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ABSTRACT

Aims. To investigate the effects of the stellar X-ray irradiation on planet atmospheres, we study the X-ray transfer and energy deposi-
tion in a hydrogen rich gas.
Methods. We construct an accurate X-ray transfer model taking both photoionization and Compton scattering into account; the elec-
tron energy deposition is followed by tracking the discrete exchange processes between electrons and the gas mixture.
Results. Exospheric heating rates are derived as functions of the pressure in model atmospheres using a wide range of X-ray luminos-
ity, spectral hardness representative of different stellar ages, and distances from the parent star. The computed heating rates suggest
that X-ray irradiation might be an important heating source in planetary exospheres even at large distances from the parent star.
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1. Introduction

The early solar system experienced a much more active, hard,
and bright X-ray emission from the Sun. Young solar type stars
emit X-rays at a level three to four orders of magnitude higher
than the present-day Sun, both during the pre-main sequence
phase when the emission is dominated by intense daily or weekly
flares (Feigelson et al. 2003; Favata et al. 2005), and during the
first phases of the main sequence when a solar-like star has an
X-ray luminosity L�X ∼ 1029−1030 ergs s−1 (Micela 2002). Such
an intense X-ray emission, as well as its rapid changing with
age, could have strong effects on the formation and evolution
of planetary systems. In particular. heating by energetic X-ray
photons could affect the history of the composition and struc-
ture of planet atmospheres. High energy X-rays penetrate much
deeper into gas clouds than do ultraviolet (UV) photons and are
preferentially absorbed by heavy elements producing multiply-
charged ions. The fast electrons produced by absorption of X-ray
photons drive the chemistry and the heating of the gas.

The recent observations of an extended and hydrogen-
evaporating atmosphere for HD 209458b (Vidal-Madjar et al.
2003) has raised the question of the atmospheric stability against
thermal escape at very short orbital distances (Lammer et al.
2003), and has renewed interest in the study of propagation
of stellar radiation through planetary atmospheres. Since the
work of Lammer et al. (2003), a few other models have been
put forward (Yelle 2004; Baraffe et al. 2005; Tian et al. 2005)
describing the effect of evaporation on the evolution of giant
and terrestrial-like planets. Lammer et al. (2003) used the heat-
balance equation to estimate an average exospheric temperature,
while Yelle (2004) assumed that the extra energy acquired by a
photoelectron in an ionization event is transferred to the ambi-
ent atmosphere with an efficiency of 63% (Waite et al. 1983).
All these studies include radiative transfer of stellar EUV (e.g.

Woods et al. 1998), but a detailed treatment of X-ray propagation
and energy deposition is missing.

In this work we investigate the effects of X-ray energy depo-
sition in the upper layers of planetary atmospheres of solar com-
position using a detailed X-ray transfer model and an accurate
description of photoelectron energy deposition in order to derive
heating rates across the planet exosphere. We assume a wide
range of X-ray stellar luminosity so as to simulate the evolu-
tion of stellar emission with age. We construct an X-ray transfer
model similar in many respects to those developed in the study of
interstellar X-ray dominated regions (Maloney et al. 1996; Yan
& Dalgarno 1997). The investigation incorporates a thorough
analysis of electron energy degradation in a gas mixture of H,
H2, and He of varying fractional abundances and electron con-
tent. A Monte Carlo code and an empirical gas photo-absorption
cross-section has been developed by Smith et al. (2004) to es-
timate the order of magnitude for the fraction of energy that
reaches the ground in terrestrial-like exoplanets. We describe the
model in Sect. 2, present the results in Sect. 3, and discuss the
implications in Sect. 4.

2. X-ray transfer and energy deposition

We consider a plane-parallel geometry in which a stratified
model atmosphere is single-side illuminated by a normally in-
cident X-ray flux and described by an exponential decrease in
density with altitude z. This is an excellent approximation for
the high energy photon transport, in which the energies con-
sidered are much higher than electronic binding energies, and
radiative transfer is basically independent of the chemical and
thermal profiles. At each grid point, the gas density is obtained
by the scale height H and by the assumed total column density
in g cm−2, which determines the number density of the parti-
cles n0 at the ground level.
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In the radiative transfer calculation we consider photoelectric
cross-sections of atomic hydrogen (Sobel’man 1991), helium
(Yan et al. 1998), ionized helium (Osterbrock 1989), and molec-
ular hydrogen (Yan et al. 1998). For heavy elements bound in
molecules or molecular ions, the X-ray absorption cross-sections
can be obtained approximately by adding the atomic cross-
sections. We adopt relativistic photoionization cross-sections of
individual heavy elements and their ions given in Verner et al.
(1993). The gas-effective X-ray photoabsorption cross-section
σpa(E) is given by

σpa(E) =
∑

i

fi σi(E) (1)

where fi is the fractional concentration of the ith species. Since,
at high energies Compton ionization is more efficient than pho-
toionization of H and He (Yan et al. 1998), we also include non-
relativistic Compton ionization cross-sections for H, H2, and He
(Jackson 1975). The primary ionization rate results

ζ1 =

∫
S X(E)

[
σpa(E) + σC

]
dE (2)

where S X is the local X-ray photon flux per unit energy, and σC
the total Compton photoionization cross-section.

