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Introduction

e Stars interact with their planets through:
— gravitation;
— irradiation; and
— magnetic fields;

* | shall focus on the case of close-in planets (a < 0.15
AU) around main-sequence late-type stars;

* | shall consider only some cases of interactions in
which magnetic fields play a relevant role.




Different MHD regimes

* In the Solar System, planets are in a region where the velocity of the solar
wind v,, is greater than the local Alfven velocity v, (super-Alfvenic regime):

=> Bow shock at the magnetospheric boundary as in the case of the Earth;

ci:viv,\,

where v is the velocity of
the plasma, vao = B/\/up
the Alfven velocity, p the
permeability of the plasma,
and p its density.

Image Credit: ESA (R.] (Saur et al. 2013)

In the case of close-in planets, the planet is likely to be inside the Alfven radius of the
star where v, < v, (e.g., Preusse et al. 2005);

Alfven waves excited by the planet orbital motion can travel down to the star (e.g.,
Preusse et al. 2006, 2007; Kopp et al. 2011; Saur et al. 2013).




The Jupiter-lo analogy

The Alfven wing model
(e.g., Neubauer 1980; Saur et al. 2013)

Jupiter Aurora
Hubble Space Telescope ¢ STIS

NASA and J. Clarke (University of Michigan) ¢ STScl-PRC00-38

Image Credit: J. Spencer




Star-Planet Magnetic Interactions (SPMI)

 |shall focus on a few observations:

— chromospheric hot spots rotating in phase with a close-in planet;

— low chromospheric emission levels in systems with HJs;

and consider some models proposed for their interpretation;

finally, | shall consider

— the possibility of photospheric activity phased to a close-in planet.




SPMI in the chromospheres of
HD 179949 and v And

HID 179949

Different symbols refer to different epochs (Shkolnik et al. 2005;
2001 Aug: circles, 2002 Jul: squares; 2002 August: triangles; 2003
Sept: diamonds)




Chromospheric hot spots

 Chromospheric hot spots rotating in phase with the planetary orbit have
been reported (Shkolnik et al. 2003; 2005; 2008; Gurdemir et al. 2012):

The irradiated power is of the order of 102°— 1021 W;

There is a phase lag between planet inferior conjuction and maximum
hot spot visibility;

Planet-induced hot spots are not steady as they are observed only in
=~ 30-50 percent of the seasons (Shkolnik et al. 2008);

HD 179949 and v And show the best examples (see, however,
Poppenhaeger et al. 2011; Scandariato et al. 2013);

Some authors have questioned the reality of the phenomenon (e.g.
Miller et al. 2012).




Very low activity in some stars with
transiting Hot Jupiters
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Fossati et al. (2013) noticed the very low values of the chromospheric emission of some transiting Hls.




Absence of emission in the cores of
chromospheric resonance lines
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In WASP-12, the Ca Il K line (and the Mg Il h & k lines as well) have zero flux in the
core. Interstellar absorption should be about one order of magnitude larger than

generally found in the star direction to account for this (Haswell et al. 2012; Fossati et
al. 2013).




The WASP-12 system is ~
shrouded in diffuse gas
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The stellar disc is obscured
at all observed phases.

Carole Haswell The Open UniversityPLATO 2.0 mtg July 2013




Open questions to be addressed by
the models

 Why are chromospheric hot spots shifted with respect to the
phase of planetary conjuction ?

* What is the physical process responsible for the energy
dissipated in hot spots ?

 What is producing the low level of chromospheric emission in
some stars with transiting Hls ? Is it circumstellar absorption

or is the stellar activity level intrinsically very low (as found by
Pillitteri et al. 2014b in WASP-18; see S.Wolk’s talk) ?




Simple magnetic field models

* Lanza (2008, 2009, 2012, 2013) has developed simple
magnetic field models for stars with close-in planets;

* They assume that:

gravity and plasma pressure are negligible in comparison
to the Lorentz force;

v << Vpipen (Negligible ram pressure);

plasma

the system is stationary ( => force-free fields).




