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The temperature profile of a planetary atmosphere is a key diagnostic of radiative and
dynamical processes governing the absorption, redistribution, and emission of energy.
Observations have revealed dayside stratospheres that either cool'? or warm?3+* with altitude
for a small number of gas giant exoplanets, while others are consistent with constant
temperatures.>® Here we report spectroscopic phase curve measurements for the gas giant
WASP-121b,” which constrain stratospheric temperatures throughout the diurnal cycle.
Variations measured for a water vapour spectral feature reveal a temperature profile that
transitions from warming with altitude on the dayside hemisphere to cooling with altitude
on the nightside hemisphere. The data are well explained by models assuming chemical
equilibrium, with water molecules thermally dissociating at low pressures on the dayside and
recombining on the nightside.!®!! Nightside temperatures are low enough for perovskite
(CaTiO3) to condense, which could deplete titanium from the gas phase!>!3 and explain
recent non-detections at the day-night terminator.*!7 Nightside temperatures are also low
enough for refractory species, such as magnesium, iron, and vanadium, to condense.

Detections!'¢1?

of these metals at the day-night terminator suggest, however, that if they do
form nightside clouds, cold trapping does not efficiently remove them from the upper
atmosphere.

WASP-121b is an ultrahot (>2,000 Kelvin) gas giant exoplanet orbiting an F6V star every 30.6
hours.” Previous observations have shown that the dayside hemisphere of WASP-121b has a
thermal inversion, with a temperature profile that increases with increasing altitude or,
equivalently, with decreasing atmospheric pressure.>?%2! The thermal inversion is thought to be

caused by the presence of optical absorbers capturing a significant fraction of incident stellar

radiation at low pressures in the atmosphere.??* Observations of the planet during transit
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geometry have identified a number of such absorbers, including gaseous Fe, Mg, Cr, V, and VO.!¢
19

Two full-orbit phase curves of WASP-121b were observed at epochs in 2018 and 2019
with the Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3) infrared spectrograph. For
each observation, a time series of spectra was acquired using the G141 grism, which covers the
1.12-1.64um wavelength range. Further technical details of the observations are provided in
Methods. A broadband light curve was produced by summing each spectrum in the time series
across the full wavelength range (Extended Data Fig. 1). This light curve was fit by simultaneously
modelling the planet signal and instrumental systematics, as described in Methods. Quantitative
results are reported in Extended Data Table 1 and the best-fit model is shown in Fig. 1a, with
orbital phases of 0 and 0.5 corresponding to the primary transit and secondary eclipse mid-times,
respectively. As described in Methods, the best-fit phase curve model was inverted to generate a
global temperature map for WASP-121b (Fig. 1b). On the dayside hemisphere temperatures
exceed 3,000 Kelvin and drop to below 1,500 Kelvin in the coolest regions of the nightside
hemisphere.

To recover the planetary emission spectrum at different orbital phases, light curves were
generated for twelve spectroscopic channels across the 1.12-1.64pm wavelength range (Extended
Data Fig. 2). These light curves were analysed using a similar method to the broadband light curve
fit (see Methods). The measured emission maxima of the spectroscopic phase curves give the
spectrum of the planetary dayside hemisphere, shown in Fig. 2a. In addition, phase-resolved
emission spectra were generated by averaging the planetary flux inferred from the spectroscopic
light curve fits across sixteen bins in orbital phase. The planetary emission spectrum recovered

immediately prior to the primary transit is shown in Fig. 2b and is comprised almost entirely of



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

emission from the nightside hemisphere of the planet. At intermediate phases, the emission
received from WASP-121b emanates from a combination of the dayside and nightside
hemispheres.?>-28

Wavelengths covered by the data are sensitive to an opacity band of HoO vapour and
continuum opacity of H™ (Fig. 2). The measured shape and amplitude of these spectral features
allow the chemical abundances and vertical temperature profile of the atmosphere to be inferred.!
* To recover these properties from the data, a retrieval analysis was first performed on the dayside
emission spectrum. As described in Methods, the overall heavy element enrichment (‘metallicity’)
of the atmosphere was allowed to vary, with the relative abundances of individual elements held
fixed to solar ratios, and a one-dimensional analytic temperature profile was adopted with three
free parameters. As the metallicity and temperature profile were varied in the fitting, chemical
abundances were computed assuming chemical equilibrium. Results of this analysis are reported
in Extended Data Table 2, including a measured metallicity of [M/H] = 0.76929 (approximately
1-10x solar). A second retrieval analysis was also performed for the nightside emission spectrum.
Due to the lower signal-to-noise, the atmospheric metallicity was held fixed to the value
determined from the dayside retrieval analysis, leaving only the three temperature profile
parameters free. As described in Methods, the contribution to the overall emission from the narrow
crescent of dayside hemisphere visible at this phase was also factored in to the modelled emission.

The inferred dayside and nightside emission spectra are shown in Fig. 2 and the
corresponding pressure-dependent temperatures, H>O abundances, H~ abundances, and
contribution functions are shown in Fig. 3. A dayside thermal inversion is inferred at the pressures
probed by the data (below ~30 millibar), consistent with previous results.??%2! On the dayside, the

H>O abundance drops sharply with decreasing pressure, due to thermal dissociation of
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10.I1 Thermal ionisation also raises the abundance of free electrons, which bind with

molecules.
atomic hydrogen to form H™ (refs 7-11, 29). As temperatures decrease on the nightside, H.O
molecules recombine at low pressures. Rotational-vibrational transitions of H>O molecules at near-
infrared wavelengths increase the efficiency of radiative cooling in the upper atmosphere
(Extended Data Fig. 3), resulting in temperature profiles that cool with decreasing pressure on the
nightside (Fig. 3a). As described in Methods, consistent results for the dayside and nightside
hemisphere properties were obtained when retrievals were performed at intermediate phases
(Extended Data Figs 4-7) and when the assumption of chemical equilibrium was relaxed (Figs 2
and 3, Extended Data Fig. 8).

These measurements provide empirical constraints for the theory that refractory species
may be lost from the upper atmosphere of highly-irradiated planets due to cold trap processes.!?
For example, due to the high temperature contrasts expected between the dayside and nightside
hemispheres, refractory species could condense on the nightside and settle to deeper layers of the
atmosphere, despite dayside temperatures being high enough to maintain them in the gas phase.
However, day-night cold trapping of this kind might be avoided if vertical mixing is vigorous
within the atmosphere, allowing condensates to be suspended aloft long enough for lateral winds
to return them to the dayside hemisphere.?%3! Alternatively, condensates may gravitationally settle
to deeper layers of the atmosphere and subsequently re-enter the gas phase as they are returned to
lower pressures by updrafts.!?

Condensation curves for relevant refractory species®!-3

are shown in Fig. 3a, namely,
corundum (Al>O3), perovskite (CaTiOs), VO, Fe, forsterite (Mg2Si04), and enstatite (MgSiO3).

The corundum, perovskite, and Fe condensation curves are crossed during the WASP-121b diurnal

cycle (Fig. 3a) and it is also likely that those of forsterite, VO, and enstatite are crossed in the
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coolest regions of the nightside hemisphere (Fig. 1b). It is particularly significant that temperatures
drop low enough for Fe, Ca, Mg, and V to condense, as recent observations have revealed these
heavy metals in the gas phase at the day-night terminator.!6-!” Vertical mixing must therefore be
operating efficiently within the atmosphere of WASP-121b, to avoid day-night cold trapping. This
also appears to be the case for another ultrahot gas giant, WASP-76b, for which gaseous Fe has
been detected at the eastern terminator but not detected at the cooler western terminator, where it
has presumably condensed.>* However, non-detections of Ti and TiO at the day-night terminator
of WASP-121b complicate this picture,'*!7 as these gases should also form condensates such as

perovskite and TiO> on the nightside. 333 Tt

would be surprising if Ti-bearing condensates are
efficiently cold trapped while other refractory species avoid a similar fate. This is especially true
for V, which is chemically similar to Ti but an order of magnitude less abundant in the solar
neighbourhood.*>-*¢ For now, this remains an outstanding puzzle, with a solution that may depend
on additional factors such as variations in surface energies between different condensate species.?’

