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ABSTRACT

Context. Constraining the link between the atmospheric composition of giant exoplanets and their formation history is a key goal of
exoplanet studies. In particular, the atmospheric carbon-to-oxygen (C/O) ratio and metallicity—which are readily measurable with
direct spectroscopic observations—are believed to be chemical tracers of the birth location of substellar and planetary companions.
Aims. We aim to collect observational constraints for planet formation theories by performing a large and systematic survey of the
atmospheric C/O ratio and metallicity.

Methods. We collected new K-band moderate-resolution (R ~ 11000) spectroscopic observations of 13 directly imaged planetary-mass
companions spanning the molecular snowlines of CO,, CO, and CH, and with masses 4-30 M; with VLT/ERIS/SPIFFIER. Additionally,
we gathered a large portion of the available archival observations for these targets, amounting to 40 spectra and 140 photometric fluxes.
We performed spectral fits using self-consistent grid models and freely parametrisable models. We obtained robust estimates of the key
atmospheric parameters by aggregating the results from the different models, thereby reducing modelling systematics.

Results. Using molecular mapping, we detected H,O and CO in 12 of our targets as well as '*CO in HR 2562 B. With our multimodel
spectral fitting strategy, we obtained stellar to superstellar C/O ratios—ranging between 0.3 and 0.8—and predominantly superstellar
metallicities—between -1 and 1 dex—across all targets. We measured a substantial enrichment of *CO for HR 2562 B with
12CO/*CO= 12.0*}3. If corroborated by independent observations, it could indicate that the companion might have formed beyond the
CO snowline and later migrated inwards to its current location. We find an anti-correlation (R = —0.64) between the C/O ratio and the
companion mass, consolidating a previous result.

Conclusions. Our work demonstrates the scientific potential of the ERIS/SPIFFIER instrument for the orbital and atmospheric

characterisation of close-in substellar and exoplanet companions.
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1. Introduction

Linking the atmospheric composition of giant exoplanets and
substellar companions with their formation history has been a key
goal of exoplanet studies for the past decade (Madhusudhan 2019;
Feinstein et al. 2025). The original idea that the birth location of
gas giants could be traced by their atmospheric composition first
came from the simple remark that molecular snowlines—which
denote the radial distance beyond which a gaseous molecule
in the protoplanetary disc freezes into ice—would significantly
influence the balance of elemental abundance ratios of volatile
disc matter in the gas or solid phase (Oberg et al. 2011).

A planet forming outside of the water snowline via core-
accretion (Pollack et al. 1996) would start slowly building a core
from the abundant H,O ice and other refractory elements— with
its growth limited by its cooling efficiency (Lee & Chiang 2015)—
until it reaches the rapid runaway gas accretion phase. At that
point, it would accrete the surrounding oxygen-depleted gas until
the mass of the gas becomes similar to that of the accreted solids
(Mizuno 1980; Stevenson 1982; Bodenheimer et al. 2000; Rafikov
2006). The atmospheric composition of the forming planet would
thus inherit the oxygen depletion of the accreted gas, leading to
an increased carbon-to-oxygen (C/O) elemental abundance ratio
compared to the gas contained within the H,O snowline.

On the other hand, a substellar companion forming via gravi-
tational instability—which is believed to occur when a protoplan-
etary disc is massive enough to overcome its gas pressure and
centrifugal forces (Kuiper 1951; Boss 1997)—would inherit the
chemical composition of the disc (Feinstein et al. 2025). These
theoretical considerations motivated the idea that measurements
of elemental ratios—enabled by remote sensing of exoplanets
(Madhusudhan 2018)—could trace the origins of exoplanet for-
mation relative to the location of the molecular snowlines (Mad-
husudhan et al. 2011; Turrini et al. 2021; Molliere et al. 2022).

Countless factors and physical processes have been put for-
ward since the elaboration of these theories that complicate the
simple picture they propose and confuse the link between atmo-
spheric composition and planet formation history (see the follow-
ing reviews: Goldreich et al. 2004; Johansen & Lambrechts 2017;
Mordasini & Burn 2024; Feinstein et al. 2025). For example,
protoplanetary discs are shaped by the opacities and evolution of
the dust (Schmitt et al. 1997; Birnstiel et al. 2016; Savvidou et al.
2020). The discs evolve over time (Lynden-Bell & Pringle 1974)
through photoevaporation (Clarke et al. 2001) and disc winds
(Bai et al. 2016; Suzuki et al. 2016; Chambers 2019), can be
affected by instabilities (Flock et al. 2017; Klahr et al. 2018), and
they can form vortices (Lobo Gomes et al. 2015) and open gaps
(Lin & Papaloizou 1986; Crida et al. 2006; Pinilla et al. 2015;
Binkert et al. 2021) when massive planets are forming. Beyond
structural and thermal changes in protoplanetary discs (which
modify the positions of the molecular snowlines), their chemical
makeup is further affected by transport. Large pebbles can drift
inwards through the protoplanetary disc faster than the gas, releas-
ing volatile-rich ice when they cross their molecular snowlines
and thereby change the balance between volatile and refractory
elements (Cuzzi & Zahnle 2004, ()berg & Bergin 2016; Booth
et al. 2017). Moreover, planets continue to accrete planetesimals
after emptying their feeding zones, and the growth of the core
stops (Lissauer 1987) when gas-accreting planets increase their

* Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO programs
112.2628.001, 112.2628.002, and 112.2628.003.

** e-mail: jhayoz@phys.ethz.ch
*** FER.S.-FNRS Research Director

feeding zone (Pollack et al. 1996) and migrate (Tanaka & Ida
1999; Turrini et al. 2021).

This long—yet incomplete—Ilist of processes and factors
makes it challenging to create a clear and consistent picture
of the link between the atmospheric composition of substellar
companions and their formation history. A promising means of
disentangling the relative importance of each process is to create
an inventory of the diversity of atmospheric compositions and in-
vestigate whether trends emerge from a population analysis. The
atmospheric C/O ratio and metallicities have been readily mea-
sured for a range of directly-imaged (DI) substellar companions
and exoplanets. To name only a few, there are estimates avail-
able for the four exoplanets in the HR 8799 system (Konopacky
et al. 2016; Ruffio et al. 2021; Wang et al. 2023; Nasedkin et al.
2024), B Pic b (Collaboration et al. 2020; Landman et al. 2024),
AB Pic b (Palma-Bifani et al. 2023), and AF Lep b (Zhang et al.
2023b; Palma-Bifani et al. 2024; Balmer et al. 2025a; Denis et al.
2025). Recently proposed as an additional tracer of planet for-
mation accessible by remote sensing (Molliere & Snellen 2019),
the 3CO isotopologue has been detected in a few companions:
YSES-1b (Zhang et al. 2021a), HIP 79098 (AB) B (Xuan et al.
2024), VHS 1256 b (Gandhi et al. 2023), GQ Lup B (Xuan et al.
2024; Gonzalez Picos et al. 2025), and DH Tau b (Xuan et al.
2024).

However, inhomogeneous spectral resolutions and wave-
length coverages as well as different spectral fitting strategies
render comparisons between studies of single targets problem-
atic. So far, only a few studies have compared the atmospheric
composition of a population of companions. Hoch et al. (2023)
compared the atmospheric C/O ratios of a few DI companions—
only one of which was measured in their study—with a sample of
transiting planets, finding a negative trend with companion mass.
Nasedkin et al. (2024) investigated a broad range of atmospheric
models to fit the archival data of the HR 8799 planets, deriving a
stellar to superstellar C/O ratio and metallicity. Xuan et al. (2024)
applied the same spectral fitting framework to KPIC observations
of eight substellar companions, finding broadly solar C/O ratios
and metallicities. With the largest sample so far, Petrus et al.
(2023) analysed a homogeneous sample of 43 isolated brown
dwarfs and substellar companions with the X-Shooter instrument
at the Very Large Telescope (VLT), comparing the results of fits
obtained with the grid models Exo-REM (Baudino et al. 2015,
2017), Sonora Diamondback (Marley et al. 2021; Morley et al.
2024), and ATMO (Tremblin et al. 2016), yielding population-
wide solar C/O ratios and metallicities consistent with stellar
formation mechanisms. These systematic population analyses
offer the best chance at constraining the link between the atmo-
spheric composition of substellar companions and their formation
history.

In that light, we performed a large (N > 10) and system-
atic investigation of the key atmospheric tracers of giant planet
formation, namely, the C/O ratio, metallicity, and '>?C0O/'3CO iso-
topologue ratio. As part of the ETH Zurich Guaranteed Time Ob-
servations (GTO) program, we obtained new K-band R ~ 11000
spectroscopic observations with the new Enhanced Resolution
Imager and Spectrograph (ERIS; Davies et al. 2023), which is
mounted on the Unit Telescope four at the VLT. As the most
recent adaptive optics (AO) assisted, diffraction-limited infrared
facility on an 8 m class telescope, ERIS offers a promising av-
enue to investigate the atmospheric composition of young, DI,
substellar companions across the carbon-bearing molecular snow-
lines (CHy, CO, CO,), and maybe even within the H,O snowline
(Hayoz et al. 2025). Apart from our new datasets, we also col-
lected a large set of archival data for all of our targets, totalling 40
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spectra and over 140 photometric fluxes. Armed with this wealth
of data, we applied a state-of-the-art, multimodel spectral fitting
strategy, combining the results of several models to obtain robust
estimates of the atmospheric parameters of our targets (Nasedkin
et al. 2024; Petrus et al. 2024). This enabled us to investigate
trends between the C/O ratio, metallicity, and '2CO/!3CO iso-
topologue ratio in relation to the mass of our targets and their
current location relative to the molecular snowlines.

In Sect. 2, we describe our target sample (Sect. 2.1), obser-
vations (Sect. 2.2), data reduction (Sect. 2.3), and the archival
data that we collected (Sect. 2.4). In Sect. 3, we introduce our
spectral fitting strategy by revisiting our atmospheric retrieval
framework CROCODILE (Sect. 3.1) and by describing our choice
of freely parametrised models (Sect. 3.2) and self-consistent grid
models (Sect. 3.3). We present our results in Sect. 4, specifi-
cally our detection of our observed companions in the molecular
maps of H,O, CO, and—for one target—even '*CO (Sect. 4.1).
In the appendix, we characterise their orbit by measuring their
relative astrometry (Appendix I.1) and Radial Velocity (RV) (Ap-
pendix 1.2). We present the results of our spectral fits in Sect. 4.2.
In Sect. 5, we compare our estimated atmospheric parameters
with previous studies (Sect. 5.1), investigate the robustness of
our retrieved molecular abundances (Sect. 5.2), highlight the
signs of chemical disequilibrium in the atmospheres of our tar-
gets (Sect. 5.3), and constrain their '2CO/!3CO isotopologue ratio
(Sect. 5.4). We discuss the different formation scenarios that are
compatible with our retrieved atmospheric properties for each
of our targets (Sect. 5.5) and how our population analysis helps
constrain the link between the atmospheric composition and the
formation history of substellar companions (Sect. 5.6). As we
present the first High-Contrast Imaging (HCI) observing cam-
paign with ERIS/SPIFFIER, we discuss the lessons learned, best
observing practices, and future work required to further improve
the scientific return of the new instrument for DI companions
(Sect. 5.7). In Sect. 6, we summarise our key results and provide
concluding remarks.

2. Observations
2.1. Description of the sample

We selected a sample of DI substellar companions spanning the
molecular snowlines of CO,, CO, and CH,4 within the reach of
the capabilities of the ERIS/SPIFFIER instrument. We started by
downloading the list of DI low-mass companions in the NASA
exoplanet archive. We removed all targets that were not observ-
able during the selected observing period for our GTO program,
i.e. P112, as well as the targets known to be embedded in a dusty
environment in order to avoid significant extinction that would
prohibit molecular mapping (e.g. the PDS 70 system, Cugno et al.
2021).

Next, we determined which targets were within reach of the
capabilities of the ERIS/SPIFFIER instrument. As the sensitivity
limits and high-contrast capabilities of ERIS/SPIFFIER were
not known at the time, we assumed that the instrument would
be better than its predecessor, SINFONI, thanks to its improved
Strehl ratio (Davies et al. 2023). With a Strehl ratio ~ 3.5 times
higher for ERIS compared to SINFONI—which has been reported
to be ~ 20 % (Hoeijmakers et al. 2018; Petrus et al. 2021)—,
we estimated that the detection limits of ERIS/SPIFFIER should
be deeper than those of SINFONI by a factor of 3.5%, i.e. ~ 12.
We therefore removed all targets with a contrast and apparent
magnitude more than 2.7 mag fainter than those of 8 Pic b and
HIP 65426 b.
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Fig. 1: Scatter plot of the companion masses versus stellar ir-
radiations for our sample of 13 DI low-mass substellar com-
panions. The dotted vertical bars indicate the rough positions
of the molecular snowlines, assuming that they only depend on
the stellar irradiation. The horizontal grey line shows the Deu-
terium Burning limit of 13 M; that separates the brown dwarfs
from the exoplanets (Spiegel et al. 2011). From left to right are
AF Lep b, HR 8799 e, HR 2562 B, HR 8799 c, HIP 79098 (AB) B,
HIP 78530 B, AB Pic b, IRXSJ1609 b, ROXs 42 B b, ROXs 12 b,
VHS 1256 b, 2MJ0219 b, and CT Cha b. The colours match the
results presented below.

The saturation limits of ERIS/SPIFFIER prevent direct ob-
servation of bright stars, even when using its smallest field of
view (FOV)—having the highest saturation limits. The only way
to circumvent this restriction and avoid any detector saturation—
leading to a persistent signal that might impact subsequent
observations—is to offset the star outside of the FOV. This de-
creases the intensity of stellar light reaching the detector. How-
ever, this strategy increases the complexity of the data reduction
due to the lack of robust reference for alignment of the images.
Combined with pointing drifts due to residual instrument flexures,
this restricts the targets to those that can be detected within a
limited number of detector integrations. This effectively provides
an additional sensitivity limit for exoplanets around bright stars
where such off-axis observations are necessary. Concretely, these
considerations can be formulated as the following two criteria for
the observability of DI planets around bright stars: (i) the compan-
ions and their host stars should fit within one of the three fields
of view (FoVs) of SPIFFIER whilst avoiding saturation, or (ii) be
bright enough themselves to be detectable within the time it takes
for the pointing drift to reach 1 A/D (where A is the wavelength
and D the aperture size of the telescope, i.e. | 1/D = 58.5 mas in
the K-long grating of ERIS/SPIFFIER) whilst keeping the host
star outside of the FOV. At the time of preparing the sample, we
assumed a pessimistic drift that would offset the target by 1 4/D
within 20 min. Since then, Hayoz et al. (2025) measured a drift
timescale of 1 h. With a minimal detector integration time (DIT)
of 1.6 s, the brightest stars that can be observed using the K-long
grating of ERIS/SPIFFIER without exceeding half of the full
well depth have a K-band magnitude of 1.6 mag'. However, this

! We calculated this brightness limit using the ESO exposure time
calculator (ETC) for ERIS version 2.0, which is available at the following
link: https://etc.eso.org/eris
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comes at the cost of significant detector overheads (see Sect. 5.7.1
for a discussion on instrument overheads), and therefore we de-
cided to set the minimal DIT to 10 s. This effectively sets the
brightness limit at K = 3.6 mag. Any targets failing to satisfy
one of the above-mentioned criteria cannot be reliably observed
with ERIS/SPIFFIER, and we removed them from our sample,
for example g Pic with K = 3.48 mag.

The final step of our sample selection was to locate the re-
maining targets in relation to the molecular snowlines. For sim-
plicity, we assumed that the locations of the molecular snowlines
only depend on the stellar irradiation, and we relied on the sep-
arations calculated by Oberg et al. (2011) for the snowlines of
H,0, CO,, CO, and CH,4. We calculated the stellar irradiation
Iy for each of the remaining targets as well as for the molec-
ular snowlines by using the relation [ = Mﬁj, where L, is
the stellar luminosity and a is the orbital separation, which we
replaced by the projected separation (i.e. pd, with the angular
separation p and distance from the Sun d) if the semi-major
axis was unknown. The remaining targets spanned the snow-
lines of CO,, CO, and CHy, with the majority at large separa-
tions. We selected all remaining targets within the CH4 snowline,
yielding two companions for each interval of two snowlines, as
well as four companions outside of the CH4 snowline, adding
to a total of ten targets and a list of backup targets. In total, 13
targets were observed over the course of three GTO observing
runs, namely (in order of increasing companion mass) AF Lep b,
HR 8799 e, HR 8799 ¢, 1RXS J160929.1-210524 b (from here
on ‘1RXSJ1609 b’), ROXs 42 B b, AB Pic b, HR 2562 B,
2MASS J02192210-3925225 b (from here on 2MJ0219 b’), VHS
J125601.92-125723.9 b (from here on “VHS 1256 b’), CT Cha b,
ROXs 12 b, HIP 78530 B, and HIP 79098 (AB) B. We collected
their currently known properties from previous studies in Ta-
bles A.1 and A.2, and we provide a summary of the current state
of knowledge for each system in our sample in Appendix A.
We show the companion masses derived in the literature and
the stellar irradiation of our targets in Fig. 1, together with the
approximate locations of the molecular snowlines. This scat-
ter plot already highlights a selection bias of our study, namely
the masses and stellar irradiations seem tightly packed into two
groups. However, this is due to the properties of the currently
known population of low-mass substellar companions that are
within the capability of ERIS/SPIFFIER. Thus, it was not pos-
sible to avoid. Because our selection was focused on the stellar
irradiation, it resulted in a list of spectrally diverse objects, as
can be noticed from their position along the L branch down to
the L-T transition in the J-K Hertzsprung—Russel diagram (see
Fig. 2).

2.2. ERIS/SPIFFIER observations

Our survey was carried out with ERIS-SPIFFIER in Visitor Mode
during the ESO observing period P112 in the nights of 15 Oc-
tober and 7 November 2023 as well as 13 to 15 February 2024.
The observations were taken in field-tracking mode with posi-
tion angle set to 0°with the K-long grating (2.19-2.47 um) at
R ~ 11000. We summarise the instrument setup and observing
conditions in Table B.1 in Appendix B. Over the survey, we used
the three available image scales (i.e. 0”78 x 0”8, 3”72 x 3’2, and
8" x 8") depending on the angular separation of the companion
and apparent brightness of the host star. Concretely, we selected
the largest FOV that includes both the companion and the star
without reaching more than half of the full well on the brightest
pixel and with a DIT greater or equal to 10 sec. For targets where
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Fig. 2: Infrared Hertzsprung—Russel diagram of our sample of
13 targets (orange dots) among the population of field dwarfs
(colourful dots) and young and low-gravity objects (grey squares).
For reference, we also show a blackbody model (grey line) as
well as the AMES-Cond model (blue line) and the AMES-Dusty
model (orange line) for the ages of 20 (dotted lines) and 100 Myr
(solid lines).

this was not possible, we selected the largest FOV that allowed
to keep the primary star outside of the frame. The DITs were
calculated using the ETC of ERIS to reach at most a third of the
full well on the brightest pixel while staying under 60 sec to miti-
gate the effect of pointing drift caused by the residual instrument
flexures. During each observation, we used a square jitter pattern
of width equal to 3 px to mitigate the effect of bad pixels.

2.3. Data reduction

The data were calibrated using our custom tool SpyFFIER?, a
Python wrapper that runs the EsoRex ERIS-SPIFFIER pipeline
recipes v1.6.0 (Wiezorrek et al. 2024) and that was inspired by
pycrires (Stolker & Landman 2023). SpyFFIER also contains
custom tools that implement the improved wavelength calibration
described in Hayoz et al. (2025). The data were further post-
processed using our custom package PynPoint-IFS?, a Python
tool that builds upon PynPoint (Amara & Quanz 2012; Stolker
et al. 2019) to enable the processing of IFS data and the com-
putation of molecular maps. In the following, we use the words
datacube, frame, and exposure interchangeably to describe one
cycle of NDITxDIT, where NDIT is the number of co-added

2 SpyFFIER is publicly available on GitHub at the following link:
https://github.com/JHayoz/SpyFFIER.

3 PynPoint-IFS is publicly available on GitHub at the following link:
https://github.com/JHayoz/Pynpoint_ifs.
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DIT within one saved exposure. Each datacube is composed of
~ 2000 A-images, which measure the image intensity within one
wavelength channel. A slitlet describes a horizontal strip of data
as sliced by one segment of the slicer mirror. We use the word
spaxel to describe the spectrum extracted from a datacube at a
specific spatial pixel. Finally, we use the notation X and Y for the
two spatial dimensions, A for the spectral dimension, and T for
the time dimension, as introduced by Hayoz et al. (2025).

Following Hayoz et al. (2025), our pipeline consists of dark
subtraction, detector linearity, distortion correction, flat fielding,
wavelength calibration, bad pixel correction, cube building, frame
cropping, outlier imputation, frame selection, background subtrac-
tion, point spread function (PSF) subtraction, frame alignment,
frame combination, spectrum extraction, and finally molecular
mapping. As mentioned in Sect. 2.2, we used different FoVs de-
pending on the brightness of the host star and angular separation
of the companion. From the perspective of data reduction, this ob-
serving strategy resulted in three types of datasets, each requiring
its own dedicated pipeline: (i) close-in targets with the star in the
FOV (i.e. HR 8799 e and AF Lep b), (ii) close-in targets with the
star outside of the FOV (i.e. HR 8799 ¢ and HR 2562 B), and (iii)
well-separated targets with negligible contribution from the stellar
PSF at the position of the companion (i.e. all of our other tar-
gets). Whereas datasets of type (i) can be reduced with the same
pipeline as described in Hayoz et al. (2025), there are two main
challenges for the second type of datasets, namely the wavelength
calibration and the frame alignment. Indeed, since the star is just
outside of the FOV, the stellar PSF that is visible everywhere in
the FOV is quite faint. Therefore, the telluric absorption lines,
which imprint the stellar PSF, have a low signal-to-noise ratio
(S/N) and cannot be fit very accurately. This prevents the spline
fitting strategy—both along the wavelength direction and across
the detector as described in Hayoz et al. (2025)—and calls for a
simpler, less accurate, calibration. For the frame alignment, the
problem consists in the lack of reference point relative to which
the frames can be aligned. The part of the stellar PSF that is visi-
ble in the FOV is too faint to reliably use as reference with which
to cross-correlate the frames. The only reference point is the
companion itself, but it is hidden by the stellar PSF. Fortunately,
HR 2562 B and HR 8799 c are both bright enough that we can
detect them in molecular maps consisting of single frames. There-
fore, we first subtracted the stellar PSF using Spectral Principal
Component Analysis (PCA) (Hayoz et al. 2025), then calculated
molecular maps for each frame, and recorded the position of the
companion in the frames in which it was detected. The frames
in which the companion cannot be detected in this way were
removed, as the frame alignment could not be determined. The
frames could subsequently be aligned and combined using the
relative positions of the companion. The third type of datasets
differ from the first two by the significantly lower proportion of
the FOV that is dominated by the stellar PSF—if it is visible at
all. The wavelength calibration therefore requires leveraging the
OH sky emission lines rather than the telluric absorption lines
imprinted in the stellar PSF (the sky emission lines are visible in
the bottom row of Fig. D.2).

In Appendix D, we describe the main steps of our custom
pipeline that diverge from Hayoz et al. (2025) and that we imple-
mented to overcome the challenges posed by the three types
of datasets, namely the wavelength calibration, frame align-
ment, background subtraction, PSF subtraction, spectrum ex-
traction, and flux calibration. Our pipeline is summarised in the
schematic depicted in Fig. D.1 in Appendix D. The major steps
of our pipeline are illustrated in Fig. D.2 for our observations of
HR 8799 e and 2MJ0219 b (types (i) and (iii), respectively). Our
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final, fully calibrated ERIS/SPIFFIER spectra are shown in Fig. 3.
As we explain in Appendix D, our observations were not sensitive
enough for IRXSJ1609 b, for which the extracted spectrum has
such a low S/N that the telluric absorption lines can barely be
seen by eye. As we describe in Sect. 4.1, we did not detect either
H,O0 or CO (see Fig. H.1), and therefore we chose to remove it
from our sample for the remaining of our analysis.

We note here that the same stray light as described in Hayoz
et al. (2025) for the AF Lep b dataset also appears in the
HR 8799 e dataset, for which the star is also in the FOV. We can-
not see any stray light in any of the other datasets (see Fig. D.2).
It therefore seems to be visible only when a large amount of light
emitted by a bright source in the FOV of ERIS-SPIFFIER, as
coming from the bright stars AF Lep and HR 8799, directly enters
the instrument. However, some amount of stray light might still
be present in our other datasets, albeit hidden under the sky and
instrument background. Future work should aim at characterising
this stray light in order to remove it, as it can be a limiting factor
for the detection of faint targets.

2.4. Archival data

Since our ERIS-SPIFFIER data only covers a very narrow wave-
length range (2.19-2.47 um), we cannot constrain (or only weakly
constrain) many of the atmospheric parameters—such as the
pressure-temperature (p—T) profile or any of the molecules with-
out any spectral signatures in the K band—without further spec-
tral coverage. Although we expect to be able to constrain the
abundance of CO and H,O due to their strong signal in the K
band, these might be degenerate with other parameters.

Therefore, we performed an extensive literature research to
gather as many photometric and spectroscopic datasets as possi-
ble for our targets. We collected more than 40 spectra and over
140 photometric measurements, including yet unpublished photo-
metric and spectroscopic data of ROXs 42 B b (see Appendix E.1
for further details). The full list with corresponding references is
given in Table E.2 and E.1 for the photometry and spectroscopy.
Following Nasedkin et al. (2024) and in agreement with all au-
thors, we make all data used in this paper publicly available for
download on Vizier and Zenodo (cf. data availability in Sect. 7).

A large number of the archival spectroscopic datasets that we
gathered have a moderately high spectral resolution, i.e. R > 1000.
This poses a challenge for atmospheric retrievals, as the compu-
tation time of a single spectrum grows linearly with the number
of wavelength channels considered (see e.g. the implementation
of the radiative transfer in petitRADTRANS Molliere et al. 2019).
Therefore, we have downsampled all spectroscopic datasets which
have a spectral resolution greater than 1000 to a resolution of 500.
Because downsampling mainly preserves the broad absorption
bands and removes the narrow absorption lines, we cannot in-
clude other cross-correlation spectroscopic datasets with a large
spectral resolution, such as the H-band VLT/HiRISE spectrum of
AF Lep b from Denis et al. (2025).

