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A B S T R A C T 

Spectroscopic phase curves of hot Jupiters measure their emission spectra at multiple orbital phases, thus enabling detailed 

characterization of their atmospheres. Precise constraints on the atmospheric composition of these exoplanets offer insights 
into their formation and evolution. We analyse four phase-resolved emission spectra of the hot Jupiter WASP-43b, generated 

from a phase curv e observ ed with the Mid-Infrared Instrument/Low Resolution Spectrometer onboard the JWST , to retrieve its 
atmospheric properties. Using a parametric 2D temperature model and assuming a chemically homogeneous atmosphere within 

the observed pressure region, we simultaneously fit the four spectra to constrain the abundances of atmospheric constituents, 
thereby yielding more precise constraints than previous work that analysed each spectrum independently. Our analysis reveals 
statistically significant evidence of NH 3 (4 σ ) in a hot Jupiter’s emission spectra for the first time, along with evidence of H 2 O 

(6.5 σ ), CO (3.1 σ ), and a non-detection of CH 4 . With our abundance constraints, we tentatively estimate the metallicity of 
WASP-43b at 0.6 −6 . 5 × solar and its C/O ratio at 0.6 −0.9. Our findings offer vital insights into the atmospheric conditions 
and formation history of WASP-43b by simultaneously constraining the abundances of carbon, oxygen, and nitrogen-bearing 

species. 

K ey words: radiati ve transfer – methods: numerical – planets and satellites: atmospheres – planets and satellites: individual: 
WASP-43b. 
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he disco v ery of hot Jupiters stands as a testament to the diverse
utcomes of planetary formation processes. Understanding the mech-
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nisms that give rise to their close-in orbits is crucial for advancing
ur knowledge of planetary formation, thus necessitating detailed 
haracterization of their physical properties. Fortunately, because of 
heir large atmospheric scale heights and fa v ourable planet-to-host- 
tar flux ratios, hot Jupiters are excellent targets for spectroscopic 
tmospheric characterization (e.g. Sing et al. 2016 ; Fisher & Heng 
018 ; Irwin et al. 2020 ; Mansfield et al. 2021 ; Ahrer et al. 2023 ).
recise constraints on hot Jupiters’ atmospheric properties, such as 
olecular composition and thermal structure, further our knowledge 

f atmospheric physics under extreme conditions and grant us insight 
nto their formation and migration pathways (Madhusudhan, Amin & 

ennedy 2014 ; Mordasini et al. 2016 ; Madhusudhan et al. 2017 ;
awson & Johnson 2018 ; Cridland et al. 2019b ; Chachan et al.
023 ). In recent years, phase-resolved emission spectroscopy, or 
spectroscopic phase curves’, where the disc-integrated emission 
pectrum of a transiting exoplanet is observed at multiple orbital 
hases, has gained attention as a po werful observ ation strategy 
Stevenson et al. 2014 ; Kreidberg et al. 2018 ; Irwin et al. 2020 ; Mikal-
vans et al. 2022 ). These phase curves are valuable data sets as they
llow us to probe the longitudinal variation of atmospheric properties 
cross a planet and mitigate the de generac y between thermal structure 
nd molecular abundances in atmospheric retrie v als (Feng et al. 2016 ;
lecic, Dobbs-Dixon & Greene 2017 ; Taylor et al. 2020 ). 
In this work, we retrieve the atmospheric properties of the 

ransiting hot Jupiter WASP-43b (Hellier et al. 2011 ) using a phase
urv e observ ed with the Mid-Infrared Instrument/Low Resolution 
pectrometer (MIRI/LRS) onboard the JWST . WASP-43b orbits its 
7 host star in just 19.2 h (Gillon et al. 2012 ), making it a prime

arget for phase curve observations. The planet is presumably tidally 
ocked due to the proximity to its host star, allowing us to convert
he orbital phase to the central longitude of the observed hemisphere. 
sing the parametric atmospheric model of Yang, Irwin & Barstow 

 2023 ), we constrain the molecular abundances in the atmosphere of
ASP-43b by simultaneously fitting four emission spectra generated 

t different orbital phases, with the assumption that atmospheric 
ynamics ef fecti vely homogenize the chemical composition in the 
ressure range probed by the observation (Cooper & Showman 2006 ; 
g ́undez et al. 2014 ; Drummond et al. 2018a , b ; Mendon c ¸a et al.
018b ; Venot et al. 2020 ; Baeyens et al. 2021 ). By analysing the four
pectra together, we are able to boost the signal-to-noise ratio and 
etter constrain the molecular abundances than the previous analysis 
hat fit each spectrum separately (Bell et al. 2024 ). We confirm
revious detection of H 2 O using the same data set (Bell et al. 2024 )
t higher statistical significance and additionally find statistically 
ignificant evidence of NH 3 and CO. Our work adds to a wealth
f studies on WASP-43b, spanning telescopic observations (Czesla 
t al. 2013 ; Blecic et al. 2014 ; Kreidberg et al. 2014 ; Stevenson
t al. 2014 , 2017 ; Weaver et al. 2020 ; Fraine et al. 2021 ; Scandariato
t al. 2022 ; Lesjak et al. 2023 ; Murphy et al. 2023 ; Bell et al. 2024 ),
tmospheric retrie v als (Changeat & Al-Refaie 2020 ; Feng, Line &
 ortne y 2020 ; Irwin et al. 2020 ; Cubillos et al. 2021 ; Chubb &
in 2022 ; Dobbs-Dixon & Blecic 2022 ; Taylor & Parmentier 2023 ;

ang et al. 2023 ) and atmospheric modelling (Kataria et al. 2015 ;
eating & Cowan 2017 ; Mendon c ¸a et al. 2018a , b ; Carone et al.
020 ; Helling et al. 2020 ; Venot et al. 2020 ; Schneider et al. 2022 ;
einturier et al. 2024 ). Our simultaneous abundance constraints on 
ater, methane, and ammonia can enable further studies on both 

he atmospheric chemistry and the formation history of WASP-43b 
F ortne y et al. 2020 ; Line et al. 2021 ; Ohno & F ortne y 2023a , b ). 

This paper is structured as follows: In the methodology sec- 
ion (Section 2 ), we first outline how the emission spectra are
enerated from the JWST MIRI/LRS phase curve in 2.1 , then intro-
uce our parametric atmospheric model in 2.2 , our radiative transfer
outine in 2.3 , and the set-up of our atmospheric retrie v als in 2.4 . We
resent our results in Section 3 , including the spectral fits in 3.1 , the
bundance constraints in 3.2 and the thermal structure constraints in 
.3 . We compare our results to past Hubble Space Telescope (HST)
nd Spitzer observations in 3.4 and briefly discuss the implications 
f our results on the formation history of WASP-43b in 3.5 . We
xplore the implications of our retrieved atmospheric properties 
ith 1D chemical modelling in 3.6 . We detail the limitations of

he assumptions made in our analysis in Section 4 before concluding
n Section 5 . 

 M E T H O D O L O G Y  

e describe the JWST observation in 2.1 , followed by an outline
f our atmospheric retrie v al procedure, which is divided into three
arts. First, we model the atmosphere of WASP-43b using the global
arametric atmospheric model from Yang et al. ( 2023 ) based on
 radiative-equilibrium temperature–pressure profile and assuming 
niform molecular abundances ( 2.2 ). Secondly, we use a correlated- k
adiative transfer pipeline to generate phase-resolved disc-integrated 
mission spectra from a given atmospheric model ( 2.3 ). Thirdly,
e use a Bayesian parameter inference algorithm to constrain the 
arameters of our atmospheric model given the observed spectra and 
alculate the significance of the molecular detections from Bayesian 
vidence ( 2.4 ). 

.1 Obser v ation 

e analyse four disc-integrated emission spectra of WASP-43b 
erived from a phase curve observation with JWST MIRI in Low
esolution Spectroscopy slitless mode collected between 2022 
ecember 1 and 2 ( JWST Transiting Exoplanet Community Early 
elease Science Programme, JWST -ERS-1366; Stevenson et al. 
016 ; Bean et al. 2018 ; Bell et al. 2024 ). The original observation
pans 5–12 μm and contains a full phase curve with two eclipses and
ne transit, lasting 26.5 h at a cadence of 10.34 s. Ho we ver, we only fit
he observation in the 5–10.5 μm region due to unresolved systematic 
ffects in the 10.6–11.8 μm region (see 2.1.1 ). The spectra we analyse
re the final fiducial spectra presented in Bell et al. ( 2024 ), which
re the mean average of the spectra reduced using four different data
eduction pipelines (Eureka! v1, Eureka! v2, TEATRO, SPARTA). 
he uncertainties are set as the mean uncertainty per wavelength 
in, and then adding in quadrature the root mean square between the
ndividual reductions and the mean spectrum, as was done in Bell
t al. ( 2024 ). 