The dayside and nightside emission spectra predicted by a cloud-free three-dimensional
general circulation model (GCM) simulation generated for this study (Methods) and results from
two published GCMs!? are shown in Fig. 2. Good agreement with the data is obtained, suggesting
that the GCMs have successfully captured much of the interplay between the radiation, chemistry,
and dynamics of the WASP-121b atmosphere. The broadband phase curve predicted by the GCM
simulation run for this study is also shown in Fig. 1, having an overall amplitude in respectable
agreement with the data. However, around the quadrature phases (i.e. 0.25 and 0.75), the GCM
underpredicts the planetary emission (see also Extended Data Figs 2 and 4). Nightside clouds are

unlikely to explain this discrepancy, as they would be expected to lower the emission by blocking

radiation from deeper, warmer layers of the atmosphere. Refractory clouds forming close to the
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terminator region, however, could potentially boost the emission received from the dayside
crescent by reflecting light from the host star.?!*8 Another possible explanation may be provided
by the optically thick exosphere of WASP-121b that has been observed to extend to the planet’s
Roche limit,'8 well below the pressure range considered by the GCMs. Heated layers of the stellar-
facing exosphere would be maximally visible at quadrature, raising the overall emission received
from the planet, whereas at superior and inferior conjunction, the data are sensitive to deeper
atmospheric layers due to the zenith viewing geometry (Fig. 3d), and as such are well matched by
the GCM predictions (Fig. 2). Furthermore, the GCMs did not include opacities for gaseous metals
such as Fe and Mg, which are known to be present in the atmosphere of WASP-121b!6" and could
contribute significantly to the outgoing emission.!! These effects, along with others not considered
here, such as latent heat release from the dissociation/recombination of hydrogen® and

atmospheric drag,®>°

should be investigated in future modelling.

The dynamics and chemistry of ultrahot gas giants such as WASP-121b are exotic by solar
system standards, driven by dramatic contrasts in the irradiation environments of the dayside and
nightside hemispheres. Until now, it has proven challenging to explore these diurnal variations due
to the narrow infrared wavelength coverage of HST.®*° For WASP-121b, these wavelengths are
fortuitously sensitive to a pressure range that allows the transition from inverted to non-inverted
temperature profiles to be mapped globally. Further insights are anticipated with the James Webb
Space Telescope, which will enable higher signal-to-noise spectroscopy across the broader 0.8-
11um wavelength range. This will provide fuller coverage of the H™ opacity continuum and access
to stronger H>O bands at longer wavelengths, breaking the degeneracy between the two species.

Additional spectral features, such as the CO spectral band at 4.5um, will provide further leverage

for constraining the chemical composition, thermal structure, and wind patterns of the atmosphere.
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Fig. 1. Broadband phase curve and inverted temperature map for WASP-121b. a, Planet emission relative to the
host star emission as a function of the planetary orbital phase. Pink and green circles show WFC3 measurements made
at epochs in 2018 and 2019, respectively. Black circles show binned data for individual HST orbits, with error bars
indicating the 16 measurement uncertainties. Red line shows the maximum likelihood second-order sinusoidal model,
including primary transit and secondary eclipse signals. Blue line shows the prediction of a 3D GCM simulation. Inset
shows the full primary transit signal. b, Latitude-longitude temperature map obtained by inverting the maximum

likelihood phase curve model as described in Methods. Green cross indicates the location of the substellar point.
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Fig. 2. Emission spectra for the dayside and nightside hemispheres of WASP-121b. a, Black circles show
measured dayside emission with error bars corresponding to 16 measurement uncertainties. Grey diamonds show the
same, but for a light curve analysis in which the phase of maximum brightness (‘hot spot’) was allowed to vary in
each spectroscopic channel (see Methods) and with small horizontal offsets applied for visual clarity. Orange solid
line shows the maximum likelihood model and yellow shading shows the 1o credible range of model predictions from
the ATMO retrieval analysis assuming chemical equilibrium. Brown dot-dashed line shows the maximum likelihood
model from the NEMESIS retrieval analysis with unconstrained chemistry (see Methods). Light green solid line shows
the prediction of the 3D GCM run for this study. Dashed red and blue lines show predictions of the 3D GCMs for
WASP-121b published in ref. 13 assuming metallicities of 1x and 5x solar, respectively. b, The same as a, but showing
results for the nightside hemisphere emission obtained at orbital phase 0.95, immediately prior to primary transit

ingress. Dotted purple line also shows the emission contribution from the narrow crescent of dayside hemisphere

visible at this orbital phase, which does not exceed 8ppm across the wavelengths covered by the data.
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Fig. 3. Pressure-dependent atmospheric properties retrieved for WASP-121b. a, Green solid line shows the
median temperature at each pressure level inferred for the dayside hemisphere by the ATMO retrieval analysis, with
green shading showing the 1o credible range. Purple solid line and purple shading show the same, but for the nightside
hemisphere. Thick sections of the purple and green lines indicate the pressure levels from which the majority of the
planetary emission is emanating at the wavelengths covered by the data. b, ¢, Vertical abundances for H>O and H™,
using the same colour scheme as panel a. The narrow range of allowed H20 abundances for the nightside is a result
of the fixed metallicity. For H", the nightside abundance is more uncertain than for the dayside, because no H™ spectral
features are detected in the nightside spectrum. However, the H™ abundance can still vary under the assumption of
chemical equilibrium within the range of allowed temperatures, as the latter mediates the abundance of free electrons
through thermal ionisation. d, Normalised contribution functions for the dayside and nightside hemispheres, integrated

across the wavelength range covered by the data, using the same colour scheme as panel a.
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METHODS

Observations and data reduction
Two full orbit phase curves of WASP-121b were observed on 2018 March 12-13 and 2019
February 3-4 using the Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3) infrared
spectrograph with the G141 grism, covering a wavelength range of approximately 1.12-1.64um
micron. Each observation was performed over 26 consecutive HST orbits and lasted approximately
40.3 hr. The timing of each observation was designed to encompass two consecutive secondary
eclipses, as these correspond to times when only the star is visible, allowing the baseline flux level
to be calibrated at the beginning and end of the observation. Furthermore, both observations were
scheduled such that the combined dataset provided maximum phase coverage for the planetary
orbit, which has a period of 30.6 hr. Due to the long duration of the observations, full guide star
reacquisition sequences were performed at the beginning of the 10th and 20th HST orbits.
Integration times per exposure were 103 sec over 15 non-destructive reads (NSAMP=15) using
the SPARS10 sampling sequence. Science exposures were made using the spatial scanning mode
with scans along approximately 60 pixel rows of the detector cross-dispersion axis at a rate of
0.073 arcsec sec!. With this setup, 415 exposures were acquired for each phase curve observation.
Peak frame counts were kept below ~40,000 electrons pixel™, within the recommended range for
the detector.*!

Spectra were extracted from each data frame using a custom Python code.*** In brief,
this involved first estimating the background flux for each exposure by taking the median count
within a 10x170 pixel box away from the target on the detector. The background was then

subtracted from each exposure and the target flux summed along the cross-dispersion axis within
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a rectangular aperture spanning 100 pixel rows, giving the target flux as a function of location
along the detector dispersion axis. The mapping from the dispersion axis to wavelength was
determined by cross-correlating these measured fluxes against a model stellar spectrum modulated

by the G141 grism throughput.

Broadband light curve analysis
Broadband light curves were produced by integrating the time series of target spectra across the
dispersion axis and are shown in Extended Data Fig. 1. The primary transits, secondary eclipses,
and phase curve variations for the planet are easily visible by eye. However, the data are also
affected by instrumental systematics caused by charge-trapping on the detector, producing a ramp-
like trend in each HST orbit. In addition, longer-term instrumental drifts are evident, particularly
at the beginning of the observations, and subtle discontinuities affect the measured flux at the HST
orbits immediately following guide star reacquisitions.

We modelled both light curves jointly to extract properties of the planet. Our overall model
M took the form:

My =By - ¥ - 11 (1)

where B is the instrumental baseline trend, ¥ is the detector ramp systematic, and II is the
astrophysical signal. Here, the ‘4’ subscripts refer to the observation number (k=1 for the 2018
observation and k=2 for the 2019 observation) and the ¢/’ subscripts refer to the data segment
number. For the latter, we divided each observation into three data segments, defined by the guide
star re-acquisitions (Extended Data Fig. 1). In summary, we modelled: three data segments with

independent baseline trends, for each observation; ramp systematics separately for each
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observation but shared across data segments; and a planet signal shared across all data segments
of both observations.

For By, we followed standard practice®*’ and adopted a quadratic trend in time 7 for the
first data segment (j=1) of each visit. For the second (j=2) and third (j=3) data segments, we
adopted linear ¢ trends. This was done because the baseline drift is clearly less pronounced
following the first data segment (Extended Data Fig. 1), as the spacecraft and instrument has settled
into a stable configuration. We also tested quadratic ¢ trends for j/=2 and j=3, but found this did not
improve the quality of the fit, justifying the use of the simpler linear ¢ trends.

