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A B S T R A C T 

The formation and migration history of a planet is expected to be imprinted in its atmosphere, in particular its carbon-to-oxygen 

(C/O) ratio and metallicity. The BOWIE-ALIGN (Bristol, Oxford, Warwick, Imperial, Exeter – A spectral Light Investigation 

into gas Giant origiNs) programme is performing a comparative study of JWST spectra of four aligned and four misaligned hot 
Jupiters, with the aim of characterizing their atmospheres and corroborating the link between the observables and the formation 

history. In this work, we present the 2 . 8 − 5 . 2 μm transmission spectrum of TrES-4 b, a hot Jupiter with an orbit aligned with 

the rotation axis of its F-type host star. Using free chemistry atmospheric retrie v als, we report a confident detection of H 2 O at 
an abundance of log X H 2 O 

= −2 . 98 

+ 0 . 68 
−0 . 73 at a significance of 8 . 4 σ . We also find evidence for CO and small amounts of CO 2 , 

retrieving abundances log X CO 

= −3 . 76 

+ 0 . 89 
−1 . 01 and log X CO 2 = −6 . 86 

+ 0 . 62 
−0 . 65 (3 . 1 σ and 4 . 0 σ , respectively). The observations are 

consistent with the atmosphere being in chemical equilibrium; our retrie v als yield C / O between 0 . 30 − 0 . 42 and constrain 

the atmospheric metallicity to the range 0 . 4 − 0 . 7 × solar. The inferred substellar properties (C/O and metallicity) challenge 
traditional models, and could have arisen from an oxygen-rich gas accretion scenario, or a combination of low-metallicity gas 
and carbon-poor solid accretion. 

Key words: techniques: spectroscopic – exoplanets – planets and satellites: atmospheres – planets and satellites: composition –
planets and satellites: gaseous planets. 
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 I N T RO D U C T I O N  

n the field of exoplanet atmospheres, we are in the era of exquisite
ata sensiti vity, suf ficient to probe chemical abundances and deri ve
recise carbon-to-oxygen ( C / O ) ratios and atmospheric metallicities, 
hanks to the resolution and near-infrared wav elength co v erage of
 E-mail: annabella.meech@cfa.harvard.edu 

a  

t  
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he instruments on JWST (Ahrer et al. 2023 ; Alderson et al. 2023 ;
einstein et al. 2023 ; Rustamkulov et al. 2023 ; JWST Transiting
xoplanet Community Early Release Science Team 2023 ). The 
hallenge is now to interpret these measurements, linking them to 
xoplanet formation and evolution history. Early ideas (e.g. Öberg, 
urray-Clay & Bergin 2011 ; Madhusudhan 2012 ) suggested that 

tmospheric C / O can be used to inform where a planet formed in
he protoplanetary disc with respect to snow lines of the dominant
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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1 Stars more massive than 4 − 5 M � become radiative on the pre-main 
sequence (e.g. Palla & Stahler 1993 ), and are often still accreting when 
they reach the zero-age main sequence (Zinnecker & Yorke 2007 ). 
2 https:// tiberius.readthedocs.io/ en/ latest/ 
3 https:// eurekadocs.readthedocs.io/ en/ latest/ 
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olatiles, such as H 2 O, CO, and CO 2 . Ho we ver, more recent studies
ave challenged that idea. For example, the radial composition
rofile of the disc varies between systems (Law et al. 2021 ), with
ifferent initial metallicities and host stars. Also, the radial location
f snow lines in protoplanetary discs evolve over time (Morbidelli
t al. 2016 ; Eistrup, Walsh & van Dishoeck 2018 ; Owen 2020 ),
nd volatile-carrying solids drift through the discs (e.g. Booth et al.
017 ; Schneider & Bitsch 2021 ). More recently, Penzlin et al. ( 2024 )
emonstrated that the highly unconstrained nature of key planet
ormation and disc parameters – e.g. temperature profile, dust-to-
as ratio, and chemical composition within the disc – make it
ifficult to precisely predict the atmospheric composition of indi-
idual exoplanets from formation models. Ho we ver, the key insight
rom Penzlin et al. ( 2024 ) is that comparing populations of planets
as opposed to single systems) with different migration histories
ould constrain planet formation models. Specifically, they show that
he C/O and metallicity of close-in exoplanets that evolve through

igration in a disc should be different from close-in exoplanets that
ndergo disc-free migration, after formation at another location in
he disc. 

The BOWIE-ALIGN surv e y (Bristol, Oxford, Warwick, Imperial,
xeter – A spectral Light Investig ation into g as Giant origiNs;
WST GO 3838; PIs: Kirk & Ahrer) seeks to characterize the
tmospheres of eight hot Jupiters in order to test tracers of planet
ormation. The prudently curated sample consists of four planets
eliev ed to hav e migrated through a disc, and four believed to have
ndergone disc-free migration, based on the current alignments of
heir orbital planes with respect to the rotational plane of their host
tars. The targets are considered ‘aligned’ if their sky-projected
bliquity | λ| < 30 ◦, and ‘misaligned’ if | λ| > 45 ◦, based on the
efinition in Spalding & Winn ( 2022 ). The main objectives, methods,
nd target selection for this programme are outlined in the surv e y
aper (Kirk et al. 2024a ), while the theoretical basis is explored
n Penzlin et al. ( 2024 ). To date, the transmission spectrum of one
arget from this program has been published, the misaligned hot
upiter WASP-15 b. In Kirk et al. ( 2025 ), we found WASP-15 b
o host a superstellar metallicity atmosphere, with a solar C/O,
nd evidence of SO 2 absorption, the combination of which points
o late planetesimal accretion. Here, we present the transmission
pectrum of the second target in the BOWIE-ALIGN sample,
rES-4 b. 
The hot Jupiter TrES-4 b ( R p = 1 . 838 + 0 . 081 

−0 . 090 R J , M p = 0 . 494 ±
 . 035 M J , and T eq = 1795 K; Sozzetti et al. 2015 ), disco v ered by
andushev et al. ( 2007 ), is one of the four aligned planets in the

ample. It orbits an F-type host star (Mandushev et al. 2007 ), which
s crucially abo v e the Kraft break, as are all of the targets in the
rogramme. The ‘Kraft break’, at T eff � 6100 K, is a distinct shift
n the rotation rates of stars, thought to occur due to the magnetic
raking contribution of the conv ectiv e zone in cooler stars (Kraft
967 ; Beyer & White 2024 ). It was later observed that the hotter stars
bo v e the Kraft break are seen to host hot Jupiters with various orbital
bliquities, while the cooler stars belo w sho w predominantly low
tellar obliquities (Winn et al. 2010 ; Albrecht et al. 2012 ). Regarding
he latter, misaligned hot Jupiters are thought to invoke stellar tides
hich can act to realign the stellar spin axis with the planet orbital
lane. This is more efficient for the cooler stars; with deeper surface
onv ectiv e zones and consequent stronger magnetic braking, these
tars have lower angular momentum which can be o v ercome by the
lanet (Dawson 2014 ; Lin & Ogilvie 2017 ). On the reverse, stars
bo v e the Kraft break have thin surface conv ectiv e zones, which do
ot produce efficient tides. There is a period in which stars abo v e the
NRAS 539, 1381–1403 (2025) 
raft break (with masses 1 . 2 M � < M ∗ � 5 M �1 ) may tidally re-
lign, since they are fully conv ectiv e during their pre-main-sequence
hase (Spalding & Winn 2022 ). Ho we ver, TrES-4 b would need to
rbit within 0.02 au of the star to have tidally re-aligned within
he ∼ 20 Myr period during which its host star was conv ectiv e
Spalding & Winn 2022 ). Since the TrES-4 b lies at 0.05 au, it is
ighly unlikely to have undergone tidal re-alignment post migration.
n this work, we base conclusions upon the assumption that TrES-4 b
xhibits primordial alignment; its obliquity was measured by Narita
t al. ( 2010 ) to be λ = 6 . 3 ± 4 . 7 ◦. As outlined in Kirk et al. ( 2024a ),
he presumption is thus that TrES-4 b formed in the outer regions of its
ystem and consequently migrated towards the star, through the disc.

In this work, we aim to characterize the atmosphere of this hot
upiter. We focus on constraining its C/O and metallicity, towards
he wider goal of identifying trends in planet formation scenarios
ithin the wider context of the BOWIE-ALIGN surv e y. We pro vide
 description of the observations in Section 2 . The procedures used to
educe the data and the results, including the transmission spectrum,
re presented in Section 3 . We then present our retrie v al analysis
f the extracted transmission spectrum in Section 4 . Finally, the
iscussion of our results and concluding remarks are outlined in
ections 5 and 6 . 

 OBSERVATI ONS  

rES-4 was observed by JWST as part of the GO 3838 programme.
e observed the full transit of planet b, using the Near Infrared

pectrograph (NIRSpec; Jakobsen et al. 2022 ) in Bright Object
ime Series mode, with the NRSRAPID readout pattern. We used

he G 395 H grating, F 290 LP filter, the S1600A1 aperture, and
UB2048 subarray. This setting provides a wavelength coverage of
 . 8 − 5 . 2 μm, and an average resolution of R = 2700. There exists
 physical gap between the NIRSpec detectors. The positioning of
his gap in wavelength depends on the dispersion-filter combination
sed, and falls between 3 . 72 − 3 . 82 μm for G 395 H / F 290 LP . For the
arget acquisition, we used the WATA mode of NIRSpec on a fainter,
earby star 2MASSJ17531241 + 3712396, with the SUB32 array
nd S1600A1 slit. The science observation started at 01:27:06.022
TC on 2024 June 17, and consisted of a total 378 integrations over
.65 h, which included 180 integrations (3.65 h) in-transit, 85 pre-
nd 113 post-transit baseline (1.73 and 2.27 h, respectively), with 80
roups per integration. 

 DATA  R E D U C T I O N  

o reduce these data, we used two separate pipelines, TIBERIUS 2 

Kirk et al. 2017 , 2021 ) and EUREKA! 3 (v.1.1; Bell et al. 2022 ). We
etail each in turn below. Multiple, independent reductions have been
tandard in the community, as recommended by the work of the Early
elease Science programme (Ahrer et al. 2023 ; Alderson et al. 2023 ;
einstein et al. 2023 ; Rustamkulov et al. 2023 ; JWST Transiting
xoplanet Community Early Release Science Team 2023 ), and allow
s to check how robust the transmission spectrum is to reduction
hoices. Additionally, we present a second independent reduction
sing the TIBERIUS pipeline in Appendix A . 

https://tiberius.readthedocs.io/en/latest/
https://eurekadocs.readthedocs.io/en/latest/
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Figure 1. Left: extracted white light curves using the TIBERIUS pipeline, with best-fitting models overplotted. These have been plotted against time, having 
subtracted the best-fitting mid-transit time. Right: residuals and associated histograms between the light curves and their best-fitting models. The in-transit 
integrations are shaded for reference. 
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Table 1. Adopted system parameters. 

