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Refractory elements such as iron, magnesium and silicon can be detected
inthe atmospheres of ultrahot giant planets. This provides an opportunity
to quantify the amount of refractory material accreted during formation,
along with volatile gases and ices. However, simultaneous detections of
refractories and volatiles have proved challenging, as the most prominent

spectral features of associated atoms and molecules span abroad
wavelength range. Here, using a single JWST observation of the ultrahot
giant planet WASP-121 b, we report detections of H,0 (5.5-13.50), CO
(10.8-12.80) and SiO (5.7-6.20) in the planet’s dayside atmosphere and CH,
(3.1-5.10) in the nightside atmosphere. We measure super-stellar values

for the atmospheric C/H, O/H, Si/H and C/O ratios, which point to the joint
importance of pebbles and planetesimals in giant planet formation. The
CH,-rich nightside composition s also indicative of dynamical processes,
such as strong vertical mixing, having a profound influence on the chemistry
of ultrahot giant planets.

WASP-121 b is an ‘ultrahot’ giant planet with dayside temperatures
exceeding~2,000 K, high enough to prevent refractory elements from
condensing. Provided the refractories are not cold-trapped on the
cooler nightside, this makes it possible to constrain the refractory
and volatile contents of the atmospheric envelope by measuring the
dayside gas composition’. When combined with key elemental ratios
such as the C/Oratio, the derived refractory and volatile abundances
can provide insights into the planet’s formation history® A practical
challengeis that the wavelength coverages of available spectrographs
have typically allowed detections of either refractory or volatile species,
but notboth, withthe same observation. This is because the strongest
spectral features of major refractory species—including Fe, Mg, Ca, SiO,
TiOand VO—areatnear-ultraviolet (near-UV) and optical wavelengths,

whereas those of major volatile species such as H,0 and CO occur at
infrared wavelengths®*.

We have used JWST to observe a ‘phase curve’ for WASP-121b, in
which thermal emission from the system was continuously recorded
as the planet completed an orbit around the host star’. As expected,
theinfrared wavelength range spanned by the measurement provides
sensitivity toimportant volatiles such as H,0 and CO in the planetary
atmosphere. The precision of JWST also allows us to detect arelatively
weak SiO band, delivering abundance constraints for a key refractory
species. Inaddition, the complete orbital phase coverage enables sepa-
rate characterization of the planet’s dayside and nightside temperature
profiles and chemical compositions. This, inturn, allows us to explore
how dynamical processes shape the global atmospheric chemistry,
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Fig.1| Dayside and nightside emission spectra for WASP-121 b. a, Dayside
planet-to-star emission based on n = 5,000 posterior samples from each of the
349 spectroscopic phase-curve fits. The grey circles show median values and the
grey error barsindicate lo uncertainties. The black circles show the median F/F,
values in 50 equally spaced bins, with black error bars showing ;/+/N;, where &;is
the median 1o uncertainty and N, is the number of data points in the ith bin. The
orange line shows the maximum a posteriori model that assumes
thermochemical equilibrium, with detected molecules labelled below. Predicted
dayside spectra from the GCM simulations published in ref. 11 for atmospheric
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metallicities of 1 x solar (light blue line) and 5 x solar (dark blue line) are also
shown. b, The same as a for the nightside spectrum. The H,0 and CO absorption
featuresinthe GCM spectra are labelled but not seen in the data. The dashed red
line shows the spectrum predicted by the maximum a posteriori model (orange
line) when CO opacity is switched off. ¢, Wavelength-dependent brightness
temperatures (7,) derived from the binned dayside emission data and model
shownina.d, Wavelength-dependent T, derived from the binned nightside
emission dataand models showninb.

which can be driven out of equilibrium with local thermobaric condi-
tions if gas transport occurs on sufficiently short timescales®™’.

Results

Observations

We observed WASP-121 b using the Near Infrared Spectrograph (NIR-
Spec) instrument on the James Webb Space Telescope (JWST) with
the G395H grism, covering the wavelength (1) range 2.73-5.17 um. The
observation lasted 37.8 hand encompassed two consecutive secondary
eclipsesand aprimary transit. We generated 349 wavelength-dependent
‘spectroscopic’ phase curves by binning each measured spectruminto
10-pixel-wide bins along the dispersion axis, translating to spectro-
scopic bin widths of A1 = 6.7 nm and a mean spectral resolving power
of A/AA = 600 across the G395H passband. Further details of the obser-
vation and data reduction are provided in ‘Observations and data
reduction’in Methods.

Phase-curve fitting

To fit the spectroscopic phase curves, we adopted a spherical har-
monic dipole to describe the planetary brightness map and a quad-
ratic limb-darkening law for the host star. A linear polynomial in time
and the pixel coordinates of the target spectrum on the detector was
simultaneously fitted to account for drift in the instrument baseline.
We extracted the following three observables to characterize the
planetary atmosphere from each spectroscopic phase-curve fit: the

ratio of the disk-integrated planetary brightness to the disk-integrated
stellar brightness (F,/F,) as a function of orbital phase (¢); the phase
offset of the planetary brightness map (A¢); and the effective planetary
radius (R,). Further details of the phase-curve fitting are givenin ‘White
phase-curvefitting’ and ‘Spectroscopic phase-curvefitting’ in Methods.

We binned the measured F,/F, values into 36 phase bins that
avoided the two eclipses and transit, with each phase bin covering
46 min of the planetary orbit (Extended Data Fig. 1). By doing this for
each spectroscopic phase curve, we were able to obtain the planetary
emission spectrum as a function of orbital phase (see ‘Generating
the phase-resolved emission spectra’ in Methods). Figure 1 shows
the resulting emission spectra for the phase bins immediately pre-
ceding the secondary eclipse and primary transit, when the dayside
and nightside hemispheres of WASP-121 b were maximally visible,
respectively. To verify the robustness of these spectra, we confirmed
that they were in good agreement with those produced by a second
independent analysis (see ‘Independent datareduction’in Methods).
Emission spectra for the full set of orbital phase bins are shown in
Extended Data Fig. 2.

Atmospheric retrieval analyses

To infer the atmospheric properties of the dayside and nightside
hemispheres, we performed retrieval analyses for the two spectra
showninFig. 1. We adopted widely used parametric forms for the day-
side and nightside pressure-temperature (PT) profiles and assumed
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Fig.2 | Properties of the atmosphere of WASP-121 b. a, PT profiles inferred from
the retrieval analysis for the dayside (red) and nightside (blue) atmospheres
assuming thermochemical equilibrium. Condensation curves for refractory
species areincluded as labelled dash-dotted lines. b, Normalized contribution
functions for the dayside (red) and nightside (blue) atmospheres integrated
across the G395H passband, illustrating the relative amount of radiation

-7
log,[VMR]

originating from each pressure level. ¢, Volume-mixing ratios (VMRs) inferred
for key moleculesin the nightside atmosphere. d, The same as c for the dayside
atmosphere. Solid linesina, cand d are the median values obtained at each
pressure level and the shaded regions indicate the associated 1o uncertainties
defined by the 16th and 84th percentiles (68% credible intervals) based on
n=1,000 posterior samples.

thermochemical equilibrium. We allowed the elemental abundances
of carbon, oxygen and silicon to vary individually as free parameters,
following tests that indicated molecules comprising these atoms
accounted for the spectral featuresin the data. We set the relative abun-
dances ofall other heavy elements equal to the solar values and allowed
them to vary collectively in the retrievals via an additional metallicity
parameter. Further details are givenin‘Atmosphericretrieval analyses’
in Methods.

The outputs of these retrieval analyses are shown in Fig. 2. The PT
profile for the dayside hemisphere exhibits athermalinversion, inline
with previous measurements for WASP-121 b'°. We find that the tem-
perature increases from approximately 2,600 to 3,200 K over the 10™*
to 107 bar pressure range. Across the same pressure range, the inferred
nightside PT profile cools from approximately 1,400 to 1,100 K. To
interprettheretrieved abundances for carbon, oxygen andsilicon, we
compared them to updated elemental abundances of the host star
obtained from high-resolution spectroscopy (see ‘Stellar abundances
andrelative planetary abundances’in Methods). For the dayside spec-
trum, we measure planetary ratios relative to the equivalent host-star
ratios of (C/H)/(C/H), =23.96*5% , (O/H)/(O/H), = 12197575 and

(Si/H)/(Si/H), = 9.893‘_33, where quoted values are the medians with

louncertainties defined by the 16th and 84th percentiles (68% credible
interval). The abundances for all three elements are super-stellar, with

(C/H)/(C/H), >11.92, (O/H)/(O/H), > 7.27 and (Si/H)/(Si/H), > 2.49 at

99.99% probability. We derive a C/O ratio of o.92i8;8§, whichis >1.63

times the stellar ratio of (C/0), =0.47 + 0.06 at 99.99% probability. We
also determine upper limits for the volatile/refractory ratios of (C/Si)/
(C/Si), <8.07,(0/Si)/(0/Si), <4.02and ((C + 0)/Si)/((C + 0)/Si), <5.24

at99.99% probability. Posterior distributions for these elemental abun-
dances and the derived ratios are shownin Fig. 3.

The abundances for different chemical species implied by the
retrievals are shown in Fig. 2 and the corresponding contributions to
the dayside and nightside emission spectra are illustrated in Extended
DataFig. 3. On the dayside, the data trace out spectral features of H,O,
SiO and CO in emission, with the H,0 and SiO features muted consider-
ably owing to thermal dissociation (Fig. 2). The measured amplitudes
of the H,0 and CO dayside emission features are comparable to those
predicted by three-dimensional (3D) general circulation model (GCM)
simulations for WASP-121 b publishedinref. 11 (Fig. 1), althoughthe GCM
spectra do not show an SiO feature. On the nightside, the data exhibit
spectral features of CH, in absorption, rather than H,0 in absorption as
had previously beenreported for WASP-121 b on the basis of HST observa-
tions at shorter wavelengths'®. Using ‘free chemistry’ retrieval analyses
that did not enforce the requirement of thermochemical equilibrium
(see ‘Atmosphericretrieval analyses’in Methods), we obtain statistically
significant detections of dayside H,0 (5.5-13.50), dayside CO (10.8-12.80),
daysideSiO (5.7-6.20) and nightside CH, (3.1-5.10).

