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A B S T R A C T 

Spectroscopic phase curves of transiting hot Jupiters are spectral measurements at multiple orbital phases, giving a set of disc- 
averaged spectra that probe multiple hemispheres. By fitting model phase curves to observations, we can constrain the atmospheric 
properties of hot Jupiters, such as molecular abundance, aerosol distribution, and thermal structure, which offer insights into their 
atmospheric dynamics, chemistry, and formation. We propose a no v el 2D temperature parametrization consisting of a dayside 
and a nightside to retrieve information from near-infrared phase curves and apply the method to phase curves of WASP-43b 

observed by HST /Wide Field Camera 3 and Spitzer /Infra-Red Array Camera. In our scheme, the temperature is constant on 

isobars on the nightside and varies with cos n (longitude/ ε) on isobars on the dayside, where n and ε are free parameters. We fit 
all orbital phases simultaneously using the radiative transfer package NEMESISPY coupled to a Bayesian inference code. We first 
validate the performance of our retrieval scheme with synthetic phase curves generated from a Global Circulation Model and find 

that our 2D scheme can accurately retrieve the latitudinally averaged thermal structure and constrain the abundance of H 2 O and 

CH 4 . We then apply our 2D scheme to the observed phase curves of WASP-43b and find: (1) The dayside temperature–pressure 
profiles do not vary strongly with longitude and are non-inverted. (2) The retrieved nightside temperatures are extremely low, 
suggesting significant nightside cloud co v erage. (3) The H 2 O volume mixing ratio is constrained to 5.6 × 10 

−5 –4.0 × 10 

−4 , and 

we retrieve an upper bound for CH 4 mixing ratio at ∼10 

−6 . 

K ey words: radiati ve transfer – methods: numerical – planets and satellites: atmospheres – planets and satellites: individual: 
WASP-43b. 
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 I N T RO D U C T I O N  

xoplanet surv e ys suggest that planets are common around stars
n our galaxy (Winn & F abryck y 2015 ). The diversity in their
haracteristics from system architecture to bulk properties poses
hallenging questions in the theory of planetary formation (Mor-
asini, Alibert & Benz 2009 ). Gaseous giant planets with close-in
rbits (period < 10 d), dubbed hot Jupiters, are a key piece of the
uzzle for two reasons: (1) They likely undergo significant orbital
igration and play an important role in shaping planetary system

rchitecture (Dawson & Johnson 2018 ), and (2) they are the easiest
argets for spectroscopic characterization, and the constraints on
heir atmospheric properties gi ve v aluable insights into planetary
ormation (Mordasini et al. 2016 ; Madhusudhan et al. 2017 ). 

The spectral appearance of hot Jupiters is determined by the
pacity structure and the thermal structure of their atmospheres.
onversely, by fitting spectra generated from atmospheric models to
bservations, we could constrain the atmospheric properties of these
lanets in a process known as atmospheric retrie v als (Irwin et al.
008 ; Madhusudhan & Seager 2009 ; Line et al. 2013 ; Changeat &
l-Refaie 2020 ; Cubillos & Blecic 2021 ; MacDonald & Batalha
 E-mail: jingxuanyang15@gmail.com 
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Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
023 ). Two observing methods are widely used: (1) transmission
pectroscopy, which measures the stellar light filtered through the
lanetary limb during primary transits (Sing et al. 2016 ; Barstow
017 ), and (2) eclipse spectroscopy, which extracts the dayside
mission spectra by monitoring the combined stellar and planetary
ux during secondary eclipses (Lee, Fletcher & Irwin 2012 ; Mans-
eld et al. 2021 ). Such observations have been done at both high
esolution (e.g. Brogi & Line 2019 ) from ground-based facilities and
t low-resolution using space telescopes (e.g. Wakeford et al. 2017 ),
esulting in a myriad of atomic and molecular detections (e.g. Na:
nellen et al. 2008 ; H 2 O: Evans et al. 2016 ; Fe: Hoeijmakers et al.
018 ; CO 2 : Ahrer et al. 2022 ). 
A major challenge in the analysis of low-resolution emission

pectra is the de generac y between thermal structure and molecular
bundance; in particular, modelling highly inhomogeneous thermal
tructure with a single temperature–pressure (TP) profile can lead
o significant biases in retrieved molecular abundance (Feng et al.
016 ; Blecic, Dobbs-Dixon & Greene 2017 ; Taylor et al. 2020 ).
his de generac y can be partially broken by measuring the emission
pectra of transiting hot Jupiters at multiple orbital phases. As hot
upiters are likely tidally locked to their stars due to the short orbital
eparations, it is straightforward to relate the orbital phases to the
entral longitudes of the visible hemisphere. Note that we assume
he planets have edge-on orbits, and we define the equator to be in
© The Author(s) 2023. 
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he orbital plane. Such observations, called ‘phase curves,’ allow us 
o constrain the thermal structure of the atmospheres better, resulting 
n better constraints on the chemical abundance as well. 

In order to retrieve information from a set of phase curves using
ayesian inference, we first need to construct appropriate parametric 
tmospheric models. If we want to analyse all orbital phases 
imultaneously, then the models must describe the entire observable 
tmosphere to generate disc-averaged emission spectra at multiple 
rbital phases. Crucially, we need multidimensional temperature 
odels that can capture the longitudinal variation of thermal structure 

n the pressure ranges probed by emission spectroscopy. The model 
hould also contain as few parameters as possible to ensure that 
ayesian parameter estimation can be done in reasonable time, and 

o a v oid o v erfitting. There are two main approaches to this problem.
he first approach is to split the atmosphere into disjoint regions, 
here the thermal structure in each region is modelled with a one-
imensional TP model. For example, Feng, Line & Fortney ( 2020 )
plit the atmosphere into a dayside and a nightside, whereas Changeat 
t al. ( 2021 ) further model an additional hotspot within the dayside,
nd Irwin et al. ( 2020 ) divide the atmosphere into meridian bands
ith linearly interpolated temperature maps between the bands. The 

econd approach is to construct highly simplified three-dimensional 
nalytical atmospheric models. For example, Dobbs-Dixon & Blecic 
 2022 ) propose a 3D model by separating radiative and convective
omponents from Global Circulation Model (GCM) outputs, whereas 
hubb & Min ( 2022 ) prescribe a 3D model by restricting heat transfer

o diffusion and zonal winds. 
The studies summarized abo v e offer unique and valuable per- 

pectives on the analysis of hot Jupiter phase curves. Ho we ver, it
s difficult to compare the different retrieval schemes for several 
easons. First, the ways in which the retrie v al schemes are validated
iffer significantly across studies. The most direct way to assess the 
erformance of a retrie v al scheme is first to create synthetic data
rom a model atmosphere, then test how well the retrie v al scheme
an reco v er the input atmospheric properties. Out of the studies that
nclude such validation tests, the synthetic data are often generated 
rom toy models resembling the temperature parametrizations of 
he retrie v al schemes, so it needs to be clarified ho w well the
etrie v al models can perform on data generated from more realistic
tmospheric models. Secondly, there are multiple modelling steps 
ithin each retrie v al study, for example, the modelling of thermal

tructure, the modelling of chemical abundance, and the modelling 
f radiative transfer, which can all vary across studies. Thirdly, the 
tudies that perform analysis of real observations often do not retrieve 
n exactly the same data set, which hinders the comparison of the
etrieved constraints. 

In this work, we propose a no v el 2D retrie v al scheme (model 4
n Section 2.4 ) that can be used to retrieve chemical abundance and
hermal structure from hot Jupiter phase curves. In this model, the 
emperature is a function of pressure and longitude. The model is
plit into a dayside and a nightside: on the dayside, the temperature
aries with cos n (longitude/ ε) on isobars, where n and ε are free
arameters, and on the nightside the temperature is constant on 
sobars. We use this scheme, together with several other simpler 2D 

etrie v al schemes for comparison, to retrieve molecular abundance 
nd latitudinally averaged thermal structure from phase curves of 
ASP-43b observed by Hubble Space Telescope /Wide Field Camera 
 ( HST /WFC3) and Spitzer /Infra-Red Array Camera ( Spitzer /IRAC).
e first validate the performance of the 2D schemes by retrieving 

tmospheric properties from synthetic phase curves generated from a 
CM-based model of WASP-43b, where the ‘ground truth’ is known, 

o we can assess the accuracy of the retrieved properties. We then
pply the 2D schemes to the observed HST /WFC3 and Spitzer /IRAC
hase curves of WASP-43b. We also compare the 2D approach to the
hase-by-phase approach, where the spectrum at each orbital phase 
s analysed separately, in Appendix B . 