Parameter [Unit] Value 

Star 
T ∗ [K] 6295 ± 65 
M ∗ [M �] 1 . 45 ± 0 . 05 
R ∗ [R �] 1 . 81 ± 0 . 08 
log g ∗ [cgs] 4 . 09 ± 0 . 03 
[Fe / H] 0 . 28 ± 0 . 09 

Planet 
P [d] 3 . 55392889 ± 0 . 00000044 † 

M p [ M J ] 0 . 494 ± 0 . 035 
R p [ R J ] 1 . 838 + 0 . 081 

−0 . 090 

T eq [K] 1795 + 35 
−39 

e cos ω 0 . 0010 + 0 . 0022 
−0 . 0017 

e sin ω 0 + 0 . 012 
−0 . 022 

Notes. † All values from Sozzetti et al. ( 2015 ), with the exception of the period, 
P , from Kokori et al. ( 2023 ). 
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.1 TIBERIUS 

IBERIUS is an open-source PYTHON package, written to reduce and fit 
xoplanet transit light curves (Kirk et al. 2017 , 2021 ). The pipeline
as been used by the community to reduce JWST exoplanet time- 
eries data (see e.g. Esparza-Borges et al. 2023 ; Moran et al. 2023 ;
irk et al. 2024b ). Our implementation, described below, largely 

ollows the standard routine, and is similar to that described in Kirk
t al. ( 2025 ). 

.1.1 Light-curve extraction 

e begin with the uncalibrated detector files [ uncal.fits ]. We 
nitially process these using the stage 1 steps from the JWST pipeline 4 

v1.13.4) and apply a custom 1 /f correction prior to the ramp fit
tep, as in other applications of TIBERIUS (e.g. Kirk et al. 2024a ).
or this, we first fit the centre of the aperture trace with a fourth-
rder polynomial, and create a custom mask with a defined width 
entred on the fitted trace. In each column, we take the median of
he remaining unmasked pixels in the detector image and subtract 
t from the column. We then run the ramp fit and gain scale
teps, combining the 80 groups per integration. 

To extract the light curves, we begin by applying the TIBERIUS 

osmic ray correction to the gainscalestep.fits products; for 
ach pixel we take a running median o v er ev ery three inte grations
nd flag an y inte grations in which the pixel value is more than four
tandard deviations away from that median. The flagged pixels are 
eplaced by their median values. We take the cosmic ray-corrected 
ainscalestep.fits 2D images, and fit the stellar aperture 

race. Using a user-defined initial guess row location and search 
idth, first TIBERIUS fits each pixel column (in the cross-dispersion 
irection) with a Gaussian to find the peak flux. Then, we fit a
ourth-order polynomial through the peaks of the fitted Gaussian for 
moothing. To extract the stellar flux, we replace any bad pixels in
he 2D image (the bad, saturated, hot, and dead pixels flagged in
he dq init step of stage 1, combined with the TIBERIUS -identified
 σ -clipped pixels) with the median of the pixels to the left and right.
e define an aperture width of 6 pixels (chosen to minimize the noise

n the white light curve), and perform aperture photometry, summing 
he flux centred on the fitted aperture trace for each integration. 

e extracted the stellar flux over pixels [600, 2040] and [5, 2040]
nclusive (in the dispersion direction) for detectors NRS1 and NRS2, 
 https:// jwst-pipeline.readthedocs.io/ en/ latest/ 

I
T
c  
espectively. The result is a time-series of stellar spectra. For the
avelength solution, we make use of the assign wcs product 

rom the stage 1 JWST processing. The white light curves are shown
n Fig. 1 , having integrated over wavelengths 2.75–3.72 and 3.82–
.17 μm for NRS1 and NRS2, respectively. 
We create the spectroscopic light curves by inte grating o v er a

efined pixel bin width; we use the binning schemes from Kirk
t al. ( 2025 ), creating spectra at resolutions of R � 100 (30/31,
60 pix el-wide wav elength bins for NRS1/2) and R � 400 (120/121,
15 pixel-wide bins). In addition, we create ‘high-resolution’, pixel- 

evel light curves which will be analysed in a future publication. 

.1.2 Light-curve fitting 

or the fitting of the light curves, we zero-centre the time arrays on
he predicted mid-transit time, propagated from the latest published 
phemeris (Tables 1 and 2 ; Kokori et al. 2023 ). Prior to fitting, we
pplied sigma clipping along the time axis with a 4 σ threshold to
emo v e outliers. The light-curve model consisted of a transit light-
urve model (using the BATMAN package; Kreidberg 2015 ) multiplied 
y a systematics model. For the latter, we found a linear polynomial in
ime to sufficiently detrend the data, affording the lowest Bayesian 
nformation Criterion compared to more complex models tested. 
his contributed two free parameters, the polynomial coefficients, 
 n ; we used wide, uniform priors, | c n | < 10. For the transit model,
MNRAS 539, 1381–1403 (2025) 

https://jwst-pipeline.readthedocs.io/en/latest/
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M

Table 2. Best-fitting planet parameters from the extracted white light curves. We only provide the weighted mean values for comparison; only the individual 
fit values highlighted in bold were used in this work. 

t mid [BJD TDB ] a/R ∗ i [deg] R p /R ∗

Literature value 60478 . 21264 ± 0 . 00045 ∗ 6 . 04 ± 0 . 23 ∗ 83 . 1 + 0 . 5 −0 . 4 
∗ 0 . 10452 + 0 . 00066 

−0 . 00072 
† 

TIBERIUS Priors – | t mid − 60478 . 21 | < 0 . 1 a/R ∗ ≥ 1 i ∼ U [0 , 90] i − i 0 > −5 ‡ R p /R ∗ ∼ U [0 , 0 . 5] 
Individual NRS1 60478 . 212976 + 0 . 000039 −0 . 000040 5 . 941 ± 0 . 016 82 . 574 + 0 . 035 −0 . 034 0 . 100064 + 0 . 000069 −0 . 000067 

Individual NRS2 60478 . 212839 ± 0 . 000038 5 . 945 + 0 . 017 −0 . 016 82 . 591 ± 0 . 035 0 . 099260 ± 0 . 000066 
Weighted mean – 60478 . 212885 ± 0 . 000023 5 . 943 ± 0 . 011 82 . 582 ± 0 . 025 0 . 099650 ± 0 . 000047 

EUREKA ! Priors – t mid ∼ N [60478 . 21 , 0 . 1] a/R ∗ ∼ N [6 . 04 , 1 . 0] i ∼ U [80 , 90] R p /R ∗ ∼ N [ δ0 , 0 . 1] ‡ 

Individual NRS1 60478 . 213010 ± 0 . 000060 5 . 925 ± 0 . 029 82 . 528 + 0 . 067 
−0 . 066 0 . 10005 ± 0 . 00021 

Individual NRS2 60478 . 213100 + 0 . 000077 
−0 . 000079 5 . 945 + 0 . 029 

−0 . 028 82 . 59 + 0 . 066 
−0 . 063 0 . 09952 ± 0 . 00024 

Weighted mean – 60478 . 213043 ± 0 . 000048 5 . 935 ± 0 . 020 82 . 560 ± 0 . 046 0 . 09982 ± 0 . 00016 

Notes. ∗Values from Kokori et al. ( 2023 ). The mid-transit time from Kokori et al. ( 2023 ) has been propagated to the epoch of our JWST observation, accounting 
for the uncertainties on the literature mid-transit time and period (provided in Table 1 ); 
† Values from Sozzetti et al. ( 2015 ). 
‡ i 0 is the initialized value, for which we use the literature value listed abo v e. δ0 is the literature value for R p /R ∗. 

Figure 2. Allan variance plot for the individually fit TIBERIUS light curves 
presented in Fig. 1 . The grey dashed lines show the expectation from white 
noise. 
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Figure 3. Top panel: the R � 100 transmission spectrum of TrES-4 b from 

the TIBERIUS and EUREKA ! reductions. Middle panel: the precision of each 
spectrum and bottom panel: the difference between the two reductions. The 
1 / 2 σ intervals are shaded for reference. 
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e leave t mid , a/R ∗, i, and R p /R ∗ as free parameters, again applying
nly loose, wide priors (given in T able 2 ). W e fixed the orbital
eriod to P = 3 . 55392889 d (Kokori et al. 2023 ). We also fix the
ccentricity and longitude of periastron to e = 0 and ω = 90 ◦, as
onsistent with literature values (see Table 1 ). Assuming a quadratic
imb-darkening law, we used EXOTIC-LD with the 3D STAGGER

tellar atmosphere model grid (Magic et al. 2015 ; Grant & Wakeford
024 ) to generate limb-darkening coefficients for the published
tellar parameters and fixed these in our light-curve fitting (NRS1:
 1 = 0 . 0658, u 2 = 0 . 1117; and NRS2: u 1 = 0 . 0560, u 2 = 0 . 0928). 
We leveraged EMCEE (Foreman-Mackey et al. 2013 ) to explore

he posterior distribution, with 30 w alk ers per free parameter. We
un an initial burn-in with 10 000 steps which are discarded, rescale
he photometric uncertainties to give a reduced chi-square χ2 

ν = 1,
hen run 10 000 production steps. In Fig. 1 , we show the TIBERIUS -
xtracted white light curves, and their best-fitting models, having fit
he detectors separately. The associated Allan ( 1966 ) variance plots
re shown in Fig. 2 . The parameters reco v ered from the transit light-
urve models are given in Table 2 , and the posterior distributions are
isplayed in Fig. B1 . 
We proceed to fit the wavelength-binned light curves, with linear

ystematics models for all wavelength bins. Again, we fixed the
uadratic limb-darkening coefficients to that pre-computed with the
ame STAGGER grid, for the bin-centre wa velengths. Ha ving fixed
NRAS 539, 1381–1403 (2025) 
he t mid , a/R ∗, and i to the fitted white light-curve values (using the
ndividual detector parameters; Table 2 ), we fit R p /R ∗ for each light
urv e. F or the spectroscopic light-curve fits, we employ a Levenberg–
arquadt algorithm to optimize the model parameters (Mor ́e 1978 ),

caling the uncertainties to give χ2 
ν = 1 and re-running the fit as

one for the white light curves. The resulting TIBERIUS R � 100
ransmission spectrum is shown in pink in Fig. 3 , with associated
recision shown in the middle panel. The R � 400 spectrum is shown
n Fig. C2 of Appendix C . 

