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A B S T R A C T 

Transiting exoplanets orbiting active stars frequently occult starspots and faculae on the visible stellar disc. Such occultations 
are often rejected from spectrophotometric transits, as it is assumed they do not contain rele v ant information for the study of 
exoplanet atmospheres. Ho we ver, they can provide useful constraints to retrieve the temperature of active features and their 
effect on transmission spectra. We analyse the capabilities of the James Webb Space Telescope in the determination of the spectra 
of occulted starspots, despite its lack of optical wavelength instruments on board. Focusing on K and M spectral types, we 
simulate starspots with different temperatures and in different locations of the stellar disc, and find that starspot temperatures 
can be determined to within a few hundred kelvins using NIRSpec/Prism and the proposed NIRCam/F150W2 + F322W2’s 
broad wavelength capabilities. Our results are particularly promising in the case of K and M dwarfs of mag K 

� 12 . 5 with large 
temperature contrasts. 

Key words: techniques: photometric – techniques: spectroscopic – planets and satellites: atmospheres – starspots. 

1  I N T RO D U C T I O N  

The contamination from the stellar signal in transit spectropho- 
tometry is one of the main challenges to precisely characterize 
exoplanet atmospheres. Stellar active features, such as dark starspots 
and bright faculae, both hamper the correct measure of transit 
parameters and introduce spurious spectral features that o v erlap 
with the exoplanetary spectral lines. A large body of observational 
evidence is now available about general starspot properties as a 
function of stellar type (e.g. Berdyugina 2005 ; Strassmeier 2009 ; 
Balona & Abedigamba 2016 ; Nielsen et al. 2019 ; Savanov 2019 ; 
Herbst et al. 2021 ), and important progress in the theoretical starspot 
modelling has been made (e.g. Yadav et al. 2015 ; Panja, Cameron 
& Solanki 2020 ). Predicting the appearance and properties of stellar 
active features remains howev er elusiv e and, in the interpretation 
of an exoplanet observation which is potentially contaminated by 
stellar activity, the statistical knowledge of starspots and faculae 

� E-mail: giovanni.bruno@inaf.it 

only provides with partial guidance. For example, different starspot 
sizes and temperatures have been shown to have a dramatically 
different impact on transmission spectra (e.g. Zellem et al. 2017 ; 
Rackham, Apai & Giampapa 2018 , 2019 , and references therein), 
and for individual stars we might not be able to recognize the most 
likely scenario without additional observational constraints (such as 
e.g. photometric monitoring, Huitson et al. 2013 ). 

Moreo v er, the impact of stellar active features in spectrophotom- 
etry is at least twofold, according to whether they lie on the part of 
the stellar disc intersected by the transit chord or not. The so-called 
‘non-occulted’ features affect several transit parameters and cannot 
be easily identified with single-transit information alone (e.g. Alonso 
et al. 2008 ; Pont et al. 2008 , 2013 ; Czesla et al. 2009 ; L ́eger et al. 
2009 ; Silva-Valio & Lanza 2011 ; Sing et al. 2011 ; Ballerini et al. 
2012 ; Barros et al. 2013 ; Csizmadia et al. 2013 ; McCullough et al. 
2014 ; Oshagh et al. 2014 ; Barstow et al. 2015 ; Rackham et al. 2017 , 
2018 , 2019 ; Zellem et al. 2017 ; Alam et al. 2018 ; Wakeford et al. 
2019 ). For this reason, long-duration photometric observations of 
the star need to be secured around the transits, in order to monitor 
its acti vity le vel. One do wnfall of this method is, ho we ver, that 
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Planet-starspot crossings with JWST 5031 

the co v erage fraction of the stellar disc in active features and their 
temperature are strongly correlated parameters: usually, the starspot 
temperature is assumed in order to extract a wavelength-dependent 
correction factor for the transit depth, or vice versa (e.g. Alam et al. 
2018 ). Simultaneous multiwavelength observations were shown to 
be promising approaches to break this de generac y (e.g. Rosich et al. 
2020 ; Cracchiolo, Micela & Peres 2021 ). 

‘Occulted’ active features have an opposite effect on the transit 
depth compared to non-occulted features, and can often be easily 
identified in the transit profile through a typical flux bump (or dip, 
depending on whether they are starspots or faculae). They can there- 
fore be modelled (e.g. Huber et al. 2010 ; Sing et al. 2011 ; Pont et al. 
2013 ; B ́eky, Kipping & Holman 2014 ; Fraine et al. 2014 ; Montalto 
et al. 2014 ; Tregloan-Reed et al. 2015 ; Bruno et al. 2016 ; Espinoza 
et al. 2017 ; Mancini et al. 2017 ; Louden et al. 2017 ; Scandariato et al. 
2017 ) and provide useful constraints to characterize both the planet 
and the host star. With a good enough signal-to-noise ratio (SNR), 
their temperature, size, and coordinates can be determined, even if 
a certain degree of degeneracy is una v oidable (B ́eky et al. 2014 ; 
Mancini et al. 2017 ; Morris et al. 2017 ; Scandariato et al. 2017 ). In 
combination with out-of-transit photometric observations, occulted 
starspots can provide some indications on the temperature and size 
of the active features on the stellar disc, together with some priors on 
their filling factor. This attractive possibility can be applied when the 
SNR of the occultation is large, while the impact of occulted starspots 
and faculae becomes more subtle when they are so small and tightly 
grouped that they do not stand out against the transit profile. In this 
case, they can potentially bias the determination of the transit bottom 

altogether in a similar, even if opposite, way to non-occulted features 
(e.g. Czesla et al. 2009 ; Ballerini et al. 2012 ). The impact of such 
an unresolved background of active features, similarly to the one 
of stellar granulation, could be particularly rele v ant for terrestrial 
planets orbiting Sun-like stars (Sarkar et al. 2018 ). 