.1.1 ‘Shadowed region effect’ 

he original MIRI/LRS observation spanned 5–12 μm . Ho we ver, the
bservation in the 10.6–11.8 μm region was affected by the so-called 
hado wed region ef fect of the MIRI instrument (Bell et al. 2024 ),
hich has not yet been robustly separated from the astrophysical 
hase variations, making the observation in this wavelength range 
nreliable for this particular observation (not all MIRI/LRS obser- 
 ations are af fected, see Bell et al. 2024 ). Therefore, we exclude
his wavelength region from our retrie v als, in line with the retrie v al
nalysis in Bell et al. ( 2024 ). This wavelength region contains strong
H 3 features; thus, successfully removing the systematic effect in the 

uture will allow us to more confidently constrain the NH 3 abundance 
f WASP-43b and other hot Jupiters. 
MNRAS 532, 460–475 (2024) 
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Figure 1. Schematics of our parametric 2D temperature model as defined 
by equation ( 1 ). The model divides the atmosphere into a dayside region 
and a nightside region, each modelled with a representative TP profile. The 
dayside central longitude and the dayside width are allowed to vary. ‘O’ 
marks the substellar point and ‘O 

′ 
’ marks the centre of the dayside region. 

While temperature is constant with longitude on isobars in the nightside 
region, we can parametrize the variation of temperature with longitude on the 
dayside. Note that the temperature is constant with latitude and only varies 
with pressure and longitude (we interpret the retrieved thermal structure as a 
latitudinal average, see 2.2 ). 
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1 For our best-fitting model shown in Section 3 , the change in g from the 
highest pressure level to the lowest pressure level is about 5 per cent. 
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.2 Parametric atmospheric model 

ur atmospheric model combines a parametric 2D temperature
odel (model 4 from Yang et al. 2023 ) with a simple chemistry
odel that assumes uniform gas volume mixing ratios (VMRs) in

he atmospheric region probed by the observation. The temperature
odel is ‘2D’ in the sense that temperature only varies with pressure

nd longitude and is held constant with latitude. Of course, physi-
ally, we do not expect the temperature to be constant with latitude,
ut should instead fall of f to wards the poles. We interpret the thermal
tructure retrieved using this 2D model as a latitudinally averaged
hermal structure, as Yang et al. ( 2023 ) found that the temperature
tructure retrieved from synthetic phase curve data simulated from a
eneral circulation model (GCM) closely resembles the meridional
ean thermal structure of the GCM calculated using cos(latitude)

s the weight. We choose not to model the latitudinal temperature
ariation since we are much more sensitive to longitudinal variation
han latitudinal variation with our phase curve observation (the
entral longitude during the observation changes, whereas the central
atitude is held constant). We note that the dayside latitudinal
ariation can be constrained with the eclipse mapping data of WASP-
3b (Hammond et al. 2024 ), discussed in 4.1 . 
The 2D temperature model divides the atmosphere into a dayside

egion and a nightside region that are each described with a
epresentative temperature–pressure (TP) profile (see Fig. 1 ). The
idth and the central longitude of the dayside region are free
arameters, modelling the effects of atmospheric circulation on heat
edistribution. These parameters can also mimic the impact of a cloud
istribution across the atmosphere, which may cause an apparent hot
pot offset (Parmentier, Showman & F ortne y 2020 ). We allow the
P profile to vary with longitude on the dayside while keeping the

emperature constant with longitude on isobars on the nightside,
nspired by GCM studies which show approximately constant-with-
ongitude meridional mean thermal structures on the nightsides of hot
upiters (e.g. fig. 10, Kataria et al. 2015 ; fig. 4, Mendon c ¸a et al. 2018a ;
g. 7, Yang et al. 2023 ; fig. 2, Teinturier et al. 2024 ). Mathematically,

he temperature T in our model atmosphere at pressure P , longitude
NRAS 532, 460–475 (2024) 
 , and latitude � is given by 

 ( P , �, � ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

T night ( P ) if � > δ + 90 ◦ × ε or � < δ − 90 ◦ × ε, 

T night ( P ) + ( T day ( P ) − T night ( P )) cos n ( � −δ
ε 

) 
if δ + 90 ◦ × ε ≥ � ≥ δ − 90 ◦ × ε, 

(1) 

here T day ( P ) and T night ( P ) are respectively the representative TP
rofiles for the dayside region and the nightside region, δ is the
ongitudinal deviation of the centre of the dayside region from
he substellar point, and ε is a parameter go v erning the width of
he dayside region. Our coordinate system is defined such that the
ubstellar point (where the star would be perceived to be directly
 v erhead) is at 0 degree longitude, and the antistellar point is at
180 degree longitude. The dayside region in our model is bound by

he meridians � = δ − 90 ◦ × ε and � = δ + 90 ◦ × ε, and the rest
f the model is the nightside region (see Fig. 1 ). We reiterate that
he ‘dayside region’ in this model can deviate from the illuminated
egion of the planet. The exponent n of the cosine term in equation
 1 ) additionally prescribes how strongly temperatures vary with
ongitude on isobars on the dayside. 

Following Yang et al. ( 2023 ), we use the 1D radiative equilibrium
emperature profile given by equation (29) of Guillot ( 2010 ) to set
 day ( P ) and T night ( P ). While the deri v ation of this TP profile assumes
adiative equilibrium, we find in Yang et al. ( 2023 ) that it is flexible
nough to approximate the temperature profiles calculated by a GCM
n the limited pressure range currently probed by low-resolution
mission spectroscopy. The Guillot ( 2010 ) profile is given by 

 

4 ( P ) = 

3 T 4 int 

4 

( 2 

3 
+ τ

)
+ 

3 T 4 irr 

4 
f 
[ 2 

3 
+ 

1 

γ
√ 

3 
+ 

( γ√ 

3 
− 1 

γ
√ 

3 

)
e −γ τ

√ 

3 
] 
, 

(2) 

here τ is the infrared optical depth given by 

( P ) = 

κth P 

g 
. (3) 

his TP profile contains four free parameters: κth is the mean infrared
pacity, γ is the ratio between the mean visible and mean infrared
pacities, T int is the internal heat flux, and f is a catch-all parameter
f order unity that models the effects of albedo and the redistribution
f stellar flux due to atmospheric circulation. We assume a negligible
hange in gravity g in the pressure range probed by the observation
or the computation of the TP profile, 1 so that τ is linear in P . T irr is
he irradiation temperature defined by 

 irr = 

(R star 

a 

)1 / 2 
T star , (4) 

here a is the orbital semimajor axis, and R star and T star are the
ost star radius and temperature, respectively. In our model, the TP
rofile parameters for T day ( P ) and T night ( P ) are set independently. In
ummary, our temperature model has eleven free parameters: eight
arameters for the two representative TP profiles, plus three parame-
ers that characterize the dayside longitudinal thermal structure (see
able 1 ). 
For the chemistry component of our atmospheric model, we

ssume the atmosphere is H 2 /He dominated, with a fixed Jupiter-like
 2 to He VMR ratio at 86:14 (Von Zahn & Hunten 1996 ; Niemann

t al. 1998 ). Our model includes fiv e spectrally activ e molecules
hose VMRs are free parameters: H 2 O, CO 2 , CO, CH 4 , and NH 3 .
hese molecules are expected at potentially detectable abundance in
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Table 1. Free parameters of our atmospheric model and their priors. Compared to Yang et al. ( 2023 ), we additionally include NH 3 , 
an error inflation parameter b, and extend our priors for the log 10 VMRs from ( −8, −2) to ( −10, −2) to account for the generally 
higher opacities in the MIRI bandpass compared to the HST /Wide Field Camera 3 (WFC3) bandpass modelled in Yang et al. ( 2023 ). 

