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A B S T R A C T 

Retrie v al methods are a powerful analysis technique for modelling exoplanetary atmospheres by estimating the bulk physical 
and chemical properties that combine in a forward model to best fit an observ ed spectrum, and the y are increasingly being 

applied to observations of directly imaged exoplanets. We have adapted TAUREX3 , the Bayesian retrie v al suite, for the analysis 
of near-infrared spectrophotometry from directly imaged gas giant exoplanets and brown dwarfs. We demonstrate TAUREX3 ’s 
applicability to sub-stellar atmospheres by presenting results for brown dwarf benchmark GJ 570D which are consistent with 

pre vious retrie v al studies, whilst also exhibiting systematic biases associated with the presence of alkali lines. We also present 
results for the cool exoplanet 51 Eri b, the first application of a free chemistry retrie v al analysis to this object, using spectroscopic 
observations from GPI and SPHERE. While our retrie v al analysis is able to explain spectroscopic and photometric observations 
without employing cloud extinction, we conclude this may be a result of employing a flexible temperature-pressure profile which 

is able to mimic the presence of clouds. We present Bayesian evidence for an ammonia detection with a 2.7 σ confidence, the 
first indication of ammonia in a directly imaged exoplanetary atmosphere. This is consistent with this molecule being present in 

brown dwarfs of a similar spectral type. We demonstrate the chemical similarities between 51 Eri b and GJ 570D in relation to 

their retrieved molecular abundances. Finally, we show that o v erall retrieval conclusions for 51 Eri b can vary when employing 

different spectral data and modelling components, such as temperature–pressure and cloud structures. 

Key words: data analysis – Brown dwarfs – atmospheres – gaseous planets. 
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 I N T RO D U C T I O N  

hile o v er 5000 e xoplanets hav e been confirmed to date (Akeson
t al. 2013 ; NASA Exoplanet Archive 2022 ), only a very small
raction have been directly imaged due to the significant technical 
hallenge of detecting a signal from an e xoplanet man y times
ainter than its host star. Ho we v er, e xtreme coronagraphic spectrome-
ers, including VLT’s Spectro-Polarimetric High-contrast Exoplanet 
Esearch instrument (SPHERE) (Beuzit et al. 2008 ), the Gemini 
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2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
lanet Imager (GPI) (Macintosh et al. 2014 ), and VLT’s GRAVITY
Gravity Collaboration 2017 ), have made it possible to start the
haracterization and classification effort of directly imaged exoplanet 
emographics (Nielsen et al. 2019 ; Vigan et al. 2021 ). A summary
f direct imaging spectroscopy is co v ered e xtensiv ely in Biller &
onnefoy ( 2018 ). 
The development of extrasolar planetary spectroscopy (see Tinetti, 

ncrenaz & Coustenis 2013 ) has mainly been driven by studies of
ransiting hot-Jupiters and has allowed for unprecedented insight 
nto the diversity of their atmospheres. This led to the expansion and
pplication of inverse atmospheric modelling techniques (outlined 
n Fig. 1 ) to exoplanetary spectra (see Line et al. 2013 for a re vie w
f early exoplanetary retrie v al codes). There are now a variety of
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M

Figure 1. Flowchart of the key components used in inverse retrie v al 
techniques. 
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etrie v al codes developed for exoplanet atmospheric characterization,
xamples include NEMESIS (Irwin et al. 2008 ), CHIMERA (Line
t al. 2013 ), BART (Cubillos et al. 20226 ), SCARLET (Benneke
015 ), POSEIDON (MacDonald & Madhusudhan 2017 ), BREWSTER

Burningham et al. 2017 , 2021 ), HYDRA (Gandhi & Madhusudhan
018 ), PETITRADTRANS (Molli ̀ere et al. 2019 ; Nowak et al. 2020 ;
olli ̀ere et al. 2020 ), PLATON II (Zhang et al. 2020 ), HELIOS-R2

Kitzmann et al. 2020 ), APOLLO (Howe, McEl w ain & Mandell 2022 )
nd TAUREX3 (Al-Refaie et al. 2021 , 2022 ). In previous studies,
AUREX has been applied to observations of transiting exoplanets
Waldmann et al. 2015a , b ; Tsiaras et al. 2016 ; Rocchetto et al.
016 ; Tsiaras et al. 2018 , 2019 ; Changeat et al. 2019 ; Edwards et al.
020 ; Skaf et al. 2020 ; Pluriel et al. 2020 ), with a comparative study
f TAUREX , CHIMERA , and NEMESIS retrie v al codes to be found in
arstow et al. ( 2020 ) with a re vie w of the current state-of-the-art in
arstow & Heng ( 2020 ) and Madhusudhan ( 2019 ). 
There is now an abundance of literature outlining the application

f the retrie v al approach to directly imaged exoplanet and brown
w arf spectroscop y or photometry. This includes HR8799b (Lee,
eng & Irwin 2013 ), GJ 570D (Line et al. 2014 ), GJ 570D and
D 3651B (Line et al. 2015 ), 11 T dwarfs (Line et al. 2017 ),
R8799b-e (Lavie et al. 2017 ), 2MASS J05002100 + 0330501 and
MASS J2224438 −015852 (Burningham et al. 2017 ), GJ 570D
nd the Epsilon Indi brown dwarf binary system (Kitzmann et al.
020 ), 6 T and 8 Y dwarfs (Zalesky et al. 2019 ), β Pic b (Gravity
ollaboration 2020 ), HR 8799e (Molli ̀ere et al. 2020 ), HR 8799c

Wang et al. 2020 ), and the SDSS J1416 + 1348AB binary (Gonzales
t al. 2020 ). Most recently, it has been employed for analysis of SDSS
125637.13 −022452.4 (Gonzales et al. 2021 ), a ‘cloud busting’
tudy of 2MASS 2224 −0158, studying the L–T transition (Lueber
t al. 2022 ), analysing high-resolution observations of HD 4747 B
Xuan et al. 2022 ) and a population analysis of 50 Late-T Dwarfs
Zalesky et al. 2022 ). Here, we use the TAUREX3 retrie v al tool to carry
ut analysis of directly imaged exoplanet 51 Eridani b (hereafter, 51
ri b) and brown dwarf benchmark GJ 570D. 
Despite the significant development in the field of directly imaged

xoplanet spectroscopy in the last decade, upcoming telescopes will
ro v e essential to further our understanding of these objects. The
WST (Gardner et al. 2006 ) and the soon to be constructed Extremely
NRAS 525, 1375–1400 (2023) 
arge Telescope (ELT) (Udry et al. 2014 ; Brandl et al. 2014 ), will
ead to increased observational capacity, requiring refined and robust
nalysis techniques. Retrie v al tools will be a corner stone for the
nalysis of these next generation observations. 

Facilitated by the aforementioned instruments, direct imaging will
e a very important technique for the future with the notable benefits
hat it offers when compared to the currently dominant technique
f transmission spectroscopy. These include the ability to view
xoplanet and brown dwarf atmospheres as they rotate (Crossfield
t al. 2014 ) (as they are not tidally locked) and being able to
robe further into the atmosphere, unlocking more spectral features.
he currently observed selection of directly imaged exoplanets are

imited to young gas-giants which orbit their host stars at large radial
istances. They show similar properties to free-floating planetary
ass objects and old field brown dwarfs. As a result, these three

ubsets of object can have the same spectral types. The youngest low
urface gravity objects start out as a hot L spectral type, evolving via
ooling firstly to a T type (Kirkpatrick 2005 ) before finally becoming
 very cool Y type (Cushing et al. 2011 ; Kirkpatrick et al. 2012 ; Miles
t al. 2020 ), at the limits of current observational capabilities. In this
tudy, we will be focusing on T spectral type objects, with their
tmospheric signatures dominated by H 2 O and CH 4 absorption. 

The importance of cloud modelling for directly imaged exoplanets
nd brown dwarfs has been well explored and debated (Marley,
aumon & Goldblatt 2010 ; Morley et al. 2012 ; Marley et al. 2012 ;
ee et al. 2013 ; Morley et al. 2014 ; Chilcote et al. 2017 ; Burningham
t al. 2017 ; Charnay et al. 2018 ; Bowler et al. 2020 ; Zhou et al. 2020 ;
ew et al. 2020 ; Molli ̀ere et al. 2020 ; Burningham et al. 2021 ).
revious studies of 51 Eri b, for example, used clouds in their grid
odelling (Rajan et al. 2017 ; Samland et al. 2017 ) to successfully
t the planet’s spectral energy distribution (SED). For a recent and
 xtensiv e review of exoplanet clouds, see Helling ( 2019 ). Alternative
xplanations for the observed SEDs have been explored in Tremblin
t al. ( 2016 , 2017 ), who demonstrated that a reduced atmospheric
emperature gradient can reproduce the SEDs of late L and T type
rown dwarfs, without the need to invoke clouds. The mechanism
educing the temperature gradient in these atmospheres has been pro-
osed to be diabatic convection triggered by the CO/CH 4 chemical
onversion in brown dwarf atmospheres (Tremblin et al. 2019 ). 

We now describe the specifics of both the retrieval tool and other
ools used in our spectral analysis, as applied to spectra of 51 Eri b
nd GJ 570D. 

 TWO  B E N C H M A R K  T  DWARFS:  G J  5 7 0 D  A N D  

1  E R I  B  OBSERVATI ONS  

n this section, we give a brief o v erview of our current knowledge
nd understanding of GJ 570D and 51 Eri b as well as describing
he origin of the data used in their model fitting analysis. We chose
o focus on T dwarfs in this first application of TAUREX3 to directly
maged targets as in this temperature regime their SED’s are thought
o be less influenced by clouds, which are expected to exist below
he observable photosphere (Burrows et al. 1997 ; Burrows & Sharp
999 ; Lodders & Fe gle y 2006 ). The inclusion of GJ 570D allows us
o benchmark TAUREX3 against previous studies using other retrie v al
odes (Line et al. 2015 ; Burningham et al. 2017 ; Kitzmann et al.
020 ). 51 Eri b offers a comparable spectral type object but allows us
o investigate a completely different mass regime and it has no exist-
ng free-chemistry retrie v al analysis. We note that clouds seem to be

ore prominent in the observable atmosphere for low surface gravity
bjects such as 51 Eri b (Marley et al. 2012 ; Charnay et al. 2018 ). 
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Figure 2. (a): SpeX prism spectrum of GJ 570D, flux calibrated using SPLAT and the object’s 2MASS J -, H - and K- band magnitudes. The spectrum used by 
Kitzmann et al. ( 2020 ), produced using a different absolute flux calibration approach, is included for comparison. (b) Published data for 51 Eri b. We include Y -, 
J - and H -band SPHERE data from Samland et al. ( 2017 ), along with the GPI J and H data from Macintosh et al. ( 2015 ) (which is updated using a revised stellar 
flux and presented in Rajan et al. 2017 ) along with GPI K 1 and K 2 band data from Rajan et al. ( 2017 ). There is a clear difference in the J -band brightness, and 
also a difference in the H -band brightness, between the GPI and SPHERE observations. 
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.1 GJ 570D 

J 750D (or 2MASS J14571496 −2121477) is a cool T7.5 brown 
warf, with an age of 1–5 Gyr (Liu, Leggett & Chiu 2007 ), and was
mong the first T dwarf companions to be disco v ered by Burgasser
t al. ( 2004 ), Burgasser, Burrows & Kirkpatrick ( 2006 ). It is a very
ide component in a hierarchical quadruple system, comprising 

he inner spectroscopic binary companions GJ 570B and C and 
he primary GJ 570A from which GJ 570D orbits at a projected
eparation of 1525 ± 25 au (Burgasser et al. 2000 ). GJ 570D has been
ncluded in order to compare TAUREX3 against other retrie v al studies
s it has become commonly included in no v el retrie v al approach
alidations (Line et al. 2014 , 2015 , 2017 ; Burningham et al. 2017 ;
itzmann et al. 2020 ; Piette & Madhusudhan 2020 ). It also offers

he opportunity to compare retrie v al results against studies using
rid model fitting. GJ 570D has a comparable spectral type to the
xoplanet 51 Eri b, also included in this study. 

