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Characterizing rocky exoplanets is a central aim of astronomy, and yet the search for

atmospheres on rocky exoplanets has so far resulted in either tight upper limits on
the atmospheric mass' or inconclusive results* . The 1.95R.,,., and 8.8 M., planet
55 Cancri e (abbreviated 55 Cnc e), with a predominantly rocky compositionand an
equilibrium temperature of around 2,000 K, may have a volatile envelope (containing
molecules made from acombination of C,H, O, N, S and P elements) that accounts
for up toafew percent of its radius’ ™. The planet has been observed extensively with

transmission spectroscopy

“4223nd its thermal emission has been measured in broad

photometricbands*. These observations disfavour a primordial H,/He-dominated
atmosphere but cannot conclusively determine whether the planet has asecondary
atmosphere??, Here we report a thermal emission spectrum of the planet obtained
by the NIRCam and MIRIinstruments aboard the James Webb Space Telescope (JWST)
from 4 to 12 um. The measurements rule out the scenario in which the planetis alava
world shrouded by a tenuous atmosphere made of vaporized rock?®**and indicate a
bonafide volatile atmosphere that is probably richin CO, or CO. This atmosphere can
be outgassed from and sustained by amagma ocean.

Using the JWST, we observed the secondary eclipse of 55 Cnc e (that
is, when the planet passes behind the star) using NIRCam grism time
series with the F444W filter on 24 November 2022 and another second-
ary eclipse with MIRI low-resolution spectroscopy on 24 March 2023.
Owing to the brightness of the star (my = 4.0), we used two groups
per integration for the NIRCam observation and five groups per inte-
gration for the MIRI observation. None of the integrations of the NIR-
Cam observation are saturated and the pixels on the MIRI detector
for wavelengths between 5.0 and 6.0 um are saturated at the second
group (thatis, fully saturated) and those for wavelength between 6.0
and 7.7 um are saturated between the third and fifth groups (that is,
partially saturated). We ignored the fully saturated pixels but made
efforts to recover the partially saturated pixels.

The NIRCam data were analysed by four independent teams with
different pipelines (Methods). We removed 1/f noise (the correlated
read noise that affects dataacross awide range of timescales with al/f
power spectrum®) with a row-by-row subtraction based on the unil-
luminated part of the detector and found that the procedure greatly
reduced the scatter of the light curve. The extracted white-light curves
of the NIRCam observation have a substantial decreasing trend and
we applied various ways to correct for this trend in the independent
analyses, including the typically used exponential and linear ramps,

detrending against the focal plane array housing temperature and
with or without detrending against the spectral trace positions on the
detector. All methods were able to effectively remove the decreasing
trend but substantial correlated noise (on the order of 100 ppm and
withasemiperiodic timescale of 1 h) remainedinthelight curve (Fig.1).
We could not determine the origin of this correlated noise, which could
be unknowninstrument systematics or astrophysical noise (for exam-
ple, stellar supergranulation®*). We divided the spectroscopic light
curves by the white-light curve and found that the correlated noise
was substantially reduced, implying its achromatic nature (Extended
DataFig.1). Onthe basis of the relative spectroscopic light curves, we
derived arelative eclipse depth spectrum and then allowed an arbitrary
absolute eclipse depth in the interpretation (Fig. 2). The shape of the
relative eclipse depth spectrum is consistent with the spectral shape
from direct fitting to the spectroscopic light curves, minus an offset,
indicating the validity of our approach (Extended Data Fig. 1).

The MIRI data were analysed by twoindependent teams, notably with
different ways torecover the partially saturated pixels and correct for
detector nonlinearity (Methods). We found that the spectral trace on
the detector shifted substantially in the spatial and spectral directions
nearly coincidentally with the eclipse, and—without correcting for the
drift—the derived eclipse depth would be nearly zero. With a linear
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Fig.1|White-light curves of the secondary eclipses of 55 Cnce. a, Detrended light curves of NIRCam observations. b, Detrended light curves of MIRI
observations.c,d, Residuals of the light curvesfitting toan eclipse model. Theerror bars correspond to 1o.

decorrelationagainst this drift, the eclipse is recovered by both analy-
ses. Toensure that the decorrelation was not biased by any correlation
betweenthe eclipse and the drift, we also estimated the decorrelation
coefficients after masking the data taken during the eclipse and found
thatthey were consistent with the values derived from the full dataset.
The two analyses produced consistent results (Extended Data Fig. 2)
andthelevel of correlated noise in the MIRIwhite-light curves ismuch
smaller than that of NIRCam, allowing for precise measurement of the
eclipse depth (Fig. 1) and spectrum (Fig. 2).

Onthebasis of the white-light curve at 6.3-11.8 pm (integrating the
spectral channels that do not contain fully saturated pixels), we meas-
ured an eclipse depth of 110*%_, ppm. The eclipse depth excluding the
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shadow region from10.5 to 11.8 um (ref. 35) is 1125_, ppm. Using the
stellar spectrum also measured in the same observation, we obtained
abrightness temperature of 1,796 + 88 K. This brightness temperature
isby 8olower thanthe temperature for zero albedo and zero heat redis-
tribution (2,511 + 26 K), which is expected and typically measured for
airless rocky exoplanetsin the thermal infrared'>°. Factoringin a10%
stellar flux measurement bias could reduce the discrepancy to 6.60.
Ahigh-albedo surface (Bond albedo > 0.5) could make the brightness
temperature consistent with the measured value within 30. However,
such a high-albedo surface is inconsistent with the albedo of molten
silicates® or TESS and CHEOPS observations of the planet in visible
light %, Realistic scenarios for a molten lava surface, which would
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Fig.2|Thermal emissionspectrumof55Cnce. a, Thermal emissionspectrum
of 55 Cnc e, overlying the best-fit modelsif the spectrum of the planetisa
blackbody orifthe planet has a CO,-N,, CO,-CO or CO-only atmosphere with
varied composition and pressure-temperature profiles. Model results binned
to the same wavelength channels as the MIRI data are shown as coloured points.
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Theerrorbarscorrespondtolo.b, Posterior distributions of spectral retrievals
assuming N, (blue) or CO (red) as the background gas and the volume mixing
ratio (VMR) of CO, as afree parameter. The full posterior distributions and
sample pressure-temperature profiles are shownin Extended Data Fig. 5.



200

180

160

= 140

pm

(o}
= 120

—
o
o

o]
o

Eclipse depth

60 |
40

20

0 1 1 1 1

3 4 5 6 7

— Lava world with vaporized rock, 2 = 202
Magma ocean-atmosphere models
— Earth volatile content, fO, = IW-4, y2 = 30
1% Earth volatile content, H-poor, fO, = IW, x? = 30

Grid fitted atmosphere models
— N,-CO,-CO, C/0 =0.5, 72 =36
— CO-H,~N,, C/0O=1,42=32

8 9 10 11 12
Wavelength (um)

Volatile atmosphere models with enhanced outgassing of rock-forming elements

N,~CO, 2 = 101

Fig.3|Self-consistent atmosphere models of 55Cnce. The NIRCamrelative
eclipse depthsare offset to amean depth of 60 ppm. Previous Spitzer
measurements® are shownin grey. The dashed black lines are blackbody
models at the temperaturesindicatedinthe plot. The vaporized-rock model
was simulated using the rocky composition that corresponds to the bulk
silicate Earth; using other plausible rock compositions resultsin qualitatively
similar results (Extended DataFig. 7). The atmosphere models are simulated
eitherinaparameter exploration of C-H-O-N-S-P elemental abundances or
with the assumption of volatile equilibrium with an underlying magmaocean.

include a tenuous rock-vapour atmosphere in equilibrium® have

eclipse depthsin MIRI wavelengths that far exceed the measurements
(Fig.3and Extended DataFig. 7). The brightness temperature measured
thusindicates that there mustbe heatredistribution occurringonthe
planet, consistent with the indication of previous Spitzer observa-
tions?*#. The molten lava cannot provide effective heat redistribution
onaplanetashotas55 Cnc e (ref. 41) and the heat redistribution is most
readily provided by a substantial atmosphere*.