To comment on the residuals from the white light-curve model
ts (right panel, Fig. 1 ), we notice possible correlated noise at

ime −1 . 1 and + 0 . 4 h from mid-transit. These features are more
ronounced in the NRS1 light curve. Indeed, looking at the Allan
ariance in Fig. 2 there is some residual red noise in NRS1, while
he residual noise closely resembles what we would expect of photon
oise for NRS2. Such wavelength dependence may support a stellar
rigin, namely occultations of photospheric features, rather than a
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ystematic origin. To investigate this, we attempted to add a spot
omponent to our transit model, with four additional free parameters: 
he ( x , y ) coordinates of the spot centre, the spot radius, and the spot
ontrast. We found no evidence for a spot-occultation in the white 
ight curve. Further, we saw no evidence of a wavelength-dependent 
eature, as would be expected from a spot-crossing event, in the 
esiduals of the spectroscopic light curves. We thus conclude these 
eatures are unlikely to be caused by occultations of star-spots. 

.2 EUREKA ! 

.2.1 Light-curve extraction 

e started our EUREKA ! reduction with stages 1 and 2, which are
rapped around the default JWST pipeline 5 (v1.12.2). Within this 
rapper and before the ramp fit step, we applied a custom 1 /f 

orrection at the group level which uses the stage 3 column-by- 
olumn background subtraction setup. We subtracted a zero-order 
olynomial that was fitted to the background area (having masked 
he trace) and rejected outliers > 3 × the median absolute deviation. 

e opted to increase the jump detection step at stage 1 to a v oid false
ositives, as the default is often too low (set to 10.0 instead of 4.0)
nd we skipped the photom step at stage 2. 

Using EUREKA !’s stage 3 we extracted the stellar spectra. Within 
his stage we corrected for the curvature of the trace by identifying
he central trace pixel in each column and moving the spectra such
hat the central trace pixel aligns. We performed column-by-column 
ackground subtraction: using the pixels more than 6 pixels away 
rom the centre of the trace, we employ an outlier rejection threshold
f 5 × the median in the spatial direction and a 7 σ along the time axis
ollowing two iterations. Finally, we used optimal spectral extraction 
Horne 1986 ) o v er a total aperture size of 9 pixels, to extract the
ime-series spectra o v er pix els [600, 2040] and [5, 2040] for detectors
RS1 and NRS2, respectively. 
We bin our spectra into light curves using EUREKA !’s stage 4 at

esolutions of R � 100 and � 400, equal to the binning scheme
sed in the TIBERIUS reduction and in previous BOWIE-ALIGN 

nalyses. We utilize a 5 σ -clipping from a rolling median of 25 pixels
o mask outliers in the light curves (0–1 outliers per light curve in
oth unbinned and binned cases). In addition, we adopted manual 
asking prior to stage 4 to mask bad wavelength columns since 
e found some outliers from stage 3 were not masked sufficiently, 

nd were propagating through to the light curves and transmission 
pectrum. For that we identified outliers in the spectra, which differed 
ore than 20 × the uncertainty from the rolling mean of 25 pixels. 

.2.2 Light-curve fitting 

sing EUREKA !’s stage 5 we fitted our light curves. First, we fit
he white light curves of both NRS1 and NRS2 separately, freely 
tting for the orbital parameters t mid , a/R ∗, i, and R p / R ∗ and using
 simple linear-in-time systematics model. As with the TIBERIUS 

eduction, we fix the orbital period to P = 3 . 55392889 d (Kokori
t al. 2023 ) and eccentricity to zero. For the limb-darkening, we used
he quadratic limb-darkening law and left both u 1 and u 2 as free
arameters, using a wide uniform prior. For all light-curve fitting 
ithin EUREKA !, we utilize the BATMAN package (Kreidberg 2015 ) 

or our transit model and the Markov Chain Monte Carlo (MCMC)
ackage EMCEE (F oreman-Macke y et al. 2013 ) to retrieve our fitted
arameters. We used 50 w alk ers per free parameter, 20 000 steps
or the white light-curve fit (with 10 000 steps of that discarded as
 https:// jwst-pipeline.readthedocs.io/ en/ latest/ 6
urn-in) and 1000 steps for the spectroscopic light curves (with 500
teps of that discarded as burn-in). The fitted values from the white
ight curves using EUREKA ! can be found in Table 2 . 

For the purpose of comparing the transmission spectra directly 
etween the TIBERIUS and EUREKA ! reductions we fixed the system
arameters ( i, a/R ∗, and t mid ) to the TIBERIUS values for the
pectroscopic light curves. This leaves six free parameters for each 
pectroscopic light curve: R p / R ∗, limb-darkening coefficients u 1 and
 2 , the two linear trend coefficients, and an error inflation term. The
esulting EUREKA ! R � 100 transmission spectrum is shown in Fig. 3
longside the equi v alent TIBERIUS spectrum; the R � 400 is sho wn
n Appendix C (Fig. C2 ). 

.3 The transmission spectrum of TrES-4 b 

e show the transmission spectrum of TrES-4 b from each pipeline,
t a spectral resolution of R � 100, in the top panel of Fig. 3 . The
 � 400 transmission spectra are shown in Appendix C (Fig. C2 ).

n Appendix A , we detail a third independent reduction, a second
mplementation of TIBERIUS (v2). The spectra from this reduction 
re also shown in Fig. C2 , and the R � 100 spectrum compared to
he result from the primary TIBERIUS reduction in Fig. A1 . 

We see excellent agreement between the independent reductions. 
ndeed, the median differences between the R � 100 spectra were 6
nd 28 ppm for NRS1 and NRS2 (bottom panel Fig. 3 ), which were
ower than the median precisions (79 and 101 ppm for TIBERIUS and
UREKA !, respectively; see the middle panel Fig. 3 ). 
One key difference to highlight between the TIBERIUS and 

UREKA ! light-curve-fitting routines was the treatment of limb 
arkening. In the primary TIBERIUS reduction (Section 3.1.2 ), we 
sed a quadratic limb-darkening la w, with fix ed limb-darkening 
oefficients. We also used a quadratic limb-darkening law in the 
tting of the EUREKA ! light curves, but the coefficients were left
s free parameters. We obtained consistent transmission spectra, as 
escribed abo v e, with larger uncertainties on the EUREKA ! transit
epths, which would be consistent with the higher model dimension- 
lity. We found similar inflation of the transit depth uncertainties in
he secondary TIBERIUS reduction, described in Appendix A , when 
tting for the limb-darkening coefficients. In summary, our tests attest 

o the robustness of the transmission spectrum against choice of limb-
arkening treatment. We proceed to analyse the primary TIBERIUS 

nd the EUREKA ! transmission spectra using atmospheric retrie v als. 

 RETRI EVALS  

n order to interpret our transmission spectra, we perform a series
f atmospheric retrie v al tests on both the TIBERIUS and EUREKA !
ransmission spectra, with the publicly available packages POSEIDON 

nd PETITRADTRANS . The configuration and priors used for each 
etrie v al are summarized in Tables D1 and D2 . We detail each in turn
elow. 

.1 POSEIDON 

e leverage the PYTHON package POSEIDON 

6 (v1.2.1; MacDonald & 

adhusudhan 2017 ; MacDonald 2023 ) to perform free chemistry 
nd equilibrium chemistry atmospheric retrie v als on the transmission 
pectrum of TrES-4 b. POSEIDON uses the forward-modelling tool 
RIDENT (MacDonald & Lewis 2022 ) to compute the transmission 
pectra, integrated with a nested sampling framework to explore the 
arameter space. For the forward models, we use a resolution of
MNRAS 539, 1381–1403 (2025) 

 https://poseidon-retrie v als.readthedocs.io/en/latest/index.html 

https://jwst-pipeline.readthedocs.io/en/latest/
https://poseidon-retrievals.readthedocs.io/en/latest/index.html
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M

Figure 4. Main: median retrieved POSEIDON spectrum for the free chemistry retrie v al, smoothed to a resolution of R = 100 (with 1 / 2 σ intervals in successively 
lighter shades), for the TIBERIUS R � 100 transmission spectrum. The median retrieved spectrum convolved with the instrument point spread and sensitivity 
function, then binned to the data resolution is also shown in the diamond data points. Right: posterior distributions for the log volume mixing ratios of H 2 O 

(top), CO (middle), and CO 2 (bottom). 
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 = 20 , 000; high resolution is recommended when using opacity
ampling (see e.g. Garland & Irwin 2019 ). We instantiate a H 2 /He-
ominated (with fixed ratio He/H 2 = 0.17; Asplund et al. 2009 )
tmosphere with trace gases CH 4 , CO 2 , H 2 O (ExoMol; Polyansky
t al. 2018 ; Yurchenko et al. 2020 , 2024 ), CO (Li et al. 2015 ),
 2 S (Azzam et al. 2016 ), HCN (Barber et al. 2014 ), and SO 2 

ExoAmes; Underwood et al. 2016 ). We also adopt contributors to
ontinuum absorption, namely collision-induced absorption (dom-
nant for NIRSpec G 395 H wavelengths). We use H 2 –H 2 , H 2 –He,
 2 –CH 4 , CO 2 –H 2 , CO 2 –CO 2 , and CO 2 –CH 4 cross-sections from

he high-resolution transmission molecular absorption (HITRAN)
atabase (Karman et al. 2019 ; MacDonald & Lewis 2022 ). 
The atmosphere of TrES-4 b is modelled with 100 layers evenly

istributed in log-pressure, from P min = 10 −7 to P max = 10 2 bar. In
ll of these retrie v als, we allo w the reference radius R p , ref (defined at
 reference pressure of P ref = 10 bar) to vary freely, having applied
 uniform prior with a bounded range of 20 per cent the average of
he fitted white light-curve radius (Table 2 ). Where specified, 

(i) we employ the MacDonald & Madhusudhan ( 2017 ) cloud
rescription, selecting a cloud deck + haze layer as defined by param-
ters: opaque cloud deck pressure, P cloud , the Rayleigh-enhancement
actor, a, and a scattering slope, γ . The haze opacity is parametrized
s κcloud = aσ0 ( λ/λ0 ) γ abo v e the cloud deck pressure, P cloud (below
hich the atmosphere is rendered opaque). The remaining parameters

re constants: σ0 is the H 2 Rayleigh scattering cross section at
eference wavelength λ0 (5 . 31 × 10 −31 m 

2 and 350 nm, respectively).
his cloud is uniform across the terminators. This adds three free
arameters to the retrie v al; 
(ii) we allow the log g of the planet to vary, having applied a

aussian prior according to the solution given by the published mass
 M p = 0 . 494 ± 0 . 035 M J ; Sozzetti et al. 2015 ) and average of the
adii measured from our TIBERIUS white light curves. This adds one
ree parameter to the retrie v al; 

(iii) we include an offset between detectors NRS1 and NRS2,
dding one free parameter. 

