allow for
very precise empirical determinations of physical parameters, and are highly promising for the

detection and characterization of exoplanets with high-dispersion spectroscopy.

3.7 Appendix: The Full Suite of Model Fits for Every IGRINS
Order

We show the best fitting Bobcat Alternative A models for all orders in the IGRINS spectrum in
Figures 3.13 (H band) and 3.14 (K band).
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Figure 3.13: Every order of the H band. The model shown is the best fitting Bobcat
Alternative A model for each order. Each order is fit independently (Section 3.3), so the
physical parameters may differ between orders. The top panel shows the molecule-by-
molecule breakdown of the model. The second panel from the top shows the IGRINS data
with the full model. The second panel from the bottom shows the residuals on the same y-
scale as the panel above it. The model discrepancies listed in Table 3.5 are indicated in these
figures with black arrows for discrepant lines, and black brackets for discrepant regions.
The bottom panel shows the PSG Earth’s transmittance to help assess the telluric lines in
our spectra. The OH emission lines are also shown as boxes and indicate position only,
not line strength. Wider boxes indicate blended OH emission lines. A dashed horizontal
line indicates the 35% threshold used for our telluric mask. This figure continues for many
pages, with two orders per page, to show all 26 orders of the H band.
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Figure 3.13: Continued.
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Figure 3.13: Continued.
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H band, Order m=113
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Figure 3.13: Continued.
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Figure 3.13: Continued.



Model Flux (W/m?%/m)

Model Flux (W/m2/m)

136

CHAPTER 3. IGRINS SpecTrROScOPY OF THE T6 DwARF 2MASS J08173001-6155158

H band, Orderm 103

3.0x10"
2.5x10%
2.0x10™
1.5x10%
1.0x10%
5.0x10"

WVW/VWMMN\WM

0
15

1.0¢

0.5

Normalized Flux

I 1111 I 11 IIIIIﬁrLlIIlIIIIlIIIIIIIIII 1

e o
n o

Residuals
o
o

©
(6]

- SRER1 RRE1 (RN

© o o
> o o

Earth Transmittance

© o
o N

J
4
K
4

_i

—
%-
=

Wavelength (um)

H band, Order m=102

3.o><1o12
2.5x10%

2.o><1o12
1.5x10%
1.0x10"

5.0x10"

I

W\/W

/’\ A r\ W/\

M AN Mﬂwv&

W UV

=
v o

=
o

Normalized Flux
}IIIIIIIII -

L

\

© o o o ©
U O uU1 O wun

Residuals

c o+
o ™ o

© o ©°
o N b
T[Tt

IIIIII”IIIlIIIIIII III|IIII -II|IIIIIIII|IIII|III|<—jI

Earth Transmittance

1.750

1.755
Wavelength (um)

Figure 3.13: Continued.

- H,0

- NH,
- H,S

— Data
— Uncert
— Model

Model
parameters:

T.#=1000 K

log(g)=5.0

v sin(i)=
21.8 km/s

RV=6.4 km/s
2 ceg=3.1

X reduced

H,O

- H,0

— NH,
- H,S

— Data
— Uncert
— Model

Model
parameters:

T+=1000 K

log(g)=5.0

v sin(i)=
21.8 km/s

RV=6.6 km/s

=2.1

reduced

H,O




Model Flux (W/m?/m)

Model Flux (W/m?/m)

4x10"
3x10™
2x10%
1x10"

= o= N
o U a

o
]

Normalized Flux
i
(o]

Residuals
S o o
[6,] o [9,]

© O O
> o o ©

Earth Transmittance

© o
o N

4x10"
3x10™
2x10"
1x10%

2.0
1.5
1.0
0.5
28
0.5
0.0

Normalized Flux

Residuals
S
[0,

-u
(=)

0.8

© o o 9o
o N B O

Earth Transmittance

3.7. AppenDIX: THE FuLL Surte oF MoDEL Fits FOR EVERY IGRINS ORDER 137
H band, Order m=101
= T . T3
o 3 - Hzo
3 M P
A R QL
W - HZS
E 1 1 | 1 [l 1 1 | 1 1 1 1 1 1 1 | 3
— T T | T T T T | T T T T | T T T T | —]
= ) 3 | — Data
= {4 | — Uncert
4 — Model
Model
= J parameters:
- e e e T =100k
= Jlog(g)=5.0
= v sin(i)=
Id 22.4 km/s
e 3 R2V=7.0 km/s
;_ _;Xreduced=2'4
;_ + v— }V Tlr\rvn‘l } —~ AAAE 17 \rv{ } »v-wa; - Hzo
SN | 1 | ) A | o ____4]|—co
= = — CH4
E ] ] ] ] ] | ] ] ] ] | ] 3 - 02
1.770 1.775 1.780 — N,
Wavelength (um)
H band, Order m=100
e ' ' ' ' ] f ' ! . : } : : =
E 3 |- H0
N : E
= \/ % 3 — NH,;
5 3 | - H,S
I 1 1 1 1 1 1 1 I 1 1 I 1 =
E | T T T T | T T T T | T T T T | T T =
= . A = — Data
E ‘ " 3 | — Uncert
= \/ A I\ ¢ — Model
- W \\ A
; ) \ 3 Model
£l N v ¥ J parameters:
—t—t—ttt—ttf =1, ~1100K
log(g)=5.0
v sin(i)=
T L " y e i 3 N 23.0 km/s
) 4 I v JRV=7.2 km/s
_E reduced=3'3
T —— ST = * Hzo
o __ S A | _3|— co
| ‘ ' ' q| — CcH
| | ] ] ] | ] ] ] ] | ] ] 3 — 0O
1.780 1.790 1.795 — N,
Wavelength (um)

Figure 3.13: Continued.




