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Abstract. Magnetic interactions between a close-in planet and its host star have been postulated
to be a source of enhanced chromospheric emissions. We develop three dimensional global models
of star-planet systems under the ideal magnetohydrodynamic (MHD) approximation to explore
the impact of magnetic topology on the energy fluxes induced by the magnetic interaction. We
conduct twin numerical experiments in which only the magnetic topology of the interaction is
altered. We find that the Poynting flux varies by more than an order of magnitude when varying
the magnetic topology from an aligned case to an anti-aligned case. This provides a simple and
robust physical explanation for on/off enhanced chromospheric emissions induced by a close-in
planet on time-scales of the order of days to years.

1. Introduction

The diversity of masses, sizes and orbits of known exoplanets has lead the scientific
community to intensely explore the broad range of interactions that can exist between
planets and their host stars (see Cuntz et al. 2000). Recently, Shkolnik et al. (2008)
reported on/off chromospheric emissions for five different star-planet systems that seemed
to be related to the orbital period of the close-in planet. The surprising lack of X-
ray emissions of WASP-18 (Pillitteri et al. 2014) is also postulated to be related to its
short-period orbiting planet. Although close-in planets do not seem to induce systematic
emissions features (Miller et al. 2015), these occasional intriguing observations require
further theoretical investigations. Furthermore, radio and UV emissions from star-planet
magnetic interactions are also intensively researched today (GrieSmeier et al. 2007; Fares
et al. 2010; Lecavelier des Etangs et al. 2013; Turner et al. 2013), as any detection would
give us observational constraints on the magnetic field of such close-in planets (see, e.g.
Zarka 2007; Vidotto et al. 2015).

In addition to tidal interactions (e.g. Mathis et al. 2013), planets orbiting inside the
stellar wind Alfvén radius can magnetically interact with their host (Ip et al. 2004; Cohen
et al. 2010; Strugarek et al. 2014). The latter are a promising candidate to explain
the aforementioned observations (e.g. Kopp et al. 2011), based on the interaction of
an hypothetical planetary magnetosphere with the stellar magnetospheric wind. Among
the star-planet interaction (SPI) models that have been developed, MHD simulations
combine state of the art numerical models of cool stars magnetospheres and winds (Matt
et al. 2012; Réville et al. 2015) with simplified models of planets (e.g., Cohen et al. 2014;
Strugarek et al. 2014, and references therein). These global, dynamical models enable us
to assess the effects of SPI in a self-consistent manner, by taking into account the full
interaction channel from the planetary magnetosphere down to the lower stellar corona.

In a recent paper (Strugarek et al. 2015), we have developed MHD simulations of
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magnetic star-planet interactions in three dimensions. We address here the magnetic
energy carried alfvénically through the so-called Alfvén wings, which are systematically
excited by the interaction of an orbiting planet (with a magnetosphere) with the ambient
magnetized wind. We focus in particular on the key role magnetic topology plays in
determining the shape and strength of the Alfvén wings. We first briefly describe our
methodology in Section 2, and quantify the Poynting flux through the Alfvén wings in
Section 3. We conclude in Section 4 by showing that changes in magnetic topology
can very simply provide an on/off mechanism for the enhanced emissions induced by a
close-in planet.

2. Three-dimensional models of star-planet magnetic interaction

We model magnetic star-planet interactions with global numerical simulations using
the ideal MHD approach. We use the modular code PLUTO (Mignone et al. 2007) to
solve the MHD equations with a standard HLL Riemann solver coupled to a second-order
Runge-Kutta method for the time integration. The soleinoidality of the magnetic field
is enforced with a constrained transport method (see Strugarek et al. 2015). We use a
cartesian grid in which a star and a planet are treated as internal boundary conditions. A
magnetized stellar wind is imposed at the stellar surface. A given hypothetical magnetic
field is enforced at the planetary boundary. We solve the MHD equations in the orbital
rotating frame, in order to fix the planet on the simulation grid. The star is positioned
at the center of the simulation grid. It hence remains fixed in the grid as well (the stellar
rotation rate is corrected to account for the orbital rotating frame). The simulations are
computed on a 490 x 355 x 355 grid, with a resolution of 0.03 R, at the stellar boundary
and a resolution of 0.06 Rp (here we consider Rp = 0.1 R,) in the vicinity of the planet.

