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A B S T R A C T 

A primary objective of exoplanet atmosphere characterization is to learn about planet formation and e volution, ho we ver, this is 
challenged by degeneracies. To determine whether differences in atmospheric composition can be reliably traced to differences 
in evolution, we are undertaking a transmission spectroscopy surv e y with JWST to compare the compositions of a sample of hot 
Jupiters that have different orbital alignments around F stars abo v e the Kraft break. Under the assumption that aligned planets 
migrate through the inner disc, while misaligned planets migrate after disc dispersal, the act of migrating through the inner disc 
should cause a measurable difference in the C/O between aligned and misaligned planets. We expect the amplitude and sign 

of this difference to depend on the amount of planetesimal accretion and whether silicates accreted from the inner disc release 
their oxygen. Here, we identify all known exoplanets that are suitable for testing this hypothesis, describe our JWST surv e y, and 

use noise simulations and atmospheric retrie v als to estimate our surv e y’s sensitivity. With the selected sample of four aligned 

and four misaligned hot Jupiters, we will be sensitive to the predicted differences in C/O between aligned and misaligned hot 
Jupiters for a wide range of model scenarios. 

Key words: Instrumentation – Data methods – JWST – Exoplanets atmospheres – Planet formation – Planet migration. 
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 I N T RO D U C T I O N  

t has long been proposed that measuring an exoplanet’s atmospheric 
omposition (specifically its carbon-to-oxygen ratio, C/O) can reveal 
nformation regarding where a planet formed with respect to different 
ce lines (e.g. Öberg, Murray-Clay & Bergin 2011 ; Madhusudhan, 
min & Kennedy 2014 ; Booth et al. 2017 ; Schneider & Bitsch
021 ). The basic principle that the C/O of a planet’s atmosphere is
 E-mail: j.kirk22@imperial.ac.uk 
a
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ependent on where it accreted its atmosphere relative to different C-
nd O-bearing molecular ice lines is robust, and there is little doubt
tmospheric composition will lead to insights into planet formation 
nd e volution. Ho we v er, there are man y uncertainties when relating
n individual planet’s composition to its formation location, which, 
ombined with our lack of sensitivity to carbon-bearing molecules 
n the pre- JWST era, have prevented a detailed investigation of how
tmospheric composition depends on planet formation and evolution. 

The challenges to our understanding of the link between formation 
nd composition include the uncertain and evolving locations of 
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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ce lines within discs (e.g. Morbidelli et al. 2016 ; Pani ́c & Min
017 ; Owen 2020 ), the observ ed div ersity of protoplanetary discs
e.g. Law et al. 2021 ), how much solid versus gaseous material is
ccreted during planet formation (e.g. Espinoza et al. 2017 ), and
he drift of solids relative to the gas in the disc (e.g. Booth et al.
017 ). Furthermore, transit spectroscopy observations of exoplanets’
tmospheres probe the atmospheric composition at the planetary limb
hich might hold inhomogeneities caused by, e.g. local atmospheric
ixing (e.g. Zamyatina et al. 2024 ) or cloud formation (e.g. Helling

t al. 2016 ), therefore not necessarily reflecting the bulk planet’s
tmospheric composition (M ̈uller & Helled 2024 ). 

Penzlin & Booth et al. ( 2024 ) used simulations to demonstrate that
he unconstrained values of key disc and planet formation parameters
uch as dust-to-gas mass, disc temperature, and the relative drift of
ust to gas (Stokes-to-alpha number), create a de generac y between
/O and [O/H] (which we refer to as metallicity, Z, throughout this
aper) o v er a wide dynamic range. These uncertainties are hard to
onstrain robustly through independent observations. Therefore, we
ropose the best way to determine whether differences in formation
istory lead to a measurable difference in atmospheric C/O and
etallicity is by comparing populations of planets for which we have

ndependent evidence that they underwent different evolutionary
athways. Specifically, as Penzlin & Booth et al. ( 2024 ) show, planets
hat have undergone disc-free (high eccentricity) migration should
ave different C/O and metallicity to planets that have undergone
isc migration. The idea behind this is that disc-migrated planets will
ccrete solids from the inner disc during their migration while disc-
ree, high-eccentricity migrated planets will not since they complete
heir migration after disc dispersal (Fig. 1 ). 

With the advent of JWST ’s revolutionary precision and wavelength
o v erage of carbon-bearing molecules (e.g. Alderson et al. 2023 ;
WST Transiting Exoplanet Community Early Release Science Team
023 ; Rustamkulov et al. 2023 ), we are able to test these predictions
or the first time against a well-designed target sample. To this end,
e are undertaking a surv e y with JWST to compare the C/O and
etallicity of four disc migrated hot Jupiters with four high eccen-

ricity migrated hot Jupiters. We focus specifically on hot Jupiters,
nd not smaller planets, since their giant masses likely necessitate
ormation beyond ice lines and hence subsequent migration (e.g.
in, Bodenheimer & Richardson 1996 ; Rafikov 2006 ; Dawson &
ohnson 2018 ). Furthermore, their massive H/He envelopes retain
he primordial composition, without being changed by atmospheric
oss (e.g. Owen & Lai 2018 ). We will combine the transmission
pectra of five planets from our new observational programme (GO
838, 49.2 h, PIs: Kirk & Ahrer) with spectra of three planets from
ther programmes (GTO 1274, PI: Lunine; GTO 1353, PI: Lewis;
O 3154, PI: Ahrer). Our programme is called BOWIE-ALIGN, with
OWIE corresponding to the core institutions of our collaboration

Bristol, Oxford, Warwick, Imperial, Exeter) and ALIGN standing
or A spectral Light Investigation into hot gas Giant origiNs. 

We distinguish disc migrated from high eccentricity migrated
ot Jupiters via their sky-projected orbital alignments (‘obliquities’)
round F stars where tidal realignment is thought to be inefficient
Albrecht et al. 2012 ). Disc migration is expected to lead to a
lowly shrinking planetary orbit and the accretion of gas, dust, and
lanetesimals in the migrating planet’s path (e.g. Dawson & Johnson
018 ). This results in little change in the eccentricity and inclination
f a planet’s orbital plane, which remains aligned with the stellar
pin axis (Fig. 1 ). High eccentricity migration likely occurs after disc
ispersal. Under this mechanism, it is thought that an initially cold
upiter is perturbed into an eccentric orbit via interactions with a third
ody (e.g. Rasio & Ford 1996 ; Wu & Murray 2003 ), which drive up
ASTAI 3, 691–704 (2024) 
he eccentricity and inclination of the planet (e.g. Kozai 1962 ; Lidov
962 ; Mu ̃ noz, Lai & Liu 2016 ). This method of migration is believed
o result in misalignments between a planet’s orbital plane and the
tellar spin axis. Therefore, by comparing aligned and misaligned
ot Jupiters we can test the predicted impacts of migration method
n atmospheric C/O and metallicity. 
The key with our survey is that since formation models are unable

o a priori predict the specific values of C/O and metallicity for
ndividual scenarios, they robustly predict a difference. As described
y Penzlin & Booth et al. ( 2024 ), the sign of this difference is
 ven uncertain o wing to uncertainties in formation models. Thus,
y comparing one sample to another we can test this difference,
long with narrowing down the range of uncertain disc parameters
urrently rendering the models unpredictive. Hence, rather than is
he common expectation of measuring an atmospheric composition
nd comparing it to formation models to determine how the planet
ormed, we are proposing an opposite approach. Namely, testing the
dea that different formation scenarios predict different atmospheric
ompositions, then using our measured compositions to constrain the
ormation and evolution models. 