Model Flux (W/m?/m)

138  CuaPrTER 3. IGRINS SprecTrROSCOPY OF THE T6 DwWARF 2MASS J08173001-6155158

H band, Order m=99
£ L I T — =
3)(1012 ;_ _; — HZO
2x107 | A =
o 3 - NH
12 3
1x107 |- Hs
x OF E
3 25F = — Data
_"; 2 0E 3 | = Uncert
o 1'55_ E — Model
2 10k Model
5 ; -3 parameters:
= 3T.,=1100 K
—log(g9)=5.0
“ v sin(i)=
2 3 22.0 km/s
2 0 JRV=7.6 km/s
&-’ -0.5 E E reduced=3'9
-1.0E —
8 1.0 E ! ! ! | | | ! 3 — H.O
c L LI R B L 2
£ 08F =
g 0.6 F 7
© 04F -+ -4+ -+ -=-1H+ 4} -+ -4+ - - - 0
C02F — CH,
£ = | — 0,
© 00 1 1 1 1 1 1 1 1 1 1 1 1 1 1
w 1.798 1.800 1.802 1.804 1.806 1.808 1.810 — N
Wavelength (um)

Figure 3.13: Continued.



Model Flux (W/m?%/m)

Model Flux (W/m2/m)

3.

1.5x10%

1.0x10"

5.0x10"

Residuals  Normalized Flux

Earth Transmittance

© o
o N

2.5%
2.0x
1.5x
1.0x
5.0

Normalized Flux

©ooroo
Ul O w!m o un

Residuals

Earth Transmittance

o o o
o N B

N
0

2.0

==
o wn

oo
oo W

Soo
U o u

© oo prkm
A O 00 OO

1012
1012
1012
10"
1011

= e NN
o U o uo

fury
o

© o prh
S 00 OO

7. AppPeEnDIX: THE FuLL Surte oF MoDEL Fits FOrR EVERY IGRINS ORDER 139

K band, Order m=94

T | T T T T
= 4 | - HO
o J | — NH;
¢ 1 |- HsS
; | T T T T | T T T T | T T T T ;
E h q = | — Data
E \ \ ‘ / v 3 | — Uncert
3 o ‘ ¥ ¢ 3 — Model
WLV ‘ '
i = Model
= {3 parameters:
A I T R : R : e |37 -1000K
= —log(g)=5.0
E v sin(i)=
E 3 20.8 km/s
|| E R2V=4.8 km/s
g_ _EXreduced=2'4
F——+—+f—+—+—+———]——+——————+—= | — O
H o~ 1 — €O
1 L J N L - 02
1.895 1.900 — N,
Wavelength (um)
K band, Order m=93
T
- H,0
3 | - NH,
3 |- HS
T T T T T T T T _E
E — Data
M — Uncert
E — Model
3 Model
== — parameters:
=27, =1100K
£ —log(g)=5.0
E v sin(i)=
E d 22.4 km/s
H 3 RV=5.8 km/s
g— _g reduced=1'7
3 | — "0
L I | — co
\ 3| — cH,
N | ALV 3|9
1.910 1.915 1.920 1.925 - N,
Wavelength (um)

Figure 3.14: The same as Figure 3.13, but for the K band. This figure continues for many
pages, with two orders per page, to show all 23 orders of the K band.
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Figure 3.14: Continued.




3.7. AppenDIX: THE FuLL Surte oF MoDEL Fits FOR EVERY IGRINS ORDER 147

€ b K band, Order m=78
= 1.2x10° [ ' VYT N VIR
£ 1.o><1012; ~ 1,0
2 8.0x10"E 3
X 6.0x10" E E
& 4.0x10"E 3 |~ NHs
8 2.0x10" 5 - HS
o = ] ] ] | ] ] ] ] | ] ] ] ] | ] ] | ] | ] | ] ] | I ] ] | =
E 1% 0 = T T T | T T T T | T T T T | T T T T | T T T T | T T T T =
2 2.0 f - | — Data
i 3 | — Uncert
E} 1.5 ir | . ‘ ‘ _E — Model
= 1.0 y | [ 5 ) | .
g M ¢ | VAR PY A VLU LV l @ Model
5 05 | parameters:
[ DUV Y S S S HY RSV, S U U S — 1
<98 ' ' T.,=1100 K
' log(g)=5.0
TU\; 0.5 v sin(i)=
3 M 21.6 km/s
g o ¥ Rv=7.0 km/s
o -05 ;— _;Xreduced=1'8
S1BE o | — o
S 08fF
g 06F
o 0.4 — CO
c 02F 4= "
FB o 0 E 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 3 2
w 2.270 2.275 2.280 2.285 2.290 — N,
Wavelength (um)
& K band, Order m=77
-~ E\ I Iq T T T LA i T T i f i T h\'r\/\ i T r: T T T T T T |//?
§ 6x10™ |/ h YR "\ " ,"’\ “ , \/mq\ v i) - H,0
E \ ]
‘é’ 4x10" ‘ \[ ' E
2 s 1 |- nNH
w 11 3
— 2x10 -
: 1 |- HsS
-§ E I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 | 1 I 1 1 1 1 ¥ -
z P 0 E | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T
u_:j 25F \ — | — Data
E { | i | 3 — Uncert
8 2.0§ \ A L | ' § — Model
% 1.5 )‘ ! \ \ i " f/ ‘ ' ' | E
= 1.0 A ‘m‘ ‘ ! i l J J | 4 13 Model
s 0.5 WAk ‘ ' m J ﬂ" I V™8 parameters:
. W “M |
= 00 é | T T T T T T T T T T T T JI T T T T : T ,‘ ‘d T l | T T T T 1 Teff=1000 K
10E - log(g)=5.0
= 05E Fvsin()=
2 Al e AP bt o At b, Al il 21.8 km/s
% 8(5) g v LT Tn il P Pl AT il L PN Rv=6.2 km/s
n:) :10 z— _% reduced=2'2
2 1.0 v — H,0
@© - =
£ 08¢ E
F 0sE E
©04F _ _ _ o o o o o L __o___o_______ 5| — CO
C02F 4|
E O 0 E I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1: - 02
w T 2.295 2.300 2.305 2.310 2.315 2.320 23249 — N,
Wavelength (um)

Figure 3.14: Continued.




Model Flux (W/m?/m)

Model Flux (W/m?/m)

6x10™
5x10"
4x10"
3x10"

N
X
=
o
r
=

1x10

Residuals Normalized Flux

Earth Transmittance

Residuals  Normalized Flux

Earth Transmittance

148

K band, Order m=76

o

-
=

AN S N o

= =N
o un ™

© o o o
U O U O U
h

e
o

o oo
» OO ©
||||||| _;IH

A L Ok G

LI AL
/R Iyt

':1|IIIII

FW W —

o o
o N

Wavelength (um)

K band, Order m=75

T T T

II|IIII IIII|IIII|IIII f

05 g
ox)a
0.5 1
1.0

1.0 'yrr .
0.8

0.6
0.4
0.2

ONIRL |
| ‘l W

il

W'{v

Al
VNS

A
W

ALY I LRI

| L

Uy

I FJJ

CHAPTER 3. IGRINS SpecTrROScOPY OF THE T6 DwARF 2MASS J08173001-6155158

00 I 1

Wavelength (um)

Figure 3.14: Continued.

