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1. Introduction

In present time there are known about 2000
exoplanetary  systems and 4000 exoplanets.
Discovering of the first exoplanets since 1995 found
the significant distinguishes theirs dynamical,
physical and chemical properties in comparison with
properties of the Solar system planets. But modern
investigations [1] show the existence of the
exoplanetary systems and exoplanets with properties
characteristically for the Solar system and the Solar
system planets. For example, in Fig.1 and Fig.2, in
according with the work [1], the distributions “Planet
Semi-Major Axis vs Planet Radius” are plotted for
data of 2011 and 2016, correspondingly. These
figures allow making a conclusion — the number of
the revealed exoplanets with small radii near the
parent stars is increasing and the number of giant
planets placed far from the stars is also increasing.
In the work [2] results are discussed of research on
magnetospheres of Jupiter, Saturn, Uranus, Neptune
and the Earth. Below we consider a method of
finding in the space-time of undiscovered exoplanets
radiation belts.
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Figure 1: Distribution of exoplanets in 2011 -
“Radius-Semi Major Axis” [1].
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Figure 2: Distribution of exoplanets in 2016 -
“Radius-Semi Major Axis” [1].

2. The peculiarities of perturbations
of semi-major axes of small bodies

moved in magnetic and
gravitational fields of rotating
exoplanet

Let us consider action of dipole magnetic field of a
rotating planet, with mass M and angular velocity w,
on a body with mass m and electric charge Q in the
frame of the model described by the equation (1)

d? r/dt?=-G(M+m)r/r*+Q/m[V uoH]. (1)

Here, r is the planet centric radius vector of the
satellite, GM is the planet centric gravitational
constant, o is the magnetic constant, V is the
velocity of the satellite in the magnetic field of the
planet, H is the intensity of planet magnetic field. We
use the following conditions

M>>m;G(M+m)>>|Q/m[V,uH], V=v-Vy, e%=0. (2)
v is the velocity of the satellite in respect of the

inertial system of origin, Vy is the velocity of the
point hardly tied with the rotating planet.



Components of the magnetic intensity H are
depended on the coordinates and may be determined
from the expression of the “potential” U of the
magnetic field [4]

U=R*/r’[9. sinp+(g.°cosi+hy sinA)cosp] . 3)

Where R is the equatorial radius of the planet, ¢ and A
are the “planet graphic* latitude and longitude of the
projection of the satellite on the surface of the planet.
For the Earth, as it is known, g;°=-30186y; g,'=-
2036y; h,'=+5735y. 1y = 10%/(4n)AIm = 7.95775-10*
A/m [4].

If X, Y, Y are the northern, eastern and vertical
components of the vector H, correspondingly, then

X=-1/r(0U/0p); Y=-1/(rcosp)(0U/0L);, Z=-0U/Or. (4)

Using the Lagrange equations for the calculations of
perturbations of semi major axis da per one
revolution of the satellite with mean motion equals
ns [3] and equation (1) — (4) we obtained the
following results, for example

if wing=2+¢; &e—0, than
8a=21(0/m)R3uowa/(GM)sini-{(g*cosiogthi’sin Aop)
* (cos2w+sin2m)~+cosi[| (gllsinxlgo-hllcosigo)'sin2w +
(-1 costgpthysin Aoy cos2m]}, (5)

where e and i, are the eccentricity of the orbit, the
inclination of the orbital plane, correspondingly, w is
the argument of the percenter of the satellite orbit,
Agpis initial planet graphic (Greenwich for the Earth)
longitude of the satellite. It should be noted the
explicit formula for da is very complicated (even for
the conditions (2)), but this expression is
significantly simplified for the ratios w/n&=1, 2, 3... .
It is obviously, for the definite values of the
parameters, placed in the equation (5), we have 6a=0.

3. (Any) regions with radiation belts
near the planets

So, in the case of the planet dipole magnetic
field it may be shown the expressions for the
perturbations of semi-major axes da of the satellites
orbits are presented in the “simple” forms for a for
which periods of the satellites motion are multiples
of the axial rotating planet period T (4) (in the frame
of the considered model).

2
(T) GM
M| ()

Here, G is the gravitational constant; M is the
planet’s mass. For the Earth radiations belts “2<n<9
(the Earth radiation belts are placed from the planet
at the distances equal 3000 - 12000 km, 18000 -
57000 km, the third belt is placed from the planet at
the distance equal the ten radii of the Earth but this is
unstable region of charged particles motion [2, 4]). In
the case of Jupiter the maximum charged particles
concentration is placed at the distance equals 177000
km [2], corresponding a for Y.<n<4 (4). Suppose,
exosolar planets, especially rotating with great
angular velocities, have radiation belts placed in the
regions determined by the formula (4).

4. Conclusions

Discovering of the general properties of exoplanets
and Solar system planets, give possibilities to
localize unrevealed yet small bodies near the
exosolar planets. For instance, the formula (4), in the
considered model, allows to estimate the size r of the
regions with hypothetical planets radiation belts
(1/2<n<10, r>R, T<1 day).
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Abstract

We study an exosphere of a Neptune-size exoplanet
Gliese 436b, orbiting the red dwarf at an extremely
close distance (0.028 au), taking into account its
interaction with the stellar wind plasma flow. It was
shown that Gliese 436 b has a bowshock region
between planetary and stellar wind which localized
on the distance of ~33 R, where density of planetary
atoms slightly dominates over the protons.

1. Introduction

The modelled planet Gliese 436b has a mass
Mp=0.07M;, radius R=0.38R; and an estimated
surface temperature 700 K. To describe the physical
processes in the planetary upper atmosphere and
beyond, we use a 2D self-consistent multi-fluid
hydrodynamic 2D aeronomy model. In our
simulations we investigated basic properties of
exosphere during interaction with stellar plasma.

2. Model

To describe the expanding atmosphere of Gliese
436b and its interaction with the stellar wind plasma,
we use a 2D axisymmetric multi-fluid hydrodynamic
model [1, 2]. Each fluid describes the hydrogen and
helium components of the planetary origin (H, H",
H,, H,", H3', He, He") and the stellar wind protons.
The planetary plasma is regarded as a quasineutral
fluid with thermal equilibrium: T; = T.. The model
takes into account the basic photo-chemical
processes in the hydrogen-dominated atmosphere,
allowing to describe in a self-consistent way its
heating and ionization due to absorption of the stellar
XUV radiation. An approximated spectrum of Gliese
436 in the range of 10-912 A is used in the
simulations. The tidal forces acting on the streams of

the escaping planetary upper atmospheric material
are also taken into account.

3. Results

At the initial state of the simulations, the atmosphere
of Gliese 436b is assumed to consist of the molecular
hydrogen and helium atoms at a ratio Ny, / Ny, = 1/5
with the temperature 750 K. We consider the case of
a weak stellar wind (SW) with ng,=100 cm?®, Tg,=1
MK, V4,=70 km/s, which is much less intense than
the solar wind. Because of this fact, , we did not
consider generation of Energetic Neutral Atoms
(ENAS). The planetary wind (PW) streams, moving
towards and away from the star, are formed, driven
by the stellar XUV energy input and the stellar
gravity. They propagate within the SW plasma,
separated from it by a kind of ionopause. In our
simulations we took the stellar XUV flux Fxyy= 0.8
erg cm?sat a distance of 1 a.u.

Log( nl) (c:n'3) '
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Fig.1 Distribution of density, temperature and
velocity of the species in the PW along the planet-
star line.



The structure of the expanding PW of Gliese 436 b is
shown in Figure 1, which gives the profiles of
density, velocity, and temperature for hydrogen
atoms, protons and helium atoms along the planet-
star line. A strong coupling between atoms and
protons in the PW region is indicated by the velocity
and temperature profiles, which are rather close to
each other. The velocity rapidly increases and at the
distance of 50-60 R, from the planet it reaches ~90
km/s, while the temperature after having a maximum
of about 5000 K decreases smoothly down to ~ 2200
K.

