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Observing exoplanets through transmission spectroscopy supplies detailed
information about their atmospheric composition, physics and chemistry.
Before the James Webb Space Telescope (JWST), these observations

were limited to anarrow wavelength range across the near-ultraviolet to
near-infrared, alongside broadband photometry at longer wavelengths.
To understand more complex properties of exoplanet atmospheres,
improved wavelength coverage and resolution are necessary to robustly
quantify the influence of abroader range of absorbing molecular species.
Here we present acombined analysis of JWST transmission spectroscopy
across four different instrumental modes spanning 0.5-5.2 um using Early
Release Science observations of the Saturn-mass exoplanet WASP-39 b.
Our uniform analysis constrains the orbital and stellar parameters within
subpercentage precision, including matching the precision obtained by
the most precise asteroseismology measurements of stellar density to
date, and it further confirms the presence of Na, K, H,0, CO, CO, and SO,
as atmospheric absorbers. Through this process, we have improved the
agreement between the transmission spectra of all modes, except for the
NIRSpec PRISM, which is affected by partial saturation of the detector.
This work provides strong evidence that uniform light curve analysis is an
important aspect to ensuring reliability when comparing the high-precision
transmission spectra provided by JWST.

WASP-39 b has a mass of ~0.28 M,,,, an equilibrium temperature of
~1,100 K and a highly inflated radius of -1.27 R,,, (ref. 1), making it an
ideal target for transmission spectroscopy observations. Past opti-
cal and near-infrared observations of WASP-39 b with ground-based
telescopes, the Hubble Space Telescope (HST) and Spitzer have found
evidence for strong absorption features that are not severely affected
by the muting effects of cloud extinction®”, which has been mirrored
intheinitial datareleasesfor each of our James Webb Space Telescope
(JWST) observations across the near-infrared®°. Furthermore, the host
star WASP-39 is known to be relatively inactive"”"2, The atmosphere of
WASP-39 b has ametal enrichment (metallicity) greater than that of its
host star, although the range of metallicities that satisfy the observed
JWST spectra differ between instrumental modes and can extend up
to x100 solar metallicity’'°, Similarly, the measured ratio of carbon-
and oxygen-bearing molecular species (C/O) in the atmosphere of

WASP-39 b seems to be substellar or stellar, depending on the instru-
mental mode. These differing compositional measurements are prob-
ably dueto the preliminary modelling performed and the sensitivities
of specificwavelengthregionstorelevant molecular tracers. Measure-
ments of the metallicity and C/O ratio for an exoplanet are important
indicators of its bulk atmospheric chemistry”™ and formation his-
tory''; therefore, these JWST observations must be analysed homo-
geneously so that the complementary constraining power of their
different resolutions and wavelength ranges can be fully realized and
the nature of WASP-39 b can be best understood.

We began our dataanalysis with the extracted spectral time series
as reported in the initial data release publications for these observa-
tions”°. At this initial stage, the data have been corrected for both
background and1/fnoise (additional correlated read noise due to, for
example, biasesin the detector readout electronics) when necessary.
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Fig.1|White light curves of WASP-39 b. All data are presented after correcting
for systematics, including the G395H mirror tilt event®, with 1o uncertainties.
Solid linesindicate the best-fitting model for each of the datasets from our joint
fitting analysis. Translucent points show the individual temporal measurements.
Solid circles are the data after binning down to alower temporal resolution

(15 min for JWST datasets and 30 min for TESS and NGTS). The JWST light curve

dataare very precise and primarily lie underneath the best-fitting model lines.
For the TESS and NGTS data, all light curves are phase-folded and the displayed
best-fitting modelis an average across light curve fits. The residuals of the
individual measurements compared to each best-fitting model are displayed
underneath each light curve.

As several comparable reductions are presented in each of these pub-
lications, we selected the nominal case from each. Specifically, we
chose the supreme-SPOON reduction®" for the single-object slitless
spectroscopy (SOSS) mode of the near-infrared imager and slitless
spectrograph (NIRISS)?°?, the Eureka! reduction® for the near-infrared
camera (NIRCam) F210M + F322W2 (refs. 7,23), the ExoTIC-JEDI [V2]
reduction® for near-infrared spectrograph (NIRSpec) G395H** %" and
the FIREFLy reduction®®for NIRSpec PRISM®1%*?¢, As WASP-39 bis the
only exoplanet to date to have been observed with such a diversity of
instrumental capability, this is the first opportunity for a one-to-one
cross-comparison between these modes and a verification of their rela-
tive performance. We extracted seven separate white light curves from
these data for our analysis using Eureka! (ref. 22): two from the separate
NIRISS/SOSS orders1and 2 spectroscopy, one fromthe NIRCam F210M
photometry, one from the NIRCam F322W2 spectroscopy, two from
the NIRSpec G395H spectroscopy captured separately on the NRS1
and NRS2 detectors, and one from the NIRSpec PRISM spectroscopy
(Methods, Extended Data Figs.1-3 and Extended Data Table 1).

To constrain the parameters for WASP-39 b and its host star, we
performedajoint fit usingjuliet (ref. 29) for the seven JWST white light
curves, as well as a light curve from the Transiting Exoplanet Survey
Satellite (TESS)*, six separate light curves’ from the Next Generation
Transit Survey (NGTS)* and radial velocity measurements from COR-
ALIE and the spectrograph for observing the phenomena of stellar
interiors and exoplanets (SOPHIE)'. All light curve fits are displayed
inFig. 1, and the best-fitting parameters are provided in Table 1. With
the combined constraining power of these data, we were able to obtain
exquisite constraints on the WASP-39 system. The period of WASP-39 b
isconstrained at subsecond precision (-0.3 s), with other physicaland

orbital parameters constrained at subpercentage precision (-0.1-0.5%).
Of particular interest is the constraint on stellar density provided by
thefitting, asitis constrained to ~0.3%, an equivalent precision to the
most precise asteroseismology measurements made to date®. Thisisa
direct consequence of the sampling of the transit events by the different
JWST observations, which constrain the period and transit duration at
unprecedented precision and, together with Kepler’s third law, define
the stellar density™. If such precisions are common for JWST white
light curves in general, then they could give rise to better constraints
onorbital decay or transit timing variations. Improved stellar density
measurements may improve the constraints on system ages.