Our paper is set out as follows: in Section 2 we describe our target
election, in Section 3 we describe the strategy behind our JWST
bservations, in Section 4 we explain our simulated transmission
pectra and retrie v als that are informed by coupled disc chemistry and
lanet formation models, in Section 5 we discuss our data reduction
nd analysis plans, in Section 6 we discuss existing literature results
or two planets in the sample, and in Section 7 we describe additional
cience that will be enabled by our homogeneously observed sample.
e summarize in Section 8 . 

 TA R G E T  SELECTI ON  

o test whether atmospheric composition depends on migration
istory, we needed to construct a sample of planets with large
redicted atmospheric signals and precisely measured obliquities.
o do this, we drew from the TEPCAT catalogue 1 (Southworth
011 ) of 180 exoplanets with measured sky-projected obliquities, λ,
rimarily measured via the Rossiter-McLaughlin effect (McLaughlin
924 ; Rossiter 1924 ). We define misaligned exoplanets as those
ith sky-projected obliquities | λ| > 45 ◦ and aligned planets as those
ith | λ| < 30 ◦ and only considered those planets with precisely
easured obliquities ( σ ( | λ| ) < 15 ◦). While we based our sample

election on sky-projected obliquities, it is possible that planets
ith low sky-projected obliquities could, in fact, be misaligned

n 3D space once the stellar inclination is resolved. Ho we ver, of
he 20 planets with measured sky-projected and 3D obliquities
rom the TEPCAT catalogue (Southworth 2011 ), only one (5 per
ent of the total) is aligned in 2D, sky-projected space and is
isaligned in 3D space. This is encouraging for our target selection,
hich is based on sky-projected obliquities. Nevertheless, our sky-
rojected aligned sample could include planets that are misaligned in
D space. 
Importantly, we only considered planets that orbit stars abo v e

he Kraft break, defined as a sharp decrease in rotational velocity
f stars due to tidal dissipation in their conv ectiv e env elopes (Kraft
967 ). Stars below the Kraft break have deeper conv ectiv e env elopes,
o tidal-realignment is more efficient (e.g. Albrecht et al. 2012 ;
palding & Winn 2022 ). In other words, planets with low obliquities

https://www.astro.keele.ac.uk/jkt/tepcat/obliquity.html
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Figure 1. Schematic demonstrating the hypothesis test. The left hand diagram shows a planet that is born far out in the disc before undergoing partial migration 
through ice lines (CO and CO 2 in this example). Subsequently, there are two possible pathways this planet might follow to become a hot Jupiter: (i) migration 
through the inner disc whereby the planet’s orbit remains aligned (top right). In this case, the planet migrates through the H 2 O ice line and accretes O-rich solids 
from the inner disc. (ii) disc-free (high-eccentricity) migration, whereby the planet is perturbed onto an eccentric and misaligned orbit before undergoing tidal 
circularization. This migration occurs after disc dispersal and so the planet does not accrete the O-rich solids from the inner disc. 
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rbiting stars below the Kraft break may have tidally realigned after 
igh-eccentricity migration, and therefore, it is believed that their 
bliquities are independent of their migration method. By choosing 
ot stars with radiative envelopes, we can be confident that hot 
upiters have retained their primordial obliquities. In practice, this 
estricts us to only F and A stars. We chose to consider only F
tars (stellar ef fecti ve temperature, T eff ≤ 7400 K) to limit potential
tmospheric differences arising from differing stellar XUV histories 
nd photodissociation rates. 

As explained in the introduction, we chose to focus only on hot
upiters (planet mass, M P > 0.3 M J , planet radius, R P > 0.5 R J , 1000
T eq < 2050 K, where T eq is planet equilibrium temperature) since 

hey are likely to have formed beyond ice lines before migrating to
heir current locations (e.g. Lin et al. 1996 ; Rafikov 2006 ). The upper
ound on the equilibrium temperature was chosen to make sure that 
 2 O would not be thermally dissociated, which could complicate our 

nferences of the O abundance and hence the determination of C/O
e.g. Kreidberg et al. 2018 ; Lothringer, Barman & Koskinen 2018 ).
he value of 2050 K was chosen because HST/WFC3 observations 
f WASP-19b ( T eq = 2077 ± 34 K; Bernab ̀o et al. 2024 ) revealed
ignificant water absorption without dissociation (Huitson et al. 
013 ). The lower temperature bound was to a v oid including warm
upiters that may undergo a different migration pathway to hot 
upiters (e.g. Petrovich & Tremaine 2016 ; Jackson et al. 2021 ). 

While hot Jupiters have large amplitude atmospheric signals, the 
ignal to noise will also depend on the brightness of the host star.
or this reason, we made a final cut based on the Transmission
pectroscopy Metric (TSM; Kempton et al. 2018 ), which accounts 
or the stellar magnitude. We chose to only consider planets with a
 band TSM > 100. 
After these cuts, we were left with a potential 16 hot Jupiters,

omprising seven aligned and nine misaligned planets. As we show 

n Section 4 , adding more low noise planets does not significantly
mpro v e programme sensitivity. The list of potential targets is given
n Table 1 . From this list, we sub-selected the targets with the
ighest TSM signals. We did not select WASP-79b due to previous 
bservations of stellar contamination in its transmission spectrum 
Rathcke et al. 2021 ) and did not include HAT-P-41b among our
ligned sample owing to its relatively higher (more misaligned) 
bliquity ( λ = −22 . 1 + 0 . 8 

−6 . 0 
◦; Johnson et al. 2017 ). 

