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Abstract Stellar activity is the major astrophysical limiting factor for the
study of planetary atmospheres. Its variability and spectral characteristics
may affect the extraction of the planetary signal even for moderately active
stars. A technique based on spectral change in the visible band was devel-
oped to estimate the effects in the infrared due to star activity. This method
has been purposely developed for the EChO mission which had the crucial
characteristics of monitoring simultaneously a broadband from visible to in-
frared. Thanks to this capability the optical spectrum, whose variations are
mainly due to stellar activity, has been used as in an instantaneous calibrator
to correct the infrared spectrum. The technique is based on principal com-
ponent analysis which significantly reduces the dimensionality of the spectra.
The method was tested on a set of simulations with realistic photon noise. It
can be generalized to any chromatic variability effects provided that optical
and infrared variations are correlated.

Keywords Exoplanets · Atmosphere · Activity · EChO

1 Introduction

The EChO (Exoplanet Characterization Observatory) mission has been pro-
posed to the ESA Cosmic Vision program as a medium-size mission (Tinetti et
al. 2012). The scientific objective of EChO is spectral observations of a port-
folio of exo-planetary atmospheres in order to determine their physical con-
ditions. The observational methodology is based on differential spectroscopy
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2 Giuseppina Micela

in and out of transit, which leaves a signal of the order of 10−4 of the stellar
one. Such a tiny signal requires a ”perfect” knowledge of the stellar spectrum,
which has to be known (at least) at the same level of the planetary signal.

Beside the instrumental and poissonian fluctuations, the variations due to
stellar activity are the main sources of astrophysical noise and may affect the
measurements of planetary atmospheres, specially during the primary transit.
The hypothesis that justifies the subtraction of the spectra taken in and out
of the transit is that the planet occults a portion of the stellar surface that
has the same flux of the average stellar surface, thus reducing the transit to
a purely geometrical effect. Unfortunately activity is a coloured phenomenon,
therefore this hypothesis does not hold true for active stars. Several phenomena
may affect the transit observations, including granulation, flares, pulsations,
spots, and faculae. Granulation cell size is of the order of 108cm ( between
approximately 5 × 108 and 0.3 × 108cm from mid-F to dM stars, Beeck et al.
2013) much smaller than the size of the transiting planets targets of EChO.
Therefore granulation is not a problem for planetary observations since its
effect is averaged on the area occulted by the planet. This is true also for
atmospheres, whose observation is integrated in a circular annulus having the
internal radius larger than the typical scale of granulation. Pulsations are not
stochastic phenomena, therefore they may be modeled using the out of transit
observations to correct those made during the transit. Flares are stochastic
events that may last from few to several minutes, therefore they may take
place on the same timescale as transits. Their occurrence may be monitored
by specific indicators (i.e. Hα emission), though flares are difficult to correct.

Faculae have a typical temperature close to that of the unperturbed surface,
therefore their effects on planetary radius determination is minimal. Spots, on
the contrary may have a size comparable with that of the projected area of
the planets and have a temperature contrast of several hundreds of degrees,
which produces an important effect on the planetary measure. Their timescale
evolution is on the stellar rotation time and may affect the comparison between
the measures taken during and out of the transit, as well as from different
transits.

In fact the presence of cool spots modifies the transit depth in spectral
observations taken during the primary transit inducing an error in the plane-
tary radius determination. In the case of not occulted spot the net effect is an
overestimated planetary radius since the flux of the eclipsed stellar surface is
higher than the average flux measured out of transit (lowered by the presence
of a cool stellar spot). If a spot is occulted by the planet a typical bump will oc-
cur during the transit since the flux of the occulted spot is lower than the rest
of the surface. In the latter case the resulting radius will be underestimated.

Furthermore, since activity is a coloured phenomenon, it affects the ex-
tracted atmospheric spectrum or may even mimic the existence of a planetary
atmosphere, if not properly accounted for. Analysis of the variation timescale
will help in disentangling the origin of the observed variability, and a careful
spectral analysis will allow us to correct for activity-induced spectrum distor-
tion.

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



EChO spectra and stellar activity –I 3

A method is herewith presented to correct the stellar spectrum for activ-
ity effects that takes advantage of the large simultaneous wavelength EChO
coverage and moderate spectral resolution. The method uses the shape of the
spectrum in the visible band to predict and correct the shape of the spectrum
in the infrared.

In order to calibrate this method, a set of spectra is needed to cover as
much as possible the range of possible activity levels; the ideal set will be
given by the out of transits spectra collected by EChO itself. This will be
the best data set to adapt the method to a given star, with the reasonable
assumption that stellar spectra during the transits do not behave in a different
way than out of transit. The calibration of the method will be easily refined
and updated by accumulating data during the EChO lifetime.