Spectrophotometric light curves were extracted at the native spec-
tralresolution from their corresponding spectral time series using the
Eureka! package®, with orbital parameters fixed to the best-fitting val-
uesfrom fitting the whitelight curves. Thisresulted in1,028light curves
for NIRISS/SOSS (R = 350-1,390 and 0., = 310 ppm), 550 for NIRCam
F322W2 (R = 850-1,360 and 0., = 294 ppm), 1,163 for NIRSpec G395H
(R=1,340-2,630 and 0,,.,, = 496 ppm) and 147 for NIRSpec PRISM
(R=20-290 and 0., =108 ppm) for an overall total of 2,888 individual
spectrophotometriclight curves. As part of our analysis, we also inves-
tigated reductions at lower-resolution binning schemes and found that
unless the underlying limb-darkening parameters were fixed during
the light curve fitting, there were substantial wavelength-dependent
variations in excess 0f 150 ppm between the native spectral resolution
and R=100spectra (Methods and Extended DataFig. 4). The combined
transmission spectra of theJWST observations from this work, along-
side those of the initial data release publications, are displayedin Fig. 2.
The initial releases have different uncertainties at some locations, as
they have aresolution different fromthe synthesized release.
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Table 1| Best-fitting orbital and instrumental parameters

from fitting white light curves

Parameter Value Description

P 4.055284218:8000035 Orbital period (d)

a/R, 11.390+0.012 Scaled semimajor axis
b 0.4498+0.0022 Impact parameter

i 87.7369+0.0024 Inclination (deg)

e 0 (fixed) Eccentricity

[} 1.6999+3 9934 Stellar density (g cm™)

NIRSpec PRISM
mid-transit time® (days,

TO,N\RSpeC/PRISM

2,459,771.335647+3:995913

BJD TDB)
ToNRcam 2,459,783.50150003:3399068 NIRCam mid-transit time®
0-0000088 1/, BID TDB)
Tonrmiss 2,459,787.5567843+3:9533375 NIRISS mid-transit time*

(days, BJD TDB)

NIRSpec G395H
mid-transit time® (days,
BJD TDB)

NIRSpec PRISM
photometric jitter (ppm)

NIRCam F322W2
photometric jitter (ppm)

2,459,791.6120684+3:3339983

TO,N\RSpec/GﬁQEH

218.9+%3

ONiRSpec/PRISM

ONiRCam/F322W2

235.6+193

ONIRCam/F210M 75.51”:13 NIRCam F210M
photometric jitter (ppm)

OiRissforder1 110.3+33 NIRISS/SOSS order 1

’ photometric jitter (ppm)
OniRissorder 2 1532457 NIRISS/SOSS order 2

' photometric jitter (ppm)
ONIRSpec/G395H/ 138.6ig:g NIRSpec/G395H NRS1
NRS1 photometric jitter (ppm)
OnNiRSpec/G395H/ 147,51;:8 NIRSpec/G395H NRS2
NRS2 photometric jitter (ppm)

2A single time of transit was fitted for all datasets; we list the predicted time of transit for
each instrument here based on that single fitted parameter.

The measured transmission spectrafromtheinitial datareleases
display clear offsets relative to each other, whereas such offsets are
reduced for the synthesized spectra after following the joint light
curve fitting procedure described above (Fig. 2 and Methods). In the
extreme case, the NIRSpec G395H and NIRISS/SOSS spectra have a
mean offsetin their overlapping region of 343 + 16 ppm when using the
initial spectra and 138 + 16 ppm when using the synthesized spectra.
This indicates that different assumptions and inferences during the
light curve fitting process can substantially affect the final measured
transmission spectrum, even with the constraining power of asingle,
highly precise, JWST white light curve. Despite these synthesizing
efforts, offsets are still present between the different modes. The
median offsets of the spectra from the higher-resolution modes rela-
tive to the NIRSpec PRISM spectrum are shownin Fig. 2c. Differencesin
the median offsets between the higher-resolution modes and NIRSpec
PRISM are driven by the wavelength-dependent nature of NIRSpec
PRISM systematics compounded with wavelength-independent offsets
betweenthe higher-resolution modes (Methods, Extended DataFig. 5
and Extended Data Table 2).

Wavelength-independent offsets are commonly seen between
different telescopes and instruments and are typically due to differ-
ent orbital or stellar parameters assumed or different instrument
sensitivities. However, an offset is present between NIRSpec PRISM
and NIRSpec G395H, even though we use consistent orbital and stellar
parameters and even though the NIRSpec PRISM detector is the same
astheshort wavelength NIRSpec G395H detector (NRS1). One potential
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Fig.2|Measured transmission spectra of WASP-39 b. a, Measured transmission
spectrafor all four instrumental modes as reported in the initial data release
publications”°. b, Measured transmission spectra at the native spectral
resolution for NIRSpec PRISM and at one-fifth of the native spectral resolution
for the other modes (Methods). ¢, Residuals of the synthesized data for each
mode relative to alinear interpolation of the NIRSpec PRISM data, with coloured
shading indicating the lo uncertainty bounds. Horizontal lines indicate the
median difference relative to the SOSS (solid), F322W2 (dashed) and G395H
(dotted) data. See Methods for a detailed quantitative discussion of the offsets
between individual modes. Regions where the NIRSpec PRISM data experience
saturation are marked in grey shading. These correspond to saturation after one
(darkest) to four (lightest) groups. All displayed uncertainties correspond to 1o.

explanation is that the low number of groups used in the NIRSpec
PRISM observations may increase the influence of first-group effects
and drive a more notable offset compared to the other observations,
which utilize more groups. Such a shift has been observed in NIRCam
transit observations®* and may be present in this data also (Methods).
Upon applying a shift to the NIRSpec PRISM data, it was possible to
better match the other datasets across a broader wavelength range.
However, awavelength-dependent offset is stillapparent from-0.6 to
2.0 um. Itisacross this wavelength range that the NIRSpec PRISM data
are affected by detector saturation.

Despite aninitial assessment that saturated data could be recov-
ered for NIRSpec PRISM™, there is a clear discrepancy compared to
the unsaturated NIRISS/SOSS data. In reality, the complex interac-
tion of detector saturation, nonlinearity, first-group effects and pixel
cross-talk modulate the measured transit depth as afunction of wave-
length. An investigation into determining a potential further correc-
tionto the saturated datais presented in Methods and Extended Data
Figs. 6-8; however, for our model analysis, we rely solely on the NIRISS/
SOSS measurements at the wavelengths impacted by saturation. For
future analyses, we recommend exercising caution when inferring
atmospheric properties from data that have been directly influenced
by saturation. Such a conclusionisinagreement with past observations
using earlier generations of infrared detectors, for which modelling
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Fig.3|Data comparison against a1D-RCPE model and residuals for the JWST
spectrum of WASP-39 b. a,b, JWST transmission spectrum of WASP-39 b with 1o
uncertainties (black hexagons), split at -2.0 um for clarity alongside archival data
(grey hexagons).a,1<2.0 pm.b,A>2.0 um. For PRISM, the data are at the native
spectral resolution. Datain the saturated region are excluded. For the other
modes, the data are at R =100. Results from the model with x10 solar metallicity
and C/0 =0.35aredisplayed in purple. ¢, Residuals of the data for each mode
relative to the best-fitting model in addition to their 1o uncertainties (shaded
regions). d, Probability density of the residuals for each mode relative to the
best-fitting model.

