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ABSTRACT

ontext. Characterizations of giant exoplanets such as β Pictoris b (hereafter β Pic b) are now routinely performed with multiple spectrographs
nd imagers exploring different spectral bandwidths and resolutions, allowing for atmospheric retrieval of spectra with or without the conservation
f the planet spectral continuum. The accounting of data multimodality in the analysis could provide a more comprehensive determination of the
lanets physical and chemical properties and inform on their formation history.
ims. We present the first VLTI observations at Rλ ∼ 4,000 of β Pic b obtained for an exoplanet with GRAVITY at such a high resolution. We
pgraded the forward modelling code ForMoSA to account for the data multimodality, including low-, medium-, and high-resolution spectroscopy
ased on both a direct model-data comparison and an analysis of cross-correlation signals. We used the ForMoSA code to refine the constraints on
he atmospheric properties of the exoplanet and evaluated the sensitivity of the retrieved values to the input dataset.
ethods. We obtained four high-signal-to-noise (S/N ∼ 20) spectra of β Pic b in the K band with GRAVITY at Rλ ∼ 4,000 conserving both

he pseudo-continuum and the pattern of molecular absorptions. We used ForMoSA with four grids of self-consistent forward models (Exo-REM,
TMO, BT-Settl, and Sonora) to explore different Teff , log(g), metallicity, C/O, and 12CO/13CO ratio values. We then combined the GRAVITY
pectra with published 1–5 µm photometry (NaCo, VisAO, NICI, and SPHERE), low-to-medium-resolution (Rλ ≤ 700 broadband, 0.9–7 µm)
pectra, and echelle spectra covering narrower bandwidths (Rλ ∼ 100,000, 2.1–5.2 µm).
esults. Sonora and Exo-REM are statistically preferred among all four models, regardless of the dataset used. Exo-REM predicts Teff =
607.45+4.85

−6.20 K and log(g) = 4.46+0.02
−0.04 dex when using only the GRAVITY epochs, whereas we have Teff = 1502.74+2.32

−2.14 K log(g) = 4.00± 0.01 dex
hen incorporating all available datasets. The inclusion of archival data significantly affects all retrieved posteriors. When using all datasets, C/O
ostly remains solar (0.552+0.003

−0.002), while [M/H] reaches super-solar values (0.50 ± 0.01). We report the first tentative constraint on the isotopic ratio
og(12CO/13CO) = 1.12+0.11

−0.08 in β Pic b’s atmosphere; however, we note that this detection remains inconclusive due to telluric residuals affecting
oth the GRAVITY and SINFONI data. Additionally, we estimated the bolometric luminosity as log(L/L⊙) = -4.01+0.04

−0.05 dex. Using a system age of
3 ± 3 Myr, along with this bolometric luminosity and the constraints on the dynamical mass of β Pic b, we were able to constrain the maximum
f heavy element content of the planet to be on the order of 5% (20–80 MEarth).
onclusions. The joint access to the pseudo-continuum and molecular lines in the K band provided by GRAVITY have a significant impact on

he retrieved metallicity, possibly owing to the collision-induced absorption driving the continuum shape of the K band. The echelle spectra do
ot dominate the final fit with respect to lower resolution data covering a broader portion of the spectral energy distribution and the latter keeps
ncapsulating more robust information on Teff . Future multimodal frameworks should include a weighting scheme to account for the bandwidth
nd central wavelength of the observations.

ey words. Techniques: high angular resolution, spectroscopic, interferometric; Methods: data analysis, observational, statistical;Planets and
atellites: atmospheres, gaseous planets, individual: β Pictoris b

. Introduction

Direct imaging has unearthed a few dozens of planetary-mass
companions1 across three decades in terms of the semi-major
axis, found to be orbiting brown dwarfs up to massive stars
hosts, as well as binaries, constituting hierarchical systems,
or nested within belts of debris (e.g., Chauvin et al. 2004;
Marois et al. 2010; Kuzuhara et al. 2011; Squicciarini et al.
2022; Chomez et al. 2023). This diverse population is likely the
result of multiple formation pathways and a rich set of dynamical
evolution mechanisms.

1 https://exoplanet.eu/

The chemical composition of planet atmospheres has long
been regarded as an additional way to constrain the formation
and the dynamical evolution processes, starting from our Solar
System (e.g., Gautier & Owen 1989; Owen 1992; Lecluse et al.
1996; Owen & Encrenaz 2003). Planets formed in disks are ex-
pected to display a wide range of bulk enrichments (Boley et al.
2011; Mordasini et al. 2014) and it remains to be determined
whether these are detected in the object’s spectra. The tempera-
ture of accreted solids (ice, dust, and pebbles) and gas in the disk
at the planet formation radius is also expected to leave in addition
an imprint on atomic and isotopic ratio (Öberg & Bergin 2016;
Morley et al. 2019; Schneider & Bitsch 2021a,b; Mollière et al.
2022).
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The direct imaging technique allows to capture high-quality
spectra of giant exoplanets in a few hours of telescope time. Con-
trary to transit spectroscopy focusing on close-in and strongly ir-
radiated objects, spectral features are formed over a broad range
of pressure (several bars) and better account for the bulk compo-
sition of the atmosphere. Low-resolution (20 ≤ Rλ ≤ 80) in-
tegral field spectrographs fed by extreme adaptive-optics sys-
tems such as VLT/SPHERE (Beuzit et al. 2019), Gemini/GPI
(Macintosh et al. 2014), Subaru/CHARIS (Groff et al. 2016),
or LMIRCam/ALES (Skemer et al. 2015, 2018) are collecting
near-infrared (NIR: 1-5 µm) spectra of known imaged exo-
planets below 2" around bright stars, revealing water features
of M- and L- type companions (e.g., Greenbaum et al. 2018;
Currie et al. 2018; Bonnefoy et al. 2016; Chauvin et al. 2017;
Doelman et al. 2022) and methane features on a handful of
cooler and least massive T-type exoplanets (Rajan et al. 2017;
Mesa et al. 2023; De Rosa et al. 2023). Such spectra offer to de-
termine the bulk physical properties of the objects such as the
effective temperature Teff , radius R, and surface gravity log(g).
These data have confirmed that young mid-L to early-T plan-
ets have redder under-luminous spectra than more massive and
mature brown dwarfs. These properties can be explained by
vigorous vertical mixing and reduced gravitational settling that
change the relative abundance of methane and carbon monox-
ide (Hubeny & Burrows 2007; Moses et al. 2016) and enhance
the cloud opacity. Such clouds were recently detected for the
first time in the atmosphere of the low-mass late-L companion
VHS1256 b using the JWST (Miles et al. 2023).

Ground and space-based medium-resolution (Rλ ∼ 2,000–
5,000) integral field spectrographs (VLT/SINFONI and ERIS,
Keck/OSIRIS, Gemini/NIFS, JWST/NIRSpec, and MIRI) can
also provide high-fidelity infrared spectra (1–28 µm) of exoplan-
ets (Konopacky et al. 2013; Petrus et al. 2021; Hoch et al. 2023;
Miles et al. 2023; Palma-Bifani et al. 2023; Kiefer et al. 2024).
These instruments give access to the planet pseudo-continuum
emission while de-blending partly the forests of ro-vibrational
absorptions from key molecules (CO, H2O, CH4). They have
been used to infer the C/O ratio (Hoch et al. 2023, and ref.
therein) and even to estimate isotopic ratio (Zhang et al. 2021;
Gandhi et al. 2023). Using interferometric techniques, GRAV-
ITY and MATISSE on the VLTI have also demonstrated their ca-
pability to extract high S/N K-, L-, and M-band data at lower res-
olution (Rλ = 150–700) spectra (2–5 µm) for exoplanets contain-
ing both the continuum and lines from which C/O and metallicity
(GRAVITY Collaboration et al. 2019, 2020; Blunt et al. 2023;
Nasedkin et al. 2024) can be inferred.

Finally, more recently, single-mode fiber-fed echelle spec-
trographs coupled to adaptive optics (AO) systems (HiRISE
at VLT Costes et al. 2024; Denis et al. 2025, KPIC at Keck
Delorme et al. 2021, REACH at Subaru Kotani et al. 2020)
have started providing continuum-subtracted 1–5 µm spectra
of exoplanets at Rλ ∼ 100,000 over a narrow spectral range.
Cross-correlation techniques can then be applied for a joint
detection and characterization of the objects, even those deeply
buried into the stellar halo. The inversion of these data start to
provide radial and rotational velocities measurements, as well
as metallicity, C/O and isotopic ratio determinations for close-in
planets (Snellen et al. 2014b; Landman et al. 2024; Parker et al.
2024; Morris et al. 2024; Vigan et al. 2024; Xuan et al. 2024;
Zhang et al. 2024).

For more than 40 years now since the discovery of
Smith & Terrile (1984), the young (23±3 Myr, Mamajek & Bell
2014) and nearby (∼19.8 pc, Gaia Collaboration et al. 2023) β

Pic system has been a unique laboratory for studying plane-
tary formation, planet-disk interactions as well as the physics
of young giant planets. The system is made up of a central star, a
dust disk and two known giant planets, b and c (see Table 1 for a
more complete description). β Pic b was the first planet discov-
ered in the system (Lagrange et al. 2009) and it has since been
thoroughly examined in numerous independent follow-up stud-
ies (e.g., Landman et al. 2024; Worthen et al. 2024; Kiefer et al.
2024; Houllé et al. 2025, see Table B.4). The planet has a semi-
major axis of 9.93 ± 0.03 au and dynamical mass of M =
11.9+2.93

−3.04 MJup inferred from a monitoring of its orbital motion
started following the initial discovery (2003 epoch published
in 2009), high-precision astrometry obtained with GRAVITY,
radial velocity measurements of the star, and, more recently,
the joint analysis of GAIA and HIPPARCOS measurements
(Lagrange et al. 2020; Lacour et al. 2021; Brandt et al. 2021).

Following the firsts photometric measurements of β Pic b,
Bonnefoy et al. (2013) used 1–5 µm photometry to determined
the planet to be a young L-type object with an estimated lumi-
nosity of log(L/L⊙)= -3.87 ± 0.08 dex. Their study and the fol-
lowing ones (Males et al. 2014; Chilcote et al. 2017) used these
data compared with evolutionary models to extract the first phys-
ical parameter constraints. Assuming an age of 23 ± 3 Myr,
evolutionary models predicts Teff between 1600 K and 1800 K,
log(g) ∼ 4.0 dex, and a R ∼ 1.5 RJup.

Forward models predictions on the metallic content of
β Pic b’s atmosphere display a lot of variation in recent works.
GRAVITY Collaboration et al. (2020), using GRAVITY Rλ ∼
500 data, found both super-solar ([M/H] = 0.68+0.11

−0.08) and sub-
solar ([M/H] = −0.53+0.28

−0.34) metallicity when adding GPI data
to their retrieval, while others have not. Landman et al. (2024)
(using K-band CRIRES+ data) obtained a range of metallici-
ties between −0.10 and 0.72 depending on the model they used;
this result was confirmed by Worthen et al. (2024) (using MIRI
data), who also determined a large dispersion of values depend-
ing on the considered model ([M/H] between −0.12 and 0.90).
Kiefer et al. (2024) (using SINFONI data) found similar sub-
solar values of ∼ −0.24 using Exo-REM. The presence of the
continuum in the data appears to be impactful on the retrieved
[M/H] value. The treatment of clouds in models is also equally
important for this object as they can lock up significant amount
of metallic species (Fe, Mg, Si, and O). The main molecules
predicted to condensate at chemical equilibrium are enstatite
Mg2Si2O6, forsterite Mg2SiO4, and corundum Al2O3.

The C/O measurements of β Pic b have also displayed a sig-
nificant range in recent studies. The sub-solar value of C/O =
0.43 ± 0.5 obtained by GRAVITY Collaboration et al. (2020)
suggested a formation through core-accretion, with a significant
alteration of the envelop composition through the infall of plan-
etesimals. Sub-solar values were also found by Landman et al.
(2024) and Worthen et al. (2024). However, Kiefer et al. (2024)
obtained a solar value of C/O = 0.551±0.002 using evolutionary-
model informed priors but without continuum, a value that is
better aligned with population studies (Nissen 2013). This value
could still suggest a formation through core-accretion, but with
a more moderate planetesimal accretion followed by an outward
migration.

