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Sarah E. Moran ,6 Mercedes López-Morales ,7 James Kirk ,8 Tyler Gordon ,1 Peter Gao ,4

Natalie M. Batalha ,1 Munazza K. Alam ,9 and Jea Adams Redai 7

1Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA
2NASA Ames Research Center, Moffett Field, CA 94035, USA

3School of Physics, University of Bristol, HH Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 1TL, UK
4Earth and Planets Laboratory, Carnegie Institution for Science, 5241 Broad Branch Road, NW, Washington, DC 20015, USA

5Eureka Scientific Inc., 2452 Delmer Street Suite 100, Oakland, CA 94602-3017
6Department of Planetary Sciences and Lunar and Planetary Laboratory, University of Arizona, Tuscon, AZ, USA

7Center for Astrophysics | Harvard & Smithsonian, 60 Garden St, Cambridge, MA 02138, USA
8Department of Physics, Imperial College London, Prince Consort Road, London SW7 2AZ, UK

9Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA

ABSTRACT

We present a JWST NIRSpec transmission spectrum of the super-Earth exoplanet L 98-59 c. This

small (Rp = 1.385 ± 0.085R⊕, Mp = 2.22 ± 0.26R⊕), warm (Teq = 553K) planet resides in a multi-

planet system around a nearby, bright (J = 7.933) M3V star. We find that the transmission spectrum

of L 98-59 c is featureless at the precision of our data. We achieve precisions of 22ppm in NIRSpec

G395H’s NRS1 detector and 36ppm in the NRS2 detector at a resolution R∼200 (30 pixel wide bins).

At this level of precision, we are able rule out primordial H2-He atmospheres across a range of cloud

pressure levels up to at least ∼0.1mbar. By comparison to atmospheric forward models, we also rule

out atmospheric metallicities below ∼300× solar at 3σ (or equivalently, atmospheric mean molecular

weights below ∼10 g/mol). We also rule out pure methane atmospheres. The remaining scenarios that

are compatible with our data include a planet with no atmosphere at all, or higher mean-molecular

weight atmospheres, such as CO2- or H2O-rich atmospheres. This study adds to a growing body of

evidence suggesting that planets ≲ 1.5R⊕ lack extended atmospheres.

1. INTRODUCTION

The atmospheres of super-Earth (∼1–1.6 R⊕) exo-

planets have been the subject of significant investiga-

tion. This class of planet lacks a solar system analog

but along with the sub-Neptunes (∼2–3.5 R⊕) is one

of the two most common planet types (for P<100 d)

in the Galaxy (Howard et al. 2012; Fulton et al. 2017;

Dattilo et al. 2023). Over the past decade, several at-

tempts have been made to study their atmospheres us-

ing the Hubble Space Telescope (HST), but no molecu-

lar features were unambiguously detected (Tsiaras et al.

2016; de Wit et al. 2018; Wakeford et al. 2019; Ed-

wards et al. 2021; Libby-Roberts et al. 2022; Barclay

et al. 2023; Zhou et al. 2023). JWST (Gardner et al.

2023), launched in December of 2021, has already begun

to revolutionize the study of small planet atmospheres.

The Near-InfraRed Spectrograph (NIRSpec) instrument

(Jakobsen et al. 2022; Birkmann et al. 2022), which we

make use of in this study, has been shown to exceed

pre-launch expectations for throughput and PSF qual-

ity (Böker et al. 2023). NIRSpec’s G395H mode has

already been used to produce high precision transmis-

sion spectra of four planets <2 R⊕: GJ 486 b (Moran

& Stevenson et al. 2023), LHS 475 b (Lustig-Yaeger &

Fu et al. 2023), GJ 1132 b (May & MacDonald et al.

2023), and TOI-836 b (Alderson et al. 2024).

The JWST COMPASS (Compositions Of Mini-Planet

Atmospheres for Statistical Study; Batalha et al. 2021,

PID #2512) program was devised in pursuit of high pre-

cision transmission spectra of small exoplanets. COM-

PASS is set to obtain NIRSpec G395H transmission

spectra of eleven small (<3 R⊕) exoplanets and will

make use of a twelfth from another program (GTO pro-

gram ID #1224, PI Birkmann) for our full statistical

sample. This full sample will include four pairs of plan-

ets in the same system, which will enable intra-system

comparison. The program aims to survey the demo-

graphics of super-Earth and sub-Neptune atmospheres,
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and to search for a point of transition between primary

and secondary atmospheres. It is also designed to cat-

alyze further community efforts to study small exoplanet

atmospheres at the population level with JWST.

COMPASS targets were chosen from a subset of small

(<3 R⊕) exoplanets observed by the Transiting Ex-

oplanet Survey Satellite (TESS) and further selected

for radial velocity (RV) mass measurements by the

Magellan-TESS Survey (Teske et al. 2021). As advo-

cated for by Batalha et al. (2023), the COMPASS tar-

gets were selected by a quantitative ranking function

based on planet radius Rp, planet insolation Fp, and

stellar effective temperature Teff. The selection func-

tion also weighted targets by T−2
exp, with Texp represent-

ing an estimated exposure time to achieve 30ppm pre-

cision with NIRSpec G395H (at 4µm and R=100) in

order to avoid selecting targets with host stars too faint

for high-precision transmission spectroscopy. This stan-

dardization and the use of a quantitative sample selec-

tion function are optimal for recovering population-level

parameters (Batalha et al. 2023), which is COMPASS’

ultimate goal.

L 98-59 is a nearby, bright M3V star hosting three

transiting planets (Kostov et al. 2019; Cloutier et al.

2019; Demangeon et al. 2021). Two of these (c, Rp =

1.385 ± 0.085R⊕; and d, Rp = 1.521 ± 0.106R⊕) will

be used as part of the COMPASS statistical sample.

Observations of the former are presented here, while ob-

servations of the latter are being conducted by GTO

program ID #1224 (PI Birkmann). The system also

hosts a smaller inner planet (b; Rp = 0.85 ± 0.06 R⊕)

and a non-transiting candidate with a minimum mass

of ∼3 M⊕ (Demangeon et al. 2021). The host star and

planet c parameters are shown in Table 1.