Our final list of targets is: TrES-4b, KEL T -7b, HD 149026b,
GTS-2b (all aligned), W ASP-94Ab, W ASP-17b, HAT-P-30b, and 
ASP-15b (all misaligned). The first panel of Fig. 2 shows the

lanetary equilibrium temperatures and sky-projected obliquities 
f our sample, while the second panel shows the stellar effective
emperatures and metallicities ([Fe/H]) along with the metallicity- 
ependent Kraft break from Spalding & Winn ( 2022 ). These planets
pan equilibrium temperatures of 1604–2028 K, masses of 0.368–
.280 M J , and radii of 0.813–1.932 R J . While we are primarily in-
erested in how their atmospheric composition depends on obliquity 
nd hence migration, this uniform sample of hot Jupiters orbiting 
 stars will allow for new insights into hot Jupiter atmospheres in
eneral and enable several ancillary science cases, some of which 
e address in Section 7 . 
Of these planets, we are acquiring new JWST observations of 

rES-4b, KEL T -7b, NGTS-2b, HAT -P-30b, and WASP-15b through 
rogramme GO 3838 (PIs: Kirk & Ahrer) with the other targets
lready observed or due to be observed by other approved programs
WASP-17b, GTO 1353, PI: Lewis; HD 149026b, GTO 1274, PI: 
unine, Bean et al. 2023 ; WASP-94Ab, GO 3154, PI: Ahrer). All
f these planets have eccentricities consistent with zero. With this 
ombination of archi v al and ne w data, we will obtain (i) a four planet
ample of aligned planets that likely migrated through the disc and (ii) 
 four planet sample of misaligned planets that ended their formation
t orbits near and beyond the water ice line, and reach their final
rbits after disc dispersal. 
We note that our choice to divide aligned and misaligned planets

t | λ|= 30 ◦ was moti v ated by Spalding & Winn ( 2022 )’s definition.
f we instead chose a more conserv ati ve definition of aligned
lanets, those with | λ| < 20 ◦, then HAT-P-41b ( | λ|= 22 . 10 ◦), XO-
b ( | λ|= 20 . 70 ◦), and WASP-3b ( | λ|= 20 . 0 ◦) would instead be
lassified as misaligned planets. Since these are not included in 
ur observational sample, our observations are not sensitive to this 
efinition of alignment. 
RASTAI 3, 691–704 (2024) 

art/rzae043_f1.eps


694 J. Kirk et al. 

R

Table 1. The list of 16 hot Jupiters that passed our selection criteria and are therefore suitable to address our science question. The eight planets in 
bold are those in our JWST surv e y. Each list is ordered by the K -band TSM (Kempton et al. 2018 ). See the text for a description of these parameters. 
The parameter values are taken from TEPCAT (Southworth 2011 ). The following references for each planet are in the order disco v ery paper, most 
recent detailed study (as determined by TEPCAT), and obliquity: TrES-4b (Mandushev et al. 2007 ; Narita et al. 2010 ; Sozzetti et al. 2015 ); KEL T -7b 
(Bieryla et al. 2015 ; Tabernero et al. 2022 ); HAT-P −41b (Hartman et al. 2012 ; Johnson et al. 2017 ); HD 149026b (Sato et al. 2005 ; Carter et al. 2009 ; 
Albrecht et al. 2012 ); NGTS-2b (Anderson et al. 2018 ; Raynard et al. 2018 ); XO-6b (Crouzet et al. 2017 ; Ridden-Harper, Turner & Jayawardhana 
2020 ); WASP-3b (Pollacco et al. 2008 ; Maciejewski et al. 2013 ; Oshagh et al. 2013 ); WASP-94Ab (Neveu-VanMalle et al. 2014 ; Ahrer et al. 2024 ); 
WASP-17b (Anderson et al. 2010 ; Triaud et al. 2010 ; Southworth et al. 2012 ); HAT-P −30b (Johnson et al. 2011 ; Bla ̌zek et al. 2022 ; Cegla et al. 2023 ), 
WASP-79b (Smalley et al. 2012 ; Brown et al. 2017 ); WASP-15b (West et al. 2009 ; Triaud et al. 2010 ; Southworth et al. 2013 ); WASP-7b (Hellier 
et al. 2009 ; Albrecht et al. 2012 ; Southworth 2012 ); WASP-109b (Anderson et al. 2014 ; Addison et al. 2018 ); HAT-P −6b (Noyes et al. 2008 ; Albrecht 
et al. 2012 ; Southworth 2012 ); WASP-180b (Temple et al. 2019 ). Note: HAT-P −41b, XO-6b and WASP-3b would be classified as misaligned planets 
if the criteria for misalignment was defined as | λ| > 20 ◦. They are not included in our observational sample. 

Planet T eff (K) [Fe/H] λ ( ◦) M P ( M Jup ) R P ( R Jup ) T eq (K) K magnitude TSM K 

Aligned sample 
TrES-4b a 6295 ± 65 0 . 280 ± 0 . 090 6 . 30 ± 4 . 70 0 . 494 ± 0 . 035 1 . 838 ± 0 . 086 1795 ± 37 10 .3 302 
KEL T -7b a 6699 ± 24 0 . 240 ± 0 . 020 −10 . 55 ± 0 . 27 1 . 280 ± 0 . 170 1 . 496 ± 0 . 035 2028 ± 17 7 .5 287 

HAT-P-41b 6390 ± 100 0 . 210 ± 0 . 100 −22 . 10 + 0 . 80 
−6 . 00 0 . 800 ± 0 . 1020 1 . 685 ± 0 . 064 1941 ± 38 9 .7 237 

HD 149026b b 6147 ± 50 0 . 360 ± 0 . 050 12 . 00 ± 7 . 00 0 . 368 ± 0 . 014 0 . 813 ± 0 . 026 1634 ± 57 6 .8 221 

NGTS-2b a 6450 ± 50 −0 . 090 ± 0 . 090 −11 . 30 ± 4 . 80 0 . 670 ± 0 . 089 1 . 536 ± 0 . 062 1638 ± 29 9 .8 189 
XO-6b 6720 ± 100 −0 . 070 ± 0 . 100 −20 . 70 ± 2 . 30 2 . 010 ± 0 . 710 2 . 080 ± 0 . 180 1641 ± 24 9 .3 142 
WASP-3b 6340 ± 90 0 . 161 ± 0 . 063 20 . 0 ± 3 . 3 1 . 770 ± 0 . 100 1 . 346 ± 0 . 063 2020 ± 35 9 .4 113 

Misaligned sample 

WASP-94Ab c 6170 ± 80 0 . 26 ± 0 . 15 123 ± 3 0 . 452 ± 0 . 034 1 . 720 ± 0 . 055 1604 ± 24 8 .9 590 

WASP-17b d 6550 ± 100 −0 . 25 ± 0 . 09 −148 . 5 + 4 . 2 −5 . 4 0 . 477 ± 0 . 033 1 . 932 ± 0 . 053 1755 ± 28 10 .2 488 

HAT-P-30b a 6338 ± 42 0 . 12 ± 0 . 03 70 . 5 + 2 . 9 −2 . 8 0 . 711 ± 0 . 028 1 . 417 ± 0 . 033 1630 ± 42 9 .2 333 

WASP-79b 6600 ± 100 0 . 03 ± 0 . 10 −95 . 2 + 0 . 9 −1 . 0 0 . 860 ± 0 . 080 1 . 530 ± 0 . 040 1716 ± 25 9 .1 246 

