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A B S T R A C T 

We present the first atmospheric retrieval analysis of two compositional benchmark mid-L dwarfs – SDSSJ141659.78 + 

500626.4 and GJ 499 C – using the brewster retrieval framework, where the wide benchmark nature of these systems 
provides independent constraints on age and bulk composition from their stellar primaries. These targets were observed 
with James Webb Space Telescope using NIRSpec (Near Infrared Spectrograph) Prism and MIRI (Mid-Infrared Instrument) 
LRS (Low Resolution Spectroscopy), providing low-resolution ( R ∼ 100) spectra between 0.6–14.0 µm with high signal-to- 
noise ratios (SNR ∼100–600). For SDSSJ141659.78 + 500626.4, the retrieved cloud combination of a high-altitude enstatite 
slab and low-altitude iron deck clouds matches phase-equilibrium predictions based on the primary star’s Mg/Si ratio. We 
retrieve a super-solar C/O = 0.71+0 . 01 

−0 . 01 and slightly metal-rich [M/H] = 0.22+0 . 03 
−0 . 03 . This C/O ratio can only be reconciled 

with the value inferred for the primary if additional oxygen sequestration beyond the retrieved cloud mass is present, or if 
there are uncertainties in the adopted opacities or other model deficiencies. The inferred [C/H] and [O/H] are 0.31 ±0.03 
and 0.19 ±0.03, respectively, which are consistent within the relatively large uncertainties of the host star abundances. For 
GJ 499 C, the retrieved silicon-monoxide and forsterite slab clouds are difficult to explain with simple phase-equilibrium 

assumptions, yielding Mg/Si ∼ 1.9. We estimate C/O = 0.69+0 . 02 
−0 . 02 and [M/H] = 0.13+0 . 04 

−0 . 06 . For both objects, the inferred radii 
of 0.85+0 . 01 

−0 . 01 RJup and 1.00
+0 . 02 
−0 . 02 RJup and masses of 73.7

+4 . 9 
−9 . 2 MJup and 68.0+8 . 5 

−12 . 7 MJup are consistent with evolutionary models 
and system ages, highlighting the plausibility of our results. 

Key words: brown dwarfs . 
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 INTRODUCTION  

rown dwarfs (hereafter BDs) are substellar objects with masses 
elow the hydrogen burning limit (13 M J � M � 80 M J ; A.
urrows & J. Liebert 1993 ; I. Baraffe et al. 2003 ; G. Chabrier et al.
023 ), filling the gap between giant planets and low-mass stars.
n terms of spectral type, BDs can be classified as late-M, L, T,
r Y dwarfs (e.g. J. D. Kirkpatrick 2005 ; M. C. Cushing et al.
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011 ), based on spectral features produced by chemical species in
heir atmospheres, which are primarily governed by temperature 
nd age. L dwarfs may exhibit similar properties (e.g. bolometric 
uminosity, radius, temperature, and infrared colours) to those 
f directly imaged exoplanets (J. K. Faherty et al. 2013 ). Hence,
y improving our understanding of these dwarfs, we can also 
ain valuable insights into the atmospheric processes of directly 
maged exoplanets, enhancing our abilities to characterize their 
roperties and evolution. L dwarfs are expected to be cloudy as
heir thermal profiles favour the formation of atmospheric con- 
ensates, primarily consisting of silicates (e.g. enstatite –MgSiO3 , 
orsterite – Mg2 SiO4 , and quartz – SiO2 ), silicon monoxide (SiO), 
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Table 1. Summary of the target BDs and their primary stars. 

Target name SDSS1416 GJ 499 C 

Primary name HD 125141 GJ 499 AB 
Target spectral type L4.5a L5g 
Primary spectral type G5b A: K5h , B: M4h 
dprimary (pc) 47.11 ±0 . 06c 18.80 ± 0.61c 
dcompanion (pc) 45.15 ±1 . 57d 19.91 ±0 . 29i 
Proj. separation (au) 26951c 9708c 
Age (Gyr) 4.48+2 . 80 

−2 . 71 e –
Primary Mg/Si 0.95 ±0 . 07 f –
Primary C/O 0.56 ±0 . 16 f –
Primary [M/H] -0.084 ±0 . 10 f –
Primary [Fe/H] -0.08 ±0 . 04 f −0.394 ±0 . 036 j 
Primary [C/H] 0.00 ±0 . 18 f –
Primary [O/H] 0.03 ±0 . 23 f –

Results from this work 

Target Mg/Si ∼ 1.0 ∼ 1.9 
Target C/O 0.71 ±0.01 0.69 ±0.02 
Target [M/H] 0.22 ±0.01 0.13+0 . 04 

−0 . 06 
Target [Fe/H] −1.80+1 . 47 

−1 . 07 −1.05+0 . 90 
−0 . 68 

Target [C/H] 0.31 ±0.03 0.22+0 . 05 
−0 . 06 

Target [O/H] 0.19 ±0.03 0.12+0 . 04 
−0 . 05 

Target Teff (K) 1643.3+5 . 6 
−6 . 4 1611+13 . 8 

−13 . 2 
Target log L/ L � −4.30+0 . 03 

−0 . 03 −4.19+0 . 02 
−0 . 02 

Target R ( RJup ) 0.85 ±0.01 1.00 ±0.02 
Target M ( MJup ) 73.7+4 . 9 

−9 . 2 68+8 . 5 
−12 . 7 

Target age (Gyr) 4.3–12.9 0.5–0.9 

Note. References: a : K. Chiu et al. ( 2006 ), b: A. J. Cannon & E. C. Pick- 
ering ( 1993 ), c : Gaia Collaboration ( 2021 ), d: J. K. Faherty et al. ( 2012 ), 
e : L. Casagrande et al. ( 2011 ), f : C. L. Phillips et al. ( 2026 ), g: J. I. Gomes 
et al. ( 2013 ), h : I. N. Reid et al. ( 2004 ), i : Gaia Collaboration ( 2020 ), and 
j: A.-L. Luo et al. ( 2026 ). 
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luminum oxides (e.g. corundum Al2 O3 ), and iron (Fe) (F. Allard
t al. 2001 ). These clouds – depending on their particle size and
ocation – can considerably shape the observed infrared spectra
e.g. C. Helling & S. Casewell 2014 ; M. S. Marley & T. D. Robin-
on 2015 ; S. K. Turner et al. 2025 ). The most direct evidence of 
hese clouds is a mid-infrared silicate absorption feature at 8 −
0µm, which is on average the strongest among L4 −L6 dwarfs
G. Suárez & S. Metchev 2022 ). Silicate clouds sink into deeper
tmospheric layers as temperatures decrease, causing their ab-
orption to weaken and disappear beyond L8, indicating cloud
edimentation (G. R. Knapp et al. 2004 ). 
The Sinking Silicates (B. Burningham et al. 2023 ) James Webb
pace Telescope ( JWST ) Cycle 2 (ID no. 3670, PI: Burningham)
rogram targeted 12 benchmark BDs across the L–T sequence.
enchmark systems are composed of BDs that orbit a well-
haracterized star, where the properties of the primary star pro-
ide constraints that are otherwise difficult to determine. Dif-
erent benchmark systems provide different types of constraints.
or example, some benchmark BDs have their ages constrained
hrough membership in clusters or coeval binary systems, while
thers offer constraints on fundamental properties such as mass
r metallicity. The targets of the Sinking Silicates program are
ompositional benchmarks: wide binary systems with projected
eparations of between 254 and 38 344 au in which the primary
tar provides external constraints on age and bulk chemical com-
osition, enabling robust tests of atmospheric retrieval frame-
orks. Due to the large orbital distance and high mass of the com-
anion, they very likely formed coevally via gravitational collapse
e.g. D. J. Pinfield et al. 2006 ). Such benchmark BDs have been de-
ected and analysed many times previously (e.g. D. J. Pinfield et al.
006 , 2012 ; M. C. Liu, T. J. Dupuy & M. J. Ireland 2008 ; B. Burn-
ngham et al. 2009 , 2013 ; D. N. Murray et al. 2011 ; J. R. Crepp et al.
014 , 2016 , 2018 ; E. L. Rickman et al. 2020 ; J. Wang et al. 2022 ;
. Ceva et al. 2025 ). The benchmark objects are most commonly
dentified among widely separated companions to Sun-like stars
ue to the observational advantage of being individually resolved
J. K. Faherty et al. 2010 ; N. R. Deacon et al. 2014 ; A. Rother-
ich et al. 2024 ). The targets of the Sinking Silicates program
re in wide binary systems with FGK spectral type primary stars,
ome of which have well-characterized chemical composition (C.
. Phillips et al. 2026 ) and are expected to share similar age,
etallicity [M/H], and composition with their primaries. Thus,
hey allow us to critically test our ability to use retrievals to infer
ulk properties shared with the primary and to test predictions
or cloud species with the benefit of compositional constraints.
he theoretical work by E. Calamari et al. ( 2024 ) showed that
he magnesium-to-silicon (Mg/Si) ratio can be used to predict the
ominant silicate cloud composition under phase equilibrium
ssumptions in benchmark BDs with F-, G-, and K-type primary
tars, as follows: 

(i) If Mg /Si � 0 . 4 , then SiO2 (quartz) clouds are likely to dom-
nate. 
(ii) If Mg /Si � 0 . 4 and Mg /Si � 0 . 9 , then MgSiO3 (enstatite)
nd SiO2 clouds are likely to dominate. 
(iii) If Mg /Si � 0 . 9 and Mg /Si � 1 . 4 , then MgSiO3 and
g2 SiO4 (forsterite) clouds are likely to dominate. 
(iv) If Mg /Si � 1 . 4 , then Mg2 SiO4 clouds are likely to domi-
ate. 

Atmospheric retrievals of exoplanets and BDs involves deter-
ining the atmospheric characteristics based on their observed
pectrum (see detailed review by N. Madhusudhan 2018 ). In this
NRAS 552, 1–26 (2026)
aper, we present our retrieval analyses of two Sinking Silicates
argets, namely SDSSJ141659.78 + 500626.4 (an L4.5 dwarf; here-
fter SDSS1416) and GJ 499 C (an L5 dwarf). These JWST ob-
ervations cover the 0.6–14.0 µm wavelength range with high
ignal-to-noise (SNR ∼ 100–600) ratio. The two targets for this
aper were chosen as they showed the strongest silicate feature
t ∼ 9 µm among the 12 observed BDs. We use brewster , an
tmospheric retrieval framework, which has been optimized and
tilized for cloudy and cloud-free L and T dwarfs (B. Burning-
am et al. 2017 , 2021 ; E. C. Gonzales et al. 2020 , 2021 , 2022 ;
. Calamari et al. 2022 ; J. M. Vos et al. 2023 ; J. Gaarn et al.
023 ; C. L. Phillips et al. 2024 ; J. K. Faherty et al. 2024 , 2025 ). In
ection 2 , we describe our targets, while in Section 3 , we present
ur spectroscopic data. Section 4 explains the brewster retrieval
ramework and in Section 5 our retrieval results are shown which
e discuss in Section 6 . Finally, we conclude our findings in
ection 7 . 