Because of the host star’s apparent brightness and the

system’s planetary multiplicity, L 98-59 has been the

subject of several prior theoretical studies. These stud-

ies suggest that low mean molecular weight (mmw) at-

mospheres could be detectable in as few as 1-2 transits

(Pidhorodetska et al. 2021), while heavier atmospheres

like those dominated by CO2 and/or SO2 (due to vol-

canic outgassing) could require 5 or significantly more

transits to detect (Pidhorodetska et al. 2021; Seligman

et al. 2024). Fromont et al. (2024) also identify the

planets of this system as likely to be undergoing or have

undergone tens or more of Earth oceans’ mass of atmo-

spheric escape, which would favor a heavier and corre-

spondingly less feature-rich atmosphere. Observational

studies with HST to date have generally favored this sce-

nario (i.e. a heavier atmosphere), having been unable

to detect features in transmission for planet b (Zhou

et al. 2022), c (Barclay et al. 2023; Zhou et al. 2023),

Property Value

J mag 7.933

R⋆ 0.303+0.026
−0.023 R⊙

Teff 3415±135 K

log(g) 4.86±0.13

[Fe/H] -0.46±0.26

Period 3.690678 days

Rp 1.385+0.095
−0.075 R⊕

Mp 2.22+0.26
−0.25 M⊕

Teq 553+27
−26 K

Density 4.57+0.77
−0.85 g/cc

e 0.103+0.045
−0.058

ω 261+20
−10

Orbital Distance 0.0304 AU

Table 1. Parameters of L 98-59 c and its host star; all values
from Demangeon et al. (2021).

or d (Zhou et al. 2023). For planet c, the subject of

this work, HST studies specifically rule out atmospheric

metallicities below ∼80× solar.

Here, we present the JWST NIRSpec G395H trans-

mission spectrum of L 98-59 c (aka TOI-175.01) from

2.87–5.05µm. First, we describe the JWST observations

of the target (Section 2). We then detail our two inde-

pendent data reductions (Section 3) and their results

(Section 4). We end with a discussion of the interpre-

tation of our results and a summary in Sections 5 and

6.

2. OBSERVATIONS OF L 98-59 c

We used JWST to acquire two transits of L 98-59 c

on 2023 July 9 and 2023 July 13. This short time sep-

aration between visits (one orbital period) was delib-

erately chosen in order minimize the potential impact

of stellar variability. Both visit durations were 4.165

hours (effective integration time 3.318 hours), with 1.35

hours in transit and a 2.815 hours out of transit. Both

transits were acquired with JWST NIRSpec G395H in

Bright Object Time Series (BOTS) mode. We use the

full SUB2048 subarray in NRSRAPID readout mode,

illuminating both the NRS1 and NRS2 detectors, giv-

ing wavelength coverage from 2.87–3.72µm and 3.82-

5.05µm. Due to the brightness of the host star, both of

our observations use four groups per integration to avoid

triggering nonlinear behavior in the detector when near

saturation, resulting in 3311 total integrations.

3. DATA REDUCTION

To ensure that our results were robust to reduction

technique, we independently reduced the data using two
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pipelines, Eureka! (Bell et al. 2022)1 and ExoTiC-JEDI

(Alderson et al. 2022)2. Both are freely-available and

open source codes that have been benchmarked against

each other and other codes in previous JWST studies

(e.g., Alderson et al. 2023; Moran & Stevenson et al.

2023; May & MacDonald et al. 2023). We describe the

details of each reduction in the following subsections.

3.1. Reduction 1: Eureka!

We used the Eureka! (v0.10) package (Bell et al.

2022) for our first reduction. Stages 1 and 2 are wrap-

pers of the same stages of the jwst pipeline (v1.12.2,

Bushouse et al. 2023), with the following modifications.

In Stage 1, Eureka! performs line-by-line background

subtraction at the group level, which serves to remove

“striping” caused by 1/f noise (Alderson et al. 2023;

Rustamkulov et al. 2023). We use a 10σ rejection thresh-

old in the jump step. We also test reductions without

the jump step, which can incorrectly flag jumps and

correspondingly decrease precision, but find that this

increases the number of outlier points in later stages

without improving data quality. In Stage 2, we skip the

flat field and absolute photometry steps, with the con-

version to physical flux units being unnecessary because

we only require relative flux to produce a transmission

spectrum.

Eureka! Stage 3 performs optimal spectral extrac-

tion (Horne 1986) to produce 1-D stellar spectra from

the 2-D pixel array for each integration. To do this,

the center of the spectral trace in each column is iden-

tified and shifted to produce a flattened trace for ex-

traction. We iterate over combinations of aperture half-

widths and background exclusion half-widths from 2 to

8 pixels and 6 to 11 pixels, respectively, and select the

combination that minimizes the median absolute devi-

ation in the resulting white light curve for each detec-

tor. For both visits in this dataset, we select aperture

half-widths of 5 and 4 pixels, and background exclusion

half-widths of 8 and 7 for NRS1 and NRS2, respectively.

In Stage 3, the Eureka! v0.10 default is to mask only

the DO NOT USE (0) flag. We additionally mask (i.e.

set to 0) pixels flagged with SATURATED (1), DEAD

(10), HOT (11), LOW QE (13), and NO GAIN VALUE

(19), which when left unmasked introduce clearly non-

astrophysical temporal structure in some spectroscopic

light curves. To remove remaining 1/f noise at the inte-

gration level, we perform background subtraction again

in Stage 3. We used 10 and 60σ outlier rejection thresh-

olds for background subtraction and optimal spectral ex-

1 https://github.com/kevin218/Eureka
2 https://github.com/Exo-TiC/ExoTiC-JEDI

traction, respectively. In Stage 4, we divide the spectra

into 42 bins across NRS1 and 64 bins across NRS2, cor-

responding to bin widths of 30 pixels or approximately

0.02 microns.

After Stage 4, we do not make use of Eureka!’s Stages

5 and 6, which perform light curve fitting and produce

the transmission spectrum, respectively. Instead, we use

a custom fitting code as described in Wallack et al.