The distributions of density and velocity of the
species in the PW cross the planet-star line is shown
in Figure 2, which reveals three regions: 1) the region
of the PW material; 2) an outside area of the SW; and
3) a bowshock between the PW and SW where
density and the temperature of the planetary atoms
and protons increase. The density of planetary atoms
slightly dominates over the protons in the region of
the bowshock. Planetary atoms, overcoming the
shock, also penetrate into the SW, where they are
accelerated up to speeds of ~ 30 km/s, at the distance
of ~60Rp, while the planetary protons are stopped by
the thermal pressure of the stellar wind protons. PW
atoms which penetrate into SW undergo the charge
exchange with stellar protons forming ENAs.
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Fig.2 Profiles of density and velocity of the species
in the PW across the planet-star line.
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Abstract

Using a global 3D, fully self-consistent, multi-fluid
gas-dynamic aeronomic model, we simulate the
dynamically expanding upper atmosphere of an
exoplanet HD 209458b. The complex spatial
structure of the escaping upper atmospheric planetary
material, energized by the stellar XUV and driven
further by tidal forces, while interacting with the
stellar wind plasma is revealed in course of the
modelling. We calculate transit absorption in Lya
and find that it is produced by both, dense exosphere
inside the Roche lobe, due to the natural line
broadening mechanism, and by the fast Energetic
Neutral Atoms (so-called ENAs) outside the Roche
lobe, due to the resonant thermal line broadening.

1. Introduction

Spectrally resolved transit measurements revealed
extended planetary exospheres existing around a
number of close-orbit exoplanets. Observed
absorption in Lya and resonant lines of heavier
species, e.g., O, C in HD209458b indicates the
dynamical expansion of its exosphere and
overflowing the Roche lobe. Numerical simulation of
this process involves aeronomy processes to describe
the heating, chemical transformation and acceleration
of the upper atmosphere in the form of an expanding
planetary wind (PW) on one hand, and the interaction
the PW with the stellar wind (SW) plasma on the
other hand. So far the aeronomy simulations have
been restricted to 1D models, while global 3D codes
of the PW-SW interaction lacked the self-consistency
regarding the modeling of the PW formation. Here
we present a 3D multi-fluid gasdynamic model,
which  self-consistently  simulates the global
dynamics of the expanding PW within the SW
environment.

2. The Model

We upgrade our previous 2D model (Shaikhislamov
et al. 2016, Khodachenko et al. 2017) to a 3D case
while keeping included all the details of the
aeromomy of upper atmosphere, composed of
hydrogen and helium. Using a sufficiently detailed
planet based spherical coordinate system with a
variable mesh, it is possible to resolve the
wavelength- and height- dependent absorption of the
ionizing stellar XUV radiation and the molecular
hydrogen photo-chemistry in the highly stratified
upper atmosphere of the HD209458b. Besides of that,
the model simulates the expansion of the PW beyond
the Roche lobe and its interaction with the SW under
the action of inertia and gravity forces in a large
spatial volume extending far beyond the planet orbit.
This interaction also includes the generation of ENAS
due to charge-exchange of slow planetary hydrogen
with fast stellar protons, as well as stellar radiation
pressure by the absorbed Lyo flux. For the
reproducing of realistic SW parameters and
calculation of the shock, formed during the SW-PW
interaction, we use the adiabatic specific heats ratio
5/3, instead of the isotropic or polytropic ones, taken
in the most of other global models. To sustain the
continuous acceleration of the SW, an empirical
heating of the stellar plasma inside the orbit ~0.1 a.u.
is introduced. By taking certain values for the coronal
temperature and density, as the boundary condition,
either a slow, or a fast SW regimes can be modeled.

3. Results

We present here our first results on the simulation of
the global structure of the dynamical plasma
environment around HD 209458b under the
conditions of the stellar XUV flux and SW typical for
the Sun, and expected for a Sun-like star HD209458.
Figure 1 shows the 3D plots of proton density and
temperature. The planetary material stretches along



the orbit ahead and behind the planet. The SW
overflows this structure and forms a shock along the
whole length of the ahead streaming part of the PW
flow. Due to the SW-PW interaction some planetary
material is swept away by the SW.

Figure 1: 3D color plots of proton density (upper
panel, in cm™) and temperature (bottom, in units of

10* K). The coordinate axes are centered at the planet.

The profiles of the physical quantities along the
planet-star line sown in Figure 2, demonstrate a sharp
separation of the whole region onto planetary and
star dominated domains. The H, dissociation front is
located at about 1.5R,. The maximal temperature of
the expanding PW reaches 9000 K at about 2R,
while velocity gets up to 40 km/s.

The calculated transit absorption in Lya reveals that
the main contribution comes from the natural line
broadening mechanism, operating in the dense
planetary exosphere inside the Roche lobe. The
resonant Lya absorption by ENAs (mostly at the blue

wing of the line) might be also important, depending
on the intensity of XUV flux and the density of SW
plasma. This is in general agreement with our
previous findings with the 2D axisymmetric model
(Khodachenko et al. 2017). However, the essentially
3D geometry of the planetary plasma environment
shows the new qualitative features and quantitative
details, which can be captured only with the self-
consistent 3D multi-fluid simulations.

H,

planetary region . stellar region

ionopause

1 10 100

Figure 2: Density profiles for protons, molecular and
atomic hydrogen (upper panel, log scale, in cm?);
temperature and velocity distributions (bottom) along
the planet-star line.
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Abstract

We apply a 2D hydrodynamic multi-fluid code [1, 2]
to model the absorption in resonant lines of Ol and
ClIl in exosphere of HD 209458b. The absorption in
these lines at the level of 10% was observed during
several transits, but has not been yet satisfactorily
explained. Our simulations show that the upper
atmosphere of HD 209458b expands beyond the
Roche lobe in the form of two supersonic streams
that propagate towards and outwards the star. The
heavier species of O and C are dragged within these
streams and produce resonant Doppler shifted
absorption consistent with the observations.

1. Introduction

Besides Lyo, the primary transit of HD209458b has
been also observed with HST/STIS at other far UV
wavelengths. In particular, Vidal-Madjar et al. (2004)
reported absorption depths of 13+4.5% and 7.5+3.5%
in Ol (2p? 2P — 2p? 2D) and CII (2p* 3P — 2p* 3S)
resonance lines. While the Lyo absorption may be
dominated by the natural line broadening mechanism,
acting in the exospheric material inside the Roche
lobe, the absorption by heavier species, with the
abundances 3 to 5 orders of magnitude less than that
of hydrogen, offers a possibility to trace the planetary
plasma beyond the Roche lobe. However, the
previously applied 1D models could not explain the
observed absorption width by the resonant
broadening, corresponding to the width of the
emission lines, up to 40 km/s, while the natural line
broadening gave the absorption at the level of only 3-
4%. Koskinen et al. (2010) estimated that such
factors as sporadic hot spots on the stellar disk, limb
darkening or limb  brightening, super-solar
abundances, position of Hy/H dissociation front can’t
provide sufficient increase of the Ol transit depth,
while Ben-Jaffel & Sona Hosseini (2010) argued that
for the sufficient thermal broadening, O and C inside

the Roche lobe should have temperatures up to 10
times higher than that of hydrogen. In the present
paper we show that the observed broadening may be
generated by a global flow of the escaping planetary
upper atmospheric material beyond the Roche lobe.

2. The Model

The minor species were added to the initial
atmosphere of the HD209458b, assuming the solar
abundances, and then evolved according to the
dynamic equations of the used model. The population
of different ionization states for each element was
calculated assuming the specific photo-ionization and
recombination rates. Besides of that, an influence of
the resonant charge-exchange reaction with hydrogen
O+H"-0"+H on the atomic oxygen population was
taken into account. The reaction cross-section, ~10™
cm?, is sufficiently large, so that O ionization follows
the ionization of H. Because of a much smaller
photo-ionization threshold for C, than that for H, the
carbon atoms are ionized in the lower thermosphere
at heights of about 1.1R,. Therefore, we add the
already ionized carbon atoms to the modelled
atmosphere and follow the dynamics of Cll and ClII,
taking into account their further photo-ionization and
recombination.

