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A B S T R A C T 

At the lowest masses, the distinction between brown dwarfs and giant exoplanets is often blurred and literature classifications 
rarely reflect the deuterium burning boundary. Atmospheric characterization may reveal the extent to which planetary formation 

pathways contribute to the population of very low mass brown dwarfs, by revealing whether their abundance distributions differ 
from those of the local field population or, in the case of companions, their primary stars. The T8 dwarf Ross 458c is a possible 
planetary-mass companion to a pair of M dwarfs, and previous work suggests that it is cloudy. We here present the results of the 
retrie v al analysis of Ross 458c, using archi v al spectroscopic data in the 1.0–2.4 μm range. We test a cloud-free model as well as 
a variety of cloudy models and find that the atmosphere of Ross 458c is best described by a cloudy model (strongly preferred). 
The CH 4 /H 2 O is higher than expected at 1 . 97 

+ 0 . 13 
−0 . 14 . This value is challenging to understand in terms of equilibrium chemistry 

and plausible carbon-to-oxygen (C/O) ratios. Comparisons to thermochemical grid models suggest a C/O of ≈1.35, if CH 4 and 

H 2 O are quenched at 2000 K, requiring vigorous mixing. We find a [C/H] ratio of + 0.18, which matches the metallicity of the 
primary system, suggesting that oxygen is missing from the atmosphere. Even with extreme mixing, the implied C/O is well 
beyond the typical stellar regime, suggesting either a non-stellar formation pathway or the sequestration of substantial quantities 
of oxygen via hitherto unmodelled chemistry or condensation processes. 

K ey words: bro wn dwarfs. 
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 I N T RO D U C T I O N  

rown dwarfs span the mass range between stars and giant ex- 
planets and are found as isolated objects, binary systems, and 
ompanions to stars. Most discussions of the formation of brown 
warfs consider them as the substellar extension of the star formation 
rocess (e.g. Whitworth et al. 2007 ; Stamatellos & Whitworth 2009 ;
hitworth 2018 , and references therein). Ho we ver, the gro wing

ample of isolated planetary-mass brown dwarfs (e.g. Faherty 
t al. 2013 ; Liu et al. 2013 ; Schneider et al. 2016 ; Theissen
t al. 2018 ; Bouy et al. 2022 ), wide-orbit (resolved) planetary-
ass companions (e.g. Burgasser et al. 2010 ; Miles-P ́aez et al.

017 ; Faherty et al. 2021 ), and giant exoplanets with masses above
 E-mail: j.jensen@herts.ac.uk (JG) b.burningham@herts.ac.uk (BB); 
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 51 Pegasi b Fellow. 

o  

p  

d  

C  

2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
rovided the original work is properly cited. 
he deuterium burning limit (e.g. Bakos et al. 2009 ; Rosenthal
t al. 2021 ) raises the question as to the contribution of planetary
ormation pathways to the low-mass end of the substellar popula- 
ion. 

The compositions of brown dwarfs may provide clues to their 
ormation mechanism. For objects that are companions to stars, we 
ight expect a shared carbon-to-oxygen (C/O) ratio if both formed 

t the same time and from the same material, whereas a C/O ratio
hat differs might suggest an alternative formation path to that of the
tar. F or e xample, v ery lo w mass bro wn dwarfs may have formed
ike gas giant planets in discs, through either core accretion or
ravitational instabilities (Bate, Bonnell & Bromm 2002 ). Different 
xygen-bearing species condense at different locations, removing 
xygen from the vapour and yielding a higher C/O ratio in the gas
hase. As a result, at the water ice line the C/O ratio of grains would
ecrease, and then again increase at the CO ice line ( ̈Oberg, Murray-
lay & Bergin 2011 ). An object formed in such a differentiated
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-8916-2078
http://orcid.org/0000-0003-4600-5627
http://orcid.org/0000-0001-9333-4306
mailto:j.jensen@herts.ac.uk
mailto:b.burningham@herts.ac.uk
mailto:jfaherty@amnh.org
https://creativecommons.org/licenses/by/4.0/


5762 J. Gaarn et al. 

M

p  

i
 

e  

o  

d  

(  

(  

a  

o  

m
 

s  

R  

u  

a  

i  

a  

o
 

(  

C  

f  

p  

(  

2  

f  

a  

2
 

p  

t  

d  

m  

s  

i  

C  

M  

a  

M  

e  

t  

d  

2
 

c  

B  

fi  

(  

t
 

m  

w  

r  

i  

c  

a  

r  

o  

t  

m  

h  

s  

2
 

o  

B  

r  

o

2

2

T  

o  

p  

e
 

R  

m  

l  

t  

d
 

H  

1  

a  

a  

f
 

R

2

R  

o  

t  

i  

1
 

c  

f  

o  

7
 

w  

B  

o  

R  

a  

t
 

c  

l  

c  

i  

p
 

t  

e  

s  

t  

H  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/5761/7078574 by guest on 25 June 2023
rotoplanetary disc may thus inherit a C/O ratio that is quite unlike
ts parent star. 

For the brown dwarf population that represents the substellar
xtension of the star formation process, we can expect the distribution
f C/O ratios to follow that of the stellar field population. This
istribution is generally tight and close to the solar value of 0.54
Asplund, Grevesse & Sauval 2005 ), with a C/O > 0.8 very unusual
e.g. F ortne y 2012 ; Nissen 2013 ; Nakajima & Sorahana 2016 ). If
 significant number of the lowest mass brown dwarf companions,
n the other hand, formed via a planet-like formation scenario, we
ight expect their C/O distribution to be altered by comparison. 
In this paper, we present the analysis of the first target of a wider

tudy of the local brown dwarf and substellar companion populations.
oss 458c was disco v ered by Goldman et al. ( 2010 ) and followed
p by Burgasser et al. ( 2010 ) and Burningham et al. ( 2011 ), and is
 young T8 dwarf. Comparisons to evolutionary models suggest that
t may be a planetary-mass object, while its wide orbit of 1200 au
round an M dwarf binary argues against formation via core accretion
r disc fragmentation (if the object formed in situ ). 
Another unusual feature of Ross 458c is its apparent cloudiness

Burgasser et al. 2010 ; Burningham et al. 2011 ; Morley et al. 2012 ).
louds are a possible opacity source in brown dwarfs, as inferred

rom data, and theoretically expected from condensation of species
ossible at pressures and temperatures found in substellar objects
see e.g. Kirkpatrick 2005 ; Lodders & Fe gle y 2006 ; Kirkpatrick et al.
021 ). Although T dwarfs have been generally thought to be cloud
ree (e.g. Kirkpatrick 2005 ), it has been suggested that sulphide and
lkali-salt clouds may start to appear in late-T dwarfs (Morley et al.
012 ). 
In this paper, we use retrie v al analysis to investigate the com-

osition and cloudiness of this interesting target. The retrie v al
echnique follows on from and complements analysis using one-
imensional, self-consistent, radiativ e-conv ectiv e equilibrium ‘grid
odels’. Grid models attempt to simulate the substellar atmosphere

elf-consistently using a handful of bulk parameters that typically
nclude T eff , log g , metallicity, cloud parameters, and (sometimes)
/O (e.g. Saumon & Marle y 2008 ; Marle y & Robinson 2015 ;
arley et al. 2021 ). Also, vertical mixing can drive certain molecular

bundances out of chemical equilibrium (e.g. Noll, Geballe &
arley 1997 ; Saumon et al. 2006 ; Marley & Robinson 2015 ). The

xtent to which this occurs depends on the mixing time-scale, and
his is often included via some additional parameter (e.g. eddy
if fusion coef ficient K zz ; Grif fith & Yelle 1999 ; Saumon et al.
006 ). 
A variety of techniques are used to fit these models to data to draw

onclusions, from simple χ2 minimization to more sophisticated
ayesian methods (e.g. Zhang et al. 2021 ). This can result in poor
ts to the data, with the grid models inadequate to describe the data
Line et al. 2017 ). Due to their complexity, it is difficult to identify
he poor assumption or missing physics that is driving the bad fit. 