 TARGETS  

n Table 1 , we summarize the relevant known information about
ur target systems. 
SDSS1416, discovered by (K. Chiu et al. 2006 ), is an L4.5 com-
anion to the G5 primary HD 125141 (A. J. Cannon & E. C. Picker-
ng 1993 ), located at a distance of 47.11 ± 0.06 pc with a projected
eparation of 26951 au (Gaia Collaboration 2021 ). The binary
ature of the system was discovered by P. Kervella et al. ( 2019 )
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sing proper motion anomaly. The system has an estimated age 
f 4.48+2 . 80 

−2 . 71 Gyr that was obtained via Bayesian isochrone fitting 
L. Casagrande et al. 2011 ), and the primary star has near-solar
etallicity, with [Fe/H] = −0.08 ± 0.04 and [M/H] = −0.084 ±
.10. The primary also has measured elemental abundance ratios 
f Mg/Si = 0.95 ± 0.07 and C/O = 0.56 ± 0.16 (C. L. Phillips et al.
026 ). 
C. L. Phillips et al. ( 2026 ) use high-resolution ( R = 130 000)
ptical data from the Potsdam Echelle Polarimetric and Spectro- 
copic Instrument (K. G. Strassmeier et al. 2015 ), and the Brussels
utomatic Code for Characterizing High accUracy Spectra (T. 
asseron et al. ( 2014 ) to derive spectroscopic parameters and 
lemental abundance for HD 125141. In this work, we adopt 
he values from C. L. Phillips et al. ( 2026 ), as it provides fuller
avelength coverage (4800–5441 and 7419–9140 Å) and a higher 
esolution data set to access key lines used in this analysis to de-
ermine the C/O and Mg/Si ratios. The fundamental parameters 
or HD 125141 from C. L. Phillips et al. ( 2026 ) produce a Teff =
749 ± 78 K and log g = 4.49 ± 0.57 dex. 
Previous stellar characterization of HD 125141 focused 
n fundamental spectroscopic parameters from the Geneva–
openhagen Survey (L. Casagrande et al. 2011 ). L. Casagrande 
t al. ( 2011 ) found a Teff = 5930 ± 89 K, log g = 4.35, and [Fe/H] =
0 . 02 . The Geneva–Copenhagen Survey utilized the CORAVEL 
Correlation Radial Velocity) spectrometer, which had an R = 

0 000 and 375–640 nm wavelength coverage. HD 125141 was also 
bserved in Gaia DR3, with Teff ∼ 5759 K, log g = 4.24, and [M/H]
 −0 . 20 . 
GJ 499 C is an L5 companion (J. I. Gomes et al. 2013 ) to the
J 499 AB binary system, whose components have spectral types 
f K5 and M4, respectively (I. N. Reid et al. 2004 ). J. I. Gomes
t al. ( 2013 ) identified GJ 499 ABC by cross-matching L-dwarf 
andidates from 2MASS (Two Micron All-Sky Survey) and WISE 
Wide-field Infrared Survey Explorer) with known nearby Hip- 
arcos and Gliese main-sequence stars. The system is at 18.80 
0.61 pc with a projected separation of 9708 au. The age of GJ
99 AB is unknown, however, its far-infrared spectrum at 70 µm 

hows emission excess (P. S. Smith et al. 2006 ), indicating a debris
isc and possibly a young age. Furthermore, the [Fe/H] of the K
rimary is known to be −0.394 ±0.036 (A.-L. Luo et al. 2026 ). 
Both BD targets are wide-separation companions to Sun-like 
rimaries in terms of spectral type. Given their spectral types 
L4.5–L5), both BDs are expected to exhibit a prominent silicate 
eature at ∼ 9–10 µm wavelength region (G. Suárez & S. Metchev 
022 ). 
Based on the preliminary results of C. L. Phillips et al. ( 2026 ),

he primary of SDSS1416 has an Mg/Si of 0.95 ±0.07, therefore,
he most expected cloud in this target’s atmosphere is enstatite 
E. Calamari et al. 2024 ). 

 THE  SPECTRA  

.1 Data reduction 

e analyse the low-resolution ( R ∼ 100 ) JWST spectra of the
argets between 1.0–12.0 µm. The calculation of the resolving 
ower is described in Section 4.1.4 . The original observations 
pan a broader range, obtained with the Near Infrared Spec- 
rograph (NIRSpec, P. Jakobsen et al. 2022 ), covering 0.55–5.37 
m, and the Mid-Infrared Instrument (MIRI, G. H. Rieke et al. 
015 ), covering 3.46–14.01 µm. The raw, unprocessed data were 
ownloaded from the Mikulski Archive for Space Telescopes and 
rocessed using version 1.18.1 of the official JWST reduction 
ipeline (H. Bushouse et al. 2022 ). We ran the pipeline with
efault parameters and the Calibration Reference Data System 

ontext file jwst_1364.pmap, correcting for cosmic rays, dark cur- 
ents, count rate non-linearity, bad pixel flagging, and other de- 
ector level corrections with the ‘calwebb_detector1’ module. The 
calwebb_spec2’ module is then used to produce calibrated indi- 
idual exposures using the corrected data. The exposures are then 
ombined, and the final spectrum is extracted. We note that for
he MIRI LRS (Low Resolution Spectroscopy) data scattered light 
rtefects is a known possible effect, which is not automatically 
emoved by the pipeline. However, this issue is present in bright
bjects, and our BD targets are isolated and light scattering was
ot visible in their images. 
We restrict our analysis to the 1.0–12µm region, where the SNR

s highest. In the case of SDSS1416, the SNR is between around
00–400, whereas for GJ 499 C it is roughly between 200 and 600.
e merge the observational data of the two JWST instruments
nd keep the one with less noise in the region where they over-
apped. The final spectra that are used in this study can be seen
n Fig. 1 . 
In general, JWST provided data with extremely small obser- 
ational errors, especially for MIRI (see blue-shaded region in 
he lower panels in Fig. 1 ). The SNR of SDSS1416 and GJ 499 C
eaches ∼ 400 and ∼ 600 at around 5 µm, which is shown in the
iddle panel. The mean SNR for SDSS1416 is ∼ 110, while for GJ
99 C is ∼ 210. 

.2 Data analysis 

e estimate the luminosity by integrating the observed spectrum 

ver the available wavelength range and scaling by 4 πD2 . We
nfer a luminosity of log L/ L � ∼ −4.30 ±0.03 for SDSS1416 and 
og L/ L � ∼ −4.19 ±0.02 for GJ 499 C. 
The mid-infrared spectra of both objects exhibit silicate ab- 
orption, indicating the presence of silicate clouds in their atmo- 
pheres (e.g. see fig. 9. of M. C. Cushing et al. 2006 ). We quantified
he depth of these features by determining the silicate index of 
ur targets using the method of G. Suárez & S. Metchev ( 2022 ).
n short, we calculate the interpolated continuum flux at 9.0 µm 

C9.0), which is obtained by line fitting between the fluxes at
avelength of 7.5 and 11.5 µm in a 0.6 µm window. Then, we
alculate the average flux at 9.0µm (F9.0) using a 0.6µm window.
inally, we divide C9.0 with F9.0 to obtain the silicate index.
hese are shown in Fig. 2 . These targets provided the largest
ilicate indices in our sample. SDSS1416 has a silicate index of 
.19 ±0.01, whereas GJ 499 C has a silicate index of 1.32 ±0.01.
herefore, it is expected that their photospheres have silicate 
louds. These results fall within the expected range of a mid-L
warf as found by G. Suárez & S. Metchev ( 2022 ; see their fig. 6,
ottom panel). 
We also calculate the water index that was defined by M. C.
ushing et al. ( 2006 ) as 

2 O index = F6 . 25 
0 . 562 F5 . 80 + 0 . 474 F6 . 75 

, (1) 

here the subscript indicates the mean flux of the specific wave-
ength around a 0.3 µm window. The water index for SDSS1416 
s 1.187 ±0.002, while GJ 499 C has a water index of 1.151 ±0.001.
hese are illustrated on Fig. 3 . The calculated water indices are
onsistent with the findings of G. Suárez & S. Metchev ( 2022 ; see
heir fig. 6, top panel). 
MNRAS 552, 1–26 (2026)
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M

Figure 1. The JWST spectra in units of Fλ of SDSS1416 (left-hand side) and GJ 499 C (right-hand side) between 1.0 and 12.0 µm obtained with the 
NIRSpec and MIRI instruments. The top panel shows the cross-section of the most prominent species. These are shown at a temperature of 1600 K and 
a pressure of 1 bar, as this is the expected temperature of an L dwarf at this pressure level. Note, that the cross-sections are convolved with a Gaussian 
for clarity. In the two lower panels, the SNR and the absolute errors are plotted, respectively. The figures share the x -axis. 

Figure 2. The silicate index of SDSS1416 (left-hand side) and GJ 499 C (right-hand side) following G. Suárez & S. Metchev ( 2022 ). The darker shaded 
area indicates the windows around 7.5 and 11.5 µm that are used to obtain the best linear fit (dashed line with uncertainties) and the interpolated flux 
at 9.0 µm (labelled as C9.0). The lighter shaded area corresponds to the window that is used to calculate the average flux at 9.0 µm (labelled as F9.0). 
Note that the fluxes are in Fν . 
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 THE  RETRIEVAL  FRAMEWORK  

or this study, we utilize the second version of the retrieval frame-
ork model, brewster . 1 The main difference between versions
 and 2 is the underlying structure of the codes: version 2 uses
ython dictionaries and classes, which makes further develop-
ent easier. Additionally, while in version 1, the gases were as-
NRAS 552, 1–26 (2026)

 https://github.com/fwang23nh/brewster_v2 

t  

s  

d

umed to be uniform-with-altitude, version 2 allows for vertically
arying gas abundances, as discussed in Section 4.1.2 . 
brewster (B. Burningham et al. 2017 , 2021 ) includes a for-
ard model that generates a synthetic spectrum based on the
tmospheric parameters. Then, it utilizes a Bayesian sampler to
xplore the parameter space and estimate the posterior distribu-
ion of these parameters using the observed data. In the following
ections, we describe the forward model and sampler in more
etail. 

https://github.com/fwang23nh/brewster_v2
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Figure 3. The water index of SDSS1416 (left-hand side) and GJ 499 C (right-hand side) as measured in M. C. Cushing et al. ( 2006 ). The dots indicate 
the mean flux at 5.8, 6.25, and 5.75µm as labelled. The shaded areas show the 0.3µm windows used to calculate the mean flux. Note that the fluxes are 
in Fν . 
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Table 2. Opacity sources of the species used from the compendium of 
R. S. Freedman et al. ( 2008 , 2014 ). 

Species References 

CH4 S. N. Yurchenko et al. ( 2013 ); S. N. Yurchenko & J. 
Tennyson ( 2014 ); E. Karkoschka ( 1994 ) 

CO HITRAN 2010 (L. S. Rothman et al. 2010 ); R. H. Tipping 
( 1976 ) 

CO2 X. Huang et al. ( 2013 , 2014 ) 
CrH A. Burrows et al. ( 2002 ) 
FeH M. Dulick et al. ( 2003 ); R. J. Hargreaves et al. ( 2010 ) 
H2 O O. L. Polyansky et al. ( 2018 ) 
K N. F. Allard, J. F. Kielkopf & F. Allard ( 2007a ); N. F. Allard, 

F. Spiegelman & J. F. Kielkopf ( 2007b ) 
Na N. F. Allard et al. ( 2007a , b ) 
SiO EXOPLINES (E. Gharib-Nezhad et al. 2021 ); ExoMol (E. J. 

Barton, S. N. Yurchenko & J. Tennyson 2013 ) 
TiO D. W. Schwenke ( 1998 ); F. Allard, P. H. Hauschildt & D. 

Schwenke ( 2000 ) 
VO R. Alvarez & B. Plez ( 1998 ) 
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.1 Forward model 

he forward model calculates the 1D radiative transfer via the 
wo stream approximation (O. B. Toon et al. 1989 ) with 64 uni-
ormly distributed layers in log-pressure, from log P = −4 bar
o 2.3 bar. 64 layers are used because experiments with higher
ayer numbers did not improve the model fitting, however, it did
ncrease the run time significantly. The radiative transfer model 
lso includes scattering (C. P. McKay, J. B. Pollack & R. Courtin
989 ). The output of the forward model corresponds to the flux
t the top of the atmosphere, which we scale with R2 /D2 , where
 and D are the radius and the distance of the target, respectively.
rom the retrieved scaling parameter, we can calculate the radius, 
iven the known distance. Once obtaining the radius, the mass 
an be easily estimated using the retrieved log g. 

