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ABSTRACT

LHS 1140 b is a small planet orbiting in the habitable zone of its M4.5V dwarf host. Recent mass

and radius constraints have indicated that it has either a thick H2-rich atmosphere or substantial

water by mass. Here we present a transmission spectrum of LHS 1140 b between 1.7 and 5.2 µm,

obtained using the NIRSpec instrument on JWST. By combining spectral retrievals and self-consistent

atmospheric models, we show that the transmission spectrum is inconsistent with H2-rich atmospheres

with varied size and metallicity, leaving a water world as the remaining scenario to explain the planet’s

low density. Specifically, a H2-rich atmosphere would result in prominent spectral features of CH4 or

CO2 on this planet, but they are not seen in the transmission spectrum. Instead, the data favors a

high-mean-molecular-weight atmosphere (possibly N2-dominated with H2O and CO2) with a modest

confidence. Forming the planet by accreting C- and N-bearing ices could naturally give rise to a CO2-

or N2-dominated atmosphere, and if the planet evolves to or has the climate-stabilizing mechanism to

maintain a moderate-size CO2/N2-dominated atmosphere, the planet could have liquid-water oceans.

Our models suggest CO2 absorption features with an expected signal of 20 ppm at 4.2 µm. As the

existence of an atmosphere on TRAPPIST-1 planets is uncertain, LHS 1140 b may well present the

best current opportunity to detect and characterize a habitable world.

Keywords: Exoplanet atmospheric composition – JWST data analysis – Transmission spectroscopy –

Bayesian statistics

1. INTRODUCTION

The endeavor to search for and characterize poten-

tially habitable planets is driving the exploration of

the Universe. In the near term, it is recognized that

M dwarfs represent an ideal environment to discover

and characterize small and temperate planets (Seager

& Deming 2010). The relatively small size of the host

star makes it easier to detect atmospheric absorption

and measure the planetary mass using the radial veloc-

ity technique. The lower irradiance levels of M dwarfs

mean that the habitable zone (HZ), i.e., the range of or-

bits within which a planetary surface can support liquid

water, is closer to the star. Planets in the HZ around
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M dwarfs have correspondingly short orbital periods and
more frequent transits, making them more accessible for

detailed characterization.

The only known Earth-sized (< 1.5 R⊕) HZ planets

potentially suitable for atmospheric studies by JWST

are in the TRAPPIST-1 system (Gillon et al. 2017).

Ongoing TESS and ground-based planet surveys are ex-

pected to discover only ∼ 1 more temperate and Earth-

sized planets like the TRAPPIST-1 planets (Kunimoto

et al. 2022; Sebastian et al. 2021). Meanwhile, several

temperate planets with radii in the 1.5 − 2.2 R⊕ range

have been found and most of these larger-than-Earth

planets are volatile-rich (Rogers 2015). The exoplanet

demographics (e.g., Luque & Pallé 2022; Rogers et al.

2023) and planet formation models (e.g., Venturini et al.

2020; Izidoro et al. 2022; Chakrabarty & Mulders 2023)

indicate that they can have massive H2-rich envelopes
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or a large fraction of water by mass (i.e., water worlds).

The temperate sub-Neptunes located farther from their

host stars are more likely to be water worlds (Izidoro

et al. 2022; Chakrabarty & Mulders 2023). The possi-

bility that some of the sub-Neptunes are water worlds

is important, because temperate water worlds that have

moderate-size atmospheres can host liquid-water oceans,

and are thus targets for the search of habitability (Gold-

blatt 2015; Koll & Cronin 2019; Madhusudhan et al.

2021).

However, the required conditions for a liquid water

ocean surface on water worlds are likely more strin-

gent than previously thought. Recent planetary climate

models with self-consistent treatments of water vapor

and cloud feedback indicate that water worlds orbiting

M dwarfs would already enter the runaway greenhouse

state if they receive >∼ 0.3× Earth’s insolation (Innes

et al. 2023; Leconte et al. 2024). This requirement makes

it much less plausible for warmer sub-Neptunes (K2-18 b

and TOI-270 d, for example) to host liquid-water oceans

unless they have fine-tuned conditions such as a very

high Bond albedo. Therefore, the search for potentially

habitable planets around M dwarfs must focus on even

cooler planets.

LHS 1140 is an M-dwarf with a mass and radius ap-

proximately 15% that of the Sun and a temperature of

∼3000 K (Dittmann et al. 2017; Lillo-Box et al. 2020).

It hosts two planets of very different natures. LHS 1140

c, the inner planet, is a warm super-Earth (∼ 2 M⊕ and

∼ 1.2 R⊕) with an equilibrium temperature of ∼ 420 K

(Ment et al. 2019; Cadieux et al. 2024). LHS 1140 b was

the first to be discovered (Dittmann et al. 2017), and it

only receives ∼ 42% irradiation from the star as Earth

receives from the Sun, leading to a zero-albedo equilib-

rium temperature of ∼ 220 K and placing the planet

well within the habitable zone, either as a rocky planet

with an N2-CO2 atmosphere (Kopparapu et al. 2013),

or, with a modest Bond albedo of 0.3, as a water world

with an H2-rich atmosphere (Innes et al. 2023; Leconte

et al. 2024).

The physical properties of LHS 1140 b have been

studied with high-precision transit and radial-velocity

measurements (Table 1). According to Lillo-Box et al.

(2020), LHS 1140 b would have a mass of 6.4± 0.5 M⊕
and a radius of 1.64 ± 0.05 R⊕. In this case, the mass

and radius would be fully consistent with an Earth-like

bulk composition, and detailed internal structure mod-

eling suggests that the planet is likely iron-enriched but

could also have an ocean more massive than Earth’s

ocean (Lillo-Box et al. 2020). However, recent measure-

ments of Cadieux et al. (2024) suggest that the planet

has a lower mass of 5.60±0.19 M⊕ and a larger radius of

1.73±0.025 R⊕. The refined constraints on the mass and

radius indicate that the planet is substantially less dense

than an Earth-like composition. Aside from the unlikely

scenario of a coreless planet, the planet’s low density can

be explained by including ∼ 0.1% H2/He or 10 − 20%

water by mass (Rogers et al. 2023; Cadieux et al. 2024).

Note that even with ∼ 0.1% H2/He, the surface pres-

sure of the envelope would be > 4000 bar – a “massive”

envelope for atmospheric studies. The combination of

the low temperature and lower-than-Earth-composition

density makes LHS 1140 b a unique, naturally plausi-

ble, water world candidate for the observation of extant

habitability.

It is thus crucial to determine whether LHS 1140 b has

an H2-rich envelope or a water-dominated one. With

the expected thermal emission signal < 10 ppm at

5 µm, transmission spectroscopy is the only feasible

way to provide constraints on its atmospheric composi-

tion. An initial effort to characterize the atmosphere of

LHS 1140 b was made by observing the planet with the

Hubble Space Telescope (HST). Two HST/WFC3-G141

visits (centered at 1.3 µm) have been obtained for the

transit of LHS 1140 b. The transmission spectra result-

ing from these observations suggested modulations that

peak at 1.38 µm, apparently compatible with H2O ab-

sorption in an H2-dominated atmosphere (Edwards et al.

2020). It is however challenging to determine whether

the spectral modulation is produced by the planetary

atmosphere or by stellar heterogeneities (i.e., the tran-

sit light source effect, Rackham et al. 2018; Moran et al.

2023; Lim et al. 2023; May et al. 2023).

