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ABSTRACT

Characterizing exoplanets’ spectra is a crucial step in understanding the chemical and physical processes shaping their atmospheres
and constraining their formation and evolutionary history. The X-SHYNE library is a homogeneous sample of 43 medium-resolution
(Rλ ∼ 8000) infrared (0.3–2.5 µm) spectra of young (<500 Myr), low-mass (<20 MJup), and cold (Teff ∼600–2000 K) isolated brown
dwarfs and wide-separation companions observed with the VLT/X-Shooter instrument. To characterize our targets, we performed a
global comparative analysis. We first applied a semiempirical approach. By refining their age and bolometric luminosity, we derived
key atmospheric and physical properties, such as Teff , mass, surface gravity (g), and radius, using the evolutionary model COND03.
These results were then compared with the results from a synthetic analysis based on three self-consistent atmospheric models: the
cloudy models Exo-REM and Sonora Diamondback, and the cloudless model ATMO. To compare our spectra with these grids we used
the Bayesian inference code ForMoSA. We found similar Lbol estimates between both approaches, but an underestimated Teff from the
cloudy models, likely due to a lack of absorbers that could dominate the J and H bands of early L. We also observed a discrepancy
in the log(g) estimates, which are dispersed between 3.5 and 5.5 dex for mid-L objects. We interpret this as a bias caused by a range
of rotational velocities leading to cloud migration toward equatorial latitudes, combined with a variety of viewing angles that result
in different observed atmospheric properties (cloud column densities, atmospheric pressures, etc.). This interpretation is supported
by the correlation of the color anomaly ∆(J–K) of each object with log(g) and the parameter fsed that drives the sedimentation of the
clouds. Finally, while providing robust estimates of [M/H] and C/O for individual objects remains challenging, the X-SHYNE library
globally suggests solar values that are consistent with a formation via stellar formation mechanisms. This study highlights the strength
of homogeneous datasets in performing comparative analyses, reducing the impact of systematics, and ensuring robust conclusions
while avoiding overinterpretation.
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1. Introduction

For the past 20 years, it has been possible to obtain spec-
tra of massive planetary-mass companions (>3 MJup) at
wide separations (>15 AU) observed through direct imaging,
mostly in the near-infrared. Initially, this was achieved from
the ground at a low resolution with high-contrast spectro-
imagers such as VLT/SPHERE (Rλ ∼ 50; Beuzit et al.
2019), Keck/GPI (Rλ ∼ 66; Macintosh et al. 2014), and Sub-
aru/SCExAO+CHARIS (Rλ ∼ 80; Jovanovic et al. 2016, Peters-
Limbach et al. 2012), at a medium resolution with integral
field spectrographs such as Keck/OSIRIS (Rλ ∼ 8000; Larkin
et al. 2006), VLT/SINFONI (Rλ ∼ 4000; Eisenhauer et al.
2003), or now VLT/ERIS (Rλ ∼ 8000; Davies et al. 2023),

⋆ Based on observations collected at the European Organiza-
tion for Astronomical Research in the Southern Hemisphere under
ESO programs 0101.C-0290; 0102.C-0121; 0103.C-0231; 0104.C-0094;
111.24PX.001; and 114.27B1.001.
⋆⋆ Corresponding author: simon.petrus.pro@gmail.com
⋆⋆⋆ NASA Postdoctoral Program Fellow.
⋆⋆⋆⋆ NASA Sagan Fellow.

and with interferometry using VLTI/GRAVITY (Rλ ∼ 500–
4000; GRAVITY Collaboration 2017) and VLTI/MATISSE
(Rλ ∼ 500; Lopez et al. 2022), and finally at a high reso-
lution with projects such as VLT/CRIRES+ (Rλ ∼ 100 000;
Kaeufl et al. 2004), Keck/KPIC (Rλ ∼ 35 000; Mawet et al.
2017), VLT/HiRISE (Rλ ∼ 100 000; Vigan et al. 2022), and Sub-
aru/REACH (Rλ ∼ 100 000; Kotani et al. 2020). More recently,
JWST has enriched this instrumental landscape from space
by offering a combination of integral field spectroscopy and
medium spectral resolution up to 28 µm with its instruments
NIRSpec (Rλ ∼ 2700; Böker et al. 2022) and MIRI (Rλ ∼ 3500;
Wells et al. 2015) that can image companions at a large sep-
aration (>100 mas). Naturally, the spectroscopic information
contained in these data is exploited to characterize the atmo-
sphere and the dynamic properties of the observed sources,
with the spectral resolution guiding the type of parameters
accessible.

With low-resolution spectra coupled with photometric data,
it has been possible to estimate the effective temperature, Teff ,
and surface gravity, log(g), of observed objects by analyzing the
modified blackbody spectrum with significant water absorptions
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(e.g., 51 Eri b Macintosh et al. 2015; HD 95086 b Desgrange
et al. 2022; AF Lep b Palma-Bifani et al. 2024). Medium
resolution has enabled the detection of molecules and atoms,
enabling the estimation of relative chemical compositions such
as the metallicity, [M/H], and carbon–oxygen ratio, C/O, (e.g.,
HR 8799 c Konopacky et al. 2013; VHS 1256 b Hoch et al.
2022; HIP 65426 b Petrus et al. 2021; AB Pic b Palma-Bifani
et al. 2023) and isotopic ratios (e.g., TYC 8998-760-1 b Zhang
et al. 2021a). Finally, the high resolution provides access to the
vertical structure of planetary atmospheres as well as dynamic
properties of companions, such as projected rotational velocity,
v sin(i), and radial velocity (e.g., β Pic b Snellen et al. 2014;
system HR 8799 Wang et al. 2021).

Estimating these atmospheric properties is now a critical
challenge in exoplanetary science because they are potentially
linked to the formation and evolution mechanisms of planetary
systems. The [M/H] of atmospheres is considered a possible
tracer of the amount of solid material accreted during forma-
tion (Ormel et al. 2021), while the C/O or the carbon monoxide
isotopolog ratio, 13CO/12CO, can provide insights into the forma-
tion distance of planets relative to their star, particularly relative
to the location of the ice lines of key chemical elements such
as H2O, CO2, and CO (Öberg et al. 2011). Although Mollière
et al. (2022) highlight the interpretive limitations of these trac-
ers, especially within the context of dynamic chemistry in disks,
they remain crucial properties for constraining the structure and
evolution of planetary atmospheres.

One approach used to constrain these properties is to com-
pare the observed spectra of planetary companions with syn-
thetic spectra generated from atmospheric model predictions.
The current versions of the different families of models avail-
able allow for the generation of synthetic spectra at medium and
high spectral resolutions over a wide wavelength coverage. Thus,
it is possible to fit the observed data using their full potential, i.e.,
by maximizing both the spectral resolution and the wavelength
range. However, due to the computational time required for such
inversions, this method is mainly applicable using precompiled
grids of synthetic spectra generated from self-consistent atmo-
spheric models, which fix part of the physics and chemistry of
the atmospheres with strong assumptions, limiting the number
of explored parameters (fewer than 5) but reducing the compu-
tational time required for fitting. Indeed, with this approach, it is
sufficient to interpolate within the grid, unlike retrieval methods
that parametrize the physics and the chemistry of the atmo-
spheres and calculate a new spectrum at each iteration based on
the considered physics. Generally, reduced resolution spectra are
used in this second case (Zhang et al. 2025, Matthews et al. 2025,
Whiteford et al. 2025). The work presented here focuses on the
use of precompiled grids.

Over the past 15 years, various grids of synthetic spectra
have been developed and used. Each of these grids is gener-
ated by atmospheric models that differ in terms of complex-
ity (cloud formation and evolution, nonequilibrium chemistry,
micro-physics, initial chemical abundances, etc.), the parame-
ter space explored, and wavelength coverage and resolution. A
description of this diversity of models is detailed in Petrus et al.
(2024), who used them to fit medium-resolution spectra of the
companion VHS 1256 b (L7) obtained with JWST/NIRSpec and
JWST/MIRI (Miles et al. 2023). In this study, Petrus et al. (2024)
used the code ForMoSA (Petrus et al. 2020, 2023) to demonstrate
the limitations of these models by showing that they failed to
represent data over an extended wavelength range. One of the
main reasons cited to explain these systematic errors is the com-
plexity of the cloud properties present in the atmosphere of this

object. To account for these systematic errors, they proposed a
fitting strategy based on the definition of reduced spectral win-
dows, fit independently. Although this technique significantly
improves the quality of the fits, the robust estimation of C/O and
[M/H] remains challenging. Indeed, the estimation of parame-
ters depends on the spectral window as well as on the model
considered. While the results of this work confirm the con-
clusions of previous studies using self-consistent atmospheric
models (Petrus et al. 2020; Palma-Bifani et al. 2023), they are
only valid for VHS 1256 b, known to be subject to significant
photometric variability (Bowler et al. 2020; Zhou et al. 2020,
2022), likely due to a complex atmospheric structure and inho-
mogeneous cloud coverage, as is expected for an object at the
L–T transition (Burgasser et al. 2002b; Cushing et al. 2008;
Marley et al. 2010). The impact of these systematic errors on
other spectral type ranges remains to be explored.

Today, the number of exoplanetary companions for which
we have medium-resolution spectra over an extended wavelength
range is limited due to the glare of their host stars. This prevents
a homogeneous atmospheric characterization study over a wide
temperature range. However, this diversity can be found in the
population of young, isolated, low-mass brown dwarfs. Young,
nearby associations have been identified as containing isolated
very low-mass stars, substellar objects, and planetary mass
objects. Some members of these associations overlap in spectral
type, effective temperature, age, and mass with currently known
directly imaged exoplanets. These similar physical properties are
expected to imply similar atmospheric properties, and therefore
this population of young isolated planetary-mass objects consti-
tutes an ideal laboratory in which to explore physical processes
at play in the atmospheres of imaged exoplanets.

However, for these isolated objects, a star-like formation
through the gravitational collapse of molecular clouds is a
plausible scenario. Therefore, despite their similarities with
exoplanets, subtle differences in their atmospheric chemical
compositions are expected. Consequently, characterizing their
atmospheres offers a valuable point of comparison for exploring
alternative formation pathways proposed for exoplanets, such as
core accretion and gravitational instability.

Important efforts have been devoted to acquiring medium-
and high-resolution spectra of these objects without a host star
in a wide range of spectral types (early-M to late-L) and a large
wavelength coverage (0.5–2.5 µm), to form libraries of planetary
analog spectra (Bonnefoy et al. 2014; Gagné et al. 2015a; Cruz
et al. 2018; Almendros-Abad et al. 2022; Hurt et al. 2024). These
data can be used as comparison tools for the spectra of imaged
companions (Samland et al. 2017; Chauvin et al. 2017; Mesa
et al. 2023) to estimate their spectral type, among other things.
They also serve as a database for conducting empirical analyses
(Allers & Liu 2013; Filippazzo et al. 2015; Piscarreta et al. 2024),
primarily based on the calculation of spectral indices or equiva-
lent widths (EWs) of detected atomic and molecular absorptions.
Furthermore, they can act as templates for generating simulated
data used in the development of new instruments. Being devoid
of a host star, it is also easier to obtain their mid-infrared spectra
using space telescopes such as Spitzer or, now, JWST (Suárez &
Metchev 2022).