Discussion

We have obtained a conclusive detection of SiO in the atmosphere of
WASP-121b. Evidence of SiO had previously been reportedin the atmos-
phere of WASP-121 band another ultrahot gas giant, WASP-178 b, on the
basis of absorption signals measured at near-UV wavelengths®. However,
these near-UV data could also be explained by Mg 1and Fe 11absorption,
preventing anunambiguousidentification of SiO. With NIRSpec, we are
now able to verify the presence of SiO in the atmosphere of WASP-121b
and, duetoits properties as astrong absorber of shortwave radiation®,
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Fig. 3| Elemental abundances and derived ratios. Top: posterior distributions
obtained for C/H (left), O/H (middle) and Si/H (right) ratios from the retrieval
analyses for the dayside atmosphere assuming thermochemical equilibrium.
Bottom: posterior histograms derived for the C/O ratio (left), volatile/refractory

Volatile/refractory (x stellar)

Metallicity (x stellar)

ratios (middle) and metallicity (right). The metallicity regulated the abundances
of heavy elements besides C, O and Si, as described in the text. Vertical dashed
lines indicate the corresponding values measured for the host star using high-
resolution spectroscopy.

theimportantrolethatitislikely playingin driving the dayside thermal
inversion. Furthermore, siliconis expected to be one of the primary cloud
constituents in hot (-1,000-2,000 K) atmospheres' and can provide
valuable information about the overall formation history of aplanet, as
itallows the volatile/refractory ratio to be constrained'?. By delivering a
robust measurement of a planetary atmosphere’s silicon abundance, our
SiO detection stands out from previous detections of atomic silicon™'
andssilicate clouds™ that lacked abundance constraints.

A GCM simulation for WASP-121 b that assumed solar metallicity
andincluded SiO opacity was presented inref. 19. The predicted dayside
spectrum did not show the 4-4.3 um SiO band, as it was obscured by
overlapping H,0 and CO bands. Our NIRSpec observation demon-
strates thatin reality this will not always be the case, particularly if an
atmosphereis enrichedinsiliconand oxygen, as we find for WASP-121b.
It raises the possibility of further SiO detections with JWST in the future,
whichwould complement efforts at UV wavelengths while being far less
hampered by interstellar dust extinction and low UV fluxes of host stars.

Our finding that the C/H, O/H and C/O ratios of WASP-121b are
all super-stellar provides evidence that the planet accreted most of
its volatiles as gas that was enriched by inward-drifting pebbles* 2,
The super-stellar C/O and C/H ratios in particular may indicate that
WASP-121 baccreted most of its gaseous envelope beyond the H,O ice
linebutwithinthe CH, iceline, where the gas-phase carbonabundance
could have beenlocally elevated by the evaporation of inward-drifting
CH,-rich pebbles?’. IFWASP-121 b instead accreted most of its volatiles
asicy planetesimals between the H,0 and CO ice lines, the oxygen-rich
composition of these planetesimals should have produced asub-stellar
C/O ratio®. Alternatively, a sub-stellar volatile inventory would be
expected if the volatiles were accreted from gas that had not been
enriched by evaporating pebbles”.

While gas accretion seems to have delivered the bulk of volatiles,
our finding of a super-stellar Si/H ratio (Fig. 3) suggests that there was
also substantial enrichment by refractory solids following accretion
of the gaseous envelope®**, We calculate that our measured silicon

abundance is consistent with the addition of approximately
21.2&,1.';,g Mg (where Mg, is the mass of the Earth) of rocky material to
the atmosphere (see ‘Accretion of rocky material’in Methods), which
is comparable to predictions of planetesimal accretion models®**’. By
contrast, it may not be possible for pebbles to deliver this quantity of
refractory material, as the accretion of solid pebbles should largely
cease once the pebbleisolation mass is reached. After this point, the
planetwould continue to accrete volatile-rich gas and obtain an atmos-
phere that has a sub-stellar silicon abundance or a higher volatile/
refractory ratio than we have observed (Fig. 3). For example, in the
pebble accretion simulations of ref. 24 that produced super-stellar
C/H,0/Hand C/Ovalues, the (C + O)/Siratiorises to at least ten times
the stellar ratio.

Super-stellar C/O constraints have recently been obtained for
WASP-121b using ground-based spectroscopy>*, underscoring the
robustness of this particular result. Combined with their own measure-
ment of a super-stellar volatile/refractory ratio, the authors of ref. 4
proposed abroadly similar formationscenario to the one that we have
outlined, with WASP-121 b accreting most of its atmospheric envelope
inavolatile-richenvironment beyond the H,O iceline. In contrast, the
authors of ref. 3 recovered asub-stellar volatile/refractory ratio, which
theyinterpreted as evidence for formation within the H,O ice line and
accretion dominated by refractory-rich planetesimals rather than vola-
tileices. Ultimately, these tensions between available datasets will need
toberesolved touncoveraclearer picture of how WASP-121 b formed.

Wealso stressthe broader difficultiesin linking a planet’s observed
composition to its formation history. Various complications are
reviewedinrefs.1,2,22,29 and include: accretion from compositionally
distinct regions within the protoplanetary disk due to orbital migra-
tion; unknown dust opacity and self-shadowing affecting the thermal
structure and associated chemistry of the disk; time-dependent chemi-
caland physical evolution of the disk; and erosion of the planetary core
raisingthe heavy element content of the atmosphericenvelope. Further
investigation of such effects will be required to rigorously assess the
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Fig. 4| Effect of vertical mixing on nightside abundances. a, Pressure-
dependent VMR profiles for CH,, H,0 and CO assuming equilibrium chemistry
(dashed lines) and non-equilibrium chemistry (solid lines). The non-equilibrium
chemistry calculations adopted K, =10" cm?s™ and were evolved over a
timescale of 10° s. The light grey shading indicates the pressure levels probed by
the data. Dark orange shading shows the range of median CH, VMRs obtained

fromthe retrieval analyses and light orange shading shows the combined extent
of the associated 1o uncertainties defined by the 16th and 84th percentiles.

b, Mean CH, VMR across the 10-107 bar pressure range as a function of K, over
the timescales indicated. The orange shading is the same as in a. The dashed
grey line shows the retrieved CH, VMR for the dayside, which was adopted as the
starting abundance.

basic qualitative picture we have presented here for the formation of
WASP-121b.

Regarding the chemistry of the atmosphere, the evidence we have
uncovered for CH, onthe nightside of WASP-121 b was not anticipated.
One reason for this is that models of hot giant planet atmospheres
have tended to assume atmospheric C/O ratios close to the solar value
of approximately 0.55 (ref. 30). This leads to dayside and nightside
spectra sculpted by H,0 and CO, as seen for the GCM of ref. 11 (Fig. 1).
When the C/O ratio is increased from 0.55 to our measured value of
0.92, the nightside CO abundance changeslittle, but the CH, abundance
increases by 2-4 orders of magnitude and the H,0 abundance decreases
by a similarly large amount (Extended Data Fig. 4). Sequestration of
oxygen into the various oxygen-bearing condensates shown in Fig. 2
can further reduce the H,0 abundance®. As a result, the atmospheric
opacity becomes dominated by CH,, explaining why H,0, CO andSiO are
not detected on the nightside (Extended DataFig. 3). Although the CO
opacityisstronger than the CH, opacity within narrow line cores across
the 4-4.5 um wavelength range, the effect this has on the emission
spectrumistoosubtletobe detected at theresolution of the data (Fig. 1).

When the dynamics of the atmosphere are taken into account,
ahigh C/Oratioby itself cannot easily explain our measured abundance
of CH, on the nightside of WASP-121 b. Simulations of hot giant plan-
ets find that horizontal winds with speeds of ~-1-10 km s™ advect gas
between the dayside and nightside hemispheres at pressures below
~1bar (refs. 8,19,32,33). This would mean that gas traverses the nightside
hemisphere of WASP-121 b on typical timescales of -10*-10° s, which is
substantially shorter than the timescales required to reach chemical
equilibrium. Specifically, we find that the nightside infrared photo-
sphere coincides with pressures of ~10?>-10"* bar and temperatures of
~1,200 K (Fig. 2), where the timescales for CH,and CO toreach theirlocal
equilibrium abundances would be ~10'° s and ~10" s, respectively®**.
Conversely, on the dayside, high temperatures translate to chemi-
cal reaction timescales that are shorter than dynamical timescales
throughout the observable atmosphere, allowing chemical equilib-
rium to be established. If horizontal winds dominate the transport of
gas throughout the observable atmosphere®, we would expect gas to
reach equilibrium with the dayside conditions and then be quenched
asittravelsacross the nightside, preservingits CH,-poor composition.
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We propose instead that vertical mixing on the nightside hemi-
sphereis efficiently transporting CH,-rich gas up to the infrared pho-
tosphere from deeper layers of the atmosphere that are in chemical
equilibrium. To test this hypothesis, we performed 1D model calcula-
tions for the nightside chemistry with vertical mixing parameterized by
aneddy diffusion coefficient (K,,). We adopted the retrieved nightside
PT profile shown in Fig. 2 but started with the dayside chemical com-
position. The latter can be thought of as a conservative assumption,
equivalent to instantaneous advection of gas from the dayside to the
nightside. We then evolved the composition of the gas over timescales
ranging from10*-10° s for arange of K, values between 10° cm?s ™ and
10" cm? s using a C-H-N-0-S non-equilibrium chemical network™.
Figure 4 shows the resulting CH, abundances predicted at the infra-
red photosphere. We find that the measured CH, abundance can be
reproduced with K, values of ~-10°-10" cm?s™*, which are consistent
with available constraints®*”. The predicted CH, abundance is also
higher than the H,0 abundance, in line with our detection of CH, and
non-detection of H,0 on the nightside. Similar results were obtained
whenwerepeated the calculations using the PT profiles from the GCM
simulation of ref. 11 (Extended Data Fig. 5). From these analyses, we
deduce that gas mixed vertically from deeper layers of the atmosphere
is setting the composition at the infrared photosphere, rather than
horizontally quenched CH,-poor gas transported from the dayside,
asis often seen in dynamical simulations”,

