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ABSTRACT
Lyman α observations of the transiting exoplanet HD 209458b enable the study of exoplanet
exospheres exposed to stellar extreme ultraviolet (EUV) fluxes, as well as the interacting
stellar wind properties. In this study we present 3D hydrodynamical models for the stellar–
planetary wind interaction including radiation pressure and charge exchange, together with
photoionization, recombination, and collisional ionization processes. Our models explore the
contribution of the radiation pressure and charge exchange to the Ly α absorption profile in
a hydrodynamical framework, and for a single set of stellar wind parameters appropriate for
HD 209458. We find that most of the absorption is produced by the material from the planet,
with a secondary contribution of neutralized stellar ions by charge exchange. At the same time,
the hydrodynamic shock heats up the planetary material, resulting in a broad thermal profile.
Meanwhile, the radiation pressure yields a small velocity shift of the absorbing material. While
neither charge exchange nor radiation pressure provides enough neutrals at the velocity needed
to explain the observations at −100 km s−1 individually, we find that the two effects combined
with the broad thermal profile are able to explain the observations.

Key words: hydrodynamics – radiation mechanisms: general – methods: numerical – planets
and satellites: individual: HD 209458b.

1 IN T RO D U C T I O N

After the first Ly α transit observations of the hot Jupiter HD
209458b were published (Vidal-Madjar et al. 2003), different
scenarios with an increasing level of complexity have been proposed
to explain them. In particular, the ∼10 per cent of absorption during
transit at 100 km s−1 from the line centre towards the blue has been
used as a key feature when modelling these observations.

The blueshifted Lyα absorption requires a population of neutral
hydrogen at (or near) those velocities. Naturally, there are at least
two ways to produce this population in a two-wind interaction
model: (i) to accelerate the neutrals injected by the planet (by
radiation pressure for instance) and (ii) to neutralize already fast-
moving ions from the stellar wind (charge exchange).

The first model, developed to explain the presence of high-
velocity H neutrals, can be found in the work of Vidal-Madjar

� E-mail: esquivel@nucleares.unam.mx

et al. (2003), who proposed that the stellar radiation pressure
by itself is strong enough to accelerate them to the observed
velocities, reproducing the Ly α observations. This scenario was
further developed in Bourrier & Lecavelier des Etangs (2013) with
a 3D particle/kinetic model where the neutral atoms are subject
to not only radiation pressure as in Vidal-Madjar et al. (2003),
but also ionization and self-shielding. In that work, the authors
concluded that the radiation pressure alone is able to explain the
Lyα observations when an ionizing flux of 3 to 4 times the solar
value is considered together with a hydrogen escape rate from
the planet in the range of 109 and 1011 g s−1. In a similar work,
Kislyakova et al. (2014) modelled the Ly α transit observation
including all the processes mentioned earlier (radiation pressure,
natural broadening, and charge exchange) by means of a Monte
Carlo simulation, and estimated the stellar wind velocity and the
planetary magnetic moment.

An alternative explanation was given by Holmström et al. (2008)
and Ekenbäck et al. (2010), who also by means of a particle model
proposed that the absorption at high velocities in the blue part of
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the line is due to energetic neutral atoms (ENAs), which result from
charge exchange between fast stellar wind ions and slow planetary
H neutrals.

The presence of such ENAs to model the spectral features of the
observed Ly α profile was also used in Tremblin & Chiang (2013),
although in that study the authors used a 2D hydrodynamic model.
In their work, they employed a chemistry module to calculate the
amount of hot neutral atoms that are produced by charge exchange,
and found that the number of hot neutrals is sufficient to explain
the transit Ly α observations. An improvement of this model can
be found in Christie, Arras & Li (2016), who calculate the ENA
production in a more realistic 2D axisymmetric model, and in
Shaikhislamov et al. (2016), who take into account the electron
impact ionization as well as the photoionization and the dielectronic
recombination as radiative processes together with the action of tidal
forces.

Natural and thermal broadening have also been proposed as
an explanation for the velocity structure in the Ly α line (Ben-
Jaffel & Sona Hosseini 2010; Koskinen et al. 2010, 2013). Koskinen
et al. (2013) employed a 1D hydrodynamic model to explain that a
single layer of H, in the thermosphere of the planet, is capable of
reproducing the transit observation. Their results are in agreement
with the empirical model presented in Koskinen et al. (2010).

Schneiter et al. (2007) modelled the planetary mass-loss rate, Ṁp,
with a 3D hydrodynamic simulation, estimating an upper limit for
Ṁp within the hydrodynamic approximation. Villarreal D’Angelo
et al. (2014) further explored this model, with a variety of stellar
wind conditions, as well as asymmetries for the planetary escaping
exosphere. In these works, the ionization processes were included
through an ionization temperature, and the radiation pressure was
implemented as a uniform reduction of the stellar gravitational
force. Both works were able to reproduce the observed Ly α profile
within the parameter ranges explored in the numerical models.
An important improvement to these models was presented in
Schneiter et al. (2016), where the radiation processes, such as the
photoionization of neutrals, collisional ionization, and recombina-
tion, were taken into account self-consistently with a ray-tracing
approach, which yielded a better reproduction of the blue part of
the Ly α line.

Most of the mentioned works have been able to either predict
or roughly reproduce the observed Ly α absorption (mainly in
the blue), with different assumptions, and either hydrodynamic or
kinetic simulations.