Today, in the absence of EChO observed spectra or an equivalent set of
data, the method has been developed and tested on a set of simplified models of
spotted stars, with the idea that it may be generalized to any kind of model or
data. The only assumption behind it, is that the spectral variations in the NIR
band are correlated to those in the visible, therefore the proposed approach
can be applied to any kind of variations with this property.

In a companion paper (Scandariato and Micela 2014) a different analysis
has been presented, specifically developed for the case of dM stars, based on
a large set of observed medium resolution spectra.

2 The approach

Activity is prominent specially in the blue spectral window and has smaller
effects (even 4-5 times smaller) in the infrared band (i.e. Ballerini et al. 2012)
where the planetary spectrum is concentrated. Advantage of the broad band
coverage of EChO can be taken to correct the infrared spectrum using the
visible part of the spectrum. In practice the latter will be used as an instan-
taneous calibrator to correct the spectrum in the IR band in order to recover
the planetary signal uncontaminated by stellar activity. This approach can be
justified by the fact that the spectral variation observed in the optical band
may be attributed almost completely to the star activity whereas the planet
contribution is much smaller. In fact, while the effect of a stellar spot having
properties similar to those observed in the active Sun, is 0.7 -1% of the ob-
served flux in V band, depending on the spectral type (decreasing down to 0.3
- 0.6% in K band, Ballerini et al. 2012), the effect of a planetary atmosphere
during a primary transit is not higher than 10−4 of the stellar flux (a hot
Jupiter with an extended atmosphere).

Having a sufficient number of broad band spectra of a star observed at
different levels of activity, it is possible to calibrate the technique specifically
for that star. EChO will provide us with such spectra. In the meantime, this
approach can be developed and tested on a grid of purposely built models. The
following sections present the models and the method to correct spectra which
will be obtained by ECHO. The method will be tested through simulations
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4 Giuseppina Micela

of a set of spectra of real stars with a given SNR. These tests will be used to
verify the capability of the method to recover the infrared spectrum, based on
the visible band.

2.1 Active star models

This section presents how a set of stellar spectra at several levels of activity
is modeled. Although reasonably realistic, the model claims no completeness
(see Ribas et al. 2014, for more complete active star models), since its aim is
the development and calibration of the method. While the general behavior
will reflect that of the real spectra, there is no claim to reproduce the spot
details. The models of active stars are based on the technique used by Ballerini
et al. (2012) to estimate multi-band photometric effects of stellar activity, as
extended to spectroscopy.

The modeling of the stellar activity is based on the assumption that activity
is dominated by spots at T=Ts covering a fraction f (filling factor) of the stellar
surface

The stellar flux in the presence of spots can be expressed as in Eq. (1),
where other effects are neglected, including the limb darkening (see Ballerini
et al. 2012 for a discussion on these effects) and plages.

Fλ(obs) = (1 − f)×Fλ(T∗) + f×Fλ(Ts) (1)

T∗ is the effective stellar temperature for a given spectral type star in
the absence of spots, Ts is the spot temperature, smaller than T∗ and f is
the filling factor, i.e. the fraction of the projected stellar disk covered by the
spot(s). Fluxes Fλ(T ) are taken from models of Allard et al. (2011).

In the following the flux refers to the (0.55 -1.0 µm) band. The blue cutoff
is imposed by the instrument requirement while the red cutoff is a compromise
between having a band sufficiently broad and maintaining a small as possible
overlap with the band ”of interest” for planetary atmosphere. The EChO goal
to extend the blue band to 0.4µm would be a further advantage since the
stellar activity is specially evident in the bluest part of the spectrum.

For the present application for a given stellar photospheric temperature a
grid of spotted stars has been created as in Eq. (1). The filling factor (f) is
defined in the interval f = [0.001 − 0.101] and has a step of ∆f = 0.001. Ts
spans the [T∗−1500 − T∗] interval with a step of 100 K. Models from Allard et
al. (2013), BT- Settl (http://phoenix.ens-lyon.fr/Grids/BT-Settl/) have been
used . Spectra corresponding to temperatures not present in the Phoenix li-
brary are generated by interpolating spectra with the closest temperatures.