Retrie v als make fe wer assumptions about the state of the at-
osphere, and instead parametrize it o v er man y more dimensions
ith little if any requirement for self-consistency. While this can

esult in unphysical outcomes, which should be considered when
nterpreting the result, it also allows data-driven insights that
an highlight, or work around, shortcomings in self-consistent
pproaches (e.g. Burningham et al. 2021 ). Another benefit of
etrie v als is that one gets a measure of the C/O ratio from the
bservations (here using CH 4 and H 2 O) as a retrieved parame-
er, as opposed to a prescribed ratio that is hardwired into the

odel. In this work, we will use the BREWSTER retrie v al code that
as been demonstrated ef fecti vely in cloudy atmospheres in the
NRAS 521, 5761–5775 (2023) 
ubstellar regime (Burningham et al. 2017 , 2021 ; Gonzales et al.
020 ). 
The paper is organized as follows: In Section 2 , we provide an

 v erview of current literature on Ross 458c. Section 3 describes
REWSTER , the retrie v al frame work. In Section 4 , we present the
esults of the retrie v als. Section 5 presents discussion and analysis
f the results, and Section 6 presents the conclusion. 

 RO SS  4 5 8  SYSTEM  

.1 Ross 458AB 

he primary system consists of M0.5 and M7, separated by a distance
f 0.5 arcsec (about 5 au; Beuzit et al. 2004 ). The metallicity of the
rimary system is supersolar at [Fe/H] = + 0.2 ± 0.05 (Burgasser
t al. 2010 ). 

Burgasser et al. ( 2010 ) place constraints on the age of the
oss 458 system of 150–800 Myr, the upper limit based on the
agnetic activity and H α emission of Ross 458A and the lower

imit on the absence of low surface gravity indicators (such as
he 7000 Å KI doublet), which would be expected in young M
warfs. 
Eggen ( 1960 ) selected the system as a possible member of the

yades open cluster, with an age of around 625 Myr (Lebreton et al.
997 ), while Nakajima, Morino & Fukagawa ( 2010 ) selected it as
 possible member of the IC 2391 Moving Group, with an age of
pproximately 50 Myr. Any membership association would place
urther constraint on the age of the system. 

Table 1 summarizes previously published parameters for
oss 458A and Ross 458B. 

.2 Ross 458c 

oss 458c is a T dwarf of spectral type T8 (Burgasser et al. 2003 )
r T8.5p (Burningham et al. 2011 ) and is a wide-orbit companion to
he binary Ross 458AB (Goldman et al. 2010 ). It is separated from
ts primaries by 102 arcsec (1200 au). The system is at a distance of
1.5 ± 0.2 pc (Gaia Collaboration 2018 ). 
Burgasser et al. ( 2010 ) found T eff = 650 ± 25 K from fitting self-

onsistent grid models. This is in good agreement with the values
ound by Burningham et al. ( 2011 ) (using bolometric luminosity)
f 695 ± 60 K. Filippazzo et al. ( 2015 ) found a similar value of
21 ± 94 K using their bolometric luminosity method. 
One of the key results in those previous examinations of Ross 458c

as the somewhat surprising feature of clouds in a late-T dwarf.
urgasser et al. ( 2010 ) found that models which included cloud
pacity were a better fit to the near-infrared (NIR) spectrum of
oss 458c. They argued that it may indicate a resurgence of iron
nd silicate clouds that are thought to have disappeared at the low
emperatures of the late-T dwarfs. 

Morley et al. ( 2012 ) investigated possible causes of the apparent
loud opacity. Their best-fitting model for Ross 458c was a 700 K,
og g 4.0 model that incorporated sulphide (Na 2 S, MnS, and ZnS)
louds. Manjavacas et al. ( 2019 ) find spectrophotometric variability
n Ross 458c with an amplitude at the ≈2 per cent level, indicating a
artial cloud co v er rotating in and out of view. 
In more recent work, Zhang et al. ( 2021 ) attempted to estimate

he parameters using the Sonora Bobcat grid models (Marley
t al. 2021 ), using the prism spectra of Ross 458c. Ho we v er, the y
truggled to get a good fit. The model spectrum was brighter in
he Y and J bands, and had fainter flux in the blue wing of the
 and K bands. They argue that this is likely due to clouds,
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Table 1. System literature values for the Ross 458 system. 

Parameter Value Notes/units Reference 

α 13:00:46.5802 J2000 Gaia Collaboration ( 2018 ) 
δ + 12:22:32.604 J2000 Gaia Collaboration ( 2018 ) 
π 86.8570 ± 0.15 mas Gaia Collaboration ( 2018 ) 
μα −632.151 ± 0.50 mas yr −1 Gaia Collaboration ( 2018 ) 
μδ −36.019 ± 0.19 mas yr −1 Gaia Collaboration ( 2018 ) 
Ross 458A spectral type M0.5 – Ha wle y, Gizis & Reid ( 1997 ) 
Ross 458B spectral type M7.0 – Beuzit et al. ( 2004 ) 
Period 14.5 yr Heintz ( 1994 ) 
Distance 11.51 ± 0.02 pc Gaia Collaboration ( 2018 ) 
Projected binary separation (minimum) a 5.4 au Beuzit et al. ( 2004 ) 
Binary separation a 0.475 arcsec Beuzit et al. ( 2004 ) 
Projected separation (minimum) to Ross 458c a 1168 au Goldman et al. ( 2010 ) 
Separation to Ross 458c a 102 arcsec Goldman et al. ( 2010 ) 

a No uncertainties provided in the sources. 

Table 2. Parameters’ literature values of Ross458c. 

Parameter Value Notes/units Reference 

α 13:00:41.15 J2000 Gaia Collaboration ( 2018 ) 
δ 12:21:14.22 J2000 Gaia Collaboration ( 2018 ) 
Spectral type T8.9 ± 0.3 – Goldman et al. ( 2010 ) 

T8 – Burgasser et al. ( 2010 ) 
T8.5p – Burningham et al. ( 2011 ) 

T eff 695 ± 60 K Burgasser et al. ( 2010 ) 
650 ± 25 K Burningham et al. ( 2011 ) 
804 + 30 

−29 K Zhang et al. ( 2021 ) 
721 ± 94 K Filippazzo et al. ( 2015 ) 
722 + 11 

−12 K This work 
log g 4–4.7 log(cm s −2 ) Burningham et al. ( 2011 ) 

4 log(cm s −2 ) Burgasser et al. ( 2010 ) 
3.7–4 log(cm s −2 ) Morley et al. ( 2012 ) 

4.50 ± 0.07 – This work 
log 10 L bol / L � −5.62 ± 0.03 – Burgasser et al. ( 2010 ) 

−5.61 – Burningham et al. ( 2011 ) 
−5.27 ± 0.03 – This work 

Metallicity −0.06 ± 0.20 – Goldman et al. ( 2010 ) 
0 Assumed Burgasser et al. ( 2010 ) 

+ 0.3 Cloud free Burgasser et al. ( 2010 ) 
0 Assumed Burningham et al. ( 2011 ) 

0.18 ± 0.04 [C/H] This work 
Age < 1 Gyr Manjavacas et al. ( 2019 ) 

0.4–0.8 Gyr West et al. ( 2008 ) 
0.15–0.8 Gyr Burgasser et al. ( 2010 ) 

Mass 5–14 M Jup , inferred Goldman et al. ( 2010 ) 
6.29–11.52 M Jup Burgasser et al. ( 2010 ) 

5–20 M Jup , inferred Burningham et al. ( 2011 ) 
2 . 3 + 2 . 3 −1 . 2 M Jup Zhang et al. ( 2021 ) 

27 + 4 −4 M Jup This work 

Radius 1.19–1.29 R Jup Burgasser et al. ( 2010 ) 

1.01–1.23 R Jup Burningham et al. ( 2011 ) 

0.68 ± 0.06 R Jup Zhang et al. ( 2021 ) 
1.45 ± 0.06 R Jup This work 
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eduction in vertical temperature gradient, or CO/CH 4 or N 2 /NH 3 

isequilibrium chemistry. As a result, the radius and inferred mass 
re small. The model atmospheres used in their study were cloud 
ree, and with a C/O fixed at solar. These limitations might re-
ult in inaccurate estimated parameters. This work will impro v e 
pon these shortcomings by having a larger set of less restrictive 
arameters. 
For the retrie v al of Ross 458c, we make use of archi v al data; for
ull details of the data, see Burgasser et al. ( 2010 ). We have flux-
alibrated the data using the same UKIRT Infrared Deep Sky Survey
UKIDSS) J -band photometry used in Burningham et al. ( 2011 ) to
ro vide consistenc y between the two studies and remo v e a source of
ossible discrepancies between our results. 
Table 2 provides an overview of the literature values of Ross 458c.
MNRAS 521, 5761–5775 (2023) 
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M

Table 3. Priors for retrie v al model. The tolerance factor, o , is to allow to unaccounted sources of uncertainty. The 
wavelength shift is the shift in wavelength between the data and the model. See Burningham et al. ( 2017 ) for a 
complete description. The cloud decay scale, ( � log 10 P ) decay , is constrained within the height of the atmosphere 
by log 10 P top + 4. The cloud thickness, ( � log 10 P ) thick , is constrained by 2.3, the bottom of the atmosphere. 

