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presence of atmospheres on these planets has not been This Letter presents the results of a transmission spectroscopy
de nitively ruled out (Ducrot et al.2023 Ih et al. 2023 program with JWST NIRISS0SS0.6-2.8 m) aimed at both
Lincowski et al2023 Turbet et al2023 Zieba et al2023. The characterizing the stellar activity of LHS 1140 and providing a
rst JWST transmission spectra of the TRAPPIST-1 planets, instrong discriminating test of the mini-Neptimater-world
general, show strong signs of stellar activity in the form of scenarios of Cadieux et §024. We show that the TLS effect

continuum variability, unocculted spbfsculae (Lim et al. is clearly detected in LHS 1140 and that a cloud-free mini-
2023, and ares(Howard et al.2023. Unocculted spots Neptune atmosphere for LHS 1140b is strongly excluded.
faculae, responsible for the transit light sou(@eS) effect This Letter is structured as follows. The observations and

(Rackham et aR018, pose a signicant challenge, as they can data reduction steps are presented in Segtitoilowed by the
mimic genuine atmospheric signals, greatly complicating thetransit modeling in SectioBiand spectral extraction analysis in
interpretation of transmission spectra. The TLS effect is aSectiond. The retrieved atmospheric properties of LHS 1140 b
recurrent theme of numerous Cycle 1 and Cycle 2 transmissiornd TLS constraints are presented and discussed in SBction
spectroscopy progrange.g., Lim et al2023 May et al.2023 followed by a discussion of prpposeq follow-up observations in
Moran et al. 2023 Fournier-Tondreau et al2024, a  Section6. We then conclude in Sectioh
fundamental problem that has yet to be solved. ]

LHS 1140(Dittmann et al2017 Ment et al.2019 Lillo-Box 2. Observations

et al. 2020 Cadieux et al.2024 is a keystone system for Two transits of LHS 1140 b were obtained with JWST using
hab|tab|l|ty Stud|e.S: This M4.5 delﬂ)lttmann et a|2017) hosts the NIRISS instrumer([)oyon et a|2023 on UT2023-12-01
two small transiting planets: an outer planet LHS1140b and UT2023-12-26 as part of program DD6%RR Cadieux &
(R,=1.73R ), a rare object in the middle of the radius valley Doyon). The spectroscopic time series were carried out using
(Fulton et al2017 2018 Cloutier & Menou202Q on a 24.7-day ~ the SOSS modgAlbert et al. 2023, offering a spectral
temperate orbit, and an inner planet LHS 1140 ¢, a warm superresolutionR 650, with the SUBSTRIP256 subarray cgn
Earth(R,= 1.27R ) orbiting every 3.78 days. The two planets uration to access therst two diffraction orders of NIRISS
receive 0.43 and 5.3 times the irradiation of Earth, respectively,(0.6-2.8 m). Each visit comprised 949 integrations, covering
with LHS1140b comfortably situated within the water con- 2.58 hr before ingress, the 2.15 hr transit, and 1.11 hr after
densation zonfTurbet et al2023. Cadieux et ak2024 recently egress. The second visit fully captured a transit of LHS 1140 ¢
presented a joint study of almost all transit and radial velocity lasting 1.13 hr and starting approximately 34 minutes aftr
observations to date, obtaining a precision of 3% on the massesontact of LHS 1140 b. Each integration was composed of
and 2% on the radii of LHS 1140 b and c. Among the temperateny,,,,= 3, lling approximately 50% of the full well to
rocky exoplanets, only those in the TRAPPIST-1 system areminimize charge migration and nonlinearity effe¢fdbert
currently characterized to such precision. Their analysis of theet al.2023. We made use of two independent data reduction
composition of LHS 1140b shows that the planet could be pipelines, namely SOSSISSE (Lim et al. 2023 and
enveloped in hydrogen 0.1% H He by mask akinto asmaller  supreme-SPOON (Feinstein et al2023 Radica et al2023
version of the temperate mini-Neptune K2-18b, which has aBenneke et al.2024 Radica et al.2024, both yielding
transmission spectrum characterized by prominenta®d CQ consistent transmission spectra with a m@gaadiar absolute
absorption bands in the near-infraf®thdhusudhan et a2023. deviation of 0.72 (0.60 ). More details of both pipelines and
Alternatively, LHS 1140 b could be a water world with a surface their comparison are provided in AppenéixThe SOSSISSE
layer of condensed water representing-9986 of the total mass. ~ data products are hereafter used in the analysis.
A 3D Global Climate Mode{GCM) of the water-world scenario During the rst visit, the star LHS 1140 was erroneously
predicts liquid water at the substellar point for a large range ofpositioned outside the target acquisitiaid of view, causing a
atmospheric compositioif€adieux et al2024. The GCM also ~ displacement of the orders on the detector with offsets
predicts a distinctive transmission spectrum featuring relativelyAx= S157 pixels (dispersiop and Ay= S12 pixels (cross-
small( 15 ppm) CO, features at 2.8 and 4.3 m. dispersioi relative to their nominal positions. This offset was
Transmission spectroscopy with Hubble Space Telescopealculated by comparing the pixel-to-wavelength calibrations
(HST)/ WEC3 shows a tentative signal of,®f CH, near denved_ from the two visits. A moded wav_elength solution for
1.4 min a low mean molecular weight atmosphgedwards the sh|fted spectral trace was determined through a cross-
et al. 2021 Biagini et al. 2024, but a combination of correlation between the stellar trace and a PHOENIX stellar
unocculted spots and faculae offers an alternative explanatiotmosphere modg@Husser et al2013, following the procedure
—a hypothesis also supported by ground-based measuremengi€scribed by Feinstein et 023 and Radica et 2(2023. The
(Diamond-Lowe et a2020). These observations imply a large target acquisition failure is attributable to an incorrect epoch of
fractional coveragé> 80%) of stellar active regions, which is Proper motion entered during schedul(iagiS 1140 is a high-
somewhat surprising given that LHS 1140 is a relatively old Proper-motion targgt which means that this sequence was