In this article, we present the X-SHYNE1 library, which com-
prises 43 spectra of brown dwarfs that have been selected to
cover a large range of ages (<500 Myr), masses (<20 MJup),
and Teff (600-2000 K), overlapping the fundamental properties
of the known imaged companions. X-SHYNE is therefore a

1 X-Shooter spectra of YouNg Exoplanet analogs.
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library of exoplanet analogs. The data have been obtained with
the VLT/X-Shooter instrument to explore an extended wave-
length range (0.3–2.5 µm) at medium resolutions (Rλ ∼ 8000).
This unique library allows one to probe the information car-
ried by the pseudo-continuum sculpted by effective temperature,
clouds, and H2–H2 and H2–He collision-induced absorption
(CIA). Additionally, the medium-resolution information can be
exploited to estimate chemical composition and thus forma-
tion tracers. A first showcase publication targeted VHS 1256 b
to illustrate the richness of the X-SHYNE library and prepare
the analysis of Early Release Science data of JWST on this
object (Petrus et al. 2023). With this work, we now analyze the
complete X-SHYNE library, with three different grids of atmo-
spheric models to characterize their atmospheres and identify the
current limits of the models. Section 2 presents the sample of
spectra. Section 3 is devoted to our empirical and homogeneous
analysis of this library. Section 4 presents the inversion of our
spectra using the three grids of models considered. A discus-
sion of the results is made in Section 6, followed by a general
conclusion in Section 7.

2. Observations and reduced spectra

The spectra were observed between April 28, 2018, and June
6, 2023, during six different observation periods. The VLT/X-
Shooter instrument (Vernet et al. 2011) was used to obtain
medium-resolution spectra (Rλ UVB ∼ 3300 for λ ∈ [0.3–
0.55] µm, Rλ VIS ∼6700 for λ ∈ [0.55–0.1] µm, Rλ NIR∼8100
for λ ∈ [0.1–2.5] µm) over a wide wavelength coverage (0.3–
2.5µm). The observation dates and the weather conditions dur-
ing the acquisition are detailed in Table A.1. The data were
reduced using the X-Shooter pipeline version 2.9.3 (Modigliani
et al. 2010) within the ESO reflex environment (Freudling et al.
2013) to obtain two-dimensional, curvature-corrected, and flux-
calibrated traces. The spectrum extraction from these traces was
performed with a custom extraction routine (see Petrus et al.
2023 for more details) coupled with the molecfit package
(Smette et al. 2015; Kausch et al. 2015) for telluric correction.

Figure 1 shows an overview of the X-SHYNE spectral library
after the extraction. As illustrated in the Figures B.1, B.2, B.3,
B.4, and B.5, a huge diversity of atomic and molecular absorp-
tions can be detected. Thanks to the large range of spectral types
explored by X-SHYNE, it is possible to follow the evolution of
these features with Teff . In the optical, the TiO (∼0.69, 0.73,
0.77, 0.84, 0.90, 1.10 µm) and the VO (∼0.75, 0.80, 1.07 µm)
condensate progressively into solid grains and disappear around
the L5 type. This depletion results in an increase in the absorp-
tion depth of other elements such as Rb I (0.795 and 0.780 µm)
and Cs I (0.894 and 0.852 µm). For some of our targets, we
detect a faint Li I absorption (0.671 µm), and for 2MASS 0249 c
and 2MASS 0045, we detect an Hα emission line. In the near-
infrared, the main atomic features are the K I doublets (1.177
and 1.169 µm and 1.252 and 1.243 µm) which become deeper
with decreasing Teff , and the Na I doublet (1.140 and 1.138 µm)
which disappears after the L-T transition. We also detect FeH
(0.995 µm) and small traces of CrH (0.8611 µm). The H-band
is sculpted by large absorption bands of H2O. Due to the young
age of our targets, this band displays a typical triangular shape
(Lucas et al. 2001), which is completely remodeled after the L–
T transition with the appearance of strong absorption bands of
CH4 long-ward of 1.59 µm. Lastly, in the K-band, numerous CO
overtones are detected from 2.9 to 2.4 µm, along with a strong
absorption band of CH4 after the L-T transition.

3. Semiempirical analysis of the physical

properties

By definition, because they have substellar masses, brown dwarfs
cannot trigger hydrogen fusion in their cores. This lack of inter-
nal energy production leads to cooling over time due to radiative
losses. Evolutionary models, such as COND03 (Baraffe et al.
2003), predict how the fundamental properties of brown dwarfs
evolve as a result of this cooling. For instance, the object con-
tracts over time, leading to a decrease in radius. Since mass is
assumed to remain constant with age, this contraction results in
an increase in surface gravity. As a direct consequence of the
decrease in Teff and radius, the bolometric luminosity (Lbol) also
decreases with age, following the Stefan-Boltzmann law.

In this section, we estimate the age and Lbol of the X-SHYNE
objects and inject these values into the COND03 evolutionary
model to derive other fundamental parameters. We first discuss
the spectral types of our sample that are also strongly related to
the Teff .

3.1. A wide range of spectral types covered

More than two decades ago, the empirical exploration of the
morphology of brown dwarf spectra has led to the definition
of the L (Kirkpatrick et al. 1999; Martín et al. 1999) and T
(Burgasser et al. 2002a; Geballe et al. 2002) sequences. It was
observed that with decreasing temperature, certain absorptions
evolved, as did the overall shape of the pseudo-continuum (see
Figures 1, B.1-B.5). These classifications have enabled the iden-
tification of template spectra libraries used to determine the
spectral type of newly discovered objects. However, this method
has its limitations. Cruz et al. (2018) demonstrated the differ-
ences that can exist between the spectral type determined from
atomic (Cs, Rb) and molecular (VO, TiO, CrH, FeH) absorp-
tions detected in the visible range (∼0.6–0.9 µm) and the spectral
type determined from near-infrared data (∼1.0–2.5 µm), which
are dominated by the effects of gravity, metallicity, and clouds
condensation. Due to biases in the spectral type determination
method and to remain conservative, we decided to assign an
uncertainty of one spectral subclass to the spectral types of the
X-SHYNE objects listed in Table 1. As a result, X-SHYNE
covers a range of spectral types from L0±1 to T7±1.

3.2. Age determination

Stellar associations are ideal environments for the search and
the characterization of low-mass brown dwarfs as the objects are
comparatively brighter than those found in star-forming regions
(Lucas et al. 2001; Lodieu et al. 2018; McCaughrean & Pearson
2023). Objects within these groups are assumed to share simi-
lar kinematic properties and age, under the hypothesis that they
formed simultaneously in the same region. Age determination,
in particular, currently relies on several diagnostics (see Gagné
2024 for a recent review). These include predictions from stel-
lar and substellar internal structure models, often represented in
color-magnitude diagrams (photometric isochrones, Nordström
et al. 2004); measurements of stellar and substellar rotation for
a given spectral type (gyro-chronology, Barnes 2009; Mama-
jek 2009); spectroscopic indicators of chromospheric activity or
accretion, such as the Hα emission line; the presence of elements
that are destroyed over time (e.g., lithium, Michaud & Charbon-
neau 1991; Rebolo 1991); X-ray activity; and the detection of
infrared excess (Skumanich 1972; Soderblom et al. 1991).
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Fig. 1. Sequence of the X-SHYNE spectra. The integrated flux between 1.2 and 1.3 µm normalized the spectra, and an offset was applied. The
color of each spectrum indicates its spectral type. Several zooms are given in Figures B.1, B.2, B.3, B.4, and B.5.
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Table 1. X-SHYNE sample.

Target RA Dec Sp.T. Assoc. (Memb. Prob.) Dist. Ref.
Simbad Short (hh:mm:ss.ss) (dd:mm:ss.ss) [pc]