3. Results

Figure 1 shows density distributions of hydrogen
atoms, Ol and CIl in the escaping planetary
atmosphere  of HD209458b. The  assumed
abundances for O and C are O/H=8.5-10* and
C/H=3.6-10", respectively. The stellar wind (SW)
was taken to be very weak, so that it does not affect
the numerical solution for the outflowing planetary
wind (PW). In our previous simulations [1, 2] it was
shown that in case of neglecting the Coriolis force,
the expanding PW forms a nearly symmetric double
stream structure. Beyond the super-sonic transition
point located outside the Roche lobe at ~5R,, the



escaping PW streams are further accelerated by the
tidal force.

0<log (n,) <6

0<log (n.y;) <4

Figure 1. Density distributions of hydrogen atoms
(ny), oxygen atoms (ng;) and carbon ions (n¢y) in the
PW flow under typical for HD209458b conditions
and for a very weak SW. The plotted values are in
log scale. The streamlines of the corresponding flows
are shown in black. The values outside the indicated
variation ranges of the plotted parameters are colored
either in red if smaller than minimum, or in blue, if
higher than maximum. White circle indicates the
planet.

] rel. units. 01130217 A

kmis % N km/s

4 30 20 0 0 10 20 30 40 40 30 20 0 0 10 20 30 40

Figure 2. Left panel: The absorption profile for Ol
1302.17 A line (thick solid line). The dotted and
dash-dotted lines show the decomposition of the Ol
1302.17 A line absorption onto the resonant
component and the absorption due to natural line
broadening, respectively. Right Panel: The shape of
Ol 1302.17 A line out-of-transit (solid) and the
modeled in-transit (dotted), depleted due to
absorption.

The absorption produced by Ol, carried within the
PW flow, is shown in Figure 2 for the case of the line
OI 1302.17 A, taken as an example. It produces the
largest contribution to the whole absorption of the Ol
multiplet, because of its highest statweight. The
decomposition of the calculated absorption shows
that its resonant part constitutes a significant portion
(5+15) %, covering almost the whole line from —30

km/s in the blue wing up to 15 km/s in the red wing.
The input of natural line broadening by dense
exosphere is about 4%, which is the same as in
previous works where no PW motion was included.
The transit depth of the whole OI multiplet reaches a
value of 8.5%. The similarly modeled CII multiplet
absorption gets up to 8.7%. In the simulations we
also checked how the absorption is affected by such
factors as XUV intensity and SW intensity. It was
found that sufficiently high total pressure of the SW
may stop the dayside PW flow, making the
absorption profile strongly asymmetric. This effect
enables the probing of the SW intensity.

It has been shown for the first time that with the
account of the effect of the species, carried within
escaping PW streams, the transit depths observed for
oxygen and carbon resonant multiplets can be
reproduced assuming the typical solar abundances.
The depths can be even larger than that for the Lya
line, reaching values of about 10%. The performed
simulations confirm the previously proposed idea
that bulk motion of the HD209458b hydrogen
atmosphere, escaping the planet with the velocity of
several tens of km/s, drags the heavy elements, which
sufficiently increase the resonant line broadening in
absorption of the corresponding stellar lines.
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Abstract

In this report we discuss possible influence of the
proper magnetic field on the gaseous envelopes of
hot jupiters.

1. Introduction

Hot jupiter exoplanets, have a number of outstanding
features, caused mostly by their proximity to the host
star, e.g.: gas outflowing from the planet’s
atmosphere to the star, as it happens in close binary
stars. Gas-dynamical modeling shows that, if the
dynamical pressure of the stellar-wind is high enough
to stop the outflow from the vicinity of the inner
Lagrangian point, a quasi-closed non-spherical
envelope, bounded by the bow-shock of a complex
shape, forms in the system. The aim of our current
study is to estimate the possible variations of the
structure and dynamics of flows in the envelope of a
hot jupiter due to the presence of the planetary
magnetic field.

2. Reduction of mass loss due to hot
jupiter magnetic field

The results of three-dimensional MHD computations
of a hot jupiter with the parameters of the object
WASP-12b [1] show that the presence of a magnetic
field leads to appreciable variations of the matter
flow structure. In the solution without magnetic field,
the overflow of the Roche lobe by the planetary
atmosphere leads to the formation of an open
envelope with a mass-loss rate of ~1.5 10" g/s. In
spite of the fairly weak magnetic field of the planet (a
strength of ~0.1 the magnetic moment of Jupiter), the
MHD solution differs appreciably from the purely
gas-dynamical solution: for the same parameters of
the atmosphere, the propagation of the stream from
the vicinity of L; occurs perpendicular to the
magnetic-field lines and is stopped by the pressure of
the stellar wind at a distance of ~14 R from the
planet, forming a quasi-closed envelope. The mass-

loss rate in the solution with the magnetic field was
~4 10° g/s. This reduction (by ~70% ) of the mass-
loss rate due to the influence of the magnetic field
makes it possible for exoplanets to form closed and
quasi-closed envelopes in the presence of more
strongly overflowing Roche lobes than is possible
without a magnetic field.

3. Pulsations in the envelopes of hot
jupiters possessing magnetic fields

Three-dimensional MHD modeling on time scales
appreciably exceeding the time for the formation of
the envelope [2] show that the presence of a magnetic
field appreciably changes the flow patterns in
systems whose parameters lie within the range
enabling the existence of quasi-closed envelopes. An
important difference of the MHD flows from purely
gas-dynamical flows is the existence of a pulsation
regime for the outflow of matter. Pulsation in the
outflow of matter through the inner Lagrange point
L, arises when the outflowing gas cannot
simultaneously overcome the dynamical pressure of
the wind and the tension of the magnetic-field lines.
In this case, the gas accumulates in regions
surrounded by closed magnetic-field lines until there
is a rupture in the direction toward the star (in the
vicinity of L), during which the accumulated matter
forms a flow. The stream that is formed shields the
vicinity of L1 from the stellar wind, making it
possible for the flow to recover. After the re-
establishment of the flow, the matter in the vicinity
of L; rapidly dissipates, and the tension of the
magnetic-field lines again becomes sufficient to
confine the matter, leading to a new cessation of the
flow. After the dissipation of the stream, the stellar
wind finally closes off the vicinity of L, and the
cycle of the accumulation of matter begins again.

Computations conducted for a dipolar field geometry
with the dipole axis oriented perpendicular to the
orbital plane have shown that the pulsation period for
the solution with magnetic moment p = 0.125py,, is
~0.27 of the orbital period. This pulsational outflow



regime  should substantially influence  the
observational manifestations of the extended
envelopes of hot jupiters.

4. Summary and Conclusions

The discovery of the possible existence of huge
quasi-stationary envelopes around a number of hot
jupiters (i.e., with sizes appreciably exceeding their
Roche lobes) and the need to correctly take into
account their properties when interpreting
observational data require a careful analysis of the
main  physical processes influencing their
atmospheres. One important factor is the possibility
that the planet has a magnetic field. It was shown that
the presence of even a modest dipolar magnetic field
of a hot jupiter (with a magnetic moment
approximately 1/10 the magnetic moment of Jupiter)
influences the properties of the planetary atmosphere,
in particular, leading to expansion of the range of
parameters for which a giant, quasi-closed envelope
can form around the planet. It was also established
that the presence of a planetary magnetic field
reduced the mass-loss rate from the envelope, since
matter flowing out from the inner Lagrange point
moves perpendicular to the field lines.