This paper is structured as follows: In Section 2 , we describe
ur routine for simulating spectroscopic phase curves, our 2D 

emperature models, and our retrie v al set-up. Section 3 demonstrates
hat simplified atmospheric models can reproduce the synthetic data 
enerated from a GCM. Section 4 presents the retrie v al results on
ynthetic GCM phase curves using our 2D temperature models, 
ollowed by application to the observed phase curves in Section 
 . We discuss the implications of our results and compare them with
ast studies in Section 6 and end with a conclusion in Section 7 . 

 M E T H O D O L O G Y  

his work aims to assess the performance of a no v el 2D parametric
emperature model (model 4) in retrieving atmospheric properties 
rom low-resolution spectroscopic phase curves. We also test three 
impler models (model 1, 2, and 3) for comparison. The data we
odel are the phase curves of WASP-43b, as presented in Stevenson

t al. ( 2017 ), and synthetic phase curves of the same resolution
imulated from a GCM-based model. The planet WASP-43b is a 
ot Jupiter around a K7 star disco v ered by Hellier et al. ( 2011 ),
ith planetary parameters of 2.034 ± 0.052 Jupiter mass and 
.036 ± 0.019 Jupiter radii as given by Gillon et al. ( 2012 ). Due
o its short 19.5-h orbit and large planet-to-star flux ratio, WASP-
3b is a prime target for phase-resolved spectroscopic observations. 
he observation contains 15 phase curves from the HST /WFC3 

nstrument, which are binned in equally spaced bins of width 0.035
m spanning the wavelength range 1.1425–1.6325 μm, and two 
hase curves from Spitzer /IRAC broad channels centred at 3.6 and
.5 μm. 
In this section, we describe the GCM used for simulating synthetic

hase curves in 2.1 , our procedure for the radiative transfer calcula-
ion in 2.2 , and our method for calculating disc-averaged spectra in
.3 . We describe our 2D atmospheric temperature models in 2.4 , our
etrie v al set-up in 2.5 , and our Bayesian inference scheme in 2.6 . 

.1 GCM data 

e use a GCM of WASP-43b to simulate synthetic phase curves
o validate our retrieval schemes. We can directly assess the per-
ormance of our retrie v al schemes by comparing the atmospheric
roperties retrieved from the synthetic data with the input GCM. 
he GCM is a cloud-free model calculated using SPARC/MITgcm 

Showman et al. 2009 ) based on the set-up of Parmentier et al.
 2016 ), and used for validating the 2.5D retrieval scheme by Irwin
t al. ( 2020 ). We plot temperature as a function of longitude and
atitude at three pressure levels of the GCM in Fig. 1 , and plot the
ransmission weighting function at the sub-stellar point as a function 
f pressure and wavelength channel number in Fig. 2 . The model
s H 2 /He dominated and contains four spectrally active gas species:
 2 O, CO, CO 2 , and CH 4 , which are expected to be the dominant
pacity sources in the atmosphere of WASP-43b in the observed 
a velengths. The chemical ab undance in the GCM is initially set

ccording to chemical equilibrium, resulting in significant variation 
n CH 4 abundance from dayside to nightside in the photospheric 
ressures. Ho we ver, disequilibrium chemistry processes such as 
orizontal quenching are expected to smooth out such inhomogeneity 
Cooper & Showman 2006 ; Ag ́undez et al. 2014 ). Hence, we reset
he abundance of all molecules to be the latitudinally averaged 
MNRAS 525, 5146–5167 (2023) 
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M

Figure 1. Temperature (Kelvin) as a function of longitude and latitude at 
three pressure levels in the WASP-43b GCM. The super-rotating equatorial 
jet is clearly visible and shifts the ‘hotspot’ eastward of the sub-stellar point 
(where the star would be perceived to be directly o v erhead). Note that the 
sub-stellar point is at 0 degree longitude. Such jet-like features would cause 
the phase curve amplitudes to peak before secondary eclipses. Note that the 
latitudinal distance is weighted by cos(latitude) to mimic the effect that polar 
latitudes would appear foreshortened to us because we observe WASP-43b 
from abo v e the equator. 
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Figure 2. Transmission weighting function of the WASP-43b GCM atmo- 
sphere at the sub-stellar point as a function of pressure and wavelength 
channel. The first 15 HST /WFC3 channels are in equally spaced bins of width 
0.035 μm spanning the wavelength range 1.1425–1.6325 μm, and the last 
two Spitzer /IRAC broad channels are centred at 3.6 and 4.5 μm, respectively. 

Table 1. Gas VMRs and opacity data used to simulate synthetic phase curves. 
The VMRs are uniform with longitude, latitude, and altitude. For He and H 2 

collision-induced absorption opacity, we use the coefficients from Borysow, 
Frommhold & Moraldi ( 1989 ) and Borysow & Frommhold ( 1989 ). 

Molecule VMR Opacity data 

H 2 O 4.8 × 10 −4 Barber et al. ( 2006 ) 
CO 2 7.4 × 10 −8 Tashkun & Pere v alov ( 2011 ) 
CO 4.6 × 10 −4 Rothman et al. ( 2010 ) 
CH 4 1.3 × 10 −7 Yurchenko & Tennyson ( 2014 ) 
He 0.162 
H 2 0.837 
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bundances in the 0.1 to 1-bar pressure region (using cos(latitude)
s the weight) at the sub-stellar meridian, following Irwin et al.
 2020 ). We then use this model to simulate the synthetic data. By
esetting the chemical abundance to uniform values, we isolate the
ffect of temperature parametrization in retrie v als. We discuss the
oti v ation and implication of using uniform abundance in Section

.3 and Section 6.3.3 . The volume mixing ratios (VMRs) in our
CM-based model are presented in Table 1 . The synthetic phase

urves are thus generated from the thermal structure of the GCM
nd the uniform VMRs, using the disc-averaging scheme described
n Section 2.3 . The chemical abundance and thermal structure of this
CM-based model are seen as the ‘ground-truths’ for our retrie v al

ests in Section 4 . 

.2 Radiati v e transfer calculation 

e use the correlated- k method (Lacis & Oinas 1991 ) to accurately
nd efficiently implement our radiative transfer calculations, fol-
owing Irwin et al. ( 2008 ). Consider the mean transmission for a
NRAS 525, 5146–5167 (2023) 
omogeneous path of absorber amount m in the wavelength bin [ λ,
+ �λ], 

 ( m ) = 

1 

�λ

∫ λ+ �λ

λ

exp ( −k( λ) m )d λ, (1) 

here k ( λ) is the absorption cross-section. T is the key quantity
hat links opacity structure and thermal structure in thermal emission
alculations. The cross-section k is a rapidly varying function of λ, so
t is computationally e xpensiv e to numerically calculate equation ( 1 ).
o we ver, since the ordering of k in the wavelength bin [ λ, λ + �λ]
oes not affect the value of equation ( 1 ), we sort k in ascending order
ithin each wavelength bin, which gives a monotonic distribution of
 that is easier to handle in quadrature schemes. Mathematically, let
he cumulative frequency distribution of k be g ( k ), then the inverse
f g ( k ), which we denote as k ( g ), is well-defined and monotonic.
he function k ( g ) is called the k -distribution, and can be tabulated
n a grid of pressures and temperatures for each spectrally active
olecule before calculations. During radiative transfer calculations,

he k -distributions of multiple gases are combined with the random-
 v erlapping-line approximation (Lacis & Oinas 1991 ). Such approx-
mation gives residuals insignificant compared with measurement
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Figure 3. Illustration of our disc averaging scheme at 45 degree orbital phase 
(0 degree being the primary transit and 180 degree the secondary eclipse). 
The visible region of the illuminated dayside at this orbital phase is shaded 
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the quadrature points for disc integration, and the dashed circles mark the 
positions of the zenith angle quadratures. 
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rror, as found by Irwin et al. ( 2020 ) and Molli ̀ere et al. ( 2015 ).
o calculate T through an inhomogenous path, we first split the 
ath into multiple sub-paths (Irwin et al. 2008 ) that are sufficiently
omogeneous, then model each sub-path with the absorber-amount 
eighted averaged sub-path properties. In the monochromatic case, 

he transmission of each sub-path can be multiplied together to give 
he transmission of the total path. Ho we ver, to use the k -distribution
echnique where we have reordered k , we need to additionally assume
hat the wavelength regions of high opacity are correlated for all 
ub-paths, which is the correlated- k approximation. This is a good 
pproximation for our set-up, as we are assuming constant vertical 
istribution of chemical abundance in our atmospheric model. 
Using the k -distribution technique, the mean transmission of a 

ub-path as defined in equation ( 1 ) can be well-approximated with a
aussian quadrature scheme: 

 ( m ) = 

N g ∑ 

i= 1 

exp ( −k i m ) �g i , (2) 

here k i is the i th quadrature point, � g i the corresponding weight,
nd N g the number of quadrature points. The total transmission of an
nhomogenous path is then 

 ( m ) = 

N g ∑ 

i= 1 

exp 
( −

N layer ∑ 

j= 1 

k ij m j 

)
�g i , (3) 

here we have multiplied the transmission of all N layer layers 
ogether. We use k -distribution look-up tables (‘ k -tables’) with N g =
0 generated from the line data summarized in Table 1 . 
To speed up calculations, we use channel-averaged k -tables for the 

5 channels of HST /WFC3 and the two channels of Spitzer /IRAC.
rwin et al. ( 2020 ) find that such an approach produces an excel-
ent approximation, resulting in residuals much less than typical 

easurement uncertainties of observations using these facilities. 
part from the abo v e molecular opacity, we additionally include 

ollision-induced absorption of H 2 –H 2 pairs and H 2 –He pairs using
he coefficients of Borysow et al. ( 1989 ) and Borysow & Frommhold
 1989 ), as well as Rayleigh scattering for a H 2 /He dominated
tmosphere using data from Allen ( 1976 ). 