Parameter Description Prior Unit 

δ Dayside longitudinal offset U ( −45, 45) degree 
ε Dayside longitudinal width scaling U (0.5, 1.2) dimensionless 
n Dayside longitudinal variation exponent U (0, 2) dimensionless 
log κth,day Log 10 mean infrared opacity (dayside) U ( −4, 2) m 

2 kg −1 

log γday Log 10 ratio of visible and infrared opacities (dayside) U ( −4, 1) dimensionless 
log f day Log 10 heat redistribution parameter (dayside) U ( −4, 1) dimensionless 
T int,day Internal heat flux temperature (dayside) U (100, 1000) Kelvin 
log κth,nigtht Log 10 mean infrared opacity (nightside) U ( −4, 2) m 

2 kg −1 

log γnight Log 10 ratio of visible and infrared opacities (nightside) U ( −4, 1) dimensionless 
log f night Log 10 heat redistribution parameter (nightside) U ( −4, 1) dimensionless 
T int,night Internal heat flux temperature (nightside) U (100, 1000) Kelvin 
b Error inflation parameter U (1,5) dimensionless 
log VMR H 2 O Log 10 volume mixing ratio of H 2 O U ( −10, −2) dimensionless 
log VMR CO 2 Log 10 volume mixing ratio of CO 2 U ( −10, −2) dimensionless 
log VMR CO Log 10 volume mixing ratio of CO U ( −10, −2) dimensionless 
log VMR CH 4 Log 10 volume mixing ratio of CH 4 U ( −10, −2) dimensionless 
log VMR NH 3 Log 10 volume mixing ratio of NH 3 U ( −10, −2) dimensionless 
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he atmosphere of WASP-43b from chemical modelling (Mendon c ¸a 
t al. 2018b ; fig. 5, Venot et al. 2020 ; fig. 18, Baeyens et al. 2021 ) and
iven their significant opacities in the MIRI wavelengths (Fig. 2 ). We
ssume that the VMRs of the spectrally active molecules are constant 
ith altitude, longitude, and latitude based on previous modelling 
orks (e.g. Cooper & Showman 2006 ; Ag ́undez et al. 2014 ; Baeyens

t al. 2021 ), which suggest that atmospheric circulation should 
f fecti vely homogenize the molecular abundances in hot Jupiters in 
he pressure range (10–10 −3 bar) typically probed by low-resolution 
mission spectroscopy. 

The fixed stellar and planetary parameters used in this study are 
isted in Table 2 , and the free parameters of our model are listed in
able 1 . 

.3 Radiati v e transfer 

e use the correlated- k method for radiative transfer (Lacis & Oinas
991 ), following Irwin et al. ( 2008 ). The molecular opacity data
re taken from the ExoMolOP database (Chubb et al. 2021 ). We
enerate channel-integrated k -tables at the resolution of the spectra 
constant 0.5 μm bins) from the original ExoMolOP k -tables, which 
ere computed at a resolving power of R = 1000. We model the
olecular absorption due to the five spectrally active molecules in 

ur model and the collision-induced absorption due to H 2 –H 2 pairs
nd H 2 –He pairs. The full list of opacity data is given in Table 3 .
e calculate the disc-integrated emission spectra at arbitrary orbital 

hase using the method of Irwin et al. ( 2020 ) with five zenith angle
uadratures, which takes into account the variation of emission angle 
nd optical path across the atmosphere. The disc-integrated spectrum 

t a given orbital phase is computed assuming a circular, tidally 
ocked and edge-on orbit, using the parameters in Table 2 . The
pectral calculations are implemented by the NEMESISPY package 2 

ollowing Yang et al. ( 2023 ), which is a Python development of the
ortran NEMESIS library (Irwin et al. 2008 ). 
 https:// pypi.org/ project/ nemesispy 

m
a  

(  

f
w

.4 Retrieval set-up 

e perform retrie v als on the emission spectra of WASP-43b at
our different orbital phases simultaneously. Following Bell et al. 
 2024 ), the spectra are binned to eleven 0.5 μm wavelengths bins
n the 5–10.5 μm wavelength range, at orbital phase 0 (nightside), 
.25 (observer facing the evening terminator), 0.5 (dayside), and 
.75 (observer facing the morning terminator). We fit the four 
pectra simultaneously using spectra calculated from our atmo- 
pheric model described in 2.2 via the radiative transfer procedure 
escribed in 2.3 . We convert planetary emission to planet-to-star 
ux ratio using a stellar spectrum computed using a PHOENIX 

tellar model (Allard & Hauschildt 1995 ; Hauschildt, Allard & 

aron 1999 ; Husser et al. 2013 ), generated assuming an ef fecti ve
emperature of 4300 K, a surface gravity of log(g) = 4.50, and a solar

etallicity. 
The atmospheric model is defined from 20 to 10 −5 bar, on 40

oints equally spaced in log pressure. We retrieve the eleven free
emperature model parameters, the five molecular VMRs, and an 
rror inflation parameter described in 2.4.1 . The priors of these
arameters are listed in T able 1 . W e find the posterior distribution of
hese parameters given the data using the Nested Sampling algorithm 

Feroz & Hobson 2008 ) as implemented by the PYMULTINEST soft-
are package (Buchner et al. 2014 ), using 1000 sampling live points.
or each molecule, we assess the significance of its detection via
ayesian model comparison by performing five additional retrie v als, 
ach omitting one of the five molecules in our fiducial model. The
etection significance of a molecule can be calculated by computing 
he Bayes factor of the fiducial model o v er the model without the
articular molecule, following Trotta ( 2008 ) and Benneke & Seager
 2013 ). 

.4.1 Error inflation 

e include an error inflation parameter to account for underestimated 
easurement and forward modelling uncertainties, following the 

pproach used in, for example, Line et al. ( 2015 ) and Bell et al.
 2024 ). We also refer the reader to Irwin et al. ( 2008 ), where the
orward modelling error is treated in the optimal estimation frame- 
ork. The error inflation is implemented by modifying the likelihood 
MNRAS 532, 460–475 (2024) 
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M

Figure 2. (a)–(d): Best-fitting model spectra at the four orbital phases calculated from the maximum a posteriori parameters. We plot the 1 σ and 2 σ central 
credible intervals with dark and light purple shading, respectively. The data in the grey shaded region (10.5–12 μm ) are affected by the ‘shadowed region’ 
systematics and are not included in our retrie v als (see 2.1.1 ). Interestingly, our best-fitting model, when extended to 12 μm , is consistent with the current 
reduction of the ‘shadowed region’ data for all phases except at phase 0.75 (see 3.1 for why we think phase 0.75 is worst affected by the ‘shadowed region 
effect’). Since NH 3 has strong spectral features in the ‘shadowed region’, a reliable reduction of the ‘shadowed region effect’ in the future can refine the 
abundance constraints on NH 3 . Note the absorption feature at the 8.75 μm bin at phase 0.5, which our model cannot explain. (e)–(f): Cross-sections of the 
spectrally active molecules included in our retrievals, computed at a spectral resolution of R = 1000 at 1 bar pressure and 1500 K temperature. (f) is identical to 
(e) except for the omission of legend for ease of reference. The spectral features between ∼5 and ∼8 μm are indicative of H 2 O molecules, whereas the absence 
of spectral features between ∼7 and ∼9 μm allows us to rule out CH 4 at high abundance. While NH 3 has strong opacities throughout the MIRI/LRS bandpass, 
its retrieved abundance is about two orders of magnitude lower than H 2 O. This means that the spectral features of H 2 O would dominate o v er those of NH 3 in 
the wav elength re gions where H 2 O has higher or similar opacity compared to NH 3 . The notable exception is the wav elength re gion greater than ∼8 μm , where 
the H 2 O opacity is generally much lower than the NH 3 opacity. The constraints on CO are driven by the 5.25 μm bin; the absence of CO would increase the 
planetary flux at the 5.25 μm bin relative to the 5.75 μm bin. The constraints on CO 2 are driven by the data in 9–10.5 μm region. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/1/460/7692040 by guest on 10 O
ctober 2024
NRAS 532, 460–475 (2024) 



Phase resolved JWST MIRI spectra of WASP-43b 465 

Table 2. WASP-43b stellar and planetary parameters used in this study. 

Parameter Value Reference 

T star 4300 K Bell et al. ( 2024 ) 
R star 0.667 R � Gillon et al. ( 2012 ) 
[Fe/H] star −0.01 dex Gillon et al. ( 2012 ) 
a 0.0153 au Gillon et al. ( 2012 ) 
M plt 2.034 M Jup Gillon et al. ( 2012 ) 
R plt 1.036 R Jup Gillon et al. ( 2012 ) 

Table 3. Opacity data used to calculate emission spectra in this study. 
Apart from the He and H 2 collision-induced absorption opacity, all data 
are downloaded from the ExoMolOP database (Chubb et al. 2021 ). 