Regarding the star, we fix all parameters to the literature values,
rovided in T able 1 . W e employ the nested sampling algorithm
YMULTINEST (Feroz, Hobson & Bridges 2009 ; Buchner et al. 2014 ),
ith 1000 live points, to explore the parameter space. 
NRAS 539, 1381–1403 (2025) 
.1.1 Free chemistry 

e first test atmospheric models wherein the abundances of the
tmospheric species are allowed to vary freely. For these free
hemistry tests, we implement an isothermal pressure–temperature
PT) profile. Our reference retrie v al test: 

(I) a free chemistry retrie v al including the species mentioned in
he preceding section, a cloud deck and haze parametrization, and an
ffset between detectors, totalling 14 free parameters. 

For each of the trace species, we assume constant abundance with
ressure, and apply a wide uniform prior on the volume mixing ratio
f each ( −12 < log 10 X i < −1 dex; see Table D1 ). 
Test (I) . On the R � 100 TIBERIUS spectrum, we retrieve

bundances log X H 2 O = −2 . 98 + 0 . 68 
−0 . 73 , log X CO = −3 . 76 + 0 . 89 

−1 . 01 , and
og X CO 2 = −6 . 86 + 0 . 62 

−0 . 65 . We plot the median retrieved spectrum in
ig. 4 , together with the posterior distributions for H 2 O, CO, and
O 2 . We provide all reference retrie v al results in Tables 3 and
 and the associated posterior distributions are shown in Fig. D3
Appendix D ). The median retrieved spectrum from the reference
etrie v al (I) yields a reduced chi-square of χ2 

ν = 1 . 27, with 47 degrees
f freedom. In Fig. 5 , we plot the contributions from individual gas
pacities to the o v erall median retrieved spectrum. 
To quantify the contribution of each parameter in the model,

e run series of ‘nested model’ retrie v als, with one contribution
emo v ed at a time. We assign detection significance by Bayesian
odel comparison. Comparing the Bayesian evidence Z to that

f the reference model, we compute a Bayes’ factor which is
hen transformed to a frequentist detection ‘sigma’ significance
Trotta 2008 ; Benneke & Seager 2013 ). This significance nominally
uantifies the level at which the added complexity contributes to
 better model fit, and is a standard metric in the reporting of
xoplanet atmospheric characteristics (see e.g. Benneke & Seager
013 ; Welbanks & Madhusudhan 2021 ; Taylor et al. 2023 ). 
For the TIBERIUS R � 100 spectrum, we detect H 2 O and CO 2 

o 8 . 4 σ and 4 . 0 σ , respectively (12 . 3 σ and 4 . 5 σ for the R � 400
ransmission spectrum). We detect CO to 3 . 1 σ (2 . 4 σ ) but find
nsuf ficient e vidence in fa v our of CH 4 , HCN, or SO 2 . We see
ossible hints of H 2 S; Bayesian model comparison yielded a 1 . 2 σ
odel preference. This is insufficient to claim a detection, and the

osterior was non-Gaussian (Fig. D3 ). Still, we place a 2 σ upper
imit log X H S < −4 . 51, i.e. 31 ppm; for reference, the solar sulphur
2 
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Table 3. Retrie v al results: mean and 1 σ confidence intervals of chemical mixing ratios, log X i , from the free chemistry retrie v als, as 
presented in Section 4 . For non-detected species, we provide the 2 σ upper limits. We also provide values for the chemical equilibrium 

and hybrid chemistry retrie v als, listing the mean and 1 σ uncertainties, at the pressure of maximum contribution (see e.g. Fig. D1 ). 

Input spectrum H 2 O CO CO 2 CH 4 H 2 S SO 2 HCN 

POSEIDON 

Free chemistry 
TIBERIUS R = 100 −2 . 98 + 0 . 68 

−0 . 73 −3 . 76 + 0 . 89 
−1 . 01 −6 . 86 + 0 . 62 

−0 . 65 < −7 . 07 < −4 . 51 < −6 . 97 < −6 . 97 

TIBERIUS R = 400 −2 . 88 ± 0 . 61 −3 . 97 + 0 . 95 
−1 . 25 −6 . 81 + 0 . 56 

−0 . 54 < −7 . 01 < −4 . 98 < −7 . 25 < −6 . 82 

EUREKA ! R = 100 −2 . 88 + 0 . 61 
−0 . 72 −3 . 93 + 0 . 89 

−1 . 03 −7 . 11 + 0 . 63 
−0 . 67 < −7 . 01 < −5 . 18 < −7 . 38 < −7 . 06 

EUREKA ! R = 400 −2 . 89 + 0 . 59 
−0 . 53 −3 . 71 + 0 . 89 

−1 . 03 −6 . 94 ± 0 . 56 < −7 . 47 < −5 . 41 < −7 . 37 < −6 . 20 
Equilibrium chemistry 
TIBERIUS R = 100 −3 . 40 + 0 . 26 

−0 . 23 −3 . 46 + 0 . 24 
−0 . 26 −7 . 04 ± 0 . 43 −9 . 38 + 0 . 69 

−0 . 68 −4 . 77 + 0 . 23 
−0 . 20 −13 . 31 + 1 . 05 

−1 . 02 −10 . 48 + 0 . 26 
−0 . 25 

TIBERIUS R = 400 −3 . 32 + 0 . 27 
−0 . 24 −3 . 56 + 0 . 26 

−0 . 32 −7 . 02 + 0 . 51 
−0 . 49 −9 . 20 + 0 . 64 

−0 . 75 −4 . 75 + 0 . 24 
−0 . 25 −13 . 48 + 1 . 16 

−1 . 09 −10 . 67 + 0 . 24 
−0 . 22 

PETITRADTRANS 
Free chemistry 
TIBERIUS R = 100 −3 . 29 + 0 . 57 

−0 . 59 −3 . 71 + 0 . 85 
−0 . 84 −7 . 21 + 0 . 56 

−0 . 51 < −7 . 54 < −4 . 87 < −7 . 24 < −7 . 03 

TIBERIUS R = 400 −3 . 26 + 0 . 51 
−0 . 56 −3 . 74 + 0 . 80 

−0 . 83 −7 . 13 + 0 . 49 
−0 . 52 < −7 . 20 < −4 . 57 < −7 . 12 < −7 . 14 

EUREKA ! R = 100 −3 . 18 + 0 . 57 
−0 . 65 −3 . 31 + 0 . 84 

−0 . 95 −7 . 19 + 0 . 59 
−0 . 64 < −7 . 53 < −5 . 17 < −7 . 03 < −7 . 03 

Hybrid chemistry 
TIBERIUS R = 100 −3 . 49 + 0 . 24 

−0 . 25 −3 . 74 + 0 . 22 
−0 . 26 −7 . 30 + 0 . 48 

−0 . 47 −11 . 78 + 0 . 69 
−0 . 76 < −4 . 70 < −6 . 90 −12 . 28 + 0 . 26 

−0 . 23 

TIBERIUS R = 400 −3 . 45 + 0 . 23 
−0 . 25 −3 . 75 + 0 . 21 

−0 . 23 −7 . 25 + 0 . 45 
−0 . 48 −11 . 68 + 0 . 70 

−0 . 59 < −4 . 64 < −6 . 86 −12 . 33 + 0 . 25 
−0 . 22 

EUREKA ! R = 100 −3 . 61 ± 0 . 26 −3 . 62 + 0 . 27 
−0 . 25 −7 . 34 + 0 . 51 

−0 . 46 −11 . 88 + 0 . 80 
−0 . 61 < −4 . 96 < −6 . 74 −11 . 99 + 0 . 30 

−0 . 27 
Equilibrium chemistry 
TIBERIUS R = 100 −3 . 48 + 0 . 24 

−0 . 25 −3 . 63 + 0 . 22 
−0 . 26 −7 . 20 + 0 . 48 

−0 . 47 −11 . 89 ±0 . 69 −4 . 95 + 0 . 21 
−0 . 20 – −12 . 13 + 0 . 28 

−0 . 27 

TIBERIUS R = 400 −3 . 45 + 0 . 29 
−0 . 25 −3 . 67 + 0 . 29 

−0 . 34 −7 . 18 + 0 . 50 
−0 . 48 −11 . 75 + 0 . 69 

−0 . 76 −4 . 98 + 0 . 23 
−0 . 25 – −12 . 22 + 0 . 26 

−0 . 23 
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7 Throughout this work, the Z/Z � notation refers to metallicity set by C/H, 
i.e. [ M / H ] C / H . 
8 We note that we have converted the retrieved POSEIDON metallicities to the 
same scale as PETITRADTRANS , where the metallicity is set by C/H, and 
the O/H is then calculated from the metallicity and the C/O ratio, listed as 
[ M / H ] C / H , for ease of comparison. The metallicity posterior in Fig. D4 is a 
direct output of POSEIDON with the metallicity set by O/H. We discuss this 
further in Section 4.3 . 
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bundance is approximately 13 ppm (Asplund et al. 2009 ). We also
nvestigated the presence of clouds in the atmosphere of TrES-4 b. 
n the reference retrie v al (I) on the TIBERIUS R � 100 transmission
pectrum, an opaque cloud deck level was retrieved at a pressure of
og P cloud = 0 . 20 + 1 . 14 

−1 . 13 ; looking at the pressure contribution function
see Fig. D1 ; Mullens, Lewis & MacDonald 2024 ), this cloud
eck is below the pressures probed and not likely to provide 
 significant contribution to the observed spectrum. Indeed, the 
vidence for the baseline model is ln Z = 468 . 87 ± 0 . 12, and then
n Z = 469 . 96 ± 0 . 12 when we remo v e the cloud + haze layer from
he model. There is therefore insuf ficient e vidence to support the
resence of a cloud deck or haze layer, and we place a conserv ati ve
 σ upper limit of log P cloud [bar] > −1 . 70. Further, the reference
etrie v al reco v ers an offset between detectors NRS1 and NRS2
hat is consistent with zero ( δrel = −10 + 466 

−476 ppm), though not well
onstrained. We note that when removing the offset parameter from 

he retrie v al, we reco v er chemical abundances that are completely
n agreement with the reference retrie v al. We therefore do not see
vidence for a detector offset in the transmission spectrum. 

We run the same retrie v al tests on both of the EUREKA ! trans-
ission spectra. The baseline model (I) from the reference retrie v al

esults in a reduced chi-square of χ2 
ν = 1 . 45, with Bayesian evidence

n Z = 452 . 54 ± 0 . 12. We retrieved H 2 O, CO, and CO 2 at abun-
ances comparable to those retrieved for the TIBERIUS spectra, at 
ignificances of 9 . 8 σ , 2 . 9 σ , and 3 . 0 σ , respectively, for the R � 100
UREKA ! spectrum (9 . 3 σ , 2 . 8 σ , and 3 . 6 σ for the EUREKA ! R � 400
pectrum). In this case, we also find no evidence for a detector offset,
louds, CH 4 , H 2 S, HCN, or SO 2 . 

