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ABSTRACT

Unlocking the atmospheres of sub-Neptune planets is among the revolutionary accomplishments of JWST. However, such obser-
vations require complex data analysis methodologies, which have a strong impact on the derived conclusions. Here, we present an
independent re-analysis of the JWST transmission spectrum of the temperate sub-Neptune K2-18 b, aimed at assessing the robust-
ness of previously claimed atmospheric detections, exploring the planet’s possible parameter space, and determining the implications
behind its formation. The NIRISS/SOSS and NIRSpec/G395H observations were reduced using a combination of public and cus-
tomised pipelines. We produced a total of 12 different versions of the transmission spectrum by varying key steps: spectral binning,
limb-darkening treatment, and the application of a novel correction for an occulted stellar spot, as well as error inflation and instru-
mental offsets. We performed atmospheric retrievals using TauREx 3, comparing models of varying complexity. We robustly detected
CH,4 at a >30 significance across the majority of reduction and retrieval setups. Hints of CO, appear in most configurations, but the
evidence is weak and strongly model-dependent. The tentative detection of dimethyl sulphide, reported in previous studies, vanishes
in our most comprehensive retrieval models. We find that correcting the stellar spot in the NIRISS transit is a critical step, introducing
a uniform offset that primarily drives the inference of a lighter atmosphere characterised by a lower mean molecular weight. Fur-
thermore, the assumed complexity of the retrieval model itself introduces significant biases; including more molecules systematically
increases the retrieved CH, abundance and atmospheric mean molecular weight, even for species without spectral features. The data
are consistent with a hydrogen-rich (i.e. primordial) atmosphere with an elevated O abundance and an even more elevated C abun-
dance, leading to a C/O ratio that is significantly greater than solar. We show that the physical properties of the K2-18 system planets
(i.e. the innermost planet, K2-18 c, and K2-18 b) are consistent with those expected by the in situ formation theory of inside-out planet
formation. Furthermore, these properties predict a temperature of K2-18 b at the time of formation of > 500 K. This is much warmer
than the current equilibrium temperature and just interior to the carbon ‘soot’ line, where an elevated C/O ratio and a correspondingly
volatile-poor (dry) atmospheric composition is expected to be inherited from the protoplanetary disk, arguing against an Hycean world
scenario.
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Planets and satellites: formation
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1. Introduction

K2-18 b is a temperate sub-Neptune orbiting an M-dwarf star lo-
cated at 38 pc in the constellation Leo (Montet et al. 2015). With
a mass of 8.63+1.35 Mg (Cloutier et al. 2019) and a radius of
2.610+0.087 Ry (Benneke et al. 2019), the planet lies in a de-
generate region of parameter space with respect to its interior
composition. It is plausible that K2-18 b is host to a water-rich
core with a modest H,-He envelope or a predominantly rocky
interior with a thicker primordial atmosphere (Luque & Pallé
2022; Rogers et al. 2023). Intriguingly, the planet orbits within
the habitable zone of its host star, receiving stellar irradiation
comparable to what is received by Earth. This has motivated the
proposal of a ‘Hycean world’ scenario, in which K2-18 b might

sustain liquid water beneath a hydrogen-rich atmosphere (Mad-
husudhan et al. 2021).

Spectroscopic observations with Hubble Space Telescope
(HST) Wide Field Camera 3 (WFC3), prior to the launch of
JWST, revealed a prominent absorption feature at 1.4 ym. It was
initially reported as a >30 detection of water vapour (Benneke
et al. 2019; Tsiaras et al. 2019). Based on self-consistent 1D
radiative equilibrium models, Blain et al. (2021) and Bézard
et al. (2022) argued that the 1.4 um feature was more likely due
to methane. Barclay et al. (2021) suggested unocculted stellar
spots as an alternative explanation. Recently, JWST solved this
dilemma by obtaining a high-precision transmission spectrum of
K2-18 b over 0.9-5.2 um, combining NIRISS single Object Slit-
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less Spectroscopy (SOSS) and NIRSpec/G395H observations.
The first analysis of these observations reported CHy (~507), CO,
(~30), and tentative dimethyl sulphide ((CH3),S or DMS) detec-
tions (Madhusudhan et al. 2023). Along with the non-detection
of H,O, CO, and NH3, these findings were initially interpreted
as indicative of a Hycean scenario for K2-18 b (Hu et al. 2021;
Madhusudhan et al. 2023). However, follow-up studies noted
that they are consistent with a gas-rich envelope over a magma
ocean (Shorttle et al. 2024; Wogan et al. 2024). An independent
re-analysis of the same JWST data confirmed the CHy4 detection,
but raised doubts about the CO, or DMS detections, suggesting
that K2-18 b is most likely an oxygen-poor mini-Neptune with-
out a water ocean (Schmidt et al. 2025). While this manuscript
was in preparation, Hu et al. (2025) reported new JWST observa-
tions of K2-18b covering 1.7-5.2 um, reaffirming the detection
of CO, at 3.70 and non-detection of DMS.

The tentative detection of DMS in K2-18 b has sparked inter-
est due to its potential as a biosignature gas (Seager et al. 2013),
although an abiotic origin cannot be ruled out (Reed et al. 2024).
A 6-12 um transmission spectrum obtained with JWST’s Mid-
Infrared Instrument (MIRI) low-resolution spectroscopy (LRS)
was initially reported as further evidence of DMS or dimethyl
disulphide (DMDS; Madhusudhan et al. 2025), though this inter-
pretation has been widely debated (Luque et al. 2025; Stevenson
et al. 2025; Taylor 2025; Welbanks et al. 2026).

In this work, we present an independent re-analysis of
JWST observations of K2-18b using NIRSpec/G395H and
NIRISS/SOSS data (GO 2722, PI: Madhusudhan). We care-
fully examine how choices in data reduction, light-curve mod-
elling, and retrieval configurations affect the inferred atmo-
spheric properties. In particular, at the data processing level, we
investigate the effects of spectral binning at the light curve or
transmission-spectrum stage, treatment of stellar limb-darkening
and spots, instrumental offsets, and error-bar rescaling. At the
modelling stage, we investigate the effect the number of included
molecules, temperature—pressure profiles, and the presence of
clouds and haze have in the retrievals. An additional result of our
investigation is a newly developed semi-empirical method for
correcting occulted stellar spots in spectral light curves, that has
been proven effective. This investigation underscores the impor-
tance of repeated JWST observations to assess the robustness of
molecular detections and highlights the value of future missions
such as Ariel (Tinetti et al. 2018), whose simultaneous broad-
wavelength coverage will help mitigate instrumental offsets and
astrophysical variability. Beyond K2-18 b, our analysis is also
aimed at providing guidelines for interpreting JWST observa-
tions of sub-Neptune atmospheres from single-transit datasets,
such as TOI-421 b (Davenport et al. 2025) or GJ 9827 d (Piaulet-
Ghorayeb et al. 2024). Then, in the final part of our paper, we ex-
amine the implications of our derived atmospheric properties for
K2-18 b for its formation, concluding that the evidence points
to a Hy-He dominated atmosphere with a high C/O ratio, which
is consistent with the scenario of in situ formation of a volatile-
poor planet.

2. Observations

Two full transits of K2-18 b were observed with the JWST as part
of GO Program 2722 (PI: N. Madhusudhan). The first transit was
observed from January 20 to January 21 2023 between 18:37:38
and 01:11:32 UTC for a total of 5.3 hours. This observation was
made using NIRSpec (Ferruit et al. 2012, Jakobsen et al. 2022,
Birkmann et al. 2022) with the G395H grating, Bright Object
Time Series (BOTS) mode, F290LP filter, SUB2048 sub-array,
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and the NRSRAPID readout pattern. The resulting spectrum was
measured with the NRS1 and NRS2 detectors, spanning wave-
lengths of 2.8 —3.72 ym and 3.83 —5.17 um each, with a detector
gap between 3.72 and 3.83 ym.

The second observation took place during June 1 2023 from
13:49:20 to 19:36:05 UTC for a total of 4.9 hours. It used
the NIRISS instrument (Doyon et al. 2012, 2023) in the Sin-
gle Object Slitless Spectroscopy (SOSS) mode (Albert et al.
2023), with the GR700XD grism, CLEAR filter, SUBSTRIP256
sub-array, and NISRAPID readout pattern, resulting in a wave-
length coverage of 0.85 — 2.83 um for the first spectral order and
0.6 — 1.1 um for the second spectral order.

3. Data reduction

We reduced the observations starting from the raw data, mak-
ing use of a combination of publicly available pipelines and
a self-developed pipeline. The first three stages of the JWST
Calibration pipeline (jwst; Bushouse et al. 2023), which in-
cludes detector-level corrections, wavelength calibration and
spectral trace extraction were carried out using standard reduc-
tion pipelines. After that we used a custom-built pipeline for
stages 4-6, which includes white light-curve and spectral light-
curve fittings and an extraction of the transmission spectrum.
This approach allowed us to test the effects of different deci-
sions made during the reduction process on the final transmis-
sion spectrum.

