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22Centro de Astrobioloǵıa, CSIC-INTA, Camino Bajo del Castillo s/n,
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Within 20 pc of the Sun there are currently 29 known cold brown dwarfs
- sources with measured distances and an estimated effective temperature
between that of Jupiter (170K) and ∼500K ([1]). These sources are almost
all isolated and are the closest laboratories we have for detailed atmo-
spheric studies of giant planets formed outside the solar system. Here we
report JWST observations of one such source, WISEA J153429.75-104303.3
(W1534), which we confirm is a substellar mass member of the Galactic
halo with a metallicity <0.01× solar. Its spectrum reveals methane (CH4),
water (H2O), and silane (SiH4) gas. Although SiH4 is expected to serve as a
key reservoir for the cloud-forming element Si in gas giant worlds, it eluded
detection until now because it is removed from observable atmospheres by
the formation of silicate clouds at depth. These condensates are favored
with increasing metallicity, explaining why SiH4 remains undetected on
well studied, metal-rich solar system worlds like Jupiter and Saturn ([2]).
On the metal-poor world W1534, we detect a clear signature of SiH4 cen-
tered at ∼4.55 µm with an abundance of 19±2 parts per billion (ppb). Our
chemical modelling suggests that this SiH4 abundance may be quenched
at ∼ kilobar levels just above the silicate cloud layers, whereupon verti-
cal atmospheric mixing can transport SiH4 to the observable photosphere.
The formation and detection of SiH4 demonstrates key coupled relation-
ships between composition, cloud formation, and atmospheric mixing in
cold brown dwarf and planetary atmospheres.

Our solar system’s gas giants, Galactic brown dwarfs, and extrasolar planets define
three different yet interconnected sub-fields of astrophysics. Nonetheless, they have
overlapping temperatures that drive the chemical makeup of their atmospheres, so
they have comparable observable properties. Jupiter has a photospheric temperature
defined at the top of its visible cloud layers. Ammonia (NH3) clouds can be found in
the pressure range of 0.7 - 1.0 bar which corresponds to a temperature of ∼150 K ([3].
Water (H2O), methane (CH4), NH3 gases, and various other cloud layers can also be
found throughout the upper atmosphere ([4], [5], [6]). Brown dwarfs span a range in
temperature from ∼3000 K to ∼ 250 K, but the coldest examples have atmospheres
similar in nature to that of Jupiter. For example, the coldest known brown dwarf,
WISE J085510.83-071442.5 (W0855; [7]), has an effective temperature (Teff) ∼ 280
K ([8]), and its atmosphere shows strong H2O, CH4, NH3, carbon dioxide (CO2),
and carbon monoxide (CO) absorption, along with hydrogen sulfide (H2S) and trace
amounts of phosphine (PH3; [9]). The coldest directly-imaged exoplanet, Epsilon Indi
Ab with Teff ∼ 275 K, has photometric measurements consistent with NH3, CH4, CO2,
and CO absorption and an unknown gas or condensate opacity source that suppresses
3-5 µm ([10]).

All of these objects are cool enough that multiple cloud layers can form at various
condensation temperatures and pressures. Importantly, silicate clouds form at depth
in brown dwarfs and planets. However, condensation efficiency in a low-temperature
atmosphere is influenced by overall metallicity and dynamical mixing processes. For
instance, a reduced metal abundance can suppress the formation of condensates, as
evidenced by theoretical models [11] and supported by some observations [12, 13].
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H2-H2

Fig. 1 The distance-calibrated JWST NIRSpec prism and G395H portion of the spectral
energy distribution for W1534. Observed spectra are shown as a black line, with the G395H
data between 2.9–5.1 µm having a higher resolution. Cross sections multiplied by the retrieved mole
fractions for H2O, CH4, SiH4, and collision induced H2 absorption (H2-H2) are shown as colored
lines, and the regions in which they dominate the absorption are labeled. The inset box shows the
4.4–4.7 µm region highlighting the silane feature with grey 1σ uncertainties.

Conversely, an enhanced metal abundance favors condensation, as evidenced by the
absence of SiH4 in the atmospheres of Jupiter and Saturn [2, 14]. In this work, we
report mid-infrared spectroscopic observations of the low metallicity brown dwarf
W1534 where we have detected the silicate-bearing gas hydride SiH4.

W1534 was observed as part of the James Webb Space Telescope (JWST) Cycle
2 General Observer (GO) program 3558 (PI Meisner). JWST is one of NASA’s flag-
ship space-based observatories and specializes in examining the infrared portion of
the sky. For GO program 2558, spectra were obtained with the Near-Infrared Spec-
trograph (NIRSpec) instrument in its low-resolution (λ/∆λ ≈ 30–200) prism and
high-resolution (λ/∆λ ≈ 2000–4000) G395H modes. We also obtained mid-infrared
photometry with the Mid-Infrared Instrument (MIRI) in the F1500W, F1800W, and
F2100W filters centered at 15.0, 18.0, and 21.0 µm respectively.