.1.2 Chemical equilibrium 

e independently test atmospheric compositions wherein the relative 
bundances of the atmospheric species are go v erned by equilibrium 
hemistry. POSEIDON interpolates o v er a pre-computed chemistry 
rid from FastChem (Stock et al. 2018 ; Stock, Kitzmann & Patzer
022 ) for the equilibrium calculations. We employ the subset of
hemical species indicated in Section 4 , and a gradient PT profile,
inearly varying with log P between two temperatures, T deep and 
 high . We apply equal priors to the high and deep temperatures, with
o user-defined prior on �T = T deep − T high or δT / δP (Table D1 ).
ur reference retrie v al includes: 
(II) an atmosphere under equilibrium chemistry, with a cloud deck 

nd haze layer. We include an offset between detectors. Since the
hemistry is entirely defined by the carbon-to-oxygen ( C / O ) ratio and
he metallicity relative to solar metallicity ( Z/Z �) 7 , we have a total of
0 free parameters.We used uniform priors for C / O and metallicity, 
cross the full ranges supported by POSEIDON ( C / O ∼ U[0 . 2 , 2 . 0];
 M / H ] O / H ∼ U[ −1 , 4]). 

Test (II) . For the R � 100 TIBERIUS transmission spectrum,
e retrieve C / O = 0 . 35 + 0 . 12 

−0 . 10 and log Z/Z � = −0 . 15 + 0 . 27 
−0 . 26 ( C / O =

 . 32 + 0 . 11 
−0 . 08 and log Z/Z � = −0 . 23 + 0 . 30 

−0 . 28 for the R � 400 spectrum). 8 

e retrieve a reference radius and planetary log g comparable to 
hose of the free retrie v al. The median retrie ved spectrum is shown
n Fig. 6 , along with posterior distributions for C / O , and metallicity
see Appendix D , Fig. D4 for the full corner plot), and yields a
educed chi-square of χ2 = 1 . 13 with 51 degrees of freedom. In
MNRAS 539, 1381–1403 (2025) 
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Figure 5. Spectral contrib utions, conv olved to the instrument PSF and binned 
to R = 100, from the (top) free chemistry and (bottom) equilibrium chemistry 
POSEIDON retrie v als on the R � 100 TIBERIUS spectrum. The total spectrum 

is the median retrieved as shown in Figs 4 and 6 . Though HCN and SO 2 were 
included in the equilibrium chemistry retrie v al, their constrained contributions 
are not within the ranges plotted here. 
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Figure 7. Vertical chemical profiles (median and 1 σ confidence intervals) 
of the trace species in chemical equilibrium, from the best-fitting POSEIDON 

retrie v al on the R � 100 TIBERIUS transmission spectrum (see Section 4.1.2 ). 
We retrieve a C / O = 0 . 35 + 0 . 12 

−0 . 10 and log Z/Z � = −0 . 15 + 0 . 27 
−0 . 26 . Abundance 

constraints from the free chemistry retrie v al on the same transmission 
spectrum in Section 4.1.1 are o v erplotted (at arbitrary pressures): we retrieve 
bounded constraints on H 2 O, CO, and CO 2 (diamond markers). We display 
the 2 σ upper limits on the other, non-detected species (circle markers). 
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ig. 7 , we show the vertical mixing profiles (mean and 1 σ intervals)
or the model in Fig. 6 , and provide the abundances at the maximum
ressure contribution (see Fig. D1 ) in Table 3 . The low abundances
f (e.g.) SO 2 and HCN are not actually observed (see Fig. 5 ), but
ather constrained by the equilibrium model abundances. 

We note that we did investigate a more complex PT profile, namely
he Madhusudhan & Seager ( 2009 ) profile. This parametrization 
ivides the atmospheres into three layers, provisionally allowing for 
 temperature inversion within the middle layer, and has six free 
arameters. We show the median retrieved PT profile along with 
he transmission spectrum contribution function, and the simpler 
radient profile in Fig. D1 . We saw no evidence for a temper-
igure 6. Main: median retrieved equilibrium chemistry spectrum with POSEIDON

pectrum. Right: posterior distributions for C / O (top), and metallicity (bottom). 
ture inversion, and notably the retrieved limb temperature is in 
greement with that retrieved using the simpler gradient PT profile 
 T ref = 1313 + 104 

−89 K at P ref = 10 bar for the Madhusudhan & Seager
009 PT profile). We retrieved completely consistent atmospheric 
arameters, including C / O = 0 . 35 + 0 . 12 

−0 . 09 and log Z/Z � = −0 . 17 + 0 . 27 
−0 . 25 .

e thus fa v our the model with the less complex gradient PT profile
resented in the preceding paragraph, as recommended by Schleich 
t al. ( 2024 ). 
MNRAS 539, 1381–1403 (2025) 
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We run the same reference retrie v al tests on the EUREKA ! spectra.
he reference retrie v al on the R � 100 spectrum yields a C / O
omparable to that retrieved for the equivalent TIBERIUS spectrum,
 / O = 0 . 40 + 0 . 15 

−0 . 12 ( C / O = 0 . 40 + 0 . 13 
−0 . 11 for the R � 400 spectrum), with

he corresponding model χ2 
ν = 1 . 33. Ho we v er, we reco v er a slightly

aried metallicities for the EUREKA ! spectra: log Z/Z � = −0 . 26 + 0 . 37
−0 . 33

nd −0 . 04 ± 0 . 36 for the R � 100 and 400 spectra, respectively.
hese are still consistent with those retrieved for the 
TIBERIUS spectra within 1 σ . Again, all the retrieved parameters

re given in Table 4 . 

.1.3 Stellar hetero g eneities 

tellar surface heterogeneities have the potential to affect the
bserved transmission spectrum of a transiting planet. Unocculted
ark spots and bright regions introduce a wavelength-dependent flux
ariation, and since the transit depth is inferred assuming the planet
tmosphere is entirely illuminated by the homogeneous photospheric
pectrum, this can leave artefacts in the transmission spectrum. This
s a known phenomenon, dubbed the ‘transit light source effect’
TLSE; Rackham, Apai & Giampapa 2018 , 2019 ). This has been
hown to introduce degeneracies and even entirely account for
ransmission spectra in the near-infared, including with NIRSpec
 395 H observations (see e.g. Moran et al. 2023 ). Though one might
ot expect significant contributions from heterogeneities on the F-
ype host, we nevertheless run a test retrieval with a contamination
actor included, considering the residual variability seen in the white
ight curves (Section 3.1 ). To test for stellar contamination: 

(III) we model one photospheric heterogeneity feature with an
ssumed PHOENIX model stellar spectrum defined by a character-
stic temperature T het , and gravitational field strength log g het . The
lanet atmosphere is assumed to be under equilibrium chemistry
nd is parametrized as described in Section 4.1.2 .Ef fecti vely it is
 heterogeneity-photosphere temperature contrast o v er which we
arginalize, since we also fit for the equi v alent photospheric charac-

eristics, T phot and log g phot . Therefore, along with the heterogeneity
lling factor f het , this introduces five additional free parameters to

he retrie v al. Using POSEIDON ’s in-built functionality, we compute
he transmission spectrum contamination factor defined in Rackham,
pai & Giampapa ( 2019 ). We run a retrie v al, assuming chemical

quilibrium, on the R � 100 TIBERIUS spectrum. We apply hetero-
eneity priors T het ∼ U[0 . 8 T ∗, 1 . 2 T ∗], and log g het ∼ U[3 . 0 , 5 . 0] (see
able D2 for the full list of priors), where we use the literature value
or the stellar ef fecti ve temperature, T ∗ (Table 1 ). The definitions and
riors of the other parameters explained above remain unchanged
ompared to the reference retrie v al without stellar contamination
Section 4.1.2 ). We thus have 15 free parameters. 

We retrieve a possible bright feature at T het = 6389 + 388 
−313 K, with

 filling factor of f het = 0 . 22 + 0 . 21 
−0 . 13 . The heterogeneity temperature

s consistent with the retrieved photospheric temperature ( T phot =
306 + 56 

−60 K). 
Moreo v er, the retriev ed filling factor is relatively large considering

he host stellar type; Rackham et al. ( 2019 ) derive f fac = 0 . 01 + 0 . 02
−0 . 01

or F6V stars. It is also close to zero at the 1 σ lower limit.
hat said, there are other studies that have retrieved similarly
igh filling factors for other F stars (see Section 5.3 for further
iscussion). This retrie v al yields a reduced chi-square of χ2 

ν = 1 . 21,
nd the Bayesian evidence was ln Z = 473 . 16 ± 0 . 11. The reference
etrie v al (II) ( ln Z = 473 . 35 ± 0 . 11) without stellar contamination
as thus marginally preferred to 1 . 4 σ . We find that though a com-
ination of a planetary atmosphere as well as stellar heterogeneities
ould explain the transmission spectrum of TrES-4 b, the reference
NRAS 539, 1381–1403 (2025) 
odel (II) without stellar contamination is preferred due to the
educed model complexity. We note that even when including the
ontamination from photospheric heterogeneities, the atmospheric
arameters do not change; the C / O and metallicity are consistent
ith those from the chemical equilibrium reference retrie v al (II) (see
able 4 ). 

.2 PETITRADTRANS 

e also perform atmospheric retrie v als on the TrES-4 b transmission
pectrum using the PETITRADTRANS 

9 (v2.7.7; Molli ̀ere et al. 2019 ;
asedkin, Molli ̀ere & Blain 2024 ) package, with a near identical

etup to that used to analyse the spectrum of the first BOWIE-
LIGN target, WASP-15 b (Kirk et al. 2025 ). We use free chem-

stry , equilibrium chemistry , and hybrid chemistry retrie v al setups
ssuming an H 2 /He-dominated atmosphere, with absorption from
race gases computed from R = 1000 correlated- k opacity tables of
he following atmospheric species: CH 4 (Yurchenko et al. 2017 ),
 2 O and CO (Rothman et al. 2010 ), CO 2 (Yurchenko et al. 2020 ),
 2 S (Azzam et al. 2016 ), SO 2 (Underwood et al. 2016 ), and HCN

Barber et al. 2014 ), plus collision-induced absorption from H 2 –H 2 

nd H 2 –He, and Rayleigh scattering from H 2 and He. 
For each retrie v al we model the atmosphere using 100 equal-

og-spaced pressure layers from 10 −6 to 10 2 bar and assume an
sothermal pressure-temperature profile, with a wide uniform prior on
he isothermal temperature from 500–3000 K. We use a wide uniform
rior for the planetary reference radius (0.8–1.8 R J ) and a Gaussian
rior for gravity based on the published mass and radius (Sozzetti
t al. 2015 ), both of which are defined at a fixed reference pressure
f 10 −3 bar. We determined the appropriate reference pressure by
unning a retrie v al with a Gaussian prior on the radius, based on the
ean transit depth across both detectors, and the reference pressure

s a free parameter. We also include an opaque grey cloud deck, with
 log-uniform prior on the cloud-top pressure, from 10 −6 to 10 2 bar.

