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spectra are smoothed by gaussian convolution and the relative am-
plitude are smoothed by moving average. Lower Left: The residual
of straight line fit. Right: A possible trend between amplitudes at
1.1µm and wavelength dependence of amplitude of variable L and
T dwarfs that observed with HST. The amplitude is proportional to
absolute value of amplitude gradient. At similar amplitude levels, L
dwarfs and late T dwarfs are seen to have relatively larger amplitude
gradient than L/T transition brown dwarfs. L dwarfs, L/T transi-
tion dwarfs and late T dwarfs are marked as blue squares, magenta
triangles and green circles respectively. W0047 is marked as red star.
Data of 2M1821, 2M1507, SIMP0136, 2M2228 are from Yang et al.
(2015); Luhman 16B is from Buenzli et al. (2015b); 2M2139 is from
Apai et al. (2013). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.1 The flow chart for iterative pixel-scale ramp correction. The blue
color lines highlight the iterative part. The first-iteration incoming
count rates are the mean count rates over all exposure, while the
incoming count rates of subsequent iterations are the sum of previous
incoming count rates and the residual. . . . . . . . . . . . . . . . . . 84

3.2 Top panel: the peak-aligned, amplitude-scaled, and binned Spitzer
3.6µm-band light-curve is similar to that of the HST broadband light
curve even though the two observations are separated by about five
months. The mean uncertainty of HST photometric points, which is
plotted in the bottom panel, is 0.16%. The blue line is the best-fit
sine wave with a period of 16.4 hours adopted from Vos et al. (2018).
The four brightest and faintest photometric points are colored in light
blue. The pale red points represent the Spitzer 3.6µm-band photo-
metric points with a bin size of 3.6 minutes.The red line illustrates
the smoothed 3.6µm-band light curve. Bottom panel: the residual
of the best sine-wave fit to the HST broadband light curve. . . . . . . 88
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3.3 The wavelength dependence of the ramp-corrected peak-to-trough
spectral variability amplitude. The binned variability amplitudes
are plotted as a dark-grey line with light-grey area as the uncertain-
ties. The dashed line shows the linear fit of the variability amplitude
(Vlinear) from 1.1 to 1.67 µm after excluding the blue-shaded region
(1.34-1.45µm). VH2O shows the wavelength region of the water-band
(blue-shaded region) variability amplitude. The blue error bar shows
the binned water-band variability amplitude that is 3σ below Vlinear. 89

3.4 The first principal component accounts for 95% of the spectral vari-
ance. The y-axis values are unitless variances after being normalized
by the square of flux density of the mean spectra. Note that the
spectral feature is similar to that in Figure 5.9. . . . . . . . . . . . . 90

3.5 Top panel: the variability of the observed brightness temperatures
is plotted as the width of a colored line. The brightness temperatures
in the water band (1.34-1.45µm), which is the region between the
two dashed blue lines, are lower than those in the J&H bands. The
time-averaged brightness temperatures are plotted as a dotted white
line. Bottom panel: the peak-to-trough variability amplitudes of
the brightness temperatures are similar within the J&H bands but
are lower in the water band. See text for the interpretation of the
lower variability at the lower brightness temperatures (Tb < 1300 K).
The line in the top panel, as well as the dots in the bottom panel, is
color coded by the brightness temperature. . . . . . . . . . . . . . . . 92

3.6 Left panel: the two columns show an example of a truncated cloud
model: The thin-cloud column is geometrically thinner and has a
lower optical depth than the thick-cloud column, but they are both
optically thick. The opacity distribution of the thick-cloud column
(fsed = 1) is largely wavelength-independent because of the large
mean grain size. The thin-cloud column shares the same opacity (per
model’s pressure layer) with the thick-cloud column at T>1350K and
has no cloud opacity at T<1350 K. We also plot the approximate pres-
sure scale height (H) at the opacity-truncation level. Right panel:
the cartoon images illustrate the atmospheres with different global
cloud coverages, which are similar to Fig. 1 of Morley et al. (2014b).
The assumption of a uniform T-P profile in our models implies that
the spatial scale of cloud heterogeneity is much smaller than the plan-
etary radius. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
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3.7 Top panel: the best-fit chemical disequilibrium model (solid dark-
teal line) fits better to the WISE0047 ’s panchromatic optical-to-near-
IR spectrum (grey solid line) than the equilibrium model (dotted
light-green line) does at λ > 2µm. Bottom panel: the difference
between the disequilibrium/equilibrium model and the data mainly
falls in the optical region at which alkali absorption dominates. The
error bars of the WISE observation are smaller than the plotted points. 99

3.8 The circled solid blue dot represents the best-fit cloud model with
the lowest reduced χ2. Models in the grey region are excluded be-
cause their gravities deviate from the predicted gravity of the evo-
lution models by more than 0.5 dexes (see Section 3.6.1). Different
color lines represent different temperatures; Round and plus-shaped
symbols represent the best-fit cloud structures of fsed equal to 1 and
3 respectively. The minimum and maximum fitted radii of models
at different temperatures with fsed=1 are annotated. The two data
points around log(g) = 4.5 are in the overlapping parameter space of
the two sets of models (see text for details). . . . . . . . . . . . . . . 100

3.9 Top panel: the spectrum of the truncated cloud model (solid golden
line) with Ttrc = 1350 K matches most of the WISE0047 spectral
shape (grey line) at wavelengths shorter than 2.1µm. The spectra of
the models whose Ttrc = 1100K, 1250K are plotted as the dash-dotted
purple and the dashed red lines respectively. The dotted brown line
represents the spectrum of the homogeneous cloud model (T=1200K,
fsed = 1, log(g)=4.0 per section 3.5.1), the baseline for the heteroge-
neous cloud models. The CO and CH4 abundances of these models
are in chemical equilibrium. All the models spectra are scaled by the
same dilution factor (r= 1.2 RJ, d = 12.2 pc). Bottom panel: with
an increase of 13% in the local thin-cloud coverage, the spectral vari-
ability of the Ttrc=1350K model (solid golden line) matches well with
the observed HST/WFC3 near-IR peak-to-trough variability ampli-
tude (grey line), including the wavelength-dependent slope and the
weakened water-band variability. The model over-estimates the non-
contemporaneously observed 3.6µm-band peak-to-trough photomet-
ric variability (round grey dot) by around a factor of three. The
colored circles are the Spitzer-bandpass-weighted variability ampli-
tudes of the truncated cloud models.The inset zooms in on the water
band in the HST spectrum. . . . . . . . . . . . . . . . . . . . . . . . 102
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3.10 (a) & (b): The T-P profiles of the two truncated cloud models
(Ttrc = 1100 K and 1350K; solid and dash-dotted lines) and of the
baseline homogeneous model (dotted lines). The temperatures above
the cloud bases of the truncated cloud models are cooler than that
of the homogeneous cloud model.∆T in panel (b) shows the differ-
ence in temperature between truncated cloud and baseline models.
Different line styles represent different models and are shared among
all the panels. (c): Because of the cooler temperature in the trun-
cated cloud models, the cloud bases in the thick-cloud-column are at
deeper pressures than that in the homogeneous clouds model. Corun-
dum (Al2O3), iron (Fe) and forsterite (Mg2SiO4)’s condensate mixing
ratios in the thick-cloud column are plotted as the green, light brown
and indigo lines respectively. For clarity, the condensates’ mixing ra-
tios in the thin-cloud columns of the truncated cloud models are not
shown. (d): The cumulative geometric opacity of each condensate in
the thick-cloud column is plotted as a function of pressure. . . . . . . 103

3.11 Top panel: the heterogeneous cloud model (Ttrc= 1350K,
log(g)=4.0, fsed=1) with disequilibrium chemistry (solid violet-blue
line) fits better to the time-averaged spectra than the same cloud
model with equilibrium chemistry (dotted sky-blue line), including
the peaky H-band feature. Bottom panel: the heterogeneous cloud
model with disequilibrium chemistry gives a larger variability ampli-
tude than the equilibrium heterogeneous cloud model in the Spitzer
3.6µm photometric band. The model matches well to the water-band
variability amplitude but less well to the linear slope of the spectral
variability from 1.1 to 1.7µm. . . . . . . . . . . . . . . . . . . . . . 106

3.12 Given a quenching relation (dashed line) and a T-P profile (solid line),
the quenching pressure is where the two lines intersect. The part of
the atmosphere above the quenching pressure is in chemical disequi-
librium. For PSOJ318, WISE0047, and 2M1207b, the minimum Kzz

for the Ks-band photospheres (bolded lines) to be in chemical dise-
quilibrium and have redder J−Ks are 103, 104,and 106cm2s−1 respec-
tively, as indicated in the legend. The quenching relation and T-P
profile (thin solid line) are plotted in the same color (blue/red/green)
for each object (PSOJ318/WISE0047/2M1207b). We also plot the
condensation curves of Fe and MgSiO3 (Visscher et al., 2010) for ref-
erence. See text for the estimates of the photosphere for each object.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
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3.13 A graphic illustration for selected results. Left panel: the dashed or-
ange line show the quenching relation with Kzz = 103 cm2s−1 and
log(g) = 4.0 based on equation 3.8. This figure shows that the
WISE0047 atmosphere is in chemical disequilibrium at P <∼ 0.2 bar
with a Kzz of 103 cm2s−1. Middle panel: the optical depth of water
vapors, the thick-cloud column, and that of the thin-cloud columns
for the truncated cloud model with Ttrc = 1350 K, which is similar
to Figure 3.6. The semi-analytical model is described in Appendix
A.3. Right panel: the truncated cloud model with Teff =1200K,
log(g) = 4.0, fsed=1, and Ttrc = 1350K matches the best to the wave-
length dependence and the water-band feature of the HST/WFC3
near-IR spectral variability (grey line). The plot is the same as the
bottom panel of Figure 3.9. . . . . . . . . . . . . . . . . . . . . . . . 112

4.1 (a): The relative count rates of pixels stacked along the rows in
panel (b) in three different wavelength regions: approximated J band
(dashed magenta line), water band (dashed-dot blue line), and H
band (solid red line). In the spectral extraction region of GUPsc b,
plotted in shaded gray, the flux contribution from nearby sources is
lower than ∼ 10% for J ′ and H ′ bands, but higher than ∼ 20% for
water band. (b) A cropped median image to illustrate the nearby ref-
erence star and galaxy spectra flanking that of GUPsc b. The image
is color-coded with signal-to-noise ratio in log scale. The three square
brackets represent the J ′-, water-, and H ′-band regions in which the
pixel count rates are stacked and summed along the rows. The dot-
connected line with annotated wavelengths in microns is plotted for
GUPsc b’s spectrum. The two white dashed lines that bracket the
dot-connected line mark the aperture (six pixels) for spectral extrac-
tion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.2 (a) The median-averaged spectra plotted in blue in comparison with
the GNIRS spectrum in solid orange line. Spectra of field T4.5 dwarf
2M0559 (solid gray line) and T3.5 2M1209 (dashed gray line), which
are scaled to match the J-band maximum flux density of GUPsc b,
are also plotted for comparison.The wavelength region in which the
flux density is interpolated is colored in grey.(b) The max/min flux
ratio among the six HST-orbit averaged spectra suggests no strong
wavelength dependence in the rotational modulations. The fitted
wavelength-dependence slope m, excluding the water-band (gray re-
gion), is shown at the bottom right. . . . . . . . . . . . . . . . . . . . 124
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4.3 Top Panel: The rotational modulation of GUPsc b shows a 2.7±0.8%
peak-to-trough flux variation during the eight-hour observation. In
each HST orbit, we plot eleven single-exposure photometric points as
light blue error bars and the orbital median as dark blue points. The
error bar of orbital median is the standard deviation of photometric
points per HST orbit. Middle Panel: The J ′- and H ′-band light
curves show similar light curve profiles. Bottom Panel: GUPsc b’s
white light curve is distinct from the flux variations of the nearby
background sources. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.4 A graphic illustration of the difference between Ordinary Distance
Least Square Regression and Orthogonal Distance Least Square Re-
gression. In brief, the latter minimizes the uncertainty-weighted or-
thogonal distance between data and model while the prior minimizes
the uncertainty-weighted vertical distance between data and model. . 129

4.5 Left panel: The fitted linear trajectories of color-magnitude varia-
tions for twelve objects are plotted in solid lines. The almost vertical
direction of the plotted trajectories suggests that most objects show
relatively weak color changes compared to their rotational modulation
amplitudes. Dash-dotted lines are the semi-major axes of the fitted
ellipses. The gray dots represent the colors and magnitudes of brown
dwarfs from Dupuy and Liu (2012); The gray line is the empirically
derived color-magnitude evolution curve from Dupuy and Liu (2012).
3× 4 panels on the right: Zoomed-in plots for magnitude-color
variations and the fitted slopes for individual objects. We plot the
HST-orbital photometric points (large solid dots) and the unbinned
photometric points (small solid dots) for objects with long and short
rotational periods respectively (c.f., Section 4.5.1). The uncertainty
ellipses are plotted in grey. For clarity, we plot the typical uncer-
tainty ellipses of single-exposure photometric points at the bottom
left corner of subpanels. Three models to fit the color-magnitude
variations are plotted: straight line (solid straight lines), ellipse (for
2M2228 and GUPsc b, curved solid lines), and blackbody with vary-
ing temperature (gray dashed lines). See Section 4.5 for more details
of the models. The uncertainties of the linear models are plotted in
semi-transparent color lines. The semi-major axes of fitted ellipses
are plotted in dash-dotted lines. The left and right panels share the
same aspect ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
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5.1 Left panel: The median spectra of the white dwarf-brown dwarf sys-
tem. The blue line highlights the spectra from 1.1 to 1.67µm. The
two hydrogen absorption regions of white dwarf are 1.09–1.11µm
and 1.27–1.32µm. Right panel: The six-orbit 1.1–1.67µm integrated
broadband light curve. The two white dwarf eclipse events occur at
the first and the fifth HST orbits. The error bar at t = 9 hours shows
the representative flux uncertainties of 1.4% for single photometric
point. The shaded blue regions indicate the expected eclipse events
with a period of 121.72 minutes. . . . . . . . . . . . . . . . . . . . . . 145

5.2 (a): The folded light curve with the fitted period of 2.02862 hours.
The primary eclipse part of the phase-folded light curve is plotted
separately in the panel (e). (b): The residuals of the model fit to
the light curve. The residuals are normalized by the photometric
uncertainty. (c): The histogram of all the residuals. The orange line
shows a normal distribution with one standard deviation. (d): The
best-fit model and the light curve plotted in units of time on the x-
axis. (e): A zoom-in plot of the model fit to the light curve in the
eclipse region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.3 An illustration of the white-dwarf brown-dwarf system at different
phases. We define Phase A (φ = 0) as the primary eclipse phase and
Phase C (φ = 0.5) as the secondary eclipse phase. The white-dwarf
emission is completely blocked by brown dwarf, so only the brown
dwarf nightside (midnight) emission is observed during the primary
eclipse. The brown dwarf’s emission is not fully obscured by the
white-dwarf during secondary eclipse. . . . . . . . . . . . . . . . . . . 147

5.4 The calculated centroids with partial light curves with phase coverage
around the secondary eclipse (φ = 0.5). The centroid of a light curve
that peaks after secondary eclipse has a value above 0.5 and vice
versa. The derived centroids depend on the phase coverage of the
partial light curves, so we find no convincing evidence of phase offset
based on our dataset. . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.5 The comparison of marginalized brown-dwarf radius posterior distri-
bution based on the MCMC eclipse light curve fitting results and that
with the additional constraint from white-dwarf evolutionary models,
radial velocity semi-amplitudes, and white-dwarf near-infrared spec-
tral fitting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
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5.6 The binned averaged nightside spectrum (black line) after the removal
of white-dwarf spesctrum shows less scatters between spectral points
and is similar to the SDSS1411-B spectrum during eclipse (orange
line). The grey lines show the potential bias of the averaged nightside
spectrum due to uncertainty of white-dwarf temperature, gravity, and
wavelength calibration sampled by the Monte Carlo method. . . . . . 153

5.7 The blue line shows the cleaned white dwarf spectrum after removal
of brown dwarf eclipse spectrum. The orange line shows the binned
white-dwarf model spectrum. The grey shaded regions highlight the
absorption lines in the white dwarf spectrum. . . . . . . . . . . . . . 154

5.8 Top panel: the binned spectra at morning, noon, evening, and night
orbital phases. The grey line represents the nightside spectrum. Bot-
tom panel: Comparison of the evening and morning spectra shows
similar spectral features across 1.1–1.67µm. The scaled day-night
spectral difference (dashed line) also matches well to the evening and
morning spectra, showing that the evening and morning spectra can
be reproduced by a linear combination of the dayside and nightside
spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.9 Top panel : the binned dayside and nightside spectra of SDSS1411-
B. The water-band flux of the dayside spectrum is almost two times
higher than that of nightside spectrum. Bottom panel : the relative
spectral variation between the dayside and nightside spectra. The
spectral variation is almost ten times larger in the water band than in
the J ′ band. To show order-of-magnitude variations with uncertainty
ranges that include negative values, we use the ‘symlog’ y-axis scale,
which is in linear scale below unity and in log scale above unity. . . . 158

5.10 The brightness temperatures of the dayside and nightside spectra.
The brightness temperatures are binned with a bin size of 0.014µm.
The brightness temperatures are higher in the J ′-band than in the
water bands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

5.11 Left panel: the T-P profiles of nightside (solid blue line) and dayside
(solid red line) models. The purple, green, and red dashed lines show
the condensation curves of MgSiO3, Mg2SiO4, and Fe respectively
from Visscher et al. (2010). The radiative-convective boundaries of
nightside and dayside models are at around 30–60 bars. Right panel:
the day-night temperature difference. . . . . . . . . . . . . . . . . . . 161
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5.12 Top panel: The nightside (purple line) and dayside (red line) model
spectra qualitatively reproduce the spectral shape of the observed
nightside (dark-green line) and dayside spectra (light-green line). We
plot the ground-based H and Ks-band photometry from Casewell
et al. (2018) as black squares at 1.66 and 2.16µm respectively. The
modeled dayside H-band flux (red square) are consistent with ob-
served values while the modeled Ks-band flux (red square) is higher
than the observed value. See text for the discussion of the difference
between modeled and observed spectra. Bottom panel: the modeled
day-night spectral variation shows that the flux variation is about
order-of-magnitude higher in the water-band than that in the J-band
region, matching the observed wavelength-dependence in day-night
spectral variation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.13 Left panel: The observed nightside brightness temperatures at dif-
ferent inferred pressures, which are derived from the contribution
function of the nightside model, are plotted as blue points. The
solid blue and orange lines show the modeled dayside and nightside
temperature-pressure profile. The blue dashed line shows an adia-
bat profile that share the same interior temperature at 30 bars with
model. Right panel: Observed dayside brightness temperatures over
different inferred pressures, which are derived from the contribution
function of the dayside model, are plotted in orange points. The solid
and dashed lines are the same as those in the left panel. . . . . . . . . 165

5.14 Left panel: the contribution function of the nightside model. The
colors represent the relative contribution per pressure layer to the
emission. Right panel: The peak of J-band and water-band contribu-
tion function of the nightside spectrum is at ∼20–80 bars and 2–20
bars respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

5.15 Left panel: The nightside and dayside brightness temperatures are
less different at higher nightside brightness temperatures. The orange
y=x line portrays equal dayside and nightside temperatures. Right
panel: The measured day-night brightness temperature contrast as a
function of nightside pressures suggests that day-night temperature
contrast increases with lower pressure. . . . . . . . . . . . . . . . . . 167
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5.16 Comparison of the binned dayside (dotted red line) and nightside
(solid blue line) SDSS1411-B spectra with field T-dwarfs and WASP-
43 b spectra. The SDSS1411-B nightside spectrum (thick light-blue
line) shows a similar water-band absorption depth with the field T5
dwarf (solid purple line) and lack of strong methane absorption fea-
ture at 1.65µm which is prevalent among T dwarf spectra. The higher
gravity and the steeper temperature gradient of SDSS1411-B causes
the deeper water-band absorption compared to that of the nightside
spectrum of hot Jupiter WASP-43 b (solid orange line). We also plot
the spectra of field T1 and T7 dwarfs in solid green and maroon lines
respectively for reference. . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.17 The isolated brown dwarfs, plotted as colored round dots, manifest
weak color variations in rotational modulations (Lew et al., 2020b);
SDSS1411-B, plotted as black stars, show significant change in J−H
colors as the irradiation varies across the night (faintest MJ), morn-
ing, evening, and noon (brightest MJ) orbital phases. The colored
solid lines are the fitted straight lines to the color-magnitude vari-
ations of each objects. The dash-dotted lines show the semi-major
axis of the fitted ellipses to the color-magnitude variations of two
T dwarfs, GU Piscium b and 2MASS J22282889-431026. The grey
colored dots show the J − H colors and J-band magnitudes of field
L and T dwarfs based on the catalog managed by Dupuy and Liu
(2012). The grey curve shows the evolution from L (upper right) to
T spectral type (bottom left). . . . . . . . . . . . . . . . . . . . . . . 169
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5.18 The analytical estimate of day-night temperature contrast ratio with
rotational periods of 2 hours (dashed brown line) and 3.5 days (solid
brown line) with a fixed drag timescale of 109 seconds. The tempera-
ture contrast ratio of SDSS1411-B, shown in solid black circle, is lower
than the analytical estimate with a period of two hours. The analyt-
ical temperature contrast ratio with the 109 seconds drag timescale
is a lower limit because the temperature contrast ratio increases with
shorter drag timescale. The colored points show the observed day-
night temperature contrast ratio of hot Jupiters listed in Table 2
in Komacek and Showman (2016), including HD 189733b (Knutson
et al., 2009, 2012), WASP-43b (Stevenson et al., 2014), HD 209458b
(Crossfield et al., 2012; Zellem et al., 2014), HD 149026b (Knutson
et al., 2009), WASP-14b (Wong et al., 2015), WASP-19b (Wong et al.,
2016), HAT-P-7b (Wong et al., 2016), WASP-18b (Arcangeli et al.,
2019), and WASP-12 b (Cowan et al., 2012). The temperature con-
trast ratios of hot Jupiters observed at different wavelengths are plot-
ted in different colors and markers. The observed temperature con-
trast ratio of WD-0137-BD (Lothringer and Casewell, 2020), which
is another irradiated brown dwarf, is plotted as a black square. . . . 175

A.1 Top Panel: the ramp-corrected broadband light curves of WISE0047
and that of a reference star are plotted as solid blue circles and dark
grey squares respectively. The reference star’s light curve with a sim-
ilar brightness is flat to ∼ 1% level. The mean uncertainty of the
WISE0047’s photometric points is 0.16%. For WISE0047 and the
reference star, their light curves are normalized to the mean of their
original flux over the six HST orbits. The normalized flux of the
reference star is shifted down by 0.02 for clarity. The four brightest
and the four dimmest photometric points are highlighted in sky blue
color. Bottom Panel: the ramp correction ∆F relative to the cor-
rected flux Fafter is as high as 1-2% in the first orbit and on the order
of sub-percent levels in the subsequent orbits. Note that the ramp
corrections for the reference star and WISE0047 are not the same
because the count rates are different. . . . . . . . . . . . . . . . . . . 185
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A.2 Spectral comparison before and after the ramp correction. The ramp-
corrected spectrum shares the same profile as the original spectrum,
showing that the ramp-correction is mostly wavelength-independent
when the count rate varies by a factor of 2.5 from 30 to 200 e−s−1 per
wavelength bin. In the bottom panel, the fluctuation shown in the
ramp correction is on the same order of magnitude with the photon
noise and is always above zero (the dashed line). . . . . . . . . . . . . 186

A.3 Left panel: the normalized response function (NRF) for the best-
fit truncated cloud model (Ttrc = 1350K, log(g) = 4.0, fsed = 1)
with equilibrium chemistry. The NRF at the Spitzer Channel 1 band
(3−3.9µm, bracketed by two solid red lines) traces flux from a lower
pressure range compared to that at the HST/G141 band (1.1-1.7µm,
bracketed by two dotted green lines) and of the Ks band (2-2.3µm,
bracketed by two orange dashed lines). Right panel: the NRFs
are summed over the Spitzer Channel 1 band, the Ks band, and the
HST/G141 band. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

A.4 The water vapor optical depth becomes about 0.15 at ∼ 10mbar
level in the water band (1.34 − 1.45µm). The color bar indicates
the water-vapor opacity. The yellow, orange and brown dashed lines
represent the pressures at which the water opacity reaches 0.1, 0.2,
and 1 respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

A.5 The Sonora Bobcat evolution model for objects with different masses.
The evolutionary curves are color coded by their logarithmic gravi-
ties. Based on the best-fit effective temperature of ∼ 1200 K from
the spectral fitting and the statistical age for ABDOR moving group
members of about 150Myr, the gravity of WISE0047 is unlikely to be
below log(g) = 3.75, which are plotted as the dark-grey line segments
of the evolutionary curves. . . . . . . . . . . . . . . . . . . . . . . . . 191

B.1 Top: The fitting result of the 3-Moffat model (solid red line) to the
horizontally summed (i.e. sum of pixel count rates from the Column
440-570 in Figure 4.1) pixel count rates (dashed blue line). The three
Moffat profiles are plotted in orange dashed, dotted, and solid lines.
Middle panel: Same as the top panel with zoomed-in view of the
fitting result for the Galaxy. Bottom panel: The residual between
the model and measured count rate ∆C in unit of the observation
noise εc (photon and readout noise). . . . . . . . . . . . . . . . . . . 193



LIST OF FIGURES – Continued

26

B.2 The posterior distribution results from the Markov Chain Monte
Carlo (MCMC) method for a sine wave model on top of a linear slope.
The posterior distribution of the rotational period is degenerate with
other model parameters. . . . . . . . . . . . . . . . . . . . . . . . . . 194

C.1 Comparison of median spectra with different spectral extraction
methods illustrate that the three spectra extracted with different
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ABSTRACT

The properties of clouds is perhaps one of the most crucial factors for correctly in-

terpreting the observed emission and transmission spectra of planetary atmospheres

with a wide range of temperatures, gravities, metallicities, and ages. The large num-

ber of available high-precision spectra of ultracool brown dwarfs provide an ideal

testbed to identify the key physical and chemical atmospheric processes. My re-

search aims to tackle a key missing piece in our current understanding of brown

dwarf atmospheres – What are the possible heterogeneous cloud and atmospheric

structure in brown dwarf atmospheres?

To answer the question, I utilize state-of-the-art Hubble Space Telescope (HST)

Wide Field Camera 3 (WFC3) time-series spectroscopy to study brown dwarf at-

mospheres. Through high-precision time-series spectroscopy, we can simultaneously

probe different atmospheric depths and constrain the heterogeneous cloud structure.

In my first paper (Chapter 2), I report the discovery of a high rotational modulation

amplitude of unusually red L dwarf WISEP J004701.06+680352.1 (WISEPJ0047).

I use a simple sub-micron particle layer to explain the wavelength-dependence in

the 1.1–1.7µm spectral variability. In my second paper (Chapter 3), I use a self-

consistent heterogeneous cloud model that includes disequilibrium chemistry to ex-

plain the time-averaged spectra and spectral variability of WISEPJ0047. The mod-

eling results suggest that a cloud thickness variation of around one pressure scale

height can explain the observed spectral variability. In my third paper, I confirm

the modulation amplitude of a planetary-mass companion GU Piscium b, which is a

mid-T dwarf, and measure the spectral variability over 6 HST orbits. I measure the

J −H color variations of GU Psc b and of other 11 brown dwarfs which have been

observed in the same observational mode. I infer the weak J −H color modulations

among the 12 mid-L to late-T dwarfs as evidence of gray cloud opacity being the
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dominant source of the observed rotational modulation in brown dwarf atmospheres.

In Chapter 4, I present the spectroscopic phase curve of a strongly irradiated brown

dwarf orbiting a white dwarf. I conclude that cloudless atmospheric models can

explain the strong wavelength-dependent day-night spectral variation. Based on

the atmospheric models, I construct the pressure-dependent day-night temperature

contrast of the irradiated brown dwarf in the 2-80 bars range.
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CHAPTER 1

Brown dwarf – a luminous world with exotic clouds

During the formation stage, a brown dwarf accretes mass that is between that of

a star and of a planet. After they are formed, brown dwarfs gradually cool over

time. In the gradually cooling brown dwarf atmospheres, various exotic clouds like

iron, silicate, corundum, sulfide could form as predicted by equilibrium chemistry

models (see Figure 1.1). We expect that these exotic clouds can form in exoplanet

atmospheres with similar temperatures, too. Compared to exoplanets which orbit

bright stars at close proxmity, it is relatively easier to observe the brown dwarf

atmospheres. Because of the similarity in temperature, brown dwarfs are ideal

exoplanet analogs to understand the key physical and chemical processes in the

formation of exotic clouds in exoplanetary atmospheres.

Because of the non-linear cloud radiative feedback and wavelength-dependent

cloud opacity, clouds play an important role in shaping the atmospheric structure

and composition, and affect the corresponding absorption and emission spectra.

However, the formation and evolution of clouds in the diverse exoplanetary and

brown dwarf atmospheres is still not well understood. Understanding clouds is thus

critical for accurate atmospheric characterization of exoplanet and brown dwarf

atmospheres. To date, there are more than five hundred brown dwarfs within 20 pc of

the Sun (Kirkpatrick et al., 2021). The large number of brown dwarfs in the vicinity

allows us to conduct comparative studies among the diverse planetary atmospheres

with different bulk properties like rotation rate, age, temperature, and gravity.

1.1 The central research question

The goal of my thesis is to tackle an outstanding fundamental question of clouds in

brown dwarf atmospheres:
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Figure 1.1: A schematic diagram of possible exotic clouds form in brown dwarf and
Jupiter atmospheres. The figure is originally published in Lodders and Fegley (2006)
and an updated version is published in Burgasser et al. (2009).

“What are the properties of the heterogeneous cloud and atmospheric

structure in brown dwarf atmospheres at different temperatures and ir-

radiation? "

To answer this question, I first utilize HST/WFC3 time-resolved spectroscopy

to study non-uniform cloud distribution and the possible mean cloud particle size

in the atmospheres of a dusty L dwarf in Chapter 2. I further explore the change

in vertical cloud structure and chemical composition in dusty L dwarf atmospheres

in Chapter 2. In Chapter 3, I study the non-uniform cloud distribution of a T

dwarf that is cooler than an L dwarf and conduct a comparative analysis of the

color modulation among brown dwarfs with different temperatures. In Chapter 4,

I study the atmospheric response under varying irradiation of an irradiated brown

dwarf based on spectroscopic phase curve measurement and examine if a cloudless

atmospheric model is sufficient to explain the observed time-series spectra.

1.2 Introduction to brown dwarfs

Brown dwarfs have masses that are too low to sustain nuclear fusion reactions in

their core. Based on this definition, theoretical interior models (e.g., Chabrier and
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Baraffe, 1997; Saumon and Marley, 2008) suggest that the upper mass limit of a

brown dwarf is at around 75 Mjup, the hydrogen-burning limit which decreases with

higher metallicity (Chabrier and Baraffe, 2000). The lower mass limit of brown

dwarfs is less well defined. One commonly used definition is the deuterium burning

limit that is around 12 MJup.

In the absence of nuclear fusion energy, the interior energy budget of a brown

dwarf is set during its formation. After the first few million years in which they could

still be as hot as several thousand Kelvin, brown dwarfs gradually evolve from late-

M (>∼M7), which is the hottest spectral type, to L, T, and eventually to the coolest

Y spectral type1. The brown dwarf evolution from the M to Y spectral types span

over a wide range of temperatures, from around 2500K to 200K or colder. During

the brown dwarf evolution, its radius, which is a function of gravity, contracts from

about 1.3 Rjup (Chabrier and Baraffe, 2000; Saumon and Marley, 2008) at around

0.1Gyr to around one Jupiter radius at an age of 1Gyr or older.

As the temperature of a brown dwarf atmosphere decreases, neutral atoms, gases,

liquids, and solid particles form as predicted by thermochemistry models (Visscher

et al., 2006, 2010). Many of the atoms and molecules (e.g., Na I, K I, H2O,FeH)

formed through these complex atmospheric chemical reactions and phase transitions

become important opacity sources with strong absorption features in the brown

dwarf emission spectra. Kirkpatrick et al. (1999)(hereafter K19) designated the

"L" spectral type for objects cooler than M dwarfs with a weakened TiO and VO

absorption bands features and the appearance of metal hydrides such as CrH and

FeH features at far optical wavelengths. K19 also define spectral class “T" for cool

brown dwarfs with strong methane absorption features in the 1–2.5µm region.

Unlike the L-T transition that is well defined by the prominence of the methane

absorption (Burgasser et al., 2002a), there are no clear spectral features at the T-

Y transition. Cushing et al. (2011) classify WISEP J173835.52+273258.9 (WISE
1Because spectral type classification is based on the observed spectral features and effective

temperatures, it is possible that some of the old stellar objects are classified as late-M and early-L

dwarfs.
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1738+2732) as the Y0 spectral standard based on the narrow width of the J-band

peak that is distinct than that of late-T dwarfs. Kirkpatrick et al. (2012) extend

the Y-dwarf spectral standard by classifying WISE J035000.32-565830.2 as the Y1

standard based on the J-band width that is narrower than WISE 1738+2732. Mace

et al. (2013) construct a narrow J-band index (ratio of median flux in 1.245–1.260µm

over that in 1.260–1.275 µm) for distinguishing late-T and early-Y dwarfs (see Figure

9 in Kirkpatrick et al. 2012).

1.2.1 Definition of clouds

According to Khvorostyanov and Curry (2014), a cloud “represents the large visible

ensembles of drops or crystal suspended in the gaseous atmosphere"; Rossow (1978)

describes clouds or aerosols as “a large number of suspended particles". Unlike in

the Earth atmosphere, where we can distinguish different solid particles such as the

haze, clouds, and dust by their formation processes, in exoplanet and brown dwarf

atmospheres it is challenging to identify the formation path of the solid or liquid

particles based on the observed spectral features.

In brown dwarf atmospheres, “dust” is commonly used to describe the grains

formed through the condensation of gases, such as TiO, VO, in an atmosphere,

especially of early- and mid-L dwarfs. When the dust opacity is optically thin,

it affects the strengths of individual spectral line profiles ; “cloud" is often used to

describe the grains formed through condensation that affect the optical or/and near-

infrared continuum intensity of spectra, especially of late-L and T dwarfs, because

of the significant grain opacity across a broad wavelength range. In my thesis,

I consider both dust grains and clouds in an atmosphere, which are often used

interchangeably, as clouds because they are likely formed through the same physical

process, i.e., the condensation from gas molecules based on thermochemical model

(e.g., Visscher et al., 2006, 2010).
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1.3 Observational Techniques to characterize brown dwarf atmospheric

structure and cloud properties

Here I briefly introduce various important observational techniques that constrain

the cloud and atmospheric structure of brown dwarfs.

1.3.1 Photometry

Photometric observations (e.g., 2MASS (Skrutskie et al., 2006)) of brown dwarfs

measure the band-averaged flux density across a wide wavelength range. The com-

bination of photometry and the distance derived from parallax measurements (e.g.,

Liu et al., 2013; Dupuy and Liu, 2012) enable the estimation of the brown dwarf

luminosity and constrain the fundamental effective temperature (e.g., Golimowski

et al., 2004; Filippazzo et al., 2015). For late-T and Y dwarfs whose emission peak at

mid-infrared wavelengths, mid-infrared photometry by space telescopes (e.g., WISE)

play a key role in their discovery and characterization. The color-magnitude dia-

gram based on photometric and distance measurements is a powerful tool to study

the evolution of atmospheres (see Section 1.3.6) and to identify brown dwarfs with

different metallicities (e.g., see the review of Lodieu (2018)).

1.3.2 Time-averaged Spectroscopy

Time-averaged spectroscopy is useful to constrain the time-averaged atmospheric

state through spectral features. The large database of time-averaged spectra such

as SpeX Prism Library (Burgasser, 2014a) and Montreal Brown Dwarf and Exo-

planet Spectral Library 2 are important to characterize the evolution of atomic and

molecular absorption as a function of temperature, gravity, and age (e.g., Allers and

Liu, 2013a; Martin et al., 2017). Allers and Liu (2013a) establish a quantitative

index to categorize brown dwarf into low, intermediate, and high gravity with the

observed low and moderate resolution spectra. For instance, Stephens et al. (2009)

compare atmospheric models to the time-averaged spectra over 0.9 – 38 µm collected
2http://www.exoplanetes.umontreal.ca/montreal-brown-dwarf-and-exoplanet-spectral-library

http://www.exoplanetes.umontreal.ca/montreal-brown-dwarf-and-exoplanet-spectral-library
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through multiple ground-based and space-based instruments to constrain the grav-

ity, non-equilibrium CO/CH4 chemistry, temperature, and cloud structure. Miles

et al. (2020) use ground-based high-resolution mid-infrared spectroscopy to con-

strain the non-equilibrium abundance of carbon-bearing molecules of cold (<750K)

brown dwarfs and discuss the impact of vertical transport to the abundances of

phosphorus- and nitrogen-bearing molecules using Zahnle and Marley (2014) mod-

els. Space-based mid-infrared spectroscopy (e.g., AKARI Murakami et al. 2007) is

capable of detecting molecular absorption like CO2 that is otherwise highly chal-

lenging, if not impossible, to be detected from ground instruments. These examples

demonstrate the unique observational constraints on the time-averaged atmospheric

composition and properties through time-averaged spectroscopy.

1.3.3 Time-series photometry

Figure 1.2: Left: The retrieved rotationally asymmetric features with Aeolus at
different rotational phases based on the J-band light curve of Luhman 16B. Upper
Right panel: The thick black lines shows the observed broadband light curve with
observational gaps due to the earth occultation. Thin black line shows the modeled
light curve with the retrieved asymmetrical features in the left panel. The red dashed
line shows the fitted light curves with two-spot model. Bottom Right panel: The
residual of the best-fit light curve. The figures are originally published in Karalidi
et al. (2016)

As a brown dwarf rotates, any atmospheric feature that is asymmetrical to the ro-
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tational axis causes the disk-integrated flux varies with rotational phase (see Figure

1.2). By monitoring the rotation-modulated flux variability, time-series photome-

try can therefore probe the heterogeneity of brown dwarf atmospheres. Dedicated

searches of brown dwarf flux variability (e.g. Tinney and Tolley, 1999; Nakajima

et al., 2000; Bailer-Jones and Mundt, 2001; Koen et al., 2004; Artigau et al., 2009;

Radigan et al., 2012; Biller et al., 2013) in the far-optical and near-infrared bands led

to discovery of some of the most variable brown dwarfs, such as SIMP0136 (2MASS

J0136565+093347) (Artigau et al., 2009) and 2MASS J21392676+0220226)(Radigan

et al., 2012). One of the most important results through time-series photometry is

that brown dwarf atmospheres are ubiquitously heterogeneous (e.g., Buenzli et al.,

2014; Metchev et al., 2015). Based on the derived inclination and the compilation of

detected variable brown dwarfs, Vos et al. (2017) report a correlation between the

near-infrared color anomaly (relative to near-infrared colors of field-gravity brown

dwarfs) and the viewing geometry.

1.3.4 High-precision time-series spectroscopy

High-precision time-series spectroscopy method is capable of monitoring rotational

modulations at different wavelengths, which probe different atmospheric depths be-

cause of the wavelength-dependent opacity in brown dwarf atmospheres (see Figure

1.3). One of the important results concluded based on the high-precision brown

dwarf spectra is the weak wavelength-dependence in 1.1–1.7µm rotational modula-

tions of brown dwarfs (e.g., Apai et al., 2013; Lew et al., 2020b). Using 1D radiative

transfer cloud models, Apai et al. (2013) interpreted that the observed modulations

are caused by non-uniformly distributed thick and thin cloud atmospheres.

Simultaneous flux monitoring across different wavelengths also provide unique

observational information on the nature of heterogeneous cloud structure through

the phase offset between the light curves in different bands. Buenzli et al. (2012)

reported a correlation between phase shift and pressure probed in the high-precision

1.1–1.7µm light curve of the late-T dwarf 2M2228. They argue that the phase

shift could be explained by horizontal temperature variations due to the ascent and
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subsidence of gas in a “stacked-cell scenario" (Fletcher et al., 2011) or a combination

of heterogeneous cloud decks with horizontal temperature variation.
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Figure 1.3: An example to show wavelength dependence of the optical depth of an
L dwarf in the 1.1–1.7µm region. The pressure at which optical depth reaches unity
(τ = 1) is approximately equivalent to the pressure from which the emission of brown
dwarf originates. By simultaneously monitoring flux at multiple wavelengths, we can
constrain the vertical atmospheric structure via time-series spectroscopy. The figure
is originally published in Lew et al. (2020a).

1.3.5 Polarimetry

Linear polarization in brown dwarf emission can arise from the oblateness of atmo-

sphere, dust disk surrounding brown dwarfs, and asymmetric surface brightness(e.g.

de Kok et al., 2011; Sengupta and Krishan, 2001; Sengupta and Marley, 2009; Zap-

atero Osorio et al., 2011). Ground-based observations of brown dwarfs (e.g. Ménard

et al., 2002; Zapatero Osorio et al., 2005; Miles-Páez et al., 2013; Millar-Blanchaer

et al., 2020) suggest that the detected linear polarization levels are mostly below one

percent level. Millar-Blanchaer et al. (2020) obtain high-precision polarization of
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0.031± 0.004% for Luhman 16A and 0.010± 0.004% for Luhman 16B and conclude

that the oblate homogeneous atmosphere cannot explain the measured polarization

of Luhman 16A.

Figure 1.4: The linear polarization due to non-uniform cloud distributions and
oblateness plotted in Millar-Blanchaer et al. (2020). The two-band cloud models,
highlighted by the green square, fits well to the observed polarization of Luhman
16AB.

1.3.6 Doppler Imaging with high-resolution spectroscopy

For a brown dwarf that is bright and highly variable, it is possible to map the

heterogeneous atmospheric structure with time-series high-resolution spectroscopy.

Crossfield et al. (2014) use the Doppler Imaging techinique (Vogt et al., 1987) to

reconstruct the cloud distribution of Luhman 16AB from the high-resolution water

and CO lines in the 2.288–2.345 µm region observed with CRyogenic high-resolution

InfraRedEchelle Spectrograph (CRIRES) onboard of Very Large Telescope. The

retrieved features with the Doppler imaging method are sensitive to the assumed

inclination, limb-darkening, and potential atmospheric abundance variation. In par-

ticular, the latitudinal spans of the retrieved Luhman 16B features with the Doppler
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Figure 1.5: The cloud map of Luhman
16B derived from high-resolution spec-
troscopy published in Crossfield et al.
(2014).

Figure 1.6: The fitted brightness con-
trast ratio of Luhman 16B based on the
high-precision rotational modulation light
curve (upper panel); The equirectangu-
lar projection of the cloud map based on
the high-resolution spectra published in
Crossfield et al. (2014). The contour lines
mark the features with signal-to-noise ra-
tio higher than three. The figure is origi-
nally published in Karalidi et al. (2016).

imaging method are at low confidence levels (SNR <3, see Figure 11 in Karalidi

et al. 2016) and should be interpreted with caution. The retrieved atmospheric fea-

tures for Luhman 16B based on high-resolution spectroscopy Crossfield et al. (2014)

and those based on high-precision rotational modulation Karalidi et al. (2016) both

suggest that large dark spots form at low latitudes and bright spots form at high

latitudes, as shown in Figure 1.6.
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1.4 Evidence of clouds in brown dwarf atmospheres

1.4.1 Clouds in late-M and L dwarf atmospheres

In the late 1990s, the observed spectra of late-M dwarfs show spectral features

that are inconsistent with the cloudless stellar atmospheric model spectra, espe-

cially in the water-band region (e.g., Jones and Tsuji, 1997). The discrepancy be-

tween the modeled and the observed late-M dwarf spectra motivates the inclusion of

dust/clouds in the cool stellar atmospheric models. Tsuji et al. (1996a) suggest that

multiple dust species such as corundum (Al2O3), iron (Fe), and enstatite (MgSiO3)

could form in the late-M dwarf atmospheres based on the condensation curve pre-

dicted by chemical equilibrium models (Sharp and Huebner, 1990). Indeed, the

dusty atmospheric models of Tsuji et al. (1996b) provide a better fit to the Spectral

Energy Distribution (SED) and spectrum of M9V LHS2924 and to the spectrum of

L-dwarf GD 165B (Becklin and Zuckerman, 1988; Tinney, 1993; Jones et al., 1994).

Numerous stellar atmospheric models have since be developed to investigate the

impact of dust formation in late-M and L dwarf atmospheres, including DUSTY

Chabrier et al. 2000, AMES-DUSTY Allard et al. 2001, AMES-Settl Allard et al.

(2003), BT-Settl Allard et al. (2012), BT-DUSTY Allard et al. (2012), and DRIFT-

Phoenix Helling et al. 2008b,a; Witte et al. 2009). Leggett et al. (1998) find that

the NEXTGEN-Dusty models (Allard et al., 1998), which include the dust forma-

tion in the atmospheric models, provide a better fit to the gradual reddening in the

J −H and J −Ks colors of L dwarfs across the early-to-late L spectral type in the

color-magnitude diagram. (see Figure 1.7 and 1.8).

The infrared spectrograph of Spitzer Space Telescope (Houck et al., 2004) pro-

vides crucial spectral information at mid-infrared wavelength ranges (∼ 5.2−38µm)

to study the clouds in brown dwarf atmospheres. In particular, Cushing et al.

(2011) utilize the multiple ground-based and space-based observations to construct

the 0.65–14.5µm spectra of 11 L and T dwarfs. They find that L dwarfs 2MASS

J00361617+1821104 (L3.5), 2MASS J2224-0158 (L4.5) and 2MASS J15074769-

1627386 (L5) show tentative spectral features of silicate grains in the Spitzer In-



41

Figure 1.7: One of the first color-
magnitude diagrams that show dusty
atmospheric models (NEXTGEN)
with solar metallicity (the solid line
with the “[m/H= 0+ grains]" an-
notation) provide a better fit than
dust-free models to the reddening of L
dwarfs, whose effective temperatures
are lower than around 2500K. The
filled and opened symbols show data
from Leggett et al. (1998) and Leggett
(1992) respectively while the shapes
represents different kinetic popula-
tions: square (halo), triangle (disk),
circles (unknown).Note that the
secondary y-axis on the right shows
the mass in solar unit. The figure is
originally published in Leggett et al.
(1998).

Figure 1.8: An example of recent
color-magnitudes diagrams that
show the reddening trend of L
dwarfs for both high-gravity and
low-gravity brown dwarfs. Note
that low-gravity L dwarfs (orange
squares) have redder J-K colors
and extend to fainter J-band abso-
lute magnitudes than that of field-
gravity L dwarfs (grey arrows).
The blue line shows the modeled
color-magnitude variations of the
cloudy models Marley et al. 2012.
The figure is originally published in
Liu et al. (2016).
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fraRed Spectrograph/ Short-low (IRS/SL) 6–14µm spectra (see Figure 1.9).

The large number of L-dwarfs with measured proper motions (e.g., Dupuy et al.,

2009; Dupuy and Liu, 2012; Liu et al., 2013; Best et al., 2015) and near-infrared

spectra (e.g., Burgasser, 2014b) provide an opportunity to conduct comparative

study of brown dwarf atmospheres with different ages, gravity, and rotation periods

(e.g., Metchev et al., 2015; Liu et al., 2016; Vos et al., 2017). Many young brown

dwarfs and some field brown dwarfs demonstrate a much redder infrared colors than

that of typical field brown dwarfs (e.g., Marocco et al., 2014, ,see also Figure 1.8).

Hiranaka et al. (2016) find that the dust extinction by sub-micron size particle can

explain the redder color of L dwarfs. Yang et al. (2015) use an ad-hoc varying cloud

layer to explain the observed wavelength-dependence in the high-precision spectral

variability of red L5 dwarf 2MASS J18212815+1414010 and 2MASS J15074769-

1627386. Meanwhile, some L dwarfs demonstrate unusually blue colors, probably

caused by sub-solar metallicity (e.g., Burningham et al., 2010), thin condensate

clouds (e.g., Gonzales et al., 2020), and/or high surface gravity (e.g., Burgasser

et al., 2003).

There are few atmospheric retrieval (e.g., Gonzales et al., 2020) that includes

clouds to retrieve the cloud structure of L dwarfs. Burningham et al. (2017) find

that an optically thick corundum and/or iron cloud layer that are dominated with

sub-micron particles can explain the mid-L dwarfs 0.5-2.5 µm spectra. They argue

that corundum and/or iron instead of silicate is the dominating cloud species based

on the depth of retrieved cloud forming region.

In conclusion, the extensive photometric and spectroscopic observations demon-

strate the reddening effect due to thickening clouds in L-dwarf atmospheres with

lower temperatures. The large population of observed L dwarfs also show a wide

variety in their atmospheric properties, which are excellent for identifying the sec-

ondary factors other than effective temperature that affect the cloud structure. Var-

ious atmospheric studies of L dwarfs suggest that sub-micron cloud particles likely

dominate the dusty L dwarf atmospheres. The state-of-the-art Spitzer LRS obser-

vations show promising signs of directly detecting silicate features at mid-infrared
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Figure 1.9: The upper panel shows the 9-11µm spectral feature of 2MASS 2224 that
cannot be explained by atmospheric model (top black line). The middle panel shows
that absorption efficiency divided by the particle radius of amorphous enstatite
(MgSiO3) and forsterite (Mg2SiO4). The solid, dashed, and dotted lines show the
absorption efficiency at 10µm, 1µm, and 0.1µm respectively. The bottom panel
show the absorption efficiency of crystalline enstatite at different grain sizes. The
figure is originally published in Cushing et al. (2006).
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wavelengths, which will be further examined with the future James Webb Space

Telescope.

1.4.2 Clouds in the L/T transition

As L dwarfs evolve to T dwarfs, their infrared colors (J − H and J −Ks) rapidly

change within a narrow range of effective temperature (∼ 100–200K) (Burgasser

et al., 2002b)(B02). The observed scarcity of brown dwarfs within the L-T transition

suggests that brown dwarfs evolve faster within the L-T transition than outside of

the L-T transition. A recent volume-limited survey (Best et al., 2021) confirms that

brown dwarfs within the L-T transition are intrinsically rare, qualitatively consistent

with the cloud evolution model of Saumon and Marley (2008) that predicts a valley

of brown dwarf population in the L-T transition.

In addition to the rapid color change, B02 find that in addition to the rapid

color change, the J-band flux appears to become brighter (the J-band brightening,

Burgasser et al. 2000; Leggett et al. 2000; Dahn et al. 2002), and the 9896ÅFeH

absorption feature re-emerge from late-L to early-T spectral type. The spectral

characterization of L-dwarf/T-dwarf binary system (e.g., Burgasser et al., 2006b,

2010b) confirms that the J-band brightening is intrinsic instead of the increased

scatter due to different ages and/or surface gravities (Tsuji and Nakajima, 2003).

B02 propose that the rapid color transition, the re-emergence of FeH absorption, and

the J-band brightening can be explained by partial cloud clearing in atmosphere with

an effective temperature of ∼1200K. Other proposed models to explain the rapid

color transition includes decreasing cloud thickness Tsuji (2005), a more efficient

sedimentation (“sudden downpour") (Knapp et al., 2004), patchy clouds and/or

cloud thinning (Saumon and Marley, 2008), and chemical fingering instability of

CH4/CO abundance (Tremblin et al., 2016).

The large sample of photometric measurements and proper motion also show that

the the rapid color change in the L-T transition among low-gravity brown dwarfs

and direct-imaged planets occurs at a lower effective temperature, indicating that

L-T transition could be gravity-dependent (Metchev and Hillenbrand, 2006; Dupuy
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et al., 2009; Bowler et al., 2013; Liu et al., 2013; Liu et al., 2016).