We fit the thermal emission spectrum of 55 Cnc e in 4-12 pm with a
Bayesianretrieval framework that statistically samples awide range of
pressure-temperature profiles and atmospheric molecular composi-
tions (Methods). We allowed the absolute eclipse depthin the NIRCam
bandpass to vary freely, accounting for not only the correlated noise
in the NIRCam observation but also possible variations in the overall
planet brightness over the 4 months between the NIRCam and MIRI
observations. We first fit the data with a blackbody to establish the
null-hypothesis baseline and then carried out model fits that include
H,0, CO, CO,,N,, 0,,S0,0r SiO as asingle-gas or binary-mixture compo-
sitionto determine the gainin Bayes evidence (Methods). Amongthese,
using CO,as asingle-gas composition (for varied pressure-temperature
profiles and surface pressures) and binary mixtures between CO,, CO
andN, resultinmodels that are preferred over the null hypothesis by >3¢
when using the NIRCam dataset only and >20 when using the NIRCam
and MIRI datasets together (Methods). Excluding the MIRI data points
from the shadow region does not substantially affect this preference.
Thebest-fit models with a CO or N,background atmosphere indicate an
atmosphere 0f10°-10” Pa (or 0.01-100.00 bar) that contains >10~° CO,
by volume mixing ratio (Fig. 2 and Extended Data Fig. 5). The correla-
tion between the volume mixing ratio of CO,and the surface pressure
indicates that the spectral modulation observedin 4-5 um constrains

The models shown are selected from those that provide adequate fits to the
data. The volatile atmosphere models with enhanced outgassing of rock-
forming elements can cause substantial changesin the eclipse depth and

the emission spectra. The models are smoothed to R =100 for the clarity of
illustration. Model results binned to the same wavelength channels as the MIRI
dataare shownas coloured points. The oxygen fugacity (fO,) describes the
redox condition of the magma and fO, = IW-4 means a condition more reduced
thantheiron-wustite (IW) buffer by four orders of magnitude. The full sets of
atmospheric models are described in Methods and Extended Data Figs. 8 and 9.

the column density of CO, inthese models. The posterior distribution of
CO, has atail towards small mixing ratios if CO is assumed as the back-
ground gas, indicating that a CO-only scenario is also allowed. Taken
together, the spectral feature observedin4-5 umisbest described by
the absorption of CO, or CO in the atmosphere of the planet.

Tofurther study the range of physically plausible atmospheres onthe
planet, we calculated two sets of self-consistent atmospheric models
and compared them with the measured spectrum. In one set of models,
we simulated about 3,500 self-consistent atmospheric chemistry and
radiative transfer models* to explore varied C-H-O-N-S-P abun-
dancesinanassumed200-bar atmosphere. The best-fit models centre
around CO,-richatmospheres (regardless of the background compo-
nent) and CO-dominated atmospheres, consistent with the retrieval
results (Fig. 3 and Extended Data Fig. 8). The presence of H,0, SO, or
PH;couldimprove thefit to the spectralmodulationin4-5 puminsome
cases. Inthe other set of models, we assumed an atmosphere in volatile
equilibrium with the underlying magma ocean****, The overall C-H-N-S
content of the atmosphere-magma system and the redox condition
of the magma then control the atmospheric size and composition*.
Despite the intense stellar irradiation and fast hydrodynamic escape,
theatmospherebuffered by the magma oceanis sustained by the overall
volatileinventory of the planet, whichis hard to be completely removed
by atmospheric escape (see Methods). With an Earth-like C-H-N-S
abundance, we found that the resulting emission spectra can readily fit
the data (Fig.3). The magma ocean of awide range of redox conditions
maintains a CO-rich atmosphere with a CO, mixing ratio ranging from
10"to10* (Extended DataFig. 9), which is remarkably consistent with
the preferred scenarios by spectral retrievals.

A secondary atmosphere can also explain the variability in the
thermal emission of the planet suggested by the earlier photometric
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measurements by Spitzer in the 4.5-pm band?*?. Although this vari-
ability can be attributed to the formation and dissipation of a tran-
sient atmosphere*®, a change in the composition of the atmosphere
(for example, heating of the upper atmosphere owing to injection of
shortwave absorbers such as Na, K, Mg, MgO and SiO) can also cause
the pressure-temperature profile to become more isothermal or
even inverted (Fig. 3 and Extended Data Fig. 8). As a consequence,
the absolute eclipse depth could change and the absorption features
in 4-5 pm can vanish or even become an emission feature over short
timescales. Also, short-lived clouds fuelled by condensable materials
released from the magma ocean could temporarily raise the infrared
photosphere and decrease the thermal emission of the planet. Future
observations with the JWST and other observatories will help further
understand the atmosphere and its interaction with the surface and
interior of this intriguing rocky planet.
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Methods

Dataanalysis - NIRCam

Eureka! - reduction 1. We reduced the NIRCam data using the JWST
Science Calibration Pipeline (jwst*®) and Eureka!*’, with a few custom
steps that we describe here. Starting from the uncal.fits files, we ran
the default steps of jwst up to the dark current subtraction step. 1/f
noise is anotable source of noise in NIRCam data, particularly in the
case of bright objects such as 55 Cnc (ref. 33). This electronic noise
causes correlations in the fast-read direction (that is, along detector
rows in NIRCam). After running the dark current step, and to mitigate
thel/fnoiseinour data, we performed arow-by-row subtractionatthe
group level using the median of the first 650 pixelsineach row. These
pixels are not illuminated by the star and therefore provide arough
estimate of some of the correlated noise introduced during readout.
We then fitted the ramps and performed the remaining default jwst
calibration steps.

We fed the calibrated files (calints.fits) into Eureka!’s stage 3. We
trimmed out the lowest four rows, which are reference pixels, and
we extracted columns in the range 850-1,945. We then corrected the
curvature of the spectral trace by vertically shifting each column by
awhole number of pixels. We performed a column-by-column back-
ground subtraction using the average value of the pixels located at
least 23 pixels away from the source, rejecting 7o outliers along the
temporal and spectral axes. We extracted the optimal spectrum using
an aperture region with a half-width of 6 pixels and a spatial profile
constructed using the median frames. We computed the white-light
curve by binning the data in the 3.940-4.990-um range. To generate
the spectroscopic light curves, we binned the spectra into 21 bins of
equalwidth. The number of bins is acompromise between the spectral
resolution and having bins that are wide enough to divide each channel
by the white-light curve (see next paragraph).

The light curves are dominated by a downward ramp and time-
correlated noise. We attempted two different methods to derive the
emission spectrum of 55 Cnc e. Inthe first method, we fitted the white
and each spectroscopic light curve using a batman® eclipse model,
with the eclipse depth as a free parameter, multiplied by an exponen-
tial ramp and a linear polynomial. The detrended white-light curve is
shownin Fig. 1. We also included a white-noise multiplier to scale the
error bars according to the scatter of each light curve. The following
parameters were kept fixed during the fits: orbital period and transit
time (according toref. 21); planet radius, orbital inclination and scaled
semimajor axis (according to ref. 11); and eccentricity and argument
of periastron (0° and 90°, respectively). We trimmed the first 20 min
of data.

Inthe second method, we divided each spectroscopic light curve by
the white-light curve and we integrated the flux during the predicted
time of the eclipse to produce arelative emission spectrum. The corre-
lated noise s fairly consistent between the white and the spectroscopic
light curves. Asaconsequence, dividing by the white-light curve greatly
reducesthe correlated noise. We boosted the error bars of each result-
ing light curve to match the root mean square (r.m.s.) of the residuals
relative to a linear fit. The light curves were trimmed such that the
baselines before and after eclipse have equal durations and therefore
our measurements of the relative eclipse depths are insensitive to any
linear trends in time.

Eureka! - reduction 2. We conducted datareduction using the Eureka!
pipeline*, with a few modifications at the initial stages of reduction. In
theinitial phase of data calibration, arow-by-row subtraction technique
wasimplemented to eliminate correlated 1/fnoise presentin the data-
set. Thisinvolved determining the median value of background pixels
in each row and subtracting this value from the entire corresponding
row. The remainder of the first two stages of data calibration followed
the Eureka! procedure.

During stage 3, the median value of background pixels was sub-
tracted, specifically from rows 5-23 and 46-64, effectively reducing
noiseinthelight curves. The subsequent stage involved the extraction
of rows 26-43 and columns 740-2,040. In the fourth stage, these data
were used by the Eureka! pipeline to generate white and spectroscopic
light curves in the wavelength range 3.9365-4.9265 pm. A set of 30
spectroscopiclight curves were created, followed by a process to elimi-
nate outliers outside the 4o rolling median within each spectroscopic
light curve.

