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3Trottier Institute for Research on Exoplanets, Université de Montréal, Montreal, QC, Canada
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39BAER Institute, NASA Ames Research Center, Moffet Field, CA, USA

40Space Science and Astrobiology Division, NASA Ames Research Center, Moffett Field, CA, USA

41Department of Physics & Astronomy, McMaster University, 1280 Main St W, Hamilton, ON, L8S 4L8, Canada

42CFisUC, Departamento de Fı́sica, Universidade de Coimbra, 3004-516 Coimbra, Portugal

43IMCCE, UMR8028 CNRS, Observatoire de Paris, PSL Université, 77 Av. Denfert-Rochereau, 75014 Paris,
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Ultra-cool dwarf stars are abundant, long-lived, and uniquely suited to enable the atmo-

spheric study of transiting terrestrial companions with JWST. Amongst them, the most

prominent is the M8.5V star TRAPPIST-1 and its seven planets. While JWST Cycle 1

observations have started to yield preliminary insights into the planets, they have also re-

vealed that their atmospheric exploration requires a better understanding of their host

star. Here, we propose a roadmap to characterize the TRAPPIST-1 system—and others

like it—in an efficient and robust manner with JWST. We notably recommend that—

although more challenging to schedule—multi-transit windows be prioritized to mitigate
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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 in isolation by small pro-

grams, but rather need large-scale, jointly 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 [1, 2, 3]. As these stars dominate

the galactic population [4], planetary systems around M dwarfs can be viewed as windows on

the galactic terrestrial-planet population (Figure 1.a.). Unfortunately, terrestrial exoplanets are

only amenable for atmospheric studies with JWST when found around mid to late M dwarfs

(Figure 1.b.), specifically around ultra-cool dwarf stars (UCDs, with effective temperature less

than 3000 K) for those within the temperate zone—defined as receiving a flux between 4× and

0.25× that of the Earth[5]. Figure 1.b. highlights the handful of systems with transiting ter-

restrial exoplanets amenable for atmospheric characterization with JWST known to date (incl.,

L 98-59 [6], LHS 1140 [7], LHS 3844 [8], LP 791-18 [9, 10], LP 890-9[11], TOI-540 [12], and

TRAPPIST-1 [13, 14]). The small sizes of UCDs yield favorable planet-to-star radius ratios that

enable the detectability of terrestrial planet atmospheres via transmission spectroscopy.

If temperate planets around UCDs are able to acquire a moderate amount of atmospheric

volatiles during planet formation[15], and preserve it during their star’s extended pre-main-

sequence phase[16, 17], 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[18, 19, 20, 21, 22, 23, 24]. Other factors such
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as large XUV fluxes, stellar winds, flares, and coronal mass ejections can evaporate and erode

planetary atmospheres and remain at high levels on Gyr timescales, thus supporting the desert

fate [25, 26, 27, 28]. In addition, after the protoplanetary-disk phase collisions with planetesi-

mals may deliver volatiles to the outermost planets but erode the atmospheres of the innermost

ones[29]. As the observational constraints on both the effectiveness of these processes and

the planets’ original volatile reservoirs are limited, reliable predictions are poorly constrain-

ing. In some instances even H2-dominated atmospheres can be sustained by a balance between

outgassing and escape[30]. The presence of an atmosphere on terrestrial UCD planets must

therefore be established empirically, an endeavor for which JWST is uniquely suited.

1 TRAPPIST-1 as an opportunity and a test case.

Understanding how planets form, assemble, and evolve around UCDs is a fundamental question

of planet formation, and the TRAPPIST-1 system provides a benchmark for such studies[31].

Being able to study how the presence or absence of an atmosphere or how the properties of such

an atmosphere vary over seven planetary configurations within a single system will be consider-

ably more informative than a similar number of configurations in distinct systems with different

histories and properties (incl. stellar activity). Similarly, comparative studies leveraging planets

within the same system are key to enable habitability assessment[5].

While multiplanetary systems are expected[32, 33, 34, 35, 36], only the TRAPPIST-1 sys-

tem has been identified with three or more transiting terrestrial planets and at least two temper-
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ate ones—despite dedicated surveys such as SPECULOOS [37, 38] EDEN [39], and PINES[40]

searching for such systems around 20 times more UCDs than the original TRAPPIST survey

[41]. TRAPPIST-1 can thus be seen as both a unique opportunity and test case.