the detector response to saturation was difficult® so that data expe-
riencing saturation were discarded™. Even if absorption features are
present across a region of partial saturation that qualitatively match
the predictions of an atmospheric model, the precise structure and
amplitudes of those features may not bereliable. If reliable inferences
for the structure of an absorption feature are required, instead of
obtaining saturated NIRSpec PRISM data, observers could consider
using several higher-resolution modes. For example, NIRISS/SOSS
and NIRSpec G395M/H cover a similar wavelength range as NIRSpec
PRISM but saturate more slowly due to their higher resolving powers.
Alternatively, the NIRSpec G140M/H mode could be utilized alongside
NIRSpecPRISM, asits ~0.97-1.89 pm wavelength range spans the region
of NIRSpec PRISM that has the highest throughput and is most prone
to saturation but offers a-2 magimprovement in brightness limit.
The combined transmission spectra exhibit a variety of spectro-
scopic features that can be attributed to absorption from elemental
and molecular species. We investigated the origin of these spectro-
scopic features by comparing the observations to a self-consistent
one-dimensional radiative-convective photochemical-equilibrium
(1D-RCPE) model that assumes x10 solar metallicity and a subsolar
carbon-to-oxygen ratio of 0.35 (Fig. 3), which is consistent with the
inferred atmospheric properties from the initial data releases. We
considered the possibility that inhomogeneous aerosols shaped the
absorption features in our spectrum by post-processing the 1D-RCPE

model with clouds and hazes resulting from afit to the data (Methods).
Additionally, we allowed for auniform offset to the NIRSpec PRISM data
relative to the chosen model and found a median value of 177 ppm.
The resulting atmospheric model confirms that the spectral features
are best explained by absorption due to Na, K, H,0, SO, and CO,. Also
note the presence of anarrow absorption excess at -1.083 um, whichis
evident across all explored binning schemes and may be indicative of
absorption from metastable helium*”*%, but a further investigation is
outside the scope of this paper. The spectral fit additionally confirms
the need for cloud extinction, as expected from the relatively muted
spectral features in the data. A more detailed analysis of these data
that covers a broader variety of atmospheric modelling methodolo-
gies, explores offsets for all JWST modes and provides constraints on
accessible atmospheric properties will be presented in a companion
publication (Welbanks et al. in preparation, 2024).

Importantly, we found that a uniform analysis, namely joint white
light curve fitting for consistent orbital parameters, resulted in an
improved agreement over previously independent analyses between
all JWST observing modes considered, with the exception of NIRSpec
PRISM. Caution should be exercised when combining JWST spectra
from different instruments without a uniform light curve analysis,
particularly if those datasets have been analysed by independent
teams. Until a more comprehensive limb-darkening investigation is
performed, fixing limb-darkening parameters to models rather than
fitting for these parameters at high resolution is necessary toimprove
consistency between spectra of the same dataset at different resolu-
tions. Finally, although the included NIRSpec PRISM observations were
impacted by several detector effects, particularly due to saturation
(Methods), this mode remains a powerful tool for efficient characteri-
zation of planets around dimmer stars.

The continued effort to understand how best to combine data
from several instruments is important for accurately characterizing
exoplanet atmospheres. By combining their differing capabilities,
these broad-wavelength, high-precision and high-resolution meas-
urements will facilitate a wide range of model analyses, beginning
with those presented in our companion publication (Welbanksetal.in
preparation, 2024) and will greatly improve our understanding of the
origins, histories and atmospheres of exoplanets. Finally, with future
ultraviolet and mid-infrared transmission measurements of WASP-39 b
alsoonthehorizon (HST GO-17162 and JWST DDT-2783), we are poised
to begin exploring the full potential of this new era of exoplanet char-
acterization and the scientific advances that it can offer.

Methods

Datareduction

The data presented in this work were obtained from a selection of
observations of WASP-39 b from the Panchromatic Transmission sub-
programme within the JWST Transiting Exoplanet Community direc-
tor’s discretionary Early Release Science (ERS) programme®**° (ERS
1366; Pls: N. M. Batalha, J. L. Bean and K. B. Stevenson). This includes
primary transit observations with NIRISS/SOSS**** over 26-27 July
2022 (20:53-05:35uT), NIRCam F210M + F322W2 (refs. 7,23) over 22-23
July 2022 (19:28-03:40 uT), NIRSpec G395H (refs. 8,25-27) over 30-31
July 2022 (21:45-06:21 uT) and NIRSpec PRISM®'°%2¢ on 10 July 2022
(15:05-23:39 uT). These observational modes span all three of JWST’s
near-infrared instruments with resolving powers of R ~100-2,700
depending on the mode and have overlapping wavelength ranges
within acombined range of 0.518-5.348 pm.

The datareduction for this work began with the extracted spectral
timeseries as presented intheinitial ERS publications for these observa-
tions”'°. At this stage, the data have undergone data processing steps
suchasdetector-level corrections, rampfitting, flat fielding, subtraction
ofbackground and1/fnoise, wavelength calibration and spectral extrac-
tion. For a detailed account of the precise analysis steps taken for each
instrumental mode, we refer the reader to the initial ERS publications.
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Astheinitial ERS publications provide a variety of different reduc-
tions to the data, spanning different pipelines and different methodolo-
gies, we selected just asingle reduction from each for our analyses. For
NIRCam F322W2, NIRSpec PRISM and NIRSpec G395H, we selected the
reduction that matches that chosen in the initial publication, but for
NIRISS/SOSS, we adopted a different reduction due toimprovements
in the out-of-transit baseline scatter. Specifically, this corresponds
to the Eureka! reduction® for NIRCam F322W2, the supreme-SPOON
reduction®” for NIRISS/SOSS, the ExoTIC-JEDI[V2] reduction? for NIR-
Spec G395H and the FIREFLy reduction? for NIRSpec PRISM. Note that
although asingle reduction pipeline may be desirable, fundamentally
different reduction procedures are required between instrumental
modes, and a ‘jack of all trades’ pipeline will not necessarily produce
the most consistent results. Further, analyses from the initial data
releases” ' demonstrated that different pipelines can reach good
agreementto the resulting spectra. Median out-of-transit stellar spec-
traforeach of the selected reductions are displayed in Extended Data
Fig.1.For the NIRCam F210M photometry, we did not repeat any data
reduction procedures and adopted the existing extracted light curve’.
Extended Data Table 1 gives an overview of the JWST observations
included in this work.

White light curve analysis

Seven separate white light curves were obtained from these JWST
datasets: one from NIRSpec PRISM, two from NIRSpec G395H (one
from each detector), two from NIRISS/SOSS (one for each order), one
from NIRCam F322W2 and one from NIRCam F210M photometry. For
the spectroscopic observations, white light curves were constructed
using Eureka!*? across similar wavelength ranges to those adopted in
the initial ERS publications™°, except for NIRSpec PRISM, for which
we excluded wavelengths below 2 pm due to saturation. This corre-
sponds to wavelength ranges 0.873-2.808 pum for NIRISS/SOSS order
1,0.6-0.9 um for NIRISS/SOSS order 2, 2.420-4.025 pm for NIRCam
F322W2,2.725-3.716 um for NIRSpec G395H NRS1, 3.829-5.172 um for
NIRSpec G395H NRS2 and 2.0-5.5 um for NIRSpec PRISM.