2MASSW J0030300-145033 2MASS 0030 00:30:30.13 –14:50:33.40 L7 Non-YMGM 24.3 ± 3.6p 1, 2
2MASS J00452143+1634446 2MASS 0045 00:45:21.42 +16:34:44.74 L2 ARG (99.3%) 15.3 ± 0.1p 3, 4
2MASS J00464841+0715177 2MASS 0046 00:46:48.42 +07:15:17.76 L0 Non-YMGM 37.7 ± 0.4p 3, 4
2MASSI J0103320+193536 2MASS 0103 01:03:32.04 +19:35:36.18 L6 CRIUS203 (99.6%) 27.8 ± 5.2p 1, 5
2MASS J01531463-6744181 2MASS 0153 01:53:14.63 –67:44:18.20 L3 Tuc-Hor (91.4%) 47.0 ± 3.2 6
2MASS J02192210-3925225b 2MASS 0219 b 02:19:22.11 –39:25:22.54 L4 Tuc-Hor (99.7%) 40.2 ± 0.2p 7, 4
2MASS J02495436-0558015 2MASS 0249 c 02:49:54.37 –05:58:01.58 L2 Non-YMGM 49.8 ± 10.5p 8
2MASS J03264225-2102057 2MASS 0326 03:26:42.26 –21:02:05.77 L5 ABDMG (95.6%) 41 ± 4 9, 10
2MASSI J0342162-681732 2MASS 0342 03:42:16.21 –68:17:32.12 L4 Tuc-Hor (95.0%) 81 ± 1 11, 10
2MASS J03552337+1133437 2MASS 0355 03:55:23.37 +11:33:43.80 L5 ABDMG (97.8%) 9.2 ± 0.1p 12, 4
2MASS J05081657-1413479 2MASS 0508 05:08:16.58 –14:13:48.04 L2 ABDMG (98.6%) 42.6 ± 1.1p 13, 4
2MASSI J0512063-294954 2MASS 0512 05:12:06.37 –29:49:54.01 L5 Non-YMGM 20.2 ± 1.2p 14, 15
2MASSI J0518461-275645 2MASS 0518 05:18:46.17 –27:56:45.71 L1 COL (99.9%) 54.6 ± 1.9p 11, 4
2MASS J06165623-2543557 2MASS 0616 06:16:56.23 –25:43:55.75 L1 Non-YMGM 50.3 ± 24.4p 16, 17
2MASS J07235265-3309446 2MASS 0723 07:23:52.66 –33:09:44.54 L5 CARN (99.6%) 32.5 ± 2.3p 18, 4
2MASS J10212570-2830427 2MASS 1021 10:21:25.71 –28:30:42.76 L4 Non-YMGM 43.4 ± 6.4 6, 19
TWA 42 2MASS 1119 11:19:32.54 –11:37:46.70 L7 Non-YMGM 26.6 ± 6.9 20, 21
TWA 41 2MASS 1147 11:47:24.21 –20:40:20.44 L7 Non-YMGM 37.5 ± 3.0p 22, 2
2MASS J11480096-2836488 2MASS 1148 11:48:00.96 –28:36:48.90 L3 Non-YMGM 47.8 ± 5.6 6
TWA 40 2MASS 1207 12:07:48.35 –39:00:04.48 L1 TWA (98.0%) 65.6 ± 4.4p 23, 4
2MASS J12130336-0432437 2MASS 1213 12:13:03.34 –04:32:43.75 L4 CARN (99.3%) 16.9 ± 0.2p 14, 4
2MASS J14252798-3650229 2MASS 1425 14:25:27.98 –36:50:23.25 L4 ABDMG (99.1%) 11.8 ± 0.1p 24, 4
2MASS J15210327+0131426 2MASS 1521 15:21:03.27 +01:31:42.69 T3 Non-YMGM 23.1 ± 3.9p 25, 2
2MASS J18264679-4602234 2MASS 1826 18:26:46.80 –46:02:23.64 L1 BPMG (96.0%) 58.1 ± 7.2p 13, 4
2MASS J21043128-0939217 2MASS 2104 21:04:31.29 –09:39:21.82 L3 BPMG (83.5%) 53.5 ± 5.0p 13, 4
CFBDS J213926+022023 2MASS 2139 21:39:26.77 +02:20:22.70 T2 CRIUS203 (96.6%) 9.9 ± 0.2p 26, 27
2MASSW J2206450-421721 2MASS 2206 22:06:45.00 –42:17:21.14 L4 ABDMG (99.5%) 29.3 ± 1.2p 1, 4
2MASS J22443167+2043433 2MASS 2244 22:44:31.67 +20:43:43.30 L7 ABDMG (98.4%) 17.0 ± 0.3p 9, 28
2MASS J23225299-6151275 2MASS 2322 23:22:53.01 –61:51:27.53 L2 Tuc-Hor (96.0%) 42.9 ± 1.9p 29, 4
PSO J358.5527+22.1393 2MASS 2354 23:54:12.57 +22:08:22.58 L2 ABDMG (99.0%) 43.5 ± 1.2p 30, 4
PSO J057.2893+15.2433 PSO 057 03:49:09.44 +15:14:36.00 L7 Non-YMGM 25.2 ± 3.0 31
2MASS J04473039-1216155 PSO 071 04:47:30.40 –12:16:15.54 T2 Non-YMGM 43.5 ± 8.9p 31, 2
2MASS J21140802-2251358 PSO 318 21:14:08.03 –22:51:35.84 L7 BPMG (99.0%) 22.2 ± 0.9p 32, 28
2MASS J21171431-2940034 PSO 319 21:17:14.31 –29:40:03.42 T0 Non-YMGM 19.1 ± 2.8p 31, 2
2MASS J11101001+0116130 SDSS 1110 11:10:10.01 +01:16:13.09 T5 ABDMG (87.4%) 19.2 ± 0.5p 33, 34
SIMP J013656.5+093347.3 SIMP 0136 01:36:56.56 +09:33:47.31 T2 CARN (96.3%) 6.1 ± 0.1p 35, 4
ULAS J004757.40+154641.4 ULAS 0047 00:47:57.32 +15:46:41.56 T2 non-YMGM 37.0 ± 4.5p 36, 37
ULAS J131610.13+031205.5 ULAS 1316 13:16:10.13 +03:12:05.56 T3 CARN (95.9%) 34.5 ± 3.1p 38, 2
SIPS J1256-1257B VHS 1256 b 12:56:01.83 –12:57:27.69 L7 Non-YMGM 22.2 ± 1.3p 39, 40
WISE J024124.73-365328.0 WISE 0241 02:41:24.74 –36:53:28.09 T7 ARG (91.5%) 19.1 ± 1.0p 41, 5
WISE J052857.68+090104.4 WISE 0528 05:28:57.69 +09:01:04.40 L1 Non-YMGM 81 ± 13 42
2MASS J08195820-0335266 WISE 0819 08:19:58.21 –03:35:26.65 T4 BPMG (83.9%) 13.9 ± 0.6p 43, 2
PSO J334.1193+19.8800 WISE 2216 22:16:28.62 +19:52:48.10 T3 Non-YMGM 30.0 ± 11.2 31

Notes. p: Distance calculated from parallax measurements. 1. Kirkpatrick et al. (2000); 2. Best et al. (2020); 3. Wilson et al. (2003); 4. Gaia
Collaboration (2020); 5. Kirkpatrick et al. (2021); 6. Gagné et al. (2015b); 7. Artigau et al. (2015); 8. Dupuy et al. (2018); 9. Dahn et al. (2002); 10.
Faherty et al. (2009); 11. Cruz et al. (2007); 12. Reid et al. (2006); 13. Gagné & Faherty (2018); 14. Cruz et al. (2003); 15. Best et al. (2021); 16.
Cushing et al. (2009); 17. Faherty et al. (2012); 18. Schneider et al. (2017); 19. Gagné et al. (2017); 20. Kellogg et al. (2015); 21. Best et al. (2017);
22. Faherty et al. (2016); 23. Gagné et al. (2014); 24. Kendall et al. (2004); 25. Knapp et al. (2004); 26. Burgasser et al. (2006); 27. Smart et al.
(2013); 28. Liu et al. (2016); 29. Reid et al. (2008); 30. Aller et al. (2016); 31. Best et al. (2015); 32. Liu et al. (2013); 33. Geballe et al. (2002);
34. Tinney et al. (2014); 35. Artigau et al. (2006); 36. Day-Jones et al. (2013); 37. Zhang et al. (2021b); 38. Marocco et al. (2015); 39. Gauza et al.
(2015); 40. Dupuy et al. (2020); 41. Tinney et al. (2018); 42. Burgasser et al. (2016); 43. Kirkpatrick et al. (2011).

Most of the X-SHYNE objects were selected as Young co-
Moving Group Members (YMGM) or member candidates before
the important Gaia DR2 release that significantly modified key
kinematics properties for these objects. The properties of the
groups considered in this work are summarized in Table 2.
Using updated astrometry and radial velocity measurements, we

recalculated the membership probability for each X-SHYNE tar-
get with the BANYAN Σ tool (Gagné et al. 2018). These results,
along with their associated probabilities, are summarized in
Table 1. For objects with a membership probability below 80%,
we classified them as Non-Young co-Moving Group Members
(non-YMGM). Consequently, their age remains uncertain and
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Table 2. Properties of the young associations considered in this work.

Name Distance Age NX−S HYNE Ref.
(pc) (Myr)

ABDMG ∼20 149+19
−51

8 1, 2
ARG ∼140 ∼40 2 2, 3
BPMG ∼35 24±3 4 2, 4
CARN ∼30 ∼200 4 5
COL ∼70 42+6

−4
1 2, 6

CRIUS203 – ∼500 2 6, Priv. com.
Tuc-Hor ∼50 45±4 4 2, 6
TWA ∼65 10±3 1 2, 6

non-YMGM – – 17 –

Notes. The number of X-SHYNE objects associated with each group
is given. 17 sources are not identified as members of a young mov-
ing group (non-YMGM). Full names: AB Doradus, ABDMG; Argus,
ARG; β Pictoris, BPMG; Carina-Near, CARN; Columba, COL; Tucana
Horologium, Tuc-Hor; TW Hydrae, TWA. 1. Zuckerman et al. (2004);
2. Bell et al. (2015); 3. Torres et al. (2008); 4. Zuckerman et al. (2001);
5. Zuckerman et al. (2006); 6. Moranta et al. (2022).

requires further confirmation. In the specific case of the com-
panion VHS 1256 b, although it is classified as a non-YMGM,
the age of its primary star has been derived independently by
Dupuy et al. (2023) as 140±20 Myr and will be assumed as the
age of the companion.

The EW of the potassium lines at 1.169, 1.177, 1.244, and
1.253 µm are known to be robust discriminants between old and
young L- and M-type objects (Cushing et al. 2005; Bayo et al.
2011; Allers & Liu 2013; Bonnefoy et al. 2014; Martin et al. 2017;
Manjavacas et al. 2020; Piscarreta et al. 2024). This is because
their strength correlates with the pressure in the photosphere,
which, in turn, is linked to the surface gravity of the object. The
K I EW of some X-SHYNE objects has previously been cal-
culated and analyzed in Piscarreta et al. (2024). To ensure the
homogeneity of our study, we recalculated these values using
our framework.

To achieve this, we estimated the pseudo-continuum on both
sides of the spectral line by calculating the median flux within
the spectral ranges dλcont.left and dλcont.right, as listed in Table 4.
We then linearly interpolated these two flux values across the
spectral range, dλline, defined for the line. Finally, we computed
the EW using the following equation:

EW =

∑

λ

(

1 −
Fline

Fcont.interp

)

× dλ, (1)

where Fline and Fcont.interp represent the flux values of the
spectral line and the interpolated pseudo-continuum, respec-
tively, at the location of the line. The term dλ corresponds to
the wavelength grid of the data.

We then compared the EW of the four K I absorption lines
in the X-SHYNE sources with those derived from the spec-
tral library (Rλ ∼2000) published by Martin et al. (2017). This
library includes isolated brown dwarfs with low, medium, and
high surface gravity, corresponding to young (<30 Myr), inter-
mediate (30–100 Myr), and field (>100 Myr) ages, respectively.
In their study, Martin et al. (2017) calculated the EW following
the method described by Allers & Liu (2013), which determines
the pseudo-continuum at each line location using a linear inter-
polation between two spectral windows located on either side of
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Fig. 2. Equivalent widths (EW) of the four potassium absorption lines
detected at 1.169, 1.177, 1.244, and 1.253 µm. To confirm the young age
of X-SHYNE’s objects, we compared their EWs (pink) with the EW
calculated for the low, intermediate, and field gravity objects from the
library of spectra published by Martin et al. (2017) (blue). To improve
the clarity of the plot, objects that share the same spectral type have
been evenly distributed within a range corresponding to their spectral
type ±1.

the line. To ensure a consistent comparison, we adopted the same
technique. To estimate the error bars, we followed the procedure
described in Petrus et al. (2023). Specifically, for each target, we
constructed 100 spectra by randomly generating the flux at each
wavelength using a Gaussian distribution, with the mean set to
the initial flux value and the standard deviation equal to the flux
error. The final EW value and its associated error were obtained
as the mean and standard deviation of the 100 EWs, respectively.