Vertical mixing also offers anatural explanation for why silicon is
not cold-trapped on the nightside hemisphere of WASP-121 b, as dem-
onstrated by our detection of SiO onthe dayside. Recent microphysical
modelling has found that cloud formation should occur rapidly in hot
giant planet atmospheres on timescales of -1 s (ref. 38). We thus expect
clouds of silicates to form efficiently on the nightside of WASP-121b
at pressures of ~-107-1bar, where the measured temperature profile
crosses the condensation curves of MgSiO,, Mg,SiO, and SiO, (Fig.2). As
mentioned above, iron and magnesium have alsobeen detectedinthe
atmosphere of WASP-121b, along with numerous other refractory met-
alssuch as vanadium, chromium and nickel*”*'. The same mixing that
we hypothesizeistransporting CH, upwards to the observable atmos-
phereislikely preventing these refractory species from condensing on
the nightside and becoming permanently cold-trapped in the deep
atmosphere. A notable exceptionis titanium, for which non-detections
provide strong evidence of being efficiently cold-trapped*®*. However,
despite conditions being favourable for the formation of various refrac-
tory clouds on the nightside, we find that models including clouds do
notappreciablyimprove the fit to the available data (see ‘Discussion of
theretrieval analyses’ in Methods). At the same time, we are unable to
rule out clouds at pressures above ~107 bar, as such clouds would not
necessarily produce an observable signature (Extended Data Fig. 6).

GCMsimulations willbe valuable for further investigating the poten-
tial role played by nightside clouds. For example, existing cloud-free
GCMs predict nightside temperatures that are warmer than we meas-
ure, particularly at pressures >1072 bar (Extended Data Fig. 5), result-
ing in strong emission peaks between absorption bands that are not
observed in the data (Fig. 1). Nightside clouds may help to reduce this
discrepancy by blocking emissionfromthe deepest, warmest layers of the
atmosphere* . Other effects, such as magneticinfluences through Lor-
entzforces, couldalso play animportant role in lowering nightside tem-
peratures by reducing the efficiency of day-night heat recirculation** %,

Methods

Observations and data reduction

The WASP-121 system was continuously monitored for 37.8 hon 2022
October14-15using the Bright Object Time Series mode of the NIRSpec
instrument onJWST. The observation began 145 min before secondary
eclipse ingress and finished 105 min after egress of the following sec-
ondary eclipse. As the planet is obscured during secondary eclipses,
thisallowed usto calibrate the brightness level of the host star atboth

thestartandend of the observation. Light received from the WASP-121 b
systemwas dispersed across the two 2,048 x 2,048 pixel HgCdTe detec-
torsatthe NIRSpecfocal plane by the G395H grism. The two detectors,
denoted NRS1 and NRS2, provide continuous wavelength coverage
between 2.70-3.72 pm and 3.82-5.15 um, respectively. For each inte-
gration, 2,048 x 32 pixel subarrays were read from both detectors
using the NRSRAPID readout pattern with 42 groups per integration,
translating to individual integration times of 38.8 s. A total of 3,504
integrations was acquired over the full observation. There were five
high-gain antenna movements during the observation, which caused
small, but noticeable, deviations in the measured fluxes for five of the
integrations. We retained theseimpacted integrationsin our analysis,
as we expect them to have a negligible effect on the overall results.

To analyse the data, we started by using the FIREFLy code*’ to
extract the source spectrum from each integration. Further details of
our FIREFLy reduction can be found in ref. 5. From the resulting time
series of spectra, separate ‘white’ phase curves were generated for the
NRS1and NRS2 detectorsby summingthe spectrafromeachdetector
across the full wavelength range. We also binned the spectrainto nar-
rower 10-pixel-wide channels along the dispersion axis, producing 349
spectroscopic phase curves.

White phase-curve fitting

Before fitting the spectroscopic phase curves, we refined our esti-
mates for various system parameters by performing a joint fit to the
higher-signal-to-noise white phase curves. For each white phase curve,
our model/Ttook the form /7= a x 8, where ais the astrophysical signal
and Bis the instrument baseline.

We used the starry package® to model the time-dependent astro-
physical signal a. starry accounts for emission from both the star and
the planet, as well as primary transits and secondary eclipses. We
adoptedadegree ¢ = 1spherical harmonic expansion for the planetary
brightness map and a quadratic limb-darkening profile for the star.

For theinstrument baseline 8, we investigated three forms. First,
alinear trend with respect totime t:

Bi(®)=co+cit

Second, a linear trend with respect to £ and the xy pointing jitter
coordinates described inref. 5:

B (6,X,Y) = Co + Cit + X + €.

Third, alinear trend withrespectto¢, plus an exponential function:

ﬂ3 O =co+cit+ roe_[/rl.

Wenote that S, allows for aninitial settling of the telescope follow-
ing a new pointing. Baselines of this form have mostly been used for
analyses of JWST Mid-Infrared Instrument (MIRI) light curves, which
tend to exhibit prominent ramp-like systematics lasting ~30-60 min
at the beginning of an exposure®.

In the fitting, the following parameters were shared across both
the NRS1and NRS2 white phase curves: stellar mass (M, ); planet mass
(M,); orbital inclination (i); logarithm of the stellar radius (log,R,);
and deviation in the orbital period (AP,,,) from the value of P, =
1.27492504 + 1.5 x 107 days reported in ref. 52. We fitted the following
parameters separately for each detector: the logarithm of the planetary
radius (logy,R,); the deviation in the transit mid-time (AT,,4) from the
value of T,y = 2,459,867.64297 + 0.00027 BJD;p;; predicted by the eph-
emerides of ref. 52; therelative planet-to-star luminosity (A); the coeffi-
cientofthe Y, ,sphericalharmonic (y, ,); the phase offset of the planetary
brightness map (A¢); the coefficients of the stellar limb-darkening
profile (4, and u,); the instrument baseline parameters (c,, ¢;, ¢, €, o
and r)); and a high-frequency systematics noise term (o), explained

Nature Astronomy | Volume 9 | June 2025 | 845-861

850


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-025-02513-x

below. We also tested more elaborate planetary brightness maps com-
prising combinations of the Y, , ¥, and Y, , spherical harmonics, with
the associated coefficients treated as free parameters in the model
fitting. However, we found that a planetary brightness map described
by Y, ,alone was favoured by the Bayesian information criterion (BIC).

For each white phase-curve fit, amultivariate normal distribution
was adopted for the likelihood function and marginalized using
affine-invariant Markov chain Monte Carlo, as implemented by the
emcee package™. We used 150 walkers and took 5,000 steps to obtain
samples from the posterior distribution, following an initial burn-in
phase of 500 steps. Note that when evaluating the likelihood function,
theerror bar onthe ith data point was taken to be the quadrature sum
0; = of,oiss’i + agyst, where 0y, ; Was the estimated Poisson noise for the
ith data point returned by the instrument pipeline and o, was a free
parameter allowing for additional high-frequency systematics.

This overall methodology for fitting the white phase curves is
similar tothat usedinref. 5, but with afew variations. First, we adopted
different priors for asubset of parameters. In particular, normal priors
were adopted for M, and M, based on a radial velocity analysis of the
G395H data’*. Normal priors obtained using the exoTiC-LD package™
were also adopted for the wavelength-dependent limb-darkening
coefficients (u; and u,). Details of all adopted priors are provided in
Supplementary Fig. 1. Second, we allowed AT, to vary separately for
the NRS1and NRS2 detectors, whereas ref. 5adopted a shared transit
mid-time for both detectors. Third, although the beginning of the
exposure was not visibly affected by strong systematics, we discarded
thefirst 45 min of databefore fitting. This precautionary step was taken
to provide ample time for the telescope to settle into its new pointing,
while still retaining 100 min of pre-eclipse baseline.

Ofthe three instrumental baselines tested (8,, 8, and §,), we found
that 8, gave the lowest BIC. Theresults of the corresponding fit are sum-
marized in Supplementary Table 1 and Supplementary Fig. 1, and are
generally consistent with those reported inref. 5 to within 1o. However,
>lodifferences are observed for asubset of parameters, namely: A¢ for
NRSLis 3.70lower; Ag for NRS2 is 2.30 lower; y, , for NRS1is 1.70 lower;
0, for NRSLis 1.50 lower; and g, for NRS2 is 3.30 lower. These differ-
encescouldarise fromone or more of the analysis variations noted above.
For example, the adoption of exoTiC-LD priors for the limb-darkening
coefficients seems to have driven u, and u, away from the values found
inref. 5, which adopted substantially broader priors for those param-
eters. Nonetheless, the primary purpose of the white phase-curve fit
was to refine the values of M,, log,oR,, M,, AP,, and i in particular, as
these parameters were subsequently held fixed for the spectroscopic
phase-curve fits (see next section). The updated values for the latter all
agreeto better than 0.8cwith those reported in ref. 5 and ref. 56.

We also note that for the maximum a posteriori model—whichin
general we refer to asthe ‘best-fit' model—the root meansquare (r.m.s.)
of the residuals is found to be 126 ppm for the NRS1 phase curve and
153 ppm for the NRS2 phase curve, compared with Poisson uncertain-
ties derived fromthe datareduction pipeline of 92 and 137 ppm, respec-
tively. The scatter in the residuals bins down more slowly than expected
foruncorrelated noise (Supplementary Fig. 2), which suggests that our
instrument baseline model has not captured all of the systematics in
the data. This should be inconsequential for the final atmospheric
spectra that we obtain for WASP-121b, as the white phase-curve fit is
only used to refine our estimates for M,, log,,R,, M,, AP, and i. Our
posterior distributions for these parameters are fully consistent with
the priors (Supplementary Fig. 1), which were adapted from the inde-
pendentmeasurements cited above and inref. 5. The sole exception is
i, for which our refined value of 87.97*017 is significantly lower than
the prior value of 88.49 + 0.16° taken fromref. 52. However, evenif this
~0.5° difference between the prior and posterior for i is caused by
uncorrected systematicsin our white phase-curve fit, thiswould have
anegligible effect on the final atmospheric spectrathat we derive from
the spectroscopic phase-curve fits described in the next section.

