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ABSTRACT

The goal of this study is to assess the impact of the stellar spots on the extraction of the planetary transmission spectra observed
by ARIEL. We develop a method to model the stellar spectrum of a star in the presence of spots by using the out-of-transit
observations. It is based on a chi squared minimization procedure of the out-of-transit spectrum on a grid of stellar spectra with
different sizes and temperatures of the spots. The approach allows us also to study the temporal evolution of the spots when
comparing stellar spectra observed at different epochs. We also present a method to correct the transit depth variations due to
non-occulted stellar spots and estimate the error we introduce if we apply the same correction to crossings over the stellar spots.
The method is tested on three types of stellar targets that ARIEL will observe in its 4-yr mission lifetime. In all the explored cases,
the approach allows us to reliably recover the spot parameters (size and temperature) from out-of-transit observations and, for
non-occulted spots, to confidently recover the planetary atmosphere transmission spectrum within the noise level (with average
uncertainty of at most 3.3 per cent of the planetary signal). Conversely, we find systematic biases in the inferred planetary spectra

due to the occulted spots, with measurable effects for the brightest targets especially for more contrasted spots.

Key words: planets and satellites: atmospheres — stars: activity —planetary systems — starspots.

1 INTRODUCTION

The ARIEL mission (Atmospheric Remote-sensing Infrared Exo-
planet Large-survey; Tinetti et al. 2016) has been selected as the
fourth Medium Class Mission of the Cosmic Vision program of the
European Space Agency (ESA). During its 4-yr mission, ARIEL
will survey a diverse sample of about 1 000 known extrasolar planets
ranging from Jupiters and Neptunes down to super-Earth size orbiting
different types of stars, by using simultaneously three photometric
bands in the visible (0.50-1.10 pm) and three spectroscopic channels
in the infrared (1.10-7.80 wm). It is the first mission dedicated
to measuring the chemical composition, thermal structures, and
scattering properties of the atmospheres of these planets. ARIEL will
enable the study of exoplanets through transit, eclipse, and phase-
curve observations (see e.g. Tinetti, Encrenaz & Coustenis 2013 for
a complete description of these techniques).

Here, we focus on ARIEL’s transits observations and we analyse
the impact of stellar activity on the transit depth deriving from spots,
i.e. cooler and darker features on the stellar surface, caused by stellar
magnetic activity and with a lower temperature than the surrounding
photosphere. Both occulted and non-occulted spots can bias the
measured transit depth in opposite directions: non-occulted spots
will cause the transit depth to be overestimated, while occulted spots
will appear in the transit light curve as an upward ‘bump’ lasting
roughly as long as it takes the planet to cross the spot, and may lead
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to underestimate the planetary radius' (e.g. see Pont et al. 2013 for
a more detailed description). The bias due to both occulted and non-
occulted spots on the transit depth is chromatic, with stronger effects
towards shorter wavelengths, and it may have a significant impact
on our knowledge of the dependence of the planetary radius on the
wavelength, thus hampering the extraction of the final transmission
spectrum of the planetary atmosphere (Czesla et al. 2009; Sing et al.
2009; Agoletal. 2010; Bertaetal. 2011; Désertetal. 2011; Pont et al.
2013). So the issue is to understand if the apparent radius variations
in an observation are due to the presence of molecular species in
the planetary atmospheres or to stellar spots whose effects are also
expected to depend on wavelength. The existence of activity-related
‘pseudo’-transmission effects is well known and has been discussed,
e.g.in Salzetal. (2018), in the context of high-resolution atomic lines.
They show that stellar activity related pseudo-signals mix with and
confuse the planetary atmospheric absorption signal. In some cases,
pseudo-effects can be responsible for the major fraction of the signal.
In this work we discuss a technique to correct the variations of the
transit depth due to non-occulted spots, based on correction factors
obtained modelling the spectrum of the spot and the photosphere (see
Section 2). We won’t present any approach to correct the transits over
the spots, but we will estimate the errors we introduce if we correct the
transits over the spots with the same technique used for non-occulted
spots. The approach is purposely developed and tested on ARIEL-
like spectra, generated with the Ariel radiometric model (ARIELRAD,
Mugnai et al. 2020), a software simulating the stellar signal in the

I'The opposite effect will occur in case of regions hotter than the photosphere,
e.g. faculae.
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ARIEL photometric and spectral channels and that implements a
realistic noise model.

A further problem, in the presence of spots, one has to take care
of is the variability of the stellar flux caused by the stellar rotation
or by the evolution of spots, on time-scale of weeks/months, or
by the stellar magnetic cycles, on a time-scale of years. Due to
these phenomena, the observed stellar flux may change according to
the spotted area on the stellar hemisphere exposed to the observer.
Almost all the existing methods used to filter out these kinds of
long-term stellar flux variability are based on the observations of the
flux variations outside transits, along time intervals of at least two
or three stellar rotations (e.g. Aigrain & Irwin 2004; Moutou et al.
2005; Bonomo & Lanza 2008; Bonomo et al. 2009). Typically the
flux is monitored in the visible range, where variations induced by
the stellar spots are stronger than in the infrared. The variations in
flux caused by this effect are typically of the order of a few percent
in active stars in the visible range. For example, for the active dK
HD 189733, Pont et al. (2013) noted a 1 — 2 per cent flux reduction
in the visible range due to spots along its ~12d rotation cycle,
which is comparable to the planet transit depth. However, in some
cases, the effects of spot-related variability were assessed to be not
significant, as for the case GJ 1214 b (Kreidberg et al. 2014) which
showed consistent transit depths over all epochs. Here we will try
to account also for the temporal evolution of the spots from the
comparison between out-of-transit observations taken at different
epochs.

In Section 2, we present our model of stellar photospheric activity.
In Section 3, we describe the algorithm to derive the spot parameters.
In Section 4, we show the capability of the method to correct the
transit depth variations due to non-occulted spots and we discuss the
limits of applicability of our method to spot crossing events. Finally,
Section 5 contains a summary of the obtained results.

2 MODELLING THE STELLAR SPECTRUM

Our aim is to develop a method to derive the stellar spots physical
and geometrical properties from out-of-transit observations, possibly
taking into account the temporal evolution of the spots between
observations of the same star at different epochs. This information
will be used to correctly derive the planetary spectrum obtained
during the transit.

2.1 Active star models

The modelling of the stellar activity is based on the assumption that
it is dominated by the presence of spots at temperature 7 covering
a fraction ff (filling factor) of the visible stellar disc. The out-of-
transit stellar flux F" in the presence of spots can be expressed as
in Ballerini et al. (2012), Micela (2015):

F == ff)- FuT) + ff - Fu(To), M

where T is the effective stellar temperature for a given spectral-type
star in the absence of spots, T is the spot temperature (with 7y <
T,) and ffis the filling factor, i.e. the fraction of the projected stellar
surface covered by the spots with 0 < ff < 1. Equation (1) treats each
of the two components (photosphere and spots) as having uniform
surface brightness and it neglects the effects of brighter active regions
on the star, faculae and plages, i.e. photospheric inhomogeneities
with temperatures higher than the unperturbed photosphere, or the
effect of the limb darkening.

Due to the stellar rotation and changes in the stellar activity,
we may have changes in the filling factor ff between different
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observations on the time-scale of the stellar rotation period and of
the spots evolution (~weeks/months). The time-scale for a rotating
spot going from full to zero projected area is 1/4 the stellar rotation
period. For most stars, this remains generally longer than the typical
transit time-scale (a few hours), so the filling factor variations on
the transit time-scale may be neglected. This implies that the spot
pattern does not change during the transit and the measured stellar
flux variations can be attributable only to the planet occultation and
can be considered constant during the transit.? On the contrary, the
spot configuration can change between different transits.