This work is an effort to study the Ly α emission that would
result from hydrodynamical simulations similar to those presented
in Schneiter et al. (2007), Villarreal D’Angelo et al. (2014),
and Schneiter et al. (2016), but including the effects of charge
exchange as proposed by Tremblin & Chiang (2013), as well
as radiation pressure in a similar way to Bourrier & Lecavelier
des Etangs (2013). We study the two processes separately and
together to distinguish their relative relevance in the absorption seen
in Ly α.

Section 2 presents the full set of hydrodynamic equations solved
(Section 2.1), and discusses the source terms (Section 2.2). Later,
in Section 2.3 the used stellar and planetary parameters are laid
out. The results and a discussion are presented in Sections 3 and
4, respectively. We present a summary with our conclusions in
Section 5. In Appendix A we compare our results with a ‘two-
temperature’ approximation to compute the absorption (as used in
Tremblin & Chiang 2013). Our models ignore self-shielding in the
calculation of radiative pressure. In Appendix B we estimate the
effect of self-shielding in our calculations.

2 TH E MO D EL

We adapted the radiation-hydrodynamics/magnetohydrodynamics
code GUACHO (Esquivel et al. 2009; Esquivel & Raga 2013;
Villarreal D’Angelo et al. 2018) to simulate the interaction between
the stellar wind and the photoionizing flux, with the escaping
planetary atmosphere of a hot Jupiter around a solar-type star (i.e.
the HD 209458 system).

2.1 The hydrodynamics core

The set-up used in the code solves the ideal hydrodynamics
equations with source terms due to gravity, radiation pressure, and
radiative gains and losses in a Cartesian grid:

∂ρ

∂t
+ ∇ · (ρu) = 0, (1)

∂(ρu)

∂t
+ ∇ · (ρuu + IP ) = ρ

[
gp + (1 − βχn)g∗

]
, (2)

∂E

∂t
+ ∇ · [u(E + P )] = Grad − Lrad

+ ρ
[

gp + (1 − β χn) g∗
] · u, (3)

where ρ, u, P, and E are the mass density, velocity, thermal pressure,
and energy density, respectively. I is the identity matrix, Grad and
Lrad the gains and losses due to radiation, and g∗ and gp are the
gravitational acceleration due to the star and the planet, respectively.
The stellar radiation pressure is included as a decrease of g∗ by an
amount proportional to β, the ratio of the radiation pressure force
and the stellar gravity force, and the fraction of neutrals (χn) within
each cell. The effective gravitational acceleration that the neutral
planetary material feels is then (1 − βχn) g∗.

The total energy density and thermal pressure are related by an
ideal gas equation of state E = ρ|u|2/2 + P/(γ − 1), where γ = 5/3
is the ratio between specific heat capacities.

The hydrodynamics equations without the source terms are
advanced with a second order Godunov method with an approximate
Riemann solver (the HLLC solver; Toro 1999), and a linear recon-
struction of the primitive variables using the minmod slope limiter to
ensure stability. After each temporal update the appropriate source
terms are added as described below.

2.2 Source terms

Every time-step, after the hydrodynamic variables are updated with
the approximate Riemann solver, the source terms (right-hand side
of equations 1–3) are computed and added to the solution in a semi-
implicit scheme. In what follows, to facilitate the interpretation of
the results, we discuss each term individually.

2.2.1 Radiation pressure

For a given transition, the ratio between the stellar radiation pressure
and the gravity force can be approximated using the formula derived
in Lagrange et al. (1998):

β � 0.506f

(
d2

pc2

)(
m

a.m.u

)−1(
M∗
M�

)−1

×
(

λ

2000Å

)2(

d

λ

10−11erg cm−2 s−1 Å
−1

)
, (4)
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where f and λ are the oscillator strength and the central wavelength
of the transition, m is the mass of the element in question, M∗ is the
stellar mass, and 
d

λ is the flux per unit λ at a distance d.
In the extreme ultraviolet (XUV), the most important contribution

to radiation pressure over the hydrogen atoms (mH = 1.66 × 10−24 g)
is due to the Ly α line (λ = 1214 , f = 0.4164) and so 
d

λ is the
intrinsic flux in Ly α of HD209458 (d = 47 pc) as seen from the
Earth taken from the work of Bourrier & Lecavelier des Etangs
(2013). Using the Ly α profile as a function of the radial velocity
(with respect to the star), we can estimate the value of β that enters
in equation (3) for any given cell in the computational domain.

2.2.2 Hydrogen rate equations

In order to include the charge exchange, collisional ionization, as
well as photoionization processes the modified version of the code
solves, together with the hydrodynamic equations, a set of coupled
rate equations (equations 7–10) for four hydrogen species: neutral
stellar wind H 0

h , ionized stellar wind H+
h , neutral planetary wind

H 0
c , and ionized planetary wind H+

c . In what follows we describe
the implementation.
Radiative transfer. We consider the photoionization of H in a similar
way as in Schneiter et al. (2016). In every cell, the temperature
and with it a collisional ionization coefficient c(T) and a radiative
recombination coefficient α(T) are computed. Photoionization rates
for each of the neutral components, φc and φh, are computed using
the same ray tracing method described in Schneiter et al. (2016).
The stellar ionizing flux is divided into 106 photon packets which
are launched in random directions from the stellar surface. The flux
is attenuated along the path length as it encounters neutral material,
adding to the photoionization rate at each cell. The photoionization
rate φ within each cell is then calculated by equating the ionizing
photon rate, S�, with the ionizations per unit of time within each
cell (S� = nHI φ dV).
Charge exchange. The charge exchange of hydrogen is considered
with a reaction of the form:

H+
h + H 0

c
←→ H 0

h + H+
c , (5)

where the subscript ‘h’ stands for hot material (fast-moving stellar
wind, injected at 106 K) and the subscript ‘c’ denotes the cold
material (slow-moving planetary wind, imposed at 104 K). This
process allows the neutralization of fast stellar wind ions through
elastic collisions with slow neutrals from the photoevaporating plan-
etary atmosphere. Denoting by χ

0/+
h/c the hot/cold, neutral/ionized

fractions, the number density of each of the species can be obtained
by multiplying such fractions by the total hydrogen density nH.
Evidently, this implies that the ionized and neutral fractions satisfy

χ0
h + χ+

h + χ0
c + χ+

c = 1. (6)

The hydrogen charge exchange occurs at the same rate, αce, in both
directions of equation (5). The reaction rate is in reality proportional
to the relative velocity of neutrals and ions (see Lindsay & Stebbings
2005). However, for the velocity range involved in our simulations
the hydrogen exchange rate can be roughly approximated by a
constant value αce = 4 × 10−8 cm3 s−1 (Tremblin & Chiang 2013).
These authors computed the evolution of the ionization state of
these species by means of a simple implicit method, which is
valid in the absence of additional sources. In order to include
other mechanisms, such as ionization and/or recombination, we
implemented a chemistry module as described below.
Chemistry step. To solve the ionization state of the species, ac-
counting for ionization by collisions and EUV photons, radiative

recombinations, and charge exchange, we include the following set
of equations:

∂
(
nH χ0

h

)
∂t

+ ∇ · (nH χ0
h u

) = ne nH

[
χ+

h α(T ) − χ0
h c(T )

]
−αce n2

H

(
χ0

h χ+
c − χ+

h χ0
c

)
− nH χ0

h φh , (7)

∂
(
nH χ+

h

)
∂t

+ ∇ · (nH χ+
h u

) = −ne nH

[
χ+

h α(T ) − χ0
h c(T )

]
+ αce n2

H

(
χ0

h χ+
c − χ+

h χ0
c

)
+ nH χ0

h φh , (8)

∂
(
nH χ0

c

)
∂t

+ ∇ · (nH χ0
c u

) = ne nH

[
χ+

c α(T ) − χ0
c c(T )

]
−αce n2

H

(
χ0

c χ+
h − χ+

c χ0
h

)
− nH χ0

c φc , (9)

∂
(
nH χ+

c

)
∂t

+ ∇ · (nH χ+
c u

) = −ne nH

[
χ+

c α(T ) − χ0
c c(T )

]
+ αce n2

H

(
χ0

c χ+
h − χ+

c χ0
h

)
+ nH χ0

c φh , (10)

where ne is the electron density. Assuming that all the electrons arise
from the ionization of hydrogen, we have the additional relation

ne = nH

(
χ+

h + χ+
c

)
. (11)

These equations are solved with the KIMYA code (Castellanos-
Ramı́rez et al. 2018), which has been incorporated as a chemistry
module in GUACHO. This chemistry module advances the rate
equations (along with the conservation conditions in equations 6
and 11) with an implicit scheme that uses an iterative Newton–
Raphson method.

2.2.3 Heating and cooling

The total ionization fraction (adding the contribution of both the
stellar and the planetary winds) is used to calculate the radiative
cooling using a parametrized curve that depends on the temperature,
density, and ionization state. The cooling follows the prescription
described in Biro, Raga & Cantó (1995). For low temperatures (<
3 × 104 K) the cooling due to collisional excitation and ionization
of hydrogen is added explicitly. We assume that the ionization state
of oxygen follows that of hydrogen at such temperatures (where
most of the oxygen is only neutral and singly ionized) and estimate
the cooling due to collisional excitation of oxygen, which is added
multiplied by a constant factor to account for the cooling of other
elements. At higher temperatures, where a significant amount of
higher ions of oxygen should be present, we change to a coronal
equilibrium cooling curve. The photon flux is used to compute
a photoionization heating term (see details in Schneiter et al.
2016).

2.3 Parameters of the simulations

The numerical models are based on the exoplanet system HD
209458, which comprises a solar-like star and a hot-Jupiter-like
planet. Similarly to our previous works (Schneiter et al. 2007;
Villarreal D’Angelo et al. 2014; Schneiter et al. 2016; Villarreal
D’Angelo et al. 2018) we place the source that corresponds to the
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Table 1. Stellar and planetary wind constant parameters used in
simulations.

