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Abstract The interaction between the magnetized stellar wind plasma and the
hydrodynamic flow from the upper atmosphere of a non-magnetic exoplanet is stud-
ied. The recently discovered warm Neptune TOI-421c is considered as an example of
such an interaction. The obstacle boundary is determined by the condition of pressure
balance between the stellar wind and the expanded atmosphere. Extreme ultravio-
let stellar radiation drives a hydrodynamic supersonic outflow of hydrogen atoms.
Neutral atmospheric atoms penetrate the region of the stellar wind, where they are
ionized and mixed with the stellar wind plasma. The 3D MHD model was applied to
calculate the detached bow shock and the magnetosheath region between the shock
and the streamlined surface-ionopause. We have obtained a thick magnetic barrier,
characterized by a strong increase in the magnetic field and total pressure, a decrease
in the velocity, pressure and temperature of the plasma. An enhanced magnetic field
shifts the ionopause towards the planet.
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1 Introduction

Planets located outside the Solar system are called exoplanets. Observing such plan-
ets was a very difficult task because they have low luminosities compared to their
host stars. The first exoplanets were discovered about 30 years ago. Recently, thanks
to a new precise observation technique, many exoplanets have been discovered. The
escape of atmospheric particles under the influence of high-energy stellar radiation is
a key phenomenon that determines the structure and evolution of the planetary atmo-
spheres. The properties of planetary atmospheres are closely related to the integral
radiation flux received by planets during their existence and also to the evolution track
of their host stars. In the early stages of evolution, a significant extreme ultraviolet
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radiation (EUV) from the host star causes an intense loss of planetary atmospheres.
Another aspect is the interaction of outgoing atmospheric particles with the stellar
wind consisting of protons and electrons in the presence of the interplanetary mag-
netic field (IMF). More than two decades ago, a number of publications have shown
that the IMF plays an extremely important role in the interaction between the solar
wind and the planets of the solar system. In particular, the Pioneer Venus Orbiter
observed the so-called magnetic barrier in front of the Venusian ionosphere [1].
Since planet Venus has no own magnetic field, the observed enhanced magnetic field
in the magnetic barrier was considered as an induced magnetic field in the region
of solar wind flow around the ionosphere [2]. A similar induced magnetic field has
also been observed in the Martian environment [3]. But non-magnetic planets are not
the only objects where a magnetic barrier can form. This phenomenon also occurs
when the solar wind flows around magnetic planets such as Earth, Jupiter, and Sat-
urn [4]. Thus, the magnetic barrier is a fairly general phenomenon that occurs when
a magnetized plasma (solar/stellar wind) flows around impenetrable obstacles (the
magnetosphere or ionosphere) [5]. And the recently discovered exoplanet TOI-421c,
flown around by a stellar wind, has all conditions for the formation of the magnetic
barrier which is the aim of our present study.

Mathematical modeling of the escaping planetary atmospheres interacting with
the stellar wind in combination with observations can provide important additional
information concerning the physical conditions on specific planets.

Using the known characteristics of the exoplanet TOI-421c, we consider two con-
secutive mathematical models: (1) A hydrodynamic model of a supersonic radial out-
flow of atmospheric particles (planetary wind) caused by extreme ultraviolet heating
of the upper atmosphere; (2) MHD model of a magnetized stellar wind flow around an
obstacle formed as a result of its interaction with the planetary wind. The first model
gives radial profiles of temperature, pressure, and density of atmospheric particles
used to calculate the radius of the obstacle (distance to the stagnation point where the
stellar wind stops). The obstacle surface called as ionopause separates the internal
atmospheric ions from the external stellar wind protons. Also, the density, velocity,
and temperature of atmospheric atoms penetrating the stellar wind region are used
in the second model to determine the sources of mass, momentum, and energy due
to photo-ionization and charge exchange processes.