- H,0
— NH,;
- H)S
— Data
— Uncert
— Model
Model
] parameters:
T.#=1000 K
log(g)=5.0
v sin(i)=
20.6 km/s
R2V=6.0 km/s
Xreduced=2'3
— H,0
— CO
— CH,
J— 02
J— N2
- H,0
— NH,;
- H)S
— Data
— Uncert
— Model
Model
parameters:
T=1000 K
log(g)=5.0
v sin(i)=
22.0 km/s
RV=6.2 km/s
reduced=2'o
— H,0
— CO
— CH,
—_— 02
—_— N2




Model Flux (W/m?/m)

Model Flux (W/m?/m)

3.7. AppenDIX: THE FuLL Surte oF MoDEL Fits FOR EVERY IGRINS ORDER

149

K band, Order m=74
6x10™ - g I I —; _
5x10" E (\é 1,0
4x10°" E° 3
3x10" E =R
2x107 E N EHS3
1x10" E < 2
0 E | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 =
§ E | T T T T | T T T T | T T T T | T T T T | T T T E — Data
5 2'05_ | ! 13 | - Uncert
@ 15F ' ! A 1 3 | — Model
S 1.0k : A ATy [ ‘ ‘ W
p 1.0Jg 1y ) TR ' W i Model
5 0.5 | y i 4 parameters:
S Y () S——
= 98 | T T T T | T T T T T T T T T I T T | T T T Teff=1000 K
o - log(g)=5.0
o 0.5 H v sin(i)=
-g VRVNNT M Y 1 | AW M ¥ P, ! L&, Ml 22.2 km/s
m 0.0F ' W ITIW R ' | v Ll UL sl Wl RV=6.0 km/s
1 = ] ’
[od -0.5 E Exfeduced=1'9
-1.0F =
8 110 bt A et — H,0
g 0.8 I
€ 06F 3
04F_ _ _ Il 3| — co
= o 1| —
= 0.2F 3 CH,
€ 0 F | | | | | 3= %
© 0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
L 2.390 2.395 2.400 2.405 2.410 — N,
Wavelength (um)
K band, Order m=73
e
11
6x10 " ‘ - H,0
4x10M \/\
- NH
2x10M = I 53
F . 2
0 I 1 1 1 | I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1
§ F T T T T | T T T T | T T T T | T T T A T | T T T T B D ta
= O Y -] — Da
e 1.5 c W ‘ | g — Uncert
2 C Wi Ll ‘ h f ‘ — Model
N 1.0gf ® il“ {‘ ‘ 7 Wy | A | W
= uhh | f i I 3
£ 0.5 y ) ~{Model
S J parameters:
e R " v Y U | S—
= 00 T I T I | T T T T | T T T Lf_J\‘r I T T T | T T T T :Teff=1000 K
nw 0.5 Jlog(g)=5.0
RN 3v sin(i)=
=} ]
g 0.0 Mkl ‘.AI “L f e I\l L ey P ) Myl A Ay ] LT _r". R\?3.666kfl;ﬂr415/s
2 3 .
o -0.5 —: reduced=1'8
] 4|
§ 1.0 == w"vv—.-ﬁ T _— 2y - o . ~ H,0
£ 0.8 r —;
g 0.6 =
© 04F_ _ _ _ _ _ S | S I 1 | N A - | — CO
(= 1| —
0.2 X ERe (C)H4
% 0 0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 = 2
w 2.425 2.430 2.435 2.440 — N,
Wavelength (um)

Figure 3.14: Continued.




Model Flux (W/m?/m)

150

11
6x10
11
4x10
11
2x10
« 0
= 2.
[T
e}
(U]
N
©
€
—_
[e]
=4
]
©
=}
o
(%]
()
o
(0]
()
C
©
8
=
IS
1%}
C
©
—
|_
e
+
-
©
w

CHAPTER 3. IGRINS SpecTrROScOPY OF THE T6 DwARF 2MASS J08173001-6155158

K band, Order m=72

H,O

NH,
H,S

L U P e

Data
Uncert
Model

Model
parameters:

T.=1000 K

log(g)=5.0

v sin(i)=
23.2 km/s

RV=5.6 km/s

=2.3

reduced

I..ﬁ.luu

1 1
2.465 2.470
Wavelength (um)

— H,0

Figure 3.14: Continued.




Bibliography

Ackerman, A. S., & Marley, M. S. 2001, ApJ, 556, 872, doi: 10.1086/321540
Allard, F., & Hauschildt, P. H. 1995, ApJ, 445, 433, doi: 10.1086/175708

Allard, F., Homeier, D., & Freytag, B. 2012, Philosophical Transactions of the Royal Society
of London Series A, 370, 2765, doi: 10.1098/rsta.2011.0269

Allard, F., Homeier, D., & Freytag, B. 2014, in Astronomical Society of India Conference
Series, Vol. 11, Astronomical Society of India Conference Series, 33—45

Artigau, E. Radigan, J., Folkes, S., et al. 2010, ApJ Letters, 718, L38, doi: 10.1088/
2041-8205/718/1/L38

Azzam, A. A. A., Lodi, L., Yurchenko, S. N., & Tennyson, J. 2015, J. Quant. Spectrosc.
Radiative Transfer, 161, 41, doi: 10.1016/j.jgsrt.2015.03.029

Barber, R. J., Tennyson, J., Harris, G. J., & Tolchenov, R. N. 2006, MNRAS, 368, 1087,
doi: 10.1111/3j.1365-2966.2006.10184.x

Beichman, C., Gelino, C. R., Kirkpatrick, J. D., et al. 2014, ApJ, 783, 68, doi: 10.1088/
0004-637X/783/2/68

Bochanski, J. J., Burgasser, A. J., Simcoe, R. A., & West, A. A. 2011, AJ, 142, 169, doi: 10.
1088/0004-6256/142/5/169

