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ABSTRACT

The composition and structure of the upper atmospheres of extrasolar giant planets (EGPs) are affected by the high-energy spectrum
of their host stars from soft X-rays to the extreme ultraviolet (EUV). This emission depends on the activity level of the star, which
is primarily determined by its age. In this study, we focus upon EGPs orbiting K- and M-dwarf stars of different ages — € Eridani,
AD Leonis, AU Microscopii — and the Sun. X-ray and EUV (XUV) spectra for these stars are constructed using a coronal model.
These spectra are used to drive both a thermospheric model and an ionospheric model, providing densities of neutral and ion species.
Ionisation — as a result of stellar radiation deposition — is included through photo-ionisation and electron-impact processes. The former
is calculated by solving the Lambert-Beer law, while the latter is calculated from a supra-thermal electron transport model. We find
that EGP ionospheres at all orbital distances considered (0.1-1 AU) and around all stars selected are dominated by the long-lived
H* ion. In addition, planets with upper atmospheres where H; is not substantially dissociated (at large orbital distances) have a layer
in which HJ is the major ion at the base of the ionosphere. For fast-rotating planets, densities of short-lived H] undergo significant
diurnal var1at10ns with the maximum value being driven by the stellar X-ray flux. In contrast, densities of longer lived H* show very
little day/night variability and the magnitude is driven by the level of stellar EUV flux. The HJ peak in EGPs with upper atmospheres
where Hj is dissociated (orbiting close to their star) under strong stellar illumination is pushed to altitudes below the homopause,
where this ion is likely to be destroyed through reactions with heavy species (e.g. hydrocarbons, water). The inclusion of secondary
ionisation processes produces significantly enhanced ion and electron densities at altitudes below the main EUV ionisation peak,
as compared to models that do not include electron-impact ionisation. We estimate infrared emissions from HJ, and while, in an
H/H,/He atmosphere, these are larger from planets orbiting close to more active stars, they still appear too low to be detected with

current observatories.
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1. Introduction

The ionospheres of solar system planets have been observed and
modelled in great depth (e.g. Nagy & Cravens 2002; Witasse
et al. 2008). Visiting spacecraft making in situ measurements or
remote observations of emission in the infrared (IR) and ultra-
violet (UV), in combination with detailed modelling, have en-
abled us to glean at least a basic understanding of this layer of
atmosphere throughout the solar system. This apparatus has not
yet been fully applied to exoplanetary ionospheres. Many recent
advances in technology and technique have enabled the detec-
tion of ions, such as C* and Si%*, which have been detected dur-
ing transits of the hot Jupiter HD209458b (Vidal-Madjar et al.
2004; Linsky et al. 2010). However, observations remain dif-
ficult and must be supplemented by models. A potential diag-
nostic tool would be the measurement of emissions in the IR
from the H ion. This has been performed for Jupiter, Saturn,
and Uranus (e.g. Drossart et al. 1989; Baron et al. 1991; Trafton
et al. 1993; Rego 2000; Stallard et al. 2008; Miller et al. 2010),
not only allowing determination of H} densities and temper-
atures, but also providing valuable constraints for ionospheric
models (e.g. Moore et al. 2015). However, H; emissions have
never been detected from an exoplanetary atmosphere, and the
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predicted emission levels are too low to be detected from planets
orbiting stars of similar type and age to the Sun (Shkolnik et al.
2006; Koskinen et al. 2007).

The ionosphere can be important in regulating the stabil-
ity of upper atmospheres on extrasolar giant planets (EGPs).
For example, previous modelling suggests that IR-active species,
such as the HJ ion, can act as a thermostat in EGP atmospheres
and prevent them from undergomg hydrodynamic escape. Hence
there are two different regimes of atmospheric escape depending
on orbital distance, stellar heating and dissociation of molecular
coolants upon which the composition and structure of the upper
atmosphere depends. At large orbital distances (a > 0.2 AU for
a Jupiter-like planet orbiting a Sun-like star), the main thermal
escape mechanism is Jeans escape and the atmosphere is in a sta-
ble state of hydrostatic equilibrium, whereas planets with small
orbital distances (@ < 0.2 AU around a Sun-like star) undergo
hydrodynamic escape (Koskinen et al. 2007, 2014a). In addition,
electrodynamics in the ionosphere can modulate escape rates and
influence the structure of the upper atmosphere through ion drag
and resistive heating (Koskinen et al. 2014b).

