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Gray Spectral Variability in Three Brown Dwarfs Observed by HST/WFC3 Time-Series Observations
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ABSTRACT

The L/T transition is a critical evolutionary stage for brown dwarfs and self-luminous giant planets.
L/T transition brown dwarfs are more likely to be spectroscopically variable, and their high-amplitude
variability probes distributions in their clouds and chemical makeup. This paper presents Hubble Space
Telescope Wide Field Camera 3 spectral time series data for three variable L/ T transition brown dwarfs
and compares the findings to the highly variable benchmark object 2MASS J2139. All four targets
reveal significant brightness variability between 1.1 to 1.65 micron but show a difference in wavelength
dependence of the variability amplitude. Three of our targets do not show significant decrease in
variability amplitude in the 1.4 um water absorption band commonly found in previous studies of
L/T transition brown dwarfs. Additionally, at least two brown dwarfs have irregular-shaped, non-
sinusoidal light curves. We create heterogeneous atmospheric models by linearly combining SONORA
Diamondback model spectra, comparing them with the observations, and identifying the optimal ef-
fective temperature, cloud opacity, and cloud coverage for each object. Comparisons between the
observed and model color-magnitude variations that trace both spectral windows and molecular fea-
tures reveal that the early- T dwarfs likely possess heterogeneous clouds. The three T dwarfs show
different trends in the same color-magnitude space which suggests secondary mechanisms driving their
spectral variability. This work broadens the sample of L/T transition brown dwarfs that have detailed
spectral time series analysis and offers new insights that can guide future atmospheric modeling efforts
for both brown dwarfs and exoplanets.

Keywords: Brown dwarfs (185), Atmospheric variability (2119), Time series analysis (1916), Hubble

Space Telescope (761), Atmospheric clouds (2180)

1. INTRODUCTION

Shaped by a variety of dynamical processes, the atmo-
spheres of brown dwarfs are heterogeneous and variable
(Showman & Kaspi 2013; Zhang 2020; Tan & Show-
man 2021a,b). These heterogeneous structures are man-
ifested in the spatial distributions of thermal profiles,
condensate cloud coverage, and possibly distributions of
carbon-bearing molecules (Marley et al. 2010; Robin-
son & Marley 2014; Tremblin et al. 2020). These varia-
tions appear as periodic rotational modulations and ir-
regular light curve evolution (Metchev et al. 2015; Apai
et al. 2017; Biller et al. 2024; McCarthy et al. 2025).
Brown dwarfs resemble directly imaged planets in their
temperature and compositions (Faherty et al. 2016) and
young and low-mass brown dwarfs also share similar sur-
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face gravity to directly imaged exoplanets (Gagné et al.
2017; Zhang et al. 2025). Unlike planets, the spectro-
scopic observations of brown dwarfs are free from the
contamination of bright host stars. Consequently, time
series observations of brown dwarfs are effective probes
of dynamic atmospheric processes in extrasolar substel-
lar atmospheres.

The L/T transition region has been a focus of brown
dwarf variability studies (e.g., Kirkpatrick 2005; Radi-
gan et al. 2014; Metchev et al. 2015; Vos et al. 2019).
This region exhibits a dramatic change in near-infrared
colors in the color-magnitude diagram (CMD) from red
L-dwarfs to blue T-dwarfs (Kirkpatrick 2005). At these
spectral types, iron and silicate condensates form near
the bottom of the near-infrared photosphere (e.g., Ack-
erman & Marley 2001). Cloud models suggest that as
condensation front sinks deeper in cooler atmospheres,
the horizontal variations become more likely because
of increased turbulence motions (Ackerman & Marley
2001). This heterogeneous cloud structure could ex-
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plain both the observed color change and frequent occur-
rence of high-amplitude rotational modulations in the
L/T transition types (e.g., Marley et al. 2010). How-
ever, Lew et al. (2020) analyzed a sample of brown
dwarfs and found that the J — H color variations are
mostly gray. They concluded that the dramatic color-
magnitude changes between L and T spectral types (sev-
eral magnitudes) have a different physical origin than
the subtle variations observed in individual objects (typ-
ically less than a few percent).

