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We present a new synergic strategy that merges the potential of asteroseismology with
solar space weather/climate techniques in order to characterize solar-like stars and their
interaction with hosted exoplanets. The method is based on the use of seismic data
obtained by the spacemissions Kepler/K2 and TESS Transiting Exoplanet Survey Satellite,
coupled with stellar activity estimates deduced from ground-based campaigns (e.g.,
Mount Wilson Observatory HK Project). Our investigation allows us to determine not
only highly accurate fundamental parameters of the mother star and its orbiting planet, but
also to study the stellar magnetic activity and the star-planet interaction: in analogy to the
Sun-Earth system, it is possible to infer the mean stellar wind acting on the exoplanet in
order to define the conditions of the exoplanetary environment and the erosion of its
atmosphere with an impact on the habitability of the planet.

Keywords: exoplanets, solar-type stars, asteroseismology, stellar magnetic activity, habitability, stellar wind, stellar
pulsations, star-planet interaction

1 INTRODUCTION

The high–precision and continuous photometric measurements performed by space missions,
such as CoRoT (Baglin et al., 2006), Kepler/K2 (Borucki et al., 2010) and TESS (Ricker et al., 2014),
have not only allowed to discover thousands of exoplanets in orbit around solar-like stars, but also
to disclose the structural and dynamical properties of many of the detected stars, including their
evolutionary state, by applying the methods of asteroseismology. However, stand-alone
photometry is a limited tool for the characterization of exoplanetary systems. The
combination of different approaches, both theoretical and observational, are needed in order
to really progress in this field.

As we have learnt from our Solar system, the main physical parameters of a planet and its
equilibrium temperature are not sufficient to characterize the habitability conditions. An accurate
knowledge of the fundamental parameters of the host-star is crucial for the interpretation of the
detection of an exoplanet, the study of its structure and its evolution. Moreover, a necessary other
ingredient for a complete characterization is a detailed assessment of the interaction between host-
star and its planets (Airapetian et al., 2020). Indeed, manifestations of stellar activity in the form of
coronal mass ejections, energetic particles, stellar flares and winds, as well as an high stellar flux in
particular wavelength ranges (e.g., UV, X-ray), can strongly affect the planetary environment.
Extreme space weather conditions, such as those created by frequent flares and coronal mass
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ejections from active stars and young Sun, may profoundly affect
the chemistry and climate of terrestrial type exoplanets (see e.g.,
Cohen et al., 2015; Dong et al., 2018).

The strategy that we propose here brings together asteroseismic
tools and space-weather/space-climate techniques, to characterize
host Sun-like stars and the way they influence the environment
around exoplanets. In particular, by analyzing the photometric
measurements provided by space missions and by making use of
asteroseismic techniques, we are able to obtain the main stellar
parameters with high precision, allowing to have an accurate
characterization of host stars. On the other side, stellar activity
measurements from ground-based observatory allow us, by making
use of a model that we calibrated on the Sun-Earth system, to
estimate the stellar wind pressure acting on exoplanets, and hence to
evaluate the effects on their magnetosphere.

The stellar targets to which apply this strategy include main-
sequence solar-like stars hosting, possibly rocky, exoplanets, for
which both asteroseismic and magnetic activity observations are
available. Considering the fact that we wish to extend to other stars
the techniques developed for the Sun, it is important to clarify that
low mass, intermediate age stars of spectral type G, should represent
the best targets for our study. The only limit to the application of the
present strategy is represented by the fact that presence of enhanced
magnetic activity might be responsible for suppression of solar-like
oscillations as already found in several targets (e.g., García et al.,
2010; Chaplin et al., 2011; Mathur et al., 2019).

2 STELLAR CHARACTERIZATION WITH
ASTEROSEISMOLOGY

During the last decades striking results have been obtained for
several hundreds of cool main-sequence, post main-sequence and
red-giant stars which exhibit solar-like pulsations, as in the Sun,
excited by near-surface turbulent convection. In fact, solar-like
pulsations provide the unique opportunity to study in details the
internal structure and rotation of the stars and to put very
stringent constraints on the fundamental stellar parameters.
Accuracy of the order of few % in the determination of the
mass and the radius and less than 10% in the age, much higher
than with any other method, have been reached by the use of
asteroseismic techniques (see e.g., Metcalfe et al., 2010; Mathur
et al., 2012) in combination with measurements of chemical
composition, position, distance and velocity obtained by large
spectroscopic surveys (e.g., GAIAGaia Collaboration et al., 2016).