Molecule Opacity data 

H 2 O Polyansky et al. ( 2018 ) 
CO 2 Yurchenko et al. ( 2020 ) 
CO Li et al. ( 2015 ) 
CH 4 Yurchenko et al. ( 2017 ) 
NH 3 Coles, Yurchenko & Tennyson ( 2019 ) 
He Borysow, Frommhold & Moraldi ( 1989 ) & Borysow & 

Frommhold ( 1989 ) 
H 2 Borysow et al. ( 1989 ) & Borysow & Frommhold ( 1989 ) 
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erm in Bayesian inference with a constant-with-wavelength multi- 
licative factor. The log likelihood function with error inflation is 
iven by 

ln L ( D 

D D | θθθ ) = −1 

2 

n ∑ 

i= 1 

( D i − F i ( θθθ ) ) 2 

s 2 i 

− 1 

2 
ln (2 πs 2 i ) , (5) 

here D 

D D is the set of point data points in the observed spectra, F i ( θθθ )
s the ith data point in the model spectra given model parameters θθθ ,
nd s i is defined as 

 i = b ∗ σi , (6) 

here σi is the uncertainty for the ith data point, and b is a free error
nflation parameter between 1 and 5. 

 RESULTS  

e describe the results of our retrie v als in this section. In 3.1 , we
how that our parametric atmospheric model can explain the obser- 
 ation. In 3.2 , we sho w that there is statistically significant e vidence
f H 2 O, NH 3 , CO, weak evidence of CO 2 , and no detectable level of
H 4 . In 3.3 , we plot the transmission weighting function of our best-
tting model atmosphere and the best-fitting thermal structure. We 
ompare our results to past HST + Spitzer observations in 3.4 and
riefly discuss the implication of our results on the formation history
f WASP-43b in 3.5 . We investigate the implications of our retrieved
bundances and thermal structure on the atmospheric chemistry in 
.6 . The posterior distribution of all our model parameters is shown
n the appendix ( A1 ), alongside a comparison of our retrieved H 2 O
bundance to a list of previous studies ( B1 ). 

.1 Spectral fit 

e plot the best-fitting model spectra against the observed emission 
pectra in Fig. 2 . The best-fitting model spectra are calculated from
he maximum a posteriori parameters (which in our case are the 
ame as the maximum likelihood parameters), and we propagate the 
 σ /2 σ central credible intervals to show the spread of our posterior
istribution. Our best-fitting model can fit almost all observed data 
oints within the original uninflated error bars in Bell et al. ( 2024 ),
hich is also reflected by the fact that the error inflation parameter we

etrieve is only around 1.65 (see 2.4.1 and A1 ). One notable exception 
s the 8.75 μm bin at phase 0.5, which cannot be accounted for by any
f the opacity sources in our atmospheric model (see 4.3 for more
iscussion). For ease of reference, we include plots of the cross-
ections of the molecules included in our retrie v als in the MIRI/LRS
avelength range in Fig. 2 . Note that the absorption due to each
olecule is also weighted by its VMR. Chemical models predict 

hat the VMRs of H 2 O and CO in the atmosphere of WASP-43b
re at least two orders of magnitude higher than the VMRs of CO 2 ,
H 4 , and NH 3 (e.g. Venot et al. 2020 ), so we expect H 2 O opacity

o dominate in the 5–8 μm region. On the other hand, NH 3 opacity
hould be comparable to the H 2 O opacity in the 8–10.5 μm region,
llowing us to constrain the abundance of NH 3 . For the carbon-
earing molecules, as we can see from panel (e) of Fig. 2 , the
onstraints on CO could only come from the 5.25 μm bin, whereas
he constraints on CO 2 would be driven by the 9–10.5 μm region. We
ote that a more robust determination of the relative contribution of
ifferent wavelength bins to the molecular detections can be achieved 
y a leave-one-out cross-validation analysis, as detailed in Welbanks 
t al. ( 2023 ). 

We reiterate that our retrie v als exclude the data in the ‘shadowed
egion’, which is shaded in grey in Fig. 2 . Therefore, we do not
t for the wavelength region longer than 10.5 μm , so our retrie v al
nalysis excludes most of the strong NH 3 features centred around 
0.5 μm . Interestingly, our best-fitting model, when extended to the 
0.5–12 μm ‘shadowed region’, seems to be consistent with the 
urrent reduction of the ‘shadowed region’ data for three out of
our orbital phases (phases 0, 0.25, and 0.5). Because the severity of
he ‘shadowed region effect’ (see 2.1.1 ) decreased as a function of
ime since the beginning of the MIRI observation, we expect phases
.5 and 0.75 to be more severely affected as the observation started
ust before a secondary eclipse (where phase = 0.5). Ho we ver, since
hase 0.5 was observed again at the end of the observation, we may
xpect it to be less affected than phase 0.75, which was only observed
nce. On the other hand, we would expect phases 0 and 0.25 to be least
ffected since they were observed later when much of the ‘shadowed
egion effect’ had decayed away. Therefore, if we assume that our
est-fitting model is representative of the true atmosphere of WASP- 
3b and the ‘shadowed region’ data is more reliable at phases 0, 0.25,
nd 0.5 than at phase 0.75, then we expect our best-fitting model to
e more consistent with the ‘shadowed region’ data at phases 0,
.25, and 0.5 than at phase 0.75. As shown in Fig. 2 , our best-fitting
odel agrees well with the data in the ‘shadowed region’ for phase
 and phase 0.25, and slightly less so at phase 0.5. In contrast, our
est-fitting model does not agree with the ‘shadowed region’ data 
t phase 0.75. Considering the time dependence of the ‘shadowed 
egion effect’, the data in the ‘shadowed region’ is consistent with
ur best-fitting model and the presence of NH 3 . The important caveat
s that the poorly fit systematic noise could unexpectedly impact the
ata reduction in Bell et al. ( 2024 ), so we do not want to draw any
efinitive conclusions from the affected data until the systematics 
ssue is fully resolved. Further observations of WASP-43b using other 
WST instruments at shorter wavelengths such as the scheduled Near 
nfrared Spectrograph (NIRSpec) observation (Guaranteed Time 
bservations 1224, PI: S. Birkmann), re-observations of WASP-43b 
sing MIRI after the (still unknown) cause of the ‘shadowed region
ffect’ has been mitigated, or a robust reduction of the ‘shadowed
egion effect’ can all be used to confirm our NH 3 signal and tighten
he constraints on its abundance. 
MNRAS 532, 460–475 (2024) 
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3 In Irwin et al. ( 2020 ), the authors also found that the retrieved thermal 
structure from GCM-simulated phase curves using a different method 
closely resembles the latitudinally averaged GCM thermal structure using 
cos(latitude) as the weight. 
4 We note that the offset of the phase curve maximum does not necessarily 
correspond to the longitudinal offset of the hottest atmospheric region if there 
are clouds, latitudinal thermal variation or more complex longitudinal thermal 
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.2 Abundance constraints 

e show the retrieved posterior distribution of the molecular VMRs
n Fig. 3 . We mark our best-fitting model with red solid lines and
 solar-metallicity GCM-based chemistry model in orange solid
ines for reference (R. Baeyens, pri v ate communication). Using the
ayesian evidence ratio test described in 2.4 , we find statistically

ignificant evidence of H 2 O at 6.5 σ , NH 3 at 4 σ , and CO at 3.1 σ . We
nd weak evidence of CO 2 (2.5 σ ) and no detectable level of CH 4 

95 per cent VMR upper limit at 10 −6 . 39 ). We note that our analysis
s one of the first studies to report evidence of NH 3 in the atmosphere
f an exoplanet (MacDonald & Madhusudhan 2017a , b ; Giacobbe
t al. 2021 ; Dyrek et al. 2024 ), and to our knowledge, the first to
eport evidence of NH 3 by analysing emission spectra. We list the
etection significance and the abundance constraints (given as 1 σ
entral credible intervals) in Table 4 . 