The radii of the seven TRAPPIST-1 planets have been measured to a precision of a few

% [42]. 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[43], or an Earth-like composition enhanced in volatiles[15, 21,

22] possibly splitting the climatic evolution of the planets in- and outside of the long-lasting

runaway greenhouse irradiation limit[44].

Regarding the planetary atmospheres, pilot surveys with transmission spectroscopy from

HST/WFC3 and the mass–radius relationship of the planets have independently ruled out the

presence of large hydrogen-dominated atmospheres for all the planets [43, 45, 46, 47, 48, 49,

50]. The next step in the characterization of these planets is thus to assess the presence of sec-

ondary cloud-free atmospheres, and—if present—to plan their detailed study. This opportunity

has already motivated eleven JWST Cycle programs totaling over 400 JWST hr, corresponding

to over 250hr of science time. Onwards, all reported time requirements refer to science time.

8



2 Lessons from Cycle 1.

As the first insights into the system gained from Cycle 1 observations are becoming public,

we identify key lessons that may help guide future programs targeting terrestrial exoplanetary

systems.

Planets. To this date, only observations relative to the inner planets of the system have been

made public: in emission[51] and in transmission[52] for planet b and in emission only for

planet c[53]. The transmission spectrum of planet b appears dominated by stellar contamination

while its emission reveals a very hot dayside, consistent with zero heat redistribution. On the

other hand, planet c has a 15 microns brightness temperature that is less consistent with a null

albedo bare rock, preliminary seen as indicative of a thin atmosphere or a higher surface albedo.

Subsequent analyses however found a broad range of atmospheric configurations that cannot be

ruled out by the data[54], incl. thick O2-dominated atmospheres.

Star. JWST Cycle 1 programs targeting transits of planets around K- and M-type stars includ-

ing TRAPPIST-1 have shown that a key limitation stems from the effects of stellar activity in

the time domain (e.g., flares[55]) and in the wavelength domain (e.g., stellar contamination)

[52, 56] (Figure 2).

Cycle 1 observations of TRAPPIST-1 have shown that flare events occur during most tran-

sit observations and have intensities up to several thousands of ppm in the near infrared (Figure
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2.a.). Flares constitute a significant time- and wavelength-dependent signal that contaminate

transit depth measurements by affecting the out-of-transit baseline and/or the in-transit data. A

mini-flare can also be mistaken for a spot-crossing event as was observed on July 20th 2022,

just before the egress of TRAPPIST-1 b[52].

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 if its

star is a 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 (Figure 2.d.), a phenomenon known as the “transit light source”

(TLS) effect[57, 58]. Furthermore, spectra of magnetic features are not well described by 1D

models, possibly leading to biased interpretations[59, 60].

Prior to JWST, studies already highlighted the effect of stellar contamination for the

TRAPPIST-1 system [42, 47, 49, 61]. Space- and ground-based data showed that stellar con-

tamination in the system perturbs the apparent transit depth of each planet by up to 10% (Fig-

ure 2.d.), resulting in spectral signals of up to ∼700 p.p.m. in amplitude, larger than the ∼200-

p.p.m. signals expected from secondary atmospheres (Figures 1.b. and 2.d.). The first JWST

observations of the system confirm that stellar contamination can be as high as 600 ppm, al-

though it is not consistent from visit to visit and planet to planet[52].
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3 Towards a roadmap for JWST’s exploration of TRAPPIST-1-like systems

Detecting the ∼200-p.p.m. signal of a secondary atmosphere in the TRAPPIST-1 system will

necessitate anywhere between a few to several dozen transits depending on the planet and its

bulk abundances [62, 63, 64, 65, 66, 67]. This corresponds to upwards of 46 transits for the

seven planets of the TRAPPIST-1 system. Once identified, the in-depth characterization of

a secondary atmosphere would require a similar level of commitment[5]. Thus, the detailed

atmospheric study of terrestrial planet atmospheres with JWST will be a multi-step process

likely requiring hundreds of transit or occultation observations spreading over >5 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 atmospheric signals expected for this system. This situation is akin to the precision radial

velocity field that, about one decade ago, had to learn how to extract Keplerian signals signifi-

cantly smaller than those generated by stellar activity. Thanks to various activity indicators and

novel analysis methods, Keplerian signals smaller than those generated by stellar activity are

now routinely detected close to the photon-noise limit (e.g., as for Proxima d [68]).