An observed declining trend in the light curves over time was
attributed toanincreasein the focal plane array housing temperature
throughout the observation period. At this point, a departure from
the Eureka! pipeline occurred for the purpose of detrending against
this housing temperature. To address this, a power-law fit between
the fluxes and the housing temperature time series was carried out
jointly with the eclipse model fit to the white-light curve. An inverse
correlation between the white-light-curve flux and the focal plane
array housing temperature was observed throughout the observa-
tion period. The fit to the housing temperature time series was also
divided out of each spectroscopiclight curve. This process effectively
removed the declining trend across all light curves. The fitting of the
eclipse depth was then completed for each channel using batman in
conjunction withemcee, with the transit time and orbital period fixed
tothe valuesreportedinref. 21and with the planet radius, inclination
and scaled semimajor axis fixed to the values of ref. 11. We also included
anormalization term to maintain out-of-eclipselevelsat1and ascaling
factor multiplied into the uncertainties to accurately represent any
correlated noise remaininginthe spectroscopiclight curves, bringing
the total number of fitted parameters to 3.

stark. We started our processing with the raw ‘uncal’ data and analysed
them using the jwst pipeline with some changes, such as omitting ‘dark
current’ and ‘flat field’ steps because including themincreased scatter
in the final time series data. Because the data only have two groups
per integration, the jump’ step was redundant. We also skipped the
‘photom’ step, as we are only interested in relative photometry. We
performed background subtractionalong columns and rows toreduce
1/fnoise. Along the columns, we fitted a line to the background pixels
to estimate the background, whereas we simply subtracted the median
ofbackground pixels along the rows. We manually searched for cosmic
rays in the dataset by comparing the median frame with individual
frames andreplaced them with the average of neighbouring pixels. All
such pixels, along with those containing NaN and zeros, were added to
the default bad pixel map produced by the jwst pipeline and ignored
in further steps. We used the centre-of-flux method to find the trace
positioninthe data.

We used an open-source package stark (Spectral exTraction And
ReductionKit) to extract the spectrum from the corrected data. stark
robustly estimates the stellar point-spread function (PSF) by fitting
splinesto the dataand thenusesit to extract the spectrum. Wefitted 1D
and 2D splines as afunction of distance from the trace and wavelength
to the time series data to estimate the stellar PSF, which was thenused to
estimate the spectra. Spectral apertures with half-widths of 9 pixels and
2 pixels were used to compute PSF and extract the spectra, respectively.
We repeated this whole procedure from background subtraction to
spectral extractioniteratively. At the end of eachiteration, the median
static noise for each pixel (defined as the median difference over time
between the dataand the synthetic frame estimated by the best-fit PSF
andspectra) was subtracted from the raw data. We found that only two
iterations were sufficient to robustly estimate the time series spectra.

We then computed the white-light curve by calculating a weighted
average of all spectral channels between 3.8612 and 4.9771 pum. We
usedjuliet™ tofit the light curve, which uses batman®® and dynesty* to
modelthe eclipse signal and to sample posteriors, respectively. As well
astheeclipse signal, we added linear, quadratic and cubic polynomials
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intime to take into account long-term temporal trendsin the data. All
planetary parameters except for eclipse depth and eclipse time were
fixed according to their values fromthe literature™*. Although we used
auniform prior between -500 and 500 ppm on eclipse depth, we put
anormal prioroneclipse time based onref. 39. The eccentricity of the
orbit was fixed to zero. We found the value of the best-fit eclipse depth
tobe 123 + 7 ppm. We then generated spectroscopic light curves by
binning 23 columns (approximately 22 nm), creating 50 spectroscopic
channels. While fitting spectroscopic light curves, we fixed the eclipse
time to the best-fit value from white-light-curve analysis. Except for
this, the analysis was similar to the white-light-curve analysis.

We also computed relative eclipse depth spectra for a one-to-one
comparisonwith spectrafrom different methods. First we generated 30
spectroscopic light curves using the same binning scheme as Eureka! -
reduction 2. We boosted error bars on the white-light curve and spec-
troscopic light curves according to the light-curve scatter, followed by
dividing spectroscopic light curves with the white-light curve. Finally,
wetook theratio between the mean flux inside and outside the eclipse
duration and subtracted it from1to find relative eclipse depths. We
made sure that the baseline onboth sides of the eclipse signalis equal.

SPARTA.SPARTAisanindependent pipeline that does not use any code
from any other pipeline. It was originally developed to analyse MIRI/
LRS dataandisdescribedinref. 53. We adapted SPARTA to analyse the
NIRCamdata obtained for 55 Cnc e. Inthe first stage, we subtracted the
superbias, subtracted the reference pixels, performed nonlinearity cor-
rection, subtracted the dark and fit for the up-the-ramp reads (which,
in this case, amounted to subtracting the first read from the second).
Inthe second stage, we removed the background. We first attempted
to remove 1/fnoise to the maximum extent possible by subtracting
the median of columns 4-600 of each row, from the entire row. We
thenremoved any wavelength-dependent background by subtracting
the median of the background region of each column from the entire
column. The background region was defined to be rows 4-11 (the first
four are reference pixels) and 57-64, that is, the 7 pixels closest to the
top and bottom edges. In the third stage, we performed sum extraction.
We tried the covariance-weighted optimal extraction algorithm? to
mitigate 1/fnoise but did not see any substantial reductionin correlated
noise. Unlike inref. 53, in which we summed the pixels within a prede-
fined rectangular window, in this reduction, we identified the trace
and defined the window based onit. For each column, we fit a Gaussian
to the spatial profile to identify the location of the trace; we then fita
second-degree polynomial to the trace location as afunction of column
number. We used this polynomial to define extraction windows witha
half-width of 6 pixels and took into account partial pixels when sum-
ming the flux within the window. In the fifth stage, we gathered all the
spectra, computed normalized spectroscopiclight curves and masked
>4¢outliersineach spectroscopiclight curve.

Theresulting white-light curve exhibits high variability on approxi-
mately hour timescales (Fig. 1). To obtain the white eclipse depth, we
trimmed the first 30 min and fit the light curve with an exponential
ramp (theamplitude and timescale both being free parameters), alinear
trend, alinear function of the trace positionin both directions and an
eclipse model computed by batman (with the eclipse depth being a
free parameter®™). The model fits poorly, indicating that the eclipse
depth we obtain should be treated with caution. To obtain arelative
eclipse spectrum, we divided the spectroscopic light curves by the
white-light curve, which, as well as the higher noise in the spectroscopic
light curves, made the correlated noise unnoticeable (Extended Data
Fig.1). We thentrimmed the spectroscopic light curves until there was
exactly asmuch databefore the eclipse as after it. The relative eclipse
depth was computed as 1- F;,/F,,., in which F,, is the mean flux in the
eclipseand F, is the mean flux out of the eclipse. Because we used the
same out-of-eclipse baseline before and after the eclipse, any linear
trend was automatically taken out.

We ensured that the final uncertainties of the relative eclipse depths
adequately describe the uncertainties and scatters in the spectroscopic
light curves. Onthe basis of the unbinned relative spectroscopiclight
curves, we calculated ther.m.s. of theresidual (fitting to alinear trend)
and compared it with the mean uncertainty for each spectral channel.
We found that a white error enhancement factor of 1.1-1.5 is neces-
sary and boosted the uncertainty of each data point by this factor. We
then compared ther.m.s. of the residual and the mean uncertainty for
increasing binned sizes to the timescale of the eclipse (Extended Data
Fig.1). We found that they agree with each other very well and con-
cluded thatthe correlated noise isindeed unnoticeablein the relative
spectroscopiclight curves after applying the white error enhancement
factors. We then propagated the factors into the final relative depth
uncertainties.

Data analysis - MIRI

Eureka!. We reduced the MIRI data using Eureka!, with a modification
tothe code that we describe below. Starting from the uncalibrated raw
datafiles, weranstages1and 2 of Eurekal, skipping the jump-detection
step but running all other steps as default. Pixel values above a prede-
fined saturation threshold are flagged by the pipeline and excluded
fromthe ramp fits. After these calibration stages, we trimmed out rows
and columns outside the 139-370 and 12-61 ranges, respectively. We
masked pixels that were flagged as bad during stage 1and we then meas-
ured the spatial position of the spectral trace on the detector in each
integration with a Gaussian fit. We converted the data to electrons
per second using a gain of 3.1 electrons per data number®?, instead of
the default value of 5.5. We subtracted the background from each row
using the mean value of pixels located at least 15 columns away from
the source, excluding Sooutliers along the time and spectral axes. We
applied the outlier-rejection technique to the full frame rather than
just the background region.

We performed optimal extraction using an aperture region with a
half-width of 5 pixels and a 60o threshold for outlier rejection and we
used the non-smoothed medianimage as the spatial profile. After visu-
allyinspecting the data, we masked two bad-pixel columns. We binned
the databetween 6.278 and 11.759 um to extract the white-light curve
and produced nine spectroscopic light curvesin this range, witheach
spanning A1 =0.609 pm. Below 6.278 pm, we could not produce robust
measurements of the eclipse depths owing to saturation, so these wave-
lengths were discarded from our analysis. We sigma-clipped outliers
inthelight curvesin the same manner as with the Eureka! - reduction
1of the NIRCam data. The default routines of Eureka! were unable to
robustly measure the drift in the spectral direction. To measure this
value, relevant in the light-curve-fitting stage, we scaled and shifted
the median frame to match each integration, as in SPARTA.