3.1. NIRISS SOSS

The first three stages of NIRISS data reduction were performed
using exoTEDRF (Feinstein et al. 2023; Radica et al. 2023; Rad-
ica 2024). Our reduction followed the typical reduction process
for sub-Neptunes and super-Earths (Lim et al. 2023; Cadieux
et al. 2024; Benneke et al. 2024). Stage 1 includes flagging of
saturated pixels, subtraction of the super-bias, correction of the
reference pixel position, and subtraction of the dark current. In
the jump detection step, we used a threshold of 70 for the time-
domain outlier rejection algorithm (Radica et al. 2024), similarly
to Ahrer et al. (2025), although we note that we used a more con-
servative value in this work. A scaled model group-level back-
ground is temporally subtracted from the data in order to bet-
ter remove the 1/f noise, which affects all JWST instruments
(Schlawin et al. 2020). After the removal of the aforementioned
noise, the background model was re-added and the ramp linear-
ity is fitted. Background photons were recorded simultaneously
with target photons; therefore, the background inherits the same
non-linearity effects and should be corrected after linearity cal-
ibration (Feinstein et al. 2023; Radica et al. 2023). Our imple-
mentation of stage 2 includes the default parameters, photomet-
ric calibration, and wavelength mapping; however, we did skip
the flat-fielding step. In stage 3, we performed the spectral ex-
traction using a box extraction method, assuming that the trace
width remains constant, with an aperture of 30 pixels. This ap-
proach has been extensively used in prior JWST analyses (Dav-
enport et al. 2025). In general, the two spectral orders in NIRISS
SOSS overlap and, therefore, there is bound to be some spec-
tral contamination. More complex extraction algorithms that are
able to account for this effect are indeed accessible, such as the
ATOCA algorithm; however, these effects can be neglected in
relative flux measurements (Darveau-Bernier et al. 2022; Radica
et al. 2022a). In this work, we only considered NIRISS SOSS or-
der 1 data. The second-order spectroscopic light curves are more
strongly affected by systematics due to lower overall flux levels,
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making spectral extractions less reliable. Moreover, this selec-
tion makes a closer comparison with Madhusudhan et al. (2023)
more feasible.

Table 1: Priors and posteriors for each instrument white light-
curve fits.

Parameter Prior Posterior
NIRISS

Ry/R; UQo, 1) 0.0540075 50016
T§ N(60096.729374, 0.000035)  60096.729369*2-000052
P[d] N (32.939623, 0.0000012) 32.9396230+5:0000012
70 [s] (0, 50000) 8855.4+109

b UQ, 1) 0.611+091¢

¢spot [o] (L{(_SO’ _10) _313J—r$3

/lspol [0] (L((_7O’ _15) _479t§§

Jaisk/ fopor U, 1) 0.8167:038
rdisk/rspm (LI(OOL 035) 0259t88§§
NIRSpec NRS1

Ry/R, UQ, 1) 0.05425473 600003
T¢ N(59964.969453, 0.000035)  59964.969452*0.000026
P [d] N(32.939623, 0.0000012) 32.9396230+0:0000012
70 [s] (0, 50000) 88724708

b UQO, 1) 0.612+0010
NIRSpec NRS2

Ry/R, UQ, 1) 0.05402:500513

Notes. Orbital parameters in the case where NIRSpec white light-curve
fits are shared. ” Format is BJD TDB - 2400000.5

3.2. NIRSpec G395H

Both detectors (NRS1 and NRS2) were reduced independently
with identical reduction parameters making use of the Eureka!
pipeline (Bell et al. 2022). In stage 1, we flagged saturated pixels,
subtracted the super-bias, corrected the reference pixel positions,
and applied the ramp linearity correction to obtain count rates
and subtract the dark current. Curved traces were also masked.
We increased the jump detection threshold to 100, in line with
the Early Release Science (ERS) team recommendations (Alder-
son et al. 2023; Rustamkulov et al. 2023). The 1/f noise (verti-
cal striping pattern) is also corrected in this step by removing the
column-wise median of pixels located outside the trace. Stage 2
of Eureka! is essentially a wrapper of the corresponding jwst
pipeline stage (Bushouse et al. 2023). During this stage, wave-
length calibration is applied. We used the default parameters for
this step, but excluded photometric calibrations from the reduc-
tion process (Alderson et al. 2023). In stage 3, we performed
the spectral extraction. The region of interest was set from rows
0 to 31 along the spatial axis and columns 500 to 2042 along
the spectral axis. We adopted a 100 threshold for outlier rejec-
tion during background subtraction. The curvature of the trace

was corrected by shifting the position of the pixel columns. This
is done such that peak of the count distribution in the detector,
which we assume to be Gaussian, lies in the centre of window,
in our case row 15. The spectrum was then extracted using a 7-
pixel half-width aperture centred on the trace. The background
was estimated using the region 14 pixels away from the trace,
well outside our extraction box.

4. Light curve analysis
4.1. White-light curves

For the white light curve analysis (stage 4 of the data reduction),
we used a custom built pipeline. The white light curves were ob-
tained by summing the flux within the spectral extraction aper-
ture for each frame. In this way, we extracted three light curves,
one from each detector. These time series were fitted using a
transit model with a polynomial baseline (order <2) to account
for instrumental systematics. The basic free transit parameters
included the planet-to-star radius ratio (R,/Ry), orbital period
(P), mid-transit time (7)), impact parameter (b), and a transit
duration parameter assuming a point-like planet (7). The selec-
tion of the latter two parameters follows the recommendations
of Morello (2018), where formulae relating them to orbital pa-
rameters are provided. Limb-darkening coefficients were fixed to
theoretical values corresponding to a four-parameter law (Claret
et al. 2020), computed using the ExoTETHyS package (Morello
et al. 2020a,b). These coefficients were derived from the spher-
ical one-dimensional (1D) PHOENIX stellar atmosphere model
(Husser et al. 2013), adopting stellar parameters of Teg = 3496 K
and log(g/[cms~2]) = 4.858 (Crossfield et al. 2016). Addition-
ally, we included an error-scaling factor () to rescale the uncer-
tainties and ensure that the reduced y? is close to unity.

The NIRISS SOSS white light curve integrates all flux within
the 0.85-2.83 um range. This data set includes a spot crossing
event near the end of transit ingress, as reported by Madhusud-
han et al. (2023). We adopted a specialised software to simu-
late the planetary transits in front of a limb-darkened stellar disc
with spots (Cracchiolo et al. 2021; Biagini et al. 2024). The stel-
lar disk is divided radially and azimuthally into 1000 steps each,
resulting in a grid of one million elements. The flux contribu-
tion from each element is computed at each time step during the
transit, based on the planet’s position. A single spot is included
in the fit, described by four free parameters: latitude (@po), lon-
gitude (Aspo), the intensity ratio (fipot/ faisk) at the spot’s centre,
and the spot radius ratio (rgpot/7aisk)- Model selection based on
the Bayesian information criterion (BIC; Schwarz 1978) indi-
cates a first-order polynomial baseline with two free parameters
(ro, r1) as the preferred choice for the NIRISS SOSS data as
opposed to constant or second-order polynomial models, which
yielded higher BIC values by ~8.

From NIRSpec, the NRS1 and NRS2 light curves are in-
tegrate as 2.80 — 3.72 um and 3.83 — 5.17 um, respectively. In
this case, we assumed a simpler transit model generated with
PYLIGHTCURVE (Tsiaras et al. 2016). Our choice was motivated
by the lack of statistical evidence of spots, also in the original
study of Madhusudhan et al. (2023). The NRS1 and NRS2 light
curves were fitted simultaneously with shared orbital parameters
(P, Ty, b, and 7¢), but independent radius ratios (R,/R;), due to
its possible wavelength-dependence. We find that the derived or-
bital parameter values are within uncertainties to those from the
NIRISS fit, see Table 1. Similarly to NIRISS a linear ramp was
preferred, as constant or quadratic alternatives resulted in higher
BIC values by 5 and 7, respectively.
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NIRISS SOSS: 0.85-2.83 um

NIRSpec NRS1: 2.80-3.72 um

NIRSpec NRS2: 3.83-5.17 um
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Fig. 1: White light curves for NIRISS, NIRSpec NRS1, and NIRSpec NRS2 with the best-fit models. The blue line in the left-most
panel residuals (NIRISS) indicates the resulting profile from the subtraction of the spot and spotless models. The dashed red line is
the spotless model. The coloured points are 25 minute binned light curves.

A summary of the most relevant priors and retrieved param-
eters can be found in Table 1. The priors for the orbital period
at mid-transit times were taken from Madhusudhan et al. (2023),
while the others are uniform. The resulting fitted light curves can
be seen in Fig. 1.

4.2. Spectroscopic light curves

The spectroscopic light curves were extracted from the same
apertures as the white ones, using either single-pixel columns or
flux integrated over wavelength bins. For all spectroscopic fits,
the orbital parameters (P, Ty, b and 7o) were fixed to the values
derived from the white light curves, while R,/R;, the baseline
ramp parameters and error scaling factor were left free. We ran
several approaches to obtain the transmission spectrum, testing
the impact of varying the following procedures:

— Spectral binning. The transmission spectrum was derived
from binned light curves (Blc) at a resolution of R ~ 100,
following recommendations from the JWST Transiting Exo-
planet Community Early Release Science team or from light
curves at the native pixel resolution. For comparison, we also
derived the binned transmission spectrum (Bts) from that ob-
tained at the native pixel resolution. Previous studies have
suggested that R ~ 100 represents the lowest resolution at
which JWST transmission spectra retain most of the infor-
mation, providing an optimal compromise between compu-
tational efficiency and reliability of atmospheric retrievals
(Davey et al. 2025; Carter et al. 2024; Taylor et al. 2023);

— Limb-darkening. We fit the binned light curves by allow-
ing for empirical quadratic limb-darkening coefficients (EQ)
or fixing them to the corresponding PHOENIX-model values
(PhQ) computed with ExoTETHyS. For the single-column
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light curves, we always fixed the limb-darkening coefficients
to PHOENIX-model values, considering both the quadratic
(PhQ) and four-coefficient (PhC4) laws.

— Occulted spot. We introduced a new method to account for
the spot-crossing feature in spectroscopic light-curve fit-
ting. The spot signal can be obtained as the difference be-
tween the spotted transit model from the white light-curve
fit and the corresponding spotless model, created by setting
Tspot/Tdisk = 0. We then assume that the spot signal shape is
consistent across wavelengths, but with a varying amplitude.
Accordingly, the spectroscopic light curves are fitted as a lin-
ear combination of a spotless transit model and the spot sig-
nal (§). As a more advanced approach, we computed an ad
hoc spot signal for each spectral bin by adjusting the limb-
darkening coefficients to theoretical values (S’). We also ran
tests without any spot correction to quantify its importance.