For ¥, we adopted the analytic treatment of ref. 45, which is motivated by a simple model
of electron charge-trapping on the detector. Explicitly:

Vit =r-p, (2)
where 7 is the time from the start of each HST orbit, and:

r=1+arexp[-tla: ], 3)

p=1+azexp[-(t-7)(asr)]. 4)

The astrophysical signal IT is comprised of the combined flux received from the star-planet

system:

N=F+F,, (%)
where F; is the emission from the host star and F), is the emission from the planet. The stellar flux
F is assumed to be constant except when the planet transits in front of the host star. We used a
publicly available software package*® to compute the drop in Fi(¢) during primary transit. We
modelled the planet emission signal as:

F,=[®+T]E , (6)



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

where @ denotes the phase variations, /" is the drop in flux received from the planet during
secondary eclipse, and E are ellipsoidal variations caused by tidal distortion of the planet. For @,
we used a second-order cosine function:
D=cot(c1/2)[1-cos(p-c2)]+(c3/2)[1-cos(2¢p-ca)], (7)
where ¢p=2m-(¢ - T,)/P is the planetary orbital phase and 7}, is the time of mid-transit. To compute
I', we used the same publicly available software used for the primary transit signal.*® For E, we
used a cosine function of the form:
E=1+(e/2)[1-cos(2¢)], )
giving maximum cross-sectional area at orbital quadrature.

Using the above model, we defined a log-likelihood function for the joint dataset of the

form:

log P=1log N(y1-Mi, K1)+ log N(y>-M>, K> ) )

where N( g, K ) denotes a multivariate normal distribution with mean vector g and covariance
matrix K. In Eq. 9, the mean vector is given by the t-dependent model residuals, where y; is a
vector containing the data points and M; is a vector containing the corresponding model values for
the kth observation. The covariance matrices for each observation are assumed to be diagonal, with
the form Ku=prorl, where oy is the photon noise value, S is a white noise rescaling factor, and / is
the identity matrix.

For the systematics components, our free parameters were the coefficients for the #-
dependent baseline trends (Bx); the a1k, azx, a3, and a4 parameters for the detector ramps (¥%);
and the white noise rescaling factors fi. For the primary transit (i.e. F5), the following parameters
were allowed to vary: planet-to-star radius ratio (R,/Rx); normalised semimajor axis (a/ R.); orbital

impact parameter (b=a-cosi/R«, where i is the orbital inclination); and the primary transit mid-
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times (7). These parameters were shared across both datasets, except for 7, which was allowed to
vary separately for each dataset. Since the planetary orbital period has been previously determined
to a high level of precision, it was fixed to P=1.2749247646 day.'® A circular orbit was assumed,
given constraints from previous measurements.” A quadratic stellar limb darkening profile was
adopted with coefficients (u1, u2) fixed to values determined using a model of the host star
atmosphere, as described previously. For the phase variations @, the parameters co, c1, ¢2, ¢3, and
c4 were allowed to vary. For I, the secondary eclipse mid-time 75 was linked to the primary transit
mid-time 7, according to 7i=7,+P/2, given the assumed circular orbit. Rather than treating the
eclipse depth as a separate free parameter, it was constrained such that F,=0 at the bottom of
eclipse. The ellipsoidal variation in the planetary cross-sectional area, €o, was also treated as a free
parameter. Uniform priors were adopted for all free parameters. Marginalisation of the posterior
distribution was performed using affine-invariant Markov chain Monte Carlo (MCMC) with 300
walkers and 1,600 steps, as implemented by a publicly available software package.*’ The best-fit
model is shown in Fig. 1a and the results for the astrophysical model parameters are summarised
in Extended Data Table 1.

In addition, a simpler first-order sinusoidal model was tested, equivalent to fixing c3 = c4
=01n Eq. 7. The results of this fit are also reported in Extended Data Table 1, with good agreement
obtained for parameters common to both models. However, the first-order sinusoidal model has a
significantly higher Bayesian Information Criterion (BIC) value of 2129.5 compared to 2111.0 for
the second-order sinusoidal model, corresponding to a Bayes factor of exp(—~ABIC/2)=10* in
favour of the second-order sinusoidal model. This provides strong evidence for asymmetry in the

phase curve about the ‘hot spot’ (i.e. phase of peak emission), which is better accounted for by the
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second-order sinusoidal model than by the first-order sinusoidal model. For this reason, the
second-order sinusoidal model is adopted as the preferred fit for the broadband light curve.

Extended Data Table 1 reports the heat redistribution factors 4r obtained for the first-order
and second-order sinusoidal model fits. These were derived by computing Ar=(Fmax—Fmin)/Fmax
for each phase curve model sampled, where Fmax and Fmin are the maximum and minimum values
of the phase curve. The obtained value for Ar (95.1+2.5% for the preferred second-order sinusoid
and 98.6+1.9% for the first-order sinusoid) is broadly in line with those reported for the three other
gas giant exoplanets with published WFC3 phase curve measurements: 4=100.5+1.3% for
WASP-43b,*® 45=91£2% for WASP-103b,® and 47>96% for WASP-18b.%°

A spherical harmonic of degree /=2 was also used to generate a temperature map of the
planet. The temperature map was converted to a corresponding phase curve signal in the G141
passband using a publicly available code.*” Coefficients were adjusted to optimise the match of
the resulting phase curve with the second-order sinusoidal function derived from the light curve
fits (Extended Data Fig. 9). Since the available phase curve data do not constrain latitudinal
temperature variations, coefficients of order m=0 were fixed to zero. The resulting temperature
map is shown in Fig. 1b. At longitudes approximately 9° eastward of the substellar point, the
atmosphere reaches its highest temperatures of around 3,200 Kelvin. On the nightside hemisphere,
the coldest regions of the atmosphere are around 1,200 Kelvin, cool enough for numerous

refractory species to condense (Fig. 3a).

Spectroscopic light curve analysis
Spectroscopic light curves were generated by binning the spectra into twelve wavelength channels.

Before doing this, systematics common to all wavelengths were corrected using a cross-correlation
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technique®*>#* based on an original implementation by ref. 48. This common-mode correction
effectively cleaned the detector ramp systematics in all but the first HST orbit of both datasets. It
also significantly reduced the baseline trend systematics due to instrumental drift.

Since the common-mode correction successfully removed most of the systematics affecting
each spectroscopic channel, a simpler model than described above for the broadband analysis was
adopted for the light curve fitting. Rather than fit a quadratic time trend for the instrumental
baseline of the first data segments (i.e. the B terms of Eq. 1), linear time trends were used for all
data segments. Furthermore, with the exception of the first HST orbit of each dataset, a model for
the detector ramp was unnecessary. We therefore opted to discard the first HST orbit from each
spectroscopic light curve and effectively set Pi=1 (Eq. 1) for the remaining orbits. The
astrophysical signal was modelled using the same model IT as was used for the broadband light
curve fit. However, for the spectroscopic light curve fits, a number of parameters were held fixed
to the best-fit values determined from the broadband light curve (Extended Data Table 1), namely:
T,, a/Rs, and b, which do not vary with wavelength, and the ellipsoidal variation amplitude, &o.
Quadratic limb darkening coefficients (u1, u2) were determined for each spectroscopic channel as
for the broadband light curve, and also held fixed during fitting. Aside from these details, light
curve fitting proceeded as for the broadband light curve. The results of these fits are reported in
Extended Data Table 3 and the inferred wavelength-dependent hot spot phases are shown in
Extended Data Fig. 10. A second suite of spectroscopic light curve fits was also performed with
the hot spot phase (c2) and higher-order phase curve terms (c3, c4) held fixed to the maximum
likelihood values derived from the broadband light curve fit. The results of these fits are reported
in Extended Data Table 4. Derived heat redistribution factors A (see above) for both suites of