2.2 Active star model during primary transit

In general, during the primary transit in the presence of a spot on
the stellar surface, the planet can occult part of the radiation coming
from the spot and part coming from the unperturbed photosphere.
Since the planetary radius is wavelength-dependent, the fraction g;
of the planet that occults the spot at time 7 is wavelength-dependent
(with 0 < g; < 1). So, the measured flux of the system ‘spotted-star
+ planet’ Fj" can be expressed as

Fr=[1—ff—0—g) &l F(T)+(ff —g &) Fu(T)
)

R\ . .
where ¢, = (Z R’;) is the ratio between the areas of the planetary
* /A

and of the stellar discs, respectively, at each wavelength and is
important in that it contains the information about the size of the
planet and of its atmosphere.

In the following, we will assume that the stellar spots physical and
geometrical properties out-of-transit are not significantly different
from those observed during the transit. This is a reasonable hypoth-
esis as discussed in the previous Section. Under this assumption, we
can express the in-transit spectrum as follows:

F'=F" —e - [(1 = ) Fu(T) + g - (). 3)

The planetary signal ¢, can be derived from the previous equation:
F)?ut _ F):n

C (=) F(T) + g F(Ty)

(A =S BT+ ff - BT
(=g Fu(T) + g - Fu(Ty) '

En

out __ gin

F . . .
where §;, = ATJ is the uncorrected transit depth, while the second

term is the correction factor that gives the ratio of the flux of the
spotted star to the flux of the star covered by the planet. Generally,
g, will change with time within the transit, as the planet transit chord
passes over randomly distributed spots of different sizes. When the
planet transits out of the spot, g, = O at every time ¢, therefore
L)
Fu(T:)
approach can be found in McCullough et al. (2014), Pont et al.
(2013), Zellem et al. (2017). If the planet crosses the spot during
the transit, g; varies over time. In the latter case, knowing g; at all
instants would allow us to correct the transit depth in all the points
of the light curve.

the correction factor reduces to [l + ff- )] . A similar

2However, it should be stressed that observations of highly active stars, e.g.
CoRoT-2 (Silva-Valio et al. 2010), have shown that significant rotational
variations can take place on the transit time-scale, so for these very active
targets our assumption cannot be made.
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Table 1. Charateristics of the instruments on ARIEL’s focal
plane: FGS (‘Fine Guidance System’) and AIRS (‘ARIEL IR
Spectrometer’). The first three channels are the three ARIEL’s
photometers. The spectral resolution R is shown in the last

column.
Instrument Channel AX (pum) Resolution
FGS VISPhot 0.50-0.60 1
FGSPrime 0.60-0.80 1
FGSRed 0.80-1.10 1
NIRSpec 1.10-1.95 20
AIRS AIRSChO 1.95-3.90 100
AIRSCh1 3.90-7.80 30

Table 2. T, R, M., and D are the input parameters used to generate
the fluxes F; of the non-spotted photosphere for the three stars
considered. V is the apparent magnitude in the visible band. All the
stellar parameters are taken from the Edwards et al. (2019) catalogue.
T, and ff summarize the spots parameters used to build the out-of-
transit stellar spectra grids.

HD 17156 HAT-P-11 K2-21
Spectral type GO K4 MO
14 8.2 9.6 12.8
T.(K) 6040 4780 4220
R.(Rg) 1.55 0.68 0.65
M. (Mg) 1.41 0.81 0.68
D(pc) 75.0 37.8 83.9
T5(K) 4040-5990 2780-4730 2220-4170
N 0.001-0.200 0.001-0.200 0.001-0.200

2.3 Ariel radiometric model

The method is tested on three possible star—planet combinations,
using as examples three transiting systems, potential ARIEL targets
(see table 2), taken from Edwards et al. (2019) catalogue. For each
star, a grid of stellar spectra out-of-transit is generated as in equa-
tion (1), where the spectrum F;(7) of the unperturbed photosphere
and the spots spectra are generated with the Ariel Radiometric Model
(Mugnai et al. 2020). In this paper, we define ‘spectrum’ the set of
flux values collected simultaneously in the photometric channels and
in the low resolution spectral channels.

ARIELRAD selects the stellar model-atmosphere by using BT-Settl
models (https://phoenix.ens-lyon.fr/Grids/BT-Settl/; Baraffe et al.
2015), where the stellar metallicity is [M/H] = 0.0, corresponding to
the solar abundances. The effective temperature in the BT-Settl grid
spans the 1200-7000 K interval, while the logarithm of the surface
gravity g ranges in the interval [2.5-5.5]. Spectra corresponding to
temperatures not present in the Phoenix library are generated by
interpolating spectra with the closest temperatures, while models
corresponding to missing values of log g are selected by choosing
the model with the closest value. By taking into account the distance
D of the star and the instrumental properties, ARIELRAD simulates
the stellar flux F,(7) (in countss™!) in ARIEL’s photometric and
spectral channels (Table 1). The software simulates ARIEL Level
2 data, i.e. data that are corrected for instrumental effects (bad or
saturated pixels, pointing jitter, etc.), and wavelength calibrated (see
Pearson et al. 2020, submitted, for more details on ARIEL Data
Levels).

The spectrum F; (T',) of the non-spotted photospheres is generated
by setting the input parameters as shown in Table 2. We assume that
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the spot spectrum is equivalent to a stellar spectrum with a lower
temperature, therefore the fluxes F;(7y) are generated as for F, (7)
changing the input stellar temperature. For each star we build a 2D
grid of spotted spectra in the ff — AT space, where AT =T, — T.
In this space, the filling factor ff of the spots spans the [0.001; 0.200]
interval with a step of §ff = 0.001, while the temperature 7 ranges
in the 7, — 2000 K; 7, — 50 K interval with a step of 67 = 50 K. The
spots parameters are summarized in Table 2.

In this work we use ARIELRAD version 1.5r14. The software simu-
lator provides a comprehensive model of the instrument performance
and implements a realistic noise model. The noise sources simulated
by ARIELRAD are expressed as a relative noise over an integration
time of one hour, so it has to be scaled over the exposure time .y,
of the observation. We indicate all known noise sources generated
by ARIELRAD as kn. Furthermore, there are other sources of noise
which are not simulated by ARIELRAD and that constitute the ARIEL
noise floor nf, i.e. the lowest possible signal level that ARIEL may
measure. The relative noise rn associated to an observation has to
take into accounts both terms as follows (see equation 17 of Mugnai
et al. 2020):

| kn?
_ 2
rn = o) +nf?, 5)

where f,(h) is the exposure time of the observation expressed in
hours. ARIEL noise floor is conservatively set to 20 ppm.

3 SIMULATIONS OF ACTIVE STARS

In order to test the capability of our method to retrieve the spot
parameters from an observed out-of-transit spectrum, in the first
part of this Section we simulate a set of spotted spectra with
different combinations of ff and T and realistic noise, generated with
equation (5). We fit each noisy spectrum by using the derivative-free
Nelder—Mead method (or downhill simplex; Nelder & Mead 1965).
The minimization algorithm is implemented with the python package
scipy (Virtanen et al. 2020) and it minimizes the x 2(ff, T,) function
between each noisy spectrum and the bi-dimensional grid of models.
We make each x? function continuous, by linearly interpolating the
stellar spectrain the 2D grid, so the minimization method searches the
solution over a continuous parameter space and it is not constrained
on the grid nodes. The grid of spectra built as shown in Section 2 is
thus a bi-dimensional collection of reference spectra for the fitting
procedure.

