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ABSTRACT

Context. Exoplanets on close-in orbits are subject to intense X-ray and ultraviolet (XUV) irradiation from their star. Their atmosphere
heats up, sometimes to the point where it will thermally escape from the gravitational potential of the planet. Nonetheless, XUV is not
the only source of heating in such atmospheres. Indeed, close-in exoplanets are embedded in a medium (the stellar wind) with strong
magnetic fields that can significantly vary along the orbit. Variations in this magnetic field can induce currents in the upper atmosphere,
which dissipate and locally heat it up through Ohmic heating.

Aims. The aim of this work is to quantify Ohmic heating in the upper atmosphere of hot exoplanets, due to an external time-varying
magnetic field, and to compare it to the XUV heating.

Methods. Ohmic heating depends strongly on the conductivity properties of the upper atmosphere. We developed a 1D formalism to
assess the level and the localization of Ohmic heating depending on the conductivity profile. The formalism is applied to the specific
cases of Trappist-1 b and 7 Men c.

Results. Ohmic heating can reach values up to 10~ erg s™! cm™ in the upper atmospheres of hot exoplanets. It is expected to be
stronger the closer the planet and the lower its central star mass, as these conditions maximize the strength of the ambient magnetic
field around the planet. The location of maximal heating depends on the conductivity profile (but does not necessarily occurs at the
peak of conductivity) and, in particular, on the existence and strength of a steady planetary field. Such extra heating can play a role in
the thermal budget of the escaping atmosphere when the planetary atmospheric magnetic fields is between 0.01 and 1 G.
Conclusions. We confirm that Ohmic heating can play an important role in setting the thermal budget of the upper atmosphere of
hot exoplanets and can even surpass the XUV heating in the most favorable cases. When it is strong, a corollary is that the upper
atmosphere screens efficiently time-varying external magnetic fields, preventing them from penetrating deeper in the atmosphere or
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even within the planet itself. We find that both Trappist-1b and 7 Men c are likely being subjected to intense Ohmic heating.
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1. Introduction

Ohmic heating is a physical process where the dissipation of
electric currents leads to a local heating of the medium. It
is linked to the dissipative properties of the medium, specifi-
cally, its conductivity. The latter is determined by the atomic
and molecular composition of the medium, its temperature, its
ionization level, and the existence (or non-existence) of steady
large-scale magnetic fields. In the context of exoplanets, Ohmic
heating has been invoked as a possible source of heating for
the deep interior of planets (of any size) and for their deep
atmosphere. Here, we consider its possible role in the upper
atmosphere of exoplanets, namely, in their ionosphere and above.
In the following, we use “upper atmosphere” to refer to the
layers above the 1 ubar-level, which broadly coincide with the
ionosphere.

Ohmic heating requires the existence of an electric current in
the first place. This current can be produced by various means,
for instance, due to electric potential differences as in the Earth
magnetosphere or by the shearing of a pre-existing magnetic
field due to ionized zonal winds. This latter specific case has
been proposed to be acting in the deep atmosphere of hot Jupiters
(e.g., Batygin & Stevenson 2010; Huang & Cumming 2012;
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Rogers & Komacek 2014, and references therein), where zonal
winds can shear a dipolar magnetic field sustained by dynamo
action in the planet interior. In that context, the conductivity level
and its anisotropies (e.g., day-night) determine largely the Ohmic
heating rate and whether it contributes to the thermal budget of
the atmosphere or not (e.g., Dietrich et al. 2022).

Nevertheless, other processes can lead to the existence of
electric currents. For instance, the motion of a planet along its
orbit can lead to spatial and temporal variations of the stel-
lar wind magnetic field, as seen from the planet. This naturally
occurs due to the complexity of stellar magnetic field in their
photosphere and above it, which generally shapes the mag-
netic environment of stars and the stellar wind magnetic field
intercepted by planets along their orbit. In addition, planets
with eccentric orbits will generally probe various magnetic field
strengths along their orbit as well. In these cases, the varia-
tions of the magnetic field around the planet can induce electric
currents in the planet itself. Chyba & Hand (2021) studied the
particular case of induction and Ohmic heating associated with
a spatially-variable magnetic field permeating a planetary inte-
rior with a variable conductivity profile, which could be at play
within the jovian satellite lIo. The case of temporal variations
in an external field has been explored further in the context of
solar system planets and satellites, as well as exoplanets. Induc-
tion due an external magnetic field could be for instance at
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the origin of zonal jets in the interior of Europa (Gissinger &
Petitdemange 2019), but is thought to be generally ineffective
in heating the interior of solar system satellites (Chyba et al.
2021). In the context of exoplanets, close-in planets interact
with a much stronger magnetic field than solar system planets
(Strugarek 2024). If this magnetic field exhibits temporal varia-
tions, Kislyakova et al. (2017) and Kislyakova & Noack (2020)
proposed it could lead to significant additional heating in their
interior, possibly triggering volcanic activity. This process will
be maximized naturally around planet-hosting stars producing
strong magnetic fields (Kislyakova et al. 2018), which are often
young, fast-rotating, low-mass stars (e.g., Morin et al. 2010;
Reiners et al. 2022).

The same process can also, in principle, occur in the upper
atmosphere of exoplanets, as we demonstrate in this work.
In upper planetary atmospheres, the conductivity is generally
anisotropic due to the presence of a magnetic field. Indeed, at
these altitudes the gyrofrequency of electrons tends to be larger
than their collision frequency with the surrounding ion and/or
neutral species, changing drastically the effective conductivity
parallel and perpendicular to the local magnetic field (e.g., see
Section 5.11 in Schunk & Nagy 2009). In addition, hot exoplan-
ets generally harbor large numbers of electrons in their upper
atmosphere due to the ionization by the strong XUV flux they
receive. This leads to large conductivities at these altitudes,
enabling the dissipation of the currents induced by the exter-
nal time-varying field. In this context, a first study has been
conducted by Cohen et al. (2024), predicting very high heating
rates for conductivities prescribed a priori (a detailed compar-
ison to this work is shown in Appendix D). In this work, we
go beyond this approach and used ab initio models of the upper
atmosphere of exoplanets (Garcia Mufioz 2023) to assess the
conductivities (e.g., Johnstone et al. 2018) and associated Ohmic
heating.

Several questions arise: which planets have an atmosphere
that is unaffected by such a time-varying magnetic field? For the
others, if a planet screens it, can the associated Ohmic heating
change the energy balance of its upper atmosphere? To answer
these questions, we used a generic formalism for the Ohmic heat-
ing associated with an external time-varying magnetic field to
assess the penetration of such fields through the upper atmo-
sphere of hot exoplanets. We develop the formalism based on the
classical theory of Parkinson (1983) in Sect. 2. Then, in Sect. 3,
we propose examples to illustrate how changes in the conduc-
tivity and in the oscillation frequency of the external magnetic
field affect the penetration and heat deposition. We then apply
the formalism to realistic upper atmosphere models of Trappist-
1 b and m Men c in Sect. 4. Then, we generalize our approach to
provide constraints on the star-planet systems susceptible to lead
to strong Ohmic heating in their upper atmosphere in Sect. 5. We
discuss the implications of our results in Sect. 6 and present our
conclusions in Sect. 7.

2. Penetration of a time-varying magnetic field
in a planetary atmosphere and Ohmic heating

2.1. Physical-mathematical formulation of the problem

We consider a plasma composed of neutrals (denoted n), ions
(denoted i) and electrons (denoted ¢). We assume that the ions
are singly ionized, which is typical for the upper atmosphere
of metal-poor exoplanets, such that the total ions and electron
number densities are equal (n; = n,).
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The general Ohm’s law for charged species a (electrons or
ions) can be written as (Norman & Heyvaerts 1985):

Jo=0c,E, ey

where J, is the current density carried by charged species a, o,
is the conductivity tensor associated with species @ and E is the
electric field. The total current density can then be expressed as

I1=>1. )

In addition, Ampere’s law can be written as (in cgs)
4

VxB=—]J. 3)
c

Because V - B = 0, we can introduce the magnetic vector poten-
tial A such that V x A = B. By definition, A is defined up to
a gradient V¢. Placing ourselves in the particular gauge where
V-A =0 (.e., V?¢ = 0), we obtain:

4r
—V2A = — E -E. 4
¢ @ gﬂ’ ( )
In addition, Faraday’s law stipulates that cE = —d;A, therefore,

4
V2A - C—’; o, aA=0. (5)

This equation is the fundamental equation that was solved,
for instance, by Parkinson (1983) for the induction and heating
within a planet, reviewed by Saur et al. (2010) for general plan-
etary bodies, and later applied to different types of exoplanetary
interior by Kislyakova et al. (2017). The formalism is general
for any conducting medium and an analytical solution can be
found when the conductivity is piece-wise constant in space
(Parkinson 1983). Here, we opt to solve it numerically in 1D
to take into account the arbitrary profiles of conductivity. We
validated the implementation of the solver against the analytical
solution in the case of a constant conductivity, which is derived
in Appendix C.

