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Ultracool dwarf stars are abundant, long-lived and uniquely suited to enable
the atmospheric study of transiting terrestrial companions with the JWST.
Among them, the most prominent is the M8.5V star TRAPPIST-1and its seven

planets. WhileJWST Cycle 1 observations have started to yield preliminary
insightsinto the planets, they have also revealed that their atmospheric
explorationrequires a better understanding of their host star. Here we
propose aroadmap to characterize the TRAPPIST-1system — and others like
it —inan efficient and robust manner withJWST. We notably recommend
that — although more challenging to schedule — multi-transit windows be
prioritized to mitigate the effects of stellar activity and gather up to twice
more transits per JWST hour spent. We conclude that, for such systems,
planets cannot be studied inisolation by small programmes but rather need
large-scale, joint space- and ground-based initiatives to fully exploit the
capabilities of JWST for the exploration of terrestrial planets.

Terrestrial planets surrounding M dwarfs are abundant'>. As these
stars dominate the galactic population®, planetary systems around
M dwarfs can be viewed as windows on the galactic terrestrial planet
population (Fig. 1a). Unfortunately, terrestrial exoplanets are only ame-
nable for atmospheric studies with the James Webb Space Telescope
(JWST) when found around mid- to late-M dwarfs (Fig. 1b), specifically
around ultracool dwarf stars (UCDs, with effective temperature less
than 3,000 K) for those within the temperate zone—defined asreceiv-
ingaflux between 4x and 0.25x that of Earth’. Figure 1b highlights the
handful of systems with transiting terrestrial exoplanets amenable
for atmospheric characterization with JWST known so far (including L
98-59 (ref. 6), LHS 1140 (ref. 7), LHS 3844 (ref. 8), LP 791-18 (refs. 9,10),
LP 890-9 (ref. 11), TOI-540 (ref.12) and TRAPPIST-1 (refs. 13,14)). The
small sizes of UCDs yield favourable planet-to-star radius ratios that
enablethe detectability of terrestrial planet atmospheres via transmis-
sion spectroscopy.

Iftemperate planetsaround UCDs are able to acquire amoderate
amount of atmospheric volatiles during planet formation® and pre-
serveitduringtheir star’s extended pre-main-sequence phase'*”, our
Galaxy may be host to billions of habitable oases. Alternative scenarios,
depending on volatile inventories and age, may include scorched

desert, runaway greenhouse or frigid ice-locked ocean worlds'® .

Other factors such as large extreme ultraviolet fluxes, stellar winds,
flares and coronal mass ejections can evaporate and erode planetary
atmospheres and remain at high levels on billion-year timescales, thus
supporting the desert fate”* %, In addition, after the protoplanetary
disk phase collisions with planetesimals may deliver volatiles to the
outermost planets but erode the atmospheres of the innermost ones”.
As the observational constraints on both the effectiveness of these
processes and the planets’ original volatile reservoirs are limited,
reliable predictions are poorly constraining. In some instances, even
hydrogen-dominated atmospheres can be sustained by a balance
between outgassing and escape®. The presence of an atmosphere on
terrestrial UCD planets must therefore be established empirically, an
endeavour for which JWST is uniquely suited.

TRAPPIST-1as an opportunity and a test case

Understanding how planets form, assemble and evolve around UCDs
is afundamental question of planet formation, and the TRAPPIST-1
system provides a benchmark for such studies®. Being able to study
how the presence or absence of an atmosphere or how the properties
ofsuchanatmosphere vary over seven planetary configurations within
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Fig.1| The UCD opportunity. a, Histogram of spectral types of all stars within
10 pc observed by Gaia® together with the main-sequence lifetime (orange)®
and expected transit depth for a terrestrial planet for each type (blue). The
stellar initial mass function (IMF)* is shown as a dotted grey line. The region of
UCDs is shaded in purple. b, Atmospheric signal amplitude and transmission
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spectroscopy metric® for known terrestrial exoplanets. Marker sizes are
proportional to planet sizes, and planets transiting late-M, early-M and other
hosts are shown as stars, squares and triangles, respectively. The region of
temperate planets with instellations between 0.255, and 45, is highlighted. R,
planetary radius; R, stellar radius; S, Earth’s stellar instellation.

asingle system will be considerably more informative than a similar
number of configurations in distinct systems with different histories
and properties (including stellar activity). Similarly, comparative stud-
ies leveraging planets within the same system are key to enable habit-
ability assessment’.