Figure 2 shows the evolution of the four EWs as a function
of spectral type. We confirmed that the EWs measured for young
objects are significantly lower than those of field objects for L-
type dwarfs. This trend persists for T-dwarfs with the K I lines
at 1.169 and 1.177 µm, but is less clear for the K I lines at 1.243
and 1.253 µm, which are blended with a FeH feature that can
affect the EW measurement. Manjavacas et al. (2020) and Martin
et al. (2017) established empirical relations between these EWs
and the ages of objects at the M/L transition. These relations do
not enable a reliable age estimation for the non-YMGM objects
in X-SHYNE, which spans the L/T transition. Furthermore, our
sample size is too limited to derive such relationships indepen-
dently in that work. However, we confirm the young age of all
X-SHYNE objects (10–500 Myr).

3.3. Bolometric luminosity determination

The calculation of Lbol is not straightforward because it requires
integrating the emitted flux of an object over its entire spectral
energy distribution (SED), while available data often only cover
a fraction of this SED. Atmospheric models are typically used to
fill these wavelength gaps (e.g., Stephens et al. 2009; Dieterich
et al. 2014; Carter et al. 2023), but their systematic errors, along
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Table 3. Properties of the X-SHYNE library from the semiempirical analysis.

Target log(L/L⊙) Mass Teff Radius log(g)
(MJup) (K) (RJup) (dex)

2MASS 0030 –4.44 ± 0.21 – – – –
2MASS 0045 –3.63 ± 0.06 19.1+0.96

−4.96
1885+18

−90
1.49+0.08

−0.11
4.35+0.08

−0.15

2MASS 0046 –3.26 ± 0.06 – – – –
2MASS 0103 –4.2 ± 0.24 44.01+10.43

−10.22
1641+247

−221
1.0+0.05
−0.0

5.06+0.09
−0.15

2MASS 0153 –3.89 ± 0.11 14.19+3.53
−2.0

1647+122
−95

1.42+0.06
−0.05

4.25+0.11
−0.05

2MASS 0219 b –3.84 ± 0.21 15.09+5.59
−3.13

1691+217
−173

1.43+0.11
−0.07

4.27+0.16
−0.07

2MASS 0249 c –3.99 ± 0.28 – – – –
2MASS 0326 –3.8 ± 0.15 32.53+8.81

−8.06
1887+169

−173
1.2+0.06
−0.03

4.77+0.1
−0.15

2MASS 0342 –3.51 ± 0.11 15.83+8.99
−1.15

1941+168
−92

1.57+0.07
−0.16

4.22+0.21
−0.02

2MASS 0355 –4.13 ± 0.05 24.51+3.93
−6.62

1582+72
−98

1.18+0.05
−0.02

4.65+0.08
−0.17

2MASS 0508 –3.68 ± 0.07 36.68+6.35
−7.58

2006+93
−109

1.22+0.05
−0.03

4.8+0.08
−0.12

2MASS 0512 –4.15 ± 0.11 – – – –
2MASS 0518 –3.42 ± 0.09 22.19+5.68

−7.13
2051+134

−120
1.62+0.13

−0.08
4.36+0.12

−0.18

2MASS 0616 –3.52 ± 0.64 – – – –
2MASS 0723 –3.92 ± 0.13 32.41+5.72

−4.24
1798+132

−121
1.17+0.02

−0.02
4.79+0.06

−0.07

2MASS 1021 –4.14 ± 0.24 – – – –
2MASS 1119 –4.41 ± 0.36 – – – –
2MASS 1147 –4.21 ± 0.14 – – – –
2MASS 1148 –3.89 ± 0.19 – – – –
2MASS 1207 –3.39 ± 0.13 13.38+1.4

−3.12
1985+98

−131
1.71+0.13

−0.08
4.07+0.02

−0.11

2MASS 1213 –4.17 ± 0.07 26.31+2.72
−2.75

1573+71
−75

1.16+0.01
−0.01

4.7+0.05
−0.05

2MASS 1425 –4.04 ± 0.05 26.67+3.9
−5.71

1667+69
−92

1.19+0.04
−0.02

4.69+0.08
−0.12

2MASS 1521 –4.75 ± 0.31 – – – –

2MASS 1826 –3.76 ± 0.21 12.11+1.81
−1.81

1723+160
−162

1.53+0.09
−0.06

4.13+0.01
−0.04

2MASS 2104 –3.7 ± 0.15 12.5+1.41
−1.32

1767+114
−114

1.54+0.08
−0.05

4.14+0.01
−0.03

2MASS 2139 –4.76 ± 0.1 28.82+3.21
−4.65

1182+73
−69

1.01+0.04
−0.01

4.85+0.06
−0.11

2MASS 2206 –3.95 ± 0.09 28.69+5.82
−6.61

1747+111
−128

1.19+0.05
−0.03

4.72+0.09
−0.14

2MASS 2244 –4.51 ± 0.08 12.61+7.96
−0.92

1234+120
−51

1.24+0.03
−0.09

4.32+0.28
−0.04

2MASS 2322 –3.73 ± 0.09 17.17+3.37
−3.9

1791+110
−103

1.46+0.08
−0.07

4.31+0.11
−0.11

2MASS 2354 –3.74 ± 0.09 34.7+6.88
−7.44

1949+113
−125

1.21+0.05
−0.03

4.79+0.09
−0.13

PSO 057 –4.58 ± 0.18 – – – –
PSO 071 –4.29 ± 0.31 – – – –
PSO 318 –4.52 ± 0.09 6.58+1.02

−0.91
1177+61

−59
1.39+0.02

−0.02
3.94+0.06

−0.07

PSO 319 –4.46 ± 0.22 – – – –
SDSS 1110 -5.01 ± 0.18 11.63+0.32

−2.94
961+105

−116
1.18+0.03

−0.01
4.33+−0.0

−0.14

SIMP 0136 –4.73 ± 0.27 12.28+8.71
−1.1

1119+222
−152

1.21+−0.02
−0.07

4.33+0.29
−0.02

ULAS 0047 –4.71 ± 0.31 – – – –

ULAS 1316 –4.46 ± 0.25 19.86+6.82
−7.7

1331+224
−205

1.16+0.06
−0.0

4.58+0.13
−0.26

VHS 1256 b –4.46 ± 0.55 13.37+16.72
−2.38

1265+518
−320

1.24+−0.03
−0.05

4.35+0.39
−0.04

WISE 0241 –5.3 ± 0.53 4.82+4.07
−2.51

776+270
−204

1.27+0.04
−0.03

3.88+0.28
−0.32

WISE 0528 –3.55 ± 0.22 – – – –
WISE 0819 –4.79 ± 0.31 5.04+2.26

−1.68
1019+191

−163
1.37+0.04

−0.03
3.84+0.15

−0.16

WISE 2216 –4.75 ± 0.54 – – – –

with the difficulty of propagating these uncertainties into the
error bars of Lbol, may bias its calculation and interpretation.
Bolometric corrections, which establish a relationship between
Lbol and specific photometric points, can also be employed (e.g.,
Golimowski et al. 2004; Vrba et al. 2004; Zapatero Osorio et al.
2014). However, similarly to atmospheric models, this method

suffers from systematic errors and significant dispersion, partic-
ularly for late-L and T-type objects. To provide a more robust
estimate of Lbol, Filippazzo et al. (2015) proposed a method
that reconstructs the full SED by combining available spectro-
scopic and photometric data. For some X-SHYNE targets, this
approach has already been applied by Filippazzo et al. (2015),
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Fig. 3. Reconstruction of the SED. We have adapted the procedure
described in Filippazzo et al. (2015) to combine our X-Shooter spectra
with previously obtained photometric data. This reconstructed SED was
used to calculate the bolometric luminosity of our targets. The example
presented here is 2MASS 0046.

Table 4. Wavelength ranges used to calculate the EWs of each K I line.

K I lines dλcont.left dλline dλcont.right

(µm) (µm) (µm) (µm)

1.169 1.155–1.167 1.168–1.1705 1.1705, 1.175
1.177 1.1708–1.1757 1.1757–1.179 1.180–1.185
1.244 1.235–1.2417 1.2417–1.2445 1.246–1.250
1.253 1.246–1.250 1.250–1.255 1.255–1.265

Faherty et al. (2016) and more recently by Sanghi et al. (2023a).
By adding new spectra obtained from X-Shooter, we have
decided to recalculate Lbol for every targets, homogeneously, fol-
lowing the same methodology. Figure 3 illustrates the various
contributions to the Lbol calculation, using 2MASS 0046 (L0) as
a case study.

3.3.1. Spectroscopic data

We used X-Shooter data covering the wavelength range between
0.345 and 2.45 µm. To calculate a robust value of Lbol and mit-
igate the noise that can affect high-resolution data, we focused
on the pseudo-continuum by reducing the spectral resolution
to Rλ ∼100 by applying a Gaussian filter. The new error bars
were estimated as the standard deviation of the native spectrum
within a box of 1000 spectral channels centered around each
point. To avoid contamination from the broad water absorption
bands, we selected only three spectral regions: SHORT (0.345–
1.340 µm), H (1.44–1.80 µm), and K (1.952–2.450 µm). Due
to data quality issues, likely caused by slit misalignment during
observations, the SHORT-band was restricted to 1.01–1.34 µm
for 2MASS 1826 and to 0.6–1.34µm for ULAS 1316. Similarly,
the K-band for 2MASS 0508 was limited to 1.952–2.22 µm.

3.3.2. Photometric data

We considered five different photometric points. The W1 (∆λ
= 2.754–3.872 µm), W2 (∆λ = 3.963–5.341 µm), and W3 (∆λ
= 7.443–17.261 µm) values and their associated errors, were

retrieved from Marocco et al. (2021) and Cutri & et al. (2012).
For 2MASS 0219 b, SIMP 0136, VHS 1256 b, WISE 0241, and
WISE 0819, for which WISE photometry was unavailable, we
estimated the photometric values using the empirical relation
between spectral type and WISE photometry defined by Faherty
et al. (2016). The uncertainties were propagated by combining
the error from the relation itself with an additional uncertainty
of 1 spectral subtype.

In addition to the WISE data points, the IRAC [5.8 µm ]
and [8 µm ] photometry were considered for reconstructing the
SED. However, since these IRAC measurements were not avail-
able for most of our targets, we chose to estimate them using
semiempirical relations between these two IRAC bands and
WISE photometry, as was established by Filippazzo et al. (2015).
This approach ensures a more robust estimate of the SED at these
wavelengths compared to simple interpolation, as described in
Section 3.3.3. These relations differ slightly between young and
old objects and are only valid within a specific range of W1 mag-
nitudes. We prioritized the relation defined for young objects;
however, for WISE 0241 and WISE 0819, we used the relation
for old objects because their W1 photometry fell outside the
valid range for young-object relations. Nevertheless, since the
flux values at these wavelengths are very low, this choice has
only a minimal impact on the Lbol calculation. As before, the
uncertainties were propagated by combining the error from the
relation itself with the uncertainty associated with the considered
W1 magnitude.

