of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 525, 286-296 (2023)
Advance Access publication 2023 July 18

https://doi.org/10.1093/mnras/stad2148

Large-scale structures in the stellar wind of fast-rotating stars spawned by
the presence of Earth-like planets

Ada Canet “23* and Anal. Goémez de Castro'?

Ljoint Center for Ultraviolet Astronomy (JCUVA), Universidad Complutense de Madrid, Plaza de Ciencias 3, 28040, Madrid, Spain

2S. D. Astronomia y Geodesia, Facultad de Ciencias Matemdticas, Universidad Complutense de Madrid, Plaza de Ciencias 3, 28040, Madrid, Spain

3 Departamento de Fisica de la Tierra y Astrofisica, Facultad de Ciencias Fisicas, Universidad Complutense de Madrid, Plaza de Ciencias 3, 28040, Madrid,
Spain

Accepted 2023 July 11. Received 2023 June 30; in original form 2023 January 20

ABSTRACT

Forming planets around young, fast-rotating solar-like stars are exposed to an intense X-ray/extreme ultraviolet radiation field
and strongly magnetized stellar winds, as a consequence of the high magnetic activity of these stars. Under these conditions,
Earth-like exoplanets may experience a rapid loss of their primordial hydrogen atmospheres, resulting in atmosphereless rocky
obstacles for the stellar winds. The interaction of stellar winds with those planets leads to the formation of potentially observable
structures due to the formation of large-scale magnetic field and density disturbances in the vicinity of these planets, such as bow
shocks, induced magnetospheres, and comet-like tails. In this work, we study the interaction between the stellar winds of active,
fast-rotating solar-like stars in the superfast-magnetosonic regime with Earth-like, unmagnetized, tenuous atmosphere, planetary
obstacles through numerical three-dimensional simulations using the PLUTO magnetohydrodynamical code. The properties of
AB Doradus, a nearby young star with a small rotation period (0.51 d) and a strong flaring activity, have been used to parametrize
this early wind state. Bow shock and induced magnetosphere formation are characterized through the Alfvénic Mach number
My of the wind, for different stellar wind configurations. Large bow shocks, up to an extension of ~7.0 planetary radii, are
found for low-Ma winds. The general increase of density, temperature, and magnetic field in these large-scale structures formed

around planets may result in potentially detectable spectral signatures.
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1 INTRODUCTION

Young, solar-like stars exhibit faster rotational periods as well as an
enhanced magnetic activity in comparison with their more evolved
counterparts. The X-ray/extreme ultraviolet (XUV) radiation of the
star, responsible for the heating, expansion, and hydrodynamic losses
of primary H-rich atmospheres, could reach extremely high values
for fast-rotating, magnetically active stars, resulting in XUV fluxes
that can be several orders of magnitude greater than the modern
Sun (Giidel, Guinan & Skinner 1997; Pizzolato et al. 2003; Ribas
et al. 2005). An Earth-like planet evolving under the influence of
this radiation may lose its entire primordial hydrogen atmosphere
in very short time-scales (Johnstone et al. 2015; Stokl, Dorfi &
Lammer 2015). The strong photoionizing radiation may also rapidly
ionize the thin layers of the remaining gas around the planet (Ayres
1997), suggesting that rocky, atmosphere-depleted/thin-ionosphere
obstacles could be a common scenario around these young, fast-
rotating stars. The loss of the primordial hydrogen atmospheres in
Earth-like planets supposes indeed an essential requirement for their
possible habitability (Johnstone et al. 2015; Owen & Mohanty 2016).

Beside the influence of the XUV radiation, coronal stellar winds
flowing from fast-rotating, magnetically active stars are expected to
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be faster, more magnetized, hotter, and denser in comparison with the
current solar wind (Johnstone 2017). The magnetohydrodynamical
(MHD) interaction between these rocky obstacles and the magnetized
stellar wind leads to the formation of structures in the vicinity
of the planet, in the form of recognizable magnetic and density
disturbances in the stellar wind background, including bow shocks,
magnetospheres, Alfvén wings, and comet-like wakes. The action
of these strong winds may produce more extensive and stronger
emission structures around the planetary obstacles, resulting in a
clear footprint of their presence around young solar-like stars.

The formation of these structures and their properties are de-
pendent on both the properties of the planet (i.e. the presence of
an intrinsic magnetic field or atmosphere, the conductivity of the
possible present ionosphere, etc.) and the characteristics of the
incident stellar wind. The interaction of strong stellar winds and
planets with an atmosphere and/or an intrinsic magnetic field has
been widely studied in the exoplanetary context, and the formed
plasma structures have been predicted and characterized (e.g. Cohen
et al. 2014, 2022; Matsakos, Uribe & Konigl 2015; Daley-Yates &
Stevens 2017; Villarreal D’ Angelo et al. 2018; Canet & Gémez de
Castro 2021; Harbach et al. 2021; Khodachenko et al. 2021; Varela
et al. 2022). However, the formation of these structures has not been
characterized in the case of bare, unmagnetized rocky planets, once
the primordial hydrogen atmosphere has been almost completely
removed. The objective of this work is to fill this gap.
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Different wind—planet plasma structures are expected in the case
of the interaction of strong stellar winds and planets devoid of an
atmosphere and with a weak/absent planetary magnetic field, where
the interplanetary magnetic field carried with the stellar wind directly
interacts with the planetary ionosphere or surface. The ionosphere
of the planet results in a highly conductive medium to the highly
ionized stellar wind, producing electric currents in the ionospheric
cavity around the planet, and leading to the formation of induced
magnetospheres, found around the Solar system, in the case of rocky,
unmagnetized planets like Mars and Venus (Bertucci et al. 2011).
These structures have also been predicted for non-magnetized hot
Jupiters under the influence of strong stellar winds (Erkaev et al.
2017).