(>5 Gyr, Cadieux et al.2024, slowly rotating star executed with blind guiding from the observatory. Fortunately,
(Prot= 13i + 5 days; Dittmann et z,1I201D with low levels this data set can be fully recovered with a small wavelength shift

of aring activity(Medina et al2022. Recent observations of " order 2-0.76-2.67 m compared to 0.82.83 m during

two transits of LHS 1140b with JWSNIRSpec(G235H  Visit 2—and negligible change in order 2.
G395H, 1.75.2 m) ruled out an Hrich atraoséhere and The rst visit is also affected by a background $tahat

; : S laps the spectral trace of LHS 1140 for wavelengths below
favored a high mean molecular weight atmospliBamiano overiaps .
et al. 2024. Further TLS characterization with JWST is 0.90 m in order 1 and between 0.60 and 0.78 in order 2,
required, especially in the context of seeking the detection of
small atmospheric signals that could be severely affected 18 53 PR3 237103298920066598G = 16.667, d = 274.08 pc, (Gaia
biased by stellar activity. Collaboration et al2023.
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contaminating the ux at the 1%2% level. We estimate a Table 1

spectral type M2.4 0.4V for the contaminant star using the Transit and Systematic Parameters_lr]ferred from a Joint Fit of the White Light
G S Ggpcalibration of Kiman et a[2019. The Ty estimate of Curve of Visits 1 and 2

3516 K from Gaia DR3Gaia Collaboration et a2023 is also Parameter Prior Posterior

consistent with an M2V spectral typ@ecaut & Mama-
jek 2013. We constructed a model of the trace of the (g cmS?)
contaminant star from an MOV templaf@/ASP-80; GTO .