4.3. Fiducial transmission spectrum

We performed extensive retrieval analyses on all extracted spec-
tra to evaluate how the inferred atmospheric properties de-
pend on choices made during data reduction, light-curve fitting,
and retrieval configuration. Not all extractions are equally re-
liable. Previous studies have shown that JWST high-resolution
modes are particularly sensitive to analysis details such as limb-
darkening, likely due to non-Gaussian parameter correlations in
low signal-to-noise (S/N) light-curve fits (Carter et al. 2024).
For this reason, we consider the Blc extractions more robust, as
the binning increases the effective S/N of the fitted light curves.
Within the Blc subset, those accounting for the NIRISS spot-
crossing event are regarded as the most trustworthy. The use of
empirical limb-darkening coefficients further minimises model
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Fig. 3: Fiducial reduction and retrieval which includes: spot correction, two-coefficient empirical limb darkening law, light curves
binned to a resolution of 100 before the fit (Blc-EQ-S). The data (lighter shaded points) are binned to a resolution of R ~ 15 (darker
shaded points) to highlight the spectral features. The bottom panel shows the residuals, at R ~ 100, which is the resolution at which

the retrieval was done.

dependence and reduces potential biases from theoretical pre-
scriptions. Accordingly, we adopt the Blc-EQ-S spectrum as our
fiducial reference.

Moreover this is shown quantitatively by comparing the
modified Akaike information criterion (AIC; Akaike 1974) and
the BIC at each wavelength bin and deriving an average across
all wavelengths, as shown in Fig. 2. Both methods confirm that
indeed the Blc-EQ-S reduction is moderately preferred.

5. Retrievals

We conducted a suite of free-chemistry retrievals on multiple
variants of the combined transmission spectrum using TauREx

3.1 (Waldmann et al. 2015; Al-Refaie et al. 2021). The planetary
atmosphere was modelled numerically with 100 layers, evenly
spaced on a logarithmic pressure scale from 107 to 10? bar. Hy-
drostatic equilibrium was assumed, with the planetary reference
radius defined at the lower boundary of the model atmosphere
(100 bar) and treated as a free parameter. The planetary mass
and stellar radius were fixed to the literature values reported in
Table 2.

Our retrieval setups included absorption from selected
molecular species, collision-induced absorption by H,—H, and
H,-He (Abel et al. 2011, 2012; Fletcher et al. 2018), a paramet-
ric Mie scattering prescription following the formalism of Lee
et al. (2013), and an optically thick cloud deck defined by its top
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Table 2: Parameters and priors used in the retrieval setups.

Parameter Prior

Free

Ry [Re] 2.55514 x U(0.5, 1.5)
Ty [K] U(10, 1000)

log (ki) log U107, 0.5)
log (k1) log U(1074, 0.5)
log (k») log U(1074, 0.5)

a UQ, 1)
log (CHy) log U(10715, 0.99)

log (Pelouds) [bar] log ﬂ(1077, 100)

R [um] log U(1075, 10)
QOext U, 1000)
log (P'ec.) [bar] log U(1072, 107)
log (x'¢,) log U(1077, 100)
Fixed

M, [Mg] 8.63¢
He/H, 0.17
TincGui K] 60

R, [Ro] 0.44454

Terr [K] 3457¢

Pin [bar] 1077

Prnax [bar] 100
Np_tayers 100

Notes. Only CH, is shown but the most comprehensive retrievals also
include: Hzo, CO, COz, NH}, HQS, CzHﬁS, OCS, CH3C], CSQ, Nzo,
and DMS ((CH3),S). All molecules have the same priors. ” Benneke
et al. (2019)

pressure. A fixed He/H; ratio of 0.17 was assumed throughout.
In this framework, Rayleigh scattering corresponds to the small-
particle limit of the Mie prescription; additional tests including
explicit H, and He Rayleigh scattering produced indistinguish-
able results.

The temperature—pressure profile was parametrised using the
formulation of Guillot (2010), or a simpler isothermal model for
comparison. For the former, we assumed an internal temperature
of 60K, which is well within the range predicted by previous
studies (Blain et al. 2021; Madhusudhan et al. 2023).

We considered absorption from the most prominent molec-
ular species expected in mini-Neptune atmospheres, includ-
ing H,O (Polyansky et al. 2018), CO (Li et al. 2015), CO,
(Yurchenko et al. 2020), CH4 (Yurchenko et al. 2017), NHj3
(Coles et al. 2019), HCN (Barber et al. 2014), H,S (Azzam
et al. 2016), and SO, (Underwood et al. 2016). For all these
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molecules, we adopted cross-sections with a nominal spectral
resolution of R = 5 x 10* provided by the ExoMol team in
a TauREx-compatible format. Additional retrievals were per-
formed using alternative CH,4 opacity data to assess the robust-
ness of our results (see Sect. 6.4). Furthermore, we considered
potential biosignatures tested by Madhusudhan et al. (2023),
though adopting newer opacity data sources for some species,
such as OCS (Owens et al. 2024), CH;Cl1 (Owens et al. 2018),
N,O (Yurchenko et al. 2024), CS, (Karlovets et al. 2021), and
(CH3),S or DMS. For DMS and CS,, we used the absorp-
tion cross-sections provided by HITRAN (Sharpe et al. 2004;
Kochanov et al. 2019; Gordon et al. 2022) at 1 bar and 298 K,
assuming the same cross-sections at all other pressures and tem-
peratures, as in Madhusudhan et al. (2021, 2023). Retrievals
were also carried out with selected subsets of molecules to assess
the statistical significance of different contributions and evaluate
how the inferred physical parameters and chemical abundances
were affected by the species considered.

The atmospheric parameter space was sampled using the
nested sampling algorithm PyMultiNest (Feroz et al. 2009;
Buchner et al. 2014), with 3000 live points to ensure a thorough
exploration. We adopted broad (log-)uniform parameter priors,
which are largely uninformative (see Table 2). In particular, the
molecular mixing ratios were allowed to vary across 17 orders of
magnitude, ranging from negligible quantities to as much as 99%
of the total. Along with the posterior distributions of atmospheric
parameters, PyMultiNest provides the Bayesian evidence for
each retrieval model, which is particularly useful for comparing
nested models (Trotta 2008; Tsiaras et al. 2018). For instance,
the detection significance of a specific molecule can be inferred
from the difference in log-evidence between otherwise identi-
cal models, differing only by the inclusion of that molecule, a
method widely used in recent studies (e.g. Guilluy et al. 2021;
Madhusudhan et al. 2023; Powell et al. 2024).

In this study, we converted the differences in log-evidence to
detection significances following Schmidt et al. (2025), which
adopts a more conservative mapping corresponding to one sigma
lower than the commonly used conversion from Benneke & Sea-
ger (2013). For transparency and reproducibility, we additionally
report A log ev and Bayes factors, allowing for a preferred signif-
icance convention in future studies (Kipping & Benneke 2025).

6. Results
6.1. Retrievals from the fiducial transmission spectrum

The atmospheric retrievals on our fiducial transmission spectrum
confirm CH4 and CO; as the most likely absorbers, although
their absolute abundances and detection significances vary de-
pending on the retrieval setup (see Tables 3 and C.1). When
including all molecular species in an H,-He-dominated atmo-
sphere, a cloud deck, Mie scattering, and assuming a Guillot
temperature—pressure profile, we obtain log (CHy) = —0.96*0%

-0.57
and log (CO,) = —3.63*173. Notably, the posterior for CO; is
significantly skewed, favouring higher abundances with a peak
around log (CO;) ~ —1.88, but with a long tail extending toward
much lower values. Indeed, Bayesian model comparison using
a leave-one-out approach indicates that only CHy is detected
with statistical significance of 3.20" (Alogev = 7.0, B = 1110).
Retrievals excluding CO, yield comparable Bayesian evidence,
suggesting no robust detection of CO,. For other species, we re-
port only broad 95th-percentile upper limits, such as log (H,O) <
—2.29 and log (NH3) < —4.41 (see Table 4 for the full list).
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Table 3: Selected parameters from retrievals on the fiducial transmission spectrum (Blc-EQ-S).

Molecules x;  logev log (CO,) log (CHy) Tiompar K)  MMW  log (Pgoua/bar)
Flat* 1.26 14409 - - - - -
CO, 134 -03 N -
CH,4 119 +77 - —1.78+06 124+ 253075 _130¢)2
3.30, +7.7,2122
DMS 128  +0.6 - -
CO,+CH,* 117 +86 -3.94+,58 ~1.73*5%8 138735 2.64%008 11473
1.00, +1.0,2.6  3.60, +9.0, 7717
CO,+CH4+DMS  1.18  +8.5 ~4.05+183 -1.65+06 12647 271430 —1.02%)33
c . . 90 3. .59
All 125 +75 -3.63*17 -0.96*24 16112 432302 _0.88+1%
N, +0.6,1.8  3.20, +7.0, 1110

Notes. Retrieval setups including Guillot T-P profiles, an optically thick cloud deck, and Mie scattering. MMW denotes the mean molecular weight.
Below the molecular abundance values, we report the detection significances (N denotes a non-detection), the corresponding A log ev (relative to
the analogous setup without that molecule) and the Bayes factors. ” Forcedly flat spectrum obtained by imposing the highest cloud deck, but
adjusting the radius to better match the data; ® Simplified retrieval setup, including molecules with at least a 20~ detection; © Comprehensive
retrieval setup, including the 13 molecular species considered in this study.
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Fig. 4: Top: Main molecular abundances obtained from different spectral extractions, using simplified (blue) and comprehensive
(light blue) retrieval setups. Note that CO, was not included in the Blc-PhQ-S and Blc-PhQ-S’ simplified retrievals. Similarly,
DMS was not included in the majority of simplified retrievals. Dashed lines indicate 95% upper limits for CO, and DMS. Bottom:
Retrieved MMWs, temperature at a pressure of 10 mbar, and reduced chi-squared values.