While multiplanetary systems are expected® ¢, only the
TRAPPIST-1 system has been identified with 3 or more transiting
terrestrial planets and at least 2 temperate ones—despite dedicated
surveys such as SPECULOOS*"*® EDEN* and PINES*® searching for
such systems around 20 times more UCDs than the original TRAPPIST
survey*. TRAPPIST-1 can thus be seen as both a unique opportunity
and atest case.

The radii of the seven TRAPPIST-1 planets have been measured
to a precision of a few percentage points*’. Their masses have been
constrained to the same precision via transit-timing variations. The
planets adhere to a single rocky mass-radius relation that can notably
correspond to an iron depletion relative to Earth®, or an Earth-like
composition enhanced in volatiles™?"?? possibly splitting the climatic
evolution of the planets in- and outside of the long-lasting runaway
greenhouse irradiation limit*,

Regardingthe planetary atmospheres, pilot surveys with transmis-
sionspectroscopy fromthe Hubble Space Telescope (HST)/Wide Field
Camera 3 and the mass-radius relationship of the planets have inde-
pendently ruled out the presence of large hydrogen-dominated atmos-
pheres for all the planets***~°. The next step in the characterization
ofthese planets is thus to assess the presence of secondary cloud-free
atmospheres and—if present—to plantheir detailed study. This opportu-
nity hasalready motivated 11JWST Cycle programmestotalling over 400
JWST hours, corresponding to over 250 hours of science time. Onwards,
allreported time requirements refer to science time.

Lessons from Cycle 1

As the first insights into the system gained from Cycle 1 observations
are becoming public, weidentify key lessons that may help guide future
programmes targeting terrestrial exoplanetary systems.

Planets

Sofar, only observations relative to theinner planets of the system have
beenmade public: in emission® and in transmission® for planet b and
inemission only for planet ¢*’. The transmission spectrum of planetb
appears dominated by stellar contamination while its emission reveals

avery hotdayside, consistent with zero heat redistribution. Meanwhile,
planet chas a1l5 umbrightness temperature thatis less consistent with
anull albedobare rock, preliminary seen as indicative of athin atmos-
phere or ahigher surface albedo. Subsequent analyses, however, found
abroad range of atmospheric configurations that cannot be ruled out
by the data**, including thick oxygen-dominated atmospheres.

Star

JWST Cycle 1 programmes targeting transits of planets around K- and
M-type stars including TRAPPIST-1 have shown that a key limitation
stems from the effects of stellar activity in the time domain (for exam-
ple, flares®) and in the wavelength domain (for example, stellar con-
tamination)*>*° (Fig. 2).

Cycle 1 observations of TRAPPIST-1 have shown that flare events
occur during most transit observations and have intensities up to
several thousands of parts per million in the near infrared (Fig. 2a).
Flares constitute a significant time- and wavelength-dependent sig-
nal that contaminate transit depth measurements by affecting the
out-of-transit baseline and/or the in-transit data. A mini-flare canalso
be mistaken for aspot-crossing event as was observed on 20 July 2022,
just before the egress of TRAPPIST-1b*%,

In addition, the chromatic transit depth, or ‘transmission
spectrum’, of a planet contains only information related to the
wavelength-dependent opacity of a planet’s atmosphere ifits starisa
limb-darkened but otherwise featureless disk. As most stars do show
surface features in the form of spots and faculae, the transmission
spectrum also contains a stellar contribution due to the difference
between the hemisphere-averaged emission spectrum of the star and
the transit-chord-averaged one (Fig. 2d), aphenomenon known as the
‘transit light source’ (TLS) effect>*. Furthermore, spectra of magnetic
features are not well described by one-dimensional models, possibly
leading to biased interpretations®*°°.