Photometric and spectroscopic monitoring of brown dwarf atmospheres (e.g.,

Tinney and Tolley, 1999; Koen, 2003; Artigau et al., 2009; Radigan et al., 2012;

Apai et al., 2013; Biller et al., 2013; Buenzli et al., 2014; Metchev et al., 2015) pro-

vide another strong evidence of cloud evolution in the atmospheres of brown dwarfs

in the L-T transition. Large-scale flux variability surveys (e.g., Buenzli et al., 2014;

Metchev et al., 2015) substantiate that brown dwarf atmospheres are ubiquitously

heterogeneous. Radigan et al. (2014) finds that the large J-band variability am-

plitude (>2%) are more common among brown dwarfs within the L-T transition

than outside of the L-T transition at > 99.7% confidence. Apai et al. (2013) find

that the weak J − H color changes in the rotational modulations of L/T objects

2M2139 and SIMP0136 are not consistent with the suggested cloud hole scenario by

B02, which predicts a large color change in a heterogeneous atmosphere with patchy

clouds and cloud holes. In addition to the Apai et al. (2013)’s results, subsequent

high-precision time-series spectral observations (e.g Buenzli et al., 2014; Yang et al.,

2015; Manjavacas et al., 2018a; Lew et al., 2020b) find similarly weak color modu-

lations in most, if not all, objects. It is also worth noting that many studies have

found no significant variability differences inside and outside of molecular bands

(e.g., Buenzli et al., 2015a), with one exception reported lately (i.e., Zhou et al.,

2020). The resolved molecular features and the wavelength-dependent variability

amplitudes in time-series spectra are valuable for testing if molecular abundance

varies in brown dwarf atmospheres, which may be relevant in some proposed models

(e.g., thermo-chemical instabiility of CH4/CO by Tremblin et al. 2016).

In summary, the change in the near-infrared color, J-band brightening, re-

emergence of FeH feature, a dip in the brown dwarf population within the L-T

transition, and the relatively high number of objects with large J-band variablity

amplitudes in the L-T transition support that the evolution of cloud structure,

which arguably the only proposed mechanism that can explain most of the observed

phenomena, plays an important role in brown dwarf atmospheres.
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1.4.3 Clouds in T dwarf atmospheres

Gliese 229 B (Gl 229B) Nakajima et al. (1995); Oppenheimer et al. (1995) is

among the first discovered brown dwarfs 3 The discovery of such cool brown dwarf

(Teff ∼1000K, Brandt et al. 2020) motivated the application of planetary atmo-

spheric models to brown dwarf atmospheres. For example, Marley et al. (1996)

modified the atmospheric models (McKay et al., 1989) used for Jovian planets and

Titan and developed a grid of low-temperature cloudless models that ranges from

600–1300K to explain the observed spectrum of Gl 229B. Burrows et al. (1997) de-

veloped Extrasolar Giant Planets (EGP) models with a similar approach to model

the spectra and evolution of brown dwarfs. T dwarfs thus provide an opportunity

to examine the planetary atmospheric models in atmospheres with a wide range of

temperature and gravity.

Thermochemical equilibrium models suggest that the main condensate species

(e.g., MgSiO3, Al2O3, Fe) that likely dominate the opacity in L dwarf atmospheres

sink below the photosphere when the effective temperature falls below 1400K (Mor-

ley et al., 2012, see also the condensation curves in Figure 1.10). Many comparison

of T-dwarf spectra with forward-modeled grid of spectra suggest a thin-cloud or

cloudless atmospehere (e.g., Cushing et al., 2008; Stephens et al., 2009). Mace et al.

(2013) find cloudless and sub-solar metallicity atmospheric model of Burrows et al.

(2006) match well to the K/J and Y/J color diagram of T dwarfs. State-of-the-art

cloudless atmospheric retrieval studies also obtain a good fit to the spectra a lim-

ited wavelength range (e.g., 1-3µm), but less well to the spectra with a broader

wavelength coverage (e.g., 3-15µm). Line et al. (2017) do not find strong evidence

of optically thick clouds based on the atmospheric retrieval results of 11 T-dwarf

1.1–1.7µm spectra.

However, the cloudless atmospheric models (e.g., Phillips et al., 2020) cannot

explain the near-infrared colors of some T dwarfs, especially those with latter T

spectral type. Morley et al. (2012) introduce condensate cloud species including Cr,
3other first discovered brown dwarfs include PII 25 Basri et al. 1996 and Teide 1 Rebolo et al.

1995, see also Basri (2000) for review.
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Figure 1.10: The condensation curves of various condensate species (dashed orange
lines) and nominal temperature-pressure profiles (solid blue lines) of brown dwarfs
with different effective temperature. In the prescription of Ackerman and Marley
(2001); Morley et al. (2012) cloud models, the condensate cloud forms at the pressure
where the condensation curves intersect with the temperature-pressure profile. The
figure is originally published in Marley and Robinson (2015)

MnS, Na2S, ZnS, and KCl and show that the sulfide-cloud model spectra provide

a better fit to the T-dwarf with red near-infrared colors like UGPS J072227.51-

054031.2 and ROSS 458c. Spectral variability of some T dwarfs like GU Piscium

b (Lew et al., 2020b), 2MASS J22282889-431026 Buenzli et al. (2012), and Ross

458c Manjavacas et al. (2019b) also provide evidence that at least some T-dwarf

atmospheres have heterogeneous cloud structure.
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1.4.4 Clouds in Y dwarf atmospheres

The low temperature (Teff < 500K) of Y dwarfs means that their emission flux

peaks at mid-infrared wavelengths and are much fainter than L and T dwarfs at

near-infrared wavelengths because of the significant water and methane absorption.

The mid-infrared space telescopes Wide-field Infrared Survey Explorer (WISE) and

Spitzer played major roles in discovering and characterizing Y dwarf atmospheres

(e.g., Cushing et al., 2011, 2014; Kirkpatrick et al., 2019; Bardalez Gagliuffi et al.,

2020; Meisner et al., 2020a,b; Kirkpatrick et al., 2021)

Atmospheric retrieval by Zalesky et al. (2019) of the Y-dwarfs near-infrared

HST spectra (Schneider et al., 2015) find depletion of gaseous Na and K among Y

dwarfs, indirectly supporting the rainout scenario such that the gaseous alkali atoms

Na and K condense and form molecules, possibly sanidine (KAlSi3O8) and albite

(NaAlSi3O8).

WISE J085510.83-071442.5 (WISE0855) is the closest Y dwarf (Luhman, 2014)

with an effective temperature of around 250K at a distance of 2 pc. Because of

the close distance, WISE0855 is an ideal target for the characterization of Y-dwarf

atmospheres. Faherty et al. (2014) find that the red JMKO - W2 color of WISE0855

is about 2.5-σ redder than the predicted value by cloudless atmospheric models,

inferring as a sign of water clouds in the atmosphere under the assumption of solar

metallicity and equilibrium chemistry. Skemer et al. (2016) obtain theM band (4.5-

5.2µm) spectrum WISE0855 and report no detection of phosphine (PH3), which is a

signature of non-equilibrium chemistry in the Jupiter atmosphere that has a slightly

cooler temperature of ∼ 130K. Morley et al. (2018) also find the lack of phosphine

feature in the L-band (3.4-4.14µm) spectrum, and find that the atmospheric model

with low metallicity, low C/O ratio, and clouds better fit to the L and M -band

spectrum. They suggest that a deep continuum opacity source (e.g, NH4H2PO4)

could explain the fainter-than-expected near-infrared flux.

Photometric monitoring of Y dwarfs also support the presence of heterogeneous

clouds in Y-dwarf atmosphere (e.g., Cushing et al., 2016; Leggett et al., 2016).
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Esplin et al. (2016) find that only 1% of rotationally asymmetric clouds is required

to explain the observed peak-to-peak 3.5 and 4.5µm band variability amplitudes of

WISE0855 over 12 hours baseline.

1.5 Fundamentals of radiative transfer

The radiative transfer equation describes the energy balance when a beam of ra-

diation travels through a volume of gas parcel, or liquid/solid material. We define

specific intensity as the flux of energy E in a given direction Ω̂ per second s per unit

frequency ν per unit solid angle ω per unit area A to the given direction at point ~x:

E(~x, ν, Ω̂) = I(~x, ν, Ω̂) dAdω dν dt (1.1)

When the atmosphere is in a steady state, the time-independent change in the

specific intensity of the beam in the direction n over an infinitesimal path ds is:

dI(~x, Ω̂, ν)

ds
= −κ(~x, ν)I(~x, Ω̂, ν) + ε(~x, Ω̂, ν) (1.2)

where κ(~x, ν) is the extinction coefficient ; ε(~x, Ω̂, ν) is the emissivity of the gas

parcel at location ~x.

If the latitudinal and longitudinal dependence of the specific intensity is negli-

gible, i.e., the intensity is symmetric around z-axis (∂I/∂x = ∂I/∂y = 0) and the

atmospheric depth of interest is much smaller than the planet radius, we can sim-

plify the equation with plane-parallel approximation to a 1-D differential equation

over the altitude z:

µ ≡ dz

ds
= cosθ (1.3)

µ
dI(z, µ, ν)

dz
= −κ(z, ν)I(z, µ, ν) + ε(z, ν) (1.4)

1.5.1 Extinction Coefficient, absorption, and scattering

The extinction coefficient describes the absorption and scattering of an incoming

beam from a particle

κ(z, ν) = α(z, ν) + σs(z, ν) (1.5)
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where α(z, ν) is the absorption term that describes the removal of energy from

the beam, while σs(z, ν) is the scattering term that describe the change in the

direction between the incoming beam and outgoing beam due to the electromagnetic

interaction between the beam and the particle. Absorption coefficient is isotropic,

meaning that it is independent of the direction of incoming beam.

For the absorption coefficient α, which is in unit of m−1, we can also express it

in terms of number density n and cross sections σ. We replace the altitude z with

temperature T and pressure P in an atmosphere, which are intrinsic variables for

the number density:

α(T, P, ν) = n(T, P )σ(T, P, ν) (1.6)

The absorption coefficient of multiple gas species is then the sum of absorption

coefficient of individual gas species.

1.5.2 Optical depth

To understand the altitude or pressure from which the radiation is emitted, it is

useful to first introduce the concept of mean free path and optical depth. Mean free

path is the scalar lengthscale that a photon or a particle travels before it is absorbed

or scattered; Optical depth is a dimensionless distance scale that is defined as the

integral of extinction coefficient over the travel path dz of the radiation beam:

dτ(z, ν) ≡ −κ(z, ν)dz

τ(z, ν) = −
∫ zmax

z=0

κ(z, ν)dz =

∫ z=0

zmax

κ(z, ν)dz

where τ is has the opposite sign of z because conventionally τ = 0 at the top of

atmosphere and increases with lower altitude.

Based on the definition dτ = −κdz, we can also rewrite Equation 1.4 as

µ
dI(τ, ν)

dτ
= I(τ, ν)− ε(τ, ν)

κ(τ, ν)
(1.7)

where the last term, ε/κ is known as source function. If the source function is equal

to zero, then the specific intensity is just a simple function of τ :

I(τ = 0, ν) = I(τ, ν)e−τ (1.8)
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such that the intensity at the top of atmosphere I(τ = 0, ν) exponentially decreases

with higher optical depth τ given the same initial intensity I(τ, ν). The exponential

decay of intensity in the absence of source function is also known as “Beer-Lambert

Law".

1.5.3 Emission coefficient

Under the plane-parallel and axial symmetry assumptions, the general form of the

emission coefficient in equation 1.4 can be decomposed into a thermal emission term

and a scattering emission term:

ε = εtherm + εscat (1.9)

When the collisional process dominates over the radiative process (e.g., photoion-

ization, photoexcitation), the ratios of the level populations of atoms and molecules

follow closely the Maxwell-Boltzmann distribution. In this case, local thermady-

namic equilibrium (LTE) is a good approximation to describe the transition between

two different levels. In LTE, the emissivity ε is equivalent to the absorptivity α by

Kirchoff Law:

ε(τ, ν) = α(τ, ν)I(τ, ν) = α(τ, ν)B(τ, ν) (1.10)

In the absence of scattering term in the emission coefficient, the source function is

thus equivalent to blackbody radiation:

S =
ε(τ, ν)

κ(τ, ν)
=
α(τ, ν)B(τ, ν)

α(τ, ν)
= B(τ, ν) (1.11)

Scattering term

The scattering term in the emission coefficient involves the direction of the incoming

and outgoing beams:

ε(τ, µ, ν) = σ(τ, ν)
1

4π

∫ 2π

0

∫ 1

−1

P (µ, φ;µ′, φ′)I(τ, µ′, ν)dµ′dφ′ (1.12)

where σ(τ, ν) is the cross-section of scattering, P (µ, φ;µ′, φ′) or P(Θ)is the scattering

phase function that describes the change in direction of the incoming beam at µ′

and angle φ′ and the outgoing beam at µ and angle φ.
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One useful term in radiative transfer modeling is the single scattering albedo ω0,

which is the ratio of scattering coefficient over the extinction coefficient:

ω0 =
σs(z, ν)

κ(z, ν)
(1.13)

With the definition, it is common to rewrite the source function in the following

way:

S(τ, ν) = (1− ω0)B(τ, ν) + ω0
1

4π

∫ 2π

0

∫ 1

−1

P (µ, φ;µ′, φ′)I(τ, µ′, ν)dµ′dφ′ (1.14)

When scattering albedo is zero, the source function is simply a Planck function;

when scattering albedo is close to one, the atmospheric layer mostly scatters light,

has little contribution from the thermal emission, and has negligible absorption.

1.5.4 Mie scattering, Rayleigh scattering, Geometric scattering

The phase function can be expressed by scattering angle Θ = Ω̂ · Ω̂′, which is the

dot product of the incoming beam angle and the outgoing beam angle. The cosine

of the scattering angle is thus

cos(Θ) = cos(θ′)cos(θ) + sin(θ′)sin(θ)cos(φ′ − φ) (1.15)

One of the most common functions to describe the phase function is Mie theory,

which is an analytical solution of Maxwell equations for spherical particles that

depends on the refractive index m and size parameter 2πr
λ
, where r is the radius of

particle and λ is the wavelength. There are two limiting regimes based on the the

size parameter and refractive index:

• 2πr
λ
<< 1, any m: Rayleigh scattering as the particle size is much smaller than

the wavelength of photon. In this case the phase function is an analytical

function:

P (Θ) =
3

4
(1 + cos2(Θ) (1.16)

• 2πr
λ
>> 1, real m: Geometric scattering as the particle size is much larger than

the wavelength of photon. In this case, the phase function is roughly equal
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to the outcome of geometric optics, which is a combination of reflection, re-

fraction, and transmission when a group of uniformly spaced light rays travels

through a particle whose radius is much larger than the wavelength of lights.

We can study the averaged outcome of a scattering event based on the asymmetry

factor g, which is defined as

g =
1

2

∫ 1

−1

P (cos(Θ))cos(Θ)d(cos(Θ)) (1.17)

g


> 0 forward scattering (Θ < π/2)

= 0 isotropic scattering

< 0 backward scattering (Θ > π/2)

(1.18)

1.5.5 Hydrostatic equilibrium and scale height

When the gravity force is balanced out by the atmospheric pressure in the absence of

other force like atmospheric advection, the atmosphere is in hydrostatic equilibrium:

dP

dz
= −ρg

Based on ideal gas law, P = ρRT , so

dP

dz
= − P

RT
g

dP

P
= − g

RT
dz∫ P

P0

dP

P
= −

∫ z

z0

g

RT
dz

P = P0e
−(z−z0)g

RT

or

P = P0e
−(z−z0)

H ;H ≡ RT

g
=
kT

µg

where the pressure decreases by a factor of e over the pressure scale height H, which

is a function of temperature, mean molecular weight µ, gravity g, and Boltzmann

constant k.
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1.5.6 Contribution Function

For an atmosphere that is in LTE with no scattering, we can simplify the radiative

transfer equation with Planck function Bν as the only source term:

Iν(τ = 0) = Bν(τsurf )e
−τsurf/µ +

1

µ

∫ 0

τsurf

Bνe
−τ/µdτ (1.19)

For a gas giant atmosphere with no surface, the first term is equal to zero because

τsurf −→∞:

Iν(τν) =
1

µ

∫ 0

∞
Bνe

−τ/µdτ (1.20)

Iν(τν) =

∫ 0

∞
W (P )d lnP (1.21)

W (P ) = e−τ/µ
dτ/µ

d lnP
(1.22)

where W (P ) is the weighting function for the emission at a pressure P . We can

define the contribution function CF as:

CF (P ) = Bνe
−τ/µ dτ

d lnP
(1.23)

The relative contribution function, CF (P )ν / (Σ0
P=∞CFν(P )) is thus a measure

of the relative amount of emergent flux that originates from pressure P at a given

frequency ν. There are many different approaches to calculate the contribution

function (Magain, 1986). In my research (e.g., Lew et al., 2020a), I approximate the

calculation of the contribution function with the response function, which measures

the change in emergent spectrum due to the perturbation of a quantity (i.e., tem-

perature) of each layer at a given wavelength. I refer readers to Magain (1986) for

the different mathematical forms of contribution functions used in other literature

and of response function. More details of radiative transfer process in atmosphere

can be found in (Seager, 2010; Pierrehumbert, 2010; Lavega, 2011).
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Figure 1.11: A schematic diagram of cloud microphysical processes by Helling
(2019).

1.6 The fundamentals of cloud microphysics

The bulk properties of clouds, including cloud forming regions, particle-size distri-

butions, and the vertical extents, are the results of a series of physical and chemical

processes in an atmospheres, as shown in Figure 1.11.

Here I summarize the physical picture of the cloud microphysical process based

on Rossow (1978), Khvorostyanov and Curry (2014), Helling and Fomins (2013), and

Woitke and Helling (2003). In this thesis I focus on the formation of condensate

clouds in brown dwarf atmospheres and assume the condensate cloud particles are

in local thermal equilibrium with gas.
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1.6.1 Homogeneous and heterogeneous nucleation

When the vapor pressure of a gas species exceeds the saturation vapor pressure,

which is the maximum vapor pressure that attains chemical equilibrium with the

liquid of the same gas species at a given temperature, the vapor becomes super-

saturated. The supersaturation ratio S is the ratio of the gas vapor pressure over

the saturation vapor pressure. The phase transition between a saturated vapor and

liquid droplets occurs when the net energy change of the gas-to-liquid phase tran-

sition is negative. For supersatured vapor, the phase transition from gas to liquid

phase results in a negative change of chemical potential. However, the formation

and expansion of the liquid-gas interface requires surface energy (or surface tension),

which is the work done against the cohesive force between the liquid molecules at

the liquid-gas interface. Nucleation process, which is the phase transition from gas

to liquid, is favored when the decrease of chemical potential is greater than the

required surface energy to form the liquid-gas interface.

There are two main types of nucleation processes: homogeneous and heteroge-

neous nucleation. I first discuss the simplest case, the homogeneous nucleation, for

which the phase transition involves only a single species molecules. Qualitatively,

the homogeneous nucleation is more favorable (negative energy change) at higher

saturation ratio, higher temperature, lower surface energy, and for particles with

smaller molecular volumes.

During heterogeneous nucleation, the solid particles existing in the atmosphere

act as the seeds for nucleation. In this case, there are three interfaces (and surface

tension) – solid-liquid (σNl), liquid-vapor (σsl), and solid-vapor (σNv), as shown in

Figure 1.12. The angle between the σNl and σNl, which is known as contact angle,

is a useful parameter to describe the balance between the three surface tension. The

cosine of contact angle is called the wetting coefficient mlv:

wetting coefficient mlv = cos(θNl) = (σNv − σNl)/σlv (1.24)

The energy change of heterogeneous nucleation is similar to that for homogeneous

nucleation, except that there is an additional geometric factor involving the wetting
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Figure 1.12: Illustration of contact angle for heterogeneous nucleation. The figure
is originally published in Khvorostyanov and Curry (2014)

coefficient f(mlv):

f(mlv) =
m3
lv − 3mlv + 2

4
(1.25)

∆Ehetero = ∆Ehomo × f(mlv) (1.26)

(1.27)

I refer readers to the Chapter 9 of Khvorostyanov and Curry (2014) for the detailed

derivation of the equation. Based on the equation, there are three scenarios for

heterogeneous nucleation:

• When contact angle θNl → 0, f(mlv) = 0, the surface is hydrophillic (com-

pletely wettable) and the energy barrier is equivalent to zero.

• When contact angle θNl → π
2
, f(mlv)=1, the surface is hydrophobic (non-

wettable).

• When contact angle θNl →-π
2
, f(mlv)=1, the surface is completely hydrophobic

(non-wettable) and the liquid has the shape of sphere. The energy change is

the same as that for homogeneous nucleation.

Note that the energy change of heterogeneous nucleation is equal or smaller than

that for homogeneous nucleation, so heterogeneous nucleation is always preferred

than homogeneous nucleation if seed particles are present.

In Earth’s atmosphere, aerosol and dust are common seed particles and hence

heterogeneous nucleation is preferred. In brown dwarf atmospheres, models from
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Figure 1.13: Kinetic cloud modeling results show that the most effective nucleation
occurs at supersaturation ratio above unity in brown dwarf atmospheres. The figure
is originally published in Helling and Fomins (2013).

Helling and Fomins (2013) suggest that TiO2 is a favored source of cloud condensa-

tion nuclei formed through homogeneous nucleation over other possible condensate

species like Al2O3, SiO and Fe. Kinetic modeling results for brown dwarf atmo-

spheres show that efficient nucleation may not occur exactly at where the supersat-

uration ratio reaches unity, but at the pressure at which the supersaturation ratio

exceeds unity.

1.6.2 Growth and evaporation of cloud particles

After the nucleation process, a cloud particle grows when the supersaturation ratio

Sr is larger than unity, and shrink through evaporation when Sr is lower than unity.

Cloud particles grow through either interaction with vapor molecules or other cloud

particles. I hereby provide a qualitative picture of the key processes in the growth

of cloud particles.
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There are three useful parameters for identifying important physical processes

for the growth of cloud particles – The Knudson, Reynold, and Stokes numbers:

• Knudson number (Kn ≡ λmfp/a) is defined as the ratio of the mean free

path λmfp of gas over the diameter a of cloud particles. When Kn � 1,

the interaction between the particle and gas flow is well described by fluid

mechanics (free-flow regime); When Kn � 1, the gas-particle interaction is

better be described by Maxwell-Boltzmann statistics (viscous regime). The

intermediate regime can be approximated by introducing a correction factor

called Cunningham correction factor.

• Reynold number (Re ≡ (2ρav)/η) is defined as the ratio of the inertia of a fluid

over the viscous drag force η. When Re� 1, the inertia of the fluid dominates

the flow,it is also called Stoke regime or laminar flow; When Re � 1, the

viscous drag force dominates the fluid motion. This is also known as turbulent

regime.

• Stokes number (St ≡ dstop/a) is defined as the ratio of the stopping distance

of a cloud particle due to frictional drag over the particle’s diameter a. When

St � 1, the stopping distance is long so the particle’s own inertia dominates

its motion; When St � 1, the stopping distance is short so the fluid drag

dominates the particle’s motion. The particle motion is coupled to the fluid

in this case.

Gas-particle interaction: Condensation and evaporation

In the free-flow regime (Kn � 1), the condensation depends on the particle-gas

reactions. The condensation rate depends on the reaction coefficients of both forward

and backward reactions and the relative velocity between gas and cloud particles

(see equation 5.76 in Helling and Fomins 2013). The growth rate of the cloud

particle is also affected by a sticking coefficient that is related to the surface chemical

process between vapor and cloud particles. The condensation can occur within the
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same or different molecules, allowing the formation of “dirty grain" which comprises

different condensate species. For pure evaporation, which involves only single species

(Bliquid → Bgas), the process is spontaneous and is independent of the gas-particle

relative velocity.

In the viscous regime (Kn� 1), the mean free path of gas is much smaller than

the size of cloud particles and the condensation can be treated as a diffusion process.

The condensation rate is therefore proportional to the density gradient of vapor. In a

turbulent flow (Re� 1), the growth of cloud particles is further increased because

of the convective velocity, depending on the Reynold number. The factor of the

increased condensation rate is also known as the ventilation factor (Mason, 1971).

Particle-particle interactions: Coagulation and Coalescence

In addition to condensation, cloud particles also grow through collisions among each

other. The collisions between cloud particles depend on the random motion of par-

ticles due to kinetic energy, atmospheric advection, and also the gravity. Following

the definition in Rossow (1978), I define coagulation as the collision due to brown-

ian motion of particles and coalescence as the collision due to the difference in the

particle-size dependent sedimentation velocity. In the free molecular flow regime

(Kn � 1), the coagulation due to Brownian motion is equivalent to the random

work motion of diffusion (Rossow, 1978). In the diffusive regime and for particles

with high Stokes numbers, the collision rate between particles can be estimated

with the Maxwell-Boltzmann velocity distribution. The sedimentation velocity of

particles depends on the frictional drag, Reynold number, gravity, and the cross sec-

tion of cloud particles. In general, the sedimentation velocity increases with higher

gravity, larger particle size (more massive), higher density of particle, and with less

frictional drag. The sedimentaion velocity, or terminal velocity, is different between

regime (i.e., different Kn and Re) so different drag coefficients and correction factor

(e.g., Cunningham factor) are used to model the sedimentation velocity. In addition,

cloud particle’s porosity and shape also affect the sedimentation velocity and the

maximum particle size before breaking into smaller particles when settling.
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1.6.3 Elemental Replenishment

The lifetime of cloud particles in the cloud-forming region is limited by the sedimen-

tation timescale in the absence of atmospheric advection, convection, and diffusion.

These physical processes are crucial to replenishing the atoms or molecules depleted

by cloud formation and mix particles at different altitudes. In the viscous regime,

the replenishment due to diffusion is a function of Stoke number such that a smaller

particle (St� 1) is easier to be transported through gas diffusion than larger par-

ticles (St� 1).

1.7 Ackerman and Marley (2001) cloud model

In my thesis, I use the Ackerman and Marley (2001) atmospheric models for in-

terpreting the observed spectra and spectral variations. In this section, I briefly

summarize the key assumptions and the modeling approach of the 1D cloud model.

In the 1D Ackerman and Marley (2001) model, the cloud base forms at where

the condensation curve intersects with the temperature-pressure profile.

qc(z) = max[0, qv(z −∆z)− (Scloud + 1) qs(z)]

where qc(z) and qs(z) are the mixing ratios (mole fraction of condensate relative to

atmosphere) of condensates and saturated vapor at altitude z respectively, qv(z−δz)

is the condensate’s vapor pressure at altitude z −∆z, where ∆z is model’s altitude

resolution; Scloud is the supersaturation ratio after the condensation of vapor. By

solving the condensate mixing ratio of each cloud species separately, the AM01

model assumes no interactions between different condensate cloud particles.

Given the boundary condition below the cloud base where qc = 0, the AM01

model solves the condensate flux balance between upward (turbulent mixing) and

downward (sedimentation) motions:

−Kzz
∂qt
∂z
− fsedw

∗qc = 0 (1.28)

where Kzz is the eddy diffusion coefficent, which is an approximation of dynamical

mixing with the diffusion process; w∗ is the convective velocity; fsed is the ratio of
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mass-weighted droplet sedimentation velocity to the convective velocity w∗. As one

of the most important free parameter in the AM01 model, fsed controls the vertical

extents of the cloud structure (model with a lower fsed has a thicker cloud).

In the AM01 model, the Kzz is assumed to be proportional to the convective

heat flux and turbulent mixing length L. The mixing length L is assumed to be

equal to the pressure scale height H in convective zone. In the radiative zone, the

mixing length is scaled down by the ratio of temperature gradient dT/dz = Γ over

dry adiabatic lapse rate Γadiab with a minimum limit of mixing lengscale Λ :

L = Hmax(Λ,Γ/Γadiab)

The cloud model assumes a log-normal particle size distribution with a standard

deviation of σ as free parameter. The sedimentation velocity is assumed to be a

power-law function of particle radius.

The main free parameters in the cloud model include fsed, the standard deviation

of particle-size distribution σg, supersaturation ratio S, the minimum Kzz,min, and

the minimum mixing length limit Λ. Qualitatively, a higher fsed value lead to an

optically thinner cloud, lower cloud scale height, and a bigger mean (area-weighted)

particle size. A lower supersaturation ratio (after condensation) shifts the cloud-

forming region to a higher altitude and suppresses the cloud column mass.

1.8 Atmospheric dynamics

There are multiple lines of observational evidence that supports the presence of

atmospheric circulation in brown dwarf atmospheres. First, global atmospheric cir-

culation is a natural explanation to the non-uniform cloud distribution inferred from

the detected photometric and spectroscopic variability (e.g., Morales-Calderón et al.,

2006a; Artigau et al., 2009; Apai et al., 2013; Biller et al., 2013; Buenzli et al., 2014;

Yang et al., 2015; Karalidi et al., 2016; Zhou et al., 2016; Vos et al., 2017; Manjavacas

et al., 2018a). Second, the observed chemical composition in brown dwarf spectra de-

viates from the expected abundance (e.g., Saumon et al., 2006) based on equilibrium

chemistry model, suggesting that the dynamical mixing timescale is shorter than the
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chemical reaction timescale. The short dynamical timescale implies enhanced mix-

ing, which is likely caused by atmospheric advection. The inferred upper limit of

dynamical mixing timescale based on non-equilibrium chemistry model suggest that

vertical transport is important in brown dwarf atmospheres (e.g., Griffith and Yelle,

1999; Barman et al., 2011; Zahnle and Marley, 2014). Third, the reddening among

L dwarf spectra is most likely caused by the presence of cloud particles (Chabrier

et al., 2000; Tsuji, 2002) in the photosphere. The cloud particles in the photosphere

of L dwarfs will gravitationally settle and be removed from the photosphere in the

absence of upward transport. These observational evidence demonstrate that at-

mospheric dynamics plays a significant role in the cloud formation in brown dwarf

atmospheres.

In contrast to Solar System planets and most exoplanets, the internal energy,

rather than the irradiation, dominates the energy budget for atmospheric circulation

in the atmospheres of brown dwarfs. Most brown dwarfs have rotation periods over a

few to tens of hours (e.g. Metchev et al., 2015). Therefore, brown dwarf atmospheres

provide a unique laboratory to test the atmospheric dynamics models in planetary

atmospheres with fast rotation and dominated by internal energy budget.

One useful physical parameter to study the qualitative nature of atmospheric

flow is Rossby number Ro, which is the ratio of advective and Coriolis acceleration:

Ro = U/(ΩL) (1.29)

where U is the characteristic wind speed, Ω is the rotation rate, and L is the char-

acteristic lengthscale of the atmospheric flow. For typical brown dwarfs rotation

periods of several hours, the Rossby number is much less than one and rotation

dominates the atmospheric flow. A low Rossby number (Ro � 1) implies that the

Coriolis force dominates over vorticity in the momentum equation and is balanced

by the pressure gradient force (see Showman and Kaspi 2013 for example).

2D radiation-hydrodynamics simulations Freytag et al. (2010) demonstrate that

the overshooting velocity above convection zone drop sharply and the gravity-wave

induced mixing is strong enough to prevent dust grain from settling. Global 3D
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simulation Showman and Kaspi (2013) show that the the interaction between con-

vective zone and stratified layer can lead to equator-to-pole temperature difference

and atmospheric waves in the stratosphere. Showman et al. (2019) show that jets

likely form in brown dwarf atmospheres. The jets are confined in the equatorial re-

gion under strong frictional drag or radiative damping (short cooling timescale) and

a banded structure that extends to high-latitude region form under weak radiative

damping and frictional drag. These studies suggest that large-scale horizontal wind

speed of several tens to hundreds ms−1 are plausible in brown dwarf atmospheres,

which have been tentatively measured for two objects by Allers et al. (2020). The

simulated multiple jets or wave dynamics are also qualitatively consistent with the

planetary-scale waves inferred from the observed long-term light curve evolution

(e.g., Apai et al., 2017, 2021).

In addition to the wealth of vertical mixing and jet formations shown in the sim-

ulations, recent studies also explore the interaction between cloud and atmospheric

dynamics. Tan and Showman (2019a) shows that passive clouds that follow the

atmospheric circulation but do not interact with the winds (no cloud radiative feed-

back) lead to a non-steady state of cloud structure that changes on timescale 1–30

hours. Tan and Showman (2020) shows that inclusion of cloud radiative feedback

that is self-consistent to the temperature-pressure profile leads to a non-steady state

of atmospheric structure that varies on a timescale of a few hours even in the ab-

sence of global atmospheric circulation, rotation, and the radiative-convective zone

interaction. Because the growth of cloud destabilizes the atmospheric regions above

the cloud top, the positive feedback leads to further growth of the cloud top while

the increasing upward heat flux suppresses the replenishment of condensate in the

cloud base region. As a result, the cloud collapse and repeat the unsteady cloud

formation.

In Tan and Showman (2020) study, they further confirm the positive feedback

in the cloud growth by including the interaction between cloud-free and cloudy at-

mospheric column. They demonstrate that the non-steady state leads to a complex

and time-varying structure. A more realistic simulation that includes the interac-
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tion between cloud-free and cloudy region suggest that the difference in the outgoing

emission between cloudy and cloud-free atmospheric column leads to a stochastic

turbulent equilibrium over multiple rotational timescale and the vortex could reor-

ganized to form a structure with a spatial scale comparable to Rossby deformation

radius.
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CHAPTER 2

Cloud Atlas: Discovery of Patchy Clouds and High-amplitude Rotational

Modulations in a Young, Extremely Red L-type Brown Dwarf

This chapter was originally published as Lew et al. (2016).

2.1 Introduction

Condensate clouds influence the colors, spectra, atmospheric structure, and evo-

lution of brown dwarf and giant exoplanets. The physics of grain formation and

cloud evolution are perhaps the least understood major factors in ultracool atmo-

sphere models. Large numbers of comparative spectroscopic studies (e.g., Burgasser,

2014a) and variability surveys (e.g., Metchev et al., 2015; Radigan et al., 2014;

Buenzli et al., 2014; Wilson et al., 2014; Heinze et al., 2015) of brown dwarfs have

provided important insights into the properties and effects of clouds. Each brown

dwarf, however, has a unique set of the fundamental atmospheric parameters (e.g.,

composition, mass, surface gravity, age, cloud properties, temperature, vertical mix-

ing and perhaps even rotation), whose effect on the spectra are degenerate. This

has made it difficult to isolate the effects of clouds from those of other parameters

(e.g., Looper et al., 2008; Stephens et al., 2009). Atmospheric models incorporating

condensate cloud structures predicted observable brightness variations in rotating

objects if the cloud properties are heterogeneous (e.g., Ackerman and Marley, 2001)

and motivated an almost decade-long search for varying brown dwarfs (e.g., Martín

et al., 2001; Clarke et al., 2002; Koen, 2003; Bailer-Jones and Lamm, 2003; Maiti

et al., 2005; Morales-Calderón et al., 2006b; Littlefair et al., 2008; Goldman et al.,

2008; Clarke et al., 2008; Bailer-Jones, 2008). Modern systematic infrared precision

surveys resulted in the first large-amplitude variable brown dwarf detections (e.g.,

Artigau et al., 2009; Radigan et al., 2012; Biller et al., 2015) and recent rotational
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phase studies have enabled using these objects as probes of different cloud struc-

tures. In particular, HST near-infrared time-resolved spectroscopy has revealed that

the rotational phase modulation’s amplitude has no or only mild wavelength depen-

dence (Apai et al., 2013; Buenzli et al., 2015b; Yang et al., 2015). The observed

photometric and spectroscopic modulations in L/T transition objects have been

explained with cloud thickness and temperature variations (Artigau et al., 2009;

Radigan et al., 2012; Apai et al., 2013; Burgasser et al., 2013; Biller et al., 2013);

and in L5-dwarfs evidence was found for high-altitude hazes (Yang et al., 2015). A

key difference between the variability seen in L/T and L dwarfs is the significant

reduction (2x) in the 1.4 micron water-band variability amplitude in L/T dwarfs

and not in L-dwarfs, a probable indicator of high-altitude dust in L-dwarfs (Yang

et al., 2015). These studies showed that, in essence, by measuring the amplitudes in

and out of the water band it is possible to determine the pressure at which clouds

reside.

The extremely red colors seen in a few brown dwarfs (both young and older) and

in some directly imaged exoplanets suggests that these objects may have exception-

ally dusty atmospheres (e.g., Knapp et al., 2004; Looper et al., 2008; Barman et al.,

2011; Marocco et al., 2014; Hiranaka et al., 2016; Allers et al., 2016). Although an

attractive possibility, non-equilibrium chemistry (e.g., Saumon et al., 2003; Trem-

blin et al., 2016), metallicity (Looper et al., 2008) and other effects may also play

a role in these unusual atmospheres. The apparently diverse age (e.g., Kirkpatrick

et al., 2010) of these extremely red objects also raises questions on the origins of the

purportedly dusty atmospheres.

Our Hubble Space Telescope (HST) Large Treasury program Cloud Atlas (PI:

D. Apai, GO14241) is studying the impact of surface gravity on the vertical struc-

ture of condensate clouds via rotational phase mapping of low (log g 6 4.0) and

intermediate-gravity (4.0 < log g < 5.0) brown dwarfs and exoplanets. The obser-

vations are divided into two phases for each target: a 2-orbit Variability Amplitude

Assessment Survey (VAAS) and follow-on with detection, 6-orbit Deep Look Obser-

vations (DLO). The results of the VAAS observations are used to prioritize targets
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for DLO studies.

Here we present the first results from the Cloud Atlas program, the discovery

of high peak-to-peak amplitude (>8%) rotational modulations in an extremely red

and young 20 MJup brown dwarf. In this Letter we first discuss the properties of

our target, followed by a brief summary of the data reduction and analysis, our key

results, and a concise discussion of the relevance of the discovery.

2.1.1 WISEP J004701.06+680352.1

WISEP J004701.06+680352.1 (hereafter W0047) was discovered by Gizis et al.

(2012) as an extremely red (2MASS J-Ks= 2.55) L-type brown dwarf. Following

the Allers and Liu (2013b)’s spectroscopic classification system Gizis et al. (2015)

(hereafter G15) identified it as a L6.5-type intermediate-gravity brown dwarf. Based

on comparison to state-of-the art atmospheric models (Ackerman and Marley, 2001;

Marley et al., 2002; Madhusudhan et al., 2011; Tsuji, 2002) Gizis et al. (2012)

explained the extremely red color of W0047 due to an exceptionally thick atmo-

spheric cloud layer. G15 also measured its parallactic distance (d = 8.06±0.04 pc)

and proper motion, concluding that it is associated with AB Dor moving group

with 99.96% probability according to BANYAN II model of the solar neighborhood

(Gagné et al., 2014). This moving group membership constrains the age of W0047

to ∼ 100− 125 Myr (Luhman et al., 2005; Barenfeld et al., 2013). G15 also found a

radial velocity of v sin i = 4.3±2.2km/s. With a well-determined age, parallax, and

high-quality spectra W0047 is among the best-characterized nearby brown dwarfs;

comparing its luminosity and temperature to evolutionary models by Burrows et al.

(1997) and Chabrier et al. (2000) G15 also estimated the mass of W0047 to be

18–20MJup and its radius to be 1.17–1.24RJup.

As one of the reddest known L dwarfs (e.g., PSO J318.5338-22.8603 (Liu et al.,

2013), 2M1207b (Chauvin et al., 2004), WISEA J114724.10-204021.3 (Schneider

et al., 2016), 2MASS J11193254-1137466 (Kellogg et al., 2015), ULAS J222711-

004547 (Marocco et al., 2014)), W0047’s young age with intermediate surface gravity

properties make this a particularly exciting target for the study of the connections
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between surface gravity and dusty atmospheres.

2.2 Observations and Data Reduction

W0047 is the first DLO target observed in the Cloud Atlas program. Analysis of

the VAAS data showed a statistically significant and strong flux modulation over

the 2 HST orbits of the data set, based on which we flagged W0047 as a probable

variable brown dwarf and triggered 6-orbit long DLO observations. All VAAS data

will be presented in an upcoming paper (Apai et al., in prep.) and here we only

focus on the more detailed DLO dataset.

W0047 was observed with HST WFC3’s G141 grism (MacKenty et al., 2010),

which covers the wavelength range between 1.075 µm and 1.7 µm with a resolving

power of ∼ 130 at 1.4 µm. The 6 orbits were executed consecutively on 2016 June

6th (Visit 2, DLO, observation set ID: H1). For each orbit at least one direct image

was obtained in the F132 N filter to determine our target’s precise position on the

detector for accurate spectral extraction. 11 subarray (256 × 256 pixels) grism

images were obtained in the SPARS25 sampling mode with total 201.4 s exposure

time during each orbit.

We followed the same data reduction procedure as discussed in our group’s pre-

vious papers (Apai et al., 2013; Buenzli et al., 2014; Yang et al., 2015), with the

following differences:

1. We linearly interpolated all data quality flagged pixels with good neighbor pixels

at same row except for cosmic-ray affected (DQ bit 13 = 1) pixels and when con-

secutive three or more bad pixels appeared in the same row. Cosmic ray affected

pixels were corrected as in Buenzli et al. (2014). Any spectral point (Fλ) that was

calculated from uncorrected bad pixel was interpolated by adjacent spectral points.

2. We selected a source-free region in the images to measure the sky background to

scale the sky image template and subtracted from the images.

The major systematics observed in the first two orbits is the detector’s ramp

effect (see Berta et al. 2012). This was corrected by fitting the light curve of nearby,
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similarly bright (∆mag = 0.68 dimmer than W0047 in F132N filter) comparison

star to an exponential function. At wavelength longer than 1.5 µm, the spectrum

of the comparison star is out of the field of view so ramp correction was applied by

fitting the light curve of W0047 to an exponential function for the narrow H and

CH4 & H2O narrow band light curves.

Using the 2MASS relative spectral response curves from Cohen et al. (2003), we

integrated our spectra to calculate the W0047’s 2MASS J and modified H band,

which is identical to the 2MASS H-band filter, but is truncated at 1.7 µm.

2.3 Results

2.3.1 Periodic modulations

The ramp-effect corrected light curve shows a complex lightcurve with a nearly sine-

wave-like carrier. In a paper in preparation we are exploring the complex light curve

shape, but - as the lightcurve is dominated by a sinusoidal carrier - for the purposes

of this discovery letter we fit the light curve with a sine wave. The residual of best

sine wave fit is less than 1.1% of the white lightcurve’s normalized flux (see upper

left panel of Fig. 2.2) and is thus a good approximation of the variations. We fit the

light curve with a Markov Chain Monte Carlo method (Newville et al., 2014), which

also allows us to quantify the uncertainties and degeneracies of the fit. We find

a rotational period of 13.20±0.14 hours (see Fig C.2 for the posterior probability

distributions). Least χ2 fit gives period of 13.41±0.25 hours with reduced χ2 2.76 .

We note that our result is based on sinusoidal wave assumption; we cannot exclude

a double-peaked light curve due to incomplete phase coverage.

2.3.2 Spectral Variations

As shown in Figure 2.2, we observed a sinusoidal-like variation with a 4% amplitude

(8% peak-to-peak amplitude). The trend of the white light curve (1.1µm < λ <

1.67µm) is in phase with the other 5 narrow bands (H2O & alkali, narrow J, H2O,

narrow H, CH4 & H2O) light curves, which probe different atmospheric pressure
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Figure 2.1: The posterior distribution from MCMC fit with uniform prior for a sine
curve for all DLO orbits.The vertical dashed lines are the 16 and 85 percentiles
respectively. Blue lines indicate the median of posterior distribution. The contour
lines show the 1-σ, 2-σ and 3-σ level. The amplitude is the amplitude of white light
curve flux which is normalized by mean flux of orbit-3. Phase is measured from the
beginning of DLO orbit.
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levels (Buenzli et al., 2012). In particular, the white light curve demonstrates that

the variability amplitude is much greater than the noise level (∼ 0.1%, signal-to-

noise ratio > 600) while in the spectrally extracted narrow bands the noise level is

at most around 1% relative to the mean flux. For a quantitative evaluation of the

pressure levels probed by these filters, see Yang et al. (2016).
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Figure 2.2: Phase-folded white light curve in comparison with five different nar-
rowband light curves, following Buenzli et al. (2012).’s method to probe different
atmospheric pressure levels. All variation is in phase, and the light curves of shorter
wavelengths have a slightly larger amplitude. The integrated flux of W0047 of six
DLO orbits are plotted as blue solid dots, while the comparison star are plotted in
gray. The red line shows the best sine fit of all orbits with period = 13.20 hr. Orbit
numbers are labeled in the white light curve panel (upper left). All light curves
are normalized to the mean flux of orbit-4. The spectrum of the comparison star is
partly out of view, so the white light curve of the comparison star consists of flux
from 1.1 to 1.5 µm only and flux in narrow H and CH4 and H2O narrow band are
out of view.



73

2.3.3 Color Variations
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Figure 2.3: The color-magnitude variations of W0047 (purple) vary in parallel with
the L dwarf sequence. L dwarfs and T dwarfs are plotted in red and blue color,
respectively. AB Dor group member (2MASS 0355+1133, or 2MASS 0355) and
planetary-mass object (PSOJ0318, HR8799bcd, 2M1207b) are labelled as well. Data
are adopted from Dupuy and Liu 2012; for PSOJ0318 from Liu et al. (2013); and
for exoplanets HD131399Ab Wagner et al. (2016), 51 Eri b Macintosh et al. (2015),
2M1207b Chauvin et al. (2005); Zhou et al. (2016).

We compare the color variations of W0047 to the color distribution of ultracool
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dwarfs in a near-infrared color-magnitude diagram (Fig. 4.5). In figure 4.5, we used

the 2MASS catalog’s J and H band value as the mean J and H band value of W0047.

The modified H band variability relative to mean modified H band is assumed to

be the same as 2MASS H band variability relative to mean 2MASS H band. This

assumption is valid as extrapolation of the wavelength-dependent amplitude trend

(see middle left of Fig. 2.4) shows that the variability (max/min flux ratio) at 1.8 µm

(the maximum wavelength of 2MASS H band) is less than 1.2% than the variability

at 1.67 µm. The trajectory of W0047’s color variation appears to be qualitatively

parallel with the L-dwarf sequence, similarly to what was seen for several T2 dwarfs

(e.g., Apai et al. 2013).

2.3.4 Wavelength-dependent Amplitude

In the middle left panel of Fig. 2.4 we plot the relative amplitude of the rotational

modulations as a function of wavelength, as derived from the ratio of the spectra at

the brightest and faintest states (upper left panel), following Apai et al. (2013). The

relative amplitude is the highest (11%) at the shortest wavelength (∼ 1.1 µm) and

lowest (∼6.5%) at the longest wavelength (close to 1.7 µm). In between these two

extremes there is a nearly monotonic trend. A linear regression results in a slope of

∼0.07% / µm. After subtracting the relative amplitude with the straight-line fit we

find that the relative amplitudes are slightly modulated (decrease by 1% than the

linear fit) in the 1.4 µm water band.

2.3.5 Inclination

We re-evaluated the v sin i measurement based on Keck/NIRSPEC data of G15

with Burgasser et al. (2016)’s method, leading to a value consistent with G15 but

more accurate v sin i = 6.7+0.7
−1.4km/s. Using radius (R = 1.17RJup) predicted by

evolutionary model as discussed in G15, we constrain the inclination of W0047 to

i ∼ 33+5
−8
◦.
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2.4 Discussion

Our observations find a near-infrared relative amplitude of 11% for W0047 at the

shortest wavelength of our observations (1.1 µm), making it the third largest am-

plitude varying brown dwarf (after 2M2139 and before SIMP0136 and Luhman 16b,

e.g., Radigan et al. 2012; Apai et al. 2013; Buenzli et al. 2015b). This discovery

demonstrates that high-amplitude near-infrared variability is present not only in

L/T transition brown dwarfs (c.f., Radigan et al., 2012), although it may be most

common in those transition objects.

Our analysis of the relative amplitude as a function of wavelength (see Fig. 2.4)

shows that the relative amplitude of the rotational modulations has a relatively

strong color gradient, with the relative amplitude varying by nearly a factor of two

(11% and 7%) between 1.1 and 1.7 µm. The factor of two difference in the 1.1−1.7
µm is the second largest amplitude difference observed in the small set of brown

dwarfs that have been studied by HST (Buenzli et al., 2012; Apai et al., 2013;

Buenzli et al., 2015b; Yang et al., 2015). In the right panel of Fig. 2.4 we explore

the presence of a possible trend between the relative amplitude at 1.15µm and the

wavelength dependence of relative amplitude, showing that W0047 appears to be in

between L and L/T transition brown dwarfs. This finding is also consistent with

the observations by Heinze et al. (2015) that identified higher-amplitude variations

for T-dwarfs at optical wavelengths.

We also compare the relative amplitude to those observed in L/T transition

brown dwarfs and in mid-L-type brown dwarfs. While all L/T transition brown

dwarfs studied until now show a reduced rotational modulation in the 1.4 µm water

band (e.g., Apai et al., 2013; Buenzli et al., 2015b), the two mid-L-type brown dwarfs

observed with HST for full rotations show small or no reduction in the water band

(Yang et al., 2015). This has been interpreted as an indication for high-altitude haze

or cloud layers in mid-L-type brown dwarfs, resulting in very small water opacities

above the modulation-inducing particles. Furthermore, up to now, L-type brown

dwarfs have only been found with low-amplitude variations.
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Interestingly, the dusty L6-type W0047 shows both high-amplitude variations

(typical to L/T dwarfs) and a very weak reduction in its amplitude in the 1.4 µm

water band (typical to L-dwarfs). Furthermore, W0047 is also unusual due to its

extremely red [J-H] color, which has been attributed to the presence of high-altitude

particles (condensates or haze, Hiranaka et al. 2016). We followed the Hiranaka et al.

(2016) to model the wavelength-dependent amplitude by introducing a dust layer

causing extinction, as described with Mie scattering-calculated opacities from Fig 5

of Hiranaka et al. (2016). We found that the model predictions are consistent with

the observations. The model predicts that the observed variations could be explained

by a change of particle column density of the order of 107cm−2 and sub-micron-sized

grains (effective grain radius of 0.3−0.4 µm, see Eq (2) in Hiranaka et al. 2016 for

definition of effective radius). Smaller effective grain sizes (e.g., 0.1, 0.2 µm) give

smaller extinction coefficients, resulting in lower amplitudes, while larger grain sizes

(1 µm) give higher extinction coefficients, translating to much higher amplitudes and

weaker dependence on the wavelengths. The grain size is consistent with the grain

size estimated in Marocco et al. (2014) to explain the unusually red spectrum of

W0047 with dust extinction caused by corundrum (Al2O3) and enstatite (MgSiO3).

Furthermore, based on the results of Hiranaka et al. (2016), the typical column

number density of red L dwarfs’ haze particles is on the order of 108cm−2 (see Fig.

12 of Hiranaka et al. 2016), so our estimated change of haze particle column density

is on the order of ten percent compared to total haze particle number column density

in L dwarf’s atmosphere. The actual change of column density can be larger if it

occurs only in a small area (e.g., spots) on brown dwarfs. Future observations at

longer wavelengths, the K-band and beyond, will provide stronger constraints on

the extinction coefficients and grain sizes.

2.5 Summary

We present time-resolved near-infrared HST/WFC3 observations of the extremely

red L6.5-type 20 MJup intermediate-gravity brown dwarf as the first results from
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the HST Large Treasury program Cloud Atlas. The key results of our study are as

follows:

1. We discovered large-amplitude rotational modulations in W0047’s near-

infrared light curve, making it the brown dwarf with the third-largest known

near-infrared amplitude variations, after the T2 dwarf 2M2139 and T0 dwarf

Luhman 16B. Our target is also the most variable L dwarf currently known.

2. The fact that W0047 rotational modulation amplitude is almost an order of

magnitude larger than other known variable L-dwarfs and is also one of the

reddest known L-dwarfs suggests a possible connection between dusty atmo-

spheres and high-amplitude variability. We used Hiranaka et al. (2016) ex-

tinction coefficient to explain the wavelength-dependent amplitude with haze

particle size of around 0.4 µm and change of haze particle column density

around 107cm−2, on the order of ten percent of total dust column density of

L dwarfs estimated by Hiranaka et al. (2016).

3. Assuming that the light curve is single peaked and well approximated by a

sine wave, the rotation period of W0047 is 13.20±0.14 hour, similar to that of

Saturn and to the exoplanets β Pic b and 2M1207b. Our period estimation

also serves as lower limit for more complex lightcurve profile.