Stellar parameters Symbol Value

Radiusa R∗ 1.146 R�
Massb M∗ 1.148 M�
Wind velocity v∗ 205 km s−1

Wind launch radius Rw,∗ 3.5R∗
Wind temperature T∗ 1.3 × 106 K
Mass-loss rate Ṁ∗ 2.0 × 10−14 M� yr−1

Planetary parameters Symbol Value

Radiusc Rp 1.38 RJup

Massc Mp 0.67 MJup

Wind velocity vp 10 km s−1

Wind launch radius Rw,p 3Rp

Wind temperature Tp 1 × 104 K

aBrown et al. (2001).
bSouthworth (2010).
aMazeh et al. (2000).

star at the centre of the computational domain, which in this case
corresponds to a Cartesian grid of 400 × 100 × 400 (x, y, z) cells,
with a resolution of 7.48 × 109 cm per cell. We must note that such
a resolution is barely sufficient to resolve the wind launching region
from the planet with ∼8 grid cells. With this resolution the details
of the stratification of the planetary atmosphere, and its heating and
photoevaporation, cannot be considered. Instead the planetary wind
is imposed as a boundary condition and we focus our analysis on the
larger (and better resolved) cometary wake and its corresponding
Ly α absorption.

The stellar and planetary winds are reimposed at every time-
step with the planet position being updated according to its orbital
position (with an orbital period of τ orb = 3.52 d). The orbit lies
on the xz plane, and it is assumed to be circular with a radius of
0.047 au, and takes place in an anticlockwise direction. The initial
position of the planet is 25◦ ‘behind’ the x-axis to ensure that the
wake is fully formed by the time it reaches the −z-axis, which we
have taken to be the line of sight (LOS).

Both winds are launched within a fixed radius, which is near the
sonic point in each case; these radii (Rw,p and Rw,∗, respectively)
are presented in Table 1 along with the rest of the simulation fixed
parameters.

The stellar wind velocity and temperature at Rw,∗ correspond to
model B in Schneiter et al. (2016). The ionizing photon rate (i.e.
the number of ionizing photons per unit time emitted by the star) is
estimated from the stellar EUV observed luminosity in the range of
LEUV = 5.5 × 1027 erg s−1 reported by Sanz-Forcada et al. (2011)
and LEUV = 1.7 × 1028 erg s−1 in Louden, Wheatley & Briggs
(2017). The ionizing photon rate for each of the models is listed
in Table 2, assuming that each photon is at the Lyman limit, that
is the total EUV luminosity divided by the energy of an individual
photon, which is assumed to be 13.6 eV. The resulting radiative
stellar flux is F0 � 840–2600 erg cm−2 s−1 at the orbital distance of
HD 209458b.

For the planetary wind we set the values of temperature and
velocity using the results of the atmospheric escape model of
Murray-Clay, Chiang & Murray (2009), which is also in agreement
with the recent model of Salz et al. (2016). This model predicts a
ionization fraction of 0.2 at 3Rp, which corresponds to the distance
at which we impose the planetary wind. This fraction is set for
models M2, M4, and M6 (see Table 2). A neutral fraction of 0.5

Table 2. Parameters varied in the simulations.

Model Ṁp Planet neutral Ionizing photon
fraction rate

(×1010 g s−1) χ0
c (×1038 s−1)

M1 1.5 0.5 2.4
M2 1.5 0.2 2.4
M3 1.5 0.5 7.4
M4 1.5 0.2 7.4
M5 3.0 0.5 7.4
M6 3.0 0.2 7.4

is also explored in models M1, M3, and M5, corresponding to the
results obtained by Koskinen et al. (2013).

The adopted mass-loss rate range is consistent with the values
used in our previous works, and also with those obtained in Tripathi
et al. (2015) and Louden et al. (2017). The velocity, mass-loss rate,
and temperature are taken to be constant; the resulting density profile
is obtained from ρ = Ṁs,p/(4πR2

s,pvs,p) inside the wind imposing
region for the star (s) or the planet (p).

3 R ESULTS

In order to study how the processes of charge exchange and radiation
pressure affect the blue part of the Lyman α line during the transit
of HD 209458b, we implement these two mechanisms in the
simulations. Since they depend on the ionization fraction and the
ionizing flux from the host star, we vary these two parameters as
shown in Table 2. To separate the effects that charge exchange
and the stellar radiation pressure have on the neutral planetary
material we run, for every model listed in Table 2, a total of four
simulations or sub-models, which we denote by an additional letter
‘a’ with neither charge exchange nor radiation pressure enabled, ‘b’
with charge exchange but no radiation pressure, ‘c’ with radiation
pressure but no charge exchange, and ‘d’ with both charge exchange
and radiation pressure. To turn off the charge exchange in models
‘a’ and ‘c’ we set the rate coefficient αce in equations (7)–(10) to
zero. Similarly, models without radiation pressure are obtained with
β = 0 in equations (2) and (3).

The results of the simulations include the density of neutrals (from
both the stellar and planetary winds), the (3D) velocity fields, and
the temperature distribution (obtained from the thermal pressure and
density). In Fig. 1 we show an example of the flow configuration in
the orbital plane at the time of maximum absorption (at t = 2.075 d,
with the planet in full transit if observed from −z). In the figure we
show only one model (M2d), but all of them are qualitatively similar
with slight differences. For instance, a higher planetary mass-loss
rate would result in a broader wake, and a higher ionization fraction
would change the amount of absorbing material. However, these
details are not very evident from the flow configuration itself, but
can be seen in the Ly α absorption profile.

These profiles are computed as a function of velocity at the orbital
position (see Schneiter et al. 2016), considering an orbit with an
inclination of i = 86.59◦ (the orientation of HD 209548b).