Burgasser, A. J., Geballe, T. R., Leggett, S. K., Kirkpatrick, J. D., & Golimowski, D. A. 2006,
ApJ, 637, 1067, doi: 10.1086/498563

Burrows, A., Marley, M., Hubbard, W. B., et al. 1997, ApJ, 491, 856, doi: 10.1086/305002

Canty, J. 1., Lucas, P. W., Yurchenko, S. N., et al. 2015, MNRAS, 450, 454, doi: 10.1093/

mnras/stv586

151


http://doi.org/10.1086/321540
http://doi.org/10.1086/175708
http://doi.org/10.1098/rsta.2011.0269
http://doi.org/10.1088/2041-8205/718/1/L38
http://doi.org/10.1088/2041-8205/718/1/L38
http://doi.org/10.1016/j.jqsrt.2015.03.029
http://doi.org/10.1111/j.1365-2966.2006.10184.x
http://doi.org/10.1088/0004-637X/783/2/68
http://doi.org/10.1088/0004-637X/783/2/68
http://doi.org/10.1088/0004-6256/142/5/169
http://doi.org/10.1088/0004-6256/142/5/169
http://doi.org/10.1086/498563
http://doi.org/10.1086/305002
http://doi.org/10.1093/mnras/stv586
http://doi.org/10.1093/mnras/stv586

152 BIBLIOGRAPHY

Coles, P. A., Yurchenko, S. N., & Tennyson, J. 2019, MNRAS, 490, 4638, doi: 10.1093/
mnras/stz2778

Cushing, M. C., Roellig, T. L., Marley, M. S., et al. 2006, ApJ, 648, 614, doi: 10.1086/505637

Cushing, M. C., Kirkpatrick, J. D., Gelino, C. R., et al. 2011, AplJ, 743, 50, doi: 10.1088/
0004-637X/743/1/50

Cushing, M. C., Schneider, A. C., Kirkpatrick, J. D., et al. 2021, ApJ, 920, 20, doi: 10.3847/
1538-4357/acl2cb

Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, VizieR Online Data Catalog, 11/246
Fegley, Bruce, J., & Lodders, K. 1996, ApJ Letters, 472, L37, doi: 10.1086/310356

Filippazzo, J. C., Rice, E. L., Faherty, J., etal. 2015, ApJ, 810, 158, doi: 10.1088/0004-637X/
810/2/158

Fortney, J. J., Marley, M. S., Saumon, D., & Lodders, K. 2008, ApJ, 683, 1104, doi: 10.1086/
589942

Freedman, R. S., Lustig-Yaeger, J., Fortney, J. J., et al. 2014, ApJS, 214, 25, doi: 10.1088/
0067-0049/214/2/25

Gaia Collaboration. 2018, VizieR Online Data Catalog, 1/345

Geballe, T. R., Kulkarni, S. R., Woodward, C. E., & Sloan, G. C. 1996, ApJ Letters, 467, L101,
doi: 10.1086/310203

Geballe, T. R., Saumon, D., Golimowski, D. A., et al. 2009, ApJ, 695, 844, doi: 10.1088/
0004-637X/695/2/844

Giacobbe, P., Brogi, M., Gandhi, S., et al. 2021, Nature, 592, 205, doi: 10.1038/
s41586-021-03381-x

Golimowski, D. A., Leggett, S. K., Marley, M. S., et al. 2004, AJ, 127, 3516, doi: 10.1086/
420709

Goorvitch, D. 1994, ApJS, 95, 535, doi: 10.1086/192110

Gray, D. F. 1992, The observation and analysis of stellar photospheres. (Cambridge University
Press). http://adsabs.harvard.edu/abs/1992o0asp.book.. ... G


http://doi.org/10.1093/mnras/stz2778
http://doi.org/10.1093/mnras/stz2778
http://doi.org/10.1086/505637
http://doi.org/10.1088/0004-637X/743/1/50
http://doi.org/10.1088/0004-637X/743/1/50
http://doi.org/10.3847/1538-4357/ac12cb
http://doi.org/10.3847/1538-4357/ac12cb
http://doi.org/10.1086/310356
http://doi.org/10.1088/0004-637X/810/2/158
http://doi.org/10.1088/0004-637X/810/2/158
http://doi.org/10.1086/589942
http://doi.org/10.1086/589942
http://doi.org/10.1088/0067-0049/214/2/25
http://doi.org/10.1088/0067-0049/214/2/25
http://doi.org/10.1086/310203
http://doi.org/10.1088/0004-637X/695/2/844
http://doi.org/10.1088/0004-637X/695/2/844
http://doi.org/10.1038/s41586-021-03381-x
http://doi.org/10.1038/s41586-021-03381-x
http://doi.org/10.1086/420709
http://doi.org/10.1086/420709
http://doi.org/10.1086/192110
http://adsabs.harvard.edu/abs/1992oasp.book.....G

BIBLIOGRAPHY 153

Guilluy, G., Sozzetti, A., Brogi, M., et al. 2019, A&A, 625, A107, doi: 10.1051/0004-6361/
201834615

Hargreaves, R.J., Gordon, I. E., Rey, M., et al. 2020, ApJS, 247, 55, doi: 10.3847/1538-4365/
ab7ala

Hauschildt, P. H., Allard, F., & Baron, E. 1999, ApJ, 512, 377, doi: 10.1086/306745
Hood, C. E., et al. in prep.