Three-dimensional MHD modeling also show that
pulsations arise in the atmospheres of hot jupiters
possessing  dipolar  magnetic fields, with
characteristic periods ~0.27P,3. In the case
considered, when the system contains a giant
envelope fed by a stream of matter from the inner
Lagrange point, the presence of such pulsations gives
rise to appreciable variations in the gas-dynamical
structure of the flow. In particular, pulsations of the
atmosphere lead to tearing off of part of the flow and
sharp fluctuations in the size of the envelope, leading

to variations in the envelope’s observational
properties.
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Abstract

Exoplanets sufficiently close to their host star can
couple electromagnetically to the star. This process
is known as electromagnetic star-planet interaction
(SPI). So far there is no clear observational evidence
for SPI because of the usually bright intrinsic stel-
lar emissions. We apply semi-analytic approaches to
model the properties of SPI. The understanding of ba-
sic physical phenomena could help to identify signals
of SPI in stellar lightcurves. We chose the TRAPPIST-
1 system for our studies. Its seven planets make it an
intriguing system for the search of SPI. We show that
SPI is possible in this system and discuss its observ-
ability.
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Abstract

The interaction of an escaping upper atmosphere of a
hydrogen rich non-magnetized analogue of
HD209458b with the stellar wind of its host G-type
star is simulated with a 2D axisymmetric multi-fluid
hydrodynamic model. Different regimes of the
planetary upper atmospheric material escape,
depending on the parameters of the stellar wind and
XUV flux are considered. The performed simulations
enable calculating of the Lyo absorption during
transits of HD209458b and quantifying the major
mechanisms responsible for its observed features.

1. Introduction

The interpretations of Lya spectra measured during
transits of HD209458b still remain controversial. The
existing explanations based on 1D hydrodynamic
models of hot Jupiters’ material escape suggest that
the detected absorption, extending over the high
velocity wings (~100 km/s), is due to non-resonant
natural line broadening, caused by dense and warm
exosphere that fills the Roche lobe of the planet. At
the same time, the modelling by kinetic codes yields
that the resonant, or thermal line broadening
absorption by fast hydrogen atoms, so-called ENAs,
which takes place beyond the Roche lobe might be
more important. As the major mechanisms
responsible for the ENAs production, the acceleration
by radiation pressure (in the same Lya band) and
charge-exchange between stellar wind protons and
planetary atoms are considered, while the domination
of particular mechanism is still the matter of debate.
To shed more light on that issue, we apply a 2D
hydrodynamic  multi-fluid model that self-
consistently describes the expansion of a “hot
jupiter’s” upper atmosphere composed of hydrogen
and helium at partial ratio Xpie /Xus = 1/5 (heated by

the stellar XUV), taking into account the interaction
between the expanding planetary wind and the stellar
wind plasma. The production of ENAs by charge-

exchange and acceleration by the radiation pressure
are taken into account in the model [1,2].

Figure 1: Density distributions of protons (ny.),
planctary atoms (nyg) and ENAs (ngna), in the
“‘captured by the star” regime of PW-SW interaction
by HD209458b for the slow SW (psw=5x10° pbar),
Fxuv=4.466 erg s'em?at1a.u.
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Figure 2: Absorption profile of Lya line (thick solid)
for the regime sown in Figure 1. Black-dotted and
black-dashed lines represent the resonant thermal
and non-resonant natural parts of the absorption,
respectively; whereas gray-dotted and gray-solid
lines show the contribution of ENAs and planetary
atomic hydrogen (Ha).

2. Results

Depending on natural (about an order of magnitude)
variations in the total pressure of the stellar wind SW,



the escaping planetary wind (PW) of HD209458b
formed during the expansion of the planetary upper
atmosphere energized by the stellar XUV radiation,
can exist in two essentially different regimes [1]: 1)
the “blown by the wind” regime, when sufficiently
strong SW stops the escaping PW at the day-side and
channels it away from the star into the tail, forming a
kind of a paraboloid-shaped planetary plasmasphere,
and 2) the “captured by the star” regime, when the
tidal force exceeds the action of the SW ram pressure
and a double-stream structure of the escaping PW is
formed along the planet-star line (in the star-wards
and tail-wards directions). In both cases the PW is
sufficiently dense to remain strongly collisional even
rather far from the planet (up to several tens of R;)).

Figure 3: Density distributions of protons (ny.),
planetary atoms (ny) and ENAs (ngna), in the ““blown
by the wind” regime of PW-SW interaction by
HD209458b for the fast SW (psw=1.3x10"* pbar),
Fxuyv=4 erg s'lem?at 1 a.u.
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Figure 4: Absorption profile of Lya line (thick solid)
in the “blown by the wind” regime of PW-SW
interaction by HD209458b for the fast SW (500km/s,
Tsw=2.9MK). (A): Fxyy=4 erg s'lem? at 1 au.,
n=2.5x10%cm™; (B): Fxyv=8 erg s'em? at 1 au,
n=5x10*cm™.
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The distributions of density of protons, planetary
hydrogen atoms and ENAs realized in the “captured
by the star” regime of PW-SW interaction for the

slow SW under the typical for HD209458b
conditions, and the decomposition of the
corresponding Lya absorption profile onto the
resonant thermal and non-resonant natural with
showing also the contribution of ENAs and planetary
atomic hydrogen, is presented in Figures 1 and 2,
respectively. The results of similar study for the case
of the “blown by the wind” regime of PW-SW
interaction are shown in Figures 3 and 4.

3. Conclusions

It has been demonstrated that the most crucial factor
affecting the ENA environment of HD209458b is the
XUV flux. At the same time, the calculations in a
wide range of stellar wind parameters and XUV flux
values have shown that under the typical conditions
expected for HD209458b the amount of generated
ENAs is too small, and the observed absorption at the
level of 6+8% can be attributed only to the non-
resonant natural line broadening. For lower XUV
fluxes, e.g., during the activity minima, the number
of planetary atoms that survive photo-ionization and
give the origin to ENAs, increases resulting in up to
10+15% absorption at blue wing of Lya line, caused
by the resonant thermal line broadening. Similar
asymmetric absorption can be seen under the
conditions of a fast SW with a sufficiently high total
pressure, e.g. during Coronal Mass Ejections, when
the escaping PW flow is confined the within a kind
of bowshock around the planet. It has been found,
that the radiation pressure in all considered cases has
a negligible contribution to the production of ENAs
and the corresponding absorption.
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Abstract

The work presents the multi-fluid numerical
modeling to interpret the observed absorption in Mg
resonance lines during the transit of WASP-12b and
to quantify the crucial mechanisms responsible for
exoplanetary upper atmosphere mass loss. The model
simulates the expansion of upper atmosphere due to
stellar XUV radiation and includes the hydrogen
chemistry and effects of stellar wind. The two case-
scenarios of the planetary material escape and
interaction with the stellar wind, namely the ‘blown
by the wind’ (without the inclusion of tidal force) and
‘captured by the star’ (with the tidal force) have been
modeled for different stellar XUV radiation fluxes
and different stellar wind parameters. In the first case,
the planetary mass loss is controlled completely by
the stellar radiation energy input. However, in the
‘captured by the star’ case, the mass loss is mainly
due to the gravitational interaction effects. The
dynamics of Mgy ions was modeled with three
different sets of stellar wind parameters and XUV
flux values under a realistic Sun-like star condition.
The results appear in good agreement with the
observations.

1. Introduction

WASP-12b is one of the recently observed close-
orbit, short period hot Jupiters [1, 2]. The Roche lobe
size of the planet is a little larger than the planet
radius, and therefore the planet mass loss due to tidal
force has to be a very common phenomenon for this
planet. Fossati et al. [2] and Haswell et al. [3]
investigated two transits of the planet and advocated
the likelihood of early ingress in the near-UV of the
planet compared to its optical light curve which is
reminiscent of absorbing material around the planet.
Fossati et al. [2] and Nochols et al. [4] have detected
an extra absorption in the Mg, resonance line cores at
the 2.80 level.

The main objective of the present work is to
analyze the two scenario namely the formation of

bow-shock and diffused cloud or torus due to the
material escape from the planetary exosphere to
understand the observed phenomenon of early
ingress, extra absorption in Mg, resonance line and
mass loss processes.