The downhill simplex method does not handle boundary condi-
tions, so the fitted spot parameters that minimize the x2 function
may escape off their grid. In order to prevent this, we impose that
each x? function is infinite outside the boundaries of the 2D grid so
that the solution is always within the spot parameters domain. The
fitting algorithm has been employed in other works (e.g. Scandariato
& Micela 2015; Tabernero et al. 2019) and similar fitting approaches
can be found in O’Neal, Neff & Saar (1998), where the star spotted
area and temperature are determined by modelling some specific
molecular absorption bands.

This technique allows us to determine the spectrum changes due
to the presence of spots and it may provide information about the
temporal evolution of the spots when comparing different observa-
tions. Using this information in the next section, we will simulate
noisy transit observations as in equation (2), and we will show the
method capability in retrieving the planetary signal in the presence
of non-occulted spots.

MNRAS 501, 17331747 (2021)
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3.1 Retrieval of the spot parameters

We evaluate the capabilities of our method for different spectral
types, by fixing the signal-to-noise (S/N) ratio, i.e. we assume a
visible magnitude V = 9 and an exposure time f., = 100s. For
each combination 7y, ff we generate 10000 random realizations of
ARIEL observed fluxes taking into account the noise to be assigned
to the simulated spectrum, and we run our fitting algorithm on each
noisy spectrum. The spectra in the grids and the simulated spectra
are normalized to their integrated fluxes.

In the left-hand panels of Fig. 1 we show the 2D histograms of
the 10 000 fitted parameters for the test case with a spot AT = 300K
cooler than the photosphere and with ff = 0.03 for the three reference
stars. The input value is represented by a red cross, while the median
value of the fitted spot parameters is marked in green. The contour
level encompasses the most probable 68 per cent values of the fitted
parameters.

We remark that the 2D distribution of the fitted parameters is
such that the spot parameters are anticorrelated, i.e. the contrast
temperature AT decreases with increasing filling factor. This is
consistent with the fact that the effect of large temperature contrasts
tend to compensate small filling factors.

For each combination of the retrieved spot parameters, the stellar
spectrum F,"“® associated with the best-fitting parameters is ob-
tained by linearly interpolating the original 2D grid of stellar spectra
and then comparing it to the unperturbed input spectrum F,"™" (with
ff=0.03 and AT = 300K). The corresponding ratios F,"*®/ F,""
are compared to the relative noise (see equation 5) associated with
the input spectrum, evaluated for an exposure time f.x, = 100s (on
the right-hand panels of Fig. 1). This procedure allows us to verify if
the method confidently recovers the stellar spectrum within the noise.
We find that the uncertainty due to the adopted procedure is within
the 1 o relative noise of the unperturbed spectrum in AIRS channels;
in the range 0.50-1.95 pm, the uncertainty of the retrieved spectra
is above the noise level. These results can be explained considering
that small variations of the spot parameters with respect to the input
parameters produce a greater variation of the stellar flux in the optical
and in the near-infrared (0.50—1.95 wm), where the spot-star contrast
is greater.

We tested a number of cases by using different spot parameters,
obtaining results consistent to what is discussed above. The results
are summarized in Table 3, where we show the intervals around the
median values corresponding to the 16th and 84th quantiles of the
10000 retrieved spot parameters. If we compare these values for
the same star, we find smaller uncertainties on the fitted parameter
for higher contrast spots, i.e. when the spot is better detectable. If
instead we compare the case of the three reference stars each with
the same input spot, the uncertainties are larger for the star with the
highest photospheric temperature; in fact, when the three stars have
the same visible magnitude and the same spot temperature contrast
and size, we can characterize the spot less precisely in the hottest
star, where the relative contrast AT = % is smaller. We verified
that our fitting procedure is not strongly aependent on the starting
conditions.

As noted in Section 1, because of the presence of spots, variations
of the observed stellar flux may occur between observations taken
at far apart times, due to the stellar rotation or changes in the stellar
magnetic activity. Below we show the capability of the algorithm to
retrieve the instantaneous spot parameters when comparing observa-
tions at different epochs, by focusing on the HAT-P-11 star whose
stellar rotation causes an evident rotational modulation of the spot
filling factor. Here we are not interested in simulating the details of
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the spots evolution, so we can test the method on a set of noisy spectra
collected during a complete stellar rotation (29.2 d; Bakos et al. 2010)
with a random normal distribution of filling factors (<ff'> =0.05, o
= 0.015) and with a fixed spot temperature 75 = 4500.0 K (Morris
et al. 2017). The orbital period of the planet is 4.89d, so during
a rotation period we observe about six transits (Béky et al. 2014).
Subtracting the equivalent duration of six planetary transits (each
transit lasts ~2.1 h) from the rotation period, we derive that during
a complete stellar rotation it is possible to collect observations of
the star unimpeded for about 28.7d. We assume to observe each
spectrum for an integration time of about an hour: this choice allows
us to retrieve the spot parameters with a smaller uncertainty than
assuming f.,, = 100 s but of course implies the assumption that the
stellar flux does not significantly vary over the one hour exposition.
We fix the visible magnitude of the star HAT-P-11 at V = 9.6.

Fig. 2 shows that our fitting algorithm is able to reliably retrieve,
from a statistical point of view, the distribution of the filling
factors of the spots (left-hand panel). The standard deviation of the
retrieved spots temperatures is o7 = 17.3 K. We remark that for each
observation the filling factor of the spot is reliably recovered (see
right-hand panel of Fig. 2), so the out-of-transit observations may be
used to sample the coverage of the spots on the observed hemisphere
of the star. This analysis may allow us to derive and to compare the
filling factor of the spots between different observations, so to give
information about the temporal evolution of the spots and about the
stellar magnetic activity.

3.2 Robustness of the spotted star model

The model in equation (1) is based on the assumption that the visible
hemisphere of the star is dominated by the presence of a main spot
with a given temperature, so it neglects that stellar spots may have
different temperatures. In all the explored cases (summarized in
Table 3), the fitted distributions peak on the input spot parameters but
this result may depend on the assumption that only one dominant spot
has been taken into account. In order to understand if and how such
an assumption affects our results, in the following we simulate a star
with two spots having different sizes and temperatures and we fit the
resulting simulated stellar spectrum with a single spot. We set again
the visible magnitude of the three stars at V =9 and we consider two
spots with filling factors ff; = 0.01 and ff>, = 0.02, and temperature
contrasts AT} = 1000K and AT, = 500K, respectively. For each
star, we simulate 100 noisy spectra with 7., = 100 s and we retrieve
the pair of effective spot parameters. As shown in Fig. 3 the fitted
spot parameters (left-hand panel) correspond to intermediate values
between those of two input spots, and the 16th and 84th quantiles
of the 100 fitted spectra are comparable to the input noise level
(except for the K2-21 star where the flux of the best-fitting spectra
are systematically overestimated at all wavelengths).