We performed ajoint fit to theselight curves, in conjunction with
six NGTS light curves, one TESS light curve (with three transits) and
radial velocity measurements from CORALIE and SOPHIE’; these aux-
iliary datasets were selected as they were readily available, did not
show strong systematic effects and provided timestamps so that we
were able tojoin them with ourJWST measurements. The radial veloci-
ties were mean-subtracted before we performed any fitting. Dilution
factors for each light curve were fixed to 1, implying that we assumed
that there was no dilution from nearby contaminants on those light
curves. High-contrast imaging observations of WASP-39 b reveal no
nearby companions**?, and no contaminating sources are appar-
ent in the NIRCam target acquisition image. In addition, the nominal
joint fit presented and used in this work had eccentricity fixed to O
(afit leaving the eccentricity as a free parameter such that the priors
described below constrainitto e < 0.039 with 99% credibility; the rest
of the posterior parameters being consistent at 1o with the ones here
presented). All timestamps were converted to abarycentricJulian date
(BJD) in Barycentric Dynamical Time (TDB).

The free parametersin this fitincluded:

(1) The period, which had a normal prior distribution centred at
the value reported in Maciejewski et al.”?, that is, 4.0552765 d
but with a substantially larger standard deviation of 1 min to
allow for possible timestamp mismatches between different
BJD standards in the literature (for example, UTC or TDB**)

(2) Thetime of transit centre, which had a normal prior centred
at 2,459,791.615201 BJD TDB (the time of the NIRSpec G395H
observations) with a relatively large standard deviation of 0.1d

(3) Theimpact parameter, also centred at the value reported in
Maciejewski et al., that is, 0.45, but with a truncated normal

distribution between 0 and 1, and with a larger standard devia-
tion of 0.1

(4) Thestellar density, whose prior was set to a log-uniform distri-
bution between 0.1and10 g cm™

(5) Theradial velocity semi-amplitude, which had a uniform prior
between 0 and 200 ms™

(6) Anindividual radial velocity offset for each radial velocity
instrument with data in Faedi et al.' (CORALIE and SOPHIE),
with uniform priors between -100 and 100 m s™ as well as jitter
terms with log-uniform priors between 1and 100 ms™ for each

(7) Anindividual planet-to-star radius ratio for each light curve,
which had a uniform prior between 0 and 0.3 to account for
possible wavelength-dependent planet-to-star radius ratio
changes

(8) Thelimb-darkening coefficients using a transformed quadratic
law based on the uninformative sampling prescription of
Kipping et al.*, which implied two parameters per light curve,
g, and q,, with uniform distributions between 0 and 1

(9) Aflux normalization term for each light curve, set with a
normal prior centred at 0 and with a standard deviation of
100,000 ppm

(10) Ajitter term per light curve, set to a log-uniform prior between
0.1and 10,000 ppm

To handle instrumental systematics in the light curves, based on
analyses performed on the out-of-transit data, we decided to use the
following models:

(1) A Gaussian process on the NIRCam F322W2, NIRCam F210M
photometry, NIRISS/SOSS orders 1and 2, and TESS data. We
chose a Matérn 3/2 kernel and used time as the only regressor.
The prior on the amplitude of this Gaussian process was set
with a log-uniform distribution from 0.01to 100 ppm for the
JWST light curves and from 0.001 to 100 ppm for the TESS light
curves. The timescale also had a log-uniform prior distribu-
tion between 0.01and 100 d. The Bayesian evidence suggests
that adding a Gaussian process to the NIRspec datasets did not
provide an improvement to the fits.

(2) Alinear model for the NIRSpec G395H data with two regressors:
asimple slope in time and a regressor that was 0 before the tilt
event observed in the data®and 1 after it.

(3) Alinear model for NIRSpec PRISM data with a simple slope in
time.

Adding similar systematic models for the NGTS data did not
change the results of our fit. In total, 84 free parameters were used to
fit12,206 data points, for which we used the dynamic nested sampling
scheme as implemented in dynesty (ref. 46). Some of the resulting
parameters from this joint fit are presented in Table 1. Posteriors for
selected parameters are shown in Extended Data Fig. 2.

Wavelength binning scheme for spectrophotometric light
curve extraction

Toextract the spectrophotometriclight curvesitis necessary to define
awavelength binning scheme for each dataset. The largest number
of spectrophotometric bins, and therefore the highest resolution, is
reached by binningat the native pixel resolution. A spectrophotometric
light curveisthen extracted for eachindividual pixel column. However,
for these JWST modes, the native pixel resolution was higher than the
native spectral resolution, which defines the differencein wavelengths
AAthatcanberesolved atagivenwavelength A. As such, we adopted the
native spectral resolution as a fundamental baseline when extracting
spectrophotometric channels. Although higher-resolution schemes,
including native pixel resolution, may theoretically offer access to nar-
rower spectral features, understanding the potential and reliability of
suchanapproachis beyond the scope of this work.
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The native spectral resolving power, which defines the native
spectral resolution, can be determined in units of pixels for each mode
following R,x = A/DR, where A is the wavelength, D is the dispersion of
the instrumental mode and R is the spectral resolving power of the
instrumental mode. For allmodes, we took the dispersion and resolv-
ing power curves from the reference data files provided by the JWST
exposure time calculator, Pandeia®’. Importantly, R, is a continuous
function of wavelength, whereas individual pixel columns have dis-
crete edges and cannot be meaningfully subdivided in wavelength.
Therefore, we converted R, to integer pixel values using a ceiling
function to ensure that pixel columns were not split across two sepa-
rate wavelength bins. We defined the bin edges beginning with the
lowest wavelength pixel column, where the wavelength at the lower
edge of this column corresponds to the lower edge of the first spectro-
photometric bin. Pixel columns were then added to this bin until the
number of columns was equal to R, and the wavelength at the upper
edge of the final column corresponds to the upper edge of the first
spectrophotometric bin. This process was repeated using the previ-
ously determined upper edge as the starting lower edge for the next
bin until all bin edges had been defined. In the event that there was a
transition in the integer value of R, as pixel columns were added to
abin, the highest value of R, was used to define the number of pixel
columns that must be included. If not enough pixels were available in
the uppermost wavelength bin to satisfy this requirement, then those
pixels were instead incorporated into the penultimate bin.

For each instrumental mode, we first extracted spectrophoto-
metric light curves at the native spectral resolution following this
binning scheme across asubset of the full wavelength range using the
values adopted in the initial ERS publications for each of the instru-
mental modes’ . This corresponds to ranges of 0.873-2.808 um for
NIRISS/SOSS order1,0.630-0.853 um for NIRISS/SOSS order 2,2.420-
4.025 pm for NIRCam F322W?2, 2.725-3.716 um for NIRSpec G395H
NRSI, 3.829-5.172 pm for NIRSpec G395H NRS2 and 0.518-5.348 um
for NIRSpec PRISM. Additionally, for NIRISS/SOSS, we excluded ~100
columns that were impacted by zeroth-order contamination from
background sources’. The effect of resolution on the measured spec-
trophotometric transit depthsis explored further below.