.1.1 Observations and calibration 

e used observations of GJ 570D taken by the SpeX spectrograph 
Rayner et al. 2003 ), which is mounted on the 3 m NASA InfraRed
elescope Facility. The measured spectrum is part of the SpeX 

rism Library (Burgasser 2014 ) and was first published in Burgasser
t al. ( 2004 ). The data were reduced using the pipeline described in
ushing, Vacca & Rayner ( 2004 ), with the spectrum spanning 0.65
o 2.56 μm at an average spectral resolving power of 120. Using the
peX Prism Library 1 data analysis toolkit (SPLAT 

2 ; see Burgasser 
 Splat Development Team 2017 for details), we flux calibrated the

ata using photometry from the 2MASS surv e y 3 (Skrutskie et al.
006 ). 
The spectra shown in Fig. 2 a have then been calibrated us-

ng J (15.324 ± 0.05 mag), H (15.268 ± 0.09 mag) and K -band
15.242 ± 0.16 mag) fluxes. In the following analysis, we used 
he spectrum calibrated using the H -band magnitude. As outlined 
n Line et al. ( 2015 ), neighbouring pixels may not be statistically
ndependent, due to the duplication of flux information. Therefore, 
hen analysing this data set we only include every third data point

pixel) in our model fitting. 

.2 51 Eri b 

1 Eri b was the first exoplanet discovered by GPI (Macintosh et al.
014 ), and has one of the smallest angular and physical separations
MNRAS 525, 1375–1400 (2023) 

http://pono.ucsd.edu/~adam/browndwarfs/spexprism/library.html
http://pono.ucsd.edu/~adam/browndwarfs/splat/
https://irsa.ipac.caltech.edu/Missions/2mass.html


1378 N. Whiteford et al. 

M

(  

a  

M  

W  

n
 

p  

(  

e  

l  

t
 

s  

c  

p  

p  

p  

m  

t  

e  

(  

w  

c  

n  

R  

w

2

I  

2  

G  

t  

H  

V  

(  

a
 

N  

2  

w  

a  

W  

o  

H
 

t  

r  

o  

p  

t

3

3

I  

i  

o  

fi  

h  

e  

b  

d  

o
 

c  

a  

r  

i  

m  

t  

e
 

s  

r  

e  

B  

t  

H  

i  

e  

o

3

T

B  

o  

A  

t  

o  

s

3

T  

w  

b  

o  

2  

e  

l  

2
(  

2  

E  

a  

p  

m  

A  

a  

2  

W  

t  

e  

s  

s  

r  

4 TAUREX3 : ht tps://github.com/ucl-exoplanet s/TauREx3 public 
5 ExoMolOP: ht tp://exomol.com/dat a/data-t ypes/opacity/

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/1/1375/7127715 by C
atherine Sharp user on 19 Septem

ber 2023
 ∼0.5 arcsec, ∼13 au) of any directly imaged exoplanet. It orbits
 young F0-type host, with age estimates of 20 ± 6 Myrs from
acintosh et al. ( 2014 ) and 26 ± 3 Myrs from Nielsen et al. ( 2016 ).
ith a spectral type of T6.5 ± 1.5 (Rajan et al. 2017 ), 51 Eri b is

otably the latest spectral type planet yet imaged. 
Exhibiting methane absorption (a first for directly imaged exo-

lanets) with its lower effective temperature ( ∼700 K) and low mass
 < 10 M Jup ), 51 Eri b defined a new category of directly imaged
xoplanets. Further, its SED indicates that the L/T transition occurs at
ower temperatures for these lower surface gravity objects compared
o the higher surface gravity brown dwarfs (Rajan et al. 2017 ). 

Studies of this exoplanet have included clouds in order to fit the
pectroscopic and photometric data. Rajan et al. ( 2017 ) used two self-
onsistent grid models, one with a patchy iron/silicate cloud com-
onent, and the other with sulfide/salt cloud to explain the spectral
rofile, while Samland et al. ( 2017 ) used grid models produced using
etitCODE (Molli ̀ere et al. 2015 , 2017 ) which employed a slightly
odified version of the Ackerman & Marley ( 2001 ) prescription in

heir cloud modelling. Samland et al. ( 2017 ) also tested the Morley
t al. ( 2012 ) cloud models against their observations. Samland et al.
 2017 ) could not differentiate between patchy and uniform clouds
hile Rajan et al. ( 2017 ) found a preference for patchy iron/silicate

louds in the model fitting. Both studies concluded that clouds were
eeded to fit the spectrum well. Neither Samland et al. ( 2017 ) or
ajan et al. ( 2017 ), ho we ver, employed a free chemistry model as
e have done in this study. 

.2.1 Observations 

n this study, we used a combination of observations of 51 Eri b from
015–2016. These included spectroscopic data taken with GEMINI-
PI’s Integral Field Spectrograph (Macintosh et al. 2014 ) (IFS) in

he J -, H -, K 1- and K 2-bands (Rajan et al. 2017 ) (where J- and
- band observations are updated from Macintosh et al. 2015 ) and
L T -SPHERE’s IFS (Beuzit et al. 2008 , 2019 ) using its YJ , YH filters

Samland et al. 2017 ). The spectra are shown in Fig. 2 b, calibrated
s outlined in Samland et al. 2017 and Rajan et al. 2017 . 

We also employed photometric measurements from KECK-
IRC2’s (McLean & Sprayberry 2003 ) Lp and Ms filters (Rajan et al.
017 ), where we used two combinations of data for our analyses: one
hich combined SPHERE’s Y- , J - and H- bands along with GPI’s K 1-

nd K 2-band data and the other which combined only the GPI bands.
e used this approach as the aforementioned GPI and SPHERE

bserv ations dif fered significantly in brightness in both the J- and
 -bands. 
Unlike with the GJ 570D data, we did not exclude any data from

he analysis. This was moti v ated by the data’s already low spectral
esolution, combined with the relatively large errors, where exclusion
f data would severely impact the retrievals ability to constrain
arameters. We note that the potential for correlated noise to impact
he retrie v al is more prominent when using these full data sets. 

 M O D E L L I N G  

.1 Retrieval method overview 

n this study, we employ the inverse retrie v al method. This approach
s re vie wed in F ortne y ( 2018 ) and Madhusudhan ( 2018 ) and is
utlined in Fig. 1 . In its simplest form, the technique obtains a best
t to observed spectra using a varying forward model defined by a
andful of constraining parameters. Variations in the forward model
NRAS 525, 1375–1400 (2023) 
xplore the permitted parameter space while statistically deriving the
est fit to an observation. Inverse techniques calculate the posterior
istributions of these forward model parameters that best fit the
bserved data. 
The forward model contains a set of input parameters and

onverts them into the observable format; typically a spectrum at
 specified spectral resolution. For the purposes of this paper, we
eplicate observations of thermal emission in the near and mid-
nfrared. The model combines fundamental quantities such as the
olecular chemistry and the temperature–pressure profile present in

he observed atmosphere, the radius and mass of the object, and the
xistence of clouds or aerosol opacities. 

Retrie v al models generally use a Bayesian sample approach to
elect the best-fitting model. As outlined below, the use of Bayesian
etrie v als allo ws the formal inclusion of prior knowledge and full
xploration of the likelihood probability distribution of the data.
ayesian retrie v als have become the norm in atmospheric analyses of

ransmission and secondary eclipse spectra of transiting exoplanets.
o we ver, Bayesian parameter inference has now regularly proven

tself as an ef fecti ve tool in the pursuit of statistically rigorous
xoplanet and brown dwarf atmospheric characterizations in the field
f direct imaging. 

.2 TAUREX3 

AUREX3 (Tau Retrie v al of Exoplanets) is a publicly available 4 

ayesian retrie v al code designed to be applied to spectroscopic
bservations of extrasolar atmospheres (Waldmann et al. 2015a , b ;
l-Refaie et al. 2021 ). It can be employed to analyse emission,

ransmission, and phase-curve spectroscopic data. Fig. 1 gives an
 v erview of the TAUREX code for emission retrie v al. The follo wing
ubsections outline the key components of TAUREX3 . 

.2.1 Atomic and molecular cross-sections 

AUREX has its own purpose built molecular and atomic opacities,
hich can be accessed from the publicly available ExoMolOP data
ase (Chubb et al. 2020 ). 5 The line lists used for this data base
riginate mainly from the ExoMol project (Tennyson & Yurchenko
012 ) but also HITEMP (Rothman et al. 2010 ), HITRAN (Rothman
t al. 1987 ), and MoLLIST (Bernath 2020 ). This includes the latest
ine lists for TiO (McKemmish et al. 2019 ), H 2 O (Polyansky et al.
018 ), CO (Li et al. 2015 ), CO 2 (Yurchenko et al. 2020 ), CH 4 

Yurchenko et al. 2017 ), VO (McKemmish, Yurchenko & Tennyson
016 ), H 2 S (Azzam et al. 2016 ), and NH 3 (Coles et al. 2019 ).
xoMol provides line lists for extended temperature ranges for
 variety of molecules. The pressure and temperature broadened
rofiles for the resonance doublets of Na and K are computed using
ethods described in Allard, Spiegelman & Kielkopf ( 2016 ) and
llard et al. ( 2019 ). All other line data for these atomic species

re taken from either the NIST (Kramida, Ralchenko & Reader
013 ) or Kurucz (Kurucz & Bell 1995 ) data base (see Section 4.1 ).
e note here that all the results (Tables and Figures) presented in

his study were retrieved using the broadening parameters of Allard
t al. and non-resonance lines from the Kurucz data base, unless
tated otherwise.The TAUREX3 cross-sections used in this work were
ampled at R = 

λ
�λ

= 15 000 across the 0.3–50 μm wavelength
e gion. F or a more detailed discussion of TAUREX ’s line list library,

https://github.com/ucl-exoplanets/TauREx3_public
http://exomol.com/data/data-types/opacity/


Retrieval study of 51 Eri b 1379 

Figure 3. npoint temperature–pressure profile used in our analysis. The 
figure outlines the structure of the n-point profile, with n = 3 in this example. 
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ee Chubb et al. 2020 . During the molecular and atomic radiative
ransfer calculations performed by TAUREX , the model is produced at 
 much higher resolution than that of the observed spectrum. These 
igh resolution spectra are then binned down to the data resolution 
n order to calculate the loglikelihood. 

.2.2 Temperatur e-pr essur e profiles 

o accurately model directly imaged emission spectroscopy, an 
ppropriate temperature–pressure parametrization must be adopted. 
AUREX offers a variety of temperature–pressure profile options, 
anging from radiative two-stream modelling such as the Guillot 
 2010 ) prescription (for highly irradiated planets) to more ad hoc
eometric approaches in which temperature–pressure nodes are 
llo wed to v ary freely. In Fig. 3 , we illustrate the n − point
emperature–pressure profile adopted in our analysis. 

The n − point profile is determined by several parameters includ- 
ng the top of atmosphere temperature, T top , and top of atmosphere
ressure, P top (set at 10 −3 bar in this study). The other parameters
nclude the tropopause temperature and pressure, T 1 and P 1 , as
ell as the surface pressure P surf (set at 500 bar for this study)

nd temperature T surf .Temperatures are then linearly interpolated 
etween these temperature–pressure nodes in log space. 

In order to be able to compare retrie v als with temperature–pressure
rofiles of differing degrees of freedom, we also added with a less
exible profile following a simple parametrization employed in Lavie 
t al. ( 2017 ). This originated from a reduced version of equation 126
n Heng, Mendon c ¸a & Lee ( 2014 ): 

 

4 = 

T 4 int 

4 

(
8 

3 
+ 

˜ m κ0 

)
. (1) 

here T int is the internal temperature and κ0 the constant component 
f the infrared opacity. ˜ m is column density determined via P 0 = ˜ 
 · g with g being the surface gravity at the bottom of our model

tmosphere (500 bar). This simpler profile parametrization only has 
wo free parameters within our retrie v als: κ0 and T int . 

.2.3 Effective temperature calculation 

e have included the ef fecti ve temperature T eff as a derived param-
ter which is useful for comparing retrie v al results to grid models
nd evolutionary tracks. For this, we followed the same approach 
s adopted in Line et al. ( 2015 ), integrating the spectrum from
.1 to 50 μm (at the native resolution of the input cross-sections)
o calculate the total emission flux. The ef fecti ve temperature, as
ssociated uncertainties, is then derived using the Stefan–Boltzmann 
aw and a random sampling of 10 per cent of models ran. 