Furthermore, we assume as a first approximation that the
time-varying component can be approximated by a sinusoidal
variation of a frequency, Q such that

A = An(x, 1) + Ap(x), ©6)
where
Ag(X,1) = Ag(x)e ™, @)

and where A p(x) is the steady magnetic field. We note, in prin-
ciple, that Ap(x) is the sum of a steady component from the
stellar wind and of a steady planetary magnetic field. Because
we assume that we are within the magnetosphere of the planet
here, it is natural to assume that the steady component of the
stellar wind is small compared to the steady planetary magnetic
field and therefore to neglect it.

It must be noted that the conductivity tensor o, in Eq. (5)
also formally depends on the magnetic field, and therefore
depends on time. Integrating 5 over an oscillation period

( fOP e¥dt, with P = 21/Q) makes the parts of the conductivity
tensor that depend on time vanish, which leads to:

ViV

iQ
V2A, + > Zga(x) “Ag=0. (8)
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Fig. 1. Schematic of the geometry considered in this work.Top panel:
the central star (orange circle) creates a dipole field (gray arrows and
lines) in which the planet (blue open circle symbol) orbits (large blue
circle). The x axis corresponds to the star-planet direction at all times,
and the y axis the direction of the orbit. The z axis (not shown here) is
perpendicular to the orbital plane. Bottom panel: time-varying magnetic
field B, (in arbitrary unit) seen by the planet along its orbit. The open
blue circle corresponds to the orbital phase illustrated in the top panel.
This schematic can either represent the case of an inclined orbit with a
stellar dipole aligned with the stellar rotation axis, or the case of a star
sustaining a dipole inclined by 90° with respect to its rotation axis.

Solving this equation in a domain with a space-varying con-
ductivity allows assessing both (i) how much Ohmic heating
can be deposited due to the existence on an external time-
varying magnetic field; (ii) where the Ohmic heating can be
deposited; and (iii) how much of the time-varying magnetic field
can permeate below the conducting region. In this work, we
aim to characterize these three points for the atmosphere of hot
exoplanets.

To do so, we consider a simplified geometry (illustrated in
Fig. 1). This geometry can be thought to be representative of var-
ious situations. It can represent a case where the star exhibits a
dipolar field aligned with the rotation axis (roughly like the Sun
during activity minima), and where the planet is on a “polar”

orbit. Close-in planets such as GJ 436b harbor such orbits
(Bourrier et al. 2022) and could be statistically abundant
(Albrecht et al. 2021). Our simplified geometry could equally
represent classical orbits perpendicular to the stellar rotation
axis, with a star harboring an inclined dipole (e.g., as for many
M-dwarfs Morin et al. 2010). We consider that the time-varying
magnetic field is aligned with the local Cartesian axis, e,. The
Cartesian axis, e,, is the star-planet axis, we consider that vari-
ables can vary in time, and but can vary in space only along the
x axis as we are considering a 1D model.

In addition, we assume that the steady magnetic field
(assumed to be mostly of planetary origin) is aligned with the
e, axis. If the magnetic field is strong enough, the conductiv-
ity in the medium becomes anisotropic (e.g., Schunk & Nagy
2009). In that case, given the simplified geometry we chose, the
conductivity tensor reduces to

O'Pﬂ O-H,a 0
ga = —OHa OPpa 0 , (9)
0 0 00,

where we have introduced the parallel, field-aligned conductiv-
ity, o, the Hall conductivity, oy, and the Pedersen conductivity,
o p. The total conductivities are given by the sum of the individ-
ual conductivities associated with species @, such that

g0 = § 00,0 »
et

OH = g OHa >
@

Op = E Opa -
et

We note that with the simplified geometry we have assumed
here, the vector potential can be written as Ag(x) = Ag(x)e,. As
aresult, Eq. (§) becomes

47TiQO’p

8xxA0 + > AQ =0. (10)
C

This equation leads to the introduction of the well-known skin-
depth (e.g., Parkinson 1983):

C
0p = —— (11
P V27TQO’p
to simplify Eq. (10) and we obtain
2i
0, Ap + 5_2AO =0. (12)

P

In the following, we solve Eq. (12) for space-varying conduc-
tivity profiles and for an external time-varying magnetic field. To
do so, we consider an atmosphere of a certain depth subject to the
following boundary conditions. At the top of the atmosphere, we
consider the time-varying field is forced at the external boundary
to be By, which translates into a Neumann boundary condition
on Ay such that 9,Ag = Bsy. At the bottom boundary condition,
we consider that the current density is zero which means that
0:xAp = 0. These boundary conditions leads to families of solu-
tions for Ag that can be obtained up to an additive constant. This
is not problematic, since we are interested in characterizing here
only the penetration of the ambient time-varying magnetic field
and the heat deposition associated with the triggered currents.
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Both aspects are independent of the chosen additive constant
when solving Eq. (12) to obtain A.

After solving Eq. (12), the volumetric heat deposition in the
atmosphere can be assessed through Q = J - E which translates
1nto

I S L - R (i%aA )2
Q J (g )] O'%_I-FO'%, y 0_%1_‘_0_% . (0xxA0)
2
gp C
=—|—94 , 13
a'i,+0'%, [27«5% (O)) (13)

where we have made use of Eq. (12) to simplify the final heating
rate formula, and R and J, respectively, stand for the real and
imaginary parts. Finally, we can also show (see Appendix C)
that in the limiting case where op is constant and Jp is smaller
than the vertical extent of the atmosphere considered, the heating
rate becomes independent of o, and can be considered as the
maximal heating rate that can be achieved:

QB2,

Qmax = St

(14)

2.2. Assessment of conductivities

Following the approximation proposed by Chapman (1956), we
can estimate the conductivities when considering singly-ionized
particles through (Norman & Heyvaerts 1985; Johnstone et al.
2018):

e ng
oo = ) (15)
m(lvfl
VoW
OHe = 5 5004 (16)
vi+w?
Va
Opa = > 5 [ (17)
vi+w?
where n, is the number density of species alpha, m, its

mass, v, its collision frequency with other species, and w, =
—qoBp/(cm,) its algebraic gyrofreqency. We note several inter-
esting limits to these formulae. First, if w, is set to zero we obtain
that oy, = 0 and op, = 09, Which makes the conductivity
tensor symmetric. Another interesting limit exists in planetary
atmospheres. In general, even for small magnetic fields of the
order of a few nT (a few 107 G), it is found that v, < w, in
planetary atmospheres. This means that in the limit of small
magnetic field, the Hall conductivity of electrons does not van-
ish in planetary atmospheres and shall always be considered in
induction-heating applications.

This formulation of the conductivity tensor is generic. Fur-
ther approximations have been proposed in the literature in
the context of the Earth ionosphere, assuming some dominant
species and collision frequencies (e.g., Maeda 1977). We do not
use these approximations here, to retain a generic formulation
of the conductivity associated with each individual species. We
nevertheless compare our generic formulation to the reduced for-
mulation of Maeda (1977) in the case of the Earth in Appendix B
and obtained a satisfying agreement,

We also note that the conductivity of a medium can take
different expressions depending on whether it is subject to a
direct or alternating current. Here, the current develops on the
timescale of the time-varying magnetic field. In this study, this
will typically be of the order of magnitude of the orbit of the
planet, namely, from tenths of a day to a few days. This timescale
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is much longer than all relevant collision timescales within the
atmosphere (see Appendix A.2). As a result, the atmosphere
effectively sees a direct current on collision timescales and
the modeling considered here applies to the case of direct
currents only.

2.3. Assessment of collision frequencies

The collision frequencies, v,, can be estimated based on the
relative abundances of electrons and ions and neutrals in the
atmosphere. We assume in this study that all species have the
same temperature, for the sake of simplicity. We make use of
the parametrized collision frequencies summarized in Schunk
& Nagy (1980). The collisions of species @ with species 5 are
parametrized through
Vap = Cop(T)ng, (18)
where the collision coefficient C,s depends on the local tempera-
ture and ng is the number density of species 8. In Schunk & Nagy
(1980), the electrons-neutral collision coefficients are tabulated
in their Table 3. The ion-neutral collision coefficients are tabu-
lated in their Table 6 for non-resonant interactions and Table 5
for resonant interactions. The electron-ion collision frequencies
are generically parametrized through their Eq. (15):

54.5
Vei = w71 [S],

= = (19)

where we have considered only singly ionized species and where
T in expressed in [K] and n; in [g cm™]. We note that these
collisions frequencies are such that

NgMyVap = NgMpgVpay -

When n, = n;, this means that v;, = (m,/m;)v.;, which can be
understood as an ion collides less often with electrons that an
electron collides with ions.

Finally, to compute the conductivities introduced in
Egs. (15)-(17) we define the ion species and electron collision
frequencies v, (@ € (i, e)) as:

Vi = Vie t E Vias
ae(n)
Ve = E Vea-

a€E(in)

3. Ohmic heating and magnetic screening for
simple conductivity profiles

Before moving to more realistic atmospheric profiles, we first
illustrate the processes of Ohmic heating and magnetic screening
for simplified conductivity profiles.