As shown in Fig. 3 , the retrieved H 2 O and CO abundances are
roadly consistent with a solar metallicity atmosphere. We constrain
he metallicity and C/O ratio of WASP-43b using the posterior
istribution of the molecular VMRs in Fig. 4 , taking the reference
olar abundances from Lodders ( 2010 ). Note that our metallicity
stimate is calculated taking into account all of the molecules
ncluded in our retrie v als, as listed in Table 4 , thus taking into account
, C, and N elemental abundances. We tentatively estimate the
etallicity of WASP-43b at 1 . 6 + 4 . 9 

−1 . 0 × solar and its C/O ratio at 0 . 8 + 0 . 1 
−0 . 2 .

e find that our retrieved abundance constraints, and the inferred
etallicity and C/O ratio are very similar to the results of Lesjak

t al. ( 2023 ), which were based on high-solution dayside emission
pectra observed with Very Large Telescope/CRyogenic InfraRed
chelle Spectrograph + (VLT/CRIRES + ), thus providing validation

o our results with an independent observational method. We discuss
he implications of our retrieved abundances on the formation of

ASP-43b in Section 3.5 . 
We caution the reader that our metallicity and C/O ratio estimations

re only tentative for the following reasons. First, our CO constraints
ome only from the shortest 5.25 μm wavelength bin (Fig. 2 ). Since
he shortest 1–2 wavelength bins are much more strongly illuminated,
hey may suffer more from poorly modelled non-linearity effects
Argyriou et al. 2023 ) in the data reduction stage of Bell et al.
 2024 ). Furthermore, the detection significance of the carbon-bearing
olecules are relatively low, as the MIRI/LRS wavelengths are

ot optimal for constraining the abundances of CO and CO 2 . The
cheduled NIRSpec observation of WASP-43b (GTO 1224, PI:
. Birkmann) co v ering the 2.9–5.2 μm re gion will more robustly
onstrain the abundances of both CO and CO 2 , which will lead to
 more accurate estimation of C/O ratio. We further note that cloud
ormation can also bias our estimated metallicity and C/O ratio. As
ointed out by Lodders & Fe gle y ( 2002 ) and Woitke et al. ( 2018 ),
he formation of silicate clouds can take oxygen away from gas-
hase molecules. Therefore, if there is a significant level of silicate
loud formation on the nightside of WASP-43b, then our C/O ratio
stimation would be an o v erestimate and our metallicity estimation
ould be an underestimate. 
We now compare our abundance constraints to those in Bell et al.

 2024 ) in Fig. 5 , which were obtained by performing retrie v als on
he spectrum at each orbital phase separately and using a dilution
arameter to account for spatial inhomogeneity in thermal structure
Taylor et al. 2020 ). We confirm the detection of H 2 O at a much higher
ignificance level (6.5 σ ) than the analysis in Bell et al. ( 2024 ), which
eported significance ranging from 1.8 σ to 4.1 σ depending on the
rbital phase and the retrie v al pipeline. Our constraints are much
ore precise than those in Bell et al. ( 2024 ) and are most consistent
NRAS 532, 460–475 (2024) 

v

ith their HYDRA retrie v al pipeline results. For the retrie v als in Bell
t al. ( 2024 ) that included H 2 O abundance as a free parameter, we
ote that all three retrie v al pipelines sho w results consistent with
ur model assumption that the H 2 O abundance is constant across all
rbital phases. We also confirm the non-detection of CH 4 in Bell
t al. ( 2024 ) at a 95 per cent upper limit of 10 −6 . 39 . In addition to
ightening the abundance constraints reported in Bell et al. ( 2024 ), we
re able to report statistically significant evidence of two additional
olecules, namely NH 3 and CO. Our results demonstrate the power

f phase-resolved spectroscopy in characterizing the chemistry of
ot Jupiters in detail, as well as the importance of a global model in
nterpreting phase curves. 

.3 Thermal structure 

e plot the transmission weighting function of our best-fitting model
t the substellar point and the nightside in Figs 6 and 7 , respectively.
e see that our retrie v al is primarily sensitive to pressures inside

he 1 bar to 1 millibar pressure range. We plot the retrieved best-
tting temperature profile as a function of pressure and longitude

n the 1 bar to 1 millibar pressure range in Fig. 8 , as the profile
utside this pressure range is not directly constrained by the data
nd is rather set by our parametrization. The retrieved temperature
rofile should be interpreted as a latitudinally averaged thermal
tructure: Yang et al. ( 2023 ) find that the retrieved thermal structure
rom GCM-simulated phase curves closely resemble the latitudinally
veraged GCM thermal structure using cos(latitude) as the weight. 3 

his weighting scheme is also commonly used in GCM studies to
alculate meridionally averaged temperature structure (e.g. Kataria
t al. 2015 ; Mendon c ¸a et al. 2018a ; Carone et al. 2020 ). 

The best-fitting thermal structure, as shown in Fig. 8 , consists of a
ot dayside region and a cooler nightside region, where the centre of
he hot dayside region is moderately offset to the east. The eastward
hift of our retrieved thermal structure is due to the fact that the
eak of the phase curve occurred before the secondary eclipse (Bell
t al. 2024 ), and similar phase curve maximum offsets have been
bserved in numerous hot Jupiters (e.g. Parmentier & Crossfield
017 , fig. 4). The eastward shift has been predicted and explained
y GCM studies (Showman & Guillot 2002 ; Showman et al. 2009 ;
howman & Polvani 2011 ), which proposed that strong equatorial
uper-rotating (eastward) jets would develop in the atmospheres of
ot Jupiters and act to transport heat eastwards, so the hottest region
f the atmosphere is displaced eastward of the substellar point. This
ffset is also seen in numerous GCM simulations specific to the
lanetary parameters of WASP-43b (Kataria et al. 2015 ; Mendon c ¸a
t al. 2018a , b ; Carone et al. 2020 ; Schneider et al. 2022 ; Teinturier
t al. 2024 ). We retrieve an eastward hotspot offset of 8 . 68 + 0 . 96 

−1 . 14 

egrees, consistent with the 7 . 34 + 0 . 38 
−0 . 38 degrees eastward offset in Bell

t al. ( 2024 ). 4 We note that our best-fitting model in Fig. 8 resembles
ome GCM simulations of WASP-43b, for example, fig. 10 in Kataria
t al. ( 2015 ) and fig. 4 in Mendon c ¸a et al. ( 2018a ). 

We plot the retrie ved representati ve nightside and dayside TP
rofiles T night and T day in Fig. 9 . We find large day–night temperature
ariation than permitted by our model (Parmentier et al. 2020 ). 
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Figure 3. Posterior distribution of the molecular abundances. The histograms on the diagonal show the marginalized posterior distributions of each molecular 
VMR, where the blue dashed lines give the 16 per cent, 50 per cent, and 84 per cent percentiles (the percentile values are given at the top of each panel). The 
off-diagonal plots show the joint posterior distributions of any pairs of parameters. The red solid lines mark our retrieved best-fitting parameters (maximum a 
posteriori parameters). The orange solid lines mark the expected log 10 VMR of the molecules in a solar metallicity atmosphere, taking horizontal and vertical 
mixing into account: −3.3 for H 2 O and CO, −7 for CO 2 and CH 4 , and −6.5 for NH 3 (Venot et al. 2020 ; Baeyens et al. 2021 ). While the abundances of H 2 O, 
CO, and CO 2 in the chemical models of Baeyens et al. ( 2021 ) and Venot et al. ( 2020 ) are approximately constant with altitude, there are some vertical variations 
in the abundances of CH 4 and NH 3 in the pressure region probed by our observation. We take the ‘solar abundances’ of CH 4 and NH 3 to be roughly the values 
at 1 bar. 

Table 4. Detection significance and abundance constraints of molecules 
included in our retrie v al model. For all molecules apart from CH 4 , we quote 
the medians of the marginalized posterior distributions, with the uncertainties 
showing the 1 σ central credible intervals. For CH 4 , we quote the 95 per cent 
upper limit. 

Molecule Detection significance log 10 (VMR) 

H 2 O 6.5 σ −3 . 86 + 0 . 69 
−0 . 36 

CO 2 2.5 σ −4 . 60 + 0 . 55 
−0 . 50 

CO 3.1 σ −3 . 25 + 0 . 58 
−0 . 46 

CH 4 NA < −6.39 

NH 3 4 σ −5 . 27 + 0 . 46 
−0 . 30 
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ontrasts of at least 700 K at all pressure levels. As shown by Fig. 9 ,
ur retrieved temperature profiles are broadly consistent with the TP 

rofiles retrieved in Bell et al. ( 2024 , see their fig. 4). While we do not
odel clouds in our retrie v als, past studies (e.g. Burningham et al.

017 ; Molli ̀ere et al. 2020 ) have shown that flexible TP profiles can
imic the spectral effects of clouds by becoming more isothermal. 
ur retrieved large day–night temperature contrast and relatively 

sothermal nightside TP profile are consistent with the presence of 
louds on the nightside, which echo the results of Bell et al. ( 2024 )
hat cloudy GCMs can match the nightside emission of WASP-43b 
etter than cloudless GCMs. Ho we ver, we cannot rule out or confirm
he presence of nightside clouds directly with our model. 
MNRAS 532, 460–475 (2024) 
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Figure 4. Joint distribution of metallicity and C/O ratio derived from the 
posterior distribution of all molecular VMRs in our model. 

