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A B S T R A C T 

We present the JWST NIRSpec/G395H transmission spectrum of the misaligned hot Jupiter HAT-P-30b from 2.8–5.2 μm 

as part of the BOWIE-ALIGN surv ey, a comparativ e surv ey designed t o probe the link betw een planet formation and 

atmospheric composition in samples of misaligned and aligned hot Jupiters orbiting F-type stars. Through independent 
data reductions and retrieval analyses, we find evidence for absorption featur es of H 2 O and C O 2 in the atmospher e of HAT- 
P -30 b . Our retrieved abundances are consistent with equilibrium chemistry, from which we infer a sub - solar C/O ratio 

(0.16–0.45), and sub - solar and sub - st ellar metallicity (0.2–0.8 ×solar, compared t o a st ellar metallicity of 1.1–1.6 ×solar), 
with muted spectral features. This composition challenges formation models of continuous migration and accretion within 

a steady disc of stellar metallicity, and could be the result of low C/O ratio gas accretion within the water ice line, low 

metallicity accretion due to the trapping of volatiles further out in the disc, or the combined accretion of low metallicity 

gas and carbon-poor solids. 

Key w ords: t echniques: spectroscopic – planets and sat ellit es: atmospheres – planets and sat ellit es: composition – planets 
and sat ellit es: gaseous planets. 
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 INTRODUCTION  

he idea that the composition of an e x oplanet atmospher e may
onceal clues as to its formation location and migration history 
as been a key driver for the characterization of e x oplanets. With

he unparalleled precision and near-infrared wav elength cov er- 
ge afforded by JWST, it is now possible t o accurat ely measure
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elative elemental abundances in exoplanet atmospheres (e.g. E.- 
. Ahrer et al. 2023 ; L. Alderson et al. 2023 ; A. D. Feinstein

t al. 2023 ; JWST Transiting Exoplanet Community Early Release 
cience Team et al. 2023 ; Z. Rustamkulov et al. 2023 ). In principle,
e can use the C/O ratio to infer where a planet formed relative

o the ice lines of H 2 O , CO 2 , and CO in the protoplanetary disc
K. I. Öberg, R. Murra y -Cla y & E. A. Bergin 2011 ). 

In practice, relating the atmospheric composition for a single 
lanet to its formation history challenges this simple picture, with
umer ous physical pr ocesses obscuring the r elationship between 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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Table 1. System parameters for HAT-P -30 b . Refer ences ar e for: [1] J. A. 
Johnson et al. ( 2011 ), [2] A. S. Bonomo et al. ( 2017 ), [3] M. Blažek et al. 
( 2022 ), [4] E. S. Ivshina & J. N. Winn ( 2022 ), and [5] H. Cegla et al. ( 2023 ). 

Parameter Value Reference 

Stellar parameters 
Mass, M * (M �) 1 . 242 ± 0 . 041 [2] 
Radius, R * (R �) 1 . 215 ± 0 . 051 [2] 
Effectiv e t emperature, T eff
(K) 

6304 ± 88 [1] 

Age (Gyr) 1 . 0 +0 . 8 
−0 . 5 [2] 

Surface gravity, log g (cgs) 4 . 36 ± 0 . 04 [2] 
Metallicity [Fe/H] (dex) 0 . 13 ± 0 . 08 [2] 
Planetary parameters 
Mass, M p (M Jup ) 0 . 746 +0 . 020 

−0 . 021 [2] 
Radius, R p (R Jup ) 1 . 417 ± 0 . 033 [3] 
Equ. temperature, T eq (K) 1630 ± 42 [3] 
Gravity, ( ms −2 ) 9 . 2 ± 0 . 5 
Orbital period, P (days) 2 . 8106013 ± 0 . 0000006 [4] 
Obliquity, λ (degrees) 70 . 5 +2 . 9 

−2 . 8 [5] 

w  

w  

s  

l  

l  

p  

p  

d  

l  

m
 

m  

t
7  

5  

a
4
0  

s
 

r  

s  

r  

t  

a  

P
t  

h

2

W  

2  

N  

T  

S
5  

3  

d  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag143/8435367 by guest on 29 M
ay 2026
ormation models and observed atmospheres. This is because,
undamentally, modelling planet formation includes a high di-

ensionality of poorly constrained parameters, including tem-
eratur e pr ofile, dust-to - g as ratio, and composition of the pr o-
oplanetary disc (e.g. P. Mollière et al. 2022 ). This can be addi-
ionally complicated by including physical processes important
uring formation, such as relative accretion of gas and solid (N.
spinoza et al. 2017 ), the evolution of ice lines (A. Morbidelli
t al. 2016 ; J. E. Owen 2020 ), the drift of volatile-carrying solids
R. A. Booth et al. 2017 ; A. D. Schneider & B. Bitsch 2021 ), and
he trapping of volatiles within ice (N. F. Ligterink, K. Kipfer &
. Gavino 2024 ), as well as the complexity arising due to migra-
ion, as planets can accrete in multiple environments through
heir ev olution. Observations of prot oplanetary discs hav e also
evealed them to be diverse objects, with their radial composition
arying between host stars (C. J. Law et al. 2021a , 2021b ). Fur-
hermor e, dir ectly r elating a planet’s atmospheric composition
o its bulk elemental ratios is non-trivial, with potential impacts
rom cloud formation (C. Helling et al. 2016 ) or enrichment of an
tmosphere uncoupled from the interior (S. Müller & R. Helled
024 ). 

As demonstrated by A. B. T. Penzlin & R. A. Booth ( 2024 ), while
ny single planet is a poor tracer of planet formation, we can
se populations of e x oplanets with similar dynamical properties

mplying shared formation hist ories t o t est whether atmospheric
omposition traces planet formation. In particular, A. B. T. Pen-
lin & R. A. Booth ( 2024 ) show how planets which underwent
isc-migration should be chemically distinct from planets that
nderwent disc-free migration, with the precise nature of this
istinction depending upon the behaviour of accreted silicates
nd the dominant carbon-bearing species within the disc. We can
ev erage the tw o distinct populations of aligned hot Jupiters, that
ikely migrated through the disc, and misaligned hot Jupiters, that
ikely underwent high-eccentricity migration after disc dispersal
F. A. Rasio & E. B. Ford 1996 ; Y. Wu & N . Murra y 2003 ; D. J.

uñoz, D. Lai & B. Liu 2016 ). Comparing these two dynamically
istinct populations we can test the predictions of A. B. T. Penzlin
 R. A. Booth ( 2024 ). 
This is precisely the goal of the BOWIE-ALIGN survey (A

pectral Light Investigation into gas Giant origiNs; JWST GO
838; PIs: Kirk & Ahrer), by spectroscopically characterizing
ight planets: four aligned hot Jupiters believed to have mi-
rated through the disc, and four misaligned hot Jupiters be-
iev ed t o hav e migrat ed via high-eccentricity migration (J. Kirk
t al. 2024a ). All eight planets orbit stars above the Kraft Break
 T eff � 6100 K), an observed shift in rotation rates attributed to

uch thinner surface conv ectiv e zones than cooler stars caus-
ng less efficient magnetic breaking (R. P. Kraft 1967 ; A. Beyer
 R. White 2024 ). Realignment of hot Jupiters due to tidal in-

eractions with the star is unlikely to occur above the Kraft
reak, fit ting the observ ation that hot Jupiters around cooler stars
 end t o hav e low st ellar obliquities (J. N. Winn et al. 2010 ; S.
lbrecht et al. 2012 ). This ensures the aligned planets in the
OWIE-ALIGN sample are not aligned due to re-alignment of the
tar, and are instead likely aligned due to migration through the
isc. 
The tr ansmission spectr a of thr ee planets fr om the BOWIE-

LIGN sample have been published to date. The misaligned
lanet WASP-15 b was found to host a super-stellar metallicity
tmosphere with a solar C/O ratio and evidence of SO 2 absorption
J. Kirk et al. 2025 ). This combination of atmospheric properties
NRAS 546, 1–19 (2026) 
as t entativ ely attribut ed t o lat e planet esimal accretion. Mean-
hile the aligned planet TrES-4 b was found to instead host a sub-

tellar metallicity atmosphere with a sub - solar C/O ratio, chal-
enging traditional planet formation models by suggesting either
ow C/O ratio g as accr etion, or a combination of g as and carbon-
oor solid accretion (A. Meech et al. 2025 ). Another aligned
lanet, KEL T -7 b, was found to have very weak spectral features
ue to either a high cloud deck or low atmospheric metallicity,

imiting the ability to place constraints on the C/O ratio and
etallicity (Ahrer et al. submitted ). 
In this w ork w e present the JWST NIRSpec/G395H trans-
ission spectrum of HAT-P -30 b , a misaligned hot Jupiter in

he BOWIE-ALIGN programme, with a measured obliquity of 
0 . 5 +2 . 9 

−2 . 8 
◦(H. Cegla et al. 2023 ). HAT-P -30 b , also known as WASP-

1 b, has a mass of 0 . 746 ± 0 . 021 M Jup (A. S. Bonomo et al. 2017 ),
 radius of 1 . 42 ± 0 . 03 R Jup , equilibrium temperature of 1630 ±
2 K (M. Blažek et al. 2022 ), and an orbital period of 2 . 8106013 ±
 . 0000006 d (E. S. Ivshina & J. N. Winn 2022 ). We include a full
ummary of our adopted system parameters in Table 1 . 