In Fig. 2 we show the Ly α transmission as a function of the
velocity at the moment of highest absorption (with the planet in
transit). In the first and third columns from the left in the figure, we
show the separate contribution to the observed absorption produced
by neutrals in the stellar wind (dashed lines), and the neutrals from
the planetary wind (solid lines). In the second and fourth columns
we show the combined transmission after absorption of both neutral
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(a) (b) (c)

(e)(d)

Figure 1. Example of the flow configuration in the orbital plane for one of the models (M2d). In panel (a) we show a cut of the entire domain with the
stratification of neutral density after an integration time of t = 2.075 d, at which the planet is in transit if observed from −z. The regions that correspond to the
star and planet are shaded in grey, and with a circle in dotted lines we show the regions from which we impose the winds. In the following panels we show the
inner region marked by a rectangle in (a) and in (b) the density of neutrals from the stellar wind that were neutralized by charge exchange. The velocity field
in the orbital plane is shown as stream-lines in panel (c); the magnitude of vz (approximately the LOS velocity) is in panel (d); and the temperature is in (e).
The values and units used in the plots are shown in the colour-bar to the right of each one.

components. The different colours in the lines correspond to the
different submodels (a–d), as shown in the legend of the figure. The
shaded area in the plots corresponds to a region that is excluded in
the analysis of the observations because it is affected by geo-coronal
emission (Vidal-Madjar et al. 2003).

The absorption for each component is obtained by calculating the
line profile along the LOS, in the directions that intercept the stellar
disc. To obtain the line profiles we use the temperature and density
of neutrals in each cell. In our simulations we treat the two neutral
species as components in a single fluid. Thus, they have the same
temperature, although the ionization state is computed separately
out of equilibrium. However, we can set a different temperature for
each population in post-processing to compute the Ly α transmis-
sion profile as in Tremblin & Chiang (2013). These authors consider
an alternative treatment in which they impose a different tempera-
ture for the stellar wind (106 K) and the planetary wind (7000 K), but
instead of including an explicit treatment of heating and cooling pro-
cesses they use an effective adiabatic index γ = 1.01. With such an
equation of state the flow tends to preserve its original temperature,
and it is only different at the interaction region. In our models we use
an adiabatic index of γ = 5/3, but we include heating and cooling
explicitly. Our treatment of heating and cooling is adequate for the
planetary wind, which is the main contribution to the absorption. We
do not, however, include thermal conduction, which is responsible
for maintaining an almost isothermal stellar wind. As a result the
stellar wind temperature falls with distance from the star (see Fig.
1e) more than in reality. This would result in an underestimation
of the thermal pressure of the stellar wind at the planet position;
however, at such a distance the ram pressure is dominant.

To compare with the observational Ly α absorption of HD
209458b in Vidal-Madjar et al. (2003) we present synthetic ob-
served profiles in Fig. 3 (and Fig. A2 in Appendix A). These
synthetic profiles are obtained taking the intrinsic (unabsorbed)
profile constructed by Bourrier & Lecavelier des Etangs (2013);
then we include the absorption produced by neutral hydrogen along
the LOS from the planet evaporating atmosphere, and that of the
interstellar medium (ISM).1 In order to make a fair comparison with
the observations we convolve the results with the STIS G140M
instrumental response with the resolution used by Vidal-Madjar
et al. (2003).

4 D ISCUSSION

We can see in Fig. 2 how the Ly α absorption is affected by the treat-
ment of the radiation pressure, and the inclusion of charge exchange
between the two winds. In what follows we discuss these effects,
and we compare with the observations of the HD 209458 system.
The first thing to notice is that both processes have a rather marginal
effect on our simulations. This seems in contradiction to previous
studies, in particular those relying on particle/kinetic simulations
(e.g. Bourrier & Lecavelier des Etangs 2013; Kislyakova et al.

1The ISM absorption is computed considering absorption from hydrogen
and deuterium as in Wood et al. (2005), with NH I = 1018.37 cm−2 and
ND I = 1.5 × 10−5NH I, and two Voigt profiles with Doppler broadening
parameters bH I = 12.3 km s−1 and bD I = bH I/

√
2, centred at −6.6 km s−1

for H I and −87.6 km s−1 for D I.
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Hydrodynamical models of stellar/planet winds 5793

Figure 2. Ly α transmission in transit, as a function of LOS velocity. The columns labelled ‘hot/cold components’ (leftmost and second to last) are obtained
considering only the opacity of the cold neutrals (solid lines), and only the opacity of the hot neutrals (dashed lines). The columns labelled ‘total transmission’
are obtained considering the opacity of both hot and cold components. The model used for each plot is indicated in the title, and the sub-models are coded by
the line colour as indicated in the legend at the bottom/right of the figure.

2014). The reason is that in their case the interaction is assumed to
be collisionless, while the system is not entirely so (see Koskinen
et al. 2013; Salz et al. 2016). The result is that the coupling between
the stellar wind and the escaping atmosphere is underestimated. Our
hydrodynamical simulations on the other hand tend to overestimate
such coupling by treating them as a fluid. With that in mind let
us analyse how charge exchange and radiation pressure affect the
hydrodynamical description of the problem.