3.3.3. Gaps definition

To construct a complete SED covering the entire wavelength
range, we filled the gaps between the different datasets. The
water bands, as well as the gaps between photometric points,
were filled using a linear interpolation of the logarithms of the
fluxes on either side of the gaps. This approach mimics the
behavior of a blackbody law at these wavelengths. We also fit
a blackbody law to the photometric points and used it to extend
the SED between the W3 photometric point and 1 mm. At wave-
lengths shorter than 0.360 µm, we assumed zero flux, since this
spectral range – uncovered by X-Shooter – contributes less than
0.01% of the total flux, according to atmospheric models. For
2MASS 1826, an additional blackbody law was fit using the
wavelength range between 1.000 and 1.345 µm to fill the SED
between 0.36 and 1.00 µm. The flux gaps were computed for
the mean data flux, as well as for the minimum and maximum
data flux values, by propagating the applying uncertainties. This
allowed us to define the errors at the locations of the gaps. To
calculate the Lbol we integrated the spectroscopic data with the
reduced resolution and the gaps between 0.346 and 1000 µm
considering negative flux as null.

3.4. Masses, temperatures, and radii predicted by
evolutionary models

For the YMGMs of X-SHYNE, we used our age estimates
(defined in Section 3.2) and our Lbol estimates (defined in Sec-
tion 3.3) as inputs into the COND03 evolutionary model (Baraffe
et al. 2003). We linearly interpolated this model to estimate the
radius, mass, Teff , and log g of the objects. The behavior of
these parameters within the COND03model, as well as the predic-
tions for the X-SHYNE sample, are illustrated in Figure 4. This
semiempirical analysis confirms the impact of the Teff on the
spectral type as identified in many other studies (e.g., Kirkpatrick
et al. 1999, Burgasser et al. 2002a). It also confirms that a young
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Fig. 4. Prediction of the evolutionary model COND03 (Baraffe et al. 2003). We injected the age estimated in Section 3.2 and the Lbol calculated
in Section 3.3 into the model, which we interpolated linearly to estimate the mass (top-left panel, red background), Teff (top-right panel, purple
background), radius (bottom-left panel, blue background), and log(g) (bottom-right panel, green background). The non-YMGM objects, for which
we do not have an age estimate, are plotted on the right side of each panel. For each parameter, we also display its variation as a function of Lbol

and age (color bar and solid gray and black lines). The shape of each X-SHYNE dot represents its membership, while its color corresponds to its
spectral type. To improve the clarity of the plot, objects that share the same age have been evenly distributed within a range corresponding to the
error bars of that age.

early-L dwarf can have the same mass as an older T-type dwarf.
Additionally, we notice that the predicted radii of old, low-mass
objects, which are expected to reach values below 1 RJup, show
significant dispersion. The luminosity, mass, Teff , radius, and
log(g) values for the X-SHYNE YMGMs estimated from this
semiempirical analysis are summarized in Table 3. These results
will be compared to the ones derived in the next section, which
presents our synthetic analysis.

4. Synthetic atmosphere analysis

Recent work led by Petrus et al. (2020, 2023, 2024) and Palma-
Bifani et al. (2023) has confirmed the results from Marocco et al.
(2014) who showed the limitations of fitting models using wide
wavelength coverages, demonstrating that atmospheric models
fail to reproduce the data globally. Considering a diversity of
models, they have highlighted the interest of independent fits by
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Table 5. Priors used for the fits with the three synthetic spectra grids considered.

Param. Exo-REM Sonora ATMO

Teff (K) U(400, 2000) U(900, 2400) U(800, 3000)
log(g) (dex) U(3.0, 5.0) U(3.5, 5.5) U(2.5, 5.5)
[M/H] U(−0.5, 0.5) U(−0.5, 0.5) U(−0.6, 0.6)
C/O U(0.1, 0.8) – U(0.3, 0.7)
fsed – U(1.0, 8.0) –
γ – – U(1.01, 1.05)

RV (km s−1) U(−100, 100) U(−100, 100) U(−100, 100)
R (RJup) U(0, 10) U(0, 10) U(0, 10)

d (pc) N(di, d2
err,i

) N(di, d2
err,i

) N(di, d2
err,i

)

Notes. di and d2
err,i

are the distance and its error, respectively, given in Table 1.

selecting restricted wavelength windows that can be accurately
reproduced by the models. In particular, Petrus et al. (2024)
proposed a method to propagate part of the systematic errors
of the models into the final parameter errors by exploiting the
dispersion of these estimations for different spectral windows
considered for the independent fits. However, this technique has
its own limitations. It is still dependent of the quality of the
models and their ability to reproduce correctly the spectral fea-
ture. For instance Petrus et al. (2024) noticed that in the case of
VHS 1256 b, nonphysical parameters estimated at the location of
a silicate absorption (∼10 µm) which was known to be not repro-
duced by the models, could bias the final results. Therefore, the
results are dependent of the choice of the spectral windows con-
sidered. In this work, we propose another approach to take into
account the systematic errors of the models.

4.1. The atmospheric models

In this study, we consider three different grids of synthetic spec-
tra. The Exo-REM model (Charnay et al. 2018) incorporates
nonequilibrium chemistry between CO, CH4, CO2, and NH3,
and the formation of clouds composed of iron, Na2S, KCl, sil-
icates, and water. The Sonora-diamondback model (hereafter
Sonora) (Morley et al. 2024) assumes chemical equilibrium
throughout the atmosphere and includes a cloud model parame-
terized by a sedimentation factor fsed. The ATMOmodel (Tremblin
et al. 2015) simulates the impact of clouds on the spectrum
through diabatic convection (fingering convection) led by the
adiabatic index γ generated by nonequilibrium chemical reac-
tions: CO/CH4 at the L-T transition and N2/NH3 at the T-Y
transition. A detailed description of these three models can be
found in Petrus et al. (2024).

4.2. Optimized fitting strategy

The fits were performed using the code ForMoSA2, which is
based on a Bayesian algorithm known as nested sampling.
This algorithm allows for a comprehensive exploration of the
parameter space defined by the grids of synthetic spectra. This
exploration is facilitated by calculating a likelihood function
at each iteration, which is used to define N-dimensional iso-
surfaces (where N is the number of parameters being explored)
that converge toward the maximum likelihood. In this analysis,
we assume Gaussian and independent errors for the data, so max-
imizing the likelihood function is equivalent to minimizing a
χ2 function. This assumption may be incorrect for spectra that

2 https://formosa.readthedocs.io/

should include correlated noise, but to the best of our knowl-
edge, no pipeline fully tracks the covariance to the science-ready
spectra. In addition to the parameters considered by the grids,
we extend the parameter space by exploring the radial velocity,
which is performed by applying a Doppler shift to the synthetic
spectra. The radius and distance are also constrained, serving as
a dilution factor, CK = (R/d)2, between the synthetic flux gen-
erated at radius R and the data flux observed at distance d. A
normal law is used as prior on the distance, with the mean value
and standard deviation provided in Table 1. The other parame-
ters are initialized with uniform priors summarized in Table 5.
We used the nested sampling Python package pyMultinest
(Buchner et al. 2014) and injected 200 living points during the
inversion.

To evaluate the performance of models across the spec-
tral types covered by X-SHYNE, we adapted the methodology
of Petrus et al. (2024) to VLT/X-Shooter data, analyzing three
distinct spectral windows independently. These windows cor-
respond to the J (0.97–1.35 µm), H (1.41–1.85 µm), and K
(1.95–2.48 µm) infrared bands. Additionally, we performed a
combined fit across all three bands simultaneously, denoted as
J+H+K. Due to limitations in the ability of the models to repro-
duce wavelengths shorter than 1 µm (Petrus et al. 2023), this
range was excluded from our analysis. Unlike the approach
in Petrus et al. (2024), in which the dispersion of the model
predictions along the entire SED was exploited, we employed
an alternative strategy. This assumes that the observed data
error bars are insufficient to fully account for the discrepancies
between the data and models. Our fitting routine consists of itera-
tive loops that include the error inflation for the data, the spectral
inversion, the computation of the reduced χ2

red
between the data

and the best-fitting model, and the recalibration of the error infla-
tion factor to scale χ2

red
to 1. If, after a spectral inversion, χ2

red
lies within [0.5, 1.5], the loop terminates, and the parameters are
extracted from this final fit. Otherwise, a new iteration begins
with the rescaled error bars. The spectral inversion employs a
Bayesian algorithm, and the inflated data errors, which reflect the
models’ inability to fully reproduce the observations, are propa-
gated into the parameter uncertainties. This concept aligns with
the methodology implemented in the Starfish code (Czekala
et al. 2015; Gully-Santiago et al. 2017), optimized to analyze
stellar spectra, which calculates a covariance matrix for model
grids using Gaussian process kernels and incorporates it into the
likelihood calculation (Zhang et al. 2021c, Zhang et al. 2021d).
While Starfish applies this as wavelength-dependent error
inflation for each spectral channel, we simplified the approach
by using a constant inflation factor across the wavelength range.
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Fig. 5. Comparison between the X-Shooter spectra and the best fit obtained with each model when considering the J band (top-left panel), H band
(top-center panel), and K band (top-right panel), as well as the combination of all bands (bottom panel). The example shown here is 2MASS 0046.

Incorporating the calculation of model covariance matrices into
the ForMoSA framework will be addressed in a future update.

Despite optimizing our fitting strategy to ensure consistency
between the synthetic spectra and the data, the posterior distri-
bution of each parameter remains tightly constrained, resulting
in unrealistically small uncertainties of <1 K for Teff and <0.01
for log(g) and chemical abundances. Such small errors make
the fit overly sensitive to minor irregularities in the model grid,
potentially causing the posteriors to align with grid nodes and
introducing biases.

To address this, we arbitrarily applied an inflation factor of
10, leading to revised uncertainties >10 K for Teff and >0.05
for log(g) and chemical abundances. Since our analysis relies on
precomputed grids of synthetic spectra, the fit results are primar-
ily dictated by self-consistent model quality. Thus, inflating the
observational errors does not affect the mean values of the poste-
riors but rather broadens their standard deviations. Furthermore,
even with this inflation factor, our derived parameter uncertain-
ties remain lower than those estimated in Petrus et al. (2024),
where the parameter dispersion along the SED was consid-
ered. Consequently, the uncertainties on the parameters should
be interpreted with caution, as they are likely still dominated
by model systematics, which cannot be properly quantified. We
also note that this inflation factor also encompasses the potential
correlation between the errors of our spectra.

In summary, our fitting approach ensures convergence to the
maximum likelihood, but as systematic errors remain difficult to
quantify, the absolute uncertainties reported here do not fully

capture these systematics. However, given the homogeneous
nature of our analysis, the relative uncertainties across targets
remain comparable.