We have observed two transits of LHS 1140 b using

JWST (program ID: 2334, PI: M. Damiano) with the

NIRSpec instrument, combining the G235H and G395H

gratings to provide a wavelength coverage between ∼ 1.7

and ∼ 5.2 µm. Here we present the data analysis of

the observations and the interpretation of the result-

ing transmission spectrum through Bayesian retrieval

analysis and self-consistent atmospheric modeling. The

manuscript is organized as follows: in Sec. 2, we will de-

scribe the observations, the data analysis procedure, the

retrieval setup, and the atmospheric models. In Sec. 3,

we will present the results of our analysis, including the

corrected white and spectroscopic light curves, the ex-

tracted transmission spectrum, and the results from the

retrieval and forward-model analyses. In Sec. 4, we will

discuss the nature of the planet in light of these new

observations and analyses and describe possible future

observations to further unveil the planet’s nature. We

will conclude with Sec. 5 and summarize our findings of

LHS 1140 b, which appears to be one of the best candi-

dates for habitability studies today.

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Table 1. System parameters used in this paper. (1)
Cadieux et al. (2024), (2) Dittmann et al. (2017).

Parameter Value Reference

LHS 1140

M⋆ [M⊙] 0.1844±0.0045 (1)

R⋆ [R⊙] 0.2159±0.0030 (1)

ρ⋆ [g cm−3] 25.8±1.0 (1)

Teff [K] 3096±48 (1)

L⋆ [L⊙] 0.0038±0.0003 (1)

SpT M4.5V (2)

[Fe/H] [dex] -0.15±0.09 (1)

log g [cgs] 5.041±0.016 (1)

LHS 1140 b

P [days] 24.73723±0.00002 (1)

t0 [BJD–2457000] 1399.9300±0.0003 (1)

a [au] 0.0946±0.0017 (1)

i [deg] 89.86±0.04 (1)

Rp [R⊕] 1.730±0.025 (1)

Mp [M⊕] 5.60±0.19 (1)

ρ [g cm−3] 5.9±0.3 (1)

Teq [K] 226±4 (1)

2. METHODS

2.1. Observations

Two primary transits of LHS 1140 b have been ob-

served by JWST on July 5th and July 30th, 2023 and

the datasets are available in the MAST archive (dataset:

10.17909/r627-v590). The two visits were recorded with

the NIRSpec instrument, using the G235H and G395H

gratings to cover a wide wavelength range from 1.665

µm to 5.175 µm. We used the same slit, sub-array, and

readout pattern for both observations. Different expo-

sure times per integration were used for the two ob-

servations to yield a similar maximum saturation. The

numeric details of the two observations are reported in

Table 2. The two visits consist of the in-transit event

(∼117 minutes), and a 1.5× such amount of time out of

transit (∼157 minutes before and ∼40 minutes after the

transit).

2.2. Data analysis

We reduced the NIRSpec data using Eureka! (ver-

sion 0.10, Bell et al. 2022), an open-source end-to-end

pipeline for exoplanet time-series observations (TSO).

Recent works have demonstrated the ability of Eureka!

Table 2. Observation details.

G235H G395H

Slit S1600A1 S1600A1

Sub-array SUB2048 SUB2048

Readout pattern NRSRAPID NRSRAPID

n. groups 8 15

n. integrations 2382 1342

Exp. time per integration [sec] 8.14 14.45

Total exp. time [sec] 19385.86 19391.90

Total exp. time [hrs] 5.385 5.387

to produce spectra that are consistent with other

state-of-the-art JWST pipelines when applied to NIR-

Spec/G395H data (e.g. Alderson et al. 2023; Lustig-

Yaeger et al. 2023) and to other JWST instrument

modes (JWST Transiting Exoplanet Community Early

Release Science Team et al. 2023; Ahrer et al. 2023).

During the data reduction and light curve fits, we

treated the data from the two gratings (G235H and

G395H) and the two detectors (NRS1 and NRS2) in-

dependently.

Starting from the uncal.fits files, we ran stages 1 and

2 of Eureka! to process and calibrate the raw data.

After testing different setups, we decided to run all the

default stage 1 near-infrared TSO steps. We corrected

the super-bias using a scale factor calculated with back-

ground pixels located at least 8 pixels away from the

trace. We applied a smoothing filter of length 62 in-

tegrations to the scale factor values. We set the jump

rejection threshold to 5σ and ran a group-level back-

ground subtraction using the average of the background

pixels in each detector column. In stage 2, we skipped

the flat field step, which increases the noise in the data,

and the photometric calibration step, as we are only in-

terested in the relative flux measurements.

Stages 3 and 4 of Eureka! perform optimal spectral

extraction and generate the spectroscopic light curves.

We extracted columns in the range 545–2041 and 6–2044

for the NRS1 and NRS2 data, respectively. We corrected

the curvature of the trace, and we performed a second

background subtraction using the average value in each

detector column of pixels located at least 9 pixels away

from the trace. For the optimal extraction of the spec-

tra, we constructed the spatial profile from the median

frame, and we used an aperture region with a half width

of 3 pixels. We generated spectroscopic light curves at

the native pixel resolution, spanning the following re-

gions: 1.665-2.202 µm (G235H/NRS1), 2.266-3.070 µm

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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(G235H/NRS2), 2.880-3.717 µm (G395H/NRS1), 3.824-

5.175 µm (G395H/NRS2). By native pixel resolution,

we refer to the extraction of light curves at the individ-

ual pixel column level. We analyzed every column of the

detector, and the spectral resolution is Nyquist-sampled

by two columns per resolution element. The extracted

light curves are shown in Fig. 1.

We modeled the light curves as a combination of a

batman transit function (Kreidberg 2015) and a linear

polynomial in time. First, we fitted each white light

curve to determine the transit midpoint (T0), orbital in-

clination (i), and scaled semi-major axis (a/R⋆). During

the white light curve fits, we kept the quadratic limb

darkening coefficients free. We included a white-noise

multiplier as a free parameter in the fits. We masked

the integrations in the range 2134–2185 of the G235H

light curves, which are affected by a high-gain antenna

move (Fig. 1). Meanwhile, the G395H white light curves

show a starspot crossing event, visible in both detectors

(Fig. 2).

We corrected the white light curves affected by the

starspot using the semi-analytical spot modeling code

spotrod (Béky et al. 2014). The spot is characterized

by four parameters in this model: the ratio of the spot’s

radius to the star’s radius (Rspot/R⋆), the ratio of the

spot’s intensity compared to the unspotted surface of

the star (f), and the position of the spot’s center on the

star’s surface, represented by two coordinates (θ, r2).

The spot-corrected white light curves are then fitted to

obtain the photometric Rp/Rstar, T0, i, and a/Rstar for

each of the four datasets (Table 3).

We then fitted the spectroscopic light curves at the na-

tive resolution, keeping T0, i, and a/Rstar fixed to the

values derived from the white light curves. We masked

the integrations affected by the high-gain antenna move

and the star-spot crossing event and fixed the quadratic

limb darkening coefficients to those calculated by the

ExoTiC-LD package (Grant & Wakeford 2022) using 3D

stellar models (Magic et al. 2015) and assuming the

stellar parameters as those reported by Cadieux et al.

(2024). As in the white light curve fits, we included a

white-noise multiplier to ensure that the uncertainties of

the results are consistent with the scatter of the residu-

als. We also tried fitting the spectroscopic light curves

without masking the spot crossing event and found that

the resulting transmission spectra were consistent.