Before JWST, studies already highlighted the effect of stellar con-
tamination for the TRAPPIST-1system*****¢!, Space-and ground-based
data showed that stellar contamination in the system perturbs the
apparent transit depth of each planet by up to 10% (Fig. 2d), resulting
in spectral signals of up to ~700 ppm in amplitude, larger than the
~200 ppm signals expected from secondary atmospheres (Figs. 1b
and 2d). The first JWST observations of the system confirm that stellar
contamination canbe as high as 600 ppm, althoughitis not consistent
from visit to visit and planet to planet™.
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Fig.2|Stellar activity challenges spectral analysis of M-dwarfsystems.

a, White-light NIRSpec/PRISM light curve of TRAPPIST-1g transit showing
multiple flares and a planetary transit fromref. 55. b, Integrated flux in the Hx
stellar line during this observation. ¢, Extracted emission spectrum of the flare
(black points), consistent with a 3,000 K blackbody. Models for 2,500 K, 3,000 K
and 3,500 K blackbodies are shown in blue, orange and green, respectively.
Dashed purple, teal and red lines indicate locations of Balmer, Paschen and
Brackett recombination lines, respectively. d, Model transmission spectra of
TRAPPIST-1b for an oxygen-dominated atmosphere in the case of no stellar
contamination (grey), unocculted spots (blue) and unocculted faculae (orange).
Spot and facula parameters are drawn fromref. 49. e,f, NIRISS/SOSS spectra
(black) with best-fit stellar models (green) for the G-dwarf WASP-39 (e) and
M-dwarf TRAPPIST-1(f). BJDpg, barycentric Julian date in barycentric dynamical
time; T-1b, TRAPPIST-1b; T-1f, TRAPPIST-1f.

Towards aroadmap for JWST’s exploration of
TRAPPIST-1-like systems
Detecting the ~200 ppm signal of a secondary atmosphere in the
TRAPPIST-1system will necessitate anywhere between a few and several
dozen transits depending on the planet and its bulk abundances® .
This corresponds to upwards of 46 transits for the 7 planets of the
TRAPPIST-1system. Once identified, the in-depth characterization of
asecondary atmosphere would require a similar level of commitment®.
Thus, the detailed atmospheric study of terrestrial planet atmospheres
with JWST will be a multi-step process probably requiring hundreds
of transit or occultation observations spreading over more than
five cycles.

These estimates assume that the stellar effects mentioned above
can be fully mitigated. To this end, the continuum jitter associated
with flare activity must be corrected and so must the TLS effect. This

is an inescapable prerequisite to reliably extracting and interpreting
<200 ppm atmosphericsignals expected for this system. This situation
isakintothe precisionradial velocity field that, about one decade ago,
hadtolearnhow to extract Keplerian signals significantly smaller than
those generated by stellar activity. Owing to various activity indicators
and novel analysis methods, Keplerian signals smaller than those gener-
ated by stellar activity are now routinely detected close to the photon
noise limit (for example, as for Proxima d°®).

Flares have an -30% chance of significantly biasing the
out-of-transit baseline of a standard 6 h transit observation of
TRAPPIST-1(for example, Fig. 2a) as they occur at arate of 3.6+ flares
per day and last between 30 min and 3 h (ref. 55). While extending
baselines when performing transit observations is a good first-step
mitigationstrategy, itiskey to derive abetter understanding of aUCD’s
flares viathe monitoring of its activity over along period of time. Doing
so will yield empirical calibrations between Ha, recombination lines
andthevariable, wavelength-dependent continuum flux. Indeed, flares
aredetectedin Hax along with several other recombination lines of the
Paschen and Brackett series (Fig. 2c). A full stellar rotation curve (-80 h)
will yield a sufficient sample (N > 10) to inform these relationships.

Correcting for the TLS effect utilizes the out-of-transit stellar
spectrumto derive the temperatures and covering fractions of different
components to correct for their contributions to the stellar contami-
nation***®', Doing so requires reliable stellar spectral models to break
otherwise-limiting degeneracies®. Figure 2¢,f shows the out-of-transit
JWST/NIRISS spectra of the G8V star WASP-39 and of the M8.5V star
TRAPPIST-1 with their respective best fit, highlighting the significant
model inaccuracy for TRAPPIST-1, which are primarily due to stellar
models being stretched beyond their intended usage to approximate
spots and faculae.