For some datasets, the data were not (or inaccurately) abso-
lute flux calibrated, i.e. they were normalised in some way by
the authors. We performed their absolute flux calibration (in the
sense described in Appendix D.5) by considering all archival pho-
tometric data available within the wavelength intervals of each
spectrum. The uncertainty of each spectrum was then adjusted
by the uncertainty of the photometry used for the absolute flux

calibration, i.e. we estimated the uncertainty after flux calibration
as o’ = /o-% + o-%,, where o7 is the uncertainty of the flux be-

fore flux calibration, and op is the uncertainty of the photometric
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Fig. 3: Final continuum-removed, wavelength-calibrated ERIS/SPIFFIER spectra delivered by our pipeline for each of the companions

observed within our survey. The spectra of each target are shown

over two lines (upper and lower panels) for better readability. The

typical (i.e. median) uncertainties of our measurements are indicated as an error bar on the left side of each spectrum. We show three
spectral templates as reference for the features visible in the data (black), namely a telluric, HO, and CO template. For instance,
the CO lines between 2.294 ym and 2.34 yum are clearly recognisable in all spectra, whilst the H,O lines, which are distributed
everywhere, are harder to identify. Due to the correction of the telluric absorption lines, some artefacts of the outlier imputation are
visible at longer wavelength (in particular at 2.436 um and 2.452 ym). We note that the spectra were transformed to the rest frame of
the companions to align the spectral signatures present in the spectra, as otherwise the peculiar RVs of each companion would render

this plot harder to read.

data. We performed the absolute flux calibration for the follow-
ing datasets: the JHK-band SINFONI (Bonnefoy et al. 2014;
Palma-Bifani et al. 2023) and L-band MagAQ/Clio (Stone et al.
2016) spectra of AB Pic b, the YJHK-band GNIRS spectrum of
HIP 78530 B (Lachapelle et al. 2015), the JHK-band SINFONI
spectrum of CT Cha b (Bonnefoy et al. 2014), the YJHK-band
FIRE spectrum of 2MJ0219 b (Artigau et al. 2015), the JHK-
band OSIRIS and J-band NIFS spectra of ROXs 12 b (Bowler
et al. 2017), the K-band SINFONI spectrum of ROXs 42 B b
(Currie et al. 2014c), the H-band GPI spectrum of HR 2562 B
(Godoy et al. 2024), and the H-band GPI spectrum of HR 8799 c
(Nasedkin et al. 2024).

Finally, some of our targets are affected by extinction
(see the non-empty rows Ay in Table A.1 and A.2). For

these, we de-reddened all the archival data using the package
dust_extinction (Gordon 2024) and the G23 model applica-
ble to Milky Way interstellar extinction.

3. Methods

The aim of this work is the robust measurement of the atmo-
spheric C/O ratio of our ERIS/SPIFFIER survey of low-mass
brown dwarfs and gas giant exoplanets. This is a challenging
task, as there exist many different atmospheric models that take
into account different physical processes and that can fit the
Spectral Energy Distributions (SEDs) of such objects relatively
well whilst resulting in different atmospheric parameters, as was
demonstrated by Petrus et al. (2024) using a 1-18 um James
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Webb Space Telescope (JWST) spectrum of VHS 1256 b. In that
context, the emerging best practice is to compare the results of
several models and propagate the uncertainties due to the different
answers obtained by each model into a final, aggregated value
(see e.g. Petrus et al. 2024; Nasedkin et al. 2024). Globally, there
are two categories of 1D radiative models that are widely used
to investigate the atmospheric properties of substellar objects
(Madhusudhan 2018): (1) physically self-consistent, usually com-
putationally expensive models that are available publicly as grids
and that are calculated for a low-dimensional (2-5 dimensions)
parameter space, and (2) so-called atmospheric retrievals, which
are freely parametrisable models that calculate the spectra based
on a high-dimensional (> 10 dimensions) prescription for the p—T
profile, chemistry, and clouds. To reach our goal, we adopted a
dual fitting strategy: we used multiple models of both categories
to fit the spectra and retrieve the atmospheric properties of the
companions. That way, if the results between the different models
were severely inconsistent, we would know that the retrieved
properties might not be reliable and the results should be inter-
preted with caution. On the other hand, if the retrieved properties
agree relatively well across multiple models, then we can aggre-
gate the different values into a final, reliable estimate which we
can keep for further interpretation.

In Sect. 3.1, we revisit and update the CROCODILE frame-
work, which required an absolute flux calibration of the spectra,
to extend it to non-flux-calibrated data. In Sect. 3.2 and 3.3, we
describe the parametrised forward models and the self-consistent
models, respectively, that we used to fit the atmospheric parame-
ters of our observed companions.

3.1. CROCODILE revisited

CROCODILE combines cross-correlation spectroscopy together
with photometry and regular spectroscopy into the framework of
atmospheric retrievals by defining a corresponding log-likelihood
function for each type of data and taking the sum as the likeli-
hood associated with the combined data (Hayoz et al. 2023). The
choice of likelihood function associated with cross-correlation
spectroscopy is based on Brogi & Line (2019) and was vali-
dated by Hayoz et al. (2023) in their simulation framework. How-
ever, it uses an implicit assumption that is not satisfied by our
ERIS/SPIFFIER data, namely the absolute calibration of the flux.
Therefore, we modified it, going back to the original formula
derived by Zucker (2003) instead. We include a full derivation
of the mathematical framework of CROCODILE, as well as its
updated formulation, in Appendix C, where we also verify its
validity.

3.2. Free atmospheric retrievals

In the following, we describe the forward models used for our free
retrievals, i.e. where the atmospheric properties are parametrised
and freely retrieved instead of being self-consistently computed
from macroscopic parameters. For this, we used petitRADTRANS
v2.7.6 as implemented in CROCODILE. The sampling of the pa-
rameter space in CROCODILE was executed using the widely used
package pymultinest (Buchner et al. 2014), which brings the
multimodal nested sampling (Skilling 2006) algorithm MultiNest
(Feroz et al. 2009, 2019) to Python. Due to the high computing
costs of atmospheric retrievals and the large number of targets, we
did not investigate all forward models proposed in the literature.
Instead, we selected two models: one with free chemistry, and
one with chemical equilibrium.
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The first model describes the molecular abundances as ver-
tically constant profiles parametrised by their mass fractions Xj,
as is widely used in the community (see e.g. Konrad et al. 2023,
2024; Alei et al. 2024; Kiihnle et al. 2025; Nasedkin et al. 2024).
We included the following molecules: H,O, CO, CHy, CO,, FeH,
HCN, TiO, VO, H,S. We included the isotopologue *C'°O as
an additional parameter for a separate retrieval when investigat-
ing its presence and abundance in the atmosphere of our targets.
Finally, we included Rayleigh scattering by molecular hydrogen
and helium, as well as the collision-induced absorption (CIA)
cross-sections of Hy—H, and H,—He. The list of opacity databases
used in this work is given in Table G.1 in Appendix G. The atmo-
sphere was modelled as a discrete grid of 100 layers between the
pressures of 1076 and 10? bar.

The chemical equilibrium model is the one implemented in
easyCHEM (Molliere et al. 2015, 2017). It is parametrised by the
elemental C/O ratio, the metallicity [Fe/H], and a quench pres-
sure for H,O, CO, and CHy4 that controls chemical disequilibrium
(e.g. induced by vertical mixing). Concretely, the model assumes
vertically constant C/O ratio and metallicity and calculates the
chemical composition of each layer of the atmosphere given its
temperature and pressure by minimising the Gibbs free energy,
except at lower pressures than the quench pressure where the
abundances of H,O, CO, and CH, are maintained at the same
values as that of the quench pressure. For that model, we addition-
ally included NHj3, PH3, K, and Na beyond the molecules used in
our free model.

For the p-T profile, we used the Guillot analytical model
(Guillot 2010):

3 2 2 1 1
T:ZTﬁlt(g +T)+ @quu(%-F;-F(’y—;/)e‘_‘/gyT), (])
where Tq, is the equilibrium temperature of an irradiated body,
Ty s the intrinsic temperature of the planet, y is the ratio between
the mean opacity in the optical and infrared range, and the optical
depth is given by T = kg P/g where P is the pressure, g the surface
gravity, and kg is the mean opacity in the infrared range. These
parameters have physically motivated meanings, as they describe
an irradiated atmosphere with internal heat from below (Guillot
2010). However, we simply used this model as a parametrisation
of the p—T profile, similarly as in Nasedkin et al. (2024). For the
treatment of the clouds, we considered a clear atmosphere in the
free chemistry model, whereas we included a clear version and
a cloudy version for the chemical equilibrium model. Our cloud
model is given by the simple grey cloud deck implemented in
petitRADTRANS. It is parametrised by a cloud pressure below
which the opacities at all wavelengths are set to infinity. The
remaining variables of the model are the radius of the planet
Rp and the distance to the stellar system d, where Rp is a free
parameter of the model whilst d was set to the value measured
by GAIA. In summary, our free model has 16 parameters: nine
for the molecular abundances, five for the p—T profile, one for the
planetary radius, and one for the cloud deck. On the other hand,
our chemical disequilibrium model has ten parameters. We used
the priors listed in Table 1.

3.3. Self-consistent models

Along with the free models described in Sect. 3.2, we also in-
vestigated the parameters derived by self-consistent model grids,
namely Sonora-Diamondback, Exo-REM, and BT-Settl CIFIST
models. Sonora-Diamondback is a 1D radiative-convective equi-
librium model describing the evolution of the atmospheres of
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Table 1: Priors used for our free retrievals.

p-T profile Free chemistry Chemical disequilibrium  Physical and cloud parameters
Name Prior Name Prior Name Prior Name Prior
Tequ U(300,3000) log(X) U(-10,0) C/O U0.1,1.6) Rp U00.2,5)
Tint U(10,500) - - [Fe/H] U-2,3) log(g) U@3,5.5)
log()’) N(O’ 2) - - 1Og(Pquench) (LI(_6’ 3) log(Pcloud) ([/I(_6’ 2)
log(xr) U-4,1) - - - - - _

Notes. The notation U(a, b) indicates a uniform distribution between the values a and b, whilst N (i, o) indicates a normal distribution with mean u
and standard deviation o~. The symbol X denotes the mass fraction of all molecular species included in the model, i.e. H,O, CO, CH4, CO,, FeH,

HCN, TiO, VO, and H,S.

Table 2: Model bounds and step size used for our self-consistent
grid retrievals.

Parameter Diamondback Exo-REM  BT-Settl CIFIST
Tt [900, 2400]  [400, 2000] [1200, 7000]
100 100 100
log(g) [3.5,5.5] [3, 5] [3,5.5]
0.5 0.5 0.5
C/O 0.458 [0.1, 0.8] -
- 0.05 -
[Fe/H] [-0.5, 0.5] [-0.5, 2] -
0.5 0.5 -
Jed 1,2,3,4,8 - -

Notes. The rows alternate between the bounds of the grid (indicated as
[a, b] for an interval or as comma-separated values) for a given parameter
of the model and its step size.

substellar objects and their spectra, covering the L, T, and Y
spectral types (Marley et al. 2021), with a recently implemented
treatment of clouds (Morley et al. 2024). The exoplanet radiative-
convective equilibrium model (Exo-REM, Baudino et al. 2015,
2017) is a 1D radiative-convective equilibrium model for exo-
planets and brown dwarfs that successfully reproduces the L and
T spectral types as a function of effective temperature thanks to
its treatment of clouds, which is based on the Ackerman-Marley
model based on the diffusion and sedimentation of condensates
(Ackerman & Marley 2001). Finally, the BT-Settl CIFIST model
(Allard et al. 2012) computes the abundance and size distribu-
tions of dust grains in the atmospheres of low-mass stars down to
planetary objects under the assumption of solar chemical abun-
dances (Caffau et al. 2011), and it calculates their spectra using
the PHOENIX code (Hauschildt et al. 1997; Allard et al. 2001). We
used the python package species (Stolker et al. 2020) to down-
load and fit the above-mentioned grid models to the data, and
we used pymultinest (Buchner et al. 2014; Feroz et al. 2009,
2019) for the parameter sampling. The bounds and step sizes of
the grid models are given in Table 2. In addition to the parameters
described in this table, species also fits for the planetary radius
and parallax of the stellar system, for which it assumes a normal
distribution with mean and standard deviation equal to the mea-
surement by GAIA. For the sake of clarity, we explicitly give the
number of parameters included in each model in Table 3.
Unfortunately, some of our targets have effective temperatures
that fall outside of the prior bounds of one or more of the self-
consistent models selected for this study. Fitting a spectrum with
the wrong model can lead to biased estimates of the atmospheric

parameters. Therefore, we used prior knowledge of the spectral
types and effective temperatures of our targets (see Table A.1
and A.2) to identify which models do not apply to which targets.
For Sonora-Diamondback, AF Lep b is thought to be colder than
900 K, whilst CT Cha b, ROXs 12 b, and HIP 78530 B might be
too hot, with Tg estimates that are overlapping with the bound
of the model (i.e. Teg > 2400 K). For Exo-REM, ROXs 42 B b,
CT Cha b, ROXs 12 b, HIP 78530 B, and HIP 79098 (AB) B are
hotter than 2000 K. Finally, AF Lep b, HR 8799 ¢, HR 8799 e,
and VHS 1256 b are believed to be colder than 1200 K, and
therefore too cold for BT Settl CIFIST.

4. Results

In Sect. 4.1, we compute molecular maps (Hoeijmakers et al.
2018; Hayoz et al. 2025) of the targeted systems. In Sect. 4.2, we
investigate their atmospheric properties.

4.1. Molecular maps

As shown in our previous work (Hayoz et al. 2025), molecular
mapping with ERIS/SPIFFIER allows to search for substellar
companions as close as 100 mas to a star by effectively suppress-
ing speckles using PSF subtraction with spectral PCA and picking
up on the spectral signatures of specific molecules. Additionally,
molecular mapping provides a robust technique to investigate the
presence of trace gases in the atmosphere of substellar compan-
ions (see e.g. Hoeijmakers et al. 2018; Malin et al. 2023; Hayoz
et al. 2025). Beyond these two molecules, the K-long grating
offers access to the spectral signature of the isotopologue '*C'60,
the abundance of which is hypothesised to trace the relative lo-
cation of the formation of the companion with respect to the CO
snowline (Zhang et al. 2021a,b). For these reasons, we computed
molecular maps for all of our targets.

After PSF subtraction with spectral PCA or high-pass filtering
as described in Appendix D.4, we aligned and median-combined
the datacubes of each observation, resulting in one master cube
for each target and each night of observation. For close-in targets,
we additionally convolved the data with an aperture of radius
1.7 px as in Hayoz et al. (2025) to gather more signal coming
from the companions and thereby increasing the S/N of their
spectra. We subsequently computed molecular maps with spectral
templates for the following molecules which all contain opacity
lines in the K band: H,O, CO, ]3C16O, CHy4, CO,, H,S, NH3,
and HCN. We followed the methods described in Hayoz et al.
(2025) to compute molecular maps, i.e. by plotting the cross-
correlation coeflicient at the RV of the companion and assessing
the significance of the detection by comparing the peak of the
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Table 3: Number of free parameters of the forward models considered in this study.

Name of the model Abbreviation Nchem Nrtemp Nclouds Nphys  Nrotal
Sonora-Diamondback GM-SD 1 1 1 3 6
Exo-REM GM-ER 2 1 0 3 6
BT-Settl CIFIST GM-BT 0 1 0 3 4
Free chemistry (clear) FM-FC 9 4 0 2 15
Free chemistry (clear) + 3*CO FM-FC13 10 4 0 2 16
Chemical (dis)equ. (clear) FM-CD 3 4 0 2 9
Chemical (dis)equ. + cloudy = FM-CDCL 3 4 1 2 10

Notes. Notation: Ncper indicates the number of free parameters governing the chemistry of the atmosphere, e.g. C/O, [Fe/H], X;, etc; Ny, indicates
the number of free parameters describing the temperature of the atmosphere, e.g. Tefr, Tequ, €t¢; Nciougs indicates the number of free parameters for
the modelling of clouds, i.e. fiq Or 10g (Pcioua); Npnys indicates the number of free parameters for the modelling of clouds, i.e. fq or 10g (Pcioud);

Nrorar indicates the total number of free parameters.

cross-correlation function to the distribution of values at the same
RV in the rest of the image.

The resulting molecular maps of our HCI targets are shown
in Fig. 4 along with the image intensity (i.e. the datacube aver-
aged over the wavelength axis) and cross-correlation functions
with the extracted spectrum, whilst the molecular maps for the
rest of our targets are shown in Fig. H.1 and H.2 in Appendix H.
For the well-separated targets, all the companions were easily
detected in the intensity images, whereas the close-in companions
(AF Lep b, HR 8799 e, HR 8799 ¢, and HR 2562 B) were only
revealed in the molecular maps. We robustly detected all of our
targets in the molecular maps of H,O and CO with the excep-
tion of 1RXSJ1609 b, which was only detected in the intensity
image. The non-detection of H,O and CO in the atmosphere of
1RXSJ1609 b is probably due to a low S/N. Indeed, the telluric
lines were barely visible by eye in single frame spectra of the
companion, leading to complications in the telluric correction
and spectrum extraction (see Appendix D.5). With frames of
DIT= 30 s and a total integration time of 18 min, this is probably
too short for this faint target. We therefore left this target out of
our analysis in the rest of this paper, except for the measurement
of the relative astrometry in Appendix I.1.

The CO bandhead and ‘forest” at A > 2.293 um can be seen
very clearly in some of the objects in Fig. 3. However, it is hard
to recognise H,O because of its lack of strong spectral features.
We provide a side-by-side comparison of our ERIS/SPIFFIER
spectra with our best-fit model in Figures J.1-J.12, in which the
quality of our data is made clearer.

We report the robust detection of the isotopologue '3C'°O
in the atmosphere of HR 2562 B (see Fig. 5), but not in any
other of our targets. We investigate the abundance of '*C'°0O
in the atmosphere of our targets in Sect. 5.4. The detection of
the isotopologue only in HR 2562 B can be attributed to the
differences in S/N of our spectra. Indeed, our observation of
HR 2562 B resulted in the spectrum with the highest S/N out of
our sample (see the size of the error bars in Fig. 3). This can be
explained by both a relatively long integration time for such a
bright target and an accurate PSF subtraction.

The detection of '*C'%0 only in HR 2562 B and not in com-
parably warm companions such as VHS 1256 b might also be
the consequence of differences in cloud structure and the atmo-
spheric depths probed (e.g. Ackerman & Marley 2001; Marley
et al. 2010; Vos et al. 2020) rather than differences in chemical
equilibrium (Burrows & Sharp 1999; Lodders & Fegley 2002).
Although the CO-dominated region shifts towards higher altitude
with increasing effective temperature (Visscher & Moses 2011),
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the observability of optically thin isotopologues such as *C'0 is
primarily controlled by cloud opacity (Marley et al. 2010; Zahnle
& Marley 2014). In clear atmospheres or when sedimentation
is high, deeper CO-rich layers become accessible, enhancing
the detectability of the weak features of its isotopologues (Ack-
erman & Marley 2001; Saumon et al. 2006). Conversely, the
vertically extended cloud decks of young, low-gravity objects
can obscure these CO-rich layers, effectively suppressing the
signature of '*C'%0 even when it is predicted by equilibrium
chemistry (Apai et al. 2013; Biller et al. 2015; Miles et al. 2020).
This interpretation is consistent with the atmospheric properties
of both HR 2562 B and VHS 1256 b. Indeed, HR 2562 B lies
at the end of the L/T transition and exhibits a largely cloud-free
atmosphere (Godoy et al. 2024). On the other hand, VHS 1256 b
resides at the beginning of the L/T transition and displays strong
variability, patchy cloud coverage, and significant dust content
(Gauza et al. 2015; Miles et al. 2020; Zhou et al. 2020; Miles
et al. 2023). Despite similar effective temperatures and masses,
the substantial age difference between these objects implies dif-
ferent sedimentation efficiencies and cloud vertical structures.
In our sample, HR 2562 B is the oldest object, for which the
detection of '3C'®0 is more favourable given the advanced sedi-
mentation of condensates in the atmosphere. In contrast, objects
such as ROXs 42 B b and AB Pic b, with ages of ~ 23 Myr and
~ 1345 Myr respectively, are expected to host atmospheres that
are more strongly dominated by clouds and dust (see Figures
J.4 and 1.5). As a result, the non-detection of '*C'°O in such
young objects does not imply a lack of CO isotopologues in their
atmospheres, but rather reflects observational limitations imposed
by cloud opacity and S/N of the spectra. Therefore, the detection
of 13C!0 is primarily a tracer of the atmospheric depth probed,
rather than a direct proxy for the total CO abundance.

For the close-in companions, the molecular maps are suffi-
cient to rule out contamination by the tellurics-imprinted stellar
PSF, as opposed to the well-separated targets for which there is
no risk. To claim the robust detection of H,O and CO, which
are also present in the Earth atmosphere, we also calculated the
cross-correlation function of the extracted spectra with a telluric
template. The resulting functions do not show any peak, demon-
strating that the telluric absorption lines were indeed effectively
removed by our pipeline. Therefore, the detections of H,O and
CO—for which the peaks are clearly visible and correctly aligned
at the same RV in the cross-correlation functions—are not spuri-
ous and indeed belong to the atmosphere of the companions (see
Fig. 4).
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Fig. 4: Intensity images (left), molecular maps of H,O and CO (centre), and cross-correlation functions (right) for our observations of
AF Lep b, HR 8799 e and c, and HR 2562 B. Both molecules are detected for all four companions at S/N> 5. The cross-correlation
function with a telluric template demonstrates that the extracted companion spectra are effectively free of tellurics and that the

detections of H,O are therefore genuine.

Our molecular maps revealed no additional companions be-
yond the already known ones. In particular, we did not detect
the HR 8799 f candidate identified by Thompson et al. (2023)
in L band at an angular separation of 160-200 mas. According
to the ERIS/SPIFFIER detection limits reported in Hayoz et al.
(2025), our observations should be sensitive to substellar com-
panions down to a contrast of 12 Amag, or 6.3 X 1073, close to
100 mas, similar to the limits presented by Wahhaj et al. (2021)
using Reference Differential Imaging with VLT/SPHERE.

The combination of moderately high spectral resolution
(R ~ 11000) and high angular resolution uniquely enables the or-
bital characterisation of close-in substellar companions by giving
access to the measurement of the astrometry and radial velocity
relative to their host star all in one observation. Whereas relative
astrometry is necessary to assess whether a candidate companion
is gravitationally bound to a star and, if so, constrain most of its
orbital parameters, the measurement of the RV of a companion
can disentangle the ambiguity between the ascending node and
argument of periapsis that cannot be resolved by relative astrome-
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Fig. 5: Detection of the isotopologue '*C'®0 for our observation
of HR 2562 B in the molecular map (/eft) and cross-correlation
function (right).

try alone (Hayoz et al. 2025). We report on these measurements
in Appendix I.1 and Appendix 1.2.

4.2. Results of the spectral fits

In this section, we report on the results of the extensive spectral
fitting analysis described in Sect. 3. Since the main atmospheric
parameters of interest—i.e. the C/O ratio, metallicity, and effec-
tive temperature—are not necessarily directly included as free
parameters in all of our considered forward models, we describe
how we inferred them from the other parameters in the following.
For the C/O ratio, we first computed the volume mixing ratios
(VMRs) n; from the retrieved mass fractions X; of each molecule
included in the fit using the formula

n=Ex,

i

@)

where (; is the molar mass of molecule i and y is the mean molar
mass. We then calculated the C/O ratio as

3

In this equation, we used xio and xl.C to denote the number of
atoms of oxygen, respectively carbon, included in the molecule i.
For the metallicity [Fe/H], we used the formula

2i (ZjeM xlj) n
i xf’ni

Here, M denotes the set of all metals, i.e. all the elements heavier
than hydrogen and helium, and [Fe/H], = —1.07 is the solar
metallicity as calculated from the solar elemental abundances
reported in Lodders (2020). Strictly speaking, Eq. 4 computes
the metallicity [M/H]. However, we assumed that it is equal to
[Fe/H] and use the notation [Fe/H] throughout this paper.

The inferred effective temperature is less straightforward to
compute. We first picked 1000 random samples from the posterior
distributions of each retrieval and calculated the corresponding
spectrum F, between 0.4 and 20 yum at R ~ 1000. We then
calculated the effective temperature 7.¢ corresponding to each
sampled spectrum using the Stefan—Boltzmann law:

Tup = 4| —EP
47TR}2)0'K
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In this equation, Lp = 4rd” f F,dA is the luminosity of the
planet, d is the distance from the Sun to the stellar system, and
ok ~ 5.67 x 1078 Wm2K™ is the Stefan—Boltzmann constant.
By calculating T.¢ for each sampled spectrum, this yielded an
approximation of the inferred posterior distribution of the effec-
tive temperature. We note that Rp is the planetary radius, which,
together with the distance to the system, controls the scaling of
the flux. This is therefore the risk that the spectral model un-
derestimates the total flux, resulting in an overestimation of Rp.
However, calculating T with Eq. 5 allows us to compare the
temperatures retrieved by the self-consistent models—where T
is an explicit parameter—and the free models—where the temper-
ature is controlled by the p—T profile. We used a fixed number of
1000 random samples instead of all samples calculated by each
retrieval to decrease the number of spectra to compute.

Due to the number of targets (12) and forward models (7) that
we investigated, we cannot show all the resulting corner plots
(i.e. 71, when accounting for the models that are not applicable to
some targets, cf. Sect. 3.3) in this paper. Instead, we provide an
overview of the retrieved values for the main atmospheric parame-
ters in Fig. 6, including quantities which are not directly retrieved
as free variables but are rather inferred from other parameters,
such as the C/O ratio, metallicity [Fe/H], or effective temperature
Tes. These values are also reported in Table J.2. Additionally, we
provide one overview figure for each of our targets (Fig. J.1-J.12),
in which we show the corner plots for a subset of atmospheric
parameters together with the retrieved p—T profiles, molecular
abundances, as well as retrieved spectra. Finally, we calculated
the log-evidence of each model and determined the preferred grid
and free models in Table J.1, where we also calculated the Bayes
factor between the free model including the '3CO isotopologue
and the model without it as a tool to assess its presence in the
atmosphere of our targets. We are publishing all numerical results,
including the sampled parameters and inferred values, on Zenodo
(cf. data availability in Sect. 7).