The L/T transition also marks the point where
methane becomes a significant opacity source (Kirk-
patrick et al. 1999). Atmospheric chemical modeling
suggests that the CO-CH, reaction, coupled with ver-
tical mixing and convection, can drive fingering con-
vection (Tremblin et al. 2016). This process creates
local variations in methane abundance and tempera-
ture structure. Combined with the patchy cloud for-
mation discussed above, these chemical and dynami-
cal processes can produce spectral variability (Morley
et al. 2014; Tremblin et al. 2020). The interplay be-
tween clouds and chemistry may therefore manifest as
complex wavelength-dependent variability in both am-
plitude and phase.

Over the past decade, Hubble Space Telescope Wide
Field Camera 3 (HST/WFC3) was the primary space-
based instrument for characterizing brown dwarf spec-
tral variability (e.g., Buenzli et al. 2012; Apai et al. 2013;
Biller et al. 2018; Lew et al. 2016, 2020; Zhou et al. 2020).
Recently, James Webb Space Telescope (JWST) time se-
ries observations have provided exceptional results with
superior signal-to-noise ratios and broader wavelength
coverage (Biller et al. 2024; McCarthy et al. 2025). How-
ever, HST/WFC3 data remain invaluable due to their
extensive volume, which enables statistical exploration
of the diversity in brown dwarf variability behavior. We
have systematically explored the HST archive to iden-
tify unpublished time series spectroscopic observations
of brown dwarfs and present our comprehensive analysis
in this paper.

We present a new analysis of three L/T transition
brown dwarfs and compare their variability character-
istics to the well-studied, highly variable benchmark ob-
ject 2MASS J21392676+0220226 (2MASS J2139). We
use data originally published on 2MASS J2139 in Apai
et al. (2013) which observes a variability amplitude of
~27%. Vos et al. (2017) detects 2MASS J2139’s inclina-
tion to be 90°, making it the ideal viewing geometry to
detect equatorial variability. In their analysis of 2MASS
J2139, Apai et al. (2013) showed how its spectral vari-
ations can only be described by a linear combination
of two types of spectra, hinting that it has a homoge-

neous atmosphere except for a single atmospheric fea-
ture. 2MASS J2139’s large variability amplitude makes
it an ideal candidate to compare to less variable ob-
jects, as its pronounced spectral changes provide a clear
benchmark for understanding the atmospheric processes
driving variability in brown dwarfs.

Burgasser et al. (2008) classified 2MASS J11263991-
5003550 (2MASS J1126) as a blue L-dwarf due to its
normal optical spectra but characteristically blue near-
infrared colors. The authors attribute the blue near-
infrared spectrum to the presence of thin, uniform con-
densate clouds in the atmosphere, along with potentially
high surface gravity and the presence of subsolar metal-
licities (Burgasser et al. 2008). Marley et al. (2010) con-
ducted a more recent analysis of 2MASS J1126’s atmo-
sphere and proposed that its atmosphere is composed of
thicker patchy clouds as opposed to the thin homoge-
neous cloud cover model suggested by Burgasser et al.
(2008). Marley et al. (2010) discusses the difficulty in
distinguishing globally homogeneous atmospheres from
partly cloudy ones due to their similar spectra. Thus,
a more in depth analysis of 2MASS J1126’s atmosphere
is necessary to determine the nature of its cloud struc-
ture. However, with a viewing inclination of 35°, 2M ASS
J1126 is not ideally oriented for accurately measuring
face-on variability (Vos et al. 2017).

Lastly, 2MASS J07584037+3247245 (2MASS J0758)
and 2MASS J16291840+-0335371 (2MASS J1629) are
early T-dwarfs with significant variability amplitudes of
4.8% and 4.3% detected in Radigan et al. (2014). A
past survey performed by Bardalez Gagliuffi et al. (2015)
identified 2MASS J0758 as a potential binary based on
visual inspection. Additionally, a previous study with
a ground based telescope found 2MASS J1629 exhibits
~10% variability that potentially evolves from night to
night (Heinze et al. 2015). Similar to 2MASS J2139,
2MASS J1629 has a viewing inclination of 82°, making
it ideal for detecting rotationally modulated variability
features (Vos et al. 2017).