We describe the JWST observations in Section 2 , and the data
eduction and light curve fitting in Section 3 . To derive the atmo-
pheric composition of HAT-P -30 b , we outline an atmospheric
etrieval analysis to interpret the spectrum in Section 4 . In Sec-
ion 5 , we use interior structure models to place constraints on the
tmospheric composition and infer the bulk metallicity of HAT-
-30 b based on the system parameters. We include a discussion of 
he atmosphere of HAT-P-30 b and its relevance to its formation
istory in Section 6 , and present our conclusions in Section 7 . 

 O B S E RVAT I O N S  

e observed one transit of HAT-P-30b with JWST on 10 March
024, 22:20:47 ut as part of the GO 3838 programme, using the
IRSpec instrument (P. Jakobsen et al. 2022 ) in Bright Object
ime Series mode, with the G395H grating, F290LP filter, and
UB2048 subarray. This set-up provides spectroscopy from 2.8–
.2 μm at a resolution of R ∼ 2700 , with a gap in coverage from
.72–3.82 μm due to a physical gap between the NRS1 and NRS2
et ect ors. We use 26 groups per integration, with 925 integrations
ver 6.26 h, including 2.25 h during transit. We use a nearby faint
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tar (2MASSJ08154583 + 0550218) for target acquistion in WA T A 

ode with the SUB32 subarray and CLEAR filter. 

 DA  T  A  REDUCTION  

e perform two independent data r eductions, as pr escribed by 
he BOWIE-ALIGN data analysis strategy found in J. Kirk et al. 
 2024a ). We use two pipelines, eureka! (T. J. Bell et al. 2022 )
nd tiberius (J. Kirk et al. 2017 , 2021 ), for the data reduction,
roadly following the methodology for other BOWIE-ALIGN tar- 
ets WASP-15 b (J. Kirk et al. 2025 ) TrES-4 b (A. Meech et al.
025 ), and KEL T -7 b (E.-M. Ahrer et al. 2025 ), with exact details
f the spectral extraction and light curve fitting detailed below. 

.1 eureka! 

e conduct a data reduction of HAT-P-30 b using the open-source 
ython package eureka! (T. J. Bell et al. 2022 ), which has
een used ext ensiv ely for analysing JWST e x oplanet transmission
pectra (e.g. E.-M. Ahrer et al. 2023 ; S. E. Moran et al. 2023 ; L.
lderson et al. 2024 ; N. L. Wallack et al. 2024 ; Q. Xue et al. 2024 ;

. Teske et al. 2025 ). 

.1.1 Light curve extraction 

e follow previous BOWIE-ALIGN analyses when conducting 
ur eureka! analysis. We start with the uncalibrated files and 

un Stage 1 and 2 of eureka! which is wrapped around the jwst
ipeline (version 1.12.2, CRDS context pmap: 1253), with the fol- 

owing common modifications: we apply a correction factor to the 
wst superbias (group 1, smooth, window length of 30 pixels), 
e increase the jump_rejection_threshold to 10.0 σ (e.g. 

ee L. Alderson et al. 2023 ), we run a group-level column-by-
olumn back gr ound subtraction (with an outlier r ejection thr esh-
ld of 3 × median), and we skip the photom_step . Note that in
rder t o comput e the bias scale fact or and run the 1/f back gr ound
ubtraction we mask the trace using 10 pix els ar ound the central
race. 

In Stage 3, we extract the stellar spectrum for each integration.
e apply a constant column-by-column back gr ound subtraction 

e x cluding the 8/10 pixel area on both sides from the central
race pixel for NRS1/NRS2, respectively) using a 5 σ threshold 

or outlier rejection along both the time and spatial axes. We 
xtract the stellar spectrum using optimal spectr al extr action (K. 
orne 1986 ) with an aperture half-width of 4 pixels. We further
anually mask columns where the count is > 15 σ from a rolling
ean of 20 pixels across the frame. 
The extract ed st ellar spectra are binned in Stage 4 following the

ommon BOWIE-ALIGN grid, at R = 100 and R = 400. We mask
utliers > 5 σ on the rolling median (25 pixels) of the binned light
urves. 

.1.2 Light curve fitting 

e follow the commonly used pr ocedur e that the broad-band
hite light curves for NRS1 and NRS2 are fitted first, using the

ransit depth R p /R ∗, the scaled stellar radius a/R ∗, the mid-transit
ime T 0 , and inclination i as free parameters. We further fit for a
aseline offset and a linear slope. The orbital period and eccen- 
ricity of HAT-P-30 b are fixed, to 2.8106 d (E. S. Ivshina & J. N.

inn 2022 ) and 0, respectiv ely, and w e fix the limb - darkening
sing the quadratic limb - dark ening la w and parameters u 1 , u 2 .
he limb - darkening values are computed for each bin in eu-
eka!’s Stage 4 using ExoTiC-LD (D. Grant & H. R. Wakeford
024 ) and the 3D Stagger grid (Z. Magic et al. 2015 ), based on the
t ellar paramet ers from Table 1 . 

The best-fit ting par amet ers are deriv ed using the python
arkov Chain Monte Carlo (MCMC) sampler emcee (D. 

oreman-Mackey et al. 2013 ), using 50 walkers and 3000 steps
of which 1000 were discarded as burn-in steps). The retrieved 

arameters for HAT-P-30 b’s orbit based on the white light curve
rom NRS1 and NRS2 are in Table 2 , with the light curve fits
resented in Fig. 1 . For our spectroscopic NRS1 and NRS2 fits,
e then fixed the orbital parameters ( a/R ∗, i , T 0 ) to the best-fitting

alues by the NRS1 or NRS2 white light curves, respectively. We
x the limb - darkening paramet ers t o those calculat ed for each
pectr oscopic bin. Ther efor e, each spectr oscopic light curve fit
ncluded three free parameters: the transit depth R p /R ∗ and the
arameters describing the baseline offset and linear slope term of 
he light curve. The resulting transmission spectra at R = 100 and
 = 400 are displayed in Fig. 2 . 
We also perform a simultaneous fit to the white light curves

rom both det ect ors from which we derive the combined fit sys-
 em paramet ers present ed in Table 2 . Using these system param-
t ers t o generat e a transmission spectrum in the same manner
auses negligible differences in the spectrum when compared to 
hat generated with the individual system parameters for each 

et ect or, e x cept for a minor vertical offset (with an average of 
2 ppm for NRS1, 26 ppm for NRS2) with no slope or change of 
hape. 

.2 tiberius 

e also conduct a data reduction of HAT-P-30 b using 
iberius (J. Kirk et al. 2017 , 2021 ), an open-source package
or data reduction and light-curve fitting originally developed for 
r ound-based e x oplanet atmospher e transmission spectr oscopy, 
ow used ext ensiv ely for JWST observations (e.g. S. E. Moran
t al. 2023 ; Z. Rustamkulov et al. 2023 ; J. Kirk et al. 2024b ). 