2. Multi-fluid Simulation results

A 2D multi-fluid model developed in [5, 6] is
adopted for the specific case of WASP-12b. In the
‘blown by the wind’ case, the stellar wind (SW) total
pressure is sufficiently high enough to stop the
planetary wind (PW), and to create an ionopause, and
a bow shock. However, in the ‘captured by the star’
case, the PW expands beyond the Roche lobe
towards the star being further pulled by the tidal
force. Figures 1 and 2, illustrate the density
distribution of the main interacting constituents,
respectively for the case of ‘blown by the wind’ and
‘captured by the star’ regimes. The simulated
absorption profiles of Mgy line for the magnesium
abundance Mg/H=3.7x10%are shown in Fig. 3, for
the both regimes.

Figure 1. The density distribution of planetary atoms,
ions and stellar protons in the case of ‘blown by the
wind’regime for Fxuv=5ergcm?2s?, nsw=310%cm3,
Tsw=1.4MK, and Vs,=172kms™.
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Figure 2. The density distribution of planetary atoms,
ions and stellar protons for the case of ‘captured by
the star by the wind’ regime for Fxuv=5ergcm2s?,
nsw=1x10%m3, Tsw=3.17MK, and Vsy=417kms,
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Figure 3. Absorption profile of Mg, line calculated

at magnesium abundance of Mg/H=3.7x10®, for the
cases of ‘blown by the wind” and ‘captured by the
star’ regimes respectively.

3. Mass loss

The average mass loss rate values for different SW-
PW interaction regimes are summarized in Table 1
and Table 2 respectively.

Table 1: ‘Blown by the wind’ regime

Table 2: Captured by the wind’ regime

Fxuv Nsw Vsw Tsw Mass loss

(ergecm | (cm®) (kms?1) | (MK) | rate

27 (10%9gs™?)

5 1x104, 417 3.17 145.38,
3x10* 222.98

10 1.5x10%, | 417 3.17 169.95,
3x10° 197.64

20 1.5x10%, | 417 3.17 186.53,
3x10° 225.29

Fxuv Nsw Vsw Tsw Mass loss
(ergcm | (cm®) | (kms?) | (MK) | rate

25°1) (10%gs)
5 3x10* | 172 14 28.81

10 6x10* | 172 14 49.10

20 6x10* | 172 14 88.87

4. Summary and Conclusions

The simulation results demonstrate that in the ‘blown
by the wind’ regime when a slow SW condition and
no tidal force is considered in the model, we observe
a very strong absorption of Mg,. However, in the
‘captured by the star’ regime, we found that the
change in the XUV radiation fluxes does not make a
significant change in the absorption profile of Mgy
line. However, the SW condition has a major impact
on the Mgy absorption line. In the case of ‘captured
by the star’ regime, the calculated absorption shows a
good agreement with the observed value of
absorption in Mg line which is 3-4%.
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Abstract rations in the range 10-30 AU. The exact nature of the
dust emission is still unexplained so the objective of
this presentation in this particular session is to foster
exchange of ideas on this peculiar system.

The extreme AO coronagraphic instrument SPHERE
was installed at the VLT in 2014 and provides a sig-
nificant gain in terms of contrast with respect to the
previous generation of instruments. As a result, we
now have access to very high contrast in the close en-
vironment of bright stars in particular the young sys-
tems in order to search for giant planets and circum-
stellar disks. During the commissioning in Aug 2014,
SPHERE has revealed several structures (several Al
in size) in the form of arches or undulations in the mid-
plane of the debris disk around the M-type star AU
Microscopii (Fig. 1). This disk is seen edge on and
the system is conveniently close ( 10 pc) and young as
well ( 20 Myr). The comparison of these SPHERE
observations with the ones from STIS/HST 4 years
before, not only allowed us to re-identify the struc-
tures in older data but most importantly led us to con-

clude that these structures were moving outwards in The dat ltinlied with the stell tric dist
the disk, some with very large projected speed (4-10 (toe ivz:_\ ?nirri Tvgi IEtlfo tvk\:le o t(;rs 2:;5“_};:; sltzrairslc:t
km/s) hence possibly escaping the system. Several as- 9 9 uter p )

; . f . . the right of the image. The field of view is 6.5 1.0” ,
sumptions were considered to explain this behaviour, - . . .
one of the them involves a body in Keplerian motion and the intensity scale is adapted for each epoch. Verti-

releasing some dust under the influence of the star’sCaI dotted lines are drawn to_ roughly locate on the first
activity (Fig. 2). Since then, the target is regularly epoch (Aug. 2014) the posm'ons Of. the main features
observed with SPHERE as part of the GTO and dur- (SE5 and SF4 as well as an intensity enhancement C-
ing a monitoring program. I'll remind the initial re- SElat-4.77). The top and bottom axes are graduated
sults from 2014 which led to the discovery of these every 0.5.

fast-moving structures. Then, I'll present the recent

observations obtained from the last 3 years which un-

ambiguously confirm the motion of the structures. The

hypothesis of a parent body orbiting the star and emit-

ting an outflow of dust under the influence of the stellar

wind will be discussed in the light of these observa-

tions. While star-planet interaction is widely admitted

for close in planets, the modeling of our data suggests

that interactions are also possible at much larger sepa-

Figure 1: SPHERE/IRDIS total intensity images of
the southeast side of the disk for the four best epochs
(Aug. 2014, May 2015, Jun. 2016, and May 2017).
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Figure 2: Face-on view of possible trajectories of the
structures if they were emitted from a object orbiting
the star (black circle). For each structure, a circle ma-
terializes the stellocentric position calculated from the
model at the epochs when the structure is detected.
The observer is at the bottom. Counter-clockwise ro-
tation is assumed.
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Abstract

The discovery of more than 3000 exoplanets
during the last two decades has shed light on the
importance of characterizing star-planet
interaction. We address this question by studying
systems formed by a solar-like star and a close-in
planet. We consider the joint influence on the star’s
rotation rate and planetary orbital evolution of a
stellar wind, tidal and magnetic star-planet
interactions. Despite recent significant advances in
these fields, all current models use parametric
descriptions to study at least one of these effects. Our
objective is to introduce simultaneously ab-initio
prescriptions of the tidal, braking and magnetic
torques, so as to improve our understanding of star-

planet systems and their long-term evolution.

To this end we develop a 1D numerical
model of coplanar circular star-planet systems taking
into account stellar structural changes, wind braking,
tidal and magnetic interactions and implement it in a
code called ESPEM (French acronym for Evolution
of Planetary Systems and Magnetism). We follow the
secular evolution of the stellar rotation assuming a
bi-layer internal structure, and of the semi-major axis
of the orbit. After comparing our predictions to
recent observations and models, we perform tests to
emphasize the contribution of ab-initio prescriptions.
Finally, we isolate four significant characteristics of
star-planet systems: stellar mass, initial stellar
rotation period, planetary mass and initial semi-major
axis; and browse the parameter space to investigate
the influence of each of them on the fate of the
system.

We find that depending on the characteristics of the
system, tidal or magnetic effects can dominate. For
very close-in planets, we find that both torques can
make a planet migrate on a timescale as small as 10-
100 thousands of years. Both effects thus have to be
taken into account when predicting the evolution of
compact systems. Finally, we provide a planet
survival criterion based on the star-planet global
parameters, determining whether or not the planet
will undergo orbital decay due to tidal interaction and
star-planet magnetic interaction.
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Abstract

We study the transit signatures in the Lyman-alpha
(Ly) line of a putative Earth-sized planet orbiting in
the habitable zone (HZ) of GJ 436. We estimate the
transit depth in the Ly« line for an exo-Earth with
three types of atmospheres: a hydrogen-dominated at-
mosphere, a nitrogen-dominated atmosphere, and a
nitrogen-dominated atmosphere with an amount of hy-
drogen equal to the one of the Earth. We use out-of-
transit observations of GJ 436 to study the calculated
absorption.

1. Introduction

Ly« transit observations are a very important tool to
study exoplanetary atmospheres. GJ 436 hosts a tran-
siting Neptune-sized planet GJ 436b which has been
observed in the Ly« line and revealed a very deep tran-
sit in this line, indicating a presence of a dense hydro-
gen envelope surrounding the planet [1]. Our aim is to
check if a terrestrial planet in the HZ of an M star like
GJ 436 can create observable signatures in the Ly«
line in transit. To do so, we perform atmospheric mod-
eling using Direct Simulation Monte Carlo (DSMC)
code and then calculate Ly« absorption.