Parameter Prior 

Gas fraction ( X gas ) log-uniform, log X gas ≥ −12.0, 
∑ 

gas X gas ≤ 1.0 
Thermal profile a : α1 , α2 , P 1 , P 3 , T 3 Uniform on resulting T , 0.0 K < T i < 5000.0 K 

Thermal profile b : T bot , T botQ , T mid , T topQ , and 
T top 

Uniform, 0.0 K < T i < 5000.0 K; T bot < T botQ < T mid < 

T topQ < T top 

Mass b Uniform, 1 M Jup ≤ R ≤ 80 M Jup 

Radius b Uniform, 0.5 R Jup ≤ R ≤ 2.0 R Jup 

Scale factor a , R 

2 / D 

2 Uniform, constrained by 0.5 R Jup ≤ R ≤ 2.0 R Jup 

Gravity a , log g Uniform, constrained by 1 M Jup ≤ gR 

2 / G ≤ 80 M Jup 

Power-law cloud opacity ( τ ∝ λα), α Uniform, −10 ≤ α ≤ 10 
Cloud decay scale, ( � log 10 P ) decay Uniform, 0 < ( � log 10 P ) decay < log 10 P top + 4 
Cloud thickness ( � log 10 P ) thick Uniform, constrained by log 10 P top ≤ log 10 P top + 

( � log 10 P ) thick ≤ 2.3 
Cloud total optical depth (extinction) at 1 μm 

3 Uniform, 0.0 ≤ τ 0 ≤ 100.0 
Hansen distribution ef fecti ve radius, a log-uniform, −3.0 < log 10 a ( μm) < 3.0 
Hansen distribution spread, b Uniform, 0 < b < 1.0 
Wavelength shift Uniform, −0 . 01 < �λ < 0 . 01 μm 

Tolerance factor, o Uniform, log (0 . 01 × min ( σ 2 
i )) ≤ o ≤ log (100 × max ( σ 2 

i )) 

a EMCEE only. 
b Nested sampling only. 
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 RETR IEVAL  F R A M E WO R K  

e use the BREWSTER retrie v al frame work, for which a more
omplete description can be found in Burningham et al. ( 2017 ,
021 ) and Gonzales et al. ( 2020 ). The retrie v al frame work consists
f the forward model, which produces the spectrum based on a
et of parameters, and the retrie v al model, which uses Bayesian
nference to explore the posterior, estimate parameters, and perform
odel selection. The following section contains a brief recap of key

eatures, and updates for this work. 

.1 Forward model o v er view 

REWSTER divides the atmosphere into 64 pressure layers with
roperties of temperature, gas opacity, and cloud opacity. The
tmosphere is also parametrized by gravity, which sets the scale
eight. The output of the forward model is the flux at the top of the
tmosphere, which must be scaled by the ratio of the squared radius,
 , and distance to the target, D , i.e. ( R 

2 / D 

2 ). As will be discussed
n Section 3.2 , we use two different algorithms for exploring the
osterior: EMCEE (F oreman-Macke y et al. 2013 ), and nested sampling
sing PYMULTINEST (Buchner et al. 2014 ). These two methods use
lightly different parametrizations due to the differences in how the
riors are treated in each algorithm. Specifically, mass and radius
re retrieved directly in the nested sampling version, whereas they
re derived from the ( R 

2 / D 

2 ) scaling parameter and log g in the
MCEE version. The thermal profiles also differ as will be discussed
n Section 3.1.1 . 

The forward model parameters are discussed below, and are listed
n Table 3 along with their priors. 

.1.1 Thermal structure 

s is typical in atmospheric retrie v als, we do not directly retrieve the
emperature for all 64 layers in our model atmosphere, but instead use
 smaller number of parameters to set the thermal profile. In previous
orks (e.g. Burningham et al. 2017 , 2021 ; Gonzales et al. 2020 ), we
NRAS 521, 5761–5775 (2023) 
ave used the Madhusudhan & Seager ( 2009 ) parametrization for the
hermal profile. This scheme treats the atmosphere as three zones: 

 0 < P < P 1 : P = P 0 e 
α1 ( T −T 0 ) 

1 
2 ( Zone 1 ) , 

 1 < P < P 3 : P = P 2 e 
α2 ( T −T 2 ) 

1 
2 ( Zone 2 ) , 

P > P 3 : T = T 3 ( Zone 3 ) , (1) 

here P 0 and T 0 are the pressure and temperature at the top of the
tmosphere that becomes isothermal with temperature T 3 at pressure
 3 . In its most general form, a thermal inversion occurs when P 2 >

 1 . Since P 0 is fixed by our atmospheric model, and continuity at the
onal boundaries allows us to fix two parameters, we consider six
ree parameters α1 , α2 , P 1 , P 2 , P 3 , and T 3 . If we rule out a thermal
nversion by setting P 2 = P 1 (see fig. 1, Madhusudhan & Seager
009 ), we can further simplify this to five parameters α1 , α2 , P 1 , P 3 ,
nd T 3 . 

For our new nested sampling version of BREWSTER , we have
mployed a simple five point T-P profile, which sets temperatures
t the base ( T bot ), top ( T top ), mid-point ( T mid ), and quarter pressure
epths ( T topQ , T botQ ) in the atmosphere in log 10 P . These points are
hen joined by spline interpolation to define the 64 layer temperatures.
he only restrictions on the values these five points may take is that

hey lie in the range 0 < T < 4000 K, and decrease towards shallower
ressures. 

.1.2 Gas opacity 

he gas opacity is set by the gas fractions in each layer. In this
ork, we directly retrieve these as vertically constant mixing ratios.
re vious retrie v als of late-T dwarfs using the assumption of chemical
quilibrium to allow for vertically varying abundances found such
odels poorly ranked (see e.g. Gonzales et al. 2020 ). Moreo v er,

rid model fits in Burningham et al. ( 2011 ) suggested that non-
quilibrium chemistry is important for this Ross 458c. As such, we
ave not performed any retrie v als under the assumption of chemical
quilibrium in this work. 
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Table 4. Sources for optical data for condensates used in this work. 

Condensate Reference 

MnS Huffman & Wild ( 1967 ) 
KCl Querry ( 1987 ) 
MgSiO 3 Scott & Duley ( 1996 ) 
Na 2 S Khachai et al. ( 2009 ) 
Soot Dalzell & Sarofim ( 1969 ) 
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.1.3 Opacity data 

n this work, we consider the absorbing gases H 2 O, CH 4 , CO, CO 2 ,
H 3 , H 2 S, Na, and K. Their opacities are taken from the compendium
resented in Freedman, Marley & Lodders ( 2008 ) and Freedman et al.
 2014 ). For the Na and K D1 and D2 lines, broadened by collisions
ith H 2 and He, the Lorentzian line profile becomes inadequate, 

nd line wing profiles are taken from Allard, Kielkopf & Allard 
 2007a ) and Allard, Spiegelman & Kielkopf ( 2007b , 2016 ). We also
onsider the alkali opacities from Burrows & Volobuyev ( 2003 ) as
n alternati ve gi ven the uncertainty surrounding the best treatment 
or this issue, as there is no agreement in literature as to which is
he preferred choice. Gonzales et al. ( 2020 ) tested both Burrows
nd Allard alkalis on their L7 + T7.5p SDSS J1416 + 1348AB binary
arget. The 1416A component (L7) was best fit using the Allard 
reatment, while the 1416B component (T7.5p) was best fit using the 
urrows treatment. The Allard alkalis provide consistent abundances 
etween the co-evolving pair, and is hence the best fit for the pair as a
hole. We follow Gonzales et al. ( 2020 ) in testing both the Burrows

nd the Allard treatments for alkalis. 
We include continuum opacities for H 2 –H 2 and H 2 –He collision-

lly induced absorption, using cross-sections from Richard et al. 
 2012 ) and Saumon et al. ( 2012 ). We also include Rayleigh scattering
ue to H 2 , He, and CH 4 , and continuum opacities due to bound–free
nd free–free absorption by H 

− (Bell & Berrington 1987 ; John 1988 )
nd free–free absorption by H 

−
2 (Bell 1980 ). 