The central star is a typical cool star with a coronal temperature of 10° K, and a
relatively strong magnetic field such that the Alfvén speed v4 at the base of the corona
is equal to the escape velocity ves. (for details see Strugarek et al. 2015). The star slowly
rotates (vpor = 3.031073 ves.) and its wind is characterized by a large average Alfvén

radius (R4) = \/J /U M ~ 18 R, (see, e.g., Matt et al. 2012).

The close-in planet is considered to have a circular orbit (close-in planets are generally
thought to be tidally-locked) and is located inside the Alfvén surface of the wind at
R, = 5 R,. The relative velocity between the rotating wind and the orbiting planet is
smaller than the local Alfvén speed of the wind as well, which ensure a sub-alfvénic SPI.
We assume that the planet possess an intrinsic dipolar magnetic field sufficiently large
to retain a magnetosphere. The surface planetary magnetic field is chosen to be 10 times
larger than the wind magnetic field at the planetary orbit. We choose to neglect any
kind of planetary outflows (see Matsakos et al. 2015, for a complete discussion about
such outflows) to focus on the effect of magnetic topology on the star-planet interaction
itself. In the following, we consider the two opposite cases of aligned and anti-aligned
(compared to the orientation of the wind magnetic field) dipolar planetary fields.

We illustrate those two configurations in Figure 1 with a three-dimensional representa-
tion of the interaction. In the aligned case (left panel), the magnetic topology allows the
polar magnetic field lines of the planet (gray lines) to connect with the wind magnetic
field lines (coloured lines). In the anti-aligned case (right panel), the planetary magne-
tosphere remains closed due to the incompatible topology of the two magnetic fields.
Parallel current Jjj = V x B - b/ (b is the unit vector along the magnetic field B)
are shown by the red/blue (positive/negative) transparent volume renderings in the two
cases. The parallel currents delimit the extent of the Alfvén wings (Neubauer 1998; Saur
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Aligned

Figure 1. 3D renderings of the two star-planet interaction simulations. The stellar wind mag-
netic field lines are color-coded with the magnetic field strength, and the magnetic field lines
connected to the planet are shown in gray. The stellar surface is represented by the orange sphere,
and the planetary surface by the blue sphere. On the orbital plane the orbit is labeled by the
black dashed line, and the logarithm of the density is shown by the transparent colormap. The
transparent blue/red volume rendering shows the strong (negative/positive) parallel currents
delimiting the Alfvén wings.

et al. 2013; Strugarek et al. 2015). Two symmetric wings extend above and below the or-
bital plane, we only show the upper wing here. We recall that only the orientation of the
planetary field has been changed between the two cases, leaving all the other parameters
untouched. Nevertheless, we immediately see that the Alfvén wing dramatically changes:
the characteristic size and strength of the parallel current structures are much larger in
the aligned case. We now quantify how this structural change affects the energy fluxes
carried through the Alfvén wings.

3. Alfvén wings and Poynting flux

The alfvén wings are composed of superposed alfvénic perturbations which propagate
along the Alfvén characteristics cj = vy = Vvy, where vg = Vying — Vi is the differential
velocity between the wind velocity and the keplerian velocity of the planet, and v4 =
B//4rp is the local Alfvén speed. The Poynting flux along each Alfvén wing can be
evaluated by

cExB ¢
Sa = 4— T E

T ekl
where the electric field cE = —v x B in the ideal MHD approximation. We calculate the
Poynting flux in the inertial reference frame to mimic what a distant observer would see.
We display in Figure 2 the Poynting flux along the ¢, Alfvén wing (above the orbital
plane). On the right panels we display an horizontal cut at z = 3 R, on which the Alfvén
wing cross-section is identified by a black contour. The colormaps represent the Poynting
flux S, normalized to the expected theoretical value vy B2 /47 (see Saur et al. 2013). The
projected planet diameter and its orbit are symbolized by the blue circle and dashed line.
The Alfvén wing acts in both cases as an obstacle to the flow vy (gray arrows), which

(3.1)
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Poynting flux in Alfvén wing
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Figure 2. Poynting flux along the ¢, Alfvén wing in the aligned (orange) and anti-aligned
(green) cases. The right panels show a colormap of the normalized Poynting flux inside the
wing, which is delimited by the black contour, at z = 4 R, above the orbital plane. The flow
vy is represented by the gray arrows. On the left panel the Poynting flux is integrated over
horizontal cross-sections of the Alfvén wing and displayed as a function height above the orbital
plane.

means that it actually orbits along with the planet. The cross-section area of the wing is
significantly smaller in the anti-aligned case, and the wing extends to about 10 R, along
the orbital direction in the aligned case.