.3 Disc-average scheme 

he disc-averaged spectral radiance (W m 

−2 sr −1 μm 

−1 ) of an inho-
ogeneous atmosphere for a distant observer is 

¯
 ( λ) = 

1 

π

∫ 2 π

φ= 0 

∫ 1 

μ= 0 
R( λ, μ, φ) μd μd φ, (4) 

here μ = cos ( θ ) is the cosine of the zenith angle 1 θ , and φ is
he azimuth angle. To carry out sampling-based Bayesian parameter 
stimation, we need to e v aluate R̄ ( λ) for many different model
tmospheres to approximate the posterior distributions, so it is 
mportant to have a numerical integration scheme for equation ( 4 )
hat is both accurate and computationally ine xpensiv e. We use the

ethod of Irwin et al. ( 2020 ): The zenith integration with respect to μ
s done with a Gauss–Lobatto quadrature scheme with N μ quadrature 
oints, while the azimuthal integration with respect to φ is done with 
 Trapezium rule quadrature scheme with N φ quadrature points. For 
he trapezium rule integration, the quadrature points are placed on the 
 The zenith angle is defined as the angle between the local normal of the 
tmosphere and the line of sight. 

o  

s  

u  

d  

i

ircles corresponding to each zenith quadrature point such that the 
rc-length between neighbouring points is ∼R plt / N μ (Fig. 3 ). Overall,
ur numerical integration scheme for equation ( 4 ) is given by: 

¯
 ( λ) = 2 

N μ∑ 

i 

N φ∑ 

j 

R( λ, μi , φij ) μi �μi w ij , (5) 

here μi are the Lobatto quadrature points for the zenith integration, 
μi are the corresponding quadrature weights, φij are the Trapezium 

ule quadrature points for the azimuth integration (which are different 
or each zenith angle), and w ij are the Trapezium rule quadrature
eights for the j th azimuthal angle and the i th zenith angle. We

ssume that the orbit of the planet is exactly edge-on, and that the
tmosphere is symmetric about the equatorial plane, which is defined 
o be in the orbital plane. As a result, we only need to e v aluate the
nte gration o v er half of the visible disc and multiply the result by a
actor of two. The quadrature points for N μ = 2, 3, 4, 5 are shown in
ig. 3 . 
For atmospheric models that partition the atmosphere in longitude 

nto sev eral re gions each modelled with a single TP and abundance
rofile, our disc average routine can be further simplified. For 
xample, if the planet is divided into a uniform dayside and a uniform
ightside, as illustrated in Fig. 3 , then all the quadrature points on
he same zenith angle ring (blue dashed circles) in the same region
ave the same radiance. The azimuth integration is then a matter of
alculating what fraction of the zenith angle rings are in each region.
his greatly speeds up the disc averaging routine for the simple
odels in 2.4 . 

.4 2D atmospheric temperature models 

e describe four parametric temperature models for the atmospheres 
f hot Jupiters. Model 4 is our proposed model, and the other three
impler models are included for comparison. While all of the models
se the one-dimensional analytical TP profile of Guillot ( 2010 ) to
escribe temperature as a function of pressure, they can also be easily
nterfaced with other parametric TP profiles. The Guillot profile is 
MNRAS 525, 5146–5167 (2023) 
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iven by equation (29) of Guillot ( 2010 ) 

 

4 = 

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 
] 
, (6) 

here τ is the infrared optical depth defined by 

( P ) = 

κth P 

g 
. (7) 

he TP profile has four free parameters: κ th 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 of
rder unity that models the effects of albedo (on the dayside) and the
edistribution of stellar flux due to atmospheric circulation (on both
he dayside and the nightside). We assume the change in gravity g is
egligible in the pressure range probed by emission spectroscopy, so
hat τ is linear in P . Finally, T irr is the irradiation temperature defined
y 

 irr = 

(R star 

a 

)1 / 2 
T star , (8) 

here a is the orbital semi-major axis, and R star and T star are the host
tar radius and temperature. In Section 3.1 , we show that the Guillot
rofile is able to approximate the temperature–pressure profiles found
n the WASP-43b GCM well enough to reproduce the synthetic data.
or all models, we place the sub-stellar point at the origin in our

ongitude–latitude coordinate system. We denote longitude by � .
ll models describe the thermal structure with two TP profiles: a

epresentative dayside profile and a representative nightside profile.
ote that temperature is set to be uniform as a function of latitude on

sobars, and we treat the retrieved temperature profiles as latitudinally
veraged temperature profiles. In our models, the centres of ‘dayside’
nd the ‘nightside’ can shift away from the sub-stellar point and the
nti-stellar point, respectively. 

.4.1 Model 1 

odel 1 (Fig. 4 , top panel) our simplest model in which the dayside
nd nightside are both set to span 180 ◦ in longitude. The centre of
he dayside region ( O 

′ 
) is allowed to shift eastward or westward

y some longitude δ relative to the sub-stellar point, representing
he effect of atmospheric dynamics, in particular equatorial jets,
n redistributing heat around the atmosphere. The dayside is thus
ound by the meridians � = δ − 90 ◦ and � = δ + 90 ◦. Within each
egion, temperature is only a function of pressure. Note that in all our
odels, the ‘dayside’ denotes the region of the atmosphere modelled

y the dayside TP profile and does not necessarily coincide with the
hysically illuminated dayside. The model contains nine parameters:
our parameters for each of the two TP profiles and one parameter
for the longitudinal offset. Note that model 1 is equi v alent to the

2TP-Crescent’ approach of Feng et al. ( 2020 ) when applied to all
hases simultaneously. In summary, model 1 is given by: 

 = 

{
T night ( P ) if � > δ + 90 ◦ or � < δ − 90 ◦, 
T day ( P ) otherwise. 

(9) 

.4.2 Model 2 

odel 2 (Fig. 4 , lower panel) is similar to model 1, with the only
ifference being that the ‘width’ (longitudinal extent) of the dayside
s now a free parameter. We introduce a scaling parameter ε, so that
he dayside is now bounded by the meridians � = δ − 90 ◦ × ε and
 = δ + 90 ◦ × ε and spans 180 ◦ × ε in longitude. The model contains

0 parameters: four parameters for each TP profile, one parameter δ
NRAS 525, 5146–5167 (2023) 
or the longitudinal offset, and one parameter ε for the dayside width.
arametrizing the dayside area fraction has been shown to be ef fecti ve

n analysing disc-averaged emission spectrum of tidally locked hot
upiters by Taylor et al. ( 2020 ), and this approach has been applied
o phase curve analysis by Feng et al. ( 2020 ) in their ‘2TP-Free’
odel, albeit only in the phase-by-phase approach. Model 2 is our
ay of implementing the dayside area fraction parametrization self-

onsistently when fitting all phases of phase curves simultaneously.
n summary, model 2 is given by: 

 = 

{
T night ( P ) if � > δ + 90 ◦ε or � < δ − 90 ◦ε, 
T day ( P ) otherwise. 

(10) 

.4.3 Model 3 

odel 3 (Fig. 5 , upper panel) is an extension of model 2, where
he temperature is now a continuous function of longitude across the
ayside boundary. The dayside is bound by the meridians � = δ −
0 ◦ × ε and � = δ + 90 ◦ × ε. Within the dayside, temperatures
t each pressure level vary with the cosine of longitude. Outside the
ayside, the TP is set to be a single nightside profile. In summary,
odel 3 is given by: 

 = 

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

� −δ (11) 

ε 
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Figure 5. Temperature as a function of pressure and longitude in two 
examples of model 3 and model 4. Model 3 (top panel) is defined by equation 
( 11 ). Model 4 (bottom panel) is defined by equation ( 12 ); in this example n 
is set to be 1.75. Note that model 4 is equi v alent to model 3 if n is being set 
to 1. 
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.4.4 Model 4 

odel 4 is a generalization of model 3, where we allow the
xponent of the cosine term in equation ( 11 ) to be a variable, so
hat we parametrize how strongly temperatures vary with longitude 
n isobars: 

 = 

{
T night ( P ) if � > δ + 90 ◦ or � < δ − 90 ◦, 
T night ( P ) + ( T day ( P ) − T night ( P )) cos n ( � −δ

ε 
) otherwise. 