The effect of starspots and faculae on transmission spectroscopy 
is stronger in the visible, as that is where their brightness contrast 
with the stellar photosphere is the largest. For this reason photometry, 
as well as spectroscopy in the visible, were successfully used both 
from the ground and from space to constrain some of the properties 
of the occulted active features accidentally detected during transit 
observ ations (e.g. Silv a-Valio et al. 2010 ; Sing et al. 2011 ; B ́eky 
et al. 2014 ; Mancini et al. 2017 ). 

As the starspot brightness contrast is lower in the near-infrared 
(NIR), the occultation signal often falls below the noise level, or 
ho we ver at a level where it does not enable the robust determination 
of starspot parameters (e.g. Bruno et al. 2018 ). For FGK stars, it is 
generally assumed that both the impact of occulted and non-occulted 
active features is negligible in the NIR (e.g. Zellem et al. 2017 ; 
Rackham et al. 2019 ), while the contamination spectrum was shown 
to be much more problematic for M dwarfs (Rackham et al. 2018 ; 
Iyer & Line 2020 ). At the same time, active features produce small 
but measurable variations in the limb darkening coefficients, which 
can be measured in this spectral region (Morello et al. 2017 ). 

Exoplanet searches are increasingly focusing on small, cool stars, 
as they are fa v ourable targets for the detection and characterization 
of low-mass planets in the habitable zone; we expect many more 
interesting targets than the ones already known to be revealed by 
the analysis of the Transiting Exoplanet Survey Satellite ( TESS ) 
data (Ricker et al. 2014 ). For this reason, as well as the imminent 
launch of the James Webb Space Telescope ( JWST ), it is crucial 
to identify realistic strategies to determine the properties of active 
features and their level of spectral contamination for exoplanets 
orbiting low-mass stars. Moreo v er, high-precision observations of 

starspot and facula crossings could also provide important constraints 
for planets orbiting warmer stars (e.g. Beaulieu et al. 2008 ; D ́esert 
et al. 2011 ; Bruno et al. 2020 ), which will become the focus of 
future searches for long-period, terrestrial planets (such as PLATO , 
Rauer et al. 2014 ). Such information would come for free from 

transmission spectroscopy observations, and would be valuable both 
for the purpose of exoplanet characterization and to better understand 
stellar activity itself. 

In this work, we study the possibilities opened up by JWST to 
constrain the temperature of occulted active features on K and M stars 
in several geometric configurations and activity levels. We focus on 
dark starspots, assuming that the same line of reasoning we use here 
can be adopted for bright faculae. Section 2 describes our working 
framework, and in Section 3 we present our simulations; the results 
of our analysis are detailed in Section 4. Section 5 is dedicated to the 
conclusions that can be drawn from this work, as well as to future 
perspectives. 

2  C O N T R A S T  RATI O  O F  AC TI VE  FEATURES  

The brightness contrast between an active feature and the stellar 
photosphere, A λ, μ, is a function of wavelength λ and μ ≡ cos θ , 
where θ is the angle between the normal to the stellar surface and 
the line of sight. It can be expressed as (e.g. Silva 2003 ) 

A λ, μ ≡ 1 − I •( λ, μ) 

I � ( λ, μ) 
, (1) 

where I •( λ, μ) and I � ( λ, μ) are the active feature and stellar 
specific intensity , respectively . In this formulation, A λ, μ = 1 denotes 
maximum contrast – a completely dark spot – and A λ, μ = 0 no 
contrast at all – feature and stellar photosphere are indistinguishable. 
A ne gativ e contrast indicates a warmer structure, such as a facula, 
which is brighter than the stellar photosphere. 

The intensity of active features can be represented by specific 
intensity model spectra with a dif ferent ef fecti ve temperature than 
the one describing the host star. In addition, starspots are thought 
to be characterized by a 0.5–1 dex lower log g than the stellar one, 
because of the decrease in gas pressure caused by increased magnetic 
pressure in the darker photospheric upper layers (e.g. Solanki 2003 ). 

As both I • and I � depend on μ, the effect of limb darkening 
(LD) needs to be included in the calculation of the contrast (e.g. 
Dorren 1987 ). Given this and the complications in describing the 
limb-brightening behaviour of faculae (e.g. Spruit 1976 ; Keller et al. 
2004 ; Solov’ev & Kirichek 2019 ), in our analysis we focused on 
dark starspots. The limb-angle dependent specific intensity stellar 
models were computed with the PHOENIX stellar atmosphere 
models (Hauschildt, Allard & Baron 1999 ). We calculated a baseline 
model for both the M-dwarf ( T � = 3500 K, log g = 5.0) and K- 
dwarf ( T � = 5000 K, log g = 4.5), and then computed models for the 
starspots every 100 K between 2300 K and 3400 K for the M-dwarf 
and between 3600 K and 4900 K for the K-dwarf. The M-dwarf 
starspot models had a log g = 4.5 and the K-dwarf starspot models 
had log g = 4.0. All models assumed solar metallicity. For each 
model, once the temperature structure was converged, we calculated 
the specific intensity through the atmosphere at 51 different μ values 
between 0 and 1 at every Ångstrom between 6000 and 5.35 Å. 

Fig. 1 presents a set of starspot contrast spectra for a T � = 3500 K 

and a T � = 5000 K star with increasingly cooler spots, calculated 
from PHOENIX stellar models. The spectra were downgraded to a 
resolution R = 100, considering the NIRSpec/Prism’s resolution in 
the spectral range 0 . 6 − 5 . 3 μm. Below � 4 μm, several absorp- 
tion features, mainly due to water vapour, increase in strength as 
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5032 G. Bruno et al. 