WASP-15b a 6573 ± 70 0 . 09 ± 0 . 04 −139 . 6 + 4 . 3 −5 . 2 0 . 592 ± 0 . 019 1 . 408 ± 0 . 046 1676 ± 29 9 .7 201 

WASP-7b 6520 ± 70 0 . 00 ± 0 . 10 86 . 0 ± 6 . 0 0 . 980 ± 0 . 130 1 . 374 ± 0 . 094 1530 ± 45 8 .4 198 

WASP-109b 6520 ± 140 −0 . 22 ± 0 . 08 99 . 0 + 10 . 0 
−9 . 0 0 . 910 ± 0 . 130 1 . 443 ± 0 . 053 1685 ± 40 10 .2 143 

HAT-P-6b 6570 ± 80 −0 . 13 ± 0 . 08 165 . 0 ± 6 . 0 1 . 063 ± 0 . 057 1 . 395 ± 0 . 081 1704 ± 40 9 .3 132 
WASP-180b 6500 ± 150 0 . 10 ± 0 . 20 −162 . 0 ± 5 . 0 0 . 900 ± 0 . 100 1 . 240 ± 0 . 040 1540 ± 40 9 .8 128 

Notes . a Observed by our new JWST programme, GO 3838 (PIs: Kirk & Ahrer) 
b Observed in emission as part of JWST GTO 1274 (Lunine) and published in Bean et al. ( 2023 ) 
c Observed as part of JWST GO 3154 (PI: Ahrer) 
d Observed as part of JWST GTO 1353 (PI: Lewis) 
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A caveat to our experiment is the assumption that aligned planets
re the result of disc migration and misaligned planets are the
esult of disc-free migration. Ho we ver, there are other migration
cenarios that could result in these obliquities. For example, coplanar
igh-eccentricity migration (Petrovich 2015 ) can occur in planetary
ystems with two or more gas giants. In this case, both planets
hare a low mutual inclination that remains aligned with the stellar
pin axis. The inner planet can become an aligned, circularized hot
upiter while the outer planet is typically 1–3 times more massive
nd remains on a moderately eccentric orbit ( e ∼ 0 . 2 − 0 . 5). Zink
 Howard ( 2023 ) used the California Le gac y Surv e y to show that
assive companions to hot Jupiters are ubiquitous at a population

evel. Furthermore, the eccentricity and mass distributions of these
uter companions are compatible with the coplanar high-eccentricity
igration scenario. While none of our aligned planets have a

etected outer companion, outer companions could exist below the
etection threshold. Separately, an inclined protoplanetary disc could
esult in misaligned hot Jupiters that underwent disc migration (e.g.
atygin 2012 ; Spalding & Batygin 2015 ). We discuss the possible

mplications of these alternative scenarios in Section 8 . 
ASTAI 3, 691–704 (2024) 

2  
 OBSERV I NG  STRATEGY  

e will observe our targets in transmission using the JWST NIRSpec
395H instrument mode, which co v ers sev eral absorption bands

rom the primary O and C bearing species in hot Jupiters (H 2 O, CO 2 ,
nd CO, Fig. 3 and e.g. Alderson et al. 2023 ). This approach will
llow us to measure C/O and O/H and thus address whether these
uantities differ between aligned and misaligned hot Jupiters. While
IRSpec/PRISM would co v er the same molecular features in addi-

ion to co v ering bluer wav elengths, albeit at lower spectral resolution,
t saturates more quickly than NIRSpec/G395H. The JWST Early
elease Science observations of WASP-39b (K mag = 10.2) with
IRSpec/PRISM saturated at near-IR wav elengths (Rustamkulo v

t al. 2023 ), with the data synthesis analysis recommending the
 v oidance of partial saturation with PRISM (Carter et al. 2024 ). Since
our of our five GO 3838 targets are brighter than WASP-39 (Table 1 ),
e selected G395H to a v oid saturation and to ensure a homogeneous
ata set across the sample. Similarly, the observations of WASP-17b
nd WASP-94Ab also make use of the G395H instrument. Ho we ver,
D 149026b was observed with NIRCam in emission (Bean et al.
023 ), and therefore, we will need to take this into account when we
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Figure 2. Top-panel: the obliquities and equilibrium temperatures of our 
sample. Open circles correspond to targets in JWST programme GO 3838, 
crosses to targets from other JWST programmes. Bottom-panel: the ef fecti ve 
temperatures and metallicities of the host stars, plotted with respect to the 
metallicity-dependent Kraft break which is taken from Spalding & Winn 
( 2022 ). 
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Figure 3. Two example forward models used in this analysis, both created for 
TrES-4b (an aligned target). Top panel: a 3 × solar metallicity, C / O = 0 . 28 
forward model (black dashed line), corresponding to the fiducial disc model 
(disc scenario 1, Section 4 and Fig. 4 , left panel). The grey uncertainties 
correspond to the estimated JWST precision at a spectral resolution of R = 

100. The colour lines show the contribution of different species to the o v erall 
opacity, using line lists for H 2 O from Polyansky et al. ( 2018 ), CO 2 from 

Tashkun & Pere v alov ( 2011 ), and CO from Faure et al. ( 2013 ) and Gordon 
et al. ( 2017 ). Bottom panel: a 30 × solar metallicity, C / O = 0 . 80 forward 
model (black line), corresponding to the silicate rainout disc model (disc 
scenario 2, Section 4 and Fig. 4 , right panel). 
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ombine the full sample. We discuss the results of Bean et al. ( 2023 )
n Section 6 . 

We will observe single transits of our planets in bright object time
eries mode with the 2048 subarray and F290LP filter, with each 
bservation consisting of 10 2 –10 3 integrations covering a continuous 
aseline of several hours. This setup will provide high-precision 
pectrophotometry co v ering the wav elength range 3–5 μm at R =
700, allowing us to measure the planet’s wavelength-dependent 
ransit depth (its ‘transmission spectrum’). For all of our targets, we 
et the number of groups per integration to fill 80 per cent of the full
ell. Our observation duration per target was set to be equal to each
lanet’s transit duration plus an additional four hours. These four 
ours comprise a minimum pre- and post-transit baseline of 1.5 h 
o enable accurate and precise relative transit depth measurements, 
long with a one hour window for scheduling fle xibility. F or the
on-GO 3838 targets, the out-of-transit/eclipse baselines were 3.5 h 
or WASP-94Ab (GO 3154), 5.5 h for WASP-17b (GTO 1353), and 
 h for HD 149026b (GTO 1274). 
As all our GO 3838 science targets are too bright to use them

or target acquisition (TA), we will utilize nearby (within splitting 
istance), fainter stars to conduct our target acquisition via the wide 
perture target acquisition (WATA) mode. We have selected them 

sing both the 2MASS (Skrutskie et al. 2006 ) and GAIA DR3 (Gaia
ollaboration 2016 , 2023 ) catalogues. The first one ensures that we
ave the necessary brightness for each star to achieve successful TA
SNR > 20 as verified with the JWST Exposure Time Calculator,
TC), while the latter ensures that the positions and proper motions
f each star are accurate. 