(12) 

he parameters for the temperature models, together with the other 
arameters of our atmospheric models, are summarized in Table 2 . 

.5 Retrieval set-up 

e run retrie v als on two sets of data: (1) synthetic HST /WFC3 and
pitzer /IRAC phase curves simulated from the GCM-based model of 
ASP-43b described in Section 2.1 , and (2) observed HST /WFC3 

nd Spitzer /IRAC phase curves of WASP-43b as presented in 
tevenson et al. ( 2017 ). For each set of data, we run four retrie v als
sing each of the atmospheric models described in Section 2.4 . We
t the spectra at all phases simultaneously using spectra generated 
rom the parametric atmospheric models. We use Nested Sampling 
Feroz & Hobson 2008 ) to calculate the posterior distribution of
he atmospheric model parameters and the Bayesian evidence of the 
odel, described in Section 2.6 . In Appendix B , we also compare
ur retrie v al results to the phase-by-phase retrie v al approach, where
he spectrum at each orbital phase is analysed independently. 

For all of our retrie v als, the atmospheric model is defined from
0 to 10 −3 bar, on 20 points equally spaced in log pressure. The
tmospheric models have two components: a temperature model and 
 chemical abundance model. In each of our retrie v al schemes, we
est a different temperature model described in Section 2.4 . On the
ther hand, all of our retrie v al schemes share the same chemical
bundance model, which assumes a H 2 /He dominated atmosphere 
nd contains four spectrally active gases: H 2 O, CO 2 , CO, CH 4 . The
bundance model is parametrized by the volume mixing ratios of 
he spectrally active gases, assumed to be constant with respect to
ressure, longitude, and latitude. Furthermore, we do not include 
louds/hazes in any of our models, and we assume aerosols with
o significant spectral features to be degenerate with the other 
omponents of our atmospheric models. The limitations of these 
ssumptions are discussed in Section 6 . The model parameters and
heir prior ranges are listed in Table 2 , and we prescribe uniform
riors for all of our model parameters. 

.6 Bayesian parameter estimation 

e extract information from phase curves using Bayesian inference. 
onsider a set of phase curve data D that we wish to analyse. Suppose
e have a parametric atmospheric model M with parameter space � ,

o that for each point θ ∈ � we can calculate model phase curves
 ( M ( θ )), where f is our ‘forward model’ that encapsulates all the
odelling steps required to generate model phase curves from an 

tmospheric model. The probability distribution of the parameters of 
 given D is 

Pr ( θ, M| D ) = 

Pr ( D | θ, M) Pr ( θ | M) 

Pr ( D ) 
, (13) 

here P ( θ ) ≡ Pr ( θ, M| D ) is the posterior distribution, L ( D ) ≡
r ( D| θ, M) is the likelihood, π ( θ ) ≡ Pr ( θ | M) is the prior, and Z ≡
r ( D| M) is the evidence. To proceed, we define the log likelihood
unction as 

log L ( θ ) = −1 

2 

N obs ∑ 

i= 1 

( D i − f ( M( θ ) i ) 2 

σ 2 
i 

, (14) 

here N obs is the total number of data points in the observed phase
urves, D i and f ( M ( θ )) i are the i th points of the observed and model
hase curv es, respectiv ely, and σ i is the associated measurement 
ncertainty. The Bayesian evidence is then given by 

 = 

∫ 

� 

L ( θ ) π ( θ ) d n θ, (15) 

here the integral is over the n -dimensional parameter space � .
e can approximately calculate the posterior distribution and the 

vidence by sampling the parameter space � , which is a compu-
ationally e xpensiv e task for phase curv e retrie v als because � is
igh-dimensional and f ( M ( θ )) is e xpensiv e to calculate. The Nested
ampling algorithm (Feroz & Hobson 2008 ) is an efficient way to
arry out these tasks, which starts by rewriting the evidence in terms
f the prior volume X , defined as: 

( λ) = 

∫ 

L ( θ ) >λ

π ( θ ) d n θ. (16) 

he evidence is then given by ∫ 1 

0 
L ( X )d X , (17) 
MNRAS 525, 5146–5167 (2023) 
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Table 2. Parameters of our atmospheric models. All models have four parameters for gas VMRs, with the other 
parameters specifying the thermal structure. Model 1 has 13 parameters in total, whereas model 2 and model 3 have 14 
parameters in total. Model 4 has 15 parameters in total. 

Parameter Description Model usage Range 

δ Dayside longitudinal offset all [ −45 ◦, 45 ◦] 
ε Dayside longitudinal width scaling 2,3,4 [0.5,1.2] 
n Dayside longitudinal variation exponent 4 [0,2] 
log κ th, day Mean infrared opacity (dayside) all [ −4,2] 
log γ day Ratio of visible and infrared opacities (dayside) all [ −4,1] 
log f day Heat redistribution parameter (dayside) all [ −4,1] 
T int, day Internal heat flux (dayside) all [100,1000] 
log κ th, nigtht Mean infrared opacity (nightside) all [ −4,2] 
log γ night Ratio of visible and infrared opacities (nightside) all [ −4,1] 
log f night Heat redistribution parameter (nightside) all [ −4,1] 
T int, night Internal heat flux (nightside) all [100,1000] 
log VMR H 2 O Log 10 volume mixing ratio of H 2 O all [ −8, −2] 
log VMR CO 2 Log 10 volume mixing ratio of CO 2 all [ −8, −2] 
log VMR CO Log 10 volume mixing ratio of CO all [ −8, −2] 
log VMR CH 4 Log 10 volume mixing ratio of CH 4 all [ −8, −2] 
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here L ( X) is a monotonic function and can be e v aluated with
imple quadrature schemes, and the likelihood contours L ( X i )
re approximated by sampling the parameter space within nested
llipsoids. Numerically, the evidence is given by 

 ≈
N iter ∑ 

i= 1 

L ( X i ) w i , (18) 

here X i ∈ [0, 1] are a decreasing sequence of quadrature points
starting from 1) and w i the corresponding weights, and N iter is
etermined by some convergence criterion. The nested sampling
lgorithm discards the point with the lowest-likelihood at each
teration, so the posterior can be generated by assigning weights
o those points by 

 i = 

L ( X i ) w i 

Z 

. (19) 

or all of our retrie v als, we use the Python interface PyMultiNest
Buchner et al. 2014 ) to implement nested sampling with 1000
ampling live points. 

 PR ELIMINARY  TESTS  

efore testing our retrie v al schemes on synthetic HST /WFC3 and
pitzer /IRA C phase curves, we in vestigate if simplified atmospheric
odels can reproduce the phase curves generated from the GCM

escribed in Section 2.1 . We show that we can reproduce these GCM
hase curves to well within realistic measurement uncertainties: (1)
f we replace the TP profiles in the GCM at all locations with best-
tting 1D Guillot profiles; (2) if we replace the TP profiles in the
CM on the same meridian with the latitudinally averaged TP profile
f that meridian; and (3) if we replace the volume mixing ratios of
ll gases with a uniform profile. These results justify our use of
D models coupled with the Guillot profile in our retrie v als, and
n Section 4 , we show that such 2D models can adequately model
ynthetic HST /WFC3 and Spitzer /IRAC phase curves. 

.1 Replace GCM TP profiles with 1D model fits 

e use the Guillot TP profile (Guillot 2010 ) as the basis of our
D temperature models described in Section 2.4 . We demonstrate
ere that this profile is flexible enough to approximate the range
NRAS 525, 5146–5167 (2023) 
f TP profiles found in our WASP-43b GCM with the following
rocedure. First, we directly fit the 1D TP profile to the TP profiles
f the GCM on all longitude–latitude grid points in the pressure
ange 20–10 −3 bar, which co v ers the support of the transmission
eighting function. We find that extending the pressure range has
egligible effects on the spectra. We then generate phase curves
rom the total collection of best-fitting 1D profiles, and compare
hem to those generated directly from the GCM. Both sets of phase
urves are simulated using the volume mixing ratios of the original
CM, which are set via chemical equilibrium. In Fig. 6 , we compare

he phase curves simulated from the best-fitting 1D profiles (blue
urves) with the phase curves simulated directly from the GCM
black curves). We overplot the measurement errors of Stevenson
t al. ( 2017 ) on the phase curves simulated directly from the GCM.
e see that the phase curves simulated from the 1D best-fitting

rofiles can match the GCM phase curves to within error at almost
ll phases. 