.1.1 Thermal structure 

or our retrievals we use a ‘hybrid’ thermal profile, originally 
eveloped by P. Mollière et al. ( 2020 ). It assumes that the atmo-
phere is divided into three different regions, i.e. the high alti-
ude, the middle altitudes (photosphere), and the low altitudes 
troposphere). The higher altitudes are between P = 10−4 bar 
nd τ = 0.1 and split into four different regions, where the three
pper layers’ temperature ( T1 , T2 , and T3 ) are free parameters.
or some of our runs, we are not allowing inversion, hence T1 <
2 < T3 , as originally implemented by P. Mollière et al. ( 2020 ).
owever, recent findings showed inversion in BD atmospheres 
J. K. Faherty et al. 2024 ; E. Nasedkin et al. 2025 ), therefore, we
lso perform retrieval runs in which inversion is allowed. The 
ourth layer’s temperatures, which is at τ = 0.1 and also the start
f the photosphere, is calculated using the following Eddington 
pproximation: 

 (τ )4 = 3 
4 
T4 
0 

(
2 
3 

+ τ

)
, (2) 

here 

= δPα. (3) 

0 , α, and δ are free parameters. The transition between the pho-
osphere and troposphere is at the radiative-convective boundary. 
his boundary is determined by comparing the atmospheric tem- 
erature gradient ( ∂ln T 

∂ln P ) from the Eddington approximation with 
he dry adiabatic temperature gradient that assumes H2 - and He- 
ominated atmosphere (C. L. Phillips et al. 2024 ). 

.1.2 Gas opacity 

he following absorbing gases are used for this study: H2 O, CO,
O2 , CH4 , TiO, VO, CrH, FeH, K, Na, and SiO. Their opacity data
re taken from R. S. Freedman, M. S. Marley & K. Lodders ( 2008 )
nd R. S. Freedman et al. ( 2014 ) as described in B. Burningham
t al. ( 2017 , see Table 2 for references). The layer optical depths for
hese gases are computed using opacities sampled at a resolving 
ower ( R ) of 10 000. Using R = 30 000 provided nearly identical
esults, while increasing the runtime approximately threefold. 
he line opacities are tabulated over a grid spanning 75–4000 K
n temperature and in 0.5 dex pressure intervals, and are linearly
nterpolated on to our working temperature–pressure grid. 
The gas fraction is assumed to be either vertically constant 
r non-uniform. In the non-uniform case, we have two extra 
MNRAS 552, 1–26 (2026)
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Table 3. Summary of the parameters of the slab and deck cloud in which 
 = Ptop 
(
10� log P −1

)
10� log P . 

Cloud Type Parameter Description 

Slab cloud Cloud base pressure (log Pbase ) Log-pressure where the cloud starts ( τcloud = 0 ) 
Thickness ( � log Ps ) Extent of the cloud in log-pressure 
Total optical depth ( τcloud ) Total optical depth at the cloud base at 1 µm 

Deck cloud Cloud top pressure (log Ptop ) Log-pressure where τcloud = 1 (at 1 µm) 
Decay height ( � log Pd ) Pressure range in log-scale over which τ decreases as d τ

d P ∝ exp 
(
P−Pdeck 




)
, 

with the effective decay limited by the atmospheric scale height. 
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arameters: the pressure at which rainout occurs ( Pref ) and its gra-
ient ( αg ). FeH and CrH are chosen to be non-uniform as they are
xpected to rainout in L dwarfs and impact the spectral features
e.g. M. J. Rowland, C. V. Morley & M. R. Line 2023 ). Additionally,
e tested models with uniform FeH and CrH, however, these
roduced worse fits. 
We use the median of the retrieved gas fractions (in the case
f FeH and CrH, the non-depleted gas fractions) to calculate the
arbon-to-oxygen ratio, C/O, and metallicity, [M/H]. 
The C/O ratio is calculated by summing the carbon bearing
pecies and dividing by the sum of the oxygen bearing species: 

C 

O 

= XCO + XCO 2 + XCH 4 
XH2 O + XCO + 2 × XCO 2 + XSiO + XTiO + XVO 

(4) 

here Xi is volume mixing ratio of species i . We obtain [M/H]
sing the following equations: 

fH2 = 0 . 84(1 − fgas ) (5) 
H = 2 fH2 Ntot (6) 

ere, fH2 is the gas fraction of H2 , and ftot is the gas fraction of 
ll other gases. NH and Ntot are the number of atoms of H and the
otal number of gas molecules, respectively. Then, we calculate
element , defined as the total number of atoms of each element of 
nterest: 

element =
∑ 

molecules 

natom 

fmolecule Ntot , (7) 

here natom 

indicates how many atoms of that element are
resent in one molecule and Ntot represents the total number
f gas molecules contributing to the composition. Finally, we
alculate the metallicity following 

M 

=
∑ 

element 

Nelement 

NH 
(8) 

nd 

M / H] = log 
NM 

N�
. (9) 

� is calculated the same way as equation ( 8 ), but with the solar
bundances from N. Grevesse, M. Asplund & A. J. Sauval ( 2007 ).
Continuum opacities for H2 –H2 and H2 –He collisionally in-
uced absorption are also included using the cross-sections from
. Richard et al. ( 2012 ) and D. Saumon et al. ( 2012 ), as well as
ayleigh scattering due to H2 and He, and continuum opacities
ue to bound-free and free–free absorption by H− (T. L. John
988 ; K. L. Bell & K. A. Berrington 1987 ) and free–free absorption
y H− (K. L. Bell 1980 ). 
NRAS 552, 1–26 (2026)

2 
.1.3 Cloud models 

n brewster , clouds can be defined as either ‘slab’ or ‘deck’
louds. The slab cloud has a well-defined bottom and total optical
epth, while the deck cloud quickly becomes optically thick at a
ertain pressure and has an undefined total optical depth below
hat level, which means we cannot see the bottom of it. The
arameters of the different types of clouds are listed in Table 3 .
n our retrievals, we test Fe deck clouds with either one or two of 
he following slab clouds: SiO, SiO2 , MgSiO3 , and Mg2 SiO4 . The
louds are modelled assuming Mie scattering with wavelength-
ependent optical properties for different condensate species as
escribed in B. Burningham et al. ( 2021 ). 

.1.4 Spectral convolution with wavelength-dependent resolving 
ower 

n order to match the observational data from JWST , we convolve
he model spectra with a wavelength-dependent Gaussian kernel,
here the kernel width is determined by the instrument’s non-
niform resolving power ( R ). This ensures that the model spectra
re degraded to the same resolving power as the observations
efore performing retrieval analysis. 
We assume that the NIRSpec instrument is slit limited, while
IRI LRS is source limited (S. A. Beiler et al. 2023 ). In case of a
lit limited instrument, R can be calculated via: 

 = λ

2 δλ
, (10) 

here δλ is the pixel width. 
In the source limited case, R is given by: 

 = λ

δλ
[ 
θ ′′ (λ) /θ ′′ 

pix 

] , (11) 

here θ ′′ (λ) is the primary’s FWHM in arcsec and can be ex-
ressed as (648000 /π )1 . 028 λ/D . D is the 6.5-m primary mirror
f JWST and θpix = 0 . 11 arcsec is the angular size of a pixel. For
urther details, we refer the reader to S. A. Beiler et al. ( 2023 ).
irst, we calculate the wavelength-dependent R of SDSS1416, we
hen interpolate R to the wavelength of GJ 499 C. The wavelength-
ependent R can be seen in Fig. 4 , spanning ∼30 to ∼280. 

.2 Sampler and model selection 

o constrain the model parameters, the emcee python package
D. Foreman-Mackey et al. 2013 ) is utilized, which is a widely
sed Markov Chain Monte Carlo (MCMC) ensemble sampler.
CMC samples the model parameters based on user-defined pri-
rs and gradually builds up the posterior probability distribution
or those parameters. For each model run, typically we use 50 000
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Figure 4. The resolving power as a function of wavelength for both 
NIRSpec and MIRI instruments. 

Table 4. Interpretation of �BIC values. 

�BIC Strength of evidence 

0–2 Not significant 
2–6 Moderate evidence 
6–10 Strong evidence 
> 10 Very strong evidence 
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terations with 10 000 burn-in and 16 walkers for each parame-
er. Then, we re-initialize the parameters based on the median 
etrieved values for another 30 000–50 000 iterations for a better
onvergence. The convergence is validated via visual inspection. 
he emcee sampler also gives us the maximum likelihood, which 
an be used to obtain the Bayesian information criterion (BIC; E.
it, E. v. d. Heuvel & J.-W. Romeijn 2012 ) that also takes into
ccount how many parameters the model has via: 

IC = −2 ln Lmax ,wl[::2] + k ln (N/ 2) , (12) 

here Lmax ,wl[::2] is the maximum likelihood using every second 
avelength points due to the pixel resolution element of ∼ 2, 
 is the number of model parameters, and N is the number of 
avelength elements. We only take into account every second 
avelength point due to the resolution element (S. A. Beiler 
t al. 2023 ) to ensure that the BIC is computed assuming the
orrect number of independent flux measurements, avoiding cor- 
elations between pixels within the same resolving element (see 
ection 4.1.4 ). In general, a model with more parameters will be
ess favoured compared to one with fewer parameters, unless it 
rovides a significantly better fit. The model corresponding to 
he lowest BIC value is selected as the best fit. By comparing the
IC values of the different models ( �BIC), we can also find the
inning model (see the significant thresholds in Table 4 ). 
The tolerance parameter in the emcee sampler mitigates 
verly optimistic uncertainty estimates in parameter inference by 
ncorporating an additional error term in the likelihood function. 
his term inflates the effective uncertainties during the fit. Since 
he data come from two instruments with different SNR ranges, 
e assign separate tolerance parameters to each. The priors of 
he model parameters adopted from B. Burningham et al. ( 2017 ),
re shown in Table 5 . These priors are chosen to be broad while
xcluding physically unfeasible or numerically unstable regions 
f parameter space. The lower limit of the gas mixing ratio is
og fgas as the chosen species are not expected to produce de- 
ectable spectral features in the data below this abundance. The 
rior on log g is restricted by the derived mass, ensuring that the
etrieved surface gravity and radius (through the R2 /D2 scaling 
arameter) fall within the expected mass range of a substellar 
bject. We adopt an upper mass prior of 80 MJup , slightly above
he expected hydrogen mass-burning limit of approximately 75–
9 MJup (I. Baraffe et al. 2003 ; G. Chabrier et al. 2023 ). This higher
imit allows the retrieval to include objects straddling the stellar–
ubstellar boundary, as the luminosities of the companions are 
onsistent with both high-mass BDs and very low-mass stars. The 
ressure priors span the full atmospheric pressure range of the 
odel grid ( −4 . 0 ≤ log P (bar) ≤ 2 . 3 ), allowing cloud opacity and
he reference pressure of the rainout to be placed throughout 
he observable atmosphere. The priors on the temperatures are 
ntentionally broad, with an upper limit of 6000.0 K, to avoid
iasing the retrieved thermal structure, while remaining within 
hysically and numerically stable limits. However, as mentioned 
n Section 4.1.1 , inversion is allowed in some of our runs. Fur-
hermore, the priors on the clouds’ optical depth allows both 
ptically thin and thick clouds, whereas the vertical extent allow 

oth compact and extended cloud solutions. The Hansen particle 
ize priors cover a wide range of condensate grain sizes, with a
og-uniform prior on effective radius ( −3.0 < log a (µm) < 3.0) to
void favouring any particular scale, and a uniform prior on the
istribution spread (0.0 < b < 1.0). 