2.3. Atmospheric retrieval setup

We used the ExoTR 1 (Exoplanetary Transmission Re-

trieval) algorithm to interpret the derived transmission

1 Publicly available on GitHub: ExoTR

spectrum. ExoTR is a fully Bayesian retrieval algorithm

designed to interpret exoplanet transmission spectra. Its

useful features include: a) the cloud layer can be mod-

eled as an optically thick surface or as a physically mo-

tivated cloud scenario tied to a non-uniform water vol-

ume mixing ratio profile, similarly to ExoReLℜ (Hu 2019;

Damiano & Hu 2020, 2022), b) the stellar heterogene-

ity components can be jointly fit with the planetary

atmospheric parameters (Rackham et al. 2017; Pinhas

et al. 2018), c) the atmospheric abundances are fit in

the centered-log-ratio (CLR) space and the prior func-

tions are designed to render a flat prior when trans-

formed back to the log-mixing-ratio space (Damiano &

Hu 2021), and d) the possibility to fit photochemical

hazes with prescribed optical constants and a free parti-

cle size. ExoTR will be described in detail in a subsequent

paper (Tokadjian et al. in prep.).

In this work, we included the offset between the NRS1

and NRS2 detectors for both gratings as free parame-

ters (offn), given recent results using NIRSpec/G395H

(e.g., Moran et al. 2023; Madhusudhan et al. 2023). We

kept the NIRSpec/G235H-NRS1 dataset fixed and ap-

plied the offsets to other datasets. off1 is the offset

between NRS1 and NRS2 within the G235H grating,

off2 is the offset between G325H-NRS1 and G395H-

NRS1, and off3 is the offset between G325H-NRS1 and

G395H-NRS2. Here, we adopted a simple cloud model

characterized by the cloud top pressure (Ptop) and kept

the planetary temperature at 200 K. The atmospheric

abundances are parameterized in the CLR space with

H2 or N2 as the background gasses, and the other gases

considered as free parameters in the retrieval include

H2O, CH4, NH3, CO2, and CO. We jointly fit the im-

pact of stellar heterogeneity with the planetary parame-

ters. Three parameters were used to describe the stellar

component (Pinhas et al. 2018): the star temperature

(Tsphot), the star heterogeneity temperature (either fac-

ulae or spots) (Tshet), and the fraction of stellar surface

impacted by the heterogeneity (δ). The stellar spectra

are adopted from the PHOENIX models (Husser et al.

2013). Both the modeled transmission spectra and stel-

lar models are calculated at the data spectral resolution

and wavelength bins. The spectral resolution-linked bias

(RLB) effect (Deming & Sheppard 2017) is known to

bias planetary transmission spectra if the star is not

modeled at high spectral resolution so that individual

molecular absorption lines are resolved. In Deming &

Sheppard (2017), the RLB effect is shown to have a di-

rect correlation with the atmospheric scale height. In

the case of LHS 1140 b, the low equilibrium tempera-

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Figure 1. Raw spectroscopic light curves from the NIRSpec/G235H (left) and G395H (right) modes. Both modes show a gap
that separates the data from the NRS1 and NRS2 detectors. The white horizontal stripe in the G235H data are points affected
by the high-gain antenna move.
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Figure 2. White light curves analysis of the two LHS 1140 b transits. The white light curve of each visit and each detector is
normalized. Left panel shows the white light curves from the NRS1 and NRS2 detectors using the G235H grating. Central
panel shows the same information as the left but for the G395H grating. The starspot crossing can be seen here. Right panel
shows the residuals of the fit for each of the four white light curves. The relative root mean square (RMS) is also noted.

ture and potentially high mean molecular mass inversely

correlate with the RLB effect, and so we do not expect a

significant impact on the results presented in this work.

Table 4 lists the free parameters, the prior space used,

and the range in which the parameters are probed.

ExoTR uses MultiNest (Feroz et al. 2009) to sample the

Bayesian evidence, estimate the parameters, and deter-

mine the posterior distribution functions. MultiNest is

used through its Python implementation pymultinest

(Buchner et al. 2014). For all the retrieval analyses

presented here, we used 500 live points and 0.5 as the

Bayesian evidence tolerance. Finally, to assess the sig-

nificance of a scenario over the null hypothesis, we calcu-

lated the Bayes factor (Trotta 2008), which is a quanti-

tative statistical measurement to choose one model over

another one.

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Table 3. White light curves analysis results.

Parameter G235H – NRS1 G235H – NRS2 G395H – NRS1 G395H – NRS2

T0 [BJD] 60131.037574 ± 0.000016 60131.037605 ± 0.000018 60155.774828 ± 0.000020 60155.774826 ± 0.000022

Rp/R⋆ 0.07422+0.00011
−0.00008 0.07437+0.00012

−0.00012 0.07404+0.00013
−0.00012 0.07441+0.00012

−0.00013

a/R⋆ 95.6+0.5
−0.7 94.4+0.7

−0.7 95.1+0.7
−0.8 91.6+0.9

−0.8

i [deg] 89.93+0.03
−0.03 89.88+0.03

−0.02 89.92+0.04
−0.03 89.81+0.02

−0.02

u1 0.145+0.017
−0.017 0.151+0.022

−0.020 0.091+0.022
−0.022 0.012+0.016

−0.009

u2 0.223+0.032
−0.032 0.152+0.038

−0.039 0.250+0.040
−0.042 0.247+0.025

−0.030

Table 4. Model parameters and prior probability distributions used in
the atmospheric retrievals. U(a, b) is the uniform distribution between
values a and b, LU(a, b) is the log-uniform (Jeffreys) distribution be-
tween values a and b, andN (µ, σ2) is the normal distribution with mean
µ and variance σ2. NOTE - (1) Damiano & Hu (2021), (2) Cadieux et al.
(2024).

Parameter Symbol Prior

Datasets offsets [ppm] offn U(-100, 100)
Planetary radius [R⊕] Rp U(0.5, 2)× Rp(

2)

Cloud top [Pa] Ptop LU(0.0, 9.0)
VMR H2O H2O CLR(−25.0, 25.0)(1)

VMR CH4 CH4 CLR(−25.0, 25.0)(1)

VMR NH3 NH3 CLR(−25.0, 25.0)(1)

VMR CO2 CO2 CLR(−25.0, 25.0)(1)

VMR CO CO CLR(−25.0, 25.0)(1)

VMR N2 N2 CLR(−25.0, 25.0)(1)

Heterogeneity fraction δ U(0.0 - 0.5)

Heterogeneity temperature [K] Tshet U(0.5, 1.2) × Tsphot(
2)

Stellar temperature [K] Tsphot N (3096, 48)(2)

2.4. Self-consistent atmospheric models

We also simulated representative self-consistent atmo-

spheric models for the potential scenarios of LHS 1140 b.

We explored massive H2-rich atmospheres with 1×, 10×,

and 100× solar metallicities, a small H2-dominated at-

mosphere with CO2 (i.e., a potential “hycean” scenario

following Madhusudhan et al. 2021; Hu et al. 2021),

as well as N2- and CO2-dominated atmospheres, which

are plausible atmospheres overlaying a water-dominated

mantle (see Sec. 4.2).

We calculated the pressure-temperature profiles for

each scenario under radiative-convective equilibrium

using the climate module of the ExoPlanet Atmo-

spheric Chemistry & Radiative Interaction Simulator

(EPACRIS-Climate, Scheucher et al. in prep.). The

model solves the radiative fluxes using the 2-stream for-

mulation of Heng & Marley (2018) and performs the

moist adiabatic adjustment using the formulation of

Graham et al. (2021). Water is treated as condensable

in these models and its atmospheric abundance is self-

consistently adjusted together with the moist adiabats.