Ionisation in upper planetary atmospheres occurs through
two main processes. Photo-ionisation (or primary ionisation)
by stellar photons has been calculated in past EGP models
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(e.g. Yelle 2004; Garcia Mufioz 2007; Koskinen et al. 2010,
2013a). However, to our knowledge, a full description of sec-
ondary ionisation, by photo-electrons and their secondaries, has
not been included in EGP models. In solar system gas giants,
secondary ionisation has been shown to strongly affect the lower
ionosphere as well as the main ionisation peak (e.g. Kim & Fox
1994, Galand et al. 2009).

In addition, previous EGP studies have used solar X-ray and
extreme ultraviolet (XUV) fluxes as substitutes for stellar fluxes.
Inter-stellar extinction makes it very difficult (or even impos-
sible at certain wavelengths) to measure spectra of other stars
in the extreme ultraviolet (EUV). However, in a recent study,
Sanz-Forcada et al. (2011) calculated mass-loss rates for gas
giants orbiting close to a number of different stars. This was
achieved by determining synthetic XUV spectra of these stars
using emission measure distributions (EMD).

In contrast to previous models that assumed a Sun-like host
star, we focus on the ionospheres of EGPs around young and ac-
tive K- and M-dwarf stars. A significant number of the known
exoplanets orbit such stars, and the upper atmospheres of these
planets can be very different from similar planets orbiting Sun-
like stars (Chadney et al. 2015). For the first time, we use ac-
tual stellar XUV spectra, determined using a stellar coronal
model for each star. In addition to photo-ionisation, we also con-
sider electron-impact ionisation by using a rigorous model of
the energy degradation of suprathermal electrons. This is par-
ticularly important for planets orbiting active stars that typically
emit more X-rays and short-wavelength EUV radiation than the
Sun. This radiation is capable of enhancing the ionisation rates
by producing high-energy photo-electrons that extend the iono-
sphere to lower altitudes. Based on our calculations, we also pro-
vide predictions of the H; emission power for planets orbiting
active stars to determine whether they are better targets for fu-
ture observations than planets around Sun-like stars.

The work described in this paper builds on that from
Chadney et al. (2015), in which the neutral thermosphere and
atmospheric escape in EGPs around stars of different type and
activity level were studied. In that work a simple method of scal-
ing the stellar EUV flux was developed, based upon the observed
X-ray flux. It was also shown that the transition from slow Jeans
escape to hydrodynamic escape occurs at significantly larger or-
bital distances around more active stars. In the current paper, we
combine the stellar coronal model and EGP thermosphere model
(Chadney et al. 2015) with a newly constructed 1D ionosphere
model, in particular to study the effect of secondary ionisation
by photo-electrons in EGP ionospheres around active stars.

It is important to note that we focus here upon ionisation in
the thermosphere (at pressures p < 107 bar), where stellar EUV
and soft X-ray radiation is absorbed. While in solar system plan-
ets, the main ionospheric peak is located in the thermosphere,
Koskinen et al. (2014b) showed that in close-orbiting EGPs, the
photo-ionisation of metals, such as Na and K, creates a stronger
peak at lower altitudes, in the stratosphere. The ratio of the stel-
lar X-ray to EUV flux is higher in more active stars (Chadney
et al. 2015) and this can further enhance the electron densities
below the EUV ionisation layer.

This paper is laid out as follows. Section 2 provides descrip-
tions of the various components of the model. The results of the
model runs are presented in Sect. 3, including a study of the sen-
sitivity of our results to the resolution of the H, photo-absorption
cross section (Sect. 3.1). Section 3.2 discusses primary and
secondary ionisation rates. Density predictions are provided in
Sects. 3.3 and 3.4, focussing on planets undergoing Jeans es-
cape, and hydrodynamic escape respectively. In Sect. 3.5, we
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Fig.1. Schematic of model elements (dark grey boxes) and in-
puts/outputs (light grey boxes).

discuss the influence of orbital distance on ionospheric densities.
Section 3.6 presents the effects of using the scaled solar XUV
spectra from Chadney et al. (2015) to represent stellar spectra
from other low-mass stars. Finally, Sect. 4 provides estimates of
IR emissions from the HJ ion for planets orbiting a variety of
different stars, at various orbital distances.