Figure 1. Starspot versus stellar photosphere brightness contrast ratios at the centre of the stellar disc ( μ = 1), as a function of wavelength, for different stars 
and starspot ef fecti ve temperatures (equation 1). The contrast ratios were obtained with PHOENIX specific intensity models and downgraded to resolution R = 

100. Dif ferent starspot ef fecti ve temperatures are represented with dif ferent colours, as indicated in the top right corner of each panel. Left: Case of a 3500 K, 
log g = 5.0, [Fe/H] = 0.0 star and starspots with varying T •, log g = 4.5 and the same metallicity. Right: Case of a 5000 K, log g = 4.5, [Fe/H] = 0.0 star, and 
starspots with varying T •, log g = 4.0 and the same metallicity. Water vapour bands are visible for the 3500 K star, while CO and OH bands can be noticed for 
the K star. 

the temperature contrast between the starspot and the rest of the 
stellar photosphere increases. Molecular water bands can indeed be 
observed in stars with spots cooler than ∼3000 K (e.g. Wallace et al. 
1995 ; Jones et al. 2002 ), so that they can be used as an indicator of 
the temperature of activ e features. F or the K star, CO absorption at 
2.3 and 4.5 μm, and OH absorption at 2.5 μm, also increase with 
increasing temperature contrast. While the TiO spectral lines at 567, 
705.5, and 886 nm are also known as robust temperature indicators 
(e.g. Wing, Spinrad & Kuhi 1967 ; Vogt 1979 , 1981 ; Ramsey & 

Nations 1980 ; Neff, O’Neal & Saar 1995 ; Mirtorabi, Wasatonic & 

Guinan 2003 ; O’Neal et al. 2004 ; Bidaran, Mirtorabi & Azizi 2016 ), 
a spectral resolution larger than ∼10 000 would be needed to achieve 
significant constraints. Moreo v er, such lines were only observ ed in 
v ery activ e stars, where starspots occupy a significant fraction of the 
visible stellar disc, but which are usually excluded from exoplanet 
searches. 

Starspots that are occulted during transit can be better character- 
ized than those which are not. For example, all latitude values for non- 
occulted starspots are consistent with observations, other than those 
spanned by the transit chord; moreo v er, out-of-transit monitoring 
with a comparable duration to the stellar rotation period are needed 
to constrain starspot longitudes. When a starspot is occulted by a 
planet, its latitude and μ position on the stellar disc can instead be 
determined from transit information alone. 

During the occultation of a starspot, the relative flux received from 

the system increases, creating a ‘bump’ in the transit profile. The peak 
of this bump, � f , strongly depends on T •. Sing et al. ( 2011 ) related 
� f in the wavelength bin centred at λ and at position μ to the bump 
at a reference wavelength λ0 at the same μ (their equation 3): 

�f λ

�f λ0 

= 

1 − I T • ( λ, μ) /I T � ( λ, μ) 

1 − I T • ( λ0 , μ) /I T � ( λ0 , μ) 
. (2) 

In their formulation, the choice of reference wavelength becomes 
important, and information is lost in the regions of the contrast 
spectrum that are around λ0 . 

To a v oid any assumption on the reference wavelength, we decided 
to work with absolute quantities. To derive the flux change that is 
observed during a starspot occultation, we started by computing the 
flux observed during a transit if the starspot were at the same μ

position but not occulted, e.g. if it were at an opposite stellar latitude 
with respect to the centre of the transited stellar belt. In this case, 
we modelled the nominal transit configuration (e.g. Mandel & Agol 
2002 ), and made the μ-dependent stellar specific intensity I � explicit, 
in place of the integrated flux: 

F 1 = F � +• − dA p μ•
R 

2 
� 

I � ( λ, μ•) = F � +• − π

(
R p 

R � 

)2 

I � ( λ, μ•) , (3) 

where F � + • denotes the flux emitted by the star when the starspot is 
visible on its disc before occultation, and dA p μ•/R 

2 
� represents the 

solid angle intercepted by the planetary disc on the stellar disc. We 
used the subscript μ• to indicate that the limb angle is e v aluated at 
the centre of the starspot, and we dubbed the planetary surface dA p to 
indicate that it is small compared to the stellar surface. This allowed 
us to assume that the portion of the stellar photosphere co v ered by 
the planet can be described by a single μ• value (Marino et al. 1999 ; 
Ballerini et al. 2012 ). 

When the starspot is occulted, the stellar specific intensity needs 
to be replaced by the starspot specific intensity, 

F 2 = F � +• − π

(
R p 

R � 

)2 

[ βI •( λ, μ•) + (1 − β) I � ( λ, μ•)] , (4) 

where β represents the fraction of the planetary disc that occults the 
starspot, and 1 − β the part that co v ers the unspotted stellar disc. 
This formalism allows the description of planets whose projection 
on the stellar disc is larger than the occulted starspot, as in this case 
1 − β > 0. 

The difference between these two quantities is 

F 2 − F 1 = πβ

(
R p 

R � 

)2 

[ I � ( λ, μ•) − I •( λ, μ•)] . (5) 

To compute the occultation flux bump in normalised quantities, 
we then divided F 2 − F 1 by the spotted stellar flux F � + •. To do 
this, we noticed that in an observational context one works with 
the measured planet-to-stellar surface ratio, which is affected by the 
presence of starspots. True and observed transit depth can be related 
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Planet-starspot crossings with JWST 5033 

by a wavelength-dependent factor that multiplies the stellar flux, (
R p 

R � 

)2 

true 

≡
(

�F 

F � 

)
= α( λ) 

(
�F 

F � +•

)
≡ α( λ) 

(
R p 

R � 

)2 

obs 

, (6) 

where we used the subscripts ‘obs’ for the measured transit depth, F � 

is the unspotted stellar flux, � F indicates the stellar flux drop during 
transit, and α < 1 for a dark starspot (e.g. Czesla et al. 2009 ). Given 
this definition, 

α( λ) = F � +•/F � . (7) 

By plugging equation (7) in equation (5), and dividing by F � + •, the 
two F � + • terms conveniently cancel out, 

�f ( λ) ≡ F 2 − F 1 

F � +•
= πβ

(
R p 

R � 

)2 

obs 

I � ( λ, μ•) − I •( λ, μ•) 

F � 

. (8) 