Given the lack of evidence for molecules beyond CH,4 and —1.78’:8:5"6‘, corresponding to a ~lo (Alogev = 1.0, B = 2.6)

CO,, we explored simplified retrievals including one or both of
these species, with or without an additional molecule. A model
with only CHy and CO, yields nearly the highest Bayesian
evidence, with additional molecules offering negligible or no
improvement. The corresponding abundances are log (CHy) =
—-1.73*0%% and log (CO,) = —3.94*198 This solution is only

-0.75 -4.20°
marginally favoured over a pure CHy scenario with log (CHy) =

detection of CO,. Across retrieval setups, the inferred abun-
dances are consistent within 1o, though CHy in particular tends
to shift toward higher values when including more molecules.
This higher CH4 abundance, together with the high upper limits
for certain species, leads to a systematic increase of the mean
molecular weight (MMW), ranging from MMW = 25307

-0.19
(CH4 only) up to MMW = 4.32f?:g§ (all molecules).
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Table 4: 95th-percentile upper limits for the volume mixing ra-
tios of undetected species.

Molecule 95" Upper Limit
H,O <-2.29/-2.83
Co <-2.80/-4.03
NH; <-4.41/-4.96
HCN <-2.54/-3.22
H,S <-2.85/-3.36
SO, <-3.20/-3.90
DMS <-4.39/-4.98
0oCS <-4.61/-5.77
CH:Cl  <-3.72/-4.84
N,O <-3.14/-3.49
CS, <-5.32/-5.79

Notes. Derived from the Blc-EQ-S spectrum, adopting the comprehen-
sive or simplified retrieval setups, respectively.

The retrieved temperature-pressure profiles are nearly
isothermal above the 0.01 bar level, with median posterior tem-
peratures ranging from Tgmbar ~ 124 — 161 K across all config-
urations, and 1o credible intervals spanning 86 — 251 K. In our
reference setup including CO, and CHy4, we obtain T'jpmbar =
138’:‘3‘3 K. All retrievals provide consistent hints of a deeper
cloud layer, with the preferred setup indicating a cloud top pres-
sure of 1og (Peioud/bar) = —1.14%}-35 The Mie scattering param-
eters remain poorly constrained.

We also tested retrieval variants assuming an isothermal pro-
file and/or excluding Mie scattering and cloud opacity (see Table
C.1). These simpler setups yield comparable Bayesian evidence,
indicating that neither a thick cloud deck nor Mie scattering is
statistically required by the data. The retrieved molecular abun-
dances and temperatures are consistent across setups well within
lo.

6.2. Retrievals from alternative spectral extractions

All our data processing methods yield visually similar transmis-
sion spectra for K2-18 b, with most points agreeing within 1o
(see Appendix A). Nonetheless, even these modest differences
can notably affect the inferred atmospheric properties. We ap-
plied the same suite of retrieval setups to each version of the
transmission spectrum and ultimately report the ‘simplified so-
lution’, including only molecules with at least tentative piece of
evidence for their presence (Alogev > 1), alongside the ‘most
comprehensive’ model. Key results are summarised in Table B. 1
and shown in Fig. 4.

In all cases, CHy4 is the most abundant species and is always
detected at > 2.60 (Alogev > 4.9, B > 140). However, its ab-
solute abundance varies substantially across spectral extractions
and retrieval setups, with 1o intervals spanning log (CHy) €
[-2.79,—-0.23]. The comprehensive retrievals yield systemati-
cally higher CH, abundances than the simplified chemical se-
tups, though they remain consistent within 1o~. CO; is likely the
second most abundant molecule, but it is not detected with statis-
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tical significance. Consequently, the corresponding 1o intervals
span an extremely broad range, log (CO,) € [-12,-0.93].

Retrieval parameters from the Blc spectra agree within frac-
tions of a sigma, particularly when applying spot correction or
empirical limb-darkening. The Blc spectra without spot correc-
tion exhibit a bimodal solution, with peaks corresponding to
H,—He and high-MMW scenarios. Applying the spot correction
suppresses the high-MMW peak, particularly in the simplified
chemical setup. The Bts spectra indicate a light or heavy atmo-
sphere, depending on whether the simplified or comprehensive
setup is used. These are the only spectra suggesting a ~30" detec-
tion of CO, and showing hints of DMS in the optimal retrievals.

We found a general trend across our results in which higher
MMWs correlate with higher retrieved temperatures (see Fig. 5)
which is consistent with Benneke & Seager (2012) and Wakeford
et al. (2017). Increasing abundances or temperatures both en-
hance the spectral features, and likely arises from the plausibil-
ity of both light- and heavy-atmosphere scenarios for this planet.
In the latter, increasing MMW can have the opposite effect on
spectral features by lowering the atmospheric scale height.

6.3. Retrievals that include a free inter-instrument offset

Free offsets between spectral segments from different instru-
ments or epochs are frequently included in atmospheric re-
trievals to account for potential instrumental systematics or un-
modelled astrophysical effects. We performed retrievals that in-
cluded a free offset between the NIRISS and NIRSpec segments.
A model comparison based on the Bayesian evidence did not
indicate a clear overall preference for the inclusion of this ad-
ditional parameter in our spectral extractions; in fact, it is dis-
favoured in those that incorporate spot correction. Nevertheless,
allowing a free offset increases the consistency of the retrieved
atmospheric properties across the different spectral extractions,
with parameters that are generally closer to those obtained from
the Blc-EQ-S spectrum (with or without an offset). Quantitative
comparisons are provided in Appendix D.

6.4. Sensitivity to methane opacity choices

The choice of molecular opacity data can impact atmospheric
retrievals, potentially shifting abundances or species detection
significances (Chubb et al. 2024). For our original grid of re-
trievals, we used CHy opacities in the form of cross-sections at
R = 50000, based on the YT34to10 line list (Yurchenko et al.
2017) and provided by the ExoMol team for use with TauREx.
We also tested more recent line lists, from HITEMP (Harg-
reaves et al. 2020), for which we computed cross sections at
R = 50000, and the latest MM dataset from ExoMol (Yurchenko
et al. 2024), for which TauREx-compatible cross-sections are
available at R = 15 000.

The retrieval results show slight variations, at the level of
a fraction of a sigma, when only the CHy cross-sections are
changed. These differences are accompanied by marginal or
statistically insignificant improvements in the Bayesian log-
evidence and reduced chi-squared. We observe a systematic
trend toward slightly lower CH4 mixing ratios, by a few tenths
of a dex, when adopting the more recent cross-sections, particu-
larly those from HITEMP. A detailed comparison of the retrieval
outcomes is provided in Appendix E.
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curves - empirical limb darkening - with spot correction). Blue indicates those with all molecules and red those with only CO, and

CH,.

6.5. Retrievals with inflated error bars

As an additional test, we performed retrievals with inflated spec-
tral error bars, scaled to enforce )((2) 1 (Benneke & Seager
2013; Lueber et al. 2025). In this case, the overall atmospheric
picture remains largely unchanged. The detection significance
of CHy decreases slightly but remains > 2.100 (Alogev > 3.5,
B > 33) in all cases, while the significance of CO, drops well
below 20 even for the Bts-PhQ simplified retrieval (see Table
E1).

6.6. Retrievals from a literature spectrum

We also tested our retrieval setups on the transmission spec-
trum published by Madhusudhan et al. (2023, hereafter ‘Orig-
Mad23’)', as well as to a re-binned version using the same wave-
length bins as our extractions (‘Bts-Mad23’). As in the original
study, the TauREx retrievals find tighter constraints on the CO,
abundance when using the Orig-Mad23 and Bts-Mad?23 spectra,
compared to any of our own extractions. However, the CO, de-
tection significances remain < 30, and < 20 for the comprehen-
sive retrieval setups. Hints of DMS appears only for the Orig-
Mad23 spectrum and simplified setup (1.307, Alogev 1.4,
B =4).

Notably, the TauREx retrievals converge to higher CH4 and
CO, abundances (still consistent within 107) than those reported
in the original study, shifting toward a high-MMW scenario,
similar to our spectra without spot correction. These discrepan-
cies are partially due to the larger priors adopted in this study.
Nevertheless, retrieval tests using more constrained temperature
and abundance priors, analogous to Madhusudhan et al. (2023),
still recover a bimodal solution that includes the high-MMW
mode. Additional subtle differences may arise from the use of
different retrieval frameworks and/or opacity cross-sections, un-
derscoring the importance of careful code comparisons.

I Downloaded from: https://osf.io/36djh/

6.7. Retrieval performances

The X% values of our retrievals fall in the range 1.17-1.58, com-
parable to those reported in other exoplanet atmospheric studies
with JWST (e.g. Banerjee et al. 2024), thus indicating a satis-
factory fit. Importantly, differences in )((2) across extractions are
driven mainly by the size of the spectral error bars rather than a
closer match to theoretical models; swapping error bars between
spectra produces corresponding changes in )((2) values.

The comprehensive retrieval setups systematically yield
slightly higher X(z) values, by 0.08-0.09, compared to the simpli-
fied chemical setups. The latter also have higher or comparable
Bayesian evidence. Both indicators favour the simpler models
from a statistical viewpoint. Slightly better metrics are also ob-
tained with an isothermal T-P profile and/or without Mie scatter-
ing and clouds (see Table C.1), despite these setups being less
physically realistic.

TauREx retrievals on the Orig-Mad23 spectrum yield
X(Z) =1.08—1.09, matching the AURA fit quality reported by
Madhusudhan et al. (2023). For the Bts-Mad23 spectrum, we
obtain X(z) = 1.56--1.66, slightly higher than the average from
our own spectral extractions. Even replacing the error bars in the
Bts-Mad23 spectrum with those from our Blc-EQ-S, the result-
ing X% would remain higher (1.42—1.51), potentially suggesting
a better agreement between our fiducial spectrum and theoretical
models.

7. Implications for atmospheric retrievals
7.1. Stellar spot and spectral offsets

At zeroth order, the spot correction primarily introduces a uni-
form offset in the NIRISS spectrum: +15 ppm (Blc-EQ-S rela-
tive to Blc-EQ) or +24 ppm (Blc-PhQ-S/Blc-PhQ-S’ relative to
Blc-PhQ), with a standard deviation of 9 ppm in the correspond-
ing difference spectra (see Fig. A.1). For comparison, the mean
spectral error bar at R = 100 is ~70 ppm.