Spectroscopic phase-curve fitting
The spectroscopic phase curves were fitted in a similar fashion to
the white phase curves. The main difference was that for each spec-
troscopic phase-curve fit, a subset of model parameters that are not
expected to vary with wavelength were held fixed to the best-fit solu-
tion from the white phase-curve fitreported in Supplementary Table1,
namely:M,,log,,R,, M,, AP, andi. All other parameters were allowed to
vary separately in each spectroscopic phase-curvefit, including AT, ;4
and A¢. As for the white phase-curve fit, emcee was used to marginalize
the posterior distribution for each spectroscopic phase curve, with150
walkers, 500 burn-in steps and 5,000 sampling steps.
Supplementary Fig. 3 shows a selection of spectroscopic
phase-curve fits spanning arange of fit qualities as measured by the x>
statistic. We find that the fit residuals are well-behaved and consistent
with white noise. Thisis conveyed in the bottom panels of Supplemen-
tary Fig. 3, which provide a summary of the noise properties for the
spectroscopic phase-curve fit residuals. The bottom left panel shows
that the histograms of residuals taken across all wavelength channels
are very close to normally distributed, with means close to zero and
standard deviations within2% of the pipeline Poisson noise. The bottom
right panel shows the Allan deviations for the phase-curve residuals,
with the r.m.s. of the residuals reducing at a rate of N where Nis the
number of data points per bin.

Generating the phase-resolved emission spectra

To extract the phase-resolved planetary emission spectra, we started
by randomly selecting 5,000 posterior samples from each spectro-
scopic phase-curvefit. For each of these posterior samples, we gener-
ated the corresponding systematics baseline (8) and divided the
associated data by this baseline to give a ‘corrected’ phase curve. We
thenbinned the corrected datainto 36 phase bins, each of 46 min dura-
tion. Indefining the locations of the phase bins, we were careful to avoid
the secondary eclipses and primary transit. Our chosen bins are illus-
trated in Extended Data Fig. 1, along with simplified representations
of the relative fractions of the dayside and nightside hemispheres of
the planet that were visible at each phase. The binnumbers are denoted
n,,whichincreasesin chronological order fromn, =1for thefirst phase
bin to n, =36 for the last phase bin. In each phase bin, we took the
median of the binned values generated from the 5,000 posterior sam-
plesas our measurement of F,/F,. To calculate the uncertainty, we took

the quadrature sum 4/ o? + 02, where o, denotes arandom component
and o,denotes a systematic component. For g, we calculated the stand-
ard deviation of the model residuals in agiven phase bin, then divided
by \/ﬁj where N is the number of data points in the phase bin. We
repeated this for all of the 5,000 posterior samples and took the median
of these values as g,. To calculate o, we first binned the phase-curve
models (a) computed from each of the 5,000 posterior samples into
the 36 phase bins. We then took the standard deviation of these binned
avaluesineach phase binas the g, value for that phase bin. This process
was undertaken separately for each of the 349 wavelength channels to
generate the full set of phase-resolved, wavelength-dependent F,/F,
measurements with uncertainties.

We repeated this process for independent sets of spectroscopic
phase-curvefits performed using each of the instrument baselines (5,
S,and B,). We found that the resulting emission spectra obtained with
[, and B, were consistent to within 1o in all wavelength channels. The
emission spectra obtained with B, and 8; were consistent to within 1o
inallbut one of the wavelength channels, with the values obtained for
the latter channel still being consistent to within 1.2¢. 8, was favoured
bytheBIC over ,and 3;in 322 and 345 of the 349 wavelength channels,
respectively. For the subset of channels in which either g, or ; was
favoured by the BIC, the emission spectrum value obtained for each
channel was always consistent to within 1o of the corresponding value
obtained with S,. Given the overall BIC preference for 3, along with the
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consistency of results obtained for each of the baselines tested, we
adopt the emission spectra obtained using §, from this point onwards
inour analysis.

Independent datareduction

As a check, we performed a second data reduction using the Eureka!
pipeline”. The steps we took were similar to those of ref. 58, with a few
modifications. For Stage 1, we set the up-the-ramp jump-detection
threshold to 100, rather than the default 40, to avoid pixels being erro-
neously flagged as outliers. We corrected 1/f noise at the group-level
within Eurekal’s Stage 1 by masking the trace and performing a
column-by-column subtraction. For each column, we determined
the offset to be subtracted by first excluding outliers >3 times the
median of the unmasked pixels and fitting a zeroth-order polynomial
to the remaining pixels in the column. We also applied a scale factor
for the bias correction of each integration and both detectors using
a smoothing filter calculated from the first group. Before extracting
the spectrum from eachintegration, we corrected for the curvature of
the G395H trace using the method described inref. 58 and performed
a column-by-column background subtraction. For the background
subtraction, we fitted a flat line to the pixels more than seven pixels
away from the central row of the trace in that column. Before fitting to
the background pixels, we performed two iterations of outlier mask-
ing, adopting outlier thresholds of 50 along the time axis and >5 times
the median along the spatial axis. The time-series spectra were then
extracted from the background-subtracted integrations using optimal
extraction® with an aperture of 7 pixels.

We generated phase curves from the Eureka! time-series spectra
and fitted themusing the same methodology described above for the
FIREFLy data. Supplementary Fig. 4 compares the resulting night-
side (n,=18) and dayside (n, = 34) spectrato those obtained from the
FIREFLy analysis. For the dayside and nightside, the pairs of spectra
agree to within 1-o for 344 and 341 of the 349 wavelength channels,
respectively. Of the remaining channels, the agreement is better than
20 forseven of the nightside channels and four of the dayside channels.
This leaves asingle channel of each spectrum for which the difference
between the two analyses is >20. Namely, we obtain a 3.5¢0 difference
for the 2.755 um channel of the nightside spectrum, which is close to
the short-wavelength edge of the NRS1 passband, and a similar 3.40
difference for the 3.860 pm channel of the dayside spectrum. As these
>20discrepancies are restricted to asingle channel at each phase, they
should not affect theinterpretation of the spectra, which overall exhibit
excellent agreement (Supplementary Fig. 4).

Atmosphericretrieval analyses
To characterize the dayside and nightside hemispheres of WASP-
121 b, we performed retrieval analyses using five independent codes:
ATMO®** NEMESIS®**¢, CHIMERA®, HyDRA®*7° and PETRA". The vary-
ing set-ups used for each of these codes are described below. Opacity
sources considered by the retrieval codes’* ' are summarized in Sup-
plementary Table 2. Further details of each retrieval code canbe found
inprevious studies that have used them for exoplanet emissionretrieval
analyses, of which we cite a number of relevant examples here: ATMO
was used inref. 109 andref. 110 to analyse the dayside emission of WASP-
121 b measured with HST and Spitzer; NEMESIS was used in ref. 51 to
analyse the dayside and nightside spectra of WASP-43 b measured with
JWST; CHIMERA was used inref. 111to analyse the dayside and nightside
spectraofthe warmsub-Neptune GJ1214 b measured withJWST; HyDRA
was used in ref. 112 to analyse the dayside emission spectrum of the
ultrahot giant planet WASP-18 b measured with JWST; and PETRA was
usedinref. 71to analyse the HST and Spitzer emission spectra of the hot
giant planets HD 209458 b and WASP-43 b, as well as a synthetic JWST
emission spectrum for the ultrahot giant planet KELT-9 b.

For this study of WASP-121 b, we have restricted our retrieval analy-
ses to the n, =34 and n, =18 spectra, which are shown in Fig. 1. As can

be seen in Extended Data Fig. 1, the n, = 34 spectrum corresponds to
the phase bin immediately preceding the second secondary eclipse,
while the n, =18 spectrum corresponds to the phase bin immediately
preceding the primary transit. In practice, we chose the n, =34 and
n,=18spectratocharacterize the dayside and nightside hemispheres,
respectively (Extended Data Fig.1). However, it isimportant to note that
retrieval results can potentially be biased if the measured emission at a
given phaseis modelled without allowing forinhomogeneous proper-
tiesacross the visible hemisphere*"", This is particularly relevant for
the n, =18 phase bin, where the nightside hemisphere dominates the
fractional area coverage of the planetary disk, but the thin crescent
of visible dayside hemisphere may still contribute meaningfully to
the measured emission. We took two approaches to investigate how
contamination by the dayside crescent affected the retrieval results
for the n,=18 spectrum. The first approach, taken for the NEMESIS
retrieval, was to explicitly model each spectrum as a weighted sum
of dayside and nightside contributions. The second approach, taken
for the CHIMERA and HyDRA retrievals, was to include an additional
free parameter inthe formof the ‘dilution factor’ described inref. 114.

The retrieval analyses presented in the following sections were
performed on the 349-channel spectra (grey points in Fig. 1) and pro-
vided excellent fits to the data. Supplementary Fig. 5 shows histograms
oftheresiduals for the best-fit models fromeachretrieval. Inall cases,
the residuals closely follow normal distributions. The reduced
chi-squared values ( x2) are also printed in each panel. For the ATMO
equilibrium chemistry retrievals, we obtain x? = 1.12 for the dayside
spectrum (n,=34) and x2 = 1.09 for the nightside spectrum (n,=18).
The y2values for all of the free chemistry retrievals (NEMESIS, PETRA,
HyDRA and CHIMERA) fall between 1.04 and 1.10. Unless stated other-
wise, reported results are median values with 1o uncertainties defined
by the16th and 84th percentiles (68% credible interval).