As a sanity check, we controlled whether any posterior distri-
bution was accumulating close to the edges of the prior range for
any parameter. For the free models, CT Cha b and HIP 78530 B
hit the boundary for the parameter Tq,; ROXs 12 b for the radius
R; and HIP 78530 B and VHS 1256 b for the C/O ratio. For the
grid models and the effective temperature 7., none of our targets
have reached the edge of the prior range as a consequence of
selecting which model to apply to which target based on their
spectral range and effective temperatures (see Sect. 3.3). The
surface gravity log(g) is most affected, with half of the targets
hitting the boundary for the Sonora-Diamondback model, and
a third for the BT-Settl CIFIST model. For the metallicity, only
HIP 79098 (AB) B is affected with the Exo-REM model, whilst
two thirds of our targets reach the end of the very narrow prior
bound of the Sonora-Diamondback model. For the C/O ratio, only
2MJO0219 b and AF Lep b reach the boundary of the Exo-REM
model. Finally, both HR 8799 e and AF Lep b hit the boundary
of the sedimentation parameter f.q of the Sonora-Diamondback
model. In principle, results that hit the prior bounds might be bi-
ased, as the retrievals might try to compensate by modifying other
parameters. However, this is not a problem for the radius and sur-
face gravity, as some studies purposefully enforce prior bounds
for log(g) and R to avoid physically inconsistent solutions (see
e.g. Nasedkin et al. 2024). For the other parameters, i.e. the C/O
ratio and metallicity, the problem is mitigated by our aggregation
of the results from different models (see the description below).
Ideally the model bounds should be extended for self-consistent
models. However, this is beyond the scope of this paper.
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Fig. 6: Summary of the retrieved properties for our 12 targets. The targets are sorted by order of increasing companion mass. Each
row reports on the retrieved C/O ratio, metallicity [Fe/H], effective temperature T.g, surface gravity log(g), and planetary radius R for
each target. The colour-coded error bars correspond to the different forward models considered in this study and indicate the 16th,
50th, and 84th percentiles of the posterior distributions. The light blue violin plots refer to the adopted value and uncertainty for each
parameter and were calculated by taking the mean and standard deviation of the posterior medians of the different models. If they
were available, the dotted red lines and shaded areas denote the latest literature values and corresponding uncertainties reported in
Tables A.1 and A.2. As discussed in Sect. 3.3, some models are not applicable to some targets, hence the missing error bars for some

targets.

Looking at the overview of the results of our spectral fits
shown in Fig. 6, we can first study the differences between the
forward models. Overall, the surface gravity seems to be the
hardest parameter to constrain consistently across all models.
Indeed, the retrieved values show a wide spread over all mod-
els. Generally, the fits using the free chemistry models result
in larger surface gravities, whereas the BT-Settl CIFIST and
Sonora-Diamondback often result in smaller values. The Exo-
REM model agrees equally often with the free chemistry model
as with the chemical (dis)equilibrium model and the other grid
models. The only exception is VHS 1256 b, for which all models
indicate the same low surface gravity within 0.5 dex. The C/O
ratio and metallicity show a better behaviour: the retrieved val-
ues are grouped relatively close to each other for most targets,
with a spread of the order of 0.15 for the C/O ratio and 0.7 for
the metallicity. VHS 1256 b, ROXs 12 b, and HIP 78530 B are
the targets with the largest spread for the C/O ratio. These three,
as well as HIP 79098 (AB) B, also show a large spread in the
retrieved metallicity. The two chemical (dis)equilibrium models
lead to similar C/O ratios and metallicities for all targets except
for ROXs 12 b and HIP 78530 B, where the metallicity varies by
more than 1 dex, and VHS 1256 b, where the C/O ratio differs

by 0.2. The surface temperature and planetary radius are the pa-
rameters that were retrieved most consistently across all forward
models, except for ROXs 42 B b, 2MJ0219 b, CT Cha b, and
HIP 78530 B. These inconsistent results for the surface temper-
ature and planetary radius seem to be caused by the degeneracy
between the two parameters when the spectral coverage is in-
sufficient, i.e. a low value for the surface temperature can lead
to an equivalent spectral fit if counteracted by a large planetary
radius, and vice versa. This could explain the large radius and
small surface temperature retrieved by the Sonora-Diamondback
model for ROXs 42 B b and CT Cha b compared to the other
models.

Opverall, it is remarkable how confident each forward model is,
i.e. how narrow the posterior distributions are, whilst at the same
time significantly disagreeing with each other (in the statistical
sense, i.e. the retrieved values from one model are often further
than 1-o away from the retrieved values from another model).
This is a clear sign of the systematics that arise from the different
choices in atmospheric modelling.

In principle, this can be circumvented by considering the
Bayes factor between each pair of models, the logarithm of which
is given by log(Kj,) = log(Z;) — log(Z,) for models one and two
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with evidence Z; and Z,, and selecting the preferred model. We
report the logarithm of the evidence of each model in Table J.1.
Out of the three grid models—which, as explained above, are only
fit to the archival data—, Exo-REM is favoured for AF Lep b,
HR 8799 c, HR 8799 e, AB Pic b, HR 2562 B, and VHS 1256 b;
Sonora-Diamondback is favoured for ROXs 42 B b; and BT-Settl
CIFIST for 2MJ0219 b, CT Cha b, ROXs 12 b, HIP 78530 B, and
HIP 79098 (AB) b. For the parametrised models, 2MJ0219 b and
HIP 78530 B result in larger evidence when fit with the cloud-free
chemical (dis)equilibrium model; for HR 8799 e, ROXs 42 B b,
and HR 2562 B, the free chemistry including the '*CO isotopo-
logue is favoured; finally, the free chemistry without the isotopo-
logue is favoured for the other seven targets. With no significant
detection of the isotopologue in the molecular maps and no sig-
nificant differences in the best-fit SED model (see Fig. J.2 and
J.4), the preference of the Bayes factor (with values of 5.1 and
0.3, respectively) for the model including the isotopologue cannot
be used as clear evidence of its detection in the atmospheres of
HR 8799 e and ROXs 42 B b.

From all these considerations, it seems ill-advised to adopt
the retrieved parameters from one single forward model. Instead,
the method that is emerging as a standard in the field is to ag-
gregate the results from different model fits into a final value
for each parameter (see e.g. Molliere et al. 2025; Zhang et al.
2025). However, the best method to do this is not yet clear. On the
one hand, weighting all models equally—which is equivalent to
adopting the same prior belief for each model—heavily depends
on the selection of the models to evaluate, as is evident from
the spread of the retrieved values in Fig. 6. On the other hand,
weighting the results by their variance is also problematic, as the
grid models have significantly narrower posterior distributions,
which might result in ignoring the results of the free models.
The first approach, however, takes into account the systematics
arising from the different modelling approaches the best, and it
mitigates the consequences of the posterior distributions hitting
the prior bounds. Therefore, for each target, we adopted a final
value for the C/O ratio, metallicity, effective temperature, surface
gravity, and planetary radius, by taking the mean over all mod-
els that we considered and interpreting the standard deviation as
the associated model uncertainty. In that calculation, we omitted
the free model that includes the '3CO isotopologue. Indeed, the
retrieved parameters were either nonsensical—as is the case for
ROXs 12 b—, in which case the aggregated value would be bi-
ased, or virtually identical, in which case the free model would
essentially count double in the aggregated value.

Our adopted values are indicated as violin plots and black
error bars in Fig. 6 and reported in Table J.2. Our final results
are generally compatible with the values found in the literature
(indicated by the dotted red lines and shaded areas in Fig. 6).
There are two key differences, however. First, we publish the
first estimates for the C/O ratio and metallicity of HR 2562 B,
2MJ0219 b, and HIP 78530 B (note that the C/O ratio and metal-
licity of 2MJ0219 b was recently measured by Petrus et al. (2025)
using the VLT/X-Shooter instrument. However, their retrieved
values are not public). Additionally, we robustly detect the '*CO
isotopologue in the atmosphere of HR 2562 B and provide the
first estimate of its abundance in this target. Second, our estimates
take into account systematics arising from different atmospheric
models. Therefore, our results have higher uncertainties, but they
are expected to be more robust.
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5. Discussion
5.1. Comparison with literature

In the following, we compare our findings to the existing literature.
We discuss our retrieved mass fractions of '3CO separately in
Sect. 5.4. For the majority of our targets, most of the retrieved
parameters agree well with previous estimates. That is of course
facilitated by the larger uncertainties of our adopted values, which
take into account the systematics between models, whilst most
of the literature values were derived using only one model (or
selecting the results of one model after model selection using,
for example, Bayes’ factor) and, consequentially, yield small
error bars. Looking at the summary of our results (see Fig. 6),
the surface gravity is seemingly the most challenging parameter
to robustly estimate, with constraints wildly varying between
models. This is why our adopted values for the surface gravity
have correspondingly large error bars. The planetary radius is
known to be difficult to constrain using atmospheric retrievals and
grid models, with underestimated values for objects at the L/T
transition, and overestimated values for M dwarfs (Balmer et al.
2025a). In our study, the only target for which the retrieved radius
is inconsistent with the literature is AF Lep b, with a value of 0.7+
0.1 Ry against the most recent estimation of 1.3 + 0.1 Ry (Balmer
et al. 2025a). Our retrieved value is physically impossible, as it
violates the H-He equation of state for an object of this mass
(Chabrier & Potekhin 1998; Chabrier et al. 2019; Chabrier &
Debras 2021; Chabrier et al. 2023). On the other end of the range
of retrieved radii, ROXs 12 b and HIP 79098 (AB) B both result
in values larger than 4 R;. These physically implausible radii are
generally seen as a deficiency of the atmospheric models (for a
thorough discussion of the ‘radius problem’, see Balmer et al.
2025a). One workaround is to enforce physically consistent radius
priors (e.g. as was done for AF Lep b, see Balmer et al. 2025a), or
even to reject any model which results in physically inconsistent
radius posterior (e.g. Nasedkin et al. 2024). Fortunately, there is
some evidence in other studies that the retrieved C/O ratio and
metallicity do not change dramatically when enforcing physically
motivated planetary radii (Xuan et al. 2024; Balmer et al. 2025a),
and therefore we set the planetary radius aside in the following
discussion.

Ignoring the radius and surface gravity, the targets for which
some of our retrieved parameters are inconsistent with the find-
ings of previous studies are ROXs 42 B b, AB Pic b, ROXs 12 b,
and HIP 79098 (AB) B. We derived an effective temperature of
1600 + 100 K for ROXs 42 B b, with little disagreement between
all models that we considered, whereas the latest study of this
object places it at a much higher 1900-2400 K (Xuan et al. 2024;
Inglis et al. 2024). Crucially, these two studies did not consider
the available 3-8 um Spitzer photometry measured by Martinez
& Kraus (2022). Martinez & Kraus (2022) found an effective
temperature of 1700 + 50 K for the companion by fitting the SED
with a BT-Settl model, consistent with our estimate. For AB Pic b,
we measured a metallicity of 1.4+0.65 dex, against 0.36+0.2 dex
in the literature (Palma-Bifani et al. 2023). Coincidentally, the
literature value matches the metallicity obtained by fitting the
Sonora-Diamondback model. Palma-Bifani et al. (2023) investi-
gated BT-Settl and Exo-REM models on different subsets of the
available archival data, considering each band separately. Their fit
on the full SED, however, also yielded a metallicity of 1 dex, con-
sistent with our estimate. For ROXs 12 b, we obtained an effective
temperature of 1500 + 100 K, much lower than the literature es-
timates of 2500-3100 K (Bowler et al. 2017; Xuan et al. 2024).
Xuan et al. (2024) did not consider any photometric data, relying
instead on their continuum-subtracted spectroscopy at high spec-



Hayoz et al.: Observational constraints on the chemical tracers of planet formation history

tral resolution to fit for the p—T structure of the companion. On
the other hand, Bowler et al. (2017) used different photometric
magnitudes than the ones originally measured by Kraus et al.
(2014a). In particular, Bowler et al. (2017) used lower values for
the JHK bands, but a higher value for the L band. Since we used
the same extinction value as Bowler et al. (2017), the inconsistent
effective temperature might come from the different photomet-
ric data, which are used to flux-calibrate the NIFS and OSIRIS
spectroscopic data in both our work and in Bowler et al. (2017).
Finally, we measured an effective temperature of 1650 + 150 K
for HIP 79098 (AB) B, whilst a previous estimate placed it at
2360 = 75 K (Xuan et al. 2024). Again, to our knowledge, Xuan
et al. (2024) did not consider the photometric data measured by
Janson et al. (2019) for this object, making it challenging to ob-
tain a robust estimate of the effective temperature without any
SED continuum. Both HIP 79098 (AB) B and ROXs 12 b would
greatly benefit from additional spectrophotometric data across the
J, H, K, and L bands to better constrain their continua. Because
our results are so far from literature values for these two compan-
ions, we removed them from our main analysis in Sect. 5.5 and
5.6.

5.2. Robustly constraining molecular abundances

Since we are independently fitting the spectra of our targets us-
ing both a ‘free chemistry’ model and a chemical disequilibrium
model, we can check for the consistency of our results by compar-
ing the chemical composition retrieved by both models. Indeed,
the first model parametrises the abundance of each molecule
directly, whilst the latter assumes chemical equilibrium for all
species except for H,O, CO, and CHy4, which can be quenched
above a certain pressure to emulate chemical disequilibrium. If
the molecular abundances retrieved by the first model do not cor-
respond to the values of the other model—whether at chemical
equilibrium or disequilibrium—, then there might be systematics
affecting the data causing this inconsistency.

To perform this check, we inspect the posterior distributions
of the molecular abundances shown in the upper-right panel of
Fig. J.1-J.12. For AF Lep b, HR 8799 ¢, HR 8799 ¢, ROXs 42 B b,
HR 2562 B, and VHS 1256 b, the two models match seemingly
perfectly. For these targets, the posterior distributions obtained
by the free model intersect with the vertical profiles obtained
by the chemical disequilibrium model within the region of the
atmosphere where the emission contribution function (shown to-
gether with the retrieved p—T profile in the panel underneath) is
large. For example, we obtain mass fractions of -3.2 dex, -3.0 dex,
-5.7 dex for the molecules of H,O, CO, and CHy in the atmo-
sphere of VHS 1256 b, which very closely match the vertical
profile of these molecules at ~ 1 bar, where the emission con-
tribution function peaks. As another example, we obtain a mass
fraction of —7.3 dex for the molecule of FeH in the atmosphere
of AF Lep b. At chemical equilibrium, the abundance of this
molecule depends on the local temperature of the atmosphere,
and its value quickly decreases from -2.5 dex to < —10 dex with
increasing altitude and decreasing temperature. Its vertical profile
crosses our retrieved value around the pressure of ~ 100 bar. This
is the pressure at which the emission contribution function peaks
in the J band, right where the infrared spectral features of FeH are
located. Indeed, this function depends on the wavelength, moving
to higher altitude with increasing wavelength. In other words, the
retrieved abundance of FeH closely matches the value expected
from chemical equilibrium within the atmospheric layer where
its absorption features are produced. For these three targets, the
free chemistry model matches the chemical disequilibrium model

very well. In summary, for these six targets, the molecules of
FeH, HCN, TiO, VO—all of which being molecules with spectral
features across the YJH bands—are retrieved with abundances
(or, in case it could not be constrained, with upper bounds) match-
ing the chemical disequilibrium model within the lower part of
the atmosphere, i.e. where P > 10 bar; on the other hand, the
retrieved abundances of CH; and CO, better match chemical
disequilibrium in the higher part of the atmosphere, i.e. where
P < 10 bar. With spectral features within 3—4 ym, the abundance
of CO; can be investigated in an even higher layer of the atmo-
sphere, with P < 0.1 bar. Finally, the abundances of CO, H,O,
and H,S are all vertically constant at chemical disequilibrium,
with a value matched by the free chemistry model (either with a
direct constraint or an upper bound).

For AB Pic b, 2MJ0219 b, ROXs 12 b, HIP 78530 B, and
HIP 79098 (AB) B, there are a few molecules for which the two
models do not match. For the first target, the retrieved abundances
of TiO and VO are higher than expected from chemical equilib-
rium. Since these molecules have features in the J band, this
might indicate missing physics in the modelling that also affects
the J band. For 2MJ0219 b, the same happens with CO and COs,.
It is unclear why the retrieval prefers such high abundances for
CO, with log(Xco) > —1 dex, whilst both the chemical disequilib-
rium model and Exo-REM constrain a lower C/O ratio, for which
the abundance of CO is much lower (i.e. log(Xco) ~ —2 dex).
For ROXs 12 b, HCN and TiO are too high, whilst CO is too low
when fitting with the clear (i.e. without clouds) chemical disequi-
librium model, whilst it matches well the abundance found by
the cloudy model with a correspondingly lower C/O ratio. For
HIP 78530 B, the situation is very similar to ROXs 12 b, with
high retrieved abundances of TiO and VO, whilst the retrieved
abundances of CO and H,O match the cloudy chemical equilib-
rium model better than the clear one, and at a lower C/O ratio. For
HIP 79098 (AB) B, the abundances of CO; and VO are too high.
For this last target, only H,O and CO are correctly constrained by
the free chemistry model, which is not surprising as we only have
spectroscopic data in the K band with ERIS/SPIFFIER. Since
CO; has features in the K band, it is possible that there are system-
atics in our ERIS/SPIFFIER spectrum that match the features of
the molecule, which would explain the large abundance retrieved
with the free model. This is not the case for VO, and therefore it
is unclear why the molecule is retrieved at such a high abundance.

Finally, the two models yield very inconsistent results for
CT Cha b, even for CO and H,O which are clearly detected in
the molecular maps (see Fig. H.1. This might be due to the sparse
spectral coverage for this object, with only a J-band SINFONI
spectrum (Bonnefoy et al. 2014) and a few photometric data
points, or maybe the spectra include some signal from the cir-
cumplanetary disc (Cugno & Grant 2025)—although the disc is
much colder and is not expected to contribute significantly to the
J band.

In summary, for most targets and for most molecules included
in our analysis, the abundances retrieved with the free chem-
istry model match those expected from chemical disequilibrium,
validating the free chemistry model to investigate the chemical
composition of DI exoplanets. For the targets where the free
chemistry model and the chemical disequilibrium do not match
for all molecules, it is unclear whether deviations are genuine
(thereby implying depletion or enrichment of certain molecules)
or arise from biases in our retrieval framework and/or limited
spectral coverage.
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5.3. Chemical disequilibrium

Beyond providing a useful consistency check, the use of both
models enables us to investigate whether chemical disequilib-
rium is taking place in the atmosphere of our targets. Indeed,
in the chemical disequilibrium model, this is done through the
parameter 10g(Pguench) that sets the quenching pressure, at which
the abundances of CO, H,0O, and CH4 are fixed and maintained
constant throughout the rest of the upper atmosphere to emulate
transport-induced vertical mixing (Zahnle & Marley 2014; Mol-
liere et al. 2015, 2017; Nasedkin et al. 2024). If vertical mixing is
taking place, the abundances of these three molecules in the upper
atmosphere are set by chemical equilibrium in the lower, hotter
part of the atmosphere, where CO is chemically favoured over
CH,4 and H,O. Therefore, vertical mixing is expected to decrease
the abundances of CH4 and H,O whilst increasing the abundance
of CO. With the free chemistry model, the abundances of these
three molecules can be directly constrained, providing a direct
test of chemical disequilibrium.

Among our targets, evidence of chemical disequilibrium was
previously found for AF Lep b (Zhang et al. 2023b; Franson
et al. 2024; Balmer et al. 2025a) and VHS 1256 b (Miles et al.
2023; Petrus et al. 2024) in the form of reduced CH4 abundance
and increased CO abundance compared to the expected chemical
composition based on the effective temperature of these objects.
Our analysis also finds evidence of chemical disequilibrium in the
atmosphere of AF Lep b, evidenced by both the large quenching
pressure of 10g(Pquench) = 2.7’:3;21 dex found by our chemical dise-
quilibrium model, and the large abundance of CO relative to that
of CH,4 constrained by our free chemistry model. For VHS 1256 b,
the picture is less clear: whilst our retrieved abundance of CO
is larger than predicted by chemical equilibrium, our retrieved
abundance of CH4 matches the prediction at chemical equilibrium
in the intermediate region (i.e. 0.01-0.1 bar) of the atmosphere.
Therefore, our results are only consistent with chemical dise-
quilibrium if the retrieval is only sensitive to the lower part of
the atmosphere, which is unclear since CH, has features across
the whole spectral range of the JWST NIRSpec and MIRI/MRS
spectrum. Together with a low quenching pressure found by the
clear disequilibrium model (10g(Pguench) ~ —5 dex), our analysis
does not unambiguously point towards chemical disequilibrium.
Beside AF Lep b, the other targets with low quenching pressure
(i.e. within or below the region of highest emission contribution)
and good constraints (or stringent upper bounds) of both the CO
and CH, abundances are HR 8799 c and HR 2562 B. In their
deep study of the HR 8799 multiplanetary system, Nasedkin et al.
(2024) also found that chemical disequilibrium provides a good
fit for the available spectroscopic data of HR 8799 c. Our re-
trieved abundance of CHy for the planet only matches chemical
equilibrium around 1 bar, with higher expected abundances both
above and below this region. Since this is the region that con-
tributes most to the emission, we cannot definitively conclude
about chemical disequilibrium in the atmosphere of HR 8799 c.
Finally, for HR 2562 B, we retrieve an upper bound for CH, that
is lower than the abundance predicted by chemical equilibrium
over the whole vertical extent of the atmosphere. However, chem-
ical disequilibrium also predicts a larger CH4 abundance than
this upper bound, and therefore, it is unclear whether our upper
bound is robust and whether high abundances of CH4 can indeed
be ruled out.
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5.4. Constraining the '>CO/"3 CO isotopologue ratio

The clear detection of the '*CO isotopologue in the atmo-
sphere of HR 2562 B opens up the possibility to measure the
12C0O/B3CO isotopologue ratio with ERIS/SPIFFIER. As de-
scribed in Sect. 3.2, we added the isotopologue to the list of
opacities in our free chemistry model and ran the retrieval twice
for each target, once with and once without the isotopologue. The
resulting posterior distributions for '*CO are shown in Fig. J.1-
J.12. For HR 2562 B, the retrieval results in a narrow constraint for
the abundance of the isotopologue. Beside ROXs 12 b—for which
the retrieval converged to a spurious constraint for the isotopo-
logue (see Sect. 4.2)—, HR 8799 e also results in a constrained
abundance, although we could not detect the isotopologue in the
corresponding molecular map. Since Bayes’ factor favours the
model that includes the isotopologue (see Table J.1), the con-
straint must come from the K-band VLTI/GRAVITY spectrum
and is likely spurious, similarly to ROXs 12 b (Nasedkin et al.
2024). All other targets result in upper bounds for the abundance
of the isotopologue.

We sampled from the posterior distribution of '2CO and '3CO
to infer the posterior distribution of the '>CO/!3CO isotopologue
ratio for each target. From these, we calculated point estimates
by taking the median and 16th—84th percentile for HR 2562 B,
resulting in '2CO/"*CO= 12.0*3. This value indicates a signifi-
cant amount of isotopologue enrichment compared to the other
values measured in the literature, with values in the range 50-60
for VHS 1256 b, HIP 79098 (AB) B, DH Tau b, and GQ Lup b
(Gandhi et al. 2023; Xuan et al. 2024; Gonzélez Picos et al. 2025).
For the other targets, including ROXs 12 b and HR 8799 e, we
calculated a 2-0- lower bound for the isotope ratio by taking the
2.27 percentile. These results are reported in Table 4.

The '>CO/"3CO isotopologue ratio was previously con-
strained for two of our targets, namely VHS 1256 b using
JWST/NIRSpec data (Gandhi et al. 2023), and HIP 79098 (AB) B
with Keck/KPIC data (Xuan et al. 2024). Both our lower bounds
of 2CO/"*CO> 48 for VHS 1256 b and '2CO/*CO> 28
for HIP 79098 (AB) B are compatible with the literature val-
ues, namely 62 + 2 (Gandhi et al. 2023) and 52 + 22 (Xuan
et al. 2024) for each target respectively. It therefore seems as
though our ERIS/SPIFFIER observations of VHS 1256 b and
HIP 79098 (AB) B are just not sensitive enough to repeat the
detection of the isotopologue and constrain its abundance. The
consistency of these two lower bounds with literature values pro-
vides good evidence that the lower bounds obtained for the other
targets might be equally robust.

5.5. Constraining the planet formation history from the
atmospheric composition

In this section, we discuss the potential formation history of
our targets. To do so, we considered the constraints of atmo-
spheric C/O ratio and metallicity of each of our targets relative
to that of their host stars. Swastik et al. (2021) measured the
stellar metallicity of six of our targeted systems—namely AB Pic,
HR 8799, HR 2562, HIP 78530, CT Cha, and ROXs 12—using
high-resolution (R > 50000) spectroscopic observations with
HARPS, UVES, FEROS, and HIRES. Otherwise, we used the
stellar metallicities measured with the RVS instrument aboard
GAIA and published as part of the GAIA Data Release 3 (DR3)
(Recio-Blanco et al. 2023). For 2MJ0219 and VHS 1256, we as-
sumed a solar metallicity, as there are no published values to the
knowledge of the authors. For the stellar C/O ratio, the HR 8799
system was characterised with the Automated Planet Finder tele-
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Fig. 7: Retrieved atmospheric C/O ratio, metallicity, and '2CO/'3CO isotopologue ratio as functions of the planet mass (leff) and
stellar irradiation (right). The C/O ratios and metallicities of the companions (i.e. (C/O)p and [Fe/H]p) are given relative to that of
their host stars ((C/O)s and [Fe/H]s), indicated as horizontal lines. Diamond markers indicate that the stellar C/O or [Fe/H] values
were directly measured in previous studies (see Table A.1 and A.2). We performed a linear fit of the relative atmospheric C/O ratio as
a function of companion mass using orthogonal distance regression. The posterior median and confidence intervals are indicated
by the solid line and shaded area. Although we used a linear function for the fit, the posterior median appears curved, which is
indicative of the correlation between the slope and vertical offset of our fit. Arrows indicate lower bounds. The solar isotope ratio, i.e.
12¢/13C= 89 (Anders & Grevesse 1989), is indicated by the dotted line, whilst the shaded region indicates the value measured for
the local Insterstellar Medium (ISM), i.e. '>C/!*C= 68 + 15 (Milam et al. 2005). The bottom-left panel shows a scatter plot of the
retrieved C/O ratios and metallicities.
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Table 4: Measured '>CO/'3CO isotopologue ratio.

Target name This work  Literature Ref.

AF Lepb >15

HR 8799 ¢ >4.2

HR 8799 ¢ > 85

ROXs42Bb >7.6

AB Pic b > 16

HR 2562 B 12.03‘:2

2MJ0219 b > 360

VHS 1256 b > 48 62+2 1
CT Chab > 0.000012

ROXs 12b > 0.00033

HIP 78530 B > 20

HIP 79098 AB B > 28 52 +£22 2
Solar 89 3
Interstellar Medium 68 £ 15 4

Notes. References: 1. Gandhi et al. (2023), 2. Xuan et al. (2024), 3.
Anders & Grevesse (1989), 4. Milam et al. (2005).

scope at the Lick Observatory (Baburaj et al. 2025) as well as with
the HARPS instrument at the La Silla observatory (Wang et al.
2020), finding a solar value. For AF Lep, IRXSJ1609, ROXs 12,
HIP 78530, and HIP 79098 AB, we followed the reasoning from
Xuan et al. (2024) and assumed solar C/O ratios. Indeed, the
star HD 181327 from the 8 Pic moving group was found to have
nearly solar C/O ratio (Reggiani et al. 2024). Since the 8 Pic
moving group likely originated from the Sco—Cen association
(Mamajek & Feigelson 2001; Ortega et al. 2002), we can assume
that these five systems—which are all members of the Sco—Cen
association—also have roughly solar C/O ratio. For the remaining
systems (i.e. ROXs 42 B, AB Pic, HR 2562, 2MJ0219, VHS 1256,
CT Cha), we assumed solar C/O ratio, as we are not aware of any
published values for these targets. We show the resulting plane-
tary C/O ratios and metallicities relative to their host stars as a
function of planetary mass and stellar irradiation in Fig. 7, where
we also included our constraints for the '>?C0O/'3CO isotopologue
ratio.