2 Model Equations and Statement of Problem

Geometrical situation of interaction between the incoming EUV radiation and plan-
etary atmosphere is illustrated in Fig. 1. Here the X axis points to the host star, the
planetary wind is marked by the light blue arrows pointed to the radial directions,
and the EUV flux is shown by the dark blue arrows directed opposite to the X axis.
The stellar wind is shown by the red arrows at the top of the figure. The interplan-
etary magnetic field is directed perpendicular to the stellar wind velocity. We split
the whole problem into two parts: (a) Formation of the supersonic planetary wind,
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Fig. 1 Illustration of the
geometrical situation of
planetary wind driven by

. ® EUV
EUV absorption ¢ ¢ % % ¢ ¢

Planetary wind

41 Stellar wind ¢
———>

X
,,—‘~\ r
‘ 0
1 \
\ V4
\h_ﬂ,
Shadow

and (b) Interaction between the stellar wind and atmospheric particles. To study the
atmospheric escape process, a one-dimensional hydrodynamic model of the upper
atmosphere was applied, based on solving the equations of conservation of mass,
momentum, and energy [6, 7]
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Here, coefficient A is related to the Layman-alpha cooling radiation
(A=75-10"" erg cm® s7!); p, v, p, T are the mass density, velocity, thermal
pressure and temperature; m is the mass of hydrogen atoms; E;;, is the thermal
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energy of hydrogen atoms per unit volume (E;;, = 3/2p); 7 is the so called heating
efficiency, which is estimated from the common approximation that the whole XUV
flux is emitted at the energy of 20 eV and thus n = 1 — (13.6eV/20eV) ~ 0.32 [8];
function Q determines the EUV heating rate; @ is the gravitational potential; r is the
radial distance from the center of planet; 6 is the spherical angle counted from the
direction of star; o; is the ionization cross section, and J4, is the extreme ultraviolet
radiation intensity (in units “erg cm™2 s~!”") incoming from the host star far away
from the planet; p; and p,, are the densities of ions and neutral atoms, respectively.

Using the 2-D heating function averaged over the spherical and azimuthal angles,
as given by Eq. (4), is computationally expensive. Therefore, it is convenient to
implement a 1-D approximation of the heating function as follows

0 =onJoexp(—7)/(1 +e€1), 7= /(Ji/m)pn(s)ds.

Here, € is a fitting parameter. The absorption of the EUV radiation leads to heating of
the upper atmosphere, as well as to the dissociation and ionization of the atmospheric
particles. Densities of the neutral and ionized particles are determined from the
following system of equations

dpa | 1 pyvr?)
ot r2  Or

= —Vpp + anep;. (6)

dpi 1 O(pjvr?)
E r_2—8r =Vpy — QN P;. (7)

Here, p, and p; are the mass densities of the neuteral and ionized hydrogen atoms,
respectively; n, is the electron density, determined by the quasi-neutrality condition
n. = p;/m; v is the photo-ionization rate and « is the recombination rate
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Pressure p is defined as the sum of partial pressures of neutral atoms, ions and
electrons

p =kgT (pu/m + pi/m + n.),

where kp is the Boltzmann constant.
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2.1 Normalized Equations

For the convenience of calculations, we introduce normalized quantities as follows

p=r/(pov3). p=p/po. D=v/ve, T =T/Ty,
r= r/Rp, f= tvo/R,,, Vg = \/kBTo/m,fz pi/p,
where po and Ty are the mass density and temperature at the planetary boundary,

R, is the planetary radius. The normalizations introduced above make it possible to
transform the system of Eqs. (1)-(5), (6), (7) to the following form
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Here, the normalized pressure is a function of the density, temperature and ion frac-
tion: p = (1 + &)pT, the dimensionless constant parameters in Egs. (9)—(13) are
defined as follows
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where G is the gravitational constant, M, is the planetary mass. As a result of
heating, a radial outflow of atmospheric particles can be formed. In this case, the
most interesting and important process is that so called “blow-off” aerodynamic
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regime, in which the gas velocity monotonically increases to supersonic values with
distance from the planet.