Modelling of cool stars relies on anumber of crucial steps, includ-
ing accurate treatment of molecular opacity and the equation of
state. Fortunately, tight constraints on the emission spectra of het-
erogeneities can also be derived empirically from a full stellar rota-
tion via time-resolved spectroscopy’®, thereby providing a unique
opportunity to benchmark a new generation of stellar models (for
example, three-dimensional magnetohydrodynamics code MURaM"
and MPS-ATLAS spectra®). In the meantime, we advocate to perform
first-order corrections of the TLS effect by leveraging multi-transit
windows with at least one planet expected to have a marginal atmos-
pheric signature in transmission, thereby constraining the TLS signal
atthatepoch.

Constraints on the timescales of temporal variability of the cover-
ing fractions willin turn provide constraints on whether the variability
arises from rotational modulation of active regions, physical evolution
of active regions, or both. Two puzzles of TRAPPIST-1’s variability”
could then be explored: (1) the existence of bright spots of line emis-
sion producing the ~1% variability seen in the Kepler band but not in
Spitzer’s and (2) the coincidence of flares and the steepest rise in the
spot flux observed with Kepler.

Withthe previous considerationsin mind, we propose the follow-
ingroadmap for the exploration of aterrestrial planet system withJWST
(flowchartinFig. 3), which we expand on below:

(1) Gather MIRI emission observations of the inner planets to assess
the presence of an atmosphere via ~10 eclipses (<50 h of science
time) per planet (for example, program IDs (PIDs) 1177,1279 and
2304, with T.G., P.-O.L. and L.K. as program investigator (PI), re-
spectively) and/or a joint phase curve (<60 h, for example, PID
3077 with M.G. as PI);

(2) If one of the inner planets does have a ‘featureless’ atmosphere
such that its transmission spectrum primarily records the TLS
effect at that epoch, it can be used to extract the first-order cor-
rection for TLS for the atmospheric exploration of other planets
(<10 NIRSpec/PRISM transits per planets for a total of <200 h for
the system via multi-transit windows);
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Fig.3|Flowchart of aroadmap for the atmospheric characterization of
terrestrial exoplanets with JWST. Dark-blue boxes present key questions

along the roadmap for characterization withJWST. Light-blue boxes present the
observations needed to support answering specific questions. The purple box
presents complementary (not planet-related) information required to support
further steps on the roadmap. The green box represents the final step on the
roadmap, thatis, acompleted exploration. The dashed blue arrow represents the

Exploration with JWST completed

Complete exploration of intriguing

features (for example, search for O,)

0O(100) NIRSpec transits

fact that an ‘airless’ planet can later be used to correct for TLS via back-to-back
transits. °TLS” refers here to stellar activity/contamination. °A full rotation light
curve”’ should be observed over awindow that maximizes the number of transits,
simultaneously with other facilities that cover complementary wavelength
ranges. ‘“No additional measurements are needed if an atmospheric signal is
detected at a previous step. “dCO, refers to atmospheric carbon depletion’.
0(10), onthe order of ten.

(3) If all inner planets appear to have an atmosphere, it will only be
possible to correct for TLS via empirical constraints on the stel-
lar models. Therefore, a full NIRISS/SOSS stellar rotation curve™
would be needed to search for the presence of atmosphere
around the other planets (-80 h in addition to the ~200 h men-
tioned in point 2);

(4) If an atmosphere is detected, its in-depth characterization may
take upward of -300 h (ref. 5) and will require the empirical emis-
sion spectra of the stellar heterogeneities mentioned in point 3
to ensure a thorough correction of TLS.