A unique feature of X-ray irradiation is that all the relevant
processes are dominated by secondary ionizations generated by
primary photoelectrons. This is a consequence of the large pri-
mary photoelectron energies. Actually, the secondary processes
are far more important than the corresponding ionization, excita-
tion, and dissociation events caused directly by X-rays. The total
ionization rate ζT is given by

ζT = ζ1 +
∑

k

∫ (
dN1(E)

dE
× N2(∆E)

)
k

dE (3)

where the sum is over all ionization channels, dN1(E)/dE is the
primary electron differential spectrum, and N2(∆E) the number
of secondary ionizations produced as a fast primary particle of
energy ∆E comes to rest. The energy degradation is character-
ized by the mean energy per ion pair W, which is the initial
energy of the electron ∆E divided by N2. For high energies,
W is nearly constant, but it increases rapidly as the ionization
threshold is approached (Dalgarno 1962). We follow the chain of
discrete energy deposition events using the method described in
Dalgarno & Lejune (1971), Cravens et al. (1975), and Dalgarno
et al. (1999). We adopt the electron impact cross-sections for ex-
citation, ionization, dissociation, and elastic collisions listed in
Dalgarno et al. (1999). Neglecting the primary ionization rate,
the total ionization rate (per H nucleus) reads as

ζT ≈ fHζH + fH2ζH2 + fHeζHe (4)

where

ζm =

∫
S X(E)

[
σpa(E) (E − Im) + σC(E)∆EC

] dE
Wm(E)

(5)

with m ≡ H,H2,He. In Eq.(5) Im is the ionization threshold
of the mth species, and ∆EC the energy of released Compton
electrons derived using a random walk technique (Rybicki &
Lightman 1979). The X-ray photoionization heating rate has the
same form as Eq. (3) withN2 replaced by the fraction of primary
photoelectron energy EQ(∆E) going into gas heating

QX =
∑

k

∫ (
dN1(E)

dE
× EQ(∆E)

)
k

dE. (6)

Fig. 1. Transmitted X-ray spectrum as a function of the energy at dif-
ferent of the atmospheric layers. The top curve is the incident stellar
spectrum, obtained with a Raymond-Smith model at a temperature of
0.5 keV.

The physical and chemical state of a parcel of dense gas illu-
minated by a strong X-ray source should be scarcely sensitive to
the actual shape of the X-ray spectrum, depending mostly on the
X-ray flux and gas density. However, to simulate spectra differ-
ing significantly in shape, we adopt Raymond-Smith models for
the thermal emission of hot plasmas (Raymond & Smith 1977).
The local X-ray flux is

S X(z) = S �Xexp [−τX(z)] (7)

where S �X is the radiation field of the parent star reaching the
upper boundary of the atmosphere, and τX the gas opacity

τX(z) =
(
σpa + σC

)
× [NH(∆z) − NH(z)] , (8)

∆z being the atmosphere thickness. The absorption of the stellar
X-ray photons as they penetrate a sample atmosphere is shown
in Fig. 1.

As the depth inside the atmosphere increases, the X-ray
spectrum becomes progressively weaker and harder. The fast
electrons produced in the process contribute to ionization, dis-
sociation, excitation, and heating of the atmospheric gas.

3. Results

In this work we consider a solar-like parent star, where M = M�
and R = R�, and X-ray luminosities L�X ranging from 1029 to
1031 erg s−1 whose spectra are obtained with Raymond-Smith
models at temperatures of 0.3, 0.5, and 1 keV, respectively.
Thus, the brightest case corresponds to the hardest spectrum.
The assumed range of X-ray luminosities and spectra accounts
for the steep change with age of solar emission (Micela 2002).
We modelled a Jupiter-like planet with surface gravity g =
2.3×103 cm s−2, atmosphere width∆z = 1000 km, pressure scale
height H = 26 km, and solar metallicities (Anders & Grevesse
1989). In the calculations we assumed fHe = 0.1. We consid-
ered a minimal reaction network for H- and He-bearing species
describing a chemistry initiated by X-ray-induced fast photo-
electron ionization, Eq. (5), similar in many respects to that pre-
sented by Yelle (2004). Three representative values of the dis-
tance from the parent star, D = 0.05, 5, and 50 AU were then
selected.

Resulting heating rates through the planet atmosphere as
functions of the pressure are shown in Fig. 2. Each panel cor-
responds to a distance from the parent star and contains nine
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Fig. 2. X-ray heating of model atmospheres as functions of the pressure
for a Jupiter-like planet located at D = 0.05 AU (top panel), D = 5 AU
(middle panel), and D = 50 AU (bottom panel). The X-ray luminosities
of the parent star are 1029 erg s−1 (dashed lines), 1030 erg s−1 (dotted
lines), and 1031 erg s−1 (solid lines). For each luminosity the electron
fractions are 10−1 (upper curve), 10−3 (middle curve), and 10−6 (lower
curve).

curves corresponding to three values of X-ray luminosity and
three values of the gas electron content, xe = 10−1, 10−3, and
10−6, which simulate a wide range of physical conditions from
(almost) neutral to highly ionized gases. Although the hardness
and intensity of the stellar spectrum determine the ionization de-
gree of the planet atmosphere, we parametrized the electron con-
tent in order to highlight the effect of the electron concentration
on the heating rate.