.1.4 Cloud opacity 

he cloud opacity is parametrized in several ways, which have 
etween three and five parameters. These parameters fall broadly 
nto two categories: those that describe how the cloud opacity is
istributed in the atmosphere and those that describe the cloud’s 
ptical properties. 
Cloud structures: The clouds’ distribution in the atmosphere is 

arametrized as either a ‘deck’ or ‘slab’ cloud. In the deck cloud, it
s not possible to see the bottom of the cloud. The deck cloud has the
ollowing parameters: 

(1) Pressure at which the optical depth passes 1, looking down. 
(2) The decay height, the pressure o v er which the optical depth

rops by a factor of 2. 

In contrast to the deck cloud, in the slab cloud, it is possible to see
he bottom of the cloud. The slab cloud has the following parameters:

(1) The total optical depth of the cloud at 1 μm (reached at the
ase of the cloud). 
(2) Pressure at the top of the cloud (where τ cloud = 0). 
(3) The thickness of the cloud slab (in d log P ). 

Cloud optical properties: The cloud opacity can be parametrized 
n one of three ways. The optical depth is either grey (wavelength
ndependent), a power law ( τ = τ 0 × λα) where τ 0 is the optical 
epth at 1 μm, or Mie scattering. If the cloud opacity is power-
aw dependent as opposed to grey, an extra parameter is added, the
ower index α, defining the wavelength-dependent cloud opacity 
s τ ∝ λα . In both the grey and the power-law cases, scattering is
eglected, and the cloud is assumed to be absorbing. When using
ie scattering, we have two additional parameters, the Hansen a and 

 parameters (Hansen 1971 ). The Hansen a parameter is the particle
ize distribution ef fecti ve radius in log(r/ μm). Hansen b parameter is
he particle size distribution spread. Therefore, for a deck cloud, we 
hen have four parameters, and five for the slab. 
A variety of condensates are potentially able to form in cool T
warf atmospheres and contribute to the cloud opacity. Burgasser 
t al. ( 2010 ) hypothesized a re-emergence of iron and silicate clouds
or late-T dwarfs, which would have broken up at the L-T transition.
f the iron and silicate clouds, it is the silicate clouds that will be

ound at the lowest temperatures and shallowest pressures. These 
ilicate clouds are expected to be composed of enstatite (MgSiO 3 ),
orsterite (Mg 2 SiO 4 ), or SiO 2 (quartz; e.g. Lodders & Fe gle y 2006 ;
isscher, Lodders & Fe gle y 2010 ; Burningham et al. 2021 ). Since
e are unlikely to be able to distinguish between these species using
nly NIR data, we have only tested one: MgSiO 3 . Morley et al. ( 2012 )
rgue that sulphide clouds may be present in late-T dwarfs and test
a 2 S, MnS, and ZnS, as they are expected to condense at lower

emperatures. The abundance of ZnS is low and they find that it does
ot create an observable change in the spectrum; its optical depth is
egligible, so ZnS is not included in the models we test here. KCl
s also expected to condense at cooler temperatures (Morley et al.
012 ), and is one of the models tested here. Graphite clouds can
ppear in carbon-rich atmospheres with supersolar C/O ratio (Moses 
t al. 2013a , b ). As a proxy for graphite, we used optical data for soot,
ue to its high carbon content. 
Only one cloud type is tested per model run. We don’t expect

pectral features arising from Mie scattering of particular condensate 
ompositions from any of the expected cloud species to be observable
n the 1.0–2.5 μm region. So, we judged that the additional computa-
ional load and complexity due to adding extra model combinations 
n the form of multiple cloud models, would not be justified in terms
f impro v ements to the fit. 
We calculate scattering and absorption Mie coefficients from real 

nd imaginary refractive indices for our condensate species obtained 
rom the sources of optical data shown in Table 4 . F or gre y and
ower-law opacities, no optical data are used. 

.2 Posterior sampling 

n previous works, BREWSTER used the EMCEE sampler (Foreman- 
ackey et al. 2013 ). Ho we ver, this method of sampling has some

rawbacks such as uncertainty surrounding convergence; the chal- 
enge of exploring the entire probability volume to avoid sensitivity 
o initial values due to local maxima; and difficulty surrounding the
alculation of the Bayesian Evidence for model selection. For this 
ork, BREWSTER has been updated to also include nested sampling 
y incorporating the PYMULTINEST sampler (Buchner et al. 2014 ), 
hich a v oids these issues. We test both the EMCEE and PYMULTINEST

osterior sampling techniques to check for consistency between the 
wo methods. 

.3 Model selection 

he EMCEE sampler does not allow for the evaluation of the Bayesian
vidence, but provides a maximum likelihood, which is used to 
alculate the Bayesian information criterion (BIC). The model with 
MNRAS 521, 5761–5775 (2023) 
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Table 5. BIC. 

� BIC Strength 

0–2 No preference worth mentioning 
2–6 Positive 
6–10 Strong 
> 10 Very strong 

Table 6. Bayesian evidence difference. 

� logEv Strength 

0–0.5 No preference worth mentioning 
0.5–1 Substantial 
1–2 Strong 
> 2 Decisive 
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he lowest BIC is the preferred model. The strength of the preference
f one model o v er another is defined by Kass & Raftery ( 1995 ) as
hown in Table 5 . 

The PYMULTINEST sampler returns the nested importance sampling
lobal log-evidence (logEv; Feroz et al. 2019 ). For two competing
odels, model selection between models 1 and 0 of the preferred
odel is achieved as follows: 

 = 

Z 1 

Z 0 

Pr ( H 1 ) 

Pr ( H 0 ) 
. (2) 

Z is the Bayesian evidence. Pr( H 1 )/Pr( H 0 ) is the prior probability
atio for the two models, which can in most cases, including this, be
et to unity. The preferred model is the model with the larger value
or Z , with the strength of the preference of one model o v er another
eing the ratio of their evidences (Feroz et al. 2019 ). The MULTINEST

lgorithm returns the logEv, and hence the strength of the preference
s defined as the difference between the models’ logEv ( � logEv).
arrative statements corresponding to boundaries in the values for
 logEv are defined by Kass & Raftery ( 1995 ) as shown in Table 6 . 

 RESU LTS  

.1 Summary 

e tested both the EMCEE and the PYMULTINEST options for sampling
he posterior, to confirm consistency between results. The results
uoted here are from PYMULTINEST , as it is preferred due to sampling
he entire parameter space, a v oiding being stuck in local minima and
axima. The best-fitting model for the nested sampling is a cloudy
odel, with a power-law slab cloud. For nested sampling, we use

he Bayes factor to compare the different models. The evidence
ifference to the winning model is listed in Table 7 . The evidence
ifference to the second-ranked model is substantial. 
For the EMCEE sampling, the top-ranked model is the power-

aw slab cloud, with the alternative treatment of the alkali line
roadening. The second-ranked model is the power-law slab cloud.
oth PYMULTINEST and EMCEE have the same two models ranked

n top, the order is just switched. For EMCEE , we use the � BIC for
odel selection. The � BIC is shown in Table 8 . There is a strong

reference for the top-ranked model as opposed to the second ranked,
nd a very strong preference against the lower ranked models. 

The top-ranked models are cloudy models with the cloud opacity
s a power law. ‘Real’ clouds with Mie scattering are rejected, as is
he cloud-free model. 
NRAS 521, 5761–5775 (2023) 
We consider two different alkali profiles. For the PYMULTINEST

ampler, the Allard alkalis are ranked second, whereas for the EMCEE

ampler, the Allard alkali profiles are ranked first, with the Burrows
rofile second. We cannot assert which is the right profile to use, as
t is dependent on methodology. 

.2 Retrieved spectrum 

ig. 1 shows the spectrum with cloud-free Sonora models o v erplot-
ed, of T eff = 800 and 700 K, log g = 4.5 and 5.0, and the main
bsorption features. The models are all ‘normalized’ to the J band.
ll of the plotted grid models underestimate the flux in the Y , H , and
 bands compared to the data for Ross 458c. This may indicate that
ne of the key issues for the grid models is that their predicted flux
n the J band is too bright relative to the rest of the NIR spectrum. 