To our knowledge, no studies have been carried out on the
isotopic content of the object’s atmosphere. This is a difficult
task because these absorptions are very subtle and the slightest
systematic error in the models or issues with the data can hinder
detectability.
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In this paper, we propose to delve in the atmosphere of
β Pic b using the full compilation of available data and adding the
first VLTI/GRAVITY observations at Rλ ∼ 4,000 of the planet
(and the first ever obtained on an exoplanet with the instrument
at such spectral resolution). The multimodality of the data in
hand also motivated us to upgrade our Forward Modeling tool
for Spectral Analysis (ForMoSA2) code. Our different datasets
are presented in Sect. 2. We present the multimodal version of
our Bayesian inference tool ForMoSA in Sect. 3. We present the
unified framework we used to analyse each individual epoch of
GRAVITY spectra to account for the orbital motion of the planet
in Sect. 4. We describe our inversion of the whole set of existing
data in Sects. 5 and 6. We discuss our findings and conclusions in
Sects. 7 and 8. Additional material is provided in the appendices.

Table 1. Physical properties of the β Pictoris system.

β Pictoris A Refs.
Spectral type A6V (a)
Teff (K) 7890+13

−17 (h)
log(g) (dex) 3.83+0.03

−0.02 (h)
[M/H] (dex) −0.21+0.03

−0.02 (h)
Distance (pc) 19.8294 ± 0.0571 (j)
Age (Myr) 23 ± 3 (d)
Mass (M⊙) 1.75+0.03

−0.02 (i)

β Pictoris b
Spectral type L2 ± 2 (b)
Teff (K) 1742 ± 10 (e)
log(g) (dex) 4.34+0.08

−0.09 (e)
[M/H] (dex) 0.68+0.11

−0.08 (e)
C/O 0.43+0.04

−0.03 (e)
Semi-major axis (au) 9.93 ± 0.03 (i)
Eccentricity 0.103 ± 0.003 (i)
Inclination (°) 89.00 ± 0.01 (i)
Period (days) 8634 ± 84 (i)
Mass (MJup) 11.9+2.93

−3.04 (i)

β Pictoris c
Teff (K) 1250 ± 50 (f)
log(g) (dex) ∼ 4.0 (f)
Semi-major axis (au) 2.68 ± 0.02 (i)
Eccentricity 0.32 ± 0.02 (i)
Inclination (°) 88.95+0.09

−0.10 (i)
Period (days) 1210 ± 17 (i)
Mass (MJup) 8.89 ± 0.75 (i)

Dust disk
Location (au) 20 − 1000 (g)
Inclination (°) 85.27+0.26

−0.19 (c)
Position angle (°) 30.35+0.14

−0.13 (c)

Notes. The atmospheric parameters given here are taken from the two
GRAVITY collaboration papers using atmospheric models (refer to Ta-
ble B.4 for evolutionary models predictions).

(a) Gray et al. (2006), (b) Bonnefoy et al. (2013),
(c) Millar-Blanchaer et al. (2015), (d) Mamajek & Bell (2014),

(e) GRAVITY Collaboration et al. (2020), (f) Nowak et al.
(2020), (g) Janson et al. (2021), (h) Swastik et al. (2021),

(i) Lacour et al. (2021) and (j) Gaia Collaboration et al. (2023) .

2 https://formosa.readthedocs.io/en/latest/

2. Observations and data reduction

This section presents the various spectroscopic and photomet-
ric data we use for our analysis, all combined and summarized
in Table 2. We briefly describe the GRAVITY instrument, the
observing conditions, and the additional post-processing we ap-
plied in the following.

2.1. New GRAVITY observations at high-spectral resolution

GRAVITY (GRAVITY Collaboration et al. 2017) is an interfer-
ometric spectro-imager that combines light coming from the four
8m Unit Telescopes (UTs) of the VLT. It operates in the K band
between 1.97-2.4 µm. The four new epochs of GRAVITY ob-
servations of β Pic b where obtained in the span of three years
(2019/11/09, 2019/11/11, 2021/08/27, and 2022/01/24; respec-
tive ESO program IDs : 1104.C-0651(A), 1104.C-0651(D), and
1104.C-0651(B)) using the high spectral resolution mode of the
instrument, resulting in an effective spectral resolving power of
Rλ ∼ 4,000. They represent the first observations of an exoplanet
at this resolution with the instrument.

Each epoch has been reduced following the GRAVITY re-
duction pipeline (Nowak 2019). We created a BT-NextGen stel-
lar model spectra (Hauschildt et al. 1999), using an effective
temperature of Teff = 7890 K, a surface gravity of log(g) =
3.83 dex and a solar metallicity of [M/H] = 0 (Swastik et al.
2021), to calibrate the final flux. This was done by scaling
the synthetic stellar model with a 2MASS K-band magni-
tude of 3.526 mag. The resulting merged and corrected spec-
trum can be found in Fig. 3. The pipeline allows covari-
ance matrices to be empirically estimated from the raw in-
terferometric data (see detailed description in the appendix of
GRAVITY Collaboration et al. 2020).

2.2. Archival data

In addition to GRAVITY data, we used archival spectro-
scopic and photometric data. Table 2 offers more details on
the characteristics of each observations. Data reduction and
post-processing analysis can be found in the referenced pa-
per of each study. The specific analysis of high-resolution data
is presented in more details in Sect. 6. We did not include
the six new JWST/NIRCam photometric points presented in
Kammerer et al. (2024), as the two PSF subtraction methods
used in that work produced significant scaling differences in
the final flux values. Moreover, we did not expect these addi-
tional points to contribute meaningfully to the fit in our current
weighted scheme.

We divided our analysis in tree main parts. In Sect. 4, we fo-
cus on the analysis of the new GRAVITY spectra. In Sects. 5 and
6, we describe the combination of this spectrum with the avail-
able datasets presented in Sect. 2. All of the observational data,
together with the complete set of models and results is available
on Zenodo3.

3. Methods

In this section, we present our fitting strategy based on forward
modeling, as well as our Bayesian ForMoSA code. Sects. 3.1 and
3.2, respectively, code with the forward models we used and the
new additions made to ForMoSA for the purposes of this work.

3 https://zenodo.org/records/17609314
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Table 2. Summary of the new and archival data used.

Instrument Type Spectral coverage Spectral resolution S/N Continuum ? Refs.
VLT/NaCo J-band photometry 1.255 ± 0.193 µm <30 ∼3 yes (a)

H-band photometry 1.655 ± 0.307 µm <30 ∼4 yes
Ks-band photometry 2.159 ± 0.324 µm <30 ∼7 yes
L’-band photometry 3.813 ± 0.573 µm <30 ∼9 yes
[4.05] photometry 4.056 ± 0.0.060 µm <30 ∼4 yes
M’-band photometry 4.818 ± 0.416 µm <30 ∼7 yes

Magellan/VisAO Ys-band photometry 0.985 ± 0.084 µm <30 ∼9 yes (a)
Magellan/Clio [3.1] photometry 3.102 ± 0.090 µm <30 ∼15 yes (a)

[3.3] photometry 3.345 ± 0.300 µm <30 ∼11 yes
L’-band photometry 3.761 ± 0.619 µm <30 ∼15 yes
M’-band photometry 4.687 ± 0.185 µm <30 ∼7 yes

VLT/SPHERE YJ-band spectroscopy 0.95–1.35 µm ∼50 ∼22.5 yes (*)
H-band photometry 1.59 µm and 1.667 µm <30 ∼39 yes

Gemini/GPI YJHK-band spectroscopy 0.9–2.4 µm ∼45 ∼10 yes (b)
VLTI/GRAVITY K-band spectroscopy 1.97–2.4 µm ∼4,000 ∼20 yes (**)
VLT/SINFONI K-band spectroscopy 1.929–2.472 µm 4,120 ∼20 no (c)
VLT/CRIRES+ K-band spectroscopy 2.06–2.47 µm ∼100,000 >5 no (d, e)

M-band spectroscopy 3.51–5.22 µm ∼100,000 >5 no
VLTI/MATISSE LM-band spectroscopy 2.76–4.99 µm 387–700 ∼35 yes (f)

JWST/MIRI M-band spectroscopy 4.90–6.8 µm 30–40 ∼15 yes (g)

Notes. The first column contains the name of the instrument, the second the type (spectroscopy or photometry), the third the wavelength coverage,
the forth the (effective) spectral resolution Rλ, the fifth the average S/N, and the last indicates whether the data has continuum information or not.

(a) Morzinski et al. (2015), (b) Chilcote et al. (2017), (c) Kiefer et al. (2024), (d) Landman et al. (2024), (e) Parker et al. (2024),
(f) Houllé et al. (2025), (g) Worthen et al. (2024) obtainable from DOI, (*) unpublished, and (**) this work.

To extract information from exoplanet spectra, a common
approach is to compare them with synthetic spectra generated
from models of atmosphere. The comparison heavily relies
on Bayesian inversion methods that can be divided into two
categories: forward modeling and retrieval. The forward mod-
eling approach (Samland et al. 2017) works "from the model
to the data" by using a pre-computed grid of several thousand
of spectra and comparing them to the data using Bayesian
inference methods. This approach has the advantage of being
"self-consistent," meaning that it faithfully maintains the phys-
ical interpretation of the observed spectrum, as each synthetic
spectrum in the grid is computed with strong physical priors. It
is also relatively fast since you do not need to generate a new
model at each step, but only need to re-interpolate the grid. The
main drawbacks are the dependencies on both the quality and
the size of the parameter space proposed by the model grid, as
well as the systematic deviations from the models that can arise
from a lack of physics or hidden fixed free-parameters in the
forward model.

Each model is compared iteratively using Bayesian inver-
sion techniques. The goal is to estimate the posterior probabil-
ity p(θ|d) of the model parameters θ given the data d and prior
knowledge on the parameters p(θ) = π(θ)dθ, using Bayes theo-
rem,

p(θ|d) =
p(d|θ).p(θ)

p(d)
. (1)

Two terms are worth mentioning here:

– p(d|θ) = L is the probability of the data given a parameter
set, also known as the likelihood function. This is the func-
tion we want to maximize during the inversion.

– p(d) = Z is the Bayesian evidence, computed by marginal-
izing L over the parameter space. It can be written as Z =∫
Lπ(θ)dθ =

∫
LdX, with X as the prior volume.

The Bayesian evidence is especially useful when comparing
two competing models, m1 and m2. Unlike the likelihood L, it
is independent of any single set of parameters as it integrates
over all parameters (and is therefore more general in that sense).
Concretely, if we label Z1 and Z2 as the Bayesian evidence of
the two competing models, we can compute the Bayes factor
using

Bm =
Z1

Z2
⇐⇒ ln Bm = lnZ1 − lnZ2.

Typically, a Bayes factor above 12 (or ln Bm above 2.5)
can be interpreted as a "moderate need" for the first model
to describe the data instead of the second (2.7σ significance,
see Table 4 of Benneke & Seager 2013). detection. Recently,
Kipping & Benneke (2025) demonstrated that this commonly
used correspondence between ln Bm and σ can lead to overesti-
mations of the actual detection significance. For completeness,
we report both metrics, but we rely primarily on the Bayesian
evidence as the main diagnostic tool for the model comparison.
This approach will be used in Sects. 4.3 and 5 to assess the
significance of the 13CO detection. For a more detailed descrip-
tion of the Bayesian inference methods, we refer to Knuth et al.
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(2015).

For this work, we chose to use the forward modeling ap-
proach with our Bayesian inversion tool, ForMoSA . A detailed
description of the code can be found in Petrus et al. (2020),
Petrus et al. (2021), Petrus et al. (2023), and Petrus et al. (2024).
In brief, ForMoSA uses a grid of forward models (see Sect. 3.1)
along with spectroscopic and/or photometric data. The tool then
proceeds to adapt these models to the data (in terms of wave-
length range coverage, resolution, continuum, etc.) to make
them comparable. The inversion is performed by maximizing
the likelihood function L using the nested sampling method (see
Skilling 2004). The grid is interpolated linearly in the N dimen-
sion of the parameter space using the python packaged xarray4.