The only target for which we were able to measure all three
tracers (i.e. the C/O ratio, metallicity, and 2co/B3co isotopo-
logue ratio) was HR 2562 B. Its abundance of '3CO is signifi-
cantly enhanced compared to the ISM and solar isotopic ratio,
with 2CO/3CO= 12.02"2 for the companion against 68 + 15
(Anders & Grevesse 1989) and 89 (Milam et al. 2005). This
could indicate that it might have formed beyond the CO snow-
line, where it could have accreted ices enriched in 2CO (Zhang
et al. 2021a). Furthermore, we retrieved a stellar C/O ratio and
superstellar metallicity. These values are consistent with a forma-
tion via gravitational instability and subsequent metal enrichment
via the accretion of planetesimals (Oberg et al. 2011). With its
current orbital separation of 19-30 au, well within the CO snow-
line, HR 2562 B might have migrated inwards after its formation,
possibly accreting planetesimals on its way. However, the large
enrichment of '3CO isotopologue should be corroborated by ad-
ditional observations.

On the other hand, HR 8799 ¢, 2MJ0219 b, and VHS 1256 b
all resulted in lower bounds for the '>CO/'3CO isotopologue that
are similar or larger than the ISM and the solar value, implying
that they are not enriched in '*CO. Two scenarios are consistent
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with this result, namely planet-like formation in the protoplan-
etary disc within the CO snowline, or star-like formation in a
molecular cloud (Oberg et al. 2011). For VHS 1256 b, both a
star-like formation and formation via gravitational instability are
compatible with the broadly stellar C/O ratio and metallicity re-
trieved by our analysis. On the other hand, HR 8799 c seems to
be significantly metal-rich. An in situ planet-like formation be-
tween the H,O and CO snowlines—where the planet is currently
located—could explain both the lack of isotopologue enrichment
as well as the high metallicity. For 2MJ0219 b, we find broadly
stellar metallicity and superstellar C/O ratio, rendering it chal-
lenging to fit into one of the two scenarios that are compatible
with the lack of isotopologue enrichment.

The '>CO/3CO isotopologue ratio of the other targets are
uninformative, with lower bounds well below the ISM and solar
isotopic ratio. AF Lep b, HR 8799 e, and AB Pic b all have a
superstellar C/O ratio and metallicity, which are signs of planet-
like formation outside of the H,O snowline (Oberg et al. 2011).
HIP 78530 B has roughly stellar metallicity and substellar C/O
ratio. The stellar metallicity is consistent with a formation by
gravitational instability, whilst substellar C/O ratios could be
indicative of accreting H,O-rich planetesimals between the H,O
and CO, snowlines (Oberg et al. 2011; Collaboration et al. 2020).
A formation far out with subsequent inwards migration could
explain these values, but this scenario is hardly consistent with
its current large orbital separation. ROXs 42 B b and CT Cha b
seem to be enhanced in metals with a roughly stellar C/O ratio.
This could be interpreted as formation via gravitational instability
with subsequent metal enrichment by solids with stellar C/O ratio,
which would be expected from planetesimals that formed outside
of the CH,4 snowline (Oberg et al. 2011).

We stress that the interpretations of formation pathways de-
scribed in this section are highly speculative, as they depend
on the general findings of planet formation models which have
not yet been confirmed observationally. Detailed and system-
dependent simulations are necessary to more robustly interpret
the formation pathways of low-mass companions. However, this
is beyond the scope of this paper and left for future work.

5.6. Constraining the link between the atmospheric
composition and planet formation history

Thanks to our large sample and our extensive efforts to avoid
model systematics, we can turn around the argumentation of the
previous section and use our results to inform planet formation
theories. At the most basic level, our analysis highlights the range
of values that the C/O ratio, metallicity, and 2co/3co isotopo-
logue ratios can take for the atmospheres of young, low-mass sub-
stellar companions. Our retrieved C/O ratios are contained in the
range [0.1,0.9] when we include their uncertainty—or [0.2,1.6]
relative to the stellar value. Our retrieved planetary atmospheric
metallicities [Fe/H] are contained in the range [-2.6,1.6] dex—i.e.
[-2.1,1.9] dex relative to the stellar value. Whereas the C/O ratio
is equally scattered above and below the stellar value as can be
seen in Fig. 7, the majority of our targets have elevated metallici-
ties. In particular, all of our targets which are thought to be below
the deuterium burning limit, which is estimated to be ~ 13 M;
assuming solar metallicity (Spiegel et al. 2011)—i.e. AF Lep b,
HR 8799 e, HR 8799 ¢, ROXs 42 B b, and AB Pic b—all seem to
have a metallicity enrichment relative to their star. The large scat-
ter of atmospheric metallicities found for our targets fits into the
picture laid out by Wang (2025). This study notes that, on average,
planetary atmospheres show higher levels of metallicity enrich-
ment compared to brown dwarf atmospheres, suggesting that
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planetary-mass objects quickly accrete a large number of solids
after forming, thereby enriching their atmospheres (Wang 2025).
Our constraints of the '?CO/!3CO isotopologue ratios are rather
weak, with all but one resulting in lower bounds. However, our
retrieved value of 12CO/13CO= 12.0’:‘3"2 for HR 2562 B, together

with our largest lower bound of 12Cc0/3CO> 360 for 2MJ0219 b,
seem to indicate a large range of possible values. If this scatter
gets corroborated by future observations, it means that the forma-
tion of substellar objects can lead to both a significant enrichment
or depletion of the '*CO isotopologue compared to the Solar
System and ISM. With the large separation of 2MJ0219 b well
beyond the CO snowline and its apparent depletion of '3CO, it
seems that the link between the '2CO/!*CO isotopologue ratio and
the birthplace of a companion is probably not as straightforward
as suggested by Zhang et al. (2021a).

Looking at the upper-right panel of Fig. 7, our retrieved at-
mospheric C/O ratios do not follow the characteristic increase
across every carbon-bearing molecular snowline expected from in
situ forming planets as suggested by Oberg et al. (2011). On the
contrary, our six targets with the largest stellar irradiation—i.e.
AF Lep b, HR 8799 e, HR 2562 B, HR 8799 c, HIP 79098 (AB) B,
HIP 78530 B—show the inverse behaviour with decreasing C/O
ratio. A large amount of migration is required to reconcile our re-
sults with Oberg et al. (2011): only the superstellar C/O ratios of
AF Lep b and HR 8799 e could be explained by in situ formation,
whereas the rest would be required to have formed outside of the
CH,4 snowline to explain their stellar C/O ratio.

Conversely, our results seem to exhibit an anti-correlation
between the atmospheric C/O ratio and the companion mass, with
a correlation coefficient of R = —0.64. Fitting a linear function
using orthogonal distance regression—which takes into account
uncertainties in both the x and y coordinates—yields a slope of
-0.031 £ 0.016 MJ‘1 and vertical offset of 1.44 + 0.21. Our fit
results in a significant covariance between the two parameters,
leading to a curved line in the upper-left panel of Fig. 7. Hoch
et al. (2023) found a tentative link between the atmospheric C/O
ratio and the companion mass by comparing the population of DI
companions with available C/O ratio measurements together with
a population of 25 transiting Hot Jupiters measured by Changeat
et al. (2022). Hoch et al. (2023) found that the measured C/O
ratios could be explained by two separate populations, split at
~ 4 Mj, with roughly solar C/O ratios for higher-mass com-
panions and supersolar C/O ratios for the lower masses. The
superstellar C/O ratios that we obtained for HR 8799 e, AB Pic b,
and 2MJ0219 b, the three of which having masses larger than
4 My, only fit into this picture if a large scatter of atmospheric C/O
ratios are allowed. With our tentative anti-correlation between
atmospheric C/O ratio and companion mass, there does not need
to be two separate populations, as the low-mass (Mp < 4 My)
Hot Jupiters with supersolar C/O ratios would follow that trend.
Ideally, more lower-mass (Mp < 4 M) giant exoplanets similar
to AF Lep b need to be discovered and characterised over a broad
wavelength range to investigate whether this trend holds on a
larger sample.

5.7. Lessons learned with ERIS/SPIFFIER and future work

Since ERIS/SPIFFIER is set to inherit the legacy of SINFONI in
the characterisation of DI exoplanets and brown dwarfs (see e.g.
Bonnefoy et al. 2010, 2014; Hoeijmakers et al. 2018; Petrus et al.
2021; Cugno et al. 2021), it is worth summarising the lessons
learned from its first observing program targeting HCI substellar
objects in order to establish the best practices in setting up obser-

vations and calibrating the data. In the following, we discuss the
current challenges associated with ERIS/SPIFFIER observations,
how we managed to overcome some of the limitations, and what
room is left for future improvement.

5.7.1. Observing with ERIS/SPIFFIER

As already alluded to in the description of our sample (cf.
Sect. 2.1), the observation of bright stars with ERIS/SPIFFIER
is rendered challenging due to persistence limits and instrument
overheads. A detector persistence is the faint signal left after
recording a bright image that comes from charge carriers be-
ing trapped in the detector and that slowly release over time.
Although ERIS/SPIFFIER is less prone to persistence than its
predecessor SINFONI (Davies et al. 2023), persistence can still
affect subsequent observations of faint objects, hence why sat-
urating the detector is not allowed and detector counts have to
be maintained below 50% of the well depth. Together with a
shortest integration time of 1.6 s, this effectively sets a relatively
high brightness limit: for example, when using the R ~ 5000
diffraction grating, stellar magnitudes are limited to K > 4 magg
with the smallest plate scale. However, with short integration
times, detector overheads start to greatly reduce the duty cycle
(i.e. the ratio of the time spent recording science data to the to-
tal telescope time). Indeed, the ERIS/SPIFFIER detector uses a
correlated double sampling (CDS) readout scheme, which mea-
sures the detector counts twice per integration and subtracts the
two values to remove the offset left after reset, thereby vastly
improving the noise properties (compared to a single read using,
e.g., uncorrelated sampling). Whilst negligible for long (> 60 s)
integration times, this scheme effectively adds 3.2 s of overhead,
bringing the duty cycle down to 33% for DIT=1.6 s. Other read-
out schemes, such as the read-reset-read that is planned for the
ELT/MICADO instrument—which is similar to CDS but one row
at a time, thereby significantly reducing readout overheads whilst
keeping the noise low—, or faster read out electronics—albeit
with faster noise—could help increase the duty cycle for future
instruments. For ERIS/SPIFFIER, it is imperative to avoid further
sources of overheads, for instance, persistence frames, which
track the residual signal between each science frame. Whilst they
are negligible for long DITs, they can add large overheads when
observing bright targets with short integration times. Since the
persistences can also be tracked in the science data, there is no
need to record additional persistence frames, and they should be
switched off to increase the duty cycle.

A straightforward option to decrease detector overheads—
and thereby increasing the duty cycle—is to offset the star out-
side of the FOV, similar to our observing setup for HR 8799 c,
HR 2562 B, HIP 79098 (AB) B, HIP 78530 B, AB Pic b, and
VHS 1256 b, enabling the use of longer DITs. This technique is
necessary for certain targets, such as HR 8799 ¢ and HR 2562 B,
whose host stars are too bright for the plate scale that would
fit both the star and the companion in the FOV. However, this
technique renders frame alignment challenging by effectively
requiring the detection of the companion in order to use it as
reference point. With DIT= 60 s and the 100 mas plate scale,
this proved enough to detect the faintest companion of this list in
each frame, i.e. VHS 1256 b with K = 14.66 magg. To observe
fainter companions with the star outside of the FOV, the limit
is effectively given by the faintest source that can be detected
in the time that it takes until pointing drift moves the source
by ~ 1 /D (i.e. 58.5 mas in the K-long grating), irrespective
of the number of frames as they can be co-added. To be on the
safe side, we recommend working with the assumption that a
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target has to be detected within 30 min to reduce the risk of
pointing drift rendering the data useless. Using the ETC and
assuming DIT=120 s and average observing conditions, we calcu-
late that well-separated companions with K < 16.7 magg should
be safely detected within 30 min. For close-in companions such
as HR 8799 c and HR 2562 B, this limit decreases depending
on the amount of photon noise from the stellar PSF. For even
fainter targets, which require more than 30 min to detect, a pos-
sible observing strategy to correct for the pointing drift consists
in regularly coming back to the host star. Indeed, the pointing
drift can be modelled by measuring the position of the star in
each visit, and it can be interpolated for the science exposures
recorded in between, allowing to align the frames. Ultimately,
most of the challenges that we are facing whilst preparing obser-
vations and during the data reduction—i.e. pointing drift, spatial
and spectral flexures—stem from ERIS being mounted on the
Cassegrain focus, which compromises instrument flexures for
the benefit of increased throughput and reduced instrument back-
ground. Whether this trade-off is beneficial for HCI observations
requires careful considerations. For ERIS/SPIFFIER, we have
demonstrated how to offset the disadvantages associated with
a Cassegrain focus, thereby enabling the full potential of the
instrument for HCI observations.

5.7.2. Calibrating ERIS/SPIFFIER data

In this work and in Hayoz et al. (2025), we have demonstrated
the need for a more accurate wavelength calibration than is
currently offered by the standard data reduction pipeline of
ERIS/SPIFFIER. Indeed, currently, the pipeline only applies a
single correction for the whole FOV. However, we have mea-
sured a significant spectral curvature and modulation along the
wavelength axis, both of which requiring additional corrections
to enable HCI observations. We have showed how to accurately
calibrate the wavelength for HCI observations of close-in sub-
stellar companions with ERIS/SPIFFIER—a case not covered by
the standard data reduction pipeline—, namely by using the tel-
luric absorption lines imprinted on the stellar PSF as wavelength
reference. For well-separated targets outside of the stellar PSF,
we have proposed a routine by which the wavelength calibration
can be greatly improved compared to the standard pipeline. Our
full pipeline, SpyFFIER, is publicly available on GitHub. The
limit of our custom wavelength calibration is given by the S/N
of the lines used as reference, whether the telluric absorption
lines or OH emission lines. For example, in our HR 8799 ¢ and
HR 2562 B datasets, the stellar PSF was too faint to correct the
spectral curvature and modulation along the wavelength axis. Fu-
ture observations with a similar setup, i.e. where the star is outside
of the FOV, we recommend using large NDIT, for example NDIT
such that DITXNDIT> 9 min.

Another aspect of calibration that is challenging is the dis-
tortion correction. This calibration consists of determining the
footprint of each slitlet on the detector. Currently, the distortion
map is measured once per month,* but residual instrument flex-
ures during the observations modify the distortion, leading to the
loss of 2 to 4 px at the edges of the FOV for all of our targets.
These variations have been mapped and can be corrected auto-
matically in later versions of the standard pipeline. However, we
still recommend avoiding the 2 px at the edge of the FOV.

Finally, our HCI observations of AF Lep b and HR 8799 e
were affected by a noticeable amount of straylight which could not

* The calibration plan is available under the link: https://www.eso.
org/sci/facilities/paranal/instruments/eris/doc.html
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be effectively removed by the PSF subtraction with spectral PCA,
thereby limiting the detection limits of ERIS/SPIFFIER. Future
work—or, better yet, technical observations—could investigate
how to characterise this straylight in order to fit for it and remove
it. Until it can be corrected, we recommend avoiding the affected
slitlets, i.e. numbers 3-5 and 13-15 (which are located on the
bottom half of the FOV; see the upper-right panel of Fig. D.5).
This might be done optimally by placing the star on the affected
slitlet and leaving the upper half of the FOV for the companion,
similarly to our observation of HR 8799 e (see the molecular map
in Fig. 4).

5.7.3. Detecting HCI targets

In this work, we have demonstrated that molecular mapping with
ERIS/SPIFFIER is capable of detecting substellar companions at
contrasts AK < 11.8 mag and angular separations p > 300 mas.
In our previous work (Hayoz et al. 2025), we have shown that our
detection limits might even reach contrasts of AK ~ 12.5 mag as
close as p ~ 2 4/D = 117 mas, but this is yet to be demonstrated
on-sky. This is mainly due to an effective suppression of the speck-
les by molecular mapping, which relies on an effective PSF sub-
traction with spectral PCA—which is made possible by the two
spatial dimensions of the Integral Field Spectrograph (IFS)—and
cross-correlation of the residuals by molecular spectral templates
to filter out the remaining noise. Future work should investigate
whether Angular Differential Imaging (ADI), with or without
molecular mapping, gives access to even deeper contrasts and
closer angular separations.

5.7.4. Orbital characterisation

In Appendix I.1 and I.2, we have measured the astrometry and RV
of our observed companions relative to their host stars, demon-
strating that ERIS/SPIFFIER can reach a precision of 15 mas
with the 25 mas plate scale (i.e. the 0”/8 x 0’8 FOV) and 3 kms™"
with the R ~ 11000 grating, respectively. Since this was beyond
the scope of this work, future work could investigate whether our
astrometric and RV measurements can help constrain the orbital
parameters of our targets, as was the case for AF Lep b (Hayoz
et al. 2025) where the stellar RV could not be reliably measured.

5.7.5. Spectral characterisation

When preparing our observations, we did not expect that the
flux calibration would be challenging, relying on the experience
of past studies about similar observations with SINFONI (e.g.
Petrus et al. 2021). However, as we describe in Appendix D, the
throughput of ERIS/SPIFFIER is not uniform in the FOV, since
diffraction by the edges of the slitlets can produce significant
losses when the PSF of either the companion or the star is placed
in an unfortunate location. Therefore, the continuum of the spec-
trum cannot be reliably measured as contrast spectrum, since this
contrast varies depending on the position of the sources in the
FOV. The only reliable option is to perform the absolute flux
calibration using photometric measurements of the companion
within the range of the measured ERIS/SPIFFIER spectrum after
correcting for the wavelength-dependent throughput. We recom-
mend future ERIS/SPIFFIER users to take this consideration into
account when planning their observations and to simultaneously
ask for additional photometric measurements (which can be done
with ERIS/NIX, SPHERE, or any other instrument with HCI ca-
pabilities) if the required filter is not available in the literature
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and the continuum of the SED is necessary to answer the science
question.

On the other hand, when the continuum of the spectrum is not
needed, we demonstrated the quality of the continuum-removed
spectra that can be measured with ERIS/SPIFFIER, even in the
presence of stellar PSF dominating the signal of the companion
(see Fig. 3). In particular, the CO bandhead and accompanying
forest between 2.293-2.350 um could be reliably resolved for all
of our targets (except IRXSJ1609 b), providing the opportunity
to reliably measure the abundance of the molecule. Although
they are challenging to identify by eye due to their number and
density, the H,O absorption lines could also be detected reli-
ably in all of our targets, as is evidenced by the strong cross-
correlation signals detected in our molecular maps (see Fig. 4,
and H.1, H.2). By detecting both the molecules of CO and H,O,
two of the most abundant molecules in substellar atmospheres,
ERIS/SPIFFIER can enable the measurement of their abundances,
especially when combined with additional spectro-photometric
measurements over a broad wavelength range, as demonstrated
in Sect. 3.1. Moreover, we demonstrated the possibility to detect
the 'CO isotopologue at R ~ 11000 with the K-long grating
of ERIS/SPIFFIER, opening the way for the measurements of
carbon isotopic ratio of substellar companions, which is believed
to be linked to their formation history. On the other hand, the
combination of the loss of the continuum and the only moderately
high spectral resolution of ERIS/SPIFFIER prevented us from
detecting CHy. This molecule can be detected by its broad absorp-
tion band, as was done. For example, for AF Lep b with K-band
VLTI/GRAVITY data (Balmer et al. 2025a), or fine absorption
lines at high spectral resolution (R ~ 140000, as was accom-
plished with H-band VLT/HiRISE data for the same exoplanet
(Denis et al. 2025).

6. Summary and conclusion

We performed one of the largest (= 12 targets), most system-
atic investigations of the atmospheric composition of young DI
gas giant exoplanets and planetary-mass substellar companions.
We obtained new K-band ERIS/SPIFFIER HCI observations at
R ~ 11000 and developed a full reduction pipeline—split into two
packages, SpyFFIER and PynPoint-IFS—that builds on and im-
proves the standard pipeline, extending the capabilities presented
in our previous work (Hayoz et al. 2025) to well-separated targets.
We collected a large set of archival data for each of our targets,
totalling 40 spectra and over 140 photometric fluxes. We then in-
vestigated the atmospheric properties of our targets through phys-
ically self-consistent grid models as well as freely parametrised
models using CROCODILE, which enabled us to robustly derive
their effective temperature, C/O ratio, and metallicity. Our find-
ings are summarised in the following list.

— We detected 12 of our initial 13 targets (all except
1RXSJ1609 b, which we only detected in intensity images)
in the molecular maps of H,O and CO, evidencing the ubig-
uity of these molecules in the atmospheres of planetary-mass
companions. Additionally, we detected the '3CO isotopo-
logue in the atmosphere of HR 2562 B at a high significance
(S/N=8.6), opening the way for isotopic ratio measurements
with ERIS/SPIFFIER in the K band and at R ~ 11000, pro-
vided that the observed spectra reach a high enough S/N.
Our non-detection of CH4—which was previously detected
in a few of our targets, for example, AF Lep b (Balmer et al.
2025a; Denis et al. 2025)—can be attributed to the loss of the
continuum or an insufficiently high spectral resolution.

— In the appendix, we provide the measurement of the relative
astrometry of seven of our targets and compare our results
with predictions from previous orbital fits. This comparison
enabled us to derive a measurement uncertainty—which is
challenging to estimate in IFS data—of the order of 1 px,
irrespective of the plate scale. We additionally measured the
RV of our 12 targets, obtaining uncertainties of the order of
2-3 kms~!. These new measurements can be used in future
work to better constrain the orbital parameters of our targets,
as some of them have not been observed directly for years
and would have progressed along their orbital path. Disagree-
ments between values measured using a H,O or CO spectral
template can be used to invalidate a few measurements and
indicate that systematics are affecting some of our measure-
ments, probably caused by inaccuracies in the wavelength
calibration or insufficient telluric correction for the challeng-
ing datasets.

— Our spectral fitting strategy, relying on both self-consistent
grid models and free parametrised models, enabled the robust
estimation of the atmospheric parameters of our targets. The
uncertainties retrieved by our framework are rather large com-
pared to similar studies (see e.g. Xuan et al. 2024). However,
this reflects the systematics arising from different modelling
choices. Our estimates are predominantly compatible with the
existing literature, with only a few disagreements. We derived
the atmospheric C/O ratios and metallicities of our targets
relative to their host star, and we assumed solar values when
no measurement was available, resulting in uncertainties of
the order of 0.1-0.2 for the C/O ratio and 0.5-1.5 dex for the
metallicity. In addition, we measured the abundance of the
13CO isotopologue for HR 2562 B and obtained upper bounds
for our other targets. Combined with the CO abundance, this
enabled us to derive the '>CO/!'3CO isotopologue ratio for
HR 2562 B and lower bounds for our other targets.

— Based on the planet-to-star relative C/O ratios and metallici-
ties as well as our estimates of the '>CO/!3CO isotopologue
ratio, we discussed different formation scenarios for each of
our targets that are consistent with our measurements. For
HR 2562 B, our estimates of the stellar C/O ratio, superstellar
metallicity, and substantial '>*CO enrichment suggest that it
might have formed beyond the CO snowline and later mi-
grated inwards to its current location within the CO snowline,
where the accretion of planetesimals might have caused its
metal enrichment.

— Because of our relatively large sample, our estimates of atmo-
spheric composition can be used to inform planet formation
theories. At the most basic level, the range of C/O ratio and
metallicity values can be used as boundary conditions for
models of planet formation that track the chemical compo-
sition of forming planets (e.g. Turrini et al. 2021; Molliere
et al. 2022). Our results do not follow the increase in the C/O
ratio across each molecular snowline characteristic of in situ
forming planets as suggested by Oberg et al. (2011), as doing
so would require a large amount of migration to reconcile.
Instead, we find an anti-correlation between the relative at-
mospheric C/O ratio (with regard to the host star) and the
companion mass. This relation was also found by Hoch et al.
(2023). However, they provided a single measurement, rely-
ing on literature values for the C/O ratio of a small sample
of DI exoplanets as well as transiting or eclipsing planets.
If this relation can be consolidated by further studies with
even larger samples, especially by including other low-mass
gas giants similar to our target AF Lep b, it might provide
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insightful boundary constraints for theories of giant planet
formation.

— Finally, our ERIS/SPIFFIER observing campaign demon-
strates that it is possible to perform HCI observations with
ERIS/SPIFFIER, thus enabling the orbital and atmospheric
characterisation of close-in low-mass young substellar com-
panions. However, such observations are associated with chal-
lenges in their setup and in the data calibration, which are
due to the brightness limits (which are designed to limit per-
sistence for subsequent observations), detector overheads,
and residual instrument flexures characteristic of Cassegrain
instruments. We have shared the lessons we learned, provid-
ing recommendations for future HCI observations and data
calibration.

The variations of the estimates and their overconfidence ob-
tained by the different models that we tested highlight the need to
approach atmospheric studies with precaution. We advocate for
the emerging best practice to combine fits from several models to
minimise the systematics caused by specific modelling choices
(Nasedkin et al. 2024; Petrus et al. 2024; Balmer et al. 2025a;
Petrus et al. 2025). For the sake of reproducibility and to enable
follow-up studies, we share our new ERIS/SPIFFIER data, all
the archival data that we collected, all of our pipelines, and all of
our results (i.e. our measured relative astrometry, RV, and atmo-
spheric constraints) on Zenodo (see data availability in Sect. 7),
following the openness of previous studies (Nasedkin et al. 2024).

We advocate that this practice should become a standard in the
community of exoplanet astrophysics—it is already standard in
the machine learning and artificial intelligence community. If we
want to observationally constrain the link between atmospheric
composition and planet formation history, our best avenue is to
increase the sample size of targets considered and ensure good
spectral coverage and high spectral resolution. Such studies will
be strongly enabled by openly sharing final science products on
digital platforms when results based on new data are published.

Finally, our work highlights the scientific potential of high-
angular and high-dispersion integral field spectroscopy, best show-
cased by our H,0, CO, and '*CO molecular maps in Fig. 4 and 5.
Thanks to molecular mapping and spectral PCA, ERIS/SPIFFIER
might have the potential to reach an even higher angular resolu-
tion (Hayoz et al. 2025), enabling the detection and characterisa-
tion of exoplanets within or around the H,O snowline. Upcoming
facilities at the Extremely Large Telescope, such as METIS, HAR-
MONI, and ANDES, will push integral field spectroscopy to even
closer-in, older, and lower mass planets and should eventually
provide a complete view of the atmospheric composition of gas
giant planets, which would enable the link between atmospheric
composition and giant planet formation to be fully constrained.