Our discovery demonstrates that high amplitude variable brown dwarfs are not lim-

ited to the L/T transition, suggesting that dusty atmospheres are more variable, and

provides an outstanding benchmark target for cloud structure studies for ground-

and space-based telescopes, such as the Hubble and James Webb Space Telescope.
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Figure 2.4: Upper Left: Comparison between the mean of 3 brightest spectra
(Red) and mean of 3 dimmest spectra (Blue) of W0047. Middle Left: The rela-
tive amplitude over 1.1µm to 1.67µm, which is the ratio of the mean brightest and
dimmest spectra. The relative amplitude is almost linearly decreasing with increas-
ing wavelength, similar to other L dwarfs seen in Yang et al. (2015) but different
with L/T transition which have lower relative amplitude in water band. The spectra
are smoothed by gaussian convolution and the relative amplitude are smoothed by
moving average. Lower Left: The residual of straight line fit. Right: A possible
trend between amplitudes at 1.1µm and wavelength dependence of amplitude of
variable L and T dwarfs that observed with HST. The amplitude is proportional to
absolute value of amplitude gradient. At similar amplitude levels, L dwarfs and late
T dwarfs are seen to have relatively larger amplitude gradient than L/T transition
brown dwarfs. L dwarfs, L/T transition dwarfs and late T dwarfs are marked as
blue squares, magenta triangles and green circles respectively. W0047 is marked as
red star. Data of 2M1821, 2M1507, SIMP0136, 2M2228 are from Yang et al. (2015);
Luhman 16B is from Buenzli et al. (2015b); 2M2139 is from Apai et al. (2013).
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CHAPTER 3

Cloud Atlas: Unraveling the vertical cloud structure with the time-series

spectrophotometry of an unusually red brown dwarf

This chapter was originally published as Lew et al. (2020a).

3.1 Introduction

Clouds influence the molecular abundances and affect the heat redistribution in plan-

etary atmospheres (e.g., Marley et al., 2013; Marley and Robinson, 2015; Helling,

2019). Understanding clouds is, therefore, critical for interpreting the atmospheric

absorption and emission spectra of planetary atmospheres. Comparative studies

of clouds in different planetary atmospheres are useful for identifying the common

physical and chemical processes in cloud formation and evolution, but are not suf-

ficient for disentangling the often correlated parameters of atmospheric parameters

such as gravity, irradiation, metallicity, and rotation rate.

Time-resolved spectrophotometry is a powerful approach to characterize differ-

ent cloud structures within the same atmosphere and disentangle the effects of local

parameters (e.g., vertical cloud structure, cloud composition) from global param-

eters (e.g., surface gravity, rotational period, metallicity). By monitoring the ro-

tationally modulated flux variability with time-resolved spectrophotometry, we can

constrain the spatially heterogeneous cloud structure over different pressure ranges

(e.g., Buenzli et al., 2012; Yang et al., 2016; Buenzli et al., 2015a; Karalidi et al.,

2016; Schlawin et al., 2017; Biller et al., 2018; Zhou et al., 2018). For instance,

modeling the time-resolved HST spectrophotometry by Apai et al. (2013) finds that

correlated variations in cloud thickness and effective temperature are required to

explain the small modulations in color indices (e.g., J −H).
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The heterogeneous cloud structure likely evolves with rotation. Long-term mon-

itoring (over ∼200 rotation periods) of brown dwarfs in the L/T transition showed

continuous, ongoing light curve evolution (Apai et al., 2017), that was qualita-

tively similar for the brown dwarfs across different rotation periods (2.4–13 hours).

Detailed light-curve modeling showed that, at least for the L/T transition brown

dwarfs, the modulations can be explained by planetary-scale waves which, in turn,

modulate cloud thickness. Although waves are common in Solar System planets

too, it is yet unclear which mechanism drives the waves in L/T transition and per-

haps most other brown dwarfs. Several possible dynamical process in brown dwarf

atmospheres have been explored, including convective overshooting (Freytag et al.,

2010), dynamical impact from the latent heating due to silicate’s condensation cy-

cle (Tan and Showman, 2017), Quasi-biennial Oscillation (QBO)-like phenomenon

(Showman et al., 2019), and variability driven by radiative cloud feedback (Tan and

Showman, 2019b).

Coupling microphysical cloud models with atmospheric dynamics involves nu-

merous poorly constrained parameters and is computationally expensive. To de-

scribe the observed rotationally modulated spectral variability, a variety of models

with different approximations have been applied. One of the common approaches

is linearly combining the spectra from two one-dimensional cloudy models with the

same effective temperature and gravity (e.g., Radigan et al., 2012; Buenzli et al.,

2014, 2015b,a). However, this approach does not guarantee that the two cloud

models have the same entropy at the deep atmosphere. Another approach has been

developed (e.g. Marley et al., 2010; Morley et al., 2014a) to model cloudy and cloud-

free regions with a shared T-P profile. This approach assumes that the characteristic

horizontal length scale of the atmospheric variations is much smaller than the plan-

etary radius. Alternatively, the posited existence of an optically-thin small-particle

layer on top of clouds may explain the observed spectral variability (Yang et al.,

2015; Lew et al., 2016; Schlawin et al., 2017; Biller et al., 2018). Since modeling

either time-averaged spectra or spectral variability is already challenging, only a

few studies (e.g., Buenzli et al., 2015b,a) have attempted to use a heterogeneous
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cloud model to explain both. Yet, simultaneous modeling of the time-averaged and

time-series observations is vital to constrain the heterogeneous cloud structure.

The goal of this study is to answer the question: “What possible heterogeneous

cloud structures are consistent with both the high spectral resolution time-averaged

spectroscopy and the lower resolution but high-precision time-resolved spectropho-

tometry of the unusually red WISE0047’s atmosphere?"

The paper is structured as follows: we first introduce WISE0047 in Section 3.2.

We describe the updated data reduction for the HST observation and other published

observational data of WISE0047 in Section 5.3. Based on the data analysis, we

infer the atmospheric heterogeneity in Section 3.4. Afterward, we describe our

homogeneous cloud, heterogeneous cloud, and the disequilibrium chemistry models

in Section 3.5. Then we present the fitting results of the models to the data in

Section 3.6. We discuss the caveats and implications of the modeling results in

Section 5.7.

3.2 WISEP J004701.06+680352.1

WISEP J004701.06+680352.1, hereafter WISE0047, is an L7 dwarf discovered by

Gizis et al. (2012)(G12). Its Spectral Energy Distribution (SED) is similar to that

of the HR8799e (Bonnefoy et al., 2016) and is one of the reddest L dwarfs (J−Ks =

2.55±0.08). The unusually red color, the triangular-shaped H-band peak, and weak

Cs I and Rb I alkali lines (Gizis et al., 2015, hereafter G15) of WISE0047 suggest

a low-gravity (log g < 5) atmosphere. Based on the parallactic distance of 12.2

± 0.2 pc and the proper motion, Gagné et al. (2014) categorizes it as a probable

member of AB Doradus moving group (ABDMG) according to the BANYAN II

model. G15 argue that WISE0047 is a bona fide member of ABDMG based on

its proper motion, parallax, spectroscopic surface gravity, and the best-fit radial

velocity from the Keck/NIRSPEC spectra. The ABDMG membership suggests that

WISE0047 is moderately young with an age of ∼150 Myrs old (Bell et al., 2015).

Given the estimated bolometric luminosity of (3.58 ± 0.29) × 10−5 L� in G15, the
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lithium absorption in optical spectra indicates an upper limit of age at 1Gyr based

on the COND model (Chabrier and Baraffe, 2000).

Fitting various atmospheric models to the optical and infrared spectra, G12&G15

find that the best-fitted effective temperature ranges from 1100-1600K. In particu-

lar, fits by the BT-SETTL models (Allard et al., 2012, 2013), which – for low-gravity

and cloudy atmospheres – generally lead to relatively higher effective temperatures

than those by other models, indicate that the radius is between 0.082 to 0.13R�

with Teff=1500K and 1200K respectively. Despite the large range in fitted effec-

tive temperatures derived from the different models in G12&G15, those with thick

clouds have the best fit to the spectrum of this unusually red brown dwarf.

From the Hubble Space Telescope’s (HST) 1.1-1.7µm broadband light curve, Lew

et al. (2016) reports an 8% peak-to-trough amplitude and suggests that scattering by

sub-micron grains causes the larger amplitudes at shorter wavelengths. Assuming

a sinusoidal rotational modulation, the best-fit rotational period from the ∼8.5
hours HST observation is 13.2± 0.14 hours; Observed five months prior to the HST

observations, the Spitzer 3.6µm-band observation with an approximately twenty-

hour baseline shows a longer period of 16.4 ± 0.2 hours (Vos et al., 2018). In our

study we adopt the 16.4 hours period (derived from the Spitzer observations) as the

rotational period, because only the Spitzer observation sampled fully the rotational

phase of the target.

3.3 Updated HST Data reduction and other observations of WISE 0047

We used HST’s Wide Field Camera 3 (WFC3) with the G141 grism (1.075-1.700µm)

to observe WISE0047 for six consecutive orbits on June 6th of 2016, as part of the

Cloud Atlas program (PI: D. Apai, Program ID:14241). In each orbit, we obtained

eleven 201.4s spectroscopic exposures that are read out in a 256×256 pixel sub-

array mode. We also took direct images of the target with the F132N filter at the

beginning of every orbit for spectral wavelength calibration.

The HST data were previously published in Lew et al. (2016). In this study,
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we follow the same data reduction procedure as in Lew et al. (2016) and update

the systematic correction (Section 3.3.1). For completeness, we provide a summary

of the process. We started the data reduction from the flt.fits files, which are the

products from calwfc3 (version 3.3) pipeline that corrects photometric non-linearity,

bad pixels flagging, dark subtraction, and gain conversion. We developed our own

pipeline (Buenzli et al., 2012; Apai et al., 2013) for cosmic rays removal and back-

ground subtraction. The spectral extraction aperture was set as eight-pixel wide in

the cross-dispersion direction.

3.3.1 Updated Systematic Correction: Iterative Pixel-scale Ramp Cor-

rection with RECTE

Charge trapping and delayed release is a time- and count rate-dependent systematic

that often causes a ramp-like light curve profile at the beginning of an HST orbit.

While there are several empirical models for ramp correction (e.g., Berta et al., 2012;

Long et al., 2014), here we use the physically-motivated charge trap model RECTE

(Zhou et al., 2017). This model corrects the ramp effect on an intrinsically variable

light curve without the need for discarding data from the first HST orbit, as in many

other methods.

In brief, RECTE simulates the number of charge carrier traps in the WFC3/IR

detector that traps electrons and holes for a parameterized lifetime before they are

released and detected. Therefore, the trapped charge carriers cause a decrement

of detected flux at the onset of orbit. This ramp effect gradually diminishes when

the number of trapped charge carriers becomes saturated with an increasing num-

ber of exposure. Given an intrinsic incoming count rate fin, RECTE models the

ramp-affected pixel’s count rate framp based on the pixel’s exposure history and con-

figuration (e.g., exposure time, number of exposure, and previously trapped counts).

We applied RECTE iteratively to numerically solve the intrinsic incoming count

rate per pixel (see the flow chart in Figure 3.1). First, to correct only the pixels that

are mainly illuminated by the photons from WISE0047, we selected the pixels whose
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Figure 3.1: The flow chart for iterative pixel-scale ramp correction. The blue color
lines highlight the iterative part. The first-iteration incoming count rates are the
mean count rates over all exposure, while the incoming count rates of subsequent
iterations are the sum of previous incoming count rates and the residual.

signal-to-noise ratio are at least three times higher than the estimated background

count value. To model the ramp effect for pixel i at exposure tj, we fed RECTE

with an initial value of the incoming count rate fin,i(tj). We estimated the initial

value with the mean of the observed count rates over the sixty-six exposures (six

HST orbits). After the first iteration of ramp correction, we calculated the residual,

which is the difference between the modeled count rate framp,i(tj) and the observed

pixel count rate per exposure fobs,i(tj). The residual was added back to the initial

incoming count rate as the now time-variable fin,i(tj) for the next iteration. Then,

we reran the RECTE model with the updated fin,i(tj). We repeated this process

until the averaged ratio of the residuals per pixel to the count-rate uncertainties

were lower than an arbitrary precision of 10−8. The ramp-corrected count rates

were fin,i(tj) that fed into the RECTE model at the last iteration. We updated

and saved the corrected count rates in new flt files, which were used for spectral

extraction through the standard aXe pipeline (Kümmel et al., 2009).

After integrating the ramp-corrected spectra from 1.1− 1.67µm, the broadband

light curve is shown in Figure 3.2 (see also Appendix A.1 for the light curves before

and after the ramp-correction.) In addition to retaining the first HST orbit data, we
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emphasize that this iterative ramp correction algorithm, which does not marginalize

the model parameters of RECTE, makes no assumption on the spectral variability,

including the light curve profiles, wavelength dependence of variability amplitude,

and the phase relationship between light curves at different wavelengths.

3.3.2 Spectra and Photometry

To test our cloud model spectra at different wavelengths, we constructed a panchro-

matic (optical-to-near-infrared) spectrum of WISE0047 from the published observa-

tional data. We combined the reduced spectra from the Multiple Mirror Telescope

(MMT) Red Channel spectrograph (R=640, 0.6170-0.9810µm) and the Infrared

Telescope Facility (IRTF) SpeX spectrograph (R=200, 0.8-2.5µm) from G12 & G15

with the HST brightest near-infrared (near-IR) spectrum (1.1-1.65µm) for spectral

fitting. The combined spectra over a wide wavelength range consist of spectra at

different epochs. As some brown dwarfs demonstrate phase offset in their spectral

variability, averaging their spectral changes over anything else than a complete rota-

tion could lead to a slightly incorrect result. Given that we do not have a complete

rotational phase coverage for WISE0047, we opted to use a single rotational phase

as a representative dataset to guide the modeling. Since the HST/WFC3 near-IR

spectrum provides the best estimate of the absolute flux, we scaled the IRTF’s spec-

trum by 1.08 so that the integrated flux in the overlapping 1.52-1.62µm wavelength

region matches to that of the HST spectrum. We binned the MMT spectrum to have

the same spectral resolution as that of the IRTF spectrum and used the standard

deviation within each wavelength bin as the spectral flux’s uncertainty. We found

that the binned continuum fluxes across 0.80-0.92 µm of the MMT spectrum and of

the scaled IRTF spectrum are consistent within their uncertainties, so no scaling was

applied for the binned MMT spectrum. The composite spectrum, which is compared

with cloud model’s spectra in Section 3.6, comprises spectra from MMT (0.618-0.925

µm), IRTF (0.925-1.18µm,1.65-2.55µm), and from HST (1.18-1.65µm).

For the comparison between the cloud model’s spectra and the WISE observation

in Section 3.6, the model’s spectral flux densities in WISE bands were calculated
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by using the WISE’s relative spectral response function1 and the color correction of

Fν ∼ ν0 from the Table 6 of Wright et al. (2010).

3.4 Light Curve and Spectral Analysis

3.4.1 Broadband Light Curve Analysis

After the ramp correction, the HST broadband (1.1− 1.7µm) integrated flux ratio

of the averaged four brightest to the averaged four faintest state increases from

9.4±0.1% to 9.7±0.1%.

The ramp correction also changes the light curve, especially in the first HST

orbit (see Figure A.1). We compare the ramp-corrected HST broadband light curve

to that in the Spitzer 3.6µm-band (Vos et al., 2018). Because the HST and Spitzer

observations were taken five months apart, we normalize the modulation amplitudes

and align the baselines and folded phases (period=16.4 hours, Vos et al. 2018) of

the two light curves. Our study does not constrain the phase shift of the two light

curves at different wavelengths, which have been observed among other objects in

simultaneous Spitzer and HST observations (Yang et al., 2016; Biller et al., 2018).

After the flux normalization and phase alignment, the HST broadband and the

Spitzer 3.6µm-band light curves observed five month apart are similar to each other

(Figure 3.2). If the full-phase HST broadband light curve shape is the same as

the sinusoid fitted to the scaled 3.6µm-band light curve, we expect that the HST

broadband variability amplitude can be as high as 10.4%, or about 0.7% higher than

the observed value.

We also inspect if the two light curves deviate from a simple sinusoid. Using a si-

nusoidal model with a period of 16.4 hours from Vos et al. (2018), we fit the model to

the HST broadband light curve and obtain a reduced χ2 of 4.7. As shown in Figure

3.2, the HST broadband light curve shows a broader peak than that of the best-fit

sinusoidal model.The residual of the sinusoidal fit is plotted in the bottom panel.

We use the Kolmogorov-Smirnov (K-S) two-sample test to evaluate the statistical
1http://wise2.ipac.caltech.edu/docs/release/prelim/expsup/sec4_3g.html#FluxCC

http://wise2.ipac.caltech.edu/docs/release/prelim/expsup/sec4_3g.html#FluxCC
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significance of the deviation of the HST broadband light curve from the fitted sine

curve. In the K-S test, we compare the residuals to a normal distribution with a

standard deviation of 0.0016, which corresponds to the mean photometric uncer-

tainty of the HST broadband light curve. The K-S test with scipy.stats.ks_2samp

gives a p value of 0.038 for the null hypothesis that the two samples are drawn from

the same parent distribution. We find no significant deviation from the best-fit sinu-

soidal model (reduced χ2 = 1.05) for the 3.6-min binned Spitzer 3.6µm-band light

curve, similar to the conclusion of no evidence of aperiodic variability in Vos et al.

(2018).

We note that the potentially imperfect ramp correction cannot account for the

discrepancy between the fitted single sine wave and the HST broadband light curve,

particularly at the fifth and sixth HST orbit. This discrepancy could be explained

by extended surface features such as multiple bright and dark spots (e.g., Karalidi

et al., 2016) or planetary waves (e.g., Apai et al., 2017).

3.4.2 Spectral Analysis

After recovering the trapped charge carriers via the ramp correction, the updated

spectrally resolved peak-to-trough variability amplitudes are plotted in Figure 5.9.

Except for the 1.34-1.45µm water-band region, the amplitude of variability decreases

approximately linearly with wavelength with a slope of −0.078 ± 0.005µm−1 (i.e.,

Vlinear in Figure 5.9), which is within one sigma uncertainty of the result in Lew

et al. (2016). Interpolating the fitted straight line Vlinear to the center of the water

band (1.395µm), the interpolated variability amplitude is 1.0962 ± 0.0006. The

interpolated value is about 3σ higher than the integrated water-band variability

amplitude VH2O of 1.083± 0.004, with σ as the propagated flux-ratio uncertainty of

VH2O and Vlinear(1.395µm). Based on the ramp-corrected spectra, we present two

complementary analysis of the spectral variability in the following two subsections.
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Figure 3.2: Top panel: the peak-aligned, amplitude-scaled, and binned Spitzer
3.6µm-band light-curve is similar to that of the HST broadband light curve even
though the two observations are separated by about five months. The mean uncer-
tainty of HST photometric points, which is plotted in the bottom panel, is 0.16%.
The blue line is the best-fit sine wave with a period of 16.4 hours adopted from
Vos et al. (2018). The four brightest and faintest photometric points are colored
in light blue. The pale red points represent the Spitzer 3.6µm-band photometric
points with a bin size of 3.6 minutes.The red line illustrates the smoothed 3.6µm-
band light curve. Bottom panel: the residual of the best sine-wave fit to the HST
broadband light curve.
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Principal Component Analysis

To study the potential temporal evolution and the complexity of the rotationally

modulated spectral variability, we perform a principal component analysis (PCA)

on the time-series spectra (e.g., Cowan et al., 2009; Kostov and Apai, 2013). In

PCA, we construct the covariance matrix with all 66 spectra with numpy.cov. We

normalize the covariance matrix of the spectra via dividing it by the square of

the mean spectra. The normalized covariance matrix and the calculated principal

components, which are calculated using numpy.linalg.eig, are therefore unitless. We

find that the first principal component explains 95% of the variance (i.e., 95% of

the total eigenvalue of the covariance matrix), as shown in Figure 3.4. The second

largest eigenvalue only accounts for 0.3% of the variance. This value is lower than

the largest eigenvalue (∼ 4%) of the covariance matrix constructed with the mean
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Figure 3.4: The first principal component accounts for 95% of the spectral variance.
The y-axis values are unitless variances after being normalized by the square of flux
density of the mean spectra. Note that the spectral feature is similar to that in
Figure 5.9.

WISE0047 spectra plus the resampled spectral uncertainties of each exposure. The

second principal component is therefore insignificant compared to the measurement

uncertainty. This suggests no evidence of second or higher order spectral evolution

during the 8.5 hours HST observation.

Our PCA result that demonstrates a dominating first principal component is

similar to other studies (e.g. Apai et al., 2013; Buenzli et al., 2015a). We interpret

that the spectral variability mainly arises from a single type of atmospheric feature.

This feature, which could comprises one or multiple emission components (e.g.,

clouds with different thickness), has a spectral signature that remains unchanged

over different rotational phases. The simple spectral feature imprinted in the spectral

variability hints that a relatively simple heterogeneous atmospheric model could

reproduce the observed rotational modulations.
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Variability Amplitude of Brightness Temperature

Brightness temperature is the temperature of a blackbody whose radiance is equal

to that of the target object in a given spectral band. For an atmosphere that

is dominated by internal heat flux with negligible irradiation and other heating

sources, physical temperature monotonically increases with higher pressure. In such

atmosphere, regardless of the opacity distribution, a higher brightness temperature

corresponds to a larger pressure of the optical depth τ ∼ 2/3 surface. Therefore,

brightness temperature is a pressure probe in a homogeneous non-irradiated atmo-

sphere.

On the other hand, the τ ∼ 2/3 surface in a heterogeneous atmosphere is not

at a constant pressure or temperature even at a given wavelength. Interpreting

brightness temperature as a pressure probe in a heterogeneous atmosphere requires

assumptions about the opacity sources and temperature-pressure profiles (see also

Dobbs-Dixon and Cowan, 2017). When interpreting the brightness temperature

variation, we assume that the τ ∼ 2/3 surface in the water band is at a lower

pressure range than that in the J&H bands for the spectral component of non-

uniformly distributed atmospheric features.

Adopting a radius of 1.2RJ (Section 3.5.1) and the distance of 12.2 pc (G12),

we convert the spectral flux density to radiance, and to brightness temperature

with the inverse of Planck law. We propagate the uncertainty through a Monte

Carlo method. At each wavelength, we resample the flux density 1000 times from

a normal distribution with a standard deviation equals to the flux uncertainty. We

then convert the re-sampled flux densities to brightness temperatures and take the

standard deviation of the converted samples as the uncertainty of the brightness

temperature. In Figure 3.5, we show the peak-to-trough brightness-temperature

variability amplitude with the ratio of the averaged three highest to the averaged

three lowest brightness temperatures.

Based on Figure 3.5, we conclude that the time-averaged disk-integrated bright-

ness temperatures are lower in the water band than in the J&H bands. This in-
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dicates that the disk-integrated water-band flux is emitted from a lower pressure

region than the J&H-band flux. As mentioned in the second paragraph, we assume

that this inference –based on the disk-integrated spectra – is also true for the vary-

ing spectral component. With this assumption, the lower water-band brightness-

temperature variability relative to that in the J&H bands suggests that the bright-

ness temperatures in the lower pressure region are less variable. This is consistent

with the scenario that the water-band flux is emitted from lower pressures and is

less sensitive to the cloud thickness variation than the J&H-band flux.
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Figure 3.5: Top panel: the variability of the observed brightness temperatures is
plotted as the width of a colored line. The brightness temperatures in the water
band (1.34-1.45µm), which is the region between the two dashed blue lines, are
lower than those in the J&H bands. The time-averaged brightness temperatures
are plotted as a dotted white line. Bottom panel: the peak-to-trough variability
amplitudes of the brightness temperatures are similar within the J&H bands but
are lower in the water band. See text for the interpretation of the lower variability
at the lower brightness temperatures (Tb < 1300 K). The line in the top panel, as
well as the dots in the bottom panel, is color coded by the brightness temperature.
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3.5 A Hierarchical Atmospheric Modeling Approach

To model the heterogeneous atmosphere of WISE0047, we adopt a hierarchical mod-

eling approach: First, we find the best-fit homogeneous cloud structure from a grid of

cloud models. Second, based on the best-fit homogeneous cloud model, we construct

a heterogeneous cloud model. As the third and final step, we include disequilibrium

gas chemistry for our models. For clarity, we describe the modeling methodology in

this section and discuss the modeling result in the Section 3.6.

3.5.1 Homogeneous Cloud Models

We constructed a grid of spatially homogeneous cloud models (Ackerman and Mar-

ley, 2001) to find the model spectrum with the effective temperature, gravity, and the

vertical cloud structure (fsed) that best matches the observed spectrum. The grid of

the cloud models comprises two sets of models: one as used in Radigan et al. (2012)

(spectral resolution δλ
λ
= ∼ (1.6–6.0) × 10−5), covering T=800–1600K, log(g)=4.5–

5.0, and fsed = [1, 2, 3, 4, no clouds]; Another model set includes the updated low

gravity models (Marley et al. in prep, 180 wavelength bins from 0.4–220µm) with

T = 1100–1500 K, log(g) = 3.5–4.5, and fsed=[1, 3, no clouds]. A dilution factor,

(εRJ/d)2, is used to scale the model flux density, where radius RJ = 6.9 × 106 m,

parallactic distance d = 12.2 ± 0.2 pc, and a free parameter ε = [0.6, 2] to account

for the possible radius range.

To constrain the cloud structure, we fit the models only to the brightest

HST/WFC3 near-IR spectrum, as opposed to the full time-averaged 0.6-2.5µm spec-

trum. We fit the spectrum from 1.1–1.67 µm so that the result is not dominated

by the large residual at the optical wavelengths, which is dominated by alkali-line

absorption, and that in the Ks-band because of the unaccounted disequilibrium

chemistry in our model grid. Based on the fitted homogeneous cloud structure,

we then proceed to construct a heterogeneous cloud model to explain the spectral

variability.
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Figure 3.6: Left panel: the two columns show an example of a truncated cloud
model: The thin-cloud column is geometrically thinner and has a lower optical
depth than the thick-cloud column, but they are both optically thick. The opacity
distribution of the thick-cloud column (fsed = 1) is largely wavelength-independent
because of the large mean grain size. The thin-cloud column shares the same opacity
(per model’s pressure layer) with the thick-cloud column at T>1350K and has no
cloud opacity at T<1350 K. We also plot the approximate pressure scale height
(H) at the opacity-truncation level. Right panel: the cartoon images illustrate
the atmospheres with different global cloud coverages, which are similar to Fig. 1 of
Morley et al. (2014b). The assumption of a uniform T-P profile in our models implies
that the spatial scale of cloud heterogeneity is much smaller than the planetary
radius.

3.5.2 Heterogeneous Cloud Models: Truncated Cloud Model

Model Framework

We follow the similar heterogeneous 1D cloud model framework that is used in

Marley et al. (2010); Morley et al. (2014a,b). In this heterogeneous cloud model,

there are two 1D cloud columns — thick and thin clouds. The 1D thin-cloud column

has a global coverage fraction h, ranging from 0 to 1 (Figure 3.6). At each model

layer i, the total net spectral intensity fi is a sum of the net intensities of the two

cloud columns weighted by their global coverage fractions:

Fi = fi,thin × h+ fi,thick × (1− h) (3.1)

In our heterogeneous cloud model, we assume that the two cloud columns are
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almost identical, having the same opacity computed under the same gravity, vertical

mixing, T-P profile, and gas mole fraction. They differ only in the cloud opacity

distribution – the thin cloud column is simply truncated (see Section 3.5.2.) The

uniform T-P profile in our models implies that the two cloud columns exchange

energy efficiently and share the same temperatures at isobars. We expect that this

scenario is more likely to be true when the spatial scale of cloud heterogeneity is

much smaller than the planetary radius, as illustrated in the cartoon images in

Figure 3.6.. The cloud opacity distribution is coupled to the radiative transfer

calculation, and hence is self-consistent with the T-P profile. The self-consistent

T-P profile of the heterogeneous cloud model is different than that of the best-fit

homogeneous model. We emphasize that this self-consistent model is physically

different than a linear combination of two homogeneous cloud models that have the

same effective temperature but different cloud profiles (i.e same Teff but different

fsed) — the T-P profiles of the latter approach do not necessarily share the same

entropy deep in the atmosphere.

Heterogeneous Cloud Structure and Truncation Temperature

We model the vertical cloud structure of the thick-cloud column to be the same as

that of the best-fit homogeneous cloud model in Section 3.5.1, i.e., fsed = 1. As

the dominant physical process(s) that causes the heterogeneity in cloud structure is

still unclear (but see Showman and Kaspi, 2013; Tan and Showman, 2017; Showman

et al., 2019; Tan and Showman, 2019b), we model the vertical cloud structure of the

thin-cloud column with a simplistic “truncated cloud model": the thin-cloud column

is cleared out, or truncated at and above an altitude z at which the temperature

T (z) is equal to a model parameter called “truncation temperature" Ttrc. Under

this truncated cloud model, the particle-size and opacity distribution of the thin-

cloud column is the same as that of the thick-cloud column, except that the thin-

cloud column has zero cloud opacity above the altitude z when T (z) < Ttrc. The

parameter Ttrc for the thin-cloud column is similar to the critical temperature Tcr
in Tsuji (2002)’s cloud model. This simplistic cloud model allows us to explore the
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impact of spatially heterogeneous vertical cloud structure to the T-P profile and

spectral variability.

Global and Local Cloud Coverage

Rotationally modulated disk-integrated flux variability arises from the brightness

distribution that is asymmetric around the rotational axis, and hence is insensitive to

the global cloud coverage. Therefore, we arbitrarily fix the global coverage fractions

of the thick and thin clouds to be the same (h = 0.5). We define the local thin-cloud

coverage, which is the thin-cloud coverage of the observed hemisphere, as A. Even

though h is fixed, A can vary with rotation because of rotational asymmetric cloud

distribution. Accordingly, the disk-integrated flux variability depends on the local-

cloud-coverage change ∆A and the difference in outgoing flux density between the

thick- and thin-cloud columns. The flux densities of a fully thin- and thick-cloud

covered hemisphere are fthin and fthick respectively, with fthin > fthick. A useful

physical quantity in our interest here is the peak-to-trough variability amplitude V :

Fmax = (h+ ∆A)× fthin + (1− h−∆A)× fthick (3.2)

Fmin = h× fthin + (1− h)× fthick (3.3)

V =
Fmax

Fmin

= 1 + ∆A
fthin − fthick

Fmin

(3.4)

∆A < min(h, (1− h)); (3.5)

Since h is fixed, an increase in the local thin-cloud coverage fraction from A=0.5 to

0.6 (∆A = +10%) corresponds to a decrease in thin-cloud coverage fraction from

0.5 to 0.4 in the non-observed hemisphere. ∆A only controls the difference in cloud

distribution between the visible and the opposite hemispheres with the fixed global

cloud coverage (fixed h). Therefore, ∆A is not an input parameter for the model

but a free parameter to match the observed spectral variability amplitude.

Based on our truncated cloud model, we explore three truncation temperatures

for the thin-cloud column: Ttrc = 1100K, 1250K, and 1350K. We chose these trun-

cation temperatures as they bracketed the observed behavior. Choosing a colder
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truncation temperature produces a negligible difference with the default cloud and

a warmer temperature would fall below the cloud base, producing no difference from

a clear “hole” in the cloud. A graphic illustration of the thick- and thin-cloud opacity

distribution for Ttrc = 1350 K is shown in Figure 3.6.

3.5.3 Disequilibrium Gas Chemistry Model

In the process of fitting the cloud models to the spectra (see also Figure 3.7), we find

that even the models with the most extended clouds (i.e., fsed = 1) cannot explain

the observed spectrum in the Ks-band region (∼ 2 − 2.5µm). This motivates us

to incorporate disequilibrium gas chemistry of CO/CH4 (Fegley and Lodders, 1996;

Griffith and Yelle, 1999; Saumon et al., 2000; Cooper and Showman, 2006; Hubeny

and Burrows, 2007; Barman et al., 2011), which are important opacity sources in

the Ks-band, into our cloud models.

When CO and CH4 are in chemical equilibrium, the forward and backward chem-

ical reaction rates of the CO−CH4 conversion are the same. At a hotter temperature

and a large pressure, the CO−CH4 conversion timescale decreases whereas the CO

equilibrium abundance increases (Prinn and Barshay, 1977; Yung et al., 1988; Lod-

ders and Fegley, 2002). Vertical mixing homogenizes the CO and CH4 abundances

over different pressures. CO and CH4 are in chemical disequilibrium when the net

chemical reaction timescale to convert from CO to CH4 is longer than the vertical

mixing timescale. The “quenching pressure” is defined as the pressure level at which

the reaction timescale is comparable to the vertical mixing timescale. At and below

the quenching pressure, the abundances of CO and CH4 are the same as those at

the quenching pressure. Consequently, the water abundance which is in chemical

equilibrium with CO differs from that in the chemical equilibrium state too. As a

result, the methane-band opacity decreases at 2.2µm at the expense of an increased

CO band opacity at 2.3µm, resulting in a higher Ks and W1 band flux.

Our disequilibrium model inherits the cloud opacity distribution from the best-fit

chemical-equilibrium cloud model. Our disequilibrium chemistry models calculate

the chemical timescale of CO/CH4 and N2/NH3 conversion by following Lodders
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and Fegley (2002). The disequilibrium chemistry of the latter, however, has a neg-

ligible effect on the spectrum of WISE0047. The vertical mixing time scale is given

by τmix = H2/Kzz, which defines the coefficient of eddy diffusivity Kzz and where

H is the local pressure scale height. Kzz is assumed to be constant for the purposes

of computing new, out of equilibrium abundances. After updating the gas abun-

dances (i.e., CO, CH4, and H2O for CO/CH4 chemistry), we recalculate the radiative

transfer at a spectral resolution ( δλ
λ

= 5× 10−6 from 0.8–50µm, δλ
λ

= 2× 10−5 from

0.5–0.8µm ) higher than that of the best-fit equilibrium model. We note that the

T-P profile and cloud structure remains fixed while updating the gas abundance so

the disequilibrium model is not fully self consistent.

We fit the disequilibrium model to the optical-IR spectrum by following the

Cushing et al. (2008)’s method which weights different resolution spectra with δλ

and calculate the goodness-of-fit value (Gk):

Gk =
n∑
i=1

wi(
fλi − CkFk,λi

σi
)2 (3.6)

where Ck = r2/d2; wi = δλi; fλi = observed flux density; Fλi = flux density of

disequilibrium model.

3.6 Model Fitting Results

3.6.1 The best-fit homogeneous cloud models

Figure 3.8 shows the results of fitting the homogeneous cloud models to the brightest

HST/WFC3 near-IR spectrum over 1.1–1.67µm. The best-fit cloud structures of

models with different gravities and temperatures are mostly fsed = 1 (round dots in

Figure 3.8). The model spectra with an effective temperature of 1200K and with a

gravity lower than log(g) = 4.25 fit relatively better than the others do. Because it

is challenging to fit gravity and other model parameters via spectral fitting over a

narrow wavelength coverage, we include the gravity constraints from brown-dwarf

evolution models in choosing the best-fit homogeneous cloud model.
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Figure 3.7: Top panel: the best-fit chemical disequilibrium model (solid dark-teal
line) fits better to the WISE0047 ’s panchromatic optical-to-near-IR spectrum (grey
solid line) than the equilibrium model (dotted light-green line) does at λ > 2µm.
Bottom panel: the difference between the disequilibrium/equilibrium model and
the data mainly falls in the optical region at which alkali absorption dominates. The
error bars of the WISE observation are smaller than the plotted points.

According to the evolution models (Fig. 5 of Saumon and Marley (2008); Table 1

of Chabrier and Baraffe (2000)2), the gravity range is around log(g)=4.3–4.7 given

the age (∼150Myr) and the fitted effective temperature (1200 K) of WISE0047.

Further inspection with the Bobcat evolution models (Marley et al., in prep) suggests

that a log(g) ≤ 3.75 fit is only possible if WISE0047 is very young(< 10Myr) and/or

very low-mass (< 5MJ) (see Appendix A.4). Considering the model fitting results

and the gravity constraints from the evolution models, we adopt the model with

Teff = 1200 K, log(g) = 4.0, and fsed = 1 (the circled blue point in Figure 3.8) as the

best-fit model because it gives the lowest reduced chi-square and is within 0.5 dex of

the gravity constraints from the evolution models. Given the bolometric luminosity

of 3.58±0.29×10−5 L�, the radius of the best-fit model is ∼ 1.2 RJ, being consistent
2The evolution model’s constraints on gravity depend on the assumption of the cloud structure

– a more cloudy atmosphere gives a lower gravity at the same temperature and age (see Figure 4

& 5 of Saumon and Marley (2008) for an atmosphere with no clouds and fsed = 2.)
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(see Section 3.6.1). Different color lines represent different temperatures; Round
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and 3 respectively. The minimum and maximum fitted radii of models at different
temperatures with fsed=1 are annotated. The two data points around log(g) =
4.5 are in the overlapping parameter space of the two sets of models (see text for
details).
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with 1.2–1.4RJ estimated by the DUSTY models at 0.1Gyr and with 1.1–1.3RJ

by the Saumon and Marley (2008)’s models at 0.1–0.2Gyr. Therefore, the best-fit

homogeneous cloud model with Teff = 1200 K, log(g) = 4.0, and fsed = 1 can explain

both the HST/WFC3 near-IR spectrum and is consistent with the predicted radius

of the evolution models. We then use this model as the baseline of the heterogeneous

cloud model for fitting the spectral variability.

3.6.2 The best-fit heterogeneous cloud models

As mentioned in Section 3.5.2, we explored three truncation temperatures (Ttrc =

1100 K, 1250 K, 1350 K) for the truncated cloud models. By changing the local (ob-

served hemisphere) thin-cloud coverage fraction ∆A of the truncated cloud models,

we compare the model’s spectral variability amplitudes and the time-averaged spec-

tra with the observational data in Figure 3.9. We list out the key modeling results

as follows:

1. Variability amplitudes: Given the same ∆A, the model with a higher trun-

cation temperature gives a larger variability amplitude within our explored

parameter space. This is because the difference between fthin and fthick in-

creases with a higher truncation temperature.

2. The wavelength dependence in the spectral variability amplitudes: The trun-

cated cloud models demonstrate that the variability amplitudes in the J&H

bands decrease with longer wavelengths. The wavelength dependence of

HST/WFC3 near-IR variability amplitudes are steeper for the models with

higher truncation temperatures. We interpret that the larger difference in

temperature between the thin- and thick-cloud decks causes the steeper wave-

length dependence in variability amplitudes.

3. The water-band variability amplitudes: The variability amplitudes in the

water-band deviate from the linear trend in the J&H-band variability am-

plitudes (e.g., the golden line in the bottom panel of Figure 3.9) in the model
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Figure 3.9: Top panel: the spectrum of the truncated cloud model (solid golden
line) with Ttrc = 1350 K matches most of the WISE0047 spectral shape (grey line)
at wavelengths shorter than 2.1µm. The spectra of the models whose Ttrc = 1100K,
1250K are plotted as the dash-dotted purple and the dashed red lines respectively.
The dotted brown line represents the spectrum of the homogeneous cloud model
(T=1200K, fsed = 1, log(g)=4.0 per section 3.5.1), the baseline for the heteroge-
neous cloud models. The CO and CH4 abundances of these models are in chem-
ical equilibrium. All the models spectra are scaled by the same dilution factor
(r= 1.2 RJ, d = 12.2 pc). Bottom panel: with an increase of 13% in the local
thin-cloud coverage, the spectral variability of the Ttrc=1350K model (solid golden
line) matches well with the observed HST/WFC3 near-IR peak-to-trough variabil-
ity amplitude (grey line), including the wavelength-dependent slope and the weak-
ened water-band variability. The model over-estimates the non-contemporaneously
observed 3.6µm-band peak-to-trough photometric variability (round grey dot) by
around a factor of three. The colored circles are the Spitzer-bandpass-weighted vari-
ability amplitudes of the truncated cloud models.The inset zooms in on the water
band in the HST spectrum.
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(Ttrc = 1100 K and 1350K; solid and dash-dotted lines) and of the baseline ho-
mogeneous model (dotted lines). The temperatures above the cloud bases of the
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mulative geometric opacity of each condensate in the thick-cloud column is plotted
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with Ttrc = 1350K, but not in that with Ttrc = 1100 and 1250K . The trunca-

tion temperature of 1350K corresponds to a pressure of ∼0.3 bar (see the T-P
profile of Figure 3.10). We also verify the model results with a semi-analytical

analysis that is based on water-vapor extinction in Appendix A.3.

4. The best-fit truncated cloud model: At ∆A = +13%, the Ttrc=1350K model

matches decently well with the peak-to-trough variability amplitude and the

wavelength-dependent slope of the HST 1.1-1.7µm spectral variability. The

observed slope appears to be slightly steeper than the model prediction. The

Ttrc=1350K model also matches most of the time-averaged spectral features

of WISE0047. Therefore, we adopt this model as our best-fit truncated cloud

model.

5. The 3.6µm-band variability amplitudes: The truncated cloud models suggest

that the variability amplitudes in the Spitzer 3.6µm-band are lower than that

in the HST near-IR 1.1-1.7µm. This is because the 3.6µm-band flux is emitted

from a higher altitude than the near-IR flux (see Appendix A.2) and thus is

less sensitive to the cloud thickness variation. This is qualitatively consistent

with the measured variability amplitudes in the HST and Spitzer observations

(Lew et al., 2016; Vos et al., 2018). However, if the variability amplitudes do

not evolve with times, our models cannot simultaneously fit to the 1.1-1.7µm

and 3.6-µm-band variability amplitudes which are observed five months apart.

The best-fit cloud model for the HST near-IR spectral variability predicts a

Spitzer 3.6µm-band peak-to-trough variability amplitude of 3.06%, which is

about three times higher than the observed value of 1.07± 0.04% in Vos et al.

(2018).

6. Cloud thickness variation: If we define the cloud-top level as the pressure

at which the cloud opacity reaches 0.1, the Ttrc = 1350K model shows that

the cloud-top levels of thin and thick clouds are at about 0.3 and 0.1 bar

respectively (see Figure 3.9 and 3.6). The difference in cloud-top pressure
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of the best-fit model suggests that the cloud thickness varies by around one

pressure scale height (0.19 bar at p=0.3 bar).

3.6.3 Impact of disequilibrium chemistry on the best-fit model spectra

After including disequilibrium chemistry to the best-fit homogeneous and heteroge-

neous cloud models, both cloud models fit better to the time-averaged spectra in

the Ks-band region, as shown in Figure 3.7 & 3.11. We note that both models un-

derestimate the observed WISE photometric points. Disequilibrium chemistry also

affects the spectral variability predicted by the heterogeneous cloud models. The

3.6µm-band flux in the disequilibrium model is emitted at deeper pressures and is

more sensitive to the cloud opacity variation than that in the equilibrium model.

Therefore, the disequilibrium model predicts a higher 3.6µm-band variability am-

plitude than the equilibrium model, as shown in the bottom panel of Figure 3.11.

For the case of WISE0047, the impacts of disequilibrium chemistry on the spectrum

are the same with Kzz = 104, 106, 108 cm2s−1.

3.7 Discussion

3.7.1 Caveat of the truncated cloud models

In Section 3.6, our best-fit truncated cloud model fits well to the time-averaged

spectra and the HST near-IR spectral variability, and demonstrates that the vari-

ability amplitude is lower in the Spitzer 3.6µm-band than at the HST near-IR

wavelengths. However, our truncated cloud models are only an order-of-magnitude

modeling approach of the cloud thickness variation. In the thin-cloud column, the

opacity gradient caused by the truncation of cloud opacity is likely unstable unless it

is maintained by large-scale atmospheric dynamics or other external force. We also

assume only two types of clouds in the atmosphere. In reality, the cloud thickness

could be modulated by planetary-scale waves (e.g., Apai et al., 2017) and perhaps

varies smoothly from thick to thin clouds.

Also, we do not fully explore the parameter space of heterogeneous clouds, but
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averaged spectra than the same cloud model with equilibrium chemistry (dotted sky-
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cloud model with disequilibrium chemistry gives a larger variability amplitude than
the equilibrium heterogeneous cloud model in the Spitzer 3.6µm photometric band.
The model matches well to the water-band variability amplitude but less well to the
linear slope of the spectral variability from 1.1 to 1.7µm.
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coarsely investigate the truncation temperature, fsed, gravity, temperature, and Kzz.

The best-fit model is therefore likely not unique, but we argue that the three qualita-

tive trends of our key results : (1) the steeper wavelength dependence of variability

amplitude with larger truncation temperature, (2) the weakening of the water-band

variability amplitude with larger truncation temperature, and (3) the higher vari-

ability amplitude at the Spitzer 3.6µm band with decreased methane abundance

due to disequilibrium chemistry, should still be valid even though the parameters of

the global minima of the model fitting could differ from that of our best-fit model.

3.7.2 Impact of heterogeneous cloud structure to the emission spectrum

and atmospheric profile

By comparing different cloud models, we discuss the interplay between the cloud

structure and the converged T-P profile, as well as their coupled effect on the time-

averaged emission spectra. As shown in the panel (a) and (b) in Figure 3.10, at

the same effective temperature, the heterogeneous cloud models are cooler in and

above the clouds compared to the baseline model, which is the best-fit homogeneous

cloud model. The cooler T-P profile in the heterogeneous cloud models causes the

cloud-base pressures to be larger than that of the baseline model (panel c in Figure

3.10). However, the geometric optical depths of each cloud species are about the

same in different models despite the variation in cloud-base pressure and in the T-P

profile.

How do these different atmospheric structures affect the near-IR spectra in Figure

3.9? In wavelength ranges like 2–3.6 and 4.2–5µm, gas is the dominating opacity

source at photosphere. Emission at these wavelengths is thus mostly originates from

the region above clouds (see also Figure A.3). Because of cooler T-P profiles, the

emission of the truncated cloud models is fainter than that of the baseline model at

these wavelengths (see also Figure 3.9). For the spectra in the near-IR 1.1–1.7µm

range, clouds are the main opacity source. The variations in the cloud opacity

and in the T-P profile cause the different near-IR spectra between the truncated

and the baseline cloud models. For the truncated cloud model, the cooler T-P
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profile decreases the near-IR emission, while the lower cloud opacity in the thin

cloud column allows more near-IR emission from the deeper atmosphere. These

two factors drive the non-monotonous change in the 1.1–1.7µm spectra between

different models. Therefore, the spectra in 1–2 and 2–5µm are complementary for

characterizing the cloud structure coupled to the T-P profile in a heterogeneous

atmosphere.

3.7.3 The variability amplitude in the Spitzer 3.6µm band

Our best-fit truncated cloud models for the HST/WFC3 near-IR spectral variability

over-estimate the non-contemporaneously observed Spitzer 3.6µm-band variability

amplitude. The modeled 3.6µm-band variability amplitude of 3%, which is consid-

ered relatively high among objects studied in Metchev et al. (2015), suggests that

3.6µm-band flux is still sensitive to cloud thickness variation in this low-gravity

(log(g) = 4) and cloudy (fsed=1) atmosphere. However, a variability amplitude of

3% is similar to that of low-gravity and red brown dwarfs like PSOJ318 (Biller et al.,

2018) and VHS 1256b (Zhou et al., 2020).

We present three possible scenarios that could reconcile the apparent discrep-

ancy. First, the modulation amplitudes of the pseudo-sinusoidal light curve could

evolve over time, which has been seen among other brown dwarfs with long-baseline

observations (e.g., Apai et al., 2017). Secondly, if particle-size distribution changes

with cloud thickness, Mie scattering from sub-micron particles (e.g., Lew et al., 2016;

Schlawin et al., 2017) could explain the higher HST/WFC3 near-IR modulation am-

plitude than that in the Spitzer 3.6µm band. Finally, the atmosphere above the

clouds could be hotter than predicted by our cloud models, as found in the retrieval

analysis of some field mid-L dwarfs (Burningham et al., 2017). We speculate that

such hotter atmosphere will better match the WISE W1 and W2 photometry of

WISE0047 and increases the Spitzer-3.6µm-band flux contribution (see Appendix

A.2) in the low-pressure and cloud-free region. As a result, the flux in the Spitzer

3.6µm band will be less sensitive to the cloud thickness variation and hence shows

a lower variability amplitude in such upper-atmosphere-heated heterogeneous cloud
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model. Further studies (e.g., Leggett et al., 2019) will be useful to test if there are

unaccounted heating mechanisms in brown dwarf upper atmospheres.

3.7.4 Inference of minimum eddy diffusivity coefficient from the redder

color of brown dwarfs and exoplanets

WISE0047, similar to many young and low-gravity brown dwarfs and exoplanets,

has a color (J − Ks) redder than that of typical field-gravity L6-7 brown dwarfs.

To explain the redder color of WISE0047, our models require both dusty clouds

and disequilibrium chemistry. However, not all redder brown dwarfs are low in

gravity or young (e.g., Marocco et al., 2014; Kellogg et al., 2017). Another possible

cause for the redder color includes higher metallicity (e.g., Marocco et al., 2014).

Assuming disequilibrium chemistry is partly responsible for the redder J−Ks color,

or equivalently the brighter Ks-band magnitude, we estimate the minimum eddy

diffusivity coefficient for the Ks-band photosphere to be in chemical disequilibrium.

The quenching pressure, which depends on the vertical mixing, gravity, temper-

ature, and pressure, affects how much methane abundance is depleted compared to

that in chemical equilibrium. When the quenching pressure reaches optically thick

pressure or larger, the decreased methane opacity lead to an increase in flux at

methane-opacity-dominated wavelengths, including the Ks band.

To estimate the quenching pressure, we calculate the chemical timescale τCO for

the CH4−CO conversion with Equation 14 from Zahnle and Marley (2014), which is

valid for self-luminous gas-giant-planet atmospheres with the temperature range of

1000-2000K. By the definition of the eddy diffusivity coefficient Kzz = H2/τmix, we

calculate the corresponding vertical mixing timescale τmix. At quenching pressure,

τCO = τmix. We then solve the following quadratic equation for the quenching

relations as between quenching pressure, temperature, gravity, and Kzz:

τCO = τmix (3.7)

(
pe−42000/T

1.5× 10−6
+
p2e−25000/T

40
)−1 =

H2

Kzz

(3.8)
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Figure 3.12: Given a quenching relation (dashed line) and a T-P profile (solid line),
the quenching pressure is where the two lines intersect. The part of the atmo-
sphere above the quenching pressure is in chemical disequilibrium. For PSOJ318,
WISE0047, and 2M1207b, the minimum Kzz for the Ks-band photospheres (bolded
lines) to be in chemical disequilibrium and have redder J − Ks are 103, 104,and
106cm2s−1 respectively, as indicated in the legend. The quenching relation and T-P
profile (thin solid line) are plotted in the same color (blue/red/green) for each ob-
ject (PSOJ318/WISE0047/2M1207b). We also plot the condensation curves of Fe
and MgSiO3 (Visscher et al., 2010) for reference. See text for the estimates of the
photosphere for each object.
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Given a gravity, Kzz, and a T-P profile, we can solve the corresponding quenching

pressure with the quenching relations. In Figure 3.12, the quenching pressure is

where the dashed line (quenching relations) intersects the solid line (T-P profile).

Therefore, a Ks-band photosphere is in chemical disequilibrium when it is at or

lower pressure than the quenching pressure. Alternatively, given only a gravity and

T-P profile, we can solve the minimum Kzz for the quenching pressure to be at or

larger pressure than the Ks-band photospheric pressure.

We plot the three T-P profiles of PSO J318.5338-22.8603 (PSOJ318), 2MASSWJ

1207334-393254 b (2M1207 b), and WISE0047 in Figure 3.12 as thin lines with the

Ks-band photosphere region highlighted in bold. For WISE0047, the Ks-band pho-

tosphere is estimated with the 16-85% range of the Ks-band contribution function

(see Appendix A.2). The Ks-band photosphere of PSOJ318 is estimated based on

Figure 14 of Biller et al. (2018); The Ks-band photosphere of 2M1207b is estimated

by the pressure of MgSiO3 cloud base and that at which T = Teff from Figure

12 of Barman et al. (2011). Based on the Ks-band photospheric pressures of the

three objects, our calculations suggest that the required minimum Kzz are 103, 104,

and 106 cm2s−1 for disequilibrium chemistry to redden the J-Kscolors of WISE0047

(log(g)=4), PSOJ318 (log(g)=3.3), and 2M1207b (log(g)=3.5) respectively. The es-

timated minimum Kzz of WISE0047 and PSOJ318 are lower than that of 2M1207b

because of their lower photospheric pressures. Our estimate of the Kzz values are of

the same or lower order of magnitude than those obtained in other studies of non-

equilibrium chemistry in exoplanets and brown dwarfs (e.g., Saumon and Marley,

2008; Visscher et al., 2010; Barman et al., 2011; Miles et al., 2018). Our results sug-

gest that given reasonable vertical mixing values, the near-IR photospheres of these

objects are in chemical disequilibrium. The extent of J − Ks color reddening due

to disequilibrium chemistry depends on the change in abundance of methane and

other opacity sources in the Ks band. Therefore, we only provide the estimates of

minimum Kzz as modeling the color reddening requires atmospheric modeling (e.g.,

Saumon et al., 2003; Hubeny and Burrows, 2007) and is beyond the scope of this

discussion.
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3.8 Conclusions
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on equation 3.8. This figure shows that the WISE0047 atmosphere is in chemical
disequilibrium at P <∼ 0.2 bar with a Kzz of 103 cm2s−1. Middle panel: the optical
depth of water vapors, the thick-cloud column, and that of the thin-cloud columns
for the truncated cloud model with Ttrc = 1350 K, which is similar to Figure 3.6.
The semi-analytical model is described in Appendix A.3. Right panel: the truncated
cloud model with Teff =1200K, log(g) = 4.0, fsed=1, and Ttrc = 1350K matches the
best to the wavelength dependence and the water-band feature of the HST/WFC3
near-IR spectral variability (grey line). The plot is the same as the bottom panel of
Figure 3.9.