3.1. Forward models

Atmospheric models aim to replicate the emission spectra of
exoplanets. To do this, they typically compute a blackbody-like
emission spectrum from an interior model, which is then
modified by a radiative-convective atmosphere composed of
various opacity sources (and sometimes clouds), following a pa-
rameterized pressure-temperature profile; all within a simplified
1D framework. These models cover different wavelength ranges
and spectral resolutions, as illustrated in Fig. 1. We give a brief
summary of the grids we used below, previously presented in
Petrus et al. (2024).

Exo-REM (Charnay et al. 2018) is our reference model. It
includes non-equilibrium chemistry of CO–CH4 and N2–NH3
and takes into account multiple opacity sources: H2–H2 and H2–
He collisions induced absorptions, H2O, CH4, CO, CO2, NH3,
PH3, TiO, VO, and FeH ro-vibrationnal transitions as well as
Na and K resonant lines. Clouds formation based on Si, Fe,
Na2S, KCl, and H2O species was considered, but with a sim-
plified cloud micro-physics (i.e., only the fastest chemical pro-
cesses were taken into account). We used a custom version of
the grid to explore the abundance of the isotope 13C resulting
in these five free parameters: Teff ∈ [1200 K; 2000 K], log(g) ∈
[3.5 dex; 4.5 dex], [M/H] ∈ [-0.5 dex; 1 dex], C/O ∈ [0.40; 0.65],
and log(12C/13C) ∈ [1.0; 2.6]. Exo-REM is known to produce
deviant spectra so we performed a simple cleanup by computing
the integrated fluxes across the grids and removing the spectra
that did not follow the approximate Stefan–Boltzmann law. Fur-
thermore, we chose to remove all nodes at Teff = 1500 K from
the grid, as they appeared to have some deviant spectra driving
the solutions.

ATMO (Tremblin et al. 2015) are a family of cloudless mod-
els. They explore numerous opacity sources : H2–H2 and H2–
He collision induced absorptions, NH3, H2O, CH4, CO, TiO,
and VO ro-vibrationnal transitions as well as Na and K resonant
lines. These models include two non-equilibrium chemical reac-
tions: CO–CH4 and N2–NH3 that will drive fingering convection
in the atmosphere and change the temperature gradient. This will
uniquely emulate the reddening effect of clouds. We also uti-
lized a custom version of this grid exploring 13C. The parameter
space we explored is: Teff ∈ [1600 K; 1900 K], log(g) ∈ [3.5 dex;
4.5 dex], [M/H] ∈ [-0.6; 0.6], γ ∈ [1.01; 1.05], and log(12C/13C)
∈ [1.0; 2.6] (γ is the adiabatic index driving the temperature gra-
dient). The grids were set with C/O = 0.55. In Sect. 4, we use
an extended grid in Teff and log(g) that explored the following

4 https://docs.xarray.dev/en/stable/

parameters : Teff ∈ [800 K; 3000 K], log(g) ∈ [2.5 dex; 4.5 dex],
[M/H] ∈ [-0.6; 0.6], and C/O ∈ [0.3; 0.7].

BT-Settl (Allard et al. 2012) model grids explore more com-
plex cloud microphysics than Exo-REM and include non-
equilibrium chemistry (for CO, CH4, N2, NH3, and CO2) as
well as vertical mixing. To properly take into account the cloud
micro-physics, BT-Settl divides the atmosphere into multiple
layers and computes the distribution and size of grains by com-
paring their characteristic times of condensation, coalescence,
dispersion, and sedimentation in the atmosphere. These clouds
are Fe and Si based. We used a custom version of this grid ex-
ploring the C/O, giving the following parameter space: Teff ∈

[1400 K; 2200 K], log(g) ∈ [2.5; 5.0], and C/O ∈ [0.2754; 1.096].
The metallicity is solar ([M/H] = 0) for this grid.

Sonora (Morley et al. 2024) models include vertical mixing,
multiple opacity sources and parameterized clouds. We used the
custom Diamondback sub-model grid that contains, in total, 31
molecules, atoms, and ions as opacity sources (hydrocarbons,
CO, CO2, OCS, Li, K, Na, LiH, LiF), as well as multiple col-
lision induced absorptions (H2–H2, H2–He, H2–N2, H2–CH4).
Clouds were parameterized using Ackerman & Marley (2001)
approach, meaning that their opacities were computed for Mie
diffusion on MgSiO3, Mg2SiO4, and Al2O3. In the end, the
model grid effectively explores the following free parameters:
Teff ∈ [900 K; 2400 K], log(g) ∈ [3.5 dex; 5.5 dex], [M/H] ∈
[-0.5; 0.5], and fsed ∈ [1; 8] (fsed is the sedimentation efficiency
parameter). The grids were set with C/O = 0.55.
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Fig. 1. Spectral resolution, Rλ, as a function of the wavelength coverage
for each forward modeling used in this study. The observed data are
represented by the black lines while the forward models are in shades
of color. Dotted lines represent the extensions (both in wavelength and
resolution) used in Sects. 5 and 6.

3.2. ForMoSA 2.0

Atmospheric retrievals and forward modeling approaches both
deal with a number of issues when combining different observa-
tions into a single Bayesian framework. A non-exhaustive list of
theses limitations include: data that spectraly overlap (i.e., GPI
and GRAVITY); data that have different noise estimates (i.e.,
spectral covariances or not); data that are not calibrated in flux
or have inaccurate flux calibration; data that are taken at different
epochs and spectra for which the spectral continuum can not be
trusted or has been removed at previous analysis steps (Doppler
spectroscopy, etc). Inspired by the work of Hayoz et al. (2023),
we incorporated a Multimodal Option for Simultaneous Analysis
and Improved Constrains (MOSAIC) in ForMoSA aim to reduce
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theses limitation by adapting and inverting the different datasets
in parallel.

The general idea is summarized on Fig. 2. Each dataset was
first imported and adapted alongside a grid of synthetic spec-
tra taken from a single atmospheric model. This means that the
continuum subtraction and/or wavelength windows can be ap-
plied separately for each data-grid pair and then stored for the
inversion. Secondly, each dataset was compared with the inter-
polated grid using separate likelihood functions lnZi during the
inversion. The grids were modified by both interpolating them
with the original model parameters θ and then adding transfor-
mations with extra-grid parameters, θ′i , that can vary from dataset
to dataset (i.e., different scaling factors, ck, radial velocities, rv,
projected rotational velocities, v sin i, etc.). In this way, we were
able to control the transformations we want to apply on a given
data+grid pair. The stored sub-grids are usually much smaller
than the original grids. Therefore, this step is relatively fast.

New likelihood functions are now available to account for
differences in the data reduction scheme and, in particular, noise
processing. Given a set of data (spectrum or photometry), d, its
associated error bars, σ, or covariance matrix, C, and the model
vector, m, the classical χ2 distribution can be defined as

lnL ∝ −
χ2

2
= −

1
2

∑(
d − m
σ

)2

, (2)

where the observational data points are independent. In ad-
dition, we implemented

lnL ∝ −
χ2

2
= −

1
2

∑
(d − m)T C−1 (d − m) , (3)

when the data covariances are provided as input of the code.
We also allowed for various proposed mappings (Zucker 2003;
Brogi & Line 2019; Ruffio et al. 2019) of cross-correlation sig-
nals to likelihood (CCF-to-logL), which can be used when
Doppler spectroscopy (e.g., Keck/KPIC, VLT/HiRISE, etc) was
performed solely or in addition to regular spectrophotometric
observations (e.g., JWST, VLT/SPHERE, Gemini/GPI, etc.).

We computed the joint likelihood function lnZ f inal =∑
i lnZi, summing over the likelihoods corresponding to each

dataset taken as input. This means that this upgraded version
of ForMoSA does not account for correlations either between
datasets from the same instrument taken at different epochs or
between datasets from different instruments. As is common prac-
tice in the field, each dataset was treated as statistically indepen-
dent.

4. Inversion of GRAVITY spectra

This section summarizes the forward modeling of the four
GRAVITY spectra of β Pic b using the forward models intro-
duced in Sect. 3.1. It describes below the bulk properties derived
for the atmosphere of β Pictoris b, its atmospheric structure and
the attempt to constrain the presence of CO isotopologues.

For this inversion, the likelihood function was computed us-
ing the generalized χ2 distribution (see Sect. 3.2) taking as in-
put the covariance matrixes provided by the GRAVITY pipeline.
The inversion was performed across the entire spectral coverage
of GRAVITY (1.97–2.4 µm) using 1 000 live points. We also
explored the additional parameters provided by ForMoSA : the
radius (R), radial velocity (rv), and the projected rotational ve-
locity (v sin i). The priors and their associated posteriors are pre-
sented in Tables 3 and 4 for the different models. Figure 3 shows

model

ln(L) ln(L)

MOSAIC

data data data...
// grid and data adaptation

(cont. sub., sub-windows, ...)
grid grid grid

extraction

ln(L)

θ

θ, θ’ θ, θ’ θ, θ’

1 2 n

1 2 n...

1 2 n

1 2 n

Bayesian
Estimators

ln(L)final NESTED SAMPLING

θ, θ’, θ’, ..., θ’1 2 n

inversion with separate
extra-grid parameters θ’

ΣlogL =i

Fig. 2. Schematic of MOSAIC. Here, "data" refer to spectroscopic
and/or photometric observations and the "model" is a pre-computed
grid of forward model spectra. θ represents the grid parameters (i.e Teff ,
log(g), [M/H]), and θ′ the extra-grids parameters that can be defined
separately (or not) for each sub-inversions (i.e., rv, v sin i, ...). lnL f inal
is the final log-likelihood function that goes in the nested-sampling al-
gorithm and is computed with the assumption of independent observa-
tions, i.e lnL f inal =

∑
i lnLi.

the best fit for the four family of atmospheric models. Posterior
distributions can be found in the Appendices.

All models faithfully reproduce the observations, accurately
capturing the shape of the pseudo-continuum, the pattern of
H2O and CO absorptions, and the absolute flux level. Residu-
als are relatively low (≤ 1σ) except at the edges of the wave-
length interval (< 2.02µm; > 2.35µm) where telluric residuals
are more prominent (see Fig. B.1). Comparing the Bayesian evi-
dence (see Table 5 below), Exo-REM and Sonora are statistically
preferred among the four models (see Sect. 3 for more details).
The Bayesian evidence for the ATMO model fit is significantly
lower. This model proved to be the least able to give physical
constraints on the planet’s physical parameters, with parameters
converging at the border of the grid.

4.1. Physical and atmospheric parameters

For the effective temperatures, except ATMO, all models give
consistent values between 1607.45+4.85

−6.20 and 1668.43+5.62
−5.55 K.

These values are slightly lower than the ones obtained by
GRAVITY Collaboration et al. (2020) using a lower resolution
K-band spectrum (1700 ± 50 K for Exo-REM and 1847 ± 55 K
for petitRADTRANS5 Mollière et al. 2019). They are also lower
than those predicted by evolutionary models (Chilcote et al.
2017, 1724 ± 15 K).

For surface gravity, evolutionary models predict values
for β Pic b of 4.18 ± 0.01 dex (Chilcote et al. 2017). Exo-
REM and Sonora retrieve larger values of 4.46+0.02

−0.04 dex and
4.56+0.06

−0.07 dex, respectively, while BT-Settl is noticeably lower at
3.60 ± 0.04 dex. ATMO also converges at the border of the con-
sidered grids, meaning that the model likely has difficulties to
properly represent the pseudocontinuum in the K band.

In ForMoSA , the radius is constrained by the dilution factor
ck = (R/D)2 when scaling the model spectra. We use the GAIA
DR3 prediction for the distance, D = 19.8294 ± 0.0571 pc. For
Exo-REM, we obtained a radius of 1.73 ± 0.01 RJup. A similar
value of ∼ 1.7 RJup was found by GRAVITY Collaboration et al.
(2020), who also used Exo-REM on LRS GRAVITY data, but
with a slightly lower prior distance of 19.4401 ± 0.0454 pc. For

5 https://petitradtrans.readthedocs.io/en/latest/
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Table 3. Grid priors and posteriors for each forward model are presented in this section.