In this paper, we present previously unanalyzed
HST/WFC3 light curves on 2MASS J1126, J1629, and
JO758 and compare our findings to the highly variable
benchmark object 2MASS J2139 (Apai et al. 2013). We
model each object’s variability using a linear combina-
tion of atmospheric models produced by SONORA Dia-
mondback (Morley et al. 2024) and use the same model
grid to analyze the trajectories of the objects in color-
magnitude space. By comparing these trajectories with
model predictions, we infer the physical mechanisms
driving their variability. The structure of the paper is
as follows: we present the observations and the methods
of data reduction in Section 2, describe the variability



and display the light curves in Section 3, present the re-
sults of atmospheric modeling in Section 4, analyze the
trajectory of each object relative to the model grid in
color-magnitude space and infer the mechanisms behind
their variability in Section 5, and summarize our results
in Section 6.

2. OBSERVATIONS AND DATA REDUCTION

HST/WFC3 G141 grism spectral timeseries of brown
dwarfs 2MASS J0758, J2139, J1629, and J1126 were col-
lected on 2010 October 21, 2013 November 1-2, 2014
April 12, and 2015 June 6, respectively. The obser-
vations of 2MASS J2139, previously analyzed by Apai
et al. (2013), are presented here solely as a reference due
to its large variability amplitude. The low-resolution
(R ~ 130) spectra span from 0.968 to 1.805 pm, encom-
passing the prominent water absorption band centered
at 1.4 ym. Our analysis only includes the 1.1 to 1.65
pum range, where the spectral throughput is above 90%
of the maximum and the signal-to-noise ratios (S/N) of
the extracted spectra are high.

Observations of 2MASS J1126, 2MASS J1629, 2MASS
JO758, and 2MASS J2139 consists of three, four, five,
and six consecutive HST orbits, resulting in time base-
lines of 4.2 to 8.6 hours. In each orbit, the observa-
tion started with several short direct-imaging frames for
wavelength calibration purposes, which were followed
by consecutive spectroscopic exposures. These obser-
vations deliver 107, 80, 111, and 66 frames for 2MASS
J1126, J1629, JO758, and J2139, respectively. The expo-
sure times and cadence are set individually based on the
brightness of the targets. Table 1 provides the details
of the observations. Table 2 gives relevant background
information on each target and provides the observed
magnitudes and colors using the F127M, F139M, and
F153M filters.

Data reduction starts with the £1t files downloaded
from the MAST archive. Basic calibration steps, in-
cluding dark and bias correction, flat field, and up-to-
ramp fit, have been conducted by the calwf3 pipeline.
The time-resolved spectra are extracted by an aXe-
based pipeline, which has been widely adopted in time-
resolved HST/WFC3 spectroscopic data analysis (e.g.,
Apai et al. 2013; Lew et al. 2020). A r = 4pixels ra-
dius aperture is adopted for spectral extraction. The
pipeline provides time-resolved spectra and their asso-
ciated uncertainties in both count rate (e~ s™1) and f
(ergs™' cm~2 A=) units. Uncertainties were calculated
by propagating pixel-level noise (photon noise, read
noise, and calibration uncertainties) to the extracted
spectrum. The ramp-effect models were created for in-
dividual time series data using physically based model
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RECTE (Zhou et al. 2017). After dividing the RECTE
model profiles, the ramp effect systematics were removed
from the data, including the first orbits. The extracted
spectra have average S/N values ranging from 50 to 150
per wavelength unit (Table 1).

3. SPECTRAL VARIABILITY
CHARACTERIZATION

3.1. Spectral Time Series

The three newly analyzed brown dwarfs exhibit signif-
icant spectral variability, albeit with smaller amplitudes
than 2MASS J2139 (Figure 1). Figure 1 shows the max-
imum and minimum spectra and their ratios, with ex-
trema selected by total integrated flux. A key difference
from 2MASS J2139 is that 2MASS J1126, J1629, and
J0758 show largely wavelength-independent (gray) vari-
ability across the 1.10 to 1.65 pm range.

We define the peak-to-peak variability amplitude as
(Finax/ Finin—1)-100%, where Fiax and Fiyi, are the flux
values averaged over our 1.10-1.65 pum analysis range
for the maximum and minimum spectra. This yields
variability amplitudes of 1.12 & 0.09%, 4.47 &+ 0.11%,
and 5.80 £ 0.15% for 2MASS J1126, 2MASS J0758, and
2MASS J1629, respectively, in good agreement with pre-
vious J and K band photometric measurements (Radi-
gan et al. 2014).

For 2MASS J1126, telescope pointing drift caused
a wavelength shift. We corrected this using cross-
correlation and shifting the spectral image before ex-
traction. Despite careful calibration, residual system-
atics remain near the water absorption feature (Figure
1), but these do not affect our results since our analysis
excludes this spectral region.