We run our retrie v als on the TIBERIUS R � 100 and � 400 spectra,
s well as the EUREKA ! spectrum at R � 100. Across these three
etrie v al tests, we retrieve consistent posteriors for radius, gravity,
sotherm temperatures, and cloud-top pressure. We find a much lower
imb temperature of T = 1200 ± 100 K compared to the planet’s
quilibrium temperature of T eq = 1800 K. This is a commonly
bserved feature in 1D isothermal retrie v als (see e.g. Welbanks
t al. 2019 ; Kirk et al. 2025 ), which is postulated to arise from
odel choices such as the PT profile parametrization (Welbanks &
adhusudhan 2022 ) or unresolved limb asymmetries (MacDonald,
oyal & Lewis 2020 ). The former was ruled out in Section 4.1.2 ,
herein we tested a more complex PT profile. We also retrieve a

elatively cloud-free atmosphere in all cases, placing a 3 σ upper
imit on the grey cloud-top pressure of 10 −3 bar. 

(IV) For the free chemistry retrie v als, the abundance of each
pecies is a free parameter, with a wide uniform prior in log
ass fraction from −12 to −0 . 5. The free chemistry retrie v als

etween all reductions and resolutions were consistent (see Table 3 ),
evealing absorption due to H 2 O, CO, and CO 2 , with retrieved
bundances of log X H 2 O = −3 . 29 + 0 . 57 

−0 . 59 , log X CO = −3 . 71 + 0 . 85 
−0 . 84 , and

og X CO 2 = −7 . 21 + 0 . 56 
−0 . 51 . We also see hints of H 2 S abundances of

0 ppm, but with a less than 2 σ confidence interval. We place 3 σ
pper limits on the SO 2 and HCN abundances of 4 and 2 ppm,
espectively. The posterior distributions are presented in Appendix D
Fig. D5 ). 

https://petitradtrans.readthedocs.io/en/latest/
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(V) For the equilibrium chemistry retrie v als, the abundances of
H 4 , H 2 O, CO, CO 2 , HCN, and H 2 S are calculated at each pressure

ayer by interpolating a pre-computed equilibrium chemistry table 
ith temperature, C/O ratio, and metallicity ([M/H]). We then use 
 wide uniform prior in both C/O ratio ( C / O ∼ U[0 . 1 , 1 . 5]) and
M / H] ∼ U[ −2 , 3]). In PETITRADTRANS , [M/H] is defined in 
erms of the solar values from Asplund et al. ( 2009 ), fixing the
/H value, with the O/H value then further modified by adjusting 

he C/O ratio (solar C / O ∼ 0 . 55). We retrieve a subsolar C/O ratio
osterior of 0 . 33 + 0 . 13 

−0 . 11 and a subsolar metallicity of −0 . 33 + 0 . 24 
−0 . 19 for the

IBERIUS R � 400 spectrum, and consistent values at R � 100 with
lightly reduced precision (see Table 4 ). We retrieve a similar but
lightly higher C/O ratio of 0 . 43 + 0 . 17 

−0 . 14 from the EUREKA ! reduction.
e show the resulting posterior distributions from these retrievals in 
ppendix D (Fig. D6 ). 
(VI) For the hybrid chemistry retrie v als, we use the same equilib-

ium chemistry method to compute the abundances of CO 2 , CO, H 2 O,
H 4 , and HCN, but allow the sulphur species H 2 S and SO 2 to vary

reely, with broad uniform priors. This is to allow the abundances 
o be in disequilibrium due to photochemical production of SO 2 and 
estruction of H 2 S, and to permit measurement of sulphur enrichment 
r depletion. As with our free chemistry retrie v al, we see no evidence
or SO 2 , and hints of H 2 S. As seen with WASP-15 b (Kirk et al. 2025 ),
oving to a hybrid retrie v al results in tighter constraints on the C/O

atio; we retrieve a posterior of 0 . 30 + 0 . 11 
−0 . 09 . We also retrieve a somewhat

ower metallicity of −0 . 41 ± 0 . 18. The hybrid retrie v al posteriors
re presented in Appendix D (Fig. D7 ). The Bayesian evidence for
he equilibrium and hybrid retrie v als are identical for the R � 400
etrie v als, gi ving us no cause to fa v our one parametrization o v er
he other, likely due to the absence of SO 2 in the spectrum and the
oor constraints on H 2 S. At R � 100, the hybrid retrie v al is slighly
isfa v oured, this difference is likely due the increased sensitivity to
 2 S at higher resolutions. 

.3 Comparison of retrieval results 

s standard in the community, we used two independent retrie v al
nalyses to assess the atmospheric composition of TrES-4 b. This 
nables a robustness check of our inferences. For ease of comparison, 
e plot the retrieved spectra from POSEIDON and PETITRADTRANS 

ogether in Fig. D2 . We saw good agreement between the retrieved
hemical abundances from the free chemistry retrie v als (Table 3 ). At
ace value, the chemical equilibrium retrievals of POSEIDON and PE- 
ITRADTRANS yielded slightly discrepant atmospheric metallicity 
utputs. This is due to the difference in metallicity prescriptions. In
OSEIDON , the abundances of all species except carbon are set by the
etallicity, which is scaled from the solar value from Asplund et al.

 2009 ). The [ C / H ] is then set according to the [ O / H ] and C / O ratio.
onversely, PETITRADTRANS sets all but the oxygen abundance 
ased on the metallicity, and the [ O / H ] is derived. To enable a direct
omparison of the retrieved metallicities from both frameworks, 
e converted the POSEIDON output [ M / H ] O / H to [ M / H ] C / H . Such
 scaling is deemed reasonable for this work, since we only detect
arbon and oxygen-bearing species, and the main observables (CO, 
O 2 , and H 2 O) are not sensitive to the abundances of the other

pecies. 
Our PETITRADTRANS retrie v als all used isothermal temperature 

rofiles, previously thought to be sufficient for transmission spec- 
roscopy . Recently , Schleich et al. ( 2024 ) showed that an isothermal
rescription can lead to incorrect inferences and may be insufficient 
n the era of JWST exoplanet spectra. With our POSEIDON chemical 
quilibrium retrie v als, we follo wed their recommendation of a two-
oint gradient temperature profile (sufficient except in the case 
f a temperature inversion, which we ruled out in Section 4.1.2 ).
o we ver, we found only a small difference between the upper and
eeper temperatures, maximally 347 K which is comparable to the 
 σ constraints on T deep . 
Ultimately, all retrie v als yielded metallicities (i.e. [ M / H ] C / H )

onsistent within 1 σ . To summarize our collection of retrie v al results,
he metallicity of TrES-4 b is consistent with being subsolar, and
ertainly lower than the metallicity of the host star ( [Fe / H] = 0 . 28).
he retrieved subsolar C/O was also consistent across all retrie v als,
arying between C / O = 0 . 30 − 0 . 42. 

 DI SCUSSI ON  

.1 The atmosphere of TrES-4 b 

e have analysed the atmosphere of TrES-4 b with JWST NIRSpec
 395 H data, two independent data reduction pipelines (Section 3 ),

ogether with two retrie v al packages (Section 4 ). Both retrie v al
rameworks yield consistent results, and our tests in Section 4 present
lear evidence for gaseous H 2 O and CO 2 in the atmosphere of
rES-4 b. Additionally, there is strong evidence for the presence 
f CO. Considering the Bayesian evidence, the fa v oured POSEIDON 

tmospheric model is that inferred by the chemical equilibrium 

etrie v al (II). In the PETITRADTRANS retrie v als, the chemical
quilibrium atmosphere was preferred by the R � 100 spectrum, 
hile at R � 400 the equilibrium and hybrid retrie v als yielded equal

vidence. Neither POSEIDON nor PETITRADTRANS found evidence 
f clouds or hazes. We also tested for sulphur-bearing molecules 
 2 S and SO 2 , finding weak evidence of H 2 S, a non-detection of
O 2 . This is consistent with the lo wer retrie ved metallicity (see e.g.
olman et al. 2023 ; Tsai et al. 2023 ). 
TrES-4 b is the second planet from the BOWIE-ALIGN sample; 

he first, WASP-15 b, was published in Kirk et al. ( 2025 ). WASP-15 b
s a misaligned hot Jupiter, and was shown to host a supersolar metal-
icity atmosphere with C / O consistent with the solar value. In Fig. 8 ,
e show the NIRSpec G 395 H TIBERIUS R � 100 transmission spec-

rum of WASP-15 b from Kirk et al. ( 2025 ), against the equi v alent
pectrum of TrES-4 b from this work (Section 3.1.2 , shown in Fig. 3 ).
or ease of comparison, we have scaled the transit depth by that
or one atmospheric scale height (139 and 200 ppm for WASP-15 b
nd TrES-4 b, respectively), and then normalized to the 4.33 μm
in (the peak of the CO 2 bandhead). The comparatively reduced 
etallicity for TrES-4 b is apparent, considering the amplitude of the
O 2 feature relative to the blueward H 2 O slope. Further, Kirk et al.
 2025 ) presented evidence of sulphur chemistry, through absorption 
eatures at 4.0 and 4.9 μm. The SO 2 -induced feature seen at 4.0 μm
or WASP-15 b is clearly absent in our target TrES-4 b. Our retrie v als
ielded little evidence towards sulphur-bearing species; allowing the 
bundances of SO 2 and H 2 S to vary freely in the PETITRADTRANS
ybrid retrie v als (to allo w for depletion or enrichment) did not result
n increased model evidence. Finally, the peak at 4.9 μm seen in

ASP-15 b’s transmission spectrum is apparently inverted in that 
f TrES-4 b. This inverted feature is consistent across reductions, 
ut has a weaker structure at higher resolution (Fig. C2 ). Kirk et al.
 2025 ) explored the possibility of OCS as the contributing absorber
or the feature in WASP-15 b. In the case of TrES-4 b, the two outlier
oints just shy of 4.9 μm are still consistent with the best-fitting
hemical equilibrium model within 3 σ (Fig. 6 ). Given the lack of
ther sulphur species, we choose not to investigate the presence of
CS further for TrES-4 b. 
MNRAS 539, 1381–1403 (2025) 