Flares have a ∼30% chance of significantly biasing the out-of-transit baseline of a stan-

dard 6-hr transit observation of TRAPPIST-1 (e.g., Figure 2.a.) as they occur at a rate of 3.6±2.1
1.3

flare/day and last between thirty minutes and three hours[55]. While extending baselines when
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performing transit observations is a good first-step mitigation strategy, it is key to derive a better

understanding of a UCD’s flares via the monitoring of its activity over a long period of time.

Doing so will yield empirical calibrations between Hα, recombination lines, and the variable,

wavelength-dependent continuum flux. Indeed, flares are detected in Hα along with several

other recombination lines of the Paschen and Brackett series (Figure 2.c.). A full stellar rotation

curve (∼80 hr) will yield a sufficient sample (N ≥ 10) to inform these relationships.

Correcting for the TLS effect utilizes the out-of-transit stellar spectrum to derive the tem-

peratures and covering fractions of different components to correct for their contributions to the

stellar contamination [47, 49, 61]. Doing so requires reliable stellar spectral models to break

otherwise-limiting degeneracies[69]. Figure 2.e-f. presents 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 streched beyond their intended usage to approximate spots and faculae.

Modelling of cool stars relies on a number of crucial steps, including accurate treatment

of molecular opacity and the equation of state. Fortunately, tight constraints on the emission

spectra of heterogeneities can also be derived empirically from a full stellar rotation via time-

resolved spectroscopy[70], thereby providing a unique opportunity to benchmark a new genera-

tion of stellar models (e.g., 3D MHD code MURaM [71] and MPS-ATLAS spectra [59]). In the

meantime, we advocate to perform first-order corrections of the TLS effect by leveraging multi-
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transit windows with at least one planet expected to have a marginal atmospheric signature in

transmission, thereby constraining the TLS signal at that epoch.

Constraints on the timescales of temporal variability of the covering fractions will in turn

provide constraints on whether the variability arises from rotational modulation of active re-

gions, physical evolution of active regions, or both. Two puzzles of TRAPPIST-1’s variability

[72] could then be explored: (1) the existence of bright spots of line emission 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.

With the previous considerations in mind, we propose the following roadmap for the

exploration of a terrestrial planet system with JWST (flowchart in Figure 3), which we expand

upon below:

1. Gather MIRI emission observations of the inner planets to assess the presence of an at-

mosphere via ∼10 eclipses (≤50hr of science time) per planet (e.g., PIDs 1177, 1279,

and 2304, with Greene, Lagage, and Kreidberg as PI, respectively) and/or a joint phase

curve ( ≤60 hr, e.g. PID 3077 with Gillon as PI). ;

2. If one of the inner planets does have a “featureless” atmosphere such that its transmis-

sion spectrum primarily records the TLS effect at that epoch, it can be used to extract the

fist order correction for TLS for the atmospheric exploration of other planets (≤10 NIR-
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Spec/PRISM transits per planets for a total of ≤200 hr for the system via multi-transit

windows);

3. If all inner planets appear to have an atmosphere, it will only be possible to correct for

TLS via empirical constraints on the stellar models. Therefore, a full NIRISS/SOSS stel-

lar rotation curve[70] would be needed to search for the presence of atmosphere around

the other planets (∼80 hr in addition to the ∼200 hr mentioned at point 2).

4. If an atmosphere is detected, its in-depth characterization may take upwards of ∼300 hr[5]

and will require the empirical emission spectra of the stellar heterogeneities mentioned at

point 3 to ensure a thorough correction of TLS.