Parameter Teff log(g) [M/H] C/O γ fsed log(12C/13C) log(L/L⊙)

(K) (dex) (dex)

Exo-REM priors U(1200, 2000) U(3.5, 4.5) U(−0.5, 1) U(0.4, 0.65) U(1.0, 2.6)

Exo-REM posteriors B(1551.89, 1604.44) B(4.18, 4.44) B(0.65, 0.83) 0.55 ± 0.01 < 1.08 B(−3.723,−3.719)

strongest node 1607.45+4.85
−6.20 4.46+0.02

−0.04 0.82 ± 0.02 0.55 ± 0.01 < 1.08 −3.723 ± 0.002

ATMO priors U(1400, 1900) U(3.5, 4.5) U(−0.6, 0.6) U(1.01, 1.05) U(1.0, 2.6)

ATMO posteriors > 1894.93 < 3.51 −0.17 ± 0.02 > 1.05 < 1.55 −3.780 ± 0.001

BT-Settl priors U(1400, 2000) U(3.5, 5.0) U(0.2754, 1.096)

BT-Settl posteriors 1668.43+5.62
−5.55 3.60 ± 0.04 0.65 ± 0.02 −3.745 ± 0.006

Sonora priors U(900, 2400) U(3.5, 5.5) U(−0.5, 0.5) U(1, 8)

Sonora posteriors 1625.67+11.48
−11.21 4.56+0.06

−0.07 > 0.49 < 1.03 −3.791 ± 0.001

Notes. Hereafter U(a, b) refers to a uniform distribution and B(a, b) to a bimodal distribution between a and b. The error bars correspond to the
lower and upper bonds in the parameter space encompassing 68% of the retrieved solutions around the best fit. The C/O ratio is fixed at 0.55 for
ATMO, 0.458 for Sonora and the metallicity is fixed at 0.0 for the BT-Settl.

Table 4. Extra-grid priors and posteriors for each forward modeling presented in this section.

Parameter R rv2019/11/09 rv2019/11/11 rv2021/08/27 rv2022/01/24

(RJup) (km.s−1) (km.s−1) (km.s−1) (km.s−1)

Exo-REM priors U(1, 2) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

Exo-REM posteriors B(1.74, 1.87) B(29.39, 49.97) 24.12+2.18
−2.19 24.79+2.18

−2.19 40.32+1.03
−1.06

strongest node 1.73 ± 0.01 B(29.39, 49.97) 24.12+2.18
−2.19 24.79+2.18

−2.19 40.32+1.03
−1.06

ATMO priors U(1, 2) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

ATMO posteriors 1.160+0.005
−0.002 B(30.66, 50.00) 26.12+1.68

−1.75 26.63+2.31
−2.30 42.28+1.08

−1.10

BT-Settl priors U(1, 2) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

BT-Settl posteriors 1.56 ± 0.01 42.18+1.89
−2.10 28.52+3.29

−3.35 26.88+4.58
−4.48 34.93+2.08

−2.02

Sonora priors U(1, 2) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

Sonora posteriors 1.56 ± 0.02 40.02+2.28
−2.89 25.94+3.17

−3.23 26.02+4.45
−4.53 32.61+2.11

−2.24

Notes. The radial velocities display hereafter are in the reference frame of the sun (e.g., rv = rvβ Pic A + rvβ Pic b).

Table 5. Compilation of the Bayesian evidences (lnZ) and reduced χ2

(χ2
red) for each forward model are presented in this section.

Model Exo-REM ATMO BT-Settl Sonora

lnZ −3002.3 −3254.2 −3014.5 −2938.9

χ2
red 0.914 0.991 0.919 0.894

Notes. For Exo-REM and ATMO, the values are those of the complete
model (i.e., with the exploration of 12CO/13CO).

ATMO, the radius converged to 1.160+0.005
−0.002 RJup, while BT-Settl

and Sonora retrieved similar radii of 1.56± 0.01 RJup and 1.56±
0.02 RJup respectively.

For metallicity, Exo-REM and ATMO models retrieve highly
super-solar values Surprisingly, GRAVITY Collaboration et al.
(2020) obtained a sub-solar value when using the LRS from
GRAVITY and only obtained super-solar values when adding
the GPI data (∼ −0.5 and ∼ 0.5 with Exo-REM respectively).

The carbon-to-oxygen ratio obtained with Exo-REM is solar
(0.55 ± 0.01) and super-solar for BT-Settl (0.65 ± 0.02).
These values differ significantly from those adopted
by GRAVITY Collaboration et al. (2020) (0.43 ± 0.05),

Landman et al. (2024) (0.41 ± 0.04), and Worthen et al. (2024)
(0.39+0.10

−0.06), but is in agreement with the recent result of
Kiefer et al. (2024) (0.551 ± 0.002) and Houllé et al. (2025)
(0.539 ± 0.003), both using Exo-REM.

The cloud sedimentation efficiency parameter, fsed, is ex-
plored only by the Sonora model grids. This parameter ranges
from 1 (fully cloudy atmosphere) to 8 (no clouds). In our anal-
ysis, we obtain an upper constraint of fsed < 1.03, indicating a
cloud-rich atmosphere for this object, probably form by silicate
and/or metal-oxide condensates as expected from L/T objects
surveys (Petrus et al. 2025). This result is somewhat surprising,
as Sonora predicts high metallicity, with metals typically trapped
in clouds for such objects. Additionally, the adiabatic index γ,
explored only by ATMO, converged towards the upper edge of
the grid with γ > 1.05. A very high adiabatic index suggests a
strong temperature gradient in the atmosphere, which could sim-
ulate the presence of clouds. This finding is consistent with the
low sedimentation efficiency obtained using Sonora.

4.2. Atmospheric structure

Exo-REM grids predict the equilibrium temperature profile and
the mixing ratio profiles of the most important gases. Figure 4
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Fig. 3. Results of the forward modeling of the β Pic b GRAVITY spectrum. The combined GRAVITY spectrum (in black) compared data from
the other panels in this figure. First panel: Best-fit Exo-REM (in blue). Second panel: Best-fit ATMO (in green). Third panel: Best-fit BT-Settl (in
red). Fourth panel: Best-fit Sonora (in yellow). The two 13CO absorption lines are annotated at 2.345 µm and 2.374 µm; the four 12CO lines at
2.294 µm, 2.323 µm, 2.352 µm and 2.383 µm as well as the two H2O band heads between 1.75–2.05 µm and 2.3–3.2 µm. Bottom panel: Residuals
for each fit. Dotted lines represents the ±σ (68%) confidence interval

shows the retrieved temperature profile for our best fit using
the full model (in light blue) compared with the opacities of
two cloud species, Fe and Mg2SiO4 (in gray and brown respec-
tively), as a function of pressure. We observe a well-constrained
pressure-temperature (P-T) profile, with a cloud deck forming
around P ∼ 10 bar, where the temperature becomes high enough
for clouds to be optically thick and impact the observed spec-
trum. The implications in terms of variability will have to be ex-
plored with 3D simulations. Stellar irradiation is not accounted

for in these models, as seen in the almost isothermal top of the
atmosphere. However, for β Pic b, a planet relatively close to its
star (9.93 ± 0.03 au), irradiation is likely to have an impact. Us-
ing predictions for β Pic A (see Table 1 and Zwintz et al. 2019)
for the stellar radius), we estimate the stellar irradiation received
by β Pic b to be F ∼ 108.2 W.m−2, which is about twice the
amount Jupiter receives today (∼ 50.5 W.m−2). This increased
irradiation could affect the planet’s atmospheric chemistry and,
consequently, the retrieved parameters. The coupling between
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self-consistent atmospheric models and irradiation models is an
area of atmospheric modeling that requires further exploration.
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Fig. 4. Retrieved best-fit pressure-temperature profiles when using
GRAVITY (light blue) and all datasets except CRIRES+ (dark blue)
for Exo-REM forward modeling. Shaded regions represent the 1 and 2
σ confidence interval, respectively. They are compared with the cloud
optical depths of Mg2SiO4 (dashed brown) and Fe (dashed gray) de-
fined as dτ = σc n dz with σc the effective extinction cross-section
of the cloud (in m2), n its concentration (in particles/m3) and dz the
thickness of the atmospheric layer (in m). The red curve represents the
photosphere (region from which most thermal emission originates). In
practice, we used a similar approach as Charnay et al. (2018) and con-
strained the pressure-temperature between the minimum and maximum
of the brightness temperature computed between 0.625 to 10 µm.

4.3. CO Isotopologue

Given the S/N of the GRAVITY spectrum (∼ 20) and the rela-
tively high spectral resolution, we investigated whether we could
retrieve some constraint on the isotopic ratio 12CO/13CO. With
Exo-REM, we only manage to obtain a loose upper constraint of
log(12C/13C) < 1.08. Similarly, ATMO only constrained it up to
log(12C/13C) < 1.55. Since both grids does not explore the pa-
rameter space below log(12C/13C) = 1.0, it is hard to conclude
on the exact upper bound, because we could just be seeing the
end tail of a much larger posterior distribution. We used a simi-
lar strategy as Zhang et al. (2021) to assess the detection and its
statistical significance. The statistical significance is directly ob-
tain by comparing the Bayesian evidences, computing the Bayes
factor,

ln Bm = lnZ (model with 13CO) − lnZ (model without 13CO),

for two runs using respectively the model with and without
13CO. The model without 13CO is the same model as the one ex-
ploring the 13CO abundance, but with a fixed log(12C/13C)=100.
Focusing on Exo-REM, we obtained ln(Bm) = 29.3± 0.2; mean-
ing that the observation favor a full model with 13CO at a signif-
icance level 7.9σ. To support this value, we computed the CCF

between the observational residuals (i.e., data minus model with-
out 13CO) and a 13CO model template (i.e., model with 13CO mi-
nus model without 13CO). This CCF, performed around the 13CO
band heads (2.34–2.4 µm) compared with the re-normalized
auto-correlation, is shown on Fig. 5. We see a tentative peak
at 0 km.s−1 (S/N = 4.54) which could indicate a 13CO detec-
tion. However, the presence of strong residuals of the order of
the variation induced by the 13CO makes this statement very du-
bious. Indeed, analyzing each GRAVITY observation separately
revealed that the first night (2019/11/09) had significantly more
telluric residuals. Inverting the data for each of the four nights
individually provided only upper limits for the first night, while
no constraints (i.e., a flat posterior) were obtained for the other
three nights. We further investigate these detection limits and
their significance using synthetic spectra in Appendix A.
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Fig. 5. Cross-correlation function (CCF) between the observational
residuals (i.e., data minus model without 13CO) and the 13CO model
template (i.e., model with 13CO minus model without 13CO) for the two
highest resolution data sets (GRAVITY and SINFONI). The sum of all
CCFs is shown in blue, while the CCFs for GRAVITY and SINFONI
are shown in red and orange, respectively. The auto-correlation function
(dashed-black) has been re-normalized to the peak of the CCF. The CCF
has been computed between 2.33–2.40 µm with a skipedge of 50 bins to
properly cover the two 13CO band heads. The S/N corresponds to that
of the central peak and was computed using equation (1) of Houllé et al.
(2021) for each individual CCF, then propagated.

4.4. Radial velocity

Radial velocities presented in Table 4 have been corrected from
the Earth barycentric velocity. We note that Exo-REM’s and
ATMO’s predictions are significantly shifted compared to those
of BT-Settl and Sonora for the 2019/11/09 and 2022/01/24
epochs. Coincidentally, Exo-REM and ATMO are the only two
grids with spectral sampling lower than GRAVITY beyond
∼2.3 µm, which may partially explain these discrepancies. Ac-
counting for the systemic velocity of the host star (vsys = 20 ±
0.7 km.s−1, Gontcharov 2006) and propagating its error bars, we
show on Fig. 7 the retrieved velocities for the BT-Settl model
together with the orbital predictions from the astrometric mea-
surements 6 (Wang et al. 2021). They are relatively consistent
with the predictions except the 2019/11/09 epoch.

6 https://github.com/semaphoreP/whereistheplanet
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5. Combining low and medium spectral resolution

This section focuses on the joint datasets described in Table 2,
excluding the CRIRES+ data. Given the multimodality of the
datasets, two main approaches are followed for the inversion,
described below.