Formation of bow shocks around planetary obstacles is a natural
consequence of the interaction of these bodies with superfast-
magnetosonic stellar winds, also in the case of non-atmosphere,
unmagnetized planets. A bow shock constitutes a travelling com-
pressing wave that naturally changes the state of the medium through
which it travels, where the wind slows down from super-Alfvénic
velocities to sub-Alfvénic velocities through the shock. The presence
of a bow shock modifies the local properties of the stellar wind,
increasing the local density and temperature in the upstream part
of the shock, close to the planetary surface. The terminal location
and properties behind the shock have been widely studied for
unmagnetized rocky Solar system planets like Mars and Venus, and
also in the exoplanetary context (see Canet & Gémez de Castro 2021,
hereafter Paper I, for a study of the interaction of strong winds and
Earth-like planets with extended exospheres). From statistical fitting
to bow shock crossing data sets, the main parameters controlling
the size of the bow shock are the ratio between the flow velocity
and the Alfvén velocity (i.e. the wind Alfvénic Mach number Mx;
Peredo et al. 1995; Verigin et al. 2004), the wind fast-magnetosonic
Mach number M, defined as the ratio between the flow speed
and the fast-mode magnetosonic wave speed (Russell et al. 1988;
Edberg et al. 2010; Halekas et al. 2017; Garnier et al. 2022), and the
extreme ultraviolet (EUV; Hall et al. 2016, 2019) flux, finding that
higher Mach number (Alfvénic and fast-magnetosonic) winds and
higher solar EUV fluxes produce more compressing (higher density)
shocks at closer distances to the planetary surface, in comparison to
low-Mach number solar wind.

The solar wind at the orbits of the terrestrial planets is characterized
by relatively high Mach numbers (M, ~ 4.5-5.0 at the Venusian
orbit; My, could vary between values of 4 and 10 at Mars’ orbit,
the most frequent value being My,s ~ 8; Edberg et al. 2010), whose
variations correspond to changes in solar activity. Due to the high
magnetic activity of fast-rotating, young stars, Alfvénic and fast-
mode magnetosonic Mach numbers are expected to range among a
wide range of values, and then different bow shock extensions are
expected to be found in the vicinity of planets orbiting these active
stars (Erkaev et al. 2005). Cohen et al. (2015) studied the action
of strongly magnetized winds in the sub- and the super-Alfvénic
regime (a minimum Alfvénic Mach number of 2.9 is considered in the
latter case), interacting with an unmagnetized, Venus-like exoplanet.
From their simulations, strong shock formation is detected in front
of the planet in the super-Alfvénic winds, but their location has not
been parametrized. Alfvén wings and extended wake formation are
detected not only in the sub-Alfvénic cases, but also in the low-
M, configurations, showing the transition between strongly and
moderately magnetized winds.

In this study, we address the interaction between a conductive,
Earth-like rocky planet, whose atmosphere exerts minimum pressure
on the ambient stellar wind, with no intrinsic magnetic field, and the
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strong winds of a magnetically active, fast-rotating star, limited to the
superfast-magnetosonic regime, from lowly magnetized (M = 14.0)
up to highly magnetized (M, = 1.03) winds. The aim of this work is
to characterize the possible structures formed around the planetary
obstacle under extreme wind conditions, including bow shocks and
induced magnetospheres, as a first step for the evaluation of their
detectability around young solar-like stars. As a case of application,
we have selected the extremely active star AB Doradus A (hereafter
AB Dor), a young solar-like star with a rotation period of 0.51 d,
often used as a prototype of magnetically active, fast-rotating star.
Numerical three-dimensional (3D), single-fluid, MHD simulations
for the interaction of these winds and the Earth-like planet are carried
out using the PLUTO MHD numerical code.

This article is structured as follows: in Section 2, we describe the
properties of our test star AB Dor, and compute the parameters of
their magneto-centrifugally driven winds, analytically obtained for
every orbital distance. In Section 3, we describe the numerical set-
up of the simulations carried out in this study. Finally, we report
the results and discussion of the properties for the predicted plasma
structures in Sections 4 and 5, respectively.

2 THE STELLAR WIND OF AB DORADUS A

AB Dor is a KOV rapidly rotating star with an age of about 40—
120 Myr (Luhman, Stauffer & Mamajek 2005; Guirado et al. 2011),
stellar radius R, = 0.96 Rg (Guirado et al. 2011), and mass M, =
0.86 Mg, (Guirado et al. 2006).

As a consequence of its short rotational period of 0.51 d, AB Dor
displays high surface magnetic fields (up to 500 G in most active
areas; Hussain et al. 2007), other signs of this enhanced magnetic
activity like stellar spots (Ioannidis & Schmitt 2020), and frequent
phenomena associated with the release of magnetic energy, such as
extremely energetic flares detected in X-ray wavelengths (Lalitha
2016), optical (Schmitt et al. 2019, 2021), and ultraviolet (UV)
wavelengths (Goémez de Castro 2002), and presumably coronal mass
ejections.

X-ray and EUV observations of the corona of AB Dor show hot
plasma with temperatures ranging from ~5 up to 20 MK (Sanz-
Forcada, Maggio & Micela 2003; Garcia-Alvarez et al. 2005),
exhibiting an XUV emission that can be several orders of magnitude
higher than the Sun. XUV-driven photoevaporation of the H-rich
primitive atmospheres of Earth-like planets orbiting an active star
like AB Dor may trigger the complete loss of these gaseous envelopes
in a few Myr, depending on the initial atmosphere density (Johnstone
et al. 2015).

Due to the fast rotation and the enhanced magnetic activity,
the stellar wind of AB Dor is expected to be mainly accelerated
by magneto-centrifugal forces (Belcher & MacGregor 1976). This
results in an increase of several orders of magnitude in the mass-
loss rate and momentum of the wind with respect to thermally
driven Parker winds (Parker 1958), where the wind is accelerated
by the action of the outward-directed gradient of the gas pressure,
resulting in stronger, faster, and more magnetized stellar winds for
magnetically active fast-rotating stars.