Another limit of the model of equation (1) is that the stellar
temperature 7, is, in reality, not accurately known, so the model
does not perfectly reproduce the true spectra. For instance, the
photospheric temperature of the HD 17156 star is here set at 7, =
6040 K, but it is known with an uncertainty o 7 >~ 24 K (Edwards et al.
2019). We have explored how the uncertainty on the photospheric
stellar temperature affects the determination of the spot temperature
and of the filling factor. Fig. 4 shows the result of our algorithm
when the temperature of the unperturbed photosphere is varied of
a few degrees from the nominal value: for each change of 7, from
the nominal value, shown in the left-hand panel legend, we generate
a set of 100 noisy spectra corresponding to 75 = 5040K, and ff =
0.02 in the left-hand panel and ff = 0.05 in the right-hand panel,
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Figure 1. Statistical analysis of the results from our fitting algorithm run over 10 000 random realizations of noisy spectra with 100 s exposures, in stars with V
= 9. The simulated configuration has a spot temperature 300 K cooler than the photosphere and ff = 0.03, for the HD 17156 star (top), HAT-P-11 star (centre)
and K2-21 star (bottom), respectively. Left-hand panels — 2D probability distribution functions of the fitted parameters. The red cross represents the input
parameters, while the green point marks the median of the distribution. The black contour shows the confidence region around the most probable value of the
2D distribution containing the 68 per cent of the sample. Right-hand panels — The 2D distribution shows the ratio between the best-fitting spectra obtained by
fitting the 10 000 noise realizations and the input spectrum (the ideal case of perfect match, i.e. ratio 1, is represented by the red dashed line). The red solid lines
mark the 1 o relative errors of the input spectrum for an exposure time fexp = 100's.

again assuming an exposure time Zex, = 100's. The results show that
both the spot temperatures and filling factors are overestimated if
the photospheric temperature is lower than its nominal value, i.e. the
best-fitting spectra correspond to a hotter and larger effective spot.
On the contrary, if the temperature of the photosphere is higher than
its nominal value, the spot parameters are both underestimated. Even
if the effective temperature were precisely known, the model may
still not perfectly fit, because our spectral models are necessarily
incomplete (which is one of the reasons why the temperature
values are uncertain), the surface gravity and metallicity of the star
may also be uncertain and so on for the other parameters of the
model.

4 RETRIEVAL OF THE PLANETARY SIGNAL

In the following we simulate observations of planetary transits in the
presence of spots in order to quantify and to correct the distortion
of the planetary signal due to the spots in ARIEL observations. We
propose a method to correct the transit depth variations for the cases
of transits out of the spots; we quantify the errors that we introduce by
extending the same correction to transits over the spots. We consider
the same systems that we have analysed so far, this time taking also
into account the occulting planets: HD 17156 b (a Jupiter), HAT-P-
11 b (a Neptune), and K2-21 b (a super-Earth). We emphasize that
in this section we use the real visible magnitude of the three stars,
shown in Table 2.

MNRAS 501, 17331747 (2021)
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Table 3. Summary of the spots parameters obtained in specific cases, where
the S/N ratio of the three reference stars is fixed (V =9, fexp = 1005). ATippu
and ffinpu are the input spot parameters. The last two columns show the
median of the 10000 retrieved spot parameters, the lower and upper values
are the 16th and 84th quantiles.

Name star ATmpm(K) f finpm( per cent) AT(K) ff (per cent)

+150.2 +2.61

HD 17156 300 3 250.00005  3.54779;
+50.9 +1.95

10 282.11302 1056119

+50.7 —+0.06

1500 3 1487212070 3.00%)02
+14.7 +0.05
10 1496.07131  10.01702

+90.1 +1.04

HAT-P-11 300 3 2868150 3.09700
+23.9 +0.82
10 20581330 10.1170%

23.7 0.04

1500 3 1504.7550  3.001004

7.0 0.03

10 1501419 10.001003

+13.9 +0.11

K2-21 300 3 308.07107  2.93%040
+3.9 +0.11

10 3025133 9.93%00

+12.6 +0.03

1500 3 1512.14028  3.015003

3.8 0.03

10 1503.575%  10.02103

In their study, Edwards et al. (2019) have analysed a wide variety
of target planets that ARIEL will observe during its 4-yr mission
in order to derive the science time required to detect a primordial
atmosphere (i.e. Hy-He dominated with mean molecular weight y =
2.3 u) on these targets for both transit and eclipse observations in the
three ARIEL Tiers (with S/N > 7). ARIEL’s observations are based
on a tiered approach and each Tier will answer different mission
science questions and requirements (see Tinetti et al. 2018 for a
more detailed description of ARIEL’s tiering approach), therefore
the three spectral channels will have a different resolution on each
Tier (summarized in Table 4).

In addition to the spectroscopic measurements, ARIEL will also
provide the stellar flux measurements in the photometric channels for
each Tier. Here, we focus on transits observations at Tier 2 resolution,
as Tier 2 spectroscopic measurements will be crucial for detecting
molecular absorption features in the transmission spectrum of the
planetary atmosphere. The planetary parameters and the number n
of transits simulated for each transiting system are shown in Table 5.

For each planet, we generate the synthetic transmission spectrum
&, with the TAUREX code (Al-Refaie et al. 2019), by assuming
that the three selected targets have primordial atmospheres, with
an abundance ratio between H, and He typical of a primordial
atmosphere. We assume an isothermal temperature profile (the
equilibrium temperature is shown in Table 5), that the planetary
atmosphere extends for five scale heights (Tinetti et al. 2013; Sing
2018), and we set the pressure at the bottom of the atmosphere to 1 bar
for both terrestrial and gaseous planets.’ Furthermore, for each target
we generate another transmission spectrum adding traces of water
(with volume mixing ratio w ~ 10~*). The presence of such a small
amount of water does not significantly affect the mean molecular
mass of the particles of the atmosphere, therefore we can assume
that the transit observation times of the three targets of planets are

3Generally, for gaseous planets the pressure at the surface of the planet is po
~ 1 — 10bar, depending on the transparency of the atmosphere, Tinetti et al.
(2013).
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not sensibly different from those estimated by Edwards et al. (2019)
for primordial atmospheres. However the water molecules are by far
the most important (among the three considered) in the planetary
transmission spectrum since their presence causes the appearance
of molecular bands. Fig. 5 shows the synthetic transmission spectra
generated for the HD 17156 b planet: the black solid line shows the
contribution of H, and He to the transmission spectrum, while the
red solid line shows the resulting spectrum in the presence of water.

We stress that in this work we are not interested in modelling the
details of the planetary transmission spectrum or of the chemical
atmospheric composition, but we want to test if our method is able to
correctly derive the planetary transmission spectrum in the presence
of spots, and whether our method can identify the presence of small
traces of water in the planetary atmosphere.

4.1 Transits out of the spots

We simulate planetary transits out of the spots, exploring two possible
configurations of the spot parameters: A7 = 300K, ff = 0.03 and
AT = 1000K, ff = 0.10. For each planetary system, we generate
n observations (n is reported in Table 5), by simulating both cases
with primordial atmospheres, and with traces of water. A single
observation consists of an out-of-transit spectrum F' and an in-
transit spectrum Fi", both integrated over an exposure time equivalent
to the transit length 7 (see Table 5). We can integrate the transit out
of the spot over the transit duration since we are assuming that the
planet always blocks the same stellar flux regardless of its position
on the stellar disc, i.e. we are ignoring the limb darkening effects.
Since ARIEL noise is dominated by the photon noise, using such
a long integration time reduces the relative noise of the observed
spectra and allows us to recover the spot parameters from out-of-
transit observations with a small uncertainty. Each out-of-transit
stellar spectrum is built as explained in Section 3, while the in-transit
spectrum is built as in equation (2), where ¢, is the transmission
spectrum of the considered target of planet, 7 and ff are the same
spot parameters used to generate the out-of-transit spectrum and g;
= 0, as we are simulating transits out of the spots.