Irwin, P. G. J., Toledo, D., Garland, R., et al. 2018, Nature Astronomy, 2, 420, doi: 10.1038/
s41550-018-0432-1

—. 2019, Icarus, 321, 550, doi: 10.1016/j.icarus.2018.12.014

Lee, J.-J., & Gullikson, K. 2016, plp: v2.1 alpha 3, v2.1-alpha.3, Zenodo, doi: 10.5281/
zenodo. 56067

Léger, A., Mariotti, J. M., Mennesson, B., et al. 1996, Icarus, 123, 249, doi: 10.1006/icar.
1996.0155

Leggett, S. K., Saumon, D., Marley, M. S., etal. 2012, ApJ, 748,74, doi: 10.1088/0004-637X/
748/2/74

Leggett, S. K., Dupuy, T. J., Morley, C. V., et al. 2019, ApJ, 882, 117, doi: 10.3847/
1538-4357/ab3393

Li, G., Gordon, I. E., Rothman, L. S., et al. 2015, ApJS, 216, 15, doi: 10.1088/0067-0049/
216/1/15

Line, M. R., Teske, J., Burningham, B., Fortney, J. J., & Marley, M. S. 2015, ApJ, 807, 183,
doi: 10.1088/0004-637X/807/2/183

Line, M. R., Marley, M. S., Liu, M. C., et al. 2017, ApJ, 848, 83, doi: 10.3847/1538-4357/
aa7ff0

Line, M. R., Brogi, M., Bean, J. L., et al. 2021, Nature, 598, 580, doi: 10.1038/
s41586-021-03912-6

Lodders, K., & Fegley, B. 2002, Icarus, 155, 393, doi: 10.1006/icar.2001.6740

Luhman, K. L., & Esplin, T. L. 2016, AJ, 152, 78, doi: 10.3847/0004-6256/152/3/78


http://doi.org/10.1051/0004-6361/201834615
http://doi.org/10.1051/0004-6361/201834615
http://doi.org/10.3847/1538-4365/ab7a1a
http://doi.org/10.3847/1538-4365/ab7a1a
http://doi.org/10.1086/306745
http://doi.org/10.1038/s41550-018-0432-1
http://doi.org/10.1038/s41550-018-0432-1
http://doi.org/10.1016/j.icarus.2018.12.014
http://doi.org/10.5281/zenodo.56067
http://doi.org/10.5281/zenodo.56067
http://doi.org/10.1006/icar.1996.0155
http://doi.org/10.1006/icar.1996.0155
http://doi.org/10.1088/0004-637X/748/2/74
http://doi.org/10.1088/0004-637X/748/2/74
http://doi.org/10.3847/1538-4357/ab3393
http://doi.org/10.3847/1538-4357/ab3393
http://doi.org/10.1088/0067-0049/216/1/15
http://doi.org/10.1088/0067-0049/216/1/15
http://doi.org/10.1088/0004-637X/807/2/183
http://doi.org/10.3847/1538-4357/aa7ff0
http://doi.org/10.3847/1538-4357/aa7ff0
http://doi.org/10.1038/s41586-021-03912-6
http://doi.org/10.1038/s41586-021-03912-6
http://doi.org/10.1006/icar.2001.6740
http://doi.org/10.3847/0004-6256/152/3/78

154 BIBLIOGRAPHY

Lupu, R. E., Zahnle, K., Marley, M. S., et al. 2014, ApJ, 784, 27, doi: 10.1088/0004-637X/
784/1/27

Mace, G., Kim, H., Jaffe, D. T., et al. 2016, in Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, Vol. 9908, Ground-based and Airborne Instrumentation
for Astronomy VI, ed. C. J. Evans, L. Simard, & H. Takami, 99080C, doi: 10.1117/12.
2232780

Mace, G., Sokal, K., Lee, J.-J., et al. 2018, in Society of Photo-Optical Instrumenta-
tion Engineers (SPIE) Conference Series, Vol. 10702, Ground-based and Airborne In-
strumentation for Astronomy VII, ed. C. J. Evans, L. Simard, & H. Takami, 107020Q,
doi: 10.1117/12.2312345

Marley, M. S., & Robinson, T. D. 2015, Annu. Rev. Astron. Astrophys, 53, 279, doi: 10.1146/
annurev-astro-082214-122522

Marley, M. S., Saumon, D., Guillot, T., et al. 1996, Science, 272, 1919, doi: 10.1126/
science.272.5270.1919

Marley, M. S., Saumon, D., Visscher, C., et al. 2021, arXiv e-prints, arXiv:2107.07434.
https://arxiv.org/abs/2107.07434

Miles, B. E., Skemer, A.J. 1., Morley, C. V., etal. 2020, AJ, 160, 63, doi: 10.3847/1538-3881/
ab9114

Morley, C. V., Fortney, J. J., Marley, M. S., et al. 2012, ApJ, 756, 172, doi: 10.1088/
0004-637X/756/2/172

—. 2015, ApJ, 815, 110, doi: 10.1088/0004-637X/815/2/110

Niemann, H. B., Atreya, S. K., Carignan, G. R., et al. 1998, J. Geophys. Res., 103, 22831,
doi: 10.1029/98JE01050

Noll, K. S., Geballe, T. R., Leggett, S. K., & Marley, M. S. 2000, ApJ Letters, 541, L75,
doi: 10.1086/312906

Noll, K. S., Geballe, T. R., & Marley, M. S. 1997, ApJ Letters, 489, .87, doi: 10.1086/310954

Noll, K. S., Knacke, R. F., Geballe, T. R., & Tokunaga, A. T. 1988, ApJ, 324, 1210, doi: 10.
1086/165975

Noll, K. S., McGrath, M. A., Trafton, L. M., et al. 1995, Science, 267, 1307, doi: 10.1126/
science.7871428


http://doi.org/10.1088/0004-637X/784/1/27
http://doi.org/10.1088/0004-637X/784/1/27
http://doi.org/10.1117/12.2232780
http://doi.org/10.1117/12.2232780
http://doi.org/10.1117/12.2312345
http://doi.org/10.1146/annurev-astro-082214-122522
http://doi.org/10.1146/annurev-astro-082214-122522
http://doi.org/10.1126/science.272.5270.1919
http://doi.org/10.1126/science.272.5270.1919
https://arxiv.org/abs/2107.07434
http://doi.org/10.3847/1538-3881/ab9114
http://doi.org/10.3847/1538-3881/ab9114
http://doi.org/10.1088/0004-637X/756/2/172
http://doi.org/10.1088/0004-637X/756/2/172
http://doi.org/10.1088/0004-637X/815/2/110
http://doi.org/10.1029/98JE01050
http://doi.org/10.1086/312906
http://doi.org/10.1086/310954
http://doi.org/10.1086/165975
http://doi.org/10.1086/165975
http://doi.org/10.1126/science.7871428
http://doi.org/10.1126/science.7871428

BIBLIOGRAPHY 155
Oppenheimer, B. R., Kulkarni, S. R., Matthews, K., & Nakajima, T. 1995, Science, 270, 1478,
doi: 10.1126/science.270.5241.1478