Spectrophotometric light curve fitting

Across allinstrumental modes, we fitted the spectrophotometric light
curves using the Eureka! package?®’, whichjointly fits both a systematic
and astrophysical model component to each of the light curves. The
systematic model consists of afirst-order polynomial in time, whereas
the astrophysical transit models were computed using the batman
package*s. We also fitted a step function to the NIRSpec G395H datato
account for the flux drop close to mid-transit in the uncorrected light
curves, whichwas drivenby amirror tilt event®. The orbital parameters
were fixed during the fitting process using the values obtained from
fitting the white light curve, as shown in Table 1. Limb-darkening was
incorporated using a quadratic law, and the limb-darkening param-
eters were fixed in each of the light curve fits with initial values taken
from the ExoTIC-LD package* using stellar parameters [M/H] = 0.0,
T.+= 5,512 and log(g) = 4.7. Fitting for the limb-darkening parameters
can produce wavelength-dependent biases as a function of wavelength
binning resolution, which is investigated further below. The fitting
itself was performed using a Markov chain Monte Carlo approach, as
implemented by the emcee package’’, using 200 walkers and 1,100
steps and discarding the first 100 steps as aburn-in. The convergence
was checked to ensure that the chains ran for at least x50 the auto-
correlation time.

The transit-depth precision, native spectral resolving power and
wavelength coverage resulting from the spectroscopiclight curve fit-
ting are displayed alongside similar properties for archival HST, Very
Large Telescope and Spitzer data** for WASP-39 b in Extended Data
Fig.4.0fthe used JWST observational modes, NIRSpec PRISM provided

the best transit-depth precision at all wavelengths, at the expense
of greatly reduced resolution. Where the wavelength ranges of the
higher-resolution modes overlapped, NIRCam F322W2 provided the
best precisionfrom-~2.4-2.9 pmataslightly lower resolution, as well as
providing unique access from-3.7 to 3.8 pm where NIRSpec G395H has
no sensitivity due to the gap between the detectors that the spectrum
fallsacross. The NIRISS/SOSS and NIRSpec G395H modes have similar
resolutions in the narrow region where they overlap, with the NIRISS/
SOSS providing superior precision below ~2.75 pm. NIRSpec G395H
hasasimilar precisionto NIRCam F322W2 from -3.0 to 3.5 pm despite
having afactor of -2 higher resolution due to it also having a factor of
~2 higher throughput.

Itis clear that JWST provides a dramaticimprovement on previous
capabilities for characterizing transiting exoplanet atmospheres, as it
offers increased wavelength coverage, resolution and precision. The
NIRISS/SOSS observations provide superior resolution to existing
HST infrared data at ~1-3 times higher transit-depth precision, and
the NIRSpec PRISM offers a similar resolution at up to -8 times higher
precision. At longer wavelengths, all four instruments provide unri-
valled advantages, and the Spitzer photometry has been superseded
by the spectroscopic capabilities of NIRSpec PRISM, NIRCam F322W2
and NIRSpec G395H. At native spectral resolution, the transit-depth
precision of NIRCam F322W2 and NIRSpec G395H are a factor of -2-3
times lower than Spitzer, but offer over two magnitudes of improve-
mentinresolving power compared to the Spitzer band-passes. Further-
more, NIRSpec PRISM, inadditionto the R =100 NIRCam F322W2 and
NIRSpec G395H datasets, offers both ~2-3 times higher transit-depth
precision and ~20-40 times improved resolving power. Neverthe-
less, ground-based telescopes and HST remain uniquely capable of
accessing shorter wavelengths <0.5-0.6 pm, awavelength range that
is crucial for capturing and measuring the presence and strength of
aerosol scattering and metal absorption lines.

Wavelength binning investigation and a dependence on
limb-darkening

We also investigated and extracted transit spectra at coarser wave-
length binning schemes following the procedure above at two to five
times lower than native spectral resolution for all modes, as well as a
R =100 binning scheme for the NIRISS/SOSS, NIRCam F322W2 and
NIRSpec G395H modes. We then binned the original native spectral
resolution transmission spectra to an approximately similar resolu-
tionaseach lower-resolution spectrumto explore the prevalence and
extent of resolution-dependent offsets. This was performed by taking
the weighted mean of the native spectral resolution transit depths
withineach wavelength bin of the lower-resolution spectrum. As each
binof the native spectral resolution spectrum constituted several pixel
columns, the wavelength ranges of the binned native resolution transit
spectrum could differ slightly from those binned to alower resolution
before fitting the light curve. However, the focus of this investigation
was toidentify broad deviations between different resolutions. Amore
detailed examination would require a future analysis at the native
pixel resolution. Residuals from each comparison, both when fitting
for or fixing the quadratic limb-darkening parameters, are shown in
Extended Data Fig. 3.

When the limb-darkening parameters were free parameters in
the fitting process, we saw notable differences between the binned
native resolution spectra and those that were binned before fitting
thelight curve. Both NIRISS/SOSS and NIRSpec G395H exhibited broad
wavelength-dependent offsets that became more pronounced towards
lower resolutions. Specifically, at R =100, NIRISS/SOSS had amean dif-
ference of32 +14 ppm (123 + 58 ppmabove 2.2 pm) and NIRSpec G395H
had a mean difference of 110 + 29 ppm (181 + 51 ppm above 4.5 pm).
NIRCam F322W2 exhibited a broad uniform offset at all wavelengths,
withamean difference of 58 + 19 ppm at R =100. Conversely, NIRSpec
PRISM exhibited a nonsignificant mean difference of 3 + 14 ppm at

Nature Astronomy | Volume 8 | August 2024 | 1008-1019

1013


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-024-02292-x

one-fifth of the native spectral resolution. We re-emphasize that the
wavelength ranges of the binned native resolution transit spectrum
could differ slightly from those binned to a lower resolution before
fittingthelight curve. Thisis a probable driver of any observed narrow
offset features, which are not explored in this work.

When the limb-darkening parameters were fixed during the fit-
ting process, the agreements between the different resolution spectra
were drastically improved. Nonsignificant mean transit-depth dif-
ferences were exhibited by NIRISS/SOSS (3 +13 ppm but 8 £ 53 ppm
above 2.2 pm), NIRCam F322W2 (13 + 17 ppm) and NIRSpec PRISM
(-3 £12 ppm). In contrast, awavelength-dependent offset remained for
NIRSpec G395H, although its mean offset of 37 + 27 ppm (87 + 48 ppm
above 4.5 um) was still reduced compared to when fitting for the
limb-darkening parameters.

This stark difference in behaviour when fitting or fixing the
limb-darkening parameters is indicative of underlying biases in the
adopted limb-darkening model. These biases appear to be strongest at
regions of lower received detector counts, as evidenced by the offsets
atthe ends of the NIRSpec G395H and NIRISS/SOSS data compared to
the NIRCam F322W2 data (which had a relatively flat throughput and
lower detector counts compared to other modes). Furthermore, these
biases seem to be evident only for the higher-resolution modes and
not the lower-resolution NIRSpec PRISM mode. As the native spectral
resolution light curves have a lower signal-to-noise ratio than those
that were binned to lower resolution before fitting the light curve, itis
probable that they were more susceptible to biases introduced when
fitting the limb-darkening parameters. As these biases are not neces-
sarily Gaussian in nature (they may not be comparable to additional
random noise), consistent results are not seen between the binned
native resolution spectra and those that were binned before fitting
thelight curve.