– Free: we assume here that none of the datasets are perfectly
calibrated in flux. ForMoSA applies a dilution factor ck to
scale the model to the data flux, which is calculated analyti-
cally (Cushing et al. 2008):

ck =

∑
d × m/σ2∑

m2/σ2 , (4)

where m is the model, d the data, and σ their associated un-
certainties.

– Physically informed: In contrast to the approach above, we
introduce constraints on the planet’s radius, R, and use a new
scaling parameter, αi, for each dataset, i. This parameter is a
multiplicative factor defined as

ck,i = αi (R/D)2. (5)

We imposed a broad Gaussian prior on the radius (R =
1.4 ± 0.1 RJup) extended from Chilcote et al. (2017), and use
informed priors on parameters sensitive to flux calibration,
such as log(g) = 4.18 ± 0.13 dex from Lacour et al. (2021)’s
dynamical mass measurements. To account for degeneracies,
we further constrained αi with a Gaussian prior (αi = 1 ± 1),
assuming the data are reasonably well-calibrated and allow-
ing only small variations around 1.

We report in Tables B.1, B.2, and B.3 the main characteristics
of the posterior distributions when datasets are added iteratively.
The main free parameters for each model are shown in Fig. 6.
Both the Exo-REM and Sonora models remain statistically pre-
ferred over ATMO and BT-Settl, as supported by the Bayesian
evidences and reduced χ2 (Table 6). We note that only the Exo-
REM grid did not go off the edge of the grids when we added all
the data, which, in our view, makes it the most robust in terms of
derived physical parameters.

The best fits for each model are shown in Fig. B.2. The over-
all pseudo-continuum shape is reproduced by all models but the
residuals reveal noticeable differences. We interpret this as a con-
sequence of the preponderance of some datasets containing the
largest number of datapoints or with the largest S/N (e.g., GRAV-
ITY and SINFONI) in the likelihood computation. As a conse-
quence, datasets at lower resolutions exhibit stronger residuals,
but which remain within the 1σ envelope.

Compared to the previous inversion on the GRAVITY
datasets and considering mainly the Exo-REM and Sonora so-
lutions, we note the following points.

– Since the effective temperature is strongly influenced by
the shape of the continuum, the inclusion of low-resolution
data with broad spectral coverage from GPI and photome-
try significantly impacts its value. There is a significant de-
crease by typically ∼ 100 K for Exo-REM that shifts from
1607.45+4.85

−6.20 K to 1503.38+2.30
−2.31 K when all datasets are con-

sidered. For Sonora, Teff decreases but remains compatible
within 2σ.

– For the surface gravity, the posteriors remain fairly cen-
tered around log(g) = 4.00 ± 0.01 dex with Exo-REM. With
Sonora, it remains fairly constant around 4.60 ± 0.02 dex,
illustrating the model-to-model systematics on the determi-
nation of that parameter.

Table 6. Comparison of the Bayesian evidence (lnZ) and reduced chi-
square (χ2

red) associated with each fits presented in this section ("free"
approach).

Model Exo-REM ATMO BT-Settl Sonora

lnZ (GRAVITY) −2968.7 −3198.8 −2981.5 −2905.9

lnZ (...+GPI,phot) −3078.9 −3348.9 −3419.2 −3027.8

lnZ (...+SPHERE) −3089.9 −3363.3 −3437.3 −3040.4

lnZ (...+MATISSE) −3639.3 −4592.7 −5163.8 −3564.7

lnZ (...+MIRI) −3645.3 −4597.8 −5171.4 −3570.5

lnZ (...+SINFONI) −5039.7 −6187.0 −6532.6 −4650.0

χ2
red (GRAVITY) 0.905 0.975 0.911 0.886

χ2
red (...+GPI,phot) 0.915 0.987 1.013 0.898

χ2
red (...+SPHERE) 0.913 0.985 1.012 0.896

χ2
red (...+MATISSE) 1.038 1.303 1.471 1.013

χ2
red (...+MIRI) 1.035 1.300 1.467 1.011

χ2
red (...+SINFONI) 1.186 1.450 1.534 1.090

Notes. For Exo-REM, the values are those of the complete model (i.e.,
with the exploration of 12CO/13CO).

– The radius was fitted separately using the "physically in-
formed" runs using a relatively strong prior of 1.4 ± 0.1 RJup.
Results are stored in the first column of Table B.3. Exo-
REM and Sonora end up finding more consistent radii of
1.43±0.07 RJup and 1.37±0.08 RJup, respectively. The scaling
parameters, αi, for the four models can be found in Fig. 9.

– The metallicity remains super-solar when more datasets are
added. For Exo-REM, we observe a shift with the inclu-
sion of MATISSE data, where the metallicity decreases from
0.82 ± 0.03 to 0.52 ± 0.02. Sonora shows no changes com-
pared to the GRAVITY-only inversion, with [M/H] > 0.49 at
the grid border, suggesting very high metallicity.

– the carbon-oxygen ratio briefly converges to a super-solar
value (> 0.646) when only the photometry, and the GPI and
SPHERE data are considered in the fit for Exo-REM. How-
ever, with the addition of MATISSE, it returns to a near-solar
value of 0.554 ± 0.003, which remains consistent with the
value determined using the SINFONI data alone.

– Figure 4 shows the evolution of the retrieved Exo-REM
pressure-temperature profile when we iteratively add obser-
vations. We see that adding datasets has a noticeable effect
on the profile, constraining the 1σ contour significantly. The
overall shape of the pressure-temperature profile is main-
tained. The two dominant cloud species (Fe and Mg2SiO4)
are overlaid as a function of pressure when using all datasets.
They form in the photospheric region of the atmosphere.

– For the detection of the CO isotopologue, when adding
the SINFONI datasets to the GRAVITY one, we note that
the Exo-REM models constrain a sub-solar log(12C/13C) =
1.12+0.11

−0.08, although a significant part of the tail of the dis-
tribution remains at the grid edge, as seen in Fig. B.3. The
Bayes factor between the model with and without 13CO is
ln Bm = (−5039.7)−(5107.9) = 68.2 indicates that the model
model with 13CO is preferred at 11.9σ. To support this, we
also computed the CCF between the two residuals as done
previously. The results are shown in Fig. 5 with the CCFs
obtained using GRAVITY-alone, SINFONI-alone, and their
combination. As in Sec. 4.3, we observe that the GRAVITY
signal is heavily affected by residual telluric absorption. The
SINFONI spectrum is less affected by this issue and the 13CO
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signal appears more pronounced. This weak and systematics-
prone constraint does not support a robust 13CO detection at
this stage.

– Finally, similarly to what is described in Sect. 4.4, the ra-
dial velocities were fitted separately for the four GRAVITY
epochs and SINFONI. Results are stored in Table B.3 in Ap-
pendix B. For GRAVITY, all models yield similar radial ve-
locities, regardless of the added datasets, with values rang-
ing between 5 km.s−1 and 15 km.s−1; this is in good agree-
ment with predictions from the most recent orbital elements
(Wang et al. 2021 and Fig. 7).

6. Adding CRIRES+ spectra

6.1. Modeling approach

This section presents the results obtained when adding the two
CRIRES+ datasets. These data differ from the rest, as they con-
tain both the companion signal and the host star light. This re-
quired us to implement a dedicated analysis scheme within our
framework, following the approach described in Landman et al.
(2024) for high resolution, while still incorporating the low- and
medium-resolution observations.

6.2. Results

For the combined inversion on the CRIRES+ data, we used
the likelihood mapping from Ruffio et al. (2019) on the A and
B nods, with the two nights processed separately to avoid re-
interpolation. Each order was also fitted separately to avoid
border issues when computing the continuum. We constrained
the exploration of the radial velocity using the priors from
Landman et al. (2024), with rv ∈ [20 km.s−1, 40 km.s−1]. For the
M-band data, we avoided the B nod of the OB2 (second night) as
well as the third order in all frames. All contribution where fitted
in parallel for the K-band data while we only use the residual
flux of the M-band data. We use the BT-Settl model since it is
the only one capable of reaching both K- and M-band resolution
requirement of Rλ ∼100,000 as shown on Fig. 1.

Posteriors are provided in Table 7, and the corresponding
best fit is shown in Fig. 8. In the first lower panel of Fig. 8,
we observe that BT-Settl struggles to reproduce the the GPI YJ
bands, a behavior noted earlier in Sect. 5 when fitting for the α
parameter. The model also shows deeper 12CO absorption lines,
seen in both the GRAVITY and SINFONI data which is probably
correlated to the high C/O retrieved. The last two lower panels
display one of the spectral orders alongside the fitted model for
the two CRIRES+ observations. The thermal contribution in the
M band is particularly pronounced, with the fitted planetary sig-
nal appearing almost flat, while in the K band, we retrieve some
broad planetary features.

We do not observe any major changes when comparing
the atmospheric parameters obtained using the "physically in-
formed" approach from Sect. 5 with those retrieved here, even
after adding the CRIRES+ data. This suggests that CRIRES+
does not provide any strong additional information on the at-
mospheric parameters. As expected, the absence of the planet’s
continuum in the CRIRES+ datasets makes it difficult to con-
strain Teff and log(g), and the values retrieved align with those
predicted using only low- and medium-resolution datasets. How-
ever, changes in the posterior distributions of the C/O is more
complex, as both the K band (2.34–2.38 µm) and M band (4.25–
5.22 µm) feature strong CO absorption lines, which should influ-
ence the retrieved C/O. This is evident in the significantly lower

C/O values obtained when inverting each CRIRES+ dataset in-
dividually, C/O = 0.35+0.06

−0.05 for the K band and C/O = 0.46+0.20
−0.12

for the M band (using priors of G(1700 K, 100 K) for Teff and
G(4.18 dex, 0.13 dex) for log(g)). In this simple framework we
are fitting all possible orders which makes it likely that a sig-
nificant amount of noise is introduced into the CCF signal used
to compute the likelihood functions. This may reduce the promi-
nence of the CO signal compared to that found in the GRAVITY,
SINFONI, and MATISSE datasets. In particular in the M band,
the large error-bars associated to the thermal noise render the
likelihood function almost flat.

The retrieved radial velocities for each CRIRES+ epoch
agreed relatively well with orbital predictions although we do
observe a significant spread around the expected value for the
two epochs in the K band. Figure 7 compiles all the retrieved ra-
dial velocities for each epochs using BT-Settl. For the rotational
velocity, we use the broadening function FastRotBroad from
PyAstronomy7 jointly on the K- and M-band CRIRES+ epochs.
We obtained a value of v sin i = 27.20+1.29

−1.16 km.s−1, consistent
at 1σ with the values of Snellen et al. (2014a) (25 ± 3 km.s−1)
and Kiefer et al. (2024) (25+5

−6 km.s−1) and at 2σ with the values
of Landman et al. (2024) (19.9 ± 1.0 km.s−1) and Parker et al.
(2024) (22 ± 2 km.s−1). One possible explanation for the dis-
crepancy between the value retrieved here and those reported
by Landman et al. (2024) and Parker et al. (2024) is that the for-
ward model grids used in this study do not have a well-defined
spectral resolution. Additional sources of uncertainty arise from
the fact that, for computational efficiency, the grid is resampled
and truncated in wavelength before the inversion. This inevitably
affects both the retrieved radial and rotational velocities. Con-
sequently, both the retrieved v sin i should be interpreted as a
broadening coefficient that accounts for these uncertainties and
for the planet’s true rotational velocity.

Table 7. Grid and extra-grids priors and posteriors for the inversion
including CRIRES+ (Sect. 6).