.2 Replace GCM thermal structure with latitudinally 
veraged thermal structure 

n the 2D models described in Section 2.4 , the atmospheric tem-
erature varies with longitude and pressure only, and we prescribe
hat temperature is constant with respect to latitudinal variation. The
ey point is that we interpret the retrieved thermal structure as a
atitudinally averaged thermal structure, as we have very limited
ensitivity to latitudinal variation of atmospheric properties in the
ata. We now demonstrate that the latitudinally averaged thermal
tructure of the GCM can reproduce the synthetic data, which justifies
ur choice of 2D temperature models. To this end, we replace all the
P profiles on the same meridian with some latitudinally averaged
P structure. We find that if we pick the TP profile averaged from 0
egree latitude to 45 degree latitude using cos(latitude) as the weight,
he resulting 2D temperature model could produce phase curves
green curves, Fig. 6 ) that agree with the phase curves simulated
irectly from the GCM (black curves, Fig. 6 ) to measurement
ncertainties quoted in Stevenson et al. ( 2017 ). Note that both sets
f phase curves are simulated using the chemical equilibrium VMRs
f the original GCM. In conclusion, we find that a 2D temperature
odel can reproduce HST /WFC3 and Spitzer /IRAC quality phase

urves simulated from our WASP-43b GCM. Furthermore, we expect
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Figure 6. Comparison of the phase curves simulated from simplified models 
to the phase curves simulated from the original WASP-43b GCM (black), 
where abundance is set by chemical equilibrium. The blue curves are 
simulated from the best-fitting Guillot profiles. The green curves are simulated 
from latitudinally averaged TP profiles from 0 ◦ to 45 ◦, using cos(latitude) as 
the weight. The yellow curves are simulated with uniform abundance listed 
in Table 1 , which are the synthetic data we retrieve on in Section 4 . The 
orange curves are simulated with the abundance listed in Table 1 , but with the 
methane abundance multiplied by 40, which illustrates the fact that models 
with uniform gas abundance can match the phase curves produced from 

a chemical equilibrium model. Note that the error bars on the GCM phase 
curves are the estimated observational uncertainties of Stevenson et al. ( 2017 ). 
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Figure 7. Top panel: temperature as a function of longitude and pressure in 
the WASP-43b GCM at the equator. Lower panel: latitudinally averaged TP 
profiles from 0 to 45 degree latitude, using cos(latitude) as the weight. Since 
the retrieved thermal structure resemble the latitudinally averaged profiles, 
we would underpredict the hotspot offset at the equator for typical hot Jupiter 
GCMs from synthetic data. 
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he retrieved thermal structure using a 2D model to resemble the 
atitudinally averaged thermal structure of the atmosphere. In Fig. 7 , 
e plot the GCM temperature as a function of pressure and longitude

t the equator on the top, compared to the latitudinally averaged 
emperature (from 0 degree latitude to 45 degree latitude using 
os(latitude) as the weight) on the bottom. In Section 4 , we compare
he retrieved thermal structure from the synthetic data with this 
atitudinally averaged GCM thermal structure. 

.3 Replace chemical equilibrium VMRs with constant VMRs 

s mentioned in Section 2.1 , the chemical equilibrium abundance 
f the original WASP-43b GCM is expected to be homogenized by 
orizontal quenching (Cooper & Showman 2006 ; Ag ́undez et al. 
014 ), and Irwin et al. ( 2020 ) reset the GCM gas abundances at all
ltitudes and locations to be the latitudinally a veraged ab undances in
he 0.1-1-bar pressure region (using cos(latitude) as the weight) at the 
ub-stellar meridian. We now compare the phase curves simulated 
sing uniform abundance as those used by Irwin et al. ( 2020 )
yellow curves) with those simulated using the chemical equilibrium 

bundance (black curves) in Fig. 6 . We see the main difference
s that the different distributions of CH 4 result in significantly 
ifferent phase curves at 3.6 μm. This effect has been investigated
y Steinrueck et al. ( 2019 ), who explore if disequilibrium effects
uch as the quenching of CH 4 can explain why GCMs systematically
 v erestimate phase curve amplitudes compared to observations. We 
cho the finding of Steinrueck et al. ( 2019 ) that phase curves observed
n the wavelength range covered by the 3.6 μm Spitzer channel are
n ef fecti ve diagnostic for disequilibrium methane chemistry on hot
upiters. 

The synthetic phase curves we use to validate our retrieval schemes
re simulated from uniform gas VMRs as listed in Table 1 and are
he same synthetic phase curves in Irwin et al. ( 2020 ). To further
ustify our use of uniform gas abundance in our model, we show that
f we multiply the CH 4 abundance of Irwin et al. ( 2020 ) by a factor
f 40, the resultant phase curves (orange curves) agree well with
he phase curves simulated from the equilibrium chemistry VMRs 
black curves). This suggests that while using uniform VMRs can 
dequately fit HST /WFC3 and Spitzer /IRAC quality phase curves, 
his approach can lead to significantly biased CH 4 abundance. 
MNRAS 525, 5146–5167 (2023) 
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Figure 8. Results from the retrie v als of synthetic phase curves generated 
from the WASP-43b GCM. Here, we plot the best-fitting model phase curves 
calculated from the posterior medians and compared them to the synthetic 
data. The synthetic data is shown with the measurement uncertainties of 
Stevenson et al. ( 2017 ). The models are described in Section 2.4 . 
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he limitation of the constant chemistry assumption is discussed
n 6.3.3 . 

 AP P LIC ATION  TO  SYNTHETIC  PHASE  

U RV E S  

e validate our retrieval schemes with synthetic data simulated from
he GCM-based model of WASP-43b described in Section 2.1 . Each
etrie v al scheme is identified with one of the temperature models
escribed in Section 2.4 , while all other aspects of the retrie v al
chemes are identical, so we refer to each retrie v al scheme by the
emperature model used. The synthetic phase curves are simulated at
he same wavelengths as those presented in Stevenson et al. ( 2017 ),
nd we use their measurement uncertainties to set the uncertainties
f the synthetic data. We do not add random noise to the synthetic
hase curves. We assess the retrie v al schemes on three criteria: (1) the
oodness of fit to the synthetic phase curves; (2) the accuracy of the
etrieved chemical abundance; (3) the goodness of fit of the retrieved
hermal structure to the latitudinally averaged GCM thermal structure
n Fig. 7 . Overall, apart from model 1, all other models can fit the
ynthetic phase curves within measurement uncertainties at almost
ll wavelengths and all orbital phases, and can accurately constrain
he abundance of H 2 O and CH 4 , as well as retrieve the latitudinally
veraged thermal structure of the GCM. 

We plot the phase curves generated from the medians of the
osterior distributions of the model parameters in Fig. 8 . It is clear
hat model 1, where the dayside 2 width is fixed at 180 ◦, gives the
orst spectral fit to the synthetic data. The phase curve amplitudes

etrieved by model 1 are too small at most wavelengths, whereas
he other models mostly retrieve the correct phase curve amplitudes.
t can be seen in Fig. 10 that model 1 is not flexible enough to
pproximate the thermal structure of the GCM, which has a hot
egion significantly narrower than 180 degree in longitude. This
lso leads model 1 to retrieve a biased high H 2 O abundance, as the
odel tries to match the amplitudes of the synthetic phase curves

y pushing the photosphere higher, where the day/night flux contrast
s larger. We thus demonstrate that the dayside area fraction is an
mportant parameter in phase curve retrie v als, and the exclusion of its
mplementation can lead to significant biases in retrieved molecular
bundance. 

We plot the posterior distributions of gas VMRs using different
etrie v al schemes in Fig. 9 . As mentioned previously, model 1
etrieves biased H 2 O abundance due to the inflexibility of the
emperature parametrization, namely the fixed dayside fraction. The
ther models produce precise and accurate constraints on H 2 O,
s well as accurate upper bounds on CH 4 . None of the models
an constrain CO and CO 2 from the data, as CO and CO 2 have
eak opacities in the HST /WFC3 wavelengths and their retrieved

bundance are mainly driven by the two Spitzer wavelengths. Hence,
heir abundance are more susceptible to de generac y with the thermal
tructure and are therefore poorly constrained. 

We plot the retrieved thermal structures, calculated with the
edian parameters of the posterior distributions, in Fig. 10 . We

ompare the retrieved thermal structures to the appropriate latitu-
inally averaged TP structure of the GCM, since we have shown
hat the appropriately averaged GCM TP structure can reproduce
he synthetic phase curves generated directly from the GCM. As
NRAS 525, 5146–5167 (2023) 

 We reiterate that the ‘dayside’ in our models denotes the region of the 
tmosphere modelled by the dayside profile and does not necessarily coincide 
ith the permanently illuminated ‘physical dayside’. 