2. The model

We use a 3D DSMC code to model the extended
atomic coronae of exoplanets. The code allows to
track different species (up to 7 to date) as well as the
interactions between species, and is able to handle dif-
ferent weights of the atomic metaparticles. The code
is suitable for modeling of the rarefied planetary exo-
spheres. The species are allowed to charge exchange
with stellar wind protons as well as being photo- and
electron impact ionized and collide with each other.
The main processes and forces included for an exo-
spheric atom are:

1. For hydrogen atoms: collision with a UV Ly«
photon which defines the velocity-dependent ra-
diation pressure. In this study, we consider rela-
tively thin hydrogen envelopes. For this reason,
self-shielding, i.e., optical depth in Ly« is not in-
cluded. For non-hydrogen atoms, radiation pres-
sure is not included.

2. Charge exchange with a stellar wind proton.
3. Elastic collision with another neutral atom.

4. Ionization by stellar photons or wind electrons.
While being very important for hot Jupiters, in
the HZ electron impact ionization is not signifi-
cant due to a much less denser wind.

5. Gravity of the star and planet, centrifugal, Corio-
lis and tidal forces.

The code has been previously successfully applied to
modeling of hydrogen-dominated atmospheres (e.g.,

(2D.

3. Modeling results

Fig. 1 presents our modeling of atomic coronae around
a putative Earth-sized, Earth-mass planet orbiting in
the HZ of GJ 436. The simulations are performed
for three types of atmospheres: a hydrogen dominated
atmosphere (left), a nitrogen dominated atmosphere
with an additional hydrogen exospheric density equal
to hydrogen density in the Earth’s exosphere (center),
and a fully nitrogen dominated atmosphere with no ad-
ditional hydrogen content (right).

4. Summary and Conclusions

According to our results, only hydrogen-dominated at-
mospheres can be detected in the Ly« line for the qual-
ity of observations similar to out-of-transit observa-
tions of GJ 436. This indicates that secondary (non-
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Figure 1: Illustration of modeled 3D atomic hydrogen coronae. Presented is a slice of modeled 3D domain for
—10<z<10® m. Left: hydrogen-dominated atmosphere. Middle: nitrogen-dominated atmosphere with Earth-
like hydrogen content. Right: fully nitrogen-dominated atmosphere. All dots show simulated metaparticles of
the exosphere of a planet. The dark blue dots symbolize stellar wind protons, the light blue dots are the neutral
atmospheric hydrogen particles, the green dots are neutral nitrogen atoms and ionized planetary N+. The red dots
are ionized planetary hydrogen atoms (H+ of planetary origin). The black dot in the center of each plot is the planet,
the white area around it is the lower atmosphere which is not simulated. For nitrogen-dominated atmospheres, the
lower atmosphere is very close to the planetary surface, so that the white area is not visible on the plots due to
scalings. The star is on the right, and the stellar wind is coming from the right side.
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Abstract

In the solar system, the magnetized planets are strong
radio emitters, the strongest emission being that gen-
erated at Jupiter. Theoretical studies suggest that the
radio emission from nearby exoplanets could reach
intensity levels 3-6 orders of magnitude higher than
Jupiter’s emission. Several campaigns have been led
to search for this emission, but no confirmed detec-
tion has yet been reported. Published upper limits are
usually based on the theoretical sensitivity of the ra-
dio telescope and do not take into account the sporadic
nature of the emission. In this paper, we use the radio
emission from Jupiter, scale it down in intensity, and
determine at what intensity our detection pipeline can
still detect the emission. With this method, we can
determine the sensitivity of a given telescope and ob-
servation setup for a realistic situation.

1. Introduction

The detection and characterization of exoplanetary
magnetic fields would open a new window, allowing
a better understand of exoplanets, including their for-
mation and their evolution. For this reason, several
methods have been suggested which could potentially
detect magnetic fields of extrasolar planets. How-
ever, most of these methods are prone to false posi-
tive detections. This is not the case for planetary au-
roral radio emission. Therefore, the detection of ex-
oplanetary radio emission can be considered be one
of the few method to unambiguously detect exoplane-
tary magnetic fields ([2]). Over the past decades, this
has sparked a number of observational campaigns (see
e.g. [3] for an overview), none of which has achieved
a confirmed radio detection yet. In parallel, a number
of articles have attempted to estimate the radio flux

density that can be expected for different types of ex-
oplanets (starting with [6] and [1]). Indeed, accord-
ing to most recent estimates, emission frequencies are
compatible with the frequencies at which some radio
telescopes of latest generation operate, and estimated
flux densities are close to the sensitivity of these in-
struments. In particular, [3] find that the flux densi-
ties of 15 exoplanets are above the theoretical detec-
tion limit of LOFAR as given by [4]. With such en-
couraging radio predictions, radio observations of ex-
oplanets are undertaken by most low-frequency radio
telescopes.

2. Method

In this work, we concentrate on beam-formed observa-
tions using LOFAR (the Low-Frequency Array) in the
LBA band (< 90 MHz). These observations have the
advantage of a high time resolution, which can be used
to localize and excise short and sporadic RFI precisely.
They cannot reliably detect continuous or slowly vary-
ing emission, but excel at the detection of short bursty
signals. In order to differentiate a physical signal from
RFI, we use one ON-beam and two OFF-beams ([4]).

We record radio emission from Jupiter (the ON
beam), scale it down in intensity and add it one of the
OFF beams. This combined beam (“Jupiter beam”) is
then compared to the second OFF beam (“OFF-Beam
2”). After RFI cleaning and data reduction (using the
pipeline described by [4]), we produce a set of ob-
servables which allow to search for exoplanetary radio
emission (see Fig. 1 for an example).

We determine by how much we can attenuate
Jupiter’s signal before the detection pipeline does not
detect any statistically significant difference between
the “Jupiter beam” and the “OFF-Beam 2”. In this
way, we can measure the effective sensitivity limit for
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Figure 1: Number of radio emission peaks, com-
pared between the ON-beam (Jupiter) and OFF-beam
(observable quantity “Q3a”). Jupiter’s emission is
mainly localized between 1.2-1.4 UT and 3.2-3.9 UT,
whereas the bright emission between 2.3-2.8 UT can
be seen in the ON and the OFF beam simultaneously.

a given observational setup.

3. Result

Applied to LOFAR beam-formed observations, we
find that radio bursts from a planet at 5 pc could be
detected if the flux is 10® times stronger than the typ-
ical level of Jupiter’s radio bursts during active emis-
sion events. Equivalently, planets at a distance of 20 pc
can be detected assuming the level of emission is 10°
times stronger than the peak flux of Jupiter’s decamet-
ric burst emission. This can probably still be improved
by future modifications of our detection pipeline.

4. Summary and Conclusions

Usually, published upper limits on exoplanetary radio
emission are based on the theoretical sensitivity of a

radio telescope, and do not take into account the spo-
radic nature of the emission. In this paper, we describe
a method how to derive upper limits for a realistic sit-
uation and apply it to the case of beam-formed obser-
vations with LOFAR. We observe Jupiter, divide its
signal by a fixed factor before adding it to an obser-
vation of “sky background”, thereby creating an ar-
tificial dataset best described as “Jupiter as an exo-
planet”. We then run our data processing and signal
detection pipeline and check whether the (attenuated)
radio signal from Jupiter is detected. The maximum
factor by which we can divide Jupiter’s signal and still
achieve a detection gives the sensitivity of our setup
(i.e. the combination of the telescope and the process-
ing chain).
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Abstract

Here, we investigate the hypothesis that planetary
magnetism has a significant effect on the
maintenance of liquid water on an exoplanet by
determining which of the currently detected planets
have sufficient magnetosphere protection from
cosmic and stellar irradiation. We used Olsen &
Christiensen’s model [1] to determine the maximum
magnetic dipole moment of terrestrial exoplanets,
further analyzing those located in the Circumstellar
Habitable Zone (CHZ). Our results indicate that 70%
of exoplanets currently defined as potentially
habitable (rocky planets located in the CHZ), even
with the best-case scenario of modelling the
maximum possible dipole moment with the lowered
magnetic protection threshold value of (,55M,
would not have a magnetic field strong enough to
protect their surface, and consequently any potential
water or life on it, against stellar and cosmic
irradiation.