 RESULTS  

e test different cloud models as mentioned in Section 4.1.3 for
ach target with and without thermal inversion. The top 10 best-
tting models for SDSS1416 and GJ 499 C are listed in Table 6 . For
oth targets, the �BIC value between the first and second best
odel are much larger than 10, indicating very strong evidence 
avouring the models with the lowest BIC values. In addition, we
lso calculate the reduced χ2 of the top three models using the
pectra observed by only either the NIRSpec or MIRI instruments
Table 7 ). The reduced χ2 values are consistent with the � BIC
alues in the case of SDSS1416. The winning model of GJ 499 C
lso provides the best fit in the MIRI region with a reduced χ2 of 
6.50. However, the reduced χ2 in the NIRSpec region is the best
n the case of a model that includes an enstatite slab and iron deck
loud with no thermal inversion, which is the third best model
ased on �BIC values. Its NIRSpec region has a reduced χ2 of 
0.23, however its MIRI region performed much worse with a re-
uced χ2 of 112.66. This indicates that performing retrievals over 
 narrower wavelength region might provide a better fit within 
hat region, however, that specific model might fail to reproduce 
he full spectrum. 
In general, SDSS1416 preferred models without thermal in- 
ersion. Enstatite (MgSiO3 ) slab cloud with an iron (Fe) deck 
loud provided the best overall fit based on the BIC value, which
s expected due to the known Mg/Si ratio of the primary (see
ection 2 ). As for GJ 499 C, the winning model consists of silicon
onoxide (SiO) and forsterite (Mg2 SiO4 ) slab clouds and an Fe 
eck cloud. Furthermore, it favours the presence of a thermal in-
ersion in the upper atmosphere starting at log P ∼ −2 . 2 bar. We
onclude that the inversion is not an artefact of the tested thermal
odel as the model without inversion but with the same cloud
ombination provides a worse fit with a BIC value of 110.54. We
urther discuss the thermal inversion of GJ 499 C in Section 6.6 . 
MNRAS 552, 1–26 (2026)



8 V. Kecskeméthy et al.

M

Table 5. Parameters and priors of the retrieval models. 

Parameter Prior 

Gas mixing ratio Uniform, log fgas ≥ −12 . 0 , ∑ 

gas fgas ≤ 1 . 0 
Reference pressure of rainout ( Pr ) Uniform, −4.0 ≤log P≤ 2.3 
Non-uniform gradient ( αg ) Uniform, 0.0 <αg ≤ 1.0 
Thermal profile temperatures Uniform, 1 . 0 K < Ti < 6000 . 0 K 

Thermal profile other parameters ( α, δ) Uniform, 1 . 0 < α < 2 . 0 and −20 . 0 < ln (δ) < 0 . 0 
Gravity (log g) Uniform, restricted by 1 MJup ≤ gR2 /G ≤ 80 MJup 
Slab cloud base pressure ( Pbase ) Uniform, −4.0 ≤ log( Pbase ) ≤ 2.3 
Slab cloud thickness ( � log Ps ) Uniform, log( Pbase ) ≤ log( Pbase + �P) ≤ 2.3 
Slab cloud total optical depth ( τcloud ) Uniform, 0.0 ≤τcloud ≤ 100.0 
Deck cloud top pressure ( Ptop ) Uniform, −4.0 ≤ log( Ptop ) ≤ 2.3 
Deck cloud decay height ( � log Pd ) Uniform, 0.0 ≤� log Pd ≤ 0.44 
Hansen distribution effective radius ( a ) log-uniform, −3.0 <log a (µm) < 3.0 
Hansen distribution spread ( b) Uniform, 0.0 <b< 1.0 
Wavelength shift ( �λ) Uniform, −0.01 < �λ< 0.01 
Tolerance parameter Uniform, log 

(
0 . 01 ×min 

(
σ 2 
i 
)) ≤ b ≤ log 

(
100 ×max 

(
σ 2 
i 
))

Table 6. Summary of the 10 best-fitting retrieval models. 

Target 

SDSS1416 Clouds Inversion Figure reference name �BIC Silicate χ2 

Enstatite + Iron No MgSiO 3 + Fe (noInv ) 0 8.97 
Silicon monoxide + Iron No SiO + Fe (noInv ) 43.06 9.54 
Silicon monoxide + Iron Yes SiO + Fe 45.76 11.37 
Forsterite + Silicon monoxide + Iron No SiO +Mg 2 SiO 4 + Fe (noInv ) 56.83 7.19 
Forsterite + Iron No Mg 2 SiO 4 + Fe (noInv ) 70.27 19.84 
Enstatite + Quartz + Iron No MgSiO 3 + SiO 2 + Fe (noInv ) 75.48 9.89 
Enstatite + Forsterite + Iron No MgSiO 3 +Mg 2 SiO 4 + Fe (noInv ) 78.10 13.67 
Enstatite + Forsterite + Iron Yes MgSiO 3 +Mg 2 SiO 4 + Fe 80.46 9.03 
Forsterite + Iron Yes Mg 2 SiO 4 + Fe 96.30 14.90 
Enstatite + Quartz + Iron Yes MgSiO 3 + SiO 2 + Fe 125.74 8.49 

GJ 499 C Clouds Inversion Figure reference name �BIC Silicate χ2 

Forsterite + Silicon monoxide + Iron Yes SiO +Mg 2 SiO 4 + Fe 0 40.40 
Silicon monoxide + Iron Yes SiO + Fe 68.12 57.42 
Enstatite + Iron No MgSiO 3 + Fe (noInv ) 94.02 33.56 
Silicon monoxide + Iron No SiO + Fe (noInv ) 109.56 63.24 
Forsterite + Silicon monoxide + Iron No SiO +Mg 2 SiO 4 + Fe (noInv ) 110.54 59.72 
Quartz + Iron No SiO 2 + Fe (noInv ) 160.32 56.06 
Forsterite + Quartz + Iron No SiO 2 +Mg 2 SiO 4 + Fe (noInv ) 183.89 71.47 
Enstatite + Iron Yes MgSiO 3 + Fe 194.13 54.81 
Enstatite + Silicon monoxide + Iron No SiO +MgSiO 3 + Fe (noInv ) 204.01 39.27 
Enstatite + Silicon monoxide + Iron Yes SiO +MgSiO 3 + Fe 273.96 198.02 

Notes. The columns list: target name; cloud configuration; whether a thermal inversion was allowed (see Section 4.1.1 for details); the label used for 
the figures; the �BIC relative to the best model (where 0 denotes the preferred model); the reduced χ2 of the silicate feature between 7.5–11.5 µm; 
and the reduced χ2 of the NIRSpec and MIRI region, respectively. 

Table 7. Comparison of the three best-fitting retrieval models for each target. 

Target Clouds Inversion 
NIRSpec 

χ2 MIRI χ2 

SDSS1416 Enstatite + Iron No 6.01 7.83 
Silicon monoxide + Iron No 6.99 8.93 
Silicon monoxide + Iron Yes 7.16 8.63 

GJ 499 C Forsterite + Silicon 
monoxide + Iron 

Yes 30.17 26.50 

Silicon monoxide + Iron Yes 30.05 30.88 
Enstatite + Iron No 20.23 112.66 

Notes. Columns are: the cloud species included in each model, whether a thermal inversion is allowed, 
and the reduced χ2 values calculated separately for the NIRSpec and MIRI spectra. 
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Figure 5. The maximum-likelihood spectra on the top figure for SDSS1416 (left) and GJ 499 C (right) and the residuals normalized by the observational 
error on the lower figure. 
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.1 Retrieved spectra 

he maximum-likelihood spectrum with residuals of our top- 
anked model based on the BIC values are shown in Fig. 5 . 
The maximum-likelihood spectrum is defined as the model 
pectrum that maximizes the likelihood across all iterations. In 
eneral, the model spectrum fits the whole 1–12 µm region of 
DSS1416 well, however, it struggles to provide a perfect fit in the
 and H bands. This might be due to incorrect way of modelling
he non-uniform FeH abundance, which we discuss later in Sec- 
ion 6 . 
The normalized residuals peak between ∼ 5 . 5 –6.5 µm for both

argets. Within this wavelength region, the slope is caused by 
2 O (see the top panel of Fig. 1 ). While the models reproduce
he shape of this feature, they struggle to fit it due to a wave-
ength shift. Furthermore, the residuals are normalized by the 
v  

igure 6. The retrieved median temperature–pressure profile is shown in b
verplotted in green for SDSS1416 (left) and in blue for GJ 499 C (right). Con
ith self-consistent Sonora Diamondback cloudy atmosphere models (C. V. M
ssuming solar metallicity and C/O ratio, log g ∼ 5.5, and a sedimentation effici
f the photosphere. The right-hand side of the figures show the vertical locat
raduated blue shading on the top of the deck cloud is the decay height. 

er
bservational errors and within this wavelength range, the SNR 

s exceptionally high, which can be seen in Fig. 1 . 
In the case of GJ 499 C, the residuals in the H and J bands are
ore prominent. Additionally, the winning model for GJ 499 C 

truggles to find the shape of the silicate feature, especially at ∼
.8 µm. 

.2 Retrieved thermal profiles and cloud properties 

e show the retrieved thermal profile with cloud locations in 
ig. 6 . 
For comparison, we overplot several self-consistent cloudy 
onora Diamondback models (C. V. Morley et al. 2024 ) with
og g ∼ 5.5 and sedimentation efficiency fsed = 2, spanning ef- 
ective temperatures of 1500 and 1700 K. This surface gravity 
alue is chosen as our top four best models of each target over-
MNRAS 552, 1–26 (2026)

lack, with 1000 randomly drawn samples from the MCMC posterior 
densation curves are also included in dashed lines as labelled, together 
orley et al. 2024 ) at effective temperatures of 1500, 1600, and 1700 K, 
ency of f sed = 2. The shaded grey area indicate the approximate location 
ion of the clouds and the 1 σ error in purple and grey, respectively. The 

sity of H
ertfordshire user on 07 O

ctober 2026
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Figure 7. The retrieved top pressure of the iron deck (top figure) and 
cloud base of enstatite slab (bottom figure) clouds of our top 10 best-fitting 
models for SDSS1416. Model results are colour coded based on their �BIC 
values and are labelled on the x-axis as mentioned in Table 6 . 
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Figure 8. The retrieved iron deck (top figure) and enstatite slab (bot- 
tom figure) Hansen a parameter of our top 10 best-fitting models for 
SDSS1416. Model results are colour coded based on their �BIC values 
and are labelled on the x-axis as mentioned in Table 6 . 
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ll predicted a value closer to log g ∼ 5.5 than 5.0, which we
ater discuss in Section 6.3 . Our top model predicts a log g of 
.40+0 . 03 

−0 . 06 and 5.23
+0 . 05 
−0 . 09 for SDSS1416 and GJ 499 C, respectively.