We combined previously reported measurements of W1534, including its parallax
and Wide-Field Infrared Explorer (WISE), Spitzer, Hubble Space Telescope (HST)
and ground-based photometry, with the JWST spectra and photometry to create an
absolute spectral energy distribution (SED) (see Extended Data Table 1). Figure 1
shows the NIRSpec portion of the SED. The only recognizable molecular absorption
features in the spectrum are H2O, CH4, and the newly detected molecule SiH4. Short-
ward of 2.5 µm, W1534 looks like an extreme version of known low metallicity T
dwarfs ([15–17]), with strongly suppressed 2 µm flux likely due to enhanced collision
induced H2 absorption ([18, 19]). Longward of 2.5 µm, W1534 diverges from other cold
substellar objects observed in the mid-infrared by Akari ([20]) or JWST ([8, 21, 22])
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H2O

SiH4

CH4

Fig. 2 The JWST G395H spectrum for W1534 overlaid with the median likelihood
retrieval model including (magenta) or excluding (teel) SiH4. Data uncertainties are shaded
in gray. The 67% confidence intervals in the model posteriors are also shaded in grey, but are of
comparable extent to the width of the plotted data. Below each of the five subpanels of the G395H
spectrum are the residuals from the retrieval model. The major absorption bands of CH4, SiH4, and
H2O are labeled.

as there are no visible absorption features of ammonia (centered at ∼3 µm), carbon
dioxide (centered at ∼4.3 µm) or carbon monoxide (centered at 4.8 µm).

Prior investigations of W1534 by [23, 24] have argued that it is likely a very low-
metallicity, low-temperature, substellar mass object. The JWST spectrum solidifies
these claims. The cold nature of W1534 is demonstrated by its strong methane absorp-
tion at 3.3 µm, as we see this only in the coolest brown dwarfs ([25], [22], [21]). The
low metallicity of W1534 is demonstrated by the absence of CO and CO2 bands, the
suppresion of K band flux and, as discussed further, the detection of SiH4.

The kinematics of W1534 also support its low-metallicity nature. Our retrieval
analysis (see below and Methods section) determines a radial velocity of −116±4
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Fig. 3 The best fit retrieved thermal profile and corresponding contribution function
for W1534. Left: The median posterior thermal profile for W1534 (black) with 67% confidence
interval (magenta shading). Overlain are potential condensation curves for MgSiO3 (purple dashed
line), NH4H2PO4 (red), H2O (blue), KCl (orange), and ZnS (purple) as well as two self-consistent
models from the LowZ grid ([34]). Comparison LowZ models have [M/H]=−2.25 with logg=4.9 and
C/O=0.3. Right: The contribution function from the best fit retrieval (black line), with the τgas=2/3
photosphere level highlighted in magenta. The locations of the primary absorption features from H2O,
CH4, and SiH4 are highlighted.

km s−1, which combined with published astrometry yields Galactic space velocity
components of (U,V,W) = (−78±4,−192±15, −116±4) km s−1, and a total velocity
Vtot= 238 ± 14 km s−1. Comparing to a collection of stars with full kinematics in the
Gaia Catalog of Nearby Stars ([26], [27]), W1534 sits squarely with halo objects ([28]
see Methods section and Extended data Figure 2). Within 20 pc of the Sun there are
only seven other sources with halo kinematics, none of which are substellar in nature
([1]).

To better understand the molecular absorption features and quantify associated
abundances, we conducted a retrieval modelling analysis of the NIRSpec G395H
spectrum of W1534 using the Brewster framework ([29, 30]), which has successfully
retrieved the properties of numerous brown dwarfs (e.g. [31], [32], [33], [21]). For our
baseline model we assumed a cloud-free observable photosphere. We performed the
retrieval on just the G395H spectrum as this is where the higher resolution allows us
to see detailed molecular absorption. The setup used was similar to that from [21]
which had the same input data from JWST and was an object of nearly the same
temperature. Alongside continuum opacity sources described in detail in [29, 30], the
following gases were expected to have an impact in the wavelength range covered by
our data: H2O, CH4, CO, CO2, NH3, H2S, and PH3. We included CH3D and the
isotopologues 12CO and 13CO as well. Notably, the source for the absorption fea-
ture centered between 4.55 and 4.60 microns was not obvious at first glance given it
had never been seen in a substellar mass object before. Examining a suite of cross
sections for molecular gases potentially present in gas giant planets, we realized that
SiH4 was a strong contender for the feature (see cross sections on Figure 1). Conse-
quently, we tested two different retrieval set-ups: one with and one without SiH4 gas.
Using a Bayesian Information Criterion (BIC) between the two tested models, the
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SiH4 inclusive approach was strongly favored. We note that for thoroughness we also
ran a simple retrieval with a grey cloud but found no improvement on the fit. The
abundances remained within 1σ of the best-fit cloud-free model (see section 1.6.3 in
the methods) therefore we leave cloud modeling for a future paper.

The results of the best fit retrieval are overplotted on Figure 2. This model affirms
that the only detectable gases present in the atmosphere of this source are H2O, CH4,
and SiH4 (see Extended Data Table 3 in the Methods section and the corner plot in
Extended Data Figure 3). All other gases were undetected by the best retrieved model
though within reason in a comparison to a low metallicity environment predicted from
chemical equilibrium grid models (see Section 1.6.4 in methods and Extended data
table 3 for upper limits). The retrieval yielded several important fundamental param-
eters including a luminosity of log(Lbol/L⊙) = −6.43±0.02, radius = 0.79−0.06

+0.07 RJup;
Teff = 502±6 K; log g = 4.98±0.08 (in base units of cm/s2), and mass = 19–30 MJup,
placing W1534 amongst the least luminous and coldest substellar mass objects char-
acterized to date ([25]). From the retrieved abundances of H2O and CH4 we computed
an overall atmospheric metallicity for W1534 of [M/H] = −2.22±0.05 and a carbon
to oxygen (C/O) ratio of 0.26+0.03

−0.02. For comparison, FGK stars with [M/H] < −1.0
have C/O ratios that plateau around a value of ∼ 0.2 (with scatter; see Extended data
Figure 4). The similarity in both bulk and relative abundances is evidence that W1534
formed similarly to metal-poor stars despite its much lower mass and temperature.