Our retrie v al model provides a much better fit to the data across
he entire NIR wavelength range covered. This likely reflects the
reater flexibility available to a retrieval model, and its ability to
llow for non-solar abundance ratios. A key feature in our ability to
t the J -band peak is the inclusion of clouds (as will be discussed in
ection 4.4 ). The only region that the retrie v al model struggles to fit
ell is the Y -band peak, and this likely reflects challenges associated
ith the pressure-broadened wings of the alkali D-lines, which is

hared by the grid models. 

.3 Thermal profile 

ig. 2 shows the thermal profile for the winning model along with
omparison to self-consistent grid models and cloud condensation
urves. The placement of the cloud in pressure space is plotted on
he side. The thermal profiles for comparison are the Sonora Bobcat

odels (Marley et al. 2021 ) with T eff = 700 and 800 K and log g
 4.5 and 5.0. The comparison models were selected based on the

etrieved T eff and log g . 
Generally, the models match the retrieved profile best at deeper

ressures, where they follow the retrieved gradient well. The model
hat matches the retrieved profile best at deeper pressures is the
 eff = 800 K, log g = 5.0. The models do not match closely at
hallower pressures, where the differences are significant, as our
etrieved profile is warmer (see Fig. 2 ). At the shallowest pressures
n our model [log ( P /bar) ∼ −3 to −4] there is little contribution
o the flux (see Fig. 3 ), and a correspondingly large scatter in the
etrieved temperature of atmosphere. However, at slightly deeper
ressures [log ( P /bar) ∼ −1 to −2] there is significant contribution
f flux, and the retrieved thermal profile is quite tightly constrained
nd diverging from the grid models with a more isothermal gradient.

This difference between the retrieved profile and other grid models
t shallow pressures is also seen in other works, such as the warmer
 dwarfs in Burningham et al. ( 2021 ), and in works such as Line
t al. ( 2017 ) sample of late-T dwarfs. It is not seen in Gonzales
t al. ( 2020 ) L7 + T7.5p pair, nor in Gliese 570D (Line et al. 2015 ;
urningham et al. 2017 ). 

.4 Cloud properties 

n agreement with previous works (Burgasser et al. 2010 ; Burning-
am et al. 2011 ; Morley et al. 2012 ), we find that the atmosphere
f Ross 458c is best described with a cloudy model. The winning
odel is a cloudy one, structured as a slab cloud. Burgasser et al.

 2010 ), using grid models, found that enstatite cloud models provided
 good fit to the data, whereas Morley et al. ( 2012 ), though not
esting enstatite clouds, found that sulphide clouds fit the data
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Table 7. List of models tested in this work for Ross 458c, along with the logEv difference, using the 
PYMULTINEST sampler. 

Model type Nparams CH 4 / H 2 O logEv difference 

Power-law slab cloud 20 1 . 97 + 0 . 13 
−0 . 14 0 

Power-law slab cloud, Allard alkalis 20 2 . 13 + 0 . 14 
−0 . 15 −0.83 

MgSiO 3 slab cloud 21 1 . 86 + 0 . 19 
−0 . 18 −8.29 

Na 2 S slab cloud 21 1 . 82 + 0 . 20 
−0 . 19 −8.80 

Cloud free 16 1 . 74 + 0 . 20 
−0 . 19 −9.27 

Grey deck cloud 18 1 . 68 + 0 . 20 
−0 . 20 −10.85 

KCl deck cloud 20 1 . 79 + 0 . 17 
−0 . 18 −12.05 

MgSiO 3 deck cloud 20 1 . 76 + 0 . 19 
−0 . 18 −12.08 

Power-law deck cloud 19 1 . 70 + 0 . 20 
−0 . 21 −12.31 

Soot deck cloud 20 1 . 32 + 0 . 28 
−0 . 23 −13.57 

KCl slab cloud 21 1 . 73 + 0 . 18 
−0 . 17 −13.88 

Grey slab cloud 19 1 . 63 + 0 . 17 
−0 . 16 −14.40 

MnS slab cloud 21 1 . 71 + 0 . 17 
−0 . 17 −14.49 

MnS deck cloud 20 1 . 75 + 0 . 19 
−0 . 21 −18.20 

Soot slab cloud 21 1 . 45 + 0 . 23 
−0 . 37 −18.37 

Table 8. List of models tested in this work for Ross 458c, along with the 
� BIC, using the EMCEE sampler. 

Model type Nparams CH 4 / H 2 O � BIC 

Power-law slab cloud, Allard alkalis 21 1 . 82 + 0 . 31 
−0 . 46 0 

Power-law slab cloud 21 1 . 69 + 0 . 31 
−0 . 51 + 6 

Grey slab cloud 20 1 . 67 + 0 . 28 
−0 . 56 + 25 

Soot slab cloud 21 1 . 79 + 0 . 22 
−0 . 24 + 27 

Na 2 S slab cloud 21 1 . 83 + 0 . 19 
−0 . 23 + 35 

MnS slab cloud 21 1 . 71 + 0 . 24 
−0 . 29 + 44 

MgSiO 3 slab cloud 21 1 . 42 + 0 . 37 
−0 . 42 + 51 

KCl slab cloud 21 1 . 28 + 0 . 32 
−0 . 21 + 68 

Cloud free 16 1 . 66 + 0 . 23 
−0 . 25 + 81 

Power-law deck cloud 20 1 . 61 + 0 . 36 
−0 . 80 + 84 

MnS deck cloud 20 1 . 66 + 0 . 32 
−0 . 64 + 87 

Na 2 S deck cloud 20 1 . 76 + 0 . 18 
−0 . 19 + 91 

Grey deck cloud 19 1 . 57 + 0 . 32 
−0 . 57 + 92 

MgSiO 3 deck cloud 20 1 . 71 + 0 . 41 
−1 . 06 + 92 

KCl deck cloud 20 1 . 71 + 0 . 27 
−0 . 31 + 96 

Soot deck cloud 20 1 . 52 + 0 . 26 
−0 . 23 + 100 
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Figure 1. Spectrum of Ross 458c in the 1–2.4 μm range with retrieved 
spectrum of winning model (power-law slab cloud) in green, and errors in 
gre y. Ov erplotted are self-consistent cloud-free Sonora grid models. The 
models are scaled to match the J -band flux. 
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est. Model selection rejects ‘real’ clouds with Mie scattering, so 
e are unable to distinguish the cloud species based on optical 
roperties. 
Fig. 2 shows the condensation curves for the tested cloud species 

longside our retrieved thermal profile. The curves do not mean that 
he particular cloud will condense, but rather they indicate where 
t can condense. So, a given cloud species can condense to the
eft (cooler) of its condensation curve on Fig. 2 . Two clouds that
ould condense at our retrieved cloud location are the MnS and 
gSiO 3 clouds. KCl and Na 2 S condense at cooler temperatures. 

o, our thermal profile and the placement of the cloud deep in
he atmosphere is suggestive of enstatite or other silicate clouds 
ue to the retrieved cloud location with respect to the condensation 
urves. We note that the other silicates that were not tested (see
ection 3.1.4 ) have very similar condensation temperatures, so this 
loud may actually be a mix of these very similar silicates. This will
e difficult to test since these clouds appear to be so deep in the
tmosphere. The JWST data will likely incorporate the spectral fea- 
ures around 8–10 μm arising from Mie scattering of these silicates.
o we ver, at those wavelengths clouds are likely to be well below the
hotosphere. 
Fig. 3 shows the contribution function. This shows where in the

tmosphere the flux is coming from. The shading of the area indicates
he relative contribution of flux from that layer. The darker shaded
he area, the more flux from that layer. The blue line is the gas opacity
here τ gas = 1.0. The cloud is the purple line (at τ cloud = 1.0), and

s placed in the bottom of the atmosphere, below the photosphere,
xcept for an overlap at the J band, at around 1.3 μm. 

This suggests that the cloud has the biggest impact in the J -band
eak, where it reduces the flux from the deep atmosphere that escapes
etween the deep water and methane absorption bands on either side.
his is what drives the much improved fit for our retrie v al model
ompared to the cloud-free grid models shown in Fig. 1 . 
MNRAS 521, 5761–5775 (2023) 
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Figure 2. Pressure–temperature profile of winning model (power-law slab 
cloud). The dashed lines are condensation curves for the different clouds 
tested. The curves do not mean that the particular cloud will condense, it just 
means that it can condense at that pressure and temperature. The right part 
of the figure is the placement of the cloud in the atmosphere, the grey shaded 
parts are the 1 σ errors. The solid coloured lines are the self-consistent Sonora 
Bobcat grid models. 