7. Data availability

The different datasets used in this study—including the archival
photometric data (Table E.2), the archival spectroscopic data
(shown in Fig. J.1 to J.12) and metadata (Table E.1), our new
ERIS/SPIFFIER spectra (Fig. 3), as well as the target prop-
erties taken from the literature (i.e. Table A.1 and A.2)—can
be accessed in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/. Furthermore, we have uploaded
these datasets together with all retrieval results—including the
samples produced by the retrievals, the Bayesian point estimates
and final aggregated values (Fig. 6, the y-axis of Fig. 7, and Ta-
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ble J.2)—to Zenodo at the following link: https://doi.org/
10.5281/zenodo.18412519.
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Appendix A: Overview of the systems
Appendix A.1: AF Lep b

The F8V star AF Lep is a likely member of the 8 Pictoris moving
group (Zuckerman et al. 2001; Malo et al. 2013; Ujjwal et al.
2020) with an estimated age of 24 + 3 Myr (Bell et al. 2015).
Following its simultaneous discovery by three independent teams
using the VLT/SPHERE and Keck/NIRC?2 instrument (De Rosa
et al. 2023; Mesa et al. 2023; Franson et al. 2023), the super-
Jovian planet AF Lep b was observed by a broad range of direct
imaging facilities: Bonse et al. (2025) precovered the planet in
archival L-band VLT/NACO observations 11 yr before its discov-
ery; Franson et al. (2024) measured its photometry at 4-5 um
with JWST/NIRCam; (Balmer et al. 2025a) measured its K-band
spectrum and its orbital parameters using K-band VLT/GRAVITY
observations; finally, Denis et al. (2025) and Hayoz et al. (2025)
most recently measured the H (respectively K) band spectrum of
the planet at high spectral resolution using the HiRISE (respec-
tively ERIS) instruments at the VLT, thereby measuring its RV
and resolving the ambiguity in the orientation of the orbit. The
planet has a dynamical mass of 3.75 + 0.5 Mj and a semi-major
axis of 8.98 + 0.1 au (Balmer et al. 2025a). Previous atmospheric
studies have constrained an effective temperature of 800 + 50 K
for the planet with a spectral type at the L-T transition, as well as
evidence of supersolar metallicity and chemical disequilibrium
(Zhang et al. 2023b; Palma-Bifani et al. 2024; Franson et al. 2024;
Balmer et al. 2025a; Denis et al. 2025). The system hosts a cir-
cumstellar debris disc with a depletion of dust close to the star,
likely caused by the planet preventing the grains from drifting
inwards (De Rosa et al. 2023).

Appendix A.2: HR 8799 c and e

HR 8799 is an A5V-FO+VKkAS5mAS star (Gehren 1977; Cannon
& Pickering 1993; Gray et al. 2003) identified as a y Doradus
variable star (Kaye et al. 1999; Zerbi et al. 1999) and a A Bodtis
star with depleted heavy elements in its envelope (Sadakane 2006;
Moya et al. 2010). It is commonly accepted as a member of the
40 Myr Columba association (Zuckerman et al. 2011), although
it has been suggested to instead be part of the 23 + 3 Myr (Mama-
jek & Bell 2014) B Pictoris Moving Group (Lee & Song 2019).
The radius of HR 8799 was resolved by observations with the
CHARA Array, providing an age estimate of 33ﬂ3 Myr (Baines
et al. 2012; Balmer et al. 2025b). The system hosts four massive
exoplanets, b through e (named in order of decreasing physical
separation) discovered between 2008 and 2010 using the Keck
and Gemini observatories (Marois et al. 2008, 2010). In the near
two decades since its discovery, the four planets have been an
almost obligatory test for any facility with HCI capabilities (for
an exhaustive review, see Nasedkin et al. 2024). With such a
long monitoring (see e.g. Wang et al. 2018; Brandt et al. 2021;
Thompson et al. 2023), the orbits of the four planets could be
determined precisely, enabling the estimation of their dynamical
masses between 5.8 and 9.2 M; (Zurlo et al. 2022). Nasedkin
et al. (2024) published the most exhaustive atmospheric charac-
terisation of the four exoplanets to date, fitting all archival data
with a broad range of atmospheric models. The outermost planet,
HR 8799 b, has the lowest effective temperature at ~ 1000 K,
whilst the other three have similar temperatures at ~ 1200 K
(Nasedkin et al. 2024). All four planets were found to be cloudy
with stellar to superstellar C/O ratio and superstellar metallicity
(Nasedkin et al. 2024). The system further hosts both an inner
and an outer (relative to the planets) debris discs, as could be

determined from unresolved Spitzer observations (Su et al. 2009),
with recent JWST/MIRI observations managing to resolve the
inner disc (Boccaletti et al. 2024). Further companions have been
searched for with deep L-band Keck/NIRC2 observations, with
a tentative, yet-to-be-confirmed, candidate detection (Thompson
et al. 2023).

Appendix A.3: 1RXSJ1609 b

1RXSJ1609 (with its full name 1RXS J160929.1-210524) is a
5 Myr old solar-mass K7V star in the Upper Scorpius association.
Discovered in 2008 using the Gemini/NIRI camera, IRXSJ1609 b
was identified as an L4 substellar companion (Lafreniere et al.
2008; Kraus et al. 2014a). The effective temperature of the com-
panion was estimated to 1700-1800 K from J-band NIFS and
HK-band NIRI spectra (Lafreniere et al. 2008; Lachapelle et al.
2015), implying a mass of 8.4 + 1 My based on DUSTY (Chabrier
et al. 2000), Burrows et al. (1997), and Allard et al. (2013) evolu-
tionary models. With no signs of accretion (Lafreniere et al. 2008)
and no 8 ym and 16 ym infrared excess measured with Spitzer
(Carpenter et al. 2006), there is no evidence of the presence of
a disc around the star. However, a moderate 24 um excess was
detected in the system, suggesting the presence of warm dust
(Bailey et al. 2013). Reanalysing the Spitzer/IRAC data, Martinez
& Kraus (2022) investigated the presence of a circumplanetary
disc around the companion by searching for a mid-IR excess, but
found no evidence.

Appendix A.4: ROXs 42 B b

ROXs 42 B b is a close binary MO star (Ratzka et al. 2005) in the
p Ophiuchus star-forming region (Miret-Roig et al. 2022) with
an isochrone age of 2.2*1® Myr (Xuan et al. 2024). Originally
identified by Ratzka et al. (2005), ROXs 42 B b was confirmed
as a bound companion by Kraus et al. (2014a) and (Currie et al.
2014c). With a spectral type of L1 + 1 (Bowler et al. 2014), its
mass is 13 = 5 Mj as derived from evolutionary models (Xuan
et al. 2024). An additional companion candidate was found by
Kraus et al. (2014a) and Currie et al. (2014c¢); however, it was
conclusively identified as a background source with follow-up
astrometric monitoring (Bryan et al. 2016). Atmospheric retrieval
fits deliver subsolar to solar C/O ratio and metallicity, and an
effective temperature of 2300 = 150 K (Inglis et al. 2024; Xuan
et al. 2024). An infrared excess was detected for the companion
using 8 um Spitzer/IRAC observations (Martinez & Kraus 2022),
although no accretion signatures have been detected.

Appendix A.5: AB Pic b

AB Pic is a young K2V (Chauvin et al. 2005) stellar member of
the Tucana—Horologium association (Song et al. 2003), which
has an estimated age of 30-40 Myr. It hosts a low-mass com-
panion, AB Pic b, identified as co-moving with VLT/NACO
(Chauvin et al. 2005). The companion has since been observed
by a broad range of instruments: JH K-band medium-resolution
spectroscopy with VLT/SINFONI (Bonnefoy et al. 2010; Pa-
tience et al. 2012; Bonnefoy et al. 2014; Palma-Bifani et al.
2023), visible photometry with HST/WFC3 (Bonnefoy et al.
2014), L-band low-resolution spectroscopy with Magellan/Clio2
(Stone et al. 2016), Spitzer/IRAC photometry (Martinez & Kraus
2022), VLT/SPHERE (Palma-Bifani et al. 2023), and finally
VLT/CRIRES+ (Gandhi et al. 2025). Whether the companion is
indeed gravitationally bound or simply co-moving with its host
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Table A.1: Companion and stellar properties from the literature.

Param. Unit | AFLepb HR8799e¢ HR8799c IRXSJI609b ROXs42Bb ABPicb HR2562B
SpTs F8 FO MO MO Kl F5

Age  Myr| 24z3 20-40 5-11 2-3 13-45 450-600
et K 5901 7339+ 4543 7894 5285+10 67852
log(g)s  cgs 4.2 4197001 4.1 43 4531001 4401004
C/Os 0.54-0.59

[Fe/Hls 0.5 ~0.65+002 04 1.2 0.04£002  0.21*0%
Ks mag | 4.93 +0.02 5.24 +0.02 892002 867+002 698+0.02 5.02=0.02
Ao mag 0.0 0.0 1.4 5.6 0.0 0.0

d pe 26.8 40.8 136.3 144.7 50.1 33.9

RV km™' | 21.1+0.4 ~10.4+0.2 ~117£20 -07+134 220£02 262+02
p mas | 335-339  368+9  957+10 2140110  1169-1170  5450-5520 618665
K» mag |16.73+0.11 1591022 16.11+0.10 1623 +0.06 1501 +0.05 14.14+0.08 15.62+0.10
AK mag | 11.80+0.11 10.67+022 10.87+0.10 743+0.04 638=001 7.16+0.08 10.60+0.10
SpTe L6 L4 L1-M8 LO-L1 L7

M M; | 38+05  7.6+09  77+07  84-100  10.0-13.0  11.0-13.5 13555
a au | 9.0£0.1 15£0 39+0 292+ 15 169 273-277 19-30
T K | 800£50 113830 1159+12 2000100 2270+155 170050 125515
C/Op 0.55+0.10 0.87£0.02 0.60 = 0.02 0.48+0.08 0.58 +0.08

[Fe/Hlp 08+02  19+02  13+0.l 00£06  04+02

loglg) cgs | 37+02  42+01 4300 35205 3540  45+03  46+0.1
Rp Ry | 1301  1L1£01  11£00 1.7£05  0.9=00
IZC/13C

Ref. 1-3 4-10  4-8,10,11 12-15 13,15-19  6,15,20-23  6,24-29

Notes. The first ten rows describe the stellar parameters, whilst the rest describes the parameters of the companions. The targets are sorted by order
of increasing companion mass. Notation: the subscript S indicates the stellar parameters, whilst P indicates the parameters of the companions; SpT
denotes the spectral type; T° is the effective temperature; log(g) is the surface gravity; C/O is the atmospheric carbon-to-oxygen ratio; [Fe/H] is the
atmospheric metallicity; K is the K-band apparent magnitude; Ay is the ISM extinction measured towards the host star; d is the distance between the
Sun and the stellar system; RV is the radial velocity of the star relative to the barycentre of the Solar System; p is the angular separation; AK is the
K-band contrast; Mp is the mass of the companion; a is the projected separation (or the physical separation if available from an orbital fit); Rp is the
planetary radius; '2C/"*C is the carbon isotopologue ratio; and Ref. indicates the studies from which the values were taken over. References: 1.
Balmer et al. (2025a), 2. Mesa et al. (2023), 3. De Rosa et al. (2023), 4. Baines et al. (2012), 5. Zuckerman et al. (2011), 6. Swastik et al. (2021), 7.
Wang et al. (2023), 8. Baburaj et al. (2025), 9. Marois et al. (2010), 10. Nasedkin et al. (2024), 11. Marois et al. (2008), 12. Lafreniére et al. (2008),
13. Kraus et al. (2014a), 14. Lachapelle et al. (2015), 15. Martinez & Kraus (2022), 16. Currie et al. (2014c), 17. Bowler et al. (2014), 18. Xuan et al.
(2024), 19. Inglis et al. (2024), 20. Chauvin et al. (2005), 21. Bonnefoy et al. (2014), 22. Stone et al. (2016), 23. Palma-Bifani et al. (2023), 24.
Konopacky et al. (2016), 25. Mesa et al. (2018), 26. Sutlieff et al. (2021), 27. Godoy et al. (2024), 28. Maire et al. (2018), 29. Zhang et al. (2023a).

star is still unclear (Gandhi et al. 2025). Orbital fits deliver a
nearly edge-on orbit with a loosely constrained semimajor axis
of 300*3%0 au (Gandhi et al. 2025). With a spectral type of LO+1
(Bonnefoy et al. 2014), its effective temperature is 1700—1800 K
(Palma-Bifani et al. 2023), with solar to supersolar C/O ratio
(Palma-Bifani et al. 2023; Gandhi et al. 2025). Evolutionary
tracks place its mass at 11 = 1 My (Martinez & Kraus 2022). The
system might host an additional 6 My companion within 10 au
(Palma-Bifani et al. 2023) as indicated by the proper motion
anomaly detected by GAIA (Kervella et al. 2022), although its
detection has remained elusive. Based on 8 um Spitzer/IRAC
observations, Martinez & Kraus (2022) found no compelling
evidence of circumplanetary disc.
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Appendix A.6: HR 2562 B

HR 2562 is a young F5V star classified as a member of the B3
subgroup Local Association (Asiain et al. 1999; Godoy et al.
2024). Age estimates for the system range from 200 to 750 Myr
(Asiain et al. 1999; Rhee et al. 2007; Mesa et al. 2018). Its com-
panion, HR 2562 B, was discovered as part of the Gemini Planet
Imager Exoplanet Survey as an L7 substellar companion with a
mass of 30 + 15 M; (Konopacky et al. 2016). The companion
was subsequently observed with the VLT/SPHERE instrument in
the YJH bands (Mesa et al. 2018), at 3.9 um with MagAO/Clio2
(Sutlieff et al. 2021), and finally with JWST/MIRI at 10-16 um
(Godoy et al. 2024). Orbital fitting of the SPHERE and GPI data
resulted in a semi-major axis of 30 au, coplanarity with the debris
disc, and a dynamical mass estimate of 10 Mj. Spectral fitting
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Table A.2: Companion and stellar properties from the literature (continued).

Param.  Unit | 2MJ0219b VHS 1256b CT Chab ROXs 12b  HIP 78530 B HIP 79098 (AB) B
SpTs M6 M7 K7 MO B9 B9
Age Myr | 35%5 140-225 22 6-7 5+1 10+3
Tt K 4403*¢, 40593 10690+ 11646
log(g)s  cgs 3.66%001 3717000 4.68+0:2 3.8
C/Os

[Fe/H]s -0.56*20!1 0.14*501 -0.50*203 -0.8

Ks mag | 10.40 £0.03 10.04£0.02 8.66+0.02  9.10+0.03  6.90+0.02 5.71+0.02
Ay mag 2.5 3.7 0.3

d pc 40.2 21.2 189.2 136.2 134.7 158.1
RV km™ | 12.0+1.9 -8.0+54 -47£0.9

P mas | 3960 + 20 8060 1670 + 38 1781 £ 2 4536-4540 2359+ 1
Kp mag |13.82£0.10 14.66+0.01 1492+030 1432£0.06 14.17+0.04  1415+021
AK mag | 338+0.10 4.62+001 626+030 506+001  7.28+0.03 8.44 £0.21
SpTp L4 L7 M9 LO M7 LO

Mp My | 139+1.1  112-200 17.0£6.0 16.0-19.0 23.0+ 1.0 28.0+13.0
a au 159 + 1 170 316 £7 243+ 0 611-612 373£0
Tt K | 1683+£43  880-1240 2500+ 100 2500+ 140 2700 + 100 2360 + 75
C/Op 0.59-0.69 0.54 +0.05 0.54 +0.03
[Fe/Hlp -0.3+0.2 -0.1+£0.3
log(g)  cgs | 42+00 3545 35£0.5 45+05

Rp Ry | 1400 1.2-13

12¢/3c 62.0+2.0 52.0+£22.0
Ref. 30 31-36 6,21,37,38 6,13,18,39,40 6, 14,41,42 18,43

Notes. The first nine rows describe the stellar parameters, whilst the rest describes the parameters of the companions. The targets are sorted by order
of increasing companion mass. Notation: the subscript S indicates the stellar parameters, whilst P indicates the parameters of the companions; SpT
denotes the spectral type; T° is the effective temperature; log(g) is the surface gravity; C/O is the atmospheric carbon-to-oxygen ratio; [Fe/H] is the
atmospheric metallicity; K is the K-band apparent magnitude; Ay is the extinction; d is the distance between the Sun and the stellar system; RV is
the radial velocity of the star relative to the barycentre of the Solar System; p is the angular separation; AK is the K-band contrast; Mp is the mass of
the companion; a is the projected separation (or the physical separation if available from an orbital fit); Rp is the planetary radius; '>C/'*C is the
carbon isotopologue ratio; and Ref. indicates the studies from which the values were taken over. References: 6. Swastik et al. (2021), 13. Kraus et al.
(2014a), 14. Lachapelle et al. (2015), 18. Xuan et al. (2024), 21. Bonnefoy et al. (2014), 30. Artigau et al. (2015), 31. Petrus et al. (2023), 32. Dupuy
et al. (2023), 33. Gauza et al. (2015), 34. Miles et al. (2023), 35. Hoch et al. (2022), 36. Gandhi et al. (2023), 37. Schmidt et al. (2008), 38. Wu et al.
(2015), 39. Bowler et al. (2017), 40. Bryan et al. (2020), 41. Lafreniere et al. (2011), 42. Bailey et al. (2013), 43. Janson et al. (2019).

of all archival data with the ATMO model (Tremblin et al. 2015,
2016; Phillips et al. 2020) yielded an effective temperature of
1255 + 14 K with a surface gravity of 4.4-4.8 dex and a mass of
14 M;j, suggesting that the companion is in the planetary-mass
range (Godoy et al. 2024). The system hosts a cold debris disc
between 45 and 260 au (Modr et al. 2006; Chen et al. 2014; Mo6r
et al. 2015; Zhang et al. 2023a), with contested evidence of a
warm inner disc at 1.1 au (Chen et al. 2014).

Appendix A.7: 2MJ0219 b

2MJ0219 (with its full name 2MASS J02192210-3925225) is a
young (30—40 Myr) M6 v star in the Tucana—Horologium associ-
ation (Kraus et al. 2014b). Targetted by a CTIO/SIMON survey,
an L4 substellar companion was discovered (Artigau et al. 2015).
With a baseline of 15 years of astrometry thanks to archival

2MASS images where the companion is visible, a non-moving
background object can be excluded at 6 o, and the chance of
finding an L dwarf close to an unrelated M star is very unlikely
(Artigau et al. 2015). The photometry of the companion together
with follow-up JHK-band Magellan/FIRE spectra indicate an
effective temperature of 1600—1700 K and a mass of 12—-15 M;
(Artigau et al. 2015) based on spectral fitting using BT-Settl
CIFIST spectra (Allard et al. 2012). The system was recently
observed with the VLT/X-Shooter instrument as part of the X-
SHYNE survey (Petrus et al. 2025), corroborating the estimates
of effective temperature and planet mass found previously.

Appendix A.8: VHS 1256 b

VHS 1256 (with its full name VHS J125601.92-125723.9 or
SIPS J1256-1257) is a close (0”/1) equal-brightness M7.5 binary
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(Stone et al. 2016). Evolutionary models indicate a cooling age
of 140 + 20 Myr (Dupuy et al. 2023). The system was found to
host a well-separated substellar companion, VHS 1256 b, orbit-
ing at a projected separation of ~ 180 au (Gauza et al. 2015). A
decade of study since its discovery has produced a plethora of
photometric and spectroscopic datasets (for an exhaustive review,
see Petrus et al. 2024), including a 1-18 ym spectrum with NIR-
Spec and MIRI aboard JWST (Miles et al. 2023), revealing signs
of chemical disequilibrium (Miles et al. 2018), silicate clouds
(Miles et al. 2023), and strong, wavelength-dependent, variability
(Bowler et al. 2020; Zhou et al. 2020). Even with the measure-
ment of its full infrared spectrum, it is still unclear whether the
companion lies above or below the deuterium-burning limit, with
a mass estimate of 12-20 Mj (Dupuy et al. 2023; Petrus et al.
2024). The architecture of the system was constrained using 6 yr
of K-band Keck/NIRC?2 astrometric monitoring, measuring a sig-
nificant eccentricity for both the central binary and the orbit of
the companion around the binary as well as a high mutual inclina-
tion (Dupuy et al. 2023). Dupuy et al. (2023) concludes that the
architecture of VHS 1256 is consistent with dynamical scattering
of the companion and subsequent pumping of the eccentricity
of the central binary through Kozai-Lidov cycles (Kozai 1962;
Lidov 1962).

Appendix A.9: CT Cha b

The system CT Cha is a K7V (Gregorio Hetem et al. 1988;
Schmidt et al. 2008) likely stellar member of the Cha I star-
forming region (Schmidt et al. 2008), and thus it has an age of
2+2 Myr (Luhman 2004). CT Cha b was identified as a co-moving
source using VLT/NACO observations (Schmidt et al. 2008), with
further evidence obtained with follow-up astrometric monitoring
with Magellan/VisAO (Wu et al. 2015). An additional companion
candidate was initially noticed by Schmidt et al. (2008) and later
identified as a non-stationary background source (Wu et al. 2015).
By comparing JHK-band VLT/SINFONI data with a DRIFT-
PHOENIX model grid, a high extinction of Ay = 5.2 + 0.8 mag
had been originally determined for the companion (Schmidt et al.
2008). The subsequently acquired Magellan/VisAO visible pho-
tometry led to a correction of this value to Ay = 3.4 + 1.1 mag
(Wu et al. 2015), a value significantly higher than that of its host
star with Ay ~ 1.3 mag (Schmidt et al. 2008). Wu et al. (2015)
determined a spectral type of M9+1 and an effective temperature
of 2500 + 100 K for the CT Cha b using the H,O-K2 index, and
obtained a mass of 14-24 Mj using DUSTY evolutionary tracks
(Chabrier et al. 2000). The companion is likely ongoing active ac-
cretion as traced by the prominent Pa$ emission line detected with
VLT/SINFONI data (Schmidt et al. 2008; Bonnefoy et al. 2014)
and the r" excess measured with Magellan/VisAO likely due to
He emission with an accretion rate of M ~ 6 x 1071 Mgyr™!
(Wu et al. 2015). The system hosts a circumstellar disc, as evi-
denced by silicate emission at 10 um (Natta et al. 2000) and the
detection of a resolved structure in polarised scattered light with
the VLT/SPHERE instrument (Ginski et al. 2024). The different
extinction values between the companion and its host star could
be explained by a circumplanetary disc with a different vertical
structure than the circumstellar disc. The spectrum of the circum-
planetary disc was presented in Cugno & Grant (2025) using the
JWST/MIRI Medium Resolution Spectrograph, revealing for the
first time the chemical properties of the gas in a circumplanetary
disc.
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Appendix A.10: ROXs 12b

ROXs 12 is an MO stellar member of p Ophiuchus or Upper Scor-
pius (Miret-Roig et al. 2022; Luhman 2022) with an isochrone age
of 6.573% Myr (Xuan et al. 2024). Similarly as ROXs 42 B b, the
companion ROXs 12 b was first discovered by Ratzka et al. (2005)
and confirmed by Kraus et al. (2014a). The LO + 2 (Bowler et al.
2017) companion has a mass of 19 + 5 Mj, solar C/O ratio and
metallicity, and an effective temperature of 2500 + 140 K (Xuan
et al. 2024). A second candidate companion was conclusively
identified as a background source (Bryan et al. 2016). Infrared
excess hints at the presence of a protoplanetary disc (Kraus et al.
2014a), but there is no sign of accretion, as no Pag emission has
been detected (Bowler et al. 2017).

Appendix A.11: HIP 78530 B

Also a member of the Upper Scorpius association, the young BOV
star HIP 78530 was found to host a low-mass companion with a
projected separation of ~ 700 au using Gemini/NIRI observations
(Lafreniere et al. 2011). Follow-up observations with the same in-
strument confirmed the common proper motion of the companion
at the 10 o level (Lachapelle et al. 2015). The spectral type of the
companion was first estimated as M8+1 based on Gemini/NIFS
observations (Lafreniere et al. 2011). It was subsequently revised
as an M3 based on follow-up L-band LBTI/LMIRCam obser-
vations (Bailey et al. 2013). However, subsequent JHK-band
observations with Gemini/GNIRS (Lachapelle et al. 2015) and
X-shooter (Petrus et al. 2020) agreed better with the previous
estimate of M8. Using BT-Settl and DRIFT-PHOENIX models,
the effective temperature of the companion was determined as
2700 + 100 K, for which evolutionary models attribute a mass of
23 + 1 My (Lachapelle et al. 2015; Petrus et al. 2020).

Appendix A.12: HIP 79098 (AB) B

HIP 79098 AB is a young (10 Myr) B9IVn (Abt & Morrell 1995)
spectroscopic binary star in the Upper Scorpius association (Jan-
son et al. 2019). A nearby point source was initially mislabelled
as a reddened background star in ADONIS observations obtained
at La Silla (Shatsky & Tokovinin 2002; Kouwenhoven et al. 2005)
and in JHK-band VLT/NACO follow-up observations (Kouwen-
hoven et al. 2007). A subsequent astrometric analysis of these
as well as additional VLT/SPHERE data determined common
proper motion of the point source, which, together with the low
probability of a chance alignment with a background object with
equal or greater brightness, established it as a bound companion
(Janson et al. 2019). Photometric analysis delivers an LO spectral
type, whilst BT-SETTL evolutionary tracks (Baraffe et al. 2015)
constrain a mass of 16-25 Mj and an effective temperature of
2300-2600 K (Janson et al. 2019). Most recently, the companion
was observed in the K band with the Keck/KPIC spectrograph at
high spectral resolution (R ~ 35000), detecting H,O, CO, and the
13CO isotopologue in its atmosphere (Xuan et al. 2024). Atmo-
spheric retrievals yielded an atmospheric C/O ratio of 0.54 + 0.03,
a metallicity of [Fe/H]= —0.15 + 0.3 dex, and an effective temper-
ature of 2360 + 80 K, preferring a clear atmosphere (Xuan et al.
2024).
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Table B.1: Observing log.