To simulate the interaction between the strong stellar winds of an
active star and a rocky obstacle, the wind parameters of AB Dor at
different stellar orbits have been calculated analytically following
the isothermal, 1D Weber & Davis (1967, hereafter WD) solar wind
model, scaled for the case of our proxy star. The WD model explicitly
includes magneto-centrifugal forces as the main driver of stellar
wind acceleration, while also considering the action of pressure
gradients in an isothermal plasma. In this sense, other acceleration
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mechanisms that have proven to contribute the wind heating and
acceleration in the case of active stars, such as heating due to the
propagation of Alfvén waves (e.g. Evans et al. 2008; Garraffo et al.
2017; Shoda et al. 2020), have not been considered in this study,
isolating the contribution of magneto-centrifugal forces to the wind
acceleration. 1D stellar wind models constitute a simplification used
to obtain wind parameters at any orbital distance, requiring minimal
computational resources. Thus, these simplified models are unable
to capture the complex 3D magnetic field topology on the stellar
surface, which has been proved to have a great impact on the stellar
wind properties (Cohen et al. 2010; Vidotto et al. 2014; Réville et al.
2015, 2016), including the presence of open-field regions, transverse
cooling and heating effects, among other cross-field effects. A
comprehensive analysis of stellar winds ejected from active stars
needs the thorough examination of all acceleration mechanisms and a
detailed and precise information of the stellar magnetic field topology
and variability, which is only available for very few sources, falling
beyond the scope of this article. Our objective here is to perform a
parametric study of the formation of density and magnetic structures,
such as bow shocks and induced magnetospheres, around planets
whose atmospheres have been almost completely swept away by the
combined influence of stellar radiation and winds, while accounting
for the magnetic properties of the wind. Here we show that, as a first
approximation, the extension and intensity of these structures can be
parametrized through the Alfvénic Mach number of the wind. This
initial approximation serves as a basis for future investigations and
more detailed models.

Despite the simplification introduced by using 1D models to
obtain characteristic wind parameters, they can still be highly useful
for studying the interaction between winds and planets, and are
commonly used in MHD stellar wind—planet interactions (Erkaev
et al. 2017; Carolan et al. 2020, 2021b; Villarreal D’ Angelo et al.
2021; Hazra et al. 2022; Kubyshkina et al. 2022a), especially when
considering a broad range of parameters in the stellar corona, as is
the case of this study.

In the WD model, the stellar wind solution is obtained assuming
axial symmetry. The steady state solution of the radial velocity of the
wind, v,, passes through three critical points: the slow-magnetosonic
point, the Alfvén point, and the fast-magnetosonic point, named
after the corresponding MHD wave, from closer to further distances
to the star, respectively (Lamers & Cassinelli 1999). In this sense,
the critical surface delimited by the position of each critical point
constitutes an idealized circumference in the equatorial plane of the
star.

The MHD equations of the WD model were solved using the
method fully described in Preusse et al. (2005), also used in Johnstone
(2017) and in Paper I, where the three critical points of the model
are found using an initial guess for the radial velocity at the Alfvén
point. In order to scale the solar wind WD solutions to our star, the
equations require the following from six initial stellar outputs: the
stellar mass, the stellar base wind surface (that is settled slightly
above the stellar surface, ~1.1R,), the rotation period, the base wind
temperature, the mass-loss rate, and the radial component of the
surface magnetic field. While the rotation period and the stellar mass
and radius of AB Dor are known stellar parameters, we only have
estimations for the mass-loss rate, the wind temperature, and the
surface magnetic field of AB Dor, which vary among a wide range
of values.

Following the coronal temperatures inferred from the X-ray and
EUV observations of AB Dor (Sanz-Forcada et al. 2003; Garcia-
Alvarez et al. 2005; Lalitha & Schmitt 2013), we set an average
coronal temperature of 10 MK. This value is also in agreement with
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Table 1. Stellar mass-loss rate [low (L, 1 x 10713 Mo yrfl), medium
M, 1 x 10712 Mg yr™1), and high (H, 1 x 10~'! Mg yr~1)] and surface
equatorial magnetic field B, ¢q [low (1, 2.0 G), medium (m, 10.0 G), high (h,
50.0 G), and very high (H, 200.0 G)] values considered at the base of the
wind for the WD solution of the AB Dor stellar wind.

SW model MMg yr1) By q (G)
Ll 1x10°13 2.0
Lm 1x10°13 10.0
Lh 1x10°13 50.0
LH 1x10°13 200.0
Ml 1 x 10712 2.0
Mm 1x10°12 10.0
Mh 1 x 10712 50.0
MH 1x10712 200.0
Hl1 1 x10~1 2.0
Hm 1x10°H1 10.0
Hh 1x10~H1 50.0
HH 1x10~ 1 200.0

the empirical model for the rotation—coronal temperature relation
given by O Fionnagéin & Vidotto (2018) for solar-like stars, and also
with the empirical coronal temperature—Fx flux relation derived by
Johnstone & Giidel (2015). Assuming that the base wind temperature
linearly scales with the average coronal temperature, we set a
temperature at the base of the wind of 7 MK for all our models,
considering a scale down factor of 1.36 (O Fionnagdin & Vidotto
2018). The isothermal assumption considered in the WD model leads
to excessive values of the temperature at distances far from the stellar
surface, and is usual in stellar wind models to use the polytropic
approximation. We have opted to evaluate the wind temperature at
every orbital distance using the polytropic approach with index y =
1.1 (Paper I).

For the mass-loss rate, we considered values of 1 x 107!l
1 x 1072, and 1 x 10713 Mg yr~! (i.e. from 10 up to 1000 times the
solar mass-loss rate), following the results from the numerical 3D
MHD simulations of the coronal structure of AB Dor carried out in
Cohen et al. (2010), where base wind numerical densities of 2 x 108,
1 x 10° and 1 x 10'° cm~3 were assumed, after scaling down the
coronal plasma density inferred from X-ray observations of AB Dor
in order to simulate the ‘quiet’ conditions for the stellar wind.