spectroscopic light curve fits are reported in Extended Data Table 5.
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In all spectroscopic wavelength channels, the fits for which ¢z, c3, and c4 were held fixed
have lower BIC values than the fits for which these parameters were allowed to vary freely
(Extended Data Table 5). For this reason, to derive the phase-resolved emission spectra of WASP-
121b we adopt the light curve fits for which c2, ¢3, and ¢4 were held fixed and show the
corresponding best-fit light curves in Extended Data Fig. 2. To extract the phase-resolved emission
spectra, the measured planetary emission for each spectroscopic light curve shown in Extended
Data Fig. 2 was binned into sixteen orbital phase bins, centred at phases ¢ = 0.05,0.12,0.17, 0.23,
0.28,0.32, 0.38, 0.43, 0.57,0.62, 0.68, 0.72, 0.78, 0.82, 0.88, and 0.95, where ¢ = 0 coincides with
the primary transit mid-point and ¢ = 0.5 coincides with the secondary eclipse mid-point. Each
phase bin had an effective width of 1.5 hours with the exception of the bins centred at ¢ = 0.05 and
¢ = 0.95, which had larger widths of 3 hours to compensate for the lower fluxes at those phases.
Uncertainties were calculated as the standard deviation of model residuals within each phase bin
added in quadrature to the standard deviation of in-eclipse model residuals (i.e. the uncertainty in
the stellar baseline flux level), following ref. 8. The planetary emission measurements obtained in
this way are reported in Extended Data Table 6 and plotted in Extended Data Figure 4. As
described in the main text, a dayside emission spectrum was also generated from the distribution
of light curve emission maxima generated during the fitting. This dayside spectrum is reported in
Extended Data Table 7 and, as shown in Extended Data Fig. 11, is in excellent agreement with the
spectrum obtained from the emission measured in the phase bin immediately preceding secondary
eclipse ingress. It also has a similar shape but a slightly higher overall level than the emission
measured in the phase bin immediately following eclipse egress. Both of these observations are
consistent with expectations, as the phase curve peak coincides with the phase bin immediately

preceding eclipse ingress (Fig. 1 and Extended Data Table 1). Furthermore, the secondary eclipse
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spectrum presented by ref. 3 also has a similar shape, but intermediate overall level, relative to
these spectra (Extended Data Fig. 11). Again, this is to be expected, as the secondary eclipse depths
of ref. 3 were measured relative to an out-of-eclipse baseline that was linear in 7 and thus effectively

the average of the emission measured immediately before and after eclipse.

Retrieval analyses assuming chemical equilibrium

Atmospheric retrieval analyses were performed on the phase-resolved emission spectra using
ATMO, a one-dimensional radiative transfer code used to simulate substellar atmospheres.>!-0
ATMO solves the radiative transfer equation in plane-parallel geometry assuming hydrostatic and
radiative-convective equilibrium. The first step of the analysis was to perform a retrieval on the
dayside spectrum derived from the measured emission maxima in each spectroscopic wavelength
channel (Extended Data Table 7). For this retrieval, the pressure-temperature (PT) profile was
freely fit using the analytic profile of ref. 61, with three free parameters: the infrared opacity (4ir);
the ratio of the visible-to-infrared opacity (y=xv /4ir); and an irradiation efficiency factor (). The
atmosphere was assumed to be in chemical equilibrium, with the heavy element abundances (i.e.
metallicity) varied as a free parameter ([M/H]). Chemical abundances were calculated using Gibbs
energy minimisation for 175 gaseous species, 9 ionic species, and 93 condensate species.>®>’
Rainout of condensed species consistent with the retrieved PT profiles was included,”’ as was
thermal ionisation and dissociation. Opacities for the spectrally active species H>O, CO», CO, CHa,
NHs, Na, K, Li, Rb, Cs, TiO, VO, FeH, PHs, H>S, HCN, C,H», SO», Fe, and H™ were included,
along with collision-induced absorption due to H>—H> and H>—He. Uniform priors were adopted
62-64

for all model parameters (4, y, , [M/H]) and fitting was performed using nested sampling.

An ATLAS model® was adopted for the stellar spectrum, assuming a stellar effective temperature
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T,=6,500 Kelvin, surface gravity log g.=4.0 cm-s~2, and radius R,=1.458 solar radii, based on the
values provided by ref. 9. The resulting posterior distributions are reported in Extended Data Table
2 and the corresponding emission spectrum distribution is shown in Fig. 2a. The maximum
likelihood model has a y? value of 9.74 for 8 degrees of freedom (i.e. reduced y2 = 1.2),
indicating a good fit to the data. Also shown in Fig. 3 are posterior distributions for the PT profile
(Fig. 3a), H>O abundance (Fig. 3b), and H™ abundance (Fig. 3¢), and the contribution function for
the maximum likelihood model (Fig. 3d). Note that the H,O and H™ abundances were determined
from the chemical equilibrium abundances and were not fit directly as free parameters.

For the remaining phase-resolved emission spectra, varying fractions of the dayside and
nightside hemispheres are visible. Due to the strong contrast in effective temperature between each
hemisphere, the dayside and nightside spectra are expected to differ significantly. To
accommodate this, retrievals were performed using a method similar to the “2TP-Fixed”
framework described by ref. 25. Under this approach, denoted here as “2x PT”, the combined
emission received from the planet @ at each orbital phase was assumed to be described by:

® = 1qPq + (1=1a)P, (10)
where 714 is the fractional area of the visible dayside hemisphere, @, is the planetary emission
from the dayside hemisphere, and @, is the planetary emission from the nightside hemisphere. The
fractional area of the visible dayside hemisphere 1, is given by:

Ng = [1—cos(2np+m—cy)]/2 = [1+cos(2rnpp —cy)]/2 (11)
This is a slight variation of Equation A2 in ref. 25, with ¢, corresponding to the phase of maximum
brightness and set to the value obtained from the broadband light curve fit (Extended Data Table
1). Given that the data are sensitive to thermal emission, rather than reflected light, the inclusion

ofthe ¢, offset accounts for the overall advection of gas prior to re-emission. The dayside emission
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@, was also held fixed to the maximum likelihood model described above and shown in Fig. 2a.
This was done because the dayside spectrum derived from the emission maxima has a relatively
high signal-to-noise and retrieving for both the dayside and nightside contributions at each orbital
phase was not justified given the limited number of data points (i.e. twelve spectroscopic
channels). The metallicity was also assumed to be the same for both hemispheres and held fixed
to [M/H]=0.7 (i.e. 5x solar), close to the median value derived from the dayside spectrum
(Extended Data Table 2). With the metallicity and dayside emission held fixed, this left the three
PT profile parameters (41, , ) for the nightside hemisphere as the remaining free parameters. As
for the initial retrieval for the dayside spectrum described above, fitting was again performed using
nested sampling, with uniform priors for the PT profile parameters. The nightside PT profiles were
retrieved in this way for phases ¢ = 0.05, 0.12, 0.17, 0.23, 0.28, 0.72, 0.78, 0.82, 0.88, and 0.95.
Useful constraints could not be obtained by fitting for the nightside PT profiles at the remaining
phases (i.e. ¢ = 0.32, 0.38, 0.43, 0.57, 0.62, 0.68), as the nightside emission @, comprised a
relatively insignificant fraction of the total planetary emission. For these latter phases, @, was
instead held fixed to the maximum likelihood model obtained for the ¢ = 0.95 retrieval (Fig. 2b),
as the nightside emission had the highest signal-to-noise at this phase, and the PT profile was
instead allowed to vary for the dayside emission component @;. Resulting phase-resolved
emission spectra are shown for all phases in Extended Data Fig. 4. The corresponding PT profiles,
H>0O abundances, and H™ abundances are shown in Extended Data Figs 5, 6, and 7, respectively.
The y? fit statistics are reported in Extended Data Table 8, with a mean reduced y2 = 1.1 and
median reduced y; = 1.2 achieved across the sixteen phase bins. One final retrieval was
performed for phase ¢ = 0.95, the same as before (i.e. dayside contribution held fixed and PT

parameters allowed to vary) but with the metallicity also allowed to vary as a free parameter. The
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results of this retrieval are given in Extended Data Table 2 and the inferred metallicity
([M/H]=0.66*279) is found to be consistent with the [M/H]=0.7 (i.e. 5x solar) value assumed for
the fiducial retrievals, providing a useful validation of the latter.

To assess the significance of the nightside emission detections, the y? and BIC values were
computed under the assumption of zero nightside emission (i.e. @, = 0) at the ten phases for which
the “2x PT” retrievals were performed for the nightside hemisphere. As reported in Extended Data
Table 9, the BIC values of the “2x PT” retrievals are lower than those of the retrievals assuming
@, = 0 for seven of the ten phases considered. At three of the individual phases (¢ = 0.23, 0.88,
0.95) the Bayes factors are >100, corresponding to decisive preference for the “2x PT” models
over the @, = 0 null hypothesis.®®%” The strongest preference for the “2x PT” retrieval is seen at
phase ¢ = 0.95, for which the null hypothesis is disfavoured by a Bayes factor of 7.1 x 10'°. This
translates to a preference for the “2x PT” model over the @,, = 0 null hypothesis at a significance
in excess of 5o under the frequentist paradigm, following the conversion provided by ref. 68. If all
ten phases are considered together as an ensemble, the BIC is 221.3 for the “2x PT” retrievals and
380.1 for the &,, = 0 null hypothesis (last row of Extended Data Table 9), amounting to an overall
rejection of the null hypothesis with a Bayes factor of 3x10°*. The unambiguous preference for
the “2x PT” models over the @, = 0 null hypothesis at multiple phases implies that emission from
the nightside hemisphere is distinct from the dayside contribution and detected at high confidence
in the data.