This deri v ation is therefore independent of the presence of additional 
non-occulted starspots on the stellar disc, as they can be absorbed 
by the F � + • parameter, and then remo v ed by the α( λ) factor. The 
last term to be made explicit is the unspotted stellar flux, which was 
calculated as (e.g. Gray 1976 ) 

F � = 2 π
∫ 1 

0 
I � ( λ, μ) μd μ. (9) 

We again remark that this deri v ation depends on the assumption 
that the starspot can be represented by a single I •( λ, μ•). In reality, 
large starspots or starspot groups might be better represented by a 
combination of the μ values they span. In this regard, the assumptions 
of our formalism are the weakest when μ = 1: in this case the non- 
occulted flux F 1 cannot be calculated with equation (3). Ho we ver, 
this is not a problem if the resolution of the μ-grid allows both the 
projected planet and the starspot to lie in the stellar annulus at μ = 

1 without o v erlapping. This holds true in the hypothesis of small 
planets and starspots compared to the stellar disc. 

The quantity � f ( λ) can be fitted to the relative measured flux 
bumps in the transit profile, in order to derive T • (assuming T � 

is known to a sufficient level of precision) and β. The T • and β
parameters will be therefore prone to the de generac y between the 
starspot temperature and size. Moreo v er, the fraction of the spot’s 
surface which is actually occulted by the planet cannot be constrained 
from the occultation event alone, but only a lower limit on its size 
can be placed by the duration of the occultation event, as we will 
discuss in Sections 3.3 and 4.4. 

For our simulations, we chose two JWST modes that allow for 
exoplanet transmission spectroscopy observations over the broadest 
range of NIR wavelengths. The NIRSpec/Prism mode, in the range 
0 . 6 − 5 . 3 μm, will offer constraints on starspot and facula contrast 
spectra for dim targets; also, it will often provide the most of 
information for planet atmospheres (Batalha & Line 2017 ). This 
mode would reach saturation on targets brighter than mag K � 

10.5: hence, we also performed simulations where the NIRCam’s 
Dispersed Hartmann Sensor (DHS) would enable simultaneous 
1 . 0 − 2 . 0 μm and 2 . 4 − 4 . 0 μm observations on bright targets by 
combining the F150W2 and the F322W2 filters (Schlawin et al. 
2016 ), if this mode becomes operational. 

3  SIMULATION S  

The goal of our simulations was to predict the constraints that JWST 

NIRSpec/Prism and NIRCam/F150W2 + F322W2 will be able to 
place on the ef fecti ve temperature of occulted starspots for stars with 
different magnitudes, and spanning a wide range of activity levels. 
For each observing mode, we proceeded as follows: 

(i) We considered two systems, a K and an M star, each hosting a 
planet with a different radius. We simulated wavelength-dependent 
uncertainties on the transmission spectra for a number of different 
stellar magnitudes, and assumed the transmission spectra to be 
featureless (to represent a thin or cloudy planetary atmosphere). 

(ii) Given each transmission spectrum, we modelled the spec- 
trophotometric transits for ev ery wav elength bin. We added a starspot 
occultation to each transit, using the same spot configuration for every 
point in the transmission spectrum. We repeated the simulation for a 
range of starspot temperatures, representing different stellar activity 
levels, as well as different positions on the stellar disc. 

(iii) For each one of these scenarios (identified by a stellar type, 
stellar magnitude, starspot temperature and location), we fitted 
all associated spectrophotometric transits in order to obtain � f ( λ) 
(equation (8)). Such measures were then used to sample the contrast 
spectra of the occulted starspot, and were fitted to stellar specific 
intensity spectra to determine the distance from the input starspot 
temperatures T •. 

3.1 Transit modelling 

For NIRSpec/Prism, we used the PANDEXO software (Batalha et al. 
2017 ) to simulate the transmission spectra uncertainties, using 
BT-Settl stellar spectral energy distributions. PANDEXO includes 
the contribution from shot, background, and read noise, with a 
dependence on the ratio between the duration of out- and in-transit 
observations, that we set equal to 1. We used the optimization 
function in the software that selects the maximum possible number 
of groups 1 before saturation (fixed to 80 per cent of the full well), 
and adopted the NRSRAPID readout pattern. The simulations were 
run for the SUB512 subarray, and a noise floor of 20 parts per 
million was adopted. For NIRCam, we used a custom SNR estimator 
(Greene et al. 2016 ; Schlawin et al. 2016 ) and PHOENIX spectra. 
We assumed the maximum number of groups that can be achieved 
to be 0.5 magnitudes below the saturation limit for the F322W2 
grism time series and the RAPID read mode. For the simultaneous 
short wavelength DHS observations, we adopted the same exposure 
parameters as the F322W2 grism because the software requires 
simultaneous readouts. The size of the subarray determines the 
number of DHS spectra that may be captured as well as the minimum 

magnitude that will saturate the detector. The balance between 
capturing DHS spectra while not saturating subarrays results in 1 
DHS for K ≤ 6.0, 2 DHS for K > 6 and ≤8.3, and 10 DHS for K 

> 8.3. The resulting uncertainties as a function of stellar magnitude 
and wavelength are shown in Fig. 2 . 

We tested different choices for the spectral resolution, and reduced 
it until the SNR on the measured ‘flux bump’ (increasing with 
decreasing spectral resolution) allowed us to achieve a few hundred 
kelvins precision on the retrieved starspot temperatures in the 
brightest star cases (as described later in Section 4). In this way, 
we chose R � 10 for our spectra, both for NIRSpec and NIRCam. 
We modelled the transmission spectrum uncertainties of a 0 . 75 R J 

planet in front of a 5000 K, 0 . 75 R � star and one of a 0 . 25 R J planet 
in front of a 3500 K, 0 . 47 R � star. The details of the two scenarios 
are summarized in Table 1 . 

For each point of the transmission spectrum, the simulated transit 
depth uncertainty was used to derive the relative flux uncertainties 

1 This is the number of non-destructive frames that are averaged onboard 
before being recorded; see ht tps://jwst -docs.st sci.edu/understanding-exposu 
re-times for more detail. 
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5034 G. Bruno et al. 