dditionally, the chosen sedimentation efficiency and effective
emperatures are expected values for mid-L dwarfs (B. Burn-
ngham et al. 2021 ). These models predict higher temperatures
verywhere within the atmosphere of SDSS1416, except below
he location of the expected photosphere where they underesti-
ate the temperature. Interestingly, the cloudless Sonora Bobcat
odels so far showed lower temperature in the photosphere of 
 dwarfs than the retrieved thermal profile (e.g. B. Burningham
t al. 2017 ; E. C. Gonzales et al. 2020 ). This suggests that the
nclusion and treatment of clouds has a considerable impact on
he resulting thermal profiles, with self-consistent cloudy models
redicting warmer atmospheres than both cloudless models and
ur retrieved profile in the photospheric region. In addition, C. L.
hillips et al. ( 2024 ) also found that the Sonora Diamondback
odels poorly match the retrieved thermal profile. Fig. 6 also
hows the condensation curves – that are obtained using phase
quilibrium calculations and thermochemical model grids – of 
ome of the cloud species (C. Visscher, K. Lodders & B. Feg-
ey 2010b ; C. Visscher & J. I. Moses 2011 ; D. Grant et al. 2023 ). The
eft-hand side of these curves (i.e. lower temperatures) indicate
he regions where clouds might form, but it is not necessarily
uaranteed. 
NRAS 552, 1–26 (2026)

s

.2.1 Cloud properties of SDSS1416 

n the case of SDSS1416, the median pressure of the enstatite slab
ase (log PMgSiO3 ∼ −0.61 bar) and the top of the iron deck where
t becomes optically thick (log PFe ∼ 0.89 bar) can be found left to
heir respective condensation curves, as expected (Fig. 6 ). Fig. 7
hows the retrieved cloud base pressure levels for the top 10 best
odels based on their BIC values. The top panel clearly indicates
hat the best-fitting models agree on the retrieved values of log
Fe , which are well constrained. On the other hand, the spread of 
alues for log PMgSiO3 are more significant, which is shown in the
ower panel. 
The retrieved Hansen a particle effective radii for the enstatite
loud is log aMgSiO3 = −0.48+0 . 10 

−0 . 08 µm and for the iron cloud is
og aFe = 0.20+0 . 08 

−0 . 05 µm. We plot the retrieved iron deck Hansen a
arameter for our top 10 best-fitting models in Fig. 8 (top panel).
hile most of the models predicted larger particle radii than the
inning model with a mean of log aFe ∼ 0.48 µm, their uncertain-
ies are much larger as well. However, the best two models share
imilar retrieved Hansen a radii with extremely small uncertain-
ies. The corresponding figure for the enstatite Hansen a radii can
e found in the lower panel of Fig. 8 , showing the five models that
ncluded this cloud species. Each model has significantly differ-
nt result, indicating a strong model dependence. The corner plot
f the thermal profile and cloud parameters for this target can be

een in Fig. A1 . 
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Figure 9. The retrieved top pressure of the Fe deck (top figure), and 
the base pressure for SiO slab (middle figure), and Mg2 SiO4 slab (bottom 

figure) clouds of our top 10 best-fitting models for GJ 499 C. Model results 
are colour coded based on their �BIC values and are labelled on the x-axis 
as mentioned in Table 6 . 
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and Mg2 SiO4 slab (bottom figure) Hansen a parameter of our top 10 best- 
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their �BIC values and are labelled on the x-axis as mentioned in Table 6 . 
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.2.2 Cloud properties of GJ 499 C 

ithin the atmosphere of GJ 499 C, the winning model’s me-
ian base pressure for SiO and Mg2 SiO4 is log PSiO = −0.71 and 
og PMg2 SiO4 = 0.11 bar, respectively. Both clouds lie within the ap- 
roximate location of the photosphere, well below the inversion. 
n the case of the winning model, the cloud locations are well
onstrained (see the middle and bottom panels of Fig. 9 ), while
ther models struggle to recover these values with much larger 
ncertainties. The retrieved median Hansen a particle effective 
adii for SiO is log aSiO −0.59 µm, which is well constrained and 
hares a similar value with the best four models (middle panel of 
ig. 10 ). The retrieved median Hansen a parameter for Mg2 SiO4 
s log aMg SiO = −1.62 µm. Only two other models have forsterite 
2 4 p
loud with considerably different Hansen a parameter and much 
arger uncertainties (bottom figure of Fig. 10 ), however, they 
anked poorly based on their BIC value. 
For the top of the iron deck, where the cloud becomes optically

hick ( τ = 1.0), most models agreed on the retrieved value. The
inning model has a median of log PFe of 0.98 bar. The average
alue of this retrieved parameter among the models is 1.03 bar,
hich is shown in the top panel of Fig. 9 . The retrieved median
article effective radii of the iron deck is log aFe = 1.40. The top
anel of Fig. 10 shows that this retrieved parameter varies among
he top 10 models with the winning model retrieving the largest
adii. The corner plot of the retrieved cloud and thermal profile
MNRAS 552, 1–26 (2026)

arameters is presented in Fig. A2 . 
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Figure 11. Contribution functions of the winning retrieval model for SDSS1416 (left-hand side) and GJ 499 C (right-hand side). The pressure levels 
where the gas optical depth reaches τgas = 1 are indicated. Dashed lines represent the τ = 1 surfaces of the individual cloud species as labelled. 
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.2.3 Contribution functions 

ig. 11 shows the contribution functions of both targets based on
he best-fitting models, which is defined as 

(λ, P ) = B (λ, T (P ))
∫ P2 
P1 d τ

exp 
∫ P2 
0 d τ

, (13) 

here B (λ, T (P )) is the Planck function and P1 and P2 define the
ressure boundaries of the layer. Darker black shading indicates
 higher relative contribution to the emergent flux. It can be seen
rom the figures that the visible photosphere is roughly between
og Pphotosphere ∼ −1.5 and 1.0 bar. The cyan line on the figure
ndicates where the gas optical depth is τ = 1.0. The blue, orange,
ed, and green dashed lines are the τ = 1.0 surfaces of MgSiO3 ,
iO, Mg2 SiO4 , and Fe clouds, respectively. 
In the case of SDSS1416, the emergent flux is coming from

he MgSiO3 cloud at ∼ 0.2 bar between 1.0 and 2.0 µm. In the
eeper levels at ∼ 8 bar, the iron deck becomes an important
ontributor between ∼ 1.0–2.2 and ∼ 3.5–4.1 µm. Over the rest
f the spectral range, the iron cloud opacity is beneath the gas
pacity, in agreement with previous studies of directly imaged
xoplanets and L dwarfs (P. Mollière et al. 2020 ; B. Burningham
t al. 2021 ). 
The photosphere of GJ 499 C is similarly set by the gas opacity
cross most wavelengths below which τFe lies at ∼ 10 bar, con-
ributing minimally to the observed spectra below 2.2 µm. The
ontribution function of GJ 499 C shows that the silicate clouds
o contribute at shorter wavelengths ( < 3.0 µm) as well as around
he silicate region at ∼ 10 µm. While SiO is more important
t shorter wavelengths below 3.0 µm, Mg2 SiO4 contributes the
ost within the silicate region ( ∼ 8.7–10.0 µm). This phenomena
as been seen in B. Burningham et al. ( 2021 ), where the shorter
avelengths of the L4.5 dwarf 2M2224 −0158 was dominated by
iO2 meanwhile MgSiO3 played a more important role within the
ilicate feature. 

.3 Atmospheric composition 

able 8 shows the median and the maximum likelihood of the
etrieved gas fractions and the parameters related to non-uniform
bundances. Additionally, the corner plot of the relevant param-
ters for both targets are presented in Figs A3 and A4 . We discuss
he chemical make-up properties of each target separately in the
NRAS 552, 1–26 (2026)

ext subsections. p  
.3.1 Retrieved gas fractions of SDSS1416 

he left-hand side of Fig. 12 shows the winning model’s me-
ian abundances of SDSS1416 along with thermochemical equi-
ibrium predictions computed using the derived C/O ratio and
etallicity [M/H] from the grid models (C. Visscher, K. Lod-
ers & B. Fegley 2006 ; C. Visscher, J. I. Moses & S. A. Saslow
010a ; C. Visscher 2012 ; M. S. Marley et al. 2021 ). The gas fraction
f FeH and CrH and their Pref and α are not well constrained,
hich may explain the larger residuals observed in the J and H
ands of the modelled spectra. The abundance of CrH is overes-
imated everywhere within the atmosphere by ∼ 1.0 dex, whereas
he retrieved FeH has a ∼ 1.0 dex lower abundance below the pho-
osphere. However, at ∼ 10 bar, where the photosphere starts, the
odelled FeH and the predicted FeH are consistent. At shallower
ressure levels, the modelled FeH is increasingly overestimated
ompared to the predicted FeH. Additionally, the rainout of FeH
ccurs at the bottom of the photosphere, which is similar to our
etrieved Pref, FeH . Despite this partial agreement, the simple non-
niform abundance parametrization adopted here – defined by
 single reference pressure for rainout and its gradient – fails
o reproduce the thermochemical predictions in both amplitude
nd shape. This suggests that a more physically motivated treat-
ent of non-uniform gas abundances will be required to con-
istently match the predicted behaviour, e.g. adding a second
eference pressure with its own gradient or using an exponential
rofile. 
The other gases – which are assumed to be uniform with alti-

ude – are well constrained. Our vertically constant CO mixing ra-
io matches the predicted CO mixing ratio in most part of the pho-
osphere. Furthermore, in the middle of the photosphere between
0.1 and ∼ 1 bar, our retrieved H2 O matches the predicted H2 O.

n the other pressure levels, the predicted H2 O is slightly larger,
y 0.1–0.5 dex. These trends with H2 O and CO were also visible
n B. Burningham et al. ( 2021 ), who studied the atmosphere of a
ifferent L dwarf. However, our retrieved thermal profile shows
 cold upper atmosphere with temperatures lower than 500 K,
hich explains why the predicted H2 O and CO mixing ratio drops
xtremely, while the predicted CH4 overtakes as the main carbon-
earing species. Similarly to our results, previous studies on L
warfs also struggled to match the retrieved CH4 and CO2 mixing
atios with the predictions. While these previous findings indi-
ated that the retrieved CO2 is overestimated compared to the
redictions (e.g. B. Burningham et al. 2021 ; C. L. Phillips et al.
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Table 8. Median values with 1 σ confidence intervals for retrieved gas abundances and the non- 
uniform abundance parameters (log Pref and α). 

Target 

SDSSJ141659.78 + 500626.4 log fgas Median 
H2 O −3 . 50+0 . 02 

−0 . 03 
CO −3 . 08+0 . 03 

−0 . 03 
CO2 −6 . 97+0 . 11 

−0 . 12 
CH4 −5 . 53+0 . 05 

−0 . 05 
SiO −4 . 51+0 . 14 

−0 . 14 
TiO −7 . 58+0 . 19 

−0 . 28 
VO −8 . 73+0 . 10 

−0 . 10 
CrH −6 . 77+0 . 61 

−0 . 55 
FeH −6 . 12+1 . 47 

−1 . 07 
K +Na −5 . 85+0 . 14 

−0 . 19 

SDSSJ141659.78 + 500626.4 Non-uniform abundance 
parameter 

Median 

log Pref, CrH 1 . 03+0 . 38 
−0 . 20 

αCrH 0 . 46+0 . 20 
−0 . 13 

log Pref, FeH 1 . 44+0 . 57 
−0 . 44 

αFeH 0 . 37+0 . 17 
−0 . 07 

GJ 499 C log fgas Median 

H2 O −3 . 58+0 . 03 
−0 . 04 

CO −3 . 16+0 . 05 
−0 . 06 

CO2 −9 . 03+1 . 78 
−2 . 12 

CH4 −5 . 73+0 . 10 
−0 . 10 

SiO −4 . 33+0 . 13 
−0 . 13 

TiO −9 . 76+1 . 10 
−1 . 24 

VO −10 . 51+0 . 86 
−0 . 96 

CrH −6 . 47+0 . 41 
−1 . 24 

FeH −5 . 37+0 . 90 
−0 . 67 

K +Na −6 . 00+0 . 15 
−0 . 23 

GJ 499 C Non-uniform abundance 
parameter 

Median 

log Pref, CrH 0 . 97+0 . 16 
−0 . 11 

αCrH 0 . 28+0 . 24 
−0 . 01 

log Pref, FeH 1 . 46+0 . 34 
−0 . 32 

αFeH 0 . 32+0 . 14 
−0 . 04 
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024 ), our results show that it is underestimated in the photo-
phere. Between ∼1–10 bars our model somewhat match the CO2 
rediction. On the other hand, the modelled CH4 only matches 
he prediction at one pressure level, where they cross at ∼ 4 bar. 
As for SiO, VO, TiO, and the combined K + Na fractions, the
redictions indicate that they decrease significantly within the 
hotosphere. For each species, within the photosphere, our mod- 
lled mixing ratios are lower than the prediction by ∼ 0.5 dex (in
he case of TiO by ∼ 1.0 dex) below their rainout pressure levels.