4.1 Effects of charge exchange and temperature dependence

Charge exchange occurs mainly at the bow-shock region where
the stellar and planetary materials get mixed. However, precisely
because it occurs at the interaction region, in a single-fluid hydrody-
namical simulation (as used here and in Tremblin & Chiang 2013),
the radial velocity of stellar hot neutrals in the region is greatly
decreased as a result of the hydrodynamic shock. This can be seen
in Fig. 1(c), where we can see that at the interaction region there is
a stagnation region of the flow, which moves as the planet travels
in its orbit. A similar behaviour can be seen in Fig. 1(d), where
we show the vz velocity component that coincides with the LOS
velocity if observed from −z.

In Fig. 1(b) we show the distribution of hot neutrals in the orbital
plane, in a region close to the planet. The snapshot was taken at the
time the planet was in transit. From the figure we can see that most
of the neutralized stellar wind material is located in the bow-shock
region, with LOS velocities of only ∼50 km s−1 (see Fig. 1d). This
can also be seen in Fig. 2 (first and third columns), where most
of the absorption due to hot neutrals is at low velocities. Some
higher velocity hot neutrals are present in the region behind the
planet, however at a lower density. There are also some hot neutrals
in the wake on the side that faces the star, but have low density
as well.

A possibility that enables a larger fraction of hot neutrals to
keep a high velocity in a single-fluid simulation is to consider that
instabilities (such as Kelvin–Helmholtz, K–H) feed a mixing layer
sliding on the sides of the bow-shock (Tremblin & Chiang 2013).
However, in our models, the direction along the sheath of the bow-
shock, as the planet transits the star, has a large angle with the line
of sight, and the resolution used is insufficient to reproduce the K–H
instabilities (which was feasible in the 2D models of Tremblin &
Chiang 2013). We must note, however, that in our models the centre
of the line is shifted to the blue because of the orbital speed of the
planet, along with a whiplash effect at the neutral wake.
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(e)

(a) (b) (c) (d)

(f) (g)

Figure 3. Synthetic observations obtained from the absorption computed in our models and the Ly α observations reproduced from Vidal-Madjar et al. (2003).
In the models (panels a–f) we show in grey the observed emission unabsorbed by the exoplanet atmosphere (only ISM absorption), and in different colours the
submodels, as indicated in the label. Panel (g) shows the observations in and off transit, dashed and solid lines, respectively.

The resulting absorption by hot neutrals is shown by dashed lines
in Fig. 2 (first and third column from the left). From the figure we
can readily see that the absorption of hot neutrals is overwhelmed
by that of cold neutrals (planetary material, solid lines). We can
also see that the centre of the absorption produced by hot neutrals
is close to zero velocity, with only a small shift to the blue. As
mentioned before, this is due to the shock that is formed by the
two winds, bringing the stellar wind to a stop at the stagnation
point. It can be noted as well that the relative contribution of hot
neutrals decreases as we increase the ionizing flux from the star.
This can be attributed to the fact that the hot neutrals are formed in
the region more exposed to the ionizing radiation of the star. At the
same time, there are only small differences in the total transmission
profile (Fig. 2, second and fourth columns from the left) between
the models with charge exchange (red and green lines) and those
without charge exchange (in blue, and black). Moreover, the only
noticeable differences are at low velocities, in the region that is
unavailable from observations.

The bow-shock has the additional effect of raising the temperature
of the planetary material (see Fig. 1e), which translates into a broad
Ly α absorption profile, with significant wings at ∼−100 km s−1.
Certainly, the post-shock temperature is high enough to produce
collisional ionization, leaving only a small fraction of neutrals
exposed to the stellar radiation, which are further ionized by EUV
photons. But, in spite of this, our models with a low ionization rate
(M1 and M2) show that the surviving neutral planetary material
(solid lines) still dominates the absorption at such velocities (see
Fig. 2). We also see that the absorption profile is narrower in the
models with a high ionization rate, which is due to the fact that a
larger ionizing flux is able to penetrate the shocked planetary wind
region where the temperature is higher, leaving only cooler material
to absorb the Ly α emission from the star.

Since the width of the absorption profiles changes significantly
between the models, and depends on the absorbing material tem-

perature, we explore the calculation of the absorption with a similar
approximation as done in Tremblin & Chiang (2013) in Appendix A,
that is to consider two temperatures (106 and 104 K, for the stellar
and planetary wind, respectively) to compute the absorption profiles.
The absorption profiles show the same general trends, but produce a
lower absorption at −100 km s−1 than those obtained with the single
temperature in our simulations. These differences, unfortunately,
again lie in the region that cannot be probed by observations because
of the geo-coronal emission. What our models show is that the
absorption at high blueshifted velocities is dominated in general by
planetary material with a broad thermal width that is a direct result
of the hydrodynamic shock. In order to properly address this issue
in a hydrodynamic description a two-fluid approach must be taken.

4.2 Radiation pressure

As mentioned earlier, the radiation pressure has been implemented
using equation (4), with the Ly α flux calculated by Bourrier &
Lecavelier des Etangs (2013). An important consideration is that,
given the nature of the hydrodynamic approximation, we compute
the neutral fraction within a cell. In consequence, the resulting force
(see equations 2 and 3) is applied to all the material within a cell,
instead of being applied to individual particles. As a result the force
acts mostly in the planetary wind, and the wind interaction region,
where the density of neutrals is the highest. Another difference from
the implementation of Bourrier & Lecavelier des Etangs (2013)
is that we simplified our calculations by neglecting self-shielding
within the β profiles. A discussion about the importance of the
self-shielding in our models is given in Appendix B.