ATMO retrieval. We used ATMO to performindependent retrievals for
the n,=18 and n; =34 spectra. For each of the two retrievals, a single
PT profile was assumed. Specifically, we adopted three-parameter'™
and five-parameter*™® analytical forms to model the PT profiles
for the n,=18 and n, = 34 spectra, respectively. The five-parameter
PT profile was adopted for the n, = 34 spectrum to allow more flexibil-
ity in capturing the shape of the dayside thermal inversion. We fixed
the internal temperature to 500 K based on the results of ref. 119. By
adoptingasingle PT profile for each phase, we did not explicitly allow
for the possibility of temperature inhomogeneities across the visible
hemisphere. However, as described below, additional tests performed
with NEMESIS, CHIMERA and HyDRA demonstrate that this should not
notably bias the final results.

For the chemistry, we allowed the carbon, oxygen and silicon
abundances to vary as separate free parameters, while the relative
abundances of all other heavy elements were held fixed to the solar
values and variedjointly viaan additional ‘metallicity’ parameter. ATMO
adopts the solar abundances of ref. 120, except for C,N, O, P, S, K and
Fe, which are taken from ref. 30. Given the PT profile and elemental
abundances, the abundances of chemical species were then calculated
assuming thermochemical equilibrium, which was done by minimizing
the Gibbs free energy. The adopted priors for each model parameter
are listed in Supplementary Table 3. The posterior distribution was
sampled using nested sampling'".

Theresults of the ATMO retrieval are shown in Figs.1-3. As already
noted in the main text, spectral features of H,0, CO, SiO and CH, allow
the carbon, oxygen and silicon abundances to be constrained, as well
asthe atmospheric PT profile (Fig.1). We confirm the dayside thermal
inversion and infer a nightside PT profile that cools with decreasing
pressure (Fig. 2), in agreement with previous studies of WASP-121 b2,

For the dayside (n, = 34), we obtain VMRs of C/H = 8,036"1"}; ppmand

O/H = 8,741'1% ppm, and derive atight constraint for the atmospheric

C/Oratio of 0.92+5:02 (Fig. 3). We also obtain Si/H = 49171+ ppm for the
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dayside, which, combined with the C/H and O/H measurements, allow

ustoderive C/Si = 15.7877%2 0/Si = 17.07"747and (C + 0)/Si = 32.84* 57

For the nightside (n, =18), we obtain C/H = 6,794*{%.>” ppm, whichis
consistent with the dayside constraint, but relatively weak owing to
thelower signal-to-noise of the nightside emission. As described below
for the free chemistry NEMESIS, PETRA, HyDRA and CHIMERA retriev-
als,wedonot detect any O-bearing or Si-bearing species on the night-
side, preventing us from obtaining useful constraints on the absolute
O/Hand Si/H abundances. However, we are able to constrain the relative
nightside abundancestobe C/O > 0.72 and C/Si > 0.74 at 95% probabil-
ity, which are consistent with the dayside results.

The pressure-dependent VMRs for H,0, CO, CO,, SiO and CH,,
derived under the assumption of thermochemical equilibrium are
shown for the nightside and dayside atmospheres in Fig. 2. Ata pressure
of 1072 bar on the nightside, we obtain base-10 logarithmic VMRs of

—2.257%1 dex for CH, and -2.73%3% dex for CO. The equivalent loga-

rithmic VMRs at a pressure of 10~ bar on the dayside are —12.387519 dex
for CH, and —2.007315 dex for CO. For H,0, CO, and SiO, thermal dis-
sociationreduces the dayside abundances at pressures below approxi-
mately 107 bar for H,0 and CO,, and below approximately 10~ bar for
SiO. Note that photodissociation—which was not modelled—may fur-
therreduce molecular abundances at pressures below 107 bar (ref. 122).
Deeper in the dayside atmosphere at a pressure of 107 bar, where
neither thermal dissociation nor photodissociation reduce the abun-
dances, the logarithmic VMRs are —3.577518 dex for H,0, —6.13792% dex
for CO,and —3.12%018 dexfor SiO. The nightside SiO abundance is weakly
constrained, but nonetheless consistent with the inferred dayside
abundance, while the nightside abundances of H,0 and CO, are found
tobelessthan1ppmand1ppb, respectively.

Although abundances for many other species are predicted by the
ATMO retrievals under the assumption of thermochemical equilibrium,
we focus on H,0, CO, CO,, SiO and CH, because (with the exception of
CO,) they are the only onesthat the free chemistry retrievals find direct
evidence for in the data (see below). The detection of these molecules
isalso supported by the wavelength-dependent contribution functions
for the ATMO retrievals, which are shown in Extended Data Fig. 3. The
dayside contribution function traces out spectral features of H,0, SiO
and CO, while the nightside contribution function exhibits the distinctive
spectral signature of CH,. Supplementary Fig. 6 highlights the dayside
SiO emission signalin particular, asitis relatively subtle compared with
the dayside H,0 and CO signals. We discuss the nightside CH, signal in
more detail below. From the contribution functions, we also note that
the dataseemtobe probingagreater range of pressures on the nightside
than the dayside. The absolute gradient inferred for the nightside tem-
perature profileis much lower thanthatinferred for the dayside (Fig. 3),
meaning that a relatively large range of pressures must be sampled to
reproduce the spectral features observed in the nightside spectrum.

Extended Data Fig. 5 compares our retrieved PT profiles to those
of various models that self-consistently treat the radiative transfer and
chemistry of the atmosphere. Specifically, we show PT profiles for a
range of dayside and nightside longitudes from published MITgcm"
and Exo-FMS" 3D GCM simulations, as well as 1D radiative-convective
thermochemical equilibrium models computed with ATMO for internal
temperatures of 100 Kand 500 K, assuming the elemental abundances
derived fromtheretrieval. Although the 3D models adopted solarele-
mental abundances, itis still interesting to make a preliminary compari-
son between the thermal profiles that they predict and those that we
infer from the data. On the dayside, the retrieved PT profile is broadly
consistent with the temperatures spanned by the self-consistent 1D
and 3D models across the ~107' to ~107 bar pressure range probed
by the data (Fig. 2). On the nightside, the retrieved temperatures are
similar to those predicted by the MITgcm simulation for pressures
below ~107? bar, but cooler at higher pressures. The Exo-FMS simulation
predicts considerably warmer nightside temperatures at all pressures
compared with our retrieved temperatures.

NEMESIS retrieval. We used NEMESIS to perform ajoint retrieval for
then,=18and n, =34 spectra. We considered the measured F,ateach
phase to be the weighted sum of dayside and nightside components:

Fp = WFday +(1-w) Fnight’ n

where Fy,, and F,, denote the emission from the dayside and nightside
hemispheres, respectively,and wisageometrictermgivingthe fraction
of the visible hemisphere at orbital phase ¢ taken up by the dayside
hemisphere'”. For the latter, we used:

w(¢g) = [1-cos(2ng — Ap)]/2 2)

andfixed A¢ = —3°,namely, the measured phase offset for the planetary
brightness map rounded to the nearest degree (Supplementary Table 1
and Supplementary Fig. 1). We also allowed for the difference in the
average emission angle from the dayside segment between the two
phases. This could be particularlyimportant for the dayside segment of
the n, =18 spectrum, which willbe limb-darkened or limb-brightenedin
differentspectral regions depending on the PT profile. We calculate the
weighted-average emission angle of the dayside segment to be 76° at
n,=18and45°atphase n, =34, and took these differences into account
when computing the measured emission at each phase according to
equation (1). We did not consider asimilar correction for the nightside
segment of phase n, = 34 tobe necessary, because it makes a very small
contribution to the overall spectrum measured at that phase.

We adopted afree chemistry approach for the NEMESIS retrieval,
inwhich abundances of select chemical species were allowed to vary as
free parameters without requiring thermochemical equilibriumtobe
satisfied. The chemical species considered were H,0,H", CO, CO,, CH,
and SiO. Abundances for these species were varied separately for the
F4ayand F ., model components. We allowed for the possibility of H,O
being thermally dissociated on the dayside by varying its abundance
with Paccording to P above some base pressure level P, whichhasbeen
shown to provide areasonable approximation for the effects of thermal
dissociation™. In addition to the H,0 abundance for P> P, we varied 7
and P, as free parametersintheretrieval. All other abundances—includ-
ing the nightside H,0 abundance—were assumed to be uniformin
pressure. We adopted separate six-parameter PT profiles' for the
dayside and nightside. Priors for each model parameter are listed in
Supplementary Table 4. Posterior sampling was performed using the
pymultinest'® implementation of MultiNest'?'?* nested sampling.

Aswiththe ATMO retrieval, the NEMESISretrieval recovers a ther-
malinversion onthe dayside and atemperature profile that cools with
decreasing pressure on the nightside (Supplementary Fig. 7). Tight
abundance constraints indicate the presence of H,0, CO and SiO on
the dayside, and CH, on the nightside (Supplementary Fig. 7). We infer
logarithmic VMRs of —3.31*0% dex for the deep-atmosphere H,0,
—1.29%35 dex for CO and —2.6673% dex for SiO on the dayside and
—1.75%04 dex for CH, on the nightside. We also find that the inferred
dayside and nightside spectra extrapolate well to the other orbital
phases (Extended Data Fig. 2).

To evaluate the significance of the CH, detection, we performed
two nightside-only NEMESIS retrievals, with CH, included and with CH,
removed. In these additional retrievals, we also included C,H,, HCN
and NH,, to ensure that the signal we observe really is due to CH,. By
comparing the Bayesian evidence for this ‘null hypothesis’ retrieval
without CH, (2,) to the Bayesian evidence of the model that included
all of the molecules (2;), we obtain alog Bayes factor (In3B;y = InZ;/2,)
of In3,, = 10.4. Under numerous empirically calibrated evidence scales,
this corresponds to the highest band of evidence in favour of a CH,
detection”'?, Following refs. 130-132, we can also translate our InB;,
valueinto anequivalent frequentist detection significance, asis com-
moninthe exoplanet literature. Using this approach, we obtainadetec-
tionsignificance of 4.9ofor CH, on the nightside of WASP-121 b. Similar
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dayside-only retrievals were performed to obtain decisive detections
of H,0 (InB,, = 88.3,13.50), CO (InB,, = 56.0,10.80) andSiO (In3,, = 14.5,
5.70). Plots of the best-fit NEMESIS retrievals with and without each
molecule are shown in Supplementary Figs. 8-11.

