
Proof Delivery Form

Proceedings of the International Astronomical Union

Date of delivery: 5 May 2016

Journal and vol/article ref: IAU 1501075

Number of pages (not including this page): 6

To avoid delay from overseas, please send the proof by airmail or courier.

If you have no corrections to make, please email
to save having to return your paper proof. If corrections are light, you can also send them by email,
quoting both page and line number.

managing editor

5
Managing editor of this symposium

•  The proof is sent to you for correction of typographical errors only. Revision of the substance of the
text is not permitted, unless discussed with the editor of the journal. Only one set of corrections are
permitted.

•  Please answer carefully any author queries.

• Corrections which do NOT follow journal style will not be accepted.

•  A new copy of a figure must be provided if correction of anything other than a typographical error
introduced by the typesetter is required.

lwebb@cambridge.org

This proof is sent to you on behalf of Cambridge University Press. Please check the proofs carefully. Make
any corrections necessary on a hardcopy and answer queries on each page of the proofs

Please return the marked proof within                   days of receipt to:

If you do not send any corrections to the editor within 5 days, we will assume your proof is
acceptable.

Authors are strongly advised to read these proofs thoroughly because any errors missed
may appear in the final published paper. This will be your ONLY chance to correct your

proof. Once published, either online or in print, no further changes can be made.

Please note that this pdf is for proof checking purposes only. It should not be distributed to third parties
and may not represent the final published version.

Important: you must return any forms included with your proof. We cannot publish your article if
you have not returned your signed copyright form.

NOTE - for further information about Journals Production please consult our FAQs at
http://journals.cambridge.org/production_faqs

• If you have problems with the file please contact



Author queries:

Typesetter queries:

Non-printed material:



Solar and Stellar Flares and their Effects on Planets
Proceedings IAU Symposium No. 320, 2015
A.G. Kosovichev, S.L. Hawley & P. Heinzel, eds.

c© International Astronomical Union 2016
doi:10.1017/S1743921315010753

Magnetic energy fluxes in close-in1

star-planet systems2

A. Strugarek1,2, A. S. Brun2, S. P. Matt3 and V. Réville23
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Abstract. Magnetic interactions between a close-in planet and its host star have been postulated8
to be a source of enhanced chromospheric emissions. We develop three dimensional global models9
of star-planet systems under the ideal magnetohydrodynamic (MHD) approximation to explore10
the impact of magnetic topology on the energy fluxes induced by the magnetic interaction. We11
conduct twin numerical experiments in which only the magnetic topology of the interaction is12
altered. We find that the Poynting flux varies by more than an order of magnitude when varying13
the magnetic topology from an aligned case to an anti-aligned case. This provides a simple and14
robust physical explanation for on/off enhanced chromospheric emissions induced by a close-in15
planet on time-scales of the order of days to years.16

1. Introduction17

The diversity of masses, sizes and orbits of known exoplanets has lead the scientific18
community to intensely explore the broad range of interactions that can exist between19
planets and their host stars (see Cuntz et al. 2000). Recently, Shkolnik et al. (2008)20
reported on/off chromospheric emissions for five different star-planet systems that seemed21
to be related to the orbital period of the close-in planet. The surprising lack of X-22
ray emissions of WASP-18 (Pillitteri et al. 2014) is also postulated to be related to its23
short-period orbiting planet. Although close-in planets do not seem to induce systematic24
emissions features (Miller et al. 2015), these occasional intriguing observations require25
further theoretical investigations. Furthermore, radio and UV emissions from star-planet26
magnetic interactions are also intensively researched today (Grießmeier et al. 2007; Fares27
et al. 2010; Lecavelier des Etangs et al. 2013; Turner et al. 2013), as any detection would28
give us observational constraints on the magnetic field of such close-in planets (see, e.g.29
Zarka 2007; Vidotto et al. 2015).30