Spectra are degraded to a resolution R=300 to match the EChO resolution,
by filtering the original high resolution spectra with a Gaussian with σ =
λ/300.
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EChO spectra and stellar activity –I 5

2.2 Principal Components

The proposed method is based on the multivariate statistical technique known
as Principal Component Analysis (PCA, Jollife 1986). Principal Components
are linear combinations of the original variables rotated in a space of or-
toghonal variables. Since the new variables are chosen with the goal of maxi-
mizing the variance of first components, it is possible, establishing a threshold
to the explained variance, to reduce, even significantly, the dimensionality
of the space. The technique reduces the noise, normally represented by the
less significant components, and takes into account for possible dependencies
among the original variables. The technique of PCA has been already used in
an astrophysical context to classify spectra (e.g. Collura et al. 1995; Connolly
et al. 1995, Folkes et al. 1999, Hojnacki et al. 2008).

In the present application the ”observations” are a set of spectra repre-
senting all the possible spectra of the star at different levels of activity. The
original variables are the set of fluxes observed in each spectral bin (resolution
element), therefore the principal components are a linear combination of these
fluxes. The effectiveness of the method is strongly dependent on the choice of
the set of ”observations” used to derive the principal components. The best
choice should be a set of truly observed spectra of the target star at several
activity levels, ideally taken during an entire activity cycle. This implies the
need for a high precision spectroscopic, high S/N observing campaign on the
EChO targets before launch. Alternatively, the spectra obtained by EChO out
of the transits may give a set of data well suited for calibrating the method. In
order to test and calibrate the proposed method, the spectral grid is obtained
as explained above. Even if the present application is based on a model, the
method could be applied in a completely non-parametric way if calibration
relies on observed spectra. It must be stressed that the goal of the present
work is not retrieving the spot parameters but developing a method able to
estimate the spectral change in the infrared band, from the change observed
in the visible.

In order to determine the principal components of spectra the wavelength
range [0.55-1.0]µm, was used, normalized to its integral flux to detect shape
variations taking in no account absolute flux. In this implementation principal
components are derived by centering the variables (the flux in each spectral
bin) to their means. Normalization with respect to standard deviation, as
commonly applied in principal component analysis, is not done, since it is
intended to maintain the information on flux range in the different parts of
the spectrum.

In all the explored cases two components are sufficient to explain at least
90% of the variance. The first component is linked to the slope of the spectrum
whereas the higher order components are related to features of the spectrum.
Examples of the two first components for three representative cases are re-
ported in Figure 1.

The two components are directly connected with the model parameters,
temperature and filling factor of the spot. These relations are shown for the
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Fig. 1 First two components (left-right) for T∗=6000 K (top); T∗=5200 K (middle);
T∗=4200 K (bottom)

case with T∗ = 5200 K in Figure 2. The two other studied cases (T∗ = 6000K
and T∗ = 4200K) present qualitatively similar relations.

The first component alone is not sufficient to determine univocally the
spectral shape, here parameterized by both the spot temperature and the filling
factor, and presents a degeneracy in the two parameters. By combining the first
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Fig. 2 Dependence of first (left) and second (right) component on spot temperature for a
star with T∗=5200 K. Different curve lines correspond to different filling factors, the highest
in the upper part of the plot.

Table 1 Summary of parameters of the grid used to derive the Principal Components

G0 mid-G K5

T∗ 6000 5250 4200
Ts 4500-5900 3700-5100 2700-4100
f 0.001 - 0.101 0.001 - 0.101 0.001 - 0.101

two components it is possible to break this degeneracy and recover the original
spectrum. Projecting an observed spectrum on the principal component space
should enable the spot parameters to be derived and therefore the spectrum of
the original grid that better matches the visible part of the observed spectrum
to be identified.The infrared part of this spectrum will be the best estimate
of the ”true”infrared spectrum taking into account stellar activity. The plane
defined by the two components for the case with T∗=5200 K is shown in Figure
3.

The following analysis has been performed assuming the three stellar tem-
peratures reported in Table 1.

3 Simulations

In order to test the method capability to infer the infrared spectrum in the
presence of spots a set of star-spot combinations has been simulated. In
agreement with the EChO requirement on signal to noise in the visible band
SNR=200 per resolution element at 0.9 µm was assumed(considering only
photon noise, and scaling the SNR at the other wavelengths assuming a flat
instrument response). For each combination of Ts and f , 1000 simulations
were generated and the resulting spectra projected in the principal compo-
nent space. In order to recover the spot parameters and to save computational
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Fig. 3 Relation between the first two components for T∗=5200 K. Different lines correspond
to different filling factors (the highest in the right of the plot).

time a fit was not performed, but, for simplicity, the closest point of the grid
was chosen. The resulting sensitivity is therefore limited by the resolution of
the grid itself: ∆f=0.001 and ∆T=100 K, respectively. A more sophisticated
fitting procedure may be performed to obtain more finer tuned results. As
expected the best results are obtained for large filling factors and low Ts.