Figure 2. Transmission spectra uncertainties computed for the NIRSpec/Prism ( top ) and NIRCam/F150W2 + F322W2 ( bottom ) configurations. Increasingly 
larger uncertainties correspond, for NIRSpec, to mag K = 10.5, 11.5, 12.5, 13.5, and 14.5; for NIRCam, they correspond to K = 4.5, 6.0, 7.5, and 9.0. M and K 

star scenarios are shown on the left and right column, respectively. 

Table 1. Simulated scenarios. From left to right, the columns indicate modelled instrument and observing mode, stellar K mag, stellar ef fecti ve temperature, 
stellar surface gravity, starspot simulated ef fecti ve temperature range and step, planet radius, stellar radius, starspot limb angle θ•, starspot latitude on the stellar 
disc ξ , and planet orbital inclination i . 

Instrument/mode K mag range T � [K] log g [cgs] T • range (step) [K] R p [ R J ] R � [ R �] θ•[ ◦] ξ [ ◦] i [ ◦] 

NIRSpec/Prism 10.5-14.5 5000 4.5 3800-4700 (300) 0.75 0.75 0, 21, 40 0, 21 90 
NIRSpec/Prism 10.5-14.5 3500 5.0 2600-3200 (300) 0.25 0.47 0, 40 0 90 
NIRCam/F150W2 + F322W2 4.5-9.0 5000 4.5 3800-4700 (300) 0.75 0.75 0, 21, 40 0, 21 90, 88.1 
NIRCam/F150W2 + F322W2 4.5-9.0 3500 5.0 2600-3200 (300) 0.25 0.47 0, 40 0 90, 88.8 

in the corresponding transit. They were calculated as (e.g. Sarkar, 
Madhusudhan & Papageorgiou 2020 ) 

σs ( λ) � 

√ 

N int 

2 
σD 

( λ) , (10) 

where N int is the number of exposures in the transit and σ D ( λ) is the 
uncertainty on the transit depth at the same wavelength, as shown 
in Fig. 2 . We set an exposure time of 60 s for the simulated light 
curv es, which giv en the transit parameters (described later in this 
Section) resulted in N int = 432 and 188 for the K and the M star 
simulation, respectively. We assumed our mock observations to be 
already corrected for systematic and astrophysical noise, and did not 
include the contribution from stellar granulation. 

White noise in the wavelength-dependent transits results in the 
placement of each data point on a transit model to which a Gaussian 

scatter calculated with equation (10) is added. By iterating our 
simulations, we noticed that different noise realizations have an 
impact on the final measure of T •. The implications of being 
limited, in an observational context, to a specific noise instance can 
be appreciated by running a large number ( > ∼ 10) of simulations, 
each one with a different noise realization, and by merging the 
posterior distributions on the fitted parameters. Following Feng 
et al. ( 2018 ), we decided to estimate this effect by a v oiding the 
inclusion of Gaussian scatter in the transit data points, and by later 
e v aluating the impact of this choice on a few significant scenarios 
(Section 4.5). 

We then used KSINT (Montalto et al. 2014 ) to simulate the transits 
affected by the occultation of an active feature, including the transit 
depth contamination due to the out-of-transit spot-induced stellar 
flux variation. This software takes as input the stellar density, which 
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Planet-starspot crossings with JWST 5035 

we calculated from the stellar radius and respective log g for each 
scenario (as presented in Table 1 ). Given the focus on simulations of 
a single transit event, the planetary orbital period and stellar rotation 
period did not significantly impact our analysis: we then fixed the 
orbital period to 2 d and the stellar rotation period to 11 d (this latter 
choice represents an acceptable value for moderately active stars of 
the type we explored, e.g. McQuillan, Mazeh & Aigrain 2014 ). For 
all targets, we set no spin-orbit misalignment. 

There exists a multitude of possible configurations that would 
produce a measurable starspot crossing, but here we have selected 
reasonable physically moti v ated scenarios that can highlight the 
potential of JWST to provide further insights into starspot properties 
from planetary transits. To start with, we used a 3 ◦-wide spot 
for our simulations, a value that sits between the one of large 
spot groups on the Sun (Mandal et al. 2017 ) and the largest 
spots observed for M dwarfs (Berdyugina 2011 ), and which is 
also consistent with starspots observed on active K stars (e.g. 
Morris et al. 2017 ). Secondarily, we chose several positions for the 
starspot: one close to the centre of the stellar disc ( θ = 0 ◦, μ = 

1) and one closer to the limb ( θ = 40 ◦, μ = 0 . 77) at 0 ◦ stellar 
latitude, associated to an i = 90 ◦ planet orbital inclination. We 
also simulated spots at 21 ◦ stellar latitude, corresponding to θ = 

21 ◦ ( μ = 0.93), occulted by a planet at i � 88 ◦. In this case, 
we introduced a slight displacement between the starspot and the 
projection of the planet centre on the stellar disc. In the hypothesis 
of circular starspots, the planet and starspot centres are aligned 
if 

i = arccos 

(
R � 

a 
sin ξ

)
, (11) 

where a is the orbital semimajor axis and ξ is the starspot lati- 
tude. 

We used no starspot other than the occulted one, and the other 
transit parameters as in Table 1 . The orbits were assumed to be 
circular. 

KSINT uses a quadratic LD law: we calculated the corresponding 
coefficients by fitting PHOENIX specific intensity spectra. For 
the NIRCam modes, we downloaded the throughput curves from 

the SVO Filter Profile Service 2 (Rieke, Kelly & Horner 2005 ; 
Rodrigo, Solano & Bayo 2012 ; Rodrigo & Solano 2020 ); those for 
NIRSpec (CLEAR filter) are available with the PANDEIA reference 
data (Pontoppidan et al. 2016 ). 