 P R E D I C T I O N S  F RO M  DISC  M O D E L S  A N D  1 D  

TMO SPH ER E  MODELS  

n order to determine to what significance we could infer the predicted
ifference between C/O and metallicity for aligned and misaligned 
lanets, we generated a grid of 1D isothermal chemical equilibrium 

tmosphere models using the exoplanet atmosphere radiative transfer 
orward and retrie v al modelling code PLATON (Zhang et al. 2019 ,
020 ). We used the R = 10000 line lists and PLATON ’s default
pecies which, at the wavelengths and temperatures we are consid- 
ring (Fig. 3 ), are dominated by H 2 O (Polyansky et al. 2018 ), CO 2 

Tashkun & Pere v alo v 2011 ), and CO (F aure et al. 2013 ; Gordon
t al. 2017 ). 2 

Along with planetary parameters such as radius and temperature, 
he PLATON forward models are parametrized by metallicity (Z) and 
/O. In its default configuration, PLATON assumes solar elemental 
bundances from Asplund et al. ( 2009 ) and a C/O ratio of 0.53. For
ur purposes, we set Z and C/O according to the findings of Penzlin
 Booth et al. ( 2024 ). Typically, planet formation and disc models

ave focused on Sun-like stars; ho we ver, the Penzlin & Booth et al.
 2024 ) calculations were specifically designed for F stars like those
n our surv e y, which hav e hotter discs. We considered the results of
wo end scenarios that are distinctly opposing, but representative: 
RASTAI 3, 691–704 (2024) 
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(1) the fiducial model whereby aligned planets trend towards
ower C/O than misaligned planets, owing to their accretion of O-rich
ces from the inner disc and the fact that accreted silicates from the
nner disc e v aporate their O into the atmosphere (‘disc scenario 1’,
ig. 4 , left panel) and 
(2) the silicate rainout model whereby accreted silicates do not

 v aporate their oxygen into the atmospheres of planets. In this case,
he atmospheric composition is dominated by gas, volatiles, and
arbon-rich refractories. This increases the C/O of disc migrated
lanets and thus causes aligned planets to have higher C/O than
isaligned planets (‘disc scenario 2’, Fig. 4 , right panel). 

With these two scenarios, we then selected two different metallici-
ies (3 × and 30 × solar, vertical lines in Fig. 4 ) and the corresponding
/O ratios for both the aligned and misaligned planets (horizontal

ines, Fig. 4 ). We selected supersolar metallicities given the existing
vidence from JWST for the prevalence of hot Jupiters with supersolar
etallicity atmospheres (e.g. Ahrer et al. 2023 ; Alderson et al. 2023 ;
ean et al. 2023 ; Feinstein et al. 2023 ; Rustamkulov et al. 2023 ; Xue
t al. 2024 ). In total, we considered eight combinations of Z and C/O:
 disc scenarios (fiducial, silicate rainout) × 2 metallicities (3 ×, 30 ×
olar) × 2 C/O (aligned, misaligned). We also made a second set of
ight atmosphere models where we included a grey cloud deck at a
ressure of 1 mbar, which acts to obscure molecular absorption from
ressures higher than 1 mbar. We did this to consider the impact of
uted molecular absorption on our ability to constrain Z and C/O. 
With the grid of 16 atmospheric forward models defined, we

roceeded to generate simulated transmission spectra for all 16
lanets in Table 1 (for a total of 256 simulated transmission spectra).
ig. 3 shows two example transmission spectra for TrES-4b, an
ligned target. We added simulated error bars to our model spectra
sing the JWST noise software package PandExo (Batalha et al.
017 ). F or the sev en planets in our sample that are scheduled for
IRSpec/G395H observations, we set the number of groups and

ntegrations equal to the actual numbers used in the observations.
or the five targets observed through GO 3838, and those targets not
bserved to date, the number of groups is set to get as close to, but
ot exceed, 80 per cent of the full well calculated from the JWST
TC, with the number of integrations set to co v er the transit duration
lus 4 h, for the reasons given in Section 3 . The example spectra in
ig. 3 include measurement uncertainties generated by this method. 
With the model spectra from PLATON and uncertainties from
andExo , we proceeded to use PLATON ’s retrie v al capabilities to
etermine the precision to which we expect to infer Z and C/O from
ur synthetic spectra. The free parameters in our retrie v als were the
lanet’s atmospheric metallicity ( log Z), atmospheric C/O, planet
adius ( R P ), and the temperature of the isothermal atmosphere ( T iso ),
lus a cloud-top pressure for the cloudy spectra. We placed flat,
ide priors on all the retrieved parameters. Specifically, log Z was
ounded between -1 and 3, C/O between 0.05 and 2.0, R P between
 . 9 × and 1 . 1 × the input value, and T iso between 300 K and 2500 K.
or models with clouds, the cloud-top pressure was bounded between
0 −6 − 1 bar. 
We sampled the parameter space using nested sampling, imple-
ented via dynesty (Speagle 2020 ), with 100 live points. To

etermine the benefit of increasing the sample size, we sequen-
ially combined the posteriors of the best four (tw o aligned, tw o

isaligned), eight (four aligned, four misaligned), and 16 (seven
ligned, nine misaligned) planets, where the best is determined by
he TSM ranking in Table 1 . The posteriors for the fiducial model
etup (disc scenario 1) are shown in Fig. 5 with the silicate rainout
odel (disc scenario 2) shown in Fig. 6 . The posteriors resulting from
ASTAI 3, 691–704 (2024) 
he fits to the models with the grey cloud deck at 1 mbar are shown
n Appendix A . 

As Figs 5 and 6 show, there are diminishing returns as the sample
ize is increased. This is because to increase the total sample size,
e are adding planets with lower signal-to-noise (as shown by

heir TSMs in Table 1 ). Also, we see that increasing the sample
ize leads to a more significant impro v ement in the log Z and C/O
recisions for the aligned planets (orange histograms) as compared
o the misaligned planets (blue histograms). This is due to the fact
hat the TSMs of the two best misaligned planets (WASP-94Ab and

ASP-17b) are significantly higher than the remaining misaligned
lanets, while the two best aligned planets (TrES-4b and KEL T -7b)
re more similar to the rest of the aligned planets in terms of TSM
Table 1 ). 