Force-free fields

JZ/[IVXB L=)JxB=u"'(VxB)xB

(current density) (Lorentz force per unit volume)

It £L=0 then VXxB=aB

Taking the divergence of both sides of the above equation:

Therefore, a is constant along each given field line.




* There are two different possible configurations:

* Interconnecting configurations (potential magnetic fields);
[left]

 Topologically separated star-planet flux systems (with
possibility of magnetic reconnection); [right]
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Some axisymmetric field
configurations

There are particular minimum-energy configurations that:

a) have field lines that do not connect the planet with the star => the energy
dissipated by reconnection is not conveyed to the star; and

b) can store evaporated plasma in a torus around the star thus accounting for the
absorption suggested by Fossati et al. (2013), at least qualitatively.

Meridional sections of HD
179949 model fields;
Linear f-f field with an
azimuthal flux rope (left);
or non-linear f-f field
(right; Lanza 2012).




Magnetic reconnection power
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where 0 <y < 1 depends on the relative angle between reconnecting field
lines, n is the permeability of the vacuum, and v, the relative velocity
between the interacting field lines;

estimated dissipated powers Py = 10*/-10® W for B, = 10 G, B. = 10-40 G,
R, =4-5R,, V=V, = 100-200 km/s (Lanza 2009, 2012);

rel =

similar powers are obtained with the Alfven wing model (e.g., Zarka 2007;
Saur et al. 2013);

They are short of 2-3 orders of magnitude to account for the hot spot
emission.




Interconnecting loops

 When the field of the star is close to a potential configuration (e.g., close
to the minimum of the activity cycle), the formation of interconnecting
loops between the planet and the star is favoured (e.g., Lanza 2013);

 The stress induced by the orbital motion of the planet makes a large
power available, up to 10%2°-10% W:

where f,, is the fraction of the planet surface covered by the interconnecting
field lines (usually f,, = 0.1-0.2; Adams 2011), B, the planet’s polar field,
and v, = v, the relative velocity between the loop footpoints;

 In principle, the available power is enough to account for hot spot
emission.




MHD numerical models

Cohen et al. (2009, 2011) developed MHD numerical models also including the
measured field at the photosphere (e.g., Moutou et al. 2007; Fares et al. 2010);

They do include the effects of plasma pressure and gravity;
They may account for the power released in hot chromospheric spots;

Models of stellar winds and their interaction with close-in planets have been
developed by, e.g., Vidotto et al. (2010, 2011, 2013); Cohen et al. (2014).




Numerical wind models and
planetary magnetospheres

Sub-Alfvenic wind

Super-Alfvenic wind

Left: Vidotto et al.’s (2014) model of the wind from an M-type dwarf star. Right: a planetary
magnetosphere under different wind regimes (Cohen et al. 2014) [see also talk by V. See].




Magnetically powered evaporation

In stars with planets closer than about 0.05 AU, magnetic reconnection between the stellar
and planetary fields may release a power exceeding that of the stellar EUV flux (Buzasi 2013;

Lanza 2013);

The induced evaporation is expected to be modulated with the stellar field strength;

Accelerated electrons (and ions) can induce chemical reactions in the planet atmosphere
(e.g., Rimmer, Helling et al. 2014, production of C,H,, C,H,, NH;, C.H,, etc.).

(B(R.) =10 G; B,= 10 G)

B(r) = B(R.) (r/R.)*

where 2 <s<3,
s = 2: radial field
s = 3: dipole field

EUV fluxes from Lecevelier des Etangs (2007)




Photospheric spots forming in
phase with the planet ?