(2024). In brief, we fit both the white light curves

and spectroscopic light curves using the emcee pack-

age (Foreman-Mackey et al. 2013). For each visit and

each detector, we first fit each white light curve, fit-

ting for the Rp/R∗, inclination, a/R∗, and T0 using the

batman package (Kreidberg 2015) while fixing the pe-

riod (3.690678 days) and eccentricity (0.103) to the val-

ues in Demangeon et al. (2021). We treat limb darken-

ing using the quadratic limb darkening coefficients from

ExoTiC-LD (Grant & Wakeford 2022) and the 3D Stag-

ger model grid (Magic et al. 2015). We use stellar prop-

erties of stellar effective temperature Teff =3415K, log

surface gravity log(g)=4.86, and metallicity [Fe/H]= -

0.46 (Demangeon et al. 2021). Our instrumental noise

model is of the form

S(λ) = s0 + s1 × T + s2 ×X + s3 × Y ,

where X and Y are the normalized positions of the

trace on the detector, T is time, and si are the free

parameters in our systematic noise model. This system-

atics model was chosen as the simplest functional form

that incorporated time and trace position. We also test

models with combinations of sX and sY (the change in

detector position) but find these are not preferred by

model comparison. We fit the astrophysical parameters

and instrumental model to the raw light curves simul-

taneously along with a per-point error inflation term

that is added in quadrature with the errors determined

from Eureka!. We do not fit the first 30 minutes of

data, which may exhibit stronger or non-linear ramps

compared to the rest of the dataset. We first fit our

joint astrophysical and instrumental noise model with a

Levenberg–Marquardt least-squares minimization. We

then initialize 3× the number of free parameters for the

MCMC walkers (27 in the white light curve fits) to the

results of that Levenberg–Marquardt least-squares min-

imization. We then utilize 50,000 steps for an initial

burn-in followed by 50,000 production steps. When fit-

ting the spectroscopic light curves, we fix the inclination,

a/R∗, and T0 from each detector to the median of the

MCMC chains from the white light curve fit, leaving the

Rp/R∗ as the only astrophysical parameter fit. We use

the same systematic noise model and aforementioned fit-

ting process in the spectroscopic light curve fits. In all
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cases, we take the median of each chain as the best-fit

value and the standard deviation as the associated error

on each parameter.

We also jointly fit the two visits. We treat each de-

tector separately, but fit both NRS1 visits together and

both NRS2 visits together. We utilize the same fitting

process as described above, but assume common astro-

physical parameters between each of the visits for each

detector. We fit a common T0 where we have normal-

ized the time arrays to the expected time of transit, and

common Rp/R∗, inclination, and a/R∗ values. We fit the

two detectors separately to determine any offsets due to

the differing behaviors of the two detectors. We again

utilize a Levenberg–Marquardt least-squares minimiza-

tion to initialize the chains of an MCMC for the joint

fits, initializing 2× the number of free parameters for the

MCMC walkers to the results of a Levenberg–Marquardt

least-squares minimization. As with the individual visit

fitting, we fix the a/R∗, inclination, and T0 to those

from the white light curve of the corresponding detector

when performing the spectroscopic light curve fits. Our

bins for the spectroscopic light curves from both vis-

its are the same, so we also jointly fit the spectroscopic

light curves from both visits. For both the joint white

light curves and spectroscopic light curves we again use

50,000 steps for an initial burn-in followed by 50,000

production steps with 2× the number of free parame-

ters for the number of walkers. The white light curves

and Allan deviation plots resulting from this fitting are

shown in Figures 1 and 2, respectively.

3.2. Reduction 2: ExoTiC-JEDI

The Exoplanet Timeseries Characterisation - JWST

Extraction and Diagnostic Investigator (ExoTiC-JEDI)

package (Alderson et al. 2022) performs a full extrac-

tion, reduction and analysis of exoplanet transmission

spectroscopy time-series data, from JWST uncal files

to light curve fitting. We extract and analyse the NIR-

Spec/G395H NRS1 and NRS2 independently through-

out the reduction. ExoTiC-JEDI uses the jwst pipeline

tools (v1.8.2) to perform linearity, dark current, and sat-

uration corrections. We set the jump correction thresh-

old to 15 and use a custom destriping routine to remove

1/f noise at the group level using a median of the un-

illuminated pixels. For background subtraction, we set

a threshold of 15σ and use a custom bias routine as

described in Alderson et al. (2023). We use the jwst

pipeline to extract the Stage 2 products: 2D wavelength

array and exposure times.

In Stage 3, ExoTiC-JEDI uses the data quality flags

from the jwst pipeline. We replace pixels identified as

BAD (0), SATURATED (1), DEAD (10), HOT (11),

LOW QE (13), and NO GAIN VALUE (19) with the

median of the surrounding pixels. After later inspec-

tion, we additionally flag pixel [24,1970] in NRS2 as it

appeared to be a bad pixel that otherwise escaped cor-

rection. Additional bad pixels, often caused by cosmic

rays, are identified in the data cube using a 20σ thresh-

old in time and 6σ threshold spatially. We replace iden-

tified pixels with the median of the surrounding 10 in-

tegrations and 20 pixels in the row. In total we remove

≈ 0.4% of pixels across the observation due to DQ flags,

with a further total of ≈ 1,400 pixels (0.0003%) replaced

using our cleaning thresholds. There is often remaining

1/f noise at the integration level, which we remove by

masking the illuminated region of the detector and sub-

tracting the median of the unilluminated pixels in each

column from each pixel. To extract the 1D stellar spec-

trum we fit a Gaussian to each column of the data and

use a fourth-order polynomial to fit the median filter

smoothed trace centers and widths. The trace centers

and widths are then used to determine a simple aper-

ture region 5× the trace full width at half maximum

(FWHM) (≈ 6.5 pixels). We use intrapixel extraction

to obtain our 1D stellar spectrum. We also measure the

trace position movement on the detector in the x- and

y-position for detrending at later stages.

We perform light curve fitting on NRS1 and NRS2

white light curves, as well as spectroscopically across

the full wavelength range. Using the white light spec-

tra for each detector and visit, we fit for the plane-

tary system inclination and a/R⋆ while fixing the pe-

riod (3.690678 days) and eccentricity (0.103) to litera-

ture values presented by Demangeon et al. (2021). These

parameters, along with the center of transit time, are

then held constant in the spectroscopic light curve anal-

ysis. We additionally fit for observatory and instru-

ment systematics which we discuss in more detail in the

next paragraph. Stellar limb-darkening coefficients are

calculated using the ExoTiC-LD package with using a

non-linear limb-darkening law and stellar models from

Set One of the MPS-ATLAS stellar models (Kostogryz

et al. 2022, 2023). ExoTiC-LD contains a grid of limb-

darkening parameters as a function of 3 variables: stellar

temperature, metallicity, and gravity. ExoTiC-LD then

uses trilinear interpolation to approximate intermediate

values of parameters, where for our case Teff =3415K,

logg=4.86, and [Fe/H]= -0.46 (Demangeon et al. 2021).

Limb darkening values are then fixed throughout our

light curve analysis.

To fit for the transit depth in each bin we use a

least-squares optimizer with a batman (Kreidberg 2015)

transit model. We simultaneously fit a series of sys-

tematic models to the data (see Alderson et al. 2022)
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Figure 1. Left column: The L 98-59 c white light curves from each reduction, visit, and detector. Our best-fit models, including
systematics, are overplotted on the data in black. Right column: the residuals from the models.
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Figure 2. The white light curve Allan deviation plots
for each detector and visit from the Eureka! (top) and
ExoTiC-JEDI (bottom) reductions. Idealized (i.e. purely
Gaussian) noise would fall along the black line in each plot;
each detector instead has some amount of red noise, prob-
ably due to instrumental systematics that are unaccounted
for by our model.

and determine the optimal systematic model based on

the negative log-likelihood, which incorporates a penal-

ization in complexity based on the AIC (Akaike Infor-

mation Criterion). We find that the best systematic

model, S(λ), corrects for a linear trend in time, t, plus

the change in x-position, xs, multiplied by the absolute

magnitude of the y-positional change, |ys|, such that

S(λ) = s0 + (s1 × xs|ys|) + (s2 × t), where s0, s1, s2

are coefficient terms. Our white light curves and corre-

sponding Allan deviation plots are displayed in Figure

1 and Figure 2, respectively.