Parameter BT-Settl priors BT-Settl posteriors

Teff (K) U(1400, 2000) 1710.49+2.73
−2.67

log(g) (dex) U(3.5, 5.0) < 3.50

C/O U(0.2754, 1.096) 0.701 ± 0.005

rvGRAVITY (2019/11/09) (km.s−1) U(−50, 50) 42.18+1.91
−2.16

rvGRAVITY (2019/11/11) (km.s−1) U(−50, 50) 28.15+3.03
−3.07

rvGRAVITY (2021/08/27) (km.s−1) U(−50, 50) 26.59+4.10
−4.06

rvGRAVITY (2022/01/24) (km.s−1) U(−50, 50) 35.75+1.98
−1.95

rvSINFONI (km.s−1) U(−50, 50) 13.71+0.77
−0.80

rvCRIRES+-K (2021/11/11) (km.s−1) U(20, 40) 32.59+0.73
−0.79

rvCRIRES+-K (2021/11/13) (km.s−1) U(20, 40) 27.85+0.46
−0.44

rvCRIRES+-M (2022/04/05) (km.s−1) U(20, 40) 31.53+2.63
−3.06

rvCRIRES+-M (2022/04/11) (km.s−1) U(20, 40) 34.19+3.78
−6.20

v sin iCRIRES+ (km.s−1) U(1, 100) 27.20+1.29
−1.16

7. Discussion

7.1. The multimodal analysis: Advantages and limitations

Using multiple datasets in a single and comprehensive frame-
work is both powerful, but also poses several challenges when
7 https://pyastronomy.readthedocs.io/en/latest/
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wanting to infer on the physical properties of an exoplanet. Pho-
tometry and low-resolution spectra primarily constrain Teff and
log(g), while high-resolution data lack the information on the
emission continuum but capture the molecular features which are
set by molecular abundances in the gas phase. When relying on
a limited set of observations, the resulting posteriors can be de-
generate. Combining multiple datasets within a joint likelihood
framework can help break these degeneracies. This is illustrated
in Fig. B.4, where the bimodal solution obtained with Exo-REM
(without 13CO) disappears once the MATISSE observation is in-
cluded.

Known sources of error from each observation are properly
propagated into the final posteriors; either through observational

error bars or, when available, covariance matrices. Nevertheless,
unaccounted noise and/or bias may still remain. This is clearly
illustrated by the nonphysical "uncertainties" retrieved on the at-
mospheric parameters in all our inversions. These uncertainties
result from the propagation of observational errors (or covari-
ances) but do not account for model systematics (Petrus et al.
2024). This issue is particularly evident in Figure 6, where the
retrieved uncertainties are significantly smaller than the differ-
ences between models; even between the two best-fitting ones,
Exo-REM and Sonora.

Several studies (Czekala et al. 2015; Kawahara et al. 2022;
de Regt et al. 2024, 2025; Rotman et al. 2025) have demon-
strated the strength of Gaussian processes (GPs) in modeling
unaccounted noise and spectral correlations, and in propagat-
ing them into the final posteriors, in the context of atmospheric
modeling of exoplanets and brown dwarfs. Thus, we argue that
adapting these developments into our forward modeling frame-
work is the next logical step in ForMoSA if we want to increase
the robustness of our physical interpretations.

Except for BT-Settl, we find no major differences between
the posteriors retrieved with the "free" and "physically informed"
inversions (Tables B.1 and B.2, Appendix B). Yet, a closer look
at the retrieved scaling parameters (αi) reveals significant inter-
dataset discrepancies; up to 40% in some cases (Fig.9). BT-Settl
shows the smallest scaling adjustments (< 10%), yet still fails to
reproduce the spectral shape (see residuals in Fig.8). Exo-REM
also applies limited inter-dataset scaling, but with a higher aver-
age scaling factor (ᾱ ≈ 1.7), suggesting that this model systemat-
ically underestimates the absolute flux at a given radius. Overall,
the interpretation of the scaling parameters is non-trivial, as they
reflect a combination of both model deficiencies and data-related
systematics.
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Fitting for separate velocity shifts and broadenings for
different instruments or observations is a powerful way to
avoid biasing the estimated atmospheric parameters. This
approach helps account for potential biases within and between
instruments and models, preventing their propagation into
the retrieved parameters. This is particularly important for pa-
rameters sensitive to line profiles such as log(g), C/O and [M/H].

Finally, we would like to underline that, in its current form,
the MOSAIC framework is constructed under the assumption of
independent datasets/likelihood (see Sect. 3.2 Fig. 2). Tempo-
ral independence is generally valid when combining data from
different instruments, as they do not share the same instrumen-
tal systematics. Furthermore, it is standard practice to assume
that photon noise is uncorrelated across time. However, when
multiple datasets originate from the same instrument at differ-
ent epochs, correlated systematics can be present across spec-
tra, which may violate the assumption of independence. In the
present study, this applies to GRAVITY and the two CRIRES+

observations. For GRAVITY, we argue that the poor wavelength
calibration (see Fig. 7) and the limited number of epochs (only
four) may hinder our ability to accurately estimate and propagate
these correlations. A more in-depth data-merging analysis would
be required, but this is beyond the scope of the present work.

7.2. Exploring the atmospheric properties of β Pictoris b

Across our study, Exo-REM proved to be the most suitable
grid for modeling β Pic b’s data. Using only GRAVITY in
Sect. 4, the two preferred models, Exo-REM and Sonora, pre-
dict similar values for Teff (1607.45+4.85

−6.20 and 1625.67+11.48
−11.21K) and

log(g) (4.46+0.02
−0.04 and 4.56+0.06

−0.07 dex). These results are consistent
with previous atmospheric and evolutionary model predictions
(see Table B.4). However, Exo-REM estimates a radius that is
about 10% larger than Sonora’s: 1.73 ± 0.01 RJup compared to
1.56 ± 0.01 RJup. By combining these radii and surface gravi-
ties, it is possible to estimate the planet’s mass. Exo-REM pro-
vides a mass estimate of 34.82 ± 0.40 MJup, while Sonora gives
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35.65±0.92 MJup; both of which are significantly higher than the
more robust dynamical measurements from Lacour et al. (2021)
of 11.9+2.93

−3.04 MJup. This tendency of forward models to under or
overestimate both radius and surface gravity has been observed
in other recent works (Palma-Bifani et al. 2023) and could stem
from incorrect predictions of the emergent flux by the models
after rescaling.

The retrieved metallicity using only GRAVITY is super-
solar for both Exo-REM (0.82 ± 0.02) and Sonora (> 0.49).
A high metallicity, combined with thick cloud coverage as in-
dicated by the very low sedimentation efficiency in Sonora
(fsed ∼ 1) and previous photometric surveys (Currie et al. 2013;
Bonnefoy et al. 2013; Morzinski et al. 2015; Chilcote et al.
2017; GRAVITY Collaboration et al. 2020; Stolker et al. 2020),
is a surprising result, considering that clouds typically sequester
a significant amount of metallic species (e.g., Mg, Si, Fe, O),
which tends to lower the observed metallicity. In the case of
Exo-REM, the metallicity is mainly driven by H2O absorption
features while Mg, Si and Fe condense. The likely explanation
for this issue (clouds + high metallicity) is likely to come from
an incorrect or imperfect reproduction of the continuum by the
model. To demonstrate this, we repeated the inversion presented
in Sect. 4, this time removing the continuum from the GRAVITY
data. The results, shown in Table 8 below, show a noticeable
change in every parameter, particularly in [M/H], which shifts
from 0.82 ± 0.02 to 0.24 ± 0.12. This lower metallicity is in fact
more aligned with most planet formation model predictions, as
shown on the top panel of Fig. 12. This imperfect reproduction of
the continuum may stems from and incomplete and/or imperfect
cloud and chemistry modeling (Rajan et al. 2017; Mollière et al.
2020): Firstly, it is possible that the collision-induced absorp-
tion of H2, which is the dominant absorber at the pressure lev-
els probed by the K band, is not properly modeled. Conversely,
it is possible that for some spectra in the grid, the emitted flux
passing through the cloud deck is not properly spectrally redis-
tributed which can strongly modify the shape of the K band.
In both cases, the impact on the K-band shape can be suffi-

cient enough to explain this discrepancy. Super-solar metallic-
ities were also found by GRAVITY Collaboration et al. (2020),
Worthen et al. (2024) and Houllé et al. (2025) using Exo-REM
on the combined GRAVITY and available LRS data. More re-
cently, Parker et al. (2024) detected an SiO signal in the M
band using CRIRES+, further complicating the tension between
clouds and metallicity, as SiO is expected to be readily se-
questered into clouds (see Sect. 4.2 and Fig. 4).

Table 8. Grid priors and posteriors obtain on the continuum-removed
GRAVITY spectrum using the Exo-REM model.

Exo-REM Teff log(g) [M/H] C/O

(K) (dex)

priors U(1200, 2000) U(3.5, 4.5) U(−0.5, 1.0) U(0.40, 0.65)

posteriors 1905.54+67.13
−76.07 4.26+0.13

−0.16 0.24 ± 0.12 0.63+0.01
−0.02

Conversely, Sect. 5 and 6 revealed a significantly more com-
plex picture of β Pic b’s atmosphere using a self-consistent and
multi-wavelength modeling of its spectra. As previously dis-
cussed, all atmospheric parameters are extremely sensitive to the
considered data, but two main regimes seem to emerge for both
Teff and log(g): a "low-Teff / high-log(g)" regime (Teff ∈ 1500–
1600 K / log(g) ∈ 4.0–5.0 dex) as predicted by Exo-REM and
Sonora, and a "high-Teff / low-log(g)" regime (Teff > 1800 K /
log(g) < 3.5 dex) as predicted by ATMO and BT-Settl. This trend
is reflected in the Bayesian evidences (see Table 6), the scal-
ing parameters αi (see Fig. 9) and the residuals (see Figs. B.2
and 8), indicating that ATMO and BT-Settl generally struggle
more to reproduce the combined dataset shape. In the "phys-
ically informed" setup, Exo-REM retrieved the following val-
ues: Teff = 1502.74+2.32

−2.14 K, log(g) = 4.00 ± 0.01 dex, [M/H] =
0.50 ± 0.01 and C/O = 0.552+0.003

−0.002. Exo-REM also remains the
only model capable of retrieving a dynamically consistent mass
of M = 8.25 ± 0.81 MJup. This radius-log(g) pair is in rela-
tively good agreement with hot-start predictions from evolution-
ary tracks, which estimate the formation age of β Pic b to be
∼9.6 Myr, as shown on Fig. 10. However, this simple compar-
ison suggests a much later formation for the planet, given that
its host star formed 23 ± 3 Myr ago (Mamajek & Bell 2014)
which does not align with the typical protoplanetary disk dis-
persal timescales (2–3 Myr, Mamajek 2009) if we believe β Pic
to have been formed by core accretion. A more robust way to
estimate the age of β Pic b is to use our derived bolometric lumi-
nosity (log(L/L⊙) = −4.01+0.04

−0.05 dex) alongside dynamical mass
predictions (M = 11.9+2.93

−3.04 MJup, Lacour et al. 2021) to explore
the parameter space provided by evolutionary models. Using the
approach outlined in Zhang (2024) combined with the models
from Spiegel & Burrows (2012), we obtained a bimodal poste-
rior distribution for the age, with one peak near 13 Myr and
a secondary peak around 84 Myr (see Fig. 11). While the first
solution is physically plausible, it is important to acknowledge
that both the initial entropy and age remain poorly constrained.
This behavior, also noted in Zhang (2024), mainly stems from
the large dynamical mass uncertainties. Detailed orbital moni-
toring is necessary if we want to push for independent planet age
estimations. A more complete discussion on formation scenarios
can be found in the next section.
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7.3. Interpreting formation tracers

Exo-REM and Sonora both predicts super-solar metallicities re-
gardless of the dataset added, apart when using GRAVITY data
alone with Sonora (Sect. 5). The challenges mentioned above
regarding the reproduction of the continuum still holds here.
We can add that, for the Y to K bands, the treatment of colli-

sionally broadened K I doublet is also essential. In particular,
Phillips et al. (2020) showed that a simple broadening model
has a strong impact on the Y-, J-, H- (SPHERE, GPI), and K-
band (GRAVITY) shapes. The unprecedented wavelength cov-
erage (0.9–7 µm) provided by all these observations also enable
us to retrieve robust measurements of the bolometric luminosity
(log(L/L⊙) = −4.01+0.04

−0.05 dex, Exo-REM), which could be used
to constrain the maximum metallic content of the atmosphere
using simple interior models. We used the methodology pre-
sented in Marleau & Cumming (2014); Marleau et al. (2019) to
compare cooling models constraints on planet’s mass and post-
formation entropy with the results of population synthesis from
Emsenhuber et al. (2021a,b). Assuming the metallic core is com-
pletely diluted (i.e., metallic content = atmospheric metallicity),
we get an optimistic upper limit on [M/H] of 0.05. This means
that the super-solar metallicity we retrieve (0.50 ± 0.01) is hard
to reach with this setup. Interaction with the disk, as discussed
in the next section (top panel of Fig. 12) might help reaching a
super-solar value.