In this work, the main assumption is that the pattern of the spot does
not change between the out-of-transit and the in-transit observation.
However, if we consider observations taken at different times, the
spot coverage on the stellar hemisphere exposed to the observer may
vary due to the stellar rotation or changes in the stellar magnetic
activity. In order to take into account the possible changes of the
filling factor of the spots between the observations, we randomly
generate the spot filling factor in each observation from Gaussian
distributions of filling factors peaked at the nominal values (<ff >
=0.03 in the first case, and <ff > =0.10 in the second case) and with
standard deviation o = 0.02.

out_ pin

If we estimated the planetary spectrum as §, = ’?7“[” in each
observation (i.e. without correcting for the presence “of the non-
occulted spot) averaging on the number n of the observations, we
would overestimate the extracted planetary signal, and the effect
would depend on the specific combination of the spot parameters
(see left-hand panels of Fig. 6). However, as discussed in Section 2.2,
if the planet transits out of the spots and the spots pattern does
not significantly vary in the single observation, we may extract the
planetary signal ¢, in each observation as follows:

F)?m _ F)ihn
EN = —
F.(T)

where F;(T,) is the spectrum of the non-spotted photosphere that
we retrieve from the corresponding out-of transit observation; in

. (6)
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Figure 2. Left-hand panel: histograms of the spots filling factors of the HAT-P-11 star. The black line is the input distribution, the red one shows the inferred
distribution. Each input spectrum is integrated over one hour exposure. The star has a visible magnitude V = 9.6. Right-hand panel: Relation between the input
and the recovered filling factors. The red line is the linear fit (slope m = 1.02, intercept ¢ = 3.3 x 10™%).
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Figure 3. Left-hand panel — Scatter plot of the parameters got with a single-spot-model fitting and input stellar spectra generated instead assuming two spots
with filling factors ffi = 0.01 and ff> = 0.02, and temperature contrasts A7 = 1000K and AT, = 500K, respectively. Each colour stands for a specific star
(see legend). Right-hand panels — Ratio between the best-fitting spectra obtained by fitting the 100 noise realizations and the input spectrum. The black solid
line, i.e. ratio 1, represents the input spectrum. The black dashed lines mark the 1 o relative errors of the input spectra with an exposure time fexp = 100s. The
coloured solid lines represent the 16th and 84th quantile of the 100 fitted spectra.
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Figure 4. Scatter plots of the fitted spot parameters for stellar temperature values slightly different from the nominal value; the temperature difference from
the 6040 K nominal value of HD 17156 is identified with a colour for each set of simulations in the left-hand panel legend. Each colour pertains to 100 noise
simulations. The black cross marks the input temperature and filling factor of the spot. For each panel, the upper histogram shows the distribution versus derived
T, the one on the right the analogous distribution versus derived ff. Left-hand panel: ff = 0.02, right-hand panel: ff = 0.05; for both panels the input temperature

of the spot is 5040 K.
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Table 4. Resolution of each spectral channel in Tiers
devoted to transit observations. The spectral range for
each channel is shown in Table 1.

Instrument name Tier 1 Tier 2 Tier 3
(R) (R) (R)
VISPhot 1 1 1
FGSPrime 1 1 1
FGSRed 1 1 1
NIRSpec ~1 ~10 ~20
AIRS ChO ~3 ~50 ~100
AIRS Chl ~1 ~10 ~30

Table 5. Radius, mass, equilibrium temperature, transit length t, and impact
parameter b of the three analysed planets, from Edwards et al. (2019)
catalogue. n is the number of transits needed to observe a primordial
atmosphere at Tier 2 resolution with S/N = 7.

Planet Radius Mass Teq T b n
(Re) Mg) (XK) (h)
HD 17156 b 12.1 98.3 904.0 4.2 0.89 2
HAT-P-11b 4.3 17.1 847.8 2.1 0.5 3
K2-21b 1.8 39 647.2 2.6 0.45 184
5400
. 5350
£
& 5300
T-_‘,:\* 5250
~NQ
* 5200 —— Whpo=12x10"*
5150 — Wmo=00

1 2 3 4 5 6 7
A(um)

Figure 5. Examples of transmission spectra of the planet HD 17156 b at
ARIEL Tier 2 resolution. The abundance ratio between He and H; is 0.17,
while the water volume mixing ratio w is specified in the legend.

particular, F;(7T,) is derived from equation (1), where ff and 7§ are
the spot parameters estimated from F" as described in Section 3,
and F, (T;) is interpolated from our grids of spots spectra. Therefore
our method can derive both the characteristics of the spots and the
spectrum of the non-spotted photosphere, thus removing the effects
of the spots. Each observation is simulated at Tier 3 resolution, and
then F", F. ,{“, and F(T,) are degraded at Tier 2 resolution.

The panels of Fig. 6 show the retrieved planetary signals, un-
corrected (left-hand panel) and corrected (right-hand panel) for the
presence of the spot, averaged over the n observations, with AT
= 1000 K. In these cases, neglecting the presence of non-occulted
spots leads to significant overestimates of the inferred planetary
spectrum (see left-hand panels of Fig. 6), while our method removes
the systematic overestimate of the planetary signal, thus recovering
the planetary spectrum within the noise. Furthermore, the method
can distinguish the case of primordial atmospheres from the one
with traces of water. On the other hand, we have verified that the
correction becomes marginal at a lower spot contrast of A7 = 300K

MNRAS 501, 17331747 (2021)

and therefore not necessary for these cases. The standard deviations
o of the residuals of the recovered planetary signals (summarized
in Table 6) show that the method allows us to recover the planetary
signal within the 3.3 per cent.

As discussed in Section 3.2, we are using a simplified model,
assuming a nominal stellar temperature and a single dominant spot.
In the previous section, we have shown that if the true spot distribution
is more complex and the stellar temperature is known with an
uncertainty of few tens of degrees, we rather obtain a set of effective
spot parameters that describe the spectrum reasonably well. Below
we show that our method provides reasonable transmission spectra
even if the star has two different spots. As in the previous case,
we assume that in the single observation the spots configuration
does not change but can be different during different transits. We
simulate n observations for each target planet; also for each out-
of-transit observation we derive the effective spot parameters and
the spectrum of the unperturbed photosphere in order to retrieve the
planetary transmission spectrum. The inferred transmission spectrum
is averaged over the n observations. In Fig. 7 we show the specific
case where we fit a one-spot model to a star with two spots having
temperature contrasts AT} = 1000 K and AT, = 500 K, respectively,
and filling factors randomly extracted from Gaussian distributions
with mean <ff' > = 0.02 and standard deviation o = 0.02 in each
observation: the planetary transmission spectrum is recovered with a
spread of a few percent from the input value, analogously to the case
in which the star has only one spot.

With a similar approach, we determine the error we introduce on
the planetary spectrum extraction when the photospheric temperature
T, is known with an uncertainty of few tens of degrees. We focus
on the case with a spot having a temperature contrast of 1000 K; for
each transiting system we simulate n observations, each with a filling
factor randomly extracted from a Gaussian distribution with mean
<ff > =0.02 and o = 0.02. We extract the planetary transmission
spectrum from each transit, and average over the n observations.
We find that the size of the errors of the extracted planetary signal
are correlated with the error of 7, i.e. the planetary transmission
spectrum is underestimated when the photospheric temperature is
underestimated and vice versa, with more evident effects in the
bluest photometric channels. As an example, in Fig. 8 we report
the average offset of the retrieved planetary spectra (simulated
with traces of water) in the photometric channels for different
errors AT, of photospheric temperatures. The results show that the
planetary transmission spectrum is recovered within 1.0 per cent for
photospheric temperatures errors within 10 K (comparable with the
spread of the planetary spectrum recovered for AT, = 0), while the
signal is significantly distorted for greater errors of 7. Therefore,
our methods provides the best results if the stellar parameters are
accurately known.