3.3. A Note on Red Noise and Disagreement Between

Best-Fit Astrophysical Parameters

As can be seen by-eye in Figure 1 and the Allan plots

in Figure 2, there is significant excess red noise present in

our light curves. We attempt a variety of methods to re-

duce this. As described above, we vary the aperture and

background half-widths in our extraction to minimize

the median absolute deviation of the extracted data.

We perform an alternate set of reductions that skip the

jump step in Stage 1, which can misidentify jumps for

low group number observations like ours. However, we

find that this approach introduces additional outliers to

the light curves without improving their red noise prop-

erties. Similar red noise levels have been seen previously

in other JWST observations of bright stars using low

group number (e.g., Wallack et al. 2024, with NIRSpec;

Kirk et al. 2024, with NIRCam).

Probably as a result of this excess red noise, as is

visible in Figure 3, several astrophysical parameters re-

sulting from our fits to the white light curves are in-

consistent between detectors and visits. For example, in

Visit 2, the Eureka! white light curves for NRS1 and

NRS2 have best-fit a/R⋆ values that are inconsistent

with each other at ∼2σ (Table 2). The ExoTiC-JEDI

white light curves for the same visit display a similar

discrepancy in a/R⋆ (Table 2). The inclination values

in visit 2 are also somewhat discrepant between NRS1

and NRS2. The first visit a/R⋆ and inclination values

for the two detectors are consistent with each other at

roughly the 1σ level for each reduction, but not consis-

tent between reductions (Figure 3).

This disagreement between parameters also seen in

the literature (e.g., Kostov et al. 2019; Demangeon et al.

2021, who report a/R⋆ values 22.5+1.1
−1.4 and 19.0+1.2

−0.8, in

tension at roughly 1.5σ), but it is unexpected to see

this tension reproduced between two detectors observ-

ing the same transit. This is probably attributable to

red noise present in the light curves, which is most pro-

nounced in visit 2 (Figure 2), where the disagreement

is also most pronounced. In order to ensure that this

disagreement does not affect our conclusions, we per-

form additional white and spectroscopic light curve fit-

ting with the inclination values fixed to 89.3◦ (Kostov

et al. 2019), which is a better match in parameter space

to the values obtained from our fitting than the incli-

nation from Demangeon et al. (2021). In this case, the

resulting a/R⋆ values are consistent between all visits,

detectors, and reductions (Table 3). We also attempt

fits with both the inclination and a/R⋆ fixed to literature
values from Demangeon et al. (2021), but the resulting

white light curve fits are clearly poor (see Appendix A),

with apparent residual structure near ingress and egress

(though even in this case, the resulting spectrum is con-

sistent with other techniques). Because it presents an

astrophysically consistent picture of the system, we se-

lect the fixed inclination model as the fiducial one for

generating our transmission spectrum, although we re-

iterate that fixing and fitting for inclination yield nearly

identical spectra.

4. TRANSMISSION SPECTRUM AND RESULTS

The 2.8–5.1µm transmission spectrum of L 98-59 c is

shown in Figure 4 (individual visits) and Figure 5 (com-

bined spectra). The Eureka! visits are combined via

a joint fit, while the ExoTiC-JEDI vists are combined
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Rp/R∗ T0 (BJD)† a/R∗ i (◦)

Eureka! Visit 1 NRS1 0.04025± 1.0× 10−4 −0.003438± 2.4× 10−5 25.12± 0.73 89.35± 0.22

NRS2 0.03995± 1.0× 10−4 −0.003329± 2.8× 10−5 23.82± 0.64 89.05± 0.14

Visit 2 NRS1 0.03976± 8.6× 10−5 −0.003414± 2.3× 10−5 26.08± 0.64 89.68± 0.20

NRS2 0.04028± 1.1× 10−4 −0.003472± 3.0× 10−5 23.07± 0.68 88.90± 0.14

Joint Fit NRS1 0.04008± 5.7× 10−5 −0.003425± 2.3× 10−5 24.81± 0.20 89.276± 0.048

NRS2 0.03990± 7.4× 10−5 −0.003392± 2.0× 10−5 24.47± 0.37 89.207± 0.085

ExoTiC-JEDI Visit 1 NRS1 0.04046± 1.0× 10−4 0.005748± 2.3× 10−5 22.42± 0.54 89.13± 0.18

NRS2 0.04013± 1.0× 10−4 0.005873± 2.8× 10−5 21.32± 0.55 88.79± 0.16

Visit 2 NRS1 0.03990± 1.0× 10−4 0.000257± 2.3× 10−5 23.71± 0.62 89.98± 0.70

NRS2 0.04040± 9.8× 10−5 0.000199± 7.9× 10−6 20.83± 0.52 88.66± 0.14
†Time from respective visit 1 and visit 2 expected mid-transit times BJD 60134.60851 and 60138.29919 (Eureka!) and
60134.59931 and 60138.29550 (ExoTiC-JEDI).

Table 2. The best-fit values from the white-light curve fits for L 98-59 c, fitting for all the values.

Rp/R∗ T0 (BJD)‡ a/R∗ i (◦)

Eureka! Visit 1 NRS1 0.04014± 1.0× 10−4 −0.003435± 2.1× 10−5 24.883± 0.024 89.3

NRS2 0.03978± 8.4× 10−5 −0.003330± 2.7× 10−5 24.882± 0.025 89.3

Visit 2 NRS1 0.03984± 7.2× 10−5 −0.003418± 2.3× 10−5 24.882± 0.021 89.3

NRS2 0.04006± 8.3× 10−5 −0.003442± 2.8× 10−5 24.871± 0.026 89.3

ExoTiC-JEDI Visit 1 NRS1 0.04046± 7.0× 10−5 0.005757± 2.3× 10−5 24.915± 0.02 89.3

NRS2 0.04001± 8.3× 10−5 0.005883± 2.7× 10−5 24.916± 0.024 89.3

Visit 2 NRS1 0.04007± 7.0× 10−5 0.000257± 2.3× 10−5 24.910± 0.021 89.3

NRS2 0.04024± 8.2× 10−5 0.000240± 2.6× 10−5 24.892± 0.024 89.3
‡Time from respective visit 1 and visit 2 expected mid-transit times BJD 60134.60851 and 60138.29919 (Eureka!) and
60134.59931 and 60138.29550 (ExoTiC-JEDI).