In addition to tidal interactions (e.g. Mathis et al. 2013), planets orbiting inside the31
stellar wind Alfvén radius can magnetically interact with their host (Ip et al. 2004; Cohen32
et al. 2010; Strugarek et al. 2014). The latter are a promising candidate to explain33
the aforementioned observations (e.g. Kopp et al. 2011), based on the interaction of34
an hypothetical planetary magnetosphere with the stellar magnetospheric wind. Among35
the star-planet interaction (SPI) models that have been developed, MHD simulations36
combine state of the art numerical models of cool stars magnetospheres and winds (Matt37
et al. 2012; Réville et al. 2015) with simplified models of planets (e.g., Cohen et al. 2014;38
Strugarek et al. 2014, and references therein). These global, dynamical models enable us39
to assess the effects of SPI in a self-consistent manner, by taking into account the full40
interaction channel from the planetary magnetosphere down to the lower stellar corona.41

In a recent paper (Strugarek et al. 2015), we have developed MHD simulations of42
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magnetic star-planet interactions in three dimensions. We address here the magnetic43
energy carried alfvénically through the so-called Alfvén wings, which are systematically44
excited by the interaction of an orbiting planet (with a magnetosphere) with the ambient45
magnetized wind. We focus in particular on the key role magnetic topology plays in46
determining the shape and strength of the Alfvén wings. We first briefly describe our47
methodology in Section 2, and quantify the Poynting flux through the Alfvén wings in48
Section 3. We conclude in Section 4 by showing that changes in magnetic topology49
can very simply provide an on/off mechanism for the enhanced emissions induced by a50
close-in planet.51

2. Three-dimensional models of star-planet magnetic interaction52

We model magnetic star-planet interactions with global numerical simulations using53
the ideal MHD approach. We use the modular code PLUTO (Mignone et al. 2007) to54
solve the MHD equations with a standard HLL Riemann solver coupled to a second-order55
Runge-Kutta method for the time integration. The soleinoidality of the magnetic field56
is enforced with a constrained transport method (see Strugarek et al. 2015). We use a57
cartesian grid in which a star and a planet are treated as internal boundary conditions. A58
magnetized stellar wind is imposed at the stellar surface. A given hypothetical magnetic59
field is enforced at the planetary boundary. We solve the MHD equations in the orbital60
rotating frame, in order to fix the planet on the simulation grid. The star is positioned61
at the center of the simulation grid. It hence remains fixed in the grid as well (the stellar62
rotation rate is corrected to account for the orbital rotating frame). The simulations are63
computed on a 490 × 355 × 355 grid, with a resolution of 0.03 R� at the stellar boundary64
and a resolution of 0.06 RP (here we consider RP = 0.1R�) in the vicinity of the planet.65

The central star is a typical cool star with a coronal temperature of 106 K, and a66
relatively strong magnetic field such that the Alfvén speed vA at the base of the corona67
is equal to the escape velocity vesc (for details see Strugarek et al. 2015). The star slowly68
rotates (vrot = 3.03 10−3 vesc) and its wind is characterized by a large average Alfvén69

radius 〈RA 〉 =
√

J̇/Ω�Ṁ ∼ 18R� (see, e.g., Matt et al. 2012).70

The close-in planet is considered to have a circular orbit (close-in planets are generally71
thought to be tidally-locked) and is located inside the Alfvén surface of the wind at72
Ro = 5R� . The relative velocity between the rotating wind and the orbiting planet is73
smaller than the local Alfvén speed of the wind as well, which ensure a sub-alfvénic SPI.74
We assume that the planet possess an intrinsic dipolar magnetic field sufficiently large75
to retain a magnetosphere. The surface planetary magnetic field is chosen to be 10 times76
larger than the wind magnetic field at the planetary orbit. We choose to neglect any77
kind of planetary outflows (see Matsakos et al. 2015, for a complete discussion about78
such outflows) to focus on the effect of magnetic topology on the star-planet interaction79
itself. In the following, we consider the two opposite cases of aligned and anti-aligned80
(compared to the orientation of the wind magnetic field) dipolar planetary fields.81