We obtain a solar value for the C/O using Exo-REM, which
remains robust with the addition of datasets, yielding a final
value of C/O = 0.552+0.003

−0.002. The solar value retrieve by Exo-REM
is in tension with GRAVITY Collaboration et al. (2020) (0.43 ±
0.05), Landman et al. (2024) (0.48 ± 0.03) and Worthen et al.
(2024) (0.36+0.13

−0.05) but in good agreement with more recent stud-
ies from Kiefer et al. (2024) (0.551 ± 0.002) and Houllé et al.
(2025) (0.524 ± 0.004). All of these values (except those from
Landman et al. 2024) were also obtained using Exo-REM, ruling
out the simpler cloud prescription in the retrieval as a possible
explanation for the observed discrepancies. Kiefer et al. (2024)
report C/O values similar to ours and their conclusions on the
formation history of β Pic b therefore still hold based on sim-
ple assumptions on the disk composition. We propose here the
additional use of planet population models, assuming the pebble
accretion scenario and encompassing the core+envelope forma-
tion of the planets as well as drift and evaporations from peb-
bles (Schneider & Bitsch 2021a,b) to further interpret our re-
sults. Figure 12 compares planets formed with this model that
fall within the same mass and semi-major axis range as β Pic b
with the different Exo-REM predictions presented in this work.
While this model could potentially explain the higher metallic-
ity we observe (top panel), the situation is reversed for the C/O
ratio. Both the full model (evaporating pebbles) and the reduced
model (plain) predict C/O values greater than 1. We can notice
as well that our C/O and M/H estimates might be biased because
atmospheric models rarely explore values beyond this threshold.
This is shown by the blue and red vertical lines in the bottom
panel, representing the upper limits of Exo-REM and BT-Settl
respectively.

8. Conclusion

In this work, we present the first high-resolution spectro-
interferometric observation of β Pic b using VLTI/GRAVITY
at Rλ ∼ 4,000. This new dataset brings insights onto the at-
mosphere of this object. First, the continuum in the K band
is primarily shaped by H2O absorption, allowing us to place
strong constraints on the effective temperature and surface grav-
ity of the object. Although statistical metrics rank Sonora as
the best overall grid, half of its intrinsic parameters reach the
grid’s edges. Therefore, we adopted the second-best statisti-
cally preferred grid, Exo-REM, as our best-fit model. It yields
Teff = 1607.45+4.85

−6.20 K and log(g)= 4.46+0.02
−0.04. Collision-induced

absorption of H2 which is sensitive to atmospheric pressure,
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Fig. 12. Top panel: Exo-REM [M/H] predictions (dashed black lines)
based on three inversions: GRAVITY with continuum (0.82 ± 0.02),
GRAVITY without continuum (0.24 ± 0.12), and all datasets com-
bined (0.50 ± 0.01). Colored regions show simulated population pre-
dictions from Schneider & Bitsch (2021a) center around the predicted
mass (5 MJup ≤ M ≤ 15 MJup) and semi-major axis (5 au ≤ a ≤ 15 au)
for β Pic b: in yellow are planets form if the disk is plain (i.e., no evap-
oration and condensation), while in blue are planets form when the full
model is included. Bottom panel: Similar to the top panel, but for C/O
predictions. All Exo-REM predictions cluster near C/O ∼ 0.55, so only
one dashed line is shown. Dashed blue and red lines mark the maximum
C/O values explored by Exo-REM and BT-Settl, respectively.

also introduce metallicity-related information into this contin-
uum. However, discrepancies between the retrieved metallici-
ties from this spectrum and its continuum-subtracted counter-
part suggest an issue in the modeling; either due to inaccuracies
in the collision-induced absorption, deviant spectra in the grids,
or other systematics that prevents us from placing robust con-
straints on [M/H].

We found a near-solar C/O value of 0.55± 0.01, but we were
only able to place a loose upper limit on log(12C/13C), likely due
to the combined effects of telluric residuals, wavelength calibra-
tion issues, and/or limitations in grid sampling, as the 13C molec-
ular features are very narrow. We also investigated the combina-
tion of previously obtained spectro-photometric observations us-
ing our newly developed framework, MOSAIC. This framework
allowed us to simultaneously invert multiple observations and
explore their impact on the retrieved parameters when adding
them iteratively. We found that all atmospheric parameters are
significantly influenced by the dataset used, and that the mod-
els typically separate into two categories: "low-Teff / high-log(g)"
(Teff ∈ 1500–1600 K / log(g) ∈ 4.0–5.0 dex) as predicted by Exo-
REM and Sonora, and a "high-Teff / low-log(g)" (Teff > 1800 K
/ log(g) < 3.5 dex) as predicted by ATMO and BT-Settl. The
first category appears to be statistically favored and more aligned
with previous studies on the target.

Adding high-resolution spectroscopy from CRIRES+ in this
framework proved to be challenging (forward models resolution,
inversion time, etc.). The shorter coverage of both the K- and M-
band observations, as well as their noise, limits their impact on
the final fitted parameters. Finally, for the future, new data from
the improved GRAVITY+ instrument could better mitigate tel-
luric contamination in the K band and enhance the retrieval of
the 13CO signal. Meanwhile, β Pic b will be a compelling target
for short-term monitoring with JWST, allowing us to explore po-
tential variability and gain new insights into its cloud coverage
and properties. Additionally, the advanced capabilities of the up-
coming Extremely Large Telescope (ELT) by ∼2030 will enable
more detailed analyses, including the use of Doppler imaging to
map temperature and chemical inhomogeneities and clouds.
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Appendix A: Simulation of 13CO detection

This section summarizes the tests we performed using synthetic
spectra to constrained both the value and detection limits of the
isotopologue 13CO using GRAVITY. We generated two classes
synthetic spectra using the Exo-REM grid with similar param-
eters as the ones predicted for β Pic b (namely Chilcote et al.
(2017)) both with and without 13CO and at the resolution, bin-
ning and wavelength coverage of GRAVITY. We then created
our data samples divided by signal-to-noise: low (S/N ∼ 10),
medium (S/N ∼ 20, similar to the GRAVITY data) and high
(S/N ∼ 30). This noise was effectively applied to the data d using
this formula,

dnoisy = d +G
(
0,

d
S/N

)
, (A.1)

where d is the original synthetic spectrum, G (0, σ) a Gaus-
sian distribution centered on 0 with a standard deviation of σ and
dnoisy final noised spectrum. This effectively scale the error bars
with flux to obtain an overall constant S/N across the K band.

We then perform the CCF analysis presented in Sect. 4.3
on our different synthetic spectra. Results are plotted on the
top panel of Fig. A.1 showing the CCFs obtained using syn-
thetic spectra with 13CO. We see that a synthetic spectrum with
S/N ∼ 20 and containing 13CO is almost sufficient to retrieve a
signal (S/N CCF = 2.48) with relatively clear wings.

Obviously, this is an idealized case where the synthetic ob-
servation is only affected by Gaussian (photon) noise. To better
mimic the effect of the atmospheric residuals seen on the GRAV-
ITY spectrum, we modulated the synthetic flux with an observed
transmission spectrum (T) taken from ESO/SkyCalc. This mod-
ulation was applied using the following formula,

dnoisy+atm = dnoisy +G (0, (1 − T) ∗ k)

= d +G
(
0,

d
S/N

)
+G (0, (1 − T) ∗ k), (A.2)

where k is a scaling parameter, set to k = 2× 10−15 hereafter.
The retrieved CCFs are shown on the bottom panel of Fig. A.1.
We observe that the detection signals are strongly affected and
no detection is visible.

Obtaining a detection signal using the GRAVITY spectrum
(S/N ∼ 20 and telluric residuals) is very unlikely in this setup.
We thus argue that the faint signals we obtain in Sect. 4.3 and
5 are probably due to residual telluric lines polluting the 13CO
absorptions.

Appendix B: Figures and tables
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Fig. A.1. Cross-correlation functions between synthetic spectra with
added Gaussian noise and containing 13CO generated using Exo-REM
and their associated model spectrum. Gaussian noise at different lev-
els (S/N = 10, 20, and 30) was applied to each synthetic spectrum.
Top: CCFs without atmospheric noise. Bottom: CCFs with atmospheric
noise. The signal is clearly detected for the spectrum with S/N = 30
without atmospheric noise, with a detection significance of S/NCCF =
3.85.
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Fig. B.2. Results of the forward modeling of β Pic b using the most recent spectro/photometric observations of the planet (except CRIRES+). From
top to bottom: Exo-REM, ATMO, BT-Settl and Sonora. Top sub-panels: spectra (points) and photometry (squares) of β Pic b alongside a Rλ ∼
4,000 spectrum extracted using the best fit parameters for the inversion on all datasets. Observations have been re-normalized using the analytic
scaling factors computed during the inversion. Bottom sub-panel: residuals for each fit. Dotted lines represents the ±σ (68%) confidence interval.
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Table B.1. Grid priors and posteriors for the "free" approach.

Parameter Teff log(g) [M/H] C/O γ fsed log(12C/13C)

(K) (dex)

Exo-REM priors U(1200, 2000) U(3.5, 4.5) U(−0.5, 1) U(0.4, 0.65) U(1.0, 2.6)

Exo-REM posteriors

GRAVITY B(1553.23, 1601.08) B(4.19, 4.42) B(0.66, 0.81) 0.55 ± 0.01 < 1.07

... + GPI, phot 1486.75+9.85
−12.71 3.82+0.05

−0.06 0.82 ± 0.03 B(0.55, 0.65) < 1.08

... + SPHERE 1487.85+9.16
−11.75 3.82+0.05

−0.06 0.82+0.04
−0.05 > 0.648 < 1.08

... +MATISSE 1503.21 ± 2.55 4.01+0.02
−0.01 0.52 ± 0.02 0.554 ± 0.003 < 1.04

... +MIRI 1503.14+2.58
−2.48 4.01+0.02

−0.01 0.52 ± 0.02 0.554 ± 0.003 < 1.04

... + SINFONI 1503.38+2.30
−2.31 4.00 ± 0.01 0.51+0.02

−0.01 0.552+0.003
−0.002 1.12+0.11

−0.08

ATMO priors U(1400, 1900) U(3.5, 4.5) U(−0.6, 0.6) U(1.01, 1.05)

ATMO posteriors

GRAVITY > 1897.74 3.63 ± 0.05 < −0.596 1.0198 ± 0.0002

... + GPI, phot 1841.16+8.46
−7.99 < 3.53 < −0.596 1.0194 ± 0.0002

... + SPHERE 1838.17+8.02
−7.84 < 3.53 < −0.596 1.0194 ± 0.0002

... +MATISSE 1893.89+3.64
−5.52 < 3.505 −0.599 ± 0.001 1.0147 ± 0.0001

... +MIRI > 1894.05 < 3.503 < −0.599 1.0147 ± 0.0001

... + SINFONI > 1897.74 < 3.504 < −0.599 1.0150 ± 0.0001

BT-Settl priors U(1400, 2000) U(3.5, 5.0) U(0.2754, 1.096)

BT-Settl posteriors

GRAVITY 1668.48+5.49
−5.87 3.60 ± 0.04 0.65 ± 0.02

...+GPI, phot 1748.93+3.87
−3.86 3.67+0.03

−0.02 0.59 ± 0.01

...+SPHERE 1748.50+3.86
−3.88 3.68 ± 0.02 0.59 ± 0.01

...+MATISSE 1890.09+2.59
−2.54 < 3.50 0.969 ± 0.001

...+MIRI 1890.21+2.46
−2.56 < 3.50 0.969 ± 0.001

...+SINFONI 1893.97+2.55
−2.53 < 3.50 0.968 ± 0.001

Sonora priors U(900, 2400) U(3.5, 5.5) U(−0.5, 0.5) U(1, 8)

Sonora posteriors

GRAVITY 1625.43+11.41
−11.48 4.56+0.06

−0.07 > 0.487 < 1.03

...+GPI, photo 1521.60+7.12
−6.41 4.25 ± 0.04 > 0.492 < 1.03

...+SPHERE 1521.38+6.85
−6.62 4.25 ± 0.04 > 0.493 < 1.03

...+MATISSE 1588.51+6.95
−7.82 4.60 ± 0.02 > 0.497 < 1.01

...+MIRI 1589.41+7.06
−7.66 4.60 ± 0.02 > 0.496 < 1.01

...+SINFONI 1593.35+5.10
−6.35 4.60 ± 0.02 > 0.497 < 1.01
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Table B.2. Grid priors and posteriors for the "physically informed" approach.