Figure 5. Comparison of the retrieved constraints on H 2 O VMR in this work 
to those retrieved in Bell et al. ( 2024 ). The horizontal red solid line shows the 
median of the marginalized posterior distribution, and the red shaded region 
around it shows the 1 σ central credible interval. We only include the retrievals 
in which the abundance of H 2 O was a free parameter. 

Figure 6. Transmission weighting function of the best-fitting retrieved model 
at the substellar point. 

Figure 7. Transmission weighting function of the best-fitting retrieved model 
on the nightside. 

Figure 8. Best-fitting 2D thermal structure calculated from the maximum a 
posteriori parameters. The white vertical dashed line marks the position of 
the hotspot offset. 
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.4 Comparison with HST /WFC3 and Spitzer obser v ations 

e compare the constraints on chemical abundances retrieved in this
ork to the abundance constraints retrieved from the HST /WFC3
 Spitzer /IRAC data set (Stevenson et al. 2017 ) in a previous

tudy (Yang et al. 2023 ) in Fig. 10 . The abundance constraints on
 2 O retrieved from the MIRI/LRS data set are entirely consistent
ith those retrieved from the HST /WFC3 + Spitzer /IRAC data set.
his agreement boosts our confidence in the H 2 O detection in the
tmosphere of WASP-43b. Moreo v er, as shown in Yang et al. ( 2023 )
nd Irwin et al. ( 2020 ), the HST /WFC3 observation probes deeper
n the atmosphere (to pressure levels as high as ∼10 bar) than the

IRI/LRS observation analysed in this work. The consistent H 2 O
bundance retrieved from the two data sets reaffirms the assumption
hat the abundance of H 2 O is constant with pressure in the observable
ressure levels of hot Jupiters. We compare our retrieved H 2 O
bundance to more previous studies in Appendix B . 
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Figure 9. Comparison of the retrieved representative dayside/nightside TP 
profiles in this work to the retrieved dayside/nightside TP profiles in Bell et al. 
( 2024 ). The best-fitting model (red line) is calculated from our maximum a 
posteriori parameters, whereas the 1 σ credible intervals (red shaded areas) are 
propagated from the 1 σ central credible intervals of our posterior distribution. 
The blue, purple, yello w shaded regions represent the 1 σ credible interv als 
of the TP profiles retrieved using three different retrieval pipelines in fig. 4 
of Bell et al. ( 2024 ). We only include the retrie v als in which the chemical 
abundances were free parameters. 
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Figure 10. Comparison of posterior distributions from (1) HST /WFC3 and 
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.5 Implication on formation 

he composition of the protoplanetary discs in which planets form is
 function of time and location, so the final composition of the planets
ay be used to constrain their formation and migration history. As

iscussed in 3.2 , our results tentatively suggest that the atmosphere of
ASP-43b has a metallicity of 0.6–6.5 × solar, with a supersolar C/O

atio of 0 . 8 + 0 . 1 
−0 . 2 . We now discuss the implications of these estimates

n the formation history of WASP-43b. The retrieved metallicity is 
onsistent with the mass–metallicity relation in which more massive 
lanets are expected to have lower metallicities (e.g. fig. 4, Kreidberg 
t al. 2014 ; fig. 2, Thorngren & F ortne y 2019 ; fig. 12, Cridland et al.
019b ; fig. 3, Welbanks et al. 2019 ), as they can accrete and retain
ore gas directly from the disc and thus lower their metallicity. The

etrieved C/O can inform us about the relative importance of solid
ccretion to gas accretion during formation, as the solid icy materials 
n protoplanetary discs tend to be O-rich, while the gas tends to be

ore C-rich. As mentioned abo v e, since more massiv e planets such
s WASP-43b ( ∼2 Jupiter mass) accrete more gas from the disc,
heir atmospheres should naturally have supersolar C/O ratios. If 
e combine our retrieved metallicity and C/O ratio, we can broadly 
onstrain the formation environment of WASP-43b. As pointed out 
y Cridland, Eistrup & van Dishoeck ( 2019a ), chemical processing
f carbon-rich dust grains within the protoplanetary discs (Anderson 
t al. 2017 ; Gail & Trieloff 2017 ; Klarmann, Ormel & Dominik 2018 )
s a significant source of gaseous carbon and can impact the C/O ratios
f the giant planets that form within. Our retrieved metallicity and
/O ratio fa v ours the ‘ongoing’ model in Cridland et al. ( 2019a ),
here ongoing chemical processes continually erode carbon from 

ust grains in the protoplanetary disc (fig. 6, Cridland et al. 2020 ).
dditionally, according to Madhusudhan et al. ( 2017 ), who studied

he link between pebble accretion and C/O ratio, our retrieved C/O
atio is more consistent with a planet that formed outside the water
ce line and then migrated through the disc, but probably not outside
he CO 2 iceline as it would lead to substantially subsolar metallicity.
he hypothesis that WASP-43b formed beyond the water iceline is 
upported by Mordasini et al. ( 2016 ), who argued that planets formed
ithin the water iceline should have C/O ratio less than 0.2 assuming
 standard disc chemistry model. The analysis presented here is a
implistic one since the impact of non-standard disc chemistry on 
he atmospheric composition of hot Jupiters can be highly uncertain, 
nd we cannot rule out the possibility that the C/O ratio we retrieved
s not representative of the entire atmosphere (see the discussion in
.2 ). In addition to the C/O ratio, the N/O ratio has also gained interest
s a way of connecting giant planet observations to their formation
cenarios (Piso, Pegues & Öberg 2016 ; Cridland et al. 2020 ; Ohno &
eda 2021 ; Turrini et al. 2021 ; Notsu et al. 2022 ), though additional
odelling beyond the scope of this work is required to estimate the
/O ratio from our retrieved NH 3 ab undance, as the ab undance of N 2 

ay be significant but is not constrained by our model (see Ohno &
 ortne y 2023a , b ). 

.6 1D chemical modelling 

e examine if our retrieved dayside hot spot thermal structure 
n 3.3 can produce our retrieved molecular abundances in 3.3 ,
ssuming our tentatively estimated metallicity and C/O ratio in 3.2 .
MNRAS 532, 460–475 (2024) 
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Figure 11. Comparison of dayside thermochemical equilibrium abundances 
with the chemical abundances retrieved from the MIRI data. The shaded re- 
gions represent a range of 1D thermochemical equilibrium models consistent 
with our estimated metallicity in 3.2 . The horizontal error bars show the 
1 σ credible intervals of our retrieved molecular abundances using the MIRI 
data. The right edge of the red horizontal arro w sho ws the 95 per cent upper 
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Figure 12. Dayside chemical abundances with vertical mixing and photo- 
chemistry. The solid and dashed lines show the model with 1000 × enriched 
N elemental abundance, with the solid lines showing K zz = 10 8 cm 

2 s −1 

and the dashed lines showing K zz = 10 10 cm 

2 s −1 . The dash–dotted lines 
show the model with 200 × enriched N elemental abundance and K zz = 10 13 

cm 

2 s −1 . Note that the vertical coordinates of the error bars and the arrow are 
arbitrary. 
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his is moti v ated by our assumption that the atmospheric chemical
bundances are homogenized to the dayside values by circulation in
he pressure region probed by our observation (Cooper & Showman
006 ; Ag ́undez et al. 2014 ; Mendon c ¸a et al. 2018b ; Venot et al.
020 ; Baeyens et al. 2021 ). We employ a 1D chemical model
Tsai et al. 2017 , 2021 ), which simultaneously takes into account
hermochemistry , photochemistry , and vertical mixing. In particular,
e want to explore if we can produce the level of NH 3 retrieved

n 3.2 , which is more than one order of magnitude higher than
everal model predictions for a WASP-43b like planet (Venot et al.
020 ; Baeyens et al. 2021 ; figs 14 and 21 of F ortne y et al. 2020 ).
e extend our retrieved representative dayside TP profile in 3.3

own to 100 bar using the double-grey analytical expression of
eng, Mendon c ¸a & Lee ( 2014 ) to model the chemistry in the deep

tmosphere, assuming a T int of 595 K. We find that the temperature
f our retrieved dayside profile T day at 1 bar is so high that the vertical
uenching of chemical abundances happens at approximately 1 bar.
herefore, the thermal structure below the 1 bar pressure level does
ot impact the photospheric composition, and the results of our 1D
hemical modelling is insensitive to the particular value of T int that
e choose, since we al w ays have to match our retrieved TP profile at