Figure 3. Contribution function of winning model (power-law slab cloud) 
with τ cloud = 1 in purple and τ gas = 1 in blue. 
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.5 Gas abundances 

ig. 4 shows the retrieved bulk properties of Ross 458c, including
he retrieved values for the gas abundances, along with log g . Some
ases, such as CO, CO 2 , and H 2 S, are not well constrained, as seen
n the histogram distribution. This has been the case for all NIR
ate-T dwarf retrie v als using low-resolution NIR spectra (Line et al.
017 ; Gonzales et al. 2020 ). T o date, only T annock et al. ( 2022 ) have
etected H 2 S in a NIR T dwarf spectrum, and it required spectroscopy
ith R ∼ 45 000, 100x higher than used here. Even at this high

esolution, CO is still invisible due to masking by stronger CH 4 

bsorption. 
We do detect and constrain the abundances of H 2 O, CH 4 , NH 3 ,

nd Na + K. This is the same set of molecules constrained by other
orks in this temperature regime (Line et al. 2017 ; Zalesky et al.
022 ). 
The corner plot also shows the C/O (here using the CH 4 /H 2 O ratio),

f 1.97, the calculation of which will be discussed in Section 5 . 
NRAS 521, 5761–5775 (2023) 
The abundance plot shown in Fig. 5 shows the retrieved gas mixing
atios along with equilibrium predictions from our thermochemical
rid models (Visscher, Lodders & Fe gle y 2006 ; Visscher et al. 2010 ;
isscher 2012 ; Marley et al. 2021 ). 
Our retrieved abundance for NH 3 is consistent with chemical

quilibrium predictions, while CO and H 2 O are not. The abundance
rofiles for H 2 O and CH 4 are close to vertical, somewhat justifying
ur vertically constant mixing ratio assumption in the retrie v al model.
 2 O and CH 4 match their abundances at 100 bar (2000 K), and this
ay be suggestive of their chemistry being quenched at this level due

o rapid vertical mixing. This is discussed further in Section 5.2.3 . 

 ANALYSI S  A N D  DI SCUSSI ON  

n line with earlier studies of Ross 458c, we find that the atmosphere
s best described by a cloudy model. The best-fitting cloud model is
 power-law slab cloud, this is consistent for both the EMCEE and the
ested sampling. 

.1 T eff , luminosity, radius, and mass 

he bulk properties of mass, radius, T eff , and luminosity are a mixture
f retrieved values, and values extrapolated from the forward model
n post-processing. The mass and radius are retrieved directly in
he PYMULTINEST version of BREWSTER , having been previously
nferred from log g and distance scaling in the EMCEE version. The
uminosity is found by extrapolating the forward model for the
etrieved parameters across a wide wavelength range from 0.5 to
0 μm, encapsulating essentially all the flux from the target. The T eff 

s then found using the extrapolated L bol , and the retrieved radius. 
Our extrapolated luminosity for Ross 458c is −5.27 ± 0.03, which

s much higher than the value of log ( L bol / L �) = −5 . 61 ± 0 . 03 that
as found in Burningham et al. ( 2011 ). This is may be due to missing

bsorption from CO and/or CO 2 , which occur in the 4–5 μm region,
ut which are unconstrained in our model, since it is based on the
IR only. 
Fig. 6 shows that our extrapolated spectrum is a good match

o the Spitzer Channels 1 and 2 photometry, which are driven by
ell-characterized CH 4 absorption. The Wide-field Infrared Surv e y
xplorer (WISE) W1 -band photometry also matches our model flux

easonably well. Ho we v er, our e xtrapolated model is much brighter
han the WISE W2 photometry. This filter coincides more strongly
ith the 4 . 6 μm CO absorption, and this supports our assertion that

his is the origin of the mismatch between our extrapolated luminosity
nd that measured previously by Burningham et al. ( 2011 ). We also
ote that our extrapolated spectrum shows a strong CO 2 absorption
tarting at 4.3 μm, which is extrapolated from our NIR spectrum
here its abundance is unconstrained. This is likely spurious and
oes not warrant further interpretation. 
It is also plausible that our poorly constrained temperatures at

hallower pressures are also impacting the flux at longer wavelengths.
ur inferred T eff that is based on this suspect luminosity should be

imilarly treated with caution. 
We do not think that photometric or astrometric uncertainties have

 significant effect on our extrapolated luminosity. The astrometric
ncertainties are marginalized o v er in the retrie v al model, and so
re already incorporated into the radius uncertainty. We have not
arginalized o v er the photometric uncertainty contribution to the
ux calibration. Ho we ver, the photometric uncertainty is at the 1
er cent level and thus smaller than our 3 per cent uncertainty in
uminosity. 
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Figure 4. Median retrieved gas fractions compared to equilibrium predictions for [ M / H ] = 0.2, which matches Ross 458AB (Burgasser et al. 2010 ). The 
assumed C/O = 1.35 is the highest available in the thermochemical grid. The solid red lines are the retrieved gas fractions, and the shaded areas the 16th and 
84th percentiles, and the dashed lines are the equilibrium predictions. 
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Fig. 4 also shows the values for mass and radius, of 27 ± 4 M Jup 

nd 1 . 45 ± 0 . 06 R Jup , respecti vely. The mass and radius are retrie ved
irectly. Ho we ver, the v alue for the retrieved radius is driven by the
etrieved model scaling factor ( R 

2 / D 

2 ) and the Gaia parallax. The
etrieved mass value is driven by the influence it has on log g and the
etrieved radius. 

Burgasser et al. ( 2010 ) estimate a lower age limit for Ross 458
ystem of 150 Myr based on the absence of spectroscopic features 
uggestive of low surface gravity that are seen in young M dwarfs
p to the age of the Pleiades. Ho we ver, this system has a metallicity
f [M/H] = + 0.2 (and possibly higher), which is higher than the
leiades (Soderblom et al. 2009 ), and thus may not follow the
ame trend in spectroscopic features. Burgasser et al. ( 2010 ) find
he absence of Li I absorption at 6708 Å suggesting a more robust
ower age limit of 30–50 Myr, which is consistent with the age of the
C 2391 Moving Group, as found by Nakajima et al. ( 2010 ). 

Fig. 7 shows the radius as a function of age, with two lower limits
or the age of 50 and 150 Myr highlighted in Burgasser et al. ( 2010 ).
ur retrieved radius of R = 1.45 R Jup coincides with the evolutionary
odel predictions for [M/H] = + 0.5 and an age near lower of the

wo limits. The retrieved mass and gravity are similarly consistent 
ith this lower age limit. 
MNRAS 521, 5761–5775 (2023) 
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Figure 5. Nested sampling corner plot of highest ranked model, the power- 
law slab cloud, showing posterior probability distributions in 1D histograms 
with confidence interval. The 2D histogram shows the correlation between the 
parameters. The corner plot showing the retrieved gas abundances, radius, and 
mass and extrapolated parameters, log g , T eff , L bol , C/O, [C/H], and [O/H]. 
See explanation for extrapolated parameters. The gas abundances are shown 
as log 10 ( X ), where X is the gas fraction. [C/H] and [O/H] are relative to solar. 
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Figure 6. Extrapolated retrie v al spectrum of Ross 458c, with the photometry 
points from WISE 1 and 2, and Spitzer 1 and 2 added, as well as transmission 
regions of the filters, and the 700 K, log g = 4.5 Sonora model. 
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Ho we ver, if the older age limit of 150 Myr is applied, then both
he mass and radius are larger than expected from these models.
one the less, they result in a value for log g that is consistent with
revious estimates, for which values are seen in Table 2 . We note,
lso, that the EMCEE -based retrie v als (see Appendix A ) find a value
or log g = 5 . 13 + 0 . 20 

−0 . 37 , which is somewhat higher. Although its large
rror, particularly to wards lo wer v alues means that it is also consistent
ith previous estimates. 