We illustrate those two configurations in Figure 1 with a three-dimensional representa-82
tion of the interaction. In the aligned case (left panel), the magnetic topology allows the83
polar magnetic field lines of the planet (gray lines) to connect with the wind magnetic84
field lines (coloured lines). In the anti-aligned case (right panel), the planetary magne-85
tosphere remains closed due to the incompatible topology of the two magnetic fields.86
Parallel current J|| = ∇ × B · b̂/μ0 (b̂ is the unit vector along the magnetic field B)87
are shown by the red/blue (positive/negative) transparent volume renderings in the two88
cases. The parallel currents delimit the extent of the Alfvén wings (Neubauer 1998; Saur89



Magnetic energy fluxes in close-in star-planet systems 403

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-90
bital plane, we only show the upper wing here. We recall that only the orientation of the91
planetary field has been changed between the two cases, leaving all the other parameters92
untouched. Nevertheless, we immediately see that the Alfvén wing dramatically changes:93
the characteristic size and strength of the parallel current structures are much larger in94
the aligned case. We now quantify how this structural change affects the energy fluxes95
carried through the Alfvén wings.96

3. Alfvén wings and Poynting flux97

The alfvén wings are composed of superposed alfvénic perturbations which propagate98
along the Alfvén characteristics c±A = v0 ±vA , where v0 = vwind −vK is the differential99
velocity between the wind velocity and the keplerian velocity of the planet, and vA =100
B/

√
4πρ is the local Alfvén speed. The Poynting flux along each Alfvén wing can be101

evaluated by102
103

Sa =
cE × B

4π
· c±A∣∣c±A

∣∣ , (3.1)

where the electric field cE = −v×B in the ideal MHD approximation. We calculate the104
Poynting flux in the intertial reference frame to mimic what a distant observer would see.105
We display in Figure 2 the Poynting flux along the c−A Alfvén wing (above the orbital106
plane). On the right panels we display an horizontal cut at z = 3Rp on which the Alfvén107
wing cross-section is identified by a black contour. The colormaps represent the Poynting108
flux Sa normalized to the expected theoretical value v0B

2
w /4π (see Saur et al. 2013). The109

projected planet diameter and its orbit are symbolized by the blue circle and dashed line.110
The Alfvén wing acts in both cases as an obstacle to the flow v0 (gray arrows), which111
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Figure 2. Poynting flux along the c−A 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 Rp above the orbital plane. The flow
v0 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 is112
significantly smaller in the anti-aligned case, and the wing extends to about 10 Rp along113
the orbital direction in the aligned case.114

The modification of the Alfvén wing cross-section between the two cases has an impor-115
tant consequence on the magnetic energy flux through the wing. The integrated Poynting116
flux inside the wing is shown on the left panel for both cases, as a function of height117
above the orbital plane. We first note that it remains relatively constant, as a result of118
flux conservation throughout the wing and showing that the energy is transported into119
the stellar corona without significant dissipation at this height. As expected, the total120
Poynting flux dramatically changes between the two configurations: it is more than an121
order of magnitude higher in the aligned case. Let us now consider a more realistic case122
of a close-in star-planet system. Stars generally possess a complex large-scale magnetic123
topology, which means that a planet will interact with a varying relative magnetic topol-124
ogy along its orbit. The magnetic field of cool stars is furthermore expected to reverse125
polarity (as it is the case for the Sun) over periods years to tens of years, which will126
significantly affect the amount of magnetic energy channeled through the Alfvén wings.127
Hence, changes in the magnetic topology of the interaction are expected to occur on short128
(order of days to years) time-scales in close-in star-planet systems, even if the planetary129
magnetic field is simple and non-varying. As a result, the magnetic energy channeled130
by the interaction will also vary by a least an order of magnitude on such time-scales.131
Our results suggest that observed enhanced emissions related to a close-in planet are132
expected to be very variable on short time-scales (the so-called on/off mechanism) due133
to this simple topological effect.134