.2.4 Bayesian Analysis 

AUREX employs Bayesian statistics as the cornerstone for the 
etrie v al analysis. Bayes’ theorem states that: 

 ( θ | x, M ) = 

P ( x | θ, M ) P ( θ, M ) 

P ( x | M ) 
, (2) 

here P ( θ, M ) is the Bayesian prior, and M is the forward model.
 ( θ | x, M ) is the posterior probability of the model parameters θ
iven the data, x , assuming the forward model M . The likelihood,
 ( x | θ, M ) is given by: 

 ( x | θ, M ) = 

1 

E 
√ 

2 π
exp 

[ 

−1 

2 

N ∑ 

λ

(
x λ − M λ

E λ

)2 
] 

, (3) 

here E is the error on the input spectral data. This is defined via: 

 

2 
λ = σ 2 

λ + 10 b , (4) 

here σλ is the measured error for the λth flux and b is a tolerance
actor which is included as a free parameter in the retrie v al analysis
Tremaine et al. 2002 ; Hogg, Bovy & Lang 2010 ; F oreman-Macke y
t al. 2013 ). This 10 b factor has been used e xtensiv ely throughout
he literature within various retrieval frameworks across many data 
ets (Line et al. 2015 , 2017 ; Burningham et al. 2017 , 2021 ). 

The 10 b error inflation term can account for imperfections in the
orward model’s capability to fit the observed emission spectrum 

nd/or account for underestimated uncertainties. It also, more demon- 
trably, allows for the down-weighting of sections of a spectrum (in
ur case the K -band) where the spectral resolution is highest as
ell as possessing the smallest error bars. Such sections of data can

ead to the neglect of other important parameters driving regions 
f a spectrum, such as in the case of our GJ 570D data. Including
he error inflation can therefore allow for a more equally weighted
onsideration of the whole spectrum when performing the Bayesian 
vidence calculations. This is discussed more in Section 3.2.9 . 

.2.5 Nested sampling via MULTINEST 

AUREX includes the implementation of Bayesian statistics via nested 
ampling (NS) using MULTINEST (Feroz & Hobson 2008 ; Feroz, 
obson & Bridges 2009 ; Feroz et al. 2013 ) via PYMULTINEST

Buchner et al. 2014 ). NS derives the Bayesian Evidence given by: 

 = 

∫ 
P ( θ | M ) P ( x | θ, M )d θ, (5) 

here E = P ( x | M ) is the Bayesian Evidence which allows for
ormal model selection. The statistical results from MULTINEST 

re then used to derive the parameter estimates which combine to
roduce the highest Log-Evidence. Using MULTINEST, we sampled 
he parameter space using 3000–5000 live points at a sampling 
fficiency of 0.8 which is the default for parameter estimation. 

Via the nested sampling Log-Evidence, we can compare model 
esults using the Bayes Factor B: 

og( b) = �log ( Ev ) = Log ( Ev 2) − log ( Ev 1) , (6) 

This is a ratio of evidence of two competing models (Ev1 and
v2), allowing for comparison. Table 1 , from Kass & Raftery ( 1995 ),
utlines how log ( B ) can be interpreted. 
MNRAS 525, 1375–1400 (2023) 
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M

Table 1. Interpreation of the Bayes ratio outlined in Kass & Raftery 1995 . 

log ( b ) Interpretation 

0–0.5 No Evidence 
0.5–1 Some Evidence 
1–2 Strong Evidence 
> 2 Decisive 
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Figure 4. Evolutionary tracks from F ortne y et al. ( 2008 ) with age uncertainty 
of 51 Eri system from Rajan et al. ( 2017 ) indicated. The Gaussian radius prior 
we adopt for the 51 Eri b analysis is also indicated. 
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.2.6 Priors 

AUREX has preset default priors set for all the possible free parame-
ers. This includes all that are necessary for the forward model such
s mass, radius, temperature–pressure prescription, and atmospheric
race gases considered. By default TAUREX employs uninformative
riors with large prior ranges (e.g. trace-gas abundance priors are
og-uniform, log (abundances) = 1.0 − 1.0 × 10 −12 ). The default
alues can be manually o v erridden, allowing the user to limit or
pen up the parameter space. Narrowly defined bounds have the
enefit of reducing computational expense but run the risk of being
 v erly restrictiv e. The priors and prior bounds set for the retrie v al
nalysis performed in this paper were either uniform, log-uniform,
r Gaussian priors based on values from previous published studies
when such values were available). See Table 2 for a full o v erview
f the priors set. 
Gi ven the lo wer quality of the 51 Eri b data, we adopted an

nformative Gaussian prior for our retrie v als. This was based on the
ystem age estimate from Rajan et al. ( 2017 ) and the evolutionary
racks from F ortne y et al. ( 2008 ) as shown in Fig. 4 . We did not
dopt a Gaussian prior on the mass as the reported values in the
iterature (Macintosh et al. 2015 ; Rajan et al. 2017 ; Samland et al.
NRAS 525, 1375–1400 (2023) 

Table 2. Table of retrie v al priors. The middle sections list the parameters 
profiles, while the bottom section outlines the parameters used in the deck a

Retrieved parameter Distribution type 

Mixing Ratio Log-Uniform 

Radius Uniform | Gaussian 
Mass Uniform 

Distance Gaussian 
S cal Gaussian 
10 b Uniform 0.01 x

T surf Uniform 

P surf Log-Uniform 

T 1 Uniform 

P 1 Log-Uniform 

T top Uniform 

P top Log-Uniform 

T int Uniform 

κ0 Log-Uniform 

τ 0 Uniform 

α Log-Uniform 

P top Log-Uniform 

P bottom 

Log-Uniform 

C frac Uniform 

Notes. 1 Gaussian prior. 
2 We use a Gaussian prior informed using evolutionary models from F ortne y
3 We make the assumption of a planetary mass object. 
4 GJ 570D distance comes from Gaia Archive: https://gea.esac.esa.int/archiv
5 The 51 Eri b distance comes from Macintosh et al. ( 2015 ). 
017 ; Nielsen et al. 2019 ) have a large spread in the planetary mass
egime. 

.2.7 Mode for direct imaging 

e modified TAUREX3 to allow us to model directly imaged targets.
irst, we remo v ed stellar emission from the forward model and added
n inverse square law scaling for the exoplanet or brown dwarf
used for the n − point and Lavie et al. ( 2017 ) temperature–pressure 
nd slab cloud schemes. 

GJ 570D Bounds 51 Eri b Bounds 

1e-12–1e-1 1e-12–1e-1 
0.5–2.0 R Jup 1.3 ± 0.15 R 

1 , 2 
Jup 

13–80 M Jup 1–13 M 

3 
Jup 

5.8819 ± 0.0029 pc 4 29.4 ± 0.3 pc 5 

1.0, 0.1 STD 1.0, 0.1 STD 

 min( σ 2 
λ ) ≤10 b ≤ 100 x min( σ 2 

λ ) –

1250–2500 K 1250–2500 K 

5e2–1e1 bar 5e2–1e1 bar 
100–2000 K 100–2000 K 

1e1–1e-1 bar 1e1–1e-1 bar 
0–1000 K 0–1000 K 

1e-1–1e-3 bar 1e-1–1e-3 bar 

– 10–1500 K 

– 1e-15–1e1 

– 0.01–100 
– −10–10 
– 1e2–5e7 bar 
– 1e2–5e7 bar 
– 0–1 

 et al. ( 2008 ) combined with the age presented in Rajan et al. ( 2017 ). 
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Figure 5. Diagram outlining cloud structures employ in this study. (a) 
outlines the slab cloud structure. (b) outlined the deck cloud structure. 
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mission: 

bsolute Flux = F emission · S cal · R 

2 

D 

2 
, (7) 

here F emission is the emission flux from the forward model and R is
he object radius and D its distance from the Earth. S cal is a scaling
alibration factor, to account for imperfect absolute flux calibration 
ssumptions (see Fig. 2 a). A calibration factor such as this was
sed in Oreshenko et al. ( 2020 ). Within the retrie v al, S cal can also
e inversely considered as scaling the observed data to the model 
erived flux via Obs cal 

bs cal = 

1 

S cal 
, (8) 

e have added surface gravity log ( g ) as an inferred parameter,
etermined via Newton’s Law of Universal Gravity 

log ( g) = log 

[
GM 

R 

2 

]
, (9) 

here G is the gravitational constant, M is the object’s mass and R
s the object’s radius. We have also included the calculation of the
arbon to oxygen (hereafter C/O) ratio, which for the brown dwarf 
nd exoplanet, we study in this paper, is driven predominantly by the
elative abundances of H 2 O and CH 4 . Therefore, this ratio should
eally be considered as a CH 4 to H 2 O ratio. In the case of our T
warf analysis the inferred C/O ratio is calculated via: 

/O = 

χCH 4 + χCO 

χH 2 O 

+ χCO 

, (10) 

here χ is the mixing ratio of the relative molecules.We also 
dd an inferred metallicity via the retrieved abundances. This is 
pproximated by summing metal-containing molecules weighted by 
he number of metal atoms which is then divided by the abundance
f neutral hydrogen. This value is then compared to the summation 
f the retrie v al-traced solar metals relative to hydrogen, using values
rom Asplund et al. ( 2009 ). Metallicity is therefore calculated via 

 object = 

∑ 

molecules 

f m 

· n 

χH2 · 2 
, (11) 

here f m 

is the gas fraction of a particular molecule m, n is the number
f ‘metal’ atoms in a given molecule (eg. for CO2 n = 3), χH 2 is the
as fraction of neutral hydrogen. Therefore, [M/H] is determined via 

 M/H ] = 

M object 

M solar 
, (12) 

here M solar is determined via all rele v ant solar elemental abundances
elative to solar H. 

.2.8 Clouds 

n order to explore the impact of cloud extinction, we employed the
ower-law deck and slab cloud paramterizations from Burningham 

t al. 2017 , which are illustrated in Fig. 5 . The optical depth of
he power-law deck cloud is set by P top pressure where the cloud
ecomes optically thick ( τ= 1). The cloud opacity drops off abo v e
his pressure via d τ /dP ∝ exp( � P/  ), where � P is the height abo v e
nd below the P top pressure and φ is 

 = 

P top · (10 �logP − 1) 

10 �logP 
(13) 

he decay is parametrized by � log P and the cloud is made non-
rey with the optical depth following τ ∝ λα . Therefore, in total, the
ower-law slab is retrieved via 3 parameters: P top , � log P and α. The
otal optical depth of the slab cloud is determined via 

cloud = τ0 

(
λ

λ0 

)α

= 

∑ 

τLayers , (14) 

here λ0 = 1 μm. τ 0 and α are the two retrie v able components
f this cloud prescription as well as the top pressure boundary
f P top and the bottom pressure boundary of the cloud P bottom 

.
cloud is distributed throughout the layers in the cloud slab pressure 
oundaries, weighted by d τ / dP ∝ P where dP is relative to P bottom 

.
herefore, the total optical depth is distributed such that the bottom

ayer has the maximum optical depth while the top layer has the
inimum optical depth present. In total, the power-law slab is 

etrieved via 4 parameters: τ 0 , α, P top , and P bottom 

. These are flexible
ut simplistic cloud approaches that lack the rigour of the more
hysically moti v ated approaches included in Molli ̀ere et al. ( 2020 )
nd Burningham et al. ( 2021 ). For example, these parametrizations
o not allow us to probe specific cloud species or particle sizes but
s still suitable for this study. In an effort to investigate the potential
resence and impact of patchy clouds on exoplanet and brown dwarf
pectra, the basic patchy cloud consideration from Marley et al. 2010
as been added 

 Tot = C frac · F Cloudy + (1 − C frac ) · F Clear , (15) 
MNRAS 525, 1375–1400 (2023) 
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here F Tot is the total flux, F Clear is the flux from regions without
louds, F Cloudy is the flux from regions with clouds and C frac is the
raction of surface area with clouds. The non-cloud properties are
dentical for the two forward models which are linearly combined.
mploying this fractional cloud consideration therefore acts to add
n additional retrieved parameter to both the slab and deck cloud
arametrizations. 

.2.9 Forward model set-up 

he atmospheric forward model is described in Al-Refaie et al.
 2021 ). We assume a hydrogen dominated atmosphere with an H 2 

nd He mixing ratio He/H 2 = 0.17567. We set molecular trace-gas
olume mixing ratios to be constant in pressure, which we refer to as
soprofiles. TAUREX3 does allow for pressure dependent abundance
rofiles (Changeat et al. 2019 ) but this comes at a significant increase
n model complexity and so will be explored in later work. 