3.2. Light Curve Analysis

We applied synthetic photometry (pysynphot, STScI
Development Team 2013) to generate light curves in four
bands: the G141 broadband (1.10-1.65 pm), F127M (J
band peak, centered at 1.27 pum), F139M (water absorp-
tion band, centered at 1.39 pm), and F153M (centered
at 1.53 pm) (Figure 2). The sinusoidal light curve of
2MASS J1126 yields a rotation period of P = 3.084+0.05
hr. The period and uncertainty for 2MASS J1126 were
determined using a least squares fit to a sinusoid model,
and this measurement is consistent with P = 3.2hr
found by Metchev et al. (2015). Additionally, Apai et al.
(2013) detect P = 7.83hr in their analysis of 2MASS
J2139. In contrast, 2MASS J0758 and 2MASS J1629
exhibit irregular light curves that preclude period de-
termination.

Colors (F127M-F139M, F139M-F153M, and F127M-
F153M) as a function of time are also examined. With



Table 1. Data collection information for each target.

Brown Dwarf  Date Observed  Time Range Maximum Cadence Average S/N
hr S

2MASS J1126 2013-11-1 to 11-2 4.175 141.8 162.2

2MASS J1629 2015-6-6 5.420 247.0 81.38

2MASS J0758 2014-4-12 7.107 232.6 111.8

2MASS J2139 2010-10-21 8.631 478.0 44.35

Table 2. Target properties and time-average photometric measurements.

Brown Dwarf Spectral Type Teg Inclination F127M F139M F153M F127M-F153M  F127M-F139M
K ° mag mag mag mag mag
2MASS J1126 L6.5 1679 35 13.71 14.62 13.66 0.051 —0.912
2MASS J1629 T2 1085 82 14.88 16.83 14.91 —0.032 —1.949
2MASS J0758 T2 1107 14.55 16.41 14.50 0.042 —1.865
2MASS J2139 T1.5 1060 90 14.64 16.32 14.76 —0.122 —1.682

NoTE—Spectral type, Tesr, and spin axis inclination are from Radigan et al. (2014), Burgasser et al. (2008), Vos et al.

(2017), and Best et al. (2024).

the exception of 2MASS J2139, no notable color change
was detected. This matches our observations in Figure 1
in which 2MASS J2139 is the only object that has clear
wavelength-dependent variability.

4. ATMOSPHERIC MODELING
4.1. Model Methods and Assumptions

We compare atmospheric models with observed spec-
tra and variability to constrain surface temperature vari-
ations and cloud properties. We use the SONORA Di-
amondback grid because it represents the latest model
development for incorporating condensate clouds (Mor-
ley et al. 2024) 2. These clouds are prevalent in L and
L/T transition type objects in substellar atmospheres
(e.g., Sudrez & Metchev 2022, 2023). The model grid
sampled effective temperatures (Tog) from 900-2400 K
(100 K steps), surface gravity (log ¢) from 3.0 to 5.5 (0.5
dex steps), metallicity (Z = 0, £0.5), and sedimentation
efficiency fseq = 1, 2, 3, 4, 8, and cloud-free cases.

2 The thermal profiles are part of the model product provided
by Morley et al. (2024). Morley et al. (2024) noted the con-
vergence challenge in several models’ thermal profiles at low
pressure levels. Those issues do not impact the wavelength
ranges discussed here.

We assume the observed variability originates from the
brown dwarfs’ heterogeneous atmospheres with spatial
variations in temperature and cloud coverage. Following
Marley et al. (2010) and Miles et al. (2023), we construct
the model atmosphere using a linear combination of two
models, referred to as Fyase and Fpatch:

Fiotal = (1 - a)Fbase + Opratchv

(1)

in which Fpase and Fpaten represent the larger and
smaller area, respectively, and both are defined by spe-
cific fseq and Tug values. « represents the covering frac-
tion of Fpatch, ranging between 0 and 1. The flux ratio
of the two extrema is modeled as Fiotal/Fhase (assuming
bright spot, i.e. Foaten > Fhase ) or Fbase/Ftotal (assum—
ing dark spot, i.e. Fpatch < Fbase). The Fhase model is
determined by fitting the time-averaged spectrum. The
Fpaten model and the covering fraction o are determined
by the flux ratio between the maximum and minimum
spectra.