Figure 9. Results from the retrie v als of synthetic phase curves generated 
from the WASP-43b GCM. Here, we plot the posterior distributions of the 
retrieved gas VMRs using different retrieval schemes, and we mark the 
abundance used to simulated the synthetic data with black lines (‘truths’). 
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Figure 10. Results from the retrie v als of synthetic phase curves generated from the WASP-43b GCM. The rows from top to bottom correspond to model 1, 
model 2, model 3, and model 4, respecti vely. Left column: retrie ved temperature structures, which are calculated using the median parameters of the posterior 
distrib utions. Middle column: latitudinally a veraged TP profile of the GCM from 0 to 45 degree latitude, using cos(latitude) as the weight. Right column: 
difference between right and middle columns. 
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escribed in 3.2 , the average is between 0 and 45 degree latitude
nd with cos(latitude) as the weight. It is now clear that model 1
erforms badly because the width of the hot region in the GCM is
ignificantly narrower than the dayside width prescribed by model 1. 
odel 2 can accurately approximate the typical dayside and nightside 

P profiles; ho we ver, since model 2 contains a discontinuity at the
ayside/nightside boundary, there are large jumps in temperature 
n isobars around the day/night boundary. Hence, the fits at those 
egions deviate significantly from the GCM. Model 3 and Model 
, by virtue of being continuous models, a v oid this problem and
an approximate the latitudinally averaged GCM structure to well 
ithin ±300 K at most pressures and longitudes. Ho we ver, both
odels perform relatively poorly in the deep atmosphere as the 

etrieved deep atmosphere temperatures are too low (right column, 
ig. 10 ). This leads to incorrectly retrieved phase curve amplitudes 
t the wavelengths with the deepest photospheres. By computing the 
ransmission weighting function in Fig. 2 , we find the three channels
t 1.2475 μm, 1.2825 μm, 1.3175 μm are sensitive mainly to the
eep atmosphere at close to 10 bar, whereas most other channels 
re sensitive to lower pressure levels. In Fig. 8 , we can see that
he phase curve fits at these three channels by model 3 and model
 have lower flux than the synthetic phase curves. The retrieved 
fi  
eep atmosphere temperature is biased because there are more data 
oints constraining the TP profile at lower pressure levels, and the TP
rofile used cannot satisfy all constraints equally well. We expect that
he biased deep atmosphere temperature can be resolved by using a

ore sophisticated TP profile. Ho we ver, this issue does not lead to
ignificantly biased retrieved abundance and our precision is still in 
ine with past studies. 

 APPLI CATI ON  TO  R E A L  PHASE  CURV ES  

n Section 4 , we test the performance of our 2D retrie v al schemes
gainst synthetic data. We find that we can accurately constrain the
bundance of H 2 O and CH 4 from synthetic data simulated from
 GCM, provided that the temperature model is flexible enough 
o approximate the thermal structure of the GCM atmosphere. We 
ow apply the retrieval schemes to the observed HST /WFC3 and
pitzer /IRAC phase curves of Stevenson et al. ( 2017 ). We again look
t the spectral fits and the retrieved chemical abundance and thermal
tructure. 

We plot the phase curves generated from the medians of the
osterior distributions of model parameters in Fig. 11 . The model
ts to the real data are worse than the model fits to the synthetic data,
MNRAS 525, 5146–5167 (2023) 
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M

Figure 11. Retrie v al results of the real phase curves. The retrie ved phase 
curves are calculated from the posterior medians and compared to the real 
data. The models are described in 2.4 . 

p  

F  

fi  

t  

s  

m  

b  

s  

r  

s  

a  

i  

r  

3  

c  

t  

t  

d  

w  

s
 

r  

c  

w  

t  

C  

Figure 12. Retrie v al results of the real phase curves. Posterior distributions 
of the retrieved gas VMRs. 

∼  

m  

r  

t  

t  

i  

a  

l  

o

6

W  

d  

o

6

W  

T  

s  

J  

(  

(  

2  

t  

c  

p
 

W  

e  

a  

s  

s  

a  

t  

M  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/4/5146/7251485 by guest on 17 N
ovem

ber 2023
artly because we do not add random noise to our synthetic data.
urthermore, there are two interesting points of comparison with the
ts to synthetic data. First, in the case of real data, model 1 can fit

he phase curves almost as well as model 2, whereas in the case of
ynthetic data, model 1 fits the phase curves markedly worse than
odel 2. The reason that model 1 cannot fit the synthetic data is

ecause the GCM used to generate the data has a hot region that is
ignificantly narrower in longitudinal extent than the width of dayside
egion in model 1, which is fixed at 180 ◦. Ho we ver, the thermal
tructure retrieved from the real data by both models is consistent with
 hot dayside region that spans approximately 180 ◦ in longitude. This
s the reason why model 1 could perform as well as model 2 on the
eal data, while failing to do so on the synthetic data. Second, model
 produces the poorest fits to the real data, and often produces phase
urve maxima that are too large while simultaneously underproduce
he amplitudes of the intermediate phases. Since model 3 prescribes
hat temperatures on isobars vary sinusoidally with longitude on the
ayside, the misfits suggest that temperature must vary less strongly
ith longitude on isobars. This is confirmed by the retrieved thermal

tructure of model 4. 
We plot the posterior distributions of gas VMRs using different

etrie v al schemes in Fig. 12 . The retrieved H 2 O abundances are
onsistent across models. We take model 4 as our fiducial model,
hich gives a constraint of 5.6 × 10 −5 –4.0 × 10 −4 at 1 σ . As with

he synthetic data, we cannot constrain the abundance of CO and
O 2 , but we can place an upper bound on the VMR of CH 4 at
NRAS 525, 5146–5167 (2023) 
10 −6 . We plot the retrieved thermal structures, calculated with the
edian parameters of the posterior distributions, in Fig. 13 . The

etrieved dayside temperatures of model 4 suggest that the dayside
hermal structure of WASP-43b is relatively homogeneous, meaning
hat temperature does not vary strongly as a function of longitude on
sobars. On the other hand, the retrieved temperatures on the nightside
re extremely cold, which is likely due to thick cloud coverage that
ifts the photosphere to lower pressure levels. We discuss the results
f our retrie v als in the next section. 

 DI SCUSSI ONS  

e compare our results to pre vious retrie v al studies of WASP-43b,
iscuss the effects of nightside clouds, and detail the limitations of
ur retrie v al model in this section. 

.1 Comparison with previous retrievals 

e present a summary of past retrie v al studies of WASP-43b in
 able 3 . W e focus on the studies which analyse the HST transmission,
econdary eclipse, and phase curve data (GO Program 13467, PI:
acob Bean, Kreidberg et al. 2014 ), Spitzer secondary eclipse data
Program ID 70084, Blecic et al. 2017 ), and Spitzer phase curve data
Programs 10 169 and 11001, PI: K e vin Ste venson, Ste venson et al.
017 ). We present the constraints on the abundance of H 2 O at 1 σ for
he studies that publish such a result. While all of the H 2 O abundance
onstraints o v erlap, our constraint is on the lower end compared to
ast studies. Additionally, we find two points of discussion. 
First, we find that multiple studies support the hypothesis that
ASP-43b has no optically thick clouds on the dayside. Kreidberg

t al. ( 2014 ) analyse the transmission spectrum from HST /WFC3,
nd find that the day–night terminator of WASP-43b contains no
ignificant clouds at the pressure levels probed by transmission
pectroscopy. Since the dayside is hotter than the terminator region
nd likely has comparable chemical inventory, this suggests that
he dayside may be free from significant cloud co v erage as well.

ore directly, Fraine et al. ( 2021 ) find a very low dayside geometric
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Figure 13. Retrie v al results of the real phase curves. The rows from top to bottom correspond to model 1, model 2, model 3, and model 4, respectively. Left 
column: retrieved temperature structures, which are calculated using the median parameters of the posterior distribution. Middle column: latitudinally averaged 
TP profile of the GCM from 0 to 45 degree latitude, using cos(latitude) as the weight. Right column: difference between right and middle columns. 

Table 3. Summary of pre vious retrie v al studies of WASP-43b. The emission data analysed by Kreidberg et al. ( 2014 ) refer to 
the HST /WFC3 secondary eclipse data as presented in Kreidberg et al. ( 2014 ) and the Spitzer secondary eclipse data from Blecic 
et al. ( 2014 ). The transmission data refer to the HST /WFC3 primary transit data as presented in Kreidberg et al. ( 2014 ). The phase 
curves refer to the HST /WFC3 and Spitzer phase curves as presented in Stevenson et al. ( 2017 ). We note the constraints on the 
abundance of H 2 O at 1 σ for the studies that publish such a result. For the studies that analysed phase curves, we note the retrie v al 
methods. 