We use error inflation (as outlined in Section 3.2.5 ) for our analysis
f GJ 570D but not for our 51 Eri b analysis. This is because 51 Eri
’s observations have much larger error bars and the observation’s
esolution is more uniform throughout the spectrum, negating the
pectral band weighting issue experienced with the GJ 570D data set
again, see Section 3.2.5 ). In our GJ 570D data, it is apparent that that
 -band errors are much smaller than the J -band data (see Fig. 2 a).
he impact of adding this error inflation parameter acted to allow

he fit to the J -band data to impro v e without affecting the goodness
f fit in the K band and also allowed for the o v erall Log Evidence
o increase slightly. This was interpreted as an increase in error size
n the K -band, while negligible in the J band, allowing for a better
 v erall fit by deweighting the small error bars found predominately
n the K band when performing the Bayesian likelihood calculation.

In this study, a plane-parallel approximation is used to model the
tmosphere, with the pressure ranging from 10 −3 to 500 bar, uni-
ormly sampled in log-space with 100 atmospheric layers. Collision
nduced absorption (CIA) of H 2 –H 2 and H 2 –He (Abel et al. 2011 ;
letcher, Gustafsson & Orton 2018 ; Abel et al. 2012 ) is included. 
In the case of the 51 Eri b data analysis, we use multiple scaling

actors S cal to account for the inclusion of observations from different
nstruments. This is employed in the case of the SPHERE Y , J , and
 data (S cal SPH ) being combined with the GPI K 1 and K 2 band data

S cal GPI ). When employing data from a single instrument, we simply
se one scaling S cal factor. 

.3 ATMO 2020 

e compare our cloudless retrie v als to self-consistent radiative-
onv ectiv e grid models. For this, we use the recently published ATMO

020 set of atmosphere and evolutionary models for cool brown
warfs and self-luminous giant exoplanets (Phillips et al. 2020 ). 
The ATMO code is a 1D radiativ e-conv ectiv e equilibrium model,

nd has been most recently described in Phillips et al. ( 2020 ) and
oyal et al. ( 2020 ). Briefly, ATMO defines the TP-profile of an

tmosphere on a logarithmic optical depth grid with 100 model levels.
he outer boundary condition in the first model level is fixed at a
ressure of 10 −5 bar and is given an optical depth of τ ∼ 10 −4 –
0 −7 depending on surface gravity. The inner boundary condition
n the last model level is not fixed in pressure and is given an
ptical depth of τ = 1000. The model then iterates the pressure
nd temperature in each model level towards radiativ e-conv ectiv e
nd hydrostatic equilibrium using a Newton–Raphson solver. On
ach iteration chemical equilibrium abundances are calculated for
NRAS 525, 1375–1400 (2023) 
he current TP-profile using a Gibbs energy minimization scheme
ased on that of Gordon & McBride ( 1994 ). ATMO also has the ability
o calculate non-equilibrium chemical abundances self-consistently
ith the TP-profile, using kinetic networks or relaxation schemes

Drummond et al. 2016 ; Phillips et al. 2020 ). Once the chemical
b undances ha ve been computed, the opacities used by ATMO can be
btained from pre-computed correlated- k tables for individual gases
Amundsen et al. 2014 ), and are combined within the code using
he random o v erlap to obtain the total mixture opacity consistently
ith the pressure, temperature, and abundances in each iteration

Amundsen et al. 2017 ). The radiative flux is computed by solving
he integral form of the radiative transfer equation in 1D plane-
arallel geometry including isotropic scattering following Bueno &
endicho ( 1995 ). The conv ectiv e flux is computed using mixing

ength theory using the same method as Gustafsson et al. ( 2008 ),
ith the adiabatic gradient computed using equation of state tables

rom Saumon, Chabrier & van Horn ( 1995 ). 
This grid includes solar metallicity atmosphere models spanning

 eff = 200 − 3000 K and log ( g ) = 2.5–5.5 ( g in units of cm s −2 ),
ith steps of 100 K for T eff > 600 K, 50 K for T eff < 600 K,

nd 0.5 in log ( g ). The ATMO 2020 model set consists of three
tmosphere model grids spanning this parameter range. The first is
alculated assuming chemical equilibrium, and the second and third
re calculated assuming non-equilibrium chemistry with different
trengths of vertical mixing. Each model in the grid is generated with
he ATMO code and consists of a TP-profile, chemical abundance
rofiles, and a spectrum of the emergent flux from the top of the
tmosphere, which are publicly available for download. 6 

.3.1 Sampling using Mark o v Chain Monte Carlo 

o calculate the best fits from the ATMO 2020 grid to the spec-
rophotometry of 51 Eri b (see section 2.2 ), we used a Markov chain

onte Carlo (MCMC) method utilising the EMCEE PYTHON package
F oreman-Macke y et al. 2013 ). We generated each independent
odel using an interpolation to the ATMO 2020 grid with temperatures

anging from 200 K to 3000 K and log ( g ) from 2 . 5 cm s −2 to
 . 5 cm s −2 for models assuming chemical equilibrium, and temper-
ture ranging from 350 K to 1800 K and log ( g ) from 3 . 0 cm s −2 

o 5 . 5 cm s −2 for models assuming non-equilibrium chemistry due
o vertical mixing. The radius was constrained between 0 . 07 R �
 ∼ 0 . 7 R Jup ) and 0 . 2 R � ( ∼ 2 R Jup ) for both cases, using a rough
stimation from the ATMO evolutionary tracks, given the system’s
ge. With this grid, the MCMC was set up with 100 walkers and
as e x ecuted for 500 steps. The posteriors were constructed after
iscarding the first 200 steps, to account for the ‘burn-in’. This
liminates any bias caused by the initial values supplied to the MCMC
s a starting point in the parameter space. All results are reported with
n uncertainty of 1 σ . 

 RESULTS:  G J  5 7 0 D  

n order to e v aluate TAUREX3 ’s emission model against brown dwarf
bservations, we perform retrieval analysis on the Spex observations
f GJ 570D. We compare our results with previous studies which
mployed other retrie v al codes, with the aim of determining if the
esults were consistent with these previous studies. The results of the
omparison are shown in Table 3 , with the retrieval priors used in
he analysis listed in Table 2 . 

http://opendata.erc-atmo.eu
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Table 3. Summary of retrie v al bulk parameters for GJ 570D along with values from previous studies. 

Mass (M Jup ) Radius (R Jup ) log(g) (cm s −2 ) T eff (K) C/O [M/H] 

This work ( TAUREX3 ) 48 . 00 + 13 . 03 
−11 . 87 1 . 17 + 0 . 08 

−0 . 08 4 . 93 + 0 . 11 
−0 . 12 722 + 23 

−26 0 . 87 + 0 . 08 
−0 . 07 −0 . 19 + 0 . 05 

−0 . 03 

This work (ATMO 2020 – EC FM) – 0 . 71 + 0 . 04 
−0 . 02 4 . 64 + 0 . 34 

−0 . 30 826 . 34 + 12 . 88 
−17 . 21 – –

This work (ATMO 2020 – NEC FM) – 0 . 72 + 0 . 06 
−0 . 03 4 . 63 + 0 . 16 

−0 . 10 813 . 33 + 14 . 01 
−27 . 19 – –

Kitzmann et al. 2020 (FCR) 53 + 24 
−20 1 . 13 + 0 . 05 

−0 . 06 5 . 01 + 0 . 13 
−0 . 19 703 + 17 

−30 1 . 11 + 0 . 09 
−0 . 09 −0 . 13 + 0 . 06 

−0 . 08 

Kitzmann et al. 2020 (ECR) 17 + 3 . 8 −3 . 0 1 . 00 + 0 . 10 
−0 . 09 4 . 61 + 0 . 08 

−0 . 08 730 + 18 
−17 0 . 83 + 0 . 09 

−0 . 08 −0 . 15 + 0 . 05 
−0 . 04 

Burningham et al. 2017 (FCR) 19 . 80 + 28 . 60 
−15 . 96 0 . 96 + 0 . 80 

−0 . 11 4 . 73 + 0 . 31 
−1 . 17 752 . 25 + 35 . 51 

−82 . 10 – –

Line et al. 2015 (FCR) 30 . 90 + 26 . 64 
−15 . 76 1 . 14 + 0 . 10 

−0 . 09 4 . 76 + 0 . 27 
−0 . 28 714 . 11 + 20 . 19 

−23 . 15 1 . 09 + 0 . 16 
−0 . 14 −0 . 25 + 0 . 13 

−0 . 12 

Oreshenko et al. 2020 : Sonora (SML) – – 4 . 93 + 0 . 38 
−0 . 55 808 + 43 

−27 – –

Oreshenko et al. 2020 : AMES-cond (SML) – – 5 . 27 + 0 . 43 
−0 . 67 878 + 23 

−78 – –

Oreshenko et al. 2020 : HELIOS (SML) – – 5 . 08 + 0 . 62 
−0 . 68 800 + 14 

−100 – –

Samland et al. 2017 (FM) – 0 . 94 + 0 . 04 
−0 . 04 4 . 67 + 0 . 04 

−0 . 04 769 + 14 
−13 – –

Filippazzo et al. 2015 (EM) 37 . 28 + 24 . 05 
−24 . 05 0 . 94 + 0 . 16 

−0 . 16 4 . 90 + 0 . 50 
−0 . 50 759 + 63 

−63 – –
Testi 2009 (FM) – – 5.0 900 – –
Del Burgo et al. 2009 (FM) – – 4 . 5 + 0 . 5 −0 . 5 948 + 58 

−58 – –

Saumon et al. 2006 (EM, FM) 42 . 5 + 4 . 5 −4 . 5 0 . 855 + 0 . 023 
−0 . 023 5.09–5.23 800–820 – –

Burgasser et al. 2006 (EM) – – 5.1 780–820 – –

Notes. 1 EC FM is Equilibrium Chemistry Forward Model 
2 NEC FM is Non-Equilibrium Chemistry Forward Model 
3 FCR is Free Chemistry Retrie v al 
4 ECR is Equilibrium Chemistry Model 
5 SML is Supervised Machine Learning 
6 EM = Evolutionary Model 
7 FM = Forward Model 
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.1 Na + K systematic model bias 

e encountered a systematic bias in the retrieved estimates for mass
nd radius when attempting to fit the 0.85–2.5 μm spectrum of GJ
70D using a flat prior. This bias resulted in a non-physical radius
see F ortne y et al. 2008 and Chabrier et al. 2009 for typical radii)
f 1.4 to 1.55 R Jup , along with a mass value that converged to the
rior’s upper boundary. The mass was also found to increase with the
adius, likely in an effort to maintain the best-fitting surface gravity. 
oth retrie v als and grid-modelling approaches have encountered the 
roblem of mass values converging to the upper boundary of the 
odel prior space (Line et al. 2015 ; Zalesky et al. 2019 ; Schneider

t al. 2015 ). 
To investigate this effect, we ran retrie v als with v arying absolute

ux calibrations and also employed the Madhusudhan & Seager 
 2009 ) temperature–pressure profile. Neither of these approaches 
egated the systematic bias. The application of a tight Gaussian 
rior on the radius was also tested, but in this case, the mass was
till seen to converge to the upper boundary of its flat prior. We find
his systematic issue to be sensitive to the sodium and potassium (Na
 K) cross sections, a dominating source of contribution in near- 

nfrared model fitting as shown in Line et al. ( 2015 ), Burningham
t al. ( 2017 ), and Oreshenko et al. ( 2020 ). 

It is noteworthy that this issue seems most pre v alent when fitting
he whole 0.85–2.5 μm spectrum. The resonance doublets of K and 
a are at ∼0.77 μm and ∼0.59 μm, respectively. We encountered 

xamples when the bias issue would not be present when fitting 
nly 0.85–1.2 μm ( ∼0.77 μm K / ∼0.59 μm Na resonance doublet
mpacted region), or 1.2–2.5 μm (non-resonance lines/resonance 
oublet line wings region). This indicates a potential issue with 
ither the combination of the resonance doublets and non-resonance 
ines within the Na + K cross sections, or with the extent of the
roadening of the resonance doublets. Some different combinations 
f computing the cross sections of the resonance doublet and non-
esonance lines of K are illustrated in Fig. 6 . The resonance doublets
ested in the present study were either treated using the broadening
arameters of Burrows et al. (Burrows & Volobuyev 2003 ) or Allard
t al. (Allard et al. 2016 ; Allard et al. 2019 ). The non-resonance lines
rom both the NIST (Kramida et al. 2013 ) or K urucz (K urucz &
ell 1995 ) databases were also tested. Testing various combinations 
idn’t negate the aforementioned bias. We again note that the results
resented in this study (Tables and Figures) were retrieved using 
he broadening parameters of Allard et al. and non-resonance lines 
rom the Kurucz data base. The issues related to the Na and K cross
ections are discussed further in Section 6 . 