4.2. Fitting the Base Model

To determine Fj.s0, we use the spectral fitting pack-
age species (Stolker et al. 2020) to find the best-fitting
scaling factor, Teg, log g, metallicity, and fseq. To begin
the fitting process, we linearly interpolated the models
onto the HST wavelength grid to match its spectral reso-
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Figure 1. Spectral variability detected in all three new targets (first three columns) and verified in the comparison source
2MASS J2139 (the last column). Top panel: Normalized minimum (blue) and maximum (red) spectra with uncertainties. They
are normalized to the highest flux value of each target’s maximum spectrum. Transmission curves for the F127M, F139M, and
F153M filters used for synthetic photometry in later sections are shown for 2MASS J2139. Bottom panel: Maximum-to-minimum
flux ratios with uncertainties. Target names are shown in the top panel title. The dip in flux ratio at ~1.35 pm for 2MASS
J1126 is a systematic feature due to the pointing drift of the telescope and should not be interpreted as a normal signal.

lution. The model is convolved with a instrument profile
corresponding to the spectral resolution of WFC3/G141
(R = 130) before comparing to the data. We introduce
an error inflation parameter that uniformly scales all
uncertainties. This accounts for both underestimated
observational errors and systematic uncertainties in the
model. The parameter space is explored using a nested
sampling method with 500 live points to maximize the
likelihood function (Feroz et al. 2009; Buchner et al.
2014). For all four cases, the fittings converge to best-
fitting solutions. Table 3 lists the best-fitting parame-
ters. In the appendix, Figure 9 illustrates the distribu-
tions of the parameters.

Spitzer IRS spectra directly probe silicate absorption
near 10 um. We experimented with including archival
Spitzer IRS data (~ 5.2 — 14.1 um) on 2MASS J2139,
J1126, and JO758 provided in Sudrez & Metchev (2022,
2023) when fitting for Fyase. In all cases, inclusion of
the Spitzer spectra does not significantly change the
best-fitting values listed in Table 2. We do not include
the Spitzer data for the rest of the paper for two rea-
sons: first, the clouds that impact the HST observations

are at altitudes different from those introducing the sil-
icate features in the Spitzer spectra (Luna & Morley
2021). Second, the HST and Spitzer observations were
conducted at different epochs, and thus the atmospheric
structures determined by HST are likely different from
those found in the Spitzer data.

All four fits converge to high metallicity solutions.
However, our data cannot meaningfully constrain metal-
licity given the low spectral resolution and narrow wave-
length coverage. We interpret this as a numerical arti-
fact and do not discuss it further.

4.3. Fitting the Maz/Min Flux Ratio

We used least-x?2 fitting techniques to determine both
the fractional size (o) and the best-fitting Faten model.
We did not use species or other similar packages for
this step because heterogeneous atmospheric models
have not been supported. Unlike in the calculation of
Fiase, o is a free parameter in our calculation of Fiatch,
and there are 116 total degrees of freedom for each ob-
ject. We determine Fyagen and o by minimizing the x?2
value in the equation below. We also force the Fjase
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Figure 2. Normalized light curves in four photometric bands: G141 broadband (1.10-1.65 pm, black), F127M (blue), F139M
(red), and F153M (green). Light curves are vertically offset for clarity: 0.05 flux units for the three leftmost targets (2MASS
J1629, 2MASS J0758, and 2MASS J1126) and 0.15 flux units for 2MASS J2139 due to its larger variability amplitude.

Table 3. Best-fit Heterogeneous Atmospheric Model Parameters

Brown Dwarf Base Flux Patch Flux «
Terr (K) fsed X% ln(z) Tert (K) fsed X%

2MASS J1126 1562 7.53 8320 3955 1500 8 1.96 | 0.063

2MASS J1629 1243 7.84 390 4140 900 4 0.80 | 0.067

2MASS J0758 1230 7.43 3530 4005 900 2 0.83 | 0.047

2MASS J2139 1227 5.50 19 4109 1000 1 0.34 | 0.263

and Fpaccn models to share the same surface gravity and
metallicity.

X2:Z(Oi;72Mi)27 (2)

in which O; represents the observed flux ratio,
M; represents the model flux ratio (Fhase/Fiotal OF
Fiotal/Frase).- The uncertainty term (o) in Equation 2
represents the propagated uncertainty of the observed
flux ratio, with individual flux uncertainties combined
in quadrature.