As expected the outer layers of the atmosphere expe-
rience the greatest heating, which is almost constant up
to 0.1 dyne cm−2. Then the heating decreases significantly in
the inner layers where only a negligible fraction of X-ray pho-
tons penetrate. For a model atmosphere the heating rate increases
with the ionization of the gas, i.e. with electron fraction increas-
ing from xe = 10−6 to 10−1. Figure 2 also shows that the heating
rate scales linearly with the incident flux: a difference of three
orders of magnitude in the distance from the parent star implies
a difference of six orders of magnitude in the heating rate (e.g.
compare the highest solid lines in the three panels). The heating
rate decreases about linearly with the stellar X-ray luminosity.
Thus the heating rate at the top of the atmosphere of a planet
at 5 AU changes from 10−18 erg s−1 to 10−20 erg s−1 when the
X-ray luminosity of the parent star changes from 1031 erg s−1 to
1029 erg s−1.

Table 1. Fitting parameters of Eq. (11).

a b α σ0 (Mb) γ E− (keV) cΓ(β)
0.98 38 0.76 2.3 3.2 0.1 0.5

In order to use our computed X-ray heating rates in atmo-
spheric modeling, we derive an analytical expression starting
from the approximate form

QX ≈ EQζ1 (9)

where ζ1 is the local X-ray energy deposition rate, i.e. the pri-
mary ionization rate given in Eq. (2). We set

ζ1 =
L�X

4πD2
×

∫ E+

E−
σpa exp

(
−σpa∆Nz

)
dE (10)

where ∆Nz = NH(∆z) − NH(z). The total photoelectric cross-
section can be roughly described by the power-law fit σpa(E) =
σ0(E/keV)−γ (Maloney et al. 1996). Defining the effective op-
tical depth τ0(z) = σ0∆Nz and adopting the fitting representa-
tion of the heating efficiency proposed by Dalgarno et al. (1999)
EQ = 1− a/(1+ bxαe ), valid for xe <∼ 0.1, we obtain for E+ � E−

QX (ergs/s) = 3.5 × 10−16

(
1 − a

1 + bxαe

)
(σ0/Mb)L�X

(D/AU)2

×
{

1
γ−1 Eγ−1

− τ0(z)→ 0
(β − 1)τ0(z)−βc Γ(β) τ0(z) ≥ τ0

(11)

where L�X is the X-ray stellar luminosity in units of 1030 ergs/s,
β = 1/γ + 1, c is a fitting constant, and Γ is the Euler function
(Abramovitz & Stegun 1965). Here, τ0 corresponds to the gas
column density

∆Nz = σ
−1
0

⎡⎢⎢⎢⎢⎣ (β − 1)(γ − 1)cΓ(β)

Eγ−1
−

⎤⎥⎥⎥⎥⎦
1/β

. (12)

Equation (11) is accurate within 50% for column densities
∆Nz <∼ 1021 cm−2. Fitting parameters are reported in Table 1.

4. Conclusions

To estimate the X-ray contribution to exospheric heating in
hydrogen-rich planetary atmospheres, we use a detailed descrip-
tion of the X-ray transfer and (photo) electron energy deposi-
tion in a gas of solar composition. We derive heating rates as
functions of the altitude, for several assumptions on atmospheric
boundary conditions.

As little detail has been given in previous works about the
spectrum of the stellar radiation propagating through the plane-
tary atmosphere, it is not easy to make a comparison between our
heating rates and those present in the literature. Some authors
refer explicitly to the solar spectrum presented by Woods et al.
(1998) in which the energy deposition is by far dominated by
the EUV and Lyα, and thus X-rays are likely to be excluded. For
the brightest stellar luminosities assumed in our calculations, the
resulting heating rates (erg/s) are significantly higher than those
presented by Yelle (2004) for planets at the same distance from
the parent star (D = 0.05 AU). As a consequence, X-rays might
play an large role in the upper layers of planetary atmospheres.
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Fig. 3. X-ray heating of model atmospheres as functions of the pressure
for a Jupiter-like planet located at D = 5 AU. The profiles in the this
figure have been obtained as the product of the heating rates of Fig. 2
(middle panel) and the density profiles along the atmosphere.

Moreover, the high derived exospheric heating rates are not
characteristic of only the close-in exoplanets but instead ap-
pear to pertain to all hydrogen-dominated planet atmospheres
(D ≤ 50 AU), although the exospheric heating rate, as a gen-
eral trend, is linearly dependent on the stellar X-ray flux and
luminosity.

Though we focus on higher X-ray stellar luminosities than
that of the present Sun, our results may have implications for the
current physical conditions of the solar system (cf. Fig. 3). We
will address this point in a forthcoming paper.
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