Oppenheimer, B. R., Kulkarni, S. R., Matthews, K., & van Kerkwijk, M. H. 1998, ApJ, 502,
932, doi: 10.1086/305928

Park, C., Jaffe, D. T., Yuk, L.-S., et al. 2014, in Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, Vol. 9147, Ground-based and Airborne Instrumentation
for Astronomy V, ed. S. K. Ramsay, I. S. McLean, & H. Takami, 91471D, doi: 10.1117/
12.2056431

Partridge, H., & Schwenke, D. W. 1997, J. Chem. Phys., 106, 4618, doi: 10.1063/1.473987

Polyansky, O. L., Kyuberis, A. A., Zobov, N. F., et al. 2018, MNRAS, 480, 2597, doi: 10.
1093 /mnras/sty1877

Prinn, R. G., & Barshay, S. S. 1977, Science, 198, 1031, doi: 10.1126/science.198.4321.
1031

Radigan, J., Lafreniere, D., Jayawardhana, R., & Artigau, E. 2014, AplJ, 793, 75, doi: 10.
1088/0004-637X/793/2/75

Roellig, T. L., Van Cleve, J. E., Sloan, G. C., et al. 2004, ApJS, 154,418, doi: 10.1086/421978

Rothman, L. S., Jacquemart, D., Barbe, A., et al. 2005, J. Quant. Spectrosc. Radiative Transfer,
96, 139, doi: 10.1016/j.jgqsrt.2004.10.008

Rothman, L. S., Gordon, I. E., Barbe, A., et al. 2009, J. Quant. Spectrosc. Radiative Transfer,
110, 533, doi: 10.1016/j.jgsrt.2009.02.013

Rothman, L. S., Gordon, I. E., Barber, R. J., et al. 2010, J. Quant. Spectrosc. Radiative Transfer,
111, 2139, doi: 10.1016/j.jgsrt.2010.05.001

Rothman, L. S., Gordon, L. E., Babikov, Y., et al. 2013, J. Quant. Spectrosc. Radiative Transfer,
130, 4, doi: 10.1016/j.jgsrt.2013.07.002

Saumon, D., Geballe, T. R., Leggett, S. K., et al. 2000, ApJ, 541, 374, doi: 10.1086/309410

Saumon, D., Marley, M. S., Abel, M., Frommbhold, L., & Freedman, R. S. 2012, ApJ, 750, 74,
doi: 10.1088/0004-637X/750/1/74

Schneider, A. C., Cushing, M. C., Kirkpatrick, J. D., et al. 2015, ApJ, 804, 92, doi: 10.1088/
0004-637X/804/2/92


http://doi.org/10.1126/science.270.5241.1478
http://doi.org/10.1086/305928
http://doi.org/10.1117/12.2056431
http://doi.org/10.1117/12.2056431
http://doi.org/10.1063/1.473987
http://doi.org/10.1093/mnras/sty1877
http://doi.org/10.1093/mnras/sty1877
http://doi.org/10.1126/science.198.4321.1031
http://doi.org/10.1126/science.198.4321.1031
http://doi.org/10.1088/0004-637X/793/2/75
http://doi.org/10.1088/0004-637X/793/2/75
http://doi.org/10.1086/421978
http://doi.org/10.1016/j.jqsrt.2004.10.008
http://doi.org/10.1016/j.jqsrt.2009.02.013
http://doi.org/10.1016/j.jqsrt.2010.05.001
http://doi.org/10.1016/j.jqsrt.2013.07.002
http://doi.org/10.1086/309410
http://doi.org/10.1088/0004-637X/750/1/74
http://doi.org/10.1088/0004-637X/804/2/92
http://doi.org/10.1088/0004-637X/804/2/92

156 BIBLIOGRAPHY

Seager, S., Bains, W., & Hu, R. 2013, ApJ, 775, 104, doi: 10.1088/0004-637X/775/2/104
Sharp, C. M., & Burrows, A. 2007, ApJS, 168, 140, doi: 10.1086/508708

Snellen, I. A. G., Brandl, B. R., de Kok, R. J., et al. 2014, Nature, 509, 63, doi: 10.1038/
naturel3253

Snellen, I. A. G., de Kok, R. J., de Mooij, E. J. W., & Albrecht, S. 2010, Nature, 465, 1049,
doi: 10.1038/nature®9111

Sorahana, S., & Yamamura, 1. 2012, ApJ, 760, 151, doi: 10.1088/0004-637X/760/2/151

Stahl, A. G., Tang, S.-Y., Johns-Krull, C. M., et al. 2021, AJ, 161, 283, doi: 10.3847/
1538-3881/abf5e7

Strong, K., Taylor, F. W., Calcutt, S. B., Remedios, J. J., & Ballard, J. 1993, J. Quant. Spectrosc.
Radiative Transfer, 50, 363, doi: 10.1016/0022-4073(93)90072-P

Sudrez, G., Metchev, S., Leggett, S. K., Saumon, D., & Marley, M. S. 2021, arXiv e-prints,
arXiv:2107.14282. https://arxiv.org/abs/2107.14282

Tannock, M. E., Metchev, S., Heinze, A., et al. 2021, AJ, 161, 224, doi: 10.3847/1538-3881/
abeb67

Tennyson, J., & Yurchenko, S. 2018, Atoms, 6, 26, doi: 10.3390/atoms6020026

Tennyson, J., & Yurchenko, S. N. 2012, MNRAS, 425, 21, doi: 10.1111/j.1365-2966.
2012.21440.x

Villanueva, G. L., Smith, M. D., Protopapa, S., Faggi, S., & Mandell, A. M. 2018, J. Quant.
Spectrosc. Radiative Transfer, 217, 86, doi: 10.1016/j.jqsrt.2018.05.023

Wenger, C., & Champion, J. P. 1998, J. Quant. Spectrosc. Radiative Transfer, 59, 471, doi: 10.
1016/S0022-4073(97)00106-4

Yuk, I.-S., Jaffe, D. T., Barnes, S., et al. 2010, in Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, Vol. 7735, Ground-based and Airborne Instrumentation
for Astronomy III, ed. I. S. McLean, S. K. Ramsay, & H. Takami, 77351M, doi: 10.1117/
12.856864