For future model analyses of these data, we recommend using the
native spectral resolution spectrum for NIRSpec PRISM, the lower reso-
lutionR =100 spectrafor the higher-resolution modes and, inall cases,
the spectrathat had their limb-darkening parameters fixed during the
fitting process. We emphasize that thisis not aglobal recommendation
forallJWST datasets, but one that is specific to the current best under-
standing of these data. Fixing the limb-darkening parameters provided
greater agreementacross different resolution binning schemes. How-
ever, the underlying reality is that these datasets are now uniformly
biased by our limb-darkening assumptions. The extent of such biases
is difficult to estimate at present, and substantial future work will be
required to explore the impact of different limb-darkening approaches
on these data and those from other JWST observations.

Comparison of the wavelength overlap between instruments

Eachof the fourinstrumental modes has an overlap between its wave-
length coverage and the wavelength coverage of the other three modes,
allowing for a comparison between their relative measurements of
the transit depth. The broadest comparison comes from the NIRSpec
PRISM mode, for which the wavelength coverage completely encom-
passes the coverage of the other modes but at substantially lower
resolution. As already showninFig. 2, the NIRSpec PRISM data exhibit
both a wavelength-independent offset across all wavelengths and a
wavelength-dependent offset for data that experience saturation.
Uponapplicationof a-177 ppmuniform offset, as determined from the
model analysis, the mean offset of NIRSpec PRISM was -124 + 6 ppm
relative to NIRISS/SOSS, 132 + 13 ppmrelative to NIRCam F322W2 and
17 + 11 ppm relative to NIRSpec G395H. Although there was better
agreement for NIRISS/SOSS before offsetting the NIRSpec PRISM
spectra, itswavelength range overlaps heavily with the saturated region
of NIRSpec PRISM, which is not completely reliable. When looking at
wavelengths unaffected by saturation, the mean offset of NIRSpec
PRISMwas -10 + 27 ppmrelative to NIRISS/SOSS. There are more nota-
ble discrepancies at localized regions of the wavelength coverage.

Insome cases (for example, the deviation at 2.6 pm), the difference can
beattributed to the lower resolution of PRISM acting to ‘smooth over’
atmosphericfeaturesthat canbe better captured at higher resolution.

Equivalent comparisons to Fig. 2c for the smaller wavelength over-
laps between the higher-resolution NIRISS/SOSS, NIRCam F322W2 and
NIRSpec G395H modes are displayed in Extended Data Fig. 5. We found
excellentagreement between NIRISS/SOSS and NIRCam F322W2, with
anonsignificant mean offset of 11 + 49 ppm, compared to 32 + 46 ppm
for theinitial datarelease spectra. An offset was still present between
NIRISS/SOSS and NIRSpec G395H of =372 £ 170 ppm, compared to
-482 + 132 ppm for the initial data release spectra. However, this
wavelength range is at the edge of the NIRSpec G395H and may have
been more substantially affected by systematic effects due to low
throughput. An offset was also present between NIRCam F322W2
and NIRSpec G395H of -138 £ 16 ppm, but this is greatly diminished
compared to -343 + 16 ppm for the initial data release spectra. Fur-
thermore, the distribution of residuals for NIRCam F322W2 versus
NIRSpec G395H is close to the expected normal distribution but
with a uniform offset (Extended Data Fig. 5). Given the agreement
between NIRISS/SOSS and NIRCam F322W2, this probably suggests
that a wavelength-independent bias remains in the NIRSpec G395H
spectrum, even after performing ajoint white light curve analysis.

All offsets as measured are presented in Extended Data Table 2 for
ease of comparison. However, these values should not be interpreted
as a generalizable property of the different detectors between the
different instrumental modes. We predict that these offsets will be
dependent onacurrently unpredictable number of variables and will
probably change between a given planet and observation. Instead,
we emphasize that although offsets between JWST spectra have been
identified, they canbe mitigated through a uniformlight curve analysis.

In totality, these comparisons demonstrate that the joint white
light curve analysis has dramaticallyimproved the agreement between
these various JWST datasets. Nevertheless, this improvement is not
perfect, and some offsets do remain between datasets. Notably, these
offsets are only present relative to either the NIRSpec PRISM or NIR-
Spec G395H modes. This may be an early indication of an uncorrected
systematic issue or bias specific to the NIRSpec instrument, espe-
cially considering the excellent agreement between NIRISS/SOSS
and NIRCam F322W2. However, it is also possible that this agreement
is a coincidence, and a firmer conclusion will require similar analyses
across a wider range of JWST datasets. Where offsets are still present
and saturation is not present, they appear to be close to normally dis-
tributed. Until aninvestigation even more detailed than that presented
in this work is completed, the application of uniform offsets during
model fitting and interpretation may be necessary.

NIRSpec PRISM saturation
Witha2MASS J magnitude of10.66 (ref.1), WASP-39is above the bright-
ness limit of the NIRSpec PRISM mode and produces detector satura-
tion in the brightest pixel of the columns corresponding to
~0.63-2.06 pm. As the JWST detectors make use of nondestructive
measurements to estimate the received flux (up-the-ramp sampling),
ifsaturation occursinapixel after alarge number of groups have been
measured, thenthe flux of that pixel may still be reliably measured with
asufficient number of unsaturated groups. However, for these NIRSpec
PRISM observations, there are only five groups per integration, with
saturationoccurring as early as the second group at the brightest part
of the spectra. With so few measurements in each of these ramps, the
ability to fitaslope and accurately estimate the flux for these pixels is
diminished. When few groups are available, the linearity of the ramps
is crucial for ensuring an accurate determination of the count rates.
Extended DataFig. 6 demonstrates the differences between counts
in neighbouring groups as a diagnostic of the true linearity of the
ramps. We see that the regions of the detector with higher count rates
demonstrate a pattern thatis indicative of an unexpectedly low count
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rate in the first group (2-1is higher than 3-2, which suggests a similar
effect to the first-group effect seen in NIRCam defocused imaging
observations®*) or is potentially an insufficient nonlinearity correc-
tion (later group differences are lower than earlier group differences).
Conversely, we see that rows 14 and 16 demonstrate a pattern that is
indicative of a high countratein the firstgroup (2-1is lower than 3-2) or
is potentially due to pixel cross-talk or charge diffusion as the central
row approaches saturation in later groups (higher count differences
inlater groups thanearlier groups). Although we applied amore strin-
gentsaturation thresholdin our updated PRISM analysis based on our
analysis of the shapes of the ramps to avoid uncorrected nonlinearity
(approximately 70-75% rather than the 80% full-well threshold used in
theinitial datarelease'®), future work should more closely explore the
accuracy of the NIRSpec nonlinearity correction with data that satu-
rate more slowly and, therefore, contain many more groups to better
determine the shape of the ramp and first-group impacts on partial
saturation corrections. In particular, it would be useful to have several
datasets of stars that saturate at different rates, in combination witha
NIRISS/SOSS observation, to fully characterize the impact of nonlin-
earity, pixel cross-talk and first-group effects on partially saturated
exoplanet transit data. Such an analysis will have important implica-
tions on the full-well threshold that is appropriate when attempting to
recover a partially saturated region on the NIRSpec detector and could
help determine how and when cross-talk occurs between neighbouring
pixels. Note that regions of the detector that do not approach satura-
tioninour datahave flat group differences, which provides confidence
inthe extracted count rates in this region of the data.

