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Planet-starspot crossings with JWST 5039 

Figure 7. Same as Fig. 5 for spots at 21 ◦ stellar latitude, for the M (left) and K (right) scenarios observed by NIRCam/F150W2 + F322W2. 

Figure 8. Left: T • and β posterior distributions for the 14.5 K mag, M star observed with NIRSpec/Prism and a T • = 3200 K occulted starspot, with θ = 0 ◦. 
While the occultation signal is strong enough to exclude T • = T � , the high βmin forces the solution towards a warm spot (see Section 4.3). Right: T • and β
posterior distributions for the 7.5 K mag, K star observed with NIRCam/F150W2 + F322W2 and a T • = 4100 K occulted starspot, with θ = 0 ◦ (see Section 4.4). 
The 95 per cent credible intervals are represented with blue vertical dashed lines, while the true T • value is indicated with a red vertical line. 

distributions for all the simulations, for a more thorough examination 
of our results: in particular, we highlight that the bimodality just 
described is not found at the largest SNR values. 

We remark that some arguments could be used to choose between 
the modes of the posteriors. For example, the lowest mode in Fig. 8 , 
right-hand panel, has β ≡ ( R p / R •) 2 = ( R p / R � ) 2 ( R � / R •) 2 � 0.5. Using 
the measured transit depth value ( � 0.01), this means that the angular 
size of the starspot for this solution is � 8 ◦. Constraints on the largest 
likely value for the starspot size, which we do not examine here, could 
then be applied. 

4.5 Implications of a single noise realization 

To explore the consequences of using transits without Gaussian 
scatter for our simulations (Section 3.1), we selected a few scenarios 
resulting in significant constraints on T •, and repeated for ten times 
our simulations using each time a different noise realization. Here 
we discuss the case of the mag K = 4.5 K star with a 3800 K starspot 

and θ = 0 ◦, observed with NIRCam/F150W2 + F322W2. For each 
noise instance, we recorded the posterior distributions of T • and 
β, and then compared the merged posterior distributions to those 
obtained without scatter in the transits. 

Fig. 9 presents the posterior distributions derived with this method 
and the resulting 95 per cent percentiles. It can be noticed that, in 
most cases, the medians of the distributions are within each other’s 
uncertainties; the median values themselves vary by no more than 
10 per cent from one instance to the other, as well as compared to 
the case without Gaussian scatter. Ho we ver, the merged posterior 
distribution shows – as expected – an increase in the uncertainties, 
which indicates that error bars drawn from a single noise instance are 
too optimistic. In this specific case, we observed a 20–30 K increase 
in the largest and lowest T • values allowed within the 95 per cent 
percentiles. Hence, while one might be confident on the median 
T • v alues achie ved with the method we presented, the uncertainties 
should be regarded as likely underestimated in the mid- to high-SNR 

cases. 
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Figure 9. T • − β posterior distributions ( left ) and T • 95 per cent percentiles ( right ) derived from the transits without Gaussian scatter and with 10 noise 
realizations from one of our high-SNR simulations (see Section 4.5). Individual noise instances are marked in light grey, their merged distribution in blue (noise 
instance 11 in the right-hand panel), and the case without Gaussian scatter in orange (noise instance 12 in the right-hand panel). 

5  DISCUSSION  A N D  C O N C L U S I O N S  

Our simulations show that JWST can be expected to be competitive 
for the determination of starspot temperatures from transit data 
with respect to HST . This latter was able to provide < ∼ 250 K 

uncertainties on starspots occulted by planets transiting very bright 
stars, such as the mag K � 5.5 HD 189733, by using observations 
in the visible (Sing et al. 2011 ); about 400 K precision was also 
shown to be achievable, by stitching together visible and near- 
infrared spectra affected by unocculted spots (Bruno et al. 2020 ; 
Rathcke et al. 2021 ). The broad wavelength coverage of JWST 

will be able to place significant constraints by relying on near- 
infrared observations alone. Moreo v er, another advantage of JWST 

will be the ability to observe full transits without interruptions, 
thanks to its positioning in orbit around L2: this will allow a 
better co v erage of transit ev ents, both at the transit centre and 
edges. 

With our method, we achieved < ∼ 250 K uncertainties on K 

and M stars with cool starspots observed with NIRCam/F150W2 
+ F322W2, as well as on mag K ≤ 12.5 stars observed with 
NIRSpec/Prism. Large-contrast starspots highlight indeed important 
temperature-sensitive spectral features in the NIR (see Fig. 1 ). For 
this analysis, we exploited water and CO bands in the infrared, 
similarly to how visible-wavelength features such as TiO lines are 
used for earlier-type stars (e.g. Mirtorabi et al. 2003 ; O’Neal et al. 
2004 ). 

In this study, we adopted a single characteristic μ• value for both 
the occulted photosphere and the occulted active region. In reality, 
each occulted region encompasses a range of μ values. Using a single 
μ value should be a good approximation in most situations, given 
other uncertainties in the analysis. Nevertheless, in the case of giant 
starspots or starspot groups, this approximation might not be the 
most suitable. 

Our study aims at assessing JWST ’s capabilities in a wide range of 
observational settings and scenarios. In our formalism for modelling 
starspot occultations during transits, we simplified the transit 3D 

geometry in a 2D analytical formulation. This treatment is insensitive 
to the degeneracies between starspot size, location on stellar disc, 

and inclination of planetary orbit, but not on the correlation between 
T • and the starspot size. Thanks to the width of the occultation 
bumps, we were ho we ver able to break the starspot temperature and 
size de generac y in the largest SNR cases. We also remark that our 
formalism to derive starspot contrast spectra is valid as long as the 
planet disc is completely enclosed in the stellar disc. Its extension to 
the transit edges is beyond the scope of this paper. 