3.1. Constant conductivity

We start with the cases of an atmosphere with constant Pedersen
conductivity to clearly separate the effects of magnetic screening
and Ohmic heating when atmospheres are subject to an external
time-varying magnetic field.

The external time-varying magnetic field can penetrate in the
atmosphere over the skin depth 6p (Eq. (11)), which depends on
the oscillation frequency Q = 27rP;rL of the time-varying field
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Fig. 2. Penetration of time-varying magnetic field B,y (panels a, c, e) and associated Ohmic heating Q (panels b, d, f) in the case of a constant o p
atmospheric layer of 1000 km, subject to a time-varying magnetic field of 4 mG imposed as a boundary condition at the top of the layer. The Hall
conductivity is neglected here (oy = 0) and the Pedersen conductivity is constant in space. The dotted black line in panels a, ¢ and e correspond
to the strength of the external time-varying magnetic field By,,. Panels a and b show cases with constant skin-depth dp and different (o), Poy) as
indicated in the legend (note that in panel a, all lines are superposed). In panel a, the skin-depth dp (which is the typical length-scale over which
B, penetrates in the atmosphere) is highlighted. Note: the value of dp in each case is shown by the vertical colored dashed lines in the upper
panels (see text). Panel ¢ and d depict cases with the same op =0.5 S/m but different P,. Panels e and f show cases with the same P, =1 day but

different values of op.

and on the Pedersen conductivity in the atmosphere, op (Porp
is the orbital period of the exoplanet here). As a result, the pro-
file of the oscillating field and of the associated current density
depends on this parameter, 6p. The associated heating QO (Eq.
(13)) then depends on this current density as well as the Ped-
ersen and Hall conductivities. It is therefore possible to have
atmospheres with the same skin-depth dp but for which the oscil-
lating magnetic field leads to different heating rates. We illustrate
this situation in the panels a and b of Fig. 2, for the case of a
layer 1000 km thick, subject to an oscillating field of amplitude
B, = 4 mG. In panel a we show the profile of the penetrating
field B as a function of height. The four cases depicted in these
panels have the same 6p = 209 km (shown by the vertical dashed
line), as a consequence the profile of By, in the atmosphere is
the same. Nevertheless, we see in panel b) that the associated
heating rate is different. The case with the larger conductivity
and larger orbital period (in blue) harbors the weaker heating.
The heating of the case with the smaller conductivity (here 0.05
S/m) is stronger by three orders of magnitude. This can be easily
understood, since it corresponds to the dissipation of a similar
magnetic energy over a shorter timescale due to the smaller Py.

It is also instructive to highlight the effect of changing only
the oscillating period of the external field (panels ¢ and d, con-
stant op = 0.5 S/m) or changing only the Pedersen conductivity
(panels e and f, constant Py, = 1 day). We have constructed

these illustrative examples such that each color corresponds to
the same skin-depth in panels ¢ and e (6p is shown by the verti-
cal dashed line for the green, orange and blue cases). The blue
case corresponds to small skin-depth, while the red case corre-
sponds to a case where the skin depth is larger than the size of
the atmospheric layer considered in this example.

In panel d (constant o p case), we see the maximum heating
rate decreases with increasing orbital period. The shape of the
heating rate changes as well, because for small skin depths the
field oscillates only over several 6p within the atmosphere as it is
dissipated efficiently. In the green and red cases, the skin-depth
is sufficiently large so that this phenomenon does not take place.

The case where we keep the oscillation period, Py, con-
stant and change instead the Pedersen conductivity is notably
different. Indeed, we see that in this situation the maximum heat-
ing rate reaches the same value at the top of the atmosphere in
the three models having a skin-depth smaller than the size of
the atmospheric layer (cases in blue, orange, and green). This
is remarkable, because for these three cases op is varied by
two orders of magnitude. The penetration of By, in the atmo-
sphere leads to a current density J that depends on op. When
neglecting oy, the heating rate Q = J?/op becomes then inde-
pendent of op as long as the skin-depth is smaller than the size
of the atmospheric layer (as shown in Appendix C). This fact is
actually quite physically intuitive: when the oscillation period of
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Fig. 3. Same experimental setup than in panels e and f of Fig. 2, but with a Pedersen conductivity o p that varies in space. The Pedersen conductivity
profiles are shown in panel a. The magnetic field profiles are shown in panel b, and the heating rates in panel c. The dashed orange and green curve
correspond to the solid orange and green curves in panels e and f of Fig. 2.

the external field is set (which is the case of the problem under
consideration), the magnetic energy available to be dissipated is
always the same. Changing op then changes both the ability of
the atmosphere to screen the external field and its ability to dissi-
pate it locally, resulting in a maximum heating rate independent
of op. Nonetheless, we note that because the §p value changes
significantly for these three examples, the profile of heating rate
changes significantly as well in the considered atmospheric layer.

Finally, in the illustrative cases presented so far, the maxi-
mum heating rate is always found to occur at the top of the layer
we consider. This is of course due to the fact that we consider
an oscillating field from the top of the atmosphere, and a con-
stant profile of Pedersen conductivity. We now turn to illustrating
cases with spatially variable op, where the maximum heating
will not necessarily occur at the top of the atmosphere.

3.2. Conductivity variations with height

Here, we illustrate the effect of conductivities that are spatially
varying, keeping all other parameters constant. As in Sect. 3.1,
we consider a layer of 1000 km, an external field By, = 4
mG, a vanishing Hall conductivity, and an oscillating period
Porp = 1 day.

We illustrate four cases where the conductivity is symmetric
with respect to the middle of the layer, and either is maximum
at the sides or in the center, as shown in panel a of Fig. 3. The
orange and green cases have top and bottom conductivities equal
to the conductivity considered in the constant-op orange and
green cases, shown in the panels e and f of Fig. 2. In the orange
case, the conductivity is dropped to a small value in the mid-
dle of the layer over a length-scale of about 140 km. We see in
panel b that this drop does not affect much the penetration of the
magnetic field, as the profile of B with the drop (solid orange
line) and without the drop of conductivity (dashed orange line)
are very similar. This is due to the fact that the conductivity at
the top of the layer dominates the penetration at the upper end
of the atmosphere. Likewise, the heating rate (panel c) is mildly
affected by the drop of conductivity. Such a drop is generally
considered as providing insulation of the lower atmosphere and
planetary interior from the upper atmosphere and interplanetary
medium (Knierim et al. 2022). We see with this example that it

A220, page 6 of 18

can be very dependent on how strong the drop actually is and on
the length-scale on which it occurs.

The opposite case is illustrated by the green model: in this
case, the conductivity is small except in a thin layer of about
20 km in the middle of the atmosphere. This situation is typi-
cal of what occurs in planetary upper atmospheres, as shown for
realistic atmospheric profiles in Sect. 4. In that case, we observe
a sharp change in the profile of B at the location of the conductiv-
ity enhancement in panel b. This translates also into a peak in the
heating rate at the same location, which corresponds to a local
increase by a factor 8§ compared to the constant conductivity case
(compare the solid and dotted green lines in panel c).

Finally, we have also explored the effect of varying the layer
size on which the conductivity drop and enhancements are made.
The purple case in Fig. 3 shows a case where the conductiv-
ity drop impacts the whole layer. In this case, the profile of B
is still mostly set by the conductivity at the top of the layer
and small differences are only observed in the heating rate in
the bottom part of the layer. Conversely, the brown curves show
the case where the conductivity is significantly increased over
about 300 km in the middle of the atmosphere. In this case,
both the profile of B and the heating rate are strongly affected by
the change of conductivity when compared to the case in green.
The peak in the heating rate is distributed over a larger fraction
of the atmospheric layer and reaches a smaller value than the
case where the conductivity enhancement is applied to a smaller
portion of the layer (green curve, panel c).

We can conclude a few general trends from this illustration
of the effect of simple changes in the conductivity profiles. First,
a localized conductivity drop (orange and purple cases in Fig. 3)
do not significantly affect the profile of the penetrating magnetic
field nor the peak of the heat deposition. Second, a localized con-
ductivity enhancement (green and brown cases in Fig. 3) have
a strong impact on the penetrating magnetic field, on the peak
of the heat deposition, and on the location of this peak. Inter-
estingly, this remains true even if the conductivity enhancement
occurs on a layer smaller than dp, as is the case for the green
curves for instance. Therefore, we expect that in realistic atmo-
spheric profiles, the level of magnetic penetration and of Ohmic
heating will be mostly determined by the conductivity maxima
and the location of the heat deposition will be affected by the
shape of the conductivity profile.
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4. Application to realistic atmospheres: the cases
of Trappist-1b and = Men ¢

4.1. Compatrison of the conductivity profiles of Trappist-1 b, =
Men c, and the Earth

We now turn to more realistic atmospheric profiles to assess
whether external time-varying magnetic field can actually pene-
trate and/or deposit significant heat in the atmosphere of known
exoplanets. In this section, we focus on the cases of Trappist-
1 b and 7 Men c that could harbor water-rich atmospheres
(Garcia Muiioz et al. 2021; Agol et al. 2021).