MIRI emission observations of the inner planets should be prior-
itized at the beginning of the TRAPPIST-1roadmap®-*>, These measure-
ments are not sensitive to stellar heterogeneity, and the results will
provide important context for the other planets in the system. If an
atmosphere has survived at the relatively highirradiationincidenton
planet b or ¢, that would be an encouraging prospect that the cooler
planets have atmospheres too. However, an absence of atmosphere
around the innermost planets has limited to no implications on the
odds of outer planets retaining substantial atmospheres”. The inner
planets are both the least likely to have retained their atmospheres
and the ones with the shortest period (that is, with the greatest prob-
ability of having consecutive transits) and, thus, may offer a valuable
opportunity to support preliminary correction of TLS when gather-
ing multi-transit observations (Fig. 4). Such preliminary corrections
would be sufficiently precise (to within <50 ppm; Fig. 4d) to support
revealing secondary atmospheres around other planets but would
not support a later in-depth exploration that would require stellar
models of sufficient fidelity. The TLS associated with an atmosphere-
less planet is not identical to the one recorded by other planets in
quasi-contemporaneous transits due to their different timings, impact
parameters and sizes. While most MIRI emission observations have
been carried out in imaging, applications with low resolution spec-
troscopy in fixed-slit mode are expected to yield a substantial (-2.5)
signal-to-noise ratioincrease (for example, PID 6219, PIA.D.). An exten-
sive MIRIemission survey of the TRAPPIST-1planets could be executed

asearlyas Cycle 3 as part ofthe exoplanet 500 h Director Discretionary
Time programme recommended by the exoplanet working group to
focus solely on secondary eclipse observations™.

Toassess the presence of atmosphere amenable toin-depth char-
acterization withJWST around the other TRAPPIST-1planets, we recom-
mend leveraging multi-transit windows as successfully implemented
during the reconnaissance of the system with HST (PIDs 14500 and
14873, P1).d.W.) for the following three reasons (highlighted in Fig. 4).
First, multi-transit windows decrease the overhead per transitand can
yield up to twice more transits per JWST hour spent, thereby allow-
ing us to save hundreds of JWST hours on this system alone. As ~46%
of TRAPPIST-I’s transit events happen within 5 h of another transit
(Fig. 5a)—which is the typical duration for transit observations of the
system—theresultingincrease inscheduling constraint can be substan-
tially mitigated. Second, multi-transit windows provide an extended
baseline, thereby mitigating the relative effect of flare events. Third,
back-to-back transits provide a quasi-contemporaneous scan of the
star, increasing substantially the information content of the dataset
and supporting notably better constraints on the stellar contamina-
tion (Fig. 4d). Consecutive transits of adjacent chords will sweep up to
60% of the visible stellar hemisphere, facilitating searches for active
regions from the stellar equator to stellar latitudes of 35° (refs. 37,43)
and helping map the star’>””’, thereby informing the possible evolution
of atmospheres and biospheres. Finally, stellar scans will help constrain
their mutual inclinations of the planets (that is, on which side of the
ecliptic each planet is) by comparing their in-transit spot-crossing
patterns (Fig. 4e). Thisapproach will be used to assess the presence of
an atmosphere around TRAPPIST-1 e, through the observations of 15
quasi-contemporaneous transits (80 h of science time) with planet b
spread over Cycles 3 and 4 (PID 6456, PIN.A.).

Following the approved Cycle 1 programmes and ref. 64, we
find that up to 16 of such multi-transit windows are needed to com-
plement the Cycle 1 programmes and reliably assess the presence
of atmospheres amenable for further exploration around each of
the TRAPPIST-1 planets. The exact number depends on the series of
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Fig. 4| Constraining the surface heterogeneities of a host star. a, A simulated
3.3 day full rotation curve of TRAPPIST-1 (black line) featuring 9 transits of

6 planets (coloured lines). b, A snapshot of the spot distribution at the last
rotational phase of the simulation shown ina, with the transit chords of planets
b, c,dande. ¢, Contaminated transmission spectra for the same transit train of
planets b-e (coloured lines). Anominal planet radius of 1R, (dashed grey line)
isused for each planet to ease comparisons of the TLS effect for each planet.