.2.1 Light curve extraction 

or our tiberius reduction, w e follow ed an identical process
s used in our BOWIE-ALIGN analyses of WASP-15b (J. Kirk et
l. 2025 ) and TrES-4b (A. Meech et al. 2025 ), and use the same
ipeline version ( tiberius : v1.0.4, jwst : v1.8.2) and calibration
 efer ence files. We refer the reader to J. Kirk et al. ( 2025 ) for a
etailed explanation of this process. In short, we perform stage 
 using a modified version of the jwst pipeline, skipping the
ump_step and adding our own 1/f correction. Stage 2 is per-

ormed by tiberius after our own custom bad pixel flagging and
orr ection pr ocedur e (detailed in J. Kirk et al. 2025 ). We perform
tandar d apertur e photometry with an apertur e full width of 8
ixels and perform an additional background subtraction at this 
tage, using a linear polynomial fitted to each pixel column after
asking the 22 pixels centered on the stellar trace. 
To construct our light curv es, w e use the same two binning

chemes as in our other BOWIE-ALIGN papers, namely a lower 
esolution R = 100 wavelength grid and a higher resolution R =
00 wavelength grid. Our NRS1 light curves span a wavelength 

ange of 2.75–3.72 μm with NRS2 spanning 3.82–5.18 μm. 
MNRAS 546, 1–19 (2026) 
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Table 2. The resulting system parameters from our fits to the individual JWST NIRSpec/G395H NRS1 and NRS2 white light curves, the 
syst em paramet ers from the combined fit t o both the NRS1 and NRS2 data (E ur eka only), and the w eight ed mean of both individual NRS1 
and NRS2 fits ( tiberius only). 

Pipeline Instrument T 0 (BJD) R p /R ∗ a/R ∗ i ( ◦) 

eureka! NRS1 2460380 . 639378 ± 0 . 000030 0 . 110156 ± 0 . 000090 6 . 819 ± 0 . 021 82 . 746 ± 0 . 031 
eureka! NRS2 2460380 . 639344 ± 0 . 000034 0 . 10991 ± 0 . 00011 6 . 799 ± 0 . 018 82 . 717 ± 0 . 026 
eureka! Combined fit 2460380 . 639363 ± 0 . 000018 0 . 109920 ± 0 . 000067 6 . 791 ± 0 . 009 82 . 699 ± 0 . 013 
tiberius NRS1 2460380 . 639369 ± 0 . 000023 0 . 110265 ± 0 . 000070 6 . 798 ± 0 . 012 82 . 716 ± 0 . 017 
tiberius NRS2 2460380 . 639335 ± 0 . 000029 0 . 109843 ± 0 . 000088 6 . 782 ± 0 . 017 82 . 690 ± 0 . 021 
tiberius Weighted mean 2460380 . 639356 ± 0 . 000018 0 . 110101 ± 0 . 000055 6 . 792 ± 0 . 009 82 . 706 ± 0 . 013 

Figure 1. White light curves for HAT-P-30b for each detector, NRS1 (green) and NRS2 (magenta) from the Eureka data reduction (left) and the residuals 
from the light curve fits (right). 
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.2.2 Light curve fitting 

or our light curve fits, we again follow an identical procedure
o that detailed in J. Kirk et al. ( 2025 ). We fit our light curves
ith a quadratically limb - darkened analytic transit light curve

implemented through batman , L. Kreidberg 2015 ) multiplied by
 linear-in-time polynomial. For our white light curve fits, the free
arameters are the planet-to - star r adius r atio ( R p /R ∗), the planet’s

nclination ( i ), the semimajor axis t o st ellar r adius r atio ( a/R ∗),
he time of mid-transit ( T 0 ), and the two parameters of the linear
olynomial ( c 1 , c 2 ). We held the period fixed to 2.81060126 d (E. S.
vshina & J. N. Winn 2022 ) and the eccentricity to 0. 1 We fixed the
imb darkening coefficients to the values found using the Stagger
rid of 3D stellar atmosphere models (Z. Magic et al. 2015 ) as
omputed by ExoTiC-LD (D. Grant & H. R. Wakeford 2024 )
sing the stellar parameters given in Table 1 . 
Our best-fitting system parameters are derived from the white

ight curves and are given in Table 2 . These are the result of 
ptimization using a Levenberg–Mar quar dt algorithm. Following
he fitting of the white light curv es, w e fit our spectroscopic light
urves with the same model set-up but with the system param-
ters fixed to the weighted mean values as given in Table 2 . The
esult of this was the transmission spectra shown in Fig. 2 . 
NRAS 546, 1–19 (2026) 

 We also t est ed fixing eccentricity t o 0.035 according t o the results of J. A. 
ohnson et al. ( 2011 ) but found that this led to a negligible difference in 
he resulting transmission spectra with a median difference of 1.5 ppm. 
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.3 The transmission spectrum of HAT-P-30b 

e present the tr ansmission spectr a obtained from each of our
eduction pipelines at spectral resolutions of R = 100 and R =
00 in Fig. 2 . While these reductions agree well in overall fea-
ure shape and depths (with a 7 ppm mean offset), we do find
hat the difference between the reductions depends linearly on
av elength, as depict ed in Fig. 3 . We perform a linear fit on the
ifferences, demonstrating a difference in slope of 100 ppm across
he whole spectrum. The light curve fitting, while performed
ndependently for the tw o reductions, arriv ed at the same sys-
ematic models and used the same limb - darkening coefficients,
nly differing in the use of MCMC versus Levenberg–Mar quar dt,
hich has been demonstrat ed t o not impact the results. While
ur derived eureka! transmission spectrum uses a different ap-
roach to system parameters (using the system parameters from
ach det ect or individually) than the tiberius spectrum (using
he w eight ed mean), w e v erify this is not the cause of the differ-
nce by testing a eureka! transmission spectrum using system
arameters from a combined white light curve fit. This results in
 near-identical transmission spectrum with no slope and min-
mal det ect or offset ( ∼5 ppm). Due t o the high impact param-
ter of HAT-P -30 b , the limb - darkening is fixed in both of our
eductions. 

A detailed investigation into differences in reduction method
as performed for the previous BOWIE-ALIGN target WASP-

5b (J. Kirk et al. 2025 ), finding that offset and slopes between
he tiberius and eureka! reductions occur at the spectral
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Figure 2. Transmission spectra of HAT-P-30 b from tiberius (top) and 
eureka! (bottom) data reductions, binned to spectral resolutions of 
R = 400 and R = 100. 

Figure 3. Comparison between transmission spectra obtained by our 
tiberius and eureka! reductions at R = 100, including the difference 
between the R = 100 and R = 400 spectra in green in the bottom panel. 
The shaded grey regions are the 1 × and 2 × the median transit depth 
uncertainty of the eureka! R = 100 reduction. We find that the difference 
between reductions depends linearly on wavelength, with a mean offset 
of + 35 ppm and −21 ppm in NRS1 and NRS2, respectively. 
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xtraction stage, as opposed to stage 1 extraction, system param- 
ters, or limb - darkening coefficients. Understanding the differ- 
nce between reductions is an ongoing effort for the field (e.g. A.
arter et al. 2024 ). 

 AT MOSPHERIC  M O D E L L I N G  

o interpret the eureka! and tiberius transmission spectra, 
e use a grid of simple 1D equilibrium forward models for an

nitial comparison to the data. We follow this with an atmospheric 
etrieval analysis to provide a detailed interpretation, indepen- 
ently implemented using the publicly available packages peti- 
radtrans and bear . We detail the modelling set-up and results
f each package below. 

.1 petitradtrans forward models 

e simulate the atmosphere of HAT-P-30 b with the petitrad- 
rans 2 (v3.1.3, P. Mollière et al. 2019 ) package, assuming a 1D

sothermal atmosphere and chemical equilibrium. In all cases 
e assume a H 2 /He-dominated atmosphere, and include R = 

000 correlated- k line opacities from CO (L. S. Rothman et al.
010 ), H 2 O (O. L. Polyansky et al. 2018 ), CO 2 (S. Yurchenko et al.
020 ), CH 4 (S. N. Yurchenko et al. 2017 ), H 2 S (A. A. Azzam
t al. 2016 ), SO 2 (D. S. Underwood et al. 2016 ), SO (R. P. Brady
t al. 2024 ), HCN (R. Barber et al. 2014 ), and NH 3 (P. A. Coles,
. N. Yurchenko & J. Tennyson 2019 ), as well as collisionally-
nduced absorption from H 2 − H 2 and H 2 − He (J. Borysow, L. 
rommhold & G. Birnbaum 1988 ; A. Borysow, U. G. Jørgensen &
. Fu 2001 ; A. Borysow 2002 ), and Rayleigh scattering from H 2 
nd He (A. Dalgarno & D. Williams 1962 ; Y. Chan & A. Dalgarno
965 ). We model the atmosphere using 100 log-spaced pressure
ayers from 10 −6 to 10 2 bar. 