4.2 Transits over the spots

When the planet crosses the spot during the transit, a bump will occur
in the transit light curve. If the bump is clearly visible, we are able
to separate it from the remaining transit, and we can just correct the
points of the transit out of the spot crossing with the method used
in the previous paragraph. However, in many cases, due to the low
S/N ratio, the bump is not evident in the light curve. In this work,
we are not interested in developing a method to correct transits over
the spots, but we will evaluate the impact on the planetary signal
extraction if we analyse the case of a transit over the spot with the
same method used to correct non-occulted spots.
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Figure 6. Retrieved planetary spectra, uncorrected (left-hand panel) and corrected (right-hand panel) for the presence of the spot, averaged over the n observations
(nis reported in Table 5). In each simulated observation, the spot temperature contrast is A7 = 1000 K, while the filling factor is randomly extracted from normal
distributions peaked at <ff > =0.1 and having o = 0.02. The dashed line are the input planetary transmission spectra &, while the continuous lines are the
retrieved spectra, without water (black lines) and with 10~ mixing ratio of water (red lines). The transmission spectra with water are shifted down for clarity.
For each case the residuals are expressed as percentage deviations from the input transmission spectrum. The spectra are degraded at the Tier 2 resolutions.

Table 6. Standard deviations of residuals of the recovered planetary signals
for ff and AT input, corrected for the presence of non-occulted spots, in the
explored cases. w is the water mixing ratio.

HD 17156 b HAT-P-11 b K2-21b

w Via AT(K) (per cent) (per cent) (per cent)
0 0.03 300 0.8 1.8 2.9
0.10 1000 0.7 1.6 2.6
12x107* 0.03 300 0.8 2.1 33
0.10 1000 0.8 2.0 2.9

For simplicity we assume that the spot projection on the stellar disc
is a circle* with radius Rypor = Jff R, and it is in the transit chord,
so both the spot and the planet have the same impact parameter. We
bin each transit observation with f.x, = 100s exposures, so if 7 is
the transit length, we will have N = t/t.,, points per transit. The
fraction k of points per transit contaminated by the spot crossing is

k= Z(R"ii&""'), where L is the transit chord length which is a function

4Generally, the projection of a circular spot on the stellar disc is an ellipse
whose semimajor axis is the radius of the circular spot and semiminor axis
depends on the angle between the line of sight and the normal at the centre
of the spot. A real spot, however, can have a more complicated shape.

of the impact parameter b (reported in Table 5). In the hypothesis of
circular orbits and that the planet is completely inside the stellar disc
during the transit, L can be expressed as (Seager & Mallén-Ornelas
2003):

L=2/(R, — Ry> — bR @)

For the star HD 17156, for instance we will have N = 149 data points
per transit and if we consider a spot with filling factor ff = 0.001 in
the transit chord, the crossing over the spot will affect a fraction k ~
2/5 of the transit data points. This fraction will be larger for larger
spot sizes.

During the transit, the spectrum F;" of each exposure has to include
the flux coming from the spot occulted by the transiting planet, as
described in equation (2), that takes into account the wavelength
dependence of the planet radius. In the case of a circular spot we

obtain:
1 d
B8 = —s {Ri arccos (R—li) —dum
*
2 . 5 5
+ R, arccos R — dy/ Ryt — 3y | » ®)
spot
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Figure 7. Examples of transmission spectra (simulated with traces of water)
corrected for the presence of a spot when the star has two spots, with
temperature contrasts A77 = 1000K and AT, = 500K, respectively, and
filling factors randomly extracted from Gaussian distributions with mean
<ff > =0.02 and standard deviation o = 0.02 in each observation. Each
planetary spectrum is averaged over n observations (Table 5) and degraded at
Tier 2 resolution. For each case, the percentage residuals are shown.
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Figure 8. Average percentage offsets of the retrieved planetary spectra in
ARIEL photometric channels for different input photospheric temperatures.
AT, is the error of the photospheric temperature. The star is simulated as
having a spot with temperature 1000 K lower than the nominal photospheric
temperature and with filling factor randomly extracted from a Gaussian
distribution with mean <ff > =0.02 and o = 0.02. Each point in the plot
derives from the average of the planetary signal over n noisy simulations
(Table 5).

where R, is the planetary radius as a function of wavelength, while
dy, and d,,, are respectively:

_ R% + d* — Rszpot
e 2d
dz;L =d — dl)‘ (9)

d is the distance between the spot and planet centres. The detailed
derivation of equation (8) is reported in Appendix A.
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Generally, in the presence of spot crossing events, we have to
distinguish between two possible configurations, according to the
relative size of the spot and planet:

2
1) ff < (:—z) : the spot is smaller than the planet, so a complete

occultation of the spot during the transit will occurs when g; - €, =
ff- In general, the fraction g; will span the interval [O, %] during the

transit;

2
(i) ff > (%’) : the spot is larger than the planet, so g; will span
the interval [0, 1], where g, = 1 occurs when the planet is entirely

over the spot.

Here we simulate transit observations over the spots, by exploring
both the possible configurations. In particular, for each of the three
planets studied above we simulate transit observations where the
crossed spot has two possible temperature contrasts (A7 = 300K
and AT = 1000 K), and different filling factors in the interval [0.001,
0.02].% For each couple of the spot parameters, we simulate a single
observation where the in-transit observation is binned with 100s
exposures and the out-of-transit observation is integrated over a
time equivalent to the transit length t. We simulate primordial
atmospheres with traces of water. As in the previous section, we
work in the hypothesis that the out-of-transit and the in-transit filling
factors do not differ, since we are focusing on the same observation.
As an example, Fig. 9 shows two light curves for each of the
three transiting systems for two specific configurations of the spot
parameters. We can see that for a filling factor smaller than 0.001
(and spot temperature contrasts A7 lower than 300 K) the occultation
of the spot is not visible in the three light curves; for ff = 0.01 the
bump due to the spot crossing is instead clearly visible for the HD
17156 and HAT-P-11 stars, while it is, also in this case, comparable
to the noise level for the K2-21 star. This is due to the low S/N ratio
of the observation of this star (its visible magnitude is V = 12.8).

If we choose not to correct for the presence of the spot (or rather
we cannot because we have not realized its presence), the transit
depth will be overestimated in the data points where the spot is not
occulted and underestimated in the points where the spot is crossed by
the transiting planet, with an average effect depending on the specific
case. If instead we adopt the method described in the previous section
to correct both occulted and non-occulted spots, we will obtain:

AF; Ft— FAin ( SF, )
= =& ,

R(T)~  R(T) R 4o
where 6F, = F,(T,) — F,(T;). The term between parentheses in
equation (10) is difficult to determine, because g, is hard to estimate.
However, neglecting this term would lead us to underestimate the
planetary transmission spectrum extracted as F/A—FT”* by an amount
depending on the spot temperature, g; and F; (7). In the following
we will determine this underestimate for various couples of filling
factor and temperature values, in order to understand its impact with
respect to the noise level and whether it introduces a significant
chromatic dependence.