MIRI emission observations of the inner planets should be prioritized at the beginning

of the TRAPPIST-1 roadmap[51, 53]. These measurements are not sensitive to stellar hetero-

geneity, and the results will provide important context for the other planets in the system. If an

atmosphere has survived at the relatively high irradiation incident on planet b or c, 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[73]. The inner planets are both the least likely to have

retained their atmospheres and the ones with the shortest period (i.e., with the greatest probabil-

ity of having consecutive transits) and thus may offer a valuable opportunity to support prelim-

inary correction of TLS when gathering multi-transit observations (Figure 4). Such preliminary
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corrections would be sufficiently precise (to within ≤50ppm, Figure 4.d) to support revealing

secondary atmospheres around other planets, but would not support a later in-depth exploration

which would require stellar models of sufficient fidelity. The TLS associated with an atmo-

sphereless 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 LRS in fixed-slit mode are

expected to yield a substantial (∼2.5) SNR increase (e.g., PID 6219, PI Dyrek). An extensive

MIRI emission survey of the TRAPPIST-1 planets could be executed as early as Cycle 3 as part

of the exoplanet 500-hour Director Discretionary Time (DDT) program recommended by the

exoplanet working group to focus solely on secondary eclipse observations [74].

To assess the presence of atmosphere amenable to in-depth characterization with JWST

around the other TRAPPIST-1 planets, we recommend leveraging multi-transit windows as suc-

cessfully implemented during the reconnaissance of the system with HST (PIDs 14500&14873,

PI de Wit) for the following three reasons (highlighted in Figure 4). First, multi-transit win-

dows decrease the overhead per transit and can yield up to twice more transits per JWST hour

spent, thereby allowing us to save hundreds of JWST hours on this system alone. As ∼46% of

TRAPPIST-1’s transit events happens within 5 hours of another transit (Figure 5.a.)–which is

the typical duration for transit observations of the system–the resulting increase in scheduling

constraint can be substantially mitigated. Second, multi-transit windows provide an extended

baseline, thereby mitigating the relative effect of flare events. Third, back-to-back transits pro-

15



vide a quasi-contemporaneous scan of the star, increasing substantially the information content

of the dataset and supporting notably better constraints on the stellar contamination (Figure

4.d.). Consecutive transits of adjacent chords will sweep up to 60% of the visible stellar hemi-

sphere, facilitating searches for active regions from the stellar equator to stellar latitudes of 35◦

[37, 43] and helping map the star [75, 76, 77], thereby informing the possible evolution of at-

mospheres and biospheres. Finally, stellar scans will help constrain their mutual inclinations

of the planets (i.e., on which side of the ecliptic each planet is) by comparing their in-transit

spot-crossing patterns (Figure 4.e.). This approach will be used for the first time to assess

the presence of an atmosphere around TRAPPIST-1 e, through the observations of 15 quasi-

contemporaneous transits (80hr of science time) with planet b spread over Cycles 3 & 4 (PID

6456, PI Allen).

Following the approved Cycle 1 programs and Ref.[64], we find that up to sixteen of

such multi-transit windows are needed to complement the Cycle 1 programs 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 transits gathered in each window. These

windows typically spread over two cycles due to their scheduling constraints and require ∼100 hr

of science time (Figure 5.b.). NIRSpec/PRISM is best suited for this search as it covers a wide

wavelength coverage suitable for TLS correction and atmospheric-component identification[5,

64].
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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 de-

rive the empirical emission spectra of surface heterogeneities and correct for the TLS effect[70],

as well as empirical calibrations to support the corrections for flares (Section 3.1.). We recom-

mend acquiring the stellar rotation curve with a maximum number of contemporaneous transits.

We have identified at least four windows per Cycle offering nine bonus planetary transits during

a full rotation (Figure 4.a.). NIRISS/SOSS is the optimal set up for this task owing to its spectral

coverage and resolving 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 recommended—HST for UV/VIS monitoring in particular.

In addition to the benefits of joint (i.e., simultaneous) observations, long-term parallel

monitoring from the ground can complement space-based monitoring, providing independent

constraints on stellar activity. Joint physical modelling of photometry and activity indicators

from high-precision spectroscopy can reconstruct the surface distribution of active regions on

the face of the star and their time evolution [78], therefore providing other means to correct

for stellar contamination during transits [79]. 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 [80] and render their mapping possible. We

thus recommend to bracket JWST exoplanet transit observations with ground-based monitoring

to ensure that the best possible understanding of the stellar surface heterogeneities at the relevant
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epochs are attained in order to reliably disentangle between the stellar and planetary signals in

transit.