The Zeeman—Doppler imaging maps of the surface magnetic field
of AB Dor (Hussain et al. 2007; Cohen et al. 2010) show magnetic
fields ranging from a few G up to 500 G in the most active areas. As
the WD model reduces the stellar wind solution to the stellar equator,
we adopted lower magnetic field values of 2.0, 10.0, 50.0, and 200.0
G for the radial component at the stellar equator, B, 4, considering
different magnetic activity scenarios for AB Dor.

All coronal parameter combinations for the calculation of the
solution for the stellar wind of AB Dor are collected in Table 1.

The WD analytical solution of the stellar wind of a fast-rotating
star like AB Dor shows a clear dependence of the wind parameters
at every orbital distance on the surface magnetic field and the
mass-loss rate of the star. Fig. 1 shows how the wind is more
accelerated for higher surface magnetic field, while an increase in
the considered mass-loss rate leads to a decrease of the radial and
azimuthal components of the stellar wind speed, as expected from the
WD model (Belcher & MacGregor 1976; Hartmann & MacGregor
1982). The stellar wind of AB Dor could reach ~10000 kms~! at
1 au assuming a magnetic field of 200 G and a mass-loss rate one
order of magnitude higher than that of the current Sun (model LH).
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Figure 1. Left-hand column: Radial (top panel) and azimuthal (middle panel)
velocity components, and density (bottom panel) profiles at the given distance,
solution of the WD stellar wind model for a fixed stellar mass-loss rate of
1 x 10713 Mg yr~!, varying the considered equatorial magnetic field B.q.
Right-hand column: Same as left-hand column, for a fixed value of the surface
equatorial magnetic field By ¢q of 50.0 G, for different values of the mass-loss
rate.

The azimuthal component of the wind velocity is significantly lower
than the radial component in all cases, being at least one order of
magnitude lower in most studied configurations.

The particle density n at the orbital distance is also affected by
the coronal parameters of the star: stellar winds are denser for lower
equatorial magnetic fields. Although this result arises as a direct
consequence of mass conservation in the WD model, it contradicts
solar wind observations, where plasma in regions of closed magnetic
field lines (higher magnetic field intensity) is denser compared to the
plasma ejected from regions of open magnetic field lines (fast wind),
where the plasma is less dense and the magnetic field intensity is
lower (Phillips et al. 1995). However, this dependence is less critical
in comparison to the influence of the mass-loss rate (see bottom
panels in Fig. 1), where denser stellar winds are found for higher
mass-loss rates, following again mass conservation.

The location of the critical points is also sensitive to the mass-
loss rate and the surface magnetic field of the star. Fig. 2 shows the
Alfvén and fast-magnetosonic points’ location for each mass-loss
rate considered in the model, as a function of the radial component
of the surface magnetic field B, ¢4 of the star. Both points are found
further away from the stellar surface for higher surface magnetic
fields. This trend is also found for lower mass-loss rates. The
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Figure 2. Locations of the Alfvénic (filled markers) and fast-magnetosonic
(empty markers) critical points, as a function of the surface equatorial
magnetic field considered in the model, for each assumed mass-loss rate:
1 x 107! (solid blue), 1 x 10~'2 (dashed red), and 1 x 1073 Mg yr~!
(dotted green).

distance between the two points is increased for higher magnetic
fields and lower mass-loss rates: for lowly magnetized stars, the
Alfvén and the fast-magnetosonic points approximately share the
same location, at very close distances to the stellar surface, for each
mass-loss rate case. That is, winds are super-Alfvénic and superfast-
magnetosonic from very close distances from the stellar surface in
this configuration. On the other extreme scenario, considering the
LH model (relatively low mass-loss rate and high surface magnetic
field), the fast-magnetosonic and the Alfvén points move forward
at 15 and 0.7 au, respectively. However, as a result of the use of
a simplified 1D stellar wind model, the Alfvénic surface appears
in the WD model as a perfect circumference around the star, a
result that is far from the non-uniform Alfvénic surfaces obtained
by more sophisticated 3D models accounting for the complex stellar
magnetic field topology. Moreover, due to the assumptions regarding
the acceleration mechanisms assumed in the WD model, the position
of the critical points may differ from those obtained by 3D stellar
wind models accounting for other acceleration mechanisms. None
the less, the distance at which the critical points are found in the WD
model are not relevant in the simulations carried out in this study,
and a wide range of Alfvénic Mach numbers have been considered to
cover the possible fluctuations of this parameter along the planetary
orbit.

These calculations show that the properties of the winds (velocity
and density) are strongly dependent on magnetic fields and that
a proper study of the wind—planet interaction in very active stars
requires using the WD solution instead of the often-used Parker
thermal wind solution (e.g. Carolan et al. 2020, 2021a; Kubyshkina
et al. 2022b).

The interaction of winds of different nature with an orbiting planet
leads to different structure formations around the planetary obstacle.
Dayside bow shock formation is expected to form in front of the
planet in the case of superfast-magnetosonic winds (Erkaev et al.
2005), as seen in the case of Solar system planets, where the Alfvén
point is approximately located at 0.1 au. Wind travelling at sub-
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Alfvénic speeds can magnetically interact with the star, producing
angular momentum transfer and modifying the wind topology around
the planet (Strugarek et al. 2014; Cohen et al. 2015). In this case, the
wind is deflected forming the characteristic Alfvén wind structure,
but no bow shock is formed between the star and the planet.

As we can conclude from the analytical WD solution of the wind
of AB Dor, bow shock formation is expected around a planet at
almost any orbit for low coronal magnetic fields, while a sub-Alfvénic
interaction is easily produced for more magnetized stars, especially
in the case of low mass-loss rates.