We initially constructed a simple grid of cloud-free simulations 
ith the temperature set to the equilibrium temper ature, v arying

he C/O ratio from 0.2–1.0, and the log10 metallicity relative to
olar ([M/H]) from −1 to 2. These simple models demonstrate vis-
bly stronger spectral features than those present in the observed 

pectra, highlighting that the spectral features are muted to some 
egree, as shown in the first panel of Fig. 4 . 
We then expanded this initial grid by including an opaque grey

loud deck at varying pr essur es (up to 0.1 mbar), and by reducing
he isotherm temperature (down to 1000 K). By tuning the C/O
 atio, isotherm temper atur e, and cloud-top pr essur e, w e w ere
ble to create comparable, adequate fits to the data at a range
f metallicities from 0 . 3 − 30 × solar, presented in the second
anel of Fig. 4 . This exemplifies the strong degeneracies in atmo-
pheric models, particularly given the limited wavelength cover- 
ge of G395H data, with only subtle differences between these 
ts mainly visible at 4.4 and 3.3 μm. Our ability to constrain the
tmosphere of HAT-P-30 b by eye with a course forward model
rid alone is ther efor e limit ed, and w e turn to the statistical power
ffered by atmospheric retrievals and nested sampling to fully 
 xplor e the model parameter space. 

.2 petitradtrans retrievals 

e perform a variety of atmospheric retrievals on the HAT-P- 
0 b transmission spectrum with petitradtrans (E. Nasedkin, 
MNRAS 546, 1–19 (2026) 

 ht tps://petitr adtr ans.readthedocs.io/en/latest/ 

https://petitradtrans.readthedocs.io/en/latest/
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Figure 4. 1D isothermal chemical equilibrium forward models of HAT- 
P-30 b compared to the eureka! R = 100 transmission spectrum. The 
left panel depicts cloud-free models with the isotherm temperature set 
to 1630 K, the equilibrium temperature of HAT-P -30 b . The right panel 
depicts a selection of models at different metallicities with comparable 
fits to the data using different C/O r atios, isotherm temper atures, and 
opaque grey cloud-top pressures, all noted in the legend. These models 
demonstrate that the spectral features of HAT-P-30 b are muted compared 
to those predicted by cloud-free models. The degeneracies between com- 
position, temperature, and clouds highlighted in the right panel demon- 
strate the need for a full exploration of the parameter space using atmo- 
spheric retrievals to interpret the spectrum of HAT-P -30 b . 
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. Mollière & D. Blain 2024 ), using a similar set-up to that used to
nalyse the spectrum of the BOWIE-ALIGN targets WASP-15 b
J. Kirk et al. 2025 ) and TrES-4 b (A. Meech et al. 2025 ). peti-
radtrans e xplor es the multidimensional model transmission
pectrum parameter space using Bayesian nested sampling (J.
killing 2004 ) implemented through multinest (F. Feroz & M.
. Hobson 2008 ) with PyMultiNest (J. Buchner et al. 2014 ). As
ith other BOWIE-ALIGN targets, we use three principle set-ups:

quilibrium chemistry, free chemistry, and hybrid chemistry. 
For all of our retrievals, we use the model set-up properties

nd opacity sources described in Section 4.1 . The stellar radius is
xed to the value of 1.215 R � from A. S. Bonomo et al. ( 2017 ). For
ur standard retrieval set-ups, we assume an isothermal pressure-
emperatur e pr ofile with a wide uniform temperature prior of 
00–3000 K. We also adopt a Gaussian prior for the gravity based
n the mass and radius (A. S. Bonomo et al. 2017 ), and a wide
niform prior for the planetary radius of 0.8–2.2 R J , defined at
 r efer ence pr essur e of 1 mbar . W e parametrize the impact of 
erosols by including a grey cloud deck, with a log-uniform prior
n the cloud-top pr essur e fr om 10 −6 bar to 10 2 bar. 
NRAS 546, 1–19 (2026) 
We run our retrievals on the R = 100 and R = 400 transmission
pectra from both the eureka! and tiberius reductions. We per-
it for an offset between NRS1 and NRS2, with a uniform prior of 
200 ppm. We determine the detection significances of different

pecies by computing the difference in Bayesian evidence ln Z 

etween the retrieval with all species included, and the retrieval
ith the considered species omitt ed, conv ert ed int o a frequentist

ignificance value from the Bayes factor B m 

via the p-value using
p = 

1 
1+ B m 

(H. J effr eys 1939 ). We summarize all of our r etrieval
esults, including evidence and posteriors, in Table A1 . 

.2.1 Equilibrium chemistry 

n our equilibrium retrievals, we assume all the atmospheric
pecies are in chemical equilibrium, with the abundances of CH 4 ,
O 2 , CO , H 2 O , H 2 S , HCN, and NH 3 int erpolat ed from a pre-
omputed grid parametrized with temperatur e, pr essur e, C/O
atio, and [M/H]. We use a wide uniform prior in both C/O ratio
0.1–1.5) and [M/H] ( −2–3). In this parametrization, the C/H
atio is fixed by the [M/H] value (using solar values from M.
splund et al. 2009 ), while the O/H ratio is computed by the ratio
f the C/H to the C/O. 

We obtain consistent r esults acr oss both r eductions and r es-
lutions, inferring a sub - Solar metallicity and a sub - Solar C/O
 atio, with v alues of [M/H] = −0 . 42 +0 . 48 

−0 . 38 and C/O = 0 . 28 +0 . 17 
−0 . 12 from

he eureka! R = 400 r eduction, depicted in Fig . 5 . We also infer
ool limb temperatures of 1010 +110 

−70 K, as is commonly observed
n transmission spectroscopy retrievals (R. J. MacDonald, J. M.
oyal & N. K. Lewis 2020 ; L. Welbanks & N. Madhusudhan 2022 ),

nd poor constraints on the cloud-top pr essur e (with a peak in the
osterior at 10 mbar – see Fig. A1 ). We see evidence for H 2 O and
O 2 at 3.3 and 2.1 σ significance, respectively. 
The eureka! reduction is consistent with no det ect or off-

et, while the tiberius reduction has a median det ect or off-
et of −56 ± 35 ppm. Considering the metallicity posterior in
ig. A1 highlights a degeneracy present in the tiberius reduc-

ion, with a lower evidence secondary mode with high metallicity
 ∼60 ×solar) and a large ∼110 ppm det ect or offset. This degener-
cy is far weaker in the eureka! reduction, only representing a
light tail in the posterior metallicity distribution rather than a
econd peak. 

Repeating the retrievals on the R = 400 reductions with no
ffset, we confirm that no offset is necessary for the eureka! re-
uction, slightly increasing the Bayesian evidence with a Bayes
actor of 4.5, and removing the high metallicity tail, resulting
n a somewhat tighter posterior on the metallicity of −0 . 39 +0 . 30 

−0 . 27 .
ot including an offset for the tiberius reduction, on the other
and, is greatly disfavoured with a Bayes factor ( Z 1 Z 2 

) of 1339, and
ives discrepant results, with a lower C/O ratio, metallicity, and
eeper clouds. We present this spectrum in Fig. 5 , and the opacity
ontributions to this model in Fig. 6 . 

.2.2 Free chemistry 

or our free chemistry retrievals, the abundances of CH 4 , CO 2 ,
O , H 2 O , H 2 S , SO 2 , and SO are free parameters, with a wide log-
niform prior in mass fraction from 10 −12 to 10 −0 . 5 . We also tested
etrievals including opacity from other species including NH 3 ,
CN, OCS, CS 2 , and N 2 O , but chose not to include them from

ur primary retrievals when the posteriors provided minimal con-
traints on their abundances. We obtain consistent results across
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Figur e 5. Median r etrieved spectrum (r ed) of the eureka! R = 400 data (orange) from the petitradtrans equilibrium chemistry retrieval with no 
offset, with the posterior probability distributions of C/O ratio and [M/H]. 