The detection of SiH4 is an unexpected discovery from an observers perspective.
Although Si is expected to be relatively abundant in the deep atmospheres of sub-
stellar objects (e.g. ΣSi ∼ 70 ppm in a solar-composition gas and ∼ 700 ppb in a
[M/H] = −2.0 gas, using bulk element abundances from [35]), Si-bearing species are
effectively removed from the upper atmospheres of cool brown dwarfs and planets by
the condensation of the Mg-silicates forsterite (Mg2SiO4) and enstatite (MgSiO3) at
depth ([2, 14]). Noting an observational upper limit of 2.5 ppb on Jupiter ([36]) and
0.2 ppb on Saturn ([37]), [2] explored the possibility of transport-induced quenching
of the SiH4 → silicate reaction pathway and demonstrated that SiH4 quenches (i.e.,
where tchem = tmix) from atmospheric depths where it has already been depleted by
silicate condensation. On these planets SiH4 therefore remains below detection limits.

The left panel of Figure 3 shows the retrieved temperature-pressure profile for
W1534. With increasing pressure, the retrieved profile is cooler than the LowZ forward
model profile ([34]). The “kink” seen around 10 bar pressure where the temperature-
pressure profile appears to become more isothermal has also been retrieved – with
differing levels of amplitudes – in other substellar sources (see e.g. [21], [22], [38]).
It is yet to be seen if this is a consequence of an undetected and un-characterized
cloud (e.g. NH4H2PO4 cloud [39]) or a misunderstood internal process (e.g. fingering
convection [40]). Either way, the contribution function in the right panel of Figure 3
shows that the flux in W1534 emerges from almost 100 bar in pressure. As expected
for a low-metallicity source, this is almost twice as deep as any other cold substellar
mass object observed (e.g. [21], [38], [22]).

Extrapolating the retrieved profile of W1534 to even deeper pressures (see
Extended Data description and Extended Data Figure 6), we find that SiH4 can plau-
sibly quench to abundances of ∼ 20 ppb on W1534 for vertical diffusion coefficient
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values (Kzz) of ∼ 107 − 108 cm2 s−1. The difference in SiH4 quenching behavior on
W1534 compared to cool giant planets such as Jupiter and Saturn can be attributed
to two major factors. First, the very low metallicity ([M/H] ∼ −2.2) and thus highly
reducing atmosphere of W1534 favors the formation of hydrides such as SiH4 ([14])
relative to other Si-bearing gases (SiO, SiS), which expands the pressure and tem-
perature region over which SiH4 is the dominant Si-bearing gas and also lowers the
temperature at which Si-bearing gases are removed by silicate condensation. Second,
the higher gravity of W1534 (log g ∼ 5.2) compared to Jupiter (log g ∼ 3.4) yields
a much shorter scale height and a shorter timescale (tmix) for vertical mixing, which
in turn increases the temperature at which SiH4 oxidation to SiO quenches (i.e.,
tchem = tmix). As a result, SiH4 can be mixed upward from depths where Si-bearing
gases have not yet been completely depleted from the vapor phase by silicate cloud
formation. The detection of SiH4 in a substellar mass object therefore highlights the
competing roles that temperature, pressure, composition, condensation, and vertical
mixing play in determining the atmospheric chemistry of cool atmospheres, from the
gas giants in our Solar System to brown dwarfs and exoplanets beyond. At present,
no self-consistent forward model for substellar mass objects has included SiH4 as an
opacity source therefore this result motivates its inclusion moving forward especially
for low metallicity objects. While W1534 is the only source with a spectral detection
of SiH4 to date, there are a number of JWST GO programs targeting low metallicity
or unusual substellar mass objects where one might find the molecule. Furthermore,
the cross-section for SiH4 indicates another strong absorption feature should appear
between 10 - 12 µm. W1534 is slated for a MIRI Low Resolution Spectrometer (LRS)
observation in the summer of 2025 which will cover this wavelength and confirm the
4.55µm detection.
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1 Methods

1.1 WISEA J153429.75-104303.3

WISEA J153429.75-104303.3 (W1534) was first discovered by citizen scientist
Dan Caselden who used machine learning techniques on WISE data to try and
recover cold, nearby substellar mass objects. W1534 was first reported in [23] and
was initially noteworthy due to its blue Spitzer ([3.6] - [4.5]) color (∼0.925 mag)
and high proper motion (∼2.7 arcsec yr−1). [24] followed it up with HST imaging
and discovered it was at a nearby distance of 16.3+1.4

−1.2 pc. This distance marked it
as an outlier on color magnitude diagrams (Extended Data Figure 1), suggesting
that W1534 was either extremely blue for its low luminosity or extremely faint for
its temperature. The goal of JWST Cycle 2 GO program 3558 (PI Meisner) was
to target W1534 with NIRSpec and MIRI in order to provide a first spectroscopic
assessment of its atmosphere, including temperature (estimated at <500 K) and
metallicity (estimated at [M/H] ≈ −2 [24]). Extended Data Figure 1 shows the
Spitzer color magnitude diagram for all cold brown dwarfs with parallaxes and
highlights both the position of W1534 as well as targets that have similar JWST
NIRSpec G395H observations.