3 Numerical Method

System of Egs. (8)—(13) can be written in the following vector form
U +{GWU)}, = SWU).

Introducing numerical grid (t; = jAt, =1 + kAr,k =0,1,2,..., N), we apply
the compact MacCormack-type scheme with high accuracy [9, 10]. In particular, we
use the 4th order accuracy scheme [11], in which the solution at each time step is
calculated in 4 stages as follows

U = U7 + 6,8V + 5,h? + 509 + 5,0, (15)
where 51 = é, 52 = %, 53 = %, (54 = %, and
hD = —AtDF[GUT)] + AtS(UY), (16)
h® = —AtDP[G (U 4+ axhM)] + AtSUT + azh™D), (17
hY = —AtDF[GWU + a3h®)] + AtS(U7 + azh®), (18)
h® = —AtDP[G(U! + ash®)] + AtS(U7 + auh®), (19)

Here,ap = 1/2,a3 = 1/2,a4 = 1; DF(f) and DB ( f) are the forward and backward
finite difference approximations of the derivative of a function f with respect to r,
which are determined by the following recurrent formulas

B B 1
ADi_y + (1= D = ——(fi = f-1), (20)
1
AD[\ + (1 —A)D{ = E(fkﬂ - fi), (21)

where A = %(1 — %). The recurrent equations require the boundary conditions,
which are determined by the corresponding boundary stencils as follows
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With the condition (22) for D(lf we calculate D,f from (20) in the direction of
increasing grid number k: k = 0, 1,2, ..., N. Then, starting with the condition (22)
for DY, we calculate D} from (21) in the opposite direction of decreasing grid
number k: k = N, N — 1, N — 2...0. After that, we substitute the obtained quan-
tities D and D into formulas (16)—(19) to determine the intermediate parameters
hD h@ h® h® used in (15) to calculate the solution at the next time step.

Applying this numerical method, we have calculated a non-stationary solution of
the equations of hydrodynamics describing a radial loss of the atmospheric particles.
This solution evolves in time to unique stationary profiles of the atmospheric density,
velocity and temperature, which do not depend on the chosen initial condition. In
particular, a hydrostatic isothermal density distribution can be used as a possible
initial condition. Near the surface of the planet, we establish boundary conditions for
temperature and density. And at the upper boundary for a sufficiently large radius,
where the flow is supersonic, we set the so-called “free” conditions, which mean
zero derivatives of velocity, density and temperature. These conditions do not affect
lower atmosphere due to the supersonic nature of the flow.

4 OQOutflow of the Atmospheric Particles

As a simulation object, we consider the real exoplanet TOI-421c (warm Neptune),
which was first observed by TESS mission in 2020 [12]. This planet is disposed at
distance about 244 light years from Earth and has the following physical parameters:

=16.42 Mg, R, =5.09 Rg, To = 673.6K, J, = 1655 erg cm~2 s7!, where
Mg and Rp are the mass and radius of Earth, respectively. It is assumed that the
atmosphere consists of hydrogen atoms. Results of hydrodynamic calculation of
the atmospheric profiles are presented in Figs.2 and 3. In particular, Fig.2 shows
the heating rate function per 1 particle (solid curve), hydrodynamic (dot-dash) and
hydrostatic (dash) density profiles corresponding to exoplanet TOI-421c with the
following dimensionless model parameters (14): A = 36, go = 81, ap =3.3 - 108.
One can see, that the hydrodynamic and hydrostatic density profiles coincide each



258 N. V. Erkaev and K. D. Gorbunova

1 i — | B T ! T 7 1 ‘I' T
0 H
10°] : I
| cE "
\ sonic point M=1 u:{m use
1‘ —— Q[x 0.63e-13 erg/s] |
= \ s p [x 0.9¢-8 cm™]
< 1050\ : ——=p, [x 098 cm”] | .
S b L " '
| A ; [
W\ :
)\ : [
o I
NP |
10701 e TR e e i : ]
?\ ____________ [ty
it
-“"'b__- I
et |
e e e o i
10.15 . | L 1 1 e | i Mt
2 4 6 8 10 12 14
r/R

Fig. 2 Hydrodynamic and thermostatic mass densities, and heating source as functions of the
radial distance. The dotted and dashed vertical lines indicate critical sonic point and the ionopause
position, respectively

other at distances < 1.5 (in units of R,), where the heating function shows a very
abrupt decrease.