As an example, in Fig. 10 we show the distributions of the retrieved
transit depth in all the exposures, derived from equation (10), in

5Due to the high impact parameter of both the planet and the spot, for the
HD 17156 b system, a circular spot can be entirely in the visible stellar
hemisphere only if its filling factor is smaller than 0.012. Furthermore, for
the K2-21 b, the planet-to-star areas ratio is 6 x 10_4, S0 transits over spots
smaller than the planet can be analysed by extending the explored spot filling
factor interval towards smaller values.
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Figure 9. Transits light curves (omitting the out of transit, and ingress/egress of the planet) of the three analysed planetary systems in the first ARIEL photometric
channel, where the crossed spot is at half the transit time with the same impact parameter of the transiting planet. The input transmission spectrum of each target
contains traces of water. The continuous lines mark the cases without noise. The filling factors of the spot is shown in the header of the plot, and its temperature
is 300K cooler than the photosphere.
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Figure 10. Histograms of the transit depths retrieved from equation (10) in all the exposures for the first ARIEL photometer. The illustrated case refers to the
planetary system HD 17156 b, with a stellar spot 300 K cooler than the photosphere. The red colour identifies the transit data points if the spot is not crossed
in any of the two simulated transits, while the other colours identify the transit data points when the spot is crossed, for different star-disc filling factors. The
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2 2
vertical dotted black line is the input transit depth. On the left the case with ff < (%) , on the right the case with ff > <RT> .

ARIEL VISPhot channel, for the planetary system HD 17156 b,
by simulating two transits with different spot filling factors and
spot temperature contrast A7 = 300K. Out of the spot crossing
(red distribution) we are able to correct the transit depth since the
distribution of the retrieved results is narrow with a well-defined peak
at the input value (black dotted line), while during the spot crossing
the signal is systematically underestimated and the retrieved results
are distributed far from the true value (blue and green distributions).
Moreover, if the spot filling factor is smaller than the planet—star areas
ratio (left-hand panel of Fig. 10) and is different between the two
transits, we clearly distinguish the distributions of the retrieved transit
depths during the spot crossings in the two cases (blue and green
distributions). Therefore, the underestimates at each exposure are
measurable, at least for this planet and with the chosen combinations
of spot parameters, and if the distribution of the recovered transit
depths is asymmetrical (with a tail towards smaller values) we can
identify and remove the transit data points affected by the spot
crossing.

For each couple ff, AT, we simulate 1000 transit observations and
we extract the planetary spectrum from each transit as described
above. A comparison between the extracted planetary spectra and
the input planetary signal shows that the retrieved planetary spec-
trum is systematically biased towards smaller values. We quantify
this systematic underestimate in each of the 1000 simulations by
evaluating the median value M of the residuals of the retrieved

4500y /e Input spectrum
BN HD 209458 b

; Bl Median underestimate

1 2 3 4 5 6 7
Alum)

Residuals (%)
i
o

Figure 11. Upper panel: The blue region marks the values within one sigma
of the transmission spectra of HD 17156 b derived from 1000 noisy transit
observations, where the crossed spot has ff = 0.01 and AT = 1000 K. The
black dashed line is the input transmission spectrum. Bottom panel: the blue
region shows the residuals within-one sigma, while the narrow red region
indicates the median underestimates within-one sigma computed over the
entire band.

planetary spectrum computed over the entire band. As an example,
Fig. 11 shows the retrieved planetary simulated spectra of HD
17156 b for a crossed spot having ff = 0.01 and AT = 1000K:
the blue region in the upper plot delimits the values within one sigma
of the 1000 derived spectra, while the blue region in the bottom
panel shows the corresponding residuals, while the narrow red area
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Figure 12. The coloured regions show the median underestimates within-
one sigma obtained from planetary spectra extracted from 1 000 noisy transit
observations, for different sizes and temperatures of crossed spot. The red
colour corresponds to AT = 300K, the blue to AT = 1000 K. The black
dashed vertical lines represent the planet-to-star area ratios.

indicates the one-sigma median (M) residuals. The residuals exhibit
a systematic underestimate mainly below 2 wm, showing a chromatic
effect particularly relevant at shorter wavelengths, where the spot-
photosphere contrast is larger. The systematic offset is relevant for
the brightest targets (i.e. HD 17156 and HAT-P-11), for which the
effect is larger than the statistical noise, while it is less evident for the
lower S/N spectrum of the super-Earth K2-21 b where the statistical
fluctuations are larger than the offset.

The extension of this analysis to the three reference planetary
systems allow us to identify the median residuals for specific couples
of ffand AT. The results are shown in Fig. 12, where each coloured
region marks the values within one sigma of the median residuals
derived from the 1000 simulations for various combinations of the
spot parameters. This analysis shows that even in cases of bright
stars, for small values of spot filling factor ff and low temperature
contrasts AT, the systematic bias of the retrieved planetary spectrum
may be neglected since the median bias is of about 1 per cent, i.e.
comparable to the spread of the retrieved signal for non-crossed spots.
Conversely, for high-contrast spots, the underestimates introduced by
the method are larger but in these cases the bumps are visible in the
light curve and they can be removed from data, thus limiting the
planetary spectrum extraction to the transit data points where the
spot is not occulted. The effects are never measurable for K2-21 b.

5 SUMMARY AND DISCUSSION

We have developed a method to extract the atmospheric transmission
spectrum for systems with transiting planets in the presence of
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non-occulted stellar spots by modelling the spot temperature and
size from out-of-transit observations. The method is proposed for
the ARIEL mission and it is tested with three ARIEL’s potential
targets of planetary systems, taken from the Edwards et al. (2019)
catalogue: HD 17156 b, HAT-P-11 b, K2-21 b. For each target, we
have generated a set of out-of-transit spectra for stars with one-
dominant spot by linearly combining the spectrum of the unperturbed
photosphere with spectra corresponding to pieces of photosphere
at cooler temperatures, taken from BT-Settl models (Baraffe et al.
2015), and different filling factors (see equation 1), thus mimicking
the presence of one spot (for different physical and geometric
parameters) on the stellar surface and taking into account the
instrumental properties.

We have developed an algorithm to fit the noisy spotted star
spectra and to recover the spot temperature and filling factor; in
order to test the method we have fixed the visible magnitude of the
three stars at V = 9 for uniformity of S/N ratio. The results of our
algorithm show that we reliably recover the spot’s parameters. In
particular, in the cases of low contrast between the photosphere and
the spot, the studied cases show that the effect of the noise is larger
than the effect of the spot, therefore the uncertainties of the fitted
parameters are large; vice versa, for a high spot-star contrast the
fitted spot parameters are less uncertain and span smaller intervals
of ff and T;. The bluest photometric channels contribute most to
the retrieval of the spot parameters, because the spot contribution to
the stellar spectrum is larger at shorter wavelengths. Furthermore,
for low temperature contrasts and small filling factors (i.e. AT <
300.0K and ff < 0.03), the fitted spot parameters show a significant
dependence on the initial condition of the fitting algorithm for the
star HD 17156, making very hard to detect the presence of small
spots with low temperature contrast in this type of star. However
we have verified that in these cases the spot-related influence on the
planetary transmission spectrum extraction may be ignored, because
it is comparable to the noise level.

With this method, the analysis of the out-of-transit spectra of
each ARIEL’s target will lead to the systematic characterization of
photospheric activity due to the stellar spots in stars of different
spectral types, providing valuable information about the temperature
and size of spots on the stellar surface. In addition, the method will
help to characterize the temporal evolution of the spots on different
kinds of stars when observations at different epochs are compared,
giving important information on some characteristics of magnetic
activity as a function of star properties.

For each target, we have analysed the effect of the spots on transit
simulations and we have evaluated in which regimes the presence of
non-occulted spots significantly affect the extraction of the planetary
signal. To simulate the transits observations we have used the nominal
V magnitude of the three stars. We find that for small spots 300.0 K
cooler than the photosphere, the correction of the planetary spectrum
is, in general, not necessary for all the three analysed cases. For higher
temperature contrast (AT = T, — Ty = 1000.0K), the planetary
signal is systematically overestimated if photospheric activity is
not properly corrected, especially in the visible band where the
spot-star contrast is larger. In order to correct the transit depth,
we recover the spectrum of the unspotted photosphere from out-of-
transit observations and compare the difference between the out-of-
transit and the in-transit spectrum with the spectrum of the unspotted
photosphere (see equation 6). We assume that the distribution of
spots on the visible stellar hemisphere does not vary during the
transit time-scale.