For simplicity, we did not include the cloud albedo feed-

back in these calculations, but instead applied a modest

albedo of 0.3 in all models.

Based on the pressure-temperature profiles, we then

simulated the effects of vertical transport and photo-

chemistry using the chemistry module of EPACRIS. For

the massive atmosphere models, we used a chemical net-

work generated by the Reaction Mechanism Generator

(Gao et al. 2016; Johnson et al. 2022) for the conditions

relevant to LHS 1140 b and coupled it to the planetary-

scale kinetic-transport model (Yang & Hu 2024). For

the small atmosphere models, we used the chemical net-

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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work in Hu et al. (2021) together with the recent rate up-

dates from Wogan et al. (2024). The resulting chemical

abundance profiles were used together with the pressure-

temperature profiles to calculate the transmission spec-

tra. The impact of water condensation and cloud for-

mation is self-consistently included in the transmission

spectra such that the cold trap in the atmosphere con-

trols the pressure level of the cloud and the water vapor

mixing ratio above the cloud (Hu 2019; Damiano & Hu

2020).

3. RESULTS

3.1. White light curves and transmission spectrum

Fig. 1 depicts the extracted and calibrated light curves

at the native resolution. In the light curves obtained

with the G235H grating, we observed the high-gain an-

tenna move effect. We masked the data affected by this

distortion. The high-gain antenna move happened out-

side the transit, and therefore masking these data does

not result in any significant loss of signal.

The signal extracted from the four detectors resulted

in four white light curves. Fig. 2 shows the analysis per-

formed on each of the four white light curves as well

as the residuals. The white light curves obtained with

the G395H grating show the effect of a starspot crossing

at the orbital phase of ∼ 0.0015 earlier than the mid-

transit point. First, we fit a model without the starspot

using spotrod (Béky et al. 2014) and MultiNest (Feroz

et al. 2009; Espinoza et al. 2019) combined, so that we

can calculate the Bayesian evidence of the model. Then,

we fit a model that includes the starspot distortion. By

calculating the Bayes factor, we found that the model

with one starspot is preferred by the data with a signifi-

cance greater than 5σ over the light curve model without

starspot. For the one starspot model, we obtained an

intensity ratio of f = 0.963 ± 0.012 and a spot-to-star

radius ratio of Rspot/R⋆ = 0.176 ± 0.041. The white

light curve fitting results are summarized in Table 3.

The planetary and transit parameters derived from

the white light curves are then fixed and used to fit the

spectroscopic light curves. We did not use any binning

when fitting the spectroscopic light curves, in either the

time domain or the wavelength domain. After obtaining

the transmission spectrum at the native pixel resolution

(R∼2700), we binned the spectrum to a spectral resolu-

tion of R=65 to reveal any major molecular absorption

features. The derived transmission spectrum is shown

in Fig. 3.

3.2. Retrieval results

We used ExoTR described in Sec. 2.3 to interpret the

transmission spectrum of LHS 1140 b. We fixed the

planetary and stellar parameters to those in Table 1 and

fit the atmospheric parameters in Table 4. The scenarios

considered and the Bayesian evidence obtained are sum-

marized in Table 5, and the constraints of parameters

are reported in Tables 6 and 7 in Appendix A.

We considered two baseline scenarios and a bare rock

scenario as the null hypotheses. The first of the two

baseline scenarios assumes an H2-only atmosphere (with

Rayleigh scattering and H2-H2 collision-induced absorp-

tion), a generic cloud top, and the offsets between

datasets. The other baseline scenario instead assumes

an N2-only atmosphere (with Rayleigh scattering) also

with a generic cloud and offsets. The bare rock scenario

only has the planetary radius and offsets as free parame-

ters. In this way, we define the null hypotheses with dif-

ferent atmospheric scale heights or no atmosphere alto-

gether. We ran retrievals on the data for these scenarios

and obtained log-Bayesian evidence of ln(EV)=642.59

and 643.61 for the two baseline scenarios, respectively,

and ln(EV)=643.16 for the bare rock scenario.

On top of the baseline and bare rock scenarios, we suc-

cessively considered various absorbing molecules to see

which ones would be favored by the data. We added

H2O to either H2- or N2-dominated atmosphere and

H2O and CO2 to N2-dominated atmosphere. We also

considered the general cases where H2, N2, H2O, CO2,

CH4, NH3, and CO are all included in the retrieval. Ta-

ble 5 ranks these scenarios by the order of decreasing

Bayesian evidence. We found that the models with an

N2-dominated atmosphere with H2O and CO2 are fa-

vored over the baseline scenarios by > 3σ (Table 5, Sce-

narios 1 and 2), while the inclusion of other gases does

not result in the increase of evidence (Scenario 3). We

also found that the Bayesian evidence does not change

substantially when the stellar heterogeneity components

are fit as free parameters in the retrieval (e.g., compar-

ing Scenarios 4 and 1), and with stellar heterogeneity,

the N2-dominated atmosphere with H2O and CO2 is still

preferred over the baseline scenarios by ∼ 3σ.

The posterior distributions of Scenarios 1 and 4 are

shown in Fig. 4. While both retrievals suggest solutions

that range from N2- to H2O-dominated atmospheres,

the inclusion of the stellar heterogeneity components as

free parameters decrease the probability density of high

mixing ratios of H2O, suggesting that the spectral mod-

ulation seen at wavelengths < 3µm may be partly due

to stellar heterogeneity. In both scenarios, low mixing

ratios of H2O are possible, making an N2-dominated at-

mosphere more likely (also see Table 7.)

Meanwhile, including H2O in an H2-dominated at-

mosphere results in an increase of evidence that cor-

responds to ∼ 2σ with respect to the baseline scenarios

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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(Scenario 6 in Table 5). The cloud pressure required

by this scenario is ∼ 102.8±0.5 Pa (Table 6). Based

on the self-consistent atmospheric models, however, the

water clouds should be located at a higher pressure on

this planet, and an H2-dominated atmosphere should

have additional absorbing gas including CH4 or CO2

(see Sec. 3.3). Moreover, if we compare this scenario

to an N2-dominated atmosphere with H2O (i.e., com-

paring Scenarios 6 and 2), the data still prefers the N2-

dominated atmosphere with a significance of∼ 2.8σ (Ta-

ble 5).

We also performed a joint analysis of all available

datasets including the transmission spectra obtained by

HST and ground-based observations (Appendix C). In

that case, the spectral contribution from stellar hetero-

geneity is clearly required to fit the dataset across the

entire wavelength range covered.

Lastly, we performed an additional test to address how

the data noise impacts the retrieval result. We simulated

synthetic data by taking the value of the planetary ra-

dius (flat spectrum), adopting the same errorbars as the

real data, and adding Gaussian noise to the data points

based on the errorbar. We tried retrieving two scenarios

(bare rock and atmosphere, same as scenario 3 and 8 in

Table 5) from this dataset and compared the resulted

Bayesian evidence. We repeated this test for 10 differ-

ent Gaussian noise realizations. For the majority of the

tests (8 out 10), we observed that the bare rock scenario

is preferred over the atmospheric scenario, suggesting

that no evidence of atmosphere is present. Only in two

cases, we observed that the Bayesian evidence of the

atmospheric scenario was higher for the bare rock sce-

nario. In both cases, the significance is < 2σ. From the

real data presented here, we found >∼ 3σ significance

when the atmospheric scenario is compared to the bare

rock scenario.