.3.2 Retrieved gas fractions of GJ 499 C 

he right-hand side of Fig. 12 represent the target’s retrieved gas
ractions with equilibrium predictions. The modelled FeH and 
rH have a very similar issue, indicating that the existence of a
emperature inversion does not change their result. The predicted 
rH abundance is lower by ∼ 1.0 dex, whereas the retrieved FeH
s somewhat similar to the prediction below the photosphere. 
bove that pressure level, our FeH is considerably higher than 
he prediction and their mismatch is increasing with shallower 
ressure levels. 
Furthermore, we are unable to constrain CO2 , VO, and TiO, 
ut receive very small uncertainties on CO, H2 O, SiO, and the
ombined Na + K fractions. Our model with the predicted CO
hows almost perfect match, except where the inversion occurs, at
0.01 bar. We slightly underestimate the mixing ratio of H2 O by
.1–0.5 dex, similarly to SDSS1416. Within the photosphere, we 
lightly underestimate SiO and K + Na by approximately 0.1 and
.5 dex, respectively, except below ∼1 bar and ∼0.03 bar where
he predictions show an extreme drop. Due to the inversion, their
redicted mixing ratios increase in the top of the atmosphere, 

−3 
MNRAS 552, 1–26 (2026)
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Figure 12. The logarithmic of the retrieved gas fractions as labelled versus the logarithmic of pressure. The shaded regions indicate the 1 σ confidence 
interval. Dashed lines are equilibrium predictions based on our derived [M/H] and C/O values (see the text for details). The figures on the left are the 
results of SDSS1416, whereas the figures on the right are the retrieved gas fractions of GJ 499 C. 
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 DISCUSSION  

.1 The non-uniform gas abundance parametrization 

ur non-uniform gas abundance parametrization consists of two
xtra parameters: a reference pressure and its gradient. This
arametrization is suitable for if the deep atmosphere is hot
nough to maintain equilibrium chemistry, while the shallower
ressure levels experience quenching due to vertical mixing. 
As it is shown in Fig. 12 , our model fails to constrain the
arameters of FeH and CrH, which leads to a poorer fit in the
 and J band in both targets’ spectra. This suggests that a more
hysically motivated treatment of non-uniform gas abundances
ill be required to consistently match the predicted behaviour,
.g. adding a second reference pressure with its own gradient or
sing an exponential profile. 
NRAS 552, 1–26 (2026)
Another possibility is that the vertical behaviour of these
pecies cannot be described well by simple depletion profiles. If 
here are too few condensation seeds, a gas can remain in the
tmosphere even when it should normally condense, which has
een shown for water (J. Mang et al. 2024 ). 

.2 C/O ratio and metallicity 

sing the formulae mentioned in Section 4.1.2 , we find that
DSS1416 has a super-solar C/O = 0.71+0 . 01 

−0 . 01 . Top-left panel of 
ig. 13 shows that the C/O ratios inferred from the other mod-
ls are consistent with, and closely clustered around, this value.
dditionally, we infer [M/H] = 0.22+0 . 03 

−0 . 03 . The best-fitting models
ead to similar values regardless of cloud combination (top-right
anel of Fig. 13 ), although this value is higher than that of the
rimary star ([M/H] = −0.084 ±0.10). From our retrieval we also
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Figure 13. Top row: inferred C/O ratio and [M/H] of the top 10 best-fitting models for SDSS1416. Bottom row: retrieved log g and inferred radius of the 
same models. Dashed line shows the mean value among the models. 
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btain [C/H] = 0.31 ±0.03 and [O/H] = 0.19 ±0.03 for SDSS1416,
hile the host star has [C/H] = 0.00 ±0.18 and [O/H] = 0.03 ±0.23
ased on the findings by C. L. Phillips et al. ( 2026 ). Although
ur estimated values for the companion are higher, the measure- 
ents remain consistent within the relatively large uncertainties 
f the stellar abundances. We also calculate [Fe/H] using the 
etrieved gas fraction of FeH, which yields [Fe/H] = −1.80+1 . 47 

−1 . 07 . 
ince our FeH is not well constrained, the uncertainties on this
alue is large, and even the upper bound is smaller than the
rimary’s [Fe/H], which is −0.08 ±0.04. 
Since the most important carbon-, and oxygen-bearing species 
re well constrained in GJ 499 C, we are able to calculate the
arbon-to-oxygen ratio. We infer a slightly super-solar C/O ratio 
f 0.69+0 . 02 

−0 . 02 and a metallicity of [M/H] = 0.13+0 . 04 
−0 . 06 for this target. 

hile our other retrieval models agree on the value of [M/H],
here is slight disagreement in the inferred C/O ratio, ranging 
rom 0.55 to 0.73 (Fig. 14 , top row). Furthermore, we estimate
C/H] = 0.22+0 . 05 

−0 . 06 , [O/H] = 0.12+0 . 04 
−0 . 05 , and [Fe/H] = −1.05+0 . 90 

−0 . 68 . 
he latter’s 1 σ uncertainty overlaps with the error of the pri-
ary’s [Fe/H] (Table 1 ). 
Overall, both targets exhibit super-solar C/O ratios. In the case 
f GJ 499 C, it can be explained by gas-phase oxygen depletion
ue to condensation and rainout of silicate species that lie within
he photosphere, whereby oxygen is sequestered into condensates 
nd removed from the observable atmosphere (A. Burrows & 

. M. Sharp 1999 ). 
The estimated C/O ratio of HD 125141 is 0.56 ±0.16 and only

he upper bound of this range overlaps with the C/O ratio in-
erred for SDSS1416. However, C. L. Phillips et al. ( 2026 ) found
n expected oxygen sequestration fraction of 20.5 per cent for the
rimary star following the theoretical framework presented by E. 
alamari et al. ( 2024 ). If we assume SDSS1416 shares the same
ulk C/O ratio as its primary (i.e. 0.56 ±0.16) and account for this
xygen sequestration, then the expected atmospheric C/O ratio 
hould be 0.70, in excellent agreement with our estimated value 
f 0 . 71+0 . 01 

−0 . 01 . This suggests that the elevated atmospheric C/O ratio
f SDSS1416 can be explained by oxygen rainout rather than a
ifferent bulk composition. However, comparing the retrieved 
gSiO3 cloud mass with the available oxygen budget shows that 
he MgSiO3 slab accounts for only ∼1 per cent of the oxygen
vailable within its pressure range. This suggests that the ob- 
erved cloud may represent only part of the total oxygen sink,
ith additional condensate mass potentially residing lower in the 
tmosphere or our silicate cloud’s vertical extent is larger than our
etrieved value. It could also suggest that we are missing a cloud
elow the enstatite cloud. Furthermore, our estimated C/O ratio 
ight be incorrect due to our opacities being sampled at only R
 10 000. 
Similarly to B. Burningham et al. ( 2021 ), the C/O ratio of 
DSS1416 does not depend on the model significantly, while the 
nferred C/O ratio of GJ 499 C exhibits a stronger model depen-
ence. As can be seen in Fig. 11 , in the case of SDSS1416, the
ajority of the cloud opacity in our retrieval model occurs at
ressures deeper than those probed by the dominant gas opacity 
cross most of the spectral range considered. However, in the case
f GJ 499 C, the same conclusion cannot be drawn, as the silicate
louds contribute at shallower pressure levels than the gas opacity
n a significant portion of the spectra. 
MNRAS 552, 1–26 (2026)
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Figure 14. Same as Fig. 13 , but for GJ 499 C. 

6

B  

t  

g  

t  

f  

d  

u  

t  

i

6

U  

e  

n  

c  

e  

S  

2  

v  

t  

t  

m  

m  

i  

E  

e  

Z  

a  

b  

S  

r
 

p  

w  

w  

r  

a  

c  

t
 

S
a  

o  

m  

r  

e  

s  

s  

l  

o  

 

w  

p  

o  

h
F

 

e  

1  

s  

i  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/552/1/stag1622/8776115 by U
niversity of H

ertfordshire user on 07 O
ctober 2026
.3 Constraints on the age 

y estimating the radius and mass of our targets, we can infer
heir ages using self-consistent evolutionary models. One of our
oals is to assess whether these inferred ages are consistent with
he independently determined ages of the primary stars. In the
ollowing subsection, we present these estimates for each BD and
iscuss the resulting age constraints. We note, however, that the
pper mass prior is set to 80 MJup , as their luminosities are consis-
ent with both BD and low-mass star classifications, as mentioned
n Section 4.2 . 

.3.1 Age estimation of SDSS1416 

sing the known distance and the retrieved R2 /D2 scale param-
ter, we infer a radius of R = 0.85+0 . 01 

−0 . 01 RJup . Then, using the
ewly obtained radius and the retrieved log g parameter, we cal-
ulate the mass to be M = 73.7+4 . 9 

−9 . 2 MJup . We use these values to
stimate the age of our target in Fig. 15 . Here, we plot several
onora Diamondback evolutionary models (C. V. Morley et al.
024 ), showing how the radii change over time depending on
arious masses which are between our estimated mass range. In
he case of SDSS1416, we underestimate the radius compared
o the prediction of 73.3 MJup , which is closest to the estimated
edian of our mass (73.7 MJup ). This phenomenon has been seen
any times in L-dwarf retrieval studies regardless of observed
nstrument (e.g. S. Sorahana, I. Yamamura & H. Murakami 2013 ;
. C. Gonzales et al. 2020 ; B. Burningham et al. 2021 ; C. L. Phillips
t al., 2024 ), and has been an issue for T- and Y-dwarfs, too (J. A.
alesky et al. 2019 ; D. Kitzmann et al. 2020 ), although these cases
re not ubiquitous, indicating that the problem is not universal
eyond the L-dwarf regime. Most of our best-fitting retrievals on
NRAS 552, 1–26 (2026)
DSS1416 predicted similarly low radius as shown on the bottom-
ight panel of Fig. 13 . 
As pointed out by D. Kitzmann et al. ( 2020 ), the ‘small radius
roblem’ can be explained by the heterogeneous atmosphere, in
hich dark and weakly emitting regions, potentially associated
ith additional nearly grey cloud opacity at low pressure levels,
educe the inferred emitting area under homogeneous retrieval
ssumptions, indicating that it may be linked to limitations in the
urrent cloud parametrizations. This may also be the reason why
his issue is not common among T- and Y-dwarfs. 
On the other hand, observations from the Transiting Exoplanet
urvey Satellite survey has revealed several transiting 40–70 MJup 
nd 3–6 Gyr BDs with smaller radii than predicted for 10 Gyr
bjects (T. W. Carmichael et al. 2020 , 2021 ), indicating that higher
ass ( > 40 MJup ) L dwarfs reach their asymptotic minimum
adius ∼ 4–7 Gyr earlier than predicted by evolutionary mod-
ls. However, our estimated radius for SDSS1416 is significantly
maller than the asymptotic minimum radius of a BD with a
imilar mass. Other studies, however, showed that BD radii are
arger what evolutionary models predict at 10 Gyr (e.g. see fig. 4
f T. W. Carmichael 2023 or fig. 9 of B. A. Henderson et al. 2024 ).
The problem could also arise from the high surface gravity
hich would imply a higher mass. High surface gravity could be
lausible for old BDs within our estimated mass (e.g. see fig. 14
f C. V. Morley et al. 2024 ). Additionally, our models preferred
igher log g values with a mean above 5.15 (see the bottom left of 
ig. 13 ). 
Nevertheless, our estimated radius matches the predicted mod-
ls of BDs within our mass range between the age of 4.3 and
2.9 Gyr. This is broadly consistent with the age of the primary
tar derived by L. Casagrande et al. ( 2011 ) using Bayesian
sochrone fitting. They report a median age of 4.48 Gyr with a
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Figure 15. The evolution of radius of BDs with masses – that lie within 
our estimated mass range – from the Sonora Diamondback cloudy evo- 
lutionary models of C. V. Morley et al. ( 2024 ), assuming fsed = 2 and 
solar metallicity and C/O ratio. The black horizontal lines represent our 
estimated radii along with the 1 σ uncertainties of SDSS1416 (top) and GJ 
499 C (bottom). The region where our inferred radius with uncertainties 
intersects the evolutionary models corresponding to the lowest and/or 
highest possible mass is highlighted in grey. This represents our estimated 
age of the target. 
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luminosity for SDSS1416 (top) and GJ 499 C (bottom). Black dot with error 
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Sonora Diamondback cloudy evolutionary models as in Fig. 15 . 
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 σ interval of 1.77–7.28 Gyr. The lower bound of our inferred age
ange therefore falls within the 1 σ literature interval, while the 
pper bound extends beyond it. This level of agreement suggests 
hat our retrieved radius and mass provide a physically consistent 
ge estimate. 
The effective temperature ( Teff ) is derived from this flux using