We have shown that our method can distinguish planetary at-
mospheres with and without water traces and that it is robust
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with respect to a realistic spot distribution, demonstrating that
in the case of a two-spots system we retrieve ‘effective’ spot
parameters that allow us to extract the planetary spectrum. Moreover
the method works better when the stellar parameters are better
characterized. This result strongly shows the need to have a re-
liable and uniform characterization of the ARIEL stellar targets
parameters.

Finally, we have estimated the effect of using our method,
developed to correct for non-occulted spots, to transits over the spots.
The results are given as a function of the spot parameters. For the
cases of high S/N ratio (HD 17156 and HAT-P-11 planets) and with
a high contrast spot, our method underestimates the planetary signal;
the bias is here identified as the median value of the residuals of the
retrieved planetary signals. Furthermore, in these cases, the residuals
show spurious slopes below 2 pum, where the distortions of the
stellar spectrum due to the spot increase. However, the underestimate
is small, comparable with noise, when the temperature contrasts
and the filling factors are small, while for higher contrast spot the
underestimate is significant, but the bump in the transit light curve
is well evident, can be identified and removed from the data. These
effects are indistinct for the planet K2-21 b due to the very low
S/N.

We plan to develop and expand our method; the next step in this
project will be improving and making more detailed the model of
stellar activity, by including other photospheric inhomogeneities and
limb darkening effects.
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APPENDIX: TRANSITS OVER THE SPOTS

In this Appendix we derive equation (8), which provides the inter-
section area g, ¢; between the spot and the planet at each exposure.
Fig. A1 shows the geometry of the spot crossing, with a zoom on the
spot occultation. For simplicity, we assume that the spot projection
on the stellar disc is a circle with radius Rgpet, while R; is the planetary
radius, whose projection is a circle too. Be I'j; and I'; the two circles
representing the planet and the spot projections respectively, and d

Planet

Spot

Star

Figure Al. Representative image of the spot crossing. The spot is circular
and is in the transit chord. The right-hand side box is a zoom on the spot
crossing. I'1; and I'; are the circles representing the projections on the
stellar disc of the planet, with radius Rj, and of the spot, with radius Ry,
respectively; d the distance between their centres O and 0. The overlap-
ping area between the spot and the planet is represented by the coloured
region.
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the distance between their centres O and O'. The simplest cases
are:

(1) Repot + R;. < d: the spot and the planet do not overlap and the
intersection area is A = 0;

(i) Rypot < R) andd < R, — Rypo: the planet is completely covering
the spot, so the intersection area is A = 7 R?

spot;
(iii) Rgpor > Ry and d < Ry — Ry the planet is entirely over the

spot, so the overlapping area is A = 7 R2.

The most general case is when there is a partial overlap between
the spot and the planet (|[R), — Rypot| < d < R; + Rgpor). We define
POO' =a and PO'O = B (Fig. Al); here we will discuss the
case where both o and 8 are acute angles. This case occurs as long
as:

d < \/|R} = Riuil- (AD

We will derive equation (8) in this configuration, but it can be proved
by using a similar approach also for the other possible configurations
(o acute and B obtuse or vice versa).

From Fig. Al, the intersection area .4 can be written as:

A=APQOr;)+ A(POr,), (A2)

where A(-) indicates the area of the object in brackets, P Qr,, and
P Qr, are the two circular segments delimited by the chord PQ (the
blue and red region of the zoom in Fig. A1). The previous equation
may be rewritten as:
A=AOPQ.;)— AOPQ,)

+AO'PQ.s) — A(O'PQy), (A3)

where the subscripts c.s. and ¢ stand for ‘circular sector’ and
‘triangle’, respectively. The areas of the two circular sectors are
respectively:

‘A(OPQL‘Y) = R%d
AO'PO.,) = Rp. (Ad)

By applying the Pythagorean theorem we derive:

AOPQ,) = di\/R? —d},
A(O'PQ,) = dy\/ Ripor — d3;., (AS)

where d,; and d»; are respectively:
dy; = R; cosa
dy, = d —dj,. (A6)

We express the intersection area A in terms of Ry, Repo, and d. From
Fig. Al:

PQ =2R; sin«x
PQ =2Rsinf ) (A7)
d = R; cosa + Ry cOs B

From the first two relations of equation (A7) and the fundamental
trigonometric identity we obtain:

R
sine = —2 sin B (A8)
Ry
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R2
cosa = 1/1 — —gin2 B (A9)
R)\

By squaring the third relation of equation (A7):

d? R cos>a + R cos? B + 2R), Rypor cOS 0 cOs B (A10)

spot

Through equation (A8), equation (A9) and fundamental trigonomet-
ric identities, we rewrite equation (A10) using just the trigonometric
function sin B:

d* = R} — R?sin*a + prm prol sin® B

+ 2R Rypo cos a cos (A1l)
d* = R2 + Rszpot 2R§p0t sin’ B

+2R; Rypor ‘p‘" in2 B/1 — sin? B (A12)

The following steps consist in isolating the term with the radicals
in equation (A12), squaring both sides of the equation thus obtained,
calculating the products and rearranging in order to derive sin 8 as a
function of R;, Ry, and d:

d> - R} — R? R R2
pot Sispot spot . B
4 seat — /1 — 3P gin2 1 — sin?
2R, Rops R, sin® B = R? sin® 8 sin® 8
(A13)
&P-R—-R,\ R 4> — R — R2
spot + ~spot sm ﬁ + Az spot sin2 /3
2R; Rypor R? R?
R? + R? R?
=1- =i P sin® B+ I;‘”‘ sin B (A14)
A s
d2 d2 _ RZ
—sin®g=1- 75"”‘ (A15)
RA ZRA spot
sin? § = —d* = Ry, — R} +2d°R} 4+ 2d*R; + 2R} R,
4d?R%,
(A16)
s \/ —d* — Rbo — RY + 242 R2 + 2d°R? + 2R?R2,,
sin =
2d Rypo
(A17)
Thus:
cos? f d*+ R, + R} +2d°R%, — 2d°R} — 2R;R2,,
4d?R%,,,
(A18)
2
+d* -
cos’ B = “P"‘i (A19)
2d Rypor
2
cos = L. (A20)
2d Rypor

Substituting equation (A16) and equation (A17) in equation (AS8)
and equation (A9), similarly we obtain:

220z Atenuer |z uo 1senb Aq 25Z866G/€€ . L/2/10S/QIOIME/SEIUW/WO0D dNO"OlWaPEDE//:SARY WO POPEOJUMOQ



VA — R = R+ 242R} 4+ 242 Ry + 2R3 Ry
2dR,

sina =
(A21)

R} +d* — R?
cosa = % (A22)
7%

Finally, we can express the areas A(OPQ.;), A(O'PQ.;) in
equation (A4) as:

R} +d* —RZ
A(OPQ,,) = R; arccos (*Sp‘"

2dR;

R2  +d*— R}

spot
A(O,PQ(S) = prot arccos (‘PO)

A23
2d Rpor (423)
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while dy; and dy; in equation (A6) become respectively:
_ R% + d* — Rszpot
Y
Ri, +d*— R}
by = spot A ) A24
n= (A24)

By substituting these terms in equation (A3) and by expressing
the intersection area as a fraction of the area of the stellar disc 7 R?
we obtain equation (8).

This paper has been typeset from a TEX/IATEX file prepared by the author.
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