Utilizing the time-averaged and time-series observational data, our study

presents the inference of atmospheric heterogeneity from the data-based analysis

(see conclusion 2–4) and the forward modeling approach (see conclusion 5–9). The

summarized conclusions are listed below (see also Figure 3.13):

1. With the iterative pixel-scale ramp correction, the measured broadband peak-

to-trough flux variability amplitude increases from 9.4% to 9.7±0.1%. The

wavelength dependence of the variability amplitudes is -0.083±0.006µm−1,

which is within one sigma uncertainty of the previous published result of Lew

et al. (2016). (§ 3.4.1 & 5.5.2 )

2. The ramp-corrected HST broadband and scaled Spitzer 3.6µm-band light

curves, which are observed five months apart, show a similar light curve profile.

(§ 3.4.1).
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3. Our principal component analysis shows that 95% of the spectral variance

originates from the first eigenvector component. We interpret this as an ev-

idence for a single type of atmospheric feature on top of the spatially

averaged atmospheric feature. (§ 3.4.2)

4. The disk-integrated brightness temperature suggests that the averaged water-

band emission originates from a lower pressure than that in the J&H band.

The brightness temperature variability in the water-band is lower than that

in the J&H bands. With the additional assumption for the varying spectral

component in § 5.5.3, we interpret that the J&H band flux is emitted from

deeper pressures and is more sensitive to the cloud thickness variation than

the water-band flux.

5. We introduce a “truncated cloud model" comprised of of two types

of clouds in an atmosphere: a thick-cloud column with fsed = 1 and a thin-

cloud column that has the same opacity as the thick-cloud column except that

it is cleared out above an altitude at which the temperature is equal to the

truncation temperature Ttrc. This heterogeneous cloud model is self consistent

with the T-P profile. (§ 3.5.2)

6. We find that the best-fit homogeneous cloud model is a cloudy atmosphere

with fsed = 1, Teff = 1200K, log(g) ≈ 4.0. The fitted radius of 1.16 RJ is

also consistent with the predictions of the evolution models for an age of ∼150
Myr. (§ 3.6.1)

7. Among the three truncated cloud models explored, the cloud model with

the highest truncation temperature (Ttrc = 1350 K) provides the

best fit to the weakened water-band feature and to the wavelength-

dependent slope of the HST/WFC3 near-IR spectral variability am-

plitude.. Our cloud modeling results suggest that the cloud-top thickness

varies by around one pressure scale height in the atmosphere. (§ 3.6.2)
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8. The best-fit truncated model for the HST/WFC3 near-IR spectral variabil-

ity overestimates the non-contemporaneously observed Spitzer 3.6µm band

modulation amplitude by a factor of three. The apparent discrepancy could

be caused by evolving modulation amplitude or imperfect atmospheric model-

ing, such as the presumed particle-size distribution and unaccounted heating

mechanism at the upper atmosphere. (§ 3.6.2;3.7.3)

9. By including disequilibrium chemistry, the best-fit truncated model also

matches most of the time-averaged spectra from 0.6 to 2.5 µm. The fit-

ting residual mainly arises at the wavelength where the alkali line dominates.

(§ 3.6.3)

10. Assuming disequilibrium chemistry is part of the reasons for the redder color

of brown dwarfs and exoplanets, we use Zahnle and Marley (2014)’s CH4

quenching equations to place minimum Kzz values for 2M1207 b, WISE0047,

and PSOJ318.

Simultaneously probing different depths in planetary atmospheres is essential

for understanding the connections between spatial cloud thickness variations and

atmospheric dynamics. We have demonstrated how simultaneous modeling of time-

averaged spectra and time-resolved spectrophotometry constrains vertical cloud

structure and vertical mixing. Applying similar modeling approach to future spec-

trophotometric observations with a wider wavelength coverage, such as those with

the James Webb Space Telescope, may shed light on the cloud formation and evo-

lution process in the three-dimensional planetary atmospheres.
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CHAPTER 4

Cloud Atlas: Weak color modulations due to rotation in the planetary-mass

companion GUPsc b and 11 other brown dwarfs

This chapter was originally published as Lew et al. (2020b).

4.1 Introduction

One of the most perplexing observations of the ultracool atmospheres of brown

dwarfs and directly-imaged exoplanets is the prominent color evolution across the

L/T spectral type transition. Over a narrow temperature range (∼100 K) the atmo-

spheres transition from red (in the near-infrared, J−H ∼ 1.3) to blue (J−H ∼ 0.0)

colors. It has been proposed that this color evolution could be caused by cloud thin-

ning (Ackerman and Marley, 2001; Saumon and Marley, 2008), cloud patchiness

(Burgasser et al., 2002b; Marley et al., 2010), cloud structure evolution (Tsuji and

Nakajima, 2003; Burrows et al., 2006; Charnay et al., 2018), and possibly even

CO/CH4 compositional-gradient driven instability (Tremblin et al., 2016, 2019).

Brown dwarfs with mid-T spectral types also tend to be about 0.5 magnitudes

brighter in the J-band than earlier and later spectral type counterparts – also known

as the J-band brightening, possibly as a result of cloud disruption (Burgasser et al.,

2002b, 2006b; Dupuy and Liu, 2012). While models of ultracool atmospheres had

considerable success in fitting the L spectral type sequence (with thick silicate con-

densate clouds) and the late-T spectral type brown dwarfs (with mostly cloud-free

atmospheres), the rapid color evolution and brightening across the L/T transition

point to the existence of processes not well understood.

Therefore, understanding atmospheric and cloud evolution from late-L spectral

types though the L/T transition to late-T dwarfs remains an important challenge.

It is clear that the color changes carry important information about the nature of
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the processes that occur in these cooling atmospheres.

Surface gravity may be part of the puzzle, too. Small samples of L/T transition

brown dwarfs suggest that the L/T transition occurs at lower effective temperatures

for low-gravity objects (Metchev and Hillenbrand, 2006; Dupuy et al., 2009; Marley

et al., 2012; Bowler et al., 2013; Liu et al., 2016; Miles-Páez et al., 2017). The

magnitude of J-band brightening could also be larger for low-gravity objects if we

include directly imaged planets (see Fig. 16 in Dupuy and Liu, 2012). Alas, as

cooling objects cross swiftly the L/T transition, very few brown dwarfs are known

with low masses at the L/T transition, making it difficult to test model predictions

about the interplay of surface gravity and cloud evolution.

A particularly important probe of atmospheric properties is time-resolved high-

precision (sub-percent level) spectrophotometry, that can – through the rotation

of the target – explore non-uniform brightness distribution in an atmosphere with

fixed gravity and interior temperature. Such rotational mapping studies have been

used successfully to constrain cloud properties in ultracool atmospheres, including

those with planetary masses (e.g., Apai et al., 2013; Buenzli et al., 2014; Metchev

et al., 2015; Zhou et al., 2016; Biller, 2017; Apai et al., 2017; Manjavacas et al.,

2019a; Miles-Páez et al., 2019; Zhou et al., 2019). The wavelength dependence of

rotation modulations sheds light on the variations of cloud particle sizes, molecular

abundances, and photospheric temperatures. In a rotating atmosphere, the temporal

modulations at a given wavelength probe the atmosphere’s spatial structure in a

pressure range. Consequently, comparisons of the modulations observed at different

wavelengths probe pressure-dependent properties in the atmosphere.

Multiple studies have used time-resolved ground-based photometry (e.g., Artigau

et al., 2009; Radigan et al., 2012; Biller et al., 2013; Radigan, 2014), spectroscopy

(e.g., Schlawin et al., 2017), or space-based spectrophotometry (e.g., Buenzli et al.,

2012, 2015b; Yang et al., 2015; Karalidi et al., 2016; Lew et al., 2016; Yang et al.,

2016) to explore the variations of the near-infrared colors of rotating brown dwarfs

(from mid-L to T8 spectral types). All of these studies found gray, i.e., only weakly

wavelength-dependent modulations in the near-infrared, even for objects with large-
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amplitude (>10%) modulations. Radiative-transfer-based models presented in Apai

et al. (2013) explain the gray modulations with a correlated change in effective

temperature and cloud thickness; this study and that of Radigan et al. (2012) show

that changes in a single model parameter (temperature or cloud thickness) cannot

explain the observed modulations. Similar conclusions have been drawn by Biller

et al. (2018), who observed the planetary-mass late-L dwarf PSO J318.5338-22.8603.

They suggest that the heterogeneous high-altitude clouds or extended silicate clouds

could explain the weak wavelength-dependence of near-IR and mid-IR modulation

amplitudes, as well as the phase offset between the near-IR and mid-IR light curves.

These examples demonstrate the power of time-resolved high-precision spec-

trophotometry in constraining the heterogeneous cloud properties of individual at-

mospheres and – through comparisons of objects spanning the L–L/T–T sequence

– the potential for deciphering cloud evolution in cooling atmospheres. For a more

complete discussion of results from time-resolved studies we refer to recent reviews

(Biller, 2017; Artigau, 2018).

In this paper we present a new, space-based and high-precision time-resolved

spectrophotometric study of GUPsc b, one of the rare planetary-mass brown dwarfs

at the end of the L/T sequence. In Section 4.2 and 4.3 we described the target, the

observations and data reduction process. We present the spectra and light curves in

Section 4.4. In Section 4.5, we describe the compilation of published data and the

analysis of the color-magnitude variations of twelve brown dwarfs. We discuss the

implications of our results to the color change in the L/T transition in Section 4.6

and summarize our conclusions in Section 4.7.

4.2 GU Psc and GU Psc b

GU Psc (or 2MASS J01123504+1703557) is an M3.5 dwarf at 47.6 pc based on the

Gaia parallax of 21.00± 0.07 mas (Gaia Collaboration et al., 2016, 2018; Luri et al.,

2018). Based on its kinematic and photometric properties, Malo et al. (2013) cat-

egorized the GU Psc system as a highly probable (96.9%) member of AB Doradus
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moving group (ABDMG), which is around 120 ± 30 Myr old (Zuckerman et al.,

2004). The detection and measured width of Hα emission of GU Psc by Riaz

et al. (2006) indicates that the age of the system is in between 10 Myr–2 Gyr respec-

tively (Barrado y Navascués and Martín, 2003; White and Basri, 2003; West et al.,

2008). Naud et al. (2014), hereafter N14, find that the calculated X-ray luminosity

(log(Lx) = 29.1±0.3 ergs−1 at 48±5 pc) of GUPsc based on the ROSAT observation

is similar to that of other single M dwarfs in ABDMG and is higher than that of field

stars. The kinematic properties, Hα emission, and X-ray luminosity measurements

together suggest that GUPsc is a relatively young system compared to field dwarfs.

N14 provides an estimate of the GU Psc’s metallicity ([Fe/H]) that ranges from

−0.14± 0.09 to 0.1± 0.13 with various methods (Mann et al., 2013; Newton et al.,

2014). The measured periodic variability of 1.0362 ± 0.0005 days (Norton et al.,

2007) and v sin i (23 km s−1, N14) of GU Psc suggests that it is a rapid rotator.

More detailed characterization of GU Psc system can be found in N14.

GUPsc b, discovered by N14, is at a projected distance of 2, 000±200 au from GU

Psc. Based on the near-infrared spectral index and the comparison with standard T

dwarfs, N14 classifies GUPsc b as a T3.5±1 dwarf. N14 finds the best-fit effective

temperature ranges from 1,000 to 1,100K by comparing the GU Psc b’s near-infrared

spectrum with atmospheric models (Baraffe et al., 2003; Saumon and Marley, 2008).

Based on the ABDMG’s age of 100 ± 30Myr and the fitted effective temperature

range, N14 estimates the mass of GUPsc b to be around 9-13 MJup, which is close

to the deuterium-burning mass limit of 12-13 MJup (Saumon and Marley, 2008)

– commonly adopted as the borderline between brown dwarfs and giant planets

with solar metallicity. Naud et al. (2017) report a tentative J-band photometric

variability of GUPsc b with a peak-to-trough flux variation of 4± 1% at a period of

5.9 hours based on one out of three nights of 5-6 hour observation with WIRCam

Imager at 3.6m Canada-France-Hawaii Telescope.
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Figure 4.1: (a): The relative count rates of pixels stacked along the rows in panel (b)
in three different wavelength regions: approximated J band (dashed magenta line),
water band (dashed-dot blue line), and H band (solid red line). In the spectral
extraction region of GUPsc b, plotted in shaded gray, the flux contribution from
nearby sources is lower than ∼ 10% for J ′ and H ′ bands, but higher than ∼ 20%
for water band. (b) A cropped median image to illustrate the nearby reference star
and galaxy spectra flanking that of GUPsc b. The image is color-coded with signal-
to-noise ratio in log scale. The three square brackets represent the J ′-, water-, and
H ′-band regions in which the pixel count rates are stacked and summed along the
rows. The dot-connected line with annotated wavelengths in microns is plotted for
GUPsc b’s spectrum. The two white dashed lines that bracket the dot-connected
line mark the aperture (six pixels) for spectral extraction.
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4.3 Observation and Data Reduction

We utilized six consecutive Hubble Space Telescope (HST) orbits to observe the

rotational modulation of GUPsc b in Wide Field Camera 3 (WFC3)’s G141 grism

mode (1.07− 1.70µm, spectral resolving power ∼ 130 or dispersion of 4.7 nm/pixel

with a plate scale of 0.13"/pixel) on Jan 08 2018. These observations are part of the

HST Large Treasury Program Cloud Atlas (P.I: Apai, ID: GO-14241). There are

eleven 201 s-long integration spectroscopic frames in each 96-minute long HST orbit.

We restricted HST’s orientation angle to minimize possible spectral contamination

from galaxies and bright stars within small angular separations from GUPsc b.

The data reduction pipeline is similar to that in Lew et al. (2016). In brief,

our data reduction process started from flt.fits files, which are produced by the

calwf3 pipeline for zero-read and bias calibration, dark image subtraction, flat-

fielding, detector nonlinearity correction, and cosmic rays flagging. Our well-vetted

pipeline (e.g., Buenzli et al., 2012; Apai et al., 2013; Yang et al., 2015; Zhou et al.,

2018) then interpolated around the cosmic-rays affected and other bad pixels before

subtracting the sky background. We followed the method in Kümmel et al. (2011) for

background reduction that scales the master sky image from Kümmel et al. (2011)

for background reduction. We used Source Extractor (Bertin and Arnouts, 1996)

to extract source location from the stacked direct images that are observed with

F132N filter at the beginning of each orbit for wavelength calibration. We used aXe

(Kümmel et al., 2009) with a six-pixel wide cross-dispersion aperture for spectral

extraction. We performed an absolute flux correction for finite aperture photometry

by interpolating the table of encircled energy as a function wavelength and diameter

of Table 6b in Kuntschner et al. (2011).

We did not find a significant ramp effect (Smith et al., 2008; Long et al., 2014)

in the six-orbit-long observation, therefore no ramp correction (e.g., Zhou et al.,

2017) was performed. The less pronounced ramp effect in our data is likely because

of the low count rate (peak count rate < 8e−s−1 with an averaged count rate 1 of
1The averaged count rate was calculated over a box that is six-pixel wide in cross-dispersion
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∼ 2.8e−s−1) compared to that of the case studies in Zhou et al. (2017). Given a lower

count rate, the ramp profile becomes more linear and is less significant compared to

the photon noise. Any uncorrected ramp effect, which mostly increases the flux in

the first orbit, will only increase the brightness variations reported in this study.

4.3.1 Contamination assessment

As Figure 4.1 shows, there are two sources in close angular proximity of GUPsc b,

leading to a second-order spectrum of a reference star and to a first-order spectrum

of a galaxy (see also Figure 1 in N14). Also, there is a faint diffraction spike from the

GU Psc’s 0th-order (undispersed) grism image superimposes upon part of GUPsc b’s

spectrum. To mitigate this, we interpolate the flux density in the 1.17-1.19µm region

of the GU Psc b spectra (see Figure 4.2) to avoid possible contamination from GU

Psc’s 0th-order diffraction spike.

To assess possible contamination from the two nearby sources, we sum the mea-

sured count rates in the same row (x-axis) over three ranges of columns (i.e., the

bracketed regions colored in magenta, blue, and red in Figure 4.1b), approximat-

ing the measured count rate in the J ′ (1.18-1.33µm), water (1.37-1.47µm), and H ′

bands (1.50-1.65µm). The summed count rates is then plotted as a function of row

number in Figure 4.1a. In Figure 4.1a, the GUPsc b’s summed count rate spans

roughly across rows 532−538 and is highlighted by the gray band. The gray region

is similar to the aperture used for spectral extraction2. We normalize the summed

count rate of the three ranges of column so that the GU Psc’s peak count rate equals

one.

Figure 4.1a provides an order-of-magnitude estimation of the contamination level

– within the spectral aperture for GUPsc b, the contamination level is less than 10%

direction and 130-pixel long in the spectral dispersion direction of GUPsc b.
2The direction of spectral trace and the corresponding aperture for spectral extraction are not

perfectly aligned with the x-axis of the image grid but a field-dependent multi-order polynomial

of x and y axes (Kuntschner et al., 2009). Therefore, the row number at where the GU Psc b’s

count rate reaches the maximum in the J’ and H’ bands are slightly different.
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of the GUPsc b’s peak count rate in the J ′ and H ′ bands, but much higher (> 20%)

in the water band. A more sophisticated analysis that fits 1D 3-Moffat profiles to

the summed count rate from 1.1-1.7µm (column number 440-570) gives a similar

estimate of contamination level (13%, see also Section B.1). Because of the low

signal-to-noise ratio and the moderate level of contamination in the water band, in

this study we choose to focus on the J ′-band, H ′-band, and the integrated white

(1.1− 1.67µm) light curve.

In Figure 4.3, the reference star’s light curve shows a slight brightening trend

at a sub-percent level. A simple straight-line fit to the reference star’s light curve

gives a slope of (9± 2)× 10−4/hour, or 0.7% for an eight-hour baseline. This linear-

brightening trend is possibly an HST systematics that leads to visit-long slopes

(e.g., Berta et al., 2012; Wakeford et al., 2016). In the field of view no other source’s

light curve has similar signal-to-noise ratios to verify the presence of this possi-

ble sub-percent-level systematics. The low signal-to-noise ratio light curve of the

nearby background galaxy fluctuates at about four-percent from the brightest to the

dimmest state. The maximum contamination level of flux variation from the nearby

sources is roughly equal to the product of flux contamination fraction and the flux

variation of nearby sources, which is about 13%×4% = 0.52% level. The estimate of

0.52%, which is a generous upper limit considering the different light curve profiles

of between GUPsc b and other sources, is much lower than the observed peak-to-

trough flux variation of 2.7% (see Section 4.4.2) in the integrated white light curve

of GUPsc b.

We also check the distribution of flux density deviations from the median spec-

trum. We find only two data points with 3.2-σ deviation from the median spectral

flux densities among 124 spectral bins in 66 exposures. Therefore, no statistically

significant deviation from the median spectrum is found assuming spectral points are

independent of each other. Therefore, our careful inspection of spectral variations

and reduced images confirms that the observed rotational modulation is intrinsic to

GUPsc b.
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4.4 Spectra and Rotational Modulations

4.4.1 Spectrum and spectral variations

We plot the HST median spectra together with the Gemini Near-InfraRed Spectro-

graph (GNIRS) spectrum (R∼800) from N14 in the top panel of Figure 4.2. We also

overplot the spectra of two field T dwarfs, T4.5 2MASS J05591914−1404488 (Bur-

gasser et al., 2006a) and T3 2MASS J12095613−1004008 (Burgasser et al., 2004)

that are normalized to the same J-band peak flux density as that of GUPsc b. Our

HST/G141 observations provide the first flux density measurements of GUPsc b in

the water-band absorption region of 1.1-1.2µm. After the J-band flux normalization

of the two field T dwarfs’ spectra, GU Psc b’s spectrum matches better the T4.5

spectrum at wavelengths λ < 1.3µm but matches better the T3 spectrum at longer

wavelengths (λ > 1.3µm).

In the bottom panel of Figure 4.2, we plot the binned ratio of the median spectra

of the sixth and the third orbit, which are the orbits at which the broadband-

integrated flux density reaches its maximum and minimum. The max/min flux ratio

shows no strong wavelength-dependence for the rotational modulations, similar to

that of T0 dwarf SIMP 0136 (Apai et al., 2013). After excluding the low-signal-to-

noise-ratio water band (1.37-1.47µm), the mean max/min flux ratio is about 3.0%.

The fitted slope (m =0.025± 0.020µm−1) for the max/min flux ratio suggests that

there is no significant wavelength-dependence.

4.4.2 Light curves of rotational modulation

We plot the integrated white (1.1-1.67µm) light curves of GUPsc b and those of

the other two nearby sources in Figure 4.3. The GUPsc b’s light curve manifests a

sinusoidal profile with a period longer than the observation baseline. The sinusoidal

pattern of GUPsc b’s light curve is distinct from the almost flat light curve of the

reference star and the choppy light curve of the nearby galaxy. The J ′-band (1.18−
1.33µm) and H ′-band (1.50−1.65µm) light curves also show a similar profile as that

of the integrated white light curve. Based on the integrated white light curve, the
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rotational modulation amplitude is at least 1.35%, or 2.7± 0.8% for peak-to-trough

flux variation (i.e., the ratio of the integrated flux median at the 6th orbit to that

at the 3rd orbit). This variability level is consistent with the previously reported

marginal detection of peak-to-trough variability of 4±1% at a timescale of ∼ 6 hour

by Naud et al. (2017).

Because of the incomplete phase coverage, the fitted rotational period is degen-

erate with the amplitude for a sinusoidal model (c.f., Appendix B.2). Therefore, we

only place a lower limit of eight hours on the rotational period, corresponding to

the baseline of the HST observations.

4.5 Rotational Modulations on the Color-Magnitude Diagram

Color-magnitude diagram (CMD) is a useful tool for studying the brown dwarf atmo-

sphere evolution with thousands of brown dwarfs photometric and parallax observa-

tions (e.g., Dupuy and Liu, 2012; Best et al., 2015). Meanwhile, an increasing num-

ber of brown dwarfs with detected rotational modulations through HST/G141 time-

series spectral observations have been reported. We compile eleven brown dwarfs

with published HST/G141 spectral observations (2MASS J22282889−4310262
Buenzli et al. 2012; SIMP J013656.5+093347.3 & 2MASS J21392676+0220226 Apai

et al. 2013; Luhman 16B Buenzli et al. 2015b; 2MASS J15074769-1627386 & 2MASS

J18212815+1414010 Yang et al. 2015; WISEP J004701.06+680352.1 Lew et al. 2016;

HN Peg B Zhou et al. 2018; PSO J318.5338−22.8603 Biller et al. 2018; LP 261−75
B Manjavacas et al. 2018a; Ross458c Manjavacas et al. 2019a) to study the color

dependence of rotational modulations across different spectral types in the 2MASS

MJ vs J − H CMD. In this section, we describe the conversion from HST spectra

to broadband photometry, the empirical models for color-magnitude variations, and

discuss the overall trend in color-magnitude variations on CMD.
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4.5.1 Binning HST time-series spectra to broadband photometries

The HST/G141 grism’s wavelength coverage does not fully overlap with that of the

2MASS H band. By weighting the HST/G141 spectral variations in the HST J ′

(1.18-1.33µm) and H ′ (1.50-1.65µm) bands with the 2MASS J-band and H-band

spectral response curves (Wright et al., 2010), we implicitly assume that modulation

amplitudes ∆J ′ = 2MASS ∆J and ∆H ′ = 2MASS ∆H.

To plot the HST/G141 spectral variations on a 2MASS CMD, we also adopt the

2MASS J- and H-band magnitudes (Cutri et al., 2003) as the mean magnitudes of

the HST J ′- and H ′-band modulations, except for the most variable object 2M21393.

We first scale the J-band peak of the 0.6-2.65µm 2M2139 spectrum from the SpeX

library (Burgasser, 2014b) to be the same as that of the averaged HST spectra.

Then we use the scaled SpeX spectrum to calculate the mean magnitude in the

2MASS J and H bands during the HST observation of 2M2139.

The timescale of intrinsic color-magnitude variations from rotational modula-

tions of brown dwarfs is typically on the order of hours. Meanwhile, the observed

color-magnitude variations on several minutes timescale are likely dominated by

photon noise and/or systematics. To study the intrinsic color-magnitude variations

across the rotational phase, for objects with long rotational periods (P>5 hours) we

bin the photometric points in the each HST orbit (total exposure time of ∼ 30 to

40 minutes) with the median value. We estimate the uncertainties of the median

with the standard deviations of color and magnitude variations in each bin. These

uncertainties are conservative estimates because they include the photon noise and

the readout noise, variations from time-variable systematics (e.g., ramp effect), and

intrinsic variability of objects. For objects with periods less than 5 hours, we choose

not to bin the photometric points so that the cadence of color-magnitude variations

is less than 10% of the rotational phase.
3Even with the assumption of ∆J ′ = 2MASS ∆J , the mean of HST J ′(t) does not necessarily

equal to 2MASS J , especially for object with large modulation amplitude.
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4.5.2 Empirical models for color-magnitude variations

The J − H color change due to rotational modulations in any individual object is

much smaller compared to the J −H color evolution across the L/T transition. To

visualize the small scale of color change and the large scale of color evolution in

CMD, we fit a straight line to the magnitude-color variation (i.e. MJ vs. J − H)

for each object’s rotational modulations. We then plot the fitted straight line of

magnitude-color variation on CMD. We obtain the best-fit slope and y-intercept

using an orthogonal distance regression algorithm with scipy.odr (see also Figure

4.4), which minimizes the orthogonal distance, weighted by both x- and y-axis un-

certainties, between photometric points and the straight-line model. We use the

covariance matrix of the fitted parameters to calculate the standard deviation of the

fitted slope and y-intercept.

We remind that this linear fit is only for illustrating the primary direction of color

changes with respect to the brightness variations. The color-magnitude variations

could be non-linear, too.

For example, the subpanel plots in Figure 4.5 suggest that a linear model may

not fit well to the color-magnitude variations of GU Psc b and 2M2228. As one

of the simple, periodic non-linear models, we fit an ellipse to the color-magnitude

variations and show the direction of color change direction with the semi-major axis

of the ellipse. The fitted color-magnitude changes of ellipse are not unique (e.g., the

elliptical and circular fit for GUPsc b in Figure 4.5) and is sensitive to the phase

coverage of light curves.

For reference, we also plot the color-magnitude variations of a blackbody with

varying temperatures, either by hotter or cooler from the effective temperature for

each object as a dashed gray line in the subpanels of Figure 4.5. In the near-infrared

J and H bands, a sum of blackbodies with different temperatures is still similar to

a Planck function (Schwartz and Cowan, 2015). Therefore, this model acts as a toy

model of a heterogeneous photosphere with a mixture of blackbodies at different

temperatures.
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4.5.3 Result of fitting magnitude-color variations

In the left panel of Figure 4.5, we present the trajectories of the rotational modu-

lations of twelve ultracool atmospheres spanning a broad spectral type range. We

plot the colors and magnitudes of field brown dwarfs whose with SNR>10 for J and

H band photometry from the updated catalog of Dupuy and Liu (2012). The solid

gray line is the empirically-derived polynomial function of magnitude vs. spectral

type from Dupuy and Liu (2012). In the 3 × 4 subpanels in Figure 4.5, we show

the color-magnitude variations of individual objects and the model fitting results.

We plot the linear fit and the blackbody models for every object. For GUPsc b and

2M2228 that demonstrate non-linear color-magnitude variations, we also plot the

best-fit ellipses for reference. For 2M2228, the non-linearity of variations is more

apparent with the HST-orbital photometric points.

The slope of the fitted lines qualitatively shows how much the J − H colors

change with respect to the J-band flux variations. Among the plotted objects,

2M2139 demonstrates the largest color change (∆(J ′ − H ′) = 0.0378 ± 0.0015),

but it is still much smaller than its J ′-band magnitude variations (∆J ′ ∼ 0.300 ±
0.001). All of the plotted objects show less change in their colors compared to their

modulation amplitudes. In other words, all objects show only weak color changes

in their rotational modulations.

In the CMD, a positive slope suggests that the object becomes brighter and

redder, and a negative slope suggests that the object becomes brighter and bluer.

Most of the objects show negative slopes, especially among L dwarfs. Among the

plotted objects, only GUPsc b and 2M2228 show positive slopes. Our fitted slope

uncertainty distribution suggests that there is about 20% probability for GUPsc b

to have a negative slope as seen in other L dwarfs. Therefore, the fitted slope of

GU Psc b’s color-magnitude variations is not significantly different from that of

the other L/T transition objects. There are two possible interpretations for the

possible positive slope – either there is a phase shift between J ′- and H ′-band light

curves of GUPsc b, as in the case of 2M2228 (phase shift of 15± 2◦, Buenzli et al.
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2012), or the H-band modulation amplitude is indeed higher than that of J-band.

A longer baseline observation is needed to understand and verify if the color change

of GUPsc b is indeed distinct from that of other L dwarfs.

4.6 Discussions

4.6.1 The first planetary-mass object with confirmed modulations at

the end of the L/T transition

The modulations of GUPsc b described here are the first in a planetary-mass object

at the end of the L/T transition (T3-T5), confirming the previous J-band marginal

detection by Naud et al. (2017). Based on the observed rotational modulations, we

also argue that low-gravity mid-T dwarf’s photosphere is not cloud-free as – with

the spectral evolution from L to T type – the silicate cloud base presumably sank to

deeper pressures (see the condensation curves in Robinson and Marley 2014; Helling

and Casewell 2014).

In addition to the modulations observed in GUPsc b, we have gathered a unique

data set of rotational modulations found in planetary-mass objects across different

effective temperatures, including the L7 spectral type PSOJ318 Biller et al. (2015,

2018), T2 type SIMP0136 (Apai et al., 2013), and the T8 type Ross 458c (Manjava-

cas et al., 2019a). Our dataset provides a useful reference point for future studies of

cloud evolution across the L/T transition. Furthermore, the wavelength-dependence

in rotational modulations of GUPsc b will be useful in testing predictions of differ-

ent cloud models on the role of gravity in shaping cloud structure, as well as on

testing the hypothesis that the L/T transition, and perhaps the J-band brightening

too, depend on surface gravity.

4.6.2 The modulation amplitude and rotational period

In any rotating atmosphere, an asymmetric brightness distribution leads to ro-

tational modulations. The modulation amplitudes cannot be directly translated

to brightness maps, as the hemisphere-integrated measurements necessarily result
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in information loss (although some inferences can be drawn, see Cowan and Agol

2008; Apai et al. 2013; Cowan et al. 2013; Karalidi et al. 2016). The high modula-

tion amplitude observed in GUPsc b suggests that there are prominent rotationally

asymmetric features (dark or bright) that significantly (> 2%) impact even the

hemisphere-integrated brightness of the photosphere. The features may be large

and/or high contrast; if there are many features, these must be distributed asym-

metrically. From infrared rotational modulation surveys that include both high-

and low-gravity brown dwarfs, we already know that brown dwarf atmospheres are

ubiquitously heterogeneous (e.g., Buenzli et al., 2014; Metchev et al., 2015). Typi-

cal field brown dwarfs outside the L/T spectral type transition have peak-to-trough

flux variations of less than 2% level in the J band (Buenzli et al., 2014; Radigan

et al., 2014). The observed peak-to-trough flux variations of ∼2.7% of GUPsc b is

consistent with Radigan et al. (2014)’s conclusion that L/T transition objects are

likely to have the largest modulation amplitudes. The high modulation amplitude of

this low-gravity object provides another data point to test whether high modulation

amplitude is correlated with low gravity, as claimed by Vos et al. (2017) based on a

compilation of published variability amplitudes of brown dwarfs.

The minimum period of eight hours is in line with the measured timescale of

periodic modulations of other brown dwarfs, ranging from as short as 1.4 hours

(Buenzli et al. 2012) to 18 hours or longer (e.g. 2M2148 Metchev et al. 2015). The

actual rotational modulation profile may evolve with time, as seen in long-baseline

observations of multiple L/T transition brown dwarfs (e.g., Apai et al., 2017), most

prominently detected in all three brown dwarfs (2M2139, 2M1324, and SIMP0136)

monitored by the Spitzer Space Telescope in the Extrasolar Storms program (Yang

et al., 2016; Apai et al., 2017). That study shows that the light curve evolution is the

likely result of planetary-scale waves that modulated surface brightness (Apai et al.,

2017), possibly through the interplay of atmospheric circulations, condensations,

and cloud formation/dispersal (Tan and Showman, 2017, 2018; Showman et al.,

2018). These mechanisms may also be present in GUPsc b and their presence could

be revealed by continuous observations over 3-4 rotational periods.
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The lower limit of the rotational period of GUPsc b also provides another data

point for studying the evolution of spin as a function of mass and age. Assuming

that the radius of GUPsc b is roughly 1.3-1.4 Jupiter radius, as expected for a

100Myr old and 10− 12 MJup object (Chabrier and Baraffe, 2000), with a minimum

rotational period of 8 hours, the spin velocity is about 19.6 − 21 kms−1. A longer

period (P > 8 hours) will result in a slower spin. At the age of ABDMG, which is

∼ 120 − 200 Myrs, our upper limit of spin rate of GUPsc b is similar with that of

other planetary-mass companions at different ages (3-300 Myrs old) (e.g., Snellen

et al., 2014; Zhou et al., 2016; Biller et al., 2018; Bryan et al., 2018). Because the

radii contract along with the loss of interior entropy for young objects, the spin

velocities increase as the objects cool with age under the conservation of angular

momentum. Therefore, the spin rates of GU Psc b could reach as high as 30 kms−1

after radius contracting to one Jupiter radius. A better period constraint is required

to test if the spin rate is consistent with the suggested universal spin-mass relation

of Scholz et al. (2018)(see also Zhou et al. 2019).

4.6.3 Gray modulations and atmospheric heterogeneity

Both the color-magnitude variations shown in Figure 4.5 and the ratio of the

brightest–to–dimmest spectra shown in Figure 4.2 demonstrate that the modula-

tion amplitudes of GUPsc b are similar in J ′ and H ′ band (peak-to-trough variation

of 2.6 ± 0.9% and 3.2 ± 0.9%, respectively), and hence mostly gray. Previous ob-

servations find similar modulation amplitudes in J and H bands for L/T transition

objects (e.g., Artigau et al., 2009; Radigan et al., 2012; Apai et al., 2013), although

the modulation amplitudes can be different in molecular bands (e.g., water) or at

longer wavelengths (e.g., Ks band) (e.g., Apai et al., 2013; Biller et al., 2013). The

modeling of these data suggest that spatial variations of cloud properties are respon-

sible for the modulations (e.g., Apai et al., 2013). Detailed atmospheric modeling

of space-based, high-precision time-domain data argues for simultaneous changes in

cloud thickness and temperature as the cause for spatially varying cloud brightness

(thin warm and thick cold clouds, Apai et al. 2013; Buenzli et al. 2015b). GUPsc b
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also shows similarly gray rotational modulations. Therefore, we argue that corre-

lated variations of cloud opacity and temperature are the most likely cause for the

observed gray modulations in GUPsc b.

The observed weak (non-zero) wavelength dependence may also carry informa-

tion about spatial variation in particle size distribution. A weak and positive wave-

length dependence in rotational modulations could be explained by the varying

presence of particles with sizes larger than one micron (e.g. see Figure 5 Hiranaka

et al., 2016). If this is true, then GUPsc b’s atmosphere is in contrast to L dwarf

atmospheres, which are often found to be reddened or extinguished by sub-micron

grains (Hiranaka et al., 2016; Marocco et al., 2014, see also retrieval analysis from

Burningham et al. 2017). This would be consistent with the cloud thinning scenario

that predicts larger mean particle sizes (or larger fsed) for mid-T and smaller mean

particle sizes (or smaller fsed) for L dwarfs (Saumon and Marley, 2008).

4.6.4 No strong color change in rotational modulations across the L/T

Transition

In the color-magnitude plot shown in Figure 4.5 even the most highly variable object

(2M2139) shows only less than 20% relative difference between its J-band and the

H-band modulation amplitudes (31.4±0.1% vs. 27.6±0.1%). All other objects show

similarly gray color change in modulations (∆(J ′ −H ′) � ∆J ′): no known source

is varying its color at a level comparable to the brightness modulations. In other

words, the observed modulations in all sources are close to gray, albeit with some

variety. The lack of strong color in rotational modulations in brown dwarfs with

spectral types ranging from mid-L to late-T is consistent with the paradigm in which

spatially heterogeneous clouds modulate the hemisphere-integrated brightness.

Given that the color changes due to atmospheric heterogeneity are different from

the overall blue–to–red color evolution found across the L/T transition (a large

color evolution with only a small change in absolute J-band magnitude from L8-

to-T5 spectral type), we conclude that atmospheric heterogeneity alone does not

directly cause the drastic color evolution across the L/T transition, at least for low-
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gravity atmospheres (i.e., GUPsc b, SIMP0136, PSOJ318). However, as previously

suggested by Radigan et al. (2012), atmospheric heterogeneity could still affect the

evolution of atmospheres over evolutionary timescales— an atmosphere with thinner

clouds or more patchy cloud distribution cools more efficiently because more flux

can be radiated from below the cloud base. More efficient cooling leads to a larger

loss of entropy over evolutionary timescales. As a result, the loss of interior entropy

is coupled with varying degrees of atmospheric heterogeneity and could still lead to

the observed drastic color evolution in L/T transition. Our observations only probe

the impact of atmospheric heterogeneity with fixed interior entropy in rotational

timescales. Change of cloud structure will affect the relative abundance of objects

with different spectral sub-types across the L/T transition, as predicted by Saumon

and Marley (2008). Observational-bias corrected samples of brown dwarfs will be

powerful to test the coupled evolution of cloud structure and interior entropy over

evolutionary timescales.

It is tempting to perceive a possible trend in Figure 4.5 in the slope of the

magnitude-color variations from L to T dwarfs: L dwarfs become brighter and bluer,

early T dwarfs become brighter with almost no color change, and the two out of

three mid-to-late T dwarfs become brighter and redder. However, we are limited by

the small sample size of T dwarfs with time-resolved spectrophotometry, and the

uncertain slope of GUPsc b due to incomplete phase coverage. Therefore, we remain

cautious about the significance of this tentative trend. More long-term time-resolved

spectroscopy of T dwarfs is needed to verify this tentative trend and to test if there

is a statistically significant difference between L and T dwarfs in the nature of their

wavelength-dependent rotational modulations.

4.7 Conclusions

In this study we present the HST time-resolved near-infrared spectral variations of

the planetary-mass, T3.5 spectral type object GUPsc b. The key conclusions of our

study are as follows:
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1. We confirm the previously reported (Naud et al., 2017) tentative rotational

modulations in the planetary-mass companion GUPsc b. This is the first

planetary-mass object in the T3–T5 spectral range with confirmed rotational

modulations.

2. Based on our HST WFC3/G141 observations we place a lower limit of 2.7 ±
0.8% peak-to-trough flux variation of GUPsc b and a period of eight hours or

longer. As our phase coverage is incomplete, it is likely that the actual flux

variations are somewhat higher.

3. We find mostly gray (wavelength-dependent slope of m = 0.025± 0.020µm−1,

c.f. Figure 4.2) rotational modulations for wavelengths from 1.1 to 1.67µm

excluding the water-band. Based on the gray modulations, we argue that

cloud opacity likely dominates the rotational modulations in the photosphere

of low-gravity mid-T dwarf GUPsc b.

4. From our compilation of mid-L to late-T dwarfs, we find their rotational mod-

ulations to be mostly gray, including objects across the L/T transition. We

argue that atmospheric heterogeneity cannot explain the drastic color evolu-

tion across the L/T transition (i.e., ∆(J −H) ∼1 between late-L and early T

dwarfs) over rotational timescales. Cloud heterogeneity could still play an im-

portant role in atmospheric evolution in the L/T transition over evolutionary

timescales.

5. From L to T dwarfs we find an interesting but tentative trend in the slope of the

magnitude-color variations. If confirmed, this trend would indicate that the

nature of the rotational modulation is spectral type-dependent. However, more

samples of T dwarf’s rotational modulations with complete phase coverage are

needed to test the significance of the trend.

Together with 2M1207b, 2MASS J13243553+6358281, PSOJ318, Ross 458c, and

SIMP0136, GUPsc b is another rare planetary-mass objects with large infrared mod-

ulation amplitude. This object is a yet unique example of T3-T5 spectral type,
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low-gravity object with detected rotational modulations. As such it provides an

important reference to study cloud-structure evolution as functions of effective tem-

perature and gravity. Soon the higher sensitivity and wider wavelength coverage of

next-generation telescopes such as the James Webb Space Telescope (JWST) and Ex-

tremely Large Telescopes (Giant Magellan Telescope, Thirty Meter Telescope, and

the European ELT) will transform time-resolved spectroscopy into an even more

powerful method for constraining the cloud structure and particle-size distribution.
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CHAPTER 5

Mapping the pressure-dependent day-night temperature contrast of a strongly

irradiated atmosphere with HST spectroscopic phase curve †

5.1 Introduction

State-of-the-art phase curve observations of hot Jupiters (e.g., Knutson et al., 2012;

Cowan et al., 2012; Arcangeli et al., 2019) find extreme temperature contrasts be-

tween dayside and nightside atmospheres that can exceed a few hundred Kelvin.

Such drastic day-night temperature contrasts in these strongly irradiated atmo-

spheres drive a wealth of atmospheric waves, jets, and turbulence that affects the

atmospheric composition and structure (e.g., Showman and Guillot, 2002). The

exciting observations of strongly irradiated atmospheres motivate a series of theo-

retical studies to understand the relevant physical and chemical atmospheric pro-

cesses, including the radiative cooling and advection (e.g., Showman and Guillot,

2002), ohmic dissipation (e.g., Perna et al., 2010), non-equilibrium chemistry (e.g.,

Agúndez et al., 2014b), non-homogeneous cloud formation and distribution (e.g.,

Parmentier et al., 2016; Powell et al., 2018), and hydrogen dissociation and recom-

bination effects (Bell and Cowan, 2018; Komacek and Tan, 2018; Tan and Komacek,

2019) (see Heng and Showman 2015; Parmentier and Crossfield 2018; Showman

et al. 2020; Fortney et al. 2021 for reviews). Despite the significant progress made

on both the observational and modeling fronts on understanding the strongly irra-

diated atmospheres, many fundamental questions remained unanswered: What are

the dominating physical mechanisms in redistributing irradiation energy at differ-

ent rotation rates, temperatures, and altitudes? How do the clouds and atmospheric

chemistry couple to global atmospheric circulation?

Time-series spectroscopy is one of the most powerful methods for constraining
†This chapter has been submitted to Astronomical Journal.



140

the atmospheric structure and tackling those fundamental questions. By observ-

ing the emission at different orbital phases, we can study the hemispherically inte-

grated spectra at different local times, or longitudes, of the irradiated atmosphere

of a tidally locked planet. The light curve profile of the spectroscopic phase curve

constrains the day-night temperature contrast and possible atmospheric dynamics

through comparisons to three-dimensional global circulation model results. Fur-

thermore, the wavelength dependence in the spectroscopic phase curve is a proxy of

atmospheric properties at different altitudes because optical depth of an atmosphere

is wavelength-dependent. Therefore, spectroscopic phase curves have the potential

to provide key insights into the variations of atmospheric structure at different lon-

gitudes and altitudes.

It is challenging, however, to obtain high-precision spectroscopic phase curves for

hot Jupiters because of the bright host stars. Almost all hot Jupiter phase curves are

in photometric mode collected by Spitzer/IRAC with a few exceptions having been

observed by the Hubble Space Telescope (HST) spectroscopic mode (e.g., Steven-

son et al., 2014; Arcangeli et al., 2019). Interestingly, the strong irradiation level

experienced by hot Jupiters can also be found in a rare class of objects – brown-

dwarf white-dwarf systems with ultra-short orbital periods of only a few hours (e.g.,

Casewell et al., 2012; Beuermann et al., 2013; Parsons et al., 2017; Casewell et al.,

2020b,a). Because of the earth-sized white-dwarf radius and the white-dwarf spec-

trum, which often peaks at UV wavelengths, the near-infrared flux ratio of brown

dwarf over white dwarf is higher than that of a hot Jupiter over its main sequence

host star. Therefore, the strongly irradiated brown dwarf in a brown-dwarf white-

dwarf system is an easier target than hot Jupiters for obtaining a high-precision

spectroscopic phase curve and is an excellent hot Jupiter analog.

In addition to being hot Jupiter analogs, studies of strongly irradiated brown

dwarfs are important to understand the atmospheric dynamics in an atmosphere

with similarly strong internal and external energy budgets (Showman, 2016). Ad-

vanced global atmospheric circulation simulations of brown dwarfs orbiting white

dwarfs (Tan and Showman, 2020; Lee et al., 2020) suggest that the rapid rotation of
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a few hours timescale causes a narrow equatorial jet, alternating eastward and west-

ward zonal flows in off-equatorial regions, and large day-night temperature contrasts

in the irradiated brown dwarf atmospheres. The simulational results also indicate

that the phase offset from the secondary eclipse1 is pressure-dependent (see Figure

10 in Tan and Showman 2020). In addition to the atmospheric dynamic studies, the

1D atmospheric radiative transfer modeling of Lothringer and Casewell (2020) finds

that thermal inversion due to strong UV heating could explain the atomic emission

lines seen in some of the hottest irradiated brown dwarf atmospheres (Longstaff

et al., 2017). These models illustrate the rich and complex atmospheric dynamics

and structure in the irradiated atmospheres.

To address the gap in our knowledge of the rapidly rotating irradiated at-

mosphere, we launched the observing campaign Dancing with the Dwarfs (ID:

15947, P.I: Dániel Apai). In this campaign, we use the HST Wide Field Cam-

era 3 (WFC3)/G141 grism to obtain the spectroscopic phase curves of six irra-

diated brown dwarfs, which are SDSS-J141126.20+200911.1,GSC2.3-SBBO006229,

SDSS-J155720.78+091624.7, BPS-CS-29504-0036, LSPM-J0135+1445, GD-1400,

and SDSS-J155720.78+091624.7. These irradiated brown dwarfs have equilibrium

temperatures range from around 600 to 4000 K. Here we present the results of the

first object observed in this campaign, the irradiated brown dwarf in the SDSS

J141126.20+200911.1 binary system.

5.2 Brown-dwarf white-dwarf binary system SDSS

J141126.20+200911.1

SDSS J141126.20+200911.1 (hereafter SDSS1411) is one of only three known eclips-

ing detached post-common envelope white dwarf-brown dwarf binaries. It was ini-

tially identified by Beuermann et al. (2013) in the Catalina Sky Survey and was fur-

ther characterised by Littlefair et al. (2014) and Casewell et al. (2018). The white
1We follow the nomenclature of exoplanet community here even though the brown dwarf’s

emission is not fully obscured by the white dwarf at orbital phase of 0.5 (see also Figure 5.3).
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dwarf primary is a 13,000 K hydrogen-rich white dwarf with a mass of 0.53 M�.

The binary has likely been in this configuration for the 260±20 Myr cooling time

of the white dwarf, although the space motion of the binary suggests it is a thin

disk member with a total system age of at least 3 Gyr. The brown dwarf sec-

ondary SDSS1411-B is likely tidally locked in its 121.73 min orbit and has a mass

of 50 MJup and a radius of 0.070 RJup (Littlefair et al., 2014). The mass and radius

of SDSSS1411-B are consistent with the brown dwarf evolutionary models (Baraffe

et al., 2003) at the system age and indicates that the brown dwarf is not inflated. At

an orbital distance of 0.003 au, the irradiation temperature (assuming global redis-

tribution of irradiation energy, zero albedo, and zero internal energy) of SDSS1411-B

is about 1300K. This brown dwarf mass and radius, suggests a spectral type of T5,

while the lack of detected secondary eclipse and Ks band excess suggests a spectral

type of L7-T1. Casewell et al. (2018) used the onboard infrared imager Hawk-I

(Kissler-Patig et al., 2008) of the Very Large Telescope to obtain the partial J-band

and full H- and Ks-band phase curves of SDSS1411-B. They determined a day-night

side temperature difference of ∼200 K based on the H-band phase curve. By com-

paring the measuredH andKs-band brightness temperatures to atmospheric models

(Marley and McKay, 1999; Marley et al., 2002; Fortney et al., 2005), they found a

likely brightness temperature for the nightside of 1300 K, considerably warmer than

would be expected by a T dwarf, particularly considering the high fraction of heat

absorbed by the brown dwarf (∼80 % in the Ks band).

The ground-based broadband photometric phase curves of SDSS1411-B provide

important constraints on the phase curve amplitudes, yet they contain limited in-

formation on the possible dayside and nightside atmospheric structures. Resolved

molecular features like water and methane absorptions from time-series spectroscopy

is essential for constraining the temperature-pressure profile of the dayside and night-

side atmospheres. By simultaneously probing different atmospheric depths with

high-precision HST spectroscopic phase curve, our main goal is to answer the fol-

lowing question: “How does heat redistribution vary across different pressures in the

rapidly rotating irradiated atmosphere of SDSS1411-B?"
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We structure the paper by first describing the data reduction of HST observa-

tional data in Section 5.3. Based on the reduced time-series spectra, we analyze

the light curve profile in Section 5.4 and the spectral components in Section 5.5.

We adopt a forward modeling approach to model the irradiated atmosphere and

interpret the observed spectra in Section 5.6. Finally, we discuss the implications of

our results and compare the spectra of the irradiated brown dwarf with that of hot

Jupiters and isolated brown dwarfs in Section 5.7.

5.3 Data Reduction

We observed SDSS1411 in six consecutive Hubble Space Telescope (HST) orbits with

WFC3/IR/G141 grism on Jan 4th 2020 in the HST program GO-15947 (PI: Apai).

In each HST orbit we obtained two to three F127M direct images for wavelength

calibration and eight G141 Multiaccum exposures. Each Multiaccum exposure spans

313 s and consists of fifteen read-outs. Given the short orbital period of the target

system, we aimed to retain the highest possible time resolution in our analysis.

Therefore, we performed the data reduction starting from the _ima files, which

store every single detector read-out. The _ima files are products of the standard

calwfc3 pipeline, which removes dark current, corrects the bias, subtracts zero-read

signals, calibrates the detector non-linearity, flags bad pixels, and estimates electron

count uncertainty. In each _ima file, the recorded count rates and uncertainties are

cumulative averages with the zeroth readout as the reference point. We calculated

the difference in counts and the corresponding uncertainty between two adjacent

read-outs, obtaining – in each exposure – fourteen 22.35 s independent differential

frames. In total there are 672 frames over the six HST orbits.

We masked all pixels flagged for bad data quality (DQ), except those that were

only flagged with cosmic-ray hits. These pixels were instead re-processed via our own

cosmic-ray detection algorithm. In our algorithm, we identified cosmic-ray impacted

pixels based on the change in count rate, which is measured by the difference in

electron counts between two successive frames. We find that a threshold of five
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times of the photometric uncertainty can separate most of the drastic changes in

count rates due to cosmic-ray events from those that are due to the white dwarf-

brown dwarf eclipse event (the fastest change in the system’s intensity due to a

physical process, i.e., ∼ 2 minutes). We verified the results by visually inspecting

the maximum electron count and the number of detected cosmic-ray events of each

pixel in and out of the eclipse event.

We removed the sky component by least chi-squares fitting a scaled master sky

image (Kümmel et al., 2011) and subtracted it from the science images. Based on the

fitted centroid positions of SDSS1411 in our direct images, we calculated and applied

the field-dependent flat field correction. After the sky removal and flat-fielding, we

interpolated the masked pixels from unmasked pixels within the same row. We

then corrected the HST ramp effect by using the RECTE ramp-correction method

as described Lew et al. (2020a), which solves the intrinsic incoming count rate by

minimizing the difference in count rates between the RECTEmodel prediction (Zhou

et al., 2017) and the observations.