3.3. Self-consistent atmospheric models

Figure 5 shows the pressure-temperature profiles of

our self-consistent atmosphere models. We find that,

for H2-rich atmospheres with a wide range of metallic-

ity, the condensation of water extends to ∼ 104 Pa and

the temperature at the cold trap would be ∼ 200 K.

Meanwhile, the atmospheric chemistry models indicate

that CH4 and NH3 should be the most abundant carbon

and nitrogen species, with appreciable amount of CO2

occurring at the high metallicity of 100× solar. This

behavior is similar to the findings of Hu (2021). For

LHS 1140 b, due to the low temperature, the mixing ra-

tio of H2O is reduced by ∼ 3 orders of magnitude above

the cold trap pressure (∼ 104 Pa). As a result, the

transmission spectra of a massive H2-rich atmosphere

on LHS 1140 b, regardless of metallicity, would at least

show strong spectral features of CH4, which is clearly

ruled out by the transmission spectrum measured here

(Figure 6).

If the planet has a small H2-dominated atmosphere on

top of an H2O-dominated mantle, the dominant form of

carbon should be CO2 (Hu et al. 2021; Wogan et al.

2024) and NH3 should be either removed by photolysis

or dissolved in the oceans (Yu et al. 2021; Hu et al. 2021).

The transmission spectrum of this scenario would have

strong CO2 features, which is also clearly ruled out by

the transmission spectrum presented here (Figure 6).

Lastly, we considered an N2-dominated atmosphere

(with 10% CO2) and a CO2-dominated atmosphere

(with 10% N2) for the planet. With a surface pressure of

2.2 bar, we found that the surface temperatures of these

two scenarios would be ∼ 310 and ∼ 340 K, consistent

with liquid water. We caution that these temperatures

are substantially higher than the surface temperatures

predicted by 3D climate models (Cadieux et al. 2024).

One possible reason for the discrepancy may be that the

3D models have a proper account of the ice-albedo ef-

fect. With the high mean molecular weight to subdue

the transmission features, these models provide a rea-

sonable fit to the spectrum (Figure 6). Notably, the

models do not show significant absorption of water va-

por as it has condensed out from the part of the at-

mosphere probed by transmission spectra, and the only

spectral features that could be observed are CO2 ab-

sorption. This is consistent with the models presented

in Cadieux et al. (2024). At ∼ 4.2 µm, our models sug-

gest a ∼20-ppm CO2 absorption feature.

4. DISCUSSION

4.1. Excluding the H2-rich atmosphere scenarios

The observations presented here were originally de-

signed to detect an H2-rich atmosphere with the pos-

sible presence of water vapor and other gases (e.g.,

methane and carbon dioxide). However, the transmis-

sion spectrum obtained makes an H2-dominated atmo-

sphere highly unlikely. Our atmospheric models show

that, regardless of the atmospheric metallicity or size, an

H2-rich atmosphere on LHS 1140 b should result in de-

tectable spectral features of either CH4 or CO2 (Figure

6). Because of the low temperature of the planet, H2O is

condensed out at a higher pressure than the region typ-

ically probed by transmission spectra. This eliminates

the potentially confounding scenario of a highly metal-

rich H2 atmosphere (Benneke et al. 2024), because such

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Figure 3. Transmission spectrum of LHS 1140 b. The two transit observations are color coded, i.e., blue for the G235H grating
and green for the G395H grating. The models shown are randomly selected solutions from the posterior distributions of Scenario
4 (Table 5, corresponding to N2-H2O atmospheres with deep clouds). We have applied the best-fit offsets to the data. The
offset between the two visits is ∼ 50 ppm, while the offset between the two detectors within each of the two visits is negligible
(see Figure 4 and Table 6).

Table 5. Atmospheric scenarios considered and their corresponding log-Bayesian evidence. The third and fourth columns indicate
the significance level at which each scenario is favored against the baseline scenarios, obtained by calculating the Bayes factor. The
offsets between the visits and the detectors have been included as free parameters for all the scenarios (3 offsets).

Free parameters log-Bayesian Evidence, ln(EV) σ baseline 1 σ baseline 2

1. N2, H2O, CO2, and cloud 647.20 ± 0.16 3.48σ 3.18σ

2. N2, H2O, and cloud 646.68 ± 0.16 3.33σ 3.02σ

3. H2, N2, H2O, CH4, NH3, CO2, CO, and cloud 646.00 ± 0.16 3.12σ 2.67σ

4. N2, H2O, CO2, cloud, and stellar heterogeneity 645.68 ± 0.16 3.03σ 2.59σ

5. H2, N2, H2O, CH4, NH3, CO2, CO, cloud, and stellar
heterogeneity

645.22 ± 0.16 2.78σ 2.38σ

6. H2, H2O, and cloud 644.11 ± 0.17 2.34σ <2σ

7. N2-only atmosphere with cloud (i.e., baseline 2) 643.61 ± 0.15 2.11σ −
8. Bare rock 643.16 ± 0.15 <2σ −
9. H2-only atmosphere with cloud (i.e., baseline 1) 642.59 ± 0.15 − −

a scenario would still result in detectable spectral fea-

tures of CH4 and CO2 on LHS 1140 b.

From the point of view of spectral retrievals, Table 5

shows that the data favor a high mean molecular weight

atmosphere with the presence of water vapor. The data

could also be marginally explained by an H2-dominated

atmosphere with high clouds (∼102.8 Pa) and low water

vapor mixing ratio (∼10−4) (Scenario 6, see Tables 6

and 7 for detailed constraints). However, our atmo-

spheric models show that the water clouds should ex-

tend to ∼ 104 Pa but not lower pressures. We have also

checked for the condensation of NH3 and the formation

of NH4SH clouds in the self-consistent atmospheric mod-

els shown in Figures 5 and 6 using the method of Hu

(2021), and found that NH3 should not condense, and

the NH4SH clouds, if forming, should only occur within

a pressure scale height of the cold trap, having a min-

imal impact to the transmission spectra. Besides, such

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Figure 4. Comparison of the 1D posterior distribution functions of Scenarios 1 and 4 (i.e., including N2, H2O, CO2, clouds
and with and without the stellar heterogeneity).

an H2-dominated atmosphere should also have an appre-

ciable abundance of CH4 (if massive) or CO2 (if small),

and they would result in spectral features detectable in

3−5 µm. Therefore the H2-dominated atmosphere with
high clouds scenario is unlikely to apply to LHS 1140 b.

One might ask if a high-altitude haze layer might cre-

ate the flat spectrum. Given the low temperature of the

planet, the plausible photochemical haze in a H2-rich

atmosphere includes sulfur haze from H2S and hydro-

carbon haze from CH4. Atmospheric chemistry calcu-

lations indicated that the sulfur haze, if any, should be

located at a similar pressure level as the water cloud

and thus not impact the transmission spectrum (Hu

2021). Hydrocarbon haze, on the other hand, can be

produced from the photolysis of CH4 in the upper at-

mosphere. However, this mechanism cannot explain the

transmission spectrum of LHS 1140 b because, first, we

do not detect any signals of CH4 and second, such a

haze layer would result in a slope in the transmission

spectrum in the spectral range probed by JWST obser-

vations (Robinson et al. 2014; Kawashima et al. 2019;

Gao & Zhang 2020), which is not observed here. Lastly,

we would like to point out that any massive H2-rich at-

mosphere on LHS 1140 b should have abundant CH4,

which would cause a moderate temperature inversion

in the middle atmosphere due to shortwave absorption

(Figure 5). Such a stratified atmosphere would also fa-

cilitate the fall off of any large photochemical haze par-

ticles, giving rise to a spectral slope if any detectable

photochemical haze is present at all.