The MIRIlight curves are strongly affected by systematics that mask
the eclipse. There is anotable ‘V’-shaped drift in the trace position
along the spectral and spatial directions whose duration and timing
almost exactly match that of the occultation (Extended Data Fig. 2).
The contribution of this drift to the light curves acts in the opposite
direction as the eclipse of 55 Cnc e, hiding the decrease in flux result-
ing from the planet disappearing out of view. Furthermore, the light
curves show asteep downward ramp. The exceptionisthe two reddest
channels, which areinstead dominated by an upward ramp during the
first roughly 20 min, characteristic of the ‘shadowed region’ effect®,
followed by a more gradual downward ramp.

After trimmingthe first30 minof datafromeachlight curve toremove
the integrations most affected by the ramps, we modelled each light
curve using acombination of the batman eclipse model*’, asystematics
model and awhite-noise scaling factor. We adopted the same priors on
the eclipse model parameters asin the light-curve fits in the Eureka! -
reduction1ofthe NIRCam data, withthe exception that—in this case—we
did not fix the orbital period and transit time in the white-light-curve
fit. Instead, we adopted Gaussian priors for these parameters based on



thevaluesinref. 21.In the spectroscopic-light-curve fits, we fixed these
parameters to the values derived from the white-light-curve fit. We
tested light-curvefittings withand without a planetary-phase-variation
component (modelled by acosine peaking near eclipse and asine peak-
ing near quadrature, with their amplitudes as free parameters) and
found that the fits without the phase component resulted in a larger
Bayesianinformation criterion. We thus did notinclude the phase com-
ponent in the final analysis.

Our systematics modelincluded an exponential ramp, alinear poly-
nomial and a linear decorrelation against the drift in the spectral and
spatial directions. All systematics parameters were fitted independently
to eachspectroscopic light curve and to the white-light curve. Toensure
that the linear decorrelation was not biased by the correlation of the
eclipse with the ‘V’-shaped drift of the trace, we also estimated the
coefficients after masking the data points taken during eclipse and
found that they were consistent with the values derived from the full
dataset (Extended Data Fig. 2).

The white and spectroscopic light-curve residuals indicated the pres-
ence of time-correlated (‘red’) noise. To account for this red noise, we fit-
ted the spectroscopiclight curves again, this time fixing the white-noise
multiplier to the values derived in the first fit and inflating the uncer-
tainties by ared-noise multiplier. To calculate the red-noise multiplier
of each light curve, we computed the r.m.s. of the binned residuals,
with binsizes ranging from1(thatis, no binning) to 6,000 data points
(approximately the eclipse duration). We divided the r.m.s. values by
those expected inthe absence of correlated noise® and smoothed them
with a5-minrolling-average filter to decrease noise. The maximum of
theresulting values was taken as the red-noise multiplier that we used
toboost the error bars of each light curve, resulting in a conservative
estimate of the contribution of the time-correlated noise to the final
uncertainties. The red-noise multiplier was 2.16 for the white-light
curveand lay between1.02and 1.79 for the spectroscopiclight curves.

SPARTA. We made several changes from the methodology described
inref. 53. Owing to the brightness of 55 Cnc, we did not automatically
exclude any groups from the beginning of the ramp but did exclude
groups that were above 50,000 DN (which we considered saturated).
The 50,000 DN criterionwas applied to the median uncalibrated inte-
gration, not to each individual integration, so that we always use the
same number of groups for any given pixel. Another change we made
to the up-the-ramp fitting is that, instead of subtracting the median
residuals of the fit for each segment (to ‘straighten out’ the nonlinearity
oftheramp), we subtracted the median residuals of the fit for the entire
dataset, which avoids the possibility of per-segment offsets. Finally,
although ref. 53 used sum extraction, we used optimal extraction. The
profile for optimal extraction was derived by computing the median
image across all integrations and dividing each column by its sum.
The half-width of the window used for optimal extraction was 5 pixels.

The MIRI emission spectrum was computed for wavelength bins
linearly spaced in wavelength. The blue edge of the bluest bin was
6.278 um, whereas the red edge of the reddest bin was 11.759 pm.
The bins were defined so that the shadowed region, from 10.541 to
11.759 pm, is spanned by exactly two bins. Wavelength bins shortward
of 6.278 pm were discarded because they include pixels that saturate
inthe second group, making itimpossible to estimate their flux using
the slope of the up-the-ramp samples. To compute the eclipse depth
for a given wavelength bin, we fit the spectroscopic light curve with
an exponential ramp (the amplitude and timescale being free param-
eters), alinear trend with time, alinear trend with the positions of the
trace in the spatial and spectral directions and an eclipse model com-
puted by batman. We also estimated the red-noise multiplier for each
spectroscopic light curve using the same procedure as the Eureka!
analysis and inflated the error bars of the light curves by the red-noise
multiplier. The red-noise multiplier lay between 1.08 and 2.40 for the
spectroscopic light curves.

Stellar spectra. We used the MIRI observation to derive the stellar
spectrumin 5-12 pm. We used the zeroth-group reads for wavelength
<8 um and all-group reads for wavelength >8 pum to avoid any impact
of saturation. The resulting stellar spectrum agrees with the previ-
ously published absolutely calibrated spectrum® in 5-6 pmwithin10%.
Reference 55 derived the spectrum from IRTF/SpeX observations with
calibrations using the WISE W1and W2 photometry in approximately
3-5pum. We also verified that the MIRI measured stellar spectrum at
11.8 umis consistent with the WISE W3 photometry* within 5% and the
spectrumis also consistent with the BT-Settl stellar model adopted by
ref. 55 within10% between 7 and 12 pm.

We also used the NIRCam observation to derive a stellar spectrum
in 3.8-5.0 um. We found that, although the shape of the spectrum is
reasonable, the flux at 5 um measured by NIRCam is higher than that
measured by MIRI by about 60%. This discontinuity may be because
of imperfect calibration of the very bright star in the NIRCam meas-
urement or in the saturated part of the MIRI measurement (5-6 pm).
However, thisuncertainty in the stellar flux at wavelengths <6 pm does
not affect our model interpretation because we allowed an arbitrary
offsetintheeclipse depth measured by NIRCaminbothretrievalsand
comparison with self-consistent models. We notionally adopt the stel-
lar spectrum of ref. 55 for wavelengths <5 pum and that measured by
MIRI for wavelengths >5 pm for converting between the planetary
thermal emission flux and the secondary eclipse depth in retrievals
and self-consistent models.

Retrievals. We used a modified version of the open-source Python pack-
age PLATON* to assess the importance of atmospheric detections and
derive atmospheric constraints from the measured thermal emission
spectrum. We used the SPARTA analysis of the NIRCam observation and
Eureka! analysis of the MIRI observation as the default for interpreta-
tion and tested the sensitivity of the retrieval results by adopting the
Eureka! - reduction1analysis for the NIRCam observation. We allowed
theabsolute eclipse depthtovary asafree parameter while retaining the
shape of the relative eclipse depth spectrumin the NIRCam bandpass.

We upgraded PLATON to retrieve the relative abundances of an
arbitrary mixture of gases. Specifically, we sampled the abundance
of gases in the centred log ratio space with priors appropriate for the
total number of considered gases® in each retrieval. We converted
the centred log ratios to the volume mixingratios for interpreting the
physical results of our retrievals. We also used a simplified version of
the analytical pressure-temperature profile of ref. 59 and it assumes
one downwelling visible channel and uses a total of three parameters
(B, logk, and logy), in which S represents the combined effect of the
atmosphere’s albedo, emissivity and day-night redistribution (the same
Binequation (15) of ref. 59), logk,, is the log of the infrared opacity of the
atmosphere andlogyis thelogof the ratio between the visible and infra-
red opacities. We did not assume aninternal heat fluxas anindependent
parameter for the temperature profiles for this highly irradiated planet
(thatis, T;,. = 0). This simple version allows us to adequately model the
pressure-temperature profiles given the quality of our data. The spec-
traare calculated ataresolution of R =1,000 and then binned to match
with the data from the JWST observations. To estimate the posteriors
and Bayes evidence, PLATON uses the package dynesty to perform static
nested sampling. We computed the Bayes factor using the Bayes evi-
dencetodetermine the degree that one scenariois preferred to another
in terms of o confidence®. We used 5,000 live points in the retrievals.