The photochemistry in the upper atmosphere of these two
planets has been modeled by Garcia Mufioz (2023). The model
solves simultaneously the mass-momentum-energy conservation
equations in a spherical-shell atmosphere (the only spatial coor-
dinate is the vertical direction, and 3D effects are therefore not
taken into account). The atmosphere is irradiated from the top
by its host star, which is described by a spectral energy distri-
bution that ranges from X-rays to the far-ultraviolet (say, from
a few to 2500 Angstroms). The stellar flux is attenuated by
the atoms and molecules in the atmosphere. The deposition of
energy drives a chain of photochemical reactions that in turn dic-
tate the molecular-to-atomic-to-ionic transformation of the gas.
The same deposition of energy also drives the dynamics of the
gas, which accelerates from essentially hydrostatic conditions to
velocities of a few km/s at 2-3 planetary radii above the surface
of the planet. The current version of the photochemical model
comprises about 150 reactions that connect self-consistently the
abundances of the electrons, ions, and neutrals in the gas. The
model does not include yet the production of secondary electrons
in a self-consistent way (see Gillet et al. 2023 for an example of
such effect in a hydrogen-dominated atmosphere).

The characteristics of the star and the planet that are impor-
tant for this work are summarized in Table 1. We compare our
result with the Rosetta stone case of the Earth. The model of the
Earth ionosphere is taken from the NRLMSIS-00 model (Picone
et al. 2002) for the neutrals and IRI-2016 for the ions (Bilitza
et al. 2022). Both models were obtained from the instant request
tools available at the Community Coordinated Modeling Center
(CCMC) at Goddard Space Flight Center and are computed up
to an altitude of 1000 km. We note that these models are empir-
ical and therefore differ significantly from the photo-chemical
and dynamical model of Garcia Mufioz (2023). They neverthe-
less constitute an important benchmark for the computation of
assessment of conductivities in our study.

The composition of the three atmospheres, the collision fre-
quencies, and species contributions to the conductivities (see
Sect. 2) are detailed in Appendix A. Here, we show the elec-
tron and ion number densities in the upper panels of Fig. 4 for
the Earth (panel a), 7 Men c (panel b), and Trappist-1 b (panel c).
We first note that the three models have an overall electron num-
ber density profile that is similar, but still present some important
differences (the electron number densities are also reported in
panel d to ease the comparison between the three models). First,
due to their proximity to their host star and the strong XUV flux
they receive, Trappist-1 b, and 7 Men ¢ have electronic densi-
ties (black lines in the upper panels) with peak values from one
to three orders or magnitude larger than the Earth. The Earth
electron number density (black line in panels a and d) presents
a peak at an altitude of about 200 km above the 1ubar level,
reaching n, ~ 2x10° cm™>. At this height, ionic species are dom-
inated by O* in the Earth atmosphere, and H* dominates only
above (see panel a). 7 Men c (orange line in panel d) has a

Table 1. Characteristics of Trappist-1 and 7 Men systems.

Trappist-1 7 Men™
M, [Mo] 0.0802 + 0.0073 1.02 + 0.03
R, [Ro] 0.117 + 0.0036 1.10 £ 0.01
Trappist-1 b mMenc
M, [Mg] 0.85£0.72 452 £0.81
R, [Re] 1.086 + 0.035 2.06 +0.03
Pop [days]  1.5108708 £ 6 X107 6.26834 + 0.00024
Ror [Ry] 20.5 13.4
Fs_9124 (Rorb) (@) ®)
[erg/em?/s] 9762 1350

Notes. DUnless stated otherwise, values for the Trappist-1 system
have been taken from Gillon et al. (2017). * Unless stated other-
wise, values for the 7 Men system have been taken from Gandolfi
et al. (2018). “From the MEGA-MUSCLES spectrum of Wilson et al.
(2021). ®From Garcia Muiioz et al. (2020).

different composition (see also Appendix A.l), with a peak
around 200 km linked to C* ions. These ions are rapidly formed
in the deeper layers even though the C/O ratio in the model is
<1 because the ionization potential of the C atom is very low,
and far-UV photons generally penetrate deeper than XUV pho-
tons. At higher layers, the ionization is dominated by H* and
O* which produce the observed plateau of n, ~ 2x 108 cm™
(see panel b). Finally, the Trappist-1 b model has the most differ-
ent atmospheric composition due to a strong abundance of H,O
deep in the atmosphere. The electronic number density profile
(blue line in panel d) exhibits a double peak structure. The lower
peak 1, ~ 6x 10° cm™ near 200 km is associated with the pres-
ence of Hy ions, and the higher peak n, ~ 107 em™ to H* and
O™ ions (see panel c). We stress here that even though the mod-
eled Trappist-1 b receives a stronger XUV flux than the modeled
m Men c, the latter nevertheless shows more electrons in its upper
atmosphere. This is a probably a result of the strong concentra-
tion of H,O molecule in the atmosphere of the Trappist-1 model,
which leads to a lesser production of electrons despite receiving
more flux, as well as a difference in the spectral energy distri-
bution of the stellar spectra. This emphasizes the importance
to take into account the composition of the atmosphere to ade-
quately estimate the electron number density, and therefore the
conductivity.

The differences in the electron number density lead to signif-
icant differences in the parallel, Hall and Pedersen conductivities
of the upper atmospheres of the Earth, Trappist-1 b, and 7 Men
c as shown in panel e of Fig. 4. The same formalism is used
to assess the three conductivities for the three extended atmo-
spheres, assuming a constant planetary magnetic field of 0.2 G
throughout the atmospheric layer to put ourselves close to Earth-
like conditions. We have also compared our computation of the
three different conductivities to the Kyoto World Data Center
(WDC) for Geomagnetism ionospheric conductivity model' and
found a very satisfying agreement with our generic approach (see
Appendix B).

1 The WDC ionospheric conductivity model uses the simpli-
fied conductivity formulaec of Maeda (1977) and is available as
a web service at https://wdc.kugi.kyoto-u.ac.jp/ionocond/
sightcal/index.html
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Fig. 4. Three upper panels a—c present the profiles of the number density of ions (colored lines) and electrons (black line) as a function of height
in the upper atmosphere of the Earth (panel a), # Men c (panel b) and Trappist-1 b (panel c). Panel d shows the electron number density of the
three models on the same plot. Panel e shows the conductivity profile above 1ubar for the Earth (black lines), Trappist-1 b (blue lines) and 7 Men
¢ (orange lines). The parallel conductivity oy (Eq. (15)) is shown by dotted lines. We assume a constant magnetic field Bp = 0.2 G to compute
the Pedersen (solid lines, Eq. (17)) and Hall (dashed lines, Eq. (16)) conductivities. The underlying atmospheric and ionospheric models are taken
from IRI-2016 and NRLMSIS-00 models for the day-side Earth (see text), and Garcia Muiioz (2023) for Trappist-1 b and 7 Men c.

The conductivity profiles above 1 pbar are shown in panel
e for the day-side of the Earth (black lines), Trappist-1 b (blue
lines) and 7 Men c (orange lines). The parallel conductivity is
shown by the dotted lines, the Hall conductivity by the dashed
lines, and the Pedersen conductivity by the solid lines. We first
note that the parallel conductivity (dotted lines) has a similar
profile for the three planets. It is low close to 1 pbar (108 S/m
for £ Men c, about 10~ S/m for the Earth). Above, it quickly
increases to reach 10 S/m at about 100 km in all cases. Higher
up, the models of Trappist-1 b and 7 Men c predict that it should
keep rising, peaking close to 1000 S/m. We see that the shape of
the parallel conductivity can be much more peaked for strongly
irradiated planet than for the Earth.

The Pedersen conductivity (solid lines) is the most impor-
tant conductivity to characterize magnetic screening and Ohmic
heating, as we have seen in Sect. 2.1. Again, the overall shape of
o p is roughly similar for the three planets, but its values are very
different. The peak of op is found to coincide with the inner
peak of the electron number density for each atmosphere (see
upper panel). For the Earth day side atmosphere it peaks around
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107 S/m. Conversely, op peaks at 0.02 S/m for Trappist-1 b
and 0.4 S/m for ¥ Men c. Considering an external magnetic field
varying on a timescale of a day, this leads to a skin depth ép of
30000 km for the Earth, 1000 km for Trappist-1 b and 230 km
for # Men c. Therefore, everything else being equal, it means
that the upper atmosphere of the Earth does not screen signifi-
cantly external magnetic fields varying on a timescale of a day,
whereas the upper atmosphere of 7 Men ¢ would screen them
almost systematically. In addition, we note that here we consid-
ered so far the same planetary field strength, Bp, the amplitude
Pedersen conductivity for a given planet will be modulated by the
value of its large-scale magnetic as well. Finally, the Hall con-
ductivities (dashed lines) follow the same trends as the Pedersen
conductivities.