5.3.1 Spectral Extraction

Because the standard spectral extraction pipeline aXe (Kümmel et al., 2009) does

not directly work with the _ima.fits files, we developed our own spectral extraction

procedure that follows the method described in the aXe manual. In addition, we

included the optimal spectral extraction algorithm (Horne, 1986) in our pipeline, as

described below.

First, based on the SDSS1411 position on the direct images and the position-

dependent wavelength solution by Kuntschner et al. (2009), we constructed a wave-

length solution for the spectral traces in the G141 images. Afterwards, we converted

counts-per-pixel units into counts-per-wavelength units by considering a weight-

ing function, which calculates the fractional area of pixels projected to wavelength

solutions in the cross-dispersion direction (see Appendix C.2). We also used the

median-averaged spectra over six HST orbits as the two-dimensional spectral dis-

persion profile to extract the spectra with the optimal extraction method (Horne,
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1986). We use an aperture size of eight pixels wide in the cross-dispersion direction

for the spectral extraction. We converted the electron counts to flux densities by

dividing them by the sensitivity curve2, considering the wavelength resolution and

the exposure time. Finally, to correct the wavelength-dependent flux loss due to

the finite aperture of eight pixels, we performed an aperture correction using an

interpolated table based on Kuntschner et al. (2011).

5.4 Light Curve Analysis
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Figure 5.1: Left panel: The median spectra of the white dwarf-brown dwarf system.
The blue line highlights the spectra from 1.1 to 1.67µm. The two hydrogen absorp-
tion regions of white dwarf are 1.09–1.11µm and 1.27–1.32µm. Right panel: The
six-orbit 1.1–1.67µm integrated broadband light curve. The two white dwarf eclipse
events occur at the first and the fifth HST orbits. The error bar at t = 9 hours
shows the representative flux uncertainties of 1.4% for single photometric point.
The shaded blue regions indicate the expected eclipse events with a period of 121.72
minutes.

Figure 5.1 provides an overview of the reduced white dwarf and brown dwarf

combined spectra and light curve. The spectra show the Paschen-beta and Paschen-

gamma hydrogen absorption features of the white dwarf spectrum at around

1.095µm and 1.284µm. We detect two primary eclipse (occultation of white-dwarf

emission by brown dwarf) events in the six HST-orbit observation.
2https://www.stsci.edu/hst/instrumentation/wfc3/documentation/grism-resources/

wfc3-g141-calibrations

https://www.stsci.edu/hst/instrumentation/wfc3/documentation/grism-resources/wfc3-g141-calibrations
https://www.stsci.edu/hst/instrumentation/wfc3/documentation/grism-resources/wfc3-g141-calibrations
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5.4.1 Day-night contrast and mid-eclipse time
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Figure 5.2: (a): The folded light curve with the fitted period of 2.02862 hours.
The primary eclipse part of the phase-folded light curve is plotted separately in the
panel (e). (b): The residuals of the model fit to the light curve. The residuals are
normalized by the photometric uncertainty. (c): The histogram of all the residuals.
The orange line shows a normal distribution with one standard deviation. (d): The
best-fit model and the light curve plotted in units of time on the x-axis. (e): A
zoom-in plot of the model fit to the light curve in the eclipse region.

We integrate the spectra from 1.15–1.67µm to create a synthetic broadband

white light curve. We normalize the white light curve with the mean of light curve.

We construct a simple model to fit the normalized light curve:

Model(t) = Meclipse(t, P, i, t0, rp/rs, a, u)× cwd+

A sin[
2π(t− t0)

P
+ φsine] + cnight,

where Meclipse represents the eclipse model as a fui calculated with Batman package

(Kreidberg, 2015). There are six parameters in Meclipse – orbital period P , mid-

eclipse time t0, inclination i, the ratio of the brown dwarf radius over the white dwarf

radius rp/rs, the orbital semi-major axis a, a linear limb darkening coefficient u. The

modeled white-dwarf flux contribution equals to Meclipse multiplied by the time-

averaged broadband white-dwarf flux cwd. The sinusoidal term and the constant
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Figure 5.3: An illustration of the white-dwarf brown-dwarf system at different
phases. We define Phase A (φ = 0) as the primary eclipse phase and Phase C
(φ = 0.5) as the secondary eclipse phase. The white-dwarf emission is completely
blocked by brown dwarf, so only the brown dwarf nightside (midnight) emission
is observed during the primary eclipse. The brown dwarf’s emission is not fully
obscured by the white-dwarf during secondary eclipse.

csine term represents the orbital-phase modulated brown dwarf’s emission. φsine is

defined as the phase offset of the primary-eclipse time from the zero point of the

sine wave.

We plot the best-fit light-curve model with least chi-square method in Figure

5.2 with fitted parameters in Table 5.1. The fitted reduced chi-square is 3.1. The

histogram of the residuals normalized by photometric uncertainties in panel (c) has

a standard deviation of 1.76. Compared to spectra extracted with uniform aperture,

the optimal extraction method lowers the averaged photometric uncertainty from

4% to 1.8% and gives a similar median (-0.001) and standard deviation (0.025) of

the residuals of light-curve fitting. We cannot reject the null hypothesis (i.e., normal

distribution) based on the Shapiro-Wilk normality test of the residual with a p-value

of 0.87. Therefore, we argue that the sinusoid model is a good approximation to the

light curve out of eclipse.

We use the Markov chain Monte Carlo (MCMC) method with emcee (Foreman-
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Mackey et al., 2013) to sample the posterior distributions of the fitted model pa-

rameters. We set up the MCMC chain with 400 walkers for 400,000 steps. We listed

the uniform priors of parameters in Appendix C.3. We find that the fitted radius

ratio, semi-major axis, and inclination are correlated; the fitted eclipse baseline and

sinusoidal baseline are correlated, too. The auto-correlation timescales of all param-

eters are less than 0.3% of the total steps, and thus are well converged. We listed

the 15, 50, and 85 percentiles of the posterior distributions of the model parameters

in Table 5.1.

Based on the marginalized posterior distribution of cWD and csine, the mean

broadband flux of the white dwarf is about 0.94/0.08 ∼ 12 times higher than the

brown dwarf’s time-averaged emission. If we assume that the amplitude of light

curve solely originates from the brown dwarf’s emission variation, then the intrinsic

brown dwarf variability amplitude is about 19%, equivalent to a 38% peak-to-trough

flux variation. Assuming the photosphere radius of the dayside and nightside of

SDSS1411-B atmosphere are identical 3, then the 38% broadband flux variation

corresponds to a day-night temperature variation of about 8%.

Based on the marginalized posterior distribution of the phase of sinusoid, the

phase of mid-eclipse is (1.50± 0.02)π. The fitted sinusoidal phase suggests that the

mid-eclipse occurs at the trough of the fitted sinusoid. The fitted orbital period of

2.02863 ± 0.00008 hours, or 121.718 ± 0.005 minutes is within 2-σ of the reported

period of 121.73 minutes in Beuermann et al. (2013).

5.4.2 Phase offset from the secondary eclipse phase

The fitted phase of the mid-eclipse time suggests no significant phase shift between

the mid-eclipse time and the trough of fitted sinusoid. By fitting the full-orbital-

phase light curve, our light curve model is less sensitive to the potential phase offset

between the expected secondary eclipse phase (orbital phase of 0.5) and the peak

of light curve. Therefore, we use a non-parametric method to examine if there is
3Our Roche distortion model, which is the same as that in Littlefair et al. (2014), estimates

∼2% change in SDSS1411-B radius from pole to equator with a Roche-lobe filling factor of ∼ 0.4.
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least χ2 MCMC
Orbital period P (hour) 2.02864 2.02863 ±0.00006
Radius ratio rBD/rWD 4.6 3.6+1.5

−0.8

Inclination i (deg) 86 87+2
−2

Mid-eclipse time t0 (hour) 0.65388 0.6539± 0.0001
Semi-major-axis ratio a/rWD 43 37+7

−4

Limb-darkening coefficient 0.0 0.3± 0.2
Flux constant cWD 0.943 0.943± 0.004
Asine 0.0162 0.0160± 0.0008
csine 0.081 0.080± 0.004
φsine 1.50π (1.50± 0.02)π

Table 5.1: The second column shows the best-fit model parameters from a least chi-
squares method. The third column shows the median values and 1σ uncertainties (16
and 84 percentiles) of the marginalized posterior distributions of model parameters
with the MCMC method. The semi-major axis ratio, inclination, and radius ratio
are correlated.

any phase offset from the secondary eclipse. We calculate the centroids of partial

light curves with different phase coverages. We estimate the centroid uncertainty

by adding photometric noise to the partial light curve and repeat the calculation

for 10,000 times. We use the 16 and 85 percentiles of the 10,000 centroid samples

as our centroid uncertainties for the partial light curves. In Figure 5.4, our results

suggest that the calculated centroids depend on the phase coverages of the partial

light curves. The fitted centroids are well within the uncertainty of the fitted eclipse

phase (σφsine
= 0.02π = 0.01 orbital phase, see Table 5.1). Therefore, we conclude

that we find no evidence of phase offset from the secondary eclipse that exceeds a 3-σ

limit of 0.03 orbital phase. The nearly zero phase offset suggests that the observed

hemisphere appears to be the hottest at the secondary eclipse, or local noon time.

This suggests that the radiative cooling timescale of the near-infrared photosphere

is shorter than the horizontal advection timescale. Alternatively, the spatial scale

of the circulation patterns could be too small to affect the phase offset.

We also fit the single sinusoidal model to the J ′-band, water-band, and the H ′-

band light curves. We conclude that no significant phase offsets (less than 3% of

orbital phase) are detected between the three light curves and the white light curve.
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Figure 5.4: The calculated centroids with partial light curves with phase coverage
around the secondary eclipse (φ = 0.5). The centroid of a light curve that peaks
after secondary eclipse has a value above 0.5 and vice versa. The derived centroids
depend on the phase coverage of the partial light curves, so we find no convincing
evidence of phase offset based on our dataset.

5.4.3 Brown dwarf radius

Our eclipse light curve alone does not uniquely constrain the brown dwarf radius be-

cause of the strong degeneracy between inclination, white-dwarf brown-dwarf radius

ratio, and semi-major axis. We utilize multiple independent measurement meth-

ods to further constrain the brown dwarf radius. The absolute white-dwarf radius

is 0.0130 ± 0.0003R� based on near-infrared spectral fitting from Section 5.5.1.

Given the absolute white-dwarf radius and the estimated SDSS1411 system mass of

0.58 ± 0.03M� that is derived from the white-dwarf evolutionary models and the

semi-amplitude of radial velocity measurements in Littlefair et al. (2014), we con-

strain the semi-major axis over white-dwarf radius ratio to be a/rWD = 52± 2. By

sampling the posterior distribution of light-curve fitting that satisfies the semi-major

axis constraints, we plot the updated marginalized posterior distribution of brown
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Figure 5.5: The comparison of marginalized brown-dwarf radius posterior distri-
bution based on the MCMC eclipse light curve fitting results and that with the
additional constraint from white-dwarf evolutionary models, radial velocity semi-
amplitudes, and white-dwarf near-infrared spectral fitting.

dwarf radius in Figure 5.5. The 16, 50, and 84 percentiles of the brown dwarf radius

distribution are 0.84, 0.87, and 0.93 RJup respectively. Our derived brown dwarf

radius values are higher than that in Littlefair et al. (2014) by ∼ 2σ mainly because

we adopt a closer distance (177 vs. 190 pc). We note that the updated brown dwarf

radius of 0.87±0.02RJup is consistent with the 0.854–0.807 RJup at ages of 3–10 Gyr

respectively predicted by brown dwarf evolutionary models Sonora V2.0 (Marley et

al., submitted) for a 50 MJup.

5.5 Spectral Analysis

Before we can study the dayside and nightside spectra of the irradiated brown dwarf

atmosphere, we need to separate out the white-dwarf spectrum from the spatially

unresolved white-dwarf and brown-dwarf combined spectra. We assume that there
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are two stationary and one time-dependent components in the spectroscopic phase

curves: the white dwarf spectrum FWD, the brown dwarf dayside spectrum FdayBD,

the brown dwarf nightside spectrum FnightBD, and the dayside area fraction A(φ) as

a function of orbital phase φ:

Ftotal = FWD + FnightBD + [1− A(φ)]× (FdayBD − FnightBD)

where φ = [0,1)

In Section 5.4 we already solved for the wavelength-averaged A(φ). In the following

subsections, we derive each spectral component based on the model.

5.5.1 Extracting white dwarf spectrum and brown dwarf nightside emis-

sion

When the white dwarf is eclipsed by the brown dwarf at φ = 0, the observed flux

(FeclipseBD) is equal to the brown dwarf’s nightside emission. In Figure 5.6, we

plot the brown dwarf’s emission during the eclipse. We report 11-σ and 7-σ level

detections in the 1.2–1.3µm and 1.5–1.6µm regions, respectively.

We obtained a nightside spectrum with a higher signal-to-noise ratio than that of

the eclipse spectrum by leveraging our understanding of the white dwarf spectrum.

We apply a model-driven approach to separate the nightside emission from the white

dwarf spectrum during the night phase, which is defined as the phase intervals before

and after the eclipse event (φ = 0.93–0.98 and 0.02–0.07). During the night phase,

the observed spectra are assumed to be

φnightBD = [0.9–0.98, 0.02–0.10];

φeclipseBD = [0.992–1, 0–0.007]

Fnightphase = FWD + FnightBD (5.1)
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Figure 5.6: The binned averaged nightside spectrum (black line) after the removal
of white-dwarf spesctrum shows less scatters between spectral points and is similar
to the SDSS1411-B spectrum during eclipse (orange line). The grey lines show
the potential bias of the averaged nightside spectrum due to uncertainty of white-
dwarf temperature, gravity, and wavelength calibration sampled by the Monte Carlo
method.

If FnightBD ≈ FeclipseBD,

FWD ≈ Fnightphase − FeclipseBD (5.2)

In this approach, we assume that the brown dwarf’s emission remains unchanged

throughout the night phase and approximate the brown dwarf’s spectrum at night

phase with the eclipse spectrum. We also assume a constant (phase-independent)

white dwarf emission. Therefore, we can extract the white-dwarf spectrum by sub-

tracting the approximated brown dwarf’s night-phase spectrum from the combined

spectrum (see Equation 5.2).

We adopt the best-fit white-dwarf model parameters (log(g) = 7.86±0.07,

T=13000±300K) reported in Littlefair et al. (2014). We linearly interpolate the
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spectrum. The grey shaded regions highlight the absorption lines in the white dwarf
spectrum.

white-dwarf model spectra grid of (Koester, 2010) to obtain the white-dwarf model

spectrum with log(g) = 7.86 and T=13000K. We then obtain the best-fit white-

dwarf model spectrum by fitting the white-dwarf model spectrum to the white-dwarf

spectrum approximated from Equation 5.2. The only free variable in the spectral

fitting is the scaling factor, r2
WD/d

2, where rWD is the white-dwarf radius and d is the

distance of the SDSS1411 system. We plot the white-dwarf model fitting results in

Figure 5.7. At a GAIA DR2 distance of 177±5 pc, the fitted scaling factor indicates

a white-dwarf radius of 0.0130± 0.0003R�.

Based on the best-fit white-dwarf model spectrum, we then derive the brown

dwarf’s nightside spectrum as shown by the following equation:

FnightBD = Fnightphase − (r/d)2FmodelWD (5.3)

Because the phase coverage of spectra observed during the night-phase (∆φ = 0.16)
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is wider than that during the eclipse phase (∆φ = 0.016), the averaged night-phase

spectra has a much higher signal-to-noise ratio than the eclipse spectrum, as shown

in Figure 5.6.

The accuracy of the model-dependent night-phase spectrum depends on the ac-

curacy of white-dwarf temperature and gravity and that of the wavelength calibra-

tion of the HST data. To investigate the potential systematic uncertainties in our

results, we use a Monte-Carlo method to sample three one-dimensional normal distri-

butions of temperature, gravity, and wavelength offset. We adopt the uncertainties

(σT = 300K, σlog(g) = 0.07) reported in Littlefair et al. (2014) as the standard de-

viations of the normal distributions of temperature and gravity. We conservatively

estimate the uncertainty in the wavelength calibration to be half the pixel resolu-

tion, or 23. Based on the 1000 white-dwarf model spectra that derived from the

three normal distributions of temperature, gravity and potential wavelength offset,

we fit each model to the observed white-dwarf spectrum (Eq. 5.2) with the least

chi-squared method. The scaling factor is the only free parameter in the fitting

process. In Figure 5.6, we plot the derived brown-dwarf night-phase spectral com-

ponent after subtracting off the fitted white-dwarf model spectra from the observed

night-phase spectra. We show that, except at wavelengths where white-dwarf model

spectra show strong hydrogen absorption lines (1.25–1.30µm and 1.09–1.11µm),

the model-dependent night-phase spectrum of brown dwarf is robust against the

white-dwarf temperature, white-dwarf gravity, and the HST wavelength calibration

uncertainties.

5.5.2 Phase-resolved spectra and day-night spectral variation

After fitting and subtracting the phase-independent white-dwarf spectral compo-

nent, we plot the derived phase-averaged brown dwarf spectra over the midnight (φ

= 0.90–0.98 and 0.02–0.10), evening (φ = 0.17–0.33), noon (φ = 0.42–0.58), and

morning (φ = 0.67–0.83) orbital phases in Figure 5.8. We test if the evening and

morning spectra is a linear combination of dayside (noon) and nightside (midnight)

spectral component. We fit a scale factor k to the composite spectra made of dayside
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and nightside spectra to the observed evening and morning spectra as shown by the

cost function equation below:

C = [k × (Fday − Fnight) + Fnight]− Fevening(orFmorning) (5.4)

Our least-square fitting that minimizes the cost function C over observational un-

certainties give reduced chi-squares of 0.98 and 0.88. The close-to-unity reduced chi-

squares suggest that both evening and morning spectra can be well approximated

by a linear combination of dayside and nightside spectra. We also perform a simple

check on the spectral difference between evening and morning spectra. We find that

the maximum absolute spectral difference between the two spectra is about 2-σ and

the median value of the absolute spectral difference across different wavelengths is

about 0.5σ, where σ is the propagated observational uncertainties. In conclusion, we

do not find significant differences between the evening and morning spectra. In our

following analysis, we focus on analyzing the day(noon)-night(midnight) spectral

variations.

In the top panel of Figure 5.9, we plot the extracted brown dwarf dayside and

nightside spectrum. We find that the water-band flux in the dayside spectrum is

almost twice as high as in the nightside spectrum. In the bottom panel of Figure 5.9,

we plot the day-night spectral variations relative to the nightside spectrum. We find

that one of the key features in the relative spectral variation is the relatively low

flux difference in the J ′ band (1.2 – 1.3µm). The binned J ′-band flux difference is

38± 2%, while the binned water-band flux difference is 370± 70%.

5.5.3 Brightness temperature variation

Brightness temperature is the temperature at which a blackbody emits the same

amount of specific intensity as the observed value. In an atmosphere where the

temperature monotonically decreases with lower pressure, a hotter brightness tem-

perature indicates that the flux emits from a higher pressure. Based on the assump-

tion of the monotonic relationship between temperature and pressure, brightness

temperature is then a useful proxy to compare the pressure regions that different
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wavelengths probe.

After converting flux densities to brightness temperatures with Planck equation

and the derived brown-dwarf radius in Section 5.4.3, in Figure 5.10 we plot the

brightness temperatures as a function of wavelengths for the dayside and nightside

spectra. Based on Figure 5.10, we conclude that the high-altitude atmosphere –

that emits the bulk of the water-band flux – experiences a larger change in tempera-

ture than the low-altitude atmosphere that the J-band flux probes. The conclusion

that lower-altitude atmosphere has lower change in temperature variation is also

consistent with the reported broadband photometric phase curve observation by

Casewell et al. (2018). Casewell et al. (2018) reported that the brightness temper-

ature variations (360±80K) in the Ks band is higher than that (93±12K) in the H

bands.
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5.6 Modeling day-night spectral variations

5.6.1 Description of models

To study the difference in atmospheric structure between the dayside and nightside

atmosphere, we model the irradiated SDSS1411-B atmosphere with one-dimensional

cloudless atmospheric models. The models are based on McKay et al. (1989); Marley

and McKay (1999); Mayorga et al. (2019) with a wavelength grid ranging from 0.3

to 200µm. The modeled dayside atmosphere has a log(g) of 4.4 and is irradiated by

a 13,000K white-dwarf at 0.003 au (Littlefair et al., 2014). The shortest wavelength

bin of our models is around 0.3 µm. To include the irradiation flux at wavelengths

shorter than 0.3µm, we increase the irradiation flux at the 0.3µm bin such that it

is equivalent to the sum of the white dwarf irradiation flux at λ < 0.3µm, which is

about 60% of bolometric luminosity. This approximate treatment is necessitated by

a lack of appropriate UV opacities required for the models.

Further, we assume that the nightside T-P profile has an identical interior tem-

perature (T(P=100 bar)) to that of the dayside. Because our non-irradiated model

is designed to converge to a specified effective temperature, we construct two models

whose effective temperatures are slightly lower and higher than that of the dayside

model. We then linearly interpolate the two T-P profiles (Tnight1(p) and Tnight2(p))

so that the interpolated T-P profile shares the same temperature with the dayside

model at the pressure of 100 bars. In the linear interpolation, we calculate the aver-

aged temperature difference at P >90 bars between the nightside T-P profiles and

the dayside T-P profile:

at p>90 bars,

∆T1 =| mean(Tday(p)− Tnight1(p)) | (5.5)

∆T2 =| mean(Tday(p)− Tnight2(p)) | (5.6)

We then assign a relative weighting for the two nightside T-P profiles based on the

temperature differences at the high-pressure region for the linear temperature inter-
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polation over isobars and obtain the interpolated nightside T-P profile (Tnewnight(p)):

W = ∆T1 + ∆T2, (5.7)

Tnewnight(p) = Tnight1(p)× ∆T2

W
+ Tnight2(p)× ∆T1

W
(5.8)

We use the PICASO model (Batalha et al., 2019) to calculate the outgoing emission

based on the interpolated nightside T-P profile. We plot the modeled dayside and

nightside temperature-pressure profiles in Figure 5.11.
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Figure 5.11: Left panel: the T-P profiles of nightside (solid blue line) and dayside
(solid red line) models. The purple, green, and red dashed lines show the conden-
sation curves of MgSiO3, Mg2SiO4, and Fe respectively from Visscher et al. (2010).
The radiative-convective boundaries of nightside and dayside models are at around
30–60 bars. Right panel: the day-night temperature difference.

5.6.2 Spectral modeling results

In Figure 5.12, we plot the modeled dayside and nightside spectra and the day-night

spectral variation. In addition to the HST WFC3/G141 spectra, we also compare

our models with the ground-based H- and Ks-band photometry (black squares)
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Figure 5.12: Top panel: The nightside (purple line) and dayside (red line) model
spectra qualitatively reproduce the spectral shape of the observed nightside (dark-
green line) and dayside spectra (light-green line). We plot the ground-based H
and Ks-band photometry from Casewell et al. (2018) as black squares at 1.66 and
2.16µm respectively. The modeled dayside H-band flux (red square) are consistent
with observed values while the modeled Ks-band flux (red square) is higher than the
observed value. See text for the discussion of the difference between modeled and
observed spectra. Bottom panel: the modeled day-night spectral variation shows
that the flux variation is about order-of-magnitude higher in the water-band than
that in the J-band region, matching the observed wavelength-dependence in day-
night spectral variation.

from Casewell et al. (2018). Based on the reported SDSS1411 WD+BD system

magnitudes in Casewell et al. (2018), in Section 5.5.1 we subtract the best-fit white-

dwarf model flux contribution to derive the brown-dwarf dayside H- and Ks-band

flux. We find that the dayside and nightside atmospheric model spectra qualitatively
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reproduce the main spectral features, including the water band absorption at 1.15

and 1.45µm and the Potassium line (K I) absorption at around 1.27µm. Both the

dayside and nightside models over-estimate the J-band flux and under-estimate the

1.4–1.67µm flux. The ground-based H-band flux is consistent with the dayside-

model flux within 1σ; the dayside-model Ks-band flux is about 4-σ higher than

the observed value, even though the discrepancy is sensitive to the derived white-

dwarf flux contribution (see Section 5.5.1) and theKs-band absolute flux calibration.

The deviations between the data and our forward-model-based spectral fits suggest

that our understanding of the atmospheric processes and line lists are incomplete

for irradiated atmospheres. For example, absorption by strong UV transitions could

heat up the pressure region probed by water andH-band flux and, therefore, increase

the emission at these wavelengths. Furthermore, including cloud opacity could lower

the modeled J-band flux and provide a better fit to the observed value. We discuss

further the impact of potential clouds in Section 5.7.4.

5.6.3 Pressure-dependent temperature contrast

Constraining the pressures from which the flux at different wavelengths are emitted

is essential for mapping the observed spectral variation to the day-night tempera-

ture contrast as a function of pressure. We calculate the contribution function of the

nightside model to measure the relative flux contribution to the top-of-atmosphere

emission at each wavelength bin across different pressures. To calculate the contri-

bution function, we perturb the nightside T-P profile by increasing the temperature

in each pressure layer by 100K and calculate the change in the top-of-atmosphere

emission. At each wavelength bin, we divide the emission change due to the temper-

ature perturbation of each layer by the total emission change to obtain the relative

flux contribution per layer. In Figure 5.14 we plot the contribution function for

the nightside model spectrum. The contribution function suggests that J ′-band

and water-band emission originates from around 20-80 bars and 2-20 bars region

respectively.

With the calculated contribution function and the measured day-night brightness
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temperature contrast in Section 5.5.3, we illustrate the pressure-dependent day-night

temperature contrast in Figure 5.15. As shown in the right panel of Figure 5.15, the

day-night temperature contrast increases with lower pressure. We can qualitatively

explain the trend in the pressure-dependent temperature contrast with cooling and

advection timescales. The radiative cooling timescale decreases with higher pressure

(e.g., Showman and Guillot, 2002). Assuming the advection timescale of atmospheric

jets is roughly the same in the 1-50 bars range (see Figure 5 in Tan and Showman

2020 and Figure 4 in Lee et al. 2020 for example), the ratio of radiative cooling

over advection timescale decreases with lower pressure. Therefore, the dayside at-

mosphere at a lower pressure cools faster, so the day-night temperature contrast is

higher at lower pressure. Besides the advection and cooling processes, convection

could also play an important role in explaining the similar dayside and nightside

temperatures, or low day-night temperature contrasts, at high pressure region. Our

atmospheric models indicate that the radiative-convective boundary (RCB) is at

around 30–60 bars. The interiors of brown dwarfs should be fully convective and

the interior specific entropy is expected to be homogenized. At atmospheric layers

deeper than the RCB, convection is expected to drive the profiles towards having the

same specific entropy as the interior. Therefore, the dayside and nightside flux that

originates below the RCB could be similar to each other because of convection. Our

results demonstrate the observational constraints on the pressure-dependent day-

night temperature differences that extends to the high pressure region (P>20bars)

of irradiated atmosphere.

5.6.4 Temperature gradient

In Figure 5.13, we plot the observed brightness temperature over the inferred pres-

sure based on the calculated contribution functions in Section 5.6.3. We emphasize

that the inferred pressures are model-dependent while the brightness temperatures

are derived from the observed flux densities. We also plot the adiabat profile assum-

ing the temperature gradient follows the adiabatic gradient derived by Parmentier

et al. (2015) based on the fit to the equation of state of substellar objects at high-
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Figure 5.13: Left panel: The observed nightside brightness temperatures at different
inferred pressures, which are derived from the contribution function of the nightside
model, are plotted as blue points. The solid blue and orange lines show the modeled
dayside and nightside temperature-pressure profile. The blue dashed line shows an
adiabat profile that share the same interior temperature at 30 bars with model. Right
panel: Observed dayside brightness temperatures over different inferred pressures,
which are derived from the contribution function of the dayside model, are plotted
in orange points. The solid and dashed lines are the same as those in the left panel.

pressure region (Saumon et al., 1995):

∇ad ≈ 0.32− 0.1(
T

3000K
) (5.9)

We integrate the temperature gradient with a boundary condition such that the

adiabatic profile shares the same temperature at high pressures (∼ 50 bars) with that

of both the dayside and nightside models. Both dayside and nightside brightness

temperatures show a shallower temperature gradient than that of the adiabat (i.e.,

temperature decreases less with lower pressure than that of an adiabatic profile or

|dlogT/dlogP|<| ∇ad |), although the uncertainties are large. In the right panel of

Figure 5.13, the dayside atmosphere has a shallower temperature gradient than that

of the nightside atmosphere.

The thermal profile in irradiated objects is determined by the competition be-

tween the bottom heating via the internal flux and the top heating from the stellar

light. When the received stellar irradiation is larger than the internal flux, it sta-

bilizes the atmosphere against convection and reduces the thermal gradient. The
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effect happens mainly on the dayside, where the stellar heat is deposited, but it also

happens on the nightside because of the advection of heat from day to nightside.

Because this heat advection is not perfectly efficient, the nightside profile is closer

to the adiabatic gradient than the dayside atmosphere.
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Figure 5.14: Left panel: the contribution function of the nightside model. The colors
represent the relative contribution per pressure layer to the emission. Right panel:
The peak of J-band and water-band contribution function of the nightside spectrum
is at ∼20–80 bars and 2–20 bars respectively.

5.7 Discussion

5.7.1 Comparison of Spectra and Color Variations to those in isolated

brown dwarfs

How does the redistribution of irradiation energy from the dayside to the night-

side affect the nightside emission spectra of the irradiated brown dwarf SDSS1411-

B? In Figure 5.16, we compare the spectra of a field T1 dwarf (2MASS

J10393137+3256263, Buenzli et al. (2014); Manjavacas et al. (2019b)), field T5
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dwarf (2MASS J00001354+2554180, Buenzli et al. 2014; Manjavacas et al. 2019b),

and field T7 dwarf (2MASSI J1553022+153236, Burgasser et al. (2010a)) with that

of SDSS1411-B, which are normalized by the flux at around 1.27µm. SDSS1411-B

nightside emission spectra show a similar water-band absorption depth to that of

the field T5 dwarf, which has an effective temperature of around 1000K (Filippazzo

et al., 2015). However, we notice the lack of methane absorption feature in the

nightside emission spectra at around 1.6–1.67µm, which is prominent in the spec-

tra of T dwarfs. We speculate that the shallower methane absorption feature in

the nightside emission spectra is likely because SDSS1411-B is hotter than field T

dwarfs in the low pressure region probed by H-band flux, which is approximately

about 10 bars as indicated by our contribution function in Figure 5.14. It is also

possible that the global atmospheric circulation drives the methane abundance out

of chemical equilibrium, a process that has been studied for hot Jupiter atmospheres

(e.g., Cooper and Showman, 2006; Agúndez et al., 2014a; Steinrueck et al., 2019;

Drummond et al., 2020). Finally photochemical process could destroy CH4 in the

dayside atmosphere (Zahnle and Marley, 2014). Further studies into how the atmo-
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Figure 5.16: Comparison of the binned dayside (dotted red line) and nightside
(solid blue line) SDSS1411-B spectra with field T-dwarfs and WASP-43 b spectra.
The SDSS1411-B nightside spectrum (thick light-blue line) shows a similar water-
band absorption depth with the field T5 dwarf (solid purple line) and lack of strong
methane absorption feature at 1.65µm which is prevalent among T dwarf spectra.
The higher gravity and the steeper temperature gradient of SDSS1411-B causes the
deeper water-band absorption compared to that of the nightside spectrum of hot
Jupiter WASP-43 b (solid orange line). We also plot the spectra of field T1 and T7
dwarfs in solid green and maroon lines respectively for reference.

spheric circulation in such rapidly rotation irradiated atmospheres affects horizontal

and vertical quenching are needed to fully understand the impact of atmospheric

dynamics on molecular abundances.

The observed color variations of SDSS1411-B are mainly driven by the orbital

phase-dependent irradiation and atmospheric circulation. In contrast, the observed

color variations of isolated brown dwarfs are likely driven by the heterogeneous

clouds in their atmosphere. In Figure 5.17, we compare the 2MASS J − H color

variations of SDSS1411-B with that of twelve isolated L-to-T dwarfs, as reported

in Lew et al. (2020b). The plot is the same as Figure 6 in Lew et al. (2020b) with

the addition of SDSS1411-B colors at four orbital phases (i.e., the four spectra in

Figure 5.8). All plotted objects are observed under the HST/WFC3/G141 mode.

Each colored datapoint represents the approximated J − H colors and absolute



169

−0.5 0.0 0.5 1.0 1.5 2.0
2MASS J-H

13.5

14.0

14.5

15.0

15.5

16.0

16.5

2M
AS

S 
M

J

Color variation driven by 
 non-uniform cloud distribution vs. irradiation

SDSS1411-B
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plotted as black stars, show significant change in J − H colors as the irradiation
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orbital phases. The colored solid lines are the fitted straight lines to the color-
magnitude variations of each objects. The dash-dotted lines show the semi-major
axis of the fitted ellipses to the color-magnitude variations of two T dwarfs, GU
Piscium b and 2MASS J22282889-431026. The grey colored dots show the J − H
colors and J-band magnitudes of field L and T dwarfs based on the catalog managed
by Dupuy and Liu (2012). The grey curve shows the evolution from L (upper right)
to T spectral type (bottom left).
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magnitudes MJ averaged over one HST orbit of each isolated brown dwarf. The

solid lines indicate, for each object, the linear extrapolation for its ∆J vs.∆(J −H)

trend. Because the WFC3/G141 spectra do not fully cover the 2MASS H-band, we

derive the 2MASS H magnitude of SDSS1411-B with the white-dwarf brown-dwarf

H-band magnitude (17.80±0.04) from Casewell et al. (2018) and the best-fit white-

dwarf model in Section 5.5.1. We subtract the H-band magnitude of 17.99 of the

best-fit white-dwarf model from 17.80 to obtain the brown dwarf H-band magnitude

of 19.6±0.4. Finally, we also assume the H-band magnitude variations are the same

as that in the partial H-band coverage of the WFC3/G141 spectra.

Based on Figure 5.17, it is clear that no strong color variations are found among

the L and T dwarf atmospheres, as concluded in Lew et al. (2020b). In contrast, we

observe strong J−H color changes (compared to its J-band brightness variation) for

SDSS1411-B. The comparison of color-magnitude variations between SDSS1411-B

and isolated brown dwarfs demonstrate the impact of different atmospheric processes

on the near-IR colors in brown dwarf atmospheres.

5.7.2 Comparison to hot Jupiter WASP-43 b

SDSS1411-B shares a similar irradiation temperature (Tirr ∼ 1300K with zero

albedo) with many hot Jupiters but has a higher mass and internal energy bud-

get. In Figure 5.16, we compare the spectral features of SDSS1411-B to that of

hot Jupiter WASP-43 b (Stevenson et al., 2014), which has an equilibrium temper-

ature of around 1440 K (Blecic et al., 2014) and is one of the few hot Jupiters with

a measured spectroscopic phase curve. A key difference in the nightside emission

spectra between the two strongly irradiated atmospheres is the water-band feature

– SDSS1411-B has a much deeper water-band absorption than that of WASP-43 b.

We attribute the difference in the water-band flux between SDSS1411-B and

WASP-43 b to the difference in their interior energy and gravity. Brown dwarf

evolutionary model Sonora (Marley et al., 2018) estimates an effective temperature

of around 900 K for an isolated brown dwarf that shares the same mass (50 MJup

and age (>3 Gyr) with SDSS1411-B. In contrast, typical gas giant planets with an
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age of a few Gyrs old like Jupiter are often assumed to have an intrinsic temperature,

which is the effective temperature in the absence of irradiation, of around 100–250K

(Fortney et al., 2008).

The interior energy is important for the emission spectral feature because it af-

fects the RCB and the corresponding temperature gradient. At the same gravity,

an atmosphere with a higher interior energy has a RCB at a lower pressure. With

a lower RCB pressure, the adiabatic temperature gradient in the convection zone,

which is steeper than the temperature gradient in the radiative zone, extends to

a lower pressure. Flux originated from the part of atmosphere with the steeper

temperature gradient manifests a stronger spectral feature such as water-band ab-

sorption. Therefore, the higher internal energy of SDSS1411-B than WASP-43b

leads a lower RCB pressure and thus shows a stronger emission spectral features

including the water-band absorption.

In addition to the interior energy, the gravity is important to understand

the spectral feature difference because gravity affects the photospheric pressure.

SDSS1411-B (M∼ 50Mjup) is about 25 times more massive than that of WASP-43 b

(∼ 2MJup) with a similar radius. The photospheric pressure P at τ = 1 is propor-

tional to the gravity g, i.e., P (τ = 1) ∝ g. With the higher gravity, the near-infrared

emission probes a higher pressure which is closer to or deeper into the convection

zone. As mentioned earlier, the temperature gradient is steeper in the convection

zone than in the radiative zone. The likely steeper temperature gradient combined

with the higher photospheric pressure results in a deeper water-band absorption in

the atmosphere of SDSS1411-B than in that of WASP-43 b. We note that the ef-

fects of pressure broadening should also increase with a higher photospheric pressure.

Pressure broadening typically weakens spectral features, and thus partially cancels

out the impact of a high internal energy flux and a high photospheric pressure,

which would both work to strengthen the spectral features, such as the water-band

absorption feature we discuss here.

Besides the difference in interior energy and gravity, the irradiation luminosity

of WASP-43 b is about 1.5 times higher than that of SDSS1411-B. The striking
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difference in the host star effective temperature (4,400K vs 13,000K) means that

the majority of stellar flux received by WASP-43 b is in optical wavelength range,

and thus the subsequent heating of atmosphere depends on the optical opacities; In

contrast, SDSS1411-B mainly receives irradiation flux at UV wavelengths, so UV

opacity becomes critical for atmospheric heating. Spectral or photometric obser-

vations of SDSS1411-B at longer wavelength that probe low pressure is vital for

studying the T-P profile and atmospheric composition under strong UV irradiation.

5.7.3 Day-night temperature contrast, the nearly zero phase offset, and

implications for atmospheric dynamics

Atmospheres of brown dwarfs in tight orbits around white dwarfs occupy a novel

regime wherein both the strong day-night irradiation difference and rapid rotation

shape the global circulation (Tan and Showman, 2020). The day-night temperature

difference triggers standing waves that pump up a strong equatorial eastward jet

stream. Both the waves and the jet redistribute heat received from the dayside to the

nightside, reducing the day-night temperature difference and inducing phase offsets.

On slow rotators such as hot Jupiters, these dynamical features are meridionally

(latitudinal) broad and are efficient in day-night heat transport and generating phase

offset (Showman et al., 2020). On extremely rapid rotators such as SDSS1411-B, the

standing waves and equatorial jet are confined within low latitudes, and their effects

on global heat transport is reduced. Poleward of the standing waves, atmospheric

flows are primarily in a balance between the pressure gradient and the Coriolis force

as a result of rapid rotation. In this regime, winds are weaker and mostly follow

isotherms rather than going across them, therefore heat transport can be greatly

suppressed at mid-to-high latitudes. In the presence of strong radiative damping

(as is the case in the photosphere of SDSS1411-B), the overall thermal pattern at

mid-to-high latitudes is expected to be closer to the radiative equilibrium (Tan and

Showman, 2020).

The theoretical picture above predicts a large fractional day-night temperature

contrast ratio, which is the ratio of the temperature contrast with irradiational
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heat redistribution over the radiative-equilibrium temperature contrast (see Figure

6 in Komacek and Showman 2016 and Equation 5.10), and a small phase offset for

SDSS1411-B. Below we discuss the measured values of SDSS1411-B, and place them

in the context of close-in gas giants including hot Jupiters.

Assuming no heat redistribution, the dayside radiative equilibrium temperature

(Teff,day) is determined by both stellar irradiation and internal heat flux (which, in

turn, is characterized by the intrinsic temperature Tint, which is equal to the effective

temperature of an isolated brown dwarf). In contrast, the nightside is purely set by

the internal heat:

Teff,day = (T 4
int + T 4

irr)
1/4,

Teff,night = Tint,

∆Teff = Teff,day − Teff,night,

(5.10)

where Tirr is the dayside equilibrium temperature with zero albedo, global heat redis-

tribution, and negligible interior energy budget and ∆Teff is the radiative-equilibrium

temperature contrast. We estimate the intrinsic temperature Tint of SDSS1411-B,

to be around 900±200 K based on the Sonora brown dwarf evolutionary model,

which does not include irradiation, for a 50Mjup mass object with an age of 3-10

Gyr. We adopt the gravity of 2500 ms−2 for the analytical model. We integrate the

1.1 – 1.7µm spectra and calculate the WFC3 band-averaged day-night brightness-

temperature difference of SDSS1411-B.

The ratio between the measured day-night temperature difference and the es-

timated radiative equilibrium difference is shown in Figure 5.18 along with mea-

surements of hot Jupiters as a function of equilibrium temperature. Theoretical

predictions using the theory of Komacek and Showman (2016) with two planetary

rotation periods (2 hours and 3.5 days) and a negligible drag (τdrag = 109 s) are

plotted as curves for comparisons. As shown in Figure 5.18, the expected fractional

temperature contrast ratio increases significantly with shorter rotational period (i.e,

the dashed vs. solid brown lines) given the same equilibrium temperature. The

measured value of SDSS1411-B is among those of hot Jupiters at nearby equilib-

rium temperatures which have a wide scatter. The measured temperature contrast
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ratio of SDSSJ1411-B is much lower than the analytical estimate at a rotation period

of two hours.

Two factors may contribute to this discrepancy. First, the wavelength range in

our study generally probes a deep atmosphere where the brightness temperature

greatly exceeds Tint. For example, the brightness temperature at the WFC3 band-

pass ranges from 1000 K to over 1800 K with an average of ∼ 1400K based on the

Sonora cloud-free models (Marley et al., 2018) with Tint = Teff = 900 K and g =

1780ms−2. This likely shifts the intrinsic temperature “seen" by our measurements

considerably higher than the assumed Tint based on the evolution models. With

a higher “Tint" in Equations 5.10 for our wavelength range, the inferred fractional

day-night temperature contrast ratio can move closer to the theoretical expectation.

Second, some processes may help to increase day-night heat transport and lower the

expectation shown in Figure 5.18. For example, if the latitudinal width of the stand-

ing waves and equatorial jet is larger than we expected, this could help to increase

the day-to-night heat transport. One possible cause may be the increase of effective

static stability of the atmosphere due to a strong dayside thermal inversion in the

upper atmosphere (not probed by our HST observations, Lothringer and Casewell

2020).

There is little phase offset (as measured from the expected secondary-eclipse

phase) in the peak of the broadband phase curve of SDSS1411-B as shown in Fig-

ure 5.4. This finding is consistent with general circulation model results for brown

dwarfs around white dwarfs (Tan and Showman, 2020; Lee et al., 2020). The phase

offsets are also negligible for the J ′, water, and H ′ band phase curves, which probe

different pressure levels (Section 5.4.2). This suggests that the horizontal thermal

structure could be similar across a wide pressure range. If so, this would provide

some constraints on the dissipation in the atmospheres (Tan and Showman, 2020).

More detailed modeling and data-model comparisons are needed to further investi-

gate this possibility.
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5.7.4 Clouds

Based on the T-P profiles and condensation curves of common cloud species plotted

in Figure 5.11, it is possible that clouds form at the near-infrared photosphere

pressures of the dayside and nightside hemispheres. While we defer the exploration

of possible cloud structure to future studies, we herein provide a brief qualitative

discussion of the potential impact of cloud formation in the irradiated brown dwarf

atmosphere.

Given the same effective temperature, gravity, and irradiation, a cloudy atmo-

sphere’s model spectrum is fainter in the J-band and has weaker spectral features

in comparison with a cloudless model spectrum. With the addition of cloud opacity,

the photospheric pressure, particularly that in the J-band in Section 5.6.3, shifts

to a lower pressure. While the absolute photospheric pressure could shift in the

presence of clouds, the relative pressure probed at different wavelengths should re-

main roughly the same. Therefore, we argue that the presented trend of higher

temperature contrast with lower pressure shown in Figure 5.15 remains valid in

the cloudy atmosphere scenario. The estimated temperature gradient (Figure 5.13)

could be steeper in a cloudy atmosphere because cloud opacity limits the pressure

range probed by the HST observation.

We can also qualitatively discuss the potential cloud coverage difference between

the dayside and nightside atmospheres. Cloud modeling studies for hot Jupiter

atmospheres with equilibrium temperatures near 1400K (see Figure 19 in Parmen-

tier et al., 2021) show that the J-band brightness temperature difference between a

fully cloudy nightside and cloudless dayside could be on the order of several hundred

Kelvin. We argue that the observed small (∼ 10%) day-night J-band brightness tem-

perature variations (Figure 5.10), which is sensitive to cloud opacity, hints that it is

unlikely that there is a drastic change in cloud coverage, such as a fully cloud-free

to cloudy transition, between the dayside and nightside atmospheres. Meanwhile,

global cloudless atmospheric circulation studies (e.g., Tan and Showman, 2020; Lee

et al., 2020) of rapidly rotating irradiated atmospheres suggest a strong latidudinal-



177

dependent temperature profile because of the fast rotation. Further studies on the

vertical mixing, latitudinal and longitudinal variations of T-P profiles, and the cor-

responding cloud structure are important to interpret the disk-integrated emission

spectra of a cloudy atmosphere with rapid rotation.

5.8 Conclusions

We present the first time-resolved spectrophotometry of the white dwarf–brown

dwarf close binary system SDSS J141126.20+200911.1, observed by the Hubble

Space Telescope Wide Field Camera 3’s G141 near-infrared grism. Our data base-

line covers 8.666 hours or around 4.3 orbits of the system. Our high-precision data

provides the first complete orbital-phase resolved spectroscopy of a highly irradi-

ated brown dwarf and, as such, opens a new window on yet unexplored type of

atmospheres. The key findings of our study are as follows:

1. The broadband (1.15–1.67µm) white light curve, which includes flux from the

white dwarf and the brown dwarf of SDSS1411 system, varies by around 2.8%

from trough to peak over an orbital period of 2.0287 hours. The best-fit light

curve model results show that the white dwarf broadband emission is about

12 times brighter than the time-averaged brown dwarf’s emission. If only

the brown dwarf’s emission varies across orbital phases while the white-dwarf

emission remains constant, the observed 2.8% variability amplitude of the

white dwarf-brown dwarf light curve implies that the brown dwarf broadband

emission varies by around 38% from the nightside to the dayside phase.

2. A single sinusoidal fit to the light curve indicates that the phase offset, if any,

is less than a 3-σ upper limit of 11 degrees from the center of the secondary

eclipse phase.

3. We directly detect the nightside spectrum of SDSS1411-B during the eclipse

of the white dwarf. We report a J ′-band (1.2–1.3µm) detection at the 11σ

level and an H ′-band (1.5–1.6µm) detection at the 7σ-level.
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4. We extract the brown-dwarf spectra at morning, noon, evening, and night

phases. The flux variation between the dayside and nightside hemispheres of

SDSS1411-B in the water band (1.35–1.45µm) is 370 ±70%, which is about

ten times higher than the 38±2% variation observed in the J ′ band.

5. We use 1D radiative transfer cloudless models (Marley and McKay, 1999;

Mayorga et al., 2019) to simulate emission spectra of the 50MJup brown dwarf

atmosphere illuminated by the strong irradiation of a 13,000K white dwarf at

an orbital distance 0.003au in Section 5.6.

6. Our atmospheric model spectrum reproduces the overall spectral feature of the

observed nightside spectrum. Based on the nightside atmospheric model, the

J ′-band emission emerges from the 20–80 bar region. Based on the estimated

J ′-band photosphere pressures, we interpret that the day-night temperature

contrast extends down to at least 20 bars and causes the observed J ′-band

flux variation.

7. Based on the day-night brightness-temperature difference and nightside at-

mosphere model, we calculate the pressure-dependent day-night temperature

contrast. We show that the temperature contrast increases with lower pres-

sure in the 2-80 bars pressure range that are probed by the HST 1.1-1.7µm

observation. The derived temperature gradient based on the brightness tem-

peratures and inferred pressures suggest that the dayside atmosphere has a

shallower temperature gradient (closer to an isothermal-like profile) than that

of the nightside atmosphere.

8. We show that the spectra of SDSS1411-B and of isolated T dwarfs manifest

different spectral features. The color-magnitude variations of SDSS1411-B,

which are driven by the varying irradiations, are also distinct from that of

many isolated, rotating L and T dwarfs (driven by non-uniform cloud dis-

tributions). Our comparative study of spectra and color variations between
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irradiated brown dwarfs and isolated field dwarfs illustrate the impact of irra-

diation on brown dwarf atmosphere.

9. The comparison between SDSS1411-B and WASP-43 b nightside spectra

demonstrates that a higher gravity and a higher internal heat flux lead to

a stronger water-absorption feature.

10. We find that the observed day-night day-night temperature contrast of

SDSS1411-B is lower than the analytical estimate of Komacek and Show-

man (2016). We interpret that this could be caused by the fact that 1.1.-

1.67µm emission spectra probe atmospheric regions that are hotter than the

Tint and/or a more effective day-night heat transport.

Our observations successfully demonstrate that high-precision, orbital-phase re-

solved spectrophotometry of highly irradiated brown dwarfs is possible with the Hub-

ble Space Telescope. Our analysis shows the potential for characterizing these at-

mospheres, the yet unexplored link between non-irradiated brown dwarfs and highly

irradiated hot Jupiters. Analysis of our observations provides the first strong con-

straints on the details of the atmospheric circulation and the pressure-temperature

profiles of irradiated brown dwarfs.
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CHAPTER 6

Conclusions and Outlook

6.1 Conclusions

In summary, to answer the central research question “What are the properties of

the heterogeneous cloud and atmospheric structure in brown dwarf atmospheres

at different temperatures and irradiation", I utilized high-precision time-resolved

spectroscopy and advanced modeling tools to study the rotational modulations of

brown dwarfs. Here I present the key results of this thesis:

1. Chapter 2: Sub-micron particle layer can explain the wavelength-

dependence in the high modulation amplitude of a dusty L dwarf

I reported the rotational modulation of an unusually red L dwarf WISEP

J004701.06+680352.1. The modulation amplitude is one of the largest ampli-

tudes observed among L dwarfs. I used the extinction coefficient calculated

in Hiranaka et al. (2016) and found that a varying column density of a sub-

micron (r∼ 0.4µm) particle layer can explain the wavelength-dependence in

the 1.1–1.7 µm rotational modulations.

2. Chapter 3: Modeling possible heterogeneous cloud structure and

disequilibrium chemistry in an L dwarf atmosphere: In this paper, I

explored the observational signature that arises from the varying cloud thick-

ness. I collaborated with Dr. Mark Marley to construct a 1D “truncated cloud

model" that consists of a thick-cloud and a thin-cloud column. I explored three

different truncated cloud models and find that the model with cloud-top thick-

ness varies by around one pressure scale height provides the best fit to the ob-

served rotational modulation of dusty L dwarf WISEP J004701.06+680352.1.

I also found that the vertical transport plays an important role in the atmo-
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sphere of WISEP J004701.06+680352.1 because the disequilibrium chemistry

model fits better to the time-averaged spectrum, especially in the Ks band

region.

3. Chapter 4: Rotational modulations of a rare mid-T dwarf and

weak color modulations of 12 brown dwarfs with different tempera-

tures: I confirmed the tentative rotation modulations of GUPsc b, which is a

planetary-mass companion with a rare mid-T spectral type, reported by Naud

et al. (2017). I found that the rotational modulations of GUPsc b demon-

strate a weak wavelength-dependence within 1.1–1.67µm. I interpreted that

the weak wavelength dependence is consistent with the scenario that non-

uniformly distributed clouds with grey opacity drives observed spectral vari-

ability. I compiled the detected rotational modulations of other brown dwarfs

using the same instruments (WFC3/G141) and found they all show weak color

modulations from mid-L to late-T spectral types. I argued that the weak color

modulations due to heterogeneous cloud distribution cannot explain the dras-

tic color change across the L/T transition (i.e., ∆(J −H) ∼1 between late-L

and early T dwarfs) over rotational timescales. Cloud heterogeneity could,

however, could still affect the atmospheric evolution in the L/T transition

over brown dwarf evolutionary timescales.

4. Chapter 5: The impact of irradiation on brown dwarf atmospheres I

analyzed the broadband light curve of SDSS1411A and constrained the orbital

parameters of the SDSS1411 system. The fitting results of the single sinusoidal

model to the broadband light curve placed a 3-σ upper limit on the phase offset

from the expected secondary eclipse of 11 degrees. The reduced time-series

spectra at a high cadence of 22 s successfully resolved the nightside spectrum of

SDSS1411-B during the eclipse of the white dwarf. I extracted the brown dwarf

emission spectra at morning, noon, evening, and midnight orbital phases. The

noon-midnight spectral variation shows strong wavelength dependence with

the highest variability in the water band (370 ±70%). The spectral variation
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in the J band is about ten times lower than that in the water band.