The modification of the Alfvén wing cross-section between the two cases has an impor-
tant consequence on the magnetic energy flux through the wing. The integrated Poynting
flux inside the wing is shown on the left panel for both cases, as a function of height
above the orbital plane. We first note that it remains relatively constant, as a result of
flux conservation throughout the wing and showing that the energy is transported into
the stellar corona without significant dissipation at this height. As expected, the total
Poynting flux dramatically changes between the two configurations: it is more than an
order of magnitude higher in the aligned case. Let us now consider a more realistic case
of a close-in star-planet system. Stars generally possess a complex large-scale magnetic
topology, which means that a planet will interact with a varying relative magnetic topol-
ogy along its orbit. The magnetic field of cool stars is furthermore expected to reverse
polarity (as it is the case for the Sun) over periods years to tens of years, which will
significantly affect the amount of magnetic energy channeled through the Alfvén wings.
Hence, changes in the magnetic topology of the interaction are expected to occur on short
(order of days to years) time-scales in close-in star-planet systems, even if the planetary
magnetic field is simple and non-varying. As a result, the magnetic energy channeled
by the interaction will also vary by a least an order of magnitude on such time-scales.
Our results suggest that observed enhanced emissions related to a close-in planet are
expected to be very variable on short time-scales (the so-called on/off mechanism) due
to this simple topological effect.

Our simulations are adimensionalized, which allows each case to represent several phys-
ical systems. As an example, once the Alfvén speed at the base of the corona is fixed
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(see Section 2), one simulation can represent several physical cases by varying together
the stellar wind magnetic and its density. We hence are free to choose the density nor-
malization, which must adequately reflect the physical star-planet systems we want to
simulate. Here we assume that the stellar wind mass-loss rate is equivalent to the solar
wind mass-loss rate, which sets our density normalization. We then compute the total
Poynting flux in physical units [W], as reported on the left panel of Figure 2. In the
aligned case we obtain a Poynting flux higher than 10'° W, slightly less in magnitude
than a typical solar flare. Nevertheless, the Poynting flux gives only an upper estimate of
any observable signal, as further work is needed to clarify how much of this input energy
can be converted into coronal and chromospheric emission.

4. Conclusions

We have demonstrated how magnetic topology affects close-in star-planet interactions
using three-dimensional global numerical simulations. We developed twin simulations of
such systems in which we only changed the orientation of the planetary field. We showed
that the magnetically aligned case develops much stronger Alfvén wings than the anti-
aligned case. As a result, the magnetic energy channeled through the wings varies by
more than an order of magnitude between the two configurations. For moderate stellar
(B, ~ 10 G) and planetary (Bp ~ 1 G) magnetic fields, the close-in planet magnetic
interaction leads to energy leads to Poynting fluxes of the order of 10'® W in the aligned
case.

Real stars posses much more complex magnetic fields than the simple dipolar configu-
ration we considered here. In reality close-in planets are likely to interact with different
local magnetic configurations along their orbit. As a result, the energy channeled through
the wings is expected to vary on relatively short time-scales (of the order of days to years),
providing a robust and simple physical explanation for the on/off emissions observed in
real close-in star-planet systems (see, e.g. Shkolnik et al. 2008). Nevertheless, dedicated
3D simulations tackling the dynamical aspects of a planet orbiting in a non-homogeneous
corona are needed. In addition, the time-scale on which the equilibrated configurations
modelled in this work establish depends on the resistivity of the magnetospheric plasma
of the planet, and on its reconnection efficiency with the stellar wind magnetic field. The
numerical model presented in this work provides a solid basis for further, more realistic
studies of star-planet magnetic interactions in which these dynamical aspects could be
explored.
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