To ensure that the results of the spectral retrievals do not depend
on the specific parameterization of the pressure-temperature profile,
we also implemented a completely independent parameterization,
in which the surface temperature and the atmospheric temperature
(assumed to be isothermal) determine the emission spectra*®. The
two-parameter model is probably the simplest temperature param-
eterization that we can design for retrieving emission spectra and thus
provides a good sanity check on our approach.
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The null hypothesis is a blackbody planetary spectrum. To create a
pure blackbody scenario in PLATON, we set the surface pressure to a
1072 Pa with an isothermal atmosphere entirely composed of N, gas.
At this pressure, N, is spectroscopically inactive in the infrared. This
retrieval had two free parameters: (1) the blackbody temperature and
(2) the NIRCam mean eclipse depth.

We then tried a range of plausible atmospheric compositions in
retrievals. The common free parameters for each atmosphericretrieval
were the three pressure-temperature profile parameters (8, logk,, and
logy), the surface pressure and the NIRCam mean eclipse depth. We
considered five single-gas scenarios: O,, N,, CO, CO,and SO,. The Bayes
factor of each of these retrievals compared with the blackbody retrieval
indicated a >30 preference for the CO,-only and CO-only retrievals,
with the CO,-only scenario preferred at 3.70 (Extended DataFig.4). The
preferenceisslightly reduced when excluding the two red-most binned
MIRI data points (corresponding to the shadow region) but remains
above 30. The surface pressure in the CO scenario is larger than that
inthe CO, scenario (Extended Data Fig. 4) because a greater column
of CO than CO, is needed to fit the spectral modulation in 4-5 pm.
Using the alternative temperature parameterization resulted in the
same preference for the CO, and CO scenarios (Extended Data Fig. 6).

Because atmospheres are unlikely tobe composed of one gas entirely,
we also ran 14 two-gas atmosphere retrievals for H,0, CO,, SiO, SO,
and CO with N,, CO or O, as the background gas. We chose O, or N,
as abackground gas for their spectroscopic inactivity (whereas their
collision-induced opacities becomeimportant at pressures >1 bar) and
COasabackground gas becauseitis expected to be the dominant gas
for an atmosphere outgassed from a magma ocean over a wide range
of redox conditions**. Of these scenarios, the scenarios that include
CO, (regardless of background gas) and the scenarios that use CO as
the background gas are found to be >3o preferred to the null hypothesis
(Extended Data Fig. 4). The CO, + background gas scenarios are also
>3gpreferredto the null hypothesis using the alternative temperature
parameterization.

We thus focus on the CO, + background gas scenarios. Regardless
ofthe background gas considered, the posteriors for the CO, runs are
allgenerally consistent with each other. When comparing the CO, + N,
and CO, + COretrieval posteriors, we see that there is an extended
tail towards lower CO, abundances when the background gas is CO
(Extended Data Fig. 5). This is because both CO and CO, caninduce
absorptioninthe spectrumbetween 4 and 5 umand thus the amount of
CO canincrease to establish fits of similar goodness as the fits withmore
CO,andviceversa, whereas the wavelength position of the maximum
absorption prefers CO, as the primary feature-creating gas.

When fitting only the NIRCam data, we found that all gas combina-
tions tested can provide a substantially better fit than the blackbody
model (Extended Data Fig. 6). Among these, the N,-only and O,-only
scenarios fit the spectral modulation between 4 and 5 pm with N,—
N, or 0,-0, collision-induced opacities, which results in a very low
absolute eclipse depth (<20 ppm). We thus deemed these scenarios
unlikely. Both SO, and SiO have absorption bands between4 and 5 um
and their existence can help improve the fit to the spectral modulation;
however, they also have strong absorption bands in 5-12 pum and are
thus constrained when the MIRI data are taken into account. The MIRI
data are consistent with a blackbody model (Extended Data Fig. 6),
whereas their absolute depths indicate a low temperature and thus
efficient heat redistribution or several overlapping absorbers in the
atmosphere. Therefore, both the spectral modulation from NIRCam
and the eclipse depths from MIRI support a volatile atmosphere and,
when put together, they prefer a CO/CO,-rich one.

Even though logk,, and logy are taken as free parameters to drive
pressure-temperature profiles in our retrievals, it is interesting to
check whether their values are consistent with the retrieved gas
abundances. Using a volume mixing ratio of 10 for CO, at 10* Paand
2,000 K, we calculated the mean opacity weighted by a Planck function

0f2,000 Kand obtained a guiding value of 10 m? kg™ for k.. Using the
mean opacity defined by ref. 61 resultsinavalue of 10™* m?kg ™. These
estimates are remarkably consistent with the retrieved posteriors
(Extended DataFig.5). We also calculated the mean opacity weighted
by a Planck function of 5,200 K and obtained y = 0.1. This estimate
doesnotinclude Rayleigh scattering, which would furtherincrease y.
This check indicates that the pressure-temperature profiles used by
theretrieval are physically plausible and also explains the generally
consistent results between the retrievals and the grid search using
self-consistent models.

Last, to test the sensitivity of the retrieval results on datareductions,
we repeated a subset of retrieval runs using the Eureka! - reduction 1
analysis for the NIRCam observation, as it has comparable final uncer-
tainties as the SPARTA analysis. When using the NIRCam data only,
the single-gas scenarios of CO, and CO and the binary mixture of CO,
and CO are preferred to the blackbody null hypothesis by >2.9¢, and
the most preferred scenario is the CO,-only scenario at 3.16. When
using both the NIRCam and the MIRI datasets, we also found that the
single-gas scenario of CO, and the binary mixture of CO, and CO are
preferred to the null hypothesis, with the single-gas scenario of CO,
preferred by 2.60. These behaviours and overall trends are consistent
with the findings from the SPARTA analysis for NIRCam, with amoder-
ately lower degree of statistical preference for CO, and CO scenarios.

Self-consistent models: vaporized-rock atmosphere - model 1
At the temperature of 55 Cnc e, even if the planet has lost its entire
inventory of highly volatile elements (H, C,N, S, P), the surface magma
will outgas its relatively volatile components (for example, Na, SiO,
Si0,, MgO) and eventually form a silicate atmosphere” 2, The initial
step in the calculation of vaporized atmospheres involves determin-
ing the gases in equilibrium with the melt. With surface temperature,
surface pressure and melt composition asinput, this equilibriumwas
computed using the LavAtmos code®?, which uses the MELTS code®***
to calculate the liquid oxide properties of the endmember species
includedin the melt (SiO,, Al,0,, TiO,, Fe,0,, Fe,SiO,, Mg,SiO,, CaSiO,,
Na,SiO; and KAISiO,). Although the bulk silicate Earth® serves as our
primary composition, we also examined other silicate-based melt com-
positions, such as continental crust® and Mercury®.

With elemental abundances established from the outgassing and
equilibrium with the magma ocean, atmospheric chemistry was cal-
culated using the FastChem thermochemical equilibrium code®®. This
step operates in sync with the thermal structure of the atmosphere.
The selection of components is primarily constrained by available
thermodynamic data, sourced from the Burcat NASA thermodynamics
polynomial database.

We determined the temperature structure using the radiative transfer
software HELIOS®®”°. Through a self-consistent calculation with the
chemistry, the profiles are adjusted to achieve aradiative-convective
equilibrium. We assumed that the surface is non-reflective and that
the surface temperatureis influenced by the layers of the atmosphere
aboveit. We considered 15 opacity sources (Al, AlO, Ca, CaO, Fe, K, Mg,
MgO, Na, 0,, Si, SiO, Si0,, Ti, TiO). Atomic opacities were obtained from
the DACE database”, using VALD"? and Kurucz” line lists. Molecular
opacities were sourced from the DACE database or computed with
HELIOS-K, fitted with Voigt profiles”. The specific line lists of all the
species can be found inref. 74.

Onachievinga consistent solution for the thermal profile, chemistry
and outgassing, we modelled the synthetic emission spectra using the
radiative transfer code petitRADTRANS”. The spectrawere calculated
ataresolution of R=A/AA=1,000 for the relevant wavelength region
that encompasses the NIRCam and MIRI data. We used a pseudo-2D
approach in which the thermal emission of the planet is divided into
concentric rings of 10° wide, from 0° to 80° zenith angle™. The spec-
trum of each of the rings is weighted according to the ring area and
zenith angle and they are summed to produce the final spectrum.



None of the silicate-based melt compositions considered can pro-
duce a thermal emission spectrum that fits the data (Extended Data
Fig. 7). The spectra resulting from very different melt compositions
are similar but their flux levels greatly exceed the observed level for
55 Cnc einthe MIRI/LRS band. Also, the spectrado not show the spectral
modulation in the NIRCam band. This comparison strongly suggests
that the planet does not possess a thin, vaporized-rock atmosphere
butinstead a more substantial atmosphere of volatile composition.