Figure 6. Median retrieved transmission spectrum of the eureka! R = 400 data from the petitradtrans equilibrium chemistry retrieval conv olv ed 
to a spectral resolution of R = 400 , with the spectral contributions from H 2 O , CO 2 , CH 4 , CO, and a grey cloud deck, and the combined absorption of all 
opacities (red). 
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ll reductions and resolutions, retrieving a log (X H 2 O ) abundance 
f −3 . 3 ± 0 . 8 , and a log (X CO 2 ) abundance of −8 . 1 +0 . 9 

−1 . 8 from the
ureka! R = 400 reduction. We also retrieve a very cold limb

emperature of 650 +120 
−80 K, far cooler than the planet’s equilibrium 
emperature of 1630 K. We place 2 σ upper limits on the log (X CH 4 )
bundance of −6 . 1 , log (X CO ) abundance of −3.6, and log (X SO2 )
bundance of −5.3, respectively (see the posterior corner plot 
n Fig A3 ). There is also a strong peak in the posterior of the
MNRAS 546, 1–19 (2026) 
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M

Figure 7. Vertical mixing ratios of H 2 O , CO 2 , CH 4 , CO, and H 2 S from 

the eureka! R = 400 petitradtrans equilibrium chemistry retrieval 
(lines), plotted with the median retrieved abundances with 1 σ error 
bars for the det ect ed species ( H 2 O and CO 2 ), and upper limits from the 
other species ( CH 4 , CO , and H 2 S ) from the free chemistry retrieval (data 
points). 
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O abundance at ∼10 ppm, with a feature at 4.5 μm, although
 epeating the r etrievals without SO find its inclusion is slightly
isfavoured by the Bayesian evidence, and it does not affect the
ther posteriors. The free retrieval abundance posteriors are con-
istent with the chemistry implied by the equilibrium retrievals
bove 100 mbar, as demonstrated in Fig. 7 . 

.2.3 Hybrid chemistry 

n our hybrid chemistry retrievals, we combine the equilibrium
hemistry approach to set the abundances of the carbon- and
itr ogen-bearing species CH 4 , C O 2 , C O , H 2 O , HCN, and NH 3 ,
arametrized with C/O ratio and [M/H], and the free chemistry
pproach to set the abundances of sulfur species H 2 S , SO 2 , and
O to be free parameters. This allows us to model an atmosphere
roadly in chemical equilibrium, but with the abundance of sul-
ur species modified by photochemistry or a variable S/O ratio. 

Our hybrid chemistry r esults ar e br oadly consistent with our
quilibrium chemistry results, how ev er, w e do see stronger ev-
dence for a high metallicity, high det ect or offset mode in both
ureka! and tiberius reductions now, becoming the higher
vidence mode in tiberius R = 400 . This appears to be caused
y SO 2 , which has a notable peak in the posterior at ∼1 ppm
bundance. The abundances of H 2 S and SO are unconstrained
n the hybrid retrievals. All the hybrid retrievals have poorer
vidence than their equilibrium chemistry counterparts. Each
ulfur species added further decreases the evidence (disfavoured
ith a Bayes factor of 3 with all three species for the eureka!
 eductions), e x cept in the tiberius R = 400 r eduction, wher e
NRAS 546, 1–19 (2026) 
he inclusion of SO 2 minimally improves the Bayesian evidence
Bay es fact or of 1.3). 

.3 bear retrievals 

e also perform retrievals using the open-source GPU-
ccelerated Bern Atmospheric Retrieval code ( bear 

3 ) (D.
itzmann et al. 2020 ). bear uses the multinest library (F. Feroz
 M. P. Hobson 2008 ) to perform the retrieval using Bayesian
ested-sampling (J. Skilling 2004 ), and using line-by-line opacity
ampling. For our bear retrievals, we use a similar set-up as in
. Kirk et al. ( 2025 ). We sample the opacities at a resolution of 
 . 1 cm 

−1 in w avenumber (equiv alent to R ∼ 20 000 –30 000), and
nclude the following molecules and their associated ExoMol
nd HITRAN line-lists: H 2 O (O. L. Polyansky et al. 2018 ), CH 4 (S.
. Yurchenko & J. Tennyson 2014 ), CO (G. Li et al. 2015 ), CO 2 (S.
urchenko et al. 2020 ), H 2 S (A. A. Azzam et al. 2016 ), SO 2 (D. S.
nderwood et al. 2016 ), NH 3 (P. A. Coles et al. 2019 ), and HCN

R. Barber et al. 2014 ). All these opacities are computed using
elios-k (S. L. Grimm & K. Heng 2015 ) and are taken from

he DACE database (S. L. Grimm et al. 2021 ). We also include
pacity due to H 2 Rayleigh scattering (C. W. Allen & A. N. Cox
000 ), and collision-induced absorption from H 2 - H 2 (M. Abel
t al. 2011 ) and H 2 - He (M. Abel et al. 2012 ). The atmosphere is
ivided into 200 levels, equal in log -pr essur e space, ranging from
0 bar to 10 −8 bar. 

For the retrievals, the stellar radius is ag ain fix ed to 1.215 R � (A.
. Bonomo et al. 2017 ). The planet’s gravity and radius at the 10
ar pr essur e level ar e fr ee parameters in the r etriev al. The gr avity
as a gaussian prior on log g with a mean of 2.96 and a standard
eviation of 0.03 in cgs units, and the radius has a uniform prior
f 1.25–1.65 R J . The atmosphere is assumed to be isothermal, with
 uniform prior on the temperature of 500–2500 K . A grey cloud
eck is included, and the cloud-top pr essur e is a free parameter

n the retrieval, with a log-uniform prior of 10 −7 –1.0 bar . W e also
nclude an offset between the NRS1 and NRS2 detectors, with a
niform prior from −100 to + 100 ppm. 
We run two types of chemistry for our bear retrievals. First,

e assume free chemistry. In this retrieval, each molecule’s vol-
me mixing ratio is a free parameter, with a log-uniform prior

rom 10 −12 to 0.3. The mixing ratios are constant with altitude.
he rest of the atmosphere is then filled with H 2 and He, in a solar

atio of 0.17 (M. Asplund et al. 2009 ). Secondly, we assume equi-
ibrium chemistry. For this, the free parameters are the [M/H],
hich has a log-uniform prior of 0.1–1000 × solar, and the C/O

atio, which has a uniform prior of 0.1–2.0. [M/H] and C/O are
elat ed t o the carbon and o xy gen abundance in the same manner
s in the petitradtrans models. The chemistry is calculated
sing FastChem (J. W. Stock et al. 2018 ; J. W. Stock, D. Kitzmann
 A. B. C. Patzer 2022 ), which is already int egrat ed int o bear .
e apply both types of retrievals to the eureka! and tiberius

pectra, and R = 100 and R = 400 . The results of our chemical
quilibrium and free chemistry retrievals with bear at R = 400
re shown in Figs A2 and A4 , respectively. 

In the equilibrium chemistry case, we see a good agreement
cross the two data reductions. The only difference occurs in the
et ect or offset, for which the retrieval on the eureka! reduction
avours no offset, while the tiberius reduction retrieval finds

https://github.com/newstrangeworlds/bear
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n offset of −60 +23 
−21 ppm. For the E ur eka R = 400 retrieval, the

etrieved [M/H] is −0 . 52 +0 . 31 
−0 . 25 , and the C/O ratio is 0 . 26 +0 . 17 

−0 . 11 . The
 esults ar e consistent with the tiberius and R = 100 retrievals
see full results in Table A1 ). 

In the free chemistry case, we again see a good agreement 
etween eureka! and tiberius reductions, with the exception 

f a bimodality in the eureka! R = 100 case. The alt ernativ e so-
ution in the eureka! case corresponds to an e x ceptionally high
O 2 abundance, which is compensated by a higher temperature, 

arger planet radius, lower water abundance, and a substantial 
egativ e offset of NRS2. How ev er, at R = 400 , the second solution

n the eureka! case is not present, and the retrievals agree with
oth the R = 100 and R = 400 tiberius solution. 

Finally, w e also t est ed the effects of adding st ellar contam-
nation to our free chemistry retrievals. For this, we use the
HOENIX grid of stellar models (T. O. Husser et al. 2013 ), and
et the stellar values to those in Table 1 . We retrieve the stellar
ffectiv e t emperature, using a Gaussian prior with a mean of 6304
 and a standard deviation of 88 K (J. A. Johnson et al. 2011 ).
e then include the effects of hot and cold spots on the star, and

etrieve their temperatures and covering fractions. For the hot 
pots, the temperature is a retrieved as a positive �T with respect
 o the st ellar effectiv e t emperature, using a uniform prior of 0–
000 K. For the cold spots, the temperature is retrieved as a neg-
tive �T with respect to the stellar effective temperature, using 
 uniform prior of 0–1500 K. For both, the covering fractions use
niform priors of 0–0.5. For both reductions and resolutions, we 
nd that adding stellar contamination to the retrievals has little 
ffect on the results, and a Bayesian evidence comparison favours 
he retrieval without contamination in all cases except using the 
ureka! reduction at R = 100 . In the latter case, however, the
ay es fact or is negligible at only 1.65. Ov erall w e conclude that

his constitutes no evidence for stellar contamination in the spec- 
rum of HAT-P-30 b. 