Table 3. As Table 2, but with the inclination fixed to 89.3◦ (Kostov et al. 2019).

via an error-weighted average. In these combined spec-

tra, we achieve respective median errors in NRS1 and

NRS2 of 22 ppm and 36 ppm for both Eureka! and

ExoTiC-JEDI. These are a median factor of 1.3× higher

than post-launch predictions from pandexo (Batalha

et al. 2017; Batalha et al. 2022). The two reductions per-

form comparably, with slightly better performance by

ExoTiC-JEDI in NRS1 (Figure 6). On visual inspection,

while the transmission spectra from the individual vis-

its show potential wavelength-dependent variation, they

are neither consistent with known molecular features nor

consistent between visits.

4.1. Feature Detection

To understand the atmospheric implications of the

JWST spectrum, we first search for features by fitting

non-physical models to the data. Calculations nominally

consider the Eureka! reduction, but we perform the

same analyses on the ExoTiC-JEDI dataset as a sensi-

tivity test. We note that performing these tests for both

the visits individually and in combination is needed be-

cause, as recently emphasized in Alderson et al. (2024),

even if individual data points agree within 1σ (which is

approximately true for the combined visits of L 98-59 c),

they can yield different best-fit models. Thus, for repro-

ducibility and repeatability it is important to consider

at least two reductions in the theoretical interpretation.

Following previous works (e.g., May & MacDonald et

al. 2023; Moran & Stevenson et al. 2023), we approxi-

mate an agnostic spectral feature with a Gaussian curve

of the form:

f(λ,A, µ, σm, b) = A exp

(
− (λ− µ)2

2σ2
m

)
+ b (1)

Here, µ, σm and A are the center, standard deviation,

and amplitude of a Gaussian, respectively, while b is

a vertical offset applied to the entire spectrum and λ

is wavelength in µm. We fit this simple model to the

JWST spectra using a nested sampling algorithm (Buch-

ner 2019) assuming wide uniform priors for µ and b, and

log-uniform priors for A and σm. Figure 7a - 7c shows

the resulting 1-σ (dark blue) and 3-σ (light blue) poste-

rior distribution for the visit 1, 2 and combined Eureka!

spectra. The visit 1 posterior (Figure 7a) is inconclusive
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Dataset Preferred Nonphysical Model Bayes Factor vs. Flat Line Model Value(s)a

Eureka! visit 1 Step 2.0 (very weak) 1613, 1593

Eureka! visit 2 Flat Line - 1598

Eureka! combined (avg w/ offset) Flat Line - 1591

Eureka! combined (joint fit) Flat Line - 1602

ExoTiC-JEDI visit 1 Step 481 (strong) 1642, 1610

ExoTiC-JEDI visit 2 Flat Line - 1612

ExoTiC-JEDI combined (avg) Flat Line - 1617

ExoTiC-JEDI combined (avg w/ offsets) Flat Line - 1619

a The ppm value of the best fit flat line or step function lines

Table 4. The full list of reductions and corresponding models preferred by the non-physical testing we describe. We show these
results for spectra produced using both fit and fixed astrophysical parameters (see Section 3.3). ”Flat Line” means the preferred
model is a single constant transit depth, b. ”Step” means the preferred model has a distinct depth for the two detectors NRS1
(b1) and NRS2 (b2).

Figure 3. The posteriors from the white light curve fit-
ting to the Eureka! reductions of the transits of L 98-59 c,
alongside the best fit values from ExoTiC-JEDI. Note that
the behavior of the inclination and a/R∗ are discrepant be-
tween NRS1 and NRS2, as well as between visits, which is
probably unphysical.

as to the presence of Gaussian features between 4 and

5.1 µm, while the visit 2 and the joint fit calculations

(Figure 7b and 7c) are comparatively flat.

To determine the robustness of possible features, we

first perform Bayesian model comparison between the

Gaussian model (Equation (1)) and a one parameter

model that fits the data with a flat line. Each panel in

Figure 7 reports a Bayes factor, which is the Bayesian

evidence of the Gaussian model divided by the evidence

of a flat-line model. Feature detection Bayes factors less

than 1 support a flat-line while values of B < 3, B ∼ 3,

B ∼ 12, and B ⪆ 150 can be interpreted as inconclusive,

weak, moderate, and strong preference for a Gaussian

model, respectively (Trotta 2008). The visit 2 and the

combined spectra (Figure 7b and 7c) have feature de-

tection Bayes factors of B < 1 indicating preference for

a flat line model. On the other hand, the visit 1 Bayes

factor (B = 1.2; Figure 7a) shows only “inconclusive”

support for a spectral feature.

Figures 7d, 7e and 7f show the results of further Gaus-

sian fits to the data that have an additional parameter

allowing the NRS1 data (λ < 3.78 µm) to shift rela-

tive to NRS2 (λ > 3.78 µm). For these experiments the

Bayes factors are either inconclusive or showpreference

for a featureless model (with a detector offset) over a

Gaussian model (with a detector offset) for visit 1, visit

2 and the joint-fit Eureka! spectrum.

We have attempted additional tests which, as a whole,

do not support the presence of a feature. Repeating the

Figure 7d - 7f calculations with the ExoTiC-JEDI reduc-

tion also indicates preference for a flat line with a detec-

tor offset over a model that includes a Gaussian curve.

The preferred models for each dataset are summarized

in Table 4. Furthermore, we have tried tests that fix the

center of the Gaussian curve at the 4.4 µm CO2 feature,

again permitting a detector offset (Figure 7g - 7i). In

this case, no visit or reduction shows a notable prefer-

ence for a Gaussian feature. Additionally, we found that

no feature was favored for a similar fixed-Gaussian test

that instead centered the feature at 3.3 µm where CH4

absorbs.

Overall, this nonphysical model analysis suggests the

JWST spectrum is featureless. Regardless, the data still

contain substantial information because they can rule

out a large swath of atmospheric compositions, which

we address in the following subsection.
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Figure 6. Observed transit depth error by wavelength bin
for our two reductions are shown compared to pandexo pre-
dictions. Eureka! exceeds the pandexo prediction by a me-
dian factor of 1.3 (range 1.1-1.6), and ExoTiC-JEDI by a me-
dian factor of 1.3 (range 1.1-2.8).