We additionally used NEMESIS to fit for a nightside cloud layer
using the cloud parameterization of ref. 133, as was done previously in
ref. 134. We fitted for the top pressure of an opaque, grey cloud (P,),
and ascattering power-law index (y) and opacity scaling (o,) for a‘haze’
abovethe cloud. Fromthisretrieval, we are only able to provide aweak
constraint for the cloud-top pressure being >107 bar, while the remain-
ing cloud parameters are effectively unconstrained.

CHIMERA retrieval. We used CHIMERA to perform free chemistry
retrievals for the n; =18 spectrum, focusing on characterization of
the nightside atmosphere only. The chemical species considered were
H,0,CO, CO,, CH,, C,H,, HCN and NH,. We assumed that all VMRs were
uniform with pressure, as the temperatures on the nightside are too
low for thermal dissociation to beimportant. We performed separate
retrievals adopting widely used three-parameter™, five-parameter™®
and six-parameter' functions for the PT profile. The three-parameter
profile was the same as that used for the ATMO nightside analysis, the
five-parameter profile was the same as that used for the ATMO dayside
analysis and the six-parameter profile was the same as that used for
the NEMESIS analyses. We also performed retrievals with and without
the dilution factor described in ref. 114 to account for contribution to
the observed spectrum from the visible dayside crescent. The priors
used for each model parameter are listed in Supplementary Table 5.
Posterior samples were drawn using pymultinest'®,

Theretrievals performed for each PT profile support the presence
of CH,, with InB,, =5.60 (3.80) for the three-parameter profile,
InB,, = 9.32 (4.70) for the five-parameter profile and InB,, = 11.0(5.10)
for the six-parameter profile. The inferred PT profiles are plotted in
Supplementary Fig. 7and all cool with decreasing pressure across the
1-107 bar pressure range. The six-parameter profile is essentially iden-
tical to the NEMESIS six-parameter profile and is also in good agree-
ment with the HyDRA six-parameter profile (see below). The
three-parameter profile is fully consistent with the ATMO
three-parameter profile. Interestingly, the five-parameter profile exhib-
itsaninversion for pressures below approximately 107 bar, producing
anarrow CH, emission spike at 3.35 pm while the broader CH, features
remain in absorption, which marginally improves the fit to the data
(Supplementary Fig.12). However, on the basis of the evaluated Bayes-
ianevidence values, we donot find a clear preference for any one of the
profiles in particular. Specifically, we obtain Inz; = -192.72 + 0.07 for
the three-parameter profile, Ing; =-190.39+0.08 for the
five-parameter profile and Inz; = —191.56 + 0.06 for the six-parameter
profile. Acomparison of the CHIMERA best-fit models withand without
CH, for the five-parameter profile is shown in Supplementary Fig.12.

AsshowninSupplementary Fig. 7, the corresponding logarithmic
VMRs for CH, are found to be —2.43%2.) dex (three-parameter),
-3.73%0¥ dex (five-parameter) and —1.737548 dex (six-parameter).
Besides CH,, no evidence is obtained for any of the other chemical
species that were considered. We also find that the inclusion of a dilu-
tion factor does not significantly affect the results and is not justified
by the Bayesian evidence.

HyDRA retrieval. We used HyDRA to perform separate free chemistry
retrievalsfor the n,=18and n, = 34 spectra. The chemical species con-
sidered for the dayside (n,=34) were H,0, CO, CO,, SiO, SiO,, HCN, H,
OH, FeH, TiO and VO. For the nightside (n,=18), we considered H,0, CO,
CO0,,Si0,Si0,, HCN, H" and CH,. Thermal dissociation was modelled for
the dayside abundances of H,0, TiO, VO and H™ using the methods of
ref. 11. The deep abundances of each of these species were free param-
etersintheretrieval, while their pressure- and temperature-dependent
abundance profiles were calculated using the coefficients in table 1

of ref. 11 as inputs to equations (1) and (2) of the same work. All other
VMRs were assumed to be uniform in pressure. The six-parameter
function'* was used to model the PT profiles at both phases. We tested
the inclusion of clouds in the retrievals, which were parameterized
by a modal particle size (a.), the cloud base pressure (P.), a pressure
exponent (¢), the cloud particle abundance (f,) and the cloud covering
fraction (¢.). The cloud particle abundance was assumed to be zero at
pressuresgreater than P, and to decrease at pressures less than P,, such
that at pressure Pthe abundance wasf.(P/P.)¢. We assumed an MgSiO,
cloud composition, and used the cloud absorption cross-sections
fromref. 135. The priors adopted for each model parameter are listed
in Supplementary Table 6. Posterior sampling was performed using
pymultinest'®,

The HyDRA retrieval again recovers a thermal inversion for the
dayside and a cooling PT profile for the nightside. On the dayside,
decisive detections are made for COwith In3B,, = 78.7 (12.80), SiO with
InB,¢ = 17.5 (6.20) and H,0 with In3,, = 13.4 (5.50). The inferred loga-
rithmic VMRs for CO and SiO on the dayside are —2.17753> dex and

—3.17103 dex, respectively, while the logarithmic VMR for the deep

atmosphere H,0 is found to be —4.24*03; dex. We caution that the
inferred SiO abundance may be biased, as it was assumed to be uniform
in pressure, but in reality should be thermally dissociated (Fig. 2). On
the nightside, the detection significance for CH, is found to be
InB,, = 3.3 (3.10), with an inferred logarithmic VMR of —2.05 57, dex.
However, we also ran a separate retrieval analysis for the nightside
spectrumwith CH, asthe only opacity source and compared the Bayes-
ian evidence to that obtained for a simple blackbody fit. In this
restricted scenario, HyDRA decisively favours amodel with CH, absorp-
tion overablackbody with InB;, = 31.5(8.10). Plots of the best-fit HyDRA
retrievals withand without each detected molecule are shownin Sup-
plementary Figs.13-16. We additionally find that adilution parameter
isnot statistically justified in either the dayside or nightside retrievals,
norare clouds.

PETRA retrieval. We used PETRA to perform free chemistry retrievals
for the n, =34 spectrum, focusing on characterization of the dayside
atmosphere only. The chemical species we considered were H,0, CO
and SiO. Only the H,0 abundance was allowed to be affected by thermal
dissociation, following asimilar approach to that used in the NEMESIS
and HyDRA free chemistry retrievals. The PT profile was modelled with
the same five-parameter function used in the ATMO, CHIMERA and
HyDRA retrievals. The priors used for each model parameter are listed
in Supplementary Table 7. Posterior sampling was performed using
differential-evolution Markov chain Monte Carlo™*',

Asfor all other dayside retrievals, the inferred PT profile exhibits
astrongthermalinversion (Supplementary Fig. 7). However, the ther-
malinversioninferred by PETRA starts atapressure of ~107 bar, which
ishigherinthe atmosphere than the thermalinversions inferred by the
other retrievals. For the chemical abundances, we obtain logarithmic
VMRS of —2.03}322 dex for CO, —3.1572 dex for SiO and —3.92+32 dex
for H,0. We note that the lower edge of the 68% credible interval (16th
percentile) for the H,0 abundance decreases with increasing pressure
for pressures above approximately 1072 bar. This corresponds to solu-
tions where the thermal dissociation exponent is negative (< 0) and
indicates that the data are not constraining the H,0 abundance for
pressures >1072bar in the PETRA retrieval.

Discussion of the retrieval analyses

Thefour retrievals that considered the n, = 34 spectrum (ATMO, NEM-
ESIS, HyDRA and PETRA) recover dayside PT profiles with thermal
inversions and fit the data with emission features of H,0, CO and SiO.
The exactshapes of the inferred PT profiles differ somewhat and appear
to be correlated with differences in the inferred pressure-dependent
abundances, particularly that of H,0. As shown in Supplementary
Fig.7, NEMESIS and PETRA favour the dissociation of H,O at pressures
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<107 bar, resulting in thermal inversions at lower pressures than those
obtained by ATMO and HyDRA, for which H,0 dissociationis found to
occur at pressures of -1072 bar. These results emphasize how challeng-
ingitcanbetomodel pressure-variable abundances with free chemistry
retrievals in a purely parametric manner, even when constrained by
JWST-quality data. Despite the variation in absolute abundances and
thermalinversion pressures, the inferred C/O, C/Siand O/Siratios are
found to be highly consistent across all the retrieval analyses (Sup-
plementary Fig.17).

Eachof theretrieval analyses that were performed for the n, =18
spectrum (ATMO, NEMESIS, HyDRA and CHIMERA) return nightside
PT profiles that cool with decreasing pressure and find evidence for
CH, absorptionfeatures. The PT profiles and absolute CH, abundances
are in good overall agreement across the retrievals (Supplementary
Fig.7). The one mild exceptionis the CHIMERA retrieval that adopted
the five-parameter PT profile, which finds a low-pressure inversion
thatisnotseeninthe otherretrieval analyses. Asnoted above, because
this inversion occurs at low pressures it only has a minor effect on
the appearance of the emission spectrum. Otherwise, the CHIMERA
five-parameter PT profile broadly resembles those of the other analy-
ses, but shifted to higher pressures. This reflects the relatively low CH,
abundanceinferred by CHIMERA for the five-parameter PT profile (Sup-
plementary Fig.7), which has the effect of moving the photosphere to
ahigher pressure than for the other retrieval models.