Reference Data H 2 O 1 σ Range Notes 

Kreidberg et al. ( 2014 ) Transmission 3.3 × 10 −5 –1.4 × 10 −3 

Kreidberg et al. ( 2014 ) Emission 3.1 × 10 −4 –4.4 × 10 −3 

Kreidberg et al. ( 2014 ) Transmission + emission 2.4 × 10 −4 –2.1 × 10 −3 

Stevenson et al. ( 2017 ) Phase curves, nightside 2.5 × 10 −5 –1.1 × 10 −4 Phase-by-phase 
Stevenson et al. ( 2017 ) Phase curves, dayside 1.4 × 10 −4 –6.1 × 10 −4 Phase-by-phase 
Irwin et al. ( 2020 ) Phase curves 2 × 10 −4 –1 × 10 −3 ‘2.5D model’ 
Feng et al. ( 2020 ) Phase curves 1.1 × 10 −4 –3.9 × 10 −3 2D model 
Changeat et al. ( 2021 ) Phase curves + transmission ‘1.5D model’ 
Chubb & Min ( 2022 ) Phase curves + transmission 3D model 
This work Phase curves 5.6 × 10 −5 –4.0 × 10 −4 2D model 
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lbedo ( < 0.06) using HST WFC3/UVIS secondary eclipse data in 
he optical wavelengths, and report a non-detection of clouds on 
he dayside at P > 1 bar. Furthermore, Stevenson et al. ( 2014 )
stimate the Bond albedo of WASP-43b to be 0 . 18 + 0 . 07 

−0 . 12 by computing
he day- and night-side bolometric fluxes from the model spectra 
etrieved from the HST /WFC3 phase curves. These findings provide 
ustifications for our cloud-free retrie v al scheme on the dayside, in
ccordance with the prediction from modelling work that a cloud-free 
MNRAS 525, 5146–5167 (2023) 
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otspot should dominate the dayside of hot Jupiters (Parmentier et al.
016 ). 
Secondly, we find that while some studies find variable H 2 O

bundance as a function of longitude, this might be the result
f the 1D phase-by-phase approach used by these studies. For
 xample, Stev enson et al. ( 2017 ) analyse the same HST /WFC3 and
pitzer phase curves as in this work, and apply a 1D phase-by-
hase retrie v al approach, where the spectrum at each orbital phase
s retrieved independently and assuming uniform abundance and
P structure for each phase. They find the H 2 O abundance varies
etween the dayside and the nightside phases, and give a constraint
f 2.5 × 10 −5 –1.1 × 10 −4 at 1 σ on H 2 O for the nightside and a
onstraint of 1.4 × 10 −4 –6.1 × 10 −4 at 1 σ for the dayside. Ho we ver,
he 1D retrie v al approach, where uniform atmospheric condition
s assumed for the visible atmosphere under observation, is now
nown to give biased results in the analysis of disc-averaged hot
upiter spectra (Blecic et al. 2017 ; Taylor et al. 2020 ). Furthermore,
he phase-by-phase approach is not geometrically self-consistent and
nderutilizes the constraints from the fact that hemispheres observed
t neighbouring phases o v erlap (Irwin et al. 2020 ). In Fig. B1 in
he Appendix, we plot our phase-by-phase retrie v al results of the
ynthetic data, and show that the retrieved H 2 O abundance varies as
 function of orbital phase even though the true abundance is uniform
cross the planet in the GCM used to simulate the synthetic data. In
ig. B2 , we plot our phase-by-phase retrie v al results of the observed
ST /WFC3 and Spitzer phase curves, and find a similar result that

he retrieved H 2 O abundance is higher on the dayside than on the
ightside as Stevenson et al. ( 2017 ). 

.2 The influence of nightside clouds 

y comparing the synthetic phase curves simulated from the cloud-
ree WASP-43b GCM with the observed phase curves, we see that
he GCM phase curves underpredict the phase curve amplitudes and
 v erpredict the phase curve maximum offsets. The mismatch in phase
urve offsets suggest that the strength of heat circulation is weaker
n WASP-43b than predicted by the GCM, and the low nightside
rightness temperatures further suggest significant nightside cloud
o v erage. According to Parmentier, Showman & Fortney ( 2020 ),
hen nightside clouds are present, the day-to-night heat transport
ecomes extremely inefficient, and the nightside photosphere is lifted
o higher altitude. This could explains the low nightside temperatures
nd small phase curve offsets observed on WASP-43b. 

.3 Limitations and future work 

e have introduced a ne w 2D retrie v al scheme (model 4), where
he atmospheric temperature is parametrized by equation ( 12 ). We
ow discuss the limitations of our retrie v al scheme and directions for
uture work. 

.3.1 Aerosol model 

e do not explicitly model the effects of clouds in our retrieval
cheme. Past studies (e.g. Burningham et al. 2017 ; Molli ̀ere et al.
020 ) have shown that flexible TP profiles can mimic the spectral
ontribution of clouds in low-resolution spectroscopy. We have
ssumed that clouds with uniform-with-wavelength spectral features
n the observed wavelengths are fully degenerate with thermal
tructure and chemical abundance. Disentangling this de generac y
s beyond the scope of this work. We recognize that the lack of
NRAS 525, 5146–5167 (2023) 
loud parametrization is likely the most significant source of error in
ur retrieved atmospheric properties, though we expect the retrieved
ayside properties are reliable as both transmission spectroscopy and
roadband emission observation of WASP-43b find no evidence of
louds on WASP-43b (Kreidberg et al. 2014 ; Fraine et al. 2021 ).
ecent studies have shown that clouds play an important role in

haping the phase curves of hot Jupiters when they are present on the
ightside (Parmentier et al. 2020 ; Roman et al. 2021 ), and we plan
o include aerosols in our retrie v al scheme and validate such scheme
ith cloudy GCMs in future work. 

.3.2 Temperature model 

ur atmospheric temperature model is strongly parametrized to keep
he retrie v al time-scale tractable. We discuss here the limitations of
he parametrization. 

First, our model is ‘two-dimensional’, meaning that temperature
aries with pressure and longitude, but not with latitude. We then
nterpret the retrieved thermal structure as a latitudinally averaged
hermal structure weighted towards the low latitude regions, as
escribed in Section 3.2 . Irwin et al. ( 2020 ) show that the HST
 Spitzer phase curves of WASP-43b do not allow the retrie v al of

he latitudinal variation of atmospheric properties, so the thermal
tructure of WASP-43b remains poorly constrained. Ho we ver, JWST
hase curves may allow latitudinal variation to be probed, especially
hen analysed in conjunction with the eclipse mapping technique

e.g. Rauscher, Suri & Cowan 2018 ). The joint analysis of eclipse
apping data and phase curves will provide the most detailed

onstraints on the 3D structure of hot Jupiter atmospheres. We plan
o upgrade our current 2D model to include latitudinal variation in
rder to analyse phase curves and eclipse maps jointly in our future
ork, in particular the JWST /MIRI data of WASP-43b. 
Secondly, we assume both North–south symmetry about the

quator and East–west symmetry about the dayside central meridian
n our temperature model. The assumption of North–south symmetry
s based on the GCM of Parmentier et al. ( 2016 ) described in Section
.1 , which exhibits negligible differences between the Northern and
outhern hemispheres. The symmetry between the Northern and
outhern hemispheres has been seen in other hot Jupiter GCM studies
s well (Amundsen et al. 2016 ; Mendon c ¸a 2020 ; Roman et al. 2021 ).
o we ver, the simulations of Cho, Skinner & Thrastarson ( 2021 )

uggest that the atmospheres of hot Jupiter may be highly turbulent,
nd the atmospheric thermal structures may exhibit significant time
ariability that breaks the north–south symmetry. Repeated observa-
ions of hot Jupiters can detect such time-variation. Since we have
ot validated our retrieval scheme on such turbulent atmospheres,
ur temperature model would require further testing when time-
ariation is present. The East–west symmetry, on the other hand,
imits the flexibility of our model to capture certain thermal structures
een in GCMs, for example, temperature decreasing faster with
ongitude in the westward direction than in the eastward direction,
r pressure-dependent hotspot shift (when the hottest hemispheres in
ach pressure level do not align). In the case of retrieving synthetic
hase curves, these two effects only mildly limit our spectral fits, as
hown in Fig. 8 . Furthermore, as seen in Figs 9 and 10 , the chemical
bundance and thermal structure retrieved are not significantly
iased, and are in line with literature results in terms of precision
e.g. Feng et al. 2020 ; Irwin et al. 2020 ). Nev ertheless, we e xpect
uch a approach would not be appropriate for data of higher quality
han the ones we have analysed. As we plan to apply our retrie v al
chemes to JWST -quality data, particularly the MIRI observation of
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ASP-43b, we plan to make modifications to our schemes to include 
uch secondary structures. 