The heat maps in Figure 4 depict the minimum x?2
values for each respective combination of fsoq vs. Teg
for Fpatch. The overall best-fit Tog and fseq values and
o fraction that make up each Fpatcn model can be found
in Table 3, along with their corresponding reduced x?
values. Additionally, the average observed spectrum and
the best-fit model spectrum Fj, s are plotted alongside
the observed and model flux ratios in Figure 3.

The observed spectral variability for the three early-T
type objects are best explained by heterogeneous cloudy
models. The base and patch models are both cloudy and
differ in their effective temperature. Of the Fioia model
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Figure 3. Top panel: The best-fit model spectrum Fpase (red) and the average observed spectrum (black) of each object. The
Tesr and fsea values that make up each model can be found in Table 3. Bottom panel: The observed ratio and uncertainties
(black) and the model ratio (red). The model ratio is calculated as Fhase/Fiotal for all objects. We masked out the region where

the flux has a steep slope (1.32 — 1.35um) for all objects.
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Figure 4. The minimum X2 values as functions of the feea vs. Tes for Fpaten. The overall minimum X2 values for the map
is highlighted using a black rectangle, and the highest and lowest x? values are represented by the reddest and bluest colors,

respectively.

combinations, 2MASS J1629 and 2MASS J0758 have
strikingly similar atmospheric structures. Their spec-
tral variability is best explained by small patches with
cooler Tog and thicker clouds. The large « fraction of
2MASS J2139 relative to the other targets agrees with
its large variability amplitude. For 2MASS J1126, the
best-fitting base and patch model have the same fseq
values and differ in T,g. This suggests its spectral vari-
ability is driven by mechanisms different from those seen
in the three early-T objects. Additionally, our model
results for 2MASS J1126 are consistent with those in

Burgasser et al. (2008), which probed both the optical
and near-infrared and estimated an atmosphere of Teg
= 1700K and fs.q = 4 by comparing the spectrum of
2MASS J1126 to other optically classified mid L dwarfs.
They concluded that thin condensate clouds were the
cause of 2MASS J1126’s bluer near-infrared spectrum
relative to similar spectral types. We find a similar
base temperature and cloud thickness (Te ~ 1500K
and f sed = 8)
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5. COLOR MAGNITUDE EVOLUTION ANALYSIS

To determine the dominant mechanism that drives
spectral variability in each brown dwarf, we compare the
observations of variable brown dwarfs with both empir-
ical data and models on color-magnitude diagrams.

5.1. Comparing to Models on Color Magnitude Spaces

We transform the model spectral grid into color-
magnitude space by deriving their synthetic photometric
data using the pysynphot package (STScl Development
Team 2013): the same method as used for the individ-
ual spectra of our targets. We then created two color-
magnitude diagrams — F127M-F153M vs. F127M and
F127M - F139M vs. F127M (Figures 5 and 7). An ob-
ject’s slope in these diagrams reflects the mechanisms
driving its variability. Variability driven by patchy
clouds would correspond to shifts more aligned with
the fseq grid lines, while variability driven by hot spots
would move objects along the temperature grids. Quali-
tatively comparing the trajectory of the observed targets
with the directions of the cloud thickness and tempera-
ture variations predicted by the model grid can inform
us of the mechanisms driving each object’s variability.

Accurate best-fit slopes are essential for determining
variability mechanisms, particularly for 2MASS J1629
and 2MASS J0758, whose small variability makes tra-
jectories highly method-dependent. The right plot in
Figure 7 compares three fitting approaches: the numpy
Polynomial.fit method (dashed lines); the scipy.odr
orthogonal distance regression (dotted lines); and the
MCMC sampling (implemented with emcee Foreman-
Mackey et al. (2013)) of a linear model (solid lines). We
find the last approach, emcee fitting, to be the most
robust one and adopt it for all targets across all color-
magnitude diagrams, as it accounts for empirically esti-
mated errors in both axes. To estimate the uncertainty
in absolute magnitude from the MCMC sampling, we
applied a median filter to remove astronomical noise,
subtracted these results from our observations, and ap-
plied the standard deviation of the output to each data
point to represent the uncertainty. From there, we used
basic error propagation to find the uncertainty in color
for each point. Table 4 provides the best-fitting slopes
and uncertainties using the MCMC method.