2. Models

We use a set of coupled models to describe the upper atmosphere
of EGPs. The relationship between the different model elements
is shown in the schematic in Fig. 1. The only source of inci-
dent energy considered is stellar XUV radiation. We incorporate
accurate descriptions of both the high-energy stellar spectrum,
by using a coronal model (see Sect. 2.1) and an upper plane-
tary atmospheric model that consists of coupled thermospheric
(see Sect. 2.2), ionospheric, and suprathermal electron transport
models (see Sect. 2.3). In all cases, we assume a rotational pe-
riod for the planet of 10 h, similar to that of Jupiter and Saturn.
This is justified because we concentrate on planets orbiting at
distances larger than 0.2 AU from their host stars. Taking 0.2 AU
as the inner most orbital distance in this study allows us to sam-
ple planets in both escape regimes, whilst also ensuring that the
assumption of a pure Hp/H/He neutral upper atmosphere is more
likely to be correct.

2.1. Stellar coronal model

We include in this study the K-dwarf € Eridani (T.g = 4900 K)
and the M-dwarfs AD Leonis (Teg = 3370 K) and AU
Microscopii (Teg = 3720 K). These are close stars for which a
good number of observations are available from Chandra, XMM-
Newton, ROSAT, EUVE, and FUSE, which is important since
these observations are used to calibrate the coronal model. This
choice of stars also makes up a coarse parameter grid to study
stars of different age and spectral type, where the Sun is not a
valid proxy. € Eridani has commonly been used as an analogue of
the hot Jupiter host star HD 189733, the two stars being of simi-
lar type, metallicity, and age (e.g. Moses et al. 2011; Venot et al.
2012). AD Leonis has been used in previous studies of habitable
planets (e.g. Tarter et al. 2007). AU Microscopii is a well-known
flare star that is very young and active (Cully et al. 1993). As a
result of the lower contrast between star and planet, observations
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of planetary atmospheres of EGPs around M stars have recently
received particular attention. Selecting two M stars with similar
bolometric luminosity but very different X-ray and EUV lumi-
nosity allows us to gauge the likely range of EGP ionospheres
for cool host stars with different activity levels.

Our knowledge of the stellar EUV spectra needed as input
to our ionospheric model is patchy: the problem is that the high-
energy stellar radiation that is absorbed in upper planetary at-
mospheres is also absorbed by the inter-stellar medium (ISM).
Photons of 1 < 91.2 nm are capable of ionising an atmosphere
composed of hydrogen and helium. For almost all stars but the
Sun, the wavelength region between about 40 and 91.2 nm is
unobservable. Therefore, to obtain XUV (combination of X-ray
and EUV) stellar irradiances, either a coronal model of the star
or an appropriate scaling of the solar spectrum must be used,
such as that described in Chadney et al. (2015). We obtain accu-
rate XUV spectra using a stellar coronal model (Sanz-Forcada
& Micela 2002; Sanz-Forcada et al. 2003, 2011). These spec-
tra are obtained by constructing an emission measure distribu-
tion (EMD) of the corona, transition region and chromosphere
of each star. A more detailed description of the construction of
the XUV spectra for each of the three selected stars is provided
in Chadney et al. (2015).

2.2. Thermospheric model

To calculate the number density, velocity, and temperature pro-
files in the upper atmosphere of a planet, we used the one-
dimensional thermospheric EGP model developed by Koskinen
et al. (2013a,b, 2014a). In all simulations the planetary parame-
ters of HD 209458b were used (radius R, = 1.32 Ryypjer, mass
M, = 0.69 Mjypir). The model solves the vertical equations of
motion from the 107 bar level up to the exobase for a fluid com-
posed of H, H, and He, and their associated ions H*, H}, HJ,
He™", and HeH*. The model is driven by the stellar irradiance and
determines profiles with altitude of neutral densities, bulk veloc-
ity, and neutral temperature. The profiles obtained are a global
average, obtained by dividing the incoming stellar flux by a fac-
tor of 4.

It should be noted that the thermospheric model is not fully
coupled to the ionospheric model. Considering ionospheric den-
sities when calculating the neutral thermosphere is important, es-
pecially to properly treat IR cooling by the H ion. Therefore the
thermospheric model does include a calculation of ionospheric
densities. However, this calculation is not as thorough as that in-
cluded in the full ionospheric model (see Sect. 2.3), as electron-
impact ionisation by supra-thermal electrons is not taken into
account. Instead, heating of the thermosphere due to photo-
electrons is included in the thermospheric model using a fixed
heating efficiency of 93%. Koskinen et al. (2013a) showed that
using a fixed heating efficiency is appropriate for altitudes below
3R,. The value of 93% that we used is valid for photo-electrons
created by photons of energy up to 50 eV at an electron mixing
ratio of 0.1 (Cecchi-Pestellini et al. 2009), which is attained near
the temperature peak in our models. The principal aim of this
study is to compare the differences in composition of the iono-
sphere of planets orbiting active stars with different high-energy
spectral energy distributions, and not to precisely model the neu-
tral temperature and density profiles in these atmospheres.