Stellar Parameters
N(26.0, 2.62) 267193
Orbital Parameters

1201, PI: Lafreniefeobserved with NIRISS. This template was P, (days ( xed? 24.73723
aligned by maximizing the correlation coefent between the  p_ (dayg ( xed? 3.777940
derivatives in spatial directiorx of the template and t,, (BJD-2,460,300 U4.65, 4.75) 4.698243)
observations in regionfixel9 where only the contaminant t,.(BJD-2,460,300 U4.65, 4.75) 4.7077%4)
is seen. Once the optimal shift was determined, we computedy/R, (derived® 952404
the amplitude of the contamination pixel by pixel, and we useda/R, (deriveg® 271593
the median of these amplitudes to scale the template to match Transit Parameters
the contaminant trace. We then subtracted this contaminang,y R. (%) U, 50) 7.439+ 0.015
model from the images, leavingix residuals of the order of R,J/R. (%) U(0, 50) 5.312+ 0.028
0.1% on the affected pixels of LHS 1140. Such residuals couldb U(0, 0.9) 0.147563
decreasédilute) the transit depth of LHS 1140 b by 10 ppm at b U, 0.9) 0.09*50¢
most. This possible systematics is further mitigated in the nexts, Uo, 1 0.16+ 0.02
sections by analyzing both visits together, as visit 2 was nota. Uo, 1) 0.22+ 0.05
affected by a dispersed contaminant. GP Parameters
beat (PPM) £14(0.1, 1000 69+ 6
. . . Qbeat LU(0.1, 1000 11.3734
3. White Light-curve Analysis gra (PPM) £14(0.1, 1000 53+ 5
One output ofSOSSISSE is an amplitude time seriext) gra (MiN) Lu(1, 100 52+ 10
that corresponds to broadbandx measurement@&etails in jter (PP £u(0.1, 1009 9%+ 3

Appendix A), hereafter referred to as thehite’ light curve
(WLC). The WLC is modeled with two components, one for aNgte§' .
- . . . eriod from Cadieux et af2024).
transits and the other for treating systematic S|gngls, boths ¢ jeq semimajor axia/ R,) derived from , andP.
described below. Thet was performed using thguliet
framework(Espinoza et aR019 that generates transit models
with batman (Kreidberg 2015 and implements Gaussian in Radica et al(2024, we use a critically damped SHO te(@
process(GP) regression withcelerite (Foreman-Mackey xed t0+/0.5) for the granulation-like signal andt for an
et al.2017). The posterior distribution is explored with nested amplitude 4, and a timescalegy,, of this stochastic variation.
sampling and 500 live points using thiynesty package An extra jitter term i, is added in quadrature to the diagonal
(Speagle2020 available injuliet. of the covariance matrix to account for excess noise. We tlso
The transit component assumes circular orbits for bothfor a baseline ux and a temporal slope for each visit. We
planets(Gomes & Ferraz-Mell@020). The orbital parameters measure slopes &0.26 andS0.36 ppm minuté during visits
of planetk (k: “b”, “c") are the periodP, xed to the value from 1 and 2, respectively, aix variation approximately 280 times
Cadieux et al(2024), the time of inferior conjunctiotyy, and weaker than observed during the transits of TRAPPIST-1 b with
the scaled semimajor axig/R, that we derive using a NIRISS (Lim et al. 2023. This is consistent with the fact that
common stellar density,. For ,, we use the same Gaussian LHS 1140 is a slow-rotating star with aix level remarkably
prior as in Cadieux et a{2024 constructed from stellar mass stable over a timescale of a few hours, as also rooed by
and radius estimates. For all other parameters, we adopt wid@ESS(Ricker et al.2015.
uniform priors. The transits of LHS1140b and c¢ are The WLCs of the two visits were jointlyt with a common
parameterized with the planet-to-star radius rggig R, and « 01, andqg, to allow more precise constraints. The adopted
the impact parametds,. We t for quadratic limb-darkening  priors and resulting posteriais6th, 50th, and 84th percentiles
parameters); andd, de ned in Kipping(2013, which ensure  of this t are presented in Table The best-t transit and
physical solutions for values between 0 and 1. systematic components of the WLC are shown in the top panels
For the systematic component, we use GP regression to modeif Figure 1. Fitting visit 1 and visit 2 independently yielded
two nuisance signals also reported in other NIRISS data setgonsistent parameters within the dncertainty, but we note a
(e.g., Coulombe et a023 Benneke et a024 Radica et al. ~ systematic increase of 40ppm in the transit depth of
2029: a beat pattern introduced by the observatory thermalLHS 1140 b during visit 2 due to the double transit. The joint
control (McElwain et al.2023, and correlated structures on the t alleviates the covariance betwd®ny, R, ¢, andb in visit 2
timescale of a few minutes suggestive of stellar granulgign by using the information of a single transit of planet b from
Kallinger et al.2014 Grunblatt et al2017 Pereira et ak019. visit 1. This same argument is later used to extract combined
We use a combination of two simple harmonic oscillé&O) transmission spectra of LHS 1140 b and c by jointljng the
kernels incelerite to jointly model these systematic signals. two visits in each spectral channel.
We x the period of the rst SHO term to 204 s, corresponding
to the dominant periodicity in the out-of-transitxes based on
its power (highest peakin the generalized Lornscargle
periodogram(Zechmeister & Kirste2009. We t for an We binned the extracted spectroscopic time series from
amplitude pegrand a quality facto®yeofor this oscillation. As SOSSISSE to R 100 in both order 1 and order 2. We