.3.3 Chemistry model 

e assume that the chemical abundance of gas species are constant 
ith location and constant with pressure in our atmospheric model as
e focus on the parametrization of atmospheric temperature in this 
ork. The validity of this assumption depends on the gas species, the

haracteristics of the planetary atmosphere and the pressure range 
e are interested in. The chemical and dynamical modelling work 
f Cooper & Showman ( 2006 ) and Ag ́undez et al. ( 2014 ) suggest
hat for H 2 O and CO, which are predicted to be the most abundant
pectrally active molecules on hot Jupiters in the pressure ranges 
robed by low-resolution spectroscopy ( ∼10–10 −3 bar), the constant 
bundance assumption is valid as atmospheric circulation ef fecti vely 
omogenizes their abundance. The assumption holds less well for 
O 2 , though we do not expect this to be a significant source of error,
s the variation in CO 2 abundance in the models of Ag ́undez et al.
 2014 ) is less than one order of magnitude. The case of CH 4 is most
roblematic: although its abundance shows negligible variation with 
ongitude, the vertical variation is significant (Ag ́undez et al. 2014 ).

ore recently, Baeyens et al. ( 2021 ) calculated a grid of pseudo-2D
hemistry models for hot Jupiter atmospheres, and their results enable 
s to directly assess the constant chemistry assumption for a WASP- 
3b-like atmosphere (fig. 18, Baeyens et al. 2021 ). Their model 
uggests that the variations of the abundance of H 2 O, CO, and CO 2 

ith respect to longitude and with respect to pressure are well within
ne-order of magnitude in the pressure range 100–10 −4 bar. This 
ressure range should more than co v er the pressure range probed by
ow-resolution infrared emission spectroscopy of WASP-43b. Since 
ypically even the best molecular abundance constraints from HST 

 Spitzer data have uncertainties around one order of magnitude, we 
onclude that for H 2 O, CO, and CO 2 it is valid to assume constant
hemistry for HST + Spitzer data based on the cited modelling work.
s for CH 4 , the model of Baeyens et al. ( 2021 ) suggests that for a
ASP-43b like atmosphere while the CH 4 abundance is significant 

n the deep atmosphere (at pressure level greater than about 1 bar),
ts abundance rapidly decreases with decreasing pressure. If this is 
he case, then our retrieved upper bound of CH 4 abundance at around
0 −6 would not reflect the true CH 4 abundance of the atmosphere, 
hich would be highly pressure-dependent. Apart from the interplay 
etween circulation and equilibrium chemistry, photochemistry and 
olecular dissociation can also affect the spatial distribution of 
olecular abundance. Ho we v er, we only e xpect dissociation to be

ignificant in much more strongly irradiated planets than WASP- 
3b, and we expect photochemical products to be insignificant in the 
ressure region probed by emission spectroscopy. For JWST data, 
e expect that the constant abundance approximation could still be 
alid for H 2 O, CO, and CO 2 when analysing emission spectroscopy 
f hot Jupiters, based on the current modelling work. Ho we ver, more
ophisticated parametrization of abundance variation is necessary for 
H 4 , and for joint analysis of transmission and emission data where
 large pressure range is probed. 

 C O N C L U S I O N S  

e propose a no v el 2D temperature parametrization for the retrie v als
f hot Jupiter phase curves, which is described by equations ( 12 ).
he temperature model is a function of pressure and longitude, and 
an be used to retrieve the chemical composition and latitudinally 
veraged thermal structure of hot Jupiters atmospheres from phase 
urves. The model is built on two TP profiles, signifying the
epresentative profiles for the dayside and the nightside. In our model, 
he temperature is uniform on isobars on the nightside, and varies with
os n (longitude/ ε) on isobars on the dayside, where n and ε are free
arameters. Both the dayside central longitude and dayside fraction 
longitudinal extent) are free parameters of our model. We first apply
ur proposed retrie v al scheme, together with se veral other 2D models
or comparison, to synthetic phase curves simulated from a cloud-free 
CM of WASP-43b, representing a more realistic atmospheric model 

han the typically simple models used for validating retrieval schemes 
n the literature. We find that the models that allo w v ariable dayside
ongitudinal extent can fit synthetic HST /WFC3 and Spitzer /IRAC 

hase curves to within typical measurement uncertainties, as well 
s accurately and precisely constraining the water and methane 
bundance. The retrieved thermal structures using these models are 
ood approximations to the latitudinal-average of the GCM thermal 
tructure weighted towards the low latitude regions. We then apply 
ur retrie v al schemes to retrieve information from the observed
hase curves of WASP-43b presented in Stevenson et al. ( 2017 ). We
onstrain the abundance of water to be 5.6 × 10 −5 –4.0 × 10 −4 at 1 σ
sing model 4, as well as an upper bound on CH 4 at ∼1 × 10 −6 . We
nd that the latitudinally averaged dayside TP structure of WASP-43b 

s likely to be homogeneous (meaning that temperature does not vary
trongly as a function of longitude on isobars) and non-inverted. We
xpect the nightside of WASP-43b to be co v ered by thick clouds due
o the extremely lo w retrie ved nightside temperature, in agreement
ith previous studies. We have thus demonstrated the efficacy of our

etrie v al scheme, which simultaneously fits all orbital phases of a set
f phase curves at a modest computation cost. 
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PPENDI X  A :  NEMESISPY 

he radiative transfer transfer calculations, disc-averaging and tem-
erature models are all implemented by our open-source Python
oftware NEMESISPY , available at https:// github.com/Jingxuan97/ ne
esispy or from the Python Package Index at https://pypi.org/proje

t/nemesispy . The package is based on the FORTRAN NEMESIS library
Irwin et al. 2008 ), with substantial code refactoring to impro v e
omputational speed, as well as new developments, including the im-
lementation of several 2D retrieval schemes for analysing exoplanet
hase curves. The most computationally expensive routines are
ompiled to machine code at runtime using a just-in-time compiler 3 ,
o that the speed of our code is on par with compiled languages. 

PPENDI X  B:  C O M PA R I S O N  WI TH  

HASE-BY-PHASE  RETRI EVALS  

e show the retrieval results using the 1D phase-by-phase approach,
here the spectrum at each orbital phase is independently analysed
ith a uniform TP and abundance profile. The TP profile used for

he 1D retrie v als is the same Guillot profile that we use for the 2D
etrie v als. In Fig. B1 , we present the retrieved molecular abundance
rom the synthetic phase curves, where the truths are marked by
orizontal black lines. We see that the retrieved H 2 O abundance
sing the 1D phase-by-phase approach varies significantly with
rbital phases, and is biased at several orbital phases. We echo the
ndings of past studies (Blecic et al. 2017 ; Taylor et al. 2020 ) that

he 1D phase-by-phase approach could lead to significantly biased
olecular abundance. In Fig. B2 , we present the retrieved molecular

bundance from the real phase curves presented in Stevenson et al.
 2017 ). We find a similar trend as Stevenson et al. ( 2017 ), that H 2 O
bundance is higher for the dayside phases than for the nightside
hases. We plot the abundance constraints from model 4 on the
gures for comparison. We can see from Fig. B1 that model 4
erforms markedly better than the 1D approach on synthetic phase
urves both in terms of accuracy and precision in retrieved molecular
bundance. 
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Figure B1. Retrieved molecular abundance from the synthetic phase curves using the 1D phase-by-phase approach (blue), compared to the retrieved abundance 
using model 4 (red). The vertical lines mark the 1 σ confidence intervals. The true abundances used to generate the data are marked by the black horizontal lines. 
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Figure B2. Retrieved molecular abundance from the observed phase curves presented in Stevenson et al. ( 2017 ) using the 1D phase-by-phase approach (blue), 
compared to the retrieved abundance using model 4 (red). The vertical lines mark the 1 σ confidence intervals. 
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PPENDIX  C :  FULL  POSTERIOR  PLOTS  

e include the full posterior distributions of all models for the
etrie v als of the synthetic data. We additionally include the full pos-
NRAS 525, 5146–5167 (2023) 

erior distribution of model 4 for the retrie v als of the observed data. 
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Figure C1. Full posterior distribution of the model parameters of model 1 for the retrie v als of the synthetic phase curves. The parameters are summarized in 
Table 2 . 
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Figure C2. Full posterior distribution of the model parameters of model 2 for the retrie v als of the synthetic phase curves. The parameters are summarized in 
Table 2 . 
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Figure C3. Full posterior distribution of the model parameters of model 3 for the retrie v als of the synthetic phase curves. The parameters are summarized in 
Table 2 . 
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Figure C4. Full posterior distribution of the model parameters of model 4 for the retrie v als of the synthetic phase curves. The parameters are summarized in 
Table 2 . 
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Figure C5. Full posterior distribution of the model parameters of model 4 for the retrie v al of the observed phase curves. The parameters are summarized in 
Table 2 . 
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