1392 A. Meech et al. 

M

Figure 8. The transmission spectrum of TrES-4 b from this work ( TIBERIUS 

R � 100) compared to the equi v alent for WASP-15 b, published in Kirk et al. 
( 2025 , grey). The spectral contributions from the detected gas opacities are 
o v erplotted for TrES-4 b. 
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.2 Implications for formation scenarios 

nferring formation histories for a single planet such as TrES-4 b
s challenging, as results are typically degenerate and generally
ependent on unknown factors such as the chemical composition
f the disc (see e.g. Penzlin et al. 2024). Nevertheless, the substellar
etallicity and subsolar C/O ratio place TrES-4 b in an interesting

egion of parameter space, which we consider here. In the typical
icture of giant planet formation, gas accretion of the carbon-rich
ases leads to low metallicities but high C/O, while strong solid
ccretion increases the metallicity through adding oxygen-rich ices
nd refractories, leading to low C/O and high metallicity. In the TrES-
 b retrie v als in Section 4 , we retrie ve a planet atmosphere metallicity
etween log Z/Z � = −0 . 41 to −0 . 04, which differs from the higher
tellar metallicity at the 0 . 9 σ to 3 . 4 σ level. Meanwhile, we find
 C/O ratio between 0 . 30 − 0 . 42 across all independent analyses.
onsidering the host star metallicity, a stellar C/O ratio in the range
.4–0.5 is likely, based on observations of similar stars (Brewer &
ischer 2016 ). This would be compatible with the observed C/O ratio
f TrES-4 b at 0 . 5 − 1 . 5 σ . We therefore cannot completely rule out
he possibility that the planet’s composition is close to the stellar
omposition, in which case no special circumstances are needed to
xplain it. 
NRAS 539, 1381–1403 (2025) 

igure 9. Schematic of two distinct protoplanetary disc environment scenarios, i
eft: the gas-dominated accretion scenario whereby the planet forms between the

rapping scenario, whereby the solids are trapped in the outer disc, rendering the in
re expressed by the colour bar. 
Conversely, a substellar metallicity combined with substellar C/O
s challenging to explain within the standard picture of planet
ormation, assuming typical disc compositions. A particular chal-
enge is that the gas composition in discs is usually thought to
a ve superstellar C/O ratios, b ut substellar metallicities due to the
referential condensation of oxygen-rich ices (e.g. Öberg et al. 2011 ;
osman et al. 2021 ; Bergin et al. 2024 ). As a result, planets with

ubstellar metallicities are generally expected to have superstellar
/O ratios and vice versa (e.g. Madhusudhan, Amin & Kennedy
014 ), because adding more solids decreases the C/O at the cost of
igher metallicity. This makes the preferred composition of TrES-
 b somewhat unexpected. To explain the preferred composition, we
ust either invoke conditions in the disc where the gas has sub-

tellar C/O and metallicity (reversing the trend) or invoke transport
rocesses. 
If the planet did form in a location where the gas composition has

ow C/O, then this points to one of two possible scenarios. First, the
lanet could have accreted the majority of its observable atmosphere
nside the water ice line but outside the ‘soot line’, inside which
arbon-rich grains are destroyed (Chachan, Lee & Knutson 2021 ;
ergin et al. 2023 ). We depict this scenario on the left side of Fig. 9 .

n this region, the solids can have high C/O ratios if carbon grains
re sufficiently abundant. Here, most oxygen-rich species apart from
ilicates are in the gas phase, resulting in lower C/O ratios in the gas.
bservations of the interstellar medium suggest that roughly half of

he interstellar carbon is contained in refractory grains (Mishra &
i 2015 ), which is sufficient to explain the composition of TrES-
 b. This explanation would point to the planet forming in the inner
isc, where temperatures are 200 − 500 K. Alternatively, chemical
inetics models of protoplanetary discs show that after ∼ 5 Myr
he gas phase C/O ratio can become low in the inner ∼ 1 − 10 au
egion of a disc, as CO and CO 2 are destroyed (Eistrup et al. 2018 ).
ence, the planet could have formed further out, but later in the

tellar lifetime. A slight wrinkle in the second scenario is that the
odels producing low C/O ratio gas in the disc only include chemical

inetics, and accretion/pebble migration may o v erwhelm chemical
rocesses that require such long time-scales to operate (e.g. Booth &
lee 2019 ). 

Alternatively, the stalling of solid drift could help explain the low
etallicity and C/O ratio (right side, Fig. 9 ). If the disc has a pebble

rap in the outer system where all volatile species are frozen out in
rains (including H 2 O, CO 2 , CO, and CH 4 ), the disc inside the trap
s metal depleted. Under such conditions, the planet would need to
ccrete fewer solids to acquire the observed C/O ratio and thus could
ave a lower metallicity. This mechanism is sensitive to the location
nd onset of the trapping feature in the disc (Mah, Savvidou &
itsch 2024 ). Enhancing transport processes would not help explain
n which TrES-4 b may have formed, relative to the host star in the centre. 
 water ice line and the soot line (labelled dashed lines). Right: the volatile 
ner disc lower in metallicity. The relative abundances of carbon and oxygen 

2025
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he proposed composition. For example, although efficient pebble 
igration can produce discs with low C/O ratios in the inner region,

hey do this by depositing large amounts of water, resulting in high
etallicities (Booth et al. 2017 ; Schneider & Bitsch 2021 ). Similarly,

lthough planet migration can modify the planet’s composition, the 
ffects are not large enough to change the broad conclusion that 
lanets with low metallicity would ordinarily be expected to have 
igh C/O ratios (Madhusudhan et al. 2014 ; Penzlin et al. 2024 ). For
ll these processes. the amount of carbon in solid ‘soot’ is crucial.
hrough depleting carbon from molecules that can sublimate at very 

ow temperatures (e.g. CO) to long-chain complex molecules that 
equire temperatures of several hundred Kelvin to sublimate, the 
istribution of carbon in solids within the disc can shift, affecting the
/O ratio of the close-in final planet. If carbon was predominately 

n solids, late accretion would significantly increase C/O. If C/O 

as predominately in gases and volatiles, gas-dominated accretion 
ead to higher C/O ratios and vice versa. With all the planets in
he BOWIE-ALIGN programme (Kirk et al. 2024a ), we will have 
 sample to investigate the carbon evolution and distribution during 
lanet formation. 
A strong constraint on the atmospheric sulphur abundance would 

elp distinguish these scenarios because most sulphur is likely in 
efractory form in both protoplanetary discs and the Solar system 

Kama et al. 2019 ; Chachan et al. 2021 ; Turrini et al. 2021 ; Crossfield
023 ). Ho we ver, our retrie v als (Section 4 ) find no traces of sulphur
pecies, except for hints of H 2 S, for which the upper limit is too high
o provide a meaningful constraint on the formation history. 

Although the formation history of neither TrES-4 b nor WASP-15 b 
s certain, it is clear that there should be differences in their histories.

ASP-15 b has a supersolar metallicity, a C/O to ratio close to solar
nd a presumed high sulphur abundance. In contrast, TrES-4 b has a
ubstellar metallicity and C/O ratio. Whether or not these differences 
re due to their aligned vs misaligned natures remains to be seen, a
oint that may be elucidated once the full BOWIE-ALIGN sample 
Kirk et al. 2024a ) has been analysed. 

.3 Stellar contamination 

e have assessed the presence of stellar contamination in both the 
ight curves and the transmission spectrum of TrES-4 b. In Section 3 ,
e saw possible correlated noise in the white light curves, more 
re v alent in that of NRS1 than NRS2. This was seen in the Allan
ariance curves (Fig. 2 ), and ‘bumps’ were seen in the residuals of the
etrended light curves (Fig. 1 ). Though such features may be induced
y occultations of stellar surface heterogeneities, within the transit 
hord, we saw no evidence for spot-crossing events when fitting 
he light curve. At the transmission spectrum level, in Section 4.1 
e used the in-built functionality of POSEIDON to simultaneously 
t for a stellar contamination factor when performing atmospheric 
etrie v als (Rackham et al. 2019 ). This test was limited to the scenario
hereby the observed transmission spectrum is a combination of 

tmospheric chemical signal as well as contribution from unocculted 
tellar surface heterogeneities. While neither stellar contamination 
odels were statistically preferred, it would be prudent to examine 

he plausibility of such a scenario. 
Though TLSE contribution from F-type stars is predicted to be 
arginal (Rackham et al. 2019 ), there has been a range of activity

ignals reported in the literature. For the F5-type star WASP-79, 
athcke et al. ( 2021 ) saw evidence for faculae in their Hubble
pace Telescope / Space Telescope Imaging Spectrograph ( HST / STIS ) 
ransmission spectrum, �T ∼ 500 K hotter than the photosphere, 
ith a filling factor of 15 per cent, despite observed low photometric
ariability (Sotzen et al. 2019 ). 

Other examples include stars WASP-121 (F6-type star) and 
ASP-103 (F8), for which activity signals have varied between data 

nd epochs. For WASP-121, a faculae filling factor f fac = 0 . 08 was
erived from radial velocity jitter (Delrez et al. 2016 ), while the
ST /STIS transmission spectrum showed no signs of contamination 

Evans et al. 2018 ). WASP-103 displays little photometric variability 
Gillon et al. 2014 ), but has a relatively high chromospheric emission
og R 

′ 
HK = −4 . 47, which was noted to be higher than expected given

he stellar age (Staab et al. 2017 ). Kirk et al. ( 2021 ) then measured
 fac = 0 . 22 + 0 . 12 

−0 . 09 with a temperature contrast �T = 250 K from their
ptical + IR transmission spectrum of WASP-103 b. 
TrES-4 is thought to be a reasonably quiet, main-sequence F6V 

tar. Narita et al. ( 2010 ) measured an RV variability of 20 m s −1 ,
ut this was only tentatively postulated to be due to stellar jitter
see e.g. Wright 2005 ). TrES-4 has been observed to display little
hromospheric emission, with log R 

′ 
HK = −5 . 11 ± 0 . 15 (Sozzetti

t al. 2009 ), and there have been no reports of activity-induced
hotometric variability (e.g. Knutson et al. 2009 ; Maciejewski et al.
023 ). 
Though the temperature T het we retrieved (Section 4.1.3 ; see 

able D3 ) for TrES-4 is consistent with theory (e.g. Gondoin 2008 ;
ackham et al. 2019 ), in comparison, f het is uncharacteristically 
igh, whilst also being poorly constrained, especially considering 
ur target TrES-4 has a rotation rate around half that of WASP-
9. Indeed, assuming Sun-like heterogeneity location distributions, 
ackham et al. ( 2019 ) predicted a filling factor of f fac = 0 . 01 + 0 . 02

−0 . 02

or a F6V star. On the other hand, though in theory there exists
 de generac y between the temperature of the heterogeneity and its
lling factor (Pinhas et al. 2018 ), the stellar contamination is easier

o disentangle at the bluer wavelengths of the HST /STIS observations
f Rathcke et al. ( 2021 ) (shorter than ∼ 1 μm). 
As explained in Section 4.1 , since there is no additional evidence to

upport the models with stellar contamination included, the preferred 
odels are those without. Further, the key parameters presented 

n this work, namely the C / O and metallicity of the atmosphere 
f TrES-4 b, are not dependent on the choice of model. From
hese JWST NIRSpec G 395 H observations, we thus conclude the
tmospheric measurements of TrES-4 b regardless of the presence of 
tellar surface heterogeneities. Future observations, for example at 
luer wavelengths, will be required to constrain the level of stellar
eterogeneity. 