1.2 The Data

W1534 was observed with the JWST Near-Infrared Spectrograph (NIRSpec [41])
in low-resolution prism and high-resolution G395H spectroscopic modes on 18
July 2024 (UT). The source was acquired through the CLEAR filter using the
wide aperture target acquisition (WATA) method, the SUB2048 subarray, and
the NRSRAPID readout pattern. NIRSpec high resolution data were obtained
using the F290LP filter, the G395H grating, the S200A1 slit, and the SUBS200A1
subarray which provides wavelength coverage of 2.87–5.14 µm with an average
resolving power of ∼2700. NIRSpec low resolution data were obtained using the
CLEAR filter, the prism grating, the S200A1 slit, and the SUBS200A1 subarray
which provides wavelength coverage of 0.6–5.3 µmwith an average resolving power
of ∼100. The G395H setup used 28 groups per integration, 18 integrations per
exposure, and 3 dither positions for a total of 54 integrations in 2355.696 seconds
of exposure time. The prism setup used 35 groups per integration, 10 integrations
per exposure, and 3 dithers for a total of 30 integrations in 6543.6 seconds of
exposure time. Recorded time including overhead for the NIRSpec observations
was 3.60 hours.
Photometric imaging with the JWST Mid-Infrared Imager (MIRI [42]) was

obtained 08 July 2024 (UT) with the F1500W (15 µm), F1800W (18 µm), and
F2100W (21 µm) filters. For each filter, the FASTR1 readout pattern was chosen
with a 4-point dither pattern. The observing strategy employed 5 groups per
integration for F1500W (56 s total exposure), 8 groups per integration for F1800W
(89 s), and 16 groups per integration for F2100W (366 s). Recorded time including
overhead for the MIRI observations was 0.90 hours.
W1534 has previously published photometry and astrometry which are included

in Extended Data Table 1.
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1.3 Data Reduction

NIRSpec prism and G395H spectra were reduced from uncalibrated data down-
loaded from the Barbara A. Mikulski Archive for Space Telescopes (MAST) using
the official JWST science calibration pipeline version 1.15.1 ([43]), based on the
Calibration Reference Data System (CRDS [44]) context file jwst 1276.pmap. The
pipeline is comprised of three separate stages. Stage 1 performs detector-level
corrections on the uncalibrated files (e.g. bias subtraction, dark subtraction, and
cosmic-ray detection) and uses ramp fitting to generate count rate images for all
exposures. Stage 2 calibrates these rate images by applying instrument-level and
observing mode corrections. Stage 3 combines multiple calibrated exposures and
extracts the spectrum from the combined image.
We ran the three pipeline stages with default parameters, but changed the

resampling weight type parameter to “ivm” in Stages 2 and 3 to optimize
the removal of noise spikes in the spectra. Flux uncertainties were automat-
ically propagated through the pipeline and correspond to the combination in
quadrature of the Poisson variance (FLUX VAR POISSON), read noise variance
(FLUX VAR RNOISE), and flat variance (FLUX VAR FLAT).

The final calibrated NIRSpec prism spectrum spans the wavelength range 0.55–
5.38 µm and has a median signal-to-noise ratio (SNR) of 240. The final calibrated
NIRSpec G395H spectrum spans the wavelength range 2.86–5.14 µm, with a gap
between the NRS1 and NRS2 NIRSpec detectors from 3.69 to 3.78 µm. The peak
SNR for the G395H spectrum is 50 and the median SNR in each detector is 13
for NRS1 and 24 for NRS2. We note that the SiH4 band centered around 4.55µm
is present in both prism and G395H data as well as in each individual spectral
dither.
For the MIRI data, the archival pipeline-based reduction detected the target

in the F1500W filter but failed to do so in the F1800W and F2100W filters. We
therefore re-ran the version 1.15.1 pipeline on these data, altering the pipeline
SNR threshold value – which refers to the SNR above the background – to 1.5
and 1 for the F1800W and F2100W filters, respectively. We choose the aper
total vegamag column as our preferred magnitude and ensured that source fluxes
remained consistent within uncertainties after changing the SNR value in a given
filter. In this manner, we recovered the target in each of the three filters and
report the corresponding magnitudes in Extended Data Table 1.
We note that we did not encounter any issues with the JWST pipeline that

appeared to compromise data quality. The pipeline products were deemed robust
for our analysis.

1.4 Radial Velocity

The radial velocity of W1534 is a fit parameter in the Brewster retrieval. We
used a uniform prior with a bounded range of ±250 km s−1, and note that the
pipeline-reduced NIRSpec G395H spectrum is already corrected for barycentric
motion (VELOSYS header value 25658.21 m s−1). The corner plot in Extended
Data Figure 3 shows a well-constrained retrieved value of −116±3 km s−1. As
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a conservative approach, we include a 2.5 km s−1 systematic uncertainty in
quadrature with this measurement to account for JWST pointing error and the
under-sampled point spread function (see [45] and JWST user documentation
on “JWST Pointing Accuracy”). Our final radial velocity with uncertainty is
−116±4 km s−1.
Combining the radial velocity with the proper motion and parallax of W1534