In Appendix D we show that the mean offset between the
NIRISS and NIRSpec spectra largely explains the different inter-
pretations found when including spot corrections or not. Allow-
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ing for a free offset between the datasets in the retrievals leads
to significantly more consistent atmospheric parameters across
the different spectral variants. Notably, the Blc-EQ-S, Blc-PhQ-
S, and Blc-PhQ-S’ spectra require the smallest offsets, which are
also not statistically required according to the Bayesian evidence
(see Table D.2). Comparable consistency is obtained when fixed
offsets are applied to equalise the mean separation between the
NIRISS and NIRSpec segments. In short, spectral offsets appear
to drive the variations in the retrieved CH; abundance and at-
mospheric MMW, while our spot-correction methods reduce the
need for an offset between the two K2-18 b datasets. A compari-
son between multiple retrieval configurations can be seen in Fig.
G.1.

However, we note that offsets in transmission and eclipse
spectra in multi-epoch and/or instrument observations can arise
from multiple sources, including instrumental systematics and
inter-visit variability of any kind, and can influence the retrieved
molecular abundances and atmospheric properties. This effect
can be mitigated if each dataset has resolvable spectral features
and some overlap between them (Edwards & Changeat 2024;
Edwards et al. 2024). Nevertheless, a marginally better retrieval
fit does not constitute conclusive evidence to firmly indicate that
such offsets are absent.

7.2. Understanding trends with retrieval complexity

A clear outcome of our thorough analysis of K2-18b is that as-
sumed model complexity plays a critical role in shaping atmo-
spheric inferences. In particular, at low S/N such as with this
K2-18 b data, retrieval conclusions are dependent on the number
of molecules included in the fit.

Our simplified retrieval setups systematically lead to higher
molecular detection significances than the comprehensive ones,
based on direct model comparisons with the leave-one-out ap-
proach. This effect is particularly important when assessing the
presence of certain absorbers. For instance, CO, and DMS are
marginally supported only in the simplified setups (at <307), with
DMS further restricted to a few specific spectral extractions.
Their vanishing significance in more comprehensive setups indi-
cates that alternative explanations can account for the data. Dif-
ferences in log-evidence alone may lead to spurious detections
if the range of plausible models is not adequately explored. This
might be the case for the initial claims of H,O vapour in K2-
18 b from HST/WFC3 spectra (Benneke et al. 2019; Blain et al.
2021), as well as for other controversial results in the exoplanet
literature (e.g. Evans et al. 2016; Merritt et al. 2020; Welbanks
et al. 2026).

Conversely, the comprehensive retrievals yield systemati-
cally higher CH4 and atmospheric MMW (see Table B.1). It may
seem counterintuitive that molecules without notable spectral
signatures can influence the retrieval results, when broad priors
allow their abundances to remain minimal. However, a careful
examination shows that most undetected species are only weakly
constrained by the data, leading to loose upper bounds on their
abundances.

This behaviour is analogous to the well-known issue of pos-
itively biased eccentricities in orbital fits of eclipsing binaries,
where noisy data can lead to non-zero estimates even when
the true eccentricity is zero (Lucy & Sweeney 1971). In our
context, overly complex chemical setups may overfit the trans-
mission spectra, with weakly constrained parameters interacting
through correlations and degeneracies. For example, the inclu-
sion of heavy molecules increases the atmospheric MMW, which
reduces the scale height and consequently alters the strengths of
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spectral features, potentially biasing the inferred abundances of
dominant absorbers such as CHy.

In summary, the choice of molecules in a retrieval setup can
bias results in multiple ways. Including too few species may lead
to spurious detections and bias the inferred parameters as the
model compensates for missing inputs. Conversely, including
too many species can also introduce biases, particularly when
their abundances are poorly constrained by the data. Our ap-
proach of systematically comparing many retrieval configura-
tions provides a practical compromise, capturing the key atmo-
spheric signals while minimizing biases from both extremes.

7.3. Temperature constraints and model degeneracies

Our retrieved temperatures at a pressure depth of 10 mbar are
generally lower than the zero-albedo, full-redistribution equilib-
rium value of ~275 K. From the Blc-EQ-S fiducial spectrum, us-
ing our simplified retrieval setup, we obtain Tjompar = 1385‘3.
Changing the Guillot T-P profile to an isothermal atmosphere,
varying the cloud prescription, and including free instrumen-
tal offsets all produce largely overlapping 1o ranges spanning
roughly 70-260K. A similarly broad range is obtained when
applying the comprehensive retrieval setup to the fiducial spec-
trum, yielding 710 mpar = 161”_’20. We also note that using newer
methane cross-sections leads to systematically lower tempera-
tures by ~15-30K. While the upper end of these temperature
ranges is consistent with a Bond albedo of Ag ~ 0.2, most se-
tups favour significantly higher albedos, with Ag > 0.7 at 1o.

Such high albedos would imply a high-altitude reflective
cloud deck, but it would likely mute the absorption features to
much smaller amplitudes than those observed. An alternative
explanation is inefficient heat redistribution, with the termina-
tor sampling temperatures closer to the colder nightside (Mac-
Donald et al. 2020; Pluriel et al. 2022). Finally, we note that al-
ternative spectral extractions, including Bts-PhQ, Bts-PhC4, and
those from Madhusudhan et al. (2023), extend the retrieved tem-
perature range up to ~500 K. This sensitivity to the choice of
spectral extraction, combined with known parameter degenera-
cies and model limitations (Rocchetto et al. 2016; Jaziri et al.
2024), suggests that the atmospheric temperatures inferred from
retrievals should be interpreted with caution.

7.4. Comparison with previous studies

Our reference analysis (Blc-EQ-S extraction + simplified re-
trieval) recovers a CH4 abundance very similar to the three ini-
tial values reported by Madhusudhan et al. (2023), while our
CO; posterior distribution has a median two orders of magnitude
smaller and a long tail toward negligible values, though still con-
sistent within 1o-. Considering all our retrieval results, the con-
servative 1o range for CHy is slightly broader than that obtained
by Schmidt et al. (2025), whereas the 1o upper limit for CO, ex-
ceeds their 20~ upper limit. The latest study by Hu et al. (2025),
incorporating new datasets, reports CHy and CO, abundances
that fall in the upper halves of our ranges (most closely match-
ing the CH,4 range from our comprehensive retrievals), while pre-
serving a CO,-to-CHy4 ratio similar to ours.

Regarding DMS, we find that its detection is marginal and
limited to specific extraction and retrieval configurations, con-
sistent with the results reported in Schmidt et al. (2025).
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Fig. 6: Atmospheric abundances of CH4 and CO, obtained in this work, compared with those reported by other papers. This work:
blue denotes simplified retrieval, cyan is for comprehensive retrieval results; the thicker error lines are derived from the fiducial
Blc-EQ-S spectrum, the thinner lines denote the 1o~ range covered by all spectral extractions. From Madhusudhan et al. (2023):
three values from their Table 2, obtained with zero, one or two free offsets between detectors. From Schmidt et al. (2025): total 1o
range for CH4 and 20~ upper limit across multiple reductions, as reported in their Sect. 4.2.2. From Hu et al. (2025): Results from
their ExoTR retrievals (Table 5, Shifted Average) and Aura retrievals (Table 7, Hazes). Notably, all results are consistent within

about 1-20.

8. Implications for planet formation
8.1. Overview of formation theories

The origin of the close-in super-Earth and sub-Neptune planets
remains a matter of debate. Formation theories can be divided
into two broad classes: (1) formation in the outer disk, followed
by tidal migration to the inner region (e.g. Kley & Nelson 2012;
Bitsch et al. 2015; Emsenhuber et al. 2021); and (2) formation
in situ in the inner region (e.g. Hansen & Murray 2012, 2013;
Chiang & Laughlin 2013; Chatterjee & Tan 2014).

The composition of the planetary ‘core’ and atmosphere are
likely to depend on the location in the protoplanetary disk where
formation occurred. Note, here we define ‘core’ as the solid-
liquid component of the planet that is not part of the atmosphere.
Planetary cores that are assembled, either by planetesimal or
pebble accretion, in the cooler, outer disk, especially beyond the
water ice line at ~ 170 K, are expected to have bulk composi-
tions that are rich in volatile species. This would lead to the core
having significant amounts of water such that a global planetary
ocean is a significant fraction of the mass budget.

On the other hand, if the planetary core is assembled from
small solids, i.e. pebbles or planetesimals, in the warm, inner re-
gions interior to the water ice line, then its bulk composition is
expected to be mainly composed of metals and metal-rich sili-
cates (e.g. Cevallos Soto et al. 2022). Refractory interstellar dust
also contains a carbonaceous component, often referred to as
‘soot’, which is significant in terms of the global carbon bud-
get, although likely to be sub-dominant in terms of mass com-
pared to the metals and silicates (e.g. Li et al. 2026). This soot
is expected to sublimate at temperatures near ~ 500 K, with this

location in the protoplanetary disk referred to as the ‘soot line’.
Thus, planetary cores are expected to become relatively carbon
poor if formed interior to the soot line, although the overall im-
pact on bulk density may be relatively modest.

If core masses become sufficiently massive (> 1 Mg) while
the planet is still embedded in a gas-rich disk, then accretion of
a ‘significant’ H/He-rich ‘primordial’ atmosphere becomes pos-
sible. The ability of the planetary core to accrete H/He gas de-
pends on local environmental conditions and the ability of the
gas to cool. For example, even at temperatures of ~ 1000 K,
planetary cores of ~ 1 Mg may accrete a few percent by mass of
H/He (Thomopoulos et al., in prep.). Such an atmosphere, while
a very minor component of the total mass, causes the size of
the planet, i.e. defined by its optically thick photosphere, to be
much larger than the core surface. Under cooler conditions and
for more massive cores, the mass fraction of the primordial at-
mosphere is expected to increase. Finally, we note that for core
masses greater than a certain critical value, ~ 10 Mg, runaway
gas accretion leading to gas giant formation is expected (e.g. Pol-
lack et al. 1996; Piso & Youdin 2014).