.4 Overview of retrieval results 

sing two independent retrieval analyses with petitradtrans 
nd bear on two independent data reductions at two spectral 
esolutions, with a variety of retrieval set-ups, we are able to
ut together a consistent picture for the atmosphere of HAT-P- 
0 b. The complete set of results are presented in Table A1 , with
he posterior corner plots for the R = 400 retrievals displayed in
ppendix A. We find that retrievals on the tiberius reductions 
 equir e an offset between the det ect ors, while the eureka! re-
uction retrievals do not. We also generally find we get slightly
ighter constraints using the R = 400 retrievals, given the better
bility to sample narrow spectral features. Therefore we favour 
he interpr etations fr om the eureka! R = 400 retrieval with no
ffset. We present the median retrieved petitradtrans trans- 
ission spectrum to the eureka! R = 400 spectrum in Fig. 5
ith equilibrium chemistry and the posteriors for metallicity and 

/O ratio, as well as the spectral contributions of each opacity 
ource in Fig. 6 , and the posterior corner plot in Fig. 8 . 

All the equilibrium retrievals have a consistent main result: 
ub - solar C/O ratio ( 0 . 29 +0 . 16 

−0 . 13 ) and metallicity ( −0 . 39 +0 . 30 
−0 . 27 ×solar),

ith exact numbers taken from the petitradtrans Eureka! 
 = 400 equilibrium retrieval with no offest. The free chemistry
 etrievals ar e similarly concor dant, and yield consistent abun-
ances with those implied by the equilibrium chemistry, with the 
ertical abundance profiles depicted in Fig. 7 . 
In a sub - sample of the retrievals, we do see a degree of bi-
odality, with an alt ernativ e explanation of a high-metallicity, 
O 2 -dominated spectrum. This secondary mode appears in the 
ear free retrieval of the eureka! R = 100 spectrum, the pe-
itradtrans equilibrium retrievals of both tiberius spectra, 
nd all the petitradtrans hybrid retrievals. The mode is highly 
egenerate with detector offset, requiring an offset of ∼60 ppm 

n the eureka! data and ∼110 ppm in the tiberius data. This
ode r epr esents a 50–100 ×solar metallicity, the lower end of 
hich does fit within the constraints of a fully-mixed atmosphere 

rom the interior structure modelling (see ahead to Section 5 ).
his mode is only favoured over the low-metallicity mode in a
ingle retrieval, the tiberius R = 400 petitradtrans hybrid 

etrieval. How ev er, the evidence generally does not support the
 xtra fr ee parameters necessary for utilizing a hybrid retrieval
ver equilibrium chemistry, and the ∼110 ppm offset r equir ed is
uch larger than the typical offset observed in other data sets

e.g. L. Alderson et al. 2023 ; S. E. Moran et al. 2023 ). We ther efor e
ighly emphasize the lower metallicity mode as our favoured 

nterpretation. 
We also note that all of our free chemistry retrievals have very

old limb temperatures of ∼650 K. Cool limb temperatures are 
ommonly observed in transmission spectroscopy of hot Jupiters, 
nd can be attributed to the 1D modelling of the atmosphere (R. J.
acDonald et al. 2020 ) (i.e. limb asymmetries) or the isothermal

arametrization used (L. Welbanks & N. Madhusudhan 2022 ). 
his case, how ev er, seems particularly e xtr eme, with a 1000 K dis-
r epancy fr om equilibrium temperatur e to observed isothermal 
emperature. We can see by comparing to the equilibrium chem- 
stry retrievals, which are effectively forced into a higher tempera- 
ure by the absence of CH 4 in the spectrum (the dominant carbon-
arrier at low temperatures), that we may in fact be probing the
loud-top pr essur e–scale height degeneracy. The particular noise 
rofile of the observation may be affecting the feature width and
ushing us towards a low temperature explanation for the muted 

cale height, while in reality this is more likely an impact of 
louds. This is demonstrated when restricting the temperature 
rior to higher temperatures, as the cloud top pr essur e is pushed
igher to compensate. This does not impact our interpretation of 

he chemistry, how ev er, as the abundances are consistent with the
igher temperature equilibrium chemistry retrieval counterparts. 
 limb asymmetry analysis of the complete sample of BOWIE- 
LIGN planets, including HAT-P -30 b , will be presented in future
ork. 
We do note that the contribution from CH 4 appears to be non-

egligible (see Fig. 6 ), despite CH 4 not being expected at the high
emperatures of HAT-P -30 b . If the retrieved low temperature of 
AT-P-30 b is a result of the temperatur e pr ofile parametrization

r limb asymmetry, the retrieval may then be trying to minimize
he contribution from CH 4 by suppressing the carbon content of 
he planet, reflected as a low C/O ratio and metallicity. To account
or this, we run an equilibrium r etrieval discar ding CH 4 as an
pacity source. This results in a temperature posterior of ∼650 K,
atching the free retrievals, as the absence of strong CH 4 features 

o longer sets a lower limit on the temperature. We account for
his by repeating the retrieval without CH 4 with a temperature 
ower bound of 1000 K. This results in a completely consistent
est-fitting spectrum to the equilibrium retrieval including CH 4 , 
lthough the constraints on t emperature, cloud-t op pressure, and 

etallicity are all weaker . W e therefore demonstrate that rather
han the low temperature driving the inclusion of CH 4 in the 
MNRAS 546, 1–19 (2026) 
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M

Figure 8. Corner plot showing the posterior probability distributions from the favoured retrieval set-up: the petitradtrans equilibrium chemistry 
retrieval on the R = 400 eureka! transmission spectrum with no det ect or offset. 
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pectrum, it is in fact the other way around, with the enhanced
pacity at ∼3 . 3 –3 . 5 μm driving the retrieval to a lower tempera-
ur e. We ther efor e do not believe that the low observ ed t emper-
tur es ar e suppr essing the C/O ratio, but that our low temper-
ture conclusion may instead be the result of enhanced transit
epths at ∼3 . 3 –3 . 5 μm from the particular random noise draw of 
his observation, the presence of disequilibrium CH 4 or species
ith similar opacity, or a non-grey continuum opacity putting

n a bluewar ds-incr easing slope in that wavelength range. We
onclude that the observed sub - solar C/O ratio is robust, while
he metallicity, while consistent with sub - solar, may be less well
onstrained ( −0 . 38 +0 . 83 

−0 . 68 ) than our equilibrium models suggest,
hould the real temperature be higher and the opacity discovered
NRAS 546, 1–19 (2026) 
o not be CH 4 . Fixing the temperature at the equilibrium temper-
ture of 1630 K biases the metallicity posterior towards the higher
nd of that distribution ( 0 . 43 +0 . 22 

−0 . 46 ) but is still consistent with
he nominal sub - solar metallicities within 2 σ , while ruling out

etallicities greater than 10 × Solar. The C/O ratio is unchanged
y the fixed temperature, while the need for clouds around 0.1–
 mbar to sufficiently mute the spectral features becomes evident.
he Bayesian evidence does not support fixing the temperature

decrease in ln Z of 6.7), and we note true temperature profile
ould v ery w ell div erge from an isotherm fixed to the equilibrium
emperature. 

For the purpose of studying the implications of our retrieved
arameters for planet formation and relation to other planets
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n the BOWIE-ALIGN sample, we recommend the use of the 
osteriors from the eureka! R = 400 petitradtrans retrieval 
ith no offset between the detectors (Fig 8 ), as it is unimpacted
y the degeneracy with the higher-metallicity mode. We ther efor e
roceed with a C/O ratio of 0 . 29 +0 . 16 

−0 . 13 and metallicity of −0 . 39 +0 . 30 
−0 . 27 .