Our simulations are adimensionalized, which allows each case to represent several phys-135
ical systems. As an example, once the Alfvén speed at the base of the corona is fixed136
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(see Section 2), one simulation can represent several physical cases by varying together137
the stellar wind magnetic and its density. We hence are free to choose the density nor-138
malization, which must adequately reflect the physical star-planet systems we want to139
simulate. Here we assume that the stellar wind mass-loss rate is equivalent to the solar140
wind mass-loss rate, which sets our density normalization. We then compute the total141
Poynting flux in physical units [W], as reported on the left panel of Figure 2. In the142
aligned case we obtain a Poynting flux higher than 1019 W, slightly less in magnitude143
than a typical solar flare. Nevertheless, the Poynting flux gives only an upper estimate of144
any observable signal, as further work is needed to clarify how much of this input energy145
can be converted into coronal and chromospheric emission.146

4. Conclusions147

We have demonstrated how magnetic topology affects close-in star-planet interactions148
using three-dimensional global numerical simulations. We developed twin simulations of149
such systems in which we only changed the orientation of the planetary field. We showed150
that the magnetically aligned case develops much stronger Alfvén wings than the anti-151
aligned case. As a result, the magnetic energy channeled through the wings varies by152
more than an order of magnitude between the two configurations. For moderate stellar153
(B� � 10 G) and planetary (BP � 1 G) magnetic fields, the close-in planet magnetic154
interaction leads to energy leads to Poynting fluxes of the order of 1019 W in the aligned155
case.156

Real stars posses much more complex magnetic fields than the simple dipolar configu-157
ration we considered here. In reality close-in planets are likely to interact with different158
local magnetic configurations along their orbit. As a result, the energy channeled through159
the wings is expected to vary on relatively short time-scales (of the order of days to years),160
providing a robust and simple physical explanation for the on/off emissions observed in161
real close-in star-planet systems (see, e.g. Shkolnik et al. 2008). Nevertheless, dedicated162
3D simulations tackling the dynamical aspects of a planet orbiting in a non-homogenous163
corona are needed. In addition, the time-scale on which the equilibrated configurations164
modelled in this work establish depends on the resistivity of the magnetospheric plasma165
of the planet, and on its reconnection efficiency with the stellar wind magnetic field. The166
numerical model presented in this work provides a solid basis for further, more realistic167
studies of star-planet magnetic interactions in which these dynamical aspects could be168
explored.169

References170

Cohen, O., Drake, J. J., Glocer, A., et al. 2014, ApJ, 790, 57171
Cohen, O., Drake, J. J., Kashyap, V. L., Sokolov, I. V., & Gombosi, T. I. 2010, ApJ, 723, L64172
Cuntz, M., Saar, S. H., & Musielak, Z. E. 2000, ApJ, 533, L151173
Fares, R., Donati, J.-F., Moutou, C., et al. 2010, MNRAS, 406, 409174
Grießmeier, J. M., Zarka, P., & Spreeuw, H. 2007, A&A, 475, 359175
Ip, W.-H., Kopp, A., & Hu, J.-H. 2004, ApJ, 602, L53176
Kopp, A., Schilp, S., & Preusse, S. 2011, ApJ, 729, 116177
Lecavelier des Etangs, A., Sirothia, S. K., & Gopal-Krishna, Zarka, P. 2013, A&A, 552, 65178
Mathis, S., Alvan, L., & Remus, F. 2013, EAS Publications Series, 62, 323179
Matsakos, T., Uribe, A., & Königl, A. 2015, A&A, 578, A6180
Matt, S. P., MacGregor, K. B., Pinsonneault, M. H., & Greene, T. P. 2012, ApJL, 754, L26181
Mignone, A., Bodo, G., Massaglia, S., et al. 2007, ApJS, 170, 228182
Miller, B. P., Gallo, E., Wright, J. T., & Pearson, E. G. 2015, ApJ, 799, 163183



406 A. Strugarek et al.

Neubauer, F. M. 1998, Journal of Geo. Res., 103, 19843184
Pillitteri, I., Wolk, S. J., Sciortino, S., & Antoci, V. 2014, A&A, 567, A128185
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