we determine Galactic velocity components relative to the Sun (not corrected to
the Local Standard of Rest) of (U,V,W)=(−78±4, −192±15, −116±4) km s−1,
for a total space velocity of 238±14 km s−1. Measurement errors were propagated
with a 105-elements Monte Carlo. Synthetic values for the proper motion, radial
velocity and parallax were drawn with four independent normal distributions
following the measurement and uncertainty, and UVW values were calculated
for each Monte Carlo element. The median and median absolute deviations were
taken as the final measurement and error for the resulting 105 values for each
space velocity direction. Extended Data Figure 2 shows a Toomre diagram of
U,V,W velocities for stars drawn from the Gaia Catalog of Nearby Stars matched
with corresponding Gaia DR3 radial velocities ([26], [27]). Objects are color-coded
by their Galactic population following [46] with thin disk objects having Vtot ≤
85 km s−1, thick disk objects having 85 < Vtot ≤ 180 km s−1, and halo objects
having Vtot > 180 km s−1. W1534 sits squarely within the locus of halo objects,
implying an age of 10–12 Gyr ([47]).
We note that Extended Data Figure 3 also shows that the retrieval provided

a vsini value of ∼94±11 km s−1. We used the published JWST instrumental
profile for NIRSpec within the retrieval to broaden the lines. We tested changing
that instrumental profile to capture its influence on the results. That change
led to negligible differences in all parameters except vsini which we found to be
degenerate with the chosen instrumental profile. As W1534 is exceedingly old,
we expect this brown dwarf to have a relatively large vsini value, though we
encourage the reader to view that value with caution as vsini values have yet to
be calibrated with JWST data.

1.5 Spectral Energy Distribution Construction and Results

A distance-calibrated spectral energy distribution (SED) inclusive of the prior
literature and newly-obtained JWST data was generated using the open-source
package SEDkit ([48]), developed specifically to evaluate brown dwarf fundamen-
tal parameters. All photometry used in the SED is listed in Table 1. Following
[49], we first combined and scaled the NIRSpec spectra (prism and G395H) and
photometry (ground based, Spitzer, WISE, and JWST/MIRI) to absolute fluxes
using the measured parallax ([24]). For data shortward of that collected, SEDkit
linearly interpolates to zero. For data longward of that collected, SEDkit appends
a Rayleigh-Jeans tail out to 1000µm. SEDkit was then used to integrate the SED
and calculate the bolometric luminosity (Lbol) – see [49] for all procedural details.
Figure 1 shows the output SED for W1534 between 0.9 - 5.2 µm (MIRI photo-
metric points not shown). The measured bolometric luminosity for this source
was log(Lbol/L⊙)= −6.3±0.1 which is consistent with the retrieval result to just
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over 1σ.

1.6 Retrieval Analysis

We carried out a retrieval analysis of the NIRSpec G395H data using the publicly-
available Brewster package ([29, 30]), developed to model substellar atmospheres.
Brewster has been applied to a range of brown dwarf atmospheres, from cool Y
dwarfs to warm L type subdwarfs, including cloudy and planetary-mass objects
[13, 21, 29–33, 50].

1.6.1 Retrieval method

Brewster consists of a forward model coupled to a Bayesian posterior sampling
algorithm, in this case emcee [51]. Details on how Brewster operates (e.g. con-
straints on the thermal profile, the radiative transfer process, model convergence
strategies, etc.) can be found in [21]. Here we detail only those adaptations that
were made for the retrieval conducted in this study.
The fit parameters and their associated priors are listed in Extended Data

Table 2. As with previous studies we’ve used 16 walkers per parameter and in this
case with 29 parameters that means we had 464 walkers in our cloud-free retrieval.
The parameters for the forward model are organized into gas-phase opacities,
cloud opacity, temperature structure, and global properties of the target.
The gas-phase opacities are set by the choice of absorbing gases, their concen-

tration, and vertical distribution in the model atmosphere. The opacities were
derived from the compendium of [52], [53], appended in this work with SiH4 from
[54], 12CO and 13CO opacities from [55] and [56], and otherwise following the
formulation with references there-in of [21]. We included the following gases in
this study: H2O, CH4, CO, CO2, NH3, H2S, CH3D, 12CO, 13CO, SiH4, and PH3.
Concentrations (volume mixing ratios) of the absorbing gases were assumed to
be vertically constant as in previous studies with this code, which provides flex-
ibility in arriving at possible solutions while retaining computational simplicity.
Chemical equilibrium predictions for the gases (e.g [14], [57]) explored here sup-
port this approach. As with some previous applications of Brewster on cold brown
dwarfs, we neglected cloud opacity. The fact that we are seeing to such deep lev-
els of the atmosphere (see contribution function on the right panel of Figure 3) is
suggestive that clouds are not present over the observable photosphere. We leave
the inclusion of clouds in cold brown dwarf atmospheres - either water ice, sulfide
salt, or P-bearing clouds – for a future study.

1.6.2 Retrieval results: Silane Detection

We ran two models for W1534: one with SiH4 gas opacity included and one with-
out. To distinguish the preferred model, we calculated the Bayesian Information
Criterion (BIC) for both cases and compared. For a set of models, the one with
the smallest (typically most negative) BIC will be the preferred or “winning”
model, while the strength of preference among lower-ranked models depends on
the value of the difference in BICs relative to this best-fit model ([58]):
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• 0 < ∆BIC < 2: no significant preference;
• 2 < ∆BIC < 6: positive;
• 6 < ∆BIC < 10: strong;
• 10 < ∆BIC: very strong.