Since it was not intended to model the star in detail whereas it was desired
to correct for the activity or any other chromatic variations, retrieving precisely
the filling factor and spot temperature was not necessary. Therefore it was
assessed which spectrum of the grid, as represented by the first two principal
components, was more similar to the true spectrum referred to as the ”best
fitted” one. The fit procedure uses the visible spectrum alone and, assuming
that the variations in the visible band are correlated with those at longer
wavelengths, the NIR part of the best fitted spectrum is the best prediction for
the infrared spectrum. This approach can be used on any grid independently
of the origin of the spectra on which is based, models or observations. The
only assumption behind the method is that the visible and infrared variations
are correlated.

The capability of the method was tested on a few cases by comparing the
original spectral ”distortion”, defined as:

F ∗,u
λ

F ∗,sp
λ

(2)
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and the residual distortion after applying the above procedure, computed
as:

F ∗,best
λ

F ∗,sp
λ

(3)

where F ∗,u
λ is the spectrum of the star neglecting the presence of the spot,

F ∗,sp
λ is the ”true” stellar spectrum considering the spot (i.e. the simulated

spectrum), and F ∗,best
λ is the spectrum estimated as a result of this method

(the ”best fit” above).
Fig. 4 shows the result for three cases (stars with T∗=6000, 5200, 4200;

∆T=700K; f=0.01). The solid black line in the panel marks the uncorrected
spectral distortion, whereas the red lines mark the residual distortion obtained
by correcting the spectrum with the NIR best fitted spectrum derived from
the above procedure. The lines are the 25% and 75% percentiles obtained by
1000 simulations with S/N=200 per resolution element in the visible band.

The figure shows that the spectral distortion may be reduced significantly,
with the simple assumption that variability in the visible and NIR are corre-
lated, independently from the detailed origin of the variations.

4 Summary and conclusions

A method to correct the infrared spectrum for the effects due to spots, taking
advantage of simultaneous observation of the visible spectrum was developed.
The method projects the observed visible spectrum on a space defined by the
principal components computed from a grid of spectra. While in the ideal
case the grid may be built from a series of observed spectra of the same star
observed at different levels of activity at several time scales, the approach
herewith discussed created the grid from a set of simplified models of spotted
stars.

The first two components are sufficient to describe most of the variance.
These two components are related to the spot parameters by identifying the
combination of spot temperature and filling factor. In order to test the method,
a set of simulated spectra was generated, assuming SNR = 200 per resolution
element in the visible band and it was verified that in all explored cases the
NIR spectrum was reproduced pretty well , assuming as corrected infrared
spectrum, that of the best fitted visible spectrum.

The main assumption behind this technique is that the activity-induced
variations in the NIR band are correlated with those observed in the visible.
This is a reasonable assumption consistent with what is known on stellar ac-
tivity independently of the details (spot, plages, limb darkening, large spots
vs. several small spots, granulation, etc) that should make the method robust.
A test on the validity of this assumption may be based on a campaign of
mutiwavelength simultaneous observations, provided the needed instrumental
precision in all bands. In principle a set of spectral windows, particularly sen-
sitive to the activity can be used, replacing the role of the visible spectra. The

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



10 Giuseppina Micela

0
.9

9
8

1
.0

0
2

1
.0

0
6

F
lu

x
 c

o
rr

e
c
ti
o
n

0
.9

9
8

1
.0

0
2

1
.0

0
6

F
lu

x
 c

o
rr

e
c
ti
o
n

1 2 3 4 5

0
.9

9
8

1
.0

0
2

1
.0

0
6

micron

F
lu

x
 c

o
rr

e
c
ti
o
n

Fig. 4 Distortion of the near infrared spectrum for three cases (stars with T∗=6000, 5200,
4200; ∆T=700K; f=0.01). The solid black line in the panel marks the spectral distortion
without any correction. The red lines correspond to the 25, 50, 75th percentiles of 1000
simulations

most obvious ones include the chromospheric features such as Hα or CaII .
However in this case it is needed to note that the effects to be corrected are
generated at several layers of the atmosphere, not only chromosphere.

In this paper a grid of modeled spectra was used for simplicity. In order to
avoid all the uncertainties present in models, a grid may be purposely built for
each star, from truly observed spectra obtained at different levels of activity.
EChO itself will provide such spectra during its life from the out of transit
observations. It is also possible to organize focused ground observational cam-
paigns on EChO targets before launch. This will provide an initial grid that
will be updated as new EChO observations are obtained. Obviously, the finer
the grid is, the better will be the accuracy achieved. It should be stressed that
the relevant properties are not the absolute flux of the spectra, but their shape
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variations and how the variations in visible band are correlated with those in
the infrared.
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