4. Spectrophotometric Analysis
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combination of a high mean molecular weighand or low T (alongside a weaker NN, CIA feature near 2.2m). Both
for such atmospheres is safent to atten the spectrum below models allow for the possibility of power-law hazes, but N
the sensitivity of our NIRISS spectrum. The data are Rayleigh scattering alone provides the necessary slope without
incompatible with clear Cirich and H-rich atmospheres  any additional scattering opacity. We stress that the residual
with 2 upper limits of logCH< 52.25 and logH< S0.94  gjope attributed here toNelies on the assumption that the
(<1199, respectively. stellar contamination is well described by our interpolated
) PHOENIX models for faculae. The best TLS model leaves a
Appendix D _ signi cant residual near 2.3n, which is coincident with the
Supplementary Material: Atmospheric Inference Analysis CO band head, a well-known temperature- and gravity-
D.1. Evidence for a Ndominated Atmosphere on LHS 1140 b sensitive spectral feature in M dwarf spectra. Given inherent
uncertainties associated with stellar atmosphere méelgls

atmosphere. The observed transmission spectrum is given bg'm e_zt.a'll.2023 Jahandar et ap024), one cannpt rule (?Ut the
A b= € s amm Wheree ouris the*stellar contamination ossibility that the measured slope is an artifact of imperfect

factof (e.g., Equation(d) in Fournier-Tondreau et a2024 stellar. contamination correction_. The evidence f@ﬁﬂ\lonly
and A um is the “regulal transmission spectrum of the tentative at this stag@.3 ) and will need to be conmed with
planetary atmosphere. Given that unocculted faculae are théuture observations.

dominant wavelength-dependent effect sculpting LHS 11810 b

transmission spectrum, west corrected our NIRISSOSS

data by dividing out the bestting unocculted stellar D.2. Atmospheric and Stellar Retrieval Results

contamination mode{binned to the resolution of the d}a_ta' The priors, posterior parameter constraints, and key statistics
This allows one to compare model atmosphere-transmlssmnfrom our retrieval analysis of LHS1140b are presented in
only Spectraj am o an equivalent form of the data. TableD1. The full posterior distributions are shown for the TLS-

Figure D1 compares our stellar-contamination-corrected g o
transgmission spec[:rum of LHS1140b with our bestg only model in Figuréd2, TLS + N, (Clea) in FigureD3, TLS

100% N, and 100% CQ@ atmosphere models. The g@odel + Multi_gas_(Haze) in Fi_gureD4, and TLS.+ Mult@ga;(Haze+
is essentially at, consistent with a nondetection of Cgands. Cloud in Fl.gure D5. Flnally, the posterior distributions for thg
The N, model, however, exhibits a clear Rayleigh slope in both TLS + Multigas(Haz§ retrieval of LHS 1140 c are presented in

the rst and second orders of the NIRIS®SS data FigureD6.

Here we elucidate why our retrievals favor gdéminated

5900 T T
— Nj-dominated Atmosphere
5850 E — CO;-dominated Atmosphere 1
Stellar Contam. Corrected (R =100)
4 @ Stellar Contam. Corrected (R = 20)
5800 f E
= 5750 F
IS
&
— 5700 ¢ N,-N CIA
e
= N, Rayleigh +
S 5650 ¥ %_+_++ + ]
c NS g |
£ 5600 f = S =3 , i -
¢ mdl ! ! ' —+— | | _“_T
@©
|t 5550 F E
5500 F
5450 F
5400 1 1 1 1 1
0.6 0.8 1 1.5 2 25

Wavelength (um)

Figure D1. Tentative evidence of a MNlominated atmosphere on LHS 1140 b. The stellar-contamination-corrected LHS 1140 b/ B{R$SStransmission
spectrum(black points folR 20, gray points foR  100) is compared with the bestting model transmission spectra for a 100%atnospherégreen and a
100% CQ atmospher¢blue), plotted atR = 20. The N model has a besttting T = 399 K, while the C@ model hasl = 116 K. The N model provides a bettet
(2.3 ), due to the presence of a Rayleigh scattering slope and a weblk RIA feature.