4.2. Comparison with Atmospheric Models

To determine the atmospheres ruled out by the fea-

tureless spectrum, we compare the data to a wide

range of simulated compositions. We consider gas-

combinations at chemical equilibrium at various atmo-

spheric metallicities, as well as simple H2-CO2 and H2-

H2O mixtures, all being rough proxies for atmospheric

mean molecular weight. Calculations also consider a

range of “opaque pressure levels”, which can be thought

of as the top of an optically thick cloud or, alterna-

tively, the total surface pressure. Following past work

(e.g., Alderson et al. 2024; Wallack et al. 2024), we adopt

a simple 1D parameterized pressure-temperature (P-T)

profile for all simulations (Guillot 2010). A more so-

phisticated, self-consistent P-T profile is not warranted

because of the lack of clear spectral features. Given the

P-T profile, a chemical composition, and an “opaque

pressure level”, we simulate the transmission spectrum

with the PICASO code (Batalha et al. 2019) and fit it

to the data permitting an offset between the NRS1 and

NRS2 detectors. Finally, we perform a χ2 test to deter-

mine the degree to which the model is ruled out by the

data.

Figure 8a shows the metallicities and opaque pressure

levels incompatible with the joint Eureka! spectrum.

While metallicity is not the best description of a rocky

planet atmosphere like L 98-59 c, we regardless consider

it to facilitate comparison with past works (e.g., Lustig-

Yaeger & Fu et al. 2023), and because it is a sensi-

ble proxy for atmospheric mean molecular weight. All

metallicity-based atmospheres are at chemical equilib-

rium, which we compute using the open-source Cantera

software package (Goodwin et al. 2022) with the ther-

modynamic data used by Wogan et al. (2023) for 91

gas-phase species composed of H, N, O, C, S, and He.

Calculations assume a solar C/O ratio, and adopt the

Lodders et al. (2009) solar composition. For “opaque

pressure levels” larger than 10−3 bar, the data rules out

metallicities≲ 300× solar to 3-σ confidence, correspond-

ing to a mean molecular weight of ≲ 10 g mol−1 (Figure

8a). For reference, our 300× solar metallicity model has

approximately 36% H2, 31% H2O, 14% CH4 and 0.2%

CO2 at the 1 mbar pressure level.

Our new constraint on the metallicity of L 98-59 c

shown in Figure 8a is an improvement compared to past

estimates that used HST data. We repeated the Figure

8a analysis, but instead using the 6 pixel HST spectrum

published in Figure 5 of Barclay et al. (2023), which

they produced with a single transit observation. This

analysis finds that the HST spectrum rules out metal-

licities ≲ 80× solar (MMW < 4 g mol−1) to 3-σ for a

1 bar apparent surface pressure. Our visit 1 and visit 2

joint fit JWST spectrum is more informative, excluding

metallicities ≲ 300× solar (MMW < 10 g mol−1) with

the same confidence.

We also compare our JWST data to simple H2-CO2

and H2-H2O mixtures as alternative proxies for mean

molecular weight (Figures 8b and 8c). For H2-CO2 com-

positions, the featureless spectrum rules out CO2 con-

centrations ≲ 10% (i.e., MMW ≲ 8 g mol−1 ) to 3-σ

even for low opaque pressure levels (e.g., 10−4 bar). For

H2-H2O mixtures, the data can only exclude H2O mix-

ing ratios ≲ 0.5 (i.e., MMW < 10 g mol−1) for opaque

pressure levels ≳ 3 × 10−2 bars. Low water vapor con-

centrations (e.g., < 10%) and mean molecular weights

(e.g., ∼ 3 g mol−1) are permitted by the data for H2-

H2O gas combinations so long as there is a high cloud

deck or the atmosphere is thin (e.g., ∼ 10−3 bars; Figure

8c).

The results in Figure 8 are qualitatively unchanged

for calculations that instead do not permit an offset be-

tween the NRS1 and NRS2 detectors. Furthermore, our

conclusions are insensitive to the choice of data reduc-

tion pipeline. Performing the same analysis with either

the Eureka! joint fit or ExoTiC-JEDI weighted average

spectrum (Figure 5) produces similar results.

Figure 9 further illustrates the atmospheres that are

compatible with the transmission spectrum. The data
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Figure 7. The feature detection significance for visit 1, visit 2 and the combined spectrum from our Eureka! reduction. All
panels show the JWST data (black dots) along with the 1-σ (dark blue) and 3-σ (light blue) posterior distributions from simple
Bayesian modeling. Panels (a), (b) and (c) show fits with a Gaussian model representing an arbitrary molecular feature. Panels
(d), (e) and (f) consider a Gaussian model but also allow for a vertical offset between the NRS1 (λ < 3.78 µm) and NRS2
(λ > 3.78 µm) detectors. Panels (g), (h) and (i) fix the mean of the Gaussian curve the 4.4 µm CO2 feature, again allowing for
an offset between NRS1 and NRS2. Each panel reports a “feature detection Bayes factor”, which we derive by comparing the
Gaussian results to featureless Bayesian models (see the main text for details). Overall, this analysis does not strongly detect a
feature in any data set.

disfavors a clear CH4 atmosphere (3.2-σ), since CH4

has a relatively low mmw and a large feature in the

NRS1 bandpass that our precision is sufficient to ex-

clude. Clear-sky CO2 or H2O compositions are permit-

ted, since these molecules have a high mmw and more

continuum-like absorption, respectively, in the wave-

length regime we are probing. The observations are also

possibly explained by a bare rock with no atmosphere

(consistent at the < 1-σ level).

4.3. Interior and Bulk Composition Modelling

To complement our observational constraints on the

atmosphere of L 98-59 c, we also perform interior mod-

elling to infer its volatile content. To do this, we use the

open-source code smint (Piaulet et al. 2021)3. smint

takes planet mass and radius and incident flux as in-

puts, and uses an MCMC to traverse a pre-computed

grid of interior models, returning a posterior distribu-

tion for planetary volatile mass for one of two inte-

rior scenarios. The first scenario considers a refractory

interior (iron core + silicate mantle) of variable core

mass fraction with a pure water envelope/atmosphere

on top (Aguichine et al. 2021), while the second con-

siders an Earth-like interior with an H2-He envelope of

solar metallicity (Lopez & Fortney 2014) on top. For

the steam-world scenario, the MCMC uses gaussian pri-

3 https://github.com/cpiaulet/smint

https://github.com/cpiaulet/smint
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ors on mass, radius, and equilibrium temperature, and

returns the bulk water mass fraction. For this scenario,

we predict that planets L 98-59 c and L 98-59 d have

bulk water mass fractions of 6.1+5.1
−3.6% and 15.6+9.1

−7.1%,

respectively. For the gas dwarf scenario, the MCMC

uses Gaussian priors on mass, radius, and incident flux,

and a flat prior on age, and returns the bulk H/He mass

fraction. For this scenario, we find bulk H/He contents

of 0.030+0.044
−0.016‱and 0.10+0.13

−0.08‱, for L 98-59 c and L

98-59 d, respectively.