Self-consistent models: vaporized-rock atmosphere - model 2
We used the model of ref. 31 to simulate a vertically 1D atmospheric
structure with the vapour pressure of magma in the radiative, hydro-
staticand chemical equilibrium for given volatile-free (that s, no highly
volatileelementssuchasH, C,N, Sor Cl) magma composition, irradia-
tion flux and properties of the planet. The MELTS code®*** was used
to determine the chemical equilibrium condition between gases and
magma at the ground and the NASA CEA code” was used to compute
the chemical equilibrium condition between gases in the atmosphere.
The elemental abundances were assumed to be vertically constant. To
obtain a pressure-temperature profile in radiative equilibrium, the
two-stream equation with the assumption of quasi-isotropic radiation,
adopting the §-Eddington approximation’®, was integrated using the
absorption opacity of Na, K, Fe, O, O,, Siand SiO. The opacity of O, was
calculated using the absorption line datain the HITRAN database’” and
the opacity of other gases was calculated in the same way as in ref. 80
using the Kurucz absorption line data”. To calculate the secondary
eclipse spectra, we adopted the atmospheric structure at the cosine
of zenith angle = 0.5 as the dayside averaged one. We refer the reader
toref. 31for more information.

Extended DataFig. 7 shows the simulated thermal emission spectrum
ofthe rocky vapour atmosphere, assuming the bulk silicate Earth com-
position® for the magma composition and theirradiation fluxand the
properties of planet 55 Cnc e. The observed spectrumis not consistent
with the spectrumof the vaporized-rock atmosphere, suggesting that
the planet does not have such a vaporized-rock atmosphere.

Self-consistent models: atmospheres with varied C-H-O-N-S-P
abundances

Reference 43 presented self-consistent models for atmospheres domi-
nated by N,, CO and H, for 55 Cnc e. The models revealed that,in C-H-
N-0O atmosphereswith a high C/Oratio (>1) and low hydrogen content,
temperature inversions could emerge owing to shortwave absorbers
such as CN. Increasing the hydrogen content, however, diminishes
these inversions. Crucially, a higher C and O proportionrelativeto N,
canlead to pronounced CO, absorption at 4.3 pm, and this was also
pointed out in amore recent study®.

Building onthe model of ref. 43, we performed a parameter explora-
tionoftheabundances of C,H, O, N, S and P elements to evaluate poten-
tial atmospheric compositions, pressure-temperature profiles and
thermal emission spectra. We modelled a wide range of compositions,
starting from H-dominated cases and allowing the atmospheresto be
increasingly C-dominant, N-dominant or O-dominant. We explored a
mole fraction for C+0 0f 107,107, 0.1, 0.5, 0.9 and about 1, with C/O
ratios of 0.1,0.5,1and 10. Also, we greatly varied S and P, allowing for up
to 0.5molefraction for both. The minimum explored abundances for H
andNwere10®and 107, respectively. More than 3,500 self-consistent
models were simulated to build the grid.

The chemical composition was calculated using the FastChem
thermochemical equilibrium code®®, which includes condensation®,
resulting in atmospheres that are H,-dominated, CO-dominated,
CO,-dominated, SO,-dominated and N,-dominated. To determine the
temperature structure, we used HELIOS®*”° with the following volatile
opacities: CO, CO,, O,, H,, N,, C,, CH, CH,, CH,, C,H,, C,H,, CN, H,0,
HNO,, H,0,, H,CO, HCN, HS, H,S, NO, N,O, NH, NH,, OH, S, CS, NS, SO,
S0,, SO;, PH, PH;, PS, PN, CP and PO. The opacity also included the

scattering of H, H,, H,0, CO,, N,, CO, CH, and O, and the continuum of
H-, aswellasthe collision-induced opacities of H,-H,, H,-He, CO,-0,,
N,-H,,N,-N,and O,-0, pairs. All of the opacities were obtained fromthe
DACE”, ExoMol® and HITRAN/HITEMP®* databases or were calculated
using HELIOS-K™. The specificline lists used can be foundinref. 74. The
emission spectrawere computed using petitRADTRANS™, which uses
the same opacity sources as described previously.

Tomodel the dayside emission of the planet, we used a heat redistri-
bution factor fto encapsulate theimpact of the heat transport. Applying
the scaling law validated by general circulation models®, we found that
the heat redistribution factor fis close to the dayside limit of 2/3 when
thesurface pressureis1barand decreasesto 0.4 forasurface pressure
of 10 bar and 0.3 for a surface pressure of 100 bar. This behaviour is
consistent with the general circulation models specifically developed
for 55 Cnc e (ref. 42): with a high mean-molecular-weight atmosphere,
the surface pressure needs to be greater thanabout 10 bar to transport
heat from the dayside to the nightside effectively. Meanwhile, with
infrared absorbers in the atmosphere, the photosphere pressure for
the thermal emission in 4-12 pm may well be smaller than the surface
pressure by orders of magnitude. The effective heat redistribution
factor then depends on complexinteractions between horizontal and
vertical transports and radiative transfer®. To explore a wide range of
atmospheric compositions, we assume a uniform surface pressure of
200 bar and heat redistribution factors of 2/3 and 0.3, covering the
endmember scenarios from dayside to near-full redistribution.

Extended Data Fig. 8 shows the emission spectra of selected best-fit
models and the corresponding pressure-temperature profiles. Models
containing abundant CO,, regardless of the background component,
align well with the shape of the spectrum derived from the NIRCam
observations. This is evident from the comparison of the N,-CO,-CO
(red) and CO-H,-N, (yellow) cases, as both reasonably fit the spectral
modaulation in 4-5 pm. The CO, mixing ratio in the CO-dominated
case is more than two dex lower than that in the N,-dominated case,
because CO already provides absorptionin4-5 pm.Insome of the fit-
ting models, the CO, feature is complemented by the presence of SO,
or asmall amount of H,0, allowing for a better fit to the spectrumin
4.0-4.2 um. The best-fit models in the explored grid contain at least
107 CO, in volume mixing ratio, but the C/O ratio and the ffactor are
less constrained. We also find that models with a high PH; abundance
(roughly 10™*in volume mixing ratio) can sometimes result in a good
overall fit.

Because the C-H-O-N-S-P atmospheres modelled here are prob-
ably connected to a magma ocean underneath, it is conceivable that
rock-forming elements (Si, Mg, Fe, Al, Na, K, Ca, Ti) are vaporized from
the magma ocean and mixed into the atmosphere. We modelled the
impact of this phenomenon using the best-fit volatile-only model (red)
as the baseline. We took two approaches to produce two scenarios
shown in Extended Data Fig. 8 (black and purple spectra). The first of
these (referred to as ‘volatile + outgassing’) determined the atmos-
pheric elemental abundances by summing vaporized-rock species and
the assumed volatile composition*””*. The outgassed vaporized-rock
species were calculated using the LavAtmos code®. For the second
approach (referred to as ‘inflated silicates’), we inflated the amount of
outgassing by couplingit to volatile species presentin the atmosphere,
resulting in a substantial increase in most outgassed species, particu-
larly the shortwave absorbers (TiO, NaandK). This leads to aninversion
inthe pressure-temperature profile of the atmosphere, transforming
the absorption feature between 4 and 5 pum into an emission feature.
Although models with the inclusion of equilibrium outgassing can fit
the NIRCam data, the increase in short-lived and sporadic outgassing
of rock-forming elements from the magma ocean could explain the
variability in eclipse depth measured by Spitzer in the 4.5-um band.

Extended Data Fig. 8 also shows the minimum achieved x* values
against the mole fraction of C + O and the C/O ratio. At the limit of
inefficient heat redistribution (f=2/3), the models with large mole
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fractions of C + O (more than about 0.1) and sub-unity C/O ratios are
preferred. These models have abundant CO, inthe atmosphere. There
is a singular outlying case of C + 0 =107 for amean NIRCam eclipse
depthof 55 ppm.Inthis case, the spectral modulationis fitted purely by
PH,with avolume mixing ratio of 10~*, motivating future investigation
into the possibility of the atmosphere being P-rich. With efficient heat
redistribution (f= 0.3), the models with C + O of 0.01-0.5 and sub-unity
C/Oratios remain preferred, whereas the CO-dominated atmospheres
(C/0=1;C+0=0.9)canalsoprovide areasonablefit. With efficient heat
redistribution, the models with C/O >1allow for graphite condensa-
tion, which lowers the gas-phase C/O ratio and keeps the atmosphere
CO-dominated. These models typically have complex composition and
pressure-temperature profiles, with subtle temperature variationin
the photospheric region. For example, slight temperature inversions
in the upper atmosphere can result in a more fine-tuned CO, feature
and, together with strong CO absorption, providing a good fit to the
observed NIRCam modulation.