12



The Astrophysical Journal Letters,

970:L2 (20pp, 2024 July 20

Table D1

Retrieval Analysis Summary for LHS 114GhCombined NIRISSSOSS Transmission Spectrum

Cadieux et al.

Parameter Prior Flat Line TLS Only TS N, TLS + Multigas TLS+ Multigas
(Clea) (Hazg (Haze+ Cloud
Stellar Contamination
Tepot (K) U300, Tor + 3o7) 300365, 2995485 3017+ 3010733
Tonot (K) My, 0% 30734 3074+ 3076142 3073*4
Trac (K) UTye — 3op 1.2 Togr) 3155728 31537 3146784 314278
fspot U0, 0.5) 0.041542 0.0473% 0.075949 0.061092
frac U(0, 0.5) 0207317 0.22+913 0254913 0.237914
Atmospheric Properties
Rorer (R ) U(1.5, 2.0) 1.7513+ 0.0006 1.762 0.002 1.765 0.002 1.764¢ 0.002 1.758 0.005
M (M ) N(5.60, 0.192) 559+ 0.17 5.48+ 0.17 5.60+ 0.16
T (K) U(100, 400) 33158 29075, 2244103
108 hae U(—4, 8) 2.0843% 206733
haze U(-20, 2) —8.355577 —8.341033
log(Rus/ ba) U-17.2) —3.64733
log X, (derived <5095 < $0.56
log Xx, CLR(—12, 0) 0 ( xed $0.00°9%° $0.6912%
log X co, CLR(—12,0) $7.62535° $3.473%1
log Xm0 CLR(—12, 0) <3294 $6.14347
log Xcu, CLR(-12, 0) <8278 $6.1773,f
Model Statistics
Nparams 1 6 8 14 15
2 (dof) 277 (14) 235(136) 228(134 228(129 228(127)
¥ 1.96 1.73 1.70 1.78 1.80
InZ 1127.24 1142.15 1144.65 1141.79 1141.60

Notes.TLS = “transit light source effet{contamination from unocculted stellar active regions; Rackham 28E8). “Multigas’ retrievals include N H,, CO,,
H,0, and CH. CLR refers to the centered-log ratio prietg., Benneke & Seag@012. H, also follows aCLR prior, even though it is not a free paramdteis
derived from the summation to unity conditjpsince this is the dening feature of the centered-log ratio. The a priori known stellar properti@sqaxe3096 and
oy = 48 K (Cadieux et al2024).
#CO, has a biomodal distribution, with eithé) a nondetection for a pure,Nitmosphere ofii) 100% CQ to render the spectrumat (the latter solution is
statistically disfavoréd Upper bounds correspond to 95% cdance(2 ) limits. Figure2 shows results for thETLS-only’ (orange histogramsand the“TLS +
Multigas (Hazg” (blue histogramsmodels summarized in this table.
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Figure D5. Posterior distribution for the joint multigas atmosphere with hazes, a/sladidce, and stellar contamination retrieval of LHS 1240cbombined
NIRISS SOSS transmission spectrum.
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Figure D6. Posterior distribution for the joint multigas atmosphere with hazes and stellar contamination of LHS NWRS3 SOSS transmission spectrum.

Appendix E global surface ocean, akAlyceari-type plane{(Madhusudhan
Global Climate Model Simulations and Synthetic et al.2021).
Observables FigureE1 shows the temperature, water vapor mixing ratio,

and cloud proles for the mini-Neptune cases, as well as for the
Earth-like and C@dominated atmospheres for comparison. In
all these simulations, cloud decks are located below atmo-

We performed a series of 3D GCM simulations designed to
explore a large variety of plausible atmospheric compositions
for LHS1140b. These simulations includg thick mini- — goheric pressures of0.1 bars, near the top of the tropospheric
Neptune atmospherd80 bar H-rich) with compositions of |4 trap. Clouds therefore have a very limited impact on the
100x, 300¢, and 1008 solar metallicity, described in the  {ransit spectrésee Figure) for all the simulations explored in
main text; (i) compact secondary Nand CQ-rich atmo-  this work. Previous intercomparison workBauchez et al.
spheres, described in Cadieux ef(2024; and(iii) sensitivity 2022 Sergeev et aR022 have shown that cloud deck altitude
experiments of krich atmospheres on top of a dry surface or a can vary slightly from one model to another, but here cloud
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