.2 C/O ratio 

he C/O ratio can be calculated using the CH 4 to H 2 O ratio, as
O and CO 2 are undetected in the NIR. This method for calculating

he C/O ratio from methane and water is also used in Line et al.
 2015 , 2017 ) and Gonzales et al. ( 2020 ) (the latter with the addition
f CO for the L dwarf). If we naively apply this here, we arrive at
n improbably high value of 1 . 97 + 0 . 13 

−0 . 14 . This is likely to be outside
he scope of any stellar C/O ratio, for which C/O > 1 is rarely seen.
enerally, the distribution of stellar C/O is tight, with a peak near

he solar value (Nissen 2013 ; Nakajima & Sorahana 2016 ; Brewer &
ischer 2017 ). 
NRAS 521, 5761–5775 (2023) 
This section investigates several possibilities to assess their impact
n the C/O ratio. We first consider observational and analytical
ources of bias, before considering atmospheric origins. 

.2.1 Observational and model biases 

elluric water bands are common in the infrared and originate from
ater absorption in the Earth’s atmosphere, which may bias our C/O

atio. We performed a test to check if removing telluric water bands
lters our estimate for the H 2 O abundance and hence the C/O ratio.
his was done by removing all data points in the 1.35–1.42 and the
.80–1.95 μm ranges, where telluric water features are present, and
unning the nested sampling winning model (power-law slab cloud)
ith the bands remo v ed. Remo ving the telluric absorption bands
id not change the retrieved water abundance significantly, and the
H 4 /H 2 O remained high at 1.88. 
As listed in Tables 8 and 7 , the C/O was consistently high across

ll cloud models tested and sampling methods tested. 

.2.2 Oxygen depletion by condensation 

xamination of our [C/H] and [O/H] values can reveal whether
he atmosphere is carbon rich or oxygen poor. The primary stars,
oss 458A and B, are known to have supersolar metallicities of

Fe/H] = + 0.2 (Burgasser et al. 2010 ), which agree with the retrieved
C/H] = + 0.18 of Ross 458c, meaning that the carbon abundance
s consistent with the primary. Ho we ver, Ross 458c’s [O/H] =

0.37 ± 0.05, suggesting that it is oxygen poor or otherwise 
epleted. 
A certain amount of oxygen can be tied up via silicate condensation

nd would be ‘missing’ from the atmosphere. Ho we ver, under typical
ssumptions for T dwarf atmospheres this would not account for all
f the missing oxygen. By allowing 25 per cent of oxygen to be tied
p in silicate clouds (Burrows & Sharp 1999 ), the C/O ratio would
ower to 1.47, which is still extremely high. 

Water clouds in the atmosphere of Ross 458c would account for
he missing water and lower the C/O ratio substantially, but the
emperature is too high for water clouds. Water clouds are expected to
ecome a significant opacity source in brown dwarfs of temperatures
ess than 400 K (Morley et al. 2014 ). 
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Figure 7. Sonora Bobcat evolutionary models (Marley et al. 2021 ) of radius against age. The vertical lines and shaded pink area are lower age estimates of 
Ross 458c. The retrieved radius with shaded errors is shown at R = 1.45 R Jup . The radius is shown for two different metallicities, of solar and [M/H] = + 0.5, 
and the masses chosen are in the range of our retrieved mass. 
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Figure 8. The impact on the implied C/O ratio of incorporating CO and CO 2 

that may have been missed by our NIR spectrum. The base case indicated by 
the point with error bars at the top left of the plot is where we estimate C/O 

assuming that all carbon and oxygen (after depletion by condensing clouds) 
exist in the H 2 O and CH 4 that we have measured. The lines indicate how 

the C/O changes as we allow for increasing quantities of CO and CO 2 at the 
proportions indicated and tracked by the corresponding increase in [C/H]. 
The top dashed line indicates C/O = 0.8, the upper range seen in solar-type 
stars, and the Asplund et al. ( 2009 ) solar value is indicated by the lower line. 
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.2.3 Non-equilibrium chemistry 

he value of the CH 4 /H 2 O ratio is likely impacted by non-equilibrium
hemistry, which will lead to more oxygen being tied up in CO and
O 2 than would otherwise be expected at the low temperatures of

ate-T dw arfs. Previous w ork has highlighted the importance of non-
quilibrium chemistry, leading to higher CO and CO 2 abundances. 

In the cooler T dwarfs, convection drives the disequilibrium 

hemistry. Miles et al. ( 2020 ) find that disequilibrium chemistry 
lays an important role in directly imaged exoplanets and brown 
warfs, leading to important CO absorption in the spectra. 
Noll et al. ( 1997 ) found that for Gliese 229B, CO was also present

t larger abundances than expected, such as in the 4.7 μm band,
s a disequilibrium species high up in the atmosphere, suggesting 
ransport-induced quenching. 

CO is fa v oured as the dominant C-bearing gas at high temperatures
deep in the atmosphere), whereas CH 4 is fa v oured as the dominant
-bearing gas at low temperatures (higher altitudes; Lodders & 

e gle y 2002 ; Visscher 2012 ). Through atmospheric mixing, the
hemical composition can be driven out of equilibrium. Rapid 
ertical mixing can transport a gas to higher altitude (and lower 
emperatures) before the chemical constituents have had time to 
each chemical equilibrium. If the mixing time is faster than the 
hemical reaction time, disequilibrium can occur. 

At the quench point (where the chemical time-scale = mixing time- 
cale) the abundance of the species is ‘quenched’ at a fixed value as
t is mixed to higher altitudes. CO + CO 2 are subject to transport-
nduced quenching, which may lead to a quenched abundance in the 
pper atmosphere far in excess of that predicted by equilibrium, if
ndergoing rapid vertical mixing (Visscher et al. 2010 ). 
Fig. 5 shows a good match with thermochemical predictions at 

igh pressure and temperature ( T ≈ 2000 K). This suggests that the
bserved CH 4 /H 2 O ratio can be consistent with C/O = 1.35 (the
aximum modelled value in our thermochemical grid), if carbon–
xygen chemistry is quenched at the 100 bar, 2000 K le vel. Ho we ver,
t 2000 K the chemical reactions converting CO/CH 4 will be fast,
uggesting that it is unlikely that the observed abundances can be
ttributed to quench chemistry alone (Visscher & Moses 2011 ). 

We have simulated how the estimated C/O ratio can be affected by
ncorporating CO and CO 2 that might have been missed by our NIR
pectroscopy. In Fig. 8 , we sho w ho w the C/O ratio decreases as more
O and CO 2 are incorporated, as indicated via the associated increase 
MNRAS 521, 5761–5775 (2023) 
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n the [C/H] metallicity. The plot is based on our condensation-
orrected C/O = 1.47, based on CH 4 /H 2 O alone, which corresponds
o [C/H] = + 0.18 (see Fig. 4 ). As expected, adding CO drags the
/O ratio closer to 1. Ho we ver, a substantial (0.5) fraction of CO 2 is

equired to bring the C/O ratio to within the typical stellar range (i.e.
∼0.8; see Section 5.2.4 ). 
As discussed in Burningham et al. ( 2011 ), there are disagreements

s to the full network of CO–CO 2 –CH 4 reactions, and where their
quilibria lie. Ho we ver, e ven the most pro-CO 2 cases in the BT Settl
odel grids discussed in that paper have CO outnumbering CO 2 by
 factor of 20, which is the most CO 2 poor case illustrated in Fig. 8 .

In addition to the high abundance of CO 2 required to bring the
mplied C/O ratio towards the expected stellar range, it is also clear
hat the implied [C/H] must rise significantly also. In all cases,
llowing for enough CO and CO 2 to bring C/O below 1.0 implies
C/H] > + 0.5, which is significantly higher than suggested by the
etallicity of the primary stars in the system and beyond the range of

arbon abundances or metallicities seen in the solar neighbourhood
e.g. Nissen 2013 ; Hinkel et al. 2014 ). 

In the absence of spectroscopy co v ering the missing CO and CO 2 

bsorption, we argue that the estimate of the C/O ratio made via
omparison of our retrieved abundances with our thermochemical
odel grids (Fig. 5 ) is the most reasonable, i.e. C/O ≈ 1.35. We note

hat this value implicitly includes the impact of rainout of oxygen
n condensates according to phase-equilibrium chemistry at solar
bundance ratios. 

.2.4 C/O of primary system 

he C/O ratio of the primary system, Ross 458AB, is unknown, and it
ay not share the solar value of 0.54 (Asplund et al. 2005 ). Ho we ver,

he range of stellar C/O ratios for solar-type stars is relatively narrow,
ith C/O > 0.8 very rare. As the primaries are not carbon stars, a
/O > 0.8 would be highly unlikely. The peak of the distribution is
round 0.47, with a tail towards lower and higher C/O ratios (Nissen
013 ; Brewer & Fischer 2017 ). This makes the high implied value
or Ross 458c particularly interesting. 