4.3. Results

We applied ForMoSA to the 43 targets of X-SHYNE using the
three different models described in Section 4.1 and considering
the four wavelength ranges defined in Section 4.2. An example
of a fit is shown in Figure 5, where the spectrum of 2MASS 0046
(L0) is overlaid with the synthetic spectra from each model that
maximized the likelihood during the inversion. We observe that
the quality of the model reproduction improves when each spec-
tral band is considered separately. This confirms the findings
of Petrus et al. (2024), who concluded that while models can
accurately reproduce observational data locally, they fail to do
so on a global wavelength range. We also note that, despite an
improvement in the quality of the fit when shorter wavelength
ranges are considered, certain spectral features, such as the depth
of the potassium line, are not well reproduced. This issue was
previously reported by Petrus et al. (2023), who performed dedi-
cated fits to the potassium lines to partially correct the problem.
We plan to conduct a similar synthetic analysis, focusing on
medium-resolution spectral features, in future work.

5. Photometric anomaly

Since the late 1990s, photometric and spectroscopic observa-
tions have pointed to the presence of iron and silicate clouds
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Fig. 6. Process used to calculate the photometric anomaly ∆(J-K). Left: Color-magnitude diagram of the L-T transition. We recalculated the J and
K magnitudes for all targets from our X-Shooter spectra and compared them with objects from the UltraCoolSheet library. Center: We calculated
(J–K) for each object and plotted it as a function of spectral type. The mean values for field and young objects from the UltraCoolSheet library are
shown with dashed and solid green lines, respectively. Right: ∆(J-K) calculated as the offset from the mean (J-K) of young objects with the same
spectral type. The four X-SHYNE objects for which rotational velocity and viewing angle measurements are available are highlighted. To improve
the clarity of the plot, objects sharing the same spectral type have been evenly distributed within a range corresponding to their spectral type ±1.

in the photospheres of L-type brown dwarfs. These clouds help
explain why these objects appear redder in color-magnitude dia-
grams (Tsuji et al. 1996; Ackerman & Marley 2001; Allard et al.
2001). These results indicates that clouds predominantly form
in early L-type brown dwarfs before settling below the photo-
sphere at the L-T transition as the temperature decreases. A few
years later, large photometric time-monitoring surveys detected
periodic variations in the infrared light curves of brown dwarfs.
These variations were interpreted as inhomogeneities in cloud
coverage that evolve with the object’s rotation (Radigan et al.
2012; Apai et al. 2013; Zhou et al. 2016). Such analyses allow
for the estimation of the rotational period (P). In combination
with the projected rotational velocity (v sin(i)) derived from
the broadening of atomic absorption lines detected via high-
resolution spectroscopy, and the radius that can be inferred from
models of evolution, it can be used to infer the viewing angle (i)
of the observed targets. More recently, clouds have been directly
detected through the exploration of mid-infrared wavelengths
using the Spitzer Space Telescope and now the JWST. These
observations revealed a broad silicate absorption feature around
10 µm (Suárez & Metchev 2022; Miles et al. 2023). By com-
bining these silicate detections with photometric anomalies and
viewing angles, (Suárez et al. 2023) highlighted a degeneracy
among these parameters. This can be explained by the latitudinal
dependence of dust cloud density, which is enhanced at the equa-
tor due to the object’s rotation. This observational result confirms
the predictions made by global circulation models, which indi-
cate that cloud settling at the equator is enhanced with increasing
rotational velocity (Tan & Showman 2021).

Consequently, brown dwarfs with similar fundamental prop-
erties (e.g., age, mass, Teff) but viewed at different inclinations or
with different rotational velocities could exhibit varying atmo-
spheric properties when their spectra are compared with 1D
atmospheric models. To account for this effect in our results, we
quantified the amount of cloud coverage observed in our data.
However, only 4 out of our 43 targets have a known viewing
angle and silicate detection at 10 µm. Therefore, we calculated
the ∆(J-K) color anomaly for all objects and used it as a proxy of
the cloud density.

Given that brown dwarfs with these Teff are expected to
be variable, we aimed to calculate the color anomaly at the

epoch of our observations. To do this, we extracted the J- and
K-magnitudes from our X-Shooter data using the J- and Ks-
2MASS filters and the flux-calibrated Vega spectrum to derive
(J − K)X−SHYNE. These photometric magnitudes were then com-
pared to those in the UltracoolSheet library3 (Best et al. 2021).
For this comparison, we distinguished between objects show-
ing signs of youth and field objects, as illustrated in the left
panel of Figure 6. To establish reference (J −K) values for given
spectral types of young and field objects, we applied a mov-
ing box method with a width of three spectral subtypes. This
box was shifted across the spectral type range covered by the
UltracoolSheet library, and the mean (J–K) was calculated for
objects of each spectral type within the box. A Gaussian filter
was then applied to smooth this curve and mitigate noise caused
by a lack of objects at certain spectral types. For spectral types
later than T3, the scarcity of young objects prevented us from
calculating a mean (J–K). In these cases, we extrapolated the
reference values by assuming a linear trend. Both the young and
field (J − K)ref values are shown in the center panel of Figure 6,
alongside the (J–K) values derived for X-SHYNE objects. Once
again, we confirm the young age of X-SHYNE objects, which
aligns well with the reference values of young objects from the
UltracoolSheet library. We defined the color anomaly, ∆(J-K), as
the difference (J −K)X−SHYNE − (J −K)ref, young and calculated it
for each X-SHYNE object.

These results are displayed in the right panel of Figure 6. A
significant diversity in ∆(J-K) values is observed. One possible
interpretation of this diversity lies in the variation in viewing
angles and rotational velocities, two parameters that are pre-
sumed to be randomly distributed for directly imaged objects
and remain independent of the observational epoch for isolated
brown dwarfs and widely separated planetary-mass companions.

We have highlighted brown dwarfs for which estimates of
the viewing angle and projected rotational velocity are avail-
able. Notably, 2MASS 0355 and 2MASS 1425 share similar
spectral types (L3-L4) and viewing angles (50+2

−2
◦ Suárez et al.

2023 and 54+36
−15
◦ Vos et al. 2020, respectively) but exhibit

different ∆(J-K) values. This discrepancy is consistent with
their differing rotational velocities. For 2MASS 1425, its high

3 https://zenodo.org/records/13993077
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Fig. 7. Lbol estimated from each model grid and for each spectral range using the Stefan–Boltzmann law, based on the estimated Teff (see Figure 8)
and radius (see Figure 9). Objects with a negative color anomaly are represented by small light dots, while those with a positive color anomaly are
shown as large deep dots. The Lbol values derived from the reconstructed SED (see Section 3.3) are indicated by red crosses.

rotational velocity (40.8 km s−1) likely facilitates more efficient
equatorial migration of clouds, in contrast to the slower-rotating
2MASS 0355. Similarly, VHS 1256 b and 2MASS 2244 have
comparable spectral types (L7) and rotational velocities (13.5
and 14.7 km.s−1, respectively), but VHS 1256 b shows a higher
∆(J-K) probably due to its equator-on viewing angle (Zhou et al.
2020), whereas 2MASS 2244 is observed at a lower inclina-
tion (76+14

−20
◦ Vos et al. 2018). These trends seem to confirm a

link between cloud density, viewing angle, and rotational veloc-
ity. However, the radius considered to estimate the inclination is
model-dependent. Therefore, these results need to be confirmed
by estimating these parameters for the remaining objects in the
X-SHYNE sample following a homogeneous analysis. Moreover,
the photometric anomaly could be influenced by the high vari-
ability of the objects, suggesting a variable cloud density along
the longitudinal axis as well. For the remainder of this paper,
we simplify the analysis by defining two regimes to qualitatively
describe cloud density: ∆(J-K) > 0, corresponding to a cloudy
viewing surface, and ∆(J-K) < 0, corresponding to a cloudless
viewing surface.

6. Discussion

In Sections 3 and 4, we estimated the properties of the brown
dwarfs in the X-SHYNE spectral library using the predictions of
evolutionary and atmospheric models, respectively. In the case
of evolutionary models, clouds are not considered, as the prop-
erties are derived from the cooling of brown dwarfs over time,
driven by the lack of atomic fusion in their cores. It is now well
established that clouds have a significant impact on the spec-
tra of brown dwarfs and represent one of the major challenges
for atmospheric models to address. In Section 5, we utilized
the photometric anomaly, ∆(J-K), as a proxy for the impact of

clouds along the line of sight. In this section, we discuss our
estimates of the properties of X-SHYNE brown dwarfs derived
from both approaches and examine the influence of clouds on
these properties.

6.1. Bolometric luminosity, temperature and radius

Figures 7, 8, and 9 present the estimated values of Lbol, Teff , and
radius, respectively, for each object in X-SHYNE. The Teff is
derived from model grids, while the radius is inferred from the
dilution factor CK. The luminosity is calculated using the Stefan-
Boltzmann law based on the Teff and radius estimates, meaning it
is not a free parameter in the Bayesian inversion. In each figure,
the parameter values predicted by the evolutionary model (see
Section 3) are represented by red crosses for direct compari-
son. For each model, the ForMoSA results distinguish between
objects with a positive color anomaly (red excess) and those with
a negative color anomaly (blue excess).

Figure 7 shows that, across all models and spectral bands,
the luminosity derived from the synthetic analysis is consistent
with the results described in Section 3.3. This confirms that
self-consistent models can reliably estimate a target’s bolomet-
ric luminosity, even when only a limited portion of the SED is
available, as demonstrated in previous studies (e.g., Carter et al.
2023).

In contrast, Figure 8 highlights the limitations of the
Exo-REM and Sonora Diamondback models in constraining
Teff for brown dwarfs earlier than L6, particularly when using the
J or H bands, despite their grids extending to higher Teff values.
In Charnay et al. (2018), which presents the Exo-REM model, it
is stated that the absence of certain condensates, such as Al2O3,
or other absorbing species (e.g., ions) that significantly affect
the atmosphere at higher Teff (>1500 K), could lead to overly
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Fig. 9. Same as in Figure 7, but for the radius.

blue synthetic spectra. During spectral inversion, these biased
synthetic spectra in the grid prevent likelihood maximization,
even if their corresponding Teff matches the evolutionary model
predictions. Consequently, lower Teff values around ∼1500 K
are favored, explaining the results in Figure 8. This result is in
line with the study of Sanghi et al. (2023a) who also found a
significant discrepancy between BT-SETTL atmospheric model

and evolutionary models at the M-L transition due to a lack of
absorbing species.

For Sonora Diamondback, a similar explanation applies,
although the missing condensates may differ. Since Al2O3

clouds are included in this model, the Teff values derived
from H-band fits are more consistent with semiempirical esti-
mates. However, when using the K band, both Exo-REM and
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Fig. 10. Same as in Figure 7, but for the fsed (left) and the γ (right). We notice that because these parameters are not considered in the evolutionary
models, the red crosses are not present.

Sonora Diamondback yield Teff estimates that align with evo-
lutionary model predictions, indicating a reduced impact of
missing species at these wavelengths.