In summary, the best-fit models centre around three possible sce-
narios: a CO,-rich atmosphere (C + 0 =107%,C/O <1),a CO-dominated
atmosphere (C+0=1,C/O >1) oraPH;-richatmosphere with minimal
C+Oinfluence (C/O=1,C+0=107, PH,;=107*). The first scenario is
uniquely favoured when fitting the NIRCam data alone (Extended Data
Fig.8), whichis consistent with spectral retrievals. By contrast, the MIRI
data do notindicate any clear molecular features, suggesting either
efficient heat redistribution or overlapping absorption features (for
example,H,0in7-9 pymand CO,in 9-11 um) that place the photosphere
to the cooler regions of the atmosphere.

Self-consistent models: atmospheres in equilibrium with
magmaoceans

We modelled an atmosphere in equilibrium with the magma ocean,
using a magma ocean-atmosphere partitioning and chemical equi-
librium/speciation model*. The model simulates the C~-H-N-S mass
fraction in the atmosphere and that dissolved in the magma ocean,
withthe oxygen fugacity of the magma as a free parameter.H,0, H,, 0,,
CO0,, CO, CH,, N,, H,S and SO, are considered in chemical equilibrium
and their solubilities in the magma are applied.

We assumed the volatile content of H, C, N and S as Earth’s early
magma ocean (a combination of surficial volatile inventory and the
volatile content of the depleted mantle, following the 1/2 BSM case
of ref. 44) and the size of the magma ocean at 55 Cnc e to be one-third
of the planet mass (that is, half of the mass of the mantle if the planet
has a core/mantle mass fraction similar to Earth or amagma ocean
depth of about 2,000 km). The planet can have a smaller magma
ocean of about 500 km (roughly 9% of the mass of the planet) if the
temperature profile is sub-adiabatic*. We found that the resulting
atmospheric size (that is, the total pressure) and composition only
weakly depend on the assumed magma ocean size. We explored an
oxygen fugacity of the magma ranging from highly reduced (IW-6)
to oxidized (IW+4), in which IW stands for the iron-wustite buffer.
Extended Data Fig. 9 shows that the atmosphere is CO-dominated for
an oxygen fugacity between IW-4 and IW, CO,/SO,-dominated if more
oxidized and H,-dominated if more reduced. The total atmospheric
pressure is in the range 100-600 bar, consistent with the inference
based on the mass and radius of the planet™*2. The total atmospheric
pressure is approximately proportional to the volatile content (for
example, 1% of the volatile content would result in an atmosphere of
approximately 1 bar). When decreasing the volatile content, we found
amore-than-proportional decrease in atmospheric H, (and also H,0,
CH, and H,S) and a less-than-proportional decrease in atmospheric
S0,.Thisis consistent with the expectation from different solubilities
of water, carbon and sulfur as a function of pressure in the magma®.

In another scenario, we considered that the planet has lost most
of its Hendowment, with only 3% H content of the standard model.
This results in substantially less H,O and H, in the atmosphere, and

practically removes CH, and H,S, compared with the standard model
(Extended Data Fig. 9). The partial pressures of CO, CO,, N, and SO,
do not change.

We then used the ExoPlanet Atmospheric Chemistry & Radiative
Interaction Simulator (EPACRIS) to compute the pressure-temperature
profile and molecular abundance profiles. EPACRIS was developed
on the basis of a grey-atmosphere and thermochemical equilibrium
atmospheric model¥. This model was revised with a new radiative-
convective climate model, solving for pressure-temperature profiles.
The radiative transfer scheme solves the two-stream radiative fluxes
formulated by ref. 88 with a pentadiagonal flux solver, PTRANS-I*¥. The
radiative equilibrium is solved iteratively with the Newton-Raphson
method. We checked for the Schwarzschild criterion to assess convec-
tive stability and performed adiabatic adjustment, conserving enthalpy
through the use of potential temperatures for each convective region
for each radiative-convective simulation”. We did not include any
condensates in these models.

Given high temperatures, thermochemical equilibriumis sufficient
to model the atmosphere of the planet®. We used elemental abun-
dances summarized from the magma ocean calculations (Extended
DataFig.9) asinput parameters for the atmospheric models. Because
magma typically has very low albedo in the visible*®, we assumed the
magma ocean surface tobe completely dark (that s, zero albedo for any
starlight that reaches the surface and emissivity of unity in the thermal
infrared). Tidal heating could provide extraenergy to the bottom of the
atmosphere and we include an internal heat flux of 100 K, guided by
tidal heating models®®, which is much smaller than heating from stellar
irradiation. For opacities, we included the molecular absorptions of
H,0, CH,,NH,, CO,, 0,, OH, H,CO, H,0,,CO, 05, C,H,, C,H,, C,H¢, HCN,
N,0, NO, NO,, HNO;, H,S, SO, and OCS, as well as H,-H,, H,-H, N,-N,,
N,-H,and CO,-CO,collision-induced absorption, computed from the
HITRAN2012 and HITEMP2010 databases. The radiative-convective
scheme and the chemical equilibrium scheme were applied iteratively
to achieve converged solutions.

Extended Data Fig. 9 shows two sets of models, with one standard
set assuming a 200-bar atmosphere and Earth-like C-H-N-S volatile
abundanceratios in the atmosphere-magma ocean systemand another
setassumingal-baratmosphere andaH abundance ratio reduced to 3%
of the standard cases. The second set is designed to mimic a scenario
in which the planet is depleted of C-H-N-S volatiles (to about 1% of
the volatile abundances of bulk silicate Earth) and His also depleted
because it is preferentially lost to space. All scenarios in the standard
model set provide anadequatefit to the databecause all of them have
considerable mixing ratios of CO and CO, in the atmosphere and can fit
the spectral modulation observed at 4-5 pm. There is a slight prefer-
ence forthe morereducing scenarios and thisis because the scenarios
more oxidizing than IW have abundant SO, in the atmosphere, whichis
disfavoured by the dataamong this set of models. On the other hand,
inthe 1-bar, reduced-H model set, the atmosphere is so thin and H,0/
CH,-poor that infrared windows to the surface appear at 3.0-4.2 pm
and 6-9 um. As aresult, only the more oxidized models that have SO,
can provide a good fit to the data. Regardless of the oxygen fugacity,
the exchange with the magma ocean ensures that the atmosphere is
richin CO and has a CO, mixing ratio ranging from107to 107, and this
isremarkably consistent with the scenarios preferred by both spectral
retrievals and the atmospheric model grid with varied C-H-O-N-S-P
abundances.

An atmosphere sustained by magma ocean outgassing

Adopting an X-ray and extreme ultraviolet luminosity of 1077 erg s
for 55 Cnc (refs. 21,91) and an energy-limited escape efficiency of 0.1
(ref. 92), we estimated the escape rate from 55 Cnc e to be approxi-
mately10° g s, comparable with hydrodynamic escape simulations®.
Therapid escaperesultsinavery short lifetime of approximately 2 mil-
lion years for a 10-bar atmosphere. A recent study showed that only



0.1% of the stellar X-ray and extreme ultraviolet irradiation can be
converted to hydrodynamic motion in an N,-/O,-rich atmosphere at
anirradiation environment 1,000 times more intense than on Earth
(approximately corresponding to 55 Cnc e)®*. If the very low efficiency
is applied, the lifetime would increase to 200 million years, remain-
ing small compared with the current estimated system age of 8 bil-
lion years (ref. 95).

The atmosphere of 55 Cnc e can, however, be sustained by magma
ocean outgassing. Adopting an age dependency of t °° for the X-ray
fluxand £ for the extreme ultraviolet flux, and assuming the escape
ratetobea constantinthefirst billionyears, we found that 2.8% of the
planetary mass would be lost owing to escape within 8 billion years for
the efficiency of 0.1. In comparison, primitive chondrite meteorites (CI
and CM type) have 2-6% carbon content®®. The bulk carbon content
of Earthis only approximately 0.01% (ref. 97) and this volatile content
would already produce anapproximately 200-bar CO-CO, atmosphere
in equilibrium with the magma ocean. An evolutionary scenario in
which the planet lost alarge fraction of its volatile endowment is thus
consistent with our findings of asecondary volatile-rich atmosphere.

Furthermore, elemental fractionation of the outflow will help retain
C, N, O etc. volatiles. Whether the escape of hydrogen can drag along
heavier elements depends onhow the overall escape rate compares with
thediffusion-limited escape rate?®'°°, Using the escape rate for the effi-
ciency of 0.1, we found thatitis muchlarger than the diffusion-limited
escaperate between H and He, implying that He escapes at nearly the
same speed as H (ref. 101). However, we found that itis only 20% larger
thanthe diffusion-limited escape rate between Hand O (ref. 98) (taken
asaproxy for C,N, S, P), implying that the escape of these elements
is only a fraction of that of H, scaled by their instantaneous mixing
ratios. A higher escaperate in the past would reduce the fractionation
butalower efficiency® would amplify the fractionation. It is therefore
likely that H and He have been preferentially lost from 55 Cnc e, leav-
ing behind enhanced C and N and oxidizing the atmosphere-magma
ocean system.