he retrieved radius via the Stefan–Boltzmann relation. We infer 
 Teff of ∼ 1643 and ∼ 1611 K for SDSS1416 and GJ 499 C,
espectively. Fig. 16 shows the effective temperature as a func- 
ion of bolometric luminosity shown as log (L/ L �) . Note, that 
ur original wavelength range only covers 0.55–14.02 µm, there- 
ore we might be missing some of the flux. To assess the impact
f this limited coverage, we calculate the effective temperatures 
rom Sonora Diamondback model spectra corresponding to the 
nes plotted on the thermal profile (Fig. 6 ) within our wave-
ength range and within 0.5–20.0 µm, assuming fsed = 2 , solar 
etallicity and C/O ratio, and a log g of ∼ 5.5. In all cases they
nly differed by ∼ 0 . 1 per cent , therefore we conclude that the
issing flux outside our wavelength range has a negligible impact
n our results, and we do not extrapolate the spectra to longer
avelengths. Our calculated Teff for SDSS1416 is being overesti- 
ated compared to the evolutionary models which could be due 
o the lower-than-expected estimated radius. This could indicate 
hat our retrieved mass is underestimated. The posterior distri- 
ution of the mass peaks near the upper prior limit (see Fig. A3 ).
owever, the derived luminosity using the observed spectra in- 
icates that SDSS1416 is very likely a BD as stellar evolutionary
odels show that stars do not cool to such low temperatures as
ur target (A. Burrows et al. 1997 ), therefore, we believe that its
ass is lower than 80.0 MJup . A low-mass star ( M = 83.8 MJup )
hould have a minimum luminosity of log (L/ L �) ∼ −3.65 based 
n the Sonora Diamondback models, which is much higher than 
ur inferred luminosity for SDSS1416 (see Table 1 ). 
As an independent consistency check of our derived 

undamental parameters, we followed a standard approach 
hat combines atmospheric and evolutionary models. We 
MNRAS 552, 1–26 (2026)
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ompared the observed spectral energy distribution (SED) with
he cloudy Sonora Diamondback atmospheric models using
he SEDA (SED analyser) package (G. Suárez et al. 2021 ; G.
uarez et al. 2025 ). The best-fitting model spectrum was used
o extend the observed SED to wavelengths not covered by the
WST spectra. Integrating the resulting hybrid SED, we found
hat the JWST observations capture approximately 93 per cent
f the total bolometric luminosity of SDSS1416. The derived
og (L/ L �) and the radius inferred from the scaling factor of the
est-fitting model spectrum are consistent within the 1 σ region
f the values obtained from our retrieval analysis. Interpolating
his luminosity and radius on to the Sonora Diamondback
volutionary models assuming solar metallicity yields a mass of 
3 ± 3 MJup and an age of 4 . 3 ± 3 . 6 Gyr, in agreement with the
alue derived from our retrieval analysis. 

.3.2 Age estimation of GJ 499 C 

y using the retrieved R2 /D2 scale parameter and log g, we
alculate a radius and a mass of R = 1 . 00+0 . 02 

−0 . 02 RJup and M =
8 . 0+8 . 5 

−12 . 7 MJup , which are consistent among the best-fitting re-
rieval models (see the bottom row of Fig. 14 ). Although, the
odels that fit less well yields to a much lower log g value. In
he lower panel of Fig. 15 , we estimate the age of the object using
he Sonora Diamondback models. Unlike SDSS1416, our inferred
adius and mass match the predicted radius of the median of 
ur mass posterior. Propagating the 1 σ uncertainties on both the
adius and mass yields to an age of 0.5–0.9 Gyr. We expect a young
ge due to the possible debris disc around the primary found by
. S. Smith et al. ( 2006 ) and considering the possibly lower-than-
xpected radius of SDSS1416, the age of GJ 499 C could be even
ounger. Even though we have limited prior knowledge about the
J 499 system, the inferred mass and radius of GJ 499 C lead
o physically plausible result with a young age of 0.5–0.9 Gyr,
upporting the reliability of our retrieval. Additionally, GJ 499 C is
righter than expected (see Fig. 16 ) indicating a relatively young
ystem. Combining atmospheric models and evolutionary mod-
ls, as described in Section 6.3.1 , we obtained that our observed
ED for GJ 499 C is also ≈ 93 per cent complete and derived
undamental parameters that are consistent with those derived
rom our retrieval analysis. The mass inferred from this approach
s slightly lower ( 56 ± 3 MJup ) but remains consistent within our
etrieved 1 σ uncertainties. The inferred age ( 0 . 62 ± 0 . 08 Gyr)
lso supports the relatively young age of GJ 499 C discussed
bove. In addition, based on the Montreal Open Clusters and
ssociations data base (J. Gagné et al. 2018 , 2026 ; J. Gagné 2024 ),
he K primary has an age estimate of 0.414 ± 0.023 Gyr. Together
ith the known debris disc around the system (P. S. Smith et
l. 2006 ) we conclude that our estimated young age is physically
lausible. However, we note that our retrieved log g is higher than
xpected for BDs of such young ages (C. V. Morley et al. 2024 ). 

.4 The Mg/Si ratio 

ompositional benchmark BDs provide a key test of phase equi-
ibrium cloud formation assumptions, as they are expected to
hare bulk composition with their primary stars. This can be
ested by for example measuring the ratio of rock-forming ele-
ents, such as magnesium (Mg) and silicon (Si). Recently, J. A.
anchez et al. ( 2025 ) found that the Mg/Si ratio of hot gaseous
xoplanets are consistent with those of their primaries, and a
imilar consistency is expected for BDs. 
NRAS 552, 1–26 (2026)
The Mg/Si ratio of the host star is an important indicator of 
he main cloud species in the atmosphere of their BD companion.
ased on the findings of C. L. Phillips et al. ( 2026 ), the primary
f SDSS1416 has an Mg/Si of 0.95 ± 0.07, hence we expect the
ominant cloud species to be MgSiO3 and possibly Mg2 SiO4 (E.
alamari et al. 2024 ). This is consistent with our findings as our
inning model consists of an MgSiO3 slab and an Fe deck clouds.
B. Burningham et al. ( 2021 ) used the same atmospheric re-

rieval framework, brewster , to study the atmosphere of an L
warf. Their winning model consisted of three clouds: MgSiO3 
lab, SiO2 slab, and an Fe deck. They did not measure the Mg/Si
atio directly, instead they inferred a naive Mg/Si ratio from the
elative amounts of their two silicate condensates as: 

g / Si ≈ N(MgSiO3 ) 
N(MgSiO3 ) + N(SiO2 ) 

(14) 

However, for SDSS1416 we only retrieved one silicate cloud,
gSiO3 . Using the same methodology yields to Mg/Si = 1.0. This

s extremely close to the primary’s Mg/Si ratio, which is ∼0.95,
uggesting similar chemical composition. Additionally, we infer
 column density of 2.03 × 10−4 g cm−2 for MgSiO3 . 
As for GJ 499 C, we do not know this ratio of its primary.
or this target, our winning model has two silicate clouds: SiO
nd Mg2 SiO4 . Using the same methodology, we obtain the Mg/Si
ollowing: 

g / Si = 2 N(Mg2 SiO4 ) 
N(SiO ) + N(Mg2 SiO4 ) 

, (15) 

here N denotes the total number of condensate molecules, ob-
ained by vertically integrating the retrieved condensate number
ensity profiles from the atmospheric retrieval. This yields to a
ery high Mg/Si ratio of ∼1.9. We find that around 95 per cent of 
he silicon-bearing condensate moles are in Mg2 SiO4 and the rest
s in SiO. Therefore, this result is dominated by Mg2 SiO4 . Since
e estimated a large ratio with a forsterite dominance, we expect
hat the primary has Mg/Si � 1.4 (E. Calamari et al. 2024 ). The
nferred column density for SiO is 1.7 ×10−4 g cm2 , whereas for
g2 SiO4 it is 1.1 ×10−2 g cm2 , ∼ 60 times higher. 
While the absence of the primary’s Mg/Si ratio in the case of 
J 499 C prevents us to do a direct comparison, for SDSS1416, the
g/Si ratio derived from the retrieved cloud composition closely
atches that of the primary star. This supports phase equilib-
ium cloud formation assumptions and also indicates shared bulk
omposition, as expected for compositional benchmark systems.
n the other hand, the cloud combination found in the atmo-
phere of GJ 499 C is an argument against phase equilibrium
Section 6.5 ). 

.5 Is there an SiO cloud in the atmosphere of GJ 499 C? 

n uncertainty in our study is the presence of the SiO cloud
ithin the atmosphere of GJ 499 C. Based on phase equilibrium
ssumptions, BDs with our estimated Mg/Si ratio should only
ontain Mg2 SiO4 clouds within their atmosphere. On the other
and, having a magnesium-to-silicon ratio of ∼ 1.9 is surprisingly
igh and unexpected for L dwarfs (E. Calamari et al. 2024 ). There-
ore, our results might be missing silicons. 
To further investigate the best cloud combinations for our tar-
ets, we analyse how well our model fits the data within the
ilicate index region (7.5–11 µm) by calculating the reduced χ2 ,
hich we summarize in Table 6 . While in SDSS1416, there is
o significant difference between the best BIC-based model and
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Figure 17. The BIC-preferred model (left-hand side) and the model that best fits the silicate region based on the reduced χ2 (right-hand side) of 
GJ 499 C. 
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he one that fitted the silicate region the best, GJ 499 C shows
 more prominent difference (see Fig. 17 ). The model with SiO
nd Mg2 SiO4 slabs and an iron deck has a reduced χ2 of 40.40 
ithin 7.5–11.5 µm. The model that has MgSiO3 slab and Fe deck 
louds provides a reduced χ2 of 33.56 within the same silicate 
eature region. While the latter reproduces the silicate feature 
ore closely, it is strongly disfavoured by model comparison, with 
 �BIC of 94.02 (see Table 6 ). It is worth noting that in both
ases, there is a slight wavelength offset between the model and 
he data within the silicate feature regardless of cloud composi- 
ion, even though it is expected that the forsterite’s absorption 
fficiency occurs at slightly longer wavelength than the enstatite’s 
bsorption efficiency (B. Riaz 2009 ; T. Henning 2010 ; J. L. Luna &
. V. Morley 2021 ). In the case of the winning model, it could be
ue to the large Hansen a particle size of the SiO. Interestingly,
. Suárez & S. Metchev ( 2023 ) found that high-gravity mid-L
warfs, such as GJ 499 C, are better reproduced by small ( � 0.1
m) amorphous MgSiO3 or SiO grains, which could also indicate 
hat smaller particles are preferred in our case. 
In a recent study by P. Mollière et al. ( 2025 ), the au-