3 NUMERICAL SET-UP

As we aim to describe the large-scale attributes of the interaction
between the magnetized stellar wind plasma and a highly conductive,
poor-atmosphere, rocky obstacle, the interaction between the stellar
winds of AB Dor and an orbiting planet has been modelled using
a single-fluid, ideal MHD numerical code. We performed our
simulations in 3D spherical coordinates using the MHD module of
the PLUTO code (Mignone et al. 2007). PLUTO follows a Godunov-
type scheme to solve the conservative laws of continuity, momentum,
energy, and magnetic induction:

ap
— + V- =0 1
3 +V-(pv)=0, (D
d(pv) BB T
+ V. pVY — — + pTI = ,O(g + FCor + Fcen)a (2)
ot 4
0Er B
— +tV-|[(Er+pv———@-B)| =p(g+ Feen) - v, 3)
ot 4
0B
g—l—Vx(va):O, “4)

where p = unmy, is the mass density, with u the mean molecular
weight, n the total number of particles, and m, the proton mass.Here,
we considered the stellar wind as a fully ionized atomic hydrogenic
plasma, so we considered a mean molecular weight u = 0.5. The
velocity, magnetic field, and gravitational acceleration vectors are
denoted as v, B, and g, respectively. The gravitational acceleration
g includes the acceleration due to the planetary and stellar gravity
(g = g+ + gp)- The total pressure of the system is pr = p + 8%?,
including the terms of the thermal (p) and magnetic pressures. The
total energy of the system, Er, is defined as Et = pe + "’T"z + g,
where € is the internal energy per mass.

An ideal equation of state is solved in conjunction with the ideal
MHD equations, using a quasi-isothermal approach with a polytropic
index y = 1.1:
P
y—1

Due to the extreme XUV flux radiation expected in this envi-
ronment around magnetically active stars, the full ionization and
the quasi-isothermal assumptions considered for the plasma are
consistent, as additional adiabatic cooling or heating from ionization
are not expected in the distance range considered in the simulations
carried out in this work.

To take into account the effects of the orbital motion of the planet
around the star, we solved the ideal MHD equations in a frame of
reference corotating with the planet, i.e. moving with the planet in its
Keplerian orbital motion, with a constant angular velocity €2 equal
to the Keplerian orbital velocity of the planet (2 = \/GM, /d3, with
d the orbital distance from the planet to the centre of the star). We
modified the right-hand side of the momentum and energy equations,

o€ = ()
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incorporating the corresponding inertial terms of the Coriolis and
centrifugal accelerations:

Feo = —2(R x v), (6)
Fen=—2 x (2 x v). @)

Following preliminary simulation tests, the incorporation of cen-
trifugal and Coriolis forces to the MHD equations has no significant
effects on the steady state of the simulations in the considered spatial
range, due to the strong radial component of the wind velocity in all
cases, which dominates the dynamics of the interaction, including
those planets orbiting at close orbits to the star.

The Harten—Lax—Van Leer approximate Riemann solver has been
selected for numerical flux computation in the interface mid-point.
A linear reconstruction associated with a diffusive minmod limiter
in all variables is used. A third-order Runge—Kutta scheme is
implemented in the simulations for time evolution. To ensure the
solenoidal condition of the magnetic field, V - B = 0, we selected the
extended generalized Lagrange multiplier (Mignone & Tzeferacos
2010; Mignone, Tzeferacos & Bodo 2010) formulation, found to be
more robust for simulations including low-g8 plasma.

The computational grid is made of 384 points in the radial direction
r, 96 for the polar angle 6, and 192 for the azimuthal angle ¢, with
r e [1, 10R,], 6 € [0, ], and ¢ € [0, 27]. The corresponding
Cartesian coordinate system is made to coincide with the Geocentric
Solar Ecliptic (GSE) system of coordinates, i.e. the X-axis direction
is pointing from the planet towards the star, the Y-axis is chosen to
be in the ecliptic plane, and the Z-axis is parallel to the ecliptic pole.
The planet is located at the centre of the grid, where the maximum
resolution of 0.03R,, in the radial, azimuthal, and polar coordinates
is found. The resolution naturally decreases for increasing radial
distance from the centre of the grid, with a maximum cell side of of
0.3R,.

Fixed values of density and temperature are set at r = 1.0R;
to model the presence of the unmagnetized, tenuous atmosphere
planet, of size 1.0R, = Rg = 6.37 x 10® m. We adopted values of
n = 500n, for density and a temperature of 7 = 1 X 10* K. The
calculated thermal pressure corresponding to these values is only
~1.5 times the pressure of the incident stellar wind. In this way,
we are able to simulate the interaction of the stellar wind with a
planet whose atmosphere exerts a slight pressure on it, ensuring at
the same time a constant tenuous wind from the planet’s surface. The
selected temperature is consistent with the temperature—ionization
parameter [defined as ¢ = Fx/(4mn)] relationship for ionized gases
in radiative equilibrium, heated by high-energy photons (Owen &
Jackson 2012; Owen & Mohanty 2016). Considering an X-ray
luminosity of Ly = 1 x 10°° erg s~! for AB Dor (Garcfa-Alvarezet al.
2005), we calculated for each orbital distance considered in each of
the models in this study, assuming a density of n = 500n, in the base
of the planetary atmosphere, the ionization parameter greater than
1 x 10~* ergcms™! for each case, approximately corresponding to
the saturation temperature of 7= 1 x 10* K.

The planetary surface is modelled as a perfect conductor, i.e. B -
n = 0. Following this approximation, the normal (radial) component
of the magnetic field is defined at the ghost cells of the inner boundary
with same value but opposite sign as the value of the normal magnetic
field in the true cells of the domain (reflective condition). The
same condition is defined for the normal component of the velocity,
such that the velocity at the planetary surface is ~0 kms~!. These
conditions result in zero magnetic flux across the internal boundary,
as
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Table 2. Stellar wind parameters for each numerical model of this work. Radial and azimuthal components of the velocity and magnetic field,
as well as the characteristic Alfvénic Mach number My, are given for a selected orbital distance d, from the obtained solutions of the WD
analytical model, following the SW model identification given in Table 1.