In assessing the detection significances for each molecule, we
report the corresponding range of values obtained from the various
free chemistry retrievals: 5.5-13.50 for dayside H,0; 10.8-12.8¢ for
dayside CO; 5.7-6.20 for dayside SiO; and 3.1-5.10 for nightside CH,.
Within these ranges, we favour those detection significances obtained
by theretrieval codes that used the latest line list for the corresponding
molecule (Supplementary Table 2). For H,0, HyDRA uses the HITEMP
linelist of ref. 74, whichisbased onthe earlier abinitiolinelist of ref. 72,
while both NEMESIS and CHIMERA use the more recent ExoMOL line
listof ref. 73. For CO, NEMESIS uses the ExoMOL line list of ref. 79, while
HyDRA and CHIMERA use the earlier HITEMP line list of ref. 74. For SiO,
HyDRA uses the latest ExoMOL line list of ref. 82, which superseded the
earlier line list of ref. 81 used by NEMESIS. For CH,, CHIMERA uses the
recent HITEMP line list of ref. 78, whereas NEMESIS and HyDRA use the
earlier ExoMOL line lists of refs. 75-77. On the basis of these line lists,
our favoured detection significances are therefore 13.50 for dayside
H,0 (NEMESIS), 10.8¢ for dayside CO (NEMESIS) and 6.2¢ for dayside
SiO (HyDRA). For nightside CH,, we favour the detection significance
of4.70fromthe CHIMERA retrieval performed with the five-parameter
PTprofile,whichgaveahigher Bayesianevidence (Inz; = —=190.39 + 0.08
than the three-parameter (Inz; = —192.72 + 0.07) and six-parameter
(Inz; = —191.56 + 0.06) PT profiles.

We note that the lowest detection significance of 3.1¢ obtained
for nightside CH, by the HyDRA retrieval may be overly conserva-
tive. Higher detection significances of 5.10 and 4.9¢, respectively,
were obtained by the CHIMERA and NEMESIS retrievals for the same
six-parameter PT profile adopted by HyDRA. We suspect that the dif-
ference in detection significances may be due to HyDRA using the
early ExoMOL line lists of refs. 75,77 for CH,, whereas NEMESIS uses
the expanded ExoMOL line list of ref. 76, and CHIMERA uses the more
recent HITEMP line list of ref. 78, which (unlike the ab initio ExoMOL line
lists) is largely based on experimental data. Differencesin the adopted
H,0 line list could also potentially affect the inferred CH, detection
significance, given that H,0 and CH, have broad features at similar
wavelengths within the G395H passband. As noted above, NEMESIS and
CHIMERAboth use the H,0 linelist of ref. 73, which is more recent than
thelinelist of ref. 74 used by HyDRA. Indeed, the dayside H,O detection
significance obtained by NEMESIS (13.50) is considerably higher than
thatobtained by HyDRA (5.50), as would be expected if the H,O line list
used by NEMESIS is better suited for the conditions of the WASP-121b
atmosphere than the older line list used by HyDRA. Furthermore, the

fact that NEMESIS obtains lower detection significances than HyDRA
for the other molecules (that is, CO and SiO on the dayside) demon-
strates that NEMESIS does not systematically overestimate detection
significances relative to HyDRA.

In addition to the formal detection significances, there are sev-
eral other reasons that we favour nightside models including CH,.
First, when CH, is removed from the free chemistry retrievals (NEM-
ESIS, HyDRA and CHIMERA), athermalinversion at pressures >107 bar
isrequired toreproduce the observed nightside spectrum with emis-
sion features of H,0 and CO. A thermal inversion this deep in the
non-irradiated nightside atmosphere is not expected, on the basis of
state-of-the-art GCM simulations (Extended DataFig. 5). It would also
beintension with HST measurements that have previously revealed
adecreasing PT profile on the nightside of WASP-121 b*. Second, the
inference of anatmospheric C/0 = 0.92*39from the dayside spectrum
(ATMO) isarobustresult (Fig. 3). With an atmospheric C/O ratio this
high, equilibrium chemistry predicts alogarithmic VMR above -4 dex
for CH, at the temperatures of the nightside (Extended Data Fig. 4),
whichisbroadly consistent with the abundancesinferred by the free
chemistry retrievals (Supplementary Fig. 7). Although horizontal
quenching of CH,-poor gas from the dayside could in principle domi-
nate the nightside composition, this nonetheless demonstrates that
the CH,abundances we have inferred are physically plausible. We also
reiterate that we did allow for dayside contamination of the n, =18
spectrumusing two approaches: including adilution factor as afree
parameter (HyDRA and CHIMERA) and by explicitly modelling
the dayside contribution (NEMESIS). The evidence for CH, and a
decreasing PT profile on the nightside persists with both of these
approaches.

We do not make a statistically significant detection of CO on the
nightside, despite equilibrium chemistry predicting a CO abundance
that is comparable to the CH, abundance (Fig. 2 and Extended Data
Fig. 4). This is because the abundance-weighted CO opacity is only
higher than that of CH, within narrow line cores across the -4-4.5 pm
wavelength range. At the spectral resolution of the nightside data, the
corresponding opacity enhancement provided by CO over CH, is quite
modest (Extended Data Fig. 3) and we find that the inclusion or exclu-
sion of CO has only a minor effect on the spectrum relative to the
measurement uncertainties (Fig. 1). In particular, when we simply
switch off the CO opacity in the best-fit ATMO model shown in Fig. 1,
the x?increases from 370.6 to 372.4, corresponding to a negligible 2
increase from 1.087 to 1.092. Consequently, the nightside CO abun-
danceis only weakly constrained by the free chemistry retrievals, while
the CO abundance displayed in Fig. 2 primarily reflects the chemical
equilibrium constraintimposed for the ATMO retrieval.

We also do not find evidence for clouds on the nightside of WASP-
121 b, based on the Bayes factor computed from the HyDRA retrievals
performed with and without clouds, as well as the lack of cloud con-
straints obtained by NEMESIS. This is despite the inferred nightside PT
profile crossing numerous condensation curves of refractory species
(Fig. 2), including silicates, which are expected to be the dominant
source of cloud opacity on the hot nightsides of planets like WASP-
121 b". However, as noted in the main text, our non-detection of clouds
doesnotnecessarily imply the absence of nightside clouds. In particu-
lar, the inferred PT profile for the nightside hemisphere crosses the
MgSi0,, Mg,Si0, and SiO, condensation curves at pressures of -1 bar,
whereas the dataare only sensitive to pressures below ~-10™ bar (Fig. 2
and Extended Data Fig. 6). It therefore remains possible that a thick
cloud layer composed of silicates and/or other refractory species, such
asFe, is present on the nightside of WASP-121 b at pressures >10 bar.

Stellar abundances and relative planetary abundances

We derived photospheric and fundamental stellar parameters for the
WASP-121 host star using the algorithm described in ref. 138. For our
isochrone fitting, we included multiwavelength photometry from
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the UV to the near-infrared: Tycho-2 BT and VT*’, Gaia Data Release 2
(DR2)*°" the G, ], H and Ks bands from the Two Micron All Sky Sur-
vey All-Sky Point Source Catalog'** and the W1and W2 bands from the
Wide-field Infrared Survey Explorer AIIWISE mid-infrared data*>'*, We
alsoincluded the Gaia DR3'* parallax-based distance to the WASP-121
system'. Weincluded the extinction A, inference based on 3D maps of
extinction in the solar neighbourhood from the Structuring by Inver-
sion the Local Interstellar Medium programme'75°,

For the spectroscopic-based inferences, we used the equivalent
widths of Fe 1and Fe 11atomic absorption lines. The equivalent widths
were derived from a spectrum of the WASP-121 host star measured with
the ESPRESSO instrument onthe Very Large Telescope. The spectrum
is available from the European Southern Observatory archive under
programme ID 106.21QM.00L. It was taken on 2021 September 6 and
has a signal-to-noise ratio of -150 at 5,000 A. To measure the equiva-
lent widths, we used the splot task of IRAF (IRAF is distributed by the
National Optical Astronomy Observatory, which is operated by the
Association of the Universities for Research in Astronomy, Inc. under
acooperative agreement with the National Science Foundation). The
atomic dataand measured equivalent widths foreachline arereported
inSupplementary Table 8. We adapted the atomic datafromref. 151and
assumed photospheric solar abundances fromref. 152.

We used theisochrones package™’ to fit the MESA Isochrones and
Stellar Tracks™* " library to our photospheric stellar parameters, as
wellas ourinput multiwavelength photometry, parallax and extinction
datausing pymultinest'”. Further details of our approach are provided
inref. 138. The adopted stellar parameters are givenin Supplementary
Table9.

WeinferredelementalabundancesofC1,01,Na1,MgL,AlLSi1,S1,KI,
Car,Sci Til,VL,Cr1,Crii,MnLFeL,Fe11,CoI,NiL,Cul,Zn11, YIL Zr 11,
Ba1i, Ce 11, Nd 11and Sm 11 using the equivalent-width method, includ-
ing isotopic/hyperfine splitting details where needed. We measured
the equivalent widths by fitting Gaussian profiles with the splot task
inIRAF. We also used the deblend task to disentangle absorption lines
from adjacent spectral features whenever necessary. We assumed
the solar abundances of ref. 152 and local thermodynamic equilib-
rium (LTE) and used the 1D plane-parallel solar-composition MARCS
model atmospheres™’ and the 2019 version of the LTE radiative transfer
codeMOOG"*toinfer elemental abundances based on our equivalent
widths. Our abundance inferences and uncertainties are reported in
Supplementary Table 10. Where possible, we updated our elemental
abundances for departures from LTE by linearly interpolating pub-
lished grids of non-LTE corrections. Specifically, non-LTE corrections
taken from the tables of refs. 159-162 were applied to the carbon,
oxygen, aluminium, calcium, silicon, potassiumand ironabundances.

We highlight the stellar abundances derived for C1,O1and Si 1
in particular, with reference to the abundances in the standard A(X)
format. Here A(X) =logN,/N, + 12, where Ny is the number density
of species X and N, is the number density of hydrogen. The non-LTE
(LTE) abundances we obtain are: 8.527 + 0.050 (8.545 + 0.050) for C 1;
8.855+0.024 (9.238 + 0.037) for O 1; and 7.696 + 0.097 (7.711 £ 0.097)
for Si1.The non-LTE and LTE abundances are consistent to well within
the 1o uncertainties for both C1and Si 1. However, the non-LTE abun-
dance for O Iis significantly lower than the LTE abundance. This results
inanupward revision of the stellar C/O ratio from 0.203 + 0.050 (LTE)
t00.470 £ 0.061 (non-LTE). As an aside, we note that our LTE C/Oratio
is consistent with the value of 0.23 £ 0.05 reportedin ref. 163.