For our two models of W1534, the model that includes SiH4 is strongly preferred
over the one without it: BIC with SiH4 = -84273, BIC without SiH4 = -83383,
∆BIC = 890.

1.6.3 Retrieval results: thermal profile

The retrieved thermal profile in Figure 3 is best constrained in the visible pho-
tosphere at pressures between 1–100 bar. Compared to retrievals for other cold
brown dwarfs (e.g. [21, 22, 38]), the photosphere of W1534 probes nearly 10 times
deeper. The only comparable depths probed are for (1) the L subdwarf SDSS
J125637.13-022452.4 ([59]) – though that was done only on the 1 - 2.5 µm cover-
age which probes warmer temperatures at deeper parts of the atmosphere –, and
(2) the T subdwarf Wolf 1130C (Burgasser et al. submitted) – which is warmer
than W1534 but also low metallicity [M/H] ∼ 0.7. Examining the contribution
function in the right panel of Figure 3, we see the methane spans the largest
pressure range with the silane found at a deeper pressure. As noted in the main
text, the thermal profile of W1534 matches predictions from the 500K and 525K
LowZ ([34]) self-consistent models through a portion of the visible photosphere.
Briefly, the LowZ grid are a subset of non-irradiated models produced by the
ScCHIMERA 1D-RCTE (radiative-convective thermochemical equilibrium) code.
The original ScCHIMERA tool was described and validated in [60] and has been
used in numerous subsequent exoplanet works (e.g., [61]; [62]; [63]). At ∼ 10 bar,
the retrieved profile has a “kink” where the shape changes. Below ∼ 10 bar the
profile deviates significantly from an adiabat. Given that the condensation curves
of NH4H2PO4 and H2O cross the thermal profile just above 1 bar, and ZnS and
KCl cross just below 10 bar, a cloud may be a possible cause of the profile’s devi-
ation. We ran a simple retrieval test using a grey cloud that forced an adiabatic
profile for the deep atmosphere and found that it was also able to fit the data
with no impact on retrieved abundances. All abundances from the cloudy model
were within 1σ of the cloud-free model and the retrieved pressure for the cloud
τ=1 layer was placed at 29+3

−4 bar. Detailed modeling of the potential cloud is
outside the scope of this work but will be the subject of a future study.

1.6.4 Retrieval results: fundamental parameters and abundances

In order to calculate log(Lbol/L⊙) with Brewster, we use the best fit distance cal-
ibrated model, extrapolate from ∼0.5 - 20 µm and then integrate under the curve.
Our retrieval result for log(Lbol/L⊙) matches to within just over 1σ with the
SED analysis (see Extended Data Table 1). The retrieved fundamental parame-
ters of mass and Teff also match prior estimates for this source as a very cold and
metal-poor brown dwarf (e.g. [64]). The retrieved Teff is comparable to that of
solar-metallicity brown dwarfs around the T dwarf/Y dwarf transition (see [25]).
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More remarkable is the extreme subsolar metallicity inferred from the retrieved
abundances, [M/H] = −2.22±0.05, which is comparable to the inferred metallic-
ity of the early L-type ultrasubdwarf SDSS J010448.46+153501.8 ([65]), which
is likely a low-mass metal-poor star. Combined with its clear halo kinematics,
W1534 is the lowest-metallicity and likely oldest brown dwarf discovered to date.
In Extended data table 3 we provide the retrieved gas abundances of H2O,

CH4, and SiH4 as well as the upper limits for undetected gases. As a sanity
check on the plausibility of the upper limits, we scaled the [66] abundances to
the [M/H] and C/O ratio along the atmospheric profile for W1534. The resultant
grid predictions are consistent with our 3σ upper limits for H2S, PH3, CO and
CO2 but fall just outside for NH3 (although the upper limit is consistent with
our 4σ value). This could reflect a peculiar nitrogen abundance or some hitherto
unmodelled effect of low-metallicity chemistry.

1.7 Silane Chemistry

Thermochemical equilibrium models predict SiH4 to be among the more abun-
dant Si-bearing gases in the deep atmospheres of cool substellar objects, but
like other Si species it is removed from the gas phase by the condensation of
Mg silicates at depth ([2, 14]). However, as shown in Extended Data Figure 5 a
reduced metallicity increases the range of pressures and temperatures over which
SiH4 is the dominant Si-bearing gas, and significantly lowers the temperature at
which Si-bearing gases are removed by silicate condensation. Furthermore, suffi-
ciently rapid atmospheric mixing may quench SiH4 oxidation to yield detectable
photospheric SiH4 abundances.
Here we explored the possibility of SiH4 quenching in the atmosphere of W1534

by using a timescale approximation for SiH4→SiO conversion kinetics. Following
the general approach of [2], the oxidation of SiH4 to SiO (and thus to subsequent
oxides or silicates) plausibly proceeds via the series of reactions:

H2 → 2H (1)

H + SiH4 → SiH3 +H2 (2)

H + SiH3 → SiH2 +H2 (3)

H2O+ SiH2 → H2Si=O +H2 (4)

H2Si=O +H2O → HSiOOH+H2 (5)

HSiOOH → SiO + H2O (6)

SiH4 +H2O → SiO + 3H2 (Net)