Model SW model d (au) v (kms™) vy (kms™h B, (mG) |By| (mG) Ma Mo
Ml Hl 0.05 1105.6 4.4 20.0 18.23 14.0 3.6
M2 L1 3.0 1876.6 2.2 0.005 0.166 4.6 4.0
M3 Mm 0.3 1582.5 33.2 2.78 10.60 2.2 2.0
M4 Hh 0.5 1806.7 44.7 5.0 27.9 1.7 1.7
M5 Mh 1.2 2972.7 117.1 0.8 6.78 1.2 1.1
M6 Lm 0.3 2063.0 175.4 2.78 7.94 1.03 1.02
We performed a total of six simulation models of the interaction of the
fx[B,] = 0.0, superfast-magnetosonic wind of AB Dor with a highly conductive,

f-x[Bt] = VnBt - Bthv
fx[By] = V, By, — B, Vy,

where the value of normal components is V,, = B, = 0 at the cell
interface. Sub-indexes n, t, and b denote the normal, tangential, and
bitangential components to the boundary surface. This is consistent
with the premise that the remaining atmospheric layers are fully
ionized due to the strong photoionizing radiation of AB Dor, not
allowing the magnetic field to penetrate inside the planet.

The stellar wind is injected from the outer boundary of the domain
atr = 10R,,, fixing the stellar wind components of the magnetic field
and velocity vectors, gas pressure, and density as constant boundary
conditions for —m/2 < ¢ < m/2, while outflow boundary conditions
are defined at 7/2 < ¢ < 37/2. For the considered configurations,
the radial component of the velocity derived from the WD solution is
at least one order of magnitude higher than the azimuthal component
(see Table 2). For this reason, in our numerical set-up we match the
radial components of the velocity and magnetic field with the X-
axis of the GSE coordinate systems, while the azimuthal component
corresponds to the GSE Y-coordinate. In all the models considered,
the azimuthal component of the magnetic field exceeds by at least
four times the radial component, with the exception of model M1.
Thus, the magnetic field is approximately perpendicular to the speed
of propagation of the wind under these configurations. However, both
components of magnetic field are considered in our simulations for
studying the possible change in the morphology of the formed MHD
structures around the planet.

The wind thermal pressure p is defined at the left-hand boundary
condition as p = c2p/y, where c; is the corresponding sound speed
of the wind.

Here, we performed a grid of six simulation models, studying
the interaction of winds in the superfast-magnetosonic regime,
for different Mach numbers (M, = |v|/|A]), with A = B/+/4mp
the Alfvénic velocity, and superfast-magnetosonic number (M, =
|v|/\/c + |A|?), ranging from M, = 14.0 up to M, = 1.03.
The parameters for each wind model are obtained from the WD
analytical solution for the stellar wind (see second column in Table 2),
calculated for various coronal properties, obtained at different orbital
distances, from 0.05 to 1 au. This grid of models has been defined to
cover a wide range of Alfvénic Mach numbers since these determine
the type of MHD structures formed in the wind (see below).

We initialized the simulations defining the stellar wind parame-
ters in the whole domain, except at the internal boundary, where
conditions are fixed as described above.

4 RESULTS

unmagnetized, tenuous atmosphere planet, for different M and M
parameter winds, as listed in Table 2.

The main feature of the stellar wind—planet interaction in the
case of superfast-magnetosonic winds is the formation of a bow
shock in front of the planet, characterized by a sudden increase in
the local density and plasma temperature. Fig. 3 shows the local
density distribution around the planetary obstacle in the XY and XZ
planes at the steady state for each model; densities are normalized
by the interplanetary density of the wind (ps,) defined at the outer
boundary of the domain. Our simulations show that large bow shocks
can be formed around planetary obstacles depending on the coronal
properties of the fast-rotating, highly magnetized star. The bow shock
position, measured along the sub-stellar line (X-axis) from the centre
of the planet, shows a clear dependence on the M, parameter;
in the steady state, the steady shock front is found closer to the
planetary surface for high-M, winds (models M1-M4), while it is
as far as 6.8R,, for low-M, winds (M6). Following the results of our
simulations, the bow shock extension is governed by the M, wind
parameter in the case of non-magnetized, highly conductive rocky
planets, instead of the M, number, a feature that is shown comparing
models M1 and M2. While model M1 has an M, number of 14.0 and
an M, number of 3.6, model M2 has a lower M, number of 4.0 and
a higher M,,; number of 4.0, finding a slightly more extensive bow
shock for model M2. However, the extension of the shock along the
Y-axis is larger for lower M, (see XY plane density distributions for
models M1 and M2 in Fig. 3).

As the bow shock extension increases for decreasing M winds, it
becomes less compressive, decreasing the density ratio between the
local stellar wind and the density inside the shock (see Fig. 4). For
model M1, characterized by a high Alfvénic Mach number M, =
14.0, the density measured just behind the shock is 6.7 times the
value of the local stellar wind. This density ratio exceeds the value of
~4 expected for purely hydrodynamical winds (Rankine-Hugoniot
shock jump conditions). In model M1, the shock is found at a very
close distance to the planetary surface, then the increase of density
across the shock is superposed to the local density of the planetary
outflow, giving place to this high-density ratio.

Planets exposed to low-Alfvénic Mach number wind show ex-
tended bow shocks characterized by a low density contrast across the
shock, constituting a transition between the super- and sub-Alfvénic
winds, where no bow shock is expected.

All formed shocks follow a characteristic temporal evolution: in
the first time-steps of the simulation, the bow shock is formed at
very close distances from the planetary surface. As the simulation
progresses, the shock moves further away towards the star, deceler-
ating until it reaches its final position at the steady state (Fig. 5). The
density ratio p/p, decreases as it moves away from the planetary
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Figure 3. Local distribution of density plasma around the planetary obstacle for each simulated model. The density is normalized by the interplanetary density

value, defined as injected in the right-hand boundary side of the domain.

distance (Rp)
Y
PlPsw

Figure 4. Bow shock location measured from the centre of the planet (black
solid line) and the density ratio across the shock at the bow shock location
point (dotted cyan line), measured in the line connecting the planetary and
stellar, as a function of the M number.

surface until it reaches its stationary state. As expected, the time to
reach this state is longer for more extended bow shocks.