For our actual sample size of eight planets, we estimate a precision
n C/O of ±0 . 055 (aligned planets) and ±0 . 030 (misaligned planets)
or the 3 × solar metallicity, fiducial case (disc scenario 1). This would
ake the predicted difference between the aligned and misaligned

lanets of � ( C / O ) = 0 . 07 particularly challenging to measure ( <
 σ ). Ho we ver, if the planets are more metal-rich, similar to other
lanets in the literature, then we would be sensitive to the difference
etween the C/O of aligned and misaligned planets in the 30 × solar
etallicity fiducial setup. Specifically, we estimate a precision on
/O of ±0 . 028 (aligned planets) and ±0 . 016 (misaligned planets) in

his case, which would allow us to measure the predicted difference
etween the C/O of the two populations of � ( C / O ) = 0 . 09 at 2 . 0 σ .

For disc scenario 2, where silicates do not release their oxygen
pon accretion, this leads to a larger predicted difference in C/O
etween the two populations that we’d have greater sensitivity to,
ith the aligned planets having higher C/O. In this scenario, we

stimate a precision on C/O of ±0 . 021 (aligned planets) and ±0 . 017
misaligned planets) for the 3 × solar metallicity atmospheres. These
recisions would allow us to measure the predicted difference
etween the aligned and misaligned planets that do not undergo
ilicate e v aporation of � ( C / O ) = 0 . 13 at 3 . 4 σ . For the 30 × solar
etallicity atmospheres, we estimate a precision on C/O of ±0 . 048

aligned planets) and ±0 . 029 (misaligned planets), allowing us
o measure the predicted difference between the C/O of the two
opulations, � ( C / O ) = 0 . 18, at 2 . 3 σ . 
As Figs A1 and A2 show, the inclusion of a grey cloud deck widens

he C/O posteriors by up to 0.037. Despite this, we would still be
ensitive to the predicted difference in the C/O for 30 × metallicity
tmospheres for both disc scenarios and the difference in C/O for the
 × solar metallicity atmosphere for disc scenario 2. 
Five of our targets will be observed with additional instruments

n other appro v ed JWST programmes. Specifically, WASP-17b will
e observed with JWST/NIRISS, NIRSpec/G395H, and MIRI/LRS
o v ering wav elengths from ∼ 0 . 6 − 12 μm in both transmission and
mission (GTO 1353, PI: Lewis). HAT -P-30b, NGTS-2b, KEL T -7b,
nd WASP-94Ab will be observed with JWST/NIRISS in Cycle 3
GO 5924, PI: Sing), providing transmission spectra from 0.6 to
.8 μm. Combining these future data with our G395H observations
ill allow for tighter constraints than we predict here, although

his will require careful analysis to a v oid instrument-specific biases
rising in atmospheric inferences (e.g. Lueber et al. 2024 ). 

 DATA  R E D U C T I O N  A N D  ANALYSI S  

TRATEGY  

o reduce and analyse our data, we will follow and learn from the
pproaches used in the JWST Early Release Science (ERS) Transiting
xoplanet Program (Ahrer et al. 2023 ; Alderson et al. 2023 ; Feinstein
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Figure 4. The C/O and [O/H] ( = Z) results of two models from the suite of models run in Penzlin & Booth et al. ( 2024 ). Left panel: The C/O and [O/H] from 

the fiducial model (disc scenario 1), showing that aligned, disc-migrated planets (orange points) tend towards lower C/O than misaligned, high-eccentricity 
migrated planets (blue points) due to the accretion of O-rich ices in the inner disc. The dashed and dotted lines indicate the two values of metallicity and four 
values of C/O that were adopted in our simulation setup here. The white circles with uncertainties show the precision with which we’ll be able to measure these 
values from an eight-planet sample. Specifically, the uncertainties are the result of co-adding four aligned planets (red error bars) and four misaligned planets 
(black error bars), assuming each planet has the same mean C/O and [O/H], as set by the dashed/dotted lines. Right panel: The C/O and [O/H] from the silicate 
rainout model (disc scenario 2), whereby silicates do not release their O into the atmospheres of exoplanets upon accretion. In this case, aligned, disc-migrated 
planets (orange points) tend towards higher C/O than misaligned, high-eccentricity migrated planets (blue points). Again, the dashed and dotted lines indicate 
the two values of metallicity and four values of C/O that were adopted in our simulation setup here. 
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t al. 2023 ; JWST Transiting Exoplanet Community Early Release 
cience Team 2023 ; Rustamkulov et al. 2023 ). Specifically, we will
educe each of our data sets with more than one independent open-
ource pipeline, namely Tiberius 3 (Kirk et al. 2017 , 2021 ), Eu-
eka! 4 (Bell et al. 2022 ), and ExoTiC-JEDI 5 (Alderson, Grant & 

akeford 2022a ). Each of these reduction pipelines has been used in
he ERS programme and multiple subsequent JWST analysis papers. 

hile they largely produce results consistent within uncertainties 
e.g. Ahrer et al. 2023 ; Alderson et al. 2023 ; Rustamkulov et al.
023 ), small differences between the resulting spectra can lead 
o differences in inferences regarding planetary atmospheres (e.g. 
onstantinou, Madhusudhan & Gandhi 2023 ; Kirk et al. 2024 ). 
y comparing multiple reductions for every observation in the 
rogramme, we will determine how our conclusions depend on 
he choice of reduction pipeline and explore the origins of any 
ifferences. 
Data reduction (raw images to planet spectra) is only one half 

f the analysis needed to infer atmospheric C/O and Z. The second
alf involves going from planet spectra to atmospheric constraints. 
o perform this step, we will use at least two independent open-
ource forward modelling and retrie v al codes to interpret each 
lanet’s spectrum, including PLATON 6 (Zhang et al. 2019 , 2020 ), 
etitRADTRANS 7 (Molli ̀ere et al. 2019 ; Nasedkin, Molli ̀ere & 

lain 2024 ), CHIMERA 8 (Line et al. 2012 , 2013 ), and VULCAN 9 (Tsai
t al. 2017 , 2021 ). Each of these codes makes different modelling
ssumptions, including equilibrium versus disequilibrium chemistry, 
sothermal versus non-isothermal temperature profiles, and grey 
 ersus non-gre y clouds. As has been shown by the ERS programme
Welbanks et al., in preparation), different modelling assumptions 
 https:// github.com/ JamesKirk11/ Tiberius 
 https:// github.com/ kevin218/ Eureka 
 https:// github.com/ Exo-TiC/ ExoTiC-JEDI 
 https:// github.com/ ideasrule/ platon 
 https:// gitlab.com/ mauricemolli/ petitRADTRANS 
 https:// github.com/ mrline/ CHIMERA 

 https:// github.com/ exoclime/ VULCAN 
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an also influence the measured C/O and Z from a planet’s spectrum
hich moti v ates our decision to use at least two codes per spectrum.
Given the differences that can arise from both the data reduction

nd data interpretation steps, we will have at least one constant
pproach running through all of our planetary analyses. Specifically, 
 Tiberius reduction with the same extraction parameters and 
avelength bins and a petitRADTRANS retrie v al with the same
ases and temperature–pressure profile parametrization. This will 
 v oid reduction-dependent biases, allowing us to fairly assess how
he C/O differs between the aligned and misaligned planets in an
nbiased way. 
Upon the conclusion of each planet’s analysis, we will make 
ultiple data products openly available on Zenodo. These data sets 
ill include extraction input files, calibrated image files, extracted 
D stellar spectra, white and spectroscopic light curves, light- 
urve models, transmission spectra, forward atmosphere models, and 
etrieved atmosphere models. 