The analysis of the differences between neighbouring groups
makes it clear that the measured stellar flux rate is probably not rep-
resentative of the true stellar flux rate in regions of the detector that
rapidly approach saturation. The combination of the two regimes
in Extended Data Fig. 6 together shape the measured count rates in
the saturated region of the spectrum. As more groups are added, the
impactofinaccurate group counts becomes less important; however,
forthesaturated region, we are limited in the number of groups avail-
able.In particular, where alow first group dominates and few groups are
available, the measured ramps are steeper thanreality, corresponding
toahigherextracted fluxand adiluted transit depth. AsshowninFig.2,
thisis exactly whatis seeninthesaturated region of the offset NIRSpec
PRISM transmission spectrum compared to the NIRISS/SOSS spectrum.
To correct for this effect, we analysed how adding groups impacts the
extracted spectrum to estimate the amount of excess flux measured
within the saturated region. These excess flux measurements cor-
respond directly to a dilution correction we can apply to the NIRSpec
PRISM saturated region.

To explore how adding groups impacts the extracted spectrum,
we reduced the data using the same number of groups across the entire
wavelength range while masking the area that becomes saturated in
that number of groups. This corresponds to a total of five median stel-
lar spectra using one to five groups. Extended Data Fig. 7 shows these
spectrarelative tothe five-group spectrum, whichis equivalent to our
standard extraction. We see atrend of increasing extracted flux within
the saturated region (vertical regions shaded grey, where the darkest
region saturates after one group and the lightest region saturates after
four groups) when using afewer number of groups, suggesting that the
first-group effect is biasing the ramps when less than five groups are
used. Extrapolating this trend by fitting a Gaussian, we could determine
the median excess fluxinregions of the spectrum that saturate in two,
three or four groups. We do notreport a correction for the region that
saturates in one group because the one-group spectrum is very noisy
and the first-group effect is not well-enough understood. For this
reason, we suggest avoiding saturation after only one good group.

Extended Data Fig. 8 shows the residuals after subtracting the
NIRISS/SOSS spectra from the NIRSpec PRISM spectra before and
after applying the dilution corrections shownin Extended DataFig. 7c.

We found that the median differences between SOSS and PRISM reduce
from 0.40to 0.080. Although this is a marked improvement in agree-
ment, itisimportant to note that the dilution corrections both assume
that the shapes of the group differences are solely due to first-group
effects and are extrapolated from a small number of groups, which
therefore suggests that they may not be completely representative of
the true effect. For this reason, and based on the extrapolated excess
flux measurements, we suggest adopting abest practice of at least five
groups before saturation. This is a safe regime and is not dominated
by any of the effects that impact the group differences. Doing so well
ensure an accurate measurement of the stellar flux in this region.

We further caution on relying on applying a similar correction to
other NIRSpec PRISM data on a similarly bright star without NIRISS/
SOSS data to compare to, particularly if the wavelength regime that
saturatesin the NIRSpec PRISM datais crucial to the science. Although
the broad wavelength coverage of NIRSpec PRISM is unmatched, the
results in this work demonstrate that (1) it can be offset from other
modes, although in this work it may be partially due to the low total
number of groups, and (2) the feature sizesin the saturated region are
unreliable. Even with the application of a dilution correction, larger
spectral differences are present relative to the NIRISS/SOSS data than
are observed for all other modes relative to NIRISS/SOSS. Our recom-
mendations are to avoid partial saturation of NIRSpec PRISM, particu-
larly if the saturated wavelengths are important to the science case,
unless futureJWST calibration data better understands the first-group
effect orimproves the nonlinearity correction, therefore improving the
ability to recover the saturated region. Although the strategy of using
several higher-resolution modes would require the observation of a
second transit, the higher spectral resolution may allow for additional
science, such as enhanced stellar modelling™. NIRSpec PRISM remains
apowerful tool for dimmer host stars asit a obtains awide wavelength
coverage in an efficient single transit.

Modelling

To confirmthe origin of the spectroscopic features presentin the data
fromthis synthesized release, we compared the observations against
an atmospheric model of WASP-39 b.

We utilized all the spectroscopicJWST data presented in this work,
except for datain the saturated region of NIRSpec PRISM. For NIRISS/
SOSS, NIRCam F322W2 and NIRSpec G395H, we used the data binned to
R =100, and for NIRSpec PRISM, we used the dataat the native spectral
resolution.

We were motivated by the atmosphericinferences from the initial
data releases: NIRISS (x10-30 solar metallicity and subsolar C/0)’;
NIRSpec G395H (x3-10 solar metallicity and subsolar C/O)%; NIRCam
(x1-100 solar metallicity and subsolar C/O)” and NIRSpec PRISM
(approximately x10 solar metallicity and subsolar C/0)™. We chose
x10 solar metallicity, a subsolar carbon-to-oxygen ratio of 0.35 and
atmospheric composition under the assumption of full day-night
heat redistribution. The atmospheric model assumes 1D-RCPE. Cal-
culatingthe RCPE models corresponds to coupling athermochemical
solver with akinetics solver, as recently described in Bell et al.*. First,
the model was computed using the SCCHIMERA radiative-convective
equilibrium solver**, with recent updates and implementations to
JWST data from the initial data releases”'°. Then, the photochemical
equilibrium corresponding to the atmospheric chemical state aris-
ing from the chemical kinetics due to photochemistry and vertical
mixing was computed using the VULCAN tool*>**. We iterated over the
radiative-convective equilibrium and photochemical equilibrium to
ensure that the temperature-pressure profile and gas mixing ratios
did not change, resulting ina computation chain from SCCHIMERA to
VULCAN to SCCHIMERA to VULCAN to ScCCHIMERA.

We then considered the presence of inhomogeneous clouds and
hazes by fitting a power-law and grey cloud-deck parametric model
tothe observations while assuming the resulting 1D-RCPE model. The
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parametric cloud/haze model was fitted for a vertically uniform grey
cloud opacity k4 and a power-law haze assuming a scaling law for its
cross section, fitting for scattering slope y and the scale a (ref. 57).
Then, we allowed for the presence of inhomogeneous cloud cover by
using alinear combination of the cloudy/hazy model and a cloud-free
model**, with a cloud fraction ¢p. When fitting the cloud parameters to
the 1D-RCPE model, we allowed for an offset in the transit depth for the
NIRSpec PRISM observations relative to all other instruments with a
uniform prior of £500 ppm. Additionally, we allowed for a scaling to
the planetary radius referenced to 1 bar pressure. The final transmis-
sion spectrum in Fig. 3 corresponds to the post-processed 1D-RCPE
model with the median cloud parameters log(x,4) =-29.45,y=1.63,
log(a) =1.95and ¢ = 0.84, and ascaling of the planetary radius 0of 97%.
Thefitfor cloud and haze properties suggests that anon-negligible
offset must be applied to the NIRSpec PRISM observations to match the
1D-RCPE model. For this specific atmospheric composition, we found
that the best-fitting negative offset of 177 ppm was required to bring
the datato the same transit-depth level as the model. Comparing this
model to the remaining data from other instruments (for example,
NIRISS/SOSS order 2) seems to suggest that additional offsets for each
instrument and detector may be required. The presence of offsets in
the data and theirimpact on the inferred atmospheric properties are
exploredin greater detail in the companion work of Welbanks et al.