round 1 bar. We then test three different metallicities corresponding
o the median and the 1 σ central credible interval bounds of our
stimated metallicity while keeping the input C/O ratio at 0.8. We also
xperiment with different values of vertical eddy diffusion coefficient
 zz (e.g. Parmentier, Showman & Lian 2013 ) and N/H ratios to see if
e can produce our retrieved NH 3 abundance using the 1D chemical
odel. 
We now describe the results of our 1D chemical modelling. We first

xamine the dayside chemical abundances under thermochemical
quilibrium without vertical mixing and photochemistry. As shown
n Fig. 11 , our retrieved H 2 O and CO abundances are consistent
ith their equilibrium abundances, which are roughly uniform with
ressure. Our retrieved CH 4 upper bound is also consistent with
he dayside equilibrium abundance, which is lower than 10 −6 for
ressures lower than 10 bar. However, our retrieved abundances for
O 2 and NH 3 are much higher than the equilibrium abundances.
e defer the investigation of CO 2 as its detection significance is

elati vely lo w and focus on the issue of NH 3 . We include the effect of
hotochemistry and vertical mixing on the equilibrium abundances
n Fig. 12 . We show three models that can increase the level of
H 3 compared to the equilibrium model: (1) 200 × enhanced N/H,
 zz = 10 13 cm 

2 s −1 (dash–dotted lines); (2) 1000 × enhanced N/H,
 zz = 10 8 cm 

2 s −1 (solid lines); (3) 1000 × enhanced N/H, K zz =
0 10 cm 

2 s −1 (dashed lines). We illustrate two pathways to increasing
he NH 3 abundance in the context of a one-dimensional model:
nvoking stronger vertical mixing to quench the NH 3 abundance
o deeper pressure levels or increasing the overall N abundance in
he atmosphere. In the context of our 1D chemical modelling, an
mprobably strong enhancement of N/H ( > 200 × enhanced N/H) is
ecessary to obtain our retrieved NH 3 abundance, even with unlikely
igh-vertical mixing. The real picture, with 3D circulation, is much
ore complex, and we plan to investigate the atmospheric chemistry

f WASP-43b more comprehensively in a future paper. 

 L IMITATIONS  

iven the constraints in data quality, in particular the lack of spatial
esolution, and the gaps in our theoretical understanding of hot
upiter atmospheres, we have to make a series of assumptions in
ur modelling. We now discuss the validity of our assumptions and
ow they impact the conclusions we draw from the data. 
NRAS 532, 460–475 (2024) 
.1 Thermal structure 

ur 2D parametric temperature model comes with various assump-
ions. We first assume that a latitudinally averaged structure can
f fecti vely model the phase curve data. In our 2D temperature
odel, temperature varies as a function of longitude and pressure
hile being held constant as a function of latitude on isobars (see

quation 1 and Fig. 1 ). We then interpret the retrieved temperature
ap as a meridional mean temperature map, using cos(latitude) as

he weight. We base this interpretation on the fact that Irwin et al.
 2020 ) and Yang et al. ( 2023 ) find the temperature structure retrieved
rom synthetic phase curve data simulated from a GCM closely
esembles the latitudinally averaged thermal structure of the GCM
sing cos(latitude) as the weight. Our temperature model further
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ssumes that the thermal structure is symmetric about the equator 
North–South symmetry) and about the meridian going through the 
entre of the dayside region (East–west symmetry) and that the 
hermal structure on the nightside is more homogeneous than that 
n the dayside. As discussed in 2.2 , this meridional mean structure
s inspired by GCM studies, though we cannot explore some of the

ore complex mean thermal structures seen in GCM simulations, 
uch as pressure-dependent hotspot offset. Our parametric modelling 
s only one of the first steps in understanding the thermal structure
f hot Jupiters through observations, and we expect that as more 
WST data come in, a more sophisticated model set-up will be 
ecessary. Looking ahead, we can constrain the dayside latitudinal 
hermal variation by using eclipse mapping data (Rauscher et al. 
007 ; Challener & Rauscher 2023 ; Boone, Grant & Hammond 
024 ), where high-cadence flux measurements are taken as the 
tar gradually eclipses the planet. In future work, we plan to 
ncorporate MIRI eclipse mapping data of WASP-43b (Hammond 
t al. 2024 ) in retrie v als to constrain the 3D thermal structure of
ASP-43b. 

.2 Clouds 

e assume that the atmosphere of WASP-43b is free from significant 
erosols in the pressure range probed by the observation. The 
ssumption that the dayside region contains no optically thick 
erosols in the pressure ranges probed by MIRI is supported 
y numerous studies: transmission spectroscopy with HST /WFC3 
Kreidberg et al. 2014 ), inference of bond albedo from HST /WFC3
 Spitzer /IRAC phase curves (Stevenson et al. 2017 ), reflected light

hotometry with HST WFC3/Ultraviolet and Visible Light channel 
UVIS) (Fraine et al. 2021 ), a joint analysis of CHEOPS , TESS ,
nd HST WFC3/UVIS data (Scandariato et al. 2022 ), and a retrie v al
tudy of VLT/CRIRES + high-resolution dayside emission spectra 
Lesjak et al. 2023 ). Furthermore, a cloud-free dayside photosphere 
s consistent with the high-dayside temperatures we retrieve in this 
ork. On the other hand, a cloudy nightside has been inferred from

arge day–night brightness temperature contrast (Kataria et al. 2015 ; 
tevenson et al. 2017 ; Mendon c ¸a et al. 2018a ; Morello et al. 2019 ;
rwin et al. 2020 ). Bell et al. ( 2024 ) also find that cloudy GCMs fit the
hase curve at nightside phases better than cloudless GCMs. Notably, 
oth the retrie v al analysis in Bell et al. ( 2024 ) and the retrie v al
nalysis in this work show that the observed spectra can be adequately 
t with cloud-free parametric atmospheric models. As discussed in 
.3 , it has been shown that a more isothermal temperature profile
an mimic the effects of cloud opacity in low-resolution spectral 
etrie v als (Burningham et al. 2017 ; Molli ̀ere et al. 2020 ), which
xplains the ability of simple models to fit the observation without 
nvoking cloud opacity. The omission of clouds from our model 
eans that our retrieved nightside thermal structure would not be 

eliable if the nightside of WASP-43b is, in fact, cloudy. Ho we ver,
f our assumption that the atmospheric chemical abundances are 
onstant with longitude and pressure holds, then the likely cloud-free 
ayside still anchors our retrieved chemical abundances. Since we 
etrieve spectra from four different orbital phases simultaneously, we 
o not expect our retrieved chemical abundances to be significantly 
iased. On the other hand, as mentioned in 3.2 , even though our
bundance constraints may not be biased in the presence of nightside 
louds, a significant amount of oxygen may be remo v ed from the gas-
hase molecules if the cloud composition is rich in silicates (Woitke 
t al. 2018 ). Consequently, based on our gas-phase abundance 
onstraints, we would underestimate the metallicity and o v erestimate 
he C/O ratio of WASP-43b. 
.3 Chemistry 

e assume that the VMRs of all molecules in our model atmosphere
re constant with longitude, latitude, and pressure. This assumption 
olds well for H 2 O and CO, as both thermochemical equilibrium
odels and models that include photochemistry and mixing predict 
 2 O and CO abundances to be approximately uniform in the
bserv ed pressure re gion for a WASP-43b like planet (e.g. fig. 5,
enot et al. 2020 ). The assumption of uniform H 2 O abundance

s supported by the retrie v al analysis in Bell et al. ( 2024 ), which
howed no significant phase variation in H 2 O abundance (see Fig.
 ). On the other hand, the spatial distributions of CH 4 , NH 3 , and CO 2 

n thermochemical equilibrium vary significantly with longitude and 
ressure, especially in the case of CH 4 , which would be present at a
etectable level in the nightside of WASP-43b under thermochemical 
quilibrium. Ho we ver, by coupling a simplified chemical kinetics 
cheme to a GCM of HD 209458b, Cooper & Showman ( 2006 )
howed that the CH 4 abundance should be homogenized between 
 bar and 1 millibar to be representative of the low-dayside abundance
hen strong zonal circulation is present. The uniform CH 4 prediction 
as later corroborated by Ag ́undez et al. ( 2014 ), who coupled a more

ealistic chemical network to a simplified circulation scheme that 
ncluded both vertical mixing and a uniform zonal wind. Modelling 
pecific to the planetary parameters of WASP-43b showed that 
ynamical time-scale dominates o v er chemical time-scale between 
 bar and 1 millibar (Mendon c ¸a et al. 2018b ; Venot et al. 2020 ), and
e expect no significant longitudinal variation in the abundances 
f CO 2 , CH 4 , and NH 3 . The assumption of constant-with-longitude
H 4 abundance is supported by the non-detection of CH 4 at all
rbital phases in Bell et al. ( 2024 ). There is also circumstantial
vidence of strong zonal circulation on WASP-43b, for example, 
he ∼8 degrees east hotspot shift that is retrieved in this work and
n Bell et al. ( 2024 ), and a wind speed of 3–8 km s −1 inferred
rom high-resolution emission spectroscopy (Lesjak et al. 2023 ). 