2.3. lonospheric model

The ionospheric model constructed for this work solves the one-
dimensional coupled continuity equations for the ions H*, HJ,
HJ, and He" to provide the densities of these ions. The new

ionosphere model is required because the previous models did
not include secondary ionisation by photo-electrons. In spher-
ical coordinates, where only radial transport is considered, the
continuity equation for each ion i reduces to

on; 10,

E"‘r—zE(V q)i)=Pi—Li, (1)
where n; is the number density of ion i, P; is the production
rate, and L; is the loss rate of ion i, ®; = n,v; is the radial

transport flux, v; being the drift velocity of ion i. Ion produc-
tion and loss occur through the photo-chemical reactions listed
in Table 1. Neutral species are ionised through photo-ionisation
and electron-impact ionisation. We included the latter by using
a suprathermal electron transport model adapted to EGPs that is
based on the solution to the Boltzmann equation with transport,
angular scattering, and energy degradation of photo-electrons
and their secondaries taken into account. For further informa-
tion on the suprathermal electron transport model, see Moore
et al. (2008) and Galand et al. (2009).

We assumed here that the source of incident energy is so-
lar or stellar XUV radiation. No electron precipitation from the
space environment was included. A number of different parame-
ters are required as inputs to the ionospheric model; these are
the solar or stellar spectrum, neutral temperature and densi-
ties, chemical reaction rates, and cross sections. We used the
TIMED/SEE instrument for measurements of solar XUV irra-
diances and a coronal model (see Sect. 2.1) to produce stellar
XUV spectra. The neutral atmosphere was assumed to be a con-
stant background and was obtained for a set of planetary param-
eters and stellar irradiances using a thermospheric model (see
Sect. 2.2). The assumption that the neutral densities remain con-
stant is valid as long as ion densities remain small. This is the
case in the ionospheres of solar system bodies, and we have
also verified that this assumption remains valid for all the cases
considered in this study because of the relatively large orbital
distances.

Chemical reaction rates and cross sections are provided in
Table 1 and Fig. 2, respectively. Cross sections of two different
wavelength resolutions are used to describe the photo-absorption
of H,. At wavelengths greater than the ionisation threshold,
H, absorbs in a large number of narrow lines, comprising the
Lyman, Werner, and Rydberg bands. Typical ionosphere mod-
els use a low-resolution version of the H, cross section in
these bands, including all of the previous exoplanet models. In
Sect. 3.1 we present the effects on EGP atmospheres of using
either low- or high-resolution versions of these cross sections.

The reaction of H* with vibrationally excited H, (reaction 11
in Table 1) is an important loss process for H*, but its reaction
rate is not well constrained; as such, it is a large source of uncer-
tainty in ionospheric models applied to giant planets. McElroy
(1973) was the first to note that this reaction would become
exothermic for vibrationally excited H, and that there may well
be enough excited H; in gas giant atmospheres to render this re-
action significant. The rate coefficient of reaction 11 is known
to be 1.0 x 10° cm® s~! (Huestis 2008). However, the proportion
of vibrationally excited H, is unknown. We used the expression
determined by Yelle (2004) from Jupiter observations:

[Ha(v > 4)]
[H]

Therefore, in the ionospheric model, we assumed the following
reaction:

= exp(—2.19 x 10*/7). )

H" +H, - H; + H (reaction 11b)

A87, page 3 of 14



A&A 587, A87 (2016)

Table 1. Chemical reactions used in the ionospheric model.

# Reaction Reaction rate

Reference

Photo-ionisation:
1 Hy+hw-oH +e

H,+hv—>H"+H+e
H, + hv — 2H" + 2e~

w N

4 H+hy > H 4+ ¢
He + hy — He" + e~

W

Electron-impact ionisation:
Hy+e > Hj +e +e
Hy+ee >H' +H+e +e
H,+e - 2H"  +2¢ + ¢
H+e > H +e +e

O 00 N

10 He+e — He'+e +e

Charge exchange

or proton transfer:
11 H +Hy(v>4) - Hj+H
12 H{+H, > H+H
13 H+H,+M->Hj+M
14 He"+H, - H"+H+He
15 He'+H, » Hj +He
16 Hi+H->H; +H,
17 Hj+H->H"+H,

2.0x107°
32x107%

9.35x 1071

6.4 x 10710

Recombination:
18 H'+e - H+hy
19 Hj+e —2H
20 He'+e — He+hy
21 Hj+e - H,+H
22 Hj+e —3H

see text, Sect. 2.3

1.0 x 107 exp(=5.7 X 10°/T)