As an additional check, simple blackbody spectra were fit to each phase-resolved emission
spectrum. For these fits, the effective planetary temperature was the only free parameter. The
maximum likelihood spectra are plotted in Extended Data Figure 4 and the results are reported in

Extended Data Table 8. These blackbody fits had a mean reduced y2 = 2.1 and median reduced
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X2 = 2.0 across the sixteen phase bins, which is significantly poorer than those obtained for the
“2x PT” fits (Extended Data Table 8). However, the brightness temperatures derived from the
blackbody fits for the dayside and nightside hemispheres allow simple estimates to be made for
the planetary Bond albedo (4g) and heat redistribution efficiency (¢) following the method of ref.
69. The results of this analysis are shown in Extended Data Fig. 12a. As can be seen in Extended

Data Fig. 12b, the Bond albedo derived for WASP-121b (4g = 0.14 £ 0.08) is consistent with

values reported for other hot Jupiters that have similar irradiation temperatures (T, = T*\/m =
3320 + 72 K for WASP-121b). However, the derived value for the heat redistribution efficiency
(¢=0.29 £ 0.02 for WASP-121b) is notably higher than for two of those shown in Extended Data
Fig. 12c with similar irradiation temperatures: namely, WASP-18b (T, = 3412 £49, ¢ =
0.01+3:97Y70 and KELT-1b (T, = 3391 + 29, ¢ = 0.067393).7° These measurements hint at a

diversity of circulation regimes among highly-irradiated substellar objects.

Retrieval analyses with unconstrained chemistry
A second suite of retrieval analyses was performed using the NEMESIS radiative transfer and
retrieval model.?627-71-7* NEMESIS couples a parametric, one-dimensional radiative transfer
simulation to the PyMultiNest algorithm’” which uses nested sampling to explore the model
parameter space.%%-62 The correlated-k approximation’® is used to pre-tabulate gas absorption data.
There were a number of important differences between the approaches used by ATMO and
NEMESIS to model the WASP-121b atmosphere. First, the NEMESIS retrievals only fit for the
abundances of H,O and H™; the two other main species expected to be spectrally significant at the
wavelengths probed by the data are VO and FeH (Extended Data Fig. 3), which were included

with a constant mole fraction fixed to the values inferred by ref. 20. Second, the abundances of
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H>O and H™ were allowed to vary freely at each orbital phase, without the requirement of satisfying
chemical equilibrium. Third, following ref. 10, a simple analytic treatment was adopted to account
for thermal dissociation of H>O at phases for which the dayside was retrieved (i.e. ¢ = 0.32, 0.38,
0.43, 0.57, 0.62, 0.68). Specifically, the following parameterisation for the H>O mole fraction (X)
as a function of pressure (P) was adopted:

Xdeep for P = Pknee

X(P) = { ) (12)
Xdeep (P/Pknee) for P < Pknee

where the deep atmosphere H>O mole fraction (Xgeep ), knee pressure (Pypee ), and power law index

(o) were fitted as free parameters. As in ref. 20, H™ was assumed to be well-mixed throughout the
atmosphere, with constant mole fraction retrieved as an additional parameter. The remaining
atmosphere was assumed to be composed of H> and He in a 9:1 ratio.

The H20, VO, and FeH k-tables were computed according to ref. 77, using the data
presented in refs. 78, 79, and 80, respectively. The H™ bound-free and free-free opacities were
calculated according to ref. 81. Also included were e and H, both assumed to be well-mixed with
abundances fixed to the deep atmosphere H™ abundance. The latter was justified because the
abundances of ¢” and H do not affect the observed emission spectrum provided that the abundances
are sufficiently high to allow significant interaction with the H™ ions. Collision-induced absorption
due to H>—H> and H>—He was also included.??%¢ A parameterisation identical to that used by the
ATMO retrievals was adopted for the PT profile. At each orbital phase, this gave a final model
with seven free parameters: three parameters for the PT profile (#, , y); the H” mole fraction;

and the three parameters defined above for the pressure-dependent H>O mole fraction (Xgeep,

Pkneea 0().
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Results for the fiducial dayside and nightside hemisphere PT profiles, H>O abundances,
and H™ abundances are compared to those obtained by the ATMO retrievals in Extended Data Fig.
8. Maximum likelihood emission spectra are shown for all orbital phases in Extended Data Fig. 4,
with the PT profiles, H>O abundances, and H™ abundances that were retrieved separately for each
phase shown in Extended Data Figs 5, 6, and 7, respectively. Overall, the PT profiles inferred by
NEMESIS for the nightside phases are in good agreement with those inferred by ATMO. The
agreement is reasonable, but not as good, for the dayside phases. The latter is likely due to the
challenge of accounting for thermal dissociation and ionisation using the parameterised approach
described above for the free chemistry NEMESIS retrievals. The NEMESIS retrievals at dayside
phases do not succeed in accounting for the thermal dissociation of H>O (Extended Data Fig. 8b).
Instead, to account for the muted H>O spectral band, the NEMESIS retrieval favours a higher H™
abundance compared to ATMO (Extended Data Fig. 8c), which raises the opacity at wavelengths
shortward of 1.3um in particular (Extended Data Fig. 3). The overall raised opacity produces an
extended wing in the contribution function towards lower pressures (Extended Data Fig. 8d), in
turn favouring a thermal inversion at lower pressures than ATMO (Extended Data Fig. 8a). This
also explains why NEMESIS infers thermal inversions at lower pressures than ATMO for phases
¢ =0.43,0.57, and 0.62 (Extended Data Fig. 5).

However, the broad agreement between the NEMESIS and ATMO results is reassuring,
given the different methodologies adopted. The NEMESIS y? fit statistics are reported alongside
those for ATMO in Extended Data Table 8. For NEMESIS, the mean reduced y; = 2.43 and the
median reduced y; = 2.34, which are significantly higher than the equivalent fit quality metrics
achieved by ATMO. This is primarily a consequence of the larger number of parameters required

for the NEMESIS retrievals (i.e. seven for NEMESIS versus three for ATMO), although the
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absolute y? values are also higher, indicating that the NEMESIS models do not replicate the data
as well as the ATMO models overall. The latter is due to the failure of NEMESIS to adequately
treat the thermal dissociation of H,O for the dayside spectra, as noted above. For these reasons,
along with the physically-motivated enforcement of chemical equilibrium, we present the ATMO

retrievals as our primary analysis (Figs 2 and 3).

General circulation models

A three-dimensional general circulation model (GCM) simulation was performed for the
atmosphere of WASP-121b using the Substellar and Planetary Radiation and Circulation (SPARC)
model.#”> The model couples the MITgem dynamical core,’® a finite-volume code that solves the
three-dimensional primitive equations on a staggered Arakawa C grid,”’ with a plane-parallel, two-
stream version of a multi-stream radiation code developed for planetary atmospheres.”® Opacities
are calculated using the correlated-k method® assuming local thermodynamic and chemical
equilibrium for each PT point, using the solar photospheric elemental abundances of ref. 100. In
particular, the model includes opacity due to important absorbers such as H>O, H™, CO, TiO, and
VO, but does not yet include atomic metals such as Fe and Mg. The coupling of the dynamical
core and radiative transfer scheme allow for the self-consistent calculation of the heating and
cooling rates of the atmosphere.