As a consequence of the deflection of the stellar wind around
the obstacle, a wake is formed behind the planet. This wake is
characterized in all studied cases by an accumulation of plasma just
behind the planet and low flow velocities (Fig. 6). For each model,
the region is shielded from direct interaction with the stellar wind,
resulting in density ratios increasing up to three orders of magnitude
higher than the local stellar wind density. This is a well-known
structure resulting from the wind—planet interaction (e.g. Cohen
et al. 2015; Paper I). In the equatorial (XY) plane, the maximum
confinement of density is found at ¥ = 0, just behind the planet. This
high-density region is surrounded by low-density (0.1p/ps,,) areas
in all cases. The morphology of the planetary tail-shaped wake is
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Figure 5. Temporal evolution of the bow shock formed in model MS5. The
density contrast profile is shown at different time-steps of the simulation,
from a 1y reference time-step.

also dependent on the parameters of the stellar wind. This region is
more confined to the Y = 0 direction in the case of high-Alfvénic
Mach number winds, showing more extensive wakes in the vertical
direction for low-Mach number winds. Slightly asymmetric tails are
found in the XY plane for low-M, models. This region appears to be
more turbulent and unstable in comparison to higher M, models, as
low-M, winds can be naturally identified as the transition between
super-Alfvénic and sub-Alfénic winds, where extensive wakes are
found. A similar wake morphology is found for all models in the XZ
plane, showing a confinement of density towards the equator. The
exception is model M6, where the maximum density is found along
the surface of the planet, due to the asymmetry found in the density
distribution along the tail.
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Figure 6. Velocity field magnitude distribution around the planetary obstacle for each simulated model. The velocity magnitude is normalized by the
interplanetary velocity value, defined as injected in the outer boundary side of the domain.

Due to the high conductivity of the planetary surface, the magnetic
field strongly piles up in front of the planet, resulting in a general
increase of the magnetic pressure inside the shock. The strong pile-
up of the interplanetary magnetic field in front of the planet leads
to the formation of an induced magnetosphere in all studied cases.
An induced magnetosphere can be defined as the region inside the
shock where the magnetic pressure dominates the rest of pressure
contributions (Luhmann, Ledvina & Russell 2004; Barabash et al.
2007; Kallio et al. 2008). This region is limited by two boundaries.
The outer boundary, or the so-called magnetopause, can be defined as
the surface where the magnetic pressure equals the dynamic pressure
of the stellar wind. The second boundary, often called the ionopause,
is defined by the presence of a conductive medium, in this case
the planetary surface. The extent of the magnetopause increases
for decreasing Mach numbers (see Fig. 7), leading to extensive
magnetospheres in the case of low-M, winds, following a similar
trend to that observed in the location of the bow shock. In the case of
high Alfvénic Mach numbers (models M1-M4), the magnetopause
appears slightly below the bow shock. The relative position between
the magnetopause and the bow shock is increased for lower Alfvénic
numbers, where the magnetopause is found at 0.8R,, and 3.5R,, from
the shock positions for models M5 and M6, respectively.

Inside the induced magnetosphere, the highest values of the
magnetic field are found close to the planetary boundary, decreasing
at further distances from the planet, as shown in Fig. 8. Again, a clear
dependence on My is found: the magnetic field inside the shock is
higher for higher M, winds, due to the more compressive magne-
tosonic wave in those cases. In the case of a wind with M, = 14.0,
the magnetic field is amplified in the induced magnetosphere up to
17 times the local interplanetary magnetic field. This magnetic field

distance (Rp)

Figure 7. Magnetopause position as a function of the Alfvénic Mach number
(red dashed line). The position of the bow shock for each wind model is
represented by the black solid line for comparison.

enhancement decreases to 2.5 times the local stellar wind magnetic
field in the case of an extremely low M wind number of 1.03 (model
M6).

Even though the orientation of the magnetic field is considered in
all models, that is, considering both radial and azimuthal components,
no magnetic field asymmetries are found in any model, noteven in M1
model, where the radial and azimuthal magnetic field components are
comparable. The topology of the formed induced magnetospheres is
governed in the studied cases by the ram pressure of the wind, as the
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Figure 8. Magnetic field distribution around the planet in the steady state of the simulation, for each wind considered model. The magnetic field is normalized
by the interplanetary magnetic field value of the stellar wind, defined at the right-hand boundary side of the domain.

magnetic field distribution shows a clear symmetry along the X-axis,
coincident with the averaged velocity field orientation.

The dependence of the terminal shock position and the magne-
tosphere extension on the Alfvénic Mach number can be translated
in a first approximation into the pressure ratio between the dynamic
(Pram) and magnetic (pp,e) contributions of the stellar wind, as the
Alfvénic Mach number can be expressed as

_ vl Pram
| Al Pmag

A .
Outside the shock, the ram pressure of the wind dominates over
the rest of pressure contributions (see Fig. 9), as Ma > 1 for all
simulated cases. The ram pressure drops across the shock, while
the magnetic pressure increases due to the formation of the induced
magnetosphere. In the case of high-M, winds, the ram pressure can
be three orders of magnitude higher than the magnetic pressure,
pushing the formed shock towards the planet. Even though the shock
is more compressing on those cases, heating the plasma in the vicinity
of the planet and increasing the local density and magnetic field
behind the shock, the dynamics of the shock are governed by the
ram pressure of the stellar wind, leading to closer shocks in front of
the planet. In the case of low-M, winds, ram and magnetic pressures
become comparable, following the last equation. As the magnetic
field increases through the shock, the magnetic pressure exerted by
the induced magnetosphere pushes the shock outwards, leading to
more extensive bow shocks.