If dominated by H/He, a primordial atmosphere will have a
low MMW, i.e. 2.33 amu in the limit of pure H, and He with
nyge = 0.2ny,. The primordial atmosphere’s abundance of heav-
ier elements will also reflect the composition of gas in the local
zone of the protoplanetary disk. For example, in astrochemical
models of protoplanetary disks that including radially drifting
pebbles, enhanced gas phase water is expected interior to the wa-
ter ice line (e.g. Cevallos Soto et al. 2022). Elevated abundances
of gas phase water have been reported in the inner regions of
some disks (Banzatti et al. 2023), which is interpreted as indirect
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evidence of pebble drift. However, in addition to gas accretion,
the composition of the primordial atmosphere could be affected
by continued pebble and/or planetesimal accretion, which would
lead to enhanced abundances of refractory elements.

Once a primordial atmosphere has formed, its composition
can be further altered by mass loss due to photoevaporation, es-
pecially if this tends to preferentially remove lighter species (i.e.
H and He). Rogers & Owen (2021) modelled the super-Earth and
sub-Neptune population as having common properties of a few
Earth-mass rocky and iron-rich cores with initial primordial at-
mospheres of a few percent by mass, with the super-Earths (i.e.
below the ‘radius valley’), which is revealed by the photoevapo-
ration of their atmospheres. Interactions with the planetary core
could also alter the composition of a primordial atmosphere. For
example, atmospheric material may dissolve in a global ocean.
Furthermore, volatile materials might be outgassed from the core
(e.g. Heng et al. 2025). In the limiting case where this outgassed
component dominates, then this ‘secondary’ atmosphere would
no longer reflect the original gaseous composition of the local
protoplanetary disk.

Given the above possibilities, it is in general difficult to
make definitive predictions of atmospheric composition that are
unique indicators of a given formation location in the protoplan-
etary disk. On the other hand, for a given formation scenario,
where both the location and mode of accretion are specified, we
may attempt to make predictions for the atmospheres of its re-
sulting planets. In the next subsection we outline such predic-
tions for the in situ inside-out planet formation (IOPF) model
(Chatterjee & Tan 2014).

8.2. K2-18b and c in the context of inside-out planet
formation

Inside-out planet formation (Chatterjee & Tan 2014) is a model
for the in situ formation of close-in super-Earths and/or sub-
Neptunes multi-planet systems. Planets form from pebble-rich
rings that are trapped at the pressure maximum associated with
the dead zone inner boundary (DZIB) with an interior magneto-
rotational-instability active zone, with this location first set by
thermal ionization of alkali metals at about 1,200 K. From Eq. 11
in Chatterjee & Tan (2014) the location of the DZIB, i.e. where
the disk mid-plane temperature reaches about 1,200 K, is esti-
mated to be

rpzis = 0.0653¢pziB057, 4 d 2/9(1 5/9m1/3 (fir_o)*"® au, (D
where ¢pzs o5 = ¢pzis/0.5 is a dimensionless parameter of or-
der unity accounting for potential differences from a pure vis-
cous disk model (especially expected to be somewhat less than
unity due to energy extraction by a disk wind), y = 1.4y, 4 with
fiducial normalization to a value of 1.4 for H, with rotational
modes excited, k9 = /10 cm? g7! is the disk mean opacity
with fiducial normalization approprlate for inner disk conditions,
@_3 = /1073 is the Shakura-Sunyaev viscosity parameter with
normalisation guided by numerical simulations of dead zone re-
gions of protoplanetary disks, m.; = m./Mg is the stellar mass
with fiducial normalisation, where 1 Mg, f, = 1 — Vr./rpzs,
r, is the stellar radius and 7i_g = #i1,/10™° M, yr~! is the disk
accretion rate.

The innermost planet in the K2-18 system is K2-18c. Itis a
non-transiting super-Earth detected via radial velocity measure-
ments (Cloutier et al. 2017, 2019). A later analysis by Radica
et al. (2022b) using the line-by-line framework confirmed the
presence of the planet and revised the mass and period. Never-
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theless, Radica et al. (2022b) do not provide values for semima-
jor axis so we opt to use the values from Cloutier et al. (2019)
for semimajor axis. These are a minimum mass of 6.99*005 Mg?,
semi-major axis of 0.0670 + 0.0002 au and equilibrium temper-
ature of 409 + 8 K assuming a bond albedo of 0.3.

If the current location of K2-18c¢, i.e. r = 0.067 au, is the

location of the DZIB, then, given the host star mass of m, =

0.495 Mo, this implies 7n_g = 1.80¢ 11 sy, where f, and
other factors have been assumed to be unity. We note that this
accretion rate (i.e. ~ 107 Mgy yr~!) is typical of those observed in
transition disk systems (Manara et al. 2014), namely, where dust
appears to be depleted from the innermost regions. This derived
condition on accretion rate and viscosity in the vicinity of the
DZIB also places a constraint on the size of the pebbles that are
trapped at this location; namely, pebble radius a;, > 0.15cm (Hu
& Tan 2026).

The planet mass in the IOPF theory is assumed to be the gap
opening mass. From IOPF Paper IV (Hu et al. 2018), this is given
by

514, 1/2 ~1/4_5/4

o1 Totau Me>

@)
where ¢gpiaa = ¢gp/l.44 is a dimensionless factor with
fiducial value of unity that has been calibrated from numeri-
cal simulations. Again, evaluating for K2-18 ¢ parameters, yields

M, = 8.004)]‘)92/;];3 052 '/ > Mg. Comparing to the observed mass

of K2-18 ¢, i.e. Mp, 1005 = 6.99955 Mg (note that we assume sin
~ 1; Radica et al. 2022b), we see that the fiducial IOPF pre-
dicted mass is consistent with K2-18 ¢’s properties if o ~ 1073.
The predicted mass of K2-18 b can be estimated from that of
the innermost planet given the scaling of a gap-opening mass,

3

M, =11. 1¢GD144¢DZIBO57

MGD = 686¢GDI44'}/1 4K1/4 1/4 l/s(frm )1/2 1/8

To. lauMqa'

In other words, the gap opening mass scales as r'/%. Thus,
given the properties of K2-18 ¢ and the location of K2-18 b
at 0.159 au, the latter’s mass is predicted to be (6.99 = 0.98) x
(0.159/0.067)/8 Mg, = 7.8 + 1.1 Mg. This is consistent with the
observed value of 8.63 + 1.35 M.

Next, we considered the implications of an IOPF formation
scenario for the composition of the core and atmosphere of K2-
18 b. In IOPF, the solid core of the planet would be built up by
pebbles that have survived to the local disk temperature at K2-
18 b’s location. For a viscously heated disk, the mid-plane tem-

perature is predicted to scale as T o 7, i/SK}(/)SG.’ V3 3q215 9110
The location of K2-18 c sets the place in the disk Where the mid-
plane temperature was ~ 1,200 K. Thus, the local disk temper-
ature of K2-18 b during formation is expected to be ~ 550 K.
This temperature, which we note is much warmer than the cur-
rent equilibrium temperature, is expected to be just interior to the
‘soot line’, which has fiducial expected temperature of ~ 500 K
(e.g. Li et al. 2021). Thus the core of the planet is expected to
be volatile poor, i.e. mainly metal and/or rock-rich composition,
with low water and carbon content.

However, because the planet is embedded in a gas-rich disk,
it has the chance to accrete a primordial atmosphere, with typ-
ical mass fractions of ~ 1 to 10%. These conditions for the
solid cores and initial primordial atmospheres have been inferred
for the general super-Earth and sub-Neptune population by the
photo-evaporation modelling study of Rogers & Owen (2021).
In this context, for K2-18 b, if the core has a mass of ~ 8 M,
average density of ~ 6 g cm™>, then its radius would be 1.94 R,

2 The value obtained by Cloutier et al. (2019) is 5.62 + 0.84 M,
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Given the observed radius of K2-18 b of 2.61 + 0.09 Ry, the at-
mosphere needs to have a thickness of about 35% of the core
radius. Such a primordial atmosphere, retained since the time of
formation of the planet, would be in the regime characterised by
a low MMW atmosphere.

Detailed predictions for the atmospheric composition of the
innermost planets forming via IOPF are not yet available. The
IOPF Paper VII (Cevallos Soto et al. 2022) presented chemody-
namical models of protoplanetary disks, coupling a gas-grain as-
trochemical network with pebbles undergoing radial drift. They
found enhanced abundances of gas-phase H,O were delivered to
regions inside the water ice line at 7 ~ 170 K. This could boost
the gas-phase O abundance by factors of several, leading to gas-
phase C/O ratios of ~ 0.1. In IOPF the primordial atmospheric
composition is expected to reflect that of the gas-phase abun-
dances in the disk, since pebble accretion would be truncated by
the DZIB that has retreated further out in the disk. In this case,
planets just interior to the water-ice line would have low C/O ra-
tios. In the case of the K2-18 system, scaling from the innermost
planet that is assumed to be at 1,200 K, the location of the 170 K
water ice line is r70x = 0.587 au.

However, as mentioned above, at a temperature of about
500 K, the carbonaceous ‘soot” component of dust is expected to
sublimate. The location of this soot line in the K2-18 system is at
rsooxk = 0.177 au, so K2-18 b is expected to be just interior to this
soot line. From stoichiometry, the abundance of ‘soot’, assum-
ing it dominates the refractory C content of dust, is expected to
be about [Ceoor/H] ~ 1.6 X 1074, i.e. about 10x greater than that

ties for both reductions are shown.

of water ice (Cevallos Soto et al. 2022), so this would boost the
C/O ratio to values 2 1. Thus, the prediction of the IOPF model
for the atmospheric composition of K2-18 b is a primordial (i.e.
low MMW) atmosphere with an elevated C/O ratio.