The left panel of Fig. 3 demonstrates the radial profiles of the temperature and ion
fraction (p; / p) corresponding to warm Neptune TOI-421c. The temperature increases
steeply by a factor of 6 within the region below r = 4R ,, where it reaches its maxi-
mum of about 6000 K. Above this point, the temperature gradually decreases in the
region of supersonic flow due to adiabatic cooling. The right panel of Fig. 3 depicts
the radial profiles of velocity and sonic Mach number. The radial velocity gradually
increases with radial distance and reaches supersonic values at7 > 3R,,. The velocity
maximum is about 20 km/s.

5 MHD Model of Stellar Wind Flow

At some distance from the planet, the supersonic planetary wind forms an obstacle
to the oncoming stellar wind that flows around such an obstacle. Stellar wind inter-
action with the planetary wind was simulated in the model [13] in the framework
of pure hydrodynamic approach for the stellar wind, and the interplanetary mag-
netic field was not taken into account. We apply the MHD model described in [14],
which incorporates the arbitrary directed IMF in the stellar wind. We approximate
the dayside ionopause streamlined by the stellar wind as a semi-sphere, which radius
is determined by pressure balance between the planetary flow and stellar wind at the
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Fig. 3 Temperature and ion fraction (left panel), velocity and sonic Mach number (right panel) as
functions of the radial distance for exoplanet TOI-421c. The dotted and dashed vertical lines mark
the critical sonic point and the ionopause position, respectively

central stagnation point. The 1-D upper atmosphere model yields supersonic radial
flow of the atmospheric particles. Using the calculated profiles of the atmospheric
density, velocity, and pressure, we determine the distance from the planet to the stag-
nation point, where the atmospheric pressure is equal to the stellar wind total pressure

Pr,. The latter is proportional to the dynamic pressure P, = K py,,v2,, where the
subscript “sw” denotes the undisturbed stellar wind parameters. The coefficient K
depends on the IMF considered in our stellar wind model. The ionopause is consid-
ered to be penetrable for the neutral atmospheric particles, but impenetrable for the
ions. Therefore the neutral atmospheric atoms can cross the ionopause and penetrate
the stellar wind region, where they are ionized and load the stellar wind flow. The
calculation domain for the stellar wind flow is between the upper boundary upstream
of the shock front and the ionopause approximated by the semi-sphere. At the upper
boundary we set the undisturbed stellar wind parameters. At the ionopause we set the
boundary conditions for normal components of the stellar wind velocity and mag-
netic field assumed to vanish. Also at this boundary we set density and radial velocity
of the neutral hydrogen atoms obtained from the 1-D upper atmosphere model. In
the region of stellar wind flow around the ionopause we solve the ideal MHD equa-
tions including the source terms related to interaction between stellar wind and the
atmospheric neutral particles [14, 15]

8(/)1V) + V. |:p,-vv +1 (p + B—2> - E} = 85;Va — Sex (V—1v,), 23)
o 8w 4T
ow 4V, 1 1
o |:2p,v v+ 1pv—}—4—Bx(va)]
(Si + Sex) (—v2 + 3kT“> — Sex <1v2 - —SkT> (24)
24 2m 2 2m )’
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%—?—Vx(va):O, (26)

Opi
DLy (v =S 2
5 (piv) = Si, 27
V-B=0, (28)

where p;, v, p, and B are the proton mass density, velocity, plasma pressure, and
magnetic field in the stellar wind, respectively. The parameter vy is the polytropic
index (assumed to be 5/3), while v, and T,, are the velocity and temperature of the
neutral atoms leaving the atmosphere and entering the stellar wind. The momentum,
energy, and mass conservation Egs. (23), (24), (27) include source terms due to mass
loading with parameters S; and S,, corresponding to photo-ionization and charge
exchange processes:

S = VpPn, Sex = pPi < Viet > pno-ex/m‘ (29)

Here, p, is the mass density of the neutral hydrogen atoms, o,, (~107'3cm?) is
the charge exchange cross section, < V,.; > is the average relative speed of the
stellar wind and atmospheric particles, and v is the ionization rate defined above. We
apply the numerical method based on the Godunov-type finite difference scheme in
spherical coordinate system, which was described in [14].

The stellar wind stream is loaded with planetary ions, which arise as a result of
photo-ionization and charge exchange processes. This leads to a strong deceleration
of the stellar wind plasma and a corresponding increase in the magnetic field in front
of the ionopause. In our model, the dayside ionopause is considered as a semi-sphere,
similarly to [14]. The MHD calculation area is bounded by the streamlined surface
and the outer semisphere, where the unperturbed stellar wind parameters are given.
The normal components of the stellar wind velocity and interplanetary magnetic field
are assumed to vanish at the ionopause.

6 Results of MHD Calculations

The stationary solution of the stellar flow problem around the ionopause was obtained
by integrating non-stationary MHD equations over a sufficient long time. The stellar
wind parameters used for calculations are as follows

Ve = 240km/s, ng, = 1500cm™>, T,, = 3.4-10°K,
By, =3.54-107°G, M, =35 M,=12. (30)

The velocity vy, density ny,, and temperature Ty, are taken from [13], and the
magnetic field By, is determined by scaling the solar wind IMF at the Earth orbit (1
AU) to the orbital distance of the exoplanet TOI-421c (0.119 AU). Pressure balance at
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Fig. 4 Total pressure distribution in the magnetosheath
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Fig. 5 Distribution of the total magnetic field strength

the stagnation point was established iteratively after several runs. The radial distance
to the stagnation point was obtained about 13R,. Figure4 shows the calculated
distribution of the total pressure (the sum of the magnetic and plasma pressures)
in the region of the stellar wind flow (plane X Z). The total pressure is enhanced
substantially in the region of the disturbed stellar wind that is between the shock
front and the obstacle boundary (ionopause). The maximum value is reached in the
stagnation point. The distance between the shock front and the stagnation point is
about 23R ,. Figure 5 is similar to Fig. 4, but presents the distribution of the magnetic
field strength in the flow region. The magnetic field sharply increases at the front of
the shock wave, and then increases significantly when approaching the ionopause.
We call the region of enhanced magnetic field as “magnetic barrier region”. Figure 6
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Fig. 6 Profiles of proton density and temperature (left panel), neutral atom density and thermal
pressure (right panel) along the stagnation line

shows the proton density and temperature on the left side, hydrogen atom density
and plasma pressure on the right side as functions of the radial distance along the
stagnation line. The pressure and temperature decrease very strongly in the region
of the magnetic barrier. At the same time, the proton density increases quite sharply
towards stagnation point due to capture of the atmospheric ions produced by photo-
ionization and charge exchange processes in the region of stellar wind flow around the
ionopause. Figure 7 presents the profiles of the total pressure (left panel), magnetic
field strength, and velocity (right panel) between the stagnation point and the shock
front. The velocity drops sharply at the front of the shock wave, and then decreases
monotonically towards the stagnation point. But the magnetic field intensity and total
pressure show a sudden jump at the shock front, and a subsequent gradual increase
towards the ionopause. This growth increases as we approach the streamlined surface.
The total pressure maximum exceeds the stellar wind dynamic pressure in 2.7 times.
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Fig. 7 Profiles of the total pressure (left panel), magnetic field strength and velocity (right panel)
along the stagnation line
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Fig. 8 Stellar wind velocity profiles along the radial directions in two planes (Y = 0 and Z = 0)
for the fixed stellar-zenith angle (SZA), which is between the radial direction and X axis pointed to
the host star

With this total pressure, the stagnation point is disposed at the distance ~ 13R,,
from the center of planet. In case of pure hydrodynamic stellar wind without IMF,
the magnetic pressure vanishes and the external gas pressure at the stagnation point
becomes slightly less than the stellar wind dynamic pressure. In this case, without
IMF, the stellar wind stagnation point would be located at a distance of about 23R,
which is 1.8 times greater than in the case with the IMF.