 C O N C L U S I O N S  

n this work, we have presented the JWST /NIRSpec G 395 H 2 . 8 −
 . 2 μm transmission spectrum of TrES-4 b. Having implemented two
ndependent reduction routines, we reco v er consistent transmission 
pectra. We use two independent atmospheric retrie v al analyses to
haracterize the atmosphere of TrES-4 b, presenting clear evidence 
or detections of H 2 O, CO 2 , and CO. We do not find sufficient
vidence to suggest that cloud opacity impacts the transmission 
pectrum within the G 395 H bandpass, nor the need to account for
tellar contamination, or an offset between detectors. Though we 
o not detect other species at significance, we are able to place
eaningful constraints on their abundances. We place upper limits 

n the abundances of sulphur-bearing molecules H 2 S and SO 2 ; while
e see possible hints of H 2 S, we rule out large abundances of SO 2 

with a 2 σ upper limit of log X SO 2 < −6 . 97). 
Under chemical equilibrium, we retrieve consistent C/O across 

he reductions and retrie v al setups. The C/O is subsolar and likely
MNRAS 539, 1381–1403 (2025) 
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ower than that of the host star, TrES-4. The retrieved metallicity
s also likely to be substellar, within the range 0 . 4 − 0 . 7 × solar.
he expectation from theoretical models of formation is either high
/O and low metallicity, or vice-versa. Both values being substellar
resents an interesting case with regard to formation scenarios. We
roposed two scenarios by which substellar C/O and metallicity
ould be induced: the accretion of low C/O gas, or a combination of
ow-metallicity gas and low C/O solids accretion. These scenarios
ould be distinguished with a tighter constraint on the sulphur
bundance. 

TrES-4 b is the second target in the BOWIE-ALIGN programme,
n which there are four aligned and four misaligned targets. We await
he full sample before more significant links between atmospheric
/O, metallicity, and formation can be inferred. 
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Figure A1. Comparison of the R � 100 transmission spectra from the two 
independent implementations of TIBERIUS . The v1 spectrum is the primary 
transmission spectrum analysed in this work (Section 3.1.2 ). 
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PPEN D IX  A :  S E C O N D  TIBERIUS R E D U C T I O N  

s an additional independent check, we ran a second data reduction 
sing the TIBERIUS package. This reduction was performed using the 
ame extraction input.txt file, JWST pipeline version (1.8.2) 
nd calibration reference files as used in the BOWIE-ALIGN WASP- 
5b study (Kirk et al. 2025 ). We provide the list of used calibration
eference files in our associated Zenodo repository. We performed 
his reduction to ensure one homogeneous reduction throughout the 
OWIE-ALIGN programme. 
The key differences to the principal TIBERIUS reduction presented 
n Section 3 are the choice of aperture width (6 pixels in the
rincipal versus 8 pixels here) and the choice of JWST pipeline
 ersion (v1.13.4 v ersus 1.8.2). Giv en the good agreement between
oth TIBERIUS reductions (Fig. A1 ), this demonstrates that TrES- 
 b’s spectrum is insensitive to these differences in pipeline versions
nd calibration reference files. The light-curve model was the same 
or this second reduction as for the principal reduction. Ho we ver, for
his second reduction, all light curves were fitted with Levenberg–

arquadt optimization, rather than MCMC. 
Within this second reduction, we also explored the implications 

f choosing to fit the transit light curves with fixed quadratic
imb-darkening coefficients. First, we refitted the data with a four 
arameter, non-linear law with coefficients fixed using the same 
tellar parameters, 3D STAGGER models and EXOTIC-LD software 
Magic et al. 2015 ; Grant & Wakeford 2024 ) as done in the principal
IBERIUS reduction. This led to an almost identical spectrum as 

he fixed quadratic law (median difference of 3 ppm). In a further
est, we refit the light curves with both quadratic coefficients as
ree parameters and sampled the parameter space with MCMC. In 
his case, each wavelength bin in the transmission spectrum agreed 
o within 1 σ of the fixed quadratic spectrum but with spectral
ncertainties 1 . 53 × larger. Given these tests, we are confident that
ur transmission spectra are not biased by our choice of quadratic
imb darkening with fixed coefficients. 

PPENDI X  B:  ASTROPHYSI CAL  PA R A M E T E R S  

RO M  TIBERIUS L I G H T  C U RV E S  

n this appendix, we provide the posterior distributions for the 
ndividual TIBERIUS white light-curve fits (Fig. B1 ), described in 
ection 3.1.2 . The mean and 1 σ values are provided in Table 2 . We
resent the t mid as an offset in seconds from the mid-transit time
redicted by the propagated literature value (Table 2 ). We note that
here were two other free parameters in each of these fits: coefficients
or the linear-in-time systematics model. 
MNRAS 539, 1381–1403 (2025) 
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M

Figure B1. Posterior distribution (1 σ , 2 σ , and 3 σ contours) of astrophysical 
parameters fitted in the TIBERIUS white light curves (each detector was fitted 
independently). 
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Figure C2. The R � 100 and � 400 transmission spectra from the three 
independent reductions using top panel: TIBERIUS , middle: EUREKA !, and 
bottom: TIBERIUS second reduction as detailed in Appendix A . 
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PPENDIX  C :  SPECTROSCOPIC  L I G H T- C U RV E  

NALY SIS  

n Section 3 , we presented the R � 100 transmission spectrum
f TrES-4 b. The associated Allan variance plots for each of the
etrended spectroscopic light curves are shown in Fig. C1 ; we found
hat a linear-in-time polynomial was sufficient to detrend these light
urves. We also presented results for the R � 400 transmission
pectra, which are shown in Fig. C2 for each of the three reductions.
NRAS 539, 1381–1403 (2025) 

igure C1. The Allan variance of the TIBERIUS R � 100, detrended spec- 
roscopic light curves. The medians across all spectroscopic bins are outlined 
n black. 
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PPENDI X  D :  RETRI EVAL  RESULTS  

ere, we provide Supporting Information for the retrie v al tests
utlined in Section 4 . A summary of the various priors used for
he parameters of the retrie v als are given in Tables D1 and D2 .
he resulting posterior distributions from the free and equilibrium
hemistry POSEIDON retrie v als on the TIBERIUS R � 100 spectrum
re shown in Figs D3 and D4 , respectively. We provide the posterior
istributions and retrieved spectra from the PETITRADTRANS re-
rie v als on the same transmission spectrum in Figs D5 –D7 , and plot
he best-fitting POSEIDON and PETITRADTRANS spectra together in
ig. D2 . 
In Section 4.1.2 , we decided to use a gradient PT profile for our PO-

EIDON equilibrium chemistry retrie v als. Here, we present in Fig. D1
he best-fitting PT profile. We compare the complex PT profile of

adhusudhan & Seager ( 2009 ) to our simplified gradient PT profile.
e also plot the contribution function, using the functionality in

OSEIDON introduced by Mullens et al. ( 2024 ). It can be seen that, in
he region where the contribution function peaks (between P = 10 −2 

o 10 −3 bar) we are probing similar temperatures. Given that the PT
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rofile of Madhusudhan & Seager ( 2009 ) is relatively isothermal
hroughout the region we are probing, and throughout the pressure 
anges modelled, this justifies that a simplified PT profile is adequate 
o explain the observations. Furthermore, the location of the peak of
he contribution function being higher than any of the cloud locations
etrieved (see Section 4.1 ), aligns with the non-detections of any
louds within our observations. 

Finally, in Section 4.1.3 we also explored the possibility of 
tellar heterogeneities, including a parametrization in our POSEI- 
ON retrie v als. The results from the stellar contamination test in
ection 4.1.3 are provided in Table D3 ; the results from the other
etrie v als are given in Tables 3 and 4 in Section 4 . 
MNRAS 539, 1381–1403 (2025) 
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Table D2. Priors used for the stellar activity retrieval in Section 4.1.3 . Other parameters follow the priors given 
in Table D1 . 

Input spectrum No. f het T het log g het 
T phot log g phot 

POSEIDON 

TIBERIUS R = 100 (III) U [0 , 1] U [0 . 8 T ∗, 1 . 2 T ∗] U [3 , 5] N ( T ∗, σT ∗ ) N ( log g ∗, σlog g ∗ ) 

Table D3. Results from the stellar contamination retrie v al in Section 4.1.3 . Detailed of priors provided in 
Table D2 . 

Input spectrum No. f het T het log g het 
T phot log g phot 

POSEIDON 

TIBERIUS R = 100 (III) 0 . 22 + 0 . 21 
−0 . 13 6389 + 388 

−313 3 . 97 + 0 . 63 
−0 . 58 6306 + 56 

−60 4 . 09 ± 0 . 03 

Figure D1. The median retrieved PT profile (1 / 2 σ regions shaded) of 
the chemical equilibrium reference retrie v al on the TIBERIUS R � 100 
transmission spectrum, having implemented the more complex PT profile of 
Madhusudhan & Seager ( 2009 ). Overplotted is the median retrieved gradient 
PT profile on the same spectrum (preferred), and corresponding to the top x- 
axis is the photometric contribution function across the full NIRSpec G 395 H 

bandpass. 

Figure D2. The best-fitting retrieved spectra from the POSEIDON free and 
equilibrium chemistry retrie v als on the TIBERIUS R � 100 transmission 
spectrum (data points in grey). Also plotted are the best-fitting spectra from 

PETITRADTRANS on the same spectrum. The forward models have been 
binned to R = 100. 
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Figure D3. Posterior distributions from the POSEIDON free retrie v al on the TIBERIUS R � 100 transmission spectrum (Section 4.1.1 ). 
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Figure D4. Posterior distributions from the POSEIDON equilibrium chemistry retrie v al on the TIBERIUS R � 100 transmission spectrum (Section 4.1.2 ). 
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Figure D5. Posterior distributions from the PETITRADTRANS free chemistry retrie v al (Section 4.2 ) on the R � 100 transmission spectra from TIBERIUS and 
EUREKA !. Species abundances are quoted in mass fraction, rather than mixing ratio. The best-fitting models are shown in the top right. 
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Figure D6. Posterior distributions from the PETITRADTRANS equilibrium chemistry retrie v al (Section 4.2 ) on the R � 100 transmission spectra from TIBERIUS 

and EUREKA !. The best-fitting models are shown in the top right. 
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Figure D7. Posterior distributions from the PETITRADTRANS hybrid chemistry retrie v al (Section 4.2 ) on the R � 100 transmission spectra from TIBERIUS 

and EUREKA !. Species abundances are quoted in mass fraction, rather than mixing ratio. The best-fitting models are shown in the top right. 
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