Comparing the results with radiation pressure (green and black
lines in Fig. 2) with those without radiation pressure (red and
blue lines) we can see that the resulting profile shapes are very
similar. However, the inclusion of radiation pressure results in a
shift to negative velocities. This behaviour is seen in all models, but
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becomes less pronounced as the stellar neutral density decreases,
either by injecting the planetary wind with a higher ionization
fraction, or by increasing the photoionizing flux.

The shift to blue velocities is insufficient to explain the absorption
seen in Ly α at velocities as high as −100 km s−1 if a profile with
a narrow thermal width (e.g. with T ∼ 104 K) is assumed. This
is in contrast with the work of Bourrier & Lecavelier des Etangs
(2013), who found that the radiation pressure was the principal
process responsible for the absorption in the blue part of the line.
These authors measured a photon flux that is similar to that used
in models M3–M6, even though in their models it is reduced due
to self-shielding, which they included in the calculation. By not
considering self-shielding in the β profile in our simulations we
are effectively overestimating the force due to radiation pressure,
which would make it even more difficult to account for the high-
velocity absorption in our models by radiation pressure alone.
We show in Appendix B that including the self-shielding in our
models would likely make an appreciable difference, but only in
models in which radiation pressure is important to begin with (i.e.
only M1 and lower, ionizing fluxes). This is because the same
photon flux that provides the radiation pressure ionizes the planetary
wake before it is accelerated to the values obtained in kinetic
simulations.

For a given planetary mass-loss rate and ionizing flux, models
with a higher neutral fraction (M1, M3, and M5) show a higher
shift to the blue from the radiation pressure than the models with a
lower neutral fraction in the planetary wind (M2, M4, and M6), as
well as a higher total absorption. Naturally, for a given stellar flux,
models with a larger planetary mass-loss rate produce a larger total
absorption.

Another interesting feature seen in our models is a faint (but
perhaps measurable) absorption that persists for up to 20 h after the
transit, due to the neutral wake left by the planet (see also Schneiter
et al. 2016). This total absorption decays with time (depending
on the model) over a range of ∼8–2 per cent (for models M1 and
M6, respectively) before it becomes undetectable. However, we
cannot pursue a further analysis because in some of the models the
tail of the wake leaves the computational domain before it is fully
ionized, and thus it would require running the simulations in a larger
computational box.

5 SU M M A RY A N D C O N C L U S I O N S

We present hydrodynamical simulations of the transit of
HD 209458b that include photoionization, collisional ionization,
and radiative recombinations. Our simulations also include an
approximation for the radiation pressure in the Ly α line, as well
as charge exchange between stellar and planetary material. The
aim of this work is to assess the relative contribution of the
radiation pressure and charge exchange to the observed line profiles,
in particular for the 10 per cent absorption in the blue part of
the spectrum, at velocities near −100 km s−1 in hydrodynamical
simulations. We use a single set of stellar wind parameters based
on observations and previous studies’ fits for HD 209458 (see
Table 1). In order to draw general conclusions for other systems
a more extensive parameter study is required. None the less,
the present models remark the important issue of the inherent
differences between hydrodynamic and kinetic models of exoplanet
escaping atmospheres and their interaction with the host stellar
wind.

In previous models (Schneiter et al. 2007; Villarreal D’Angelo
et al. 2014; Schneiter et al. 2016; Villarreal D’Angelo et al. 2018)

radiation pressure has been included as a uniform reduction of the
stellar gravity by a factor of 0.3 (Vidal-Madjar et al. 2003). In this
paper we include a somewhat more refined treatment following the
work of Bourrier & Lecavelier des Etangs (2013), which calculates
the reduction of gravity as a function of radial velocity. We compare
these models with the case in which the gravity of the star is not
reduced at all. We find that the radiation pressure does not provide
a significant acceleration of material within the hydrodynamical
simulations. The model that produces the highest blueshift is
the one with the smaller stellar ionizing flux, and higher neutral
fraction in the planetary wind (M1). The acceleration by radiation
pressure in that model resulted in a blueshift of the absorption
of only ∼20 km s−1, and produced an ∼20 per cent absorption at
−100 km s−1.

Charge exchange has been included in kinetic (e.g. Bourrier &
Lecavelier des Etangs 2013) and hydrodynamic (Tremblin & Chi-
ang 2013) simulations. The kinetic approach has some limitations,
in particular in reproducing the shock structure that results from the
interaction of the stellar and planetary winds. The hydrodynamic
perspective is not without important challenges, as the single-fluid
approach forbids a proper estimation of the temperature of the two
interacting (stellar and planetary) winds needed to calculate the Ly α

absorption. The shock in our hydrodynamical simulations heats the
planetary wind and produces a broad absorption profile, which could
help explain the observations on the blue side of the line if the shift
due to radiation pressure is added.

When computing the absorption profile with a two-temperature
appropriation as in Tremblin & Chiang (2013), we see that the hot
neutrals provide absorption at high velocities. But, this absorption
is not enough to reproduce the observations unless a significant
blueshift due to radiation pressure is included.

We must note also that when we take into account the STIS
instrumental response to produce synthetic observations in Fig. 3
that could be compared with Ly α transit observations (Vidal-
Madjar et al. 2003) the absorption is spread in velocity and most of
the detailed differences between the models are lost.