For ATMO, the derived Teff values agree with semiempiri-
cal results across all fit configurations except in the K band,
where they appear overestimated. Unlike cloud-based models,
ATMO replicates cloud effects through atmospheric instabilities
(Tremblin et al. 2015, Tremblin et al. 2016). This alternative
approach eliminates the issue of missing condensates, leading
the spectral inversion to converge toward higher Teff values.

The biases in Teff observed for each model directly affect the
estimated radius, which adjusts during inversion to maintain con-
sistency with the bolometric luminosity of each object. Specif-
ically, when Teff is underestimated, the radius is overestimated,
as shown in Figure 9.

Across all models, a trend emerges whereby objects with
lower ∆(J-K) values appear hotter than those with higher ∆(J-K)
values, particularly in the J band. If the color anomaly corre-
lates with cloud density, this Teff gradient could be explained
by cloud absorption, which cools the upper atmospheric layers.
In cases of negative color anomalies, low cloud densities enable
deeper atmospheric layers, expected to be warmer, to become
observable. However, this trend is not seen in T dwarfs, which
is unsurprising since these cooler objects are expected to be
cloud-free.

6.2. Cloud sedimentation and adiabatic index

To investigate the density of clouds observed in our sample,
Sonora Diamondback allows us to explore different sedimenta-
tion efficiencies through its parameter fsed, while ATMO provides
a range of adiabatic index (γ) values that regulate the strength of
atmospheric instabilities. In Figure 10, we plotted the estimated

fsed, and γ values for each object in X-SHYNE considering the
different spectral bands.

As expected, before the L–T transition, we observe low fsed

values (< 2), indicating a cloudy atmosphere, whereas after
the L-T transition, higher fsed values (> 4) dominate, corre-
sponding to lower cloud densities. Notably, bluer objects tend
to have higher fsed values compared to redder ones, supporting
a correlation between this parameter and the color anomaly.
Indeed, a lower value of fsed means a cloudier atmosphere, and
therefore a redder spectrum.

The trend for γ is less distinct. When considering the J-band
and the full wavelength range, we find high γ values (> 1.03)
before the L-T transition, indicating strong atmospheric insta-
bilities, while post-transition values are more moderate (∼1.03).
However, this pattern is less pronounced in the H and K bands.
Similar to fsed, we generally observe lower γ values for bluer
objects. This is expected since atmospheric instabilities directly
contribute to the reddening of the spectra.

6.3. Surface gravity

All the models used here allow us to estimate log(g). In
Figure 11, we observe that none of these models provide results
fully consistent with the predictions of the evolutionary models.
Moreover, these results are model-dependent, limiting our abil-
ity to determine a robust value for surface gravity. This issue
has already been noted in previous multi-model analyses of sin-
gle objects, such as Palma-Bifani et al. (2023) and Petrus et al.
(2024). With X-SHYNE, we are able to capture and visualize
these discrepancies across a wide range of spectral types.

The Exo-REM and Sonora models yield similar results, par-
ticularly when the J-band is used for the fit. A clear dependence
on ∆(J–K) is observed, with redder objects displaying lower
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Fig. 11. Same as in Figure 7, but for the log(g).

log(g) than bluer ones. Low-gravity photospheres have lower
pressure than high-gravity ones, resulting in reduced collision-
induced absorptions (CIA) by H2. Since CIA absorbs light over
a broad range from the red end of the H band to most of
the K band, low-log(g) models naturally appear redder in J-
K. However, a similarly red J–K can also be produced by dust
reddening, parameterized through fsed, making log(g) and fsed

naturally degenerate when explaining ∆(J–K). A similar degen-
eracy should be detected with [M/H], as higher [M/H] increases
absorption, leading to a higher altitude for the photosphere. This
results in a lower-pressure environment, similar to the effect
of low-log(g), thereby reducing CIA absorption. Consequently,
[M/H], dust, and log(g) are all degenerate when interpret-
ing ∆(J–K). We can see this effect of ∆(J–K) on the [M/H]
in Figure C.1.

We highlight that since log(g) does not strongly affect spec-
tra beyond this CIA-related impact, it is possible that models
primarily determine log(g) based on the residual ∆(J–K) after
fitting for dust and [M/H]. This could lead to a wide dispersion
in estimated log(g) values, not because log(g) varies significantly
across the sample, but because it is the most flexible parameter
to accommodate the ∆(J–K). We also notice that the ATMOmodel
does not exhibit a clear correlation between log(g) and ∆(J–K),
as the reddening effect is primarily driven by the adiabatic index
γ, which governs atmospheric instabilities.

From the perspective of evolutionary models, surface grav-
ity is calculated based on mass and radius. The latter decreases
with age, leading to an increase in log(g). However, this approach
does not account for the atmospheric complexities reflected in
the diversity of∆(J–K). Because these two different log(g) do not
describe the same physical processes, comparing them may lead
to significant discrepancies, which could explain the differences
observed in Figure 11.

-0.5 0.0 0.5
[M/H]
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0.45

0.70

C/
O

-0.5 0.0 0.5
[M/H]

[M/H] = 0.00+0.160.18

[M/H] = 0.00+0.170.19
[M/H] = -0.05+0.180.19

[M/H] = 0.00+0.170.19

C/O = 0.60+0.040.06
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(J-K)a > 0.0 [mag]

 
Exo-REM
 

F, G, K dwarfs (SPOCS)
ATMO          
 

Fig. 12. C/O and [M/H] estimated from the ATMO and Exo-REM grids
when considering the K band. We overlaid our results for the X-SHYNE
library with the abundance estimates from the cool stars in the SPOCS
catalog. To facilitate the comparison between both samples, we plotted
the distributions of [M/H] and C/O in the right and top panels, respec-
tively. We also provide the mean value and the 1-σ standard deviation
of each distribution.

6.4. Metallicity and carbon-to-oxygen ratio

The relative chemical abundances, C/O and [M/H], are explored
in both the Exo-REM and ATMO grids. We compared their esti-
mates when the K-band is considered in Figure 12. This band is
expected to be the most sensitive to C/O given the absorptions of
CO and H2O in this band. Previous studies have shown that CO
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overtones at ∼2.3 µm are key features for constraining the C/O
ratio (Konopacky et al. 2013, Nowak et al. 2020, Petrus et al.
2021, Hoch et al. 2022, Petrus et al. 2023). The results for each
fitting configuration can be found in Appendix C.1.

From our synthetic analysis, we observe a significant dis-
persion in the estimated C/O and [M/H] values within the X-
SHYNE library. Additionally, the distribution is centered around
solar values, suggesting that, overall, the objects of X-SHYNE
exhibit solar-like relative abundances.

We also compared our results with the chemical abundances
of cool stars from the SPOCS catalog (Valenti & Fischer 2005),
which contains properties of 1040 nearby F, G, and K stars
observed through the Keck, Lick, and AAT planet search pro-
grams. We used the [M/H] values from Valenti & Fischer (2005)
and the C/O estimates from Brewer & Fischer (2016). Our find-
ings indicate that both Exo-REM and ATMO yield metallicities
similar to the ones of the SPOCS population but suggest slightly
higher C/O ratios. Several factors could explain this discrepancy.
One possibility is that the X-SHYNE objects formed through
different processes than those in the SPOCS catalog, possi-
bly involving enrichment from disk material. However, since
our objects are isolated, this scenario is unlikely. Alternatively,
systematic errors in the models could introduce biases. Both
models assume solar abundances as initial conditions due to
the unknown birth environments of the observed objects. How-
ever, Brewer & Fischer (2016) show that the C/O measured for
the Sun is higher than the C/O measured for the stars from the
SPOCS sample. Moreover, spectral data only provide informa-
tion about the photosphere, meaning the measured abundances
may not fully reflect the bulk composition of the objects (Helling
et al. 2014). Indeed, oxygen can be trapped into clouds and
then removed from the photosphere with cloud sedimentation. In
the context of past and future characterization of imaged plan-
ets or young brown dwarfs, the X-SHYNE library offers for
the first time a real demographic anchor point for confirming
any significant compositional departure that could be linked to
heavy element enrichment mechanisms connected to planetary
formation processes.

7. Summary and conclusion

In this paper, we exploited the medium-resolution (Rλ ∼ 8100)
near-infrared (0.3–2.5 µm) spectra of 43 young, low-mass brown
dwarfs through a semiempirical and synthetic analysis. With the
semiempirical approach we have calculated the bolometric lumi-
nosity of each target by integrating their SED by adapting the
method described in Filippazzo et al. (2015). For objects identi-
fied as members of young moving groups, we injected the Lbol

and the age of these associations into a model of the evolution
to estimate the Teff , mass, radius, and log(g) of our objects. The
synthetic analysis was performed with the code ForMoSA consid-
ering the three grids of precomputed synthetic spectra, Exo-REM,
ATMO, and Sonora Diamondback.

This methodology enabled us to perform a global compara-
tive analysis, following three types of investigation:

– A comparison between evolutionary models and atmo-
spheric models: The Lbol estimates from the two approaches
are similar. We observe the limitations of the cloudy mod-
els, Exo-REM and Sonora, which fail to reach Teff >
1500 K when the J or H bands are considered due to
a lack of absorbers in the simulated atmosphere. In con-
trast, ATMO provides Teff values consistent with evolutionary
models. Consequently, when Teff is underestimated, the
radius is overestimated. Lastly, the log(g), which represents

different physical processes in each type of model, appears
to be inconsistent between the two approaches;

– A comparison between different atmospheric models: We
observe a dispersion in the surface gravity estimates derived
from the cloudy models Exo-REM and Sonora, particu-
larly for objects with spectral types ranging from L4 to L7,
where clouds are expected to dominate. This dispersion is
not present in the cloudless model ATMO. We interpret this
as direct evidence of a diversity in cloud densities, driven
by variations in rotational velocity, which influence cloud
migration toward the equator, and a range of viewing lati-
tudes (inclinations). This interpretation is supported by the
calculation of a color anomaly, which depends on cloud
density and the sedimentation factor explored in Sonora,
where cloudier atmospheres exhibit a lower sedimentation
efficiency;

– A comparison between the objects of X-SHYNE: We con-
firm the decrease in Lbol with spectral type. Additionally,
we observe a lower fsed for L-type objects, indicating a
cloudy atmosphere, and a higher fsed for T-type objects, con-
sistent with a cloudless atmosphere. The estimated relative
chemical abundances, C/O and [M/H], exhibit significant
dispersion within the X-SHYNE library, making it difficult
to provide robust estimates for individual objects. However,
the diversity of the sample allows us to discuss the overall
chemical composition of X-SHYNE, which suggests solar
values. The metallicity aligns well with measurements from
a population of F, G, and K stars, while the C/O ratio derived
from X-SHYNE appears to be higher. This offset could be
attributed to a systematic bias related to the initial chemi-
cal abundances assumed in the self-consistent atmospheric
models or to the difference between the measured C/O, rep-
resentative of the photosphere, and the bulk C/O of the
objects. Finally, the X-SHYNE library provides for the first
time a true demographic anchor for the chemical composi-
tion of a population of young brown dwarfs, or so-called
exoplanet analogs, given their mass overlap with directly
imaged planets. This study can confirm any significant com-
positional departure from a population that is likely formed
via stellar mechanisms and that could be related to heavy
element enrichment mechanisms associated with planetary
formation processes.
These results highlight the strength of comparative analy-

sis using homogeneous datasets of a diverse sample of objects
to identify model limitations and derive robust conclusions,
while minimizing overinterpretation. A complementary study
should be conducted in the future to confirm the impact of
inclination on atmospheric characterization by incorporating
high-resolution data to estimate rotational velocity and mid-
infrared spectroscopy to quantify silicate cloud density. Addi-
tionally, a combined atmospheric model that integrates both
cloud formation and atmospheric instabilities should be consid-
ered to accurately reproduce the spectra of L dwarfs and derive
physically consistent atmospheric parameters.