For each wavelength bin, we computed the starspot contrast as 
a function of wavelength as the ratio of two PHOENIX specific 
intensity models at different temperatures ( T • versus T � ) and using a 
starspot log g as low as the stellar log g − 0.5 dex. 

3.2 Transit fits 

We treated the synthetic data the same standard way that transits 
are typically analysed. We chose a transit modelling approach that 
allows for efficient iterative-based analyses that is insensitive to 
the degeneracies between starspot size, location on stellar disc, and 
inclination of planetary orbit. In place of using KSINT for the transit 
fit we adopted the BATMAN code, which implements the standard 
Mandel & Agol ( 2002 )’s transit model (Kreidberg 2015 ). We then 
expanded Fraine et al. ( 2014 )’s approach by adding the starspot 
occultation as a flattened Gaussian function profile to the transit. As 

2 Described at ht tps://jwst -docs.st sci.edu/near- infrared- camera/nircam- inst 
rument at ion/nircam-filters . 

Table 2. Boundaries on the fitted parameters. U [ a, b] and J [ a, b] represent 
a Uniform and a Jeffreys prior between a and b (inclusiv e), respectiv ely. 
G( a, b) denotes a Gaussian prior with mean a and standard deviation b . Two 
different occultation mid-times were adopted according to the limb-angle θ
of each scenario. 

Parameter Prior 

R p / R � J [0 . 01 , 0 . 2] 
Orbit inclination i [deg] U [80 , 90] 
Transit mid-time t tr [days] U [0 . 08 , 0 . 12] 
LD linear coefficient u 1 G( theoretical value , 0 . 05) 
LD quadratic coefficient u 2 G( theoretical value , 0 . 05) 
Gaussian peak � f U [10 −6 , 0 . 1] 
Gaussian flattening factor n U [2 , 8] 
Gaussian width w [days] U [7 × 10 −4 , 0 . 02] 
Occultation mid-time t • [days] ( θ = 0 ◦) U [0 . 09 , 0 . 11] 
Occultation mid-time t • [days] ( θ = 21 or 40 ◦) U [0 . 11 , 0 . 13] 
Out-of-transit quadratic term r 0 U [ −1 , 1] 
Out-of-transit linear term r 1 U [ −1 , 1] 
Out-of transit level r 2 U [0 , 10] 

a function of time t , this is equal to 

�f exp 

[(
− | t − t •| 

w 

)n ]
, (12) 

where � f is the peak of the flux bump during occultation (the main 
parameter we were interested in), t • is the occultation mid-time, w is 
the width of the bump, and n determines the flattening of the bump 
for starspots that are smaller than the projection of the planet on the 
stellar disc. 

We fitted for the planet-to-star radius ratio R p ( λ)/ R � , LD coeffi- 
cients, starspot bump peak � f , and for a quadratic trend with time, r 0 t 2 

+ r 1 t + r 2 , to account for the out-of-transit stellar flux modulation due 
to the presence of the starspot. As the orbital inclination i , the transit 
mid-time t tr , and the spot crossing mid-time t • are common among all 
transits of the same transmission spectrum, we fitted these parameters 
on a band-integrated version (commonly referred to as ‘white light 
curve’) of the transits for each scenario. We also assumed the bump 
width w and flatness n of the occultation bump to be independent of 
wavelength, and fitted for them only in the co-added transit. For the 
fit of the spectrophotometric transits in each scenario, we then fixed 
the value of these parameters to the median value obtained on the 
corresponding band-integrated transits. 

Giv en the comple xity of the transit and starspot parameter space, 
we sampled the parameter posterior distributions with nested sam- 
pling, which is more efficient than Markov chain Monte Carlo algo- 
rithms in dealing with multimodal posterior distributions (Skilling 
2006 ; Higson et al. 2019 ). We adopted the ‘standard nested sampling’ 
implementation in the DYNESTY software (Speagle 2020 ), using 
Uniform priors for all transit parameters except R p / R � , for which 
we used a Jeffreys prior, and the LD coefficients, for which we 
used Gaussian priors centred on the theoretical values from stellar 
models. We imposed boundaries on the fitted parameters as indicated 
in Table 2 ; in particular, we used two different priors on t • for the θ = 

0 ◦ and the θ = 40 and 21 ◦ scenario, to ease convergence. We started 
the sampling of the band-integrated transits with 200 live points, and 
reduced this number to 150 for the spectrophotometric transits. 

The choice of fitting for the LD coefficients was due to the full 
transit co v erage of future JWST observations. Indeed, inaccurate 
and incomplete opacities in stellar atmosphere models, as well 
as small variations in the stellar atmospheric parameters due to 
brightness inhomogeneities on the stellar photosphere, make the LD 
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Figure 3. Simulated transit of a 0.25 R J planet orbiting a 10.5-mag K , 0.47 
R �, 3500 K star, occulting a 2900 K starspot at limb angle θ = 40 ◦, observed 
with NIRSpec/Prism in the wavelength bin centred at � 1 . 4 μm. This plot 
presents one of the noise realizations to better show the extent of the flux 
uncertainties. In orange on the upper panel, 300 samples from the posterior 
distributions obtained with the transit and Gaussian profile modelling are 
sho wn. The lo wer panel shows the residuals of the best-fit model, presenting 
a white-noise scatter, in parts per million. 

coef ficients deri ved from stellar models unreliable for active stars 
(e.g. Csizmadia et al. 2013 ; Maxted 2018 ; Heller 2019 ). Despite 
being small variations, such transit profile differences can have a 
measurable effect on the observed transit depths, and should be taken 
into account whenever possible. This said, we found that imposing a 
prior centred on the theoretical values of the LD coefficients provides 
better results than leaving wide Uniform priors. In our fits, we used 
the quadratic law in order to improve convergence with respect to 
the use of the four-coefficients law (Morello et al. 2017 ). 

Fig. 3 presents an example of fit on a simulated transit using 
the model just described; we there present one of the white noise 
realizations (Section 4.5) to show an example of simulated transit 
uncertainties. The simultaneous transit and starspot fit was repeated 
for all wavelength bins and simulated stellar magnitudes, and the flux 
bump � f due to the starspot recorded. 