To compute elemental ratios for the planetary atmosphere relative
to those of the host star, we used the ATMO posterior samples shown
in Fig. 3 for the planet abundances and randomly drew stellar abun-
dances from normal distributions that had means and standard devia-
tions set to the non-LTE values listed in Supplementary Table 10. We
find thatthe C/H, O/H, Si/H and C/Oratios of the planet normalized to
the equivalent ratios of the host star are greater than the following
values at >99.99% probability: (C/H)/(C/H), >11.92, (O/H)/(O/H), > 7.27,

(Si/H)/(Si/H), >2.49 and (C/0)/(C/0), >1.63. The corresponding medi-
ans withuncertainties reflecting the 68% credible intervals (16th-84th
percentiles) are: (C/H)/(C/H), = 23.967$% , (O/H)/(O/H), = 1219375,
(Si/H)/(Si/H), = 9.8975 5 and (C/0)/(C/0), = 1.96*011. We also find that
the volatile/refractory ratios of the planet normalized to the host star
areless thanthe following values at >99.99% probability: (C/Si)/(C/Si),
<8.07, (0/Si)/(0/Si), <4.02 and ((C + 0)/Si)/((C + O)/Si), <5.24. The

corresponding 68% credible intervals are (C/Si)/(C/Si), = 2.3075%,

(0/Si)/(0/Si), = 119705, and ((C + 0)/Si)/((C + 0)/Si), = 155797

Accretion of rocky material

We can use the Si/H enrichment of the planetary atmosphere relative
to the host star to estimate the quantity of rocky material that WASP-
121 b accreted following its formation. If we assume that the planet’s
primordial atmospheric envelope has Si/H equal to that of the host
star,andis then enriched by silicon through the subsequent accretion
of rocky material, then:

nSi,env/nH,env = nSi,*/nH,* + nSi,s/nH,env’

where ng; ., is the total number of silicon atoms in the atmospheric
envelope, ny, ., is the total number of hydrogen atoms in the atmos-
phericenvelope, ng; ,/ny, , is the ratio of silicon atoms to hydrogen atoms
in the host star and ng; . is the number of accreted silicon atoms. Note
that the above formula implicitly assumes that the accreted silicon is
mixed throughout the entire atmospheric envelope.

The number of hydrogen atoms in the atmospheric envelope is
givenby:

NA fH (Mp - Mcore)

Ny eny = e

where N, is Avogadro’s constant, f,,is the hydrogen mass fraction for the
envelope and p, is the molar mass of hydrogen. We have also assumed
that M, =My, + My, Where M, is the mass of the core and M., is the
mass of the atmospheric envelope.

Combining the above, we derive the following expression for the
number of accreted silicon atoms:

P NAfH(Mp — Mcore) [(ﬁ _(E) ]
Sie Hu M ey \Mu /4]’

Tocalculateng;., wetake (n;/ny),,, = 4917155 ppm (nsi/ny), = 50 ppm

and M, = 1.2M)(where M, is the mass of Jupiter) from our measurements
reported above, as well as the standard values for N, (6.022 x 10
atoms mol™) and g, (107 kg mol ™). We also assume M, = 15 M, based
on the estimate of Jupiter’s core mass'®*, and f;, = 75%, based on the
approximate hydrogen mass fraction of Jupiter’s atmosphere'®. With
these input values, we obtain ng . =1.63 x 10°° atoms of silicon added
to the envelope of WASP-121 b by the accretion of rocky material.

If we further assume that the rocky material has an Earth-like
composition, we can translate this number of accreted silicon atoms
to an equivalent number of Earth masses of rocky material. The esti-
mated silicon mass fraction for the bulk Earth is 16% (ref. 166). Given
that Earth has a mass of 5.9723 x 10%* kg, this equates t0 9.5557 x 102 kg
of siliconinthe Earth. Adopting u1g; = 0.028 kg mol™ for the molar mass
of silicon, the total number of silicon atoms in the Earth then works out
to be approximately ng; o = 2.06 x 10*. Therefore, we estimate that
nsie/nsi g = 2124, , implying that the accretion of approximately
15-33 Mg of rocky material with an Earth-like composition can explain
the silicon enrichment we have measured for the atmosphere of
WASP-121b.

Asnoted above, this calculation assumes that the planetary enve-
lope started out withasilicon enrichment equal to the host star. How-
ever, the gas accreted by the planet at formation may have been
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depleted in silicon, as silicon would have condensed out of the gas
phase throughout the protoplanetary disk®**. If we repeat the above
calculationassuming that all of the silicon observed in the atmosphere
was acquired through the accretion of rocky material by setting
Ng; env/ My eny = Nsi o/ My enys then we estimate the quantity of accreted rocky

material to be ng;./ng, g = 23.7%¢, Or approximately 17-36 M.

Other wavelength-dependent quantities of interest
Supplementary Fig. 18 shows the atmospheric transmission spectrum
of the day—-night terminator region given by the inferred values for
R, as a function of wavelength. The data exhibit a downward slope
between 2.75 um and 4 um, then increase sharply and peak at around
4.5-4.8 um, before dropping off again towards longer wavelengths.
These wavelength-dependent variations in the transmission spectrum
indicate that the data are precise enough to identify key absorbing spe-
cies at the day-night terminator. Predictions from models published
inref.1and ref. 167 are also shown in Supplementary Fig. 18, both of
which werefitted to optical and near-infrared data obtained with HST.
Neither model providesagood fitto the longer-wavelength JWST data.
Further analysis of the transmission spectrum will be presented in an
accompanying paper'®,

Wavelength-dependent values for u; and u,, AT, ;,yand Ag are also
showninSupplementary Figs.19-21. We find that the posterior values
for u; and u, closely match the exoTiC-LD priors. For AT, ;,;and A¢, we
donotseeany clearevidence for variations as afunction of wavelength
that can easily be explained. A flat line fitted to the AT, ;; values gives
X2 =1.00,aswould be expectedif there are no wavelength-dependent
variations. However, a higher x2 = 1.74 is obtained when a flat line is
fitted to the Ag values, indicating possible evidence for
wavelength-dependent variations that should be investigated further
infuture studies.

Data availability

The data used in this paper are associated with JWST programme
G.0.1729 (P.I,, T.M.E.-S; co-P.l., K.T) and are publicly available via
the Mikulski Archive for Space Telescope at https://mast.stsci.edu.
The specific observations analysed can be accessed via the Mikulski
Archive for Space Telescope at https://doi.org/10.17909/6qnn-6j23
(ref.169). Data products derived in thiswork are available viaZenodo at
https://doi.org/10.5281/zenodo0.14728976 (ref. 170).

Code availability
The codes used in this Article to extract, reduce and analyse the data
are as follows: FIREFly*’, ExoTIC-LD%, starry*°, emcee®, MultiNest'**,
PyMultiNest'?, astropy""""?, matplotlib'?, numpy'”*, pandas'”, scipy"®,

ATMO®*"%*, NEMESIS®*°, HyDRA®*"°, PETRA”', CHIMERA® and Eureka!”".
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phases coinciding with the primary transit and secondary eclipse. b, View of the
WASP-121 system projected onto the sky plane as it would appear from the solar
system. ¢, Gallery of planetary phases with corresponding phase bin numbers (n,).
Two phases immediately before and two phases immediately after secondary
eclipse were covered at both the beginning and end of the observation.

Nature Astronomy


http://www.nature.com/natureastronomy

Article https://doi.org/10.1038/s41550-025-02513-x

—— Median fit

lees  $=0.562

FolF«

3 4 5 3 4 5
Wavelength (um) Wavelength (um) Wavelength (um) Wavelength (um) Wavelength (um) Wavelength (um)

3 4 5

Extended Data Fig. 2 | Emission spectra measured for all phase bins. Phases (¢) dayside and nightside components inferred by the NEMESIS retrieval analysis of
arelisted at the top of each panel. Grey circles show median values and error bars the ny =18 (¢ = 0.937, panel with blue border) and n, = 34 (¢ = 0.438, panel
indicate 1o uncertainties based on n = 5,000 posterior samples. Purple lines withbrown border) spectra.

show the emission spectra predicted at each phase from aweighted sum of the

Nature Astronomy


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-025-02513-x

o CHy O o

— CHa4

35 40 45 50
Wavelength (um)

25 3.0

55 6

o

(]

log1o[ P (bar) ]

Si_OCO

01 H20

1

H20

2.0 745 3.0 3.5 4.0 4.5 5.0

Wavelength (um)

5.5 6.0

o o o
iS o o

normalized contribution

S
N}

0.0

o o o
ES o ©

normalized contribution

S
N}

Extended Data Fig. 3| Atmospheric opacities. a, Contribution function for
the nightside atmosphere derived from the ATMO retrieval. The wavelength-
dependent peak of the contribution function exhibits the spectral signature of

CH,, which dominates the nightside opacity in our model. b, Solid lines show the

abundance-weighted absorption cross-sections for key chemical species at a

T

Abundance-weighted

o

Abundance-weighted
cross-section (cm2/mol)

cross-section (cm2/mol)

10-22

10-2¢

10-26

10-28

10-30

1160.9 K)

Black Body Flux (T

2900.4 K)

Black Body Flux (T:

3.0

Wavelength (um)

3.5 4.0

pressure of 30 mbar from the best-fit ATMO model for the nightside. Dashed grey
line shows a blackbody emission curve for the retrieved temperature at the same
pressure level. ¢, Contribution function for the dayside atmosphere derived from
the ATMO retrieval, exhibiting features of H,0, SiO, and CO.d, The same as b for
the dayside.

Nature Astronomy


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-025-02513-x

Extended Data Fig. 4 | Nightside equilibrium chemistry abundances. Solid
blue lines show the pressure-dependent abundances predicted by equilibrium
chemistry fora, CH,, b, H,0, and ¢, CO, assuming the nightside PT profile derived
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from the ATMO retrieval and C/O = 0.92. Dashed orange lines show the same,
but for C/O = 0.55. Grey shading indicates the approximate pressures probed by
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