Target name Starting time Plate* AO DIT/N DIT/Nepr tint Seeing® Tauy? IWAA Airmass
(UTC) [mas] [s] [min] [arcsec] [ms] [mm]
HR 8799 ¢ 2023-10-16T00:26 25 NGS 30/18/23 207 0.8+0.19 53+17 29+0.17 14-1.9
HR 8799 ¢ 2023-11-07T23:42 25 NGS 60/1/42 42 09+016 52+09 35+0.18 14-1.5
2MJ0219 b 2023-11-08T02:16 250 LGS 60/1/24 24 07+x007 60+x09 35%0.03 1.1
HD 16226 2023-11-08T03:00 25 NGS 90/1/1 1.5 07+0.03 59+05 32=%0.11 1.3
AF Lep b 2023-11-08T03:21 25 NGS 40/1/267 178 0.7+007 57«08 33+0.18 1.0-1.7
HR 2562 B 2023-11-08T07:51 25 NGS 60/1/56 56 06+0.06 6.0+07 43+021 1.2
HIP 79098 (AB) B 2024-02-14T07:13 25 NGS 60/1/32 32 06+0.09 10815 74+027 1.3-1.7
ROXs42Bb 2024-02-14T08:41 100 LGS 20/1/84 28 0.7+x0.10 74+x10 73+020 1.1-1.3
AB Picb 2024-02-15T00:10 100 NGS 60/1/64 64 09+0.18 53+08 63+0.09 1.2
HD 47770 2024-02-15T02:40 100 NGS 8/15/1 2 0.8+0.04 6.7+0.1 6.4+0.06 1.2
CT Chab 2024-02-15T03:02 100 NGS 20/1/240 80 0.7+033 135+3.0 6.1+0.13 1.6-1.8
VHS 1256 b 2024-02-15T06:11 100 LGS 60/1/24 24 05+006 11.0x12 63+0.04 1.0-1.1
HIP 78530 B 2024-02-15T07:23 100 NGS 60/1/35 35 05+007 95«12 63x0.12 1.2-1.6
ROXs 12 b 2024-02-15T08:53 100 LGS 30/1/54 27 0.8+0.10 96«11 62+0.15 1.1-1.2
1RXSJ1609 2024-02-16T07:38 100 LGS 30/1/37 18 05+003 14120 9.7+0.10 1.1-1.5
HIP 79098 (AB) B 2024-02-16T08:29 25 NGS 60/1/16 16 05+003 129+2.1 9.8+0.05 1.2

Notes. @ Platescale, i.e. the size of a slitlet on-sky. ) Detector integration time, number of integrations per exposure, and number of exposures.

(ed.e) Mean and standard deviation of the DIMM seeing, coherence time,

the seeing and coherence time are measured at 500 nm and at zenith.

Appendix B: Observation log

Appendix C: CROCODILE revisited

CROCODILE (Hayoz et al. 2023) combines cross-correlation
spectroscopy dccs together with photometry dp and regular spec-
troscopy ds into the framework of atmospheric retrievals by defin-
ing a corresponding log-likelihood function for each type of data
and taking the sum as the likelihood associated with the combined
data d = (dp, ds, dccs):

log £(d|0) = log Lp (dpld) + log Ls (ds|6) + log Lccs (decslf) .
C.1)

Although the noise in direct imaging datasets has been shown to
deviate from a Gaussian distribution (Perrin et al. 2003; Aime
& Soummer 2004; Soummer et al. 2007; Pairet et al. 2019;
Dahlqvist et al. 2020; Bonse et al. 2023), the likelihood function
for a photometric measurement dp with corresponding uncertainty
op is usually still chosen as a univariate Gaussian distribution,
for which the log-likelihood is given by

1 (dp — mp (6))*

log Lp (dplf) ~ -5 (C2)

op

In Eq. C.2, mp (0) is the forward-modelled synthetic photome-
try, and all factors that do not depend on the model have been
removed. For spectroscopic data, separate wavelength channels
might be correlated with each other due to, for example, inaccura-
cies in the wavelength calibration, stellar contamination, fringes
(Gasman et al. 2023), etc. This cross-channel correlation can be
modelled by adopting a multivariate Gaussian distribution:

1
log Ls (ds|0) ~ = (ds —ms ©0)" W (ds — ms (8)), (C.3)

and integrated water vapour over all exposures of each observation. Both

where dg is the measured spectrum, mg (6) the corresponding
forward-modelled spectrum, and W is the covariance matrix quan-
tifying the cross-talk between wavelength channels. If the contam-
ination of separate wavelength channels can be neglected, then
the covariance matrix is diagonal and Eq. C.3 reduces to Eq. C.2.
The last term in Eq. C.1 is associated with the cross-correlation
spectroscopic data. In Hayoz et al. (2023), the log-likelihood fol-
lows the framework proposed by Brogi & Line (2019) to analyse
high-resolution spectroscopic data of transiting exoplanets:

1
log Lecs (decslf) ~ —3 Nees log (55 + 5, (0) - 2K 0). (C4)
In Eq. C4, Sc21 and sI2rl are the variance of the data and model, and
K is the cross-covariance between the data and model, which
relates to the cross-correlation C over the relation

K
C=

(C.5)
25

Whilst this choice of likelihood function was validated by Hayoz
et al. (2023) in their simulation framework, it uses an assumption
that is not satisfied by our ERIS/SPIFFIER data, namely the ab-
solute calibration of the flux. Indeed, even though the continuum
of the spectrum is subtracted via high-pass filtering, the absolute
scale of the spectrum still plays a role in Eq. C.4. This can be
demonstrated by rendering the scale of the model and data ex-
pliCit in Eq. C.4: let decs = adC?CCS and mccs = amfices, With
>i dACCS,i = >;mccs, = 0. Then it follows that the right side of
Eq. C.4 is maximal when a4 = a, and fficcs = Ciccs- Since the
flux is challenging to correctly calibrate at high spectral resolution
(see the argumentation in Appendix D.5), the scale of the data
is meaningless. Therefore, the use of Eq. C.4 actually requires
fitting for the scale as an extra nuisance parameter; otherwise,
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the retrieval forces the model to match the arbitrary scale of the
data with the parameters at its disposition by, for example, chang-
ing the radius of the planet or modifying the abundances of the
molecules, thereby biasing the results.

To remedy this problem, we need to go back to the derivation
of the likelihood function. Indeed, Brogi & Line (2019) follow the
work of Zucker (2003) and derive Eq. C.4 by rewriting the Gaus-
sian distribution with the assumptions of high-pass filtered data
and unknown, equal flux uncertainties. Whereas Brogi & Line
(2019) assumes that the flux is correctly scaled, Zucker (2003)
replaces the scaling of the model with its maximum-likelihood
estimator, yielding the final log-likelihood

log £7 (decslf) = ~5Necs log (1 - €2 ©)). (C6)
The scale of the model is effectively divided out by the use of the
cross-correlation C over the cross-covariance K. This likelihood
function was already used by Bowler et al. (2017) to analyse
Gemini/NIFS and Keck/OSIRIS data of ROXs 12 B. In summary,
our framework uses the following log-likelihood

log L(d|6) = log Lp (dp|6) + log Ls (ds|6) + log L7 (dccsl6)
(C.7)

where the summands, which are described in Equations C.2, C.3,
and C.6, are each added as many times as there are datasets of
the corresponding type.

Since the original CROCODILE framework was already thor-
oughly validated (Hayoz et al. 2023), demonstrating the main
limitations arising from the loss of the continuum of the spec-
trum, we validated this adapted framework with a simple exper-
iment. The purpose of the framework is to fit cross-correlation
spectroscopic data for the atmospheric parameters of substellar
companions. For our ERIS/SPIFFIER K-band data, this mainly
means being able to measure the molecular abundances of H,O
and CO. Since these parameters might be correlated to other
parameters, for example, the p—T profile, we cannot expect our
ERIS/SPIFFIER K-band data to correctly fit for all parameters
at the same time, without further data in other bands. Therefore,
we select one of our targets for which there is good wavelength
coverage, i.e. spectra or photometry over the Y, J, H, K, and L
bands, and test whether we can measure the same values when
swapping out the archival K-band spectroscopic data with our
continuum-removed ERIS/SPIFFIER spectrum. By additionally
running a retrieval with no K-band data, we can distinguish which
atmospheric parameter requires K-band data to be constrained.
Finally, we also ran a retrieval with all data included, i.e. with
all archival data together with our ERIS/SPIFFIER spectrum,
to understand whether the addition of ERIS/SPIFFIER data on
top of archival K-band spectroscopic data helps constrain the
atmospheric parameters. One such target is AF Lep b, for which
data with VLT/SPHERE in the Y, J, H bands (De Rosa et al.
2023; Mesa et al. 2023) and VLTI/GRAVITY in the K band are
available (Balmer et al. 2025a). For this test, we use the same
framework as described below in Sect. 3.2.

The results of this test are shown as a full corner plot in
Fig. F.1 in Appendix F. In the following, we focus only on the
implication of the results of this test for CROCODILE, whereas our
retrieved atmospheric parameters for AF Lep b are described in
Sect. 4.2. Firstly, the retrieval with no K-band data was unable
to constrain the abundance of CO, which is not surprising as the
main spectral features of CO in the near-infrared are in the K
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band. The abundances of H,O, FeH, TiO, and H,S could be con-
strained by the retrieval, in contrary to CHy, CO,, HCN, and VO,
which could not. The results for CO,, FeH, TiO, VO, and H,S
were (nearly) identical for the other three retrievals. This seems
to indicate that no further information about these molecules is
contained in the K band. On the contrary, the results varied for
CO, H,0, CHy, and HCN. For CO, the retrieved abundance was
the same, whether only ERIS/SPIFFIER, only VLTI/GRAVITY,
or both datasets were included in the fit. For H,O, the retrieved
abundance was was consistent with the one retrieved when in-
cluding the VLTI/GRAVITY data. We note that CH, could be re-
trieved by both ERIS/SPIFFIER and VLTI/GRAVITY. However,
the posterior distribution was more constrained when including
VLTI/GRAVITY. Since Denis et al. (2025) were able to detect
CH,4 with VLT/HIiRISE at R ~ 140000 in the H band, this seems
to indicate that CHy4 can only be reliably constrained through its
broadband absorption features—which appear as a continuum ab-
sorption in low-resolution spectroscopic data—or at sufficiently
high spectral resolution, where the narrow and closely packed
absorption lines can be distinguished. HCN only resulted in a
constrained value when including VLTI/GRAVITY, hinting at the
importance of the K-band continuum for this molecule.

For the p-T profile and the planetary radius Rp, the inclusion
of ERIS/SPIFFIER data did not significantly change the results.
This was expected, as the continuum carries most of the informa-
tion about the p-T profile and the planetary radius. Only when
VLTI/GRAVITY was included in the fit did the posterior distri-
butions change significantly, mainly resulting in more narrowly
constrained values. Finally, all fits resulted in the same value for
the surface gravity log (g).

In summary, this test nicely showcased the constraining power
of cross-correlation spectroscopy, allowing to retrieve the same
abundance for CO and H,O as normal, continuum-included, spec-
troscopy. The main weakness of the technique, i.e. the loss of
the continuum, and therefore the difficulty to measure the p-T
profile, can be counteracted by simultaneously including lower
resolution, continuum-included spectroscopy and photometry in
the fit.

Appendix D: Data reduction

In this appendix, we give a complete description of our data
reduction pipeline for our ERIS/SPIFFIER datasets. We describe
our wavelength calibration in Sect. D.1, our frame alignment
in Sect. D.2, our background subtraction in Sect. D.3, our PSF
subtraction in Sect. D.4, and our spectrum extraction and flux
calibration in Sect. D.5. The steps of our pipeline are illustrated
as a schematic in Fig. D.1, whilst we show the results of the major
pipeline steps applied to our HR 8799 e and 2MJ0219 b datasets
in Fig. D.2.

Appendix D.1: Wavelength calibration

Datasets of types (i) and (ii), i.e. HCI targets with the stellar
PSF filling most of the FoV, require improvement of the wave-
length calibration using the telluric absorption lines as described
in Hayoz et al. (2025) and subtraction of the stellar PSF. Whereas
the HR 8799 e observation could be wavelength-calibrated in the
same way as for AF Lep b, the datasets of type (ii), i.e. the obser-
vations of HR 8799 ¢ and HR 2562 B, suffer from an additional
difficulty, namely the faintness of the stellar PSF at the relatively
large offset required by the larger angular separation of the com-
panions. Indeed, we chose to use shorter DITs to ensure that
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Fig. D.1: Data reduction pipeline to process VLT/ERIS direct
spectroscopic observations of exoplanets with SPIFFIER. Our
pipeline is distributed across two packages: SpyFFIER executes
the standard EsoRex recipes together with custom tools to im-
prove the calibration of the data, whilst PynPoint-IFS handles
post-processing steps such as frame alignment, PSF subtraction,
molecular mapping, etc.

the stellar PSF—whose intensity at the location of the compan-
ions was difficult to estimate beforehand, especially considering
the pointing drift that could inadvertently bring the star into the
FoV—would not saturate the detector. Correspondingly, there is
much less stellar light in each spaxel of these two observations,
thereby significantly decreasing the S/N of the telluric absorption
lines and hampering the determination of the wavelength solution.
Therefore, we cannot correct the spectral curvature reported in
Hayoz et al. (2025), nor can we correct the wavelength error
along the wavelength axis. Instead, we correct each frame by the
median wavelength error measured over all spaxels, i.e. a com-
mon wavelength correction for the whole frame. Consequentially,
we expect the wavelength calibration to be poorer for these two
datasets and the measurement of the RV more uncertain.

The third kind of datasets differs from the other two by the
FoV being dominated by the sky background and not the stellar
PSF. Therefore, the OH sky emission lines can be leveraged to
calibrate the wavelength solution (Davies 2007). The standard
ERIS-SPIFFIER pipeline implements this calibration strategy
by fitting the OH emission lines individually and averaging the
results of the fit into an overall wavelength error for the whole
frame. However, as demonstrated by Hayoz et al. (2025), the
wavelength solution varies significantly over the FoV due to spec-
tral curvature. Therefore, we adapted the wavelength calibration
strategy described in Hayoz et al. (2025) by replacing the telluric
transmission template with an emission template, which we also
calculated with SkyCalc (Noll et al. 2012; Jones et al. 2013).

The measurement of the error of the initial wavelength solu-
tion for a single frame of our observation of 2MJ2109 b is shown
in Fig. D.3. The measurement is much more precise compared to
that of AF Lep b (Hayoz et al. 2025) due to the high S/N of the sky
emission lines in the largest FoV and with a DIT of #p;r = 60 s.
We note that the slitlet 25 shows an unexpected behaviour after
the initial wavelength calibration using arc lamps, as the spectrum
is shifted by ~ 8 px (or 1.1 nm) compared to the other slitlets.
This behaviour occurred in all of our datasets that were taken
with the two larger FoVs, i.e. 3”72 x 3’/2 and 8” x 8”, but not in
the small FoV (0”78 x 0/8).

To validate our wavelength calibration pipeline, we compared
its accuracy to that of the standard pipeline by measuring the

residual error on the extracted spectra for 2MJ0219 b. Concretely,
we ran our pipeline twice, once with our custom wavelength
calibration (i.e. the “Wavemap correction’ step in Fig. D.1) and
once with the standard EsoRex wavelength calibration step. Af-
ter extracting the spectrum of the companion in each frame, we
measure the residual wavelength error (i.e. after wavelength cali-
bration) by cross-correlating the spectra with a SkyCalc telluric
transmission template. We show the result in Fig. D.4. The stan-
dard pipeline delivers a mean calibration error of 0.56 A with
a standard deviation of 0.56 A (i.e. 0.43 + 0.43 px), whilst our
custom pipeline yields 0.29 + 0.33 A (ie. 022 +025 px), i.e.
our pipeline improves both the accuracy and the precision of the
calibration by a factor of nearly two.

Appendix D.2: Frame alignment

Datasets of type (i) and (iii) are straightforward to align. Indeed,
the host star—or the bright companion itself if the star is outside
of the FoV, as is the case for HIP 79098 (AB) B, HIP 78530 B,
AB Pic b, and VHS 1256 b—can be used as reference point to
align all cubes before frame combination and molecular map-
ping. For that, we measured the centroid by fitting a 2D quadratic
polynomial to the star (or the companion) using the function
centroid_quadratic from the Python package photutils
(Bradley et al. 2024). The two datasets of type (ii) are much more
challenging to align. Since the companion is hidden by the stellar
PSF, it cannot be used as reference point. We first tried to align
the frames using the off-centred stellar PSF by cross-correlating
the wavelength-averaged images, but it did not work reliably,
probably because of the translational symmetry of the stellar
PSF far from the star. Fortunately, HR 8799 c and HR 2562 B
are bright enough to be detected by ERIS-SPIFFIER in a single
60 s frames. Therefore, we first subtracted the stellar PSF using
spectral PCA (see Appendix D.4) and computed molecular maps
for each frame. After removing the cubes where the companions
were not detected, we were able to measure the relative align-
ment of the remaining cubes by measuring the centroid of the
companion in the molecular maps.

We note that if we had not been able to detect the companion
in single frames when the star is outside of the FoV—whether
after PSF subtraction for datasets of type (ii) or for well-separated
targets of type (iii) with the star outside of the FoV—then we
could not have known the true offset between each frame and
the pointing drift would have limited the number of frames that
can be stacked. Therefore, the sensitivity of ERIS-SPIFFIER,
i.e. informally, the magnitude of the faintest object that can be
detected in 1 h, is impacted by the rate of pointing drift due to
instrument flexures.

Appendix D.3: Background subtraction

Although the standard pipeline has an option to remove the ther-
mal background as a 1D spectral model (i.e. identical in every
spaxel), the background in ERIS-SPIFFIER contains a lot of
spatial and spectral, time-varying structures that require more
careful modelling to subtract. Indeed, simply sampling the back-
ground with apertures located around the companion would add
noise from neighbouring slitlets that have a different background
from that of the companion. Looking at the calibrated datacube
in Fig. D.5—in particular, looking at the wavelength-averaged
intensity image—the background seems to be different in each
slitlet and it seems to vary smoothly over the spatial extent of
each slitlet. The background also seems to smoothly increase over
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Fig. D.2: Illustration of the main steps of our pipeline to process direct spectroscopic observations of exoplanets with ERIS/SPIFFIER.
A single frame through the pipeline from raw detector image, calibration by SpyFFIER, to PSF subtraction, and final molecular map
after stacking all datacubes (from left to right), for HR 8799 e (top row) and 2MJ0219 b (bottom row). The exoplanet HR 8799 e
is mainly visible in slitlets 5, 21, and 22 of the molecular map due to its spatial extent in the smallest FOV of ERIS-SPIFFIER
(078 x 07”8). 2MJ0219 b is only visible in slitlet 8 as the largest FOV (8” x 8”) undersamples the PSF. The same stray light as
described in Hayoz et al. (2025) is visible in the HR 8799 e data, but not in the 2MJ0219 b data.
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Fig. D.3: Error of the initial wavelength solution for a single frame of our observation of 2MJ0219 b caused by spectral curvature
over the detector of ERIS/SPIFFIER (black error bars). We corrected the spectral curvature using the spline model described in
Appendix D.1 (orange line). We excluded the outliers (red dots) from the spline fit. The median of the measured wavelength error is
indicated by the horizontal red line. As noted in the main text, the initial wavelength calibration performed by the standard pipeline
resulted in a large shift for the slitlet 25, which is why we excluded a large part of the y axis. The shaded areas correspond to the four
slitlets at the edges of the FoV (i.e. two on each side) and were cropped during data reduction.

the spectral axis, as can be seen from the unfolded datacube (i.e. persistences in the science, sky, or flatfield exposures might also
before the cube-building step). These background structures can  contribute to the slit-to-slit variations. Finally, there might be
be attributed to a combination of several factors. For instance, some scattering of light that is not fully baffled and which creates
short-scale variations in the IR sky background can explain the an instrument background.

increasing residual towards longer wavelengths. Variations in the To remove the residual background, we model it in the fol-
zero level of each read channel of the detector can cause different  jowing way. We start by masking out the companion and the

levels of residual background across the slitlets. Furthermore,  gtar in the data using circular masks. For each slitlet of a given
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Fig. D.4: Comparison of the residual wavelength error (y-axis)
after calibration by the standard pipeline only (blue) and with
our custom wavelength calibration (orange), measured frame
by frame (x-axis). Our custom routine improves the wavelength
calibration by a factor of two.

datacube, we subsequently median-combine the (masked) data
along both the spatial and the spectral dimensions. We then use a
Gaussian filter of standard deviation equal to 40 px (i.e. 5.2 nm)
to smooth out the spectral dimension, whilst, for the spatial di-
mension, we fit a B-spline with smoothness equal to two using
the function splrep from scipy (Virtanen et al. 2020). The
background model at position (x, 1) € X X A within the slitlet
is thus given by the sum of the value of the B-spline at posi-
tion x and the value of the Gaussian filter at position A, minus
the median value of the Gaussian filter. The background model
obtained by this process is illustrated in the middle panel of
Fig. D.5, where the correlated background structures visible in
the calibrated datacube (top panel) are successfully captured. The
background-subtracted data (bottom panel) appear much flatter,
indicating that we successfully managed to remove the majority
of the background structures present in the calibrated datacube.
We note that we only removed the background in the datasets of
type (iii) where the FoV is not dominated by the stellar PSF. Our
background subtraction routine is implemented in SpyFFIER.

Appendix D.4: Removal of the stellar PSF

The removal of the stellar PSF is necessary for both molecular
mapping and to extract the spectrum of the companions in the
HCI datasets (types (i) and (ii)). For the well-separated targets
(type (iii)) for which the stellar PSF does not contaminate the
signal from the companion, PSF subtraction is only necessary to
compute molecular maps, and only when the star is in the FoV.
When there is no (or only negligible) contribution from the stellar
PSF in the FoV, as is the case only for the HIP 79098 (AB) B,
HIP 78530 B, AB Pic b, and VHS 1256 b datasets, we still need
to subtract the spectral continuum before cross-correlation with
spectral templates. To do that, we high-pass filter each spaxel
using a Gaussian filter of standard deviation of 40 px (i.e. 5.2 nm).

For all other datasets where the star is in the FoV, we remove
the stellar PSF using spectral PCA (Hayoz et al. 2025). As our
HR 8799 e dataset is very similar to the AF Lep b dataset, we
subtract the same number of principal components, i.e. 250. This
also works well for the HR 2562 B dataset, although it is signif-
icantly different from the other two as the star is outside of the
FoV. However, it seems to subtract the signal of the exoplanet
HR 8799 ¢ too much. Therefore, for HR 8799 c as well as the
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Fig. D.5: Illustration of the background subtraction step in our
pipeline for our observation of 2MJ0219 b. Top row: Calibrated
datacube, represented both in its unfolded state (leff) and as
wavelength-averaged intensity image (right). Middle row: Back-
ground model as obtained using the algorithm described in
Sect. D.3, i.e. using a sum of a Gaussian filter and a B-spline for
the spectral, respectively spatial, dimensions. Bottom row: Data
after subtraction of the background model. Most of the struc-
tures visible in the background of the calibrated datacube are
successfully removed. The linear colour scale is identical in all
six images.

other datasets, we search for the optimal number of components
by measuring the S/N of the detection in the molecular maps. For
HR 8799 c, subtracting 70 principal components (PCs) seem to
be a good compromise between subtracting enough of the stellar
PSF whilst avoiding self- or oversubtraction (Bonse et al. 2025)
of the planet signal. For the other targets, we select 49 PCs. The
only exception is ROXs 12 b, for which any number of PCs also
significantly subtracts signal from the companion. Whether this
is due to oversubtraction or self-subtraction is unclear (for an
explanation of the difference between oversubtraction and self-
subtraction, see e.g. Bonse et al. 2025), but it might be due to
their similarity in terms of spectrum and RV. Therefore, we only
apply a high-pass filter to the data.

Appendix D.5: Spectrum extraction and flux calibration

In order to obtain a flux-calibrated spectrum of the companion,
ideally we would extract a contrast spectrum by taking the ratio
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of the signals of the companion and the star in every A-image.
Alternatively, we would use a separate exposure on the star, in
which case the potentially different DITs have to be taken into
account. Subsequently, we would flux-calibrate it by multiplying
it with a model of the stellar spectrum (see e.g. Petrus et al. 2021).
It is worth writing down all assumptions that need to be satisfied
for this ideal measurement to be valid. For that purpose, let Ty
be the instrument throughput, 7 the atmospheric transmission,
t the integration time, D the spectrum extracted from the data
(i.e. in units of detector counts), and f the spectral flux density of
the target, and additionally let the subscript P and S denote the
planet and the star. All these quantities (except for the integration
time) depend on the wavelength, whilst T4 also depend on the
observing conditions, which, together with 77, might change over
time. With these definitions, we can write the following relations
for the data at the spectral bin 4; and with bin width AA:

Ai+AA/2 Ip
De(A) = f A ( f Ty, DTAC, r)dr) di
Ai—A1/2 0 (Dl)

Ai+AL/2 ‘s

ps= [ e ( [ nor )i
Ai—AA)2 0

With both the star and the planet in the FoV, assuming that the data

is perfectly calibrated and that the instrument throughput and the

atmospheric transmission are both constant over the integration

time, we can obtain the spectral flux density of the planet fp as

DI .
s(4i) tp

If the observation of the star is taken at a different time, say
at time ¢/, the changing observing conditions (such as e.g. the
airmass) have to be taken into account by further multiplying with
Ta(A,1')/Ta(A,1). This can be calculated using an atmospheric
transmission calculator such as SkyCalc (Noll et al. 2012; Jones
et al. 2013), since the observing conditions are saved in the header
of the data. However, if the instrument throughput T7(A, f) changes
over that time, then this requires a more complex approach by
understanding why the throughput changes. For example, it might
change with the altitude of the target as the telescope moves and
creates instrument flexures.

In our case, we noticed that the throughput of ERIS-
SPIFFIER depended on the position of the object in the FoV.
More precisely, the throughput is not constant after applying cer-
tain telescope offsets. Since flat-fielding corrects relative through-
put differences between slitlets, the only other instrumental effect
that could explain a throughput loss that is currently not calibrated
by the standard pipeline is diffraction by the slicer mirror. Indeed,
diffraction affects the incoming light when it reflects off of the
slicer mirror. This diffracted light might be stopped downstream
by some component or it might reach the detector in another loca-
tion of the image plane as where it started. In any case, this results
in a loss of throughput for all sources in the FoV whose PSFs are
overlapping with the slit edges of the slicer mirror. Therefore, the
smallest FoV is affected the most, as the PSF extends over several
slitlets. However, the other plate scales are also affected whenever
a telescope offset brings the target to the edge of a slitlet. Unfor-
tunately, this happened during our observations of 2MJ0219 b,
where we measured an achromatic loss of 25 + 5% of the signal
of the companion in one dither position compared to the other.
The star, which is located 119.5 mas north of the companion, i.e.
4.8 slitlets away, is not affected by this loss, and neither is the sky
background, which corroborates our explanation.

fe(D) =

(D.2)
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Assuming that the throughput loss is achromatic—which
might not be the case with the other gratings of SPIFFIER—this
problem can be circumvented by decomposing the instrument
throughput into a wavelength and a time component 71(4,1) =
Tf(ﬂ)Tf (#). The flux can then be calibrated using synthesis pho-
tometry with a filter for which the photometry of the companion
is available. For the K-long grating of SPIFFIER, which covers
the interval 2.19-2.47 um, this requires a narrowband filter sim-
ilar to the N_CO filter of the VLT/SPHERE/IRDIS instrument
or another flux-calibrated K-band spectrum. As these are not
readily available for our targets and would require many hours
of additional VLT telescope time to obtain, we have decided to
leave out the absolute flux calibration for our observations and
to further subtract the continuum of our extracted spectra. This
ensures that all of our ERIS/SPIFFIER spectra are consistently
continuum-subtracted, as the continuum cannot be measured for
close-in targets without ADI.