The formalism we adopted for the determination of the starspot 
contrast from T • requires the measurement of the transit depth 
(equation 8). In the first place, this means that the uncertainty on 
the results depends on the precision on the transit depth measure. 
Additionally, as atmospheric absorption by the planet can affect 
this quantity, our method can be directly applied to planets with 
a thin atmosphere, or with a flat transmission spectrum. In other 
cases, the transit depth variation due to the planet’s atmosphere can 
be represented by a wavelength-dependent β( λ) factor; alternatively, 
our model has to be combined with a transmission spectrum retrie v al. 
This exploration requires a specific development, which is not the 
focus of this study. 

To date, very few M-type transiting exoplanet host stars are known 
with mag K < 8. 3 Ho we ver, the precision we achieved on starspot 
temperatures on M dwarfs with NIRCam/F150W2 + F322W2 is 
particularly rele v ant for measuring temperature contrasts for this 
stellar type, which are expected to be smaller than in FGK stars 
(Berdyugina 2005 ; Herbst et al. 2021 ). Our results are promising for 
large contrast cases, and could be extended to large starspots, which 
were observed both for M (Berdyugina 2011 ) and for K stars (e.g. 
Morris et al. 2017 ). 

The simulations were performed for NIRSpec/Prism and NIR- 
Cam/F150W2 + F322W2, the modes that provide the broadest NIR 

wav elength co v erage on JWST . With these configurations, valuable 
information on the activity level of stellar hosts will come for free in 
the case of a stellar active feature occultation. This will possibly act 
as an additional constraint on the level of contamination of planetary 

3 Source: exoplanet.eu. 
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transmission spectra: information on the average contrast of stellar 
active features could be used to determine the most suitable stellar 
models to be used in atmospheric retrie v als (Iyer & Line 2020 ). 
Additional information could then be gained by combining this 
information with the output of ground-based photometric monitoring 
campaigns (e.g. Guilluy et al. 2020 ; Rosich et al. 2020 ). 

In this work, we demonstrated the feasibility of constraining the 
temperature of occulted starspots with no additional observation 
other than those used to perform transmission spectroscopy. Despite 
the focus on JWST , the same method presented here could be used for 
any low-resolution f acility w orking with transmission spectroscopy, 
such as the Atmospheric Remote-sensing Infrared Exoplanet Large- 
surv e y ( Ariel ; Tinetti et al. 2018 ). Ho we ver, dedicated simulations 
should be used to model each instrument’s properties. 
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APPENDI X  A :  POSTERI OR  DI STRI BU TI ONS  

F O R  A  L OW-O C C U LTAT I O N  SNR  CASE  

We here report the corner plot for the low-SNR, white-light transit 
fit in the scenario with a 14.5 K mag, M star observed with 
NIRSpec/Prism, and a T • = 3200 K occulted starspot, with θ = 

0 ◦, discussed in Section 4.3. In particular, it can be observed that the 
posterior distribution for the occultation flatness n does not provide 
enough constraints on such parameter. As a result, a high βmin is 
produced, and a warm starspot solution is forced. 
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Planet-starspot crossings with JWST 5043 

Figur e A1. Mar ginalized posterior distributions for the low-SNR, white-light transit nested sampling on a 14.5 K mag, M star observed with NIRSpec/Prism, 
and a T • = 3200 K occulted starspot, with θ = 0 ◦, as discussed in Section 4.3. The columns represent, from left to right: Planet-to-star radius ratio, linear and 
quadratic limb darkening coefficient, out-of-transit quadratic trend parameters ( r 0 , r 1 , r 2 ), flux bump � f , occultation flatness n , spot width w, occultation time 
t •, planet orbital inclination, and transit mid-time. On large-SNR occultation cases, the n parameter is tightly constrained. 

APPEN D IX  B:  P OSTERIOR  DISTRIBU TIO NS  

F O R  A L L  SIM U LATIONS  

We here provide a version of Figs 5 –7 that includes the posterior 
distributions for all scenarios. The SNR of a given solution represents 

the baseline for the horizontal histogram of the respective posterior. 
These plots allow the identification of trends in the bimodality of 
the solutions, as well as the significance of the 50 per cent percentile 
values represented in the first version of the figures. 
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5044 G. Bruno et al. 

Figure B1. Posterior distributions of the difference between the measured and the true T • for the simulations carried out for NIRSpec/Prism, as a function of 
the occultation SNR multiplied for visualization purposes. The figures are divided by stellar temperature (rows) and starspot limb-angle (column). The baseline 
of each horizontal histogram indicates the SNR of the corresponding scenario and the probability in the distributions increases along the x -axis (different 
probability values in a given histogram are all related to the same SNR v alue). Dif ferent colours represent different true T • cases, and stellar T � − 100 K values 
(the lowest allowed in our T • fit) are marked with horizontal lines with the corresponding colour for each scenario. Bimodal distributions for the K star, 4100 K 

starspot, mid- to low-SNR case can be clearly distinguished; in the lowest SNR cases, only a lower limit can be assigned to T •. 
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Planet-starspot crossings with JWST 5045 

Figure B2. Same as Fig. B1 , but for NIRCam/F150W2 + F322W2. 

Figure B3. Same as Fig. B1 for spots at 21 ◦ stellar latitude, for the M (left) and K (right) scenarios observed by NIRCam/F150W2 + F322W2. 
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