Yurchenko, S. N., Barber, R. J., & Tennyson, J. 2011, MNRAS, 413, 1828, doi: 10.1111/j.
1365-2966.2011.18261.x


http://doi.org/10.1088/0004-637X/775/2/104
http://doi.org/10.1086/508708
http://doi.org/10.1038/nature13253
http://doi.org/10.1038/nature13253
http://doi.org/10.1038/nature09111
http://doi.org/10.1088/0004-637X/760/2/151
http://doi.org/10.3847/1538-3881/abf5e7
http://doi.org/10.3847/1538-3881/abf5e7
http://doi.org/10.1016/0022-4073(93)90072-P
https://arxiv.org/abs/2107.14282
http://doi.org/10.3847/1538-3881/abeb67
http://doi.org/10.3847/1538-3881/abeb67
http://doi.org/10.3390/atoms6020026
http://doi.org/10.1111/j.1365-2966.2012.21440.x
http://doi.org/10.1111/j.1365-2966.2012.21440.x
http://doi.org/10.1016/j.jqsrt.2018.05.023
http://doi.org/10.1016/S0022-4073(97)00106-4
http://doi.org/10.1016/S0022-4073(97)00106-4
http://doi.org/10.1117/12.856864
http://doi.org/10.1117/12.856864
http://doi.org/10.1111/j.1365-2966.2011.18261.x
http://doi.org/10.1111/j.1365-2966.2011.18261.x

BIBLIOGRAPHY 157

Yurchenko, S. N., & Tennyson, J. 2014, MNRAS, 440, 1649, doi: 10.1093/mnras/stu326

Yurchenko, S. N., Tennyson, J., Barber, R. J., & Thiel, W. 2013, Journal of Molecular Spec-
troscopy, 291, 69, doi: 10.1016/j.jms.2013.05.014

Zalesky, J. A., Line, M. R., Schneider, A. C., & Patience, J. 2019, ApJ, 877, 24, doi: 10.3847/
1538-4357/abl6db


http://doi.org/10.1093/mnras/stu326
http://doi.org/10.1016/j.jms.2013.05.014
http://doi.org/10.3847/1538-4357/ab16db
http://doi.org/10.3847/1538-4357/ab16db

Chapter 4
Summary and Conclusions

In Chapter 1 of this thesis I have provided an overview of the basic properties of brown dwarfs,
described their atmospheric structures, variability and rotation, atmospheric chemistry, and
detailed the suite of atmospheric models currently available. Here I reiterate some of the main
points of Chapter 1, followed by a summary of each of my projects (Chapters 2 and 3). Some
ideas for future projects that build on the work done in this thesis are outlined in Section 4.1.

Brown dwarfs form through the same mechanism as stars (through the collapse of a giant
molecular cloud), but are distinct from stars as they have masses below the mass required to
ignite and sustain hydrogen fusion (M < 0.070 Mg or 73 Mjyp). The more massive brown
dwarfs (M > 0.012 Mg, or 13 Myy,) are able to sustain deuterium burning in their early lives.
Since they lack an internal energy source, brown dwarfs tend to be low luminosity and have
low effective temperatures (Teg < 2600 K), although their interior temperatures remain hot
enough to ionize hydrogen.

Brown dwarfs are classified into three spectral types: L, T, and Y. The L dwarfs are the
hottest (T = 1400 K) and have atmospheres comprised of carbon monoxide and water gases,
along with hydrides and alkali elements. In T dwarfs (1400 K > 7. > 500 K), water opacities
strengthen, the main carbon-bearing molecule switches from carbon monoxide to methane,
and sulfides and salts are present in their atmospheres. In the coolest brown dwarfs, Y dwarfs
(Teg < 500 K), ammonia joins water and methane as one of the three dominant atmospheric
constituents.

These molecules settle at various altitudes in the outer regions of brown dwarfs, resulting
in layered, cloudy atmospheres. Clouds are one of the most important characteristics of brown
dwarfs, as they influence the spectral energy distributions and give rise to variability in the
observed brightness of brown dwarfs. As surface inhomogeneities like patchy clouds and bands
rotate in and out of view, the amount of flux reaching Earth varies. It is now known through

extensive photometric monitoring surveys that variability in brown dwarfs is common, and
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most brown dwarfs are fast rotators with rotation periods on the order of hours to tens of hours.

The fascinating properties of brown dwarfs are encapsulated in modern atmospheric and evo-
lutionary models, which incorporate updated equations of state, opacities for exotic molecules,
disequilibrium effects, and sophisticated cloud models. The atmospheric models have signifi-
cantly improved our understanding of brown dwarf atmospheric physics, and models including
clouds have helped to explain perplexing properties in brown dwarf observations; e.g., the
colour-reversal at the L/T transition. Atmospheric models are an important tool for determining

the physical parameters of brown dwarfs and for planning future observations.

In Chapter 2 of this thesis, I have presented observations and analysis that give insights to
the maximum rotation rates of brown dwarfs. Using Spitzer Space Telescope mid-infrared data
I determined the rotation periods of three very rapidly rotating brown dwarfs. Based on their
3.6 um and 4.5 um light curves, the T7, L8, and L3.5 dwarfs have the shortest periodicities
measured to date: 1.08, 1.14, and 1.23 hours, respectively. Using a periodogram analysis I found
significant periodogram peaks when compared to over 450 field stars, and I found no correlation
between the flux and position on the detector, indicating that the observed periodicities are real.
I found a wavelength-dependent amplitude difference between the three spectral types that can
be explained by the dominant gas absorption species in the atmosphere.

To confirm that the brown dwarfs were truly rapidly rotating and we were not observing
a repeated spot pattern on a more slowly rotating object, I investigated the degree of Doppler
broadening in the near-infrared spectra of the three brown dwarfs. I compared the spectra
to the most up-to-date atmospheric models and found rotation rates consistent with the short
periodicities in the Spitzer data (v sini values of 103.5, 79.0, and 82.6 km s~! for the T7, L8,
and L3.5, respectively).

All three L and T dwarfs spin at 2100 km s~! at their equators and are the most rapidly
spinning field brown dwarfs known to date. As such, they are excellent candidates for seeking
auroral radio emission, which has been linked to rapid rotation in ultra-cool dwarfs. We found
that the objects have oblateness factors of between 5% and 8%, which makes them excellent
targets for seeking net optical or infrared polarization. When put in to context with the full
sample of measured rotation periods for L, T, and Y dwarfs, the three rapid rotators appear to
lie near a short-period limit of approximately 1 hour across all brown dwarf spectral types. We
therefore consider it unlikely that rotation periods much shorter than 1 hour exist for brown

dwarfs.