For HCI datasets, we follow the same approach as Hayoz et al.
(2025) to extract the spectrum after PSF subtraction. Namely, we
use aperture photometry (with a radius of 1.7 px, i.e. 21.25 mas
or 0.4 1/D) to extract the continuum-subtracted spectrum at the
position of the companion in each datacube and subsequently
median-combine the spectra. For the well-separated targets, we
adapt the radius of the aperture for each target depending on
the size of the FoV, the space up to the edge of the frame, and
the brightness of the companion. For CT Cha b, ROXs 12 b,
ROXs 42 B b, IRXSJ1609 b and 2MJ0219 b, we use a radius
of 4 px (i.e. 02 for the 372 x 3’72, and 0”5 for the 8" x 8"
FoV); and we use a radius of 6 px (i.e. 0”3 for the 372 x 3772,
and 75 mas for the 0”78 x 0’/8 FoV) for AB Pic b, HIP 78530 b,
HIP 79098 (AB) B, and VHS 1256 b.

At this point, the spectra of the well-separated targets are
imprinted by telluric absorption lines and our wavelength cali-
bration still contains uncertainties. We further improve the wave-
length calibration by measuring the RV of the tellurics in each
extracted spectrum using cross-correlation with a SkyCalc tem-
plate (Noll et al. 2012; Jones et al. 2013). This step did not work
for IRXSJ1609 b, presumably due to the S/N of the extracted
spectra being too low. This is in turn probably due to how faint
this target is, combined with only 30 s of DIT per frame. Since
the wavelength calibration of the datacubes delivered by our cus-
tom pipeline worked well for this target, the wavelength error
after spectrum extraction is expected to be small, and therefore
we combined all extracted spectra and inspected the resulting
spectrum. For the companion, the telluric absorption lines are
hard to distinguish, and the resulting cross-correlation function
with the telluric template only shows a small peak. This shows
that the S/N is too low for this target, and it would have required
both longer detector integrations and a longer total integration
time. We therefore stopped the analysis for this target and only
computed molecular maps and measured its relative astrometry
(see Sect. 4.1 and Appendix I.1). We then Doppler-shifted the
extracted spectra by the corresponding RV of the tellurics to
transform them into the rest frame of the observatory.

To correct the telluric absorption lines, we first median-
combined all extracted spectra, then divided the result by the
telluric template. Since the atmospheric transmission was nearly
zero in some wavelength bins, the division by the tellurics led to
the creation of many outliers, which we imputed using a median
filter. Finally, we normalised the spectrum and removed its con-
tinuum using a Gaussian filter of standard deviation 40 pixel (i.e.
5.2 nm).

Our final ERIS/SPIFFIER spectra are shown in Fig. 3 for each
of our targeted companions, along with spectral templates for the
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telluric absorption lines of the Earth as well as molecular tem-
plates of H,O and CO. The CO bandhead at 2.293 um, together
with its further spectral lines beyond that wavelength, are easily
recognisable for all of our targets, highlighting the high spectral
quality of ERIS/SPIFFIER. We characterise the uncertainty of
our measured spectra by taking the standard deviation over all
frames included in the combination. Unfortunately, we cannot
calculate the S/N of our spectra due to the loss of the continuum;
however, we indicate the typical (i.e. median) size of the error
bar in Fig. 3, which at least enables us to compare the relative
quality of the spectra between our targets. This shows that the
largest uncertainty was obtained for AF Lep b and CT Cha b,
whilst HR8799 ¢, AB Pic b, HR 2562 B, and 2MJ0219 b seem to
have the best quality.

Appendix E: Archival data
Appendix E.1: Unpublished data of the ROXs 42 B system

ROXs 42 B was observed with Subaru/HiCIAO in the Y band,
with Subaru/IRCS at 3.1 and 3.3 um, and with Keck/OSIRIS
(Larkin et al. 2006) in the H band between 2014 and 2015. In the
following, we give a short summary of the observations and data
reduction of these datasets that was performed at the time.

On 9 June 2014, ROXs 42 B b was observed in the broadband
Y filter (1 = 0.97-1.05 um, A, = 1.02 um) with the HiCIAO
near-infrared camera (9.5 mas pixel™!) and in angular differential
imaging (ADI, Marois et al. 2006). In total, 26 co-added science
exposures of 60 s each were obtained for a total integration time
of 1560 s. Over the course of our sequence, the parallactic angle
changed by 12.5°. Conditions were photometric with good, 0”/4—
0’5 seeing. Basic image processing followed methods employed
by Currie et al. (2011). PSF subtraction was performed with A-
LOCT following Currie et al. (2015a), with an aggressive rotation
gap (6 = 0.5x FWHM) and a very large optimisation area of
Na = 1000 PSF footprints due to the large PSF (FWHM= 015)
and modest field rotation. The throughput losses were measured
and corrected following Currie et al. (2014b, 2015b); Lafreniere
et al. (2007), yielding a throughput of 0.75 + 0.05. The apparent
magnitude was measured to be my = 18.05 + 0.15 mag.

ROXs 42 B b was observed in the [3.1]/water-ice narrow band
filter and [3.3]/PAH narrow band filter on 21 June 2014 and 6
June 2015, respectively, with the Subaru/IRCS camera (Tokunaga
et al. 1998) using the narrow camera (20.53 mas pixel™!). Condi-
tions were photometric for both sets of observations, with 0’8 and
074 optical seeing, respectively. Exposures consisted of co-added
60s (50s) frames in [3.1] ([3.3]) totaling 2200 s (700 s). Both
observing sequences were conducted in classical imaging mode,
precluding the use of ADI for PSF subtraction, and utilised a
five-point dither pattern. For the [3.1] data, FS 140 was observed
immediately after ROXs 42 B b for photometric calibration, adopt-
ing a [3.1] magnitude of my3 ;7 = 10.35 £ 0.01 mag, intermediate
between its measured K and L’ measurements (10.37 mag and
10.34 mag, respectively). For the [3.3] data, the standard star FS
138 was observed immediately prior to ROXs 42 B b, assuming
mp33) = 10.43+0.01 mag. ROXs 42 B and the photometric calibra-
tors had a diffraction limited PSF core in each observation. Basic
image processing followed steps used to process IRCS L’ data
published in Currie et al. (2014b). The companion-to-primary con-
trasts are Amyz 1; = 6.06+0.10 mag and Amy3 3; = 5.86+0.11 mag,
resluting in the apparent magnitudes m3 1} = 14.65 + 0.12 mag
and my33; = 14.40 £ 0.16 mag.

ROXs 42 B b was observed with the OSIRIS integral field
spectrograph (Larkin et al. 2006) in the Hbb configuration on 30

May 2015 (077035 per spaxel; R ~ 3000). Exposures consisted
of 12 300 s frames in two nod positions for a total integration
time of 3600 s, keeping both the primary and the companion
on the detector in each exposure. For spectral calibration and
first-order telluric subtraction, the spectral standard HD 155379
was observed. The data were processed using the OSIRIS data
reduction pipeline (version 2.3, Krabbe et al. 2004). After con-
structing the datacubes, each datacube was registered and shifted
to a common position with sub pixel precision, and the entire
set was median-combined to produce a final datacube. To flux
calibrate the ROXs 42Bb spectra, the measurements were scaled
in each channel so that, convolved over the MKO H-band filter
function, the data match the measured H-band photometry from
Currie et al. (2014a,c).
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Appendix E.2: Archival spectroscopy

Table E.1: List of archival spectroscopic data used in this work.

Target Observatory  Instrument Band Wavelength  1/A1  Reference
[um]

AF Lep b VLT SPHERE YJH 1.0-1.6 70 [1]
AF Lep b VLT GRAVITY K 20-25 1000 [1]
HR 8799 e VLT SPHERE YJH 1.0-1.7 70 [2]
HR 8799 ¢ Gemini GPI H 1.5-1.38 200 [2]
HR 8799 ¢ VLT GRAVITY K 20-25 1000  [2]
HR 8799 ¢ Gemini GPI H 1.5-138 200 [2]
HR 8799 ¢ VLT CHARIS JHK 12-24 30 [2]
HR 8799 ¢ VLT GRAVITY K 20-25 1000  [2]
HR 2562 B VLT SPHERE YJ 1.0-1.3 110 [3]
HR 2562 B VLT SPHERE-IFS YJ 1.0-1.3 110  [4]
HR 2562 B Gemini GPI J 1.1-13 190  [3]
HR 2562 B Gemini GPI H 1.5-1.38 200  [3]
HR 2562 B Gemini GPI K1 1.9-2.1 240  [3]
HR 2562 B Gemini GPI K2 2.1-24 280  [3]
HIP 78530 B Gemini GNIRS YJ 09-13 740 [5]
HIP 78530 B Gemini GNIRS H 14-1.38 1100  [5]
HIP 78530 B Gemini GNIRS K 20-24 1400  [5]
AB Picb VLT SINFONI J 1.1-14 8500 [6]
AB Picb VLT SINFONI H 1.5-1.8 3300 [6]
AB Picb VLT SINFONI K 20-25 4400  [6]
AB Picb LCO MagAOClio L 29-40 820  [7]
ROXs42Bb Gemini NIFS J 1.1-14 11800 [8]
ROXs42Bb Keck OSIRIS H 1.5-138 8200 [9]
ROXs42Bb Gemini NIFS H 1.5-1.38 10200 [8]
ROXs42Bb Keck OSIRIS K 20-24 8700  [8]
ROXs42Bb VLT SINFONI K 1.9-25 9000 [9]
ROXs 12 b Gemini NIFS J 1.1-14 11800 [10]
ROXs 12 b Keck OSIRIS J 12-13 8500 [10]
ROXs 12 b Keck OSIRIS H 1.5-138 8200 [10]
ROXs 12 b Keck OSIRIS K 20-24 8700 [10]
VHS 1256b  JWST NIRSpec 2140h—g395h 1.0-53 6100 [11]
VHS 1256b  JWST MIRI 1A-3C 49-18.0 5300 [11]
2MJ0219b  LCO FIRE YJ 09-13 5100 [12]
2M J0219b  LCO FIRE H 14-1.8 5000 [12]
2MJ0219b  LCO FIRE K 20-24 5000 [12]
CT Chab VLT SINFONI J 1.1-13 8500 [13]

Notes. References: [1] Balmer et al. (2025a), [2] Nasedkin et al. (2024), [3] Godoy et al. (2024), [4] Mesa et al. (2018), [5] Lachapelle et al. (2015),
[6] Palma-Bifani et al. (2023), [7] Stone et al. (2016), [8] Bowler et al. (2014), [9] Currie et al. (2014c), [10] Bowler et al. (2017), [11] Miles et al.
(2023), [12] Artigau et al. (2015), [13] Bonnefoy et al. (2014).

Appendix E.3: Archival photometry

Table E.2: List of archival photometric data used in this work.

Target Filter Eff. wvl. Eff. width Mag. Err.  Reference
[pim] [um]  [mag] [mag]
AF Lep b Paranal/SPHERE.IRDIS_D_H23_2 1.59 0.05 17.50 0.13 [1]
AF Lepb Paranal/SPHERE.IRDIS_D_K12_1 2.10 0.10 16.70  0.09 [1]
AF Lepb Paranal/SPHERE.IRDIS_D_K12 1 2.10 0.10 16.82 015 [2]
AF Lep b Paranal/SPHERE.IRDIS_D_K12_2 2.25 0.11 16.85 0.12 [1]
AF Lepb Paranal/SPHERE.IRDIS_D_K12_2 2.25 0.11 17.01 025 [2]
AF Lepb Keck/NIRC2.Lp 3.73 0.68 14.87 015 [3]
AF Lep b Keck/NIRC2.Lp 3.73 0.68 14.83 026 [4]
AF Lepb Keck/NIRC2.Lp 3.73 0.68 15.03 0.15 [3]
AF Lepb Paranal/NACO.Lp 3.77 0.62 1496 0.14 [5]

Continued on next page
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Table E.2: continued.

Target Filter Eff. wvl. Eff. width Mag. Err.  Reference
[um] [um]  [mag] [mag]

AF Lep b JWST/NIRCAM.F444W 4.33 1.03 1493  0.15 [4]
HR 8799 e Paranal/SPHERE.IRDIS_B_J 1.23 0.24 18.40 021 [6]
HR 8799 e Paranal/SPHERE.IRDIS_D_H23_2 1.59 0.05 1691 020 [6]
HR 8799 ¢ Paranal/SPHERE.IRDIS_D_H23_3 1.67 0.06 16.68 021 [6]
HR 8799 e Paranal/SPHERE.IRDIS_D_K12 1 2.10 0.10 16.12  0.10 [6]
HR 8799 e Keck/NIRC2.Ks 2.13 0.30 1591 022 [7]
HR 8799 ¢ Paranal/SPHERE.IRDIS_D_K12_2 2.25 0.11 15.82  0.11 [6]
HR 8799 e JWST/NIRCam.F335M 3.35 0.35 1549 0.16 [8]
HR 8799 e Paranal/NACO.Lp 3.77 0.62 1449 021 [9]
HR 8799 ¢ Paranal/NACO.NB405 4.06 0.06 13.72 020 [9]
HR 8799 e JWST/NIRCam.F410M 4.07 0.44 14.77  0.16  [8]
HR 8799 ¢ JWST/NIRCam.F430M 4.28 0.23 1521 012 [8]
HR 8799 ¢ JWST/NIRCam.F460M 4.63 0.23 15.03 0.11 [8]
HR 8799 ¢ JWST/MIRIL.F1065C 10.55 0.57 1248 041 [10]
HR 8799 ¢ JWST/MIRLF1065C 10.55 0.57 1227 028 [10]
HR 8799 ¢ JWST/MIRLF1140C 11.30 0.60 1239 036 [10]
HR 8799 ¢ JWST/MIRILF1140C 11.30 0.60 1236 022 [10]
HR 8799 ¢ Paranal/SPHERE.IRDIS_B_J 1.23 0.24 18.60 0.13 [6]
HR 8799 ¢ Paranal/SPHERE.IRDIS_D_H23_2 1.59 0.05 17.09 0.12  [6]
HR 8799 ¢ Keck/NIRC2.H 1.62 0.29 17.06  0.13  [7]
HR 8799 ¢ Paranal/SPHERE.IRDIS_D_H23_3 1.67 0.06 16.78 0.10 [6]
HR 8799 ¢ JWST/NIRCam.F200W 1.96 0.46 1746  0.13  [8]
HR 8799 ¢ JWST/NIRCam.F210M 2.09 0.21 16.73  0.10 [8]
HR 8799 ¢ Paranal/SPHERE.IRDIS_D_K12 _1 2.10 0.10 16.19 0.05 [6]
HR 8799 ¢ Keck/NIRC2.Ks 2.13 0.30 16.11 0.08 [7]
HR 8799 ¢ Paranal/SPHERE.IRDIS_D_K12 2 2.25 0.11 15.86 0.07 [6]
HR 8799 ¢ JWST/NIRCam.F250M 2.50 0.18 1695 020 [8]
HR 8799 ¢ JWST/NIRCam.F300M 2.98 0.32 1649 0.09 [8]
HR 8799 ¢ JWST/NIRCam.F335M 3.35 0.35 1534 012 [8]
HR 8799 ¢ Paranal/NACO.Lp 3.77 0.62 14.65 0.11 [9]
HR 8799 ¢ Paranal/NACO.NB405 4.06 0.06 13.97 0.11 [9]
HR 8799 ¢ JWST/NIRCam.F410M 4.07 0.44 1485 0.09 [8]
HR 8799 ¢ JWST/NIRCam.F430M 4.28 0.23 15.19 0.05 [8]
HR 8799 ¢ JWST/NIRCam.F460M 4.63 0.23 15.17  0.08 [8]
HR 8799 ¢ Keck/NIRC2.Ms 4.66 0.24 15.03 0.14 [11]
HR 8799 ¢ JWST/MIRILF1065C 10.55 0.57 1294 027 [10]
HR 8799 ¢ JWST/MIRIL.F1065C 10.55 0.57 12.80 0.17 [10]
HR 8799 ¢ JWST/MIRILF1140C 11.30 0.60 12.84 0.14 [10]
HR 8799 ¢ JWST/MIRIL.F1140C 11.30 0.60 12.86 0.28 [10]
HR 2562 B Gemini/GPL.J 1.22 0.21 1791 0.10 [12]
HR 2562 B Paranal/SPHERE.IRDIS_B_H 1.61 0.29 16.55 0.00 [13]
HR 2562 B Gemini/GPIL.K1 2.03 0.28 1565 0.15 [12]
HR 2562 B Gemini/GPI.K2 2.24 0.26 1541 015 [12]
HR 2562 B MMT/Clio.Lp_MKO 3.71 0.71 1406 035 [14]
HR 2562 B LCO/MagAO.Clio2.3.94 393 0.09 13.84 029 [13]
HR 2562 B JWST/MIRILF1065C 10.55 0.57 13.33  0.18 [13]
HR 2562 B JWST/MIRLF1140C 11.30 0.60 1334 017 [13]
HR 2562 B JWST/MIRILF1550C 15.50 0.71 1347 0.16  [13]
HIP 79098 AB b  Paranal/NACO.J 1.25 0.24 15.83 021 [15]
HIP 79098 ABb  Paranal/NACO.H 1.64 0.34 1490 021 [15]
HIP 79098 ABb  Paranal/SPHERE.IRDIS_D_K12_1 2.10 0.10 14.07 0.09 [15]
HIP 79098 AB b  Paranal/NACO.Ks 2.12 0.36 14.15 021 [15]
HIP 79098 AB b  Paranal/SPHERE.IRDIS_D_K12_2 2.25 0.11 13.85 0.10 [15]
HIP 78530 B Gemini/NIRL.Y-G0241w 1.02 0.09 16.27 0.05 [16]
HIP 78530 B Gemini/NIRLJ-G0202w 1.25 0.16 1521 0.05 [16]
HIP 78530 B Gemini/NIRL.H-G0203w 1.63 0.28 1455 0.04 [16]
HIP 78530 B Gemini/NIRI.Kshort-G0205w 2.15 0.29 14.18 0.04 [16]
HIP 78530 B MMT/Clio.Lp_MKO 3.71 0.71 13.80 0.06 [17]
HIP 78530 B Gemini/NIRI.Lprime-G0207w 3.73 0.68 13.81 020 [16]

Continued on next page
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Target Filter Eff. wvl. Eff. width Mag. Err.  Reference
[um] [um]  [mag] [mag]
AB Pic b HST/WFC3_UVIS2.F555W 0.52 0.16 2421 0.70 [18]
AB Picb HST/WFC3_UVIS2.F625W 0.62 0.15 22.13  0.15 [18]
AB Pic b HST/WFC3_UVIS2.F656N 0.66 0.00 21.06 051 [18]
AB Pic b HST/WFC3_UVIS2.F673N 0.68 0.01 21.38 027 [18]
AB Picb HST/WFC3_UVIS2.F775W 0.76 0.12 19.70  0.05 [18]
AB Pic b HST/WFC3_UVIS2.F850LP 0.91 0.12 17.81 0.03 [18]
AB Pic b LaSilla/SOFL]J 1.23 0.26 1520 031 [18]
AB Picb Paranal/NACO.J 1.25 0.24 1577 036  [18]
AB Pic b Paranal/NACO.J 1.25 0.24 16.18 0.10 [19]
AB Pic b Paranal/NACO.H 1.64 0.34 14.65 0.17 [18]
AB Picb Paranal/NACO.H 1.64 0.34 1489 0.18 [18]
AB Pic b Paranal/NACO.H 1.64 0.34 1464 0.15 [18]
AB Picb Paranal/NACO.H 1.64 0.34 14.69 0.10 [19]
AB Pic b Paranal/NACO.Ks 2.12 0.36 14.09 0.07 [18]
AB Pic b Paranal/NACO.Ks 2.12 0.36 14.14  0.08 [19]
AB Pic b LaSilla/SOFIL.Ks 2.15 0.27 13.65 0.20 [18]
AB Picb Spitzer/IRAC.I1 3.51 0.68 13.22  0.08 [20]
AB Pic b Paranal/NACO.Lp 3.77 0.62 13.20 0.10 [18]
AB Picb Spitzer/IRAC.I12 4.44 0.86 12.87  0.09 [20]
AB Picb Spitzer/IRAC.I3 5.63 1.26 1250 0.26  [20]
AB Pic b Spitzer/IRAC.14 7.59 2.53 1241  0.20 [20]
ROXs42Bb Subaru/HiCIAO.Y 1.02 0.09 18.05 005 TW
ROXs42Bb Keck/NIRC2.J 1.24 0.15 1699 0.07 [21]
ROXs42Bb Keck/NIRC2.J 1.24 0.15 1691 0.11 TW
ROXs42Bb Keck/NIRC2.H 1.62 0.29 1588 0.06 [21]
ROXs42B b Keck/NIRC2.H 1.62 0.29 1580 005 TW
ROXs42Bb Keck/NIRC2.H 1.62 0.29 1588 0.05 [22]
ROXs42Bb Keck/NIRC2.Kp 2.10 0.34 15.01 0.05 [21]
ROXs42Bb Keck/NIRC2 . Ks 2.13 0.30 14.83 035 [23]
ROXs42Bb Keck/NIRC2.Ks 2.13 0.30 1501 006 TW
ROXs42Bb Keck/NIRC2.Ks 2.13 0.30 15.00 0.15 [22]
ROXs42Bb Subaru/IRCS.3.1 3.05 0.16 1465 012 TW
ROXs42Bb Subaru/IRCS.3.3 3.35 0.05 1440 0.16 TW
ROXs42Bb Keck/NIRC2.Lp 3.73 0.68 1397 006 TW
ROXs42Bb Keck/NIRC2.Lp 3.73 0.68 1397 0.06 [24]
ROXs42Bb Keck/NIRC2.Lp 3.73 0.68 14.15 0.09 [21]
ROXs42Bb Keck/NIRC2.4.05 4.06 0.06 1390 0.12 TW
ROXs42Bb Keck/NIRC2.NB_4.05 4.07 0.07 1390 0.08 [24]
ROXs42Bb Spitzer/IRAC.12 4.44 0.86 13.44 056  [20]
ROXs42Bb Keck/NIRC2.Ms 4.66 0.24 1401 023 TW
ROXs42Bb Keck/NIRC2.Ms 4.66 0.24 1401 023 [24]
ROXs42Bb Spitzer/IRAC.14 7.59 2.53 12.82  0.11  [20]
ROXs 12 b Keck/NIRC2.J 1.24 0.15 16.64 0.07 [21]
ROXs 12b Keck/NIRC2.H 1.62 0.29 15.37 0.08 [21]
ROXs 12 b Keck/NIRC2.Kp 2.10 0.34 1432  0.06 [21]
ROXs 12 b Keck/NIRC2.Lp 3.73 0.68 12.55  0.09 [21]
VHS 1256 b Paranal/VISTA.Y 1.02 0.09 18.56 0.05 [25]
VHS 1256 b 2MASS/2MASS.J 1.23 0.16 16.66 029 [25]
VHS 1256 b Paranal/VISTA.J 1.25 0.16 17.14  0.02 [25]
VHS 1256 b Paranal/VISTA.H 1.63 0.28 1578 0.01 [25]
VHS 1256 b 2MASS/2MASS.H 1.64 0.25 15.60 021 [25]
VHS 1256 b Paranal/VISTA.Ks 2.14 0.29 1466 0.01 [25]
VHS 1256 b 2MASS/2MASS Ks 2.15 0.26 1457 0.12 [25]
VHS 1256 b WISE/WISE.W1 3.32 0.66 13.60 0.50 [25]
VHS 1256 b Subaru/IRCS.Lp 3.73 0.68 1299 0.04 [26]
VHS 1256 b WISE/WISE. W2 4.56 1.04 12.80  0.50 [25]
VHS 1256 b Subaru/IRCS.Mp 4.68 0.24 12.66 0.26 [26]
2M J0219 b MKO/NSFCam.J 1.24 0.15 1554 0.10 [27]
2M J0219 b MKO/NSFCam.H 1.61 0.28 1463 0.10 [27]
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Table E.2: continued.

Target Filter Eff. wvl. Eff. width Mag. Err.  Reference
[um] [um]  [mag] [mag]
2M J0219 b MKO/NSFCam.K 2.18 0.32 13.82  0.10 [27]
CT Chab LCO/VisAO.rp 0.62 0.12 21.71 021  [28]
CT Chab LCO/VisAO.ip 0.76 0.13 2032 0.09 [28]
CT Chab LCO/VisAO.zp 0.90 0.11 1846  0.08  [28]
CT Chab LCO/VisAO.Ys 0.98 0.09 1794  0.09 [28]
CT Chab Paranal/NACO.J 1.25 0.24 16.61 030 [29]
CT Chab Paranal/NACO.Ks 2.12 0.36 14.89 030 [29]
CT Chab Paranal/NACO.Ks 2.12 0.36 1495 030 [29]

Notes. References: TW = This Work, [1] De Rosa et al. (2023), [2] Mesa et al. (2023), [3] Franson et al. (2023), [4] Franson et al. (2024), [5] Bonse
et al. (2025), [6] Zurlo et al. (2016), [7] Marois et al. (2010), [8] Balmer et al. (2025b), [9] Currie et al. (2014b), [10] Boccaletti et al. (2024), [11]
Galicher et al. (2011), [12] Konopacky et al. (2016), [13] Godoy et al. (2024), [14] Sutlieff et al. (2021), [15] Janson et al. (2019), [16] Lachapelle
et al. (2015), [17] Bailey et al. (2013), [18] Bonnefoy et al. (2014), [19] Chauvin et al. (2005), [20] Martinez & Kraus (2022), [21] Kraus et al.
(2014a), [22] Currie et al. (2014c¢), [23] Bryan et al. (2016), [24] Daemgen et al. (2017), [25] Gauza et al. (2015), [26] Rich et al. (2016), [27]
Artigau et al. (2015), [28] Wu et al. (2015), [29] Schmidt et al. (2008).
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Appendix F: Validation of the updated CROCODILE framework
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Fig. F.1: Retrieved posterior distributions for the validation test for the adapted version of CROCODILE. The atmospheric parameters
are described in Sect. 3.2. We selected the target AF Lep b for this test due to the extensive wavelength coverage of the archival data
available for this target, with VLT/SPHERE data in the YJH bands, VLTI/GRAVITY data in the K band, and multiple photometric
datasets in the L and M bands. The different colours refer to four variations of this retrieval: in blue, the fit excludes all K-band data;
in orange, the fit additionally includes ERIS/SPIFFIER cross-correlation spectroscopy; in magenta, the fit includes VLTI/GRAVITY
data but not the ERIS/SPIFFIER data; and in green, the fit includes all data.
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Table G.1: List of opacity databases included in this work.