Our interior modelling results can be seen in Figure

10. L 98-59 c has a density consistent with either pos-

sessing a few percent by mass steam atmosphere, or a

∼0.03% by mass solar metallicity H2-He envelope. We

consider these end-member cases because there are (as

yet) no open source models with coupled atmosphere-

interior structure with varying atmospheric metallicity.

The former case is consistent with our observations (Fig-

ure 9; a pure H2O atmosphere is not ruled out). It would

also fit within the framework advanced by Luque & Pallé

(2022), namely that the super-Earth population shows

dispersion from the Earth-like isocomposition curve in

mass-radius space because of inflation by ∼ few percent

by mass steam envelopes. The latter case, of a 0.03%

mass H2-He envelope, is not consistent with our trans-

mission spectrum as presented, i.e. a solar metallicity

envelope. However, compositions intermediate between

the allowed pure H2-He and pure H2O atmosphere, i.e.

an envelope with higher metallicity, would also match

the bulk properties of L 98-59 c (e.g., Piaulet et al.

2023). A subset of these cases are allowed by our trans-

mission spectrum (Figure 8). Such a higher metallicity

scenario could occur due to outgassing of heavier molec-

ular species (see Section 5.1), for example. In any case,

although this scenario (small H2-He envelope with en-

hanced metallicity) is notionally consistent with interior

models, it is unlikely that this planet (P=3.7d) retains

any H2-He envelope due to efficient escape of hydrogen

by photoevaporation or boil-off (Rogers 2015; Rogers

et al. 2021, 2023). Based on interior models, L 98-59 c

is therefore most likely to be a rocky planet, with a thick

atmosphere dominated by high mean molecular weight

gases (e.g. H2O and/or CO2), or no atmosphere at all –

conclusions that are all consistent with our transmission

spectrum.

5. DISCUSSION: POSSIBILITIES FOR L 98-59 c’s

ATMOSPHERE

The 3-5 µm transmission spectrum of L 98-59 c does

not have any discernible features at the level of preci-
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sion of our observations, and its composition from in-

terior structure modelling does not offer unambiguous

conclusions about its atmosphere. We discuss the po-

tential interpretations of these results in the following

subsections.

5.1. A Thick Atmosphere, Potentially with

Clouds/Hazes

One viable interpretation of L 98-59 c’s transmission
spectrum is that the atmosphere has a high mean molec-

ular weight and little H/He content – the latter already

suggested by its mass and radius (e.g., Lopez & Fort-

ney 2014; Rogers 2015; Zeng et al. 2016; Rogers et al.

2021), as well as existing HST observations (Zhou et al.

2022; Barclay et al. 2023; Zhou et al. 2023). We rule

out a pure CH4 atmosphere at ∼2.8σ. Other poten-

tial background gases like H2O and CO2 require mixing

ratios ⪆40% and ⪆30% within an H2 atmosphere, re-

spectively, to be compatible with the data, although a

very low-pressure τ = 1 surface due to clouds or hazes

(e.g. 10−4 bar) would allow for lower mixing ratios of

high-mmw species (see Figure 8).

A variety of high mean molecular weight atmospheres

are thought to be possible for a planet of this size.

Spectrally-inactive gases like N2 could play significant

roles (Hammond & Pierrehumbert 2017; Wakeford et al.

2019), as is the case on Earth, increasing the atmo-

spheric mean molecular weight and depressing feature

height. CO2-dominated atmospheres like that of Venus

could manifest due to significant outgassing from an ox-

idized mantle (e.g., Lebrun et al. 2013). O2-dominated

atmospheres could be generated as a result of photolysis

of water and subsequent H escape (e.g., Luger & Barnes

2015), a process that could add 15 bars or more of O2 to

L 98-59 c’s atmosphere (Fromont et al. 2024). In gen-
eral, small planets around M stars may not retain sig-

nificant amounts of atmospheric water (e.g., Lobo et al.

2023). In the case of L 98-59 c, escape processes are

likely to have stripped most of its water within 1 Gyr

unless it started with a water inventory of order ∼100

Earth oceans (Fromont et al. 2024). However, our ob-

servations do not rule out a H2O-dominated atmosphere

(Figure 8c).

Seligman et al. (2024) recently suggested that tidal

forces could melt much of the planetary interior, driv-

ing significant volcanism and producing a thick SO2-rich

atmosphere for L 98-59 c. We have simulated the trans-

mission spectra of SO2-CO2 mixtures in a 100 bar atmo-

sphere and found that any combination of the gases is

permitted by the joint Eureka! spectrum to within 1σ.

This aligns with the predictions of Seligman et al. (2024)
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Figure 10. A mass-radius diagram of small exoplanets, colored by bulk water mass fraction (left) and bulk H2/He mass
fraction (right). We highlight L 98-59 c, the subject of this study, as well as its outer companion L 98-59 d, which is included in
the COMPASS statistical sample, as diamond points. Other planets with mass and radius precision better than 20% and 5%,
respectively, are shown as circles. Our composition models are drawn from Zeng et al. (2016) for the Earth-like, pure mantle
and 50% liquid water compositions; from Aguichine et al. (2021) for the 2% to 20% steam compositions; and from Lopez &
Fortney (2014) for the 0.01 to 0.2% H2-He compositions (assuming a 5 Gyr age and Teq =500K). For each planet, we determine
the bulk volatile content using the method described in the text.

who find that 3 - 5 transits would be required to detect

such compositions (whereas we have only two). Note,

however, that a large concentration of volcanic SO2 is

perhaps unlikely in a thick atmosphere because sulfur

is highly soluble in magma at high pressures. The low

solubility of CO2 means its degassing is likely to domi-

nate over SO2, unless the surface atmospheric pressure

is very small (e.g., 10−3 bar; Gaillard & Scaillet 2014).

5.2. No Atmosphere

The other interpretation consistent with our data

is that this planet has no (or a very tenuous) atmo-

sphere. Modelling undertaken to understand small plan-

ets around M stars suggests that strong XUV fluxes

from the host star could completely strip planetary

atmospheres (Zahnle & Catling 2017). Recent stud-

ies with JWST’s Mid-Infrared Instrument (MIRI) have

suggested that TRAPPIST-1 b and c both lack sig-

nificant atmospheres (Greene et al. 2023; Zieba et al.