The most up-to-date model atmospheres of brown dwarfs recreate most observations with

excellent accuracy, but there are still some outstanding problems, particularly for matching



160 CHAPTER 4. SUMMARY AND CONCLUSIONS

the observed spectra of cold (T.g < 1400 K) brown dwarfs. Benchmark observations like the
Gemini/IGRINS spectrum of the T6 dwarf presented in Chapter 3 are essential for confirming
the completeness of model atmospheres and the accuracy of experimental and theoretical line
lists used in model spectra. I studied Gemini South/IGRINS observations of the T6 dwarf
2MASS J08173001-6155158 with unprecedented resolution (R=45,000) and signal to noise
ratio (SNR>200) for a late-T dwarf. After a careful confirmation of the wavelength solution,
I compared the observed spectra to the most up-to-date model spectra and investigated the
accuracy of the models and molecular line lists. I identified the most reliable and consistent
near-infrared wavelength regions of the model spectra when compared to observations, and I
found that only the most recent methane line list (Hargreaves et al., 2020) matched the observed
absorption features. Additionally, I report the first unambiguous detection of hydrogen sulfide
in an extra-solar atmosphere, and I identify several absorption features in the observed spectrum
that do not appear in any of the models. Finally, I present a detailed near-infrared spectroscopic
atlas with identified absorption features across the H and K bands. This study shows that updated
line lists for water, methane, and ammonia allow for very precise empirical determinations
of physical parameters, and are highly promising for the detection and characterization of

exoplanets with high-dispersion spectroscopy.

4.1 Future Work

The three ultra-fast rotators presented in Chapter 2 present a unique opportunity for follow-up
studies because their short rotation periods mean little time is required to observe multiple rota-
tions. The T7 dwarf 2MASS J03480772-602227 has already been selected as a commissioning
target for the James Webb Space Telescope (launch December 2021) under a Guaranteed Time
Observations program (PI: T. Roellig).! This T7 dwarf will be investigated spectroscopically in
the near-infrared and mid-infrared, and also as a near-infrared spectroscopic time series under
this program.

The apparent speed limit on brown dwarf rotation rates found in Chapter 2 may help us
understand brown dwarf interiors; rapid rotation may affect how the mass inside an astronomical
object is distributed, and how heat is conducted through the interior. Rotation rates may
also affect the hydrogen burning limit (Chowdhury et al., 2021). Additionally, fast rotation
(vsini > 60 km s~!) has also been linked to linear polarization (e.g., Miles-Péez et al. 2013),
and to powering auroral emissions (e.g., Kao et al. 2018), making these three brown dwarfs
excellent candidates for the detection of polarization and aurorae.

The large collections of measured brown dwarf rotational periods, combined with the fact

Thttps://www.stsci.edu/jwst/phase2-public/1189.pdf
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that brown dwarfs contract to nearly constant radii (0.8—-1.0 Ryyp by ages of >500 Myr) allow for
a precise determination of inclination when combined with spectroscopic v sini measurements.
Over the course of my PhD I have collected moderate- to high-dispersion near-infrared spectra
of periodically variable L and T dwarfs from the Weather on Other Worlds sample (Heinze et al.,
2013; Metchev et al., 2015) to investigate viewing geometry by measuring v sini. Improved
v sini measurements may be made for brown dwarfs following the guidance I provide in
Chapter 3 for utilizing brown dwarf atmospheric models.

Viewing geometries may be used to investigate the promising relation between the spin axis
inclination and the colours of brown dwarfs. Metchev et al. (2015) have found that variable
brown dwarfs tend to be redder in colour, and Vos et al. (2017) investigated the relationship
between colour and inclination, finding that redder colours correlate with high-inclinations
(equator-on viewing angles) and bluer in colours correlate with low-inclinations (pole-on view-
ing angles). The colour-trends of the L/T transition cannot be completely explained or precisely
reproduced even with the most sophisticated cloud models, but this geometric dependence may
offer an explanation for these discrepancies if proven.

Any targets found to have an edge-on spin-axis inclinations will make excellent candidates
for planetary transit searches, as spin-orbit alignment is expected between the host object and
any surrounding planetary system. The upcoming Photometric Observations of Extrasolar
Transits mission (POET; PI: J. Rowe)? aims to detect Earth-like planets around nearby cool
stars, including brown dwarfs. The most efficient way to perform such a transit survey would
be to target brown dwarfs which are known to be viewed close to equator-on, to increase
the probability of witnessing a transit. Planets orbiting ultra-cool dwarfs also offer excellent
prospects for atmospheric characterization with the James Webb Space Telescope because of
the larger feature contrast during transit and eclipse spectroscopy (due to the comparable sizes
of brown dwarfs and any planets they may host).

In addition to planetary searches, any further understanding of brown dwarf physics may
also be extended to gas giant planets around other stars, allowing us to study atmospheric
weather patterns on extra solar planets and to understand their driving mechanisms. Brown
dwarfs make excellent planet analogues: they make for an easily-observed substitute because
of their similar effective temperatures, radii, and atmospheric content. Many of the planets
which have been directly imaged to date share observational properties with brown dwarfs.
From brown dwarf atmospheric studies, we have learned that condensate cloud formation
is particularly important in low-temperature atmospheres, and comparisons of the HR 8799
planets (Marois et al., 2008, 2010) to models of L dwarf atmospheres have shown that iron

and silicate clouds play an important role in giant planet atmospheres (e.g., Marois et al. 2008;

2 https://kona.ubishops.ca/microsat/our-mission.html
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Barman et al. 2011). New telescopes and instruments such as the James Webb Space Telescope
and the coming upgrades to the Gemini Planet Imager (GPI 2.0; coming to Gemini North in
2022) will expand our sample of directly imaged exoplanets and help us to better understand
their complicated atmospheres and their shared properties with brown dwarfs. Based on my
analysis in Chapter 3, the most up-to-date water and methane line lists are highly promising for

the detection and characterization of exoplanets with high-dispersion spectroscopy.
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