5.1.1. Variability In- and Out- of the Water Absorption
Band

The trajectories of the three early T dwarfs are
broadly consistent across both color-magnitude dia-
grams. Based on the best-fit slope relative to the model
grid in Figure 5, changing both cloud thickness and
effective temperature is required to explain the color-
magnitude trajectories of these brown dwarfs. However,
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Figure 5. Color magnitude diagram for F127M-F153M
vs. F127M and the evolution of each target plotted with
their respective lines of best fit and model tracks derived
from SONORA Diamondback spectral grid. The labeled
dashed lines represent constant Teg, and the blue solid line
in both panels corresponds to no sedimentation parameter
(cloud-free) and the orange solid line corresponds to fseq=1
(thick clouds). The best-fitting lines only indicate the direc-
tions of the color-magnitude variations, not the amplitudes.
2MASS J1126, J1629, J0758, and J2139 are shown in orange,
red, blue, and green, respectively.
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Table 4. Observed Slopes for both CMDs

F127M-F153M F127M-F139M

Object vs. F127M slope vs. F127M slope
2MASS J1126 -21.1 +10.3 3.1 +04
2MASS J1629 8.6+ 1.6 -11.3 + 34
2MASS J0758 249 + 12.3 5.2+ 0.9
2MASS J2139 6.2 + 0.2 2.1 £0.0

the majority of 2MASS J2139, J0758, and J1629’s ob-
served data points lie between the 1000K and 1200K
model temperature lines, which are slightly lower than
the Teg of the best-fitting base spectrum in Table 3.

In the F127M vs. F127M-F139M CMD (Figure 7),
which combines continuum and water absorption filters
to enhance sensitivity to variability mechanisms (Mor-
ley et al. 2014), the three T dwarfs exhibit different
behaviors. 2MASS J2139 shows high-amplitude vari-
ability primarily driven by cloud thickness variation, as
evidenced by the alignment between its CMD trajectory

and the cloud-varying model track. In contrast, 2MASS
J1629’s CMD track demonstrates a mostly gray color
change, while 2MASS J0758’s slope falls between those
of 2MASS J2139 and J1629. Unlike well-studied high-
amplitude variable early-T brown dwarfs such as 2MASS
J2139 and SIMP0136, whose color changes in the 1.4 ym
water absorption band are driven by forsterite clouds at
the one bar pressure level (Vos et al. 2023), the water-
band color changes in 2MASS J1629 and 2MASS J0758
cannot be attributed to a single dominant mechanism.
Moreover, the steep slope of 2MASS J1126 in both color-
magnitude diagrams is consistent with its gray variabil-
ity in Figure 1.

Figure 6 compares in- and out-of-water band variabil-
ity amplitude ratio ((AF/F)out/(AF/F);,) for brown
dwarfs targeted in this study with those presented by
Yang et al. (2015). They found an increasing trend
of this amplitude ratio from mid-L to early-T dwarfs
(Figure 6), noting that early-T dwarfs exhibit a greater
relative flux change inside the continuum. In contrast,
our L/T transition objects 2MASS J0758 and 2MASS
J1629 have a relatively constant relative flux change and
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deviate from the previously identified trend. Instead,
high-altitude haze, previously identified as a source of
gray variability in mid-L dwarfs (Yang et al. 2015), may
extend to the early T-type and represent a promising
explanation for the color changes observed in 2MASS
J1629 and 2MASS J0758. The L6.5 dwarf 2MASS J1126
in our sample is consistent with this trend, as demon-
strated by its steep slope in Figure 7. These diverse
variability properties highlight the need for sample stud-
ies using broad wavelength coverage to monitor multi-
ple molecular features and atmospheric pressure levels
in L/T transition brown dwarfs, which extends the ap-
proach of recent case studies (e.g., Biller et al. 2024;
McCarthy et al. 2025; Chen et al. 2025).

5.2. Comparing to an Empirical Color-Magnitude
Diagram
Figure 8 is a MKO J-H color vs. M; magnitude di-

agram that plots empirical data of 3890 known brown
dwarfs, whose photometry and distance values are ob-

tained from the Ultracool Sheet (Best et al. 2024). Our
targets are highlighted and labeled relative to the other
L- and T- dwarfs. Because our wavelength range does
not span the entirety of the H-band, we are not able
to plot our observations on the empirical CMD. How-
ever, we tracked target evolution across frames by plot-
ting each in F127M-F153M color versus F127M magni-
tude space and calculating best-fit slopes. These slopes,
centered on each target, were overlaid on our empirical
color-magnitude diagram. This approach approximates
the color changes of J— H with those of F127TM—F153M.
We note that G141’s long wavelength cutoff prevents
complete H-band flux recovery.