4.2. Magnetic screening and Ohmic heating

The magnetic field of Trappist-1 b and 7 Men ¢ is unknown.
Dynamo scaling laws (e.g., Christensen & Aubert 2006) could
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Fig. 5. Conductivities, penetration and Ohmic heating in the atmospheres of Trappist-1 b (top panels) and 7 Men ¢ (bottom panels). Left panels
(a and d) represent the parallel (dotted gray lines), Hall (dashed colored lines) and Pedersen (solid colored lines) conductivities as a function of
pressure in the atmosphere. Four values of planetary magnetic field (Bp = 1 mG, 10 mG, 0.2 G, 4G) are represented in all panels by the blue,
orange, green and red lines, respectively. The middle panels (b and e) show the penetrating magnetic field normalized to B, . The right panels (c
and f) show the profile of the associated Ohmic heating Q (Eq. (13)) for By, = 1 G (solid lines) and By, = 10 G (dotted lines). The black dashed
line show the heating rate from photochemistry in the underlying atmospheric model (Garcia Muiloz 2023). Calculations have been done using the

orbital period of the planet for Trappist-1 b and 7 Men c (see Table 1).

be generically applied to these objects to estimate their proba-
ble magnetic moment. This was done, for instance, by Mclntyre
et al. (2019) in relation to a set of detected rocky planets at that
time, who predicted a magnetic moment M of about 0.13 M, for
Trappist-1 b. The uncertainties are nevertheless large, here we
chose to explore a range of realistic planetary field to assess the
various possibilities for magnetic screening and Ohmic heating
for these two planets.

We first illustrate in panels a and d of Fig. 5 how the Pedersen
and Hall conductivities change assuming a planetary magnetic
field of 4 G (Jupiter-like, red lines), 0.2 G (Earth-like, as in
Fig. 4, green lines), 10 mG (orange lines), and a vanishing mag-
netic field of 1 mG (blues lines). As expected, the maximum
Pedersen conductivity varies by six orders of magnitude in the
exploration of planetary magnetic fields, Bp. For each of these
profiles, we solve the penetration Eq. (12) and show the result-
ing By, (panels b and e) and Ohmic heating Q (panels ¢ and
f, Eq. (13)) profiles for Trappist-1 b (top panels) and 7 Men c
(bottom panels). Here, we have set the oscillation frequency of
the time-varying magnetic field to correspond to the orbit of the
planet (see Table 1) and assumed an amplitude By, = 1 G (solid
lines) and Bgy, = 10 G (dotted lines) at the top of the atmosphere.

As we could expect from the results of Sect. 3, a strong plane-
tary field (red curves) leads to a large skin-depth and no effective

screening of the external oscillating field. Thus, in this case, both
7 Men c and Trappist-1 b would let the external field penetrate
below their atmosphere, without any interactions between the
two. Conversely, for vanishing magnetic fields (blue curves) the
oscillating field is screened at the very top of the atmosphere,
where its energy is deposited as heat locally. Therefore, even
though the conductivity peaks in a relatively narrow region, heat-
ing may occur over a much broader range of altitudes in the
atmosphere.

In the four illustrated values of Bp, the maximum
Ohmic heating reaches 2x10™* erg/s/cm® for Trappist 1-b and
4x107* erg/s/cm® for m Men ¢ when a very strong By, = 10 G
field is considered (blue dotted curves in panels c and f). As
expected, the Ohmic heating scales with B2, and when By, = 1
G itdecreases by a factor 100 (plain lines). In addition, the ampli-
tude of the planetary field Bp directly dictates the pressure level
(or height) in the atmosphere where the Ohmic heating peaks.
For instance, in the Trappist-1 b model Q peaks at a pressure
level of 10™* pbar for Bp = 0.2 G (green lines) and at 2x107
pbar for Bp = 10 mG (orange lines). On these same panels ¢
and f, we have added the profile of the photo-chemistry heating
rate Qpn, modeled by Garcia Mufioz (2023) as a black dashed-
line. Indeed, Qpp, does include two separate contributions. These
are (i) the heating from the photoelectrons (evaluated as their
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Fig. 6. Ohmic heating and field transmission in the upper atmospheres of Trappist-1 b (left column) and 7 Men c (right column). The upper panels
show the heating rate Q at the sonic point r. divided by the heating from photochemistry Q,, at the same location, as function of the planetary field
Bp and the stellar wind field Bgy,. Blue corresponds to (Q/Qpn)(r.) = 0.01 and red to (Q/Qpn)(r.) = 100. Values below 0.01 are shown in gray. The
dashed and dotted white lines in the top left panel correspond to estimates of the ambient magnetic field based on observations of the magnetic
field at the surface of Trappist-1 (Reiners & Basri 2010). We note that we have no such constraints for 7 Men at the moment. The thin dashed lines
correspond to contours of the ratio of 0.1, 1 and 10. The middle panels show the transmission of By, from the top of the atmosphere to the level
of 1 pbar, as a function Bp (1 corresponds to a full transmission, O to a full screening). The bottom panels show the altitude (in pressure value) at
which the maximal Ohmic heating rate is realized as a function of Bp. The pressure at the sonic point is shown by the black dashed line.

production rates times their kinetic energies) and (ii) the heat-
ing from the fast atoms produced in photo-dissociation processes
(similarly evaluated as their production rates times their kinetic
energies). The latter contribution is minor at pressures below
0.1 pbar, but we include it for completeness.

The predicted Ohmic heating rate generally peaks in the
upper part of the modeled upper atmosphere, and can add to
and even dominate the photo-chemistry heating rate there. Nev-
ertheless, if the heating rate peaks above the sonic point in the
escaping atmosphere, it likely does not affect much the escape
process itself nor the overall state of the atmosphere. The sonic
point is indicated on the dashed black lines by the black circle. It
is relatively close to the peak of Qpy, in Trappist-1 b, but is higher
up in the atmosphere for 7 Men c. As a result, for strong ambient
fields as shown by the dotted colored lines in Fig. 5, the peak
of the Ohmic heating is generally further away from the sonic
point for Trappist-1 b, but can peak well below the sonic point
for 7 men c. In both cases, we see that the green curves can be
of comparable amplitude of Qp;, below the sonic points. We can,
in theory, therefore participate to the thermal budget and thermal
escape of the atmosphere.
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We can go further and characterize for these two systems the
heating rate at the sonic point r, as a function of Bp and By
for Trappist-1 b and 7 Men c, as shown by the ratio (Q/Qpn)(7)
in the two upper panels of Figure 6. We explore the range from
1 mG to 10 G for Bsy, and 1 mG to 4 G for Bp, and display the
ratio in a logarithmic scale between 0.01 (blue) and 100 (red).
Grey areas corresponds to Q(r.) < 0.01Qpy(r.), namely, regions
where the Ohmic heating can be safely ignored. We first note that
the qualitative trends are similar in the two panels. The Ohmic
heating can be important in the thermal budget for intermediate
values of Bp, and only if By, is strong enough. In the middle
panels, we show the transmission of By, (0 means complete
screening of the ambient field, 1 means perfect transparency)
that depends only on Bp. We see that if Bp is small enough, the
ambient field is completely screened. If Bp is strong enough, it
passes through the atmosphere without being dissipated. In the
bottom panels, we show the height (in pressure value) at which
the heating rate peaks in the atmosphere (blue line), along with
the pressure at the sonic point (dashed black line). In the model
of Trappist-1 b (left panel), Ohmic heating always peaks above
the sonic point whereas in the model of 7 Men c (right panel),
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it peaks at the sonic point for Bp ~ 0.04 G and peaks below for
larger Bp. These lead to the fact that if Bp is small, even if the
upper atmosphere screens completely the surrounding field, it
does not lead to substantial heating at the sonic point and below
(gray areas in the left parts of the upper panels). In that case,
Ohmic heating can therefore be safely ignored in the thermal
and dynamical budget of upper atmospheres.

Overall, we can first conclude here that Ohmic heating is
expected to be important for the thermal budget of the atmo-
sphere only on a range of intermediate Bp values, when By,
is strong enough. In the case studied here, we predict that for
Trappist-1 b it matters if Bp € [0.08,0.2]G, and in the case of
7 Men c if Bp € [0.03,0.1]G, approximately. We note that these
values of the planetary field are typically in the range of mag-
netic moment estimated through dynamo scaling laws for rocky
exoplanets by Mclntyre et al. (2019).