The SPARC GCM for WASP-121b has a horizontal resolution of C32 (128x64 in longitude
and latitude, respectively) and a vertical resolution of 45 pressure levels evenly spaced in log
pressure, that extend from a mean pressure of 1,000 bar at the bottom to 200 pbar at the top. The
model was integrated for 80 Earth days (~60 planetary orbits). A global map of the temperature

and wind speeds at a pressure of 10 mbar (a pressure within the range of altitudes probed at the
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WEFC3 wavelengths, e.g. Fig. 3d) is shown in Extended Data Fig. 13. The map shows
predominantly eastward flow at the equator and nightside vortices, with dayside temperatures
exceeding 3,000 Kelvin and nightside temperatures dropping to ~1,000 Kelvin. Synthetic phase
curves were generated from the GCM following refs 24 and 101, and are shown in Fig. 1 and
Extended Data Fig. 2. Predicted emission spectra are shown in Fig. 2 and Extended Data Fig. 4.
Also shown in the latter figures are predicted emission spectra from the independent GCM
simulations of ref. 10, which were performed for atmospheric metallicities of 1x and 5x solar.
Two important caveats are worth highlighting, which apply to the GCM simulation
presented here, as well as those published by ref. 10. First, the lack of opacity due to metals such
as Fe and Mg could be significant, as separate modelling has shown that these metals can play
major roles in determining the outgoing emission for ultrahot Jupiters such as WASP-121b.!!
Second, the atmosphere of WASP-121b was assumed to be cloud-free to simplify the modelling.
However, clouds could potentially play a significant role in the atmospheric radiative transfer for
WASP-121b, particularly on the nightside hemisphere and in the terminator region where
temperatures are relatively low and likely conducive to the condensation of numerous species (Fig.

3b).



Data availability

Raw HST data frames are publicly available online at the Mikulski Archive for Space Telescopes

(MAST; https://archive.stsci.edu).

Code availability

The main analysis routines have been written by the authors in Python and are available on request.

Other publicly available code that was used has been cited throughout the text.
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Extended Data Fig. 1. Raw broadband light curves for WASP-121b. WFC3 observations made in 2018 and 2019.
Gaps in the time series are due to the target disappearing from view for approximately half of each HST orbit. Two
secondary eclipses and the primary transit are visible by eye. The data are affected by detector systematics that result
in a ramp-up of flux registered during each HST orbit. Guide star re-acquisitions were performed at the beginning of

the 10th and 20th HST orbits for both observations.
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Extended Data Fig. 2. Spectroscopic phase curves for WASP-121b. Systematics-corrected spectroscopic phase
curves measured with WFC3. Pink circles show 2018 data and green circles show 2019 data. Black circles show the
combined dataset binned in phase, with marker sizes approximately corresponding to the measurement uncertainties.
Phase bins are the same as those used for generating the phase-resolved emission spectra, plus an additional in-eclipse

bin. Red lines show the maximum likelihood second-order sinusoidal fits, with corresponding reduced y2 values listed
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in the upper right corner of each axis. Blue lines show predictions of the 3D GCM run for the present study.
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Extended Data Fig. 3. Spectrally active gases on the nightside (top panel) and dayside (bottom panel)
hemispheres. Solid lines show absorption cross-sections for spectrally active species weighted by their mole fractions
at pressures just below the contribution function peaks, as inferred by the ATMO “2x PT” retrieval analyses. Dashed

grey lines show blackbody emission curves for the retrieved temperatures at the same pressure levels.
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Extended Data Fig. 4. Emission spectra at different orbital phases for WASP-121b. Grey circles show measured
planet emission as a function of wavelength with error bars indicating 16 measurement uncertainties. Solid orange
and dark blue lines show the maximum likelihood spectra obtained from the ATMO “2x PT” retrievals and NEMESIS
“2x PT” retrievals, respectively. Dotted purple lines show dayside contributions for the phases at which retrievals
were performed for the nightside emission. Solid light green line shows the emission predicted by the 3D GCM run
for the present study assuming 1x solar metallicity. Dashed red and blue lines show the emission predicted by the 3D
GCM simulations of ref 10 assuming 1x and 5x solar metallicity, respectively. Dot-dashed purple lines show best-fit

blackbody spectra. Circle symbols indicate the illuminated fraction of the visible hemisphere at each orbital phase.



=== ATMO nightside NEMESIS nightside === ATMO dayside NEMESIS dayside

—4 ’
_3— - - -
-2 $=0.05| ¢$=0.12| $=0.17| $=023
N o o o ©
1 AR NI Y
L I B L L I — T T ‘I“\‘I‘
1000 2000 1000 2000 1000 2000 1000 2000
-4
| | [
_3— — — —
—— |
=2 =028 $=0.32] 7 $=0.38] $=0.43
_— ol o Ol | O
©
Ke)
2 W _ _
g
L B L L L L L
a 1000 2000 2500 3000 2500 3000 2500 3000
v -4
o
= /A
-2 $=0.57| $=0.62| $=0.68| $=0.72
N ol | ol | 0l o)
O_ - - -
U U EUS U ‘|\‘“|‘
2500 3000 2500 3000 2500 3000 1000 2000
-4
_3— - -
-2 $=078| ¢=0.82|
® ®
_1— - -
0_ - -
L L B T T T T T T — T T L L B
1000 2000 1000 2000 1000 2000 1000 2000

Temperature (Kelvin)

Extended Data Fig. 5. Pressure-temperature (PT) profiles retrieved for different orbital phases. Blue lines show
the median PT profiles obtained from the ATMO “2x PT” nightside retrievals, with blue shading the corresponding
1o credible ranges. Red lines and shading show the same for the ATMO “2x PT” dayside retrievals. Green and yellow
lines and shading show the same for the NEMESIS “2x PT” nightside and dayside retrievals, respectively. For the
ATMO retrievals, thick lines correspond to the same pressures highlighted in Fig. 3, where the contribution function
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retrievals (Extended Data Fig. 8d). Grey lines reproduce the fiducial dayside and nightside PT distributions of Fig. 3.
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Extended Data Fig. 6. Retrieved pressure-dependent H2O abundances. Same format as Extended Data Figure 5,
but showing posterior distributions for the retrieved H>O abundances. ATMO credible ranges are much narrower than
those of NEMESIS, due to the metallicity being fixed for the ATMO retrievals whereas the H2O abundance was

unconstrained for the NEMESIS retrievals.
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spectrum. Same colour scheme as Extended Data Figs 5-7.
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Extended Data Fig. 12. Bond albedo and heat redistribution efficiencies for WASP-121b and other irradiated

substellar objects. a, Constraints obtained for the Bond albedo and heat redistribution efficiency from the dayside

brightness temperature (T4,y) and nightside brightness temperature (Tygh¢), following the method of ref. 67. b, Grey

diamonds show Bond albedos 45 for an ensemble of irradiated substellar objects reported by ref. 68 as a function of

the irradiation temperature, Ty, = T,./R,/a. Red circle shows the result for WASP-121b obtained in the present study.

Error bars give 1o uncertainties. ¢, The same as b but showing the inferred heat redistribution efficiency values € as a

function of irradiation temperature.
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Extended Data Fig. 13. General circulation model for WASP-121b. Temperature (colour scale in Kelvin) and
winds (arrows) for the SPARC GCM simulation of WASP-121b run for the present study, assuming 1x solar

metallicity, chemical equilibrium, and no atmospheric drag. The vertical black line indicates the substellar longitude.



Extended Data Table 1. Astrophysical parameters obtained from fits to the broadband light curve. Results are
reported for fits adopting first-order and second-order sinusoidal models for the planetary phase variations. Values
listed for free parameters are posterior medians and uncertainties give the 1o credible ranges. Note that inclination i
values have been derived from b and a/R.. The redistribution factors Ar have been derived from the distribution of
phase curve models sampled during fitting. Although the white noise was treated as a free parameter for each dataset
as described in Methods, the quoted y? and BIC values were calculated assuming photon noise to allow direct

comparison of the two models.