 I N T E R I O R  ST RUCT URE  M O D E L S  

sing the Bayesian framework of D. Thorngren & J . J . F ortney
 2019 ), w e estimat e the bulk composition of HAT-P -30 b , ac-
ounting for uncertainties in the mass, radius, and age of the
lanet. The evolution models underlying the statistical model are 
g ain fr om D. P. Thorngr en & J . J . F ortney ( 2018 ), and solve the
quations of hydrostatic equilibrium, conservation of mass, and 

he equation of state in one dimension. The planet’s thermal state
s ev olv ed forwar d fr om a hot initial state using the atmosphere

odels of J. J. Fortney, M. S. Marley & J. W. Barnes ( 2007 ) to
egulate heat flow out of the planet’s interior. The equilibrium 

emperature is well into the hot Jupiter range, so we account 
or the anomalous heating using the flux-heating relation of D. 
. Thorngren & J. J. Fortney ( 2018 ). This implies a quite high
ntrinsic temperature of 653 ± 45 . 

The retrieval finds a bulk metallicity of Z = 0 . 28 ± 0 . 03 (this is
he statistical error from parameter uncertainties, not modeling 
ncertainty). This is within the expected range for a planet of this
ass (D. P. Thorngren et al. 2016 ), being only moderately above

v erage. If the planet w er e fully mix ed, it would imply an atmo-
pheric metallicity 2 σ upper limit of 71 . 1 ×Solar. The observed
tmospheric metallicity could be less than this if the bulk metal 
s contained within a core or beneath a compositional gradient. 
t could not be great er, how ev er, as this w ould be unstable t o
onvection. 

The substantial enhancement of the bulk metallicity relative to 
hat observed in its atmosphere is not an inconsistency – it instead 

mplies that the planet has a massive core. To match the radius
nd atmospheric metallicity, the core must be at least 50 M ⊕. This
ould be either with a sharp core boundary or as a fuzzy core
eaturing an ext ensiv e compositional gradient (see e.g. R. Helled 

 D. St ev enson 2017 ) – structure models such as these do not
istinguish between those cases (S. Bloot et al. 2023 ). A planet like
his could have formed if most of the metal accretion occurred 

arly on, with the final stages being the accretion of metal-poor
as. Alt ernativ ely, if the planet formed in the ice line, there might
e a substantial quantity of rock and iron mixed into its interior
hat has either settled out or cannot be seen in the atmosphere
ue to condensation. 

 DISCUSSION  

.1 The atmosphere of HAT-P-30 b 

ur transmission spectrum, obtained from two consistent inde- 
endent reductions, describes the wavelength-dependent opacity 

n the atmosphere of HAT-P-30 b from 2.8 and 5.2 μm at a res-
lution of R = 400 . We have used parametric radiative transfer
odels, implemented using atmospheric retrievals from the pe- 

itradtrans and bear retrieval packages, with a variety of re- 
rieval set-ups including equilibrium and free chemistry, to anal- 
se this spectrum and make inferences about the atmospheric 
roperties of HAT-P -30 b . In 22 of the 23 retrievals performed,
he fav oured int erpretation is one of a low-metallicity and C/O
atio atmospher e, r epr esenting sub - solar abundances of carbon
nd potentially also o xy gen, derived fr om the equilbrium chem-
stry r etr eivals ( 0 . 41 +0 . 40 

−0 . 19 and 0 . 77 +0 . 84 
−0 . 56 × their solar abundances

espectiv ely, comput ed from the C/H, which is fixed by the metal-
icity, and the C/O ratio). In this int erpretation, w e r equir e some

uting of spectral featur es fr om cooler-than-e xpect ed t empera-
ures ( ∼ 1000 K in the equilibrium retrievals, ∼ 650 K in the free
etrievals due to the lack of chemical constraints) and clouds. No
ffset betw een det ect ors is fav oured by the Bay esian evidence for
he eureka! spectra, while a ∼55 ppm offset is r equir ed for the
iberius spectra, matching the observed linear offset between 

he reductions. We see evidence for both H 2 O and CO 2 at 3.3 and
.1 σ , respectively. 

Favoured in the tiberius R = 400 petitradtrans hybrid 

hemistry retrieval, and present as a notable secondary mode in 

 other retrievals, is an alt ernativ e int erpretation, with a highly
uper-solar metallicity of ∼ 60 × solar. This is consistent with 

he upper limits of metallicity of a fully-mixed atmosphere sug- 
ested by our interior structure modelling. This mode requires 
reedom in both det ect or offset, needing a ∼60 ppm offset in the
ureka! retrievals and ∼110 ppm in the tiberius retrievals, and 

O 2 abundance, t o appropriat ely fit the spectra with CO 2 features. 
We favour the low metallicity interpretation for the atmosphere 

f HAT-P-30 b for a number of reasons. First, it is favoured in all
f the standard equilibrium and free chemistry retrievals, and it 
s only not favoured with a single combination of r eduction, r es-
lution and retrieval pipeline, using the hybrid retrieval method 

where the increase in complexity from the equilibrium method 

s not justified by the Bayesian evidence. Secondly, the large de-
 ect or offset of 110 ppm that gives rise to the higher metallicity
olution is greater than the offsets that have previously been 

resent in NIRSpec/G395H observations of hot Jupiters (e.g. L. 
lderson et al. 2023 ). Thirdly, the high metallicity modes only
otably appears when the SO 2 abundance is a free paramet er, t o
ppropriately scale the transit depth at 4 μm. While SO 2 has been
bserved in e x oplanet atmospher es (e.g . L. Alderson et al. 2023 )
nd is predicted by photochemical models (e.g. S.-M. Tsai et al.
023 ; J. Kirk et al. 2025 ) in high metallicity hot Jupiters, including
O 2 does not improve the Bayesian evidence in all free retrievals, 
nd 3 of 4 hybrid retrievals. 

We ther efor e highly emphasize our low metallicity ( −0 . 39 +0 . 30 
−0 . 27 )

nd C/O ratio ( 0 . 29 +0 . 16 
−0 . 13 ) interpretation as that most favoured

y our data and physical models. We do how ev er not e the exis-
ence of this ph ysically -plausible alternative interpretation, with 

 high metallicity ( 1 . 77 +0 . 31 
−2 . 07 ) and potential SO 2 , r epr esenting a

ully-mix ed atmospher e, although we highlight it is by-in-large 
ot favoured by our data. Further observations could definitively 
esolv e betw een these scenarios, including NIRISS SOSS obser- 
ations taken in March 2025 as part of JWST programme 5924
PI: Sing). We also note that the apparent presense of CH 4 is
omewhat impacting our interpretation of the chemistry and at- 
ospheric temperature, and while this does not affect our in- 

err ed C/O ratio, disr eg ar ding CH 4 as a potential equilibrium
pacity source does weaken the constraint on the metallicity to 
0 . 38 +0 . 83 

−0 . 68 . We will inv estigat e limb asymmetries of the BOWIE-
LIGN planets, a potential cause of the low observed tempera- 

ur e, in a futur e work, which could further r efine our metallicity
nd temperature constraints. 

.2 Implications for formation 

he pr eferr ed atmospheric r etrieval solutions of HAT-P-30 b
how a sub - solar C/O ratio and sub - solar, sub - stellar metallicity
MNRAS 546, 1–19 (2026) 
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ith C/O = 0 . 18 –0.38 and [M/H] = −0 . 83 to −0 . 05 , dervied from
etitradtrans equilibrium chemistry retrievals of the R = 400
ureka! reduction. The C/O ratio deviates from the solar value
t the ∼1 . 5 σ level. In formation models, supersolar metallicities
nd subsolar C/O are the expected outcome of high solid accre-
ion of o xy gen-rich dust and ice (e.g . N. Madhusudhan, M. A.
min & G. M. Kennedy 2014 ). How ev er, w e disfav our the high
etallicity solutions with large det ect or offsets that appear in a

ubset of our retrievals (see Section 6.1 ). 
Constraints from the C/O ratio and metallicity alone lead to

arg e deg eneracies in the possible formation history of the planet.
ow ev er, a sub - solar C/O ratio and a sub - solar metallicity to -