In the top left panel of Figure 6, we have indicated the likely
values of By, for Trappist-1 as dashed and dotted white lines.
These values have been deduced from estimates of the surface
stellar magnetic flux B, f reported in Reiners & Basri (2010) and
agree with the 3D wind modeling of Trappist-1 carried out by
Réville et al. (2024). We have extrapolated these values assum-
ing a dipolar field By, = B, f(R,/r)? (dotted lines) or a purely
radial magnetic flux tube By, = B, f(R,/r)* (dashed lines). This
gives By, between 0.07 and 1.4 G for Trappist-1 b. We have not
indicated such an estimate for ¥ Men c, as no observational con-
straints are available on its magnetic field yet to the best of our
knowledge. We can therefore conclude that for an ambient field
varying on a timescale of the orbital period, Ohmic heating could
be important for Trappist-1 b based on the known constraints
on the magnetic field of Trappist-1. This is likely true as well
as m Men c, as weaker magnetic fields compared to Trappist-1
would still lead to a net visible effect of Ohmic heating. This
is due to the fact that model of 7 Men ¢ atmosphere presents
more electrons than Trappist-1 b, which leads to larger Peder-
sen conductivities and, therefore, more efficient Ohmic heating.
We note that this conclusion does not necessarily holds for other
timescales related to, for instance, eruptive stellar activity, as
discussed in Sect. 6.

5. Application to the exoplanet population

5.1. Favorable conditions for magnetic screening and Ohmic
heating in the upper atmosphere of hot exoplanets

Based on the exploration presented above, we can highlight
several aspects that can lead to strong heating and magnetic
screening in the upper atmosphere of exoplanets. In Sect. 4, we
have shown that the shape and amplitude of the Pedersen con-
ductivity determines largely the ability of the upper atmosphere
to screen and dissipate ohmically an external oscillating field.
The Pedersen conductivity is determined by the ions and elec-
trons mixture in the atmosphere (Appendix A), as well as the
amplitude of the planetary magnetic field in the atmosphere. At
first order, the number of electrons in the atmosphere therefore
largely determines the level of Pedersen conductivity, as plotted
in Fig. 4. Then, the detailed ionic composition can also modu-
late this conductivity. Indeed, we observe that the peak of the
Pedersen conductivity differs by a factor around 22 for the atmo-
spheres considered (Fig. 4). The peak of the electron number
density differs by a factor around 12 (Fig. A.2), which explains
the order of magnitude of the Pedersen conductivity difference
between the two atmospheres. The remaining difference can be
understood from the atmospheric composition difference: the

Pedersen conductivity of Trappist-1 b is dominated by the con-
tribution from H,O" and O3, whereas in 7 men c it is dominated
by H*, C* and O* (see Appendix A.3). These levels of electronic
and ion density are set by the XUV flux the planet is exposed to
and the composition of the atmosphere itself.

Then, the properties of the time-varying external field deter-
mine the accessible energy to be dissipated. The oscillation
frequency of the field, coupled to the profile of the Pedersen
conductivity, sets the skin-depth (6p, Eq. (11)) that determines
where in the atmosphere the magnetic field could be ohmically
dissipated and at which rate. Then, the amplitude of the exter-
nally varying magnetic field determines the amount of magnetic
energy that can be dissipated.

In what follows, we propose to estimate simply the maximal
heating rate Qnax (see Appendix C) which is independent of the
conductive properties of the planetary atmosphere. We defer for
future work a more in-depth analysis of the population using sim-
plified atmospheric models to assess conductivity profiles and
the location of the maximal Ohmic heating.

5.2. Application to the known exoplanet population

We estimate the maximal heating rate Qnax (Eq. (14)) that can
be awaited due to an oscillation of the ambient magnetic field
around the planet at a timescale corresponding to the orbital
period. To assess the amplitude of the magnetic field at the plan-
etary orbit, we consider a purely radial magnetic field decreasing
away from the stellar surface By, = By (Ry/ a)?. We estimate the
stellar magnetic field based on the “upper bound” scaling law
described in Ahuir et al. (2020) (see their Table 1) such that

-1 -1.76
B, = (ﬁ) (%) (Gl
RO@ M@

where Ro = Py /7. is the Rossby number, 7. the convective
turnover time taken from Lu et al. (2023) and See et al. (in prep),
and M, the stellar mass. In the formula above, Roy = 0.33 and
M, is the solar mass. A stellar magnetic field of 1 G is obtained
for the Sun, which roughly is on par with the solar dipole. Finally,
we use as an oscillation frequency Q = 27/ Poyp.

Based on these parametrization, we can apply our formal-
ism to the whole exoplanet population known as of today. We
used the exoplanet.eu database. We applied this procedure
for two different stellar rotation periods (3 and 30 days). The
chosen rotation periods were selected to be close to the rotation
period of Trappist-1 (3.3 days, Luger et al. 2017), along with a
slow rotator that is likely to be representative of a star resem-
bling # Men (Gandolfi et al. 2018). The resulting Qnax is shown
for each planet in the database as function of the stellar mass and
the orbital distance in the two panels of Fig. 7. Trappist-1 b and &
Men c are highlighted by the red squares in left and right panels,
respectively.

This first, crude estimation shows that for close-in planets
around low-mass stars, Ohmic heating rates can theoretically
reach very high values up to a few 1073 erg/cm?/s. The simpli-
fied approach presented in this section only allows to estimate
the maximal heating rate that can be theoretically achieved. It
cannot predict if such level of heating is actually achieved, nor
where it occurs in the planetary atmosphere. Those two actually
depend on the profile of the Pedersen conductivity in the planet
atmosphere, which, in turn, depends in a non-trivial way on the
planetary magnetic field, the composition of the planetary atmo-
sphere, and the XUV and far-UV fluxes it receives. Therefore, a

(20)
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Fig. 7. Onax (Eq. (14)) for the population of exoplanets from the exoplanet.eu database as a function of the orbital distance and the stellar mass.
A given rotation rate has been assumed for all stars in each panel to estimate their magnetic field and the ambient magnetic field strength at the
orbit of the planet. Trappist-1 b and 7 men c are highlighted by the red square in the left and right panels, respectively.

more complete modeling (as done in Sect. 4) is needed to bet-
ter assess which close-in planets are likely to have strong Ohmic
heating rates affecting their thermal budget below the sonic point
of their wind. This will be addressed in a future work.

Finally, we note that a different formalism was proposed by
Cohen et al. (2024). Their formalism generally predicts heating
rates that are two to three orders of magnitude larger than the
heating rate presented here. This originates from the fact that in
their formalism, the maximal heating rate increases linearly with
the Pedersen conductivity, op. Nevertheless, as o p increases, the
skin depth decreases and rapidly becomes smaller than the size
of the layer of interest. In our self-consistent approach, this leads
to a saturation of the volumetric heating rate that becomes inde-
pendent of op (see also Chyba & Hand 2021) and equal to Qnax
(see Eq. (14), Appendix C, and Appendix D for a detailed com-
parison to the model of Cohen et al. 2024). In any case, this
Omax can never be surpassed and can therefore be considered
as the correct upper limit for the Ohmic dissipation of external,
time-varying magnetic fields.

6. Discussion

In this work, we consider the screening and dissipation of an
external magnetic oscillating on the orbital timescale. Never-
theless, the temporal variations of an external field may also
be occurring on shorter and longer timescales. For instance,
stellar transients such as coronal mass ejections (CMESs) carry
high magnetic fluxes that vary on a crossing-time of the planet.
Solar CMEs reach speeds up to 3000 km/s, which allows them
to sweep by an Earth-like planet in a few seconds up to a
few minutes. This timescale is typically much shorter than the
orbit of the planet and could therefore lead to even stronger
Ohmic dissipation. Because these events are transients (and not
regular oscillators), their effect on the heating of the upper atmo-
sphere must be considered in the more general framework of
time-varying field, which will be addressed in a future work.
Conversely, temporal variations on a larger time-scale can occur
as a result of, for instance, stellar magnetic cycles. These vary
on timescales longer than years (e.g., Strugarek et al. 2017, 2018;
Brun et al. 2022), making them unlikely to lead to any significant
Ohmic heating.

In addition, we have chosen to neglect the advective compo-
nent of the induction equation and to consider only time-varying
magnetic fields as sources of currents. In the context of a
purely radial outflow from the planet, this is likely a valid
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approximation in the upper dayside of the planetary atmosphere.
Deeper in the atmosphere, strong horizontal atmospheric winds
are expected to exist. They can induce horizontal magnetic fields
from a pre-existing dipolar field, leading to currents as well. The
dissipation of these currents, which are not associated with a
time-varying magnetic field, also lead to Ohmic heating there
(e.g., Batygin & Stevenson 2010; Rogers & Komacek 2014). The
interplay between these winds and the temperature-dependent
conductivity of hot Jupiter atmospheres can even sustain strong
temporal variability with episodic bursts of heating (Hardy et al.
2022). We have shown here that even without considering this
layer deeper in the atmosphere, the upper atmosphere has the
potential to efficiently screen external time-varying magnetic
fields. Such fields have been invoked in the past as possible
sources of heat deposition in the interior of close-in planets
(e.g., Kislyakova et al. 2017), and could also add to the net heat-
ing in the deep atmosphere. Our study shows that the upper
atmosphere screens these external fields in some circumstances,
notably when the XUV flux received by the planet is strong
enough to lead to large electron densities in the upper planetary
atmosphere. Indeed, in that case, the Pedersen conductivity is
generally sufficiently high to lead to a small penetration skin-
depth. Therefore, our results highlight the need to consider
Ohmic heating and induction from the top of the atmosphere
down to the planetary interior to properly identify where and how
much external time-varying magnetic fields can be ohmically
dissipated by planets.