We therefore present two separate retrie v al analyses for GJ 570D.
irst, to a v oid the impact of this systematic bias but to still attain
 set of values for the scaling factors (radius, distance and S cal )
long with the mass (and by extension the inferred surface gravity)
e ran a retrie v al fitting only the 1.2–2.5 μm part of the spectrum.
his cutoff of the potassium resonance doublet impacted region of 

he spectrum allowed for physically credible results for the mass 
nd radius using flat priors. We then used these values as fixed
non-fitted) priors in a subsequent retrie v al to infer the chemical
roperties of the atmosphere. This was necessary as extending the 
t of the 1.2–2.5 μm retrie v al to the 0.85–1.2 μm data showed a
ignificant mismatch between the model fit and the observed SED 

n this region, as shown in Fig. 7 . This two-step approach leads
o the most literature consistent values for the retrieved parameters 
ut does lead to a very slightly lower Bayesian Evidence value (see
ection 3.2.6 ) due to a slightly worse fit of the J -band peak. 
MNRAS 525, 1375–1400 (2023) 
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Figure 6. A comparison of different methods used to compute the resonance 
doublet and non-resonance lines of Na and K. The first panel gives cross 
sections for K computed at T = 1000 K, P = 0.1 bar, and the second panel 
the cross sections for K computed at T = 600 K, P = 10 bar. The cross 
sections in green are those which were used in Kitzmann et al. ( 2020 ). 
All other combinations shown (using either Burrows et al. (Burrows & 

Volobuyev 2003 ) or Allard et al. (Allard et al. 2016 ; Allard et al. 2019 ) 
for the computation of the resonance doublets, and either NIST (Kramida 
et al. 2013 ) or K urucz (K urucz & Bell 1995 ) for the non-resonance lines) 
were tested in the present study. 

 

s  

a  

i  

s  

w  

f  

g  

w  

o  

b

4

T  

w  

t  

i  

w  

Figure 7. GJ 570D retrie v al spectral fit. 

i  

t  

K  

c  

s  

f  

i  

w  

t  

G  

p  

s  

p  

a  

s

4

T  

F  

t  

o  

m  

a
 

f  

p  

w  

(
 

r  

o  

a  

G  

i  

l  

(  

e  

t  

c  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/1/1375/7127715 by C
atherine Sharp user on 19 Septem

ber 2023
While this strategy did derive results consistent with previous
tudies, it does have its limitations and imperfections. First, the
ssumptions of flat priors while also truncating the data is not an
deal approach. The temperature–pressure profile, which is fit in the
econd retrie v al, is significantly constrained as the scaling factors,
ith which it is intricately linked, are fixed. The same can be said

or the alkali abundance, which is strongly correlated to surface
ravity. While our approach derives an alkali abundance consistent
ith previous studies, likely as a result of being able to make use
f the alkali dominated wavelength region, we acknowledge this has
een driven to an extent by our constraint on this parameter. 

.2 Scaling factors and bulk parameters 

he model posteriors for the mass, radius, S cal and distance, along
ith the inferred surface gravity, can be seen in Fig. 8 , along with

he spectral fit to the data used. These results are also summarized
n Table 3 . In general, the retrieved parameter values are consistent
ith previous studies. Values from previous studies can also be seen
NRAS 525, 1375–1400 (2023) 
n Table 3 . Mass is consistent with all previous studies outlined in
he table, apart from the equilibrium chemistry retrie v al presented in
itzmann et al. ( 2020 ). Radius is consistent with all previous free

hemistry retrie v als quoted in the table, and is 2 σ consistent with the
lightly lower radii presented in the equilibrium chemistry retrie v al
rom Kitzmann et al. ( 2020 ) and non-retrie v al analysis conducted
n previous studies. As mass and radius are largely consistent
ith previous studies, so too is the inferred surface gravity. As

he distance prior is so tightly constrained because of the precise
aia measurements (Gaia Collaboration 2016 , 2018 ), the distance
arameter does not play a significant role in the scaling of the
pectrum. Our retrieved effective temperature matches well with all
re viously conducted retrie v al studies, whilst some other studies such
s Saumon et al. ( 2006 ) and Burgasser et al. ( 2006 ) have obtained
lightly higher values for this parameter. 

.3 Abundances 

he posterior distributions for the retrieved abundances are shown in
ig. 9 , and listed in Table 4 . The resulting SED fit, derived combining

hese retrieved abundances along with the locked scaling parameters
utlined previously, is shown in Fig. 7 . These show that the three
ost abundant molecules are H 2 O, CH 4 , and NH 3 , whilst Na + K is

lso well constrained. 
The abundance for Na + K that we retrieve is similar to that

rom Kitzmann et al. ( 2020 ) but noticeably different from the values
resented in Line et al. ( 2015 ) and Burningham et al. ( 2017 ), which
e ascribe to the use of the broadening coefficients from Allard et al.

 2016 , 2019 ) in our analysis and that from Kitzmann et al. ( 2020 ). 
Overall, these abundances (and by extension the C/O and [M/H]

atio) are similar to those from previous retrieval studies of this
bject presented in Line et al. ( 2015 ), Burningham et al. ( 2017 ),
nd Kitzmann et al. ( 2020 ). Our super-solar 0 . 87 + 0 . 08 

−0 . 07 C/O ratio for
J 570D is in good agreement with the reported 0.65–0.97 C/O for

ts host star presented in Line et al. ( 2015 ). Our value is slightly
ower than that derived in Line et al. ( 2015 )’s and Kitzmann et al.
 2020 )’s free chemistry retrie v als, but is consistent with Kitzmann
t al. ( 2020 )’s equilibrium chemistry model. We do note ho we ver
hat this comparison is imperfect, as our inferred C/O value only
onsiders the pure gas phase and this neglects the elemental losses
ues to condensation. 
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Figure 8. GJ 570D bulk parameter posterior probability distributions for the spectral fit of the 1.2–2.5 μm data used. 
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.4 Temperatur e–Pr essur e pr ofile 

ur retrieved temperature–pressure profile is very similar to that 
btained in the Kitzmann et al. ( 2020 ) study (see Fig. 9 for
omparison, where the blue band marks the one sigma error on our
erived profile). The agreement in the 1–10 bar pressure region is
articularly close, as expected in this region which contributes most 
o the spectral emission profile. We are further encouraged that this
ood agreement continues up into the stratospheric region where the 
onstraining influence of the spectral emission is smaller. 

 RESULTS:  5 1  E R I  B  

n this section, we outline our retrie v al results for 51 Eri b, compared
o previous studies, all of which required clouds to produce the 
bserved SED. Here, we find that inverse retrie v al methods can
ecreate the observed SED with cloud-free atmospheres but using 
 more flexible ( npoint ) temperature–pressure profile. These results 
nclude evidence of a tentative ammonia detection. We also compare 
ur results for 51 Eri b to those for GJ 570 D (which is a close match in
pectral type). Finally, we outline retrie v als which included a power-
aw deck or slab cloud combined with a less flexible temperature–
ressure profile (Lavie et al. 2017 ). 
We ran retrie v als on the SPHERE Y -, J- , and H -band data and

eparately on the GPI J - and H -band data. For both retrie v als, we
dopted the GPI K 1 and K 2 data. We present the spectral fits of these
ombinations in Fig. 10 and the comparison posteriors in Fig. 11 ,
ith the results from the individual data sets shown in Figs A3 and
4 . As Samland et al. ( 2017 ) did not fit the GPI K 1 and K 2 data in

heir study, we also present retrie v al results using only the SPHERE
 -, J- , and H -band data. The posteriors for these results are presented

n Fig. A5 . We do note here, ho we ver, that Samland et al. ( 2017 )
ncluded SPHERE and GPI photometry in their fitting which was a
riving component of the high metallicity they derive. 
The retrie v al priors used in this analysis are presented in Table 2 ,

ith an o v erall summary of the retrie v al results in Tables 5 and 6 . The
ollowing subsections focus on the retrie v als which used the npoint
emperature–pressure profile and omitted clouds as these derived the 
ighest (or comparably indistinguishable) Log (Ev). We then discuss 
he cloudy retrie v als in a subsequent subsection. 

.1 Scaling factors and bulk parameters 

ur highest Log (Ev) posterior probability distributions for the Mass, 
adius, S cal , and Distance, along with the inferred surface gravity
re presented in Fig. 11 . We find that our retrie v al analysis is able to
roduce excellent fits to 51 Eri b’s observed SED (see Fig. 9 ) while
eriving physically credible mass and radius values. This is the case
hen analysing each data set as outlined previously. 
The S cal factors derived indicate a preference for a brighter K

and absolute flux calibration in both retrie v als where this data is
mployed. In the cases of the SPHERE data being employed within
he retrie v al, an S cal ∼ 1 is derived, indicating a model preference for
MNRAS 525, 1375–1400 (2023) 
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Figure 9. GJ 570D mixing ratio posteriors. C/O and [M/H] posteriors are inferred parameters, while all the other parameters are sampled as part of the retrie v al. 
The retrieved temperature–pressure profile is also shown along with a comparison to the median profile retrieved in the Kitzmann et al. ( 2020 ) study. 

Table 4. Summary of GJ 570D retrieved molecular abundances along with a comparison to previous studies. TW = This work. 

TW,0.85–2.5 μm TW, 1.2–2.5 μm Kitzmann et al. ( 2020 ) Burningham et al. ( 2017 ) Line et al. ( 2015 ) 

log (H 2 0) −3 . 33 + 0 . 03 
−0 . 03 −3 . 11 + 0 . 05 

−0 . 05 −3 . 33 + 0 . 05 
−0 . 06 −3 . 42 + 0 . 16 

−0 . 22 −3 . 40 + 0 . 13 
−0 . 13 

log (CH 4 ) −3 . 39 + 0 . 03 
−0 . 03 −3 . 34 + 0 . 05 

−0 . 06 −3 . 28 + 0 . 06 
−0 . 09 −3 . 44 + 0 . 20 

−0 . 31 −3 . 45 + 0 . 10 
−0 . 10 

log (NH 3 ) −4 . 58 + 0 . 04 
−0 . 04 −4 . 69 + 0 . 07 

−0 . 09 −4 . 38 + 0 . 07 
−0 . 10 −4 . 82 + 0 . 26 

−2 . 47 −4 . 64 + 0 . 15 
−0 . 15 

log (CO) −7 . 66 + 3 . 22 
−2 . 86 −7 . 06 + 4 . 12 

−3 . 12 −7 . 70 + 2 . 7 −2 . 4 −7 . 47 + 3 . 05 
−3 . 04 −7 . 53 + 2 . 65 

−3 . 07 

log (CO 2 ) −8 . 35 + 2 . 50 
−2 . 39 −8 . 58 + 2 . 12 

−2 . 09 −7 . 70 + 2 . 7 −2 . 4 −7 . 86 + 2 . 67 
−2 . 66 −7 . 76 + 2 . 23 

−2 . 89 

log (H 2 S) −8 . 59 + 2 . 42 
−2 . 26 −3 . 86 + 0 . 12 

−2 . 26 −8 . 47 + 2 −2 −8 . 74 + 2 . 68 
−2 . 20 −8 . 94 + 2 . 22 

−2 . 11 

log (Na + K) −5 . 99 + 0 . 03 
−0 . 03 −4 . 37 + 0 . 06 

−0 . 06 −5 . 86 + 0 . 04 
−0 . 03 −5 . 47 + 0 . 09 

−0 . 30 −5 . 45 + 0 . 06 
−0 . 06 
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his absolute flux calibration given the priors set. All the derived S cal 

alues can be found in Fig. A3 , A4 , and A5 . 
We note that the cloudless models used in the previous studies did

ot fit the SED particularly well. The cloudless models (Saumon
 Marley 2008 ) in Macintosh et al. ( 2015 ) derived a barely

ub-stellar mass of 67 M Jup with a low radius of 0.76 R Jup while
amland et al. ( 2017 )’s cloudless model (Molli ̀ere et al. 2015 , 2017 )
NRAS 525, 1375–1400 (2023) 
erived a mass that was 1 σ consistent with that of a planetary
ass object, but had an improbably small radius of 0.40 R Jup for
 Jo vian e xoplanet, violating electron de generac y pressure la ws
or an object such as this (Chabrier et al. 2009 ). We attempted
o fit the SED of 51 Eri b using a cloudless ATMO grid model
s shown in Figs 10 and A1 , illustrating that these grid models
re unable to explain the SED of this object or to constrain its
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MNRAS 525, 1375–1400 (2023) 

Figure 10. 51 Eri b SED fits via cloudless retrie v als. (a) illustrates the model fit for retrie v als including the SPHERE data where the dark violet fit shows the 
retrie v al fit to only the SPHERE Y -, J-, and K -band data and the dark blue fit shows the retrie v al fit when the SPHERE data is combined with the GPI K 1 and 
K 2 data. (b) shows the SPHERE Y , J , H and GPI K 1, and K 2 data fit extrapolated to longer wavelengths, with the inclusion of KECK-NIRC2 photometry. (c) 
illustrates the model fit for the retrie v al using the GPI J , H , K 1, and K 2 data. (b) shows the GPI J , H , K 1, K 2 data fit extrapolated to longer wavelengths, with 
the inclusion of KECK-NIRC2 photometry. 
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Table 6. Summary of 51 Eri b retrieved molecular abundances, C/O ratio 
and metallicity [M/H] with a comparison to our retrieved values for GJ 
570D. These are the values from the highest Log(Ev) (cloudlesss, npoint TP) 
retrie v als. 