Line opacities c-k 1bl

H2 HITRAN HITRAN
H,O HITEMP HITEMP
CcoO HITEMP HITEMP
CHy4 HITEMP ext HITEMP ext
CO, ExoMolOP HITEMP
FeH ExoMolOP YTI14

HCN ExoMol3 HTO06

TiO ExoMolOP ExoMolOP
VO ExoMolOP ExoMolOP
H,S ExoMolOP HITRAN

K VALD VALD

Na BVO03 BVO03, VALD
NH; HITRAN HITRAN
PH; ExoMol7 ExoMol7
13160 LG15 HITRAN
Rayleigh

H2 DW62 DW62

He CD65 CD65
Continuum

H2-H2 CIA B.A.,,RGI12 B.A,RGI2
H2-He CIA B.A.,RGI2 B.A,RGI2

Notes. References: HITRAN: Rothman et al. (2013); HITEMP: Rothman et al. (2010); HITEMP ext: Hargreaves et al. (2021); ExoMolOP: Chubb
et al. (2021); YT14: Yurchenko & Tennyson (2014); ExoMol3: Barber et al. (2014); HT06: Harris et al. (2006); VALD: Piskunov et al. (1995);
BVO03: (Burrows & Volobuyev 2003); ExoMol7: Sousa-Silva et al. (2015); LG15: Li et al. (2015); DW62: Dalgarno & Williams (1962); CD65: Chan
& Dalgarno (1965); B.A.: Borysow et al. (1988, 1989); Borysow & Frommbhold (1989); Borysow et al. (2001); Borysow (2002); RG12: Richard
et al. (2012).

Appendix G: Table of opacities
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Appendix H: Molecular maps for well-separated targets
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Fig. H.1: Same as Fig. 4, but for our targets 2MJ0219 b, CT Cha b, ROXs 12 b, ROXs 42 B b, and 1RXSJ1609 b. All companions
are detected in the intensity images, and we detect H,O and CO for all targets except for IRXSJ1609 b. For ROXs 12 b, the star is
still present in the molecular maps because the stellar PSF was removed with a high-pass filter, and the HO and CO present in the

photosphere of such a low-mass star are also detected (see Appendix D.4 for further details).
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Appendix I: Orbital characterisation
Appendix I.1: Relative astrometry

Thanks to ERIS/SPIFFIER being an integral field spectrograph, we can measure the astrometry of the detected companions relative
to their host star for our observations where both components are contained in the FOV, i.e. AF Lep b, HR 8799 e, 2MJ0219 b,
CT Cha b, ROXs 12 b, ROXs 42 B b, and 1RXSJ1609 b. For all targets, we measured the position of the star in each frame by
fitting the centroid with a second degree 2D polynomial to a box of side length 5 px centred around the maximum of the intensity
image using the function centroid_quadratic from the Python package photutils (Bradley et al. 2024). For the well-separated
companions, we repeated the same measurement on a cut-out region of the data around the approximate position of the companion,
ensuring that the contribution from the star is ignored. For the two HCI targets, i.e. AF Lep b, HR 8799 e, we measure the position of
the companion using the same fitting procedure in the molecular map of CO, where the detection is strongest. The relative position of
the companion is then obtained as the mean over the difference between the positions of the companion and its host star.

Table I.1: Relative astrometry for the targets with both the star and the companion in the FOV of ERIS/SPIFFIER.

Target Time (JD)  Pixel size Aay Aoy Aag AdR oo 05 Ref.
[d] [mas] [mas] [mas] [mas] [mas] [px] [px]

HR 8799 e 2460233.618 12.5 -211.0+125 3352+125 -2250+0.2 331203 1.1 03 [1]
2MJ0219 b 2460256.605 125 13.3 + 125 -3807.2 = 125

AF Lep b 2460256.729 12.5 300.5 = 12.5 59.1 +£12.5 316.74 £ 0.04 6249 +0.05 -13 -0.3 [2]
ROXs42Bb 2460354.886 50 -1172.8 + 50 103.5 + 50 -1166 + 5 36 +7 -0.1 13 [3]
CT Chab 2460355.688 50 -2211.4 +50 1465.4 + 50

ROXs 12b 2460355.892 50 309.1 +£50 1786.0 = 50 264 +£9 1781 £ 3 09 0.1 [3]
1IRXSJ1609 b 2460356.899 50 1060.2 + 50 1939.8 + 50 1003 + 4 1981 +2 1.1 -0.8 [4]

Notes. The pixel size refers to the on-sky size of a spatial pixel (spaxel) in the reduced datacube. The symbols Aa and Ad denote the right ascension
and declination of the companion relative to the host star. The subscript M denotes the measured values from this work, whilst R indicates the
predicted astrometry based on orbital fits provided in the references. The error between our measured values and the reference values are given by
o, and o and are indicated in units of pixel. References: [1] GRAVITY (from whereistheplanet.com, unpublished), [2] Balmer et al. (2025a),
[3] Bryan et al. (2016), [4] Keck (from whereistheplanet . com, unpublished).

So far we have assumed that the north direction is aligned with the vertical axis of the detector, towards the top. Hence, we have
not rotated the data in any way in our data reduction. However, there is a small true north correction to perform, which is described in
the ERIS user manual.’ Whilst this correction is constant, the alignment of the instrument to the north is not perfect, with variations
of the order of -0.5-1.6 deg over the different observations. Therefore, we corrected for these small variations and applied the true
north correction.

The uncertainty of our astrometric measurements is not straightforward to estimate. The centroids might accurately measure
the position of each source in the data; however, the position of the sources within the datacube depends on the accuracy of the
distortion calibration. Since this calibration is static, i.e. it is based on daytime calibrations and is not updated using the science
data—in contrary to our wavelength calibration—, we expect it to also be affected by instrument flexures. To estimate the uncertainty
of our astrometric measurements, we can compare them to the prediction of existing orbital fits. Indeed, out of the seven targets for
which we could measure the relative astrometry, we found orbital fits for five of them using the online tool whereistheplanet®
(Wang et al. 2021). Our astrometric measurements, which are listed in Table 1.1 together with the values used as reference, are all
within 1.4 px from the expected positions of the companions.

Using the difference between our astrometric measurements and the predicted positions of the companions listed in Table I.1, we
can obtain an estimate for the uncertainty of our astrometry as the standard deviation of the errors: o, = 0.94 px and o5 = 0.72 px.
Here, the units are expressed in pixel to convey that the systematics affecting the measurement are probably independent of the FOV
used. For the smallest plate scale, i.e. the 0’8 x 0”78 FOV, this corresponds to an astrometric precision of 15 mas. In comparison, the
relative astrometry of AF Lep b was reported with an uncertainty of 6.4 mas by (De Rosa et al. 2023), i.e. a factor of two better.
Therefore, we recommend adopting an uncertainty of 1 px for both the right ascension and the declination for future orbital fitting of
our targets, i.e. 12.5 mas for AF Lep b and HR 8799 e, 125 mas for 2MJ0219 b, and 50 mas for CT Cha b, ROXs 12 b, ROXs 42 B b,
and 1RXSJ1609 b. With a baseline of 25 years, we add even more evidence of the common proper motion of 2MJ0219 b determined
by Artigau et al. (2015). A proper orbital analysis is beyond the scope of this paper.

Appendix 1.2: Radial velocity

Thanks to the moderately high spectral resolution of ERIS/SPIFFIER (R =~ 11000), we can directly measure the RV of substellar
companions. This can greatly help constrain their orbital parameters (Venkatesan et al. 2025). To do so, we follow the framework

3> The latest ERIS user manual can be accessed on the ESO website: https://www.eso.org/sci/facilities/paranal/instruments/
eris/doc.html

¢ The online tool whereistheplanet predicts the locations of DI exoplanets and brown dwarf companions based on orbital fits. This tool is
available at the link: http://whereistheplanet.com/
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Table 1.2: Measurements of the radial velocity of our targets.

€9

(H,0)

Target Time (JD) [d]  vrTen UR.BC UR.* RP Rp Avgf}?l Avgflig) t—test
HR 8799 e 2460233.618  0.4*03  -12.11 -104+02 0575 2473 -167)% 03733 -164
HR 8799 ¢ 2460256.526 -4.9*6% 2063 -104£02 274773 443*146 222%105 403741 385
2MJ0219 b 2460256.605 17.3*11 -10.38 12.0+1.9 26377 255707 -13.4%2% -14272% 73
AF Lepb 2460256.729 52701 1396 21.1+04 223728 249724 10.073% 12773 -253
HR 2562 B 2460256.855 -4.6714 438  262+02 2050 18633 34'23 11725 186
HIP 79098 AB B (nl) 2460354.825 -9.5703 29.94 -40.370% 297708 -1.0705  9.770¢  -3089
HIP 79098 AB B (n2) 2460356.863 -7.670¢  30.03 351737 -29.870% 25723 78%11  -664
ROXs42B b 2460354.886  -0.6707 2925 -0.7+134 -27.7*13 -21.6%08 297134 92+34 103
AB Pic b 2460355553  3.3'03 284  22.0+02 30470% 294703 22%06 1203 403
CT Chab 2460355.688  3.8*06  12.25 9.7t13 92708 182%5  17.715 95
VHS 1256 b 2460355.785 -1.7]5  23.99 131498 -7.6729 126713 18.0737  -631
HIP 78530 B 2460355.831  2.2*2 3018 -47+09 -36.07)5 -384*% 3520 55727 169
ROXs 12b 2460355.892  0.9*)§ 2944 -8.0x54 -30.6%]7 -17.9%)2 583% 18.5'3%  -508

Notes. All radial velocities are given in units of kms™'. We use the following notation: Ur Ten is our measured RV of the tellurics; vg pc is the RV
of the observatory towards the target vg . is the RV of the star as measured by GAIA; vg p is our measured RV of the planet; Avg p, is our final
measurement of the RV of the planet relative to its star (if the stellar RV is not available, then Aug p, indicates the RV of the planet relative to the
solar barycentre); finally, the superscript denotes which molecular spectral template (CO or H,O) was used. The final values are obtained using the
formula Avg ps = Urp — UrTell — Ur+ + Ur.pc. The last column indicates the result of a Welch’s t—test between the bootstrap samples obtained from
the RV measurement using the spectral templates of CO and H,O. The further a t—test value is from zero (positive or negative), the larger is the
inconsistency between the RV measurements performed with the CO and H,O templates.

described in Hayoz et al. (2025) and use the same spectral templates for the tellurics (i.e. SkyCalc Noll et al. 2012; Jones et al.
2013) and the molecular templates of CO and H,O (i.e. petitRADTRANS Molliere et al. 2019). In short, the framework consists in
creating bootstrap samples out of the set of frames of an observation in order to simulate several instances of the observation and
better take into account the random effect of the systematics. To spare computation time, the cross-correlation functions between
spectral templates and the extracted spectra are calculated before combination (this is made possible by the linear property of the
cross-correlation under addition of spectra).

Our results are compiled in Table 1.2. As already mentioned above, we left IRXSJ1609 b out of this analysis due to the non-
detection of H,O and CO in its atmosphere. We note that we re-computed the RV of AF Lep b and obtained a slightly different
value than reported in Hayoz et al. (2025). This is due to a small Doppler-shift of ~ 4 kms~! between the telluric template and
the CO and H,O templates. This is due to the wavelengths being quoted in the air and for the vacuum, and it was not corrected
in our previous work. Our new measurement aligns much better with the measurement obtained by Denis et al. (2025) with the
VLI/HIiRISE instrument (Vigan et al. 2024), and with the prediction of 10 + 2 kms~! obtained by predicting the RV based on the
orbital fit of VLTI/GRAVITY (Collaboration et al. 2017) data by Balmer et al. (2025a). As was noticed by Hayoz et al. (2025),
there is a difference between the RV values measured with the CO and the H,O template. This difference can be significant: for

instance, we obtain values of Avg? l?l = 22.2395'5 kms~! and Avgf)g) = 40.33%1 kms™!, i.e. a delta of 18 kms~! between the CO and
the H,O template. In that case, the uncertainty probably comes from the poor wavelength calibration (see Appendix D.1 for details).
Indeed, the measurement of the RV of the tellurics is more imprecise by a factor of 50 compared to that of AF Lep b (the standard
deviation over our bootstrapped sample of RV is 6.4 kms~! for HR 8799 c versus 0.12 kms~' for AF Lep b). Correspondingly, the
RV values obtained for HR 8799 c are probably not reliable, although they are at least associated with a large uncertainty (around
10 kms™). Similarly, our measured RVs of HIP 79098 (AB) B show a difference of 5-10 kms~! between the CO and the H,O
templates (depending on the night), although the estimated uncertainty delivered by our framework lies at 1-2 kms~'. This is more
concerning, as it means that our bootstrapping framework is still subject to systematics which are not reflected in the estimated
uncertainty. The cause for these systematics is unclear. They might come from an insufficient telluric correction. However, this is
not very convincing, as the tellurics are not picked up by the cross-correlation with a telluric spectral template, as shown in Fig. 4,
H, and H.2. On the other hand, there are targets for which the RV measurements differ less between the two templates, namely

2MJ0219 b and CT Cha b, for which the RVs measured by both templates are within one o of each other: Avgg =- 13.4’:%1 kms™!

and Avgflig) = —14.2*24 kms™" for the first, and Av;?gl = 18.277 kms™! and Avgflig) = 17.7*}0 kms™! for the latter. This would

seem to imply that these measurements are reliable. However, the relative RV of —14 kms~! that we obtained for 2MJ0219 b is
not expected from orbital motion alone for a companion with a separation of ~ 160 au. If this measurement is corroborated by
independent observations, it might mean that 2MJ0219 b is not gravitationally bound. Precise astrometric measurements might be
able to resolve this question.
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We can quantify the degree of difference between the measured RVs with either template by using the Welch’s t—test (WELCH
1947). Indeed, this test investigates whether two samples have equal means. In our case, the test can be used to quantify how far
apart the two RV measurements are for both templates. We report the results of the Welch’s t—test between both templates in the last
column of Table 1.2. Positive values for the t—test indicate that the RV measured with the CO template is larger than that measured
with the H,O template. Values up to +300 are acceptable, as the two measurements are still compatible within 1-o~. The worst t—test
values are obtained for HIP 79098 (AB) B, VHS 1256 b, ROXs 12 b, AB Pic b, and HR 8799 c, with values higher than 300 and
differences larger than 2¢0-. Consequentially, our RV measurements for these targets should be used carefully. On the other hand,
HR 8799 e, 2MJ0219 b, AF Lep b, HR 2562 B, ROXs 42 B b, CT Cha b, and HIP 78530 B all have t—test below 300 and, indeed,
measured RVs within (or very close to) 1o for both templates. For these, the measured uncertainty varies between 0.6 kms™! for
AB Pic b and 13.5 kms™' for ROXs 42 B b, with most uncertainties around 2-3 kms~'. We recommend using the values that were
obtained with the CO spectral template in future orbital fitting, as the risk is higher that the H,O template correlates with the telluric
absorption lines from the atmosphere of the Earth and biases the RV measurement. The RV measurements with the CO template
seem to be most reliable, as the RV of AF Lep b was independently measured to be 10.51 + 1.03 kms™! using VLT/HiRISE (Denis

et al. 2025), very close to our measurement of l0.0f%;g kms™'.

Appendix J: Retrieval results

Table J.2: Numerical table of retrieved parameters for all targets and forward models considered in this work.

Target Model C/O [Fe/H] Te log (9) Rp
(K] (dex) [Ri]
AFLepb GM-SD 7 % F 5 -
GMER 080%¢  12l%g 10005 300755 0.6973%
FM-CD 0-53+0.04 0.69+0'11 846+56 5-22+0.18 0.67+0'05
FM-CDCL  0.72%00 (56011 825710 464700 0.76:004
FM-FC 0677001 oogrll gyt 5308 0.817006
Adopted 068010 068+034 871+75 454+092 0.73+0.06 '
HR 8799 ¢ GM-SD 0.50%8 T019% 3,500 L3
gﬁ—g 0.6058;8% 1.08*3);03 105334 4.6(1;0;12 1_2950:04
FM-CD 0647000 1117015 1078718 503+028 0.8970.03

Continued on next page

Table J.1: Log evidence, preferred grid and free models, and Bayes factor for the presence of '3CO in the atmosphere of our targets.

Grid models Free models

Target SD ER BT Sel. CD CDCL FC FC13 Sel.  log(Ki3/12)
AF Lepb * 4759 * ER -336 -323 -299 -299 FC -0.2
HR 8799 ¢ 5682 6953 * ER -117 -118 -104 -99 FC13 5.1
HR 8799 ¢ 6840 7214 * ER -334 -328 -265 -265 FC -0.6
ROXs42Bb 7037 * -11686 SD -3908 -3898 -3245 -3245  FCI3 0.3
AB Picb 15338 16243 15405 ER -1326 -1315 -1051 -1061 FC 94
HR 2562 B 8050 8123 8056 ER 203 192 199 225 FC13 25
2M J0219 b 11619 12813 13484 BT =775 -777 =797 =797 CDh -0.4
VHS 1256 b -4781251 -2045586 * ER -1169574 -870506 -569354 -572657 FC -3303
CT Chab * * 3116 BT -1216 -1215 -309 -1160 FC -851
ROXs 12 b * * 8017 BT -2848 -3187 -2622 -2741 FC -118
HIP 78530 B * * 17591 BT -2022 -2181 -2111 -2112 CD -0.6
HIP 79098 AB b 167 * 169 BT 226 225 234 233 FC -1.1

Notes. The two columns called ‘Sel.’ refer to the preferred grid (respectively free) models. The last column indicates the logarithm of the Bayes
factor log(K3/12) between the free model with the isotopologue '*CO and the one without it. A positive value, as is the case for HR 8799 e and
HR 2562 B, represents evidence of the presence of the isotopologue. The columns named after the abbreviations of each model report the logarithm
of the evidence of the corresponding spectral fit. The abbreviated model names are defined in Table 3 and are repeated here for convenience: SD:
Sonora-Diamondback, ER: Exo-REM, BT: BT-Settl CIFIST, CD: Chemical (dis)equilibrium (clear), CDCL: Chemical (dis)equilibrium + cloudy,
FC: Free chemistry (clear), FC13: Free chemistry (clear) + '*CO.
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Target Model C/O [Fe/H] Terr log (9) Rp
0.0T 0.16 [K] I8 (de)i))27 [RJ(]) 03
FM-CDCL  0.657% 1.09%0 1079* 5.00%0" 0.88%0"
FM-FC 0 931§3§§ 0 941§3§2 1068{1:368 4.597030 0.977003
* =0, 7 =0. —41 7 —0.58 71 -0.05
Adopted 070013 094+023 1059+22 454+055 1.09=+0.22
HR 8799 ¢ GM-SD 0.50j§;§§ 12687 3.50t§;g§ 0.90j§;§§
gﬁ_g; 0.31;3;3; 1.19*;);03 1183j}§ 4.69*f0;}1 0.99*;)102
FM-CD 0.43*000 0.19+003 1054*] 5.37+0%8 0.94+0-01
FM-CDCL 0557003 0.03+003 1049+10 4.79+018 0.94:081
FM-FC 061708 016 10370 540700 0987003
Adopted 047012 041+:042 112093 475+0.69 0.95=0.03
ROXs 42 B b gﬁ—gg ] o.so*jg;gg 143*53 4.56*ﬁ8:8(1) 4.92*’18182
GM-BT 1734+0 5.22+0.00 3.26+004
FM-CD 0.50+0:01 0.40+001 1538j? 4.13t8182 3.13j8336
FM-CDCL 0.51j8i81 0.53t8:8} 15387 4.04j818% 3.13j8338
FM-FC 0.62j§f§§ 1.74j§f§2 1527+ 5.37j§f§§ 3.12’:§f§?
Adopted 055+0.05 0.79+0.55 1554 +98 4.67+0.55 3.51+0.70
AB Pic b GM-SD 0.507000 135172 5.287002 2.597001
GM-ER 0.60*200 1.50+§3§§ 179071 4507000 150708
GM-BT - - 1602+ 5.50+000 1.87+001
FM-CD 0.89+0:00 1.43+002 16573‘1 3.00°000 128700l
FM-CDCL 0.89t8i88 1.44t83§% 1655+ 3.00j8388 1.29j838§
FM-FC 0 6z+§1§§ 0 z4+§31§ 1683+ 5467003 1 25+§3§1
e 70,1 -5 “T9_0.06 20,01
Adopted 075+014 1.02+054 1623+134 446+1.08 1.63+0.48
HR 2562 B GM-SD 0.50f§;§§ 1229j1§ 3.51f§;§§ 1.05f§;§{
GM-ER 0.35+002 1.34+902 128114 4.92j8; § o.92j8;8§
GM-BT 1240*3 3.00j8;é8 o.99j8;88
FM-CD O.56f°:°% 0.75i0;i3 1106*!! 5.24*01 0.88+0.02
FM-CDCL 0.56i8;§i 0.84ﬁ8; g 1125ii8 5.36i8;i§ 0.87j8;8i
FM-FC 0.76f§;02 0.34f§;$6 1144+ 5.43t§;06 0.90j§;§1
Adopted 056+015 075+034 1188+:65 4.58+096 0.93=0.06
2MJ0219 b GM-SD 0.00700T 136572 4197002 2.2770%
GM-ER 0.78+0:92 0.85+§15§ 150070 3.807004 2.01707
GM-BT - - 179143 5.047000 1.29+081
FM-CD 068700 01300 14517 367700 1447081
FM_CDCL 068700 0137000 1454 367700 1447080
FM-FC 0.92+§1§(f 1.367061 2930+1% 4.57+§?§2 1 .59+§1§}
Adopted 077+010 039+0.60 1748+545 4.16+0.51 1.67+0.35 '
VHS 1256 b GM-SD 0.50j§;§§ 1 114j§ 3.50t§;§§ 1.32j§:§i
gﬁ_§$ 0'60;8:88 0-0850100 IZthO 3 'Oo*toﬁoo L. 1‘::0101
FM-CD 0.10+000 -2.33+000 1034*0 3.00+000 1.14+000
FM—CDCL  0.29°000 -1.89+008 1026E§ 3.12:080 116008
FM-FC 0.55+§1§§ -1.50+§1§§ 1240*2 3.00+§1§§ 1.20+§3§§
Adopted 039020 -1.03+1.11 1131+95 3.12+019 1.19+0.07 '
CT Chab GM-SD * * * * %
GM-BT 3001%3 4.007007 1787002
FM-CD 0.360.02 1.207024 24117 3.05f838§ 1.08°003
FM-CDCL 0.36i8f8§ 1 .22i8f§2 241 1f§ 3.05t8fg§ 1.98t8f8%
FM-FC 0.52ﬁ§;§} 0.48ﬁ§;}§ 1868+18 3.23t§;05 3.49t§;§%
Adopted 042008 096+035 2423+401 333+039 231+0.69
ROXs 12 b GM-SD * * * * *
GM-BT 1623*] 5. 14ﬁ§;§§ 4.98f§;§é
FM-CD 0.42+092 -2.05+003 1391+ 3.05+00 5.00+90
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Target Model C/O [Fe/H] Terr log (9) Rp
0.02 0.07 ] T (de)i))oz [RJ(]J 0T
FM-CDCL 0.32+ -0.37* 1432* 547 : 4.67 :
FM-FC 0.28f§5§§ -0.92f§:§§ 1407& 5.49f§:§? 4.75f§:§%
Adopted 034+006 -111+070 1463+93 479+1.01 485+0.14
HIP 78530 B GM-SD * * * * *
GM-ER * * * *
GM-BT 3313”:2 3.02f8:8% 1.31 fg:g;
FM-CD 0104900 2687000 SIS 300700 2717001
FM-CDCL 0.2570) 2.07700 2041*2 5.44+004 2.80700)
- +8:9O _ +0.13 +4 +8Z8? +8:81
FM-FC 0417510 1.25_0'10 23847, 5.49_0'02 201750
Adopted 025+013 -062+199 2563+466 424+123 2.21=+0.60
HIP 79098 ABB GM-SD O.26f8'5 17501’23 4.87f8'22 4.82J:8é‘21
GM-ER * * * * *
GM-BT 1792:513 4.73t§:‘8‘§ 4.62f8:§‘7‘
FM-CD 0.49f§:§§ -l.Olfg:ig 1541t§‘1‘ 5.44f0:09 4.75f8:%
FM-CDCL 0.51+ —0.97f0'}2 1548f5§ 5.44f0'03 4.68+0-2!
= +8f8; +0.54 +%6 +8:?0 +8:8§
FM-FC 0.37% 508 2.647 5] 1511753 5.34_0']6 4.887075
Adopted 046006 023+148 1628+118 517+030 4.75+0.09

Notes. The abbreviations used for the models are defined in Table 3 and are repeated here for convenience. FM refers to free models, whilst
GM refers to grid models as introduced in Sect. 3.2 and 3.3. SD: Sonora-Diamondback, ER: Exo-REM, BT: BT-Settl CIFIST, CD: Chemical
(dis)equilibrium (clear), CDCL: Chemical (dis)equilibrium + cloudy, FC: Free chemistry (clear), FC13: Free chemistry (clear) + '3CO. The values
marked in bold font indicate our adopted parameters and were calculated by taking the mean and standard deviation of the posterior medians of the

different models.
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Fig. J.1: Overview of the results of our spectral fits for the target AF Lep b. The corner plot shows the retrieved posterior distributions
for the main parameters—inferred or directly used as free parameters—for the seven differently colour-coded forward models
considered in this study. The histograms on the diagonal are in log space along the y axis to enhance readability. The ten histograms
in the upper-right corner show the posterior distributions of the molecules included as parameters in our free chemistry models.
They also show the retrieved vertical profiles—depicted as 16th—84th percentile contour around the median—for each molecule in
our chemical (dis)equilibrium models. The retrieved p—T profiles are shown as shaded areas in the centre right plot. The emission
contribution functions associated to the spectra computed from the posterior median parameters are shown as dotted lines. At the
bottom, we show the retrieved spectra compared to the archival data (upper plot) and our ERIS/SPIFFIER data (lower plot). The
archival spectroscopic data are shown as colourful error bars, whilst the archival photometric data are shown as black error bars.
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Fig. J.2: Same as Fig. J.1 for HR 8799 e.
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Fig. J.3: Same as Fig. J.1 for HR 8799 c.
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Fig. J.6: Same as Fig. J.1 for HR 2562 B.
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Fig. J.7: Same as Fig. J.1 for 2MJ0219 b.
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Fig. J.11: Same as Fig. J.1 for HIP 78530 B.
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