Time from mid-transit (tg,,)

d, The residual stellar contamination signals for the simulated transits of planets
c-e (coloured lines), after correcting for the TLS effect using the in-transit signal
from planet b. A median-subtracted model of an atmosphere (Fig. 2) isshown

for comparison (dashed grey line). e, Close-up view of the transit profiles for the
four-planet transit train, highlighting repeated occultations of the same active
regions by planets b and d as well as c and e, whose transit chords overlap in this
simulation.

transits gathered in each window. These windows typically spread
over 2 cycles owing to their scheduling constraints and require~100 h
of science time (Fig. 5b). NIRSpec/PRISM is best suited for this search
asit coversawide wavelength coverage suitable for TLS correctionand
atmospheric-component identification>®*.

If signs of a planetary atmosphere are found, high-fidelity stellar
models will be required to support its further study. To this end, we
recommend acquiring a stellar rotation curve to derive the empirical
emission spectra of surface heterogeneities and correct for the TLS
effect’, as well as empirical calibrations to support the corrections
for flares (see the section ‘Star’). We recommend acquiring the stellar
rotation curve witha maximum number of contemporaneous transits.
We haveidentified at least four windows per cycle, offering nine bonus
planetary transits during a full rotation (Fig. 4a). NIRISS/SOSS is the
optimal set-up for this task owing to its spectral coverage and resolv-
ing power, allowing to constrain key molecular features and spectral
lines while preventing full saturation. Joint space- and ground-based
observations covering a broad wavelength range are highly recom-
mended—HST for ultraviolet-visible monitoring in particular.

In addition to the benefits of joint (that is, simultaneous) obser-
vations, long-term parallel monitoring from the ground can comple-
ment space-based monitoring, providing independent constraints
on stellar activity. Joint physical modelling of photometry and activ-
ity indicators from high-precision spectroscopy can reconstruct the

surface distribution of active regions on the face of the star and their
time evolution’®, therefore providing other means to correct for stel-
lar contamination during transits’. Multi-technique and multi-band
observations, covering the widest possible wavelength range, make
it possible to disentangle most of the parameter degeneracies of
stellar active regions®® and render their mapping possible. We thus
recommend to bracket JWST exoplanet transit observations with
ground-based monitoring to ensure that the best possible under-
standing of the stellar surface heterogeneities at the relevant epochs
are attained toreliably disentangle between the stellar and planetary
signalsintransit.

While thein-depth atmosphericexploration of aterrestrial planet
will require high-fidelity stellar models to support the sufficient mit-
igation of stellar activity effects, we recommend not delaying the
acquisition of the necessary transit observations once anatmosphere
amenable for this study has been detected. Indeed, the number of
transitsrequired for a detailed atmospheric study will range from-40
to>100 (for example, for habitability and inhabitability assessments’).
For planets with orbital periods ranging froma few to tens of days, such
arequirement will translate into observational programmes spreading
over 2to =10 years.

As the steps towards an efficient characterization of terrestrial
planet systems with JWST will require tight scheduling constraints,
a significant time commitment, and a wide range of expertise and
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Fig. 5| On the frequency of planetary transits in the TRAPPIST-1system.

a, Histogram of time-to-closest-transit for each TRAPPIST-1 transit event between
2015and 2025%. b, Example of a suite of 16 observation windows to complete

the roadmap step 2 (atmospheric assessment for all 7 TRAPPIST-1 planets) by 1
January 2026. The date and duration of each window is reported in the bottom

and top rows, respectively. The total number of transits to be observed with this
suite of observations is reported in the last column (for example, 13 for planet b).
Numbersin coloured boxes indicate the order in which the transits occur within
eachwindow.

facilities, we argue that a single, coherent, cross-disciplinary obser-
vational programme is needed per system of interest.

Data availability

The datashowninFig.1b are drawn from the NASA Exoplanet Archive
(accessed 29 June 2023). The transit timings behind the histogramin
Fig. 5a and the suite of selected multi-transit windows in Fig. 5b are
obtained from ref. 43. All data used to create the figures are publicly
available at https://zenodo.org/records/11388689.

Code availability

The stellar spectra (Figs. 2 and 4) were generated with’speclib®'. The
atmospheric spectra were generated with ‘Tierra™®>. The light curve
model (Fig. 4) was generated with ‘fleck™®’.
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