51 Eri b (1) 1 51 Eri b (2) 2 GJ 570D 

log (H 2 0) −3 . 52 + 0 . 16 
−0 . 16 −3 . 50 + 0 . 16 

−0 . 19 −3 . 33 + 0 . 03 
−0 . 03 

log (CH 4 ) −3 . 63 + 0 . 12 
−0 . 13 −3 . 60 + 0 . 09 

−0 . 11 −3 . 39 + 0 . 03 
−0 . 03 

log (NH 3 ) −4 . 85 + 0 . 15 
−0 . 18 −4 . 61 + 0 . 11 

−0 . 14 −4 . 58 + 0 . 04 
−0 . 04 

log (CO) −3 . 32 + 1 . 13 
−5 . 68 −5 . 10 + 2 . 27 

−4 . 54 −7 . 66 + 3 . 22 
−2 . 86 

log(Na + K) −9 . 52 + 1 . 69 
−1 . 59 −7 . 65 + 2 . 58 

−2 . 83 −5 . 99 + 0 . 03 
−0 . 03 

C/O 0 . 97 + 0 . 09 
−0 . 20 0 . 92 + 0 . 19 

−0 . 27 0 . 87 + 0 . 08 
−0 . 07 

[M/H] −0 . 04 + 0 . 95 
−0 . 49 −0 . 26 + 0 . 66 

−0 . 18 −0 . 19 + 0 . 05 
−0 . 03 

Note. 1 51 Eri b (1) refers to results retrieved using SPHERE Y -, J -, H- and 
GPI K 1-, K 2-band data. 2 51 Eri b (2) refers to results retrieved using GPI J -, 
H -, K 1-, and K 2-band data 

Figure 11. 51 Eri b spectral fit using ATMO . 
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urface gravity, radius, or ef fecti ve temperature, using both chemical
quilibrium and chemical disequilibrium assumptions as shown in
igs A1 and A2 . 
Our retrieved effective temperature values are consistent with

xpectations for a T dwarf except in the case of the retrie v al using
nly the SPHERE data as longer wavelength data are neglected in
his instance. This resulting SED fit is, ho we ver, inaccurate when
xtrapolated to the K band as shown in Fig. 10 a. 

.2 Abundances, tentati v e ammonia detection 

he higest Log(Ev) posterior distributions for the retrieved abun-
ances are shown in Fig. 11 while retrieved abundances are shown
n Table 6 . Comparison with GJ 570D shows that the abundances
f 51 Eri b and GJ 570D match to within 1 σ , not unexpected given
heir similar spectral types (51 Eri b: T6.5 ± 1.5, GJ 570D: T7.5).

e see that the derived [M/H] values for 51 Eri b, while consistent
ith GJ 570 D, have large uncertainties. This can also be seen in the

arge posterior tails for [M/H] shown in Fig. 11 . This appears to be a
esult of the large uncertainties seen in the (unconstrained) retrie v al
O abundances. 
As presented in Table 6 , the retrieved Na + K abundance for 51

ri b is the only abundance which is not 1 σ consistent with that
etrieved for GJ 570D. This could either be a physical effect due to
1 Eri b’s much lower surface gravity, or it could be related to the Na
nd K cross sections used in our retrie v als. It could also be an impact
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f absent data below ∼1 μm where this species plays a key role in
ontribution. We combine the Na and K cross-sections together at 
olar abundance ratios, which could be an incorrect assumption for 
ne or both of these objects. Ho we ver, we found a minimal change
n the retrie v al results when separate Na and K cross-sections (not
ombined at solar ratios) were used. 

We report a tentative detection of ammonia in the atmosphere of 51
ri b. This is another example of similar characteristics between 51 
ri b and GJ 570 D. This detection is at a confidence of ∼ 2.7 σ ( log ( b )
 2.36) for the data set combining SPHERE and GPI obervations, 

nd at 2.5 σ confidence ( log ( b ) = 1.95) for the data set employing
nly GPI observations. This was done using a Bayes factor to sigma
onversion (Trotta 2008 ). We note that these specific confidence test
etrie v als were conducted with a radius prior of R jup = 1.2 ± 0.2
ith only one scaling factor S cal per data combination. If verified, 

his would be the first detection and constraint on the presence of
mmonia in a directly imaged exoplanet. This molecular species 
s present in planet forming, or protoplanetary discs (Salinas et al. 
016 ) and has long been included in models of substellar atmosphere
Ackerman & Marley 2001 ; Saumon et al. 2012 ). It is also shown to
e present in Jupiter’s atmosphere (Becker et al. 2020 ). 
We note, ho we ver, that this detection in both retrie v als presented in

ig. 11 and Table 6 are driven by the GPI K 1- and K 2-band data. We
o not detect ammonia when only analysing the Y -, J- , and H -band
ata as shown in Fig. A5 . Also, as noted previously, this analysis
oes not account for potential cross-correlated noise, which could 
educe the confidence of this detection. 

.3 Temperatur e–pr essur e pr ofile 

he derived npoint temperature–pressure profiles, retrieved with each 
ata set are shown in Fig. 11 . Despite the differing spectral data
nputs, the results are similar and are consistent at the 2-sigma level.

e attribute the hotter profile between ∼20 to 100 bar when using
nly GPI data due to this having a brighter J- band peak compared to
he SPHERE J -band peak as shown in Fig. 2 b. 

We do not include the temperature–pressure profile retrieved 
sing only the SPHERE data as this is an imperfect solution, as
entioned previously (given its inability to explain the GPI K 1 and
 2 data). This is a symptom of neglecting data, photometric, and

pectroscopic, at the longer wavelengths in the case of this particular 
etrie v al. Samland et al. ( 2017 ) a v oided such an issue by employing
hotometric data points at longer wavelengths. The similarities in 
tmospheric properties between 51 Eri b and GJ 570D, as highlighted 
n the previous subsection, also encompass the temperature–pressure 
rofile. This is shown in Fig. 12 , where the temperature gradients of
oth objects are similar but 51 Eri b has a slightly steeper, and thus
ore isothermal, temperature gradient in the photosphere. 
In Fig. 13 , we show how our retrieved temperature–pressure profile 

iffers mainly in the Y- and J -band photospheric contributions regions
hen compared to the radiativ e-conv ectiv e equilibrium profile from

he ATMO 2020 grid models. In other words, our retrie v al analysis
erives cooler Y- and J -band photospheric temperatures. 
The differences between profiles derived for 51 Eri b compared to 

he GJ 570 D retrie v al (see Fig. 12 ) and ATMO 2020 fitting (see Fig. 13 )
ay indicate the presence of an unmodelled cloud as the profile 

eparts from an adiabatic gradient and becomes more isothermal. 
his kind of behaviour has been noted in pre vious retrie v al studies
uch as Burningham et al. ( 2017 ) and Molli ̀ere et al. ( 2020 ) when a
loudless retrie v al attempted to account for clouds included in mock
ata by making the profile more isothermal. As we noted abo v e, our
etrieved profile acts to produce a cooler Y and J photosphere and as
uch may be inadvertently mimicking the presence of a cloud layer. 
lternatively, reduced, non-adiabatic temperature gradients triggered 
y chemical transitions have been suggested as an explanation for 
he SEDs of brown dwarfs (Tremblin et al. 2016 , 2019 ). Thus, the
etrieved non-adiabatic temperature profile could also be indicative 
f thermocompositional convection taking place in the atmosphere 
f 51 Eri b. 

.4 The question of formation 

 arameters deriv ed from retrie v al analysis can allo w us to peer into
he formation history of exoplanets (Gravity Collaboration 2020 ; 

olli ̀ere et al. 2022 ). Here, one can attempt to differentiate between
ossible formation mechanisms for 51 Eri b, primarily gravitational 
nstability (GI) (Bodenheimer 1974 ; Boss 1997 ; Durisen et al. 2007 )
r core accretion (Pollack et al. 1996 ; Lissauer & Stevenson 2007 ).
I is a rapid mechanism that has similarities with the general

tar formation process. When the system is very young, the disc
ay become massive enough to become gravitationally unstable, 

roducing spiral density waves that may collapse to form bound 
bjects, which could then slowly contract to produce planetary-mass 
odies. Core accretion occurs when an initial solid core forms, then
lowly accretes gas from the surrounding disc. If the mass gets high
nough, it may enter a phase of ‘runaway gas accretion’ where the
rotoplanet very rapidly gains a significant amount of gas. Overall, 
he time-scale of core accretion is much longer than that of GI. 

All our derived radii values are consistent with both the classical
old start and and hot start planetary thermal evolution models from
 ortne y et al. ( 2008 ) (updated models from Marley et al. 2007 ) as
utlined in Fig. 15 , using age estimates from Macintosh et al. ( 2015 )
r Rajan et al. ( 2017 ). Fig. 15 also shows that our derived surface
ravity values are consistent with both classical cold start and hot
tart model predictions at the 2-sigma level. As such, with the current
ncertainties derived from retrievals such as that presented in this 
tudy, we are unable to differentiate between formation pathways 
sing these models. 
Ho we ver, using carbon and oxygen abundances from Luck ( 2017 )

Identifier: c Eri, Carbon log ε = 8.41, Oxygen log ε = 8.80)
e derive a C/O ratio of ∼0.41 for 51 Eri. Therefore, the large
ass retrieved for 51 Eri b, its ∼13 au separation, both coupled
ith a super-stellar C/O ratio could point towards formation via GI

e.g. Vigan et al. 2017 ). A core accretion pathw ay w ould happen
n a much longer time-scale resulting in planetesimal enrichment 
Mordasini et al. 2016 ), thus lowering the initial C/O ratio (Espinoza
t al. 2017 ). Ho we ver, Ilee et al. ( 2017 ) illustrate that e ven GI
ould produce a wide range of possible atmospheric abundances 
nd so one should interpret the C/O ratio with caution. We also
ote that a super-stellar C/O ratio for a T dwarf could also be due
o oxygen depletion via condensate processes and the formation of 
louds below the photosphere (Burrows & Sharp 1999 ; Lodders &
e gle y 2006 ). Therefore, the use of inferred C/O ratio informing on
ossible formation pathways should be approached with caution for 
 dwarf exoplanets. 

.5 Cloudy versus cloudless retrievals 

n order to perform a cloudy vs cloudless comparison we used the
impler but less inflexible temperature-pressure profile parametriza- 
ion from Lavie et al. ( 2017 ). This was combined with both the
niform and patchy power law deck and slab clouds outlined in
ection 3.2.8 . This analysis was moti v ated by the cloudy results of
amland et al. ( 2017 ) and Rajan et al. ( 2017 ) as well as the the well
ocumented trend of flexible temperature–pressure structures being 
MNRAS 525, 1375–1400 (2023) 
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Figure 12. 51 Eri b posteriors. Blue indicates the retrieved values from the SPHERE Y , J , H and GPI K 1, K 2 data set. Green indicates the retrie ved v alues from 

the GPI J , H , K 1, K 2 data set. Log ( g ), C/O, and [M/H] posteriors are inferred parameters, while all the other parameters are sample as part of the retrie v al. A 

comparison of the retrieved temperature–pressure profiles from each respective data set are also shown. 
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ble to mimic spectral imprint of cloud opacity. An o v erview of out
loudy retrie v al e vidences are outlined in Table 7 . 