4.2. Possible habitable water world

Without a massive H2-rich atmosphere, the most plau-

sible explanation for LHS 1140 b’s low density is a water-

rich envelope. Given the low irradiation and ∼ 10% wa-

ter by mass (Cadieux et al. 2024), LHS 1140 b is likely to

have a high-pressure (HP) ice mantle (e.g., Sotin et al.

2007; Fu et al. 2009; Zeng & Sasselov 2014), which it-

self may be partly or fully mixed with the rocky man-

tle underneath (e.g., Vazan et al. 2022; Kovačević et al.

2022). Meanwhile, we could expect that C- and N-

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Figure 5. Modeled pressure-temperature profiles for
LHS 1140 b, considering massive H2-rich atmospheres with
1×, 10×, and 100× solar metallicity abundances, and small
(2.2-bar) H2-, N2-, and CO2-dominated atmospheres. The
small H2-dominated atmosphere has 1% CO2, correspond-
ing to the proposed “hycean world” scenario for temperate
sub-Neptunes (Madhusudhan et al. 2021; Hu et al. 2021).
The temperature profiles indicate a cold trap at the pressure
of ∼ 104 Pa for the H2-rich atmospheres and ∼ 104.5 Pa for
N2- and CO2-dominated atmospheres. The resulting trans-
mission spectra of these models are shown in Fig. 6.

bearing ices were accreted together with H2O ice when

the planet formed (Öberg et al. 2011; Schwarz & Bergin

2014). With the accretional heat, those C- and N-

bearing molecules would be thermally equilibrated with

a reservoir of H2O, resulting in predominantly CO2 and

N2. Thus, the planet could reasonably have an N2- or

CO2-dominated atmosphere.

The partitioning of C, N, and O molecules between the

ice/rock mantle and the atmosphere controls the atmo-

spheric size and composition (Levi et al. 2017; Maroun-

ina & Rogers 2020). For example, depending on the

planet’s thermal evolution history, CO2 can be stored

in the interior as clathrate hydrates, liquids, and var-

ious types of ices (Figure 7), which could give rise to

a moderate-size atmosphere and a surface temperature

conducive to liquid water. Alternatively, if the entirety

of the planet’s carbon and nitrogen presents as gas-phase

N2 and CO2, this could result in a massive atmosphere

and supercritical water layer (Levi et al. 2017; Maroun-

ina & Rogers 2020).

It is therefore crucial to maintain the size of the N2-

CO2 atmosphere for a habitable state to emerge. Sil-

icate weathering as the key atmosphere/climate stabi-

lizing mechanism for rocky planets is likely not appli-

cable for LHS 1140 b, due to a lack of exposed land-

masses and decoupling between the deep ocean and the

atmosphere (Abbot et al. 2012). Alternatively, the en-

trapment and depletion of CO2 as clathrate-rich sea

ice could help sustain a stable CO2 atmospheric pres-

sure suitable for liquid water (Ramirez & Levi 2018).

This mechanism works because CO2 clathrate hydrate

is denser than water and is thermodynamically stable in

the deep CO2-saturated ocean. Therefore, the forma-

tion and sinking of CO2 clathrates in the cooler part of

the planet (e.g., the night side) could maintain a CO2

atmosphere to <∼ 10 bar. The workings of this mecha-

nism on LHS 1140 b, which can be assumed to be tidally

locked (Leconte et al. 2015), requires further studies.

4.3. Prospect for future observations

The N2-CO2 atmosphere scenarios result in small but

potentially detectable spectral features of CO2 absorp-

tion (Fig. 6). Using PandExo (Batalha et al. 2017), we

find that an additional 9 transits with NIRSpec/G395M

would be required to achieve a precision of 20 ppm at

∼ 4.2 µm to detect and quantify the CO2 absorption

feature. This estimate is in line with those presented in

Cadieux et al. (2024).

Considering the rarity of LHS 1140 b transit events,

a campaign of 9 additional transits would require a few

years to complete. In addition, obtaining transit mea-

surements using NIRISS/SOSS could help to disentangle

the stellar heterogeneity component from the planetary

atmospheric signature, benefiting from the continuous

coverage from 0.6 to 2.8 µm. However, we do not yet

understand how the stellar activity would change from

visit to visit and this may prevent combining multiple

NIRISS observations or using NIRISS observations to

constrain NIRSpec/G395M observations directly. We

note that two transit observations of LHS 1140 b have

been taken using NIRISS/SOSS in December 2023 (Pro-

gram ID: 6543, PI: C. Cadieux). Those observations

could provide updated constraints on the stellar hetero-

geneity component and refinements to the transmission

spectrum of LHS 1140 b at wavelengths < 3 µm.

5. CONCLUSIONS

In this paper, we present the data analysis of the two

primary transit observations of LHS 1140 b performed

by JWST using the NIRSpec instrument. The observa-

tions cover a spectral range between 1.7 and 5.2 µm. The

transmission spectrum resulting from the JWST data

shows a constant transit depth as a function of wave-

length, indicating no apparent absorption features. Be-

cause an H2-rich atmosphere on this planet would show

strong transmission spectral features from CH4 or CO2,

the spectrum presented here rules out an H2-rich atmo-

sphere on LHS 1140 b.

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Figure 6. Self-consistent atmospheric models of LHS 1140 b compared to the JWST data. Top panel shows the massive
H2-rich atmosphere models with varied metallicities as well as the small H2-dominated atmosphere with CO2 model (“hycean
world”). χ2 =1406, 506, and 287 for the 1×, 10×, and 100× solar metallicity models, respectively, and χ2 =470 for the hycean
model (considering 75 degrees of freedom). These models are ruled out by the data with a p-value < 0.00001. Bottom panel
shows the N2- and CO2-dominated atmosphere models. χ2 =118 for both models.

We used a Bayesian retrieval framework, ExoTR, to

interpret the transmission spectrum together with the

stellar heterogeneity and found that the data favors

an N2-dominated atmosphere with H2O and CO2 over

an H2-dominated atmosphere with high clouds, or an

H2/N2-dominated atmosphere without any molecular

absorption, or a bare rock scenario by ∼ 3σ confidence.

The H2-dominated atmosphere with high clouds or pho-

tochemical haze is also unlikely because the expected

water cloud is deep in the atmosphere (at >∼ 104 Pa)

and the spectrum does not show any signals of CH4

which is the feedstock to form photochemical haze.

The observation and analysis presented here effec-

tively leave a water-dominated layer as the only plausi-

ble explanation for the low density of the planet. Also,

the water world cannot have a small H2-dominated at-

mosphere, i.e., not a “hycean world.” Rather, based

on planetary evolution considerations, we suggest that

an N2- or CO2-dominated atmosphere is most likely

and consistent with the transmission spectrum measured

here. Our climate model indicates that a moderate-

size (∼ 2 bar) N2- or CO2-dominated atmosphere could

maintain a global mean surface temperature above the

freezing point of water. If the planet evolves to or has

the climate-stabilizing mechanism to maintain such a

moderate-size N2- or CO2-dominated atmosphere, the

planet may be a habitable water world.