I collaborated with Dr. Mark Marley and Dr. Laura Mayorga to simulate

emission spectra of SDSS1411B that is illuminated by the strong irradiation

of white-dwarf SDSS1411A. The irradiated atmosphere model spectrum qual-

itatively explained the spectral features of the nightside and dayside spectra.

Based on the relatively small J-band variation, I argued that it is unlikely that

the atmosphere transitions from a cloudless dayside to a fully cloudy nightside

atmosphere, which would cause a significant change in J-band flux.

With the measured dayside and nightside spectra, I constructed the pressure-

dependent day-night temperature contrast. The pressure-dependent tempera-

ture contrasts suggested that the day-night temperatures increase with lower

pressures in the 2-80 bars region probed by 1.1–1.7µm HST spectrum. I also

utilized the contribution function of atmospheric models and observed bright-

ness temperatures to estimate the temperature gradient. I found that the

dayside temperature gradient is shallower (more iso-thermal) than the night-

side, which is consistent with the expected impact of irradiation on the T-P

profile.

6.2 Outstanding questions and outlook

Through this thesis, I have demonstrated the power of high-precision time-series

spectroscopy in studying heterogeneous cloud structures. However, there are many

unanswered questions left to understand the impact of clouds in brown dwarf atmo-

spheres. I list some of them in the following and discuss how we may answer them

with future observations and modeling tools.

6.2.1 What is the role of vertical transport in shaping vertical cloud

structure?

In the cloud microphysics section, I introduce the importance of atmospheric ad-

vection in replenishing the elemental abundance. In the parameterized cloud model
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of Ackerman and Marley (2001), the ratio of upward transport and sedimentation

velocity, or fsed affects the vertical cloud structure. The vertical transport affects

not only the cloud structure but also affect the chemical abundance based on non-

equilibrium chemistry models. With JWST, I envision that we will be able to utilize

the broad wavelength coverage to simultaneously monitor the change in chemical

composition due to non-equilibrium chemistry and the flux variability due to het-

erogeneous cloud distribution. I plan to use PICASO and VIRGA (Batalha et al.,

2019) to model the change in cloud structure and methane abundance due to varying

eddy diffusion coefficient and explore the spectral variability due to varying vertical

transport in brown dwarf atmospheres.

6.2.2 Does the cloud particle size distribution change with cloud thick-

ness variation?

In Lew et al. (2020a), I show that cloud thickness variation causes both the

wavelength-dependent spectral variability and lower-than-continuum water-band

variability amplitudes. However, it is possible that the particle size distribution

also varies with the cloud thickness variation. Given the same photospheric pres-

sure, a change in cloud particle size distribution may cause a wavelength-dependence

in spectral variability that is similar to the wavelength-dependence of the extinc-

tion coefficients. Within the HST/WFC3/G141 1.1–1.7µm wavelength range, it is

challenging to test and distinguish the effect of the varying particle sizes and cloud

thickness. With the future time-series JWST spectra, it may be possible to test if

cloud particle size distribution plays a key role in the observed spectral variability.

6.2.3 What are the dominating physical mechanisms that cause the het-

erogeneous cloud structure?

State-of-the-art atmospheric circulation models suggest that the cloud formation

and evolution is complex and perhaps is a non-steady process. Multiple observa-

tions (Buenzli et al., 2012; Yang et al., 2016; Biller et al., 2018) have reported phase
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shift between rotational modulations at different wavelengths. The wavelength-

dependent phase shift provides unique observational constraints to test the possible

physical mechanisms with the relevant timescales (e.g., the timescale of radiative

cooling, rotations, gravity wave, etc.) With future JWST observations, we will be

able to probe a broader pressure range and understand better the possible mecha-

nisms that shape the heterogeneous cloud structure.

One of the likely explanations for the observed light curve evolution in brown

dwarf atmospheres (e.g., Metchev et al., 2015) is planetary-scale waves (Apai et al.,

2017). Apai et al. (2017) shows that the light curve evolution of three brown dwarfs

can be explained by a simple analytical model that consists of three sinusoidal waves.

I am currently involved in upcoming HST time-series spectroscopic observation (P.I:

Dr. Theodora Karalidi) to study the cloud structure of Luhman 16AB and the light

curve evolution through a long observation baseline that covers multiple rotation

periods of Luhman 16AB.

6.2.4 What is the cloud structure in Y-dwarf atmospheres?

Motivated by the non-homogeneous water cloud coverage in the atmosphere of Solar

System planets, Morley et al. (2012) model the heterogeneous water clouds and

simulate the rotational modulation amplitude due to the heterogeneous water clouds.

Based on water cloud models, the absorption coefficient of water clouds is highly

wavelength-dependent with the most prominent feature at around 2.8µm (see Figure

2 in Morley et al. 2014b). With the upcoming JWST, we will be able to test the

predicted wavelength-dependence in the rotational modulation of Y dwarfs caused

by heterogeneous water clouds. I am currently involved in the JWST Y dwarf GTO

programs. I will analyze the time-averaged and time-series JWST spectroscopic

observations to characterize and study the cloud structure in Y dwarf atmospheres.
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APPENDIX A

In this chapter, I include the appendix sections of Lew et al. (2020a), which is

Chapter 3.

A.1 Time and Wavelength Dependence of Ramp Correction
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Figure A.1: Top Panel: the ramp-corrected broadband light curves of WISE0047
and that of a reference star are plotted as solid blue circles and dark grey squares
respectively. The reference star’s light curve with a similar brightness is flat to ∼
1% level. The mean uncertainty of the WISE0047’s photometric points is 0.16%.
For WISE0047 and the reference star, their light curves are normalized to the mean
of their original flux over the six HST orbits. The normalized flux of the reference
star is shifted down by 0.02 for clarity. The four brightest and the four dimmest
photometric points are highlighted in sky blue color. Bottom Panel: the ramp
correction ∆F relative to the corrected flux Fafter is as high as 1-2% in the first orbit
and on the order of sub-percent levels in the subsequent orbits. Note that the ramp
corrections for the reference star and WISE0047 are not the same because the count
rates are different.

As shown in Figure 1 of Zhou et al. (2017), ramp effect is not necessarily negligible
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after the first orbit and the impact on light curve profile depends on the incoming

count rate. We demonstrate the time-dependence of ramp correction on the light

curves of WISE0047 and the reference star in Figure A.1. Indeed, we note that

the both light curves of WISE0047and the reference star demonstrate ramp effect

beyond the first orbit. The ramp correction is mostly wavelength-independent for

the count rate that ranges 30 to 200 e−s−1 per wavelength bin. In Figure A.2, we

plot the ramp correction of a single spectrum as an example: the corrected count

rate is systematically higher after the ramp model recovers the “trapped" electrons.

The count rate in each wavelength bin is obtained from the SPC.fits, which is one

of the outputs from the aXe pipeline.

1.1 1.2 1.3 1.4 1.5 1.6

50

100

150

200

Co
un

t R
at

e 
(e
s−

1 )

Ramp Correction at Exposure 1
Before Ramp Correction
After Ramp Correction

1.1 1.2 1.3 1.4 1.5 1.6
Wavelength (μm)

0.00

0.05

Δ(Count Rate)
Count Rate

Figure A.2: Spectral comparison before and after the ramp correction. The ramp-
corrected spectrum shares the same profile as the original spectrum, showing that
the ramp-correction is mostly wavelength-independent when the count rate varies
by a factor of 2.5 from 30 to 200 e−s−1 per wavelength bin. In the bottom panel, the
fluctuation shown in the ramp correction is on the same order of magnitude with
the photon noise and is always above zero (the dashed line).
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A.2 Response Function

To estimate the contribution of flux from each pressure layer, we perturb every

quarter of pressure scale height (pi) by 50K and measure the increase in flux density

(Fλ,perturbed(pi)) at the top of the atmosphere. The normalized response function

(NRF), which is an approximated contribution function, is the relative flux varia-

tion (NRFλ(pi) = Fλ,perturbed(pi)/Σ
N
i Fλ,perturbed) for perturbations over N pressure

layers. Based on the normalized response function plotted in Figure A.3, the emis-

sion in the 3-3.5µm region is emitted at a lower pressure than that at HST/WFC3

near-IR wavelengths.
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Figure A.3: Left panel: the normalized response function (NRF) for the best-
fit truncated cloud model (Ttrc = 1350K, log(g) = 4.0, fsed = 1) with equilibrium
chemistry. The NRF at the Spitzer Channel 1 band (3− 3.9µm, bracketed by two
solid red lines) traces flux from a lower pressure range compared to that at the
HST/G141 band (1.1-1.7µm, bracketed by two dotted green lines) and of the Ks

band (2-2.3µm, bracketed by two orange dashed lines). Right panel: the NRFs
are summed over the Spitzer Channel 1 band, the Ks band, and the HST/G141
band.
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A.3 A semi-analytical estimate of the minimum pressure of cloud het-

erogeneity

As a scrutiny check of our modeling results, we present an order-of-magnitude semi-

analytical analysis of the water-band (1.34-1.45µm) peak-to-trough variability am-

plitude. As shown in Figure 5.9, the variability amplitudes of the J&H bands

roughly decrease linearly with longer wavelengths. We fit the variability amplitudes

in 1.1-1.34µm and in 1.45-1.65µm with a straight line Vlinear (dashed line in Figure

5.9). In contrast to the linear trend, the observed water-band peak-to-trough vari-

ability amplitude (VH2O) is only 8.3% – about 90% of the interpolated water-band

variability amplitude (∼ 9.6%) that is based on the linear trend. We interpret the

weakening of the water-band variability as an effect of the extinction caused by

the water-vapor column above the pressure-level at which the variability originates.

Given the estimated water vapor extinction, we can calculate the corresponding

water column density and the pressure.

In this model, we assume that the water-vapor optical depth on top of the cloud

heterogeneity is optically thin, thereby ignoring the emission and considering only

the extinction. We also assume that the optical depth in the water-band is larger

than that in the J&H bands. The water-vapor opacity τH2O that attenuates the

water-band variability amplitude is estimated by

VH2O = Vlinear × e−τH2O (see also Figure 5.9)

τH2O = − ln(
VH2O

Vlinear
) = − ln(

8.3%

9.6%
) ≈ 0.15

We can map the water-vapor opacity and extinction as a function of pressure pro-

vided that the water vapor’s number density, cross-section, and the T-P profile are

known. We adopt the water-vapor number density and the T-P profile from the

best-fit model in Section 3.6.1. We use the tabulated water-vapor cross-sections as

a function of temperature and pressure from Dr. Roxana Lupu (private communi-

cation). The tabulated cross-sections are based on the University College of London

(UCL) line list (?) and include temperature broadening and pressure broadening at
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0.03 cm−1 wavenumber resolution. We binned the tabulated cross section to have

the same spectral resolution as that of the data.

The calculated water vapor optical depth is shown in Figure A.4 as a function

of pressure and wavelength. The water-vapor optical depth τ only reaches 0.15 at

∼ 10 mbar level. Therefore, the water vapor opacity extinguishes the variability

amplitudes from 9.6% to 8.3% at 10mbar or larger pressure. This is a minimum

pressure estimate because the required extinction is at larger pressure if emission

is included. This minimum pressure level corresponds to about 830K based on the

T-P profile. If the J&H-band variability amplitudes arise from the same pressure as

that of the water-band, the cloud heterogeneity must also occur at or larger than the

10mbar. This order-of-magnitude analysis is consistent with our modeling results in

Section 3.6. In the best-fit model with Ttrc = 1350 K, the cloud-top pressures of the

thin- and thick-cloud columns are about 0.1 and 0.3 bar respectively. Therefore, the

order of magnitude estimate (p>0.01 bar) for cloud heterogeneity here is consistent

with the cloud thickness variation (p = 0.1–0.3 bar) in the best-fit truncated cloud

model.
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Figure A.4: The water vapor optical depth becomes about 0.15 at ∼ 10mbar level in
the water band (1.34 − 1.45µm). The color bar indicates the water-vapor opacity.
The yellow, orange and brown dashed lines represent the pressures at which the
water opacity reaches 0.1, 0.2, and 1 respectively.
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A.4 Gravity Constraints from Evolution Model

In Section 3.6.1, we adopt the lowest gravity limit of log(g) = 4 based upon the

evolution models even though the chi-squared values from the spectral fitting suggest

lower gravities. The constraints on gravity from the evolution models is based

upon the age of WISE0047 (∼ 150Myrs) and the estimated effective temperatures

(∼ 1200 K). As illustrated as the grey line segments in Figure A.5, WISE0047 is

unlikely to have a gravity lower than log(g) of 3.75 unless it is exceptionally young

(< 10 Myr), or low in effective temperature (<1000K), or both.

We argue that the derived gravities from the evolution models are less sensitive

than that from the spectral fitting to the assumed cloud properties. For example,

there is a large range in the best-fit temperature (1100-1600K) and gravity (log(g) =

4.0 − 5.0) based on the spectral fitting with different cloud models in Gizis et al.

(2012). Clouds also play an important role in the evolution models (see Section 2.5

in Saumon and Marley, 2008). However, the derived gravity, which is a function

of age, luminosity, and mass, is less sensitive to the cloud and opacity models. For

instance, Saumon and Marley (2008) show that the derived gravities log(g) from

the evolutionary curves of the cloudless model and that from the cloudy model

(fsed = 2) differ by less than ∼ 0.2 dex. As mentioned in Section 3.6.1, two different

evolution models give similar gravities, ranging from log(g) of 4.3 to 4.7. Based on

our qualitative understanding in the model sensitivities of the derived gravity to

the assumed clouds properties, we adopt the lower gravity limit of log(g) = 3.75 to

rule out the unlikely scenarios, which are plotted in Figure A.5, indicated by the

evolution models.
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Figure A.5: The Sonora Bobcat evolution model for objects with different masses.
The evolutionary curves are color coded by their logarithmic gravities. Based on
the best-fit effective temperature of ∼ 1200 K from the spectral fitting and the
statistical age for ABDOR moving group members of about 150Myr, the gravity of
WISE0047 is unlikely to be below log(g) = 3.75, which are plotted as the dark-grey
line segments of the evolutionary curves.
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APPENDIX B

In this chapter, I include the appendix sections of Lew et al. (2020b), which is

Chapter 4.

B.1 Contamination Model

To provide a quantitative estimate of the contamination, we use a model with three

1-D Moffat profile to fit the horizontally summed (sum of pixels of column 440-570 in

Figure 4.1b, corresponding to the 1.1− 1.7µm region of GUPsc b’s spectrum) pixel

count rates of the GUPsc b, the nearby galaxy, and the reference star. The reduced

chi-square from the model fitting is large (∼ 700) because of the significant deviation

at the wing. Based on the best-fit Moffat profiles in Figure B.1, the galaxy’s and

the reference star’s flux in the eight-pixel wide shaded region is about 10% and 3%

of the GUPsc b’s flux respectively. Contamination levels in the J ′- and H ′-bands

are thus lower than 13% because GUPsc b’s spectral intensities are higher in these

bands than the averaged intensity over 1.1-1.7µm. As mentioned in Section 4.3.1,

the low contamination level (< 13%) and the measured variability of the galaxy

and reference star together suggests that the detected flux variation of GUPsc b is

intrinsic.

B.2 The posterior distribution of rotational period with Markov Chain

Monte Carlo Method

We construct a sinusoidal model on top of a linear slope, which represents the

possible HST systematics, for calculating the log-likelihood function of the Markov

Chain Monte Carlo (MCMC) method with emcee. We adopt the log-uniform priors

with a period of P = [5, 50 hr], phase = [0, 2π], baseline c = [0.5, 1.5], amplitude

= [0.003, 1.2], and slope = [10−5, 2 × 10−3 hr−1]. We then run MCMC with 50
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Figure B.1: Top: The fitting
result of the 3-Moffat model
(solid red line) to the horizontally
summed (i.e. sum of pixel count
rates from the Column 440-570
in Figure 4.1) pixel count rates
(dashed blue line). The three
Moffat profiles are plotted in or-
ange dashed, dotted, and solid
lines. Middle panel: Same as the
top panel with zoomed-in view of
the fitting result for the Galaxy.
Bottom panel: The residual be-
tween the model and measured
count rate ∆C in unit of the ob-
servation noise εc (photon and
readout noise).
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walkers for 500,000 steps and plot the posterior distribution in Figure C.2. We note

that the upper bound (50 hours) of period posterior distribution is equivalent to the

upper bound of prior. Therefore, the upper bounds of the period, amplitude, and

baseline are unconstrained based on the MCMC result. The posterior distribution

suggests that the rotational period is degenerate with the variability amplitude,

phase, and with the baseline. The marginalized posterior distribution of the slope

shows that including the possible visit-long HST systematic (c.f., Section 4.3.1) as

a free parameter does not affect the result.
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Figure B.2: The posterior distribution results from the Markov Chain Monte Carlo
(MCMC) method for a sine wave model on top of a linear slope. The posterior
distribution of the rotational period is degenerate with other model parameters.
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APPENDIX C

In this chapter, I include the appendix sections of Lew et al. (2020b), which is

Chapter 5.

C.1 Validation of spectra extracted with the new pipeline
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Figure C.1: Comparison of median spectra with different spectral extraction meth-
ods illustrate that the three spectra extracted with different methods are consistent
with each other within ∼3% levels for wavelength range of 1.1–1.67 µm. The uni-
form and optimal extraction methods do not change the median spectra but do
change the standard deviation of the light curve. The bottom panel shows the ratio
of spectra extracted with the self-developed pipeline and with the standard aXe
pipeline. visual inspection of the images confirm that the three grey shaded regions
of the spectra extracted with aXe pipeline are affected by cosmic-ray or bad pixels.

We conduct several tests to benchmark our extracted spectra. We confirm that
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the spectra extracted with optimal extraction method are consistent with apertures

of 3, 4, and 5 pixels. The median differences in the flux density between two spectra

extracted with different apertures are less than 0.6%, which is about five times lower

than the averaged observed uncertainty of 3%. We then compare the spectra that

are extracted with the new pipeline and that with the standard aXe pipeline that

have been used in many studies (e.g., Buenzli et al., 2012; Apai et al., 2013; Yang

et al., 2015; Lew et al., 2016; Manjavacas et al., 2018b; Zhou et al., 2018). We

compare the median spectra in the second HST-orbit observation that is free from

eclipse event because an unresolved eclipse event in the standard pipeline will skew

the median values of spectra. We notice that the hydrogen Paschen absorption line

at 1.09µm is off by around 10% between the spectra extracted with aXe and with

our own pipeline. We interpret that the deviation is likely caused by the imperfect

wavelength calibration at the edge of WFC3/G141 sensitivity curve. Overall, our

comparison suggest that our pipeline produce similar reduced spectra as that by

standard aXe pipeline.

C.2 Conversion from counts-per-pixel to counts-per-wavelength

As mentioned in Section 5.3, we convert the count-per-pixel to counts-per-

wavelength with a weighting function. The weighting function comprises two com-

ponents, A1 and A2. A1 projects each pixel to the wavelength solution in cross-

dispersion direction and calculates the fractional pixel area that falls in the bins of

the solution. A1(i, j) = 1 means that the entire area of pixel i falls into the wave-

length bin j in the cross-dispersion direction. A2 assigns weights to pixels that are

within a specified aperture width from the spectral trace. The value of A2(i) ranges

from zero to unity, with being unity means that the pixel i is at a distance less

or equal than the aperture width from the spectral trace. The weighting function

W (i, j) of pixel i at wavelength j thus equals toW (i, j) = A1(i, j)×A2(i). We verify

that the calculation result of weighting function by examining the total weight of

each pixel i over all wavelength bins is equal to unity and the total weight of each
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wavelength bin j over all the pixels is equal to two times of the aperture width.

With the weighting function, we sum the weighted electron count over all pixels as

count per wavelength bin C(j) =
∑N

i=1 W (i, j)×C(i), where C(i) is the count rate

of pixel i and C(j) is the count rate of wavelength bin j.

C.3 The priors and posterior distribution of MCMC sampling results

Table C.1 shows the uniform priors of the MCMC method used in the light curve

modeling in Section 5.4.1; Figure C.2 shows the posterior distribution of the MCMC

modeling results.

Parameter Prior range
Orbital period P (hour) [2.0288*0.99, 2.0288*1.01]
Radius ratio rBD/rWD [1, 1.4RJup

0.012R�
= 14]

Inclination i (deg) [80, 90]
Mid-eclipse time t0 (hour) [0.63, 0.68]
Semi-major-axis ratio a/rWD [30, 70]
Limb-darkening coefficient [0, 0.6]
Flux constant cWD [0.8, 1]
Asine [0, 0.1]
Csine [0, 0.2]
φsine [10−5, 2]π

Table C.1: The uniform priors of the light curve model parameters in the MCMC
method.
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199

REFERENCES

Ackerman, A. S. and M. S. Marley (2001). Precipitating Condensation Clouds in
Substellar Atmospheres. ApJ, 556, pp. 872–884. doi:10.1086/321540.

Agúndez, M., V. Parmentier, O. Venot, F. Hersant, and F. Selsis (2014a). Pseudo
2D chemical model of hot-Jupiter atmospheres: application to HD 209458b and
HD 189733b. A&A, 564, A73. doi:10.1051/0004-6361/201322895.

Agúndez, M., O. Venot, F. Selsis, and N. Iro (2014b). The Puzzling Chemical Com-
position of GJ 436b’s Atmosphere: Influence of Tidal Heating on the Chemistry.
ApJ, 781(2), 68. doi:10.1088/0004-637X/781/2/68.

Allard, F., D. R. Alexander, A. Tamanai, and P. H. Hauschildt (1998). Photospheric
Dust Grains Formation in Brown Dwarfs. In Rebolo, R., E. L. Martin, and
M. R. Zapatero Osorio (eds.) Brown Dwarfs and Extrasolar Planets, volume 134
of Astronomical Society of the Pacific Conference Series, p. 438.

Allard, F., T. Guillot, H.-G. Ludwig, P. H. Hauschildt, A. Schweitzer, D. R. Alexan-
der, and J. W. Ferguson (2003). Model Atmospheres and Spectra: The Role of
Dust. In Martín, E. (ed.) Brown Dwarfs, volume 211, p. 325.

Allard, F., P. H. Hauschildt, D. R. Alexander, A. Tamanai, and A. Schweitzer
(2001). The Limiting Effects of Dust in Brown Dwarf Model Atmospheres. ApJ,
556(1), pp. 357–372. doi:10.1086/321547.

Allard, F., D. Homeier, and B. Freytag (2012). Models of very-low-mass stars, brown
dwarfs and exoplanets. Philosophical Transactions of the Royal Society of London
Series A, 370, pp. 2765–2777. doi:10.1098/rsta.2011.0269.

Allard, F., D. Homeier, B. Freytag, Schaffenberger, W. , and A. S. Rajpurohit
(2013). Progress in modeling very low mass stars, brown dwarfs, and planetary
mass objects. Memorie della Societa Astronomica Italiana Supplementi, 24, p.
128.

Allers, K. N., J. F. Gallimore, M. C. Liu, and T. J. Dupuy (2016). The Radial and
Rotational Velocities of PSO J318.5338-22.8603, a Newly Confirmed Planetary-
mass Member of the β Pictoris Moving Group. ApJ, 819, 133. doi:10.3847/
0004-637X/819/2/133.

Allers, K. N. and M. C. Liu (2013a). A Near-infrared Spectroscopic Study of Young
Field Ultracool Dwarfs. ApJ, 772, 79. doi:10.1088/0004-637X/772/2/79.



200

Allers, K. N. and M. C. Liu (2013b). A Near-infrared Spectroscopic Study of Young
Field Ultracool Dwarfs. ApJ, 772, 79. doi:10.1088/0004-637X/772/2/79.

Allers, K. N., J. M. Vos, B. A. Biller, and P. K. G. Williams (2020). A measurement
of the wind speed on a brown dwarf. Science, 368(6487), pp. 169–172. doi:
10.1126/science.aaz2856.

Apai, D., T. Karalidi, M. S. Marley, H. Yang, D. Flateau, S. Metchev, N. B. Cowan,
E. Buenzli, A. J. Burgasser, J. Radigan, E. Artigau, and P. Lowrance (2017).
Zones, spots, and planetary-scale waves beating in brown dwarf atmospheres.
Science, 357, pp. 683–687. doi:10.1126/science.aam9848.

Apai, D., D. Nardiello, and L. R. Bedin (2021). TESS Observations of the Luhman
16 AB Brown Dwarf System: Rotational Periods, Lightcurve Evolution, and Zonal
Circulation. ApJ, 906(1), 64. doi:10.3847/1538-4357/abcb97.

Apai, D., J. Radigan, E. Buenzli, A. Burrows, I. N. Reid, and R. Jayawardhana
(2013). HST Spectral Mapping of L/T Transition Brown Dwarfs Reveals Cloud
Thickness Variations. ApJ, 768, 121. doi:10.1088/0004-637X/768/2/121.

Arcangeli, J., J.-M. Désert, V. Parmentier, K. B. Stevenson, J. L. Bean, M. R. Line,
L. Kreidberg, J. J. Fortney, and A. P. Showman (2019). Climate of an ultra hot
Jupiter. Spectroscopic phase curve of WASP-18b with HST/WFC3. A&A, 625,
A136. doi:10.1051/0004-6361/201834891.

Artigau, É. (2018). Variability of Brown Dwarfs. ArXiv e-prints.

Artigau, É., S. Bouchard, R. Doyon, and D. Lafrenière (2009). Photometric Vari-
ability of the T2.5 Brown Dwarf SIMP J013656.5+093347: Evidence for Evolving
Weather Patterns. ApJ, 701, pp. 1534–1539. doi:10.1088/0004-637X/701/2/1534.

Bailer-Jones, C. A. L. (2008). Correlated spectral variability in brown dwarfs. MN-
RAS, 384, pp. 1145–1157. doi:10.1111/j.1365-2966.2007.12781.x.

Bailer-Jones, C. A. L. and M. Lamm (2003). Limits on the infrared photometric
monitoring of brown dwarfs. MNRAS, 339, pp. 477–485. doi:10.1046/j.1365-8711.
2003.06189.x.

Bailer-Jones, C. A. L. and R. Mundt (2001). Variability in ultra cool dwarfs:
Evidence for the evolution of surface features. A&A, 367, pp. 218–235. doi:
10.1051/0004-6361:20000416.

Baraffe, I., G. Chabrier, T. S. Barman, F. Allard, and P. H. Hauschildt (2003).
Evolutionary models for cool brown dwarfs and extrasolar giant planets. The case
of HD 209458. A&A, 402, pp. 701–712. doi:10.1051/0004-6361:20030252.



201

Bardalez Gagliuffi, D. C., J. K. Faherty, A. C. Schneider, A. Meisner, D. Caselden,
G. Colin, S. Goodman, J. D. Kirkpatrick, M. Kuchner, J. Gagné, S. E. Logsdon,
A. J. Burgasser, K. Allers, J. Debes, J. Wisniewski, A. Rothermich, N. S. An-
dersen, M. Thévenot, J. Walla, and Backyard Worlds: Planet 9 Collaboration
(2020). WISEA J083011.95+283716.0: A Missing Link Planetary-mass Object.
ApJ, 895(2), 145. doi:10.3847/1538-4357/ab8d25.

Barenfeld, S. A., E. J. Bubar, E. E. Mamajek, and P. A. Young (2013). A Kine-
chemical Investigation of the AB Dor Moving Group ”Stream”. ApJ, 766, 6.
doi:10.1088/0004-637X/766/1/6.

Barman, T. S., B. Macintosh, Q. M. Konopacky, and C. Marois (2011). The Young
Planet-mass Object 2M1207b: A Cool, Cloudy, and Methane-poor Atmosphere.
ApJL, 735, L39. doi:10.1088/2041-8205/735/2/L39.

Barrado y Navascués, D. and E. L. Martín (2003). An Empirical Criterion to Classify
T Tauri Stars and Substellar Analogs Using Low-Resolution Optical Spectroscopy.
AJ, 126(6), pp. 2997–3006. doi:10.1086/379673.

Basri, G. (2000). Observations of Brown Dwarfs. ARA&A, 38, pp. 485–519. doi:
10.1146/annurev.astro.38.1.485.

Basri, G., G. W. Marcy, and J. R. Graham (1996). Lithium in Brown Dwarf Can-
didates: The Mass and Age of the Faintest Pleiades Stars. ApJ, 458, p. 600.
doi:10.1086/176842.

Batalha, N. E., M. S. Marley, N. K. Lewis, and J. J. Fortney (2019). Ex-
oplanet Reflected-light Spectroscopy with PICASO. ApJ, 878(1), 70. doi:
10.3847/1538-4357/ab1b51.

Becklin, E. E. and B. Zuckerman (1988). A low-temperature companion to a white
dwarf star. Nature, 336(6200), pp. 656–658. doi:10.1038/336656a0.

Bell, C. P. M., E. E. Mamajek, and T. Naylor (2015). A self-consistent, absolute
isochronal age scale for young moving groups in the solar neighbourhood. MNRAS,
454, pp. 593–614. doi:10.1093/mnras/stv1981.

Bell, T. J. and N. B. Cowan (2018). Increased Heat Transport in Ultra-hot Jupiter
Atmospheres through H2 Dissociation and Recombination. ApJL, 857(2), L20.
doi:10.3847/2041-8213/aabcc8.

Berta, Z. K., D. Charbonneau, J.-M. Désert, E. Miller-Ricci Kempton, P. R. Mc-
Cullough, C. J. Burke, J. J. Fortney, J. Irwin, P. Nutzman, and D. Homeier
(2012). The Flat Transmission Spectrum of the Super-Earth GJ1214b from
Wide Field Camera 3 on the Hubble Space Telescope. ApJ, 747, 35. doi:
10.1088/0004-637X/747/1/35.



202

Bertin, E. and S. Arnouts (1996). SExtractor: Software for source extraction. A&AS,
117, pp. 393–404. doi:10.1051/aas:1996164.

Best, W. M. J., M. C. Liu, E. A. Magnier, N. R. Deacon, K. M. Aller, J. Red-
stone, W. S. Burgett, K. C. Chambers, P. Draper, H. Flewelling, K. W. Ho-
dapp, N. Kaiser, N. Metcalfe, J. L. Tonry, R. J. Wainscoat, and C. Waters
(2015). A Search for L/T Transition Dwarfs with Pan-STARRS1 and WISE.
II. L/T Transition Atmospheres and Young Discoveries. ApJ, 814(2), 118. doi:
10.1088/0004-637X/814/2/118.

Best, W. M. J., M. C. Liu, E. A. Magnier, and T. J. Dupuy (2021). A Volume-
limited Sample of Ultracool Dwarfs. I. Construction, Space Density, and a Gap
in the L/T Transition. AJ, 161(1), 42. doi:10.3847/1538-3881/abc893.

Beuermann, K., S. Dreizler, F. V. Hessman, U. Backhaus, A. Boesch, T. O. Husser,
L. Nortmann, A. Schmelev, and R. Springer (2013). The eclipsing post-common
envelope binary CSS21055: a white dwarf with a probable brown-dwarf compan-
ion. A&A, 558, A96. doi:10.1051/0004-6361/201322241.

Biller, B. (2017). The time domain for brown dwarfs and directly imaged giant
exoplanets: the power of variability monitoring. The Astronomical Review, 13,
pp. 1–27. doi:10.1080/21672857.2017.1303105.

Biller, B. A., I. J. M. Crossfield, L. Mancini, S. Ciceri, J. Southworth, T. G. Kopy-
tova, M. Bonnefoy, N. R. Deacon, J. E. Schlieder, E. Buenzli, W. Brandner, F. Al-
lard, D. Homeier, B. Freytag, C. A. L. Bailer-Jones, J. Greiner, T. Henning, and
B. Goldman (2013). Weather on the Nearest Brown Dwarfs: Resolved Simulta-
neous Multi-wavelength Variability Monitoring of WISE J104915.57-531906.1AB.
ApJL, 778, L10. doi:10.1088/2041-8205/778/1/L10.

Biller, B. A., J. Vos, M. Bonavita, E. Buenzli, C. Baxter, I. J. M. Crossfield,
K. Allers, M. C. Liu, M. Bonnefoy, N. Deacon, W. Brandner, J. E. Schlieder,
T. Dupuy, T. Kopytova, E. Manjavacas, F. Allard, D. Homeier, and T. Henning
(2015). Variability in a Young, L/T Transition Planetary-mass Object. ApJL,
813, L23. doi:10.1088/2041-8205/813/2/L23.

Biller, B. A., J. Vos, E. Buenzli, K. Allers, M. Bonnefoy, B. Charnay, B. Bézard,
F. Allard, D. Homeier, M. Bonavita, W. Brandner, I. Crossfield, T. Dupuy,
T. Henning, T. Kopytova, M. C. Liu, E. Manjavacas, and J. Schlieder (2018).
Simultaneous Multiwavelength Variability Characterization of the Free-floating
Planetary-mass Object PSO J318.5-22. AJ, 155, 95. doi:10.3847/1538-3881/
aaa5a6.

Blecic, J., J. Harrington, N. Madhusudhan, K. B. Stevenson, R. A. Hardy, P. E. Cu-
billos, M. Hardin, O. Bowman, S. Nymeyer, D. R. Anderson, C. Hellier, A. M. S.



203

Smith, and A. Collier Cameron (2014). Spitzer Observations of the Thermal
Emission from WASP-43b. ApJ, 781(2), 116. doi:10.1088/0004-637X/781/2/116.

Bonnefoy, M., A. Zurlo, J. L. Baudino, P. Lucas, D. Mesa, A.-L. Maire, A. Vi-
gan, R. Galicher, D. Homeier, F. Marocco, R. Gratton, G. Chauvin, F. Allard,
S. Desidera, M. Kasper, C. Moutou, A.-M. Lagrange, J. Antichi, A. Baruffolo,
J. Baudrand, J.-L. Beuzit, A. Boccaletti, F. Cantalloube, M. Carbillet, J. Char-
ton, R. U. Claudi, A. Costille, K. Dohlen, C. Dominik, D. Fantinel, P. Feautrier,
M. Feldt, T. Fusco, P. Gigan, J. H. Girard, L. Gluck, C. Gry, T. Henning, M. Jan-
son, M. Langlois, F. Madec, Y. Magnard, D. Maurel, D. Mawet, M. R. Meyer,
J. Milli, O. Moeller-Nilsson, D. Mouillet, A. Pavlov, D. Perret, P. Pujet, S. P.
Quanz, S. Rochat, G. Rousset, A. Roux, B. Salasnich, G. Salter, J.-F. Sauvage,
H. M. Schmid, A. Sevin, C. Soenke, E. Stadler, M. Turatto, S. Udry, F. Vakili,
Z. Wahhaj, and F. Wildi (2016). First light of the VLT planet finder SPHERE.
IV. Physical and chemical properties of the planets around HR8799. A&A, 587,
A58. doi:10.1051/0004-6361/201526906.

Bowler, B. P., M. C. Liu, E. L. Shkolnik, and T. J. Dupuy (2013). Planets around
Low-mass Stars. III. A Young Dusty L Dwarf Companion at the Deuterium-
burning Limit. ApJ, 774, 55. doi:10.1088/0004-637X/774/1/55.

Brandt, T. D., T. J. Dupuy, B. P. Bowler, D. C. Bardalez Gagliuffi, J. Faherty,
G. M. Brandt, and D. Michalik (2020). A Dynamical Mass of 70 ± 5 MJup for
Gliese 229B, the First T Dwarf. AJ, 160(4), 196. doi:10.3847/1538-3881/abb45e.

Bryan, M. L., B. Benneke, H. A. Knutson, K. Batygin, and B. P. Bowler (2018).
Constraints on the spin evolution of young planetary-mass companions. Nature
Astronomy, 2, pp. 138–144. doi:10.1038/s41550-017-0325-8.

Buenzli, E., D. Apai, C. V. Morley, D. Flateau, A. P. Showman, A. Burrows, M. S.
Marley, N. K. Lewis, and I. N. Reid (2012). Vertical Atmospheric Structure in a
Variable Brown Dwarf: Pressure-dependent Phase Shifts in Simultaneous Hubble
Space Telescope-Spitzer Light Curves. ApJL, 760, L31. doi:10.1088/2041-8205/
760/2/L31.

Buenzli, E., D. Apai, J. Radigan, I. N. Reid, and D. Flateau (2014). Brown
Dwarf Photospheres are Patchy: A Hubble Space Telescope Near-infrared Spec-
troscopic Survey Finds Frequent Low-level Variability. ApJ, 782(2), 77. doi:
10.1088/0004-637X/782/2/77.

Buenzli, E., M. S. Marley, D. Apai, D. Saumon, B. A. Biller, I. J. M. Crossfield,
and J. Radigan (2015a). Cloud Structure of the Nearest Brown Dwarfs. II. High-
amplitude Variability for Luhman 16 A and B in and out of the 0.99 µm FeH
feature. ApJ, 812, 163. doi:10.1088/0004-637X/812/2/163.



204

Buenzli, E., D. Saumon, M. S. Marley, D. Apai, J. Radigan, L. R. Bedin, I. N.
Reid, and C. V. Morley (2015b). Cloud Structure of the Nearest Brown Dwarfs:
Spectroscopic Variability of Luhman 16AB from the Hubble Space Telescope.
ApJ, 798, 127. doi:10.1088/0004-637X/798/2/127.

Burgasser, A. J. (2014a). The SpeX Prism Library: 1000+ low-resolution, near-
infrared spectra of ultracool M, L, T and Y dwarfs. In Astronomical Society of
India Conference Series, volume 11 of Astronomical Society of India Conference
Series, pp. 7–16.

Burgasser, A. J. (2014b). The SpeX Prism Library: 1000+ low-resolution, near-
infrared spectra of ultracool M, L, T and Y dwarfs. In Astronomical Society of
India Conference Series, volume 11 of Astronomical Society of India Conference
Series, pp. 7–16.

Burgasser, A. J., C. H. Blake, C. R. Gelino, J. Sahlmann, and D. Bardalez
Gagliuffi (2016). The Orbit of the L Dwarf + T Dwarf Spectral Binary SDSS
J080531.84+481233.0. ApJ, 827, 25. doi:10.3847/0004-637X/827/1/25.

Burgasser, A. J., J. Bloom, K. Cruz, M. Cushing, S. Legget, K. Lodders, A. Mainzer,
M. Marley, S. Metchev, S. Mohanty, B. Oppenheimer, and A. West (2009). Toward
the End of Stars: Discovering the Galaxy’s Coldest Brown Dwarfs. In astro2010:
The Astronomy and Astrophysics Decadal Survey, volume 2010, p. 33.

Burgasser, A. J., K. L. Cruz, M. Cushing, C. R. Gelino, D. L. Looper, J. K. Faherty,
J. D. Kirkpatrick, and I. N. Reid (2010a). SpeX Spectroscopy of Unresolved Very
Low Mass Binaries. I. Identification of 17 Candidate Binaries Straddling the L
Dwarf/T Dwarf Transition. ApJ, 710(2), pp. 1142–1169. doi:10.1088/0004-637X/
710/2/1142.

Burgasser, A. J., T. R. Geballe, S. K. Leggett, J. D. Kirkpatrick, and D. A.
Golimowski (2006a). A Unified Near-Infrared Spectral Classification Scheme for
T Dwarfs. ApJ, 637(2), pp. 1067–1093. doi:10.1086/498563.

Burgasser, A. J., J. D. Kirkpatrick, M. E. Brown, I. N. Reid, A. Burrows, J. Liebert,
K. Matthews, J. E. Gizis, C. C. Dahn, D. G. Monet, R. M. Cutri, and M. F.
Skrutskie (2002a). The Spectra of T Dwarfs. I. Near-Infrared Data and Spectral
Classification. ApJ, 564(1), pp. 421–451. doi:10.1086/324033.

Burgasser, A. J., J. D. Kirkpatrick, A. Burrows, J. Liebert, I. N. Reid, J. E. Gizis,
M. R. McGovern, L. Prato, and I. S. McLean (2003). The First Substellar Sub-
dwarf? Discovery of a Metal-poor L Dwarf with Halo Kinematics. ApJ, 592(2),
pp. 1186–1192. doi:10.1086/375813.



205

Burgasser, A. J., J. D. Kirkpatrick, K. L. Cruz, I. N. Reid, S. K. Leggett, J. Liebert,
A. Burrows, and M. E. Brown (2006b). Hubble Space Telescope NICMOS Ob-
servations of T Dwarfs: Brown Dwarf Multiplicity and New Probes of the L/T
Transition. ApJS, 166(2), pp. 585–612. doi:10.1086/506327.

Burgasser, A. J., M. S. Marley, A. S. Ackerman, D. Saumon, K. Lodders, C. C.
Dahn, H. C. Harris, and J. D. Kirkpatrick (2002b). Evidence of Cloud Disruption
in the L/T Dwarf Transition. ApJL, 571, pp. L151–L154. doi:10.1086/341343.

Burgasser, A. J., M. W. McElwain, J. D. Kirkpatrick, K. L. Cruz, C. G. Tinney,
and I. N. Reid (2004). The 2MASS Wide-Field T Dwarf Search. III. Seven New
T Dwarfs and Other Cool Dwarf Discoveries. AJ, 127(5), pp. 2856–2870. doi:
10.1086/383549.

Burgasser, A. J., S. S. Sheppard, and K. L. Luhman (2013). Resolved Near-infrared
Spectroscopy of WISE J104915.57-531906.1AB: A Flux-reversal Binary at the L
dwarf/T Dwarf Transition. ApJ, 772, 129. doi:10.1088/0004-637X/772/2/129.

Burgasser, A. J., R. A. Simcoe, J. J. Bochanski, D. Saumon, E. E. Mamajek, M. C.
Cushing, M. S. Marley, C. McMurtry, J. L. Pipher, and W. J. Forrest (2010b).
Clouds in the Coldest Brown Dwarfs: Fire Spectroscopy of Ross 458C. ApJ,
725(2), pp. 1405–1420. doi:10.1088/0004-637X/725/2/1405.

Burgasser, A. J., J. C. Wilson, J. D. Kirkpatrick, M. F. Skrutskie, M. R. Colonno,
A. T. Enos, J. D. Smith, C. P. Henderson, J. E. Gizis, M. E. Brown, and J. R.
Houck (2000). Discovery of a Bright Field Methane (T-Type) Brown Dwarf by
2MASS. AJ, 120(2), pp. 1100–1105. doi:10.1086/301475.

Burningham, B., S. K. Leggett, P. W. Lucas, D. J. Pinfield, R. L. Smart, A. C. Day-
Jones, H. R. A. Jones, D. Murray, E. Nickson, M. Tamura, Z. Zhang, N. Lodieu,
C. G. Tinney, and M. R. Zapatero Osorio (2010). The discovery of a very cool
binary system. MNRAS, 404(4), pp. 1952–1961. doi:10.1111/j.1365-2966.2010.
16411.x.

Burningham, B., M. S. Marley, M. R. Line, R. Lupu, C. Visscher, C. V. Morley,
D. Saumon, and R. Freedman (2017). Retrieval of atmospheric properties of
cloudy L dwarfs. MNRAS, 470(1), pp. 1177–1197. doi:10.1093/mnras/stx1246.

Burrows, A., M. Marley, W. B. Hubbard, J. I. Lunine, T. Guillot, D. Saumon,
R. Freedman, D. Sudarsky, and C. Sharp (1997). A Nongray Theory of Extrasolar
Giant Planets and Brown Dwarfs. ApJ, 491, pp. 856–875.

Burrows, A., D. Sudarsky, and I. Hubeny (2006). L and T Dwarf Models and the L
to T Transition. ApJ, 640(2), pp. 1063–1077. doi:10.1086/500293.



206

Casewell, S. L., C. Belardi, S. G. Parsons, S. P. Littlefair, I. P. Braker, J. J. Hermes,
J. Debes, Z. Vanderbosch, M. R. Burleigh, B. T. Gänsicke, V. S. Dhillon, T. R.
Marsh, D. E. Winget, and K. I. Winget (2020a). WD1032 + 011, an inflated
brown dwarf in an old eclipsing binary with a white dwarf. MNRAS, 497(3), pp.
3571–3580. doi:10.1093/mnras/staa1608.

Casewell, S. L., M. R. Burleigh, G. A. Wynn, R. D. Alexander, R. Napiwotzki, K. A.
Lawrie, P. D. Dobbie, R. F. Jameson, and S. T. Hodgkin (2012). WD0837+185:
The Formation and Evolution of an Extreme Mass-ratio White-dwarf-Brown-
dwarf Binary in Praesepe. ApJL, 759(2), L34. doi:10.1088/2041-8205/759/2/L34.

Casewell, S. L., J. Debes, I. P. Braker, M. C. Cushing, G. Mace, M. S. Marley,
and J. D. Kirkpatrick (2020b). NLTT5306B: an inflated, weakly irradiated brown
dwarf. MNRAS, 499(4), pp. 5318–5324. doi:10.1093/mnras/staa3184.

Casewell, S. L., S. P. Littlefair, S. G. Parsons, T. R. Marsh, J. J. Fortney, and
M. S. Marley (2018). The direct detection of the irradiated brown dwarf in the
white dwarf-brown dwarf binary SDSS J141126.20+200911.1. MNRAS, 481(4),
pp. 5216–5222. doi:10.1093/mnras/sty2599.

Chabrier, G. and I. Baraffe (1997). Structure and evolution of low-mass stars. A&A,
327, pp. 1039–1053.

Chabrier, G. and I. Baraffe (2000). Theory of Low-Mass Stars and Substellar Ob-
jects. ARA&A, 38, pp. 337–377. doi:10.1146/annurev.astro.38.1.337.

Chabrier, G., I. Baraffe, F. Allard, and P. Hauschildt (2000). Evolutionary Models
for Very Low-Mass Stars and Brown Dwarfs with Dusty Atmospheres. ApJ, 542,
pp. 464–472. doi:10.1086/309513.

Charnay, B., B. Bézard, J.-L. Baudino, M. Bonnefoy, A. Boccaletti, and R. Galicher
(2018). A Self-consistent Cloud Model for Brown Dwarfs and Young Giant Ex-
oplanets: Comparison with Photometric and Spectroscopic Observations. ApJ,
854, 172. doi:10.3847/1538-4357/aaac7d.

Chauvin, G., A.-M. Lagrange, C. Dumas, B. Zuckerman, D. Mouillet, I. Song, J.-L.
Beuzit, and P. Lowrance (2004). A giant planet candidate near a young brown
dwarf. Direct VLT/NACO observations using IR wavefront sensing. A&A, 425,
pp. L29–L32. doi:10.1051/0004-6361:200400056.

Chauvin, G., A.-M. Lagrange, C. Dumas, B. Zuckerman, D. Mouillet, I. Song, J.-L.
Beuzit, and P. Lowrance (2005). Giant planet companion to 2MASSW J1207334-
393254. A&A, 438, pp. L25–L28. doi:10.1051/0004-6361:200500116.



207

Clarke, F. J., S. T. Hodgkin, B. R. Oppenheimer, J. Robertson, and X. Haubois
(2008). A search for J-band variability from late-L and T brown dwarfs. MNRAS,
386, pp. 2009–2014. doi:10.1111/j.1365-2966.2008.13135.x.

Clarke, F. J., C. G. Tinney, and K. R. Covey (2002). Periodic photometric variability
of the brown dwarf Kelu-1. MNRAS, 332, pp. 361–366. doi:10.1046/j.1365-8711.
2002.05308.x.

Cohen, M., W. A. Wheaton, and S. T. Megeath (2003). Spectral Irradiance Cali-
bration in the Infrared. XIV. The Absolute Calibration of 2MASS. AJ, 126, pp.
1090–1096. doi:10.1086/376474.

Cooper, C. S. and A. P. Showman (2006). Dynamics and Disequilibrium Carbon
Chemistry in Hot Jupiter Atmospheres, with Application to HD 209458b. ApJ,
649(2), pp. 1048–1063. doi:10.1086/506312.

Cowan, N. B. and E. Agol (2008). Inverting Phase Functions to Map Exoplanets.
ApJL, 678(2), p. L129. doi:10.1086/588553.

Cowan, N. B., E. Agol, V. S. Meadows, T. Robinson, T. A. Livengood, D. Deming,
C. M. Lisse, M. F. A’Hearn, D. D. Wellnitz, S. Seager, D. Charbonneau, and
EPOXI Team (2009). Alien Maps of an Ocean-bearing World. ApJ, 700(2), pp.
915–923. doi:10.1088/0004-637X/700/2/915.

Cowan, N. B., P. A. Fuentes, and H. M. Haggard (2013). Light curves of stars and
exoplanets: estimating inclination, obliquity and albedo. MNRAS, 434(3), pp.
2465–2479. doi:10.1093/mnras/stt1191.

Cowan, N. B., P. Machalek, B. Croll, L. M. Shekhtman, A. Burrows, D. Deming,
T. Greene, and J. L. Hora (2012). Thermal Phase Variations of WASP-12b:
Defying Predictions. ApJ, 747(1), 82. doi:10.1088/0004-637X/747/1/82.

Crossfield, I. J. M., B. Biller, J. E. Schlieder, N. R. Deacon, M. Bonnefoy, D. Home-
ier, F. Allard, E. Buenzli, T. Henning, W. Brandner, B. Goldman, and T. Kopy-
tova (2014). A global cloud map of the nearest known brown dwarf. Nature, 505,
pp. 654–656. doi:10.1038/nature12955.

Crossfield, I. J. M., H. Knutson, J. Fortney, A. P. Showman, N. B. Cowan, and
D. Deming (2012). Spitzer/MIPS 24 µm Observations of HD 209458b: Three
Eclipses, Two and a Half Transits, and a Phase Curve Corrupted by Instrumental
Sensitivity Variations. ApJ, 752(2), 81. doi:10.1088/0004-637X/752/2/81.

Cushing, M. C., K. K. Hardegree-Ullman, J. L. Trucks, C. V. Morley, J. E. Gizis,
M. S. Marley, J. J. Fortney, J. D. Kirkpatrick, C. R. Gelino, G. N. Mace, and S. J.
Carey (2016). The First Detection of Photometric Variability in a Y Dwarf: WISE
J140518.39+553421.3. ApJ, 823(2), 152. doi:10.3847/0004-637X/823/2/152.



208

Cushing, M. C., J. D. Kirkpatrick, C. R. Gelino, R. L. Griffith, M. F. Skrutskie,
A. Mainzer, K. A. Marsh, C. A. Beichman, A. J. Burgasser, L. A. Prato, R. A.
Simcoe, M. S. Marley, D. Saumon, R. S. Freedman, P. R. Eisenhardt, and E. L.
Wright (2011). The Discovery of Y Dwarfs using Data from the Wide-field Infrared
Survey Explorer (WISE). ApJ, 743(1), 50. doi:10.1088/0004-637X/743/1/50.

Cushing, M. C., J. D. Kirkpatrick, C. R. Gelino, G. N. Mace, M. F. Skrutskie, and
A. Gould (2014). Three New Cool Brown Dwarfs Discovered with the Wide-field
Infrared Survey Explorer (WISE) and an Improved Spectrum of the Y0 Dwarf
WISE J041022.71+150248.4. AJ, 147(5), 113. doi:10.1088/0004-6256/147/5/113.

Cushing, M. C., M. S. Marley, D. Saumon, B. C. Kelly, W. D. Vacca, J. T. Rayner,
R. S. Freedman, K. Lodders, and T. L. Roellig (2008). Atmospheric Parameters
of Field L and T Dwarfs. ApJ, 678, 1372-1395. doi:10.1086/526489.

Cushing, M. C., T. L. Roellig, M. S. Marley, D. Saumon, S. K. Leggett, J. D.
Kirkpatrick, J. C. Wilson, G. C. Sloan, A. K. Mainzer, J. E. Van Cleve, and J. R.
Houck (2006). A Spitzer Infrared Spectrograph Spectral Sequence of M, L, and
T Dwarfs. ApJ, 648(1), pp. 614–628. doi:10.1086/505637.

Cutri, R. M., M. F. Skrutskie, S. van Dyk, C. A. Beichman, J. M. Carpenter,
T. Chester, L. Cambresy, T. Evans, J. Fowler, J. Gizis, E. Howard, J. Huchra,
T. Jarrett, E. L. Kopan, J. D. Kirkpatrick, R. M. Light, K. A. Marsh, H. McCallon,
S. Schneider, R. Stiening, M. Sykes, M. Weinberg, W. A. Wheaton, S. Wheelock,
and N. Zacarias (2003). VizieR Online Data Catalog: 2MASS All-Sky Catalog of
Point Sources (Cutri+ 2003). VizieR Online Data Catalog, II/246.