Sinusoid first-order Sinusoid second-order
x2 =1896.6, x? =1864.9
Parameter Unit x:=26 x:=25
BIC = 2129.5 BIC = 2111.0
Ry/R. - 0.12190%5:35992 0.12199+5:55993

a/R. - 3.812%5:95% 3.785%3:903

b - 0.11415:992 0.17543:552

i degree 88.2915:9° 87.3515:03

Ty JDutc 2458191.11406113:555%22 2458191.1140453:599954
Ty JDutc 2458518.768537+3:559973 2458518.76860919:300072
o ppm 1814 26133

c ppm 1195*23 1158+28

2 radian 3.061992 3.03%5:93

c3 ppm - 69123

c4 radian - 4.54%093

€0 percent 1.1%%¢ 1.6%%3

AF percent 98.6 £+ 19 95.1 +25

P day 1.2749247646 (fixed)

e - 0 (fixed)

u - 0.072 (fixed)

uw - 0.301 (fixed)




Extended Data Table 2. Results of ATMO “2x PT” retrieval analyses. Values listed are the posterior medians,

with uncertainties giving the 1o credible ranges. First row gives the results of the retrieval analysis performed for the
dayside emission spectrum, with metallicity ([M/H]) fitted as a free parameter. Based on the retrieved metallicity for
the dayside spectrum, the metallicity was held fixed to [M/H]=0.7 (i.e. 5x solar) for all other orbital phases. Last row

gives the results of an additional retrieval performed as a check for phase ¢=0.95 with [M/H] treated as a free

parameter.
¢ KR 1 V4 [ M/H |
(em’.g™) (dex)
Dayside | —1.78%09%8|  1.76%31¢ 1.224341 0.76%3:3%
0.05 —2.99*1333 —0.521%2°8 0.30*318 0.7 (fixed)
0.12 —2.097931 -1.48%%2 0.62139% 0.7 (fixed)
0.17 2.59%12% —1.09%}¢2 0.73%5:9¢ 0.7 (fixed)
0.23 —2.33%928% —0.524353 0.64*331 0.7 (fixed)
0.28 —2.05%923 —0.72%3%3 0.73*39% 0.7 (fixed)
0.32 —2.321%7  3.28%%43 1317932 0.7 (fixed)
0.38 —2.174%% 1 3.29%%%3 1.30%3:92 0.7 (fixed)
0.43 —-1.75%3111  1.64%393 1.25%993 0.7 (fixed)
0.57 —2.04%534  3.11%939 1.2715:02 0.7 (fixed)
0.62 —1.78%318  1.79%512 1.22139% 0.7 (fixed)
0.68 =2.7718 0.20%373 1.13%312 0.7 (fixed)
0.72 -2.611193| —0.99+%5¢ 0.40*338 0.7 (fixed)
0.78 —2.55%1321  —0.86%351 0.70%5:98 0.7 (fixed)
0.82 —2.67114| —1.23%%32 0.69%397 0.7 (fixed)
0.88 —1.88%523| —1.83%1%) 0.71%5:38 0.7 (fixed)
0.95 —1.89%528| —1.90%}%% 0.70%5:98 0.7 (fixed)
0.95 —1.76%53%| —1.82%938 0.70%5:9¢ 0.66%79
(free [M/H])




Extended Data Table 3. Astrophysical parameters obtained from the spectroscopic phase curve fits with the
hot spot phase (c2) and higher-order terms (c3, c4) allowed to vary as free parameters. Same format as Extended

Data Tables 1 and 2.

A (um) u u; Ry/R, ) a ) c cy x: | BIC
(ppm) (ppm) (radian) | (ppm) | (radian)
1.137-1.179 | 0.126 | 0.290 | 0.1209%3:99918 | 25%33 | 980%4% | 3.18+393 | 72432 | 4.91%33¢ | 1.2 | 10373
1.179-1.220 | 0.115 | 0.293 | 0.12119+333317 | 36%37 | 97245 | 2.95%3%9 | 51%3% | 3.68534% | 1.2 | 993.0
1.220-1.262 | 0.105 | 0.298 | 0.12096+399917 | 31+%3 985445 | 3.05131% | 7532 [ 3.93+31¢ | 1.1 | 9377
1.262-1.304 | 0.074 | 0.310 | 0.12104+399919 | 9473 968771 | 2.91+312 | 81432 | 4.097%17 [ 1.3 | 1069.1
1.304-1.345 | 0.086 | 0.303 | 0.1204%3:39917 | 18372 | 887X8% [ 3.16%31% | 110134 | 4167315 [ 1.2 | 1012.6
1.345-1.387 | 0.076 | 0.304 | 0.12096+33331¢ | 50%3% | 1204+39 | 2.96%333 | 113%34 | 4.055339 | 1.1 | 906.0
1.387-1.429 | 0.067 | 0.305 | 0.12097+339915 | 48*3% | 1227+&7 | 3.18%39% | 132137 | 4.21%5:55 | 1.2 | 1005.2
1.429-1.470 [ 0.056 | 0.306 | 0.12150+33931% | 33%37 | 1336%% | 3.04%397 | 94737 | 4.54%343 | 1.1 | 965.4
1.470-1.512 | 0.047 | 0.306 | 0.12152+3939%7 | 129%83 | 1207484 | 3.10%33 [ 79*35 | 3.78%915 | 1.2 | 996.7
1.512-1.553 [ 0.039 | 0.302 | 0.12109+393929 | 39%%3 | 1303*%2 | 3.03+392 | 43+3¢ | 3.98+312 [ 1.2 | 1008.8
1.553-1.595 [ 0.030 | 0.298 | 0.12165%399935 | 25%%9 | 1340%%2 | 3.04%339 | 152743 [ 5.2373:32 | 1.2 | 1019.6
1.595-1.637 | 0.024 | 0.300 | 0.12088+393922 | 47+$% | 1318+ | 3.14%312 | 108+49 | 4.54%312 | 1.4 | 1171.0




Extended Data Table 4. Astrophysical parameters obtained from the spectroscopic phase curve fits with the
hot spot phase (c2) and higher-order terms (c3, c4) held fixed to the values determined for the broadband light

curve. Same format as Extended Data Tables 1-3.

A (um) u u Ry/Rs co (ppm) | c1 (ppm) X2 BIC
1.137-1.179 | 0.126 | 0.290 | 0.12108+9:99016 | 2431 | 99036 1.2 1020.6
1.179-1.220 | 0.115 | 0.293 | 0.12132+9:90015 | 29*41 | 971+36 1.2 977.1
1.220-1.262 | 0.105 | 0.298 | 0.12111+399915 | 24438 | 100435 1.1 921.5
1.262-1.304 | 0.074 | 0310 | 0.12115+9:90017 | gp*ee | 979+57 1.3 1055.2
1.304-1.345 | 0.086 | 0.303 | 0.12115+9:90016 | 15472 | 947+75 1.2 1001.7
1.345-1.387 | 0.076 | 0.304 | 0.12112+9:99015 | 49+55 | 1229+4 1.1 897.0
1.387-1.429 | 0.067 | 0.305 | 0.12113+000016 | 3g+45 | 1pg1+4l 1.2 999.9
1.429-1.470 | 0.056 | 0.306 | 0.12154+090016 | 2g+39 | 1363+38 1.1 949.3
1.470-1.512 | 0.047 | 0.306 | 0.12165+9:90018 | o5*67 | 1255+64 1.2 985.7
1.512-1.553 | 0.039 | 0.302 | 0.12121+999016 | 28*%4 | 1302+43 1.2 992.0
1.553-1.595 | 0.030 | 0.298 | 0.12148+9:90018 | 36+48 | 138p+44 1.2 1004.8
1.595-1.637 | 0.024 | 0.300 | 0.12095+0:90020 | 4g+56 | 135456 1.4 1155.9




Extended Data Table 5. Heat redistribution factors and fit metrics for the two suites of spectroscopic light curve
fits. Heat redistribution factors Ar were derived in the same manner as described for Extended Data Table 1. Fit
metrics have been reproduced here from Extended Data Tables 3 and 4 to ease comparison between the two suites of

phase curve fits.

c2, c3, c4 allowed to vary c2, ¢3, c4 held fixed
A (um) AF (%) X2 BIC Ar (%) X2 BIC
1.137-1.179 94.1+ 3.1 1.2 1037.3 935+ 26 1.2 1020.6
1.179-1.220 95.2+3.8 1.2 993.0 929+ 29 1.2 977.1
1.220-1.262 954+ 34 1.1 937.7 93.5+3.0 1.1 921.5
1.262-1.304 88.9+5.7 1.3 1069.14 88.7+ 5.0 1.3 1055.2
1.304-1.345 818+ 6.6 1.2 1012.6 82.8+ 6.0 1.2 1001.7
1.345-1.387 93.7+ 34 1.1 906.0 929+ 34 1.1 897.0
1.387-1.429 94.7 + 3.3 1.2 1005.2 939+28 1.2 999.9
1.429-1.470 94.6 + 2.6 1.1 965.4 949+ 2.1 1.2 949.3
1.470-1.512 90.0+5.5 1.2 996.7 89.9+4.3 1.2 985.7
1.512-1.553 96.4+ 29 1.2 1008.8 94.6 + 2.5 1.4 992.0
1.553-1.595 90.6 + 2.8 1.2 1019.6 944 + 2.7 1.2 1004.8
1.595-1.637 94.0 + 3.6 1.4 1171.0 93.5+3.2 1.2 1155.9




Extended Data Table 6. Measured planetary emission spectrum at each orbital phase. Values are in units of ppm

and quoted uncertainties give the 1o credible ranges. Continued on next page.