LHS 1140 b is thus a unique planet that provides the

rare opportunity to observe and characterize a temper-

ate, potentially habitable water worlds. We estimated

that 9 additional transits may be required to detect CO2

in the high mean molecular weight atmosphere on this

planet, and this could be completed in ∼ 3 JWST cycles.

With the existence of an atmosphere on TRAPPIST-1

planets called into question (Dong et al. 2018; Greene

et al. 2023; Zieba et al. 2023), LHS 1140 b may well

present the best current opportunity to detect and char-
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Figure 7. Potential processes that partition C and N species
between the atmosphere, the ocean, and the HP ices in a cold
water world like LHS 1140 b. Summarized based on Levi
et al. (2017); Ramirez & Levi (2018); Levi & Cohen (2019);
Marounina & Rogers (2020); Vazan et al. (2022); Kovačević
et al. (2022).

acterize a habitable world in our interstellar neighbor-

hood.
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licly available after the proprietary period (i.e., August

2024).

ACKNOWLEDGMENTS

We thank Amit Levi, Leslie Rogers, Ramses Ramirez,

and Allona Vazan for helpful discussion on the evolu-

tion of water worlds. This research is based on obser-

vations with the NASA/ESA/CSA James Webb Space

Telescope obtained the dataset at the Space Telescope

Science Institute, which is operated by the Association

of Universities for Research in Astronomy, Incorporated,

under NASA contract NAS5-03127. Support for Pro-

gram number 2334 was provided through a grant from

the STScI under NASA contract NAS5-03127. This re-

search was carried out at the Jet Propulsion Labora-

tory, California Institute of Technology, under a contract

with the National Aeronautics and Space Administra-

tion (80NM0018D0004). The High Performance Com-

puting resources used in this investigation were provided

by funding from the JPL Information and Technology

Solutions Directorate.

SOFTWARE

ExoTR (GitHub), Numpy (Oliphant 2015), Scipy
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APPENDIX

A. SCENARIOS RETRIEVAL RESULTS

Tables 6 and 7 contain the results of the retrieval analyses performed on the scenarios listed in Table 5.

Table 6. Retrieval results for the scenarios presented in Table 5. The offsets are defined relative to the
NIRSpec/G325H-NRS1 dataset. Therefore, off1 is the offset between NRS1 and NRS2 within the G235H grating,
off2 is the offset between the G325H-NRS1 and G395H-NRS1, and off3 is the offset between the G325H-NRS1
and G395H-NRS2.

Scenario off1 off2 off3 Rp [R⊕] Log(Ptop) δ Thet Tphot

1. -0.73+8.99
−8.78 -52.89+8.89

−9.02 -59.20+10.79
−10.53 1.730±0.003 6.48+1.68

−1.94 − − −
2. 0.23+7.78

−9.07 -51.52+9.05
−9.57 -66.35+10.51

−10.98 1.732±0.002 6.49+1.66
−1.85 − − −

3. 2.42+9.37
−7.95 -51.57+9.22

−8.81 -60.85+11.03
−9.95 1.728±0.002 5.93+1.93

−1.91 − − −
4. -2.10+8.32

−8.34 -59.88+10.52
−11.58 -69.01+12.98

−14.10 1.725±0.006 6.37+1.69
−1.97 0.02+0.03

−0.01 2641+410
−517 3098±45

5. 1.39+8.23
−8.76 -57.26+10.46

−10.73 -68.30+13.33
−13.98 1.724±0.004 5.91+1.99

−2.15 0.03+0.05
−0.02 2941+168

−325 3097±41

6. 4.25+9.09
−9.23 -57.14+9.72

−8.08 -64.45+8.89
−9.82 1.657±0.007 2.82+0.45

−0.58 − − −
7. -5.09+9.07

−8.82 -54.74+9.87
−9.82 -60.72+10.71

−11.13 1.732±0.003 3.59+2.99
−2.46 − − −

8. -4.15+8.93
−9.22 -53.53+9.81

−10.06 -59.88+10.62
−10.36 1.737±0.001 − − − −

9. -4.16+8.84
−8.97 -53.81+8.91

−9.96 -60.03+10.53
−10.76 1.641±0.013 1.59+1.04

−1.06 − − −

Table 7. Retrieval results on the atmospheric abundances for the scenarios presented in Table 5.

Scenario Log(H2O) Log(CH4) Log(NH3) Log(CO) Log(CO2) Log(N2) Log(H2) µ (derived)

1. -0.34+0.33
−3.38 − − − -2.32+1.51

−3.09 -0.84+0.84
−3.25 − 25.45+2.65

−7.19

2. -2.19+1.61
−2.13 − − − − -0.01+0.01

−0.13 − 27.95+0.06
−2.55

3. -0.05+0.05
−1.42 -6.83+1.78

−2.03 -4.58+3.04
−3.26 -3.18+2.58

−3.22 -4.32+2.98
−3.77 -3.91+2.78

−3.33 -5.16+3.18
−3.91 18.50+8.97

−0.52

4. -1.31+1.29
−3.03 − − − -2.71+2.02

−3.59 -0.15+0.15
−2.77 − 27.98+0.79

−9.17

5. -0.27+0.26
−2.21 -6.53+1.97

−2.26 -4.55+3.12
3.09 -3.00+2.54

−3.23 -3.43+2.81
−4.22 -3.19+2.64

−3.60 -5.14+3.45
−4.67 20.42+7.73

−2.43

6. -4.20+0.93
−0.59 − − − − − -0.01+0.01

−0.01 2.02±0.01

7. − − − − − 0.00 − 28.00

8. − − − − − − − −
9. − − − − − − 0.00 2.02

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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B. LHS 1140 b JWST/NIRSPEC 1D TRANSMISSION SPECTRUM

The 1D transmission spectrum, calculated after reducing and analyzing the data and shown throughout the

manuscript, is reported in Table 8 and 9. NOTE - The offsets are not included in Table 8 and 9 and if needed

they can be adopted from Table 6.

Table 8. LHS 1140 b NIRSpec/G235H 1D transmission spectrum (R=65).

G235H-NRS1 G235H-NRS2

Wavelength bin [µm] (Rp/Rs)
2 [ppm] ∆(Rp/Rs)

2 [ppm] Wavelength bin [µm] (Rp/Rs)
2 [ppm] ∆(Rp/Rs)

2 [ppm]

1.6652 − 1.6908 5378.13 25.98 2.2662 − 2.3011 5429.56 22.78

1.6908 − 1.7168 5422.31 26.67 2.3011 − 2.3365 5378.50 24.18

1.7168 − 1.7433 5396.81 28.85 2.3365 − 2.3724 5438.49 24.43

1.7433 − 1.7701 5452.86 28.43 2.3724 − 2.4089 5499.62 25.45

1.7701 − 1.7973 5327.54 28.39 2.4089 − 2.4460 5427.84 26.17

1.7973 − 1.8250 5516.30 27.66 2.4460 − 2.4836 5439.00 27.50

1.8250 − 1.8530 5453.87 26.95 2.4836 − 2.5218 5433.92 28.85

1.8530 − 1.8815 5454.42 26.62 2.5218 − 2.5606 5432.32 29.76

1.8815 − 1.9105 5498.23 26.57 2.5606 − 2.6000 5430.87 30.19

1.9105 − 1.9399 5466.28 25.92 2.6000 − 2.6400 5534.57 30.89

1.9399 − 1.9697 5422.28 25.35 2.6400 − 2.6806 5494.14 30.24

1.9697 − 2.0000 5446.42 25.46 2.6806 − 2.7219 5461.31 32.24

2.0000 − 2.0308 5473.55 25.17 2.7219 − 2.7637 5431.83 35.23

2.0308 − 2.0620 5470.70 24.79 2.7637 − 2.8063 5382.22 36.90

2.0620 − 2.0938 5449.93 25.15 2.8063 − 2.8494 5463.46 37.26

2.0938 − 2.1260 5381.30 24.33 2.8494 − 2.8933 5484.73 37.83

2.1260 − 2.1587 5456.75 23.78 2.8933 − 2.9378 5403.74 39.06

2.1587 − 2.1919 5457.52 24.02 2.9378 − 2.9830 5415.41 38.45

2.1919 − 2.2256 5437.82 41.89 2.9830 − 3.0289 5463.53 40.23

3.0289 − 3.0755 5518.91 43.33

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Table 9. LHS 1140 b NIRSpec/G395H 1D transmission spectrum (R=65).