While the in-depth atmospheric exploration of a terrestrial planet will require high-fidelity

stellar models to support the sufficient mitigation of stellar-activity effects, we recommend not

delaying the acquisition of the necessary transit observations—once an atmosphere amenable

for such study has been detected. Indeed, the number of transits required for a detailed atmo-

spheric study will range from ∼ 40 to ≥100 (e.g., for habitability and inhabitability assessments[5]).

For planets with orbital periods ranging from a few to tens of days, such a requirement will

translate into observational programs spreading over 2 to ≥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 ex-

pertise and facilities, we argue that a single, coherent, cross-disciplinary observational program

is needed per system of interest.
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Figure 1: The Ultra-Cool Dwarf Stars Opportunity. a. Histogram of spectral types of all

stars within 10 pc observed by Gaia[81] together with the main-sequence lifetime (orange)[82]

and expected transit depth for a terrestrial planet for each type (blue). The stellar initial mass

function[83] is shown as a dotted gray line. The region of UCDs is shaded in purple. b. At-

mospheric signal amplitude and transmission spectroscopy metric[84] for known terrestrial ex-

oplanets. 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 0.25 and 4S⊕ is highlighted.
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Figure 2: Stellar activity challenges spectral analysis of M-dwarf systems. a. White-light

NIRSpec/PRISM light-curve of TRAPPIST-1 g transit showing multiple flares and a planetary

transit from Ref.[55]. b. Integrated flux in the Hα stellar line during this observation. c.

Extracted emission spectrum of the flare (black points), consistent with a 3000 K blackbody.

Models for 2500 K, 3000 K, and 3500 K blackbodies are shown in blue, orange, and green,

respectively. Purple, teal, and red dashed lines indicate locations of Balmer, Paschen, and

Brackett recombination lines, respectively. d. Model transmission spectra of TRAPPIST-1 b for

an O2-dominated atmosphere in the case of no stellar contamination (grey), unocculted spots

(blue), and unocculted faculae (orange). Spot and facula parameters are drawn from ref. [49].

e.-f. NIRISS/SOSS spectra (black) with best-fit stellar models (green) for the G-dwarf WASP-

39 and M-dwarf TRAPPIST-1.
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Figure 3: Flowchart of a roadmap for the atmospheric characterization of terrestrial ex-

oplanets with JWST. Dark blue boxes present key questions along the roadmap for charac-

terization with JWST. Light blue boxes present the observations needed to support answering

specific questions. The purple box present complementary (not planet related) information re-

quired to support further steps on the roadmap. The green box represent the final step on the

roadmap, i.e. a completed exploration. 1 TLS (transit light source effect[57]) refers here to

stellar activity/contamination. 2 The dashed arrow represents the fact that an “airless” planet

can later be used to correct for TLS via back-to-back transits. 3 A full rotation light-curve[70]

should be observed over a window that maximizes the number of transits, simultaneously with

other facilities that cover complementary wavelength ranges. 4 No additional measurements

needed if atmospheric signal detected at a previous step. 5 dCO2 refers to atmospheric carbon

depletion[5]. 21
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Figure 4: Constraining the surface heterogeneities of a host star. a. A simulated 3.3-d full

rotation curve of TRAPPIST-1 (black line) featuring nine transits of six planets (coloured lines).

b. A snapshot of the spot distribution at the last rotational phase of the simulation shown in panel

a, with the transit chords of planets b, c, d, and e. c. Contaminated transmission spectra for the

same transit train of planets b–e (coloured lines). A nominal planet radius of 1R⊕ (dashed gray

line) is used for each planet to ease comparisons of the TLS effect for each planet. 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 (see Figure 2) is shown for comparison (gray dashed 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.
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Figure 5: On the frequency of planetary transits in the TRAPPIST-1 system. a. Histogram

of time-to-closest-transit for each TRAPPIST-1 transit event between 2015–2025[43] b. Exam-

ple of a suite of sixteen observation windows to complete the roadmap step # 2 (atmospheric

assessment for all seven TRAPPIST-1 planets) by 01/01/26. The date and duration of each win-

dow are 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 (e.g., 13 for planet b).

Numbers in colored boxes indicate the order in which the transits occur within each window.
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