7. Conclusions

In this work, we have proposed a simplified 1D model for the
penetration of external oscillating magnetic fields in the upper
atmosphere of exoplanets and of the associated Ohmic heat-
ing. We derived an analytical solution when the conductivity of
the atmosphere is constant and provide an upper limit for the
Ohmic heating. Finally, we have also proposed a formalism to
apply this approach to multi-species models of the upper atmo-
spheres of exoplanets. We have also shown that in the case of
spatially-varying conductivities (which is the typical situation
for the upper atmosphere of exoplanets), the conductivity profile
can a priori be estimated but the maximum in the conductiv-
ity profile does not necessarily matches with the location where
Ohmic heating peaks.

We have applied our approach to two iconic hot low-mass
planets (Garcia Mufioz 2023): Trappist-1 b and ¥ Men c. We have
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showed that due the different XUV flux these planets receive
and the differences in their atmospheric composition, 7 Men ¢
likely harbors much stronger upper atmosphere conductivities
than Trappist-1 b. Therefore, we find that Trappist-1 b can screen
less efficiently external time-varying magnetic fields than 7 Men
c. Conversely, both planets can have substantial Ohmic heating
that participated to the thermal budget of their upper atmosphere,
provided the ambient oscillating magnetic field is strong enough
(about 1 G for Trappist-1 b and about 0.1 G for 7 Men c).

The modeling presented in this work also allows us to charac-
terize where Ohmic heating can occur in the upper atmosphere.
This location is primarily set by the existence and strength of the
steady magnetic field, which we have assumed to be dominated
by the planetary field Bp in this work. If the planetary magnetic
field is small, the dominant conductivity is large and the Ohmic
heating and magnetic screening occurs high in the atmosphere.
For hot exoplanets such as Trappist-1 b and © Men c, this leads
to heating occurring out of the sonic point of the escaping atmo-
sphere. As a result, in that case the planet atmosphere efficiently
screens external time-varying magnetic fields, but this has no
significant impact on the properties of it escaping atmosphere.
Conversely, if the planetary magnetic field is strong, the Peder-
sen conductivity is very small and the atmosphere is not able
to screen and dissipate the external time-varying magnetic field.
For intermediate planetary magnetic fields (between ~0.01 and
~1 G for the two planets studied in this work), the profile of the
conductivity is such that Ohmic heating can occur close to or
below the sonic point of the escaping atmosphere. In that case,
Ohmic heating should be taken into account self-consistently in
the thermal budget of the atmosphere to determine its properties
and assess qualitatively by how much the associated atmospheric
mass loss rate can change.

Finally, we have also estimated the maximal Ohmic heating
awaited for the population of exoplanets known as of today. We
have highlighted that close-in planets around fast-rotating young
and low-mass stars are likely susceptible to strong Ohmic heating
in their upper atmosphere. Nevertheless, this estimate provides
only an upper limit. Thus, dedicated studies on the conductivity
profile of these planets would be the next step.

The simplified approach presented in this work needs to be
extended to be more realistic. First, we have neglected induc-
tive effects that should be taken into account. Second, we have
considered only perfect oscillators for the external magnetic
field. Realistic temporal variations are likely to be more com-
plicated as they stem from complex magnetic topologies of star,
transient events, and eccentric and/or inclined planetary orbits.
Third, we have only considered the case of a constant planetary
magnetic field throughout the atmospheric layer. The magnetic
field most likely diminishes with height, which will make the
conductivity increase even more in the upper atmosphere and
could amplify the screening and Ohmic heating ever more. We
intend to improve these aspects and assess the dynamical effect
of such Ohmic heating on models of upper atmospheres of hot
exoplanets in a forthcoming work.
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Appendix A: Composition, collision frequencies,
and conductivities in the atmospheres of
Trappist-1 b and = Men ¢

A.1. Composition

The photochemistry modeling of the upper atmosphere (pres-
sures above 1 pbar) of Trappist-1 b and m Men c has been
conducted by Garcia Mufioz (2023). We use the results of their
modeling here to assess the conductive properties of these two
upper atmospheres. The number density of neutrals and ions are
shown in Fig. A.l and A.2, respectively, as a function of the
thermal pressure.
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Fig. A.1. Neutral number densities as a function of height (expressed
here as pressure) for Trappist-1 b (top panel) and 7 Men ¢ (bottom
panel).

The model of the atmosphere of Trappist-1 b assumed a com-
position of a 100% H,O at the pressure level of 1 pbar. The
number density of water vapor decreases from a few 10'3 cm™
down to about 10'® cm™ at 2 nbars where the neutral hydrogen
becomes the dominant neutral species in the atmosphere (see
top panel of fig. A.1). Higher in the atmosphere of Trappist-1
b, hydrogen and oxygen are the dominant neutral species. Con-
versely, in the model of 7 Men ¢ (bottom panel) H,O is unstable
at 1 pbar and therefore its neutral atmosphere is dominated by
hydrogen and oxygen at all altitudes.
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Fig. A.2. Ion number densities as a function of height (expressed here
as pressure) for Trappist-1 b (top panel) and 7 Men ¢ (bottom panel).
The electron density is shown by the black line.

The ion composition of the two atmospheres is radically dif-
ferent from 1 pbar to about 0.5 nbar (see fig. A.2). In Trappist-1b,
because of the high concentration of water the lower part of
the atmosphere is dominated by H;0" and O] (top panel). At
these altitudes, 7 Men c (bottom panel) possesses also a domi-
nant O] deeper down but H*, C* and O* quickly dominate the
ions higher up. In Trappist-1 b H* and O* dominate also in the
upper part of the atmosphere, but C* is completely negligible.

These two different composition lead to different electron
number densities (black lines in fig. A.2) when comparing the
models of Trappist-1 b and 7 Men c. 7 men c reaches electron
densities around 40 times larger than Trappist-1 b. This is some-
what surprising, because 7 Men c receives an XUV flux about
7 times smaller than Trappist-1 b. It shows strikingly that com-
position, and in particular the fact that the model of Trappist-1 b
atmosphere is dominated by H,O determines the level of electron
number density. These differences determine the collision fre-
quencies and conductivities that will differ from one atmosphere
to the other, which we now turn to.

A.2. Collision frequencies

We apply the formulae presented in Sect. 2.3 to the case of
Trappist-1 b and m Men c. The collision frequencies are shown
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Fig. A.3. Collision frequencies [/s] for Trappist-1 b (top panel) and «
Men c (bottom panel) as a function of pressure in the atmosphere.

in Fig. A.3. The total ions (black) and electrons (red) colli-
sion frequencies are shown in solid lines. The ions-neutrals
and electrons-neutrals collision frequencies are shown by the
dotted lines, and the ions-electrons and electrons-ions collision
frequencies by the dashed lines.

Collisions are dominated by electrons in the upper atmo-
sphere, and more specifically electrons-ions collisions. For
Trappist-1 b, the collisions with neutrals dominates in almost
the whole atmosphere for ions. Deeper in the atmosphere, the
electron collisions are dominated by the neutrals.

The collision frequencies are higher at all height for 7 Men
¢ than for Trappist-1 b. We can expect that this leads to larger
conductivities in the atmosphere of 7 Men c, which are detailed
in the next section.

A.3. Conductivities

The parallel, Hall and Pedersen conductivities have been calcu-
lated following the formulae laid out in Sect. 2.2. The resulting
conductivities are shown in Fig. A.4 as dashed magenta lines.
The individual contributions are shown in black (electrons) and
colored plain and dotted lines (ions).

We note first that the parallel conductivity (panels a and b) is
mostly determined by the collision of electrons with neutrals in
the lower part of the atmosphere and with ions in the upper part

of the atmosphere. In both atmospheres, H* and to a lesser extent
O also contribute directly to the total parallel conductivity. The
parallel conductivity is found to be slightly higher in the upper
part of the atmosphere of Trappist-1 b than in 7 Men ¢, and the
situation reverses in the lower part of the atmosphere (see also
panel d in Fig. 4).

The Hall conductivity peaks around 0.01 pbar in Trappist-1
b and 0.1 pbar in ¥ Men c. In lower parts of the atmosphere,
the electrons dominate again the Hall conductivity. Above the
peak, ions compensate the contribution of electrons and render
the Hall conductivity negligible. In Trappist-1 b (panel c), O3,
O" and H* are the dominant species affecting the Hall conduc-
tivity. In r Men ¢, C*, O* and H* are the dominant ones. Overall,
the Hall conductivity is higher in 7 Men c than in Trappist-1 b in
the upper part of the atmosphere, and smaller in the lower part
of the atmosphere.