For a general introduction to starspots in late-type main-sequence stars see, e.g.,
Berdyugina (2005); Strassmeier (2009); Kovari & Olah (2014);

Spots at the subplanetary longitude have been detected in the synchronized system
CoRoT-4 (Lanza et al. 2009);

Lanza et al. (2011b) suggested that some photospheric spots emerged at a constant
phase lag with respect to the sub-planetary longitude in CoRoT-6;

Recently Beky et al. (2014) found a close commensurability between the rotation
period of the spots occulted during transits and the orbital period of the planet in HAT-
P-11 and confirmed a similar phenomenon in Kepler-17 (see Desert et al. 2011).
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Conclusions and open questions

Different regimes of magnetic interactions among stars and planets (sub-Alfvenic
vs. super-Alfvenic); magnetospheric and coronal physics;

Interconnecting loops may account for chromospheric hot spots;

Other magnetic field configurations may provide support for prominence-like
condensations in the outer stellar corona, leading to circumstellar absorption of
chromospheric emission;

— However, an intrinsically low level of activity cannot be excluded (cf. the case
of WASP-18 studied by Pillitteri et al. 2014);

Magnetic fields rule planetary evaporation and its time modulation (stellar EUV
flux vs. energy released by magnetic reconnection);




Conclusions and open questions

Exotic dynamo processes (starspots forming/rotating in phase or with a
period commensurable with a close-in massive planet) ?

Photospheric features phased to the planets can affect the RV modulation
thus impacting on planet confirmation and their parameter determination
(e.g., the case of HD 192263, Santos et al. 2003);

The TESS and PLATO missions will open new perspectives by discovering
bright planetary systems;

New theoretical work with MHD numerical models (Cohen et al.; Mathis,
Brun et al.; Strugarek 2014).




Thank you for your attention




Additional material




Transit of WASP-12 in UV

—— photometric transit

NUVA
NUVB
NuUvC
NUVA Time-Tag

- NUVA norm line
NUVB norm line
NUVC norm line

Passbands: NUVA: 253.9-258.0 nm; NUVB: 265.5-269.6 nm; NUVC: 277.0-281.1 nm (Fossati et
al. 2010; see also Haswell et al. 2012).

BenJaffel & Ballester (2013) found hints of an early ingress in the transit of HD 189733 as
observed in the C1l 133.5 nm line, but it needs to be confirmed;

Czesla et a. (2012) reported a longer transits (by = 15%) in the Ca Il H&K lines in CoRoT-2.




Models of transit of WASP-12 in NUV

—— Near-UV Transit: No bow shock
<& HST Data (Fossati et al. 2010)
—— Model 1A
-- Model 1B
- Model 2A
--- Model 2B

Normalised Flux

Asymmetric accrection stream
or magnetopause (Lai et al.

Observations by Fossati et al. (2010; mainly in the range = 254-258
nm) and bow-shock models (Vidotto et al. 2010; Llama et al. 2011);

Ben-Jaffel & Ballester (2014) proposed that the occulting material
comes from an evaporating exomoon orbiting the hot Jupiter.




Star-Planet Magnetic Interactions
(SPMI)

e | shall focus on a few observations:
Chromospheric hot spots rotating in phase with the planet;

Low chromospheric emission level in systems with HJs;

Transits in the EUV (WASP-12);

Preferential orbital phases for stellar flares (HD 189733);

Possible photospheric activity phased to a close-in planet.

 Then | shall briefly consider some simple models.




Open questions to be addressed by
the models

Why are chromospheric hot spots shifted with respect to the phase
of planetary conjuction ?

What is the physical process responsible for the energy dissipated
in hot spots ?

What is producing the low level of chromospheric emission in some
stars with transiting HJs ? Is it circumstellar absorption or is the
stellar activity level intrinsically very low (as found by Pillitteri et al.
2014b in WASP-18; see S.Wolk’s talk) ?

What is producing the asymmetric transit profile in the UV in
WASP-12 ?




Preferential orbital phases for flares in
HD 189733
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» Pillitteri et al. (2014a) studied the X-ray emission of HD 189733. Three coronal flares were
observed close to the egress of the planetary transits (orbital phase range 0.55-0.65).




Helicity modulation and flares

The passage of the planetary magnetosphere across an extended stellar loop
modulates its magnetic helicity and may trigger a flare (Lanza 2012);

If an extended coronal loop is present in HD 189733 at an approximately constant
longitude, then it can produce recurrent flares when it is perturbed by the
planetary magnetosphere moving across its top (cf. Pillitteri et al. 2011, 2014a).