3.3 Starspot contrast spectra fits 

For each scenario, specific intensity spectra were used to fit the 
occultation bump peaks using equation (8). We obtained F � using 
equation (9), relied on the measured ( R p ( λ)/ R � ) 2 and used the specific 
intensity models I � ( μ•) and I •( μ•) at the same μ• chosen in input, 
assuming that μ• can be accurately determined from the observed t •. 

For the stars, we selected a spectrum with the same parameters 
used in input. For the starspots, we interpolated the stellar models 
in the range 2300–3400 K for the M star ( T � = 3500 K), and in the 
3600–4900 K range for the K star ( T � = 5000 K), using spectra with 
the same [Fe/H] as the input stellar spectrum and the stellar log g 
− 0.5 (see Section 2). To do this, we performed a bi v ariate spline 
approximation with SCIPY ’s RECTBIVARIATESPLINE implementation 
(Virtanen et al. 2020 ). 

It is well known that the starspot ef fecti ve temperature and filling 
factor (here probed by β) are strongly correlated parameters, as a 
cool and small starspot can cause the same in-transit bump peak as a 
large and warm spot. In particular, in some of the low-contrast cases 
we observed bimodal posterior distributions for these two parameters 

Figure 4. Example of in-transit starspot crossing flux bumps measured with 
the model in equation (8) and their uncertainties, for the mag K = 7.5, K star 
case, in the T • = 3800 K, μ-angle θ = 40 ◦ scenario without in-transit Gaussian 
scatter. The models in light blue represent 100 fitting models sampled from 

the T • and β posterior distributions. The result of the nested sampling for 
fitted parameters, and their 68 per cent credible intervals, are indicated in 
the label. The model spectra were convolved with the NIRCam filters and 
degraded to the same resolutions as the observations before performing the 
fit. 

(see Section 4.4). Ho we ver, observ ations provide us with a constraint 
on the lower limit of β, and sometimes allow the choice of one of 
the modes. To find this value βmin , we first derived the half width 
at half-maximum (HWHM •, in time units) of the Gaussian function 
that we used to describe the occultation bumps in the white light 
transits. Given equation (12), this was obtained as 

HWHM • = w( ln 2) 1 /n . (13) 

Then, assuming a circular starspot and zero-eccentricity orbit, we 
determined the minimum starspot radius R •, min consistent with the 
observed occultation, by inverting 

R p + R •, min � 

3 

2 
HWHM •v p = 

3 

2 
HWHM •

2 πa 

P 

, (14) 

where v p is the tangential velocity of the planet in its orbit, P is 
the planet’s orbital period, and we approximated the last moment 
when the profiles of planet and starspot are in contact with t • + 

3 HWHM •/ 2. By dividing both terms in equation (14) by the stellar 
radius and the measured planet-to-star radius ratio and taking their 
square, after some algebra we obtained an expression which is only 
based on measured quantities: 

βmin ≡
(

R •, min 

R p 

)2 

= 

[
3 πa/ R � 

P ( R p /R � ) 
HWHM • − 1 

]2 

, (15) 

where a is the orbital semimajor axis. This value is underestimated, 
as the measured transit depth is affected by the presence of starspots, 
but we consider it to be a sufficient approximation. 

We sampled the T • and β posterior distributions with nested 
sampling, using Uniform priors for both parameters and starting the 
sampling with 100 live points. The starspot T • was let vary across 
the full interpolated range (different for the M and the K star case), 
and β was let float between βmin and 1 (inclusive). Fig. 4 presents 
100 fitting models from the posterior distributions for one of the K 

star scenarios without Gaussian scatter, simulated for NIRCam and 
downgraded to the resolution of the observations. 
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Planet-starspot crossings with JWST 5037 

Figure 5. Difference between the retrieved starspot temperature T • ( meas ) and the true input T • ( true ) ( y -axis) compared to the occultation SNR ( x -axis), for 
the scenarios simulated with NIRSpec/Prism using starspots at 0 ◦ latitude; 95 per cent percentiles are reported. The stellar K magnitudes corresponding to the 
different cases and the true T • values are indicated with different markers and colours, respectively. The minimum allowed T • in our retrievals, T � − 100 K, is 
indicated by a horizontal line with the same colour as the data points for a given scenario (the value for the T • = 3800 K falls off the plot edges). In the title 
of each plot, the simulated instrument, T � , and the limb angle θ are reported. Markers with arrows pointing down – such as the lowest-SNR point in the top 
left-hand panel – represent cases where the occultation flatness parameter n is poorly determined ( σ n ≥ 2), so that the error bars on T • cannot be considered 
reliable (see Section 4.3). 

4  RESULTS  

We present our results as a function of the SNR of the starspot 
spectrum derived from the transit fits. To do so, we defined a metric 
that contains information on the starspot contrast decrease from 

the optical to the NIR, on the contrast ‘baseline’ in the white-light 
transit, and on the uncertainty in the � f ( λ) values measured from the 
spectrophotometric transits. If the starspot contrast spectrum results 
from N spectrophotometric transit light curves, corresponding to 
increasing wavelength in bins from 1 to N , the white-light transit is 
marked with 〈 N 〉 , and � f i is the bump peak measured in wavelength 
bin i , we computed 

SNR = 

√ 

( �f 2 − �f N−1 ) 2 + �f 2 〈 N 〉 
� ( �f N−1 ) 

, (16) 

where the term on the denominator is the uncertainty on the bump 
peak in the ( N − 1)th wavelength bin. We a v oided the use of the 
shortest and the largest-wavelength transit, as these are the noisiest 
in the simulated transmission spectra (Fig. 2 ). 

As the SNR of the bump signal increases for larger activity 
features, this representation adapts to scenarios with varying starspot 
sizes, even if we here discuss only the simulations we carried out 
with 3 ◦-wide spots; in particular, the effect of a large spot on the 
occultation SNR is similar to the one of a bright star. 