ether ar e har der to r epr oduce because the g as in pr otoplanetary
iscs typically has sub - solar metallicity but super- solar C/O (see,
.g E. A. Bergin et al. 2024 ). For this r eason, the r etrieved atmo-
phere is inconsistent with the fiducial models of A. B. T. Penzlin
 R. A. Booth ( 2024 ) by at least 1 σ . The closest match is for a
lanet that accreted most of its gas far from the star, where the
as is extremely metal-poor and all carbon and oxygen carriers
r e fr ozen out on the dust. Since the solid-phase abundance at
his location has a solar C/O ratio, adding solids at this location
roduces an atmosphere with a solar C/O. If the planet accretes
olids after migrating further in, this is no longer the case – the
omposition of solids can reach a sub - solar C/O ratio due to, e.g.
he sublimation of CO and CH 4 . Thus, by accr eting g as far out
ut being enriched by a modest amount of solids as it migrates,
 planet can reach sub - solar C/O ratios and metallicities in the
uter disc in our models (A. B. T. Penzlin & R. A. Booth 2024 ).
espite this, the fiducial simulations do not reach C/O ratios
elow 0.35 for sub - solar metallicity and, hence, e x ceed the best-
t ting v alues of HAT-P -30 b . This mismat ch is, how ev er, sensitiv e

o the composition of the disc – the depletion of CO into CH 4 or
 2 H 6 instead (e.g. A. D. Bosman et al. 2019 ) can lower the C/O

atio in the solids further and lead to a better agreement between
odels and observation. 
As noted by A. Meech et al. ( 2025 ) when discussing TrES-

b (which has similar metallicity and C/O ratio to HAT-P-30 b:
og (Z/Z �) = −0 . 41 to −0 . 04 and C / O = 0 . 30 –0.42), this is not
he only possible channel of formation of sub - solar C/O and

etallicities. Two further mechanisms allow a planet to reach
ub - solar C/O and metallicity while migrating through the disc to
 close-in orbit. In the first case, the abundances are dominated
y the gas accreted. This requires the gas runaway phase of planet
rowth to happen just inside the water ice line (where the gas-
hase C/O ratio can be sub - solar if the dust grains contain a sig-
ificant amount of refractory carbon) and, therefore, accretes its
ulk mass through water vapour-enriched gas and would predict
hat HAT-P-30 b’s metallicity is at most only slightly sub - stellar.
he second case relies on accretion in an envir onment wher e the
as is depleted in metallicity by trapping volatile species in a dust
rap further out in the disc. 

TrES-4b differs from HAT-P-30 b due to its orbital alignment:
rES-4b has an aligned orbit while HAT-P-30 b is misaligned.
f this difference in orbital alignment reflects an essential role
f high-eccentricity migration in HAT-P-30 b but not in TrES-
b, then TrES-4b will likely have migrated further through the
isc to a close-in orbit and have probably accreted more gas
nd planetesimals in regions close to the star. This puts an
dditional caveat on the gas accretion-dominated scenario, in
hat the water snow line would have to be far enough out that
AT-P-30 b formed inside the water snow line while remaining

ar enough out that high-eccentricity migration remains possi-
NRAS 546, 1–19 (2026) 
le ( � 0 . 6 au; D . J . Muñoz et al. 2016 ). As it stands, the sim-
larity in composition between TrES-4b and HAT-P-30 b may,
r may not, point to similar formation hist ories despit e their
ifferent migration history, making it difficult to draw strong
onclusions by comparing them. How ev er, with the full sam-
le of eight planets in the BOWIE-ALIGN surv ey, w e can make
tatistically more meaningful comparisons between the popula-
ions, hopefully gaining new insights into the formation of gas
iants. 

 CONCLUSIONS  

e present the JWST NIRSpec/G395H transmission of HAT-P-
0 b, the fourth planet observed as part of the BOWIE-ALIGN
rogramme, and one of four misaligned planets in the eight
lanet BOWIE-ALIGN sample. We use two independent data
eductions and a host of atmospheric retrievals from two dif-
erent pipelines to demonstrate a consistent interpretation for
he planet’s atmosphere. We find that HAT-P-30 b has a sub-
olar metallicity of 0 . 41 +0 . 40 

−0 . 19 ×solar and a sub - solar C/O ratio of 
 . 29 +0 . 16 

−0 . 13 . We detect H 2 O ( 3 . 1 σ ) and see evidence for CO 2 ( 2 . 1 σ ),
ith consistent abundances between free and equilibrium chem-

stry retrievals, and evidence for muting of spectral features due
o clouds and/or cool limb temperatures. We do not find evi-
ence for stellar contamination or sulfur chemistry. We see no
vidence for a det ect or offset in the eureka! reduction, while
e see a ∼55 ppm det ect or offset between the det ect ors in the
iberius reduction, becoming consistent with eureka! with the
ree offset and therefore matching the observed linear offset be-
ween the reductions. We see evidence for a second possible atmo-
pheric composition in a sub - set of the r etrievals corr esponding
o a higher metallicity of ∼ 60 ×solar, consistent with the upper
imit of a fully-mixed atmosphere from our internal structure

odelling. This alt ernativ e mode is fav oured in only one of 23
erformed retrievals, and is absent in most of the performed re-
rievals, requiring a larger offset ( ∼110 ppm for tiberius , ∼65
pm for eureka! ) and SO 2 -abundance as a free parameter to
dequately fit the observed transmission spectrum. We ther efor e
trongly favour the low metallicity interpretation (discussed in
ore detail in Section 6.1 ), although w e not e that the metallicity

onstraints may be weaker depending on the cause of the low
bserv ed t emperature. 

The retrieved abundances suggest a composition similar to
nother BO WIE-ALIGN target, T rES-4 b (A. Meech et al. 2025 ),
hich has a metallicity of 0 . 58 +0 . 59 

−0 . 32 ×solar and a C/O of 0 . 32 +0 . 11 
−0 . 08 / ,

omparing petitradtrans equilibrium chemistry retrievals
ith identical set-ups. Obtaining a low metallicity and low C/O

atio deviates from the expected outcome of formation models,
eing inconsistent with A. B. T. Penzlin & R. A. Booth ( 2024 )
y > 1 σ . Several scenarios could explain this discrepancy, includ-

ng accretion in the outer disc together with some CO depletion
elativ e t o the fiducial models, a composition dominated by gas
ccreted inside the water ice line, or accretion in a metallicity-
epleted environment due to the trapping of volatile species fur-
her out in the disc. While HAT-P-30 b is misaligned in its orbit,
rES-4 b is aligned, suggesting that TrES-4 b may have migrated

hrough disc migration rather than high-eccentricity migration.
iven the constraints these migration mechanisms may place on

he planet’s evolution relative to the ice lines, we could very well
e probing different explanations that give rise to similar atmo-
pheric compositions. We ther efor e await the full BOWIE-ALIGN
ample of eight planets to fully e xplor e the formation of these two
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opulations of hot Jupiters and draw statistically meaningful in- 
erences. We do note that HAT-P-30 b has a significant difference 
n metallicity and C/O ratio compared to its fellow misaligned hot
upiter WASP -15 b , demonstrating significant diversity can exist 
n planets with presumed similar formation histories. 
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MNRAS 546, 1–19 (2026) 

Figure A1. Corner plot showing the posterior probability distributions from the petitradtrans equilibrium chemistry retrievals on the R = 400 
tr ansmission spectr a from tiberius (blue) and eureka! (or ange, fr om which the numbers ar e deriv ed). The t op right panel displays the best-fitting 
models from each retrieval, offset by 500 ppm, with the reduced χ2 of the fit indicated in the legend. 
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Figure A2. Cornerplot showing the posteriors from the bear chemical equilibrium retrievals on the tiberius (blue) and eureka! (orange) reductions 
of HAT-P-30 b at R = 400 . The top right insert shows the best-fitting models for the tiberius (blue) and eureka! (orange) reductions. The eureka! 
spectrum is offset by 1300 ppm for visualization purposes. The legend in the bottom left indicates the reduced χ2 values for each of the fits. 
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Figure A3. Corner plot showing the posterior probability distributions from the petitradtrans free chemistry retrievals on the R = 400 transmission 
spectra from tiberius (blue) and eureka! (orange, from which the numbers are derived). Abundances are given in units of log mass fractions. The top 
right panel displays the best-fitting models from each retrieval, offset by 500 ppm, with the reduced χ2 of the fit indicated in the legend. 
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Figure A4. Cornerplot showing the posteriors from the bear free-chemistry retrievals on the tiberius (blue) and eureka! (orange) reductions of 
HAT-P-30 b at R = 400 . Abundances are given in units of log vertical mixing ratios. The top right insert shows the best-fitting models for the tiberius 
(blue) and eureka! (orange) reductions. The eureka! spectrum is offset by 1300 ppm for visualization purposes. The legend in the bottom left indicates 
the reduced χ2 values for each of the fits. 
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