1. Introduction

Within the next decade upcoming observations with
near-future telescopes, will provide us with ever-
increasing number of planets. In order to make the
most of the limited observational resources available,
optimal target selection will be of the utmost
importance. Selection of targets currently relies on
“classically” defined habitable zone, constrained only
by the density of the planet and the distance from its
host star. More than ever it is important to expand to
a multi-parameter approach and include factors such
as magnetic field, albedo, tidal locking, impact
events, and plate tectonics. This multi-parameter
approach to habitability (M-PAtH) will enable us to
rank the current habitable worlds and provide a
justified priority of those most likely to maintain
liquid water (and host life) in order to best utilize
telescope time when biosignature observations
become a possibility.

The majority of our assessments on habitability stems
from what we have observed in our own solar system.
One of the differences between Earth and
Mars/Venus is the presence of a strong magnetic
dipole moment that protects the surface and is
hypothesized to shield surface liquid water from solar
winds and flares [2]. Venus, Earth and Mars likely
began with similar amounts of water since they are
all about the same size and formed at the same time
(~4.5 billion years ago) [3]. This is corroborated by
their Deuterium to Hydrogen ratios (D/H) displayed
in Table 1 which suggests that both Mars and Venus
had more water early in their histories. Yet today,
only Earth has managed to retain most of its water.

Table 1: Atmospheric loss and isotope ratios

Planet D/H ratio (x10~)
Venus 160+ 20

Earth 1.49+0.03

Mars 924+1.66

In the absence of sufficient magnetic protection, the
upper atmosphere of an exoplanet will be directly
exposed to stellar winds and coronal mass ejections,
resulting in atmospheric mass-loss due to non-
thermal processes such as ion pickup, photo-chemical
energizing mechanisms, and sputtering [4]. Since,
planetary magnetism and the parameters of stellar
plasma flows (including speed and density) are
important methods of non-thermal atmospheric
erosion, these factors could affect the evolution of a
planet’s environment and its potential habitability [5].
Here we focus on modelling the magnetic dipole
moment of detected terrestrial exoplanets to
determine their strength and consequent ability to
protect their atmospheres from stellar effects.



2. Magnetism Model

Olson & Christiensen’s [1] magnetic moment scaling
law is currently the best available model and has
been utilised in our calculations:

— \1/2
M= 41'[1‘03}/(%) (FDY/3 )

where M is the magnetic dipole moment (in Am?), ¥
is a fitting coefficient with a value of 0.1 — 0.2
deduced from numerical simulations [1], 2, is the
bulk density of the fluid in the outer liquid core,
which we have modelled based on Earth’s density
models (7, = 11x10% gm™), pyis the magnetic
permeability of the vacuum (g, = 47x107H/m),
and D is the thickness of the outer liquid core
rotating shell where convection occurs, modelled as
0.65r, according to Heimpel et al. [6]. The planetary
core radius parameter (r,) was calculated using Zeng
et al.’s semi-empirical relationship between core
radius fraction, planetary radius, and mass for rocky
planets [7][8]. The final factor in equation 1 is the
average convective buoyancy flux, F, and we have
used Lopez-Morales et al.’s equation to model this
parameter [9]:

r_ (&)2(3)”3 ()" 2
Fg Rﬂmq Dy Qg
where the local Rossby number (R, = 0.1) gives

Fouy, which, in turn allows us to estimate the
maximum dipolar magnetic moment. Since we do not
have the planetary rotation rates (Q) for all the
currently  detected terrestrial exoplanets, we
examined the rotation periods of 70 solar system
objects including planets, dwarf planets, their moons,
Kuiper belt objects and main-belt asteroids to
estimate an  average  rotation rate  of
~1.52 1+ 0.36 Q3. Additionally, GriePmeier et al.
was used to determine which exoplanets were tidally
locked, as their orbital period will be equal to their
rotation period [10]. These two rotation rate
scenarios were used in calculations of equation 2.

3. Results

The maximum magnetic dipole moments of all
confirmed terrestrial exoplanets were modelled and a

clear trend between M and r, was observed (Figure 1).
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Figure 1: Maximum dipolar magnetic moments as a
function of planetary core radius for both angular
momentum scenarios: 1.52Q4 (red), Tidally locked
(black). Dotted lines signify magnetic moment
threshold values.

It has been hypothesized that planets with a magnetic
dipole moment of equal or greater strength than
Earth’s would have a magnetic field strong enough to
protect the surface of the planet and preserve liquid
water [9]. Therefore, we have set a threshold value of
1Mg to determine which exoplanets could be
classified as “magnetically habitable” i.e. protects
surface water/life. Figure 1 shows that amongst our
current sample, not all exoplanets possess a strong
magnetic dipole moment. In spite of the fact that we
modelled the best case scenario by calculating the
maximum possible magnetic dipole moment, out of
the 735 terrestrial planets in our model, only 21 of
them had a magnetic moment equal to or larger than
that of Earth’s. However, would a lower magnetic
moment value still adequately protect the surface of
an exoplanet?

To answer this question, we once again looked to
Earth, but instead of its current features, we
examined the evolution of Earth’s magnetic dipole
moment. Based on models of mantle cooling from
Tarduno et al., the paleointensity data suggests a
virtual dipole moment of 3.8 (+0.4) x 10 Am? for
the NGB dacite ~3.45 Gya [11]. Since water and life
were present on Earth at this time, we can reduce our
lower limit on the magnetic dipole moment
parameter from > 1M g t0 = (L.55M .

To determine the effect of planetary magnetism on
terrestrial exoplanets in and near the circumstellar
habitable zone (CHZ), we examined the maximum
magnetic dipole moment values in the context of the
optimistic and conservative habitable zones. Figure 2



showcases the probability of the CHZ exoplanets’
magnetic moment being > 0.55M5 . Probability
values greater than 50% indicate a high likelihood
that the planet has a magnetic moment strong enough
to be classified as magnetically habitable; however,
all exoplanets that have a non-zero probability of
being > 0.55M are labelled as there is a chance that
the planet has a magnetic moment strong enough to
be protect the surface from stellar radiation.
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Figure 2: Sample of potentially habitable terrestrial
planets and their location within the CHZ [8][9]. Size
and opacity indicate the planets probability of having

a magnetic moment strong enough to protect the
surface of the planet from stellar effects. The planets
that are labelled have a non-zero probability of
having a magnetic moment > (,55M 4.
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4. Summary and Conclusions

The results of the modelling and analysis revealed
that a large number of planets currently defined as
potentially habitable (rocky planets located in the
CH2Z), even with the best-case scenario of modelling
the maximum possible dipole moment with the
lowered threshold value, would not have a magnetic
field strong enough to protect their surface, and any
potential water or life on it, against stellar and cosmic
irradiation. Based on our results of planetary
magnetism and HZ boundaries, there are 4
exoplanets that consistently showed a significant
magnetic protection: - K2-72 e, LHS 1140 b, GJ 273
b and Wolf 1061 c. Furthermore, Proxima Cen b,
Trappist 1f and Trappist 1d show ~20% chance of
having a strong enough magnetic field to protect their
surfaces once the threshols is lowered, so there is a
chance that they could be magnetically habitable.

Perhaps the most interesting outcome of Figure 2 is
the effect that the magnetic moment value of Kepler-

445 d could potentially have on definition of
habitability. It could provide the opportunity to re-
examine some of the “inhabitable” planets such as
Kepler-445 d which, due to as yet unexplored
circumstance, could potentially support liquid water
in parts of their environment. If the habitable zone
concept is based on the amount of incident stellar
flux that reaches the surface of a planet so as to
provide a planetary temperature suitable for liquid
water, would it be possible that Kepler-445 d, which,
despite being closer to its host star than the
conventional HZ would allow, but due to having a
magnetosphere 6 times as strong as Earth’s, could be
protected from the stellar rays and winds enough to
provide a planetary surface environment suitable for
liquid water?