4.1 Starspots at 0 ◦ latitude, planet with i = 90 ◦

The o v erall result of this analysis is that, despite their reduced contrast 
in the NIR compared to the visible, the ef fecti ve temperature of 
starspots observed with JWST can be constrained with an accuracy 
of a few hundred kelvins in the brightest star and largest contrast 
cases, and particularly with NIRCam. Figs 5 and 6 present the 
retrie ved v alues for the temperature contrasts and their 95 per cent 
credible intervals, as a function of the occultation (equation (16)). 
The stellar photospheric values are also represented, and indicate 
when the derived T • cannot be significantly distinguished from T � . 

At 0 ◦ latitude, the limb-angle position of the starspot ( θ = 0 or 40 ◦) 
slightly affects the scatter of the solution with respect to the correct 
results. For NIRCam/F150W2 + F322W2, simulations produced 
accurate results for the coolest starspot cases, even for dim ( K = 9) 
magnitudes; with NIRSpec/Prism, a few hundred kelvin precision 
was achieved for the largest temperature contrasts ( T � − T • = 900 
and 1200 K for the M and the K star, respectively) for K ≤ 12.5 
magnitudes. For both the M and the K star, the constraints on the 
temperature contrast become weaker as the true T • approaches the 
photospheric temperature, even if the occultation bump is detected 
in the transits. For the lowest SNR cases, our simulations were only 
able to place a lower limit to the spot temperature; in the mid- 
SNR cases, the starspot temperature-size de generac y caused the T •
posterior distribution to include both very close values to T � , as well 
as several hundred kelvin lower values (see Section 4.4). We notice 
that T � − T • = 1200 K contrasts are realistic for K dwarfs, while 

MNRAS 509, 5030–5045 (2022) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/4/5030/6446813 by Biblioteca di Scienze, U
niversità degli studi di Firenze user on 17 M

arch 2022

art/stab3199_f5.eps


5038 G. Bruno et al. 

Figure 6. Same as Fig. 5 , but for NIRCam/F150W2 + F322W2. 

larger contrasts than 600 K are unlikely on M stars (Berdyugina 
2005 ; Herbst et al. 2021 ). 

4.2 Starspots at latitude > 0 ◦, planet with i �= 90 ◦

As described in Section 3.1, we investigated the impact of a different 
geometrical configuration, including a slight displacement between 
the starspot and the planet projected centres. For the NIRCam 

simulations, which include the largest SNR cases, we simulated a 
starspot at 21 ◦ stellar latitude (requiring also θ = 21 ◦), and added a 
< ∼ 1 ◦ angle to the planet orbital inclination i with respect to the value 

which results in perfect alignment. Fig. 7 shows that, as expected, the 
lower SNR of the occultation results in larger scatter and error bars 
for the retrieved T •. We found best results for the largest contrast and 
the brightest ( K = 4.5 and 6.0) cases, particularly for the K star. 

4.3 Low-SNR solutions 

We observed that solutions with SNR 

< ∼ 3 are driven by the choice 
of priors and cannot be considered reliable. As an example, the 
solution for the T • = 3200 K, θ = 0 ◦ spot on the mag K = 14.5 M 

star observed with NIRSpec/Prism (Fig. 5 , top left-hand panel) has 
smaller error bars compared to the simulations with the same stellar 
and spot parameters but brighter stars. This happens because the 
bump flatness parameter n (equation (12)) is not constrained by the 
white-light transit fit. The median value of its posterior distribution, 
used to derive βmin through equations (13) and (15), is then found 
close to values around the middle value of the prior given to n (set 
between 2 and 8, as shown in Table 2 ; Fig. A1 illustrates the posterior 
distributions for this transit fit). As a result, βmin is found to be close 
to 1 (i.e. the spot must be almost or completely occulted by the planet) 
and good fits to the spot contrast spectrum are only those produced 
by a ‘warm’ activity feature, as shown in the left-hand panel of Fig. 8 . 

Hence, even if the occultation signal is strong enough to exclude a 
T • as high as T � (otherwise, only a lower limit could be attributed to 
T •), the solution is ‘forced’ around warm spots. 

To confirm this, such a solution cannot be reproduced if the 
constraint on βmin is lifted, i.e. if a (0, 1] prior is set for β. We therefore 
consider this solution not reliable, and recommend the inspection of 
the occultation bump fit in white-light transits to correctly interpret 
the derived T • values. Cases with a poor fit for the occultation flatness 
parameter n (defined as where its error bar σ n is ≥2) are marked 
using arrows pointing down in Figs 5 –7 , to indicate that cooler spot 
solutions cannot be excluded. 

4.4 Starspot temperature-size degeneracy 

For warmer starspots and dimmer stars, the SNR of the occultation 
feature decreases, and the fitting procedure struggles in distinguish- 
ing between the starspot temperature and the stellar photosphere’s. 
As the lowest allowed T • in our model was T � − 100 K, we required 
this latter value to be excluded at the 95 per cent confidence level for 
the temperature contrast to be detected. The low-SNR cases without 
such detection were clearly affected by the starspot contrast and size 
de generac y, contrarily to the large SNR cases. In some of these cases, 
the T • posterior distribution spans a large part of the prior space 
and does not lead to significant constraints on this parameter. We 
observed that, in some specific scenarios, the T • posterior distribution 
is bimodal, with the correct value lying in one of the modes. One 
example is the case of the T • = 4100 K starspot on the K star: here, 
the correct mode cannot be chosen by using the method presented in 
Section 3.3, as the β values of both modes are enclosed in the prior. 
Fig. 8 , right-hand panel, shows this situation for the mag K = 7.5 star 
observed with NIRCam/F150W2 + F322W2; in a case like this, the 
50 per cent percentile shown in Figs 5 –7 is little representative of the 
shape of the posterior. In Figures B1 –B3 , we provide the posterior 
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