 EXISTING  RESULTS  F O R  WA SP-1 7 B  A N D  

D  1 4 9 0 2 6 B  

f the planets in our sample, two have published JWST observations
o date. Grant et al. ( 2023 ) presented a MIRI/LRS spectrum of WASP-
7b from 5 to 12 μm, combined with previously published HST and
pitzer observations of the planet (Alderson et al. 2022b ). While the
ifferent atmosphere modelling procedures they used resulted in a 
ange of metallicities and C/O ratios, their result pointed towards a
epleted H 2 O abundance and a supersolar C/O. Grant et al. ( 2023 )
nterpreted this as due to the formation of high temperature aerosols
epleting the O from the observable atmosphere. Since WASP-17b 
s a misaligned planet, its supersolar C/O and subsolar O/H could
lso be a natural outcome of it not accreting O-rich material from
he inner disc (Penzlin & Booth et al. 2024 ) as it likely underwent
igh-eccentricity migration due to its high obliquity (Table 1 ). 
Bean et al. ( 2023 ) observed an emission spectrum with

WST/NIRCam of the aligned hot Jupiter HD 149026b, which 
evealed a metal-rich atmosphere (59 − 276 × solar) and a su- 
RASTAI 3, 691–704 (2024) 
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R

Figure 5. The retrieved log Z and C/O posteriors from the model atmospheres with log Z and C/O set by the fiducial disc model (scenario 1). The left column 
corresponds to the 3 × solar metallicity cases, and the right column to 30 × solar. Top row: the combined log Z posteriors from the aligned planets for a total 
sample size of four (two aligned, two misaligned), eight (four aligned, four misaligned), and 16 (seven aligned, nine misaligned) planets. The legend gives the 
standard deviations of these distributions, which are equivalent to co-adding the uncertainties in log Z and C/O for two planets (thick, pale lines), four planets 
(thinner, dark lines), and seven aligned/nine misaligned planets (thinnest lines). The darkest line corresponds to our actual sample size of eight planets. The 
vertical dashed and dotted orange lines indicate the mean and standard deviation of the eight planet posterior. The vertical dotted black line indicates the input 
value. Second row: log Z posteriors for the misaligned planets. Bottom row: the C/O posteriors for both the aligned (orange) and misaligned planets (blue). 
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ersolar C/O (0 . 84 ± 0 . 03). Ho we ver, in a re-analysis, Gagnebin
t al. ( 2024 ) showed that the planet’s emission spectrum could
lso be fit with a lower, yet still supersolar, metallicity of 20 + 11 

−8 ×
olar, and supersolar C/O of 0 . 67 + 0 . 06 

−0 . 27 by using self-consistent
D radiativ e-conv ectiv e-thermochemical equilibrium models. Both
onclusions are qualitatively consistent with the silicate rainout
isc model (Fig. 4 and Penzlin & Booth et al. 2024 ). HD 149026b
s the only planet in our sample that will not be observed with
IRSpec/G395H in transmission, with the published data coming

rom NIRCam/F322W2 + F444W emission observations (Bean et al.
023 ), which co v er a similar wavelength range to NIRSpec/G395H
2.3–5.0 μm). We will perform a reanalysis of these data using our
wn reduction tools (Section 5 ) to ensure uniformity and investigate
ASTAI 3, 691–704 (2024) 

o  
he implications on the measured C/O distribution for the aligned
lanets when including and excluding this data set. 
While it is tempting to begin to draw conclusions from the

ublished observations of WASP-17b and HD 149026b, we stress the
mportance of waiting for the combined, homogeneously observed
nd analysed sample when trying to understand planet formation. 

 A D D I T I O NA L  SCI ENCE  ENABLED  BY  O U R  

O M O G E N E O U S  SAMPLE  

iven that our observing programme will produce eight homoge-
eously generated and analysed, high signal-to-noise JWST spectra
f hot Jupiters, there are multiple additional science questions that

art/rzae043_f5.eps
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Figure 6. The retrieved log Z and C/O posteriors from the model atmospheres with log Z and C/O set by the silicate rainout disc model (scenario 2). See Fig. 5 
for a description of the axes. 
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an be e xplored, be yond our primary goal of determining whether
/O and Z depend on migration in a measurable way. F or e xample,
e will also investigate whether Z depends on planetary mass. 

n the solar system there is an inverse relationship between mass
nd metallicity among the gas giants (e.g. Kreidberg et al. 2014 ).
etermining whether such a trend exists among exoplanets has long 
een a goal of observations (e.g. Kreidberg et al. 2014 ; Wakeford
t al. 2018 ; Welbanks et al. 2019 ). Our sample of eight planets
pan Saturn to super Jupiter masses ( ∼ 0 . 4 − 1 . 3 M J ), allowing for
nformative comparisons with the solar system trend. 

In addition to the 1D forward and retrie v al modelling we will
erform for our sample, we will investigate the atmospheres of 
ur exoplanets in 3D. Since all of our targets are on short orbital
eriods they are expected to be tidally locked. This leads to a large
ay-to-night temperature gradient between their permanent daysides 
nd permanent nightsides which, in turn, drives a super-rotating 
quatorial jet that carries hot dayside gas to the nightside and cool
ightside gas to the dayside (e.g. Showman & Polvani 2010 ). The
esult is hotter evening limbs and cooler morning limbs, and hence
ifferent gas phase chemistry and cloud co v erage at each limb. Using
 combination of ingress/e gress light-curv e fits and light-curve fits
ith two planetary radii for the morning and evening limb, Espinoza

t al. 2024 have measured limb differences in a planet’s transmission
pectrum with JWST . We will apply the same techniques, using
iberius and catwoman 10 (Jones & Espinoza 2020 ) to search 

or limb asymmetries in our data. 
Furthermore, we will investigate how the F star hosts of our

ample drive photochemistry in their planets’ atmospheres. Given 
he detection of the photochemical product SO 2 in the transmission 
pectrum of WASP-39b (Alderson et al. 2023 ; Rustamkulov et al.
023 ; Tsai et al. 2023 ), a Saturn-mass giant around a mid-G star, it is
lausible that we will also see SO 2 in our planets. If we see evidence
or SO 2 in a planet’s spectrum, this will necessitate photochemical 
RASTAI 3, 691–704 (2024) 
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odelling for that planet within the primary science programme. Our
nferences of sulphur abundances will allow for additional precise
onstraints on atmospheric metallicity (e.g. Tsai et al. 2023 ) and will
oti v ate parallel investigations into if and how a planet’s history can