When considering the use of the Lavie et al. ( 2017 ) profile only, the
og (Ev) derived a strong preference for clouds to be included (Table
 ), matching the results of Samland et al. ( 2017 ) and Rajan et al.
 2017 ). We also match Samland et al. ( 2017 ) and Rajan et al. ( 2017 )
n relation to no preference for patchy clouds versus a preference
or patchy clouds, relative to the data they used when performing
odel fitting analysis. Ho we ver, in the cases of both broad-band spec-

roscopy combinations used in our analysis, the retrie v als determined
 higher or comparable Log (Ev) when clouds were omitted and the
NRAS 525, 1375–1400 (2023) 
ore flexible npoint temperature–pressure profile w as emplo yed (see
able 7 ). These results, ho we ver, do not mean that 51 Eri b is cloud
ree. In fact, many studies (Burningham et al. 2017 ; Molli ̀ere et al.
020 ) have documented that retrie v als can often use flexible profile
o mimic the presence and spectral contributions of clouds, even
hen retrieving on synthetic data where clouds were included. As

an be seen in Fig. 14 , the retrieved temperature–pressure structure
s significantly different in the contributing photosphere where the
loud contribution is needed to counteract the enforcement of a more
diabatic, less isothermal and hotter profile. Burningham et al. ( 2021 )
ave shown that longer wavelength data, particularly in the mid-
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Figure 13. Retrived 51 Eri b TP profile compared to the GJ 570D TP profile. 

Table 7. Comparison of 51 Eri b retrie v al Log Evidences when employing 
different model set-ups. L17: Lavie et al. ( 2017 ). GPI all: GPI J , H , K 1, K 2 
data. SPHERE & GPI: SPHERE Y , J , H & GPI K 1, K 2 data. SPHERE only: 
SPHERE Y , J , H data. Uniform: Uniform clouds co v erage. P atchy: P atchy 
cloud co v erage. 

Cloud Type TP Profile Type Log(Ev) 

Deck cloud, Patchy (GPI all) L17, inflexible 5596.29 
Cloudless (GPI all) npoint , flexible 5596.02 
Slab cloud, Patchy (GPI all) L17, inflexible 5593.38 
Deck cloud, Uniform (GPI all) L17, inflexible 5591.43 
cloudless (GPI all) L17, inflexible 5588.28 
Slab cloud, Uniform (GPI all) L17, inflexible 5587.58 

Cloudless (SPHERE & GPI) npoint , flexible 5141.33 
Deck cloud, Uniform (SPHERE & GPI) L17, inflexible 5132.55 
Slab cloud, Uniform (SPHERE & GPI) L17, inflexible 5130.97 
Deck cloud, Patchy (SPHERE & GPI) L17, inflexible 5130.05 
Slab cloud, Patchy (SPHERE & GPI) L17, inflexible 5128.25 
cloudless (SPHERE & GPI) L17, inflexible 5105.07 

Figure 14. Retrieved temperature pressure profiles using the npoint and 
Lavie et al. ( 2017 ) prescriptions. Also indicated is the retrieved cloud position 
when using the Lavie et al. ( 2017 ) profile. Top: Using SPHERE Y -, J- , H-, 
and GPI K 1-, K 2-band data. Bottom: Using GPI J -, H- , K 1-, and K 2-band 
data. 
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Figure 15. Temperature–pressure profile comparison between profiles de- 
rived by TAUREX3 and ATMO 2020 for 51 Eri b. 
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R, is crucial for accurately constraining the temperature–pressure 
rofile when using a reasonably flexible temperature–pressure profile 
arametrization. It is also very likely that the simple and flexible 
ower-law cloud parametrizations included in our analysis were 
ot the most suitable compared to more physically moti v ated and
ondensate specific cloud modelling. 
 DI SCUSSI ON  

e have presented retrie v al results which are consistent with previous
tudies and often provide improvements relative to forward models 
sed in non-retrie v al studies. This can mainly be attributed to
he increased flexibility of model parameters, especially in the 
ree chemistry retrie v als. Ho we v er, consistenc y between retrie v al
tudies is encouraging when taking into account the use of different
amplers, temperature–pressure prescriptions and differing cross- 
ection inputs. The success of these studies demonstrates the scope 
or application of these tools to both the e xtensiv e archival data and
uture planned observations of brown dwarfs and directly imaged 
iant exoplanets. 
There are, of course, limitations and imperfections in our retrie v al

nalysis as we make assumptions such as isoprofile (constant) mixing 
atios, something not expected to be the case in real atmospheres.
o we ver, adding additional capabilities to existing retrie v al frame-
orks, such as non-isoprofile mixing ratios, will certainly be probed 

n future work using both archi v al and future observ ation of directly
maged exoplanets and brown dwarfs. In fact, the current quality and
uantity of brown dwarf observations offer a perfect testbed for new
odelling parametrizations. 
Retrie v al analysis is also quite computationally intensive, often 

equiring computing clusters to run within a reasonable time frame 
hen compared to simply iterating o v er a grid of forward models.
his could become increasingly problematic when significantly 
igher resolution and increased spectral co v erage observations from 

WST allow for further parameters to be probed, increasing the 
 v erall parameter space and, hence, the computational expense. 
ecently, ho we ver, ef forts have been made to use machine learning

or the model selection, showing the possibilities for significant gains 
n computational efficiency (Zingales & Waldmann 2018 ). 
MNRAS 525, 1375–1400 (2023) 
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Based on our analysis of the GJ 570D spectrum, we found that
ifferent approaches when considering the Na + K line broadening
an have a significant effect on the retrieved abundances. This seems
o have knock-on effects with other retrieved parameters, such as
adius and mass, seemingly in an attempt to preserve surface gravity
or a larger object whilst driving up the metallicity. These parameters
ave been found to be degenerate in other studies such as Kitzmann
t al. ( 2020 ). Some potential reasons for the issues caused by the Na
nd K cross-sections are outlined below. 

(i) The profiles of Allard et al. ( 2016 , 2019 ) are only considered
alid up to a H 2 density of 10 21 cm 

−3 . They therefore break down
t pressures abo v e 10–100 bar. Kitzmann et al. ( 2020 ) took the
pproach here of switching back to Voigt profiles at these high
ressures. The difference in cross-sections computed using these
arying approaches is illustrated in Fig. 6 . It can be seen that the
ivergence between the computed cross-sections used in this work
nd those of Kitzmann et al. ( 2020 ) are much higher at larger
ressures for this reason. We would not expect the deviations at
uch larger pressures to have such an impact, but it is worth looking
nto this more in the future. 

(ii) The line cores of Na and K, based on the data of Allard et al.
 2016 , 2019 ), are computed considering Lorentzian broadening only,
ith the effects of Doppler broadening not taken into consideration. It

s possible this has some effect and is worthy of further investigation.
(iii) We considered the effects due to using both different sources

nd different line-wing cutoffs for the non-resonance lines of Na and
. We compared using lines from the NIST (Kramida et al. 2013 )

nd the Kurucz (Kurucz & Bell 1995 ) data bases, and found Kurucz
ontains more lines for both Na and K. The effects of these various
pproaches for different pressures and temperatures can be seen in
ig. 6 . The larger number of non-resonance lines in the Kurucz data
ase leads to a larger o v erall opacity when pressure broadening is
aken into account, with more pronounced effects at higher pressures.
o we ver, the use of the different sources for the non-resonance data
as found to have negligible effect on the retrieval results. 
(iv) We tried using a completely different scheme for treating the

ine profiles of the Na and K resonance doublets; that of Burrows &
olobuyev ( 2003 ). The use of these cross-sections did show some
ffects in terms of the retrieved parameters of Na + K abundance,
adius, and mass. Ho we v er, the y still did not give physically plausible
adius and mass values, which led us to proceed with the method of
plitting the spectra into two regions, as outlined in Section 4.1 

(v) We only use H 2 -broadening and not He-broadening for the Na
nd K resonance doublets. As the contribution from H 2 -broadening is
uch higher than from He, this is thought to be a good approximation.
o we ver, it would be worth looking into He-broadening in the future,

s outlined in Peach et al. ( 2020 ) and Peach ( 2017 ). We did not imple-
ent an instrument profile within our analysis as used in Kitzmann

t al. ( 2020 ). Such a profile can account for flux being spread across
nstrument pixels. TAUREX3 does not account for such a spread when
inning the higher resolution forward model to the resolution of the
bservation. Such an instrument profile could explain why Helios-R
Kitzmann et al. 2020 ) was able to fit the heavily alkali influenced
 -band peak more successfully than TAUREX3 and thus may have
elped negate the bias issue we experienced in this study. This was
lso one of the few differences in our retrieval approach and that
utlined in the (Kitzmann et al. 2020 ) study. 

We could not identify the exact source of the issue causing
nrealistic radius and mass values to be retrieved when the full
av elength co v erage spectrum is used. Ho we ver, it is apparent that

he Na + K cross-sections used in the retrie v als can have a significant
mpact on the retrieved parameters. This suggests that the Y -band
NRAS 525, 1375–1400 (2023) 
odium and potassium lines could be driving both retrie v al and grid-
odelling approaches to derive masses which converge towards the

pper bounds of the prior space (Line et al. 2015 ; Schneider et al.
015 ; Zalesky et al. 2019 ). 
We note there are now several studies that have used the updated

roadening coefficients from Allard et al. ( 2016 , 2019 ) in analysis
f T dwarf spectra. One of these studies, (Kitzmann et al. 2020 ),
id not encounter this issue for GJ 570D. Oreshenko et al. ( 2020 )
egated these known issues when modelling the 0.85–1.2 μm re-
ion by neglecting this wavelength region in their analysis. Piette
 Madhusudhan ( 2020 ) modulated their K cross-sections with a
ultiplicative factor within their retrieval while only analysing data
 1.1 μm. This topic warrants further investigation in the future, but
e note that it may be less pre v alent when studying data from JWST,
hich will benefit from having wider wavelength spectral coverage,
own-weighting the problematic Na + K dominated region when
arrying out retrie v al analysis. Further studies of the broadening
ehaviour of Na and K lines in laboratory settings would likely
ro v e invaluable. 
More dynamical (model independent) constraints for directly

maged exoplanets and brown dwarfs will help reduce the vol-
me of parameter space explored by the retrie v al method. Such
easurements have been carried out for Gl 229B (Brandt et al.

019 ), ultracool binaries (Dupuy & Liu 2017 ) and Beta Pic b
Snellen & Brown 2018 ; Dupuy et al. 2019 ), with HST monitoring
ampaigns also underway for cool brown dwarfs (Dupuy 2018 ;
upuy et al. 2020 ). This would significantly impro v e constraints
n retrie v al mass priors, and may also help constrain the radius
 alues retrie ved in v arious studies as surface gravity plays a key role
n shaping the SED. Retrie v al analyses have, quite often, returned
hysically improbable radius values, both in the results presented
ere (which we attribute to the issues of the Na + K opacities) and in
ther studies (Kitzmann et al. 2020 ). Additionally, the temperature–
ressure structure would also likely be better constrained, as radius
nd ef fecti v e temperature are inv ersely correlated. During this study,
e have seen examples of pressure–temperature profiles changing

s a result of varying radii whilst maintaining a similar surface
ravity, demonstrating a significant and problematic de generac y.
ynamical and model independent mass measurements for objects

n the directly imaged regime will help constrain the parameter
pace significantly. Better parallax measurements, such as from
aia , help constrain the scaling factor (radius) further. For example,
oth our and the Kitzmann et al. ( 2020 ) study benefited from
etter distance constraints versus that of Line et al. ( 2015 ) and
urningham et al. ( 2017 ). The narrowing of parameter space for

hese model drivers may result in the ability to better probe other,
ore elusive, properties, and will also reduce the computational

xpense of retrie v al analyses. 
We retriev ed v ery similar ef fecti ve temperatures and abundances

or both 51 Eri b and GJ 570D. This further supports the use of
rown dwarfs as proxies for the harder-to-observe cohort of planetary
ass companions. Another example of a close exoplanet analogue

s PSO J318.5 −22, a free-floating planetary mass brown dwarf with
 spectrum which closely matches those of the atmospheres of the
R 8799 planets (Liu et al. 2013 ; Bonnefoy et al. 2016 ; Miles et al.
018 ). These free floating objects are much easier to observe and can
f fer a windo w into their characteristic counterpart exoplanets, as we
an make use of the superior quality of spectral data availability for
hese objects. Therefore, in the same way, PSO 318 has long been
ocumented to have overlapping properties with the same spectral
ype HR 8799 planets, 51 Eri b also has striking chemical similarities
o the benchmark T dwarf GJ 570D and other late T dwarfs from the
ine et al. ( 2015 , 2017 ) studies. 
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The atmospheric similarities between the bona fide exoplanet 51 
ri b and late-T field brown dwarfs extend to mixing ratios, most
otably that of ammonia. We acknowledge, though, that such a 
entati ve detection, moti v ated by the GPI K -band data, needs further
bservations to provide a higher confidence detection. This could, 
erhaps, be achieved using VL T -GRAVITY (Gravity Collaboration 
017 ), Subaru-REACH (Lozi et al. 2018 ; Kotani et al. 2018 ), or
ECK-KPIC (Pezzato et al. 2019 ). These instruments deliver higher- 

esolution observations than that provided by SPHERE and GPI. This 
ould allow us to detect more subtle features. The high-resolution 
ata from REACH and KPIC would allow us to probe individual lines
sing both retrie v als and cross-correlation methods (Hoeijmakers 
t al. 2018 ; Brogi & Line 2019 ). 