Data availability

The numerical values of the EWs estimated for the four potas-
sium lines in Section 3.2, the photometric anomaly ∆(J–K)
estimated in Section 5, and the properties of the objects of
X-Shyne obtained with ForMoSA in Section 4 are available at
the CDS via https://cdsarc.cds.unistra.fr/viz-bin/
cat/J/A+A/701/A208. The spectra presented in the article are
also available following the same CDS reference.
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Appendix A: Observing log

Table A.1 presents the observing log for each observed epoch of each object in the X-SHYNE library.

Table A.1. Table A.1. Obs. log

Target Date ⟨ Seeing ⟩ Airmass Target Date ⟨ Seeing ⟩ Airmass
[yyyy-mm-dd] ["] [yyyy-mm-dd] ["]

2MASS 0030 2018-07-28 0.86 1.20 2MASS 2139 2023-06-06 0.49 1.13
- 2018-08-16 0.60 1.08 2MASS 2206 2018-06-01 0.70 1.08
2MASS 0045 2018-10-09 1.12 1.34 2MASS 2244 2018-07-23 0.74 1.44
- 2018-10-17 0.68 1.35 2MASS 2322 2018-06-26 0.71 1.27
2MASS 0046 2019-07-15 0.65 1.28 2MASS 2354 2019-10-11 0.80 1.49
2MASS 0103 2019-10-10 0.68 1.62 PSO 057 2018-10-17 1.00 1.33
- 2019-10-11 0.55 1.40 - 2018-10-18 0.70 1.33
2MASS 0153 2018-10-08 0.59 1.39 - 2018-10-22 0.74 1.32
- 2018-10-17 0.79 1.37 - 2018-10-30 0.44 1.33
- 2018-10-18 0.68 1.37 PSO 071 2018-10-30 0.39 1.03
2MASS 0219 b 2018-10-21 0.93 1.16 - 2018-10-30 0.34 1.04
2MASS 0249 c 2019-10-10 0.74 1.10 - 2018-10-30 0.62 1.10
- 2019-10-10 0.88 1.20 - 2018-10-31 0.63 1.08
- 2019-10-11 0.70 1.08 PSO 318 2018-06-20 0.64 1.14
- 2019-10-11 1.02 1.17 - 2018-06-27 0.70 1.04
2MASS 0326 2018-10-21 0.82 1.18 PSO 319 2018-05-30 0.79 1.02
2MASS 0342 2018-10-08 0.68 1.39 SDSS 1110 2018-04-29 0.94 1.13
2MASS 0355 2019-09-10 0.76 1.25 - 2018-05-27 0.67 1.12
2MASS 0508 2020-01-14 0.65 1.02 - 2018-05-28 0.62 1.20
2MASS 0512 2018-10-31 0.48 1.01 SIMP 0136 2018-11-16 0.89 1.23
2MASS 0518 2018-11-27 0.68 1.25 ULAS 0047 2023-08-01 1.12 1.32
2MASS 0616 2019-11-17 0.67 1.09 - 2023-08-01 0.97 1.38
2MASS 0723 2020-02-06 1.01 1.02 ULAS 1316 2023-04-11 0.62 1.30
2MASS 1021 2018-04-28 0.60 1.09 - 2023-04-11 1.00 1.31
- 2018-05-04 0.72 1.13 - 2023-03-30 1.10 1.14
2MASS 1119 2019-04-15 0.94 1.04 VHS 1256 b 2018-05-28 0.74 1.17
2MASS 1147 2018-06-16 1.50 1.16 - 2018-05-28 0.68 1.05
2MASS 1148 2018-04-29 0.53 1.14 WISE 0241 2022-12-30 0.75 1.06
- 2018-04-29 0.57 1.04 - 2023-01-19 0.94 1.17
2MASS 1207 2018-04-28 0.56 1.09 - 2023-02-03 0.86 1.43
2MASS 1213 2019-04-15 0.68 1.08 WISE 0528 2018-10-22 0.62 1.21
2MASS 1425 2018-06-19 1.56 1.14 - 2018-10-26 0.58 1.21
2MASS 1521 2023-04-10 0.66 1.24 - 2018-10-26 0.73 1.27
- 2023-04-10 0.66 1.41 WISE 0819 2022-12-16 0.86 1.20
- 2023-05-02 0.44 1.57 WISE 2216 2019-06-05 0.72 1.42
2MASS 1826 2019-04-18 1.08 1.08 - 2019-06-16 0.97 1.41
- 2019-04-18 1.32 1.08 - 2019-07-11 0.53 1.48
- 2019-04-30 0.87 1.10 - 2019-07-12 0.82 1.44
2MASS 2104 2019-05-03 0.59 1.20 - 2019-07-15 0.68 1.45
- 2019-07-11 0.46 1.08 - 2019-07-15 0.64 1.42
- 2019-07-12 0.63 1.05
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Appendix B: Zooms into the X-SHYNE library of

spectra

Figures B.1, B.2, B.3, B.4, and B.5 illustrate the richness of the
X-SHYNE spectra through zoomed-in views of the visible (0.60-
0.85 µm), Y(0.85-1.10 µm), J (1.10-1.35 µm), H (1.42-1.81 µm),
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Fig. B.1. Same than the Figure 1 with a zoom between 0.60 and 0.85 µm. The main spectral features are identified.

and K (1.96-2.48 µm) bands. Most of the detected atomic and
molecular features are highlighted.
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Fig. B.2. Same than the Figure 1 with a zoom between 0.85 and 1.10 µm. The main spectral features are identified.

A208, page 22 of 26



Petrus, S., et al.: A&A, 701, A208 (2025)

1.15 1.20 1.25 1.30
Wavelength [ m]

No
rm

ali
ze

d 
flu

x +
 o

ffs
et

2M1021 (L4)

2M0153 (L3)

2M2104 (L3)

2M1148 (L3)

2M2354 (L2)

2M2322 (L2)

2M0508 (L2)

2M0045 (L2)

2M0249c (L2)

2M0518 (L1)

WISE0528 (L1)

2M1826 (L1)

2M0616 (L1)

2M1207 (L1)

2M0046 (L0)

K IK INa I
FeH

FeH
H2O

H2O

H2O

TiO
Fe I

1.15 1.20 1.25 1.30
Wavelength [ m]

PSO318 (L7)

PSO057 (L7)

2M1147 (L7)

2M1119 (L7)

2M0103 (L6)

2M0723 (L5)

2M0355 (L5)

2M0326 (L5)

2M0512 (L5)

2M2206 (L4)

2M1425 (L4)

2M1213 (L4)

2M0342 (L4)

2M0219b (L4)

K IK INa I
FeH

FeH
H2O

H2O

H2O

TiO
Fe I

1.15 1.20 1.25 1.30
Wavelength [ m]

WISE0241 (T7)

SDSS1110 (T5)

WISE0819 (T4)

WISE2216 (T3)

ULAS1316 (T3)

2M1521 (T3)

SIMP0136 (T2)

PSO071 (T2)

ULAS0047 (T2)

2M2139 (T2)

PSO319 (T0)

VHS1256b (L7)

2M2244 (L7)

2M0030 (L7)

K IK INa I
FeH

FeH
H2O

H2O

H2O

TiO
Fe I

CH4

CH4

L0 L1 L2 L3 L4 L5 L6 L7 L8 L9 T0 T1 T2 T3 T4 T5 T6 T7 T8
Spectral type

Fig. B.3. Same than the Figure 1 with a zoom between 1.10 and 1.35 µm. The main spectral features are identified.
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Fig. B.4. Same than the Figure 1 with a zoom between 1.42 and 1.81 µm. The main spectral features are identified.

A208, page 24 of 26



Petrus, S., et al.: A&A, 701, A208 (2025)

2.0 2.1 2.2 2.3 2.4
Wavelength [ m]

No
rm

ali
ze

d 
flu

x +
 o

ffs
et

2M1021 (L4)

2M0153 (L3)

2M2104 (L3)

2M1148 (L3)

2M2354 (L2)

2M2322 (L2)

2M0508 (L2)

2M0045 (L2)

2M0249c (L2)

2M0518 (L1)

WISE0528 (L1)

2M1826 (L1)

2M0616 (L1)

2M1207 (L1)

2M0046 (L0)

COCOCOCO
H2O

H2O

2.0 2.1 2.2 2.3 2.4
Wavelength [ m]

PSO318 (L7)

PSO057 (L7)

2M1147 (L7)

2M1119 (L7)

2M0103 (L6)

2M0723 (L5)

2M0355 (L5)

2M0326 (L5)

2M0512 (L5)

2M2206 (L4)

2M1425 (L4)

2M1213 (L4)

2M0342 (L4)

2M0219b (L4)

COCOCOCO
H2O

H2O

2.0 2.1 2.2 2.3 2.4
Wavelength [ m]

WISE0241 (T7)

SDSS1110 (T5)
WISE0819 (T4)

WISE2216 (T3)

ULAS1316 (T3)

2M1521 (T3)

SIMP0136 (T2)

PSO071 (T2)

ULAS0047 (T2)

2M2139 (T2)

PSO319 (T0)

VHS1256b (L7)

2M2244 (L7)

2M0030 (L7)

COCOCOCO
H2O

H2O

CH4

L0 L1 L2 L3 L4 L5 L6 L7 L8 L9 T0 T1 T2 T3 T4 T5 T6 T7 T8
Spectral type

Fig. B.5. Same than the Figure 1 with a zoom between 1.96 and 2.48 µm. The main spectral features are identified. For this plot, the spectra have
been normalized with their integrated flux between 1.5 and 1.8 µm.
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Fig. C.1. Same as in Figure 12 but for each wavelength ranges.

Appendix C: [M/H] and C/O ratio for every fitting

configurations

Figure C.1 illustrates the [M/H] and C/O estimates derived from
the J, H, and K bands, as well as their combination. The K band
provides less dispersed values, likely due to the CO overtones at
∼2.3 µm, which are known to be particularly sensitive to the C/O
ratio.
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