Any asteroseismic study starts from the detection and
identification of the pulsations properties of a star, deduced by a
careful analysis of the oscillation spectrum obtained by photometric
observations. Then, by the application of well developed techniques
and the use of state-of-the-art stellar structure models built with
update evolutionary codes (e.g., Christensen-Dalsgaard, 2008b), it is
possible to obtain the stellar fundamental parameters and other
details of a star with detected solar-like pulsations.

2.1 Data Analysis
In order to analyze stellar oscillations we require that a power
spectral density (PSD) is computed out of the light curve of the

star we intend to analyze (e.g., García et al., 2011). Once the PSD
is available, the preliminary step is to estimate the overall signal
that constitutes each observation. This signal, broadly referred to
as background, comprises signal originated from stellar
oscillations (which are modeled through a typical Gaussian
envelope), granulation activity (often decomposed into
multiple components operating at different characteristic
timescales, each one reproduced by a Harvey-like profile,
Harvey 1985) and possible long-trend variations that could be
related to the presence of stellar activity, rotational modulation,
and instrumental effects (usually modeled by means of an
additional Harvey-like profile). This background fit can be
carried out by means of the public Bayesian inference software
DIAMONDS (Corsaro and De Ridder, 2014), which has a specific
adaptation for dealing with the multiple components that are
typically encountered in low- and intermediate-mass stars of
spectral types from F to K (Corsaro et al., 2017). Furthermore, one
can extract the average (or global) asteroseismic parameters,
namely the frequency of maximum oscillation power ]max and
the large frequency separation Δ], quantities directly linked to
fundamental stellar properties. A typical example of this analysis
is shown in panel A of Figure 1 for the solar-type star 16 Cyg A
observed by Kepler.

The final step in the data analysis foresees an additional level of
detail and it consists in measuring the observational properties of
the individual oscillation modes that belong to the region of the
oscillation power excess (see panel B of Figure 1). This analysis is
of particular complexity as it may involve the fitting of a large
number of parameters, moreover it can be accomplished only for
stars where the PSD has a signal-to-noise ratio that is sufficiently
high, along with the available frequency resolution, such that the
individual modes can be resolved. In these cases, we make use of
the public pipeline FAMED (Corsaro et al., 2020), which can
perform an automated analysis of tens of individual mode
properties in a reasonable amount of time.

2.2 Asteroseismic Assessment of Stellar
Physical Properties
In the context of stellar asteroseismic characterization a key role is
played by empirical relations, found by studying oscillation
properties of hundreds of stars, that connect observable
quantities with stellar physical parameters. In fact, a first
estimate of global stellar parameters can be obtained starting
from the main properties of the oscillation spectra, such as the
large frequency separation (Δ]), namely the difference between
frequencies of same harmonic degree, and the frequency of
maximum oscillation power (]max) (Brown et al., 1991;
Kjeldsen and Bedding, 1995; Huber et al., 2011). The large
frequency separation (Δ]), defined as the inverse sound travel
time through the stellar radius (Tassoul, 1980), is linearly
proportional to the square root of the stellar density (Ulrich,
1986) and hence it is related to the stellar mass and radius. The
frequency of maximum oscillation power (]max) is expected to
scale with the acoustic cutoff frequency (]ac) (Brown et al., 1991):

]max ∝ ]ac ∝g T−1/2
eff (1)
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where Teff is the effective temperature of the star and g is its
surface gravity. Hence by definition, ]max is also related to the
mass and the radius of the star. A set of powerful scaling-laws,
normalized to solar values, can be used to roughly determine the
mass and radius of a star once Δ] and ]max are known, as
suggested by Huber et al. (2011):

M

M⊙
≃

]max

]max ⊙
( )

3 Δ]
Δ]⊙

( )
−4

Teff
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( )

3/2
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A more precise characterization of the stellar structure, and in
particular the age, can be obtained looking at individual pulsation
frequencies, instead of using the average oscillation properties of
the spectra, and comparing them with frequencies obtained by
theoretical models built in order to match all the available
photometric and spectroscopic parameters of the star under
study or by employing more sophisticated techniques, such as
inversion methods (Di Mauro, 2016).

Once the planet host has been properly studied, different
exoplanetary details can be deduced with a good accuracy

(Campante et al., 2018; Lundkvist et al., 2018). Several
attempts have been tried to determine, for example, the orbital
elements from the parameters of the star, but certainly the
estimate of the age is the most important for understanding
the history of the planet and its habitability. Generally, the ages of
single main-sequence stars are inferred from empirical indicators,
such as activity, rotation or from stellar model isochrones that are
compared to observed classical parameters. However, the
precision and accuracy that can currently be reached with
these methods is not good enough (Lebreton and Goupil,
2014), compared to the possibility to use asteroseismic data.