The analysis here on 55 Cnc e, one of the most irradiated rocky plan-
ets, shows that it is hard to remove the complete inventory of vola-
tiles from a planet. Rocky planets with a permanent magma ocean, as
opposed to rocky planets with a solid surface, thus provide a promis-
ing avenue to detect outgassed atmospheres and a window to study
atmosphere-mantle exchange.

Limited contribution of potential circumstellar dust
Visible-wavelength observations of 55 Cncindicated variability
and acircumstellar torus of dust made of exotic material that can stay
solidinthe highlyirradiated environment near 55 Cnc e (ref. 40) similar
totheJupiter-lo system'®is a possible scenario. The variability may also
have a stellar origin owing to, for example, supergranulation®. In the
CHEOPS bandpass, thelight curve phase-folded according to the orbital
period of 55 Cnc e has a phase amplitude of about 15 ppm (variable up
to 50 ppm) with no consistent secondary eclipse, suggesting that the
origin of the signal is unlikely to be a static planetary atmosphere or
surface*®. At the temperature of the planet found in this work (roughly
2,000 K), the thermal emission contribution of the planet to the signal
inthe CHEOPS bandpass is <3 ppm (and similarly for MOST or TESS).

Here we estimate the contribution of this dusty torus, if it exists, to
the thermal emission measurements of the JWST. Following the torus
modelin Section 4.4 of ref. 40, we let fbe the magnitude of the phase
modulationin the visible and assume that the light-curve modulation
comes from dust occulting the star. Then, the total number of dust
particlesis

39,40,102,103

Ny=(R,/RY*f,

inwhich Ryis the mean dust particle size and R, is the radius of the star.
This formulais equivalent to equation (8) of ref. 40.

In reality, the dusty torus may be ‘non-transiting’ and the visible-
light-curve modulation may instead come from the reflection of the
dust particles. In this case,

f=NiRy/a)*A,

inwhichaisthesemimajor axisandAis the albedo of the dust particle.
Itis trivial to show that

Nj=Nya/R,)*(1/A).

For 55 Cnce, (a/R.)*=12 and thus the total number of dust particles
would need to be 1-2 orders of magnitude larger than the occulting
dust scenario.

Turning to the thermal emission, the magnitude of the light-curve
modulation caused by the torus can be estimated as

Fnermar = Na(Ra/R,)? B(Ty)/B(T,) = fB(Ty)/B(T,),

in which Bis the Planck function for the temperature of the parti-
cle (Ty) or the star (T,). For T;,=2,500 K and 7, =5,200 K, this ratio of
the Planck function is 0.3 at 4 pm and 0.4 at 10 um. Therefore, if the
visible-wavelength phase modulationis caused by a dusty torus occult-
ing the star, the contribution of this dusty torus to the JWST observa-
tionsisatmost5-10 ppm, whichis small compared with the occultation
depth observed in the MIRI band.

However, if the visible-wavelength phase modulation is caused by
amore massive dusty torus reflecting the starlight, the contribution
to the JWST observation could be 1-2 orders of magnitude larger, to
>50 ppm. This would affect JWST observations. The required mass loss
rate to support such a dusty torus would be 4 x 10 to 3 x 10™ kg per
year, or10°-10 kg s (ref. 40). Tidal heating as a surface source can sup-
ply atleastapproximately 10° kg s (refs. 90,104), which is technically
in line with the requirement. The supply from the surface can be far
larger owing to the sublimation processes, whereas it is unclear what
mechanismwould lift the dust to space, especially when a volatile-rich
atmosphereis present. Neglecting plasmaprocesses, and assuming that
radiation pressure is the dominantloss mechanism, ref. 40 found that
only select minerals (for example, alpha quartz, silicon carbide) survive
for parts of the orbit at 55 Cnc e. Although intriguing, we believe that
this scenario requires amore detailed study to be conclusive.

Alternatively, the visible-light variability may be produced by a
plasma torus confined by a stellar magnetic field (for example, CY*,
NaX")'%, This plasma torus is sustained by atmospheric or exospheric
escape from the planet'®. The charged particles may have visible-light
opacities and drive the stochastic variation seen thus far*®'°%, Although
ions do not generally have continuum opacities in the thermalinfrared,
exospheric neutrals may provide thermal emission opacities over a
small bandpass.

Limited contribution of the non-transiting planetb

Assuming that for the Jupiter-mass planetb, R, = 1R, thenR,/R, = 0.1.
Using its semimajor axis of a = 0.1134, we estimate that 7., = 738 K for
zero albedo and full thermal redistribution. The maximum contri-
bution to the light curve in thermal infrared is F,/F, < (RD/R*)ZB( T/
B(T,) =120 ppm at 4.5 pm and 380 ppm at 7.5 um. For a period of
14.65 days, the change in the contributed flux during our 0.23-day
observationis at most 1.9 ppmat 4.5 pmand 6.0 ppm at 7.5 pm. How-
ever, there could be short-time variability in the atmosphere of planet
b that manifests as variability of the light curve.

Data availability

The data used in this paper are associated with JWST guest observer
programme 1952 and are available from the Mikulski Archive for Space
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Telescopes (https://mast.stsci.edu). The data products required to
generate Figs.1-3and Extended Data Figs.1-9, as well as the stellar spec-
trumand the datareduction configuration files for the Eureka! - reduc-
tion1and SPARTA analyses are available at https://osf.io/2s6md/ with
do0i10.17605/0SF.10/2S6MD. All further data are available on request.

Code availability

The codes used in this publication to extract, reduce and analyse the
data are as follows: STSclJWST calibration pipeline (https://github.
com/spacetelescope/jwst), Eureka! (https://eurekadocs.readthedocs.
io/en/latest/), stark (https://github.com/Jayshil/stark), SPARTA (https://
github.com/ideasrule/sparta), batman (http://Ikreidberg.github.io/
batman/docs/html/index.html), emcee (https://emcee.readthedocs.
io/en/stable/), dynesty (https://dynesty.readthedocs.io/en/stable/
index.html) andjuliet (https://juliet.readthedocs.io/en/latest/). Also,
we have made use of HELIOS (https://github.com/exoclime/HELIOS),
FastChem (https://github.com/exoclime/FastChem), PLATON (https://
github.com/ideasrule/platon), petitRADTRANS (http://gitlab.com/
mauricemolli/petitRADTRANS) and LavAtmos (https://github.com/
cvbuchem/LavAtmos) to produce models.
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consistent with the SPARTA analysis. ¢, Relative spectroscopic light curvesin
the SPARTA analysis. The vertical dashed lines denote the phasesinwhich the
planetiseclipsed by the star.d, Comparisonbetween the scatters of the light
curves and the uncertainties of binned data for the relative spectroscopiclight
curves from the SPARTA analysis. All error bars correspond to1o.
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Param | Value Note

R, 1.9540.04 Reann Ref'?

M, 8.610.4 Me.n Ref'2

d 12.59+0.01 pc Gaia DR2

R/R. [ 0.0182+0.0002 Ref™

a/R. 3.52+0.01 Ref"!

R. 0.9840.02 Ry, Ref'?

M. 1.0240.05 Mg, Ref'?

L. 0.6396+0.0009 Ly, | Gaia DR2

Tex 5214153 K Derived from L. and R.

a 0.0160+0.0003 AU | Derived from a/R- and R.

Teq 1965120 K Derived for zero albedo and full thermal redistribution (f=1/4)
Teq 2511+26 K Derived for zero albedo and no thermal redistribution (f=2/3)

Extended DataFig. 3 |Parameters adoptedinretrievals and self-consistent models. The table lists the system parameters of 55 Cnc e adopted in this study and
their sources.
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Extended DataFig.9|Modelled atmosphere in equilibrium witha magma
oceanon55Cnce.a, Partial pressure of gases for the volatile content ofH, C,
NandSasEarth’searly magma ocean (solid lines) and 3% H content (dashed
lines), simulated by amagma ocean-atmosphere partitioning and chemical
equilibrium/speciation model**. b, Emission spectraand associated pressure-
temperature profiles fora200-bar atmosphere with Earth-like C-H-N-S
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volatileabundance ratios in the atmosphere-magma ocean system, simulated
by our atmospheric radiative transfer and chemistry model. ¢, Same as panel b
butforal-baratmosphereand aHabundanceratiointheatmosphere-magma
oceansystemreduced to 3% of the standard cases. The NIRCam data are offset
to matchwith the best-fit model (64 ppm for panel b and 58 ppm for panel c).
The total number of data pointsis 30 for the interpretation of the y* values.
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