5 SUMMARY AND CONCLUSIONS

In this study, we performed 3D MHD numerical simulations to
predict and characterize the structures formed in the local envi-
ronment of poor-atmosphere, Earth-like planets under the influence
of superfast-magnetosonic stellar winds of fast-rotating, low-mass
stars, focusing on the case of AB Dor, a prototype of magnetically
active, fast-rotating star with a rotation period of 0.51 d. For the
first time, the properties of the formed planetary bow shocks and
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induced magnetospheres have been evaluated for a wide range of
stellar wind Alfvénic Mach numbers, in the case of planets with
tenuous atmospheres, as a probable scenario for highly irradiated
Earth-like planets orbiting active stars.

Stellar winds have been assumed to be mainly accelerated due to
the action of magneto-centrifugal forces. In this work, the velocity,
magnetic field, and stellar wind density at the planetary orbit have
been derived using the analytical solution of the 1D WD model.
Under this approximation, extremely accelerated winds are expected
in the case of AB Dor, also predicted in the simulations performed
in Cohen et al. (2010) of the coronal structure of AB Dor. Winds in
the superfast-magnetosonic regime seem to be a common feature of
lowly magnetized (2.0-10.0 G) winds. In the case of extremely mag-
netized stars, winds become fast-magnetosonic at larger distances
from the stellar centre, around 15 au. The predicted critical points
of the WD model should be, however, regarded carefully, as the
complex 3D morphology of the coronal magnetic field and other
cited acceleration mechanisms, such as the Alfvén wave heating,
have not been considered here, and should be included in future
work.

As an immediate consequence of the interaction of superfast-
magnetosonic wind with a steady obstacle, a bow shock is formed
in front of the planet. The extension of the bow shock shows a clear
dependence on the Alfvénic Mach number, as expected, following
the results obtained in the case of Solar system planets. Extended
bow shocks are found for low-M, winds, reaching distances as far as
~7.0R,, for M5 = 1.03 winds. However, due to the low compression
of the shock in those cases, the bow shock is characterized by a
low density contrast with the ambient stellar wind (p/psw = 1.1
for Mx = 1.03). Bow shocks formed around planets orbiting active
solar-like stars can be ~5 times larger than those found around
the non-magnetized planets of the Solar system (as a reference,
the Venus’ bow shock is found at 1.4 Venusian radii for solar
maximum conditions). The shock extension is clearly dependent on
the formation of an induced magnetosphere, exerting an additional
pressure on the shock. An induced magnetosphere is formed in
all configurations, due to the strong pile-up of the interplanetary
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Figure 9. Ram (solid line), magnetic (dashed line), and thermal (dotted line) pressure profiles at ¥ = 0 along the the star—planet line (X-axis). Distances are
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magnetic field above the highly conductive obstacle. The extension of
the induced magnetosphere, limited by the magnetopause boundary,
is larger for low-M, winds. Again, as low-M, winds are less
compressive, the magnetic field magnitude inside the shock is lower
in comparison to higher M winds.

Other stellar and planetary parameters are known to modify the
topology and properties of the formed plasma structures in the stellar
wind. The presence of a planetary extended atmosphere means an
extra obstacle to the wind, producing the deceleration of the wind
plasma through collisions, leading to a pile-up of plasma upstream
the planet. In Paper I, we studied the interaction of Earth-like,
fully ionized H-rich exosphere of a non-magnetized planet and
the superfast-magnetosonic stellar wind of young solar-like stars.
Extended bow shocks appear under the influence of lower M winds,
corresponding in that study to more evolved stars, increasing the
shock extension for denser exospheres under the same stellar wind
conditions. The presence of an extended atmosphere then expands
the bow shock at further distance from the planetary surface. For the
youngest star in that work (0.1 Gyr, My = 22), the bow shock is found
at very close distances to the planet, even for the densest considered
exospheres due to the high M number considered in those cases.

Asno chemical reactions are considered in this work, mass loading
processes due to charge exchange and photoionization are neglected.
Mass loading may contribute to increase the ion population in the
vicinity of the planet, producing a strong deceleration of the stellar
wind plasma that could enhance the magnetic field in front of the
planet, producing more extensive induced magnetospheres. In Ma
et al. (2013), they compared their results in the case with and without
mass loading processes, for the case of Venus. They found bow shock
formation slightly closer to planetary surface in comparison to the
mass load case. Then, initially considering a neutral component in
the planetary thin atmosphere will contribute to the mass loading,
increasing the extension of the shock.

Other parameters that could enhance the extension of the bow
shock and the induced magnetosphere, such as the influence of EUV
radiation, are not addressed in this study. EUV radiation pressure
is also known to modify the topology and location of the shock,
as demonstrated for Mars and Venus. The influence of the stellar
radiation is crucial in the study of planetary structures, and we will
address the contribution of radiation in future work.

Simulated planets in this work are supposed to remain in the same
(super-Alfvénic) regime along its orbit, not considering temporal
evolution of the stellar wind conditions. Moreover, due to the non-
uniform distribution of Alfvén critical surfaces around the star, as pre-
dicted in more complex 3D stellar wind simulations, the planet may
experience wind conditions changing from sub- to super-Alfvénic
regime (Cohen et al. 2015). In addition, transient events such as
coronal mass ejections or an enhanced stellar wind activity change
the wind magnetic conditions, modifying the characteristic Mach

numbers of the wind, and leading the changes in the morphology of
the shock and the induced magnetospheres. However, our parametric
study, covering a wide range of Alfvénic Mach numbers for the
wind, is able to collect different conditions of solar wind activity,
changing the Alfvénic Mach number from higher values (minimum
activity) to lower values (maximum activity), following the solar
wind observations.

According to the results of this work, extended MHD structures are
found even in the case of unmagnetized, poor-atmosphere planets.
However, the prospects of detection are scarce: the density ratio of
these structures in relation to the ambient wind is extremely low,
especially in the case of the most extended structures, only showing
a considerable increase of density flux in the wake of the planet.
This leads to low possibilities of structure detection in the case of
these bare planets orbiting active solar-like stars. Other evolutionary
stages, where an atmosphere is still present, should be analysed in
order to obtain detectable MHD structures around these Earth-like
planets, shedding light on the early evolution of potential life-hosting
planets.
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