Parameter Teff log(g) [M/H] C/O γ fsed log(12C/13C) log(L/L⊙)

(K) (dex) (dex)

Exo-REM priors U(1200, 2000) G(4.18, 0.13) U(−0.5, 1) U(0.4, 0.65) U(1.0, 2.6)

Exo-REM posteriors

GRAVITY B(1554.90, 1597.54) B(4.20, 4.39) B(0.67, 0.81) 0.56 ± 0.01 < 1.07 −3.95 ± 0.05

... + GPI, phot 1514.21+4.71
−4.74 4.04 ± 0.03 0.60 ± 0.03 0.556 ± 0.005 < 1.07 −4.00+0.04

−0.05

... + SPHERE 1494.78+6.89
−7.88 B(3.86, 4.03) B(0.60, 0.85) > 0.648 < 1.08 −4.02+0.04

−0.05

... +MATISSE 1502.49+2.41
−2.38 4.01+0.02

−0.01 0.51+0.02
−0.01 0.553+0.003

−0.002 < 1.04 −4.01+0.04
−0.05

... +MIRI 1502.43+2.48
−2.34 4.01+0.02

−0.01 0.51+0.02
−0.01 0.553+0.003

−0.002 < 1.04 −4.01+0.04
−0.05

... + SINFONI 1502.74+2.32
−2.14 4.00 ± 0.01 0.50 ± 0.01 0.552+0.003

−0.002 1.12+0.11
−0.08 −4.01+0.04

−0.05

ATMO priors U(1400, 1900) G(4.18, 0.13) U(−0.6, 0.6) U(1.01, 1.05)

ATMO posteriors

GRAVITY > 1897.88 3.70 ± 0.04 < −0.596 1.0194 ± 0.0002 −3.62 ± 0.04

... + GPI, phot 1840.78+8.31
−6.99 3.55+0.04

−0.05 < −0.596 1.0194 ± 0.0002 −3.68+0.05
−0.04

... + SPHERE 1838.74+7.46
−8.62 3.54 ± 0.04 < −0.596 1.0194 ± 0.0002 −3.69+0.05

−0.04

... +MATISSE > 1893.17 < 3.50 < −0.6 1.0149 ± 0.0001 −3.65+0.05
−0.04

... +MIRI > 1893.27 < 3.50 < −0.6 1.0149 ± 0.0001 −3.66 ± 0.05

... + SINFONI > 1897.68 < 3.50 < −0.6 1.0153 ± 0.0001 −3.67+0.06
−0.05

BT-Settl priors U(1400, 2000) G(4.18, 0.13) U(0.2754, 1.096)

BT-Settl posteriors

GRAVITY 1661.71+4.23
−4.59 3.66 ± 0.03 0.62 ± 0.01 −3.84 ± 0.04

...+GPI, phot 1748.80+3.76
−3.65 3.69 ± 0.02 0.59 ± 0.01 −3.78 ± 0.05

...+SPHERE 1748.37+3.71
−3.52 3.69 ± 0.02 0.59 ± 0.01 −3.79 ± 0.05

...+MATISSE 1714.55+2.68
−2.78 < 3.50 0.71 ± 0.01 −3.82 ± 0.05

...+MIRI 1714.48+2.74
−2.67 < 3.50 0.71 ± 0.01 −3.83 ± 0.05

...+SINFONI 1714.87+2.69
−2.63 < 3.50 0.691 ± 0.005 −3.83 ± 0.05

Sonora priors U(900, 2400) G(4.18, 0.13) U(−0.5, 0.5) U(1, 8)

Sonora posteriors

GRAVITY 1613.36+10.11
−9.14 4.48+0.06

−0.05 > 0.483 < 1.03 −3.90 ± 0.04

...+GPI, phot 1521.11+6.61
−6.36 4.24 ± 0.04 > 0.492 < 1.03 −4.00 ± 0.04

...+SPHERE 1520.36+6.33
−6.06 4.24 ± 0.04 > 0.493 < 1.03 −4.01 ± 0.04

...+MATISSE 1584.92+7.68
−7.46 4.58 ± 0.02 > 0.497 < 1.01 −3.94 ± 0.05

...+MIRI 1585.09+7.53
−7.85 4.57 ± 0.02 > 0.497 < 1.01 −3.94 ± 0.05

...+SINFONI 1590.80+5.96
−6.88 4.57 ± 0.02 > 0.496 < 1.01 −3.94 ± 0.05

Table B.3. "Best"extra-grid priors and posteriors for the combined forward modeling using the "Physically informed" approach.

Parameter R rvSINFONI rvGRAVITY rvGRAVITY rvGRAVITY rvGRAVITY

(RJup) (km.s−1) (km.s−1) (km.s−1) (km.s−1) (km.s−1)

2014/09/10 2019/11/09 2019/11/11 2021/08/27 2022/01/24

Exo-REM priors G(1.4, 0.1) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

Exo-REM posteriors 1.43 ± 0.07 17.61+0.48
−0.50 B(29.57, 48.97) 24.18 ± 1.65 24.86+2.23

−2.28 39.97+1.10
−1.05

ATMO priors G(1.4, 0.1) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

ATMO posteriors 1.32+0.09
−0.07 17.78+0.54

−0.56 B(33.55, 48.97) 22.74+2.27
−2.26 26.54+3.03

−2.90 40.17+1.44
−1.47

BT-Settl priors G(1.4, 0.1) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

BT-Settl posteriors 1.35+0.08
−0.07 13.71+0.74

−0.75 42.23+1.92
−2.00 28.11+2.88

−2.84 26.53+3.89
−3.85 35.95+1.86

−1.89

Sonora priors G(1.4, 0.1) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50) U(−50, 50)

Sonora posteriors 1.37 ± 0.08 11.11+0.82
−0.84 40.20+2.05

−2.45 26.33+3.63
−3.51 26.01+4.80

−4.68 32.08 ± 2.03

Notes. The radial velocities display here are in the reference frame of the sun (e.g., rv = rvβ Pic A + rvβ Pic b).
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Table B.4. Compilation of the best existing physical parameters estimations for β Pic b.

Reference Data Model Teff log(g) [M/H] C/O R M

(K) (dex) (RJup) (MJup)

Lagrange et al. (2009) NaCo COND ∼ 1600 9+3
−2

NaCo DUSTY ∼ 1400 8+4
−2

Quanz et al. (2010) NaCo DUSTY ∼ 1470 ∼ 4.0 ∼ 8

Bonnefoy et al. (2011) NaCo BT-Settl 1700 ± 300

NaCo COND/DUSTY 1470 − 1700 7 − 11

Currie et al. (2013) photo + NICI DUSTY 1575 − 1650 3.8 ± 0.2 1.65 ± 0.06 7+4
−3

Bonnefoy et al. (2013) photo PHOENIX 1700 ± 100 4.0 ± 0.5 1.4 ± 0.2

photo COND/DUSTY 1594+105
−77 4.0+0.17

−0.08 1.5+0.04
−0.10 9+3.4

−1.5

Males et al. (2014) photo + VisAO COND/DUSTY 1643 ± 32 3.8 ± 0.2 1.43 ± 0.02 11.9 ± 0.7

Bonnefoy et al. (2014) GPI, rv astrometry < 20

GPI PHOENIX 1650 ± 150 < 4.7 1.5 ± 0.2

Chilcote et al. (2015) GPI PHOENIX 1600 − 1700 3.5 − 4.5

Baudino et al. (2015) photo Exo-REM 1550 ± 150 3.5 ± 1 1.76 ± 0.24

Morzinski et al. (2015) photo + Clio PHOENIX 1708 ± 23 ∼ 4.2 1.45 ± 0.02 12.7 ± 0.3

Chilcote et al. (2017) GPI, photo COND/DUSTY 1724 ± 15 4.18 ± 0.01 1.46 ± 0.01 12.9 ± 0.2

GPI, photo Drift-Phoenix ∼ 1700 ∼ 4.0 ∼ 1.41

GPI, photo AMES-Dusty ∼ 1800 ∼ 3.5 ∼ 1.17

GPI, photo BT-Settl ∼ 1800 ∼ 3.5 ∼ 1.22

Hoeijmakers et al. (2018) SINFONI BT-Settl ∼ 1700 ∼ 3.5

GRAVITY Collaboration et al.* GRAVITY Exo-REM 1700 ± 50 ∼ 3.5 ∼ −0.5 ≤ 0.30 ∼ 2.0

GRAVITY, GPI Exo-REM 1590 ± 20 ∼ 4.0 ∼ 0.5 0.43 ± 0.05 ∼ 12.4

GRAVITY pRT 1847 ± 55 3.3+0.54
−0.42 −0.53+0.28

−0.34 0.35+0.07
−0.09 1.4+3.94

−0.87

GRAVITY, GPI pRT 1742 ± 10 4.34+0.08
−0.09 0.68+0.11

−0.08 0.43+0.04
−0.03 15.43+2.91

−2.79

Lagrange et al. (2020) GRAVITY, SPHERE, rv astrometry 9.7 ± 0.7

Brandt et al. (2021) GRAVITY, rv astrometry 9.3+2.6
−2.5

Lacour et al. (2021) GRAVITY, rv astrometry 11.9+2.93
−3.04

Landman et al. (2024) CRIRES+ pRT, nominal −0.39 ± 0.16 0.41 ± 0.04

CRIRES+ pRT, free 0.49 ± 0.25 0.41 ± 0.04

CRIRES+ pRT, cloudy -0.10 ± 0.20 0.38 ± 0.05

CRIRES+ pRT, * priors 0.72 ± 0.06 0.48 ± 0.03

Worthen et al. (2024) MIRI, GRAVITY, GPI, photo Drift-Phoenix 1738+16
−21 4.03 ± 0.07 0.18 ± 0.07 1.40+0.04

−0.03

MIRI, GRAVITY, GPI, photo ATMO 1703+37
−44 3.98+0.08

−0.12 −0.12+0.20
−0.19 0.39+0.10

−0.06 1.39 ± 0.06

MIRI, GRAVITY, GPI, photo Exo-REM 1471+20
−18 3.71+0.07

−0.08 0.90+0.07
−0.13 0.36+0.13

−0.05 1.97 ± 0.05

Kiefer et al. (2024) SINFONI Exo-REM, free 1555+22
−29 3.12+0.12

−0.09 −0.325+0.065
−0.045 0.79+0.01

−0.11

SINFONI Exo-REM, log(g) prior 1746+4
−3 4.185 ± 0.010 −0.235+0.014

−0.011 0.551 ± 0.002

SINFONI Exo-REM, Teff prior 1748+3
−4 4.216+0.027

−0.031 −0.235+0.015
−0.013 0.551 ± 0.002

SINFONI Exo-REM, both priors 1745+3
−2 4.183 ± 0.010 −0.235+0.015

−0.013 0.551 ± 0.002

Houllé et al. (2025) MATISSE, GRAVITY fixed Exo-REM 1529 ± 3 3.84 ± 0.03 0.30 ± 0.03 0.539+0.003
−0.002 1.943 ± 0.008 10.5 ± 0.7

MATISSE fixed, GRAVITY Exo-REM 1529 ± 3 3.83 ± 0.04 0.30 ± 0.03 0.539 ± 0.003 2.085+0.008
−0.009 11.8 ± 0.9

Notes. "photo" refers to photometry litterature that are iteratively combined (NaCo, NICI, VisAO, Clio).
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