2023). These studies serve as preliminary evidence that

moderately-irradiated (Teq ∼ 400 K), low-mass planets

around M stars, like L 98-59 c (which receives roughly

three times the irradiation of TRAPPIST-1 b), may all

have difficulty holding onto atmospheres. While the

density of L 98-59 c is suggestive of an atmosphere (Sec-

tion 4.3), the TRAPPIST-1 planets are similarly under-

dense relative to an Earth-like composition (Agol et al.

2021). This could be due to pure silicate compositions

(i.e. core-free; Elkins-Tanton & Seager 2008), a scenario

which neither our spectrum nor our interior modelling

can rule out for L 98-59 c. Thus, the no atmosphere

scenario remains a plausible explanation for our obser-

vations.

5.3. Thermal Emission Observations Should Be Able

To Detect a Thick Atmosphere

At the time of writing of this manuscript, JWST has

observed a secondary eclipse of L 98-59 c using the

F1500W MIRI filter, but the data has not yet been

published (GO 3730, PI: Diamond-Lowe). The result-

ing constraints on the planet’s dayside thermal emission

will be sensitive to the presence or absence of an atmo-

sphere. If L 98-59 c does not have an atmosphere then

its dayside emission should be relatively large because all

absorbed starlight should be instantly re-radiated (Koll

2022). Conversely, a thick atmosphere would exhibit

comparatively low day side emission because winds can

redistribute absorbed stellar energy to the night side.

To illustrate the potential effectiveness of this new

secondary eclipse observation, we compute synthetic



15

F1500WMIRI data for a variety of possible atmospheres

and estimate whether they can be confidently distin-

guished from a bare rock scenario. To simulate day-

side climate and emission we use the open-source 1D

climate model in Wogan et al. (2023) and account for

day-night heat redistribution following the parameteri-

zation in Koll (2022). Figure 11 shows the computed day

side pressure-temperature profiles and thermal emission

spectra for four atmospheric cases compatible with our

transmission spectrum: 100 bars of CO2, 0.01 bars if

CO2, 1 bar of steam, and a bare rock assuming a bond

albedo similar to Mercury’s (αB = 0.1). Each scenario

in Figure 11b includes a synthetic JWST/MIRI eclipse

measurement at 15 µm with 30 ppm error, which is the

precision predicted by the JWST exposure time calcu-

lator (Pontoppidan et al. 2016) for a single secondary

eclipse observation. If L 98-59 c has a Venus-like 100

bar CO2 atmosphere, then the 15 µm MIRI observation

will rule out a bare rock with 5.9σ confidence. For a 0.01

bar CO2 atmosphere or 1 bar steam atmosphere, a bare

rock is instead disfavored by 3.3σ or 2.6σ, respectively.

We also considered possible atmospheric compositions

for L 98-59 c beyond those shown in Figure 11. For

example, an atmosphere dominated by CO, O2, or N2

would be detectable for pure compositions exceeding 10s

to 100s of bars, or for smaller pressures if the atmo-

sphere also contains ≳0.01 bar of CO2. We do not con-

sider H2- or CH4-rich compositions because they are dis-

favored by our transmission spectrum (e.g., Figure 9).

We may soon have further evidence to narrow down the

compositional parameter space in which this fairly cool

(Teq ≈ 550 K) M dwarf super-Earth resides.

6. SUMMARY

A summary of our paper’s key points are as follows.

• We have presented the 3-5 micron JWST NIR-

Spec G395H transmission spectrum of L 98-59 c,

a warm (∼550K) super-Earth in a nearby system.

• Two independent reductions agree that the

planet’s transmission spectrum does not show fea-

tures indicative of molecular absorption at the

precision of our observations (median uncertainty

28.6ppm).

• Using this apparently featureless transmission

spectrum, we rule out atmospheric metallicities

below ∼300× solar (assuming opaque pressure

levels ≳1mbar), or correspondingly atmospheric

mean molecular weights below ∼10 g/mol. We

also rule out clear-sky pure methane atmospheres.

• The remaining atmospheric parameter space al-

lowed for this planet includes high mean molecu-

lar weight atmospheres (e.g., H2O- or CO2-rich),

lower mean molecular weight compositions with

very low opaque pressure levels (e.g., due to high-

altitude clouds or a thin atmosphere), or no atmo-

sphere at all.

The constraints laid out here are only the beginning

for JWST studies of the L 98-59 system. Other pro-

grams will view planet c in emission (GO 3730, PI:

Diamond-Lowe) and transmission with a different in-

strument (NIRISS; GTO 1185, PI: Lafreniere). Planet d

will also be studied in transmission with both NIRSpec

(GTO 1224, PI: Birkmann) and NIRISS (GTO 1185,

PI: Lafreniere). Because of this system’s multiplicity

and bright host star, it will likely be the subject of ad-

ditional future studies, and may be a key part of our

understanding of the atmospheres of terrestrial planets

around M dwarfs.
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APPENDIX

A. OUR CONCLUSIONS ARE NOT SIGNIFICANTLY AFFECTED BY CHOICE OF FIXED OR FIT

ASTROPHYSICAL PARAMETERS

As discussed in Main Text Section 3.3, there is some disagreement between reductions, detectors, and visits in the

best fit astrophysical parameters to our white light curves. However, we show here that our choice to fix the inclination

in our fitting does not significantly impact the conclusions drawn from our spectrum (i.e., that it is featureless). We

attempted fits with all parameters fixed to the values in Demangeon et al. (2021), but as can be seen in Appendix

Figure 1, these parameters do not provide a good fit to our observed light curves. Fixing the inclination only results

in consistent a/R⋆ values as well as good quality light curve fits (Main Text Table 3; Main Text Figure 1), so we

adopt that model. That choice, however, does not impact the resulting spectrum. In Appendix Figure 2, we show the

Eureka! spectrum for Visit 2 (most strongly impacted by best-fit white light curve parameter differences) generated

by fixing or fitting for inclination. These spectra clearly agree with each other at better than 1σ. For brevity we show

only the Eureka! reductions here but similar effects emerge in the ExoTiC-JEDI reductions. Future work might apply

additional techniques to mitigate the impact of correlated noise, but this effort is beyond the scope of our work here,

and the agreement between spectra produced with these two techniques demonstrates that our conclusions are robust

to the details of the white light curve fitting.
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Figure 1. Left: The L 98-59 c white light curves from Eureka! for each detector and visit. The best-fit models with a/R∗ and
inclination fixed to the values from Demangeon et al. (2021), including systematics, are overplotted on the data. Right: the
residuals from the best-fit models. Unlike the fits where only inclination is fixed, the residuals display clear spike-like structure
near ingress and egress, suggesting these values are not a good fit to our data.
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Figure 2. The Eureka! spectrum resulting from the second visit of L 98-59 c depending on whether the inclination is fixed or
free.
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