Dahn, C. C., H. C. Harris, F. J. Vrba, H. H. Guetter, B. Canzian, A. A. Henden,
S. E. Levine, C. B. Luginbuhl, A. K. B. Monet, D. G. Monet, J. R. Pier, R. C.
Stone, R. L. Walker, A. J. Burgasser, J. E. Gizis, J. D. Kirkpatrick, J. Liebert,
and I. N. Reid (2002). Astrometry and Photometry for Cool Dwarfs and Brown
Dwarfs. AJ, 124(2), pp. 1170–1189. doi:10.1086/341646.

de Kok, R. J., D. M. Stam, and T. Karalidi (2011). Characterizing Exoplane-
tary Atmospheres through Infrared Polarimetry. ApJ, 741(1), 59. doi:10.1088/
0004-637X/741/1/59.

Dobbs-Dixon, I. and N. B. Cowan (2017). Wavelength Does Not Equal Pressure:
Vertical Contribution Functions and Their Implications for Mapping Hot Jupiters.
ApJL, 851(2), L26. doi:10.3847/2041-8213/aa9bec.

Drummond, B., E. Hébrard, N. J. Mayne, O. Venot, R. J. Ridgway, Q. Changeat, S.-
M. Tsai, J. Manners, P. Tremblin, N. L. Abraham, D. Sing, and K. Kohary (2020).
Implications of three-dimensional chemical transport in hot Jupiter atmospheres:



209

Results from a consistently coupled chemistry-radiation-hydrodynamics model.
A&A, 636, A68. doi:10.1051/0004-6361/201937153.

Dupuy, T. J. and M. C. Liu (2012). The Hawaii Infrared Parallax Program. I. Ul-
tracool Binaries and the L/T Transition. ApJS, 201, 19. doi:10.1088/0067-0049/
201/2/19.

Dupuy, T. J., M. C. Liu, and M. J. Ireland (2009). Keck Laser Guide Star
Adaptive Optics Monitoring of the M8+L7 Binary LHS 2397aAB: First Dynam-
ical Mass Benchmark at the L/T Transition. ApJ, 699(1), pp. 168–185. doi:
10.1088/0004-637X/699/1/168.

Esplin, T. L., K. L. Luhman, M. C. Cushing, K. K. Hardegree-Ullman, J. L. Trucks,
A. J. Burgasser, and A. C. Schneider (2016). Photometric Monitoring of the
Coldest Known Brown Dwarf with the Spitzer Space Telescope. ApJ, 832(1), 58.
doi:10.3847/0004-637X/832/1/58.

Faherty, J. K., C. G. Tinney, A. Skemer, and A. J. Monson (2014). Indications
of Water Clouds in the Coldest Known Brown Dwarf. ApJL, 793(1), L16. doi:
10.1088/2041-8205/793/1/L16.

Fegley, J., Bruce and K. Lodders (1996). Atmospheric Chemistry of the Brown
Dwarf Gliese 229B: Thermochemical Equilibrium Predictions. ApJL, 472, p.
L37. doi:10.1086/310356.

Filippazzo, J. C., E. L. Rice, J. Faherty, K. L. Cruz, M. M. Van Gordon, and D. L.
Looper (2015). Fundamental Parameters and Spectral Energy Distributions of
Young and Field Age Objects with Masses Spanning the Stellar to Planetary
Regime. ApJ, 810(2), 158. doi:10.1088/0004-637X/810/2/158.

Fletcher, L. N., K. H. Baines, T. W. Momary, A. P. Showman, P. G. J. Irwin, G. S.
Orton, M. Roos-Serote, and C. Merlet (2011). Saturn’s tropospheric composition
and clouds from Cassini/VIMS 4.6-5.1 µm nightside spectroscopy. Icarus, 214(2),
pp. 510–533. doi:10.1016/j.icarus.2011.06.006.

Foreman-Mackey, D., D. W. Hogg, D. Lang, and J. Goodman (2013). emcee: The
MCMC Hammer. PASP, 125(925), p. 306. doi:10.1086/670067.

Fortney, J. J., R. I. Dawson, and T. D. Komacek (2021). Hot Jupiters: Ori-
gins, Structure, Atmospheres. Journal of Geophysical Research (Planets), 126(3),
e06629. doi:10.1029/2020JE006629.

Fortney, J. J., K. Lodders, M. S. Marley, and R. S. Freedman (2008). A Unified
Theory for the Atmospheres of the Hot and Very Hot Jupiters: Two Classes of
Irradiated Atmospheres. ApJ, 678(2), pp. 1419–1435. doi:10.1086/528370.



210

Fortney, J. J., M. S. Marley, K. Lodders, D. Saumon, and R. Freedman (2005).
Comparative Planetary Atmospheres: Models of TrES-1 and HD 209458b. ApJL,
627(1), pp. L69–L72. doi:10.1086/431952.

Freytag, B., F. Allard, H.-G. Ludwig, D. Homeier, and M. Steffen (2010). The role of
convection, overshoot, and gravity waves for the transport of dust in M dwarf and
brown dwarf atmospheres. A&A, 513, A19. doi:10.1051/0004-6361/200913354.

Gagné, J., D. Lafrenière, R. Doyon, L. Malo, and É. Artigau (2014). BANYAN. II.
Very Low Mass and Substellar Candidate Members to Nearby, Young Kinematic
Groups with Previously Known Signs of Youth. ApJ, 783, 121. doi:10.1088/
0004-637X/783/2/121.

Gaia Collaboration, A. G. A. Brown, A. Vallenari, T. Prusti, J. H. J. de Brui-
jne, C. Babusiaux, C. A. L. Bailer-Jones, M. Biermann, D. W. Evans, L. Eyer,
F. Jansen, C. Jordi, S. A. Klioner, U. Lammers, L. Lindegren, X. Luri, F. Mignard,
C. Panem, D. Pourbaix, S. Randich, P. Sartoretti, H. I. Siddiqui, C. Soubiran,
F. van Leeuwen, N. A. Walton, F. Arenou, U. Bastian, M. Cropper, R. Drim-
mel, D. Katz, M. G. Lattanzi, J. Bakker, C. Cacciari, J. Castañeda, L. Chaoul,
N. Cheek, F. De Angeli, C. Fabricius, R. Guerra, B. Holl, E. Masana, R. Messi-
neo, N. Mowlavi, K. Nienartowicz, P. Panuzzo, J. Portell, M. Riello, G. M.
Seabroke, P. Tanga, F. Thévenin, G. Gracia-Abril, G. Comoretto, M. Garcia-
Reinaldos, D. Teyssier, M. Altmann, R. Andrae, M. Audard, I. Bellas-Velidis,
K. Benson, J. Berthier, R. Blomme, P. Burgess, G. Busso, B. Carry, A. Cellino,
G. Clementini, M. Clotet, O. Creevey, M. Davidson, J. De Ridder, L. Delcham-
bre, A. Dell’Oro, C. Ducourant, J. Fernández-Hernández, M. Fouesneau, Y. Fré-
mat, L. Galluccio, M. García-Torres, J. González-Núñez, J. J. González-Vidal,
E. Gosset, L. P. Guy, J. L. Halbwachs, N. C. Hambly, D. L. Harrison, J. Hernán-
dez, D. Hestroffer, S. T. Hodgkin, A. Hutton, G. Jasniewicz, A. Jean-Antoine-
Piccolo, S. Jordan, A. J. Korn, A. Krone-Martins, A. C. Lanzafame, T. Lebzel-
ter, W. Löffler, M. Manteiga, P. M. Marrese, J. M. Martín-Fleitas, A. Moit-
inho, A. Mora, K. Muinonen, J. Osinde, E. Pancino, T. Pauwels, J. M. Pe-
tit, A. Recio-Blanco, P. J. Richards, L. Rimoldini, A. C. Robin, L. M. Sarro,
C. Siopis, M. Smith, A. Sozzetti, M. Süveges, J. Torra, W. van Reeven, U. Abbas,
A. Abreu Aramburu, S. Accart, C. Aerts, G. Altavilla, M. A. Álvarez, R. Al-
varez, J. Alves, R. I. Anderson, A. H. Andrei, E. Anglada Varela, E. Antiche,
T. Antoja, B. Arcay, T. L. Astraatmadja, N. Bach, S. G. Baker, L. Balaguer-
Núñez, P. Balm, C. Barache, C. Barata, D. Barbato, F. Barblan, P. S. Barklem,
D. Barrado, M. Barros, M. A. Barstow, S. Bartholomé Muñoz, J. L. Bassilana,
U. Becciani, M. Bellazzini, A. Berihuete, S. Bertone, L. Bianchi, O. Bienaymé,
S. Blanco-Cuaresma, T. Boch, C. Boeche, A. Bombrun, R. Borrachero, D. Bossini,
S. Bouquillon, G. Bourda, A. Bragaglia, L. Bramante, M. A. Breddels, A. Bressan,



211

N. Brouillet, T. Brüsemeister, E. Brugaletta, B. Bucciarelli, A. Burlacu, D. Bu-
sonero, A. G. Butkevich, R. Buzzi, E. Caffau, R. Cancelliere, G. Cannizzaro,
T. Cantat-Gaudin, R. Carballo, T. Carlucci, J. M. Carrasco, L. Casamiquela,
M. Castellani, A. Castro-Ginard, P. Charlot, L. Chemin, A. Chiavassa, G. Co-
cozza, G. Costigan, S. Cowell, F. Crifo, M. Crosta, C. Crowley, J. Cuypers, C. Da-
fonte, Y. Damerdji, A. Dapergolas, P. David, M. David, P. de Laverny, F. De
Luise, R. De March, D. de Martino, R. de Souza, A. de Torres, J. Debosscher,
E. del Pozo, M. Delbo, A. Delgado, H. E. Delgado, P. Di Matteo, S. Diakite, C. Di-
ener, E. Distefano, C. Dolding, P. Drazinos, J. Durán, B. Edvardsson, H. Enke,
K. Eriksson, P. Esquej, G. Eynard Bontemps, C. Fabre, M. Fabrizio, S. Faigler,
A. J. Falcão, M. Farràs Casas, L. Federici, G. Fedorets, P. Fernique, F. Figueras,
F. Filippi, K. Findeisen, A. Fonti, E. Fraile, M. Fraser, B. Frézouls, M. Gai,
S. Galleti, D. Garabato, F. García-Sedano, A. Garofalo, N. Garralda, A. Gavel,
P. Gavras, J. Gerssen, R. Geyer, P. Giacobbe, G. Gilmore, S. Girona, G. Giuf-
frida, F. Glass, M. Gomes, M. Granvik, A. Gueguen, A. Guerrier, J. Guiraud,
R. Gutiérrez-Sánchez, R. Haigron, D. Hatzidimitriou, M. Hauser, M. Haywood,
U. Heiter, A. Helmi, J. Heu, T. Hilger, D. Hobbs, W. Hofmann, G. Holland,
H. E. Huckle, A. Hypki, V. Icardi, K. Janßen, G. Jevardat de Fombelle, P. G.
Jonker, Á. L. Juhász, F. Julbe, A. Karampelas, A. Kewley, J. Klar, A. Kochoska,
R. Kohley, K. Kolenberg, M. Kontizas, E. Kontizas, S. E. Koposov, G. Kordopatis,
Z. Kostrzewa-Rutkowska, P. Koubsky, S. Lambert, A. F. Lanza, Y. Lasne, J. B.
Lavigne, Y. Le Fustec, C. Le Poncin-Lafitte, Y. Lebreton, S. Leccia, N. Leclerc,
I. Lecoeur-Taibi, H. Lenhardt, F. Leroux, S. Liao, E. Licata, H. E. P. Lindstrøm,
T. A. Lister, E. Livanou, A. Lobel, M. López, S. Managau, R. G. Mann, G. Man-
telet, O. Marchal, J. M. Marchant, M. Marconi, S. Marinoni, G. Marschalkó, D. J.
Marshall, M. Martino, G. Marton, N. Mary, D. Massari, G. Matijevič, T. Mazeh,
P. J. McMillan, S. Messina, D. Michalik, N. R. Millar, D. Molina, R. Molinaro,
L. Molnár, P. Montegriffo, R. Mor, R. Morbidelli, T. Morel, D. Morris, A. F. Mu-
lone, T. Muraveva, I. Musella, G. Nelemans, L. Nicastro, L. Noval, W. O’Mullane,
C. Ordénovic, D. Ordóñez-Blanco, P. Osborne, C. Pagani, I. Pagano, F. Pailler,
H. Palacin, L. Palaversa, A. Panahi, M. Pawlak, A. M. Piersimoni, F. X. Pineau,
E. Plachy, G. Plum, E. Poggio, E. Poujoulet, A. Prša, L. Pulone, E. Racero,
S. Ragaini, N. Rambaux, M. Ramos-Lerate, S. Regibo, C. Reylé, F. Riclet,
V. Ripepi, A. Riva, A. Rivard, G. Rixon, T. Roegiers, M. Roelens, M. Romero-
Gómez, N. Rowell, F. Royer, L. Ruiz-Dern, G. Sadowski, T. Sagristà Sellés,
J. Sahlmann, J. Salgado, E. Salguero, N. Sanna, T. Santana-Ros, M. Sarasso,
H. Savietto, M. Schultheis, E. Sciacca, M. Segol, J. C. Segovia, D. Ségransan,
I. C. Shih, L. Siltala, A. F. Silva, R. L. Smart, K. W. Smith, E. Solano, F. Solitro,
R. Sordo, S. Soria Nieto, J. Souchay, A. Spagna, F. Spoto, U. Stampa, I. A. Steele,
H. Steidelmüller, C. A. Stephenson, H. Stoev, F. F. Suess, J. Surdej, L. Szaba-
dos, E. Szegedi-Elek, D. Tapiador, F. Taris, G. Tauran, M. B. Taylor, R. Teixeira,
D. Terrett, P. Teyssand ier, W. Thuillot, A. Titarenko, F. Torra Clotet, C. Turon,



212

A. Ulla, E. Utrilla, S. Uzzi, M. Vaillant, G. Valentini, V. Valette, A. van Elteren,
E. Van Hemelryck, M. van Leeuwen, M. Vaschetto, A. Vecchiato, J. Veljanoski,
Y. Viala, D. Vicente, S. Vogt, C. von Essen, H. Voss, V. Votruba, S. Voutsinas,
G. Walmsley, M. Weiler, O. Wertz, T. Wevers, Ł. Wyrzykowski, A. Yoldas, M. Žer-
jal, H. Ziaeepour, J. Zorec, S. Zschocke, S. Zucker, C. Zurbach, and T. Zwitter
(2018). Gaia Data Release 2. Summary of the contents and survey properties.
A&A, 616, A1. doi:10.1051/0004-6361/201833051.

Gaia Collaboration, T. Prusti, J. H. J. de Bruijne, A. G. A. Brown, A. Vallenari,
C. Babusiaux, C. A. L. Bailer-Jones, U. Bastian, M. Biermann, D. W. Evans,
L. Eyer, F. Jansen, C. Jordi, S. A. Klioner, U. Lammers, L. Lindegren, X. Luri,
F. Mignard, D. J. Milligan, C. Panem, V. Poinsignon, D. Pourbaix, S. Randich,
G. Sarri, P. Sartoretti, H. I. Siddiqui, C. Soubiran, V. Valette, F. van Leeuwen,
N. A. Walton, C. Aerts, F. Arenou, M. Cropper, R. Drimmel, E. Høg, D. Katz,
M. G. Lattanzi, W. O’Mullane, E. K. Grebel, A. D. Holland, C. Huc, X. Passot,
L. Bramante, C. Cacciari, J. Castañeda, L. Chaoul, N. Cheek, F. De Angeli,
C. Fabricius, R. Guerra, J. Hernández, A. Jean-Antoine-Piccolo, E. Masana,
R. Messineo, N. Mowlavi, K. Nienartowicz, D. Ordóñez-Blanco, P. Panuzzo,
J. Portell, P. J. Richards, M. Riello, G. M. Seabroke, P. Tanga, F. Thévenin,
J. Torra, S. G. Els, G. Gracia-Abril, G. Comoretto, M. Garcia-Reinaldos, T. Lock,
E. Mercier, M. Altmann, R. Andrae, T. L. Astraatmadja, I. Bellas-Velidis, K. Ben-
son, J. Berthier, R. Blomme, G. Busso, B. Carry, A. Cellino, G. Clementini,
S. Cowell, O. Creevey, J. Cuypers, M. Davidson, J. De Ridder, A. de Torres,
L. Delchambre, A. Dell’Oro, C. Ducourant, Y. Frémat, M. García-Torres, E. Gos-
set, J. L. Halbwachs, N. C. Hambly, D. L. Harrison, M. Hauser, D. Hestroffer,
S. T. Hodgkin, H. E. Huckle, A. Hutton, G. Jasniewicz, S. Jordan, M. Konti-
zas, A. J. Korn, A. C. Lanzafame, M. Manteiga, A. Moitinho, K. Muinonen,
J. Osinde, E. Pancino, T. Pauwels, J. M. Petit, A. Recio-Blanco, A. C. Robin,
L. M. Sarro, C. Siopis, M. Smith, K. W. Smith, A. Sozzetti, W. Thuillot, W. van
Reeven, Y. Viala, U. Abbas, A. Abreu Aramburu, S. Accart, J. J. Aguado, P. M.
Allan, W. Allasia, G. Altavilla, M. A. Álvarez, J. Alves, R. I. Anderson, A. H.
Andrei, E. Anglada Varela, E. Antiche, T. Antoja, S. Antón, B. Arcay, A. Atzei,
L. Ayache, N. Bach, S. G. Baker, L. Balaguer-Núñez, C. Barache, C. Barata,
A. Barbier, F. Barblan, M. Baroni, D. Barrado y Navascués, M. Barros, M. A.
Barstow, U. Becciani, M. Bellazzini, G. Bellei, A. Bello García, V. Belokurov,
P. Bendjoya, A. Berihuete, L. Bianchi, O. Bienaymé, F. Billebaud, N. Blagorod-
nova, S. Blanco-Cuaresma, T. Boch, A. Bombrun, R. Borrachero, S. Bouquil-
lon, G. Bourda, H. Bouy, A. Bragaglia, M. A. Breddels, N. Brouillet, T. Brüse-
meister, B. Bucciarelli, F. Budnik, P. Burgess, R. Burgon, A. Burlacu, D. Bu-
sonero, R. Buzzi, E. Caffau, J. Cambras, H. Campbell, R. Cancelliere, T. Cantat-
Gaudin, T. Carlucci, J. M. Carrasco, M. Castellani, P. Charlot, J. Charnas,
P. Charvet, F. Chassat, A. Chiavassa, M. Clotet, G. Cocozza, R. S. Collins,



213

P. Collins, G. Costigan, F. Crifo, N. J. G. Cross, M. Crosta, C. Crowley, C. Da-
fonte, Y. Damerdji, A. Dapergolas, P. David, M. David, P. De Cat, F. de Fe-
lice, P. de Laverny, F. De Luise, R. De March, D. de Martino, R. de Souza,
J. Debosscher, E. del Pozo, M. Delbo, A. Delgado, H. E. Delgado, F. di Marco,
P. Di Matteo, S. Diakite, E. Distefano, C. Dolding, S. Dos Anjos, P. Drazinos,
J. Durán, Y. Dzigan, E. Ecale, B. Edvardsson, H. Enke, M. Erdmann, D. Es-
colar, M. Espina, N. W. Evans, G. Eynard Bontemps, C. Fabre, M. Fabrizio,
S. Faigler, A. J. Falcão, M. Farràs Casas, F. Faye, L. Federici, G. Fedorets,
J. Fernández-Hernández, P. Fernique, A. Fienga, F. Figueras, F. Filippi, K. Find-
eisen, A. Fonti, M. Fouesneau, E. Fraile, M. Fraser, J. Fuchs, R. Furnell, M. Gai,
S. Galleti, L. Galluccio, D. Garabato, F. García-Sedano, P. Garé, A. Garofalo,
N. Garralda, P. Gavras, J. Gerssen, R. Geyer, G. Gilmore, S. Girona, G. Giuf-
frida, M. Gomes, A. González-Marcos, J. González-Núñez, J. J. González-Vidal,
M. Granvik, A. Guerrier, P. Guillout, J. Guiraud, A. Gúrpide, R. Gutiérrez-
Sánchez, L. P. Guy, R. Haigron, D. Hatzidimitriou, M. Haywood, U. Heiter,
A. Helmi, D. Hobbs, W. Hofmann, B. Holl, G. Holland , J. A. S. Hunt, A. Hypki,
V. Icardi, M. Irwin, G. Jevardat de Fombelle, P. Jofré, P. G. Jonker, A. Jorissen,
F. Julbe, A. Karampelas, A. Kochoska, R. Kohley, K. Kolenberg, E. Kontizas,
S. E. Koposov, G. Kordopatis, P. Koubsky, A. Kowalczyk, A. Krone-Martins,
M. Kudryashova, I. Kull, R. K. Bachchan, F. Lacoste-Seris, A. F. Lanza, J. B.
Lavigne, C. Le Poncin-Lafitte, Y. Lebreton, T. Lebzelter, S. Leccia, N. Leclerc,
I. Lecoeur-Taibi, V. Lemaitre, H. Lenhardt, F. Leroux, S. Liao, E. Licata, H. E. P.
Lindstrøm, T. A. Lister, E. Livanou, A. Lobel, W. Löffler, M. López, A. Lopez-
Lozano, D. Lorenz, T. Loureiro, I. MacDonald, T. Magalhães Fernandes, S. Mana-
gau, R. G. Mann, G. Mantelet, O. Marchal, J. M. Marchant, M. Marconi, J. Marie,
S. Marinoni, P. M. Marrese, G. Marschalkó, D. J. Marshall, J. M. Martín-Fleitas,
M. Martino, N. Mary, G. Matijevič, T. Mazeh, P. J. McMillan, S. Messina,
A. Mestre, D. Michalik, N. R. Millar, B. M. H. Miranda, D. Molina, R. Moli-
naro, M. Molinaro, L. Molnár, M. Moniez, P. Montegriffo, D. Monteiro, R. Mor,
A. Mora, R. Morbidelli, T. Morel, S. Morgenthaler, T. Morley, D. Morris, A. F.
Mulone, T. Muraveva, I. Musella, J. Narbonne, G. Nelemans, L. Nicastro, L. No-
val, C. Ordénovic, J. Ordieres-Meré, P. Osborne, C. Pagani, I. Pagano, F. Pailler,
H. Palacin, L. Palaversa, P. Parsons, T. Paulsen, M. Pecoraro, R. Pedrosa, H. Pen-
tikäinen, J. Pereira, B. Pichon, A. M. Piersimoni, F. X. Pineau, E. Plachy,
G. Plum, E. Poujoulet, A. Prša, L. Pulone, S. Ragaini, S. Rago, N. Ram-
baux, M. Ramos-Lerate, P. Ranalli, G. Rauw, A. Read, S. Regibo, F. Renk,
C. Reylé, R. A. Ribeiro, L. Rimoldini, V. Ripepi, A. Riva, G. Rixon, M. Roelens,
M. Romero-Gómez, N. Rowell, F. Royer, A. Rudolph, L. Ruiz-Dern, G. Sadowski,
T. Sagristà Sellés, J. Sahlmann, J. Salgado, E. Salguero, M. Sarasso, H. Savietto,
A. Schnorhk, M. Schultheis, E. Sciacca, M. Segol, J. C. Segovia, D. Segransan,
E. Serpell, I. C. Shih, R. Smareglia, R. L. Smart, C. Smith, E. Solano, F. Solitro,
R. Sordo, S. Soria Nieto, J. Souchay, A. Spagna, F. Spoto, U. Stampa, I. A.



214

Steele, H. Steidelmüller, C. A. Stephenson, H. Stoev, F. F. Suess, M. Süveges,
J. Surdej, L. Szabados, E. Szegedi-Elek, D. Tapiador, F. Taris, G. Tauran, M. B.
Taylor, R. Teixeira, D. Terrett, B. Tingley, S. C. Trager, C. Turon, A. Ulla,
E. Utrilla, G. Valentini, A. van Elteren, E. Van Hemelryck, M. van Leeuwen,
M. Varadi, A. Vecchiato, J. Veljanoski, T. Via, D. Vicente, S. Vogt, H. Voss,
V. Votruba, S. Voutsinas, G. Walmsley, M. Weiler, K. Weingrill, D. Werner,
T. Wevers, G. Whitehead, Ł. Wyrzykowski, A. Yoldas, M. Žerjal, S. Zucker,
C. Zurbach, T. Zwitter, A. Alecu, M. Allen, C. Allende Prieto, A. Amorim,
G. Anglada-Escudé, V. Arsenijevic, S. Azaz, P. Balm, M. Beck, H. H. Bernstein,
L. Bigot, A. Bijaoui, C. Blasco, M. Bonfigli, G. Bono, S. Boudreault, A. Bressan,
S. Brown, P. M. Brunet, P. Bunclark, R. Buonanno, A. G. Butkevich, C. Carret,
C. Carrion, L. Chemin, F. Chéreau, L. Corcione, E. Darmigny, K. S. de Boer,
P. de Teodoro, P. T. de Zeeuw, C. Delle Luche, C. D. Domingues, P. Dubath,
F. Fodor, B. Frézouls, A. Fries, D. Fustes, D. Fyfe, E. Gallardo, J. Gallegos,
D. Gardiol, M. Gebran, A. Gomboc, A. Gómez, E. Grux, A. Gueguen, A. Hey-
rovsky, J. Hoar, G. Iannicola, Y. Isasi Parache, A. M. Janotto, E. Joliet, A. Jon-
ckheere, R. Keil, D. W. Kim, P. Klagyivik, J. Klar, J. Knude, O. Kochukhov,
I. Kolka, J. Kos, A. Kutka, V. Lainey, D. LeBouquin, C. Liu, D. Loreggia, V. V.
Makarov, M. G. Marseille, C. Martayan, O. Martinez-Rubi, B. Massart, F. Mey-
nadier, S. Mignot, U. Munari, A. T. Nguyen, T. Nordlander, P. Ocvirk, K. S.
O’Flaherty, A. Olias Sanz, P. Ortiz, J. Osorio, D. Oszkiewicz, A. Ouzounis,
M. Palmer, P. Park, E. Pasquato, C. Peltzer, J. Peralta, F. Péturaud, T. Pie-
niluoma, E. Pigozzi, J. Poels, G. Prat, T. Prod’homme, F. Raison, J. M. Rebor-
dao, D. Risquez, B. Rocca-Volmerange, S. Rosen, M. I. Ruiz-Fuertes, F. Russo,
S. Sembay, I. Serraller Vizcaino, A. Short, A. Siebert, H. Silva, D. Sinachopou-
los, E. Slezak, M. Soffel, D. Sosnowska, V. Straižys, M. ter Linden, D. Terrell,
S. Theil, C. Tiede, L. Troisi, P. Tsalmantza, D. Tur, M. Vaccari, F. Vachier,
P. Valles, W. Van Hamme, L. Veltz, J. Virtanen, J. M. Wallut, R. Wichmann,
M. I. Wilkinson, H. Ziaeepour, and S. Zschocke (2016). The Gaia mission. A&A,
595, A1. doi:10.1051/0004-6361/201629272.

Gizis, J. E., K. N. Allers, M. C. Liu, H. C. Harris, J. K. Faherty, A. J. Burgasser,
and J. D. Kirkpatrick (2015). WISEP J004701.06+680352.1: An Intermediate
Surface Gravity, Dusty Brown Dwarf in the AB Dor Moving Group. ApJ, 799,
203. doi:10.1088/0004-637X/799/2/203.

Gizis, J. E., J. K. Faherty, M. C. Liu, P. J. Castro, J. D. Shaw, F. J. Vrba, H. C.
Harris, K. M. Aller, and N. R. Deacon (2012). Discovery of an Unusually Red L-
Type Brown Dwarf. ApJ, 144(4), p. 94. ISSN 0004-6256. doi:10.1088/0004-6256/
144/4/94.

Goldman, B., M. C. Cushing, M. S. Marley, É. Artigau, K. S. Baliyan, V. J. S. Béjar,
J. A. Caballero, N. Chanover, M. Connelley, R. Doyon, T. Forveille, S. Ganesh,



215

C. R. Gelino, H. B. Hammel, J. Holtzman, S. Joshi, U. C. Joshi, S. K. Leggett,
M. C. Liu, E. L. Martín, V. Mohan, D. Nadeau, R. Sagar, and D. Stephens
(2008). CLOUDS search for variability in brown dwarf atmospheres. Infrared
spectroscopic time series of L/T transition brown dwarfs. A&A, 487(1), pp. 277–
292. doi:10.1051/0004-6361:20065075.

Golimowski, D. A., S. K. Leggett, M. S. Marley, X. Fan, T. R. Geballe, G. R.
Knapp, F. J. Vrba, A. A. Henden, C. B. Luginbuhl, H. H. Guetter, J. A. Munn,
B. Canzian, W. Zheng, Z. I. Tsvetanov, K. Chiu, K. Glazebrook, E. A. Hoversten,
D. P. Schneider, and J. Brinkmann (2004). L’ and M’ Photometry of Ultracool
Dwarfs. AJ, 127(6), pp. 3516–3536. doi:10.1086/420709.

Gonzales, E. C., B. Burningham, J. K. Faherty, C. Cleary, C. Visscher, M. S. Marley,
R. Lupu, and R. Freedman (2020). Retrieval of the d/sdL7+T7.5p Binary SDSS
J1416+1348AB. ApJ, 905(1), 46. doi:10.3847/1538-4357/abbee2.

Griffith, C. A. and R. V. Yelle (1999). Disequilibrium Chemistry in a Brown Dwarf’s
Atmosphere: Carbon Monoxide in Gliese 229B. ApJL, 519(1), pp. L85–L88. doi:
10.1086/312103.

Heinze, A. N., S. Metchev, and K. Kellogg (2015). Weather on Other Worlds. III.
A Survey for T Dwarfs with High-amplitude Optical Variability. ApJ, 801, 104.
doi:10.1088/0004-637X/801/2/104.

Helling, C. (2019). Exoplanet Clouds. Annual Review of Earth and Planetary
Sciences, 47, pp. 583–606. doi:10.1146/annurev-earth-053018-060401.

Helling, C. and S. Casewell (2014). Atmospheres of brown dwarfs. A&A Rv, 22, 80.
doi:10.1007/s00159-014-0080-0.

Helling, C., M. Dehn, P. Woitke, and P. H. Hauschildt (2008a). Consistent Sim-
ulations of Substellar Atmospheres and Nonequilibrium Dust Cloud Formation.
ApJL, 675(2), p. L105. doi:10.1086/533462.

Helling, C. and A. Fomins (2013). Modelling the formation of atmospheric dust
in brown dwarfs and planetary atmospheres. Philosophical Transactions of the
Royal Society of London Series A, 371(1994), pp. 20110581–20110581. doi:10.
1098/rsta.2011.0581.

Helling, C., P. Woitke, and W. F. Thi (2008b). Dust in brown dwarfs and extra-
solar planets. I. Chemical composition and spectral appearance of quasi-static
cloud layers. A&A, 485(2), pp. 547–560. doi:10.1051/0004-6361:20078220.

Heng, K. and A. P. Showman (2015). Atmospheric Dynamics of Hot Exoplanets.
Annual Review of Earth and Planetary Sciences, 43, pp. 509–540. doi:10.1146/
annurev-earth-060614-105146.



216

Hiranaka, K., K. L. Cruz, S. T. Douglas, M. S. Marley, and V. F. Baldassare (2016).
Exploring the Role of Sub-micron Sized Dust Grains in the Atmospheres of Red
L0 - L6 Dwarfs. ArXiv e-prints.

Horne, K. (1986). An optimal extraction algorithm for CCD spectroscopy. PASP,
98, pp. 609–617. doi:10.1086/131801.

Houck, J. R., T. L. Roellig, J. Van Cleve, W. J. Forrest, T. L. Herter, C. R. Lawrence,
K. Matthews, H. J. Reitsema, B. T. Soifer, D. M. Watson, D. Weedman, M. Huis-
jen, J. R. Troeltzsch, D. J. Barry, J. Bernard-Salas, C. Blacken, B. R. Brandl,
V. Charmandaris, D. Devost, G. E. Gull, P. Hall, C. P. Henderson, S. J. U. Hig-
don, B. E. Pirger, J. Schoenwald, G. C. Sloan, K. I. Uchida, P. N. Appleton,
L. Armus, M. J. Burgdorf, S. B. Fajardo-Acosta, C. J. Grillmair, J. G. Ingalls,
P. W. Morris, and H. I. Teplitz (2004). The infrared spectrograph on the Spitzer
Space Telescope. In Mather, J. C. (ed.) Optical, Infrared, and Millimeter Space
Telescopes, volume 5487 of Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series, pp. 62–76. doi:10.1117/12.550517.

Hubeny, I. and A. Burrows (2007). A Systematic Study of Departures from Chemical
Equilibrium in the Atmospheres of Substellar Mass Objects. ApJ, 669(2), pp.
1248–1261. doi:10.1086/522107.

Jones, H. R. A., A. J. Longmore, R. F. Jameson, and C. M. Mountain (1994).
An infrared spectral sequence for M dwarfs. MNRAS, 267, pp. 413–423. doi:
10.1093/mnras/267.2.413.

Jones, H. R. A. and T. Tsuji (1997). Spectral Evidence for Dust in Late-Type M
Dwarfs. ApJL, 480(1), pp. L39–L41. doi:10.1086/310619.

Karalidi, T., D. Apai, M. S. Marley, and E. Buenzli (2016). Maps of Evolving Cloud
Structures in Luhman 16AB from HST Time-resolved Spectroscopy. ApJ, 825,
90. doi:10.3847/0004-637X/825/2/90.

Kellogg, K., S. Metchev, K. Geißler, S. Hicks, J. D. Kirkpatrick, and R. Kurtev
(2015). A Targeted Search for Peculiarly Red L and T Dwarfs in SDSS, 2MASS,
and WISE: Discovery of a Possible L7 Member of the TW Hydrae Association.
AJ, 150, 182. doi:10.1088/0004-6256/150/6/182.

Kellogg, K., S. Metchev, P. A. Miles-Páez, and M. E. Tannock (2017). A Statistical
Survey of Peculiar L and T Dwarfs in SDSS, 2MASS, and WISE. AJ, 154(3),
112. doi:10.3847/1538-3881/aa83b0.

Khvorostyanov, V. I. and J. A. Curry (2014). Thermodynamics, Kinetics,
and Microphysics of Clouds. Cambridge University Press. doi:10.1017/
CBO9781139060004.



217

Kirkpatrick, J. D., C. R. Gelino, M. C. Cushing, G. N. Mace, R. L. Griffith, M. F.
Skrutskie, K. A. Marsh, E. L. Wright, P. R. Eisenhardt, I. S. McLean, A. K.
Mainzer, A. J. Burgasser, C. G. Tinney, S. Parker, and G. Salter (2012). Further
Defining Spectral Type “Y” and Exploring the Low-mass End of the Field Brown
Dwarf Mass Function. ApJ, 753(2), 156. doi:10.1088/0004-637X/753/2/156.

Kirkpatrick, J. D., C. R. Gelino, J. K. Faherty, A. M. Meisner, D. Caselden, A. C.
Schneider, F. Marocco, A. J. Cayago, R. L. Smart, P. R. Eisenhardt, M. J. Kuch-
ner, E. L. Wright, M. C. Cushing, K. N. Allers, D. C. Bardalez Gagliuffi, A. J.
Burgasser, J. Gagné, S. E. Logsdon, E. C. Martin, J. G. Ingalls, P. J. Lowrance,
E. S. Abrahams, C. Aganze, R. Gerasimov, E. C. Gonzales, C.-C. Hsu, N. Kam-
raj, R. Kiman, J. Rees, C. Theissen, K. Ammar, N. S. Andersen, P. Beaulieu,
G. Colin, C. A. Elachi, S. J. Goodman, L. Gramaize, L. K. Hamlet, J. Hong,
A. Jonkeren, M. Khalil, D. W. Martin, W. Pendrill, B. Pumphrey, A. Rother-
mich, A. Sainio, A. Stenner, C. Tanner, M. Thévenot, N. V. Voloshin, J. Walla,
Z. Wędracki, and Backyard Worlds: Planet 9 Collaboration (2021). The Field
Substellar Mass Function Based on the Full-sky 20 pc Census of 525 L, T, and Y
Dwarfs. ApJS, 253(1), 7. doi:10.3847/1538-4365/abd107.

Kirkpatrick, J. D., D. L. Looper, A. J. Burgasser, S. D. Schurr, R. M. Cutri, M. C.
Cushing, K. L. Cruz, A. C. Sweet, G. R. Knapp, T. S. Barman, J. J. Bochanski,
T. L. Roellig, I. S. McLean, M. R. McGovern, and E. L. Rice (2010). Discoveries
from a Near-infrared Proper Motion Survey Using Multi-epoch Two Micron All-
Sky Survey Data. ApJS, 190, pp. 100–146. doi:10.1088/0067-0049/190/1/100.

Kirkpatrick, J. D., E. C. Martin, R. L. Smart, A. J. Cayago, C. A. Beichman,
F. Marocco, C. R. Gelino, J. K. Faherty, M. C. Cushing, A. C. Schneider, G. N.
Mace, C. G. Tinney, E. L. Wright, P. J. Lowrance, J. G. Ingalls, F. J. Vrba,
J. A. Munn, S. E. Dahm, and I. S. McLean (2019). Preliminary Trigonometric
Parallaxes of 184 Late-T and Y Dwarfs and an Analysis of the Field Substellar
Mass Function into the “Planetary” Mass Regime. ApJS, 240(2), 19. doi:10.3847/
1538-4365/aaf6af.

Kirkpatrick, J. D., I. N. Reid, J. Liebert, R. M. Cutri, B. Nelson, C. A. Beichman,
C. C. Dahn, D. G. Monet, J. E. Gizis, and M. F. Skrutskie (1999). Dwarfs Cooler
than “M“: The Definition of Spectral Type “L” Using Discoveries from the 2
Micron All-Sky Survey (2MASS). ApJ, 519(2), pp. 802–833. doi:10.1086/307414.

Kissler-Patig, M., J. F. Pirard, M. Casali, A. Moorwood, N. Ageorges, C. Alves de
Oliveira, P. Baksai, L. R. Bedin, E. Bendek, P. Biereichel, B. Delabre, R. Dorn,
R. Esteves, G. Finger, D. Gojak, G. Huster, Y. Jung, M. Kiekebush, B. Klein,
F. Koch, J. L. Lizon, L. Mehrgan, M. Petr-Gotzens, J. Pritchard, F. Selman, and
J. Stegmeier (2008). HAWK-I: the high-acuity wide-field K-band imager for the



218

ESO Very Large Telescope. A&A, 491(3), pp. 941–950. doi:10.1051/0004-6361:
200809910.

Knapp, G. R., S. K. Leggett, X. Fan, M. S. Marley, T. R. Geballe, D. A. Golimowski,
D. Finkbeiner, J. E. Gunn, J. Hennawi, Z. Ivezić, R. H. Lupton, D. J. Schlegel,
M. A. Strauss, Z. I. Tsvetanov, K. Chiu, E. A. Hoversten, K. Glazebrook,
W. Zheng, M. Hendrickson, C. C. Williams, A. Uomoto, F. J. Vrba, A. A. Hen-
den, C. B. Luginbuhl, H. H. Guetter, J. A. Munn, B. Canzian, D. P. Schneider,
and J. Brinkmann (2004). Near-Infrared Photometry and Spectroscopy of L and
T Dwarfs: The Effects of Temperature, Clouds, and Gravity. AJ, 127, pp. 3553–
3578. doi:10.1086/420707.

Knutson, H. A., D. Charbonneau, N. B. Cowan, J. J. Fortney, A. P. Showman,
E. Agol, G. W. Henry, M. E. Everett, and L. E. Allen (2009). Multiwavelength
Constraints on the Day-Night Circulation Patterns of HD 189733b. ApJ, 690(1),
pp. 822–836. doi:10.1088/0004-637X/690/1/822.

Knutson, H. A., N. Lewis, J. J. Fortney, A. Burrows, A. P. Showman, N. B. Cowan,
E. Agol, S. Aigrain, D. Charbonneau, D. Deming, J.-M. Désert, G. W. Henry,
J. Langton, and G. Laughlin (2012). 3.6 and 4.5 µm Phase Curves and Evi-
dence for Non-equilibrium Chemistry in the Atmosphere of Extrasolar Planet HD
189733b. ApJ, 754(1), 22. doi:10.1088/0004-637X/754/1/22.

Koen, C. (2003). A search for short time-scale I-band variability in ultracool dwarfs.
MNRAS, 346, pp. 473–482. doi:10.1046/j.1365-2966.2003.07099.x.

Koen, C., N. Matsunaga, and J. Menzies (2004). A search for short time-scale
JHK variability in ultracool dwarfs. MNRAS, 354(2), pp. 466–476. doi:10.1111/
j.1365-2966.2004.08208.x.

Koester, D. (2010). White dwarf spectra and atmosphere models. MmSAI, 81, pp.
921–931.

Komacek, T. D. and A. P. Showman (2016). Atmospheric Circulation of Hot
Jupiters: Dayside-Nightside Temperature Differences. ApJ, 821(1), 16. doi:
10.3847/0004-637X/821/1/16.

Komacek, T. D. and X. Tan (2018). Effects of Dissociation/Recombination on the
Day-Night Temperature Contrasts of Ultra-hot Jupiters. Research Notes of the
American Astronomical Society, 2(2), 36. doi:10.3847/2515-5172/aac5e7.

Kostov, V. and D. Apai (2013). Mapping Directly Imaged Giant Exoplanets. ApJ,
762(1), 47. doi:10.1088/0004-637X/762/1/47.



219

Kreidberg, L. (2015). batman: BAsic Transit Model cAlculatioN in Python. PASP,
127(957), p. 1161. doi:10.1086/683602.

Kümmel, M., H. Kuntschner, J. R. Walsh, and H. Bushouse (2011). Master sky
images for the WFC3 G102 and G141 grisms. ST-ECF Instrument Science Report
WFC3-2011-05 (STScI).

Kümmel, M., J. R. Walsh, N. Pirzkal, H. Kuntschner, and A. Pasquali (2009). The
Slitless Spectroscopy Data Extraction Software aXe. PASP, 121, p. 59. doi:
10.1086/596715.

Kuntschner, H., H. Bushouse, M. Kümmel, and J. R. Walsh (2009). WFC3 SMOV
proposal 11552: Calibration of the G141 grism. ST-ECF Instrument Science
Report WFC3-2009-17, p. 17.

Kuntschner, H., M. Kümmel, J. R. Walsh, and H. Bushouse (2011). Revised Flux
Calibration of the WFC3 G102 and G141 grisms. ST-ECF Instrument Science
Report WFC3-2011-05, p. 5.

Lavega, A. (2011). An introduction to planetary atmospheres. CRC Press, Boca
Raton. ISBN 9781420067323.

Lee, G. K. H., S. L. Casewell, K. L. Chubb, M. Hammond, X. Tan, S.-M. Tsai,
and R. T. Pierrehumbert (2020). Simplified 3D GCM modelling of the irradiated
brown dwarf WD 0137−349B. MNRAS, 496(4), pp. 4674–4687. doi:10.1093/
mnras/staa1882.

Leggett, S. K. (1992). Infrared Colors of Low-Mass Stars. ApJS, 82, p. 351. doi:
10.1086/191720.

Leggett, S. K., F. Allard, and P. H. Hauschildt (1998). Infrared Colors at the
Stellar/Substellar Boundary. ApJ, 509(2), pp. 836–847. doi:10.1086/306517.

Leggett, S. K., M. C. Cushing, K. K. Hardegree-Ullman, J. L. Trucks, M. S. Marley,
C. V. Morley, D. Saumon, S. J. Carey, J. J. Fortney, C. R. Gelino, J. E. Gizis,
J. D. Kirkpatrick, and G. N. Mace (2016). Observed Variability at 1um and 4um
in the Y0 Brown Dwarf WISEP J173835.52+273258.9. ArXiv e-prints.

Leggett, S. K., T. J. Dupuy, C. V. Morley, M. S. Marley, W. M. J. Best, M. C. Liu,
D. Apai, S. L. Casewell, T. R. Geballe, J. E. Gizis, J. S. Pineda, M. Rieke, and
G. S. Wright (2019). 3.8um Imaging of 400-600K Brown Dwarfs and Orbital Con-
straints for WISEP J045853.90+643452.6AB. arXiv e-prints, arXiv:1907.07798.

Leggett, S. K., T. R. Geballe, X. Fan, D. P. Schneider, J. E. Gunn, R. H. Lup-
ton, G. R. Knapp, M. A. Strauss, A. McDaniel, D. A. Golimowski, T. J. Henry,



220

E. Peng, Z. I. Tsvetanov, A. Uomoto, W. Zheng, G. J. Hill, L. W. Ramsey,
S. F. Anderson, J. A. Annis, N. A. Bahcall, J. Brinkmann, B. Chen, I. Csabai,
M. Fukugita, G. S. Hennessy, R. B. Hindsley, Ž. Ivezić, D. Q. Lamb, J. A. Munn,
J. R. Pier, D. J. Schlegel, J. A. Smith, C. Stoughton, A. R. Thakar, and D. G.
York (2000). The Missing Link: Early Methane (“T”) Dwarfs in the Sloan Digital
Sky Survey. ApJL, 536(1), pp. L35–L38. doi:10.1086/312728.

Lew, B. W. P., D. Apai, M. Marley, D. Saumon, G. Schneider, Y. Zhou, N. B.
Cowan, T. Karalidi, E. Manjavacas, L. R. Bedin, and P. A. Miles-Páez (2020a).
Cloud Atlas: Unraveling the Vertical Cloud Structure with the Time-series Spec-
trophotometry of an Unusually Red Brown Dwarf. ApJ, 903(1), 15. doi:
10.3847/1538-4357/abb81d.

Lew, B. W. P., D. Apai, Y. Zhou, J. Radigan, M. Marley, G. Schneider, N. B. Cowan,
P. A. Miles-Páez, E. Manjavacas, T. Karalidi, L. R. Bedin, P. J. Lowrance, and
A. J. Burgasser (2020b). Cloud Atlas: Weak Color Modulations Due to Rotation
in the Planetary-mass Companion GU Psc b and 11 Other Brown Dwarfs. AJ,
159(3), 125. doi:10.3847/1538-3881/ab5f59.

Lew, B. W. P., D. Apai, Y. Zhou, G. Schneider, A. J. Burgasser, T. Karalidi,
H. Yang, M. S. Marley, N. B. Cowan, L. R. Bedin, S. A. Metchev, J. Radigan,
and P. J. Lowrance (2016). Cloud Atlas: Discovery of Patchy Clouds and High-
amplitude Rotational Modulations in a Young, Extremely Red L-type Brown
Dwarf. ApJL, 829, L32. doi:10.3847/2041-8205/829/2/L32.

Line, M. R., M. S. Marley, M. C. Liu, B. Burningham, C. V. Morley, N. R. Hinkel,
J. Teske, J. J. Fortney, R. Freedman, and R. Lupu (2017). Uniform Atmospheric
Retrieval Analysis of Ultracool Dwarfs. II. Properties of 11 T dwarfs. ApJ, 848(2),
83. doi:10.3847/1538-4357/aa7ff0.

Littlefair, S. P., S. L. Casewell, S. G. Parsons, V. S. Dhillon, T. R. Marsh,
B. T. Gänsicke, S. Bloemen, S. Catalan, P. Irawati, L. K. Hardy, M. Mcallis-
ter, M. C. P. Bours, A. Richichi, M. R. Burleigh, B. Burningham, E. Breedt,
and P. Kerry (2014). The substellar companion in the eclipsing white dwarf
binary SDSS J141126.20+200911.1. MNRAS, 445(2), pp. 2106–2115. doi:
10.1093/mnras/stu1895.

Littlefair, S. P., V. S. Dhillon, T. R. Marsh, T. Shahbaz, E. L. Martín, and C. Cop-
perwheat (2008). Optical variability of the ultracool dwarf TVLM 513-46546:
evidence for inhomogeneous dust clouds. MNRAS, 391, pp. L88–L92. doi:
10.1111/j.1745-3933.2008.00562.x.

Liu, M. C., T. J. Dupuy, and K. N. Allers (2013). Infrared parallaxes of young
field brown dwarfs and connections to directly imaged gas-giant exoplanets. As-
tronomische Nachrichten, 334(1-2), pp. 85–88. doi:10.1002/asna.201211783.



221

Liu, M. C., T. J. Dupuy, and K. N. Allers (2016). The Hawaii Infrared Parallax
Program. II. Young Ultracool Field Dwarfs. ApJ, 833, 96. doi:10.3847/1538-4357/
833/1/96.

Liu, M. C., E. A. Magnier, N. R. Deacon, K. N. Allers, T. J. Dupuy, M. C. Kotson,
K. M. Aller, W. S. Burgett, K. C. Chambers, P. W. Draper, K. W. Hodapp,
R. Jedicke, N. Kaiser, R.-P. Kudritzki, N. Metcalfe, J. S. Morgan, P. A. Price,
J. L. Tonry, and R. J. Wainscoat (2013). the Extremely Red, Young L Dwarf Pso
J318.5338-22.8603: a Free-Floating Planetary-Mass Analog To Directly Imaged
Young Gas-Giant Planets. ApJ, 777(2), p. L20. ISSN 2041-8205. doi:10.1088/
2041-8205/777/2/L20.

Lodders, K. and B. Fegley (2002). Atmospheric Chemistry in Giant Planets, Brown
Dwarfs, and Low-Mass Dwarf Stars. I. Carbon, Nitrogen, and Oxygen. Icarus,
155(2), pp. 393–424. doi:10.1006/icar.2001.6740.

Lodders, K. and J. Fegley, B. (2006). Chemistry of Low Mass Substellar Objects,
p. 1. doi:10.1007/3-540-30313-8\_1.

Lodieu, N. (2018). Metal-Depleted Brown Dwarfs, p. 173. doi:10.1007/
978-3-319-55333-7\_173.

Long, K. S., S. M. Baggett, J. W. MacKenty, and P. M. McCullough (2014). At-
tempts to Mitigate Trapping Effects in Scanned Grism Observations of Exoplanet
Transits with WFC3/IR. Technical report.

Longstaff, E. S., S. L. Casewell, G. A. Wynn, P. F. L. Maxted, and C. Helling (2017).
Emission lines in the atmosphere of the irradiated brown dwarf WD0137-349B.
MNRAS, 471(2), pp. 1728–1736. doi:10.1093/mnras/stx1786.

Looper, D. L., J. D. Kirkpatrick, R. M. Cutri, T. Barman, A. J. Burgasser, M. C.
Cushing, T. Roellig, M. R. McGovern, I. S. McLean, E. Rice, B. J. Swift, and
S. D. Schurr (2008). Discovery of Two Nearby Peculiar L Dwarfs from the 2MASS
Proper-Motion Survey: Young or Metal-Rich? ApJ, 686, 528-541. doi:10.1086/
591025.

Lothringer, J. D. and S. L. Casewell (2020). Atmosphere Models of Brown Dwarfs
Irradiated by White Dwarfs: Analogs for Hot and Ultrahot Jupiters. ApJ, 905(2),
163. doi:10.3847/1538-4357/abc5bc.

Luhman, K. L. (2014). Discovery of a ~250 K Brown Dwarf at 2 pc from the Sun.
ApJL, 786(2), L18. doi:10.1088/2041-8205/786/2/L18.

Luhman, K. L., J. R. Stauffer, and E. E. Mamajek (2005). The Age of AB Doradus.
ApJL, 628, pp. L69–L72. doi:10.1086/432617.



222

Luri, X., A. G. A. Brown, L. M. Sarro, F. Arenou, C. A. L. Bailer-Jones, A. Castro-
Ginard, J. de Bruijne, T. Prusti, C. Babusiaux, and H. E. Delgado (2018). Gaia
Data Release 2. Using Gaia parallaxes. A&A, 616, A9. doi:10.1051/0004-6361/
201832964.

Mace, G. N., J. D. Kirkpatrick, M. C. Cushing, C. R. Gelino, R. L. Griffith, M. F.
Skrutskie, K. A. Marsh, E. L. Wright, P. R. Eisenhardt, I. S. McLean, M. A.
Thompson, K. Mix, V. Bailey, C. A. Beichman, J. S. Bloom, A. J. Burgasser,
J. J. Fortney, P. M. Hinz, R. P. Knox, P. J. Lowrance, M. S. Marley, C. V.
Morley, T. J. Rodigas, D. Saumon, S. S. Sheppard, and N. D. Stock (2013). A
Study of the Diverse T Dwarf Population Revealed by WISE. ApJS, 205(1), 6.
doi:10.1088/0067-0049/205/1/6.