As an example, here we report the case of GJ 504 (HD 115383),
a G0-type solar-like star with effective temperature Teff ≃ 6200 K
and surface gravity log g = 4.29 ± 0.07 dex (D’Orazi et al., 2017).
This target appears to be more massive than the Sun (M = 1.28 ±
0.07 M⊙), with a radius R = 1.38 ± 0.2 R⊙ as predicted by
theoretical models (Di Mauro et al., 2022), but its evolutionary
stage is still an open question, with consequences for mass
estimation of its star’s companion named GJ 504b, which
could be a Jovian planet or a brown-dwarf. Panel C of
Figure 1 shows the comparison between the average large
separation obtained with a very low resolution by the analysis
of the photometric TESS data collected in 120-s cadence mode

FIGURE 1 | (A): An example of power spectral density (gray) for the solar-like star 16 Cyg A observed by Kepler. The solid red curve is a fit to the background as
obtained by Corsaro et al. (2020), consisting of three Harvey-like profiles (blue dotted–dashed curves) plus white and colored noise (yellow dotted–dashed line). A global
fit to the oscillation power excess is shown by the blue dotted–dashed Gaussian curve and the net effect on the background is visible as a doted green curve. (B):
Observed frequency spectrum of 16 Cyg A centered in the frequency range around the frequency of maximum oscillation power (indicated with the yellow dashed
line), showing the typical Gaussian-like shape. (C): Large separation Δ] as a function of the frequency for two theoretical models (identified by red and blue colors) of the
star GJ 504, chosen to fit the spectroscopic parameters. The dashed line indicates the still uncertain observed value Δ] =(85.0 ± 3.6) μHz, with the confidence interval
shown by the gray shaded area. Different symbols are used to distinguish between the modes l =0 (squares) and l =1 (triangles). (D): Échelle diagram for GJ 504
computed for the two models of panel C, with model’s average large separation values Δ] =87.8 μHz (blue color model) and Δ] =104.5 μHz (red color model) (Di Mauro
et al., 2022). Different symbols are used for modes with different harmonic degrees, squares for l =0, triangles for l =1, circles for l =2 and stars for l =3.
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and the theoretical value as a function of the oscillation frequency
for modes l = 0 and l = 1. Here the theoretical adiabatic oscillation
frequencies have been computed by using the ADIPLS package
(Christensen-Dalsgaard, 2008a) on theoretical models built in
order to match all the observed spectroscopic parameters. Among
all the possible models, we show one model which seems
compatible with the unconfirmed value of large frequency
separation Δ] = (85.0 ± 3.6) μHz (Di Mauro et al., 2022). It is
very interesting to notice that models that match the luminosity
deduced from the Gaia Parallax, are characterized by a very young
age ≤ 0.7 Gyr, while models which reproduce the provisional
large separation (85.0 ± 3.6) μHz show more evolved structures
with age above 2 Gyr. It is clear that even just the measurement
of the large separation, once confirmed, will definitely help to
constrain the debated evolutionary state of this target and of its
companion. But this will be achieved only with better conditions
of signal to noise ratio (i.e., spectroscopic observations, shorter
cadence mode etc, . . .).

A more detailed comparison between theoretical and
observational frequencies is usually done by employing a so
called échelle diagram, like the ones shown in panel D of
Figure 1, obtained for two theoretical models of GJ 504 with
parameters given in panel C. This diagram shows, for each
harmonic degree, vertical ridges of frequencies in which
consecutive symbols are equally spaced by the large
separations. The distance between two adjacent columns of
frequencies represents the small separation. Clearly here, the
two theoretical models show a different oscillatory pattern.
Please notice that for GJ 504 no individual observational
frequencies have been already detected, but a comparison with
the theoretical frequencies will have allowed to determine the age
with an accuracy of less than 10%. In addition, the échelle
diagram shows, for each l, a weak oscillatory signal so that
symbols do not form straight columns. The characteristics of
such signal are related to the location and thermodynamic
properties of discontinuities occurring inside the star. By
isolating the oscillatory components from the observed
frequencies of oscillations it is possible to determine, for
example, the location of the base of the convective envelope.
This information is highly important also for testing stellar
dynamo theories (Corsaro et al., 2021) and studying the stellar
magnetic activity.