We only employed a single scaling S cal factor for 51 Eri b when
onsidering data take from a single instrument and two in the case
f the SPHERE plus GPI combination. Ho we ver, this may be an
mperfect approach in the case of using only the GPI data as this
pectrum is stitched together from different bands which can employ 
ifferent data reduction pipelines and photometric calibrations. 
uch an approach of allowing each band to scale independently 
as a successfully strategy adopted in Nowak et al. ( 2020 ) when

ombining observations of Beta Pic b. Crucially, such flexibility 
ppears employable when using a high quality data set, as in the case
f the GRAVITY Beta Pic b data used in the Nowak et al. ( 2020 ),
ith this data appearing to anchor the model and deriving a very

mall uncertainty for the GRAVITY data scaling factor. Our 51 Eri b
ata quality from GPI data is such that we did not find this necessary,
iven the large uncertainties present in the data we analyse in this
tudy. Future studies should be able to allow for scaling factors in
ach band when impro v ed data become available for this exoplanet.
he S cal factor is directly correlated to the retrieved radii and can act

o help the retrie v als to maintain a physically sensible and higher radii
nstead of purely accounting for possible calibration imperfections, 
reating a de generac y. This behaviour is likely e xacerbated by the
rend of retrie v als deri ving small radii (Burningham et al. 2021 ). Our
xperience of this factor with the data sets used in this study is that it
ommonly acted to scale down the model (S cal < 1) which can then
e counterbalanced by a higher radius, especially given the priors we 
pplied in the case of 51 Eri b. This is why we placed a Gaussian prior
n this parameter when also employing one on the radius parameter, 
n an effort to restrict this de generac y and the ability for the retrie v al
o simply use S cal to retrieve our set radius prior. This will likely be
 continued issue for retrie v als going forward, where scaling factors
esigned for flux calibration and possible variability considerations 
ould mask the documented inability of models to derive expected 
adii values, especially when using flat priors. 

Unlike previous studies, we were able to fit the spectral profile 
f 51 Eri b without clouds. This is an interesting and important
esult as previous studies all employed cloud models within grid 
odelling, often based on more rigidly parametrized temperature–

ressure profile assumptions (e.g. radiativ e–conv ectiv e equilibrium) 
nd chemistry. We acknowledge and stress, however, that our ability 
o fit the data with a preference for a cloudless modelling may be due
o our flexible temperature–pressure profile being able to mimic and 
ccount for the presence of an unmodelled cloud. Our result matches 
ith that from Burningham et al. ( 2017 ) and Molli ̀ere et al. ( 2020 ),
here synthetic data of cloudy L dw arfs w as successfully fit due to the
se of a flexible temperature–pressure profile. Molli ̀ere et al. ( 2020 )
lso showed that when an incorrect cloud model w as emplo yed to
t synthetic cloudy data the retrie v al determines a preference for a
loudless fit. This may be indicative that the power-law deck and slab
louds were insufficient for analysis of this target and future work on
1 Eri b should include a more diverse set of cloud modelling. We
ttempted to explore a more physically moti v ated cloud prescription,
ompared to the the power-law parametrization, using the cloud 
arametrization outlined in Lee et al. ( 2013 ) and employed in Lavie
t al. ( 2017 ). Ho we ver, the data quality for 51 Eri b is such that
hese cloud parameters could not be constrained to a useful extent
nd thus this analysis was inconclusive and omitted from this article.
he degenerate ability for a flexible temperature–pressure profile to 
ccount for clouds in the absence of any cloud modelling within a
etrie v al may be negated in the future by employing data across a
ider wavelength range, when such data becomes av ailable. Retrie v al 

nalysis including clouds will be further explored in further work 
hen impro v ed data becomes available for 51 Eri b, such as the

urther photometric points from JWST Program #1412 which may 
ssist in breaking model degeneracies. 

Our ability to fit the 51 Eri b data without clouds may have also
een assisted by the free chemistry nature of the retrie v al, where
rid-models are often much more constrained based on employment 
f coarse parameter sampling, solar abundance ratios and chemical 
quilibrium. In the case of abundances, for e xample, e xoplanets hav e
een shown to possess a variety of chemical compositions, often 
eviating from norms seen in our own Solar system. For example,
xoplanets can possess C/O ratios much higher than that present in
ur Solar system (Madhusudhan, Lee & Mousis 2012 ; Moses et al.
013 ). This is further shown by the super-stellar C/O ratio we re-
rieved for 51 Eri b. This parameter allows us to hypothesize possible
ormation pathways. Due to 51 Eri b’s large retrieved mass, measured
rbital separation and retrieved C/O ratio, we suggest this may hint
t formation via gravitational instability (Vigan et al. 2017 ). Further
pectral observations of 51 Eri b, using instruments such as GRAV-
TY, may help further constrain the C/O ratio and permit a more in
epth analysis of possible formation scenarios for this exoplanet. 
Overall, we suggest the best approach is testing and exploring a

uite of free-retrie v al set-ups along with self-consistent modelling, as
erformed in this study, when characterizing self-luminous objects. 
deally, when further data become available from instruments aboard 
WST, GPI2, and SPHERE + , the results derived from these different
pproaches should converge to agreement. 

 SUMMARY  

e introduce TAUREX3 which we have modified to be suitable for
irectly imaged objects, and apply it to the benchmark brown dwarf
J 570D and the cool exoplanet 51 Eri b. 
We discuss issues with the Na + K cross-sections when applied to

 dwarf spectra. The retrie v als converged to a high mass and radius,
ikely due to biases introduced by the methods used to compute these
ross-sections. This issue was o v ercome by splitting the retrie v al into
wo parts. Part 1 retrieved the mass, radius, distance, and S cal using
he 1.2–2.5 μm data, while part 2 retrieved the chemical profile of
he atmosphere using the 0.85–2.5 μm data. This allowed for more
lausible results. 
We compared our GJ 570 D results with other studies that

erformed retrie v al analyses of this object (Line et al. 2015 ; Burn-
ngham et al. 2017 ; Kitzmann et al. 2020 ). The different analysis
f GJ 570D, across various retrieval codes, shows an encouraging 
tability of most parameters, especially relating to the atmospheric 
hemistry as well as the temperature–pressure profile. We therefore 
uccessfully demonstrate TAUREX3 ’s suitability for brown dwarf 
mission analysis. 

We also carried out free chemistry and cloudless retrie v al analyses
n all published spectroscopy observations of 51 Eri b, while 
MNRAS 525, 1375–1400 (2023) 
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M

Figure 16. Planetary thermal evolution tracks for different planet masses 
from F ortne y et al. ( 2008 ), updated from Marle y et al. ( 2007 ). Dotted lines 
indicate hot start planets. Solid lines indicate cold start planets. The error bar 
indicates the retrieved 2 sigma confidence boundary for surface gravity from 

the SPHERE Y , J , H, and GPI K 1, K 2 data set with the age estimate from 

Rajan et al. ( 2017 ). 
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omparing our results to previous studies that used grid modelling.
he main results of our 51 Eri b retrie v al analysis are 

(i) Our retrie v als result in excellent fits to the observ ations without
equiring cloud extinction, deriving a higher Log (Ev) when com-
ared to retrie v als including po wer-law clouds. This is in contrast
o the cloudy atmosphere conclusions made in all previous studies
Macintosh et al. 2015 ; Samland et al. 2017 ; Rajan et al. 2017 )
ho employed grid model fitting. Ho we ver, this could be due

o our flexible temperature–pressure profile being able to account
or unmodelled clouds with this behaviour also being seen in
urningham et al. ( 2017 ) and Molli ̀ere et al. ( 2020 ). 
(ii) We confirm and constrain the presence of H 2 O and CH 4 . 
(iii) We find tentative evidence of NH3 in the atmosphere of 51

ri b, to a ∼2.7 sigma confidence. Further observations are required
o confirm this. 

(iv) We retrieve a supersolar C/O ratio, and a solar consistent
M/H] for 51 Eri b. 

(v) Our surface gravity values are consistent with both classical
ot-start and cold-start planetary thermal evolution models from
 ortne y et al. ( 2008 ) as shown in Fig. 16 . 
(vi) We demonstrate the importance of the K -band observations

or constraining the ef fecti ve temperature and temperature–pressure
rofile. 
(vii) Our highest Log (Ev) retrie v al literature consistent radius

alues of 1 . 18 + 0 . 12 
−0 . 12 R Jup and 1 . 09 + 0 . 11 

−0 . 11 R Jup for our two data sets.
his is despite not employing cloud modelling, something previous
tudies struggled to do. 

(viii) Our analysis highlights strong similarities between the
etrieved molecular mixing ratios and temperature–pressure profiles
f 51 Eri b and GJ 570D. The slight gradient differences in
emperature–pressure profiles is attributed to possibly accounting
NRAS 525, 1375–1400 (2023) 
or an unmodelled cloud structure in the case of 51 Eri b’s retrie v al
y adopting a more isothermal gradient. 
(ix) Our retrieved npoint temperature–pressure profiles for 51 Eri

 adopts a much more isothermal profile compared to the adiabatic
rofile employed in the unsuccessful ATMO 2020 grid model fit. This
ore isothermal profile, again, could account for the impact of an

nmodelled photospheric cloud structure, or alternatively could be
ndicative of diabatic convection triggered by the CO/CH 4 chemical
ransition (Tremblin et al. 2016 , 2019 ) in the atmosphere of 51 Eri b.

(x) Our retrieved super-stellar C/O ratio, coupled with our re-
rieved mass and previously measured orbital separation, hints at a
ossible formation pathway of gravitational instability for 51 Eri
. Ho we ver, this conclusion is tentative and higher quality data is
equired for a more thorough analysis of the possible formation
istory of 51 Eri b. 
(xi) When including clouds along with a less flexible temperature–

ressure profile, our retrie v als deri ved a strong preference for the
nclusion of clouds. Ho we ver, the Log (Ev) never surpassed that
f the cloudless retrie v al when employing the more flexible npoint
emperature–pressure profile. Table 7 shows that the conclusions
f our retrie v als, in relation to cloudy versus cloud-free and patchy
louds versus uniform clouds, can be biased by model set-up and
hich data are employed. This points to the need for diverse and

igours testing of retrie v al model set-ups and data combinations,
articularly when analysing high-contract imaging data with
hallenging SNRs. 
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ATA  AVA ILA BILITY  

J 570D data can be accessed via the SpeX Prism Library (see foot-
ote 1). Data used for 51 Eridani can be accessed via supplementary
aterials from Rajan et al. ( 2017 ) and Samland et al. ( 2017 ). 
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ere, we present our posterior distributions for the ATMO 2020 grid 
odelling fits of properties of GJ 570D and 51 Eri b. We also present
Figure A1. ATMO posteriors plots for 51 Eri b. Left: Equilibrium 

Figure A2. ATMO posteriors plots for GJ 570D. Left: Equilibrium 
he individual posterior distributions for our retrieval analysis of 
ifferent data sets. 
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Figure A3. 51 Eri b posteriors for GPI J- , H -, and K -band data. Log (g), C/O and [M/H] posteriors are inferred parameters, while all the other parameters are 
sample as part of the retrie v al. 
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Figure A4. 51 Eri b posteriors for SPEHRE Y -, J -, H -, and GPI K- band data. Log(g), C/O and [M/H] posteriors are inferred parameters, while all the other 
parameters are sample as part of the retrie v al. 
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Figure A5. 51 Eri b posteriors for Y -, J- and H -band data. Log(g), C/O and [M/H] posteriors are inferred parameters, while all the other parameters are samples 
as part of the retrie v al. 
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