Macintosh, B., J. R. Graham, T. Barman, R. J. De Rosa, Q. Konopacky, M. S.
Marley, C. Marois, E. L. Nielsen, L. Pueyo, A. Rajan, J. Rameau, D. Saumon, J. J.
Wang, J. Patience, M. Ammons, P. Arriaga, E. Artigau, S. Beckwith, J. Brewster,
S. Bruzzone, J. Bulger, B. Burningham, A. S. Burrows, C. Chen, E. Chiang,
J. K. Chilcote, R. I. Dawson, R. Dong, R. Doyon, Z. H. Draper, G. Duchêne,
T. M. Esposito, D. Fabrycky, M. P. Fitzgerald, K. B. Follette, J. J. Fortney,
B. Gerard, S. Goodsell, A. Z. Greenbaum, P. Hibon, S. Hinkley, T. H. Cotten, L.-
W. Hung, P. Ingraham, M. Johnson-Groh, P. Kalas, D. Lafreniere, J. E. Larkin,
J. Lee, M. Line, D. Long, J. Maire, F. Marchis, B. C. Matthews, C. E. Max,
S. Metchev, M. A. Millar-Blanchaer, T. Mittal, C. V. Morley, K. M. Morzinski,
R. Murray-Clay, R. Oppenheimer, D. W. Palmer, R. Patel, M. D. Perrin, L. A.
Poyneer, R. R. Rafikov, F. T. Rantakyrö, E. L. Rice, P. Rojo, A. R. Rudy, J.-B.
Ruffio, M. T. Ruiz, N. Sadakuni, L. Saddlemyer, M. Salama, D. Savransky, A. C.
Schneider, A. Sivaramakrishnan, I. Song, R. Soummer, S. Thomas, G. Vasisht,
J. K. Wallace, K. Ward-Duong, S. J. Wiktorowicz, S. G. Wolff, and B. Zuckerman
(2015). Discovery and spectroscopy of the young jovian planet 51 Eri b with the
Gemini Planet Imager. Science, 350, pp. 64–67. doi:10.1126/science.aac5891.

MacKenty, J. W., R. A. Kimble, R. W. O’Connell, and J. A. Townsend (2010).
On-orbit performance of HST Wide Field Camera 3. In Space Telescopes and
Instrumentation 2010: Optical, Infrared, and Millimeter Wave, volume 7731 of
Proc. SPIE, p. 77310Z. doi:10.1117/12.857533.

Madhusudhan, N., A. Burrows, and T. Currie (2011). Model Atmospheres for Mas-
sive Gas Giants with Thick Clouds: Application to the HR 8799 Planets and Pre-
dictions for Future Detections. ApJ, 737, 34. doi:10.1088/0004-637X/737/1/34.

Magain, P. (1986). Contribution functions and the depths of formation of spectral
lines. A&A, 163(1-2), pp. 135–139.



223

Maiti, M., S. Sengupta, P. S. Parihar, and G. C. Anupama (2005). Observation of
R-Band Variability of L Dwarfs. ApJL, 619, pp. L183–L186. doi:10.1086/428088.

Malo, L., R. Doyon, D. Lafrenière, É. Artigau, J. Gagné, F. Baron, and A. Riedel
(2013). Bayesian Analysis to Identify New Star Candidates in Nearby Young
Stellar Kinematic Groups. ApJ, 762(2), 88. doi:10.1088/0004-637X/762/2/88.

Manjavacas, E., D. Apai, B. W. P. Lew, Y. Zhou, G. Schneider, A. J. Burgasser,
T. Karalidi, P. A. Miles-Páez, P. J. Lowrance, N. Cowan, L. R. Bedin, M. S.
Marley, S. Metchev, and J. Radigan (2019a). Cloud Atlas: Rotational Spectral
Modulations and Potential Sulfide Clouds in the Planetary-mass, Late T-type
Companion Ross 458C. ApJL, 875(2), L15. doi:10.3847/2041-8213/ab13b9.

Manjavacas, E., D. Apai, Y. Zhou, T. Karalidi, B. W. P. Lew, G. Schneider,
N. Cowan, S. Metchev, P. A. Miles-Páez, A. J. Burgasser, J. Radigan, L. R.
Bedin, P. J. Lowrance, and M. S. Marley (2018a). Cloud Atlas: Discovery of Ro-
tational Spectral Modulations in a Low-mass, L-type Brown Dwarf Companion
to a Star. AJ, 155(1), 11. doi:10.3847/1538-3881/aa984f.

Manjavacas, E., D. Apai, Y. Zhou, T. Karalidi, B. W. P. Lew, G. Schneider,
N. Cowan, S. Metchev, P. A. Miles-Páez, A. J. Burgasser, J. Radigan, L. R.
Bedin, P. J. Lowrance, and M. S. Marley (2018b). Cloud Atlas: Discovery of Ro-
tational Spectral Modulations in a Low-mass, L-type Brown Dwarf Companion
to a Star. AJ, 155, 11. doi:10.3847/1538-3881/aa984f.

Manjavacas, E., D. Apai, Y. Zhou, B. W. P. Lew, G. Schneider, S. Metchev, P. A.
Miles-Páez, J. Radigan, M. S. Marley, N. Cowan, T. Karalidi, A. J. Burgasser,
L. R. Bedin, P. J. Lowrance, and P. Kauffmann (2019b). Cloud Atlas: Hubble
Space Telescope Near-infrared Spectral Library of Brown Dwarfs, Planetary-mass
Companions, and Hot Jupiters. AJ, 157(3), 101. doi:10.3847/1538-3881/aaf88f.

Mann, A. W., J. M. Brewer, E. Gaidos, S. Lépine, and E. J. Hilton (2013). Prospect-
ing in Late-type Dwarfs: A Calibration of Infrared and Visible Spectroscopic
Metallicities of Late K and M Dwarfs Spanning 1.5 dex. AJ, 145(2), 52. doi:
10.1088/0004-6256/145/2/52.

Marley, M., D. Saumon, C. Morley, and J. Fortney (2018). Sonora 2018: Cloud-
free, solar composition, solar C/O substellar atmosphere models and spectra.
doi:10.5281/zenodo.1309035.

Marley, M. S., A. S. Ackerman, J. N. Cuzzi, and D. Kitzmann (2013). Clouds
and Hazes in Exoplanet Atmospheres, p. 367. doi:10.2458/azu\_uapress\
_9780816530595-ch15.



224

Marley, M. S. and C. P. McKay (1999). Thermal Structure of Uranus’ Atmosphere.
Icarus, 138(2), pp. 268–286. doi:10.1006/icar.1998.6071.

Marley, M. S. and T. D. Robinson (2015). On the Cool Side: Modeling the At-
mospheres of Brown Dwarfs and Giant Planets. ARA&A, 53, pp. 279–323. doi:
10.1146/annurev-astro-082214-122522.

Marley, M. S., D. Saumon, M. Cushing, A. S. Ackerman, J. J. Fortney, and R. Freed-
man (2012). Masses, Radii, and Cloud Properties of the HR 8799 Planets. ApJ,
754(2), 135. doi:10.1088/0004-637X/754/2/135.

Marley, M. S., D. Saumon, and C. Goldblatt (2010). A Patchy Cloud Model for the
L to T Dwarf Transition. ApJL, 723, pp. L117–L121. doi:10.1088/2041-8205/
723/1/L117.

Marley, M. S., D. Saumon, T. Guillot, R. S. Freedman, W. B. Hubbard, A. Burrows,
and J. I. Lunine (1996). Atmospheric, Evolutionary, and Spectral Models of the
Brown Dwarf Gliese 229 B. Science, 272(5270), pp. 1919–1921. doi:10.1126/
science.272.5270.1919.

Marley, M. S., S. Seager, D. Saumon, K. Lodders, A. S. Ackerman, R. S. Freedman,
and X. Fan (2002). Clouds and Chemistry: Ultracool Dwarf Atmospheric Proper-
ties from Optical and Infrared Colors. ApJ, 568, pp. 335–342. doi:10.1086/338800.

Marocco, F., A. C. Day-Jones, P. W. Lucas, H. R. A. Jones, R. L. Smart, Z. H.
Zhang, J. I. Gomes, B. Burningham, D. J. Pinfield, R. Raddi, and L. Smith
(2014). The extremely red L dwarf ULAS J222711-004547 - dominated by dust.
MNRAS, 439, pp. 372–386. doi:10.1093/mnras/stt2463.

Martin, E. C., G. N. Mace, I. S. McLean, S. E. Logsdon, E. L. Rice, J. D. Kirkpatrick,
A. J. Burgasser, M. R. McGovern, and L. Prato (2017). Surface Gravities for 228
M, L, and T Dwarfs in the NIRSPEC Brown Dwarf Spectroscopic Survey. ApJ,
838(1), 73. doi:10.3847/1538-4357/aa6338.

Martín, E. L., M. R. Zapatero Osorio, and H. J. Lehto (2001). Photometric Vari-
ability in the Ultracool Dwarf BRI 0021-0214: Possible Evidence for Dust Clouds.
ApJ, 557, pp. 822–830. doi:10.1086/321685.

Mason, B. J. (1971). The physics of clouds. Oxford monographs on meteorology.
Clarendon Press, Oxford, 2nd ed edition. ISBN 9780198516033.

Mayorga, L. C., N. E. Batalha, N. K. Lewis, and M. S. Marley (2019). Reflected
Light Phase Curves in the TESS Era. AJ, 158(2), 66. doi:10.3847/1538-3881/
ab29fa.



225

McKay, C. P., J. B. Pollack, and R. Courtin (1989). The thermal structure of
Titan’s atmosphere. Icarus, 80(1), pp. 23–53. doi:10.1016/0019-1035(89)90160-7.

Meisner, A. M., D. Caselden, J. D. Kirkpatrick, F. Marocco, C. R. Gelino, M. C.
Cushing, P. R. M. Eisenhardt, E. L. Wright, J. K. Faherty, R. Koontz, E. J.
Marchese, M. Khalil, J. W. Fowler, and E. F. Schlafly (2020a). Expanding the Y
Dwarf Census with Spitzer Follow-up of the Coldest CatWISE Solar Neighborhood
Discoveries. ApJ, 889(2), 74. doi:10.3847/1538-4357/ab6215.

Meisner, A. M., J. K. Faherty, J. D. Kirkpatrick, A. C. Schneider, D. Caselden,
J. Gagné, M. J. Kuchner, A. J. Burgasser, S. L. Casewell, J. H. Debes, É. Artigau,
D. C. Bardalez Gagliuffi, S. E. Logsdon, R. Kiman, K. Allers, C.-c. Hsu, J. P. Wis-
niewski, M. B. Allen, P. Beaulieu, G. Colin, H. A. Durantini Luca, S. Goodman,
L. Gramaize, L. K. Hamlet, K. Hinckley, F. Kiwy, D. W. Martin, W. Pendrill,
A. Rothermich, A. Sainio, J. Schümann, N. S. Andersen, C. Tanner, V. Thakur,
M. Thévenot, J. Walla, Z. Wędracki, C. Aganze, R. Gerasimov, C. Theissen, and
Backyard Worlds: Planet 9 Collaboration (2020b). Spitzer Follow-up of Extremely
Cold Brown Dwarfs Discovered by the Backyard Worlds: Planet 9 Citizen Science
Project. ApJ, 899(2), 123. doi:10.3847/1538-4357/aba633.

Ménard, F., X. Delfosse, and J. L. Monin (2002). Optical linear polarimetry of ultra
cool dwarfs. A&A, 396, pp. L35–L38. doi:10.1051/0004-6361:20021657.

Metchev, S. A., A. Heinze, D. Apai, D. Flateau, J. Radigan, A. Burgasser, M. S.
Marley, É. Artigau, P. Plavchan, and B. Goldman (2015). Weather on Other
Worlds. II. Survey Results: Spots are Ubiquitous on L and T Dwarfs. ApJ, 799,
154. doi:10.1088/0004-637X/799/2/154.

Metchev, S. A. and L. A. Hillenbrand (2006). HD 203030B: An Unusually Cool
Young Substellar Companion near the L/T Transition. ApJ, 651(2), pp. 1166–
1176. doi:10.1086/507836.

Miles, B. E., A. J. Skemer, T. S. Barman, K. N. Allers, and J. M. Stone (2018).
Methane in Analogs of Young Directly Imaged Exoplanets. ArXiv e-prints.

Miles, B. E., A. J. I. Skemer, C. V. Morley, M. S. Marley, J. J. Fortney, K. N.
Allers, J. K. Faherty, T. R. Geballe, C. Visscher, A. C. Schneider, R. Lupu,
R. S. Freedman, and G. L. Bjoraker (2020). Observations of Disequilibrium CO
Chemistry in the Coldest Brown Dwarfs. AJ, 160(2), 63. doi:10.3847/1538-3881/
ab9114.

Miles-Páez, P. A., S. Metchev, D. Apai, Y. Zhou, E. Manjavacas, T. Karalidi,
B. W. P. Lew, A. J. Burgasser, L. R. Bedin, N. Cowan, P. J. Lowrance, M. S. Mar-
ley, J. Radigan, and G. Schneider (2019). Cloud Atlas: Variability in and out of the



226

Water Band in the Planetary-mass HD 203030B Points to Cloud Sedimentation
in Low-gravity L Dwarfs. ApJ, 883(2), p. 181. doi:10.3847/1538-4357/ab3d25.

Miles-Páez, P. A., S. Metchev, K. L. Luhman, M. Marengo, and A. Hulsebus (2017).
The Prototypical Young L/T-Transition Dwarf HD 203030B Likely Has Planetary
Mass. AJ, 154(6), p. 262. doi:10.3847/1538-3881/aa9711.

Miles-Páez, P. A., M. R. Zapatero Osorio, E. Pallé, and K. Peña Ramírez (2013).
Linear polarization of rapidly rotating ultracool dwarfs. A&A, 556, A125. doi:
10.1051/0004-6361/201321851.

Millar-Blanchaer, M. A., J. H. Girard, T. Karalidi, M. S. Marley, R. G. van Holstein,
S. Sengupta, D. Mawet, T. Kataria, F. Snik, J. de Boer, R. Jensen-Clem, A. Vigan,
and S. Hinkley (2020). Detection of Polarization due to Cloud Bands in the Nearby
Luhman 16 Brown Dwarf Binary. ApJ, 894(1), 42. doi:10.3847/1538-4357/ab6ef2.

Morales-Calderón, M., J. R. Stauffer, J. D. Kirkpatrick, S. Carey, C. R. Gelino,
D. Barrado y Navascués, L. Rebull, P. Lowrance, M. S. Marley, D. Charbonneau,
B. M. Patten, S. T. Megeath, and D. Buzasi (2006a). A Sensitive Search for
Variability in Late L Dwarfs: The Quest for Weather. ApJ, 653, pp. 1454–1463.
doi:10.1086/507866.

Morales-Calderón, M., J. R. Stauffer, J. D. Kirkpatrick, S. Carey, C. R. Gelino,
D. Barrado y Navascués, L. Rebull, P. Lowrance, M. S. Marley, D. Charbonneau,
B. M. Patten, S. T. Megeath, and D. Buzasi (2006b). A Sensitive Search for
Variability in Late L Dwarfs: The Quest for Weather. ApJ, 653, pp. 1454–1463.
doi:10.1086/507866.

Morley, C. V., J. J. Fortney, M. S. Marley, C. Visscher, D. Saumon, and S. K.
Leggett (2012). Neglected Clouds in T and Y Dwarf Atmospheres. ApJ, 756(2),
172. doi:10.1088/0004-637X/756/2/172.

Morley, C. V., M. S. Marley, J. J. Fortney, and R. Lupu (2014a). Spectral Variability
from the Patchy Atmospheres of T and Y Dwarfs. ApJL, 789, L14. doi:10.1088/
2041-8205/789/1/L14.

Morley, C. V., M. S. Marley, J. J. Fortney, R. Lupu, D. Saumon, T. Greene, and
K. Lodders (2014b). Water Clouds in Y Dwarfs and Exoplanets. ApJ, 787, 78.
doi:10.1088/0004-637X/787/1/78.

Morley, C. V., A. J. Skemer, K. N. Allers, M. S. Marley, J. K. Faherty, C. Visscher,
S. A. Beiler, B. E. Miles, R. Lupu, R. S. Freedman, J. J. Fortney, T. R. Geballe,
and G. L. Bjoraker (2018). An L Band Spectrum of the Coldest Brown Dwarf.
ApJ, 858(2), 97. doi:10.3847/1538-4357/aabe8b.



227

Murakami, H., H. Baba, P. Barthel, D. L. Clements, M. Cohen, Y. Doi, K. Enya,
E. Figueredo, N. Fujishiro, H. Fujiwara, M. Fujiwara, P. Garcia-Lario, T. Goto,
S. Hasegawa, Y. Hibi, T. Hirao, N. Hiromoto, S. S. Hong, K. Imai, M. Ishigaki,
M. Ishiguro, D. Ishihara, Y. Ita, W.-S. Jeong, K. S. Jeong, H. Kaneda, H. Kataza,
M. Kawada, T. Kawai, A. Kawamura, M. F. Kessler, D. Kester, T. Kii, D. C.
Kim, W. Kim, H. Kobayashi, B. C. Koo, S. M. Kwon, H. M. Lee, R. Lorente,
S. Makiuti, H. Matsuhara, T. Matsumoto, H. Matsuo, S. Matsuura, T. G. MÜller,
N. Murakami, H. Nagata, T. Nakagawa, T. Naoi, M. Narita, M. Noda, S. H. Oh,
A. Ohnishi, Y. Ohyama, Y. Okada, H. Okuda, S. Oliver, T. Onaka, T. Ootsubo,
S. Oyabu, S. Pak, Y.-S. Park, C. P. Pearson, M. Rowan-Robinson, T. Saito,
I. Sakon, A. Salama, S. Sato, R. S. Savage, S. Serjeant, H. Shibai, M. Shira-
hata, J. Sohn, T. Suzuki, T. Takagi, H. Takahashi, T. TanabÉ, T. T. Takeuchi,
S. Takita, M. Thomson, K. Uemizu, M. Ueno, F. Usui, E. Verdugo, T. Wada,
L. Wang, T. Watabe, H. Watarai, G. J. White, I. Yamamura, C. Yamauchi, and
A. Yasuda (2007). The Infrared Astronomical Mission AKARI*. PASJ, 59, pp.
S369–S376. doi:10.1093/pasj/59.sp2.S369.

Nakajima, T., B. R. Oppenheimer, S. R. Kulkarni, D. A. Golimowski, K. Matthews,
and S. T. Durrance (1995). Discovery of a cool brown dwarf. Nature, 378(6556),
pp. 463–465. doi:10.1038/378463a0.

Nakajima, T., T. Tsuji, T. Maihara, F. Iwamuro, K.-t. Motohara, T. Taguchi,
R. Hata, M. Tamura, and T. Yamashita (2000). Near-Infrared Spectroscopy of the
Cool Brown Dwarf, SDSS 1624+00. PASJ, 52, p. 87. doi:10.1093/pasj/52.1.87.

Naud, M.-E., É. Artigau, L. Malo, L. Albert, R. Doyon, D. Lafrenière, J. Gagné,
D. Saumon, C. V. Morley, and F. Allard (2014). Discovery of a Wide Planetary-
mass Companion to the Young M3 Star GU Psc. ApJ, 787(1), 5. doi:10.1088/
0004-637X/787/1/5.

Naud, M.-E., É. Artigau, J. F. Rowe, R. Doyon, L. Malo, L. Albert, J. Gagné,
and S. Bouchard (2017). A Search for Photometric Variability in the Young T3.5
Planetary-mass Companion GU Psc b. AJ, 154(4), 138. doi:10.3847/1538-3881/
aa83b7.

Newton, E. R., D. Charbonneau, J. Irwin, Z. K. Berta-Thompson, B. Rojas-Ayala,
K. Covey, and J. P. Lloyd (2014). Near-infrared Metallicities, Radial Velocities,
and Spectral Types for 447 Nearby M Dwarfs. AJ, 147(1), 20. doi:10.1088/
0004-6256/147/1/20.

Newville, M., T. Stensitzki, D. B. Allen, and A. Ingargiola (2014). LMFIT: Non-
Linear Least-Square Minimization and Curve-Fitting for Python¶. doi:10.5281/
zenodo.11813.



228

Norton, A. J., P. J. Wheatley, R. G. West, C. A. Haswell, R. A. Street, A. Collier
Cameron, D. J. Christian, W. I. Clarkson, B. Enoch, M. Gallaway, C. Hellier,
K. Horne, J. Irwin, S. R. Kane, T. A. Lister, J. P. Nicholas, N. Parley, D. Pol-
lacco, R. Ryans, I. Skillen, and D. M. Wilson (2007). New periodic variable stars
coincident with ROSAT sources discovered using SuperWASP. A&A, 467(2), pp.
785–905. doi:10.1051/0004-6361:20077084.

Oppenheimer, B. R., S. R. Kulkarni, K. Matthews, and T. Nakajima (1995). Infrared
Spectrum of the Cool Brown Dwarf Gl 229B. Science, 270(5241), pp. 1478–1479.
doi:10.1126/science.270.5241.1478.

Parmentier, V. and I. J. M. Crossfield (2018). Exoplanet Phase Curves: Observations
and Theory, p. 116. doi:10.1007/978-3-319-55333-7_116.

Parmentier, V., J. J. Fortney, A. P. Showman, C. Morley, and M. S. Marley (2016).
Transitions in the Cloud Composition of Hot Jupiters. ApJ, 828, 22. doi:10.3847/
0004-637X/828/1/22.

Parmentier, V., T. Guillot, J. J. Fortney, and M. S. Marley (2015). A non-grey
analytical model for irradiated atmospheres. II. Analytical vs. numerical solutions.
A&A, 574, A35. doi:10.1051/0004-6361/201323127.

Parmentier, V., A. P. Showman, and J. J. Fortney (2021). The cloudy shape of hot
Jupiter thermal phase curves. MNRAS, 501(1), pp. 78–108. doi:10.1093/mnras/
staa3418.

Parsons, S. G., J. J. Hermes, T. R. Marsh, B. T. Gänsicke, P. E. Tremblay, S. P.
Littlefair, D. I. Sahman, R. P. Ashley, M. Green, S. Rattanasoon, V. S. Dhillon,
M. R. Burleigh, S. L. Casewell, D. A. H. Buckley, I. P. Braker, P. Irawati, E. Den-
nihy, P. Rodríguez-Gil, D. E. Winget, K. I. Winget, K. J. Bell, and M. Kilic
(2017). Two white dwarfs in ultrashort binaries with detached, eclipsing, likely
sub-stellar companions detected by K2. MNRAS, 471(1), pp. 976–986. doi:
10.1093/mnras/stx1610.

Perna, R., K. Menou, and E. Rauscher (2010). Ohmic Dissipation in the Atmo-
spheres of Hot Jupiters. ApJ, 724(1), pp. 313–317. doi:10.1088/0004-637X/724/
1/313.

Phillips, M. W., P. Tremblin, I. Baraffe, G. Chabrier, N. F. Allard, F. Spiegelman,
J. M. Goyal, B. Drummond, and E. Hébrard (2020). A new set of atmosphere and
evolution models for cool T-Y brown dwarfs and giant exoplanets. A&A, 637,
A38. doi:10.1051/0004-6361/201937381.

Pierrehumbert, R. T. (2010). Principles of Planetary Climate.



229

Powell, D., X. Zhang, P. Gao, and V. Parmentier (2018). Formation of Silicate
and Titanium Clouds on Hot Jupiters. ApJ, 860(1), 18. doi:10.3847/1538-4357/
aac215.

Prinn, R. G. and S. S. Barshay (1977). Carbon Monoxide on Jupiter and Impli-
cations for Atmospheric Convection. Science, 198(4321), pp. 1031–1034. doi:
10.1126/science.198.4321.1031.

Radigan, J. (2014). An Independent Analysis of the Brown Dwarf Atmosphere
Monitoring (BAM) Data: Large-amplitude Variability is Rare Outside the L/T
Transition. ApJ, 797, 120. doi:10.1088/0004-637X/797/2/120.

Radigan, J., R. Jayawardhana, D. Lafrenière, É. Artigau, M. Marley, and D. Saumon
(2012). Large-amplitude Variations of an L/T Transition Brown Dwarf: Multi-
wavelength Observations of Patchy, High-contrast Cloud Features. ApJ, 750, 105.
doi:10.1088/0004-637X/750/2/105.

Radigan, J., D. Lafrenière, R. Jayawardhana, and E. Artigau (2014). Strong Bright-
ness Variations Signal Cloudy-to-clear Transition of Brown Dwarfs. ApJ, 793, 75.
doi:10.1088/0004-637X/793/2/75.

Rebolo, R., M. R. Zapatero Osorio, and E. L. Martín (1995). Discovery of a brown
dwarf in the Pleiades star cluster. Nature, 377(6545), pp. 129–131. doi:10.1038/
377129a0.

Riaz, B., J. E. Gizis, and J. Harvin (2006). Identification of New M Dwarfs in the
Solar Neighborhood. AJ, 132(2), pp. 866–872. doi:10.1086/505632.

Robinson, T. D. and M. S. Marley (2014). Temperature Fluctuations as a Source
of Brown Dwarf Variability. ApJ, 785, 158. doi:10.1088/0004-637X/785/2/158.

Rossow, W. B. (1978). Cloud microphysics - Analysis of the clouds of Earth, Venus,
Mars, and Jupiter. Icarus, 36, pp. 1–50. doi:10.1016/0019-1035(78)90072-6.

Saumon, D., G. Chabrier, and H. M. van Horn (1995). An Equation of State for
Low-Mass Stars and Giant Planets. ApJS, 99, p. 713. doi:10.1086/192204.

Saumon, D., T. R. Geballe, S. K. Leggett, M. S. Marley, R. S. Freedman, K. Lodders,
B. Fegley, Jr., and S. K. Sengupta (2000). Molecular Abundances in the Atmo-
sphere of the T Dwarf GL 229B. ApJ, 541, pp. 374–389. doi:10.1086/309410.

Saumon, D. and M. S. Marley (2008). The Evolution of L and T Dwarfs in Color-
Magnitude Diagrams. ApJ, 689, 1327-1344. doi:10.1086/592734.



230

Saumon, D., M. S. Marley, M. C. Cushing, S. K. Leggett, T. L. Roellig, K. Lodders,
and R. S. Freedman (2006). Ammonia as a Tracer of Chemical Equilibrium in the
T7.5 Dwarf Gliese 570D. ApJ, 647(1), pp. 552–557. doi:10.1086/505419.

Saumon, D., M. S. Marley, K. Lodders, and R. S. Freedman (2003). Non-equilibrium
Chemistry in the Atmospheres of Brown Dwarfs. In Martín, E. (ed.) Brown
Dwarfs, volume 211 of IAU Symposium, p. 345.

Schlawin, E., A. J. Burgasser, T. Karalidi, J. E. Gizis, and J. Teske (2017). Spectral
Variability of Two Rapidly Rotating Brown Dwarfs: 2MASS J08354256-0819237
and 2MASS J18212815+1414010. ApJ, 849, 163. doi:10.3847/1538-4357/aa90b8.

Schneider, A. C., M. C. Cushing, J. D. Kirkpatrick, C. R. Gelino, G. N. Mace, E. L.
Wright, P. R. Eisenhardt, M. F. Skrutskie, R. L. Griffith, and K. A. Marsh (2015).
Hubble Space Telescope Spectroscopy of Brown Dwarfs Discovered with the Wide-
field Infrared Survey Explorer. ApJ, 804(2), 92. doi:10.1088/0004-637X/804/2/
92.

Schneider, A. C., J. Windsor, M. C. Cushing, J. D. Kirkpatrick, and E. L. Wright
(2016). WISEA J114724.10-204021.3: A Free-floating Planetary Mass Member of
the TW Hya Association. ApJL, 822, L1. doi:10.3847/2041-8205/822/1/L1.

Scholz, A., K. Moore, R. Jayawardhana, S. Aigrain, D. Peterson, and B. Stelzer
(2018). A Universal Spin-Mass Relation for Brown Dwarfs and Planets. ApJ,
859(2), 153. doi:10.3847/1538-4357/aabfbe.

Schwartz, J. C. and N. B. Cowan (2015). Balancing the energy budget of short-
period giant planets: evidence for reflective clouds and optical absorbers. MNRAS,
449(4), pp. 4192–4203. doi:10.1093/mnras/stv470.

Seager, S. (2010). Exoplanet Atmospheres: Physical Processes.

Sengupta, S. and V. Krishan (2001). Probing Dust in the Atmosphere of Brown
Dwarfs through Polarization. ApJL, 561(1), pp. L123–L126. doi:10.1086/324559.

Sengupta, S. and M. S. Marley (2009). Multiple Scattering Polarization of
Substellar-mass Objects: T Dwarfs. ApJ, 707(1), pp. 716–726. doi:10.1088/
0004-637X/707/1/716.

Sharp, C. M. and W. F. Huebner (1990). Molecular Equilibrium with Condensation.
ApJS, 72, p. 417. doi:10.1086/191422.

Showman, A. P. (2016). Astrophysics: Illuminating brown dwarfs. Nature, 533, pp.
330–331. doi:10.1038/533330a.



231

Showman, A. P. and T. Guillot (2002). Atmospheric circulation and tides of “51 Pe-
gasus b-like” planets. A&A, 385, pp. 166–180. doi:10.1051/0004-6361:20020101.

Showman, A. P. and Y. Kaspi (2013). Atmospheric Dynamics of Brown Dwarfs and
Directly Imaged Giant Planets. ApJ, 776, 85. doi:10.1088/0004-637X/776/2/85.

Showman, A. P., X. Tan, and V. Parmentier (2020). Atmospheric Dynamics
of Hot Giant Planets and Brown Dwarfs. SSRv, 216(8), 139. doi:10.1007/
s11214-020-00758-8.

Showman, A. P., X. Tan, and X. Zhang (2018). Atmospheric Circulation of Brown
Dwarfs and Jupiter and Saturn-like Planets: Zonal Jets, Long-term Variability,
and QBO-type Oscillations. ArXiv e-prints, arXiv:1807.08433.

Showman, A. P., X. Tan, and X. Zhang (2019). Atmospheric Circulation of Brown
Dwarfs and Jupiter- and Saturn-like Planets: Zonal Jets, Long-term Variability,
and QBO-type Oscillations. ApJ, 883(1), 4. doi:10.3847/1538-4357/ab384a.

Skemer, A. J., C. V. Morley, K. N. Allers, T. R. Geballe, M. S. Marley, J. J. Fortney,
J. K. Faherty, G. L. Bjoraker, and R. Lupu (2016). The First Spectrum of the
Coldest Brown Dwarf. ApJL, 826(2), L17. doi:10.3847/2041-8205/826/2/L17.

Skrutskie, M. F., R. M. Cutri, R. Stiening, M. D. Weinberg, S. Schneider, J. M.
Carpenter, C. Beichman, R. Capps, T. Chester, J. Elias, J. Huchra, J. Liebert,
C. Lonsdale, D. G. Monet, S. Price, P. Seitzer, T. Jarrett, J. D. Kirkpatrick,
J. E. Gizis, E. Howard, T. Evans, J. Fowler, L. Fullmer, R. Hurt, R. Light, E. L.
Kopan, K. A. Marsh, H. L. McCallon, R. Tam, S. Van Dyk, and S. Wheelock
(2006). The Two Micron All Sky Survey (2MASS). AJ, 131, pp. 1163–1183.
doi:10.1086/498708.

Smith, R. M., M. Zavodny, G. Rahmer, and M. Bonati (2008). Calibration of image
persistence in HgCdTe photodiodes. In Proc. SPIE, volume 7021 of Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, p. 70210K.
doi:10.1117/12.789619.

Snellen, I. A. G., B. R. Brandl, R. J. de Kok, M. Brogi, J. Birkby, and H. Schwarz
(2014). Fast spin of the young extrasolar planet β Pictoris b. Nature, 509, pp.
63–65. doi:10.1038/nature13253.

Steinrueck, M. E., V. Parmentier, A. P. Showman, J. D. Lothringer, and R. E. Lupu
(2019). The Effect of 3D Transport-induced Disequilibrium Carbon Chemistry on
the Atmospheric Structure, Phase Curves, and Emission Spectra of Hot Jupiter
HD 189733b. ApJ, 880(1), 14. doi:10.3847/1538-4357/ab2598.



232

Stephens, D. C., S. K. Leggett, M. C. Cushing, M. S. Marley, D. Saumon, T. R.
Geballe, D. A. Golimowski, X. Fan, and K. S. Noll (2009). The 0.8-14.5 µm
Spectra of Mid-L to Mid-T Dwarfs: Diagnostics of Effective Temperature, Grain
Sedimentation, Gas Transport, and Surface Gravity. ApJ, 702, pp. 154–170.
doi:10.1088/0004-637X/702/1/154.

Stevenson, K. B., J.-M. Désert, M. R. Line, J. L. Bean, J. J. Fortney, A. P. Show-
man, T. Kataria, L. Kreidberg, P. R. McCullough, G. W. Henry, D. Charbonneau,
A. Burrows, S. Seager, N. Madhusudhan, M. H. Williamson, and D. Homeier
(2014). Thermal structure of an exoplanet atmosphere from phase-resolved emis-
sion spectroscopy. Science, 346(6211), pp. 838–841. doi:10.1126/science.1256758.

Tan, X. and T. D. Komacek (2019). The Atmospheric Circulation of Ultra-hot
Jupiters. ApJ, 886(1), 26. doi:10.3847/1538-4357/ab4a76.

Tan, X. and A. P. Showman (2017). Effects of Latent Heating on Atmospheres
of Brown Dwarfs and Directly Imaged Planets. ApJ, 835, 186. doi:10.3847/
1538-4357/835/2/186.

Tan, X. and A. P. Showman (2018). Atmospheric variability driven by radiative
cloud feedback in brown dwarfs and directly imaged extrasolar giant planets.
ArXiv e-prints.

Tan, X. and A. P. Showman (2019a). Atmospheric Variability Driven by Radiative
Cloud Feedback in Brown Dwarfs and Directly Imaged Extrasolar Giant Planets.
ApJ, 874(2), 111. doi:10.3847/1538-4357/ab0c07.

Tan, X. and A. P. Showman (2019b). Atmospheric Variability Driven by Radiative
Cloud Feedback in Brown Dwarfs and Directly Imaged Extrasolar Giant Planets.
ApJ, 874(2), 111. doi:10.3847/1538-4357/ab0c07.

Tan, X. and A. P. Showman (2020). Atmospheric circulation of tidally locked gas
giants with increasing rotation and implications for white-dwarf-brown-dwarf sys-
tems. arXiv e-prints, arXiv:2001.06269.

Tinney, C. G. (1993). The Faintest Stars: The Luminosity and Mass Functions at
the Bottom of the Main Sequence. ApJ, 414, p. 279. doi:10.1086/173075.

Tinney, C. G. and A. J. Tolley (1999). Searching for weather in brown dwarfs.
MNRAS, 304, pp. 119–126. doi:10.1046/j.1365-8711.1999.02297.x.

Tremblin, P., D. S. Amundsen, G. Chabrier, I. Baraffe, B. Drummond, S. Hinkley,
P. Mourier, and O. Venot (2016). Cloudless Atmospheres for L/T Dwarfs and
Extrasolar Giant Planets. ApJL, 817, L19. doi:10.3847/2041-8205/817/2/L19.



233

Tremblin, P., T. Padioleau, M. W. Phillips, G. Chabrier, I. Baraffe, S. Fromang,
E. Audit, H. Bloch, A. J. Burgasser, B. Drummond, M. González, P. Kestener,
S. Kokh, P. O. Lagage, and M. Stauffert (2019). Thermo-compositional Diabatic
Convection in the Atmospheres of Brown Dwarfs and in Earth’s Atmosphere and
Oceans. ApJ, 876(2), 144. doi:10.3847/1538-4357/ab05db.

Tsuji, T. (2002). Dust in the Photospheric Environment: Unified Cloudy Models of
M, L, and T Dwarfs. ApJ, 575, pp. 264–290. doi:10.1086/341262.

Tsuji, T. (2005). Dust in the Photospheric Environment. III. A Fundamental Ele-
ment in the Characterization of Ultracool Dwarfs. ApJ, 621(2), pp. 1033–1048.
doi:10.1086/427747.

Tsuji, T. and T. Nakajima (2003). Transition from L to T Dwarfs on the Color-
Magnitude Diagram. ApJL, 585(2), pp. L151–L154. doi:10.1086/374388.

Tsuji, T., K. Ohnaka, and W. Aoki (1996a). Dust formation in stellar photospheres:
a case of very low mass stars and a possible resolution on the effective temperature
scale of M dwarfs. A&A, 305, p. L1.

Tsuji, T., K. Ohnaka, W. Aoki, and T. Nakajima (1996b). Evolution of dusty
photospheres through red to brown dwarfs: how dust forms in very low mass
objects. A&A, 308, pp. L29–L32.

Visscher, C., K. Lodders, and J. Fegley, Bruce (2006). Atmospheric Chemistry in
Giant Planets, Brown Dwarfs, and Low-Mass Dwarf Stars. II. Sulfur and Phos-
phorus. ApJ, 648(2), pp. 1181–1195. doi:10.1086/506245.

Visscher, C., K. Lodders, and J. Fegley, Bruce (2010). Atmospheric Chemistry in
Giant Planets, Brown Dwarfs, and Low-mass Dwarf Stars. III. Iron, Magnesium,
and Silicon. ApJ, 716(2), pp. 1060–1075. doi:10.1088/0004-637X/716/2/1060.

Vogt, S. S., G. D. Penrod, and A. P. Hatzes (1987). Doppler Images of Rotating
Stars Using Maximum Entropy Image Reconstruction. ApJ, 321, p. 496. doi:
10.1086/165647.

Vos, J. M., K. N. Allers, and B. A. Biller (2017). The Viewing Geometry of Brown
Dwarfs Influences Their Observed Colors and Variability Amplitudes. ApJ, 842,
78. doi:10.3847/1538-4357/aa73cf.

Vos, J. M., K. N. Allers, B. A. Biller, M. C. Liu, T. J. Dupuy, J. F. Gallimore, I. J.
Adenuga, and W. M. J. Best (2018). Variability of the lowest mass objects in the
AB Doradus moving group. MNRAS, 474, pp. 1041–1053. doi:10.1093/mnras/
stx2752.



234

Wagner, K., D. Apai, M. Kasper, K. Kratter, M. McClure, M. Robberto, and J.-L.
Beuzit (2016). Direct imaging discovery of a Jovian exoplanet within a triple-star
system. Science, 353(6300), pp. 673–678. ISSN 0036-8075. doi:10.1126/science.
aaf9671.

Wakeford, H. R., D. K. Sing, T. Evans, D. Deming, and A. Mandell (2016).
Marginalizing Instrument Systematics in HST WFC3 Transit Light Curves. ApJ,
819(1), 10. doi:10.3847/0004-637X/819/1/10.

West, A. A., S. L. Hawley, J. J. Bochanski, K. R. Covey, I. N. Reid, S. Dhital, E. J.
Hilton, and M. Masuda (2008). Constraining the Age-Activity Relation for Cool
Stars: The Sloan Digital Sky Survey Data Release 5 Low-Mass Star Spectroscopic
Sample. AJ, 135(3), pp. 785–795. doi:10.1088/0004-6256/135/3/785.

White, R. J. and G. Basri (2003). Very Low Mass Stars and Brown Dwarfs in
Taurus-Auriga. ApJ, 582(2), pp. 1109–1122. doi:10.1086/344673.

Wilson, P. A., A. Rajan, and J. Patience (2014). The brown dwarf atmosphere
monitoring (BAM) project. I. The largest near-IR monitoring survey of L and T
dwarfs. A&A, 566, A111. doi:10.1051/0004-6361/201322995.

Witte, S., C. Helling, and P. H. Hauschildt (2009). Dust in brown dwarfs and extra-
solar planets. II. Cloud formation for cosmologically evolving abundances. A&A,
506(3), pp. 1367–1380. doi:10.1051/0004-6361/200811501.

Woitke, P. and C. Helling (2003). Dust in brown dwarfs. II. The coupled problem
of dust formation and sedimentation. A&A, 399, pp. 297–313. doi:10.1051/
0004-6361:20021734.

Wong, I., H. A. Knutson, T. Kataria, N. K. Lewis, A. Burrows, J. J. Fortney,
J. Schwartz, A. Shporer, E. Agol, N. B. Cowan, D. Deming, J.-M. Désert, B. J.
Fulton, A. W. Howard, J. Langton, G. Laughlin, A. P. Showman, and K. Todorov
(2016). 3.6 and 4.5 µm Spitzer Phase Curves of the Highly Irradiated Hot Jupiters
WASP-19b and HAT-P-7b. ApJ, 823(2), 122. doi:10.3847/0004-637X/823/2/122.

Wong, I., H. A. Knutson, N. K. Lewis, T. Kataria, A. Burrows, J. J. Fortney,
J. Schwartz, E. Agol, N. B. Cowan, D. Deming, J.-M. Désert, B. J. Fulton, A. W.
Howard, J. Langton, G. Laughlin, A. P. Showman, and K. Todorov (2015). 3.6 and
4.5 µm Phase Curves of the Highly Irradiated Eccentric Hot Jupiter WASP-14b.
ApJ, 811(2), 122. doi:10.1088/0004-637X/811/2/122.

Wright, E. L., P. R. M. Eisenhardt, A. K. Mainzer, M. E. Ressler, R. M. Cutri,
T. Jarrett, J. D. Kirkpatrick, D. Padgett, R. S. McMillan, M. Skrutskie, S. A.
Stanford, M. Cohen, R. G. Walker, J. C. Mather, D. Leisawitz, T. N. Gautier, III,



235

I. McLean, D. Benford, C. J. Lonsdale, A. Blain, B. Mendez, W. R. Irace, V. Du-
val, F. Liu, D. Royer, I. Heinrichsen, J. Howard, M. Shannon, M. Kendall, A. L.
Walsh, M. Larsen, J. G. Cardon, S. Schick, M. Schwalm, M. Abid, B. Fabinsky,
L. Naes, and C.-W. Tsai (2010). The Wide-field Infrared Survey Explorer (WISE):
Mission Description and Initial On-orbit Performance. AJ, 140, pp. 1868–1881.
doi:10.1088/0004-6256/140/6/1868.

Yang, H., D. Apai, M. S. Marley, T. Karalidi, D. Flateau, A. P. Showman,
S. Metchev, E. Buenzli, J. Radigan, É. Artigau, P. J. Lowrance, and A. J. Bur-
gasser (2016). Extrasolar Storms: Pressure-dependent Changes in Light-curve
Phase in Brown Dwarfs from Simultaneous HST and Spitzer Observations. ApJ,
826, 8. doi:10.3847/0004-637X/826/1/8.

Yang, H., D. Apai, M. S. Marley, D. Saumon, C. V. Morley, E. Buenzli, É. Ar-
tigau, J. Radigan, S. Metchev, A. J. Burgasser, S. Mohanty, P. J. Lowrance,
A. P. Showman, T. Karalidi, D. Flateau, and A. N. Heinze (2015). HST Rota-
tional Spectral Mapping of Two L-type Brown Dwarfs: Variability in and out
of Water Bands indicates High-altitude Haze Layers. ApJL, 798, L13. doi:
10.1088/2041-8205/798/1/L13.

Yung, Y. L., W. A. Drew, J. P. Pinto, and R. R. Friedl (1988). Estimation
of the reaction rate for the formation of CH 3O from H + H 2CO: Impli-
cations for chemistry in the solar system. Icarus, 73(3), pp. 516–526. doi:
10.1016/0019-1035(88)90061-9.

Zahnle, K. J. and M. S. Marley (2014). Methane, Carbon Monoxide, and Ammonia
in Brown Dwarfs and Self-Luminous Giant Planets. ApJ, 797, 41. doi:10.1088/
0004-637X/797/1/41.

Zalesky, J. A., M. R. Line, A. C. Schneider, and J. Patience (2019). A Uniform
Retrieval Analysis of Ultra-cool Dwarfs. III. Properties of Y Dwarfs. ApJ, 877(1),
24. doi:10.3847/1538-4357/ab16db.

Zapatero Osorio, M. R., V. J. S. Béjar, B. Goldman, J. A. Caballero, R. Rebolo,
J. A. Acosta-Pulido, A. Manchado, and K. Peña Ramírez (2011). Near-infrared
Linear Polarization of Ultracool Dwarfs. ApJ, 740(1), 4. doi:10.1088/0004-637X/
740/1/4.

Zapatero Osorio, M. R., J. A. Caballero, and V. J. S. Béjar (2005). Optical Linear
Polarization of Late M and L Type Dwarfs. ApJ, 621(1), pp. 445–460. doi:
10.1086/427433.

Zellem, R. T., N. K. Lewis, H. A. Knutson, C. A. Griffith, A. P. Showman, J. J. Fort-
ney, N. B. Cowan, E. Agol, A. Burrows, D. Charbonneau, D. Deming, G. Laughlin,



236

and J. Langton (2014). The 4.5 µm Full-orbit Phase Curve of the Hot Jupiter
HD 209458b. ApJ, 790(1), 53. doi:10.1088/0004-637X/790/1/53.

Zhou, Y., D. Apai, B. W. P. Lew, and G. Schneider (2017). A Physical Model-based
Correction for Charge Traps in the Hubble Space Telescope’s Wide Field Camera
3 Near-IR Detector and Applications to Transiting Exoplanets and Brown Dwarfs.
ArXiv e-prints.

Zhou, Y., D. Apai, B. W. P. Lew, G. Schneider, E. Manjavacas, L. R. Bedin, N. B.
Cowan, M. S. Marley, J. Radigan, T. Karalidi, P. J. Lowrance, P. A. Miles-
Páez, S. Metchev, and A. J. Burgasser (2019). Cloud Atlas: High-contrast Time-
resolved Observations of Planetary-mass Companions. AJ, 157(3), 128. doi:
10.3847/1538-3881/ab037f.

Zhou, Y., D. Apai, S. Metchev, B. W. P. Lew, G. Schneider, M. S. Marley, T. Kara-
lidi, E. Manjavacas, L. R. Bedin, N. B. Cowan, P. A. Miles-Páez, P. J. Lowrance,
J. Radigan, and A. J. Burgasser (2018). Cloud Atlas: Rotational Modulations
in the L/T Transition Brown Dwarf Companion HN Peg B. AJ, 155(3), 132.
doi:10.3847/1538-3881/aaabbd.

Zhou, Y., D. Apai, G. H. Schneider, M. S. Marley, and A. P. Showman (2016). Dis-
covery of Rotational Modulations in the Planetary-mass Companion 2M1207b:
Intermediate Rotation Period and Heterogeneous Clouds in a Low Gravity Atmo-
sphere. ApJ, 818, 176. doi:10.3847/0004-637X/818/2/176.

Zhou, Y., B. P. Bowler, C. V. Morley, D. Apai, T. Kataria, M. L. Bryan, and
B. Benneke (2020). Spectral Variability of VHS J1256-1257b from 1 to 5 µm. AJ,
160(2), 77. doi:10.3847/1538-3881/ab9e04.

Zuckerman, B., I. Song, and M. S. Bessell (2004). The AB Doradus Moving Group.
ApJ, 613(1), pp. L65–L68. doi:10.1086/425036.


	LIST OF FIGURES
	LIST OF TABLES
	ABSTRACT
	CHAPTER Introduction
	The central research question
	Introduction to brown dwarfs
	Definition of clouds

	Observational Techniques to characterize brown dwarf atmospheric structure and cloud properties
	Photometry
	Time-averaged Spectroscopy
	Time-series photometry
	High-precision time-series spectroscopy
	Polarimetry
	Doppler Imaging with high-resolution spectroscopy

	Evidence of clouds in brown dwarf atmospheres
	Clouds in late-M and L dwarf atmospheres
	Clouds in the L/T transition
	Clouds in T dwarf atmospheres
	Clouds in Y dwarf atmospheres

	Fundamentals of radiative transfer
	Extinction Coefficient, absorption, and scattering
	Optical depth
	Emission coefficient
	Mie scattering, Rayleigh scattering, Geometric scattering
	Hydrostatic equilibrium and scale height
	Contribution Function

	The fundamentals of cloud microphysics
	Homogeneous and heterogeneous nucleation
	Growth and evaporation of cloud particles
	Elemental Replenishment

	ackerman2001 cloud model
	Atmospheric dynamics

	CHAPTER Discovery of Patchy Clouds and High-amplitude Rotational Modulations in a Young, Extremely Red L-type Brown Dwarf
	Introduction
	WISEP J004701.06+680352.1

	Observations and Data Reduction
	Results
	Periodic modulations
	Spectral Variations
	Color Variations
	Wavelength-dependent Amplitude
	Inclination

	 Discussion
	Summary

	CHAPTER Unraveling the vertical cloud structure with the time-series spectrophotometry of an unusually red brown dwarf
	Introduction
	WISEP J004701.06+680352.1
	Updated HST Data reduction and other observations of WISE 0047
	Updated Systematic Correction: Iterative Pixel-scale Ramp Correction with RECTE
	Spectra and Photometry

	Light Curve and Spectral Analysis
	Broadband Light Curve Analysis
	Spectral Analysis

	A Hierarchical Atmospheric Modeling Approach
	Homogeneous Cloud Models
	Heterogeneous Cloud Models: Truncated Cloud Model
	Disequilibrium Gas Chemistry Model

	Model Fitting Results
	The best-fit homogeneous cloud models
	The best-fit heterogeneous cloud models
	Impact of disequilibrium chemistry on the best-fit model spectra

	Discussion
	Caveat of the truncated cloud models
	Impact of heterogeneous cloud structure to the emission spectrum and atmospheric profile
	The variability amplitude in the Spitzer 3.6m band
	Inference of minimum eddy diffusivity coefficient from the redder color of brown dwarfs and exoplanets

	Conclusions

	CHAPTER Weak color modulations due to rotation in the planetary-mass companion GUPscb and 11 other brown dwarfs
	Introduction
	GU Psc and GU Psc b
	Observation and Data Reduction
	Contamination assessment

	Spectra and Rotational Modulations
	Spectrum and spectral variations
	Light curves of rotational modulation

	Rotational Modulations on the Color-Magnitude Diagram
	Binning HST time-series spectra to broadband photometries
	Empirical models for color-magnitude variations
	Result of fitting magnitude-color variations

	Discussions
	The first planetary-mass object with confirmed modulations at the end of the L/T transition
	The modulation amplitude and rotational period
	Gray modulations and atmospheric heterogeneity
	No strong color change in rotational modulations across the L/T Transition

	Conclusions

	CHAPTER Mapping the pressure-dependent day-night temperature contrast of a strongly irradiated atmosphere with HST spectroscopic phase curve
	Introduction
	Brown-dwarf white-dwarf binary system SDSS J141126.20+200911.1
	Data Reduction
	Spectral Extraction

	Light Curve Analysis
	Day-night contrast and mid-eclipse time
	Phase offset from the secondary eclipse phase
	Brown dwarf radius

	Spectral Analysis
	Extracting white dwarf spectrum and brown dwarf nightside emission
	Phase-resolved spectra and day-night spectral variation
	Brightness temperature variation

	Modeling day-night spectral variations
	Description of models
	Spectral modeling results
	Pressure-dependent temperature contrast
	Temperature gradient

	Discussion
	Comparison of Spectra and Color Variations to those in isolated brown dwarfs
	Comparison to hot Jupiter WASP-43 b
	Day-night temperature contrast, the nearly zero phase offset, and implications for atmospheric dynamics
	Clouds

	Conclusions

	CHAPTER Conclusions and Outlook
	Conclusions
	Outstanding questions and outlook
	What is the role of vertical transport in shaping vertical cloud structure? 
	Does the cloud particle size distribution change with cloud thickness variation?
	What are the dominating physical mechanisms that cause the heterogeneous cloud structure?
	What is the cloud structure in Y-dwarf atmospheres?


	APPENDIX 
	Time and Wavelength Dependence of Ramp Correction 
	Response Function
	A semi-analytical estimate of the minimum pressure of cloud heterogeneity
	Gravity Constraints from Evolution Model

	APPENDIX 
	Contamination Model
	The posterior distribution of rotational period with Markov Chain Monte Carlo Method

	APPENDIX 
	Validation of spectra extracted with the new pipeline
	Conversion from counts-per-pixel to counts-per-wavelength
	The priors and posterior distribution of MCMC sampling results

	REFERENCES