Data availability

The data used in this paper are associated with JWST programme ERS
1366 (observations 1-4) and are available from the Mikulski Archive
for Space Telescopes (https://mast.stsci.edu). Specific data products
for the time series spectra, white and spectroscopic light curve fits,
transmission spectraand model spectrumare available via Zenodo at
https://doi.org/10.5281/zenod0.10161743 (ref. 59).

Code availability

This publication made use of the following code software to analyse
these data: NumPy (ref. 60), matplotlib (ref. 61), SciPy (ref. 62), pandas
(ref.63,64), Batman (ref. 48), emcee (ref. 50), Exotic-LD (ref. 49), dynesty
(ref. 46,65), SpectRes (ref. 66), juliet (ref. 29) and Eurekal! (ref. 22).
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Extended Data Fig. 1| Median out-of-transit stellar spectra for WASP-39 in units of photoelectrons recorded at the detector. All datasets have been binned in
wavelength to match the NIRSpec PRISM data. Residual differences between datasets are a result of the different instrumental throughputs.
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instrumental modes as they each span a different wavelength range. The best-fitting model to the radial velocity data (solid line) alongside its 1,2, and 3o contours
(shaded regions) are also indicated.
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power (b) across all datasets. For the transit depth uncertainty, solid lines uncertainties by a factor of \/N, where Nis the number of transits for a given
correspond to the native spectral resolution datasets, and dashed lines bandpass, to more accurately compare the signal-to-noise provided by asingle
correspond to the R =100 datasets. Archival HST, VLT, and Spitzer data are also transit across different instruments.

displayed (gray lines and crosses). As the reported archival transit depths are an
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Extended Data Fig. 4 | Comparison between the transmission spectra
under different binning schemes and limb-darkening approaches for

each instrumental mode. Each panel shows the residual when comparing

the spectroscopic transit depths as determined by binning before light curve
fitting is performed versus those determined by directly binning the measured
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transmission spectrum at the native spectral resolution. Panels a-d indicate the
residuals for each marked filter, where limb darkening parameters are fit for,

and panels e-hindicate the residual for each marked filter, with limb darkening
parameters fixed during the fit. The width of each shaded region corresponds to
the 1o uncertainty in the measured residual. Dashed lines indicate zero deviation.
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Extended Data Fig. 5| Comparison of JWST instrumental modes across indicate the residuals for each marked filter, where limb darkening parameters
their overlapping wavelength regions. Each panel shows the residual when arefit for, and panels e-hindicate the residual for each marked filter, with limb
comparing the spectroscopic transit depths as determined by binning before darkening parameters fixed during the fit. The width of each shaded region
light curve fitting is performed versus those determined by directly binning the corresponds to the 1o uncertainty in the measured residual. Dashed lines indicate
measured transmission spectrum at the native spectral resolution. Panels a-d zero deviation.
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Extended Data Fig. 6 | Differences in counts between neighboring groups
after the non-linearity correction. A linear ramp would show aflat line
difference between neighboring groups. Residual slopes in differences between
neighboring groups are indicative of detector effects that are not fully corrected
(denoted by the dashed lines connecting the median of group pairs). Above we
show the distributions in differences between neighboring groups for three

detector rows where row 15 corresponds to the central location of the trace, and
rows 14 and 16 are the neighboring detector rows. Distributions are colored by
the number of groups that are usable before reaching our saturation threshold.
Note that we follow the same methodology as" in flagging an entire column as
saturated when the central row saturates.
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Extended Data Fig. 7| Analysis of excess flux relative to the nominal 5-group
spectrum. The 5-group spectrum uses a varying number of groups within the
saturated region, as is done in the standard PRISM extraction. (a) Extracted
spectra using different numbers of groups relative to the 5-group spectrum.
Dataare not showninregions that are already saturated, or where the 5-group
spectrum uses the same number of groups. (b) Zoomed-in view of the Top Left

panel, specifically the region in panel a that is enclosed in a box, excluding the
noisy 1-group spectrum. A Gaussian is fit to the excess flux spectrum. (c) The
dilution corrections derived from the median excess flux fit. In all panels the
vertical-gray shaded regions denote the level of saturation, with the darkest
corresponding to saturation after 1 group and the lightest corresponding to
saturation after 4 groups.
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Extended Data Fig. 8 | Comparison of NIRISS SOSS to NIRSpec PRISM before standard deviation equal to the median error on the residual (gray shading). We

and after the estimated dilution correction. Shaded regions indicate the note that the downwards peak around 1.3 micron s likely due to this spectral
wavelength ranges that experience saturation after the number of groups region having the lowest resolution across the instrument, resulting in the
indicated in bold. A dilution correction cannot be computed for the region highest counts in pixels at these wavelengths such that these detector columns
that experiences saturation after one group (dotted lines); however, we show get closer to saturation within the first group. Due to insufficient non-linearity
an example correction using the correction value for the regions experiencing correction within the /JWST pipeline and the first-group effect, lower-than-
saturation after two groups. The probability density of the residuals is displayed expected flux is measured in this region, resulting in deeper transit events.

inthe right panel, alongside a Gaussian distribution with zeromeanandaa
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Extended Data Table 1| Overview of JWST observations

Instrument Observation  Wavelength  Resolving  Number of Groups per Integration
Date Range (um)  Power Integrations  Integration Time
(MAL) (seconds)
NIRSpec July 10th 0.5-55 ~100 21,500 5 1.13
PRISM 2022
NIRCam July 22nd 2.42 -4.025 ~1600 366 12 79.45
F210M + 2022
F322W2
NIRISS SOSS  July 26th 0.6-2.8 ~700/ ~ 537 9 49.45
2022 1400
NIRSpec July 30th 2.725-3.716  ~2,700 465 70 63.14
G395H 2022 3.829-5.172
Observations are listed in the order they were acquired. For more detail on observational set up for these four modes, see™”''; and
, respectively.
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Extended Data Table 2 | Offsets between spectra

Instrument NIRSpec PRISM  NIRcam F322W2  NIRISS SOSS NIRSpec G395SH
NIRSpec PRISM - 132413 ppm -12446 ppm 17411 ppm
NIRCam F322W2 -132413 ppm - -11449 ppm -138+16 ppm
NIRISS SOSS 12446 ppm 11449 ppm - -3724170 ppm
NIRSpec G395H -17£11 ppm 138116 ppm 3724170 ppm -

All offsets should be read as the selected spectrum in the left hand column relative to a spectrum of a different column. It is critical
to emphasize that these offsets are unique to the spectra presented in this paper, and should not be interpreted as inherent offsets
between JWST’s instrumental modes.
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