hile theoretical models do predict some vertical variation in the 
bundances of CO 2 , CH 4 , and NH 3 , the variation in CO 2 with
ressure is within one order of magnitude and thus likely insignificant
ompared to the uncertainties in its retrieved abundance. The vertical 
ariations of CH 4 and NH 3 warrant further investigation and a 
arametrization of vertical quenching may be required if we are 
ensitive to a wide range of pressures. Ho we ver, as sho wn in Figs 6
nd 7 , the transmission weighting function of our best-fitting model
eaks strongly between 1 and 0.1 bar. Given the limited pressure
ange probed by our observation, we feel the modelling assumption 
hat the abundances of CH 4 and NH 3 are constant with pressure is
ustified. 

We assume a H 2 /He dominated model atmosphere and only include 
ve spectrally active molecules: H 2 O, CO 2 , CO, CH 4 , and NH 3 .
e chose this set of molecules based on chemical modelling of hot

upiter atmospheres (Ag ́undez et al. 2014 ; Venot et al. 2020 ; Baeyens
t al. 2021 ), taking into account the opacities of molecules, as well as
uided by previous retrieval studies of WASP-43b such as Bell et al.
 2024 ) and Yang et al. ( 2023 ). While this set of molecules adequately
xplains the spectra, we could not fit an absorption signature at
.75 μm that only appears at phase 0.5. The investigation of more
hemical species and spatial variation in chemistry is left for future
ork. 

.4 Radiati v e transfer 

e assume that the correlated- k approximation for radiative transfer 
alculations (Lacis & Oinas 1991 ) introduces negligible errors in 
MNRAS 532, 460–475 (2024) 
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odelling exoplanet spectra, as found by Molli ̀ere et al. ( 2015 ), Irwin
t al. ( 2020 ), and Leconte ( 2021 ). Furthermore, we use channel-
veraged k -tables binned to our data’s 0.5 μm spectral resolution.
e assess the accuracy of this approximation by computing spectra

rom our best-fitting atmospheric model using k -tables at a resolution
f R = 1000. The results are in good agreement with the spectra
alculated using k -tables at the spectral resolution of our data: the
ifferences between the two spectra are found to be well within the
easurement uncertainties. The errors introduced by our radiative

ransfer method are thus unlikely to bias the retrieved physical
arameters significantly. Since our Bayesian inference algorithm
equires the generation of hundreds of thousands of models to explore
he model parameter space, a faster radiative transfer routine is
uch preferred if there is no significant loss in accuracy. None the

ess, as data quality advances, we need to more carefully assess the
rrors introduced in our forward modelling, particularly our radiative
ransfer calculation method, as well as the errors intrinsic to the
pacity data we employ. 

.5 Data reduction 

n this work, we are treating the spectra at different orbital phases
s independent measurements to boost the signal-to-noise ratio of
he retrie v al. In reality, these spectra are correlated through the
ata reduction process, as phase curves are conventionally extracted
y fitting a combination of Fourier series and systematics model
o the time-series observations, wavelength by wavelength (Bell
t al. 2024 ; Changeat et al. 2024 ). In effect, we have assumed
hat the measurement uncertainties of our spectra are Gaussian and
ndependent, when in reality they are non-Gaussian and correlated.
onsequently, we expect our posterior distribution to be biased.
iven the goodness-of-fit of our model to the data in Fig. 2 , we

xpect our retrieved molecular abundances are still consistent with
he data. A full account of this issue is beyond the scope of this study,
nd we refer the reader to a possible resolution by Changeat et al.
 2024 ), where the atmospheric retrie v al is performed simultaneously
ith data reduction on the time-series observations. 

 C O N C L U S I O N  

e find evidence of H 2 O (6.5 σ ), NH 3 (4 σ ), CO (3.1 σ ), CO 2 

2.5 σ ), and no evidence of CH 4 in the atmosphere of the hot
upiter WASP-43b by retrieving four emission spectra observed at
ifferent orbital phases using the MIRI/LRS on the JWST . We fit
he spectra simultaneously by employing a 2D atmospheric model
ccounting for a non-uniform temperature profile across the dayside
nd assuming uniform chemical abundances (Yang et al. 2023 ). Our
pproach more confidently and precisely constrains the molecular
bundances than the pre vious retrie v als in Bell et al. ( 2024 ), which
nalysed each orbital phase separately. Based on our abundance
onstraints, we tentatively estimate the metallicity of WASP-43b
t 1 . 6 + 4 . 9 

−1 . 0 × solar and its C/O ratio at 0 . 8 + 0 . 1 
−0 . 2 , though we stress

he need for further observations as the detection significance of
he carbon-bearing molecules in this study are relatively low. In
articular, the scheduled JWST NIRSpec observation (GTO 1224, PI:
. Birkmann) will likely revise these estimates by better constraining

he abundances of CO and CO 2 , giving us an even clearer picture of
he bulk chemistry of WASP-43b. Our tentative detection of NH 3 ,
een for the first time in the emission spectra of a hot Jupiter, may
e verified in the future by reliably reducing the 10.6–12 μm region
f our MIRI/LRS data that is excluded from our retrie v al due to
esidual instrument systematics, or by further observations such as
NRAS 532, 460–475 (2024) 
he scheduled JWST NIRSpec observation. The precise abundance
onstraints in this work showcase the need for multidimensional
tmospheric models to retrieve phase curve data and open up exciting
venues for follow-up studies on the atmospheric chemistry and
ormation history of WASP-43b. 
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PPENDIX  A :  FULL  POSTERIOR  

ig. A1 shows the full posterior distribution of the retrie v al model
arameters listed in Table 1 . 
NRAS 532, 460–475 (2024) 

igure A1. Posterior distribution of all the model parameters listed in Table 1 . Th
bo v e show the posterior medians and 1 σ central credible intervals. 
e diagonal plots are the marginalized posterior distributions, and the labels 
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PPENDIX  B:  C O M PA R I S O N  WITH  PA ST  

TUDIES  

e compare our retrieved H 2 O abundance to past studies that 
etrieved H 2 O abundance. Note that apart from Lesjak et al. ( 2023 ),
igure B1. Comparison to past studies of WASP-43b that retrieved H 2 O abundan
he posterior medians for studies that quoted such values. The vertical dashed line
nd B24 performed phase-by-phase retrie v als, hence we plot multiple error bars 
rom the Scat.Cloud model in their Table A6. The list of studies is as follows: K14
 2018 ); W19: Welbanks et al. ( 2019 ); C20: Chubb et al. ( 2020 ); I20: Irwin et al. ( 20

adhusudhan ( 2022 ); T23: Taylor & Parmentier ( 2023 ); Y23: Yang et al. ( 2023 ); 
14, S17, F18, W19, C20, I20, F20, C21, W22, T23, Y23 analysed subsets of HST /

nd Y24 analysed JWST /MIRI data. 
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ho analysed ground-based high-resolution spectra observed with 
LT/CRIRES + , all other studies analysed low-resolution space 

elescope data. For Bell et al. ( 2024 ), we list the phase-by-phase
etrie v al results from the three retrie v al pipelines that included H 2 O
s a free parameter (see also Fig. 5 in the main text). 
MNRAS 532, 460–475 (2024) 

ce. The error bars represent the 1 σ credible intervals, and the crosses mark 
s mark the 1 σ credible interv al retrie ved in this work. Note that both C21 

to show the constraints from all phases. The constraints for T23 are taken 
: Kreidberg et al. ( 2014 ); S17: Stevenson et al. ( 2017 ); F18: Fisher & Heng 
20 ); F20: Feng et al. ( 2020 ); C21: Cubillos et al. ( 2021 ); W22: Welbanks & 

L23: Lesjak et al. ( 2023 ); B24: Bell et al. ( 2024 ); Y24: this work. Note that 
WFC3 and Spitzer /IRAC data, L23 analysed VLT/CRIRES + data, and B24 
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