Spectroscopic wavelength channel (micron)

¢ 1.137-1.179 1.179-1.220 1.220-1.262 1.262-1.304 1.304-1.345 1.345-1.387
0.05 28 £ 52 68 + 60 30 + 47 71+ 48 201 £ 54 70 + 48
0.12 182 + 51 228 + 63 234 £ 50 387 £ 57 313 £ 56 310 £ 56
0.17 425+ 53 420 + 58 369 £ 50 437 + 54 475+ 56 472 £ 59
0.23 605 £ 59 539 + 64 526 £ 56 594 £ 51 738 £ 54 659 + 48
0.28 705 £ 65 665 £ 55 758 £ 53 762 + 48 804 £+ 50 891 + 48
0.32 861 + 49 900 + 61 851+ 48 892 £ 51 1004 + 48 1053 + 48
0.38 909 + 48 975 £ 52 1005 + 45 1066 + 46 1088 + 49 1266 % 45
0.43 1087 + 46 1011+ 53 1040 + 46 1086 + 45 1092 + 49 1282 + 45
0.57 984 + 48 948 + 57 934 + 44 958 + 46 1034 + 46 1133 + 44
0.62 813 £ 54 815 + 54 829 £+ 45 843 £ 45 895 £+ 48 1018 + 48
0.68 594 + 57 588 £ 53 636 £ 50 781 £ 52 731 £ 58 833 £ 59
0.72 508 £ 57 525+ 56 537 £ 54 577 £51 679 £ 51 688 + 53
0.78 360 £ 53 382 + 67 401 £ 53 479 £ 60 495 + 53 493 £+ 45
0.82 233 £55 297 £ 65 268 £ 50 292 + 48 388 + 61 325+£51
0.88 226 + 61 115+ 57 161 + 46 243 £ 59 335+£55 136 + 54
0.95 82+ 49 48 + 54 93 +45 162 £ 50 219 +47 86 + 47




Extended Data Table 6 (continued from previous page).

Spectroscopic wavelength channel (micron)

¢ 1.387-1.429 1.429-1.470 1.470-1.512 1.512-1.553 1.553-1.595 1.595-1.637
0.05 45+ 60 56 + 52 169 + 54 50 £ 57 78 + 62 19+71
0.12 253 £ 60 321 £50 327 £ 52 304 £ 58 309 + 60 257 £87
0.17 495 £+ 58 514 £ 41 524 £51 542 + 64 523+£70 568 £73
0.23 772 + 61 752 £ 50 815 £ 52 704 £ 55 746 + 67 715 £ 69
0.28 894 + 57 971+ 47 968 + 58 936 £+ 65 913 + 68 1078 £ 66
0.32 1169 + 68 1133 £ 55 1194 + 57 1113 + 64 1173 + 63 1160 + 71
0.38 1234 + 58 1336 + 45 1243 + 47 1241 £+ 56 1351+ 56 1253 £ 69
0.43 1325+ 54 1442 + 45 1383 + 44 1361 + 53 1500 + 60 1477 £ 67
0.57 1209 + 56 1277 + 44 1233 + 44 1188 + 53 1322 £ 56 1253 +£ 66
0.62 980 + 57 1114 %+ 45 1099 + 46 1106 + 55 1094 £+ 54 1136 + 65
0.68 935 +£59 880 + 48 935 £ 55 878 £ 58 962 £ 55 893 + 74
0.72 681 £ 59 723 £51 708 £ 54 611 £ 59 670+ 70 708 + 61
0.78 479 £ 59 528 £51 530 £55 482 + 60 475+ 61 461+ 78
0.82 272 + 64 327 £57 42+ 56 403 £ 55 301 +61 394+ 76
0.88 254 £ 61 190 + 51 226 £ 56 124 + 57 239 £ 65 219+ 74
0.95 89 + 56 86 + 46 116 £ 50 74 £ 55 121 +£59 125+ 69




Extended Data Table 7. Dayside emission spectrum derived from the distribution of phase curve maxima.
Quoted values were derived from the distribution of phase curve maxima sampled during spectroscopic phase curve

fitting with quoted uncertainties corresponding to the 1o credible ranges.

A (nm) Emission (ppm)
1.137-1.179 1017 + 29
1.179-1.220 1005 £ 30
1.220-1.262 1033 + 27
1.262-1.304 1062 + 29
1.304-1.345 1100 + 27
1.345-1.387 1281 + 28
1.387-1.429 1323 +£30
1.429-1.470 1396 £+ 30
1.470-1.512 1349 + 32
1.512-1.553 1338 £33
1.553-1.595 1422 + 32
1.595-1.637 1408 £ 39




Extended Data Table 8. Emission spectrum y? fit statistics at each orbital phase for the ATMO “2x PT”
retrievals, NEMESIS “2x PT” retrievals, and blackbody fits. As described in Methods, the ATMO retrievals
assumed chemical equilibrium, the NEMESIS retrievals assumed no constraints for the atmospheric chemistry, and
the blackbody fits assumed the planet radiates isothermally. Inferred brightness temperatures with 16 uncertainties are

also reported for the blackbody fits in the last column.

ATMO 2x PT (v =9) NEMESIS 2x PT (v = 6) Blackbody (v = 11)
Equilibrium chemistry 5x solar Unconstrained chemistry Isothermal radiation
¢ x X x X x| x5 | Tp(Kelvin)
0.05 11.4 1.3 11.5 2.3 13.8 1.3 1555 £ 52
0.12 7.3 0.8 13.3 2.7 19.7 1.8 1972 + 22
0.17 2.8 0.3 53 1.1 16.9 1.5 2190 + 16
0.23 92 1.0 13.2 2.6 30.8 2.8 2366 + 13
0.28 4.5 0.5 14.0 2.8 15.5 1.4 2505 + 11
0.32 4.3 0.5 12.2 2.4 23.1 2.1 2622 + 10
0.38 9.5 1.1 12.1 2.4 35.1 3.2 2699 + 9
0.43 11.7 1.3 19.8 4.0 25.6 2.3 2749 + 8
0.57 8.1 0.9 19.2 3.8 314 2.9 2670 £ 9
0.62 3.7 0.4 12.6 2.5 20.5 1.9 2580 £ 9
0.68 7.0 0.8 10.5 2.1 16.1 1.5 2461 + 12
0.72 8.1 0.9 9.6 1.9 32.1 2.9 2331 + 13
0.78 4.0 0.4 3.6 0.7 25.6 2.3 2178 + 16
0.82 7.8 0.9 9.1 1.8 16.0 1.5 2022 + 20
0.88 15.1 1.7 14.2 2.8 26.5 24 1838 + 28
0.95 7.5 0.8 7.6 1.5 16.0 1.5 1651 + 38
Mean 7.6 0.8 11.7 2.3 22.8 2.1
Median 7.6 0.8 12.1 24 21.8 2.0




Extended Data Table 9. Fit metrics demonstrating nightside emission detection. Results are reported for the
fiducial ATMO “2x PT” retrievals assuming chemical equilibrium with 5x solar metallicity at the ten phases for which
retrievals were performed for the nightside emission while holding the dayside contribution fixed. Also reported are
fit statistics obtained in a similar manner except that the nightside emission was fixed to zero (i.e. ®,, = 0). The Bayes
factors reported in the final column are computed as exp( —ABIC/2 ). The final row gives values for the ensemble of

phase-resolved emission spectra listed in this table.

ATMO 2x PT (v=19) ATMO 2x PT (v = 12)
Fiducial model Fiducial model for dayside Model comparison
i.e. nonzero nightside contribution but nightside Favouring nightside emission
emission allowed emission fixed to zero
@ x> BIC x* BIC ABIC Bayes Factor

0.05 11.4 18.8 11.6 11.6 7.2 0.03
0.12 7.3 14.8 17.3 17.3 -2.5 3.5
0.17 2.8 10.3 20.8 20.8 —-10.5 193.6
0.23 92 16.7 17.9 17.9 -1.3 1.9
0.28 4.5 12.0 11.5 11.5 0.5 0.8
0.72 8.1 15.6 8.5 8.5 7.1 0.03
0.78 4.0 11.4 20.6 20.6 -9.1 96.9
0.82 7.8 15.2 20.7 20.7 -5.5 15.7
0.88 15.1 22.5 50.1 50.1 —27.6 9.9 x10°
0.95 7.5 15.0 57.5 57.5 —42.5 1.7 x10°
All ¢ 77.7 221.3 236.5 380.1 —158.8 3.0 x10*