Finally, as expected, the Pedersen conductivity is dominated
by the conductivity associated with ions, and a small contri-
bution from electrons in the lower layers of the considered
atmosphere. The Pedersen conductivity peaks at about the same
heights as the Hall conductivity in each case. In Trappist-1 b, the
Pedersen conductivity is carried from bottom to top by H,O",
O;, and then a similar contribution from O* and H*. In # Men
c, the Pedersen conductivity is larger due to a significant con-
tribution from C*, H* and O®. In the upper layers, electrons
appear also to provide a significant contribution to the Pedersen
conductivity in the atmosphere of 7 Men c.
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Fig. A.4. Parallel (top panel), Hall (middle panels) and Pedersen (bottom panels) conductivities for Trappist-1 b (left column) and 7 Men c (right
column). The contribution of electrons is shown in black solid lines, the individual contributions of ions in colored solid and dotted lines, and the
total conductivity is shown in dashed magenta in each panel. For the Hall and Pedersen conductivity, a constant planetary field of 0.2 G has been
assumed throughout the upper atmosphere.
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Appendix B: Validation on the case of the Earth

To validate the approach presented in this work, we compare
the calculation of the parallel, Pedersen and Hall conductiv-
ities with the profiles obtained with the formulae of Maeda
(1977) and available in the WDC ionospheric conductivity
model at https://wdc.kugi.kyoto-u.ac.jp/ionocond/
sightcal/index.html. To do so, we have downloaded for the
same dates and resolution the profiles for neutrals (NRLMSIS-
00, Picone et al. 2002), ions (IRI-2016, Bilitza et al. 2022), and
the conductivity profiles from the WDC cited above. We apply
the formalism presented in Sect. 2.2 to calculate the conductiv-
ities, here for a constant planetary field of 0.2 G. The results
are shown in Fig. B.1. The solid lines present the calculations
carried with our approach, and the dotted lines are the calcu-
lations obtained with the online tool at WDC. The model for
the Earth magnetic field is not specified on the website, which
makes it hard to exactly reproduce their results. We note, though,
that the parallel conductivity (black lines) agree remarkably well,
with small differences stemming from the different formula-
tions chosen for the collision frequencies in each approach. The
Pedersen conductivities (orange lines) are also similar, to a sat-
isfactory level in the context of the present study that aims at
characterising the order of magnitude of Ohmic heating. The
Hall conductivity (blue lines) are also similar, yet they present
some discrepancies especially near 150 km. These differences
likely originate from a combination of different formulations
for the collision frequencies, simplified formulae of Pedersen
and Hall conductivities considered by Maeda (1977), as well
as the fact that the WDC model likely considers a variation
of the amplitude and direction of the planetary magnetic field
Bp with height, which we have ignored for now. Overall, the
conductivities obtained with our approach and with the WDC
ionospheric conductivity model are similar, which validates our
current approach for the work presented here.

400 T T T T T
[ — This work

[ - WDC (Maedea 1977) ]
350 r 7

300 F.

Height [km]

200 f foyp

.

50|

100 f
105

1072 10° 10%
Conductivities [S/m]

1076

Fig. B.1. Comparison of the conductivity profiles of the Earth. The pro-
files obtained from the WDC ionospheric conductivity model (https:
//wdc.kugi.kyoto-u.ac.jp/ionocond/sightcal/index.html)
are shown as dotted lines. The profiles obtained with the formulation
derived in Sect. 2.1 are shown as solid lines. The field-free conductivity
oo (Eq. 15) is shown in black, the Pedersen conductivity (Eq. 17) in
orange, and the Hall conductivity (Eq. 16) in blue.

Appendix C: Analytical Ohmic heating in the case
of a constant Pedersen conductivity

In the case of a constant Pedersen conductivity o p (and therefore
a constant skin-depth dp), the problem of magnetic field penetra-
tion and associated Ohmic heating can be solved analytically. We
derive this solution here and provide a fully analytical formula
for this limit.

Following Parkinson (1983), we introduce the generic
decomposition
Ao = Agexp (C.1)
Applying this decomposition to Eq. 12, we find that k admits two
values which are

1

k=+x—0+1). (C2)
Op

As a result, solutions to Eq. 12 take the form

Ag=Are " 4 Ayenr ) (C3)

Considering the boundary conditions that at the top of the
domain (x = x,), the field matches the stellar wind field (9,A¢ =
Bsy) and at the bottom of the domain (x = x;) there is no net
current (0,,Ag = 0), we find the unique solution to this problem
to be

BowOp 270 o 7!

A :—‘TPe s )(1+i)[1+ez T )] , (C.4)
BawOp _ (i =) 1 _p17!

Ay = 2P -0 )(1+i)[1 +e ! )] : (C5)

These formulae give the unique solution to the problem at
stake. Nonetheless, it is instructive to assess the net heating asso-
ciated with this solution in the case where the skin depth 6p is
smaller than the extent of the layer d = x; — x;,. In that case, the
denominator of A; and A, is dominated by the exponential and
the imaginary part of Ay can be estimated to be

Boo
I(Ag) = TP (C.6)
This leads to an estimate of Q following Eq. (13) to be
oy p— - (i)2 Baw. (C.7)
ol +on \dn) 5%

In this limit, we remark that because dp 0';1/ 2, if we
neglect the Hall conductivity the Ohmic heating rate becomes
essentially independent of o p to be

QB2,

Qmax = S

(C.8)

This simple formula (in cgs units) can also be obtain assuming
that the magnetic energy density contained in the external mag-
netic field is dissipated over a timescale Q~'. A similar finding
was obtained in spherical geometry by Chyba & Hand (2021)
(see their Eq. 6). This sets the maximal volumetric heating rate
that can be achieved by the dissipation of an external oscillating
magnetic field.

In the limits where the skin-depth Jp is larger than the size
of the layer d, the solution is strongly affected by the choice of
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boundary conditions at the bottom of the layer (here d,,A¢ = 0).
Within this limit, performing a Taylor expansion of (C.4-C.5)
leads to the fact that Ay becomes proportional to op. As a result,
the estimate of Q using Eq. (13) leads to

3
Qr7 = [”—g’) Onmas - (C.9)
g

P

where we have introduced the Pedersen conductivity that corre-
sponds to 6p = d, 0% = ¢?/(d*2nQ). This limit differs from the
limit obtained when considering the induction in a full sphere
(e.g., Parkinson 1983; Chyba et al. 2021), where the internal
boundary condition notably differs from the one used in this
work. Nevertheless, in this limit the external oscillating mag-
netic field goes through the layer without much interaction, and
therefore does not play much role in the thermal budget of the
upper atmosphere.

Appendix D: Comparison to the model of Cohen
et al. (2024)

In this appendix we compare the results of the formalism used in
this paper with the results of Cohen et al. (2024) (hereafter C24).
To do so, we selected one case from C24: the case of Trappist-1 e
where the authors consider a magnetic field variation dB/dt =0.4
nT/s and an ionospheric layer of thickness d; = 1000 km. We use
their Equation 13 to estimate the volumetric heating rate using
their formalism. The resulting heating rate is shown as a func-
tion of op in Fig. D.1 as a dotted black line (labeled C24). We
have reported the values found in their figure 4 for op = 0.1 S/m
(red circle) and op = 10 S/m (black circle) divided by the layer
thickness d;.

In order to apply their parameters with our formalism, we
used the analytical solution from Appendix C using

Qe = dB/di , (D.1)
B

with dB/dt = 0.4 nT/s and B = 600 nT from C24. We have also
tried using B = 2000 nT (maximum magnetic field along the
orbit of Trappist-1 e in C24 model), which does not change the
results presented here. The results of our models are shown as a
blue solid line in Fig. D.1.

We find first that when op = o-% (dash-dot vertical gray line),
both models agree and predict a volumetric heating rate close
to Omax. For smaller op values, the models predict a decreas-
ing Q with different slopes, owing to the choice of boundary
conditions (see end of Appendix C). For op > o'OP, the two mod-
els predict strikingly different values for the volumetric heating
rate. The model of C24 linearly scales with o p, whereas our self-
consistent approach predicts that Q should saturate at Qp,x (as in
e.g., Chyba et al. 2021), leading to drastically smaller values of
Q in the range of conductivities considered by C24 (gray area).
We interpret this discrepancy by the fact that in the model of
C24, the skin-depth effect is not taken into account. This effect
is nevertheless very important, as the external oscillating field
should be screened over the skin-depth when it is able to trigger
a current that is dissipated by the atmosphere.
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Fig. D.1. Comparison to the modeling of C24 for their case of Trappist-
1 e, i.e., for a layer d; =1000 km and a magnetic field variation dB/dt =
0.4 nT/s. We made use of their Eq. 13 to trace Q as a function of op
(black dotted line). The red and black circles correspond to the red and
black circles in their Figure 4 (in the case d;=1000 km). The gray area
labels the range of application considered in C24. The results of our
model are shown by the blue line. The maximal heating rate Qpax is
labeled by the dotted blue line. The vertical dash-dotted gray line labels
the Pedersen conductivity o"}, for which 6p = d;.
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