While the models utilised here provide a broad
overview of planetary magnetism, they do not
account for changes of F and D with age, or for the
effect of extreme external conditions, such as e.g.
highly inhomogeneous heating or very strong stellar
winds. More research on the star planet magnetic
interactions needs to be done to determine how much
effect the different stellar types and ages have on
their planetary companions. Future research on this
could more accurately inform the threshold limits for
various stellar scenarios.

Our results showcase that introducing planetary
magnetism as a parameter in habitability calculations
in conjunction with the CHZ, limits the list of
potentially life bearing exoplanets and provides more
information on where we should begin our
observational measurements. There are many more
factors that we need to consider in order to further
reduce the potential thousands of Earth-like planets
to be discovered in the near-future using instruments
such as TESS and CHEOPS. Examining the
significance of planetary magnetism is the start of
combining the current knowledge of astronomical
and planetary features to narrow down our search for
life and give our future observations the best possible
starting point.
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Abstract

Understanding the physical structures of planetary at-
mospheres under a variety of conditions is necessary
for understanding atmospheric evolution and the roles
of escape to space. We present here The Kompot
Code, which calculates the thermal, chemical, and hy-
drodynamic structures of planetary atmospheres for
arbitrary conditions. The model is 1D and attempts
to take into account all of the major physical pro-
cesses that influence the structure of the atmosphere.
We demonstrate how this model can be applied to a
range of planets with different atmospheric composi-
tions and inputs from the central star.

1. Introduction

The physical properties of a planet’s upper atmosphere
are crucially dependent on a large number of factors.
These include the planet’s mass, the chemical compo-
sition of the atmosphere, the planet’s orbital distance
from the central star, and the magnetic activity level of
the star. To properly take into account all of these fac-
tors, models that include as many of the relevant phys-
ical processes as possible are needed. The most im-
portant physical processes include hydrodynamic ex-
pansion and contraction of the gas, chemistry, includ-
ing photoreactions and ion chemistry, diffusion pro-
cesses such as eddy and molecular diffusion, heating
of the gas by stellar X-ray, UV, and IR radiation, and
the transport of heat within the atmosphere by conduc-
tion and energy exchanges between different compo-
nents of the gas. Much work is still needed for mod-
els that combine such processes in complete and self-
consistent ways, both in developing such models and
in applying them to a range of planetary cases.

2. The Kompot Code

We have developed The Kompot Code (Johnstone et
al. submitted), which applies the physical processes
listed above to planets with arbitrary properties. In

STELLAR XUV/IR
RADIATION

EEEEEEEEEESN
RADIATION
TRANSFER

Figure 1: Figure showing the computational domain
calculated by The Kompot Code. The domain extends
from an arbitrary location in the middle atmosphere
to the exobase and can be at any angle relative to the
incoming radiation.

all cases, we have attempted to model these processes
from first-principles physical considerations, as much
as is practical, though much improvement to the model
is planned for future work. The model is 1D and and
extends from some altitude in the middle atmosphere
to the exobase, as shown in Fig. 1. We have validated
our model by applying it to the cases of modern Earth
and Venus and found good agreement for both the ther-
mal and chemical structures.

The code models the gas as three components, i.e.
neutrals, ions, and electrons, with their own separate
temperatures. The chemical network used contains 63
species, including 30 ion species, and 503 reactions,
including 56 photoreactions and 7 reactions involv-
ing impacts with non-thermal photoelectrons. The two
stellar inputs are the XUV (i.e. X-ray and ultraviolet)
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Figure 2: Figure showing the structure of the Earth’s
upper atmosphere at different ages from Johnstone et
al. (submitted). In all cases, the lower atmospheric
properties are assumed to be equal to those of the mod-
ern Earth and the only difference has been the input
XUV spectrum of the Sun.

field between 1 and 400 nm, and the IR field between
1 and 20 pym. In addition, we calculate the spectrum
of non-thermal photoelectrons created by photoionisa-
tion reactions. The heating of the gas takes place due
to a range of processes: these are direct heating by
the absorption of stellar XUV radiation, heating from
exothermic chemical reactions, electron heating from
elastic collisions with non-thermal electrons, heating
by the absorption of stellar IR radiation, and Joule
heating. The gas is cooled by IR emission from sev-
eral molecules: these are CO5, NO, O, H>O, and H;,r
Thermal conduction is calculated for the neutral, ion,
and electron components separately, and the energy
exchanges between these components are also calcu-
lated.

3. Discussion

Our model can be applied to a large range of systems.
As an example, we show calculations for the upper at-
mosphere of the Earth at different ages between ap-
proximately 3 Gyr in the past to approximately 2.5 Gyr
in the future. In all cases, the simulations differ from
our model of the modern Earth only in the input so-
lar XUV spectrum. At younger ages, the Sun was
more active in X-rays and UV wavelengths than it cur-
rently is, and so the atmosphere was hotter and more
extended. This likely has significant effects on atmo-
spheric losses during these times. We plan to apply

this code to better understand both the atmospheric
evolutions of our own solar system planets and the for-
mation of atmospheres on planets in a exoplanet sys-
tems.
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Abstract

In this work we investigate properties of Hot Jupiter
class exoplanet magnetospheres in cases where the
relative velocity of a planet and the stellar plasma
flow around it is sub-Alfvenic (i.e. the vector sum of
the plasma flow velocity and the exoplanet orbital
velocity is less than the local Alfven velocity). Under
these conditions a special current structure known as
Alfven wings develops in the magnetosphere.

1. Introduction

Alfven wings connect an exoplanet's ionosphere and
magnetosphere with the chromosphere of the host
star. In this case the exoplanetary magnetosphere
structure depends entirely on the structure of the
Alfven wings.

Most known exoplanets are located in orbits closer
than 0.6 AU, which leads to intense heating,
ionization, and chemical changes in the upper
atmosphere induced by stellar radiation. This leads to
expansion of ionized atmospheric material, which
can then form an equatorial plasma disk in the
exoplanetary magnetosphere.

2. Summary and Conclusions

In our work we consider possible physical conditions
in a typical Hot Jupiter orbit and examine the
structure of a magnetosphere with Alfven wings,
both with and without a plasma disk.
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1. Introduction

As pointed out in particularly by Cowley et al. [1],
the magnetosphere-ionosphere interactions in the
case of rapidly rotated planets with additional source
of inter-magnetospheric plasma, results that the
magnetospheric plasma cannot state in the rigid
corotation together with the planet. Slipping of the
magnetospheric plasma relative to the outer
atmosphere results in the generation of the equatorial
plasma magnetodisk with embedded strong thin
azimuthal currents. The same process results in the
generation of potential drop along the magnetic field
lines, as well as the electrons beams acceleration and
powerful aurora emitting by the upper atmosphere.
The very high field-aligned conductivity requires that
magnetic field lines be equipotential (parallel electric
field must be zero) and angular velocity must be the
same at the ionosphere and in the equatorial plane,
but beyond the Alfvenic radius magnetic field can
not control of the plasma flow in the magnetosphere,
and specific 3D current system will be generated.

2. Ionospheric and field-aligned
currents.

We describe all toroidal and poloidal currents
connected by each to other through the ratio of the
Pedersen and Hall ionospheric conductivities as parts
of the total current system. We added the azimuthal
field B_phi created by the field-aligned currents to
the global paraboloid model of the magnetic field in
the Kronian magnetospheres [2]. Because the
ionospheric part of the total current loop controlled
by ionospheric conductivity, and the conductivity is
determined by precipitation electron flux, we have a
positive feedback. The electron beams results in
increasing of Hall conductivity and last effect

increase the field-aligned potential drop and the
energy exchange between neutral atmosphere
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