The quenching behavior of the SiH4-SiO system is analogous to quenching of
the CO-CH4 system, in that reactions among reduced species (SiH4, SiH3, SiH2,
etc.) and oxidized species (SiO, SiO2, etc.) are expected to proceed much more
rapidly than reactions between these groups (e.g., the formation of Si-O bonds).
Noting the formation of the Si=O double bond, [2] identify reaction (4) as the
rate-limiting step and adopt a rate constant from Figure 2 of [67]. A more recent
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revision to the rate constant for reaction (4) is provided in Figure 3 of [68] and
is approximated by the expression

k4 ≈ 1.01× 10−12 exp (−5187.5/T ) cm3 s−1. (7)

The chemical timescale for SiH4 is thus given by

tchem =
[SiH4]

k4[SiH2][H2O]
. (8)

The quench condition for SiH4 oxidation is approximated by

tchem(SiH4) ≥ tmix ≈ H2

Kzz
, (9)

where H is the pressure scale height and Kzz is the eddy diffusion coefficient. The
quench level is defined where tchem = tmix. Above the quench level (i.e., at lower
temperatures and pressures), SiH4→SiO reaction kinetics are too slow to keep up
with atmospheric mixing (tchem > tmix) and the abundance of SiH4 present at
the quench level is mixed upward into the observable atmosphere.
Adopting this quench approximation for SiH4, we examined the retrieved

temperature-pressure profile for W1534 to determine the atmospheric mixing
rates that would be required to obtain the retrieved abundance in the visible
photosphere. Extended Data Figure 6 shows a colored contour plot of silane abun-
dance overplotted with the retrieved thermal profile from Figure 3. Also shown
are the condensation curves for the primary Si-bearing condensates MgSiO3 and
Mg2SiO4 (dashed, labeled lines). The red contour line represents the retrieved
abundance of 20 ppb SiH4 in this work. In order to reach the expected SiH4

quench region we extrapolated the pressure-temperature profile from Figure 3 to
higher pressures and temperatures in three ways: (1) extending directly from the
trend of the retrieved thermal profile (lower dashed line), (2) extending as an
adiabat from the end of the retrieved thermal profile, (middle dashed line), or
(3) extending as an adiabat from the ∼10 bar pressure where we see the profile
“kink” and deviation from self-consistent model profiles (top dashed line). All
three of these extensions cross the retrieved silane abundance above (i.e., at lower
temperatures than) the enstatite and forsterite cloud condensation curves.
Extended Data Figure 6 shows that the depth from which SiH4 quenching

occurs depends on the atmospheric mixing rate, parameterized by Kzz. A cor-
responding Extended Data Figure 7 shows the SiH4 abundance and its quench
points along each of the atmospheric profiles for a range of Kzz values. These
results indicate that the retrieved SiH4 abundance can be produced by transport-
induced quenching for Kzz values greater than ∼ 107 − 108 cm2 s−1, depending
upon the adopted thermal profile. Moreover, in each case the model results sug-
gest that SiH4 is quenched from just above the MgSiO3 cloud layer, but before it
has been completely depleted by oxidation and removal into the silicate clouds.
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Availability of data and materials. The JWST data in this paper are part
of GO program 3558 (PI Meisner) and will become publicly available in the
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Extended Data Fig. 1 The Spitzer infrared color-magnitude diagram for cold brown
dwarfs. The sources in JWST GO programs with comparable colors or magnitudes, as well as publicly
available G395H or G395M spectra, are labeled and indicated by stars. The position of W1534 is the
largest of the five-point stars which are labeled. Error bars indicate 1σ uncertainties.
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Extended Data Table 1 Parameters of interest for W1534

Astrometry W1534 units ref

α (J2000) 233.621873 deg [24]
δ (J2000) −10.721775 deg [24]
ϖ 61±5 mas [24]

Distance 16.3+1.4
−1.2 pc [24]

µα −1253±9 mas yr−1 [24]
µδ −2377±7 mas yr−1 [24]
X 13.3 ± 1.14 pc This paper
Y −1.22 ± 0.11 pc This paper
Z 9.4 ± 0.8 pc This paper

Kinematics

Vtan 207±18 km s−1 [24]
RV −116±4 km s−1 This study
U −78±4 km s−1 This study
V −192±15 km s−1 This study
W −116±4 km s−1 This study
Total Velocity 238±14 km s−1 This study
Age 10 - 12 Gyr This study

Photometry

MKO Y > 21.79 mag [69]
MKO J 24.5±0.3 mag [70]
MKO H >18.6 mag [23]
Ks >17.9 mag [23]
F110W 24.70±0.08 mag [24]
WISE W1 18.18±0.19 mag [71]
WISE W2 16.15±0.08 mag [71]
Spitzer [3.6] 16.69±0.03 mag [23]
Spitzer [4.5] 15.77±0.02 mag [23]
JWST F1500W 14.12±0.06 mag This study
JWST F1800W 13.76±0.06 mag This study
JWST F2100W 13.58±0.06 mag This study

Synthetic Photometry from NIRSpec prism

MKO Y 25.33±0.07 mag This study
MKO J 24.34±0.13 mag This study
MKO H 22.53±0.05 mag This study
MKO K > 25.7 mag This study

SED Fundamental Parameter

log(Lbol/L⊙) −6.3±0.1 dex This study

Retrieved Fundamental Parameters

log(Lbol/L⊙) −6.43±0.02 dex This study

Radius 0.79+0.07
−0.06 RJup This study

Mass 24+6
−5 MJup This study

log g 4.98 ± 0.08 log cm s−2 This study
Teff 502±6 K This study
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Extended Data Table 2 Parameters and priors adopted for the retrieval analysis.