3 MAGNETIC ACTIVITY

Characterizing a star does not mean only to determine the main
stellar parameters and its spectral type, but it requires also a
precise assessment of the activity level, which is a measure of how
strong the surface magnetic field is (Schrijver and Zwaan, 2000).
In order to quantify the magnetic activity of a star, indices linked
to physical quantifies (i.e., physical indices), like the flux in a
particular spectral band, are the more appropriate ones. The
intensities of emission in the chromospheric H (393.3 nm) and K
(396.8 nm) lines of the Ca II represent strong markers of stellar
magnetic activity (Hall, 2008) and for this reason many activity
indicators are based on them (e.g., RHK′ , Ca II K index, S-index).

The longest and widest observational campaign of the emission in
the Ca II H&K lines, for thousand solar-type stars, comes from
the HK Project conducted at the Mount Wilson Observatory
(MWO) starting from 1966 and operating for almost 40 years.
The MWO observations are given in terms of a dimensionless
parameter, the S-index, which is defined as the ratio of emission
in the H & K lines cores to that in two nearby continuum
reference bandpasses (Vaughan et al., 1978; Wilson, 1978).
The majority of our knowledge about stellar magnetic activity,
the presence of periodic variability (i.e., stellar cycles), as well as
how the activity level is related to other stellar properties, come
from the analysis of these measurements. For instance, as seen in
the Ca II emission, the magnetic activity of main-sequence stars is
known to decrease as the inverse square root of the age
(Skumanich, 1972). This result constitutes a milestone in the
stellar characterization, with a direct impact also from the point
of view of habitability conditions around an host star, due to the
fact that young stars are typically more active. An example on
how information on the magnetic activity cycle can be deduced
from the MWO chromospheric emission measurements is
depicted in panel A of Figure 2, for the star HD 76151, a G3-
type solar-like star with effective temperature Teff ≃ 5790 K and
surface gravity log g = 4.49 ± 0.06 dex (Marsden et al., 2014). Here
we show the Ca II K index, computed from the S-index using the
relation by Egeland et al. (2017), which for this star covers a time
period of 30 years and allows to see an almost well-defined cycle.
Measurements like this one are available, within the MWO
dataset, for thousand solar-like stars and constitute a great
asset in the stellar characterization, especially for their
temporal extension.

4 HOST STAR—PLANET INTERACTION

To date, we have a simplified notion of habitability on extra-solar
planets, mainly related to the concept of Habitable Zone (HZ). It
is indeed based on the flux of radiation incident on a planet, and is
classically defined as the range of distances from the host star in
which a planet could potentially maintain liquid water on its
surface (Hart, 1979; Kasting et al., 1993; Kopparapu et al., 2013).

Nevertheless, the stellar irradiance is not the only source to
consider in the evaluation of the stellar environment from the
habitability point of view. The variability of the host star and the
extreme events must also be considered, as well as the flux in
particular wavelength ranges (e.g., UV) compared to the
bolometric one. The increase in UV and X-ray star’s flux
generated by flares can strongly affect the near stellar
environment. This radiation has enough energy to modify the
stratospheric ozone cycle of an Earth-like planet, which plays a
central role in the thermal structure of high atmosphere (Lovric
et al., 2017). Recent studies have assessed the effects of high
flaring activity on exoplanets, showing that ozone shield may be
comprehensively destroyed, leaving the planet’s surface
unprotected to extreme radiations that can damage complex
organic structures (e.g., Tilley et al., 2019). Looking to more
general effects on exoplanet’s atmospheres, frequent strong flares
on active and young stars are disadvantageous for hosting life,
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because the atmospheric composition of orbiting planets is
constantly altered (Vida et al., 2017). In the worst cases of
unmagnetized (unprotected) planets, the atmosphere can even
be eroded (Roettenbacher and Kane, 2017; Loyd et al., 2020).

When studying the star-planet interaction, a key point is
represented by the evaluation of the stellar winds effects on
the planetary environment. In magnetized planets, a main
outcome of this interaction is represented by the perturbation
and compression of the planetary magnetosphere. A direct
measurement of the exoplanet magnetic moment is a difficult
task. Different methods have been proposed, involving bow-
shock observations during transits (Vidotto et al., 2011), radio
signature (Hess and Zarka, 2011) or atmospheric escape structure
detections (Carolan et al., 2021). All proposed techniques have a
bias towards giant planet magnetospheric detection.

Nevertheless, magnetic field in terrestrial exoplanets can be
estimated by dynamo models assuming an internal planetary
structure model (see e.g., Driscoll and Olson, 2011). In general, it
is interesting to estimate the magnetospheric compression of an
Earth-twin exoplanet under the effect of host star stellar wind.
Such method has been applied to a sample of solar-mass stars by
assuming a Parker stellar wind model and using Ca II H&K lines
measurements in See et al. (2014). Indeed, the magnetosphere
extension can be estimated by the so called magnetopause
standoff distance (RMP), defined as the distance from the
planet at which the planetary magnetic field pressure balances
the stellar wind dynamic pressure. On the Sun-Earth system such
interaction results in a day-side average standoff distance of
~ 11RE (Shue et al., 1997), but in general it depends on the
solar activity level via the solar wind.