hors retrieved SiO cloud for a late-L dwarf, called PSO 

318.5338 −22.8603, which is estimated to be 12+8 
−4 Myr old. Their 

pproach involved first assessing the goodness of fit of the silicate 
eature and then adopting the best-fitting cloud model for the 
etrieval analysis of the full spectrum. However, just by analysing 
he silicate feature only, we cannot confidently predict the best 
loud combinations. As we show in Fig. 11 , in both targets the
ilicate clouds contribute to the shorter wavelengths as well. This 
urther supports our choice of choosing the BIC-preferred model. 
o investigate whether smaller particle radii are preferred, we 
erun our winning model on GJ 499 C by initializing the Hansan
 particle radius at log a = −1.5 µm with a tight Gaussian of 0.2
entred around it. The model with much smaller particle radii 
ields a worse overall fit with a �BIC of 38. 
The study by P. Mollière et al. ( 2025 ) concluded that the SiO
loud in their target provides evidence for high-altitude SiO 

ucleation, with small condensation nuclei ( < 0.1 µm) form- 
ng in the upper atmosphere and acting as cloud-seeding par- 
icles. However, in our case this scenario is unlikely, as our
etrievals favour somewhat larger submicrometre SiO particles 
 a ≈ 0 . 25µm) located much deeper in the atmosphere, near the
hotosphere (log P ≈ −0 . 71 bar). Fig. 9 shows that in all of our
 i
ested models that included SiO prefer to locate the SiO cloud
n or below the photosphere with large particle radii. To place
hese results in the context of physically motivated cloud models, 
e compared them with predictions using Virga cloud models 
N. E. Batalha et al. 2026 ), assuming Teff = 1600 K, log g = 5.5,
nd [M/H] = 0.0. The predictions yield a mean particle radii of 
0 . 5µm even for low sedimentation efficiency of fsed = 0.5.
hile larger than the very small ( < 0 . 1µm) high-altitude SiO
rain inferred by P. Mollière et al. ( 2025 ), the particles retrieved
ere remain smaller than those predicted by equilibrium cloud 
odels at similar pressure levels. 
While Mg2 SiO4 and SiO would not necessarily coexist assum- 

ng phase-equilibrium chemistry (E. Calamari et al. 2024 ), it can
till be a physically plausible result. Different condensates may 
ominate at different pressure levels. First, Mg2 SiO4 condenses in 
he deeper hotter layers, whereas higher in the atmosphere where 
he temperature is lower, Mg becomes depleted. Hence, these 
older pressure levels might be Mg-poor but Si-bearing, leading 
o SiO clouds. Additionally, it has been shown that the viewing
eometry correlates with the strength of the silicate absorption 
eature and that equatorial latitudes are more cloudy than the po-
ar latitudes (J. M. Vos, K. N. Allers & B. A. Biller 2017 ; G. Suárez
t al. 2023 ). The two silicate clouds, therefore, could be located at
ifferent latitudes. These explanations, however, require future 
odelling for validation. 

.6 The thermal inversion in the atmosphere of GJ 499 C 

hermal inversion has been found in only a few BDs so far. J. K.
aherty et al. ( 2024 ) showed that the CH4 emission feature on
he spectrum of CWISEP J193518.59 −154620.3 can only be fitted 
ith a model that includes thermal inversion. In Fig. 18 , we show
he spectra comparison of our ‘winning’ model for GJ 499 C that
nclude thermal inversion with one that has the same parameters 
n which thermal inversion is disallowed. The model without 
nversion provided a significantly worse fit with a �BIC value of 
10.54. However, this figure indicates that the two models have 
ore mismatched data points within the wavelength region that 
s dominated by the CH4 opacity, which is shown in light brown
nd is between 3.1–4.1 µm, than elsewhere in the spectrum, sug- 
esting that the upper atmosphere temperature structure might 
nfluence the methane-sensitive part of the spectrum. 
MNRAS 552, 1–26 (2026)
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M

Figure 18. Comparison of the ‘winning’ model of GJ 499 C and the same 
model without thermal inversion as labelled. The shaded area represents 
the wavelength region of the CH4 opacity. Top panel: the emission spectra. 
Middle panel: residuals divided by the observational errors. Bottom panel: 
the difference between the winning thermal-inversion model and the no- 
inversion model, measured in units of the observational error. Dotted 
lines indicate wavelengths where the two models differ by more than 1 σ . 
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Table 9. Pearson correlation coefficients between the non-uniform 

CH4 abundance parameters and the higher altitude temperature param- 
eters, including the derived temperature contrasts used as proxies for the 
inversion strength. 

Parameter T1 T2 T3 T1 –T2 T2 –T3 T1 –T3 

CH4 0.13 −0.03 0.13 0.10 −0.08 0.08 
log Pref, CH4 −0.44 0.32 −0.12 −0.44 0.34 −0.37 
αCH4 −0.24 0.12 −0.03 −0.22 0.12 −0.21 
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We then repeated the inversion retrieval using a vertically
ariable CH4 abundance profile. However, in this non-uniform
arametrization, we assume a constant methane abundance
bove a retrieved reference pressure, while below that pressure
he abundance varies with depth according to a retrieved gradi-
nt. This model also retrieved thermal inversion confidently, with
BIC = 28. This indicates that the thermal inversion is not an
rtefact due to our original vertically constant CH4 abundance. 
E. Nasedkin et al. ( 2025 ) also retrieved thermal inversion above
0 mbar with non-uniform CH4 abundance in a T2.5 BD, called
IMP-0136. They found a correlation between the observed ther-
al inversion and the measured CH4 abundance, suggesting that
he methane-sensitive spectral regions probe the upper atmo-
phere thermal structure. 
Motivated by E. Nasedkin et al. ( 2025 ), we perform a statistical

est using the parameters relevant to our thermal profile and CH4 
arametrizations. We compute the Pearson correlations between
ur CH4 parameters and the upper atmosphere temperature
arameters T 1 , T 2 , and T 3 as well as the derived temperature
ontrasts T 1 –T 2 , T 2 –T 3 , and T 1 –T 3 . This can be read in
able 9 . We find negative weak to moderate negative correlation
etween the reference pressure and the temperatures. The
argest correlations are found for Pref ,CH4 , with r ∼ −0 . 44
or T1 and T1 − T2 . This means that the deeper the reference
ressure is, the colder T1 and T1 − T2 are. However, this pressure
oint also shows a weak positive correlation with r ∼ 0 . 32 and
0 . 34 for T2 and T2 − T3 , respectively. This indicates that the
NRAS 552, 1–26 (2026)
nversion is is moderately coupled to the pressure at which the
H4 abundance profile changes, although the correlations are
ot strong enough to suggest that the inversion is primarily
riven by the CH4 parametrization. However, the lack of a stong
pectral feature associated with the inversion – as in CWISEP
193518.59 −154620.3 – suggests deeper investigation is required
o firmly establish its presence and ascertain its origin. Retrievals
cross a larger sample may reveal if some as yet unidentified
ias in the retrieval parametrization is responsible. However,
he presence of an inversion in only one of the two targets
nvestigated here does not make such a conclusion obvious. 

 CONCLUSIONS  

e presented the retrieval analysis of two compositional bench-
ark mid-L dwarfs – SDSS1416 and GJ 499 C – using the brew-
ter retrieval framework. These objects allowed us to test the
lausibility of our retrieval results and place robust constraints
n their atmospheric structure, chemistry, and cloud properties
sing independent information from their primary stars. Both
argets had large silicate indices (SDSS1416: 1.19 ±0.01 and GJ
99 C: 1.32 ±0.01), indicating the presence of silicate clouds in
heir photospheres. 
Our findings on SDSS1416 based on its winning retrieval model
re: 

(i) An MgSiO3 slab cloud with an Fe deck cloud that match
hase-equilibrium assumptions. 
(ii) A retrieved log g of 5.40+0 . 03 

−0 . 06 with and estimated mass of 
3.7+4 . 9 

−9 . 2 MJup . 
(iii) An estimated radius of 0.85+0 . 01 

−0 . 01 RJup . This value is lower
han what the Sonora Diamondback evolutionary models predict
or our median retrieved mass by ∼ 0.04 RJup , however, it is still
onsistent with model predictions within the inferred mass range
eading to an age of between ∼ 4 . 3 –12.9 Gyr. This estimation
oughly falls within the range of the findings of previous studies
n the primary star. 
(iv) A super-solar atmospheric C/O ratio of 0.71+0 . 01 

−0 . 01 , sug-
esting oxygen sequestering, and a slightly metal-rich [M/H] =
.22+0 . 03 

−0 . 03 atmosphere. The enstatite slab cloud might not repre-
ent the total oxygen sink and there might be an additional cloud
ithin the photosphere. 
(v) A host-consistent Mg/Si ratio (BD Mg/Si ∼1.0 versus pri-
ary Mg/Si ∼0.95), consistent with the expected silicate conden-
ation at this magnesium-to-silicon ratio. 

Our results on GJ 499 C: 

(i) Thermal inversion in our retrieval model at ∼ log P = −2.2
ar. 
(ii) Cloud combination of an Mg2 SiO4 and SiO slab with an Fe
eck cloud, challenging phase-equilibrium assumptions. 
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(iii) A retrieved log g of 5.23+0 . 05 
−0 . 09 with and estimated mass of 

8.0+8 . 5 
−12 . 7 MJup . 

(iv) An estimated radius of 1.00+0 . 02 
−0 . 02 RJup . This value matches 

he predicted evolutionary models between 0.5 –0.9 Gyr, without 
ndicating that our radius is significantly underestimated. The 
stimated age is consistent with the age of the primary star. 
(v) A super-solar atmospheric C/O ratio of 0.69+0 . 02 

−0 . 02 , consistent 
ith oxygen sequestration into the retrieved photospheric silicate 
ondensates, and a slightly metal rich [M/H] = 0.14+0 . 04 

−0 . 06 atmo- 
phere. 
(vi) An Mg/Si ratio of 1.9. 

Our results showed compositional consistency between the 
arget SDSS1416 and its primary, considering the large uncer- 
ainties of the host star, lending confidence to the retrieval re-
ults. However, future observations and analyses on the host stars 
re needed to obtain their metallicity and carbon-to-oxygen ratio 
o confirm the shared composition and learn more about their 
ormation. Additionally, knowing Mg/Si ratio of the primary of 
J 499 C, which we expect to be high ( > 1.4), will be essential
or testing whether the inferred Mg-rich composition of the BD 

eflects its natal environment. 
We also find that thermochemical equilibrium alone may 
ot fully describe BD atmospheres. With an Mg/Si ratio of 1.9, 
ne would expect Mg2 SiO4 to be the dominant silicate conden- 
ate, however, our retrieval results yielded the combination of 
g2 SiO4 and SiO silicate clouds, suggesting condensation be- 
aviour not fully described by simple equilibrium models. 
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Figure A1. Corner plot of the posterior distributions and parameter correlations for the thermal and cloud properties of the winning retrieval model 
for SDSS1416. 
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Figure A2. Corner plot of the posterior distributions and parameter correlations for the thermal and cloud properties of the winning retrieval model 
for GJ 499 C. Dashed lines indicate the median and the 1 σ uncertainties. 
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Figure A3. Same as Fig. A1 for SDSS1416 but for the abundances and other fundamental parameters such as log g, radius, and mass. 
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Figure A4. Same as Fig. A2 for GJ499 C but for the abundances and other fundamental parameters such as log g, radius, and mass. 
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