Figure 8 shows stellar wind velocity as a function of the radial distance in two
planes: ¥ = 0, and Z = 0. One plane (Y = 0) is coplanar to the IMF vector, and
another plane (Z = 0) is orthogonal to the IMF vector. In a case without a magnetic
field, the velocity profiles would be identical to each other in these two planes. But
magnetic field brings a strong asymmetry between planes parallel and perpendicular
to the IMF. Figure9 shows the total pressure (left panel) and the magnetic field
strength (right panel) as functions of the stellar-zenith angle (SZA) measured from
the x axis for various radial distances. The solid curve 1 is located along the ionopause,

x10°8

0 0.5 1 1.5 2 25 3 0 0.5 1 15 2 2.5 3
SZA, rad SZA, rad

Fig. 9 The total pressure (left panel) and the magnetic field strength (right panel) as functions
of the stellar-zenith angle (SZA) for different radial distances: curves 1, 2, 3, 4, 5 correspond to
r/R, = 13,18, 23, 28, 36, respectively
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and the solid curve 5 is along the trajectory in vicinity of the shock wave. The central
part of this curve (where the magnetic field is weakened) corresponds to the region
of the undisturbed stellar wind upstream of the shock wave.

7 Conclusion

Our study considers the recently discovered exoplanet TOI-421c. EUV heating of
the upper atmosphere results in supersonic atmospheric wind interacting with the
incoming magnetized stellar wind. In particular, we focus on effects related to the
stellar wind magnetic field. The first important factor is that exoplanet TOI-421c is
located much closer to the host star than the planets of the solar system: its orbital
distance is 6 times less than that of Venus. Because of this, the IMF is much stronger
compared to Venus, and the Alfvén Mach number only slightly exceeds 1. The
second important factor is that an intense radial flow of atmospheric gas penetrates
into the region of the stellar wind, where hydrogen atoms are ionized and mixed with
the stellar wind plasma, causing its deceleration. The intense mass loading of the
stellar wind plasma due to the ionization of atmospheric neutral particles leads to
a substantial increase in magnetic field strength and the corresponding decrease in
pressure, velocity, and temperature of the plasma. The obtained results of simulation
highlight new important features of the magnetic barrier in front of the exoplanet.
Compared to the purely hydrodynamic simulations without a magnetic field [13], we
found that the presence of a magnetic field in the stellar wind radically changes the
whole picture of interaction of the stellar wind with the atoms of the atmosphere. In
particular, interplanetary magnetic field makes crucial influence on the radius of the
ionopause, as well as on the profiles of the plasma density, pressure and temperature
between the ionopause and the bow shock. The bow shock position is also strongly
dependent on the IMF intensity. The stellar wind flow around the ionopause has a
very strong asymmetry caused by the magnetic field. The plasma velocity along the
magnetic field is much less than in the direction perpendicular to the magnetic field.
The region of highly enhanced magnetic pressure (magnetic barrier) is much thicker
for the exoplanet compared to Venus. In this case the magnetic pressure dominates
over the gas pressure in the entire region of the MHD flow. Maximum magnetic and
total pressure at the stagnation point is much higher than the dynamic pressure of
the stellar wind. The enhanced magnetic field shifts the boundary of the atmosphere
(ionopause) to a position that is much closer to the planet, compared with the case of
neglecting the interplanetary magnetic field. Meanwhile, the magnetic field pushes
the shock front outward from the planet.
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