Parameter Prior

gas fraction, (Xgas) log-uniform, logXgas ≥ −12.0,
∑

gas Xgas ≤ 1.0

thermal profile, T uniform, constrained by 0.0 K < Ti < 5000.0 K
profile smoothing parameter, γ uniform, 0 < γ < 105

gravity, log g uniform, constrained by 1MJup ≤ gR2/G ≤ 80MJup

scale factor, R2/D2 uniform, constrained by 0.5RJup ≤ R ≤ 2.0RJup

rotational velocity, v sin i uniform, 0 kms−1 < v sin i < 150 kms−1

radial velocity, RV uniform, −250 kms−1 < RV < 250 kms−1

tolerance factor, b uniform, log(0.01×min(σ2
i )) ≤ b ≤ log(100×max(σ2

i ))

Extended Data Table 3 Retrieved Gas Abundances

Detected Gases W1534 units

log fgas H2O −5.22± 0.06 dex

log fgas CH4 −5.81+0.04
−0.03 dex

log fgas SiH4 −7.72± 0.05 dex

Upper Limits for Undetected Gasesa

log fgas CH3D <∼ − 4.87 dex

log fgas 12CO <∼ − 8.22 dex

log fgas 13CO <∼ − 8.52 dex

log fgas CO2
<∼ − 10.06 dex

log fgas NH3
<∼ − 6.95 dex

log fgas H2S <∼ − 5.60 dex

log fgas PH3
<∼ − 8.88 dex

Metallicity and C/O

[M/H] −2.22 ±0.05 dex

C/O 0.26+0.03
−0.02

aUpper limits taken as 97.6 (2σ upper bound) percentiles in posterior
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Extended Data Fig. 2 Toomre diagram of UVW space motions of nearby stars and
brown dwarfs highlighting W1534. Points indicate sources with 3D kinematics from the 100 pc
Gaia Catalog of Nearby stars (GCNS) containing radial velocities from Gaia DR3. Thin disk (grey),
thick disk (blue), and halo (black) sources are indicated by color; the location of W1534 is indicated
by the large star.
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Extended Data Fig. 3 Retrieved and derived parameters for W1534. Diagonal panels dis-
play the distributions of parameters marginalized over all other quantities, with dashed lines indicating
the median and ±1σ range, labeled above each panel. Interior contour plots display parameter cor-
relations. Abundances, surface gravity (log g), radial velocity (vrad), and rotational velocity (v sin i)
are retrieved from the posterior distributions; metallicity ([M/H]), C/O ratio, radius (R), mass (M),
luminosity (log(L/Lsun)), and effective temperature (Teff) are computed from these quantities.
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Extended Data Fig. 4 C/O ratio vs metallicity for FGK stars in the disk and halo.
Plotted are the C/O values and metallicity [Fe/H] for FGK primarily disk stars as measured by [72]
and halo stars as measured by [73]. The retrieved values for W1534 are overplotted as a five point
star and labeled.

Extended Data Fig. 5 The equilibrium abundance of SiH4 as a function of pressure and
temperature with C/O=0.26 in low-metallicity (left) and solar-metallicity (right) gas.
In each panel the contours represent the mole fraction abundance of silane; the red dashed curve
indicates the ∼20 ppb obtained from the atmospheric retrieval of W1534. The condensation curves
for forsterite and enstatite are overplotted as dashed lines. At thermochemical equilibrium, SiH4 is
the most abundant Si-bearing gas at high temperatures and high pressures until it is removed at
lower temperatures by silicate condensation, or replaced at lower pressures by other Si-bearing gases
such as SiO (cf. [14]).
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Extended Data Fig. 6 The retrieved thermal profile for W1534 extended to deeper pres-
sures to extrapolate to the SiH4 quench region. The black line with grey error bar represents
the retrieved thermal profile for W1534. The colored contours represent the equilibrium abundance
of silane calculated for an atmosphere with [M/H]=-2.22 and C/O=0.26, with the red dashed line
corresponding to the ∼20 ppb obtained from the retrieval. The condensation curves of enstatite and
forsterite are overplotted, and demonstrate the rapid decrease in the SiH4(g) abundance at lower tem-
peratures (i.e., above the cloud base). The thermal profile was extended to deeper pressures in three
ways: by extrapolation from the trend of the retrieved profile (lower dashed line), an adiabatic exten-
sion from the deepest point of the retrieved profile (middle dashed line), and an adiabatic extension
from the ∼ 10 bar level of the retrieved profile (top dashed line). The white dashed curve indicates
the SiO-SiH4 equal abundance boundary (cf. [14]). Highlighted as filled ovals are the vertical mixing
rates parameterized by Kzz (labelled in units of cm2 s−1) that indicate where quenching will occur
along each thermal profile.
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Extended Data Fig. 7 Quenching of silane along the thermal profile of W1534. Equilib-
rium abundances of SiH4 and SiO are shown along each of the extended thermal profiles in Figure
6, from the lowest pressure profile (left) to the highest pressure profile (right). Note the different
pressure scale for each panel (right axes). The red band indicates the abundance and approximate
observed altitude of the retrieved SiH4. Under equilibrium conditions, the abundances of Si-bearing
species rapidly decrease above the silicate cloud layer (horizontal dashed line). However, transport-
induced quenching may deliver much higher SiH4 abundances into the upper atmosphere, depending
upon the strength of atmospheric mixing. The circles along the SiH4 profile label the values of log10
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