Recently, we calibrate on the Sun-Earth system some relations
which allow us to relate the solar activity, by means of the Ca II K
index, with the solar wind speed and dynamic pressure (Reda
et al., 2021, 2022). We also introduce a model which allows to
compute the Earth magnetopause standoff distance simply
starting from the above activity index (see Reda et al., 2022
for further details). Because of the use of a physical proxy, as the
Ca II K index, such relations are very useful and can be employed
to estimate the stellar wind properties in solar-like stars for which

similar measurements are available. Panel B of Figure 2 shows, as
example, the magnetopause standoff distance of an hypothetical
Earth-twin planet orbiting at 1 AU around the solar-like star HD
76151, computed with our model. Due to the higher level of
chromospheric activity of this star compared to the Sun, an
Earth-twin planet orbiting around it would have a mean
magnetosphere extension of ~ 9RE, which would be more
compressed than the Earth one because of the stronger stellar
wind pressure.

5 DISCUSSION

Although the concept of habitable zone has been in the literature
for some time, it is only in the last few years that complementary
strategies have allowed a more rigorous definition, in order to
understand how long an exoplanet may have been able to
maintain habitability, so that life has had the opportunity to
originate and to develop. Under the hypothesis that the evolution
of life requires sufficient long times in a constant environment, it
appears clear that a lasting stability of the atmosphere plays the
most crucial role, since the planet should have survived not only
to the period of heavy bombardment by asteroids and comets, but
also during the host stars’ active X-ray, extreme ultraviolet (XUV)
and stellar wind exposure (e.g., Wood et al., 2002; Lammer et al.,
2003) occurring during the early phases of planetary system
formation.

The extreme efficiency of asteroseismology in supporting the
exoplanetary program has been demonstrated by several recent
works (see e.g., Campante et al., 2018; Lundkvist et al., 2018), but
we believe that our synergic strategy has the additional potential
of enabling to characterize, not only the main stellar and
planetary parameters such as the dimensions, the density and
the age, but also to infer the stellar magnetic activity and the
interaction between the star and the hosted planets. Knowledge
about the magnetic activity level of the host-star and its influence
on an orbiting planet will allow for example to get conclusions on
the magnetosphere compression which, as known, is directly
connected to atmospheric erosion processes induced by stellar

FIGURE 2 | (A): Ca II K index of the star HD 76151 for the time interval 1966–1996, obtained from the MWO S-index measurements. (B): Magnetopause standoff
distance (red line, with confidence interval represented by the gray shaded area) of a fictitious Earth-twin planet orbiting at 1 AU around the solar-type star HD 76151. The
continuous black line indicates the mean value, while the dashed black line shows the mean Earth value as reference.
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winds, and strictly related to planetary habitability conditions.
We believe that this method is clearly advantageous since it only
requires asteroseismic and chromospheric activity
measurements, already available for a large sample of stars
and further new measurements will be available in the next
years. This will produce results of particular interest once the
incoming data from operating space missions and from ground
based campaigns will have been fully exploited and understood.

The outcome will be of relevance especially in the context of the
future PLATO (PLAnetary Transits & Oscillations of stars) (Rauer
et al., 2014) space mission, whose primary goal is to detect terrestrial
exoplanets in the habitable zone of Sun-like stars. Since our model to
estimate the mean stellar wind is calibrated on the Sun, the best
targets to which to extend our procedure are represented by
intermediate age (≳ 2.6 Gyr) G spectral type stars, but we do not
exclude the possibility to consider for the future also early K- o late
F-type stars. A further requirement is a stellar Rossby number ≳ 1
which, as recently pointed out by Reinhold et al. (2019), is related to a
faculae activity regime, the dominant source of activity in the Sun. In
this respect of great help is the calibration from asteroseismology
recentlymade byCorsaro et al. (2021), which allows to determine the
Rossby number simply knowing the stellar (B − V) color index and
the rotation period. At present, we are preparing a catalogue of solar-
like targets observed by the Kepler and TESS satellites on which
presence of one or more exoplanets has been confirmed. Moreover,
for these targets measurements in the Ca II H&K lines have to be
available from ground observatories in order to estimate the
chromospheric activity and the mean stellar wind acting on the
orbiting planets.
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