e inferred from its sulphur abundance. 
Our investigations of 3D effects and photochemistry will be

acked up by a comparison of each planet’s observed spectrum to
he spectrum predicted by a 3D climate model (also known as a
eneral circulation model, or GCM) of a hot Jupiter atmosphere. This
omparison will reveal how the interactions between atmospheric
irculation, radiative transfer, disequilibrium thermochemistry (e.g.
amyatina et al. 2024 ), and photochemistry, in 3D, impact the
xoplanets’ morning and evening limb spectra. Furthermore, this
ill allow us to determine to what extent the limb-averaged C/O

nd Z we measure from our transit spectra are representative of
he o v erall atmosphere composition. Among the GCM outputs will
e longitude–latitude maps of molecular abundances as a function
f pressure and temperature, which we will use to inform our 1D
odels. The BOWIE-ALIGN programme sample could also serve

s a high-quality observational reference for model intercomparison
rojects, such as those within the CUISINES framework (Fauchez
t al. 2021 ; Sohl et al. 2024 ). The homogeneity of data would allow
s to benchmark single-column models and 3D GCMs in terms of
.g. their simulated transmission spectra, for aligned and misaligned
ot Jupiters. This will help us to validate our theoretical predictions
nd make the conclusions of the programme more robust. 

Separately, we will perform cross-correlation analyses for all of
he planets in our sample to search for isotopologues in the planets’
tmospheres. As Esparza-Borges et al. ( 2023 ) showed, one-pixel
esolution spectra from NIRSpec/G395H can be used to detect
olecules via cross-correlation spectroscopy, in a similar way to

hat done using high-resolution ground-based instrumentation (e.g.
nellen et al. 2010 ; Rodler, Lopez-Morales & Ribas 2012 ; Brogi
t al. 2016 ). In the case of WASP-39b, Esparza-Borges et al.
 2023 ) showed that the signal to noise in the cross-correlation
unction was maximized by the inclusion of CO isotopologues,
emonstrating the sensitivity of JWST to isotopologues. This will
rovide additional information regarding our samples’ formation
ince elemental isotopes and molecular isotopologues may be related
o formation history (e.g. Clayton & Nittler 2004 ). 

Finally, our JWST observations will allow us to measure extremely
recise flux-calibrated 2.8–5.2 μm spectra of F stars from around
300 K to 6700 K. These spectra will enable robust tests of 3D stellar
agnetohydrodynamics (MHD) atmospheric models, specifically

hose from the MuRAM code (V ̈ogler 2003 ; V ̈ogler et al. 2005 ). 
We will make our data products publicly available after each

lanets’ analysis, which will enable the community to pursue
dditional ancillary science programmes. 

 SUMMARY  

e are undertaking a surv e y with JWST to test whether an exoplanet’s
tmospheric C/O and metallicity can be observationally linked
o its migration history . Specifically , we will observe the near-
nfrared spectra of a sample of eight hot Jupiters, four of which are
ligned with the stellar spin axis and four of which are misaligned.
rucially for our test, all of our targeted exoplanets orbit F stars
bo v e the Kraft break, where tidal realignment is expected to be
nefficient, meaning that their obliquities retain information about
heir migration histories. 

Penzlin & Booth et al. ( 2024 ) explored the range of C/O and
etallicity that can result from a consideration of multiple different
ASTAI 3, 691–704 (2024) 
rotoplanetary disc and accretion parameters specifically for planets
ormed around F stars. The principal observationally testable results
rom their modelling effort are: 

(i) C / O aligned < C / O misaligned : this can be explained by the late
ccretion of solid material (planetesimals) by aligned planets during
heir migration. This would be direct evidence that accretion from
he inner disc is important in setting a planet’s C/O and that the
ligned planets and misaligned planets did indeed undergo different
igration pathways. 
(ii) C / O aligned > C / O misaligned : this scenario is possible if, during

he late accretion of O-bearing silicates in the inner disc, the silicates
o not e v aporate their oxygen upon accretion. In this case, the
tmospheric composition will have been dominated by accreted gas,
olatiles, and carbon-rich refractories. Like result (i), this would
e direct evidence for the influence of migration on atmospheric
omposition. 

(iii) C / O aligned ≈ C / O misaligned : this result would indicate either
hat the majority of hot Jupiter assembly is completed before

igration or that obliquity is not a sensitive tracer of migration
or planets around F-type stars. 

In this paper, we have described our observational test of these
redictions, including the target selection and sample size, which
e investigated using a combination of 256 1D atmospheric forward
odels, JWST noise simulations and atmospheric retrie v als. 
Our simulated transmission spectra show we will measure the

redicted difference in C/O of aligned versus misaligned planets
ith confidences between 0 and > 3 σ , depending on where our

argeted exoplanets sit in C/O–[O/H] parameter space (Fig. 4 ). We
ill be sensitive to result (i) if the atmospheric metallicities approach
30 × solar, while the greater differences in C/O between the two

opulations for result (ii) means we will be sensitive to these o v er a
ide range of metallicities. If we measure either result (i) or (ii), this
ould represent the first observational confirmation that atmospheric

omposition traces formation environment. If we observe supersolar
etallicities, this would indicate the accretion of solid material, like

he solar system, while subsolar metallicities would suggest that hot
upiter assembly differs from the giant planets in the solar system. 

A caveat to our experiment is the assumption that disc-migration
esults in aligned systems while disc-free migration results in
isaligned systems. Other scenarios, like coplanar high-eccentricity
igration (Petrovich 2015 ), could contaminate this distinction. If
e measure a negligible difference between the compositions of

ligned and misaligned planets, result (iii), this could be evidence
or a common migration history and thus that obliquities are not a
ensitive tracer of migration, even around F stars. 

Ultimately, our comparativ e surv e y of a population of carefully
elected hot Jupiters will provide a rich data set with which to test the
ependence of atmospheric composition on formation and migration.
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Figure A1. The retrieved log Z and C/O posteriors from the model atmospheres with log Z and C/O set by the fiducial disc model (scenario 1), with the addition 
of a grey cloud deck at 1 mbar. See Fig. 5 for a description of the axes. 

D
ow

nloaded from
 https://academ

ic.oup.com
/rasti/article/3/1/691/7818132 by Im

perial C
ollege of Science Technology and M

edicine user on 11 N
ovem

ber 2024

art/rzae043_fa1.eps


704 J. Kirk et al. 

RASTAI 3, 691–704 (2024) 

Figure A2. The retrieved log Z and C/O posteriors from the model atmospheres with log Z and C/O set by the silicate rainout disc model (scenario 2), with the 
addition of a grey cloud deck at 1 mbar. See Fig. 5 for a description of the axes. 
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