In Fig. 7 we highlight several metrics derived from our atmo-
spheric retrievals of K2-18 b: C/H; O/H; C/O; and MMW. The
results favour an atmosphere predominantly made of H, and He
with significant metal enrichment. An abundance of O that is ele-
vated above solar, typically by a factor of 10, is the best solution,
which would be consistent with gas that has been enriched in wa-
ter inside the water ice line (Cevallos Soto et al. 2022). However,
the retrieved C abundance is even more enhanced above solar,
i.e. by factors of ~ 100, which is consistent with the expected
composition of protoplanetary disk gas interior to the soot line.

The above conclusions are consistent with a number of re-
cent studies of K2-18 b. For example, Leconte et al. (2024) pre-
sented a detailed model of the structure of K2-18 b’s atmosphere,
concluding it was unlikely to be able to host a liquid water ocean
below a H/He dominated atmosphere. Liu et al. (2025) recently
presented the results of atmospheric retrievals of K2-18 b based
on JWST NIRISS, NIRSpec and MIRI LRS data, while allow-
ing for the presence of hazes. Their preferred solutions are low
MMW (~ 2.4 amu) atmospheres with the presence of hydrocar-
bon hazes, whose formation would tend to indicate an elevated
C/O ratio.
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9. Conclusions

In this work we re-reduced and analysed the original NIRISS
and NIRSpec JWST observations of the sub-Neptune K2-18b.
We made use of publicly available pipelines in combination
with custom-made pipelines producing a total of 12 transmission
spectra and exploring the effects of different treatments of limb
darkening, spectral binning, error inflation, instrumental offsets,
and spot correction. Notably, we have introduced a new semi-
empirical method for correcting stellar spot crossing events. We
also performed retrievals on the transmission spectrum based on
Madhusudhan et al. (2023) and our binned version of it.

We recommend extracting a robust transmission spectrum
by using binned light curves (R~100) to mitigate correlated-
parameter biases in the low-S/N regime, adopting empirical
limb-darkening coefficients and, where applicable, applying our
novel semi-empirical spot correction method to minimise model-
imposed biases. The validity of this approach is further sup-
ported by our statistical tests and is consistent with lessons
learned in previous studies by the community (Carter et al. 2024;
Davey et al. 2025). Binning is particularly effective with respect
to enhancing the definition of broad features, such as those of
CH, and CO; present in this atmosphere. Nevertheless some nar-
row or small-amplitude features may be lost when binning in this
wavelength, depending on the atmospheric composition and S/N
of the data; therefore, the optimal resolution or choice of bins
might be case-dependent.

We also propose a suite of retrieval configurations to test
atmospheric model dependencies, including different clouds,
hazes, and temperature—pressure parametrisations, along with
comprehensive and minimal sets of chemical species and cri-
teria for selecting a simplified retrieval setup. We detected CHy
with a significance of above 3—4¢ in all configurations. The de-
tection of CO, is configuration dependent and, in most cases,
around 20. The absolute abundances of both species are broadly
constrained and slightly dependent on the configuration, encom-
passing both scenarios with a primordial H,-He atmosphere or
a heavier secondary atmosphere. However our fiducial solution
favours the first scenario.

Finally, by computing the C/H, O/H, and C/O ratios, we find
that K2-18 b exhibits super-solar abundances of both carbon and
oxygen, with a much stronger enhancement in carbon, resulting
in a significantly super-solar C/O ratio. These atmospheric prop-
erties are in line with expectations of the IOPF model, if K2-18 b
did indeed form interior to the ‘soot’ line. We have also shown
that the physical properties (masses and orbital locations) of the
innermost planet, K2-18 c, and K2-18 b are consistent with the
IOPF scenario. This is the first test of IOPF via examination of
both physical planetary properties and the atmospheric chemical
composition. Clearly, larger samples of planets with measured
atmospheric compositions are needed for further study, ideally
in multi-planet systems that span a range of disk conditions that
straddle the soot and water ice lines.

Data availability

Due to the large volume of reductions and retrieval configura-
tions presented in this work it is unfeasible to upload all files to
an online platform. A selection of the most representative setup
posterior distribution files can be found at the following reposi-
tory. The remaining files are available on demand.
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Appendix A: Comparison of transmission spectra

Figure A.l presents a corner plot of all pairwise differences
between the transmission spectra from various methods in this
work (see Sects. 4.2 and 4.3) and the spectrum from Madhusud-
han et al. (2023), binned to a common wavelength grid. Trans-
mission spectra from all our Blc setups agree well within 1o,
though stellar spot and limb-darkening treatments may lead to
subtle systematic differences. For instance, the spot correction
shifts the average NIRISS transit depth upward by 15 ppm or 24
ppm compared to the uncorrected cases when using empirical
or PHOENIX quadratic limb-darkening coeflicients, respectively,
with maximum differences reaching 45 ppm or 62 ppm. Ac-
counting for the wavelength-dependent spot signal shape due to
limb-darkening alters transit depths by at most 5 ppm. The differ-
ence spectra between extractions using empirical and PHOENIX
limb-darkening are more randomly scattered, though both instru-
ments show a consistent mean offset of ~+15 ppm when using
empirical rather than PHOENIX coefficients.

Differences between Blc and Bts transmission spectra ex-
hibit greater scatter, with some data points deviating by more
than 1o-. The largest discrepancies occur near the detector edges,
consistent with previous technical reports (e.g. Carter et al.
2024). In particular, the 2.5-4 ym region, corresponding to the
NIRISS-NIRSpec transition, is critical for interpreting atmo-
spheric composition. This range includes CO, and DMS fea-
tures, which are likely driving the different retrieval outcomes
(see Sect. 6.2).

We also compare our transmission spectra with the first re-
duction published by Madhusudhan et al. (2023), re-binned to
wavelength bins adopted in this study (hereafter, ‘Bts-Mad23’).
The Bts-Mad23 spectrum is morphologically closer to our Blc
spectra, with standard deviations of the differences of ~43 and
31 ppm for the NIRISS and NIRSpec segments, respectively. In
comparison, the analogous values with our Bts spectra are 69 and
36 ppm. Additionally, offsets between our spectral segments and
Bts-Mad23 range from —14 to +25 ppm; these offsets are similar
across instruments when no spot correction is applied, (Blc-EQ,
Blc-PhQ, Bts-PhQ and Bts-PhC4) but differ more when our spot
correction is included.

Appendix B: Retrievals on different reduction
configurations

Table B.1 displays the results from comprehensive and simpli-
fied retrievals on all standard reduction configurations presented
in this work.

Appendix C: Retrievals with alternative T-P
profiles, clouds, and haze treatments

Table C.1 summarises the results from different retrievals on the
fiducial spectrum using various temperature profiles with and
without clouds and/or hazes.

Appendix D: Retrievals with instrumental offsets

Table D.1 summarises the retrieval results from different spectral
extractions using the simplified chemical setups with or without
a free offset parameter. Table D.2 reports retrievals results using
fixed offsets to resemble the mean separation corresponding to
the Blc-PhQ configuration (or Bts in the last rows). The mean
separation is the difference between the average transit depth of
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the NIRISS and NIRSpec spectrum. Fixing these offsets allows
to test whether the spot correction behaves as a mostly uniform
offset or if it accounts for other effects.

Appendix E: Retrievals with alternative opacity
sources

Table E.1 summarises the results from different retrievals on the
fiducial spectrum using different opacity data for CHy, as de-
scribed in Sect. 6.4.

Appendix F: Retrieval tests with inflated error bars

Figure F.1 shows the comparison between all different reductions
with simplified and comprehensive retrievals for a number of
parameters. Table F.1 shows the effect of inflated error bars on
selected parameters and reductions.

Appendix G: Comparison between retrieval
configurations

Figure G.1 compares the posterior distributions of some selected
parameters for three reduction configurations.
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Fig. A.1: Corner plot of the difference between transmission spectra extracted with various methods (see Sect. 4.2).

Article number, page 17 of 22



Table B.1: Selected parameters from retrievals on different spectral extractions, including the simplified and comprehensive retrieval
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setups.
Spectrum Molecules )(% logev log (COy,) log (CHy) T10mbar (K) MMW
CO,+CHy 1.17 14494 ~3.947148 ~1.7370¢ 138+48 2.64%028
1.00, +1.0, 2.6 3.60, +9.0, 7717
BlC—EQ-S +1.75 +0.45 +90 +3.02
All 1.25 14483 —-3.637513 -0.96753 1617, 4.32775
N, +0.6, 1.8 320, +7.0, 1110
CH, 1.31  1450.5 - —1.95j8:$§ 121j‘3“5‘ 2.46’:8:?2
3.60, +8.7, 5892
Ble-PhQ-S +2.56 +0.45 +89 +3.05
All 1.39  1449.8 -4.76753; -0.9575¢ 1467, 4.26"7 5
N, +0.4, 1.5 3.10, +6.6, 755
CH, 130 14509 - —1.94+08 123*83 2.46%033
3.60, +8.7, 5833
Blc-PhQ-S’ 274 +0.46 +96 +3.20
All 1.39  1450.2 —4.98"204 -0.9575, 14875 4.257 4
N,+0.3,14 3.00, +6.4, 629
CO,+CH,4 1.19  1446.6 -3.291 7 —1.84+023 155+¢7 2.633%
1.00, +1.0, 2.6 3.50, +8.5, 4943
Ble-EQ +1.56 +0.41 +118 +3.74
All 1.27  1446.1 -3.0075%¢ -0.80% 5, 195%, 5.63755
N, +0.7, 2.0 2.80, +5.5, 244
CO,+CH, 1.36  1446.6 —1.74j2:§é —1.00’:(1):% 213’:%35 6.73’:2:}18
1.30, +1.5,44  4.00, +10.5, 37246
Ble-PhQ +1.07 +0.30 +175 +3.92
All 1.45 14472 21754 -0.53755) 283%15 8.83%,53
N, +0.6, 1.8 2.60, +4.9, 140
CO,+CH4+DMS*  1.50 1443.5 —5.54ﬁ‘6‘:g§ -1.57 fg:gg 134f§2 2.77’:8:2{
290, 43.6,35 490, +15.7, 6.4x10°
Bts-PhQ +032 +0.33 +184 +321
All 1.58 1444.1 -1.18%725 -0.64711 32875, 10.14755
130, +1.6, 4.8 2.80, +5.8, 321
CO,+CH,+DMS?  1.50 1443.6 —6.79+3% -1.80*552 12532 2.58+0%4
2.00, +3.1,23  4.80, +15.1,3.5x10°
Bs-PhC4 +0.34 +032 +187 +321
All 1.58 1444.0 -1.217547 —0.6275 32104 10.20755,
l.1o, +1.3,3.5 290, +5.8, 341
Bts-Mad23 CO,+CH, 1.56 14235 —1.17j(1):§‘6‘ —1.03f‘1):‘3‘2 206f§; 7.23:21:3?
2.10,+3.5,34  5.10, +16.8, 2.0x10’
All 1.66  1423.7 -1 .40ﬁ?;ii —0.70‘:8:22 248’:;;‘4 7.683:23
1.1o, +1.2,3.2 2.80, +5.7, 288
¢ 0.32 0.4 9 278
Orig-Mad23 CO,+CH4+DMS 1.08 28820.9 -1.38703 —1.02f0_6; 204f7§ 5.94f2_;5
2.60, +5.1, 164 520, +17.5, 3.8x107
All 1.09 28820.7 -1.44*031 —0.84+0 254107 6.48733
1.90, +2.9, 18 320, +7.1, 1267
Notes. @ log (DMS) = -4.60"%% (1.10) ; @ log (DMS) = —4.46*378 (1.30) ; © log (DMS) = —6.29*2% (1.30) . Blc: transmission spectrum