While neither radiation pressure alone nor charge exchange by
itself can reproduce the absorption at high negative speeds, we find
that combinations of the two might. It is important to emphasize that
this conclusion applies to a hydrodynamical model in which a shock
is formed by the two-wind interaction. Such a shock is responsible
for heating (and ionizing further) the neutral material coming from
the evaporating atmosphere of the planet, and in fact, such shock
heating is responsible for a broader absorption that also produces
absorption at high blueshifts, at least at the same level as the other
two mechanisms (radiation pressure and charge exchange).

Both issues, the correct temperature determination and the
details of the interaction region, would benefit from a proper two-
temperature treatment, which we plan to pursue in a future work.
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Biro S., Raga A. C., Cantó J., 1995, MNRAS, 275, 557
Bourrier V., Lecavelier des Etangs A., 2013, A&A, 557, A124
Brown T. M., Charbonneau D., Gilliland R. L., Noyes R. W., Burrows A.,

2001, ApJ, 552, 699
Castellanos-Ramı́rez A., Rodrı́guez-González A., Rivera-Ortı́z P. R., Raga
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APPENDI X A : TWO -TEMPERATURE
APPROX IMATION

The absorption profiles presented in Figs 2 and 3 were obtained with
the density of each of the hot neutrals (from the stellar wind) and
cold neutrals (from the planetary wind). However, the distinction
between hot and cold is somewhat arbitrary. These two components
are imposed on the wind sources at different temperatures and
ionization states, but since they are treated only as different species
within the same fluid, as they mix they reach a common temperature.
An alternative description within a single-fluid treatment was used
in Tremblin & Chiang (2013), with an almost isothermal equation
of state (a γ = 1.01). In such an approximation the winds tend
to preserve their original temperature, and only within a narrower
mixing region is the temperature intermediate. Then, to compute
the absorption only two temperatures are used to obtain the line
profiles, 106 K for the material from the stellar wind, and 7 000 K
for the cold planetary wind.

In this appendix we explore the effect of using two distinct
temperatures for the material from each of the two neutral species
(stellar and planetary). We recompute the absorption using 106 K
for the line profiles with the stellar wind material and 104 K for the
planetary wind. The results for this two-temperature appropriation
are shown in Figs A1 and A2.

The transmission profiles as a function of velocity (Fig. A1)
are similar, but narrower than those with the temperature obtained
within our simulations (Fig. 2). We can see that the absorption from
hot neutrals is negligible when charge exchange is disabled. In the
sub-models where it is enabled (‘b’ and ‘d’, blue and black lines)
a much broader profile arises from the hot neutrals, but at a very
small depth in absorption. The cold neutrals on the other hand are
narrower and more peaked with a single 104 K temperature, and
only model M1 shows an appreciable absorption at high blueshifted
velocities.

With the two-temperature transmission profiles we also construct
synthetic observations, analogous to Fig. 3 obtained with the
original temperature profile. These synthetic profiles are shown
in Fig. A2. We see that the differences that were noticeable in the
transmission profiles become unnoticeable after convolution with
the STIS instrumental response.
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Figure A1. Same as Fig. 2, but with the absorption computed with the two-temperature approximation, see text for discussion.

Figure A2. Same as Fig. 3, but with the absorption computed with the two-temperature approximation.
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Figure B1. Value of β used in one of the models (M2d), in the orbital plane for the same zoom-in region shown in Fig. 1, in panel (a) without self-shielding
and in panel (b) including self-shielding (only in post-processing).

APPENDIX B: SELF-SHIELDING

The radiation pressure included in our numerical models assumes
that the stellar flux is the same for all hydrogen particles at a
given radial velocity. A more accurate profile should include the
absorption of the stellar flux by the material at a comparable velocity
between a fluid parcel and the star. This implies the computation
of a radial-velocity-dependent column density for each cell. In
this section we show that the shielding described by Bourrier &
Lecavelier des Etangs (2013) would impact in our models. The
ratio of the forces due to radiation pressure and gravity acting on
a parcel of gas at a given radial velocity vr with respect to the
star can be approximated as (Bourrier & Lecavelier des Etangs
2013)

β (vr, �) = β (vr, 0) e−τ , (B1)

with an optical depth

τ (vr,�) = σv,0λ0

�v

∫ �

0
nH

(
vr, �

′) d�′, (B2)

where the optical depth is computed integrating the column density
from the cell (� = 0) to the star (�

′ = �) binned in velocity intervals
of �v, λ0 is the wavelength of the Ly α line (1215.67 Å), and

σv,0 = 0.01102 cm s−1 is the effective cross-section of the line
(Osterbrock & Ferland 2006), including the normalization factor
assuming that the line profile is a delta function centred at a velocity
vr ± �v/2.

In Fig. B1 we show the β value for the same model shown in
Fig. 1 (M2d) in the left-hand panel (a). In the right-hand panel (b)
we show the resulting β after considering the self-shielding, which
was computed with a �v = 15 km s−1.

We can see from the figure that the material closest to the planet is
well shielded from the stellar radiation, and the resulting pressure.
This means that to properly include the radiation pressure one would
need to take into account the radiation transfer described above, not
as post-processing but within the simulation. This is possible with a
grid code, but rather computationally expensive, and would require
a different treatment of the radiation. In any case, by neglecting the
self-shielding we are overestimating the effect of radiation pressure
in the hydrodynamical simulations. A more precise account for
the radiation pressure in our simulations would make for an even
smaller effect.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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