The three early T dwarfs we study appear to have a
similar color-magnitude evolution in our empirically de-
rived color-magnitude diagram. This conclusion is con-
sistent with that of Lew et al. (2020), which similarly
detects 12 L/ T transition objects evolving more on a ver-
tical scale in color J-H vs. magnitude M; space. Our
results reinforce the finding that L/T transition color
evolution and individual object variability arise from
distinct underlying physical mechanisms.

6. SUMMARY

We present new HST/WFC3 spectral time-series ob-
servations of three variable brown dwarfs. These obser-
vations offer insights into their variability, atmospheric
composition, and cloud coverage. The findings of our
investigation are as follows.

e Our observations yielded high-precision spectra
with signal-to-noise ratios ranging from 50 to 150
per frame per unit wavelength for each target.

e We detected significant spectroscopic variability
in the three new targets in the 1.1 to 1.65 mi-
cron wavelength range and recovered the published
variability of 2MASS J2139. The measured vari-
ability amplitudes are 1.12%, 5.80%, and 4.47% for
2MASS J1126, 2MASS J1629, and 2MASS JO758,
respectively. The wavelength dependence on vari-
ability of these three objects is not as significant
as previous observations of 2MASS J2139.

e Broadband, F127M, F139M, and F153M light
curves were calculated to evaluate periodicity and
study the color dependence of the variability. For
2MASS J1126, we determined a period of 3.09
hr. Due to their irregular light curves, we cannot
detect a precise period measurement for 2MASS

J0758 and 2MASS J1629.

o We construct heterogeneous atmospheric model by
linearly combining SONORA Diamondback spec-
tra that vary in effective temperature and cloud



opacity (Morley et al. 2024) and fit the aver-
age observed spectrum and observed ratio using
the least x? technique. Our heterogeneous atmo-
spheric model reproduces the observed spectra and
wavelength-dependent variability.

e All three early T dwarfs exhibit broadly gray vari-
ability in the F127M-F139M vs. F127M color-
magnitude space, but with distinct trajectories
that reflect differences in their atmospheric prop-
erties. For example, 2MASS J2139’s trajectory
points to patchy clouds as the dominant driver,
2MASS J1629’s gray color change suggests con-
tributions from both patchy clouds and tempera-
ture variations, and 2MASS J0758 falls between
these cases. This result encourages future obser-
vations that allow the comparisons of multiple ob-
jects across various color-magnitude diagrams.

e As a mid-L type comparison source, 2MASS J1126
also demonstrates gray variability patterns, consis-
tent with those found in brown dwarfs with similar
spectral types. The similarity in variability color-
dependence between 2MASS J0758, J1126, and
J1629 suggests that mechanisms explaining gray

11

variability in mid-L types may extend to early-T
types.
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A. APPENDIX A: CORNER PLOTS

Ry = L1748 Ry

FLLW

@ = 61847317 mas

i

T = 12300738 K

log g = 4.95

o
i

o

[Fe/H] frea

(a) 2MASS J1126

[Feft] = 0282388

fooa = 743203

Ry (R))

P
P&
@7

&
@ (mas)

@ = 91.881}3 mas

i

S b ®
log g

AN
QQQ\%Q

[Fe/H]

(c) 2MASS J0758

S & o &

@ (mas)

& N

Ry (R

@ (mas)

log g

[Fe/H]

fuea

Ry (R))

@ (mas)

T = 12431171041 K

I

——

log g = 4.82:4{8

®

. [Fe/H1 = 0.3741

fuoa = 7.842811

[t

Ry, = 080083 R

@ = 765333 mas

Tor = 122684°6% K

I

RN
TSI e R

[Fe/H]

Ry (R) @ (mas)

(b) 2MASS J1629

log g = 36343

i

i

(Fe/H] = 0.40:58%

5.501438

Ry = 0.79°3% R

e | f

@ = 10151114 mas

£ ] J_|J'LL

S S 9 @ > O O RIS > S &
SO AR ® &

N
[Fe/H] fuet Ry (R) @ (mas)

(d) 2MASS J2139

Figure 9. Corner plots from the Fyase fits for all objects
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