derived from binned light curves at R~100; Bts: binned transmission spectrum obtained from the native pixel resolution; EQ, PhQ, PhC4: light-
curve fits using empirical quadratic, PHOENIX quadratic, or PHOENIX four-coefficient limb-darkening laws, respectively; S, S’: spot correction
adopting either a single spot signal with a free scaling factor for each wavelength bin, or a wavelength-dependent signal accounting for limb
darkening. MMW denotes the mean molecular weight. We report the detection significances, A log ev and the Bayes factors (as in Table 3).
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Table C.1: Selected parameters from retrievals on the fiducial transmission spectrum (Blc-EQ-S).

Setup x5 logev  1og(CO) 1log(CHs)  Tiomoar (K)  10g (Pejoua/bar)
Gui-Cl-Mie 1.17 14483 -3.94%58 173705 138%3 -1.14735
Gui-CI-0  1.14 14493 -430*1% 186280 131+ -1.1208
Gui-0-Mie 1.16 1449.0 -3.92*191 -1.897070 1081 -
Gui-0-0 114 14484 -3.56%15  —-1.99*100  103*32 -
Iso-Cl-Mie 1.15 1449.6 —4.18*175  —1.84*0¢% 141+ —1.04+18
Iso-Cl-0 112 14494 -3.81*20%1 14808 162%9 ~L11*h7
Iso-0-Mie  1.14 14494 -4.10*187  —2,05%0%  122+43 -
Iso-0-0  1.17 14489 -2.84*146 _139%093  142+140 -

Notes. Varying between Guillot or Isothermal T-P profile, inclusion of a thick cloud layer, and/or Mie scattering.

Table D.1: Selected parameters from retrievals on different spectral extractions with or without a free offset parameter.

Spec./Mol. Offset (ppm) X(z) logev  log(CO;) 1log(CHy) Tiombar (K) MMW
Blc-EQ-S - 1.17 14494 394738 —1.73*08 138735  2.647,20
(CO,+CHy) +13£8 117 14449 —4157190 —1317040 13938 311+
Blc-PhQ-S - 131 1450.5 - -1.95%067 12173 2467038
(CHy) +16£8  1.30 14462 - -146%052 115730 2.78+1%
Blc-PhQ-S’ = 130 14509 - -1.94%088 12383 2.46%039
(CHy) +16£8 129 14468 - -1.44%050 11773, 2.80%13
Blc-EQ - 1.19 14466 -3.29717%  —1.84*0%3  155*7  2.63739%
(CO,+CHy) +26£8 116 14444 —424719% 124704 143+ 322¢4
Ble-PhQ - 136 1446.6 —1.74*98L 100796  213*15  6.73*3 1
(CO,+CHy) +36+8 130 14479 -6.15%320 -130708 12575 3.0570%
Bts-PhQ = 150 14435 -5.54%44s 157060 134+80 277733
(CO+CH4+DMS)  +40+8 144 14442 -5.12722 -1607021  109*2  2.71°9%
Bts-PhC4 = 150 14436 -6.79%3%% -1.8070%2  125%%2 258708
(CO+CH4+DMS)  +40+8 145 14441 -53727° -1.587021 1117 2737909
Bts-Mad23 - 156 14235 -1.17792  -1.03%9%  206*%7  7.23283
(CO,+CHy) +41+£8 149 14258 -3.65%130 -1.28703 14876 3.13+%
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Table D.2: Selected parameters from retrievals on additional spectral extractions with a fixed offset.

Spectrum Molecules X% logev  1log(CO,) log(CHy) Tiombar (K) MMW
Blo-PhO-S CHy4 131 1450.6 - —1.95%0¢T 121+ 2467035
All 139 14499 -476'23% -095704 14678 426739
Blc-PhQ-S CO,+CH,4 1.36 14447 -1.11798  -091793 2435577 9.19%¢%¢
~24/0° Al 145 14457 —1.88%085 0477027 350+180 9 g9+36)
Ble-PhQ CO,+CH,4 136 14466 -1.74*98 10006 21313 67375k
All 145 14471 2177090 053703 283511 8.83%377
Blo-BQ-S CO,+CH, 117 14495 -3.94%1%  —1.73708¢ 138745 2.647)1¢
All 125 14484 -3.63'177  -096*0%4 161" 43230
Blc-EQ-S CO,+CH, 123 14436 -136'037 -117*9¢  211*120 676744
-26/0° All 131 14445 —171706  _051%029  33]+172 g 3g+36d
Bsphg CO2'CHstDMS 150 14435 =554+ 1577087 13480 277753
All 158 14441 -1.18%%  -0.6470% 328118 10.1433
Bts-PhQ CO,+CH, 144 14492 420718 2057062 1327, 248%0%
+26/0° All 153 14482 4267220 119704 1433 3347317

Notes. @: The first number indicates the offset (in ppm) added to the corresponding NIRISS spectrum and the second number the NIRSpec offset.
The offsets are chosen such that the Blc-PhQ-S (-24/0) and Blc-EQ-S (-26/0) have mean separation between NIRISS and NIRSpec identical to
that of Blc-PhQ. For Bts-PhQ (+26/0) the mean separation is intermediate between those of Blc-PhQ-S and Blc-EQ-S.

Table E.1: Selected parameters from retrievals adopting different CH4 opacity data.

Spec./Mol.  Offset (ppm) )(% logev 1log(COy) 1log(CHy) Tiompar (K) MMW

Blc-EQ-S CHy: ExoMol YT34to10, R = 50000
CO,+CH, - 117 14494 3944158 —1.7370%¢  138*4%  2.647008
” +13+8 117 14449 -415%190 1317047 139738 311704
All - 125 14483 -3.63*17  -096"0%  161* 4327302
” +10£9  1.25 14429 -4.182% 095708 156" 41623}
Blc-EQ-S CH4: ExoMol MM, R = 15000
CO,+CH, - 115 14505 -3.94*1%  —1.84%0%  122%% 258707
” +14+8 115 14458 —441°200 1497047 124430 2857101
All - 123 14494 —4.18*186 1324030 130%]  3.167 %
” +10+9  1.23 14440 -4.5820 122702 132438 330710
Blc-EQ-S CH,: HITEMP, R = 50000
CO,+CH, - 116 1449.7 —4.48+187 200705 11574 249708
” +13£8 116 14450 -4.89722 158703  114*9  2.74%0%3
All - 124 14486 —424*107 -125%037  134*%F 3337241
” +10£8  1.24 1443.0 4897240 —1.157046 12977 346709
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Fig. F.1: Analogous to Fig. 4 but comparing spectra with and without offsets (see also Table D.2).

Table F.1: Selected parameters from retrievals on additional spectral extractions, analogous to Table B.1.

Spectrum Molecules X% logev  1log(CO;) 1log(CHs)  Tiombar (K) MMW
.68 0.66 48 1.16
BIc-EQ-S CO,+CHy 117 14495 3944168 173706 138*4%  2.6470)¢
All 125 14484 -3.63°L75 096704 1617  4.32+302
Blc-EQ-S CO,+CH,4 1.00 14502 -4.397137 —1.77°0%  131%) 261709
Err < 1.08 All 108 14489 —4477242 089048 163r%  459+32
Bis.Ph CO,+CH4+DMS*  1.50 14435 —554+%45s 1574067 134780 2.77+331
+nQ All 158 14441 -1.18%932  —0.64%03  328*18  10.14732
Bts-PhQ ~ CO,+CH4+DMS® 1.00 1449.6 -5.80*%% -1.83*070 12971 2.58%591
Err x 1.225 . } 89 3.98
All 1.06 14498 —1.62*070  —0.64723¢ 3347189 971398

Notes. Testing the impact of inflated spectral error bars, potentially accounting for systematic errors or discrepancies with atmospheric models.

log (DMS) = —4.60*9% ; ® log (DMS) = -4.86*1} .
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Fig. G.1: Posterior distributions of some selected parameters representative of the major reduction families with comprehensive
retrievals. Blue shows our fiducial reduction corresponding to binned before fitting light curves - empirical limb darkening - with spot
correction, black shows the binned before fitting light curves - PHOENIX model fixed quadratic limb darkening (no spot correction),
and red the binned transmissions spectrum - PHOENIX model fixed quadratic limb darkening (no spot correction).
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