Stellar obliquities

HAT-P-18

\ + WASP-2b
+ WASP-8b
J» Kepler—63b
HAT-P-11pb
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WASP-80b
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Measuring tidal dissipation efficiency in stars of different T is crucial also to
understand the distribution of the measured projected stellar obliquity (lambda) in
planetary systems (picture from Esposito et al. 2014; see also Winn et al. 2010);

Large body of theoretical investigations on this topics (e.g. Lai 2012; Albrecht et al.
2012; Rogers & Lin 2013).




Magnetically modulated
evaporation ?

Kawahara et al. (2013) suggested that in the case of the very low-mass transiting
planet KIC 12557548 (Rappaport et al. 2012; Croll et al. 2014), the transit depth of
its cometary tail may change in phase with the modulation of the stellar light curve
induced by starspots.
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Linear force-free fields

Force-free fields:

Taking the divergence of both sides: ERERAYESN
Therefore a is constant along each magnetic field line;

A linear force-free field is one whose a is the same along all the field lines;

For a fixed magnetic helicity H and boundary conditions, it is the minimum energy field

[REF.];

H = fA-BdV,
\%4
where A is the vector potential of the field, i.e.

When H=0, the minimum energy configuration for assigned boundary conditions is the
potential field (o = 0).




Magnetic field configurations

The planet’s magnetic field is potential (a=0), so a stationary magnetic field line
connecting the surface of the star to the planet belongs to a potential field;

On the other hand, the domains of the stellar field that are not potential cannot be

stationarily connected to the planet’s field because a is constant along a given
field line;

In that case, the two flux systems (planetary and stellar) are topologically separate
from each other and interact only at a discontinuity surface where there is
magnetic reconnection and energy release.
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Evaporation of planetary atmospheres

Vidal-Madjar et al. (2003, 2004, 2008), Linsky et al. (2010), and others found evidence of
deeper transits in Lya and other FUV lines (e.g. Si lll, C Il) with depths 2-3 times larger
than in the optical band in HD 209458, HD 189733, and WASP-12;

A remarkable time variability has been found (e.g., Lecavelier des Etangs 2012);

The absorbing material extends beyond the planet’s Roche lobe and has velocities
ranging from several tens of km/s up to = 100-150 km/s;

These observations are interpreted as evidence of evaporation of planetary
atmospheres;

Haswell et al. (2012) extended the approach to NUV lines in the case of WASP-12.




What powers atmospheric
evaporation ?

The stellar EUV flux (= 1-100 nm) has been identified as the main source of
energy to power evaporation;

It depends on the stellar T+ and rotation rate;

It can vary remarkably along the activity cycle (at least by a factor of 2-3 in
the Sun) and be enhanced during flares;

Due to interstellar H absorption, it is difficult to estimate (e.g., Ribas et al.
2005; Lecavelier des Etangs 2007; Sanz-Forcada et al. 2011; Linsky et al.
2013).




The intriguing cases of CoRoT-2
and HD 189733

CoRoT-2 and HD 189733 have visual M-type dwarf star companions whose age can
be estimated from the level of their X-ray emission;

Values of several Gyr are derived (e.g. Guinan 2013);

The same method, or gyrochronology, can be applied to estimate the age of their
primaries that host hot Jupiters;

The ages of CoRoT-2 and HD 189733 are thus estimated to be = 0.5 Gyr and =1-1.5
Gyr, respectively;

Therefore, there is a remarkable discrepancy between these age estimates and
those derived for the companions (Schroter et al. 2011; Pillitteri et al. 2014;
Poppenhaeger & Wolk 2014);

Is the presence of the HJ affecting stellar rotation ?
— Pont (2009) proposed that close-in massive planets may spin up their hosts through tidal interaction;

— Lanza (2010) and Cohen et al. (2010) proposed that the planet may reduce the stellar angular
momentum loss rate by perturbing/modifing the stellar magnetized wind.
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