G395H-NRS1 G395H-NRS2

Wavelength bin [µm] (Rp/Rs)
2 [ppm] ∆(Rp/Rs)

2 [ppm] Wavelength bin [µm] (Rp/Rs)
2 [ppm] ∆(Rp/Rs)

2 [ppm]

2.8799 − 2.9242 5509.11 38.77 3.8241 − 3.8829 5492.83 29.44

2.9242 − 2.9692 5498.85 36.04 3.8829 − 3.9426 5478.97 30.07

2.9692 − 3.0148 5443.82 34.16 3.9426 − 4.0033 5464.45 31.01

3.0148 − 3.0612 5467.37 34.27 4.0033 − 4.0649 5505.28 31.96

3.0612 − 3.1083 5493.88 31.88 4.0649 − 4.1274 5550.53 33.25

3.1083 − 3.1561 5481.44 31.34 4.1274 − 4.1909 5499.78 34.27

3.1561 − 3.2047 5546.91 31.41 4.1909 − 4.2554 5437.88 34.99

3.2047 − 3.2540 5487.67 30.90 4.2554 − 4.3209 5473.49 40.13

3.2540 − 3.3041 5491.85 30.05 4.3209 − 4.3873 5507.15 38.93

3.3041 − 3.3549 5494.97 29.73 4.3873 − 4.4548 5569.35 41.51

3.3549 − 3.4065 5501.71 29.31 4.4548 − 4.5234 5589.28 42.94

3.4065 − 3.4589 5483.22 29.12 4.5234 − 4.5930 5488.92 44.56

3.4589 − 3.5121 5478.35 29.03 4.5930 − 4.6636 5503.88 45.66

3.5121 − 3.5662 5517.34 28.91 4.6636 − 4.7354 5567.58 47.10

3.5662 − 3.6210 5451.03 28.41 4.7354 − 4.8082 5470.57 48.58

3.6210 − 3.6767 5542.96 28.97 4.8082 − 4.8822 5462.63 50.78

3.6767 − 3.7333 5521.20 34.13 4.8822 − 4.9573 5531.78 52.95

4.9573 − 5.0336 5452.13 55.20

5.0336 − 5.1110 5537.30 55.82

5.1110 − 5.1896 5442.32 80.72

C. JOINT FIT OF GROUND-BASED, HST, AND JWST DATA

Given its intriguing physical parameters, LHS 1140 b has been the object of several observation campaigns to unveil

the atmospheric composition and assess the nature of the planet. HST initially observed the planet in January and

December of 2017 (program ID: 14888, PI: Dittmann, J.) for an initial reconnaissance of the planet’s transmission

spectrum between ∼1.1 and ∼1.6 µm. The resulting 1D transmission spectrum suggests strong spectral modulations

that may be attributed to H2O. If the spectral modulation truly has a planetary origin, the planet should have an

H2-dominated atmosphere (Edwards et al. 2020). Another campaign was conducted between 2017 and 2018 to observe
the planet in transmission spectroscopy in the visible band with the Magellan telescope at Las Campanas Observatory.

The obtained spectrum revealed a strong linear trend due to the stellar heterogeneity (Diamond-Lowe et al. 2020).

The HST and JWST datasets do not appear to be consistent with each other. Fig. 8 compares the solution of the

spectral retrieval performed on the HST observation with the JWST data, and it shows that the data and the model

are incompatible. In particular, the lack of the H2-H2 CIA spectral feature is clear between 2 and 3 µm.

Under the assumption that the stellar heterogeity signal remains constant between epoches (which is likely not true),

we performed a joint fit of all the datasets aforementioned together with the the JWST data presented in this work

(Figs. 9 and 10) to fit the stellar heterogeity component and assess whether or not a high mean molecular weight

atmosphere is still a statistically preferred by the data. The visible-wavelength dataset helps primarily to fit the

stellar heterogeneity contribution to the transmission spectrum. The stellar heterogeneity also contributes at longer

wavelengths, but not significantly beyond 3 µm. According to the resulting posterior distribution functions in Fig. 10,

the combined data do not favor an H2-dominated atmosphere, but rather an H2O-dominated atmosphere, potentially

with some amounts of H2. This is largely consistent with the results presented in Sec. 3, where a high mean molecular

weight atmosphere is preferred. The non negligible amount of H2 mainly comes form the fitting of the HST data. In

that dataset, the spectral feature around 1.3µm is significant. The difference in (Rp/R⋆)
2 between the peak at 1.38

µm and the baseline is approximately 200 ppm. The pressure scale height of an H2-dominated atmosphere around

© 2024. California Institute of Technology. Government sponsorship acknowledged.
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Figure 8. The transmission spectrum obtained in this work compared with the HST data adopted from Edwards et al. (2020).
The green model, i.e., maximum a posteriori (MAP) solution of scenario 4 in Table 5, extended to the HST data wavelength.
The blue model is the best fit model for the HST data (an H2-dominated atmosphere with water vapour absorption) with a CH4

and CO2 10−6 VMR injected extended to the wavelength range covered by the JWST data. The JWST dataset is incompatible
with the blue model.

LHS 1140 b is ∼35 km, corresponding to 38 ppm. Therefore, the potential spectral variation would correspond to

approximately 5 pressure scale heights in an H2-dominated atmosphere. However, the JWST data, as explained in

Sections 3 and 4, do not show such large spectral features. It is entirely possible that the HST dataset suffers from a

particularly intense episode of stellar heterogeneity.

HST/WFC3 JWST/NIRSpec-G325H
JWST/NIRSpec-G395H

Magellan G235H

Figure 9. Available datasets for LHS 1140 b. The maximum a posteriori solution from the Bayesian retrieval process is
shown in black. The individual contribution from the spectral components is also shown. The data is plotted by taking into
consideration the offsets value calculated by the Bayesian analysis. The offsets value are reported in the posterior distribution
functions in Fig. 10. HST data are adopted from (Edwards et al. 2020) and the Magellan data are adopted from (Diamond-Lowe
et al. 2020).
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Figure 10. Posterior distribution functions of the Bayesian analysis of all the LHS 1140 b datasets combined. The posterior
distribution functions suggest an H2O-rich atmosphere with a non-negligible presence of hydrogen. The offsets are defined as
follows: offset1 is related with the G235H - NRS2, and offset2 and offset3 are instead relative to the G395H - NRS1 and
NRS2 respectively. offset4 is between the HST data (Edwards et al. 2020) and G325H-NRS1 dataset and offset5 is between
the Magellan dataset (Diamond-Lowe et al. 2020) and the G325H-NRS1 data. The numeric values above each panel indicate
the median and 1σ uncertainty of the distribution.
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