.3 Interpretation of C/O ratio 

aking the abo v e considerations into account, the fact that the C/O
atio appears to be so different from its primaries may suggest a
lanetary formation route for Ross 458c. This formation would have
o be such that it is not enriched with oxygen. Ross 458c has not
ecessarily formed in situ but could have migrated to its current
osition. The protoplanetary disc would have different compositions
t different radii, at the various ice lines. In order for the atmosphere
o be oxygen poor, the formation must have taken place outside of
he H 2 O snow line, with a process that inhibits accretion of oxygen-
earing silicates and allows for more carbon-rich gas to accrete.
he suggestion of a planetary formation route for Ross 458c seems
nlikely due to its mass ratio with the primaries and our own large
etrieved mass (driven up by the large retrieved radius). 

This oxygen depletion that we are seeing is also noted in other
etrie v als, such as Calamari et al. ( 2022 ), who find a supersolar C/O
atio for Gliese 229B. They compare their work to other works done
n T dwarf, which likewise see the trend of supersolar C/O (Line et al.
017 ; Zalesky et al. 2019 , 2022 ). They speculate that unanticipated
hemistry may provide additional oxygen sinks, such as unmodelled
agnesium silicates and/or iron-bearing condensates, which could

rive an apparently supersolar C/O. 
NRAS 521, 5761–5775 (2023) 
 C O N C L U S I O N  

n this work, we have presented the first retrie v al of Ross 458c.
oss 458c is best parametrized by a non-gre y (power-la w) cloud,

tructured as a slab. Both the radius and the mass are o v erestimated,
ased on evolutionary models. The bolometric luminosity is higher
han found in Burningham et al. ( 2011 ). 

The CH 4 /H 2 O ratio is much higher than expected, at 1.97. This is
ue to missing oxygen from a low water abundance. Comparisons to
hermochemical grid models suggest a still high C/O ratio of 1.35, if
H 4 and H 2 O are quenched at 2000 K due to vigorous mixing. 
The [C/H] = + 0.18 matches up with the metallicity of Ross 458AB

f [Fe/H] = + 0.2 (Burgasser et al. 2010 ). 
Even with oxygen sequestered into clouds and accounting for

ransport-induced quenching, the C/O ratio remains high. This points
o either a planetary origin of Ross 458c or the presence of an
nidentified sink for the gas-phase oxygen. 
These retrie v al results are the first in an analysis of a larger sample

f late-T dwarfs that seek to answer the following questions: Do
ompanion T dwarfs have a different composition than their host
tar? Is the C/O ratio of free-floating T dwarfs different to that of the
tellar population and to that of companion T dwarfs? What trends
n C/O ratio are present across the T dwarf range? 

.1 Future work 

n order to compare the C/O ratios of companions to their primary
tar(s), we need the abundances of the primary. This could be done
ollowing the method of Tsuji & Nakajima ( 2014 , 2016 ), which uses
igh-resolution spectra of H 2 O and CO in the NIR bands. 
Additionally, by extending the spectrum of Ross 458c to 5 μm,

e would include CO and CO 2 absorption that might be a significant
ontributor to carbon and oxygen abundances, altering the C/O ratio.
o spectroscopic data at those wavelengths exist yet. The data for
oss 458c that will be obtained through JWST at NIR and mid-IR
avelengths and at greater sensitivity will aid our understanding of

bsorbers in the atmosphere, such as CO and CO 2 , and the thermal
rofile o v er wider range of pressures. 
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PPENDI X  A :  C O M PA R I S O N  O F  EMCEE A N D  

Y M U LTI N E S T RESULTS  

able A1 shows the comparison of retrieved parameters between the 
MCEE and the PYMULTINEST samplers. The values are consistent 
ith each other to 1 σ for the most part, with a couple of exceptions

hat differ by under 2 σ . 
Fig. A1 shows the comparison of the thermal profiles of the

MCEE and PYMULTINEST samplers for the power-law slab cloud. 
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hey follow similar profiles, with the EMCEE profile being slightly
armer at deeper pressures. 
The location of the EMCEE cloud is unconstrained within the

tmosphere at the top of the cloud. 
Table A2 shows the comparison of CH 4 / H 2 O for the different
odels tested, for both the PYMULTINEST and the EMCEE samplers.
he CH 4 / H 2 O stays consistently high across all models, for both
ampling methods. 

The two highest ranking models are the same for both samplers,
ust with the order switched. See Tables 7 and 8 for model rankings
or both samplers. 

able A1. Comparison of parameters between EMCEE and PYMULTINEST

or the power-law slab cloud (the winning model from PYMULTINEST , and
he second-ranked model from EMCEE) , in order to allow for a more direct
omparison. 

arameter EMCEE PYMULTINEST 

 2 O −3 . 00 + 0 . 16 
−0 . 24 −3 . 47 + 0 . 04 

−0 . 04 

H 4 −2 . 76 + 0 . 14 
−0 . 30 −3 . 16 + 0 . 04 

−0 . 04 

O −7 . 81 + 2 . 73 
−2 . 83 −8 . 28 + 2 . 42 

−2 . 16 

O 2 −7 . 36 + 3 . 07 
−3 . 87 −8 . 00 + 2 . 65 

−2 . 28 

H 3 −4 . 38 + 0 . 20 
−2 . 01 −4 . 62 + 0 . 04 

−0 . 04 

 2 S −8 . 82 + 2 . 63 
−2 . 11 −8 . 54 1 . 81 

1 . 90 

a + K −6 . 12 + 0 . 37 
−1 . 31 −5 . 80 + 0 . 04 

−0 . 05 

og g 5 . 13 + 0 . 20 
−0 . 37 4 . 50 + 0 . 07 

−0 . 07 
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igure A1. Comparison of the thermal profiles with their errors, for the
ower-law slab cloud of the EMCEE (in blue) and PYMULTINEST (in black)
amplers with the cloud condensation curves overplotted. Also, plotted are
he cloud locations in the bars on the rights (cloud N being PYMULTINEST

ampler and cloud E being the EMCEE sampler), with their associated errors
n grey. 
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Table A2. Comparison of the CH 4 /H 2 O ratio between PYMULTINEST and EMCEE , for the different 
models tested. 

Model type CH 4 / H 2 O PYMULTINEST CH 4 / H 2 O EMCEE 

Power-law slab cloud 1 . 97 + 0 . 13 
−0 . 14 1 . 69 + 0 . 31 

−0 . 51 

Power-law slab cloud, Allard alkalis 2 . 13 + 0 . 14 
−0 . 15 1 . 82 + 0 . 31 

−0 . 46 

MgSiO 3 slab cloud 1 . 86 + 0 . 19 
−0 . 18 1 . 42 + 0 . 37 

−0 . 42 

Na 2 S slab cloud 1 . 82 + 0 . 20 
−0 . 19 1 . 83 + 0 . 19 

−0 . 23 

Cloud free 1 . 74 + 0 . 20 
−0 . 19 1 . 83 + 0 . 19 

−0 . 23 

Grey deck cloud 1 . 68 + 0 . 20 
−0 . 20 1 . 57 + 0 . 32 

−0 . 57 

KCl deck cloud 1 . 79 + 0 . 17 
−0 . 18 1 . 71 + 0 . 27 

−0 . 31 

MgSiO 3 deck cloud 1 . 76 + 0 . 19 
−0 . 18 1 . 71 + 0 . 41 

−1 . 06 

Power-law deck cloud 1 . 70 + 0 . 20 
−0 . 21 1 . 61 + 0 . 36 

−0 . 80 

Soot deck cloud 1 . 32 + 0 . 28 
−0 . 23 1 . 52 + 0 . 26 

−0 . 23 

KCl slab cloud 1 . 73 + 0 . 18 
−0 . 17 1 . 28 + 0 . 32 

−0 . 21 

Grey slab cloud 1 . 63 + 0 . 17 
−0 . 16 1 . 67 + 0 . 28 

−0 . 56 

MnS slab cloud 1 . 71 + 0 . 17 
−0 . 17 1 . 71 + 0 . 24 

−0 . 29 

MnS deck cloud 1 . 75 + 0 . 19 
−0 . 21 1 . 66 + 0 . 32 

−0 . 64 

Soot slab cloud 1 . 45 + 0 . 23 
−0 . 37 1 . 79 + 0 . 22 

−0 . 24 
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