2.1 x 107 exp(=2.0 x 10*/T)

4.0 x 10712(300/ T, )%
2.3 x 1077(300/T,)"*
4.6 x 10712(300/ T, )"
2.9 x 1078(300/ T, )"
8.6 x 1078(300/T,)*64

Backx et al. (1976), Kossmann et al. (1989a),
Chung et al. (1993), Yan et al. (1998)

Chung et al. (1993) and 2H* references
Dujardin et al. (1987), Kossmann et al. (1989b),
Yan et al. (1998)

Verner et al. (1996)

Verner et al. (1996)

van Wingerden et al. (1980), Ajello et al. (1991),
Jain & Baluja (1992), Straub et al. (1996),

Liu et al. (1998), Brunger & Buckman (2002)
Brackmann et al. (1958), Burke & Smith (1962),
Bray et al. (1991), Mayol & Salvat (1997),

Stone et al. (2002), Bartlett & Stelbovics (2004)
LaBahn & Callaway (1970), Mayol & Salvat (1997),
Stone et al. (2002), Bartlett & Stelbovics (2004)

Theard & Huntress (1974)
Kim & Fox (1994)

Moses & Bass (2000)
Anicich (1993)

Harada et al. (2010)
Karpas et al. (1979)

Storey & Hummer (1995)
Auerbach et al. (1977)
Storey & Hummer (1995)
Sundstrom et al. (1994)
Datz et al. (1995)

Notes. The reaction rates are in units of cm®s~! for two-body reactions and cm® s~! for three-body reactions. We use wavelength-dependent cross

sections for photo-ionisation and electron-impact ionisation reactions.

(note Hj is in the base state), with the following reaction rate:
kitp = 1.0 x 10%exp(=2.19 x 10*/T)cm® s, 3)

Diurnal variations in rotating planets are determined by calculat-
ing ion densities with altitude at a given latitude and varying the
stellar zenith angle over the course of a day. We neglected hori-
zontal circulation and assumed that vertical gradients are domi-
nant over horizontal gradients.

We assumed that any species heavier than He is confined be-
low the lower boundary of the model, located at a pressure of
1 ubar. This pressure level was therefore assumed to correspond
to the homopause. Species are diffusively separated above this
level, heavier species being confined to lower altitudes. This as-
sumption is valid if the eddy diffusion coefficient K, is lower
than ~10°-10°> m? s™! at a pressure level of 1 ubar. The eddy
diffusion coefficient is not well known in exoplanetary atmo-
spheres, but its value is estimated to be about 102 m? s! at
Jupiter (Yelle et al. 1996). K., may well be higher in close-
orbiting EGPs than at Jupiter (Koskinen et al. 2010), in which
case the homopause could be located at a lower pressure than we
assumed, leading to the destruction of the IR coolant H3 through
reactions with hydrocarbons, for instance. There are currently
no constraints on K, in EGPs however, a situation that might be
improved by the detection of IR emissions from the H ion (see
Sect. 4).
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Atmospheric escape could also cause heavier species to be
present above the 1 ubar level. In certain planets undergoing
hydrodynamic escape, hydrocarbons could be dragged upwards
into the thermosphere by escaping hydrogen. We estimated in
which of the cases discussed in this paper hydrocarbons could
be present in the thermosphere because of atmospheric escape:
it only occurs in EGPs orbiting within 0.2 AU from AD Leo (see
Sect. 3.5).

2.4. H} emission model

HJ emissions from EGP ionospheres may be detectable in op-
timal circumstances with current and in particular with future
ground-based telescopes (e.g. Shkolnik et al. 2006). This would
be very interesting because, in addition to providing constraints
on the ionosphere, they could be used to detect non-transiting
planets. Therefore, we determined emission strengths for the
various planets that we modelled (see Sect. 4). The H3 ion has
two vibrational modes, of which only the second, v», is active. It
is centred on a wavelength of 3.9662 um. The energy emitted in
a given line under local thermodynamic equilibrium (LTE) was
calculated using the following equation (Miller et al. 2010):

]’lCEf
Hwir, T) gr(2Jy + Dhec wipAirexp|——— |, 4

" 47Q(T) kT
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Fig. 2. Photo-absorption (thick black and thin grey lines) and photo-
ionisation (thin black lines) cross sections used in the ionospheric
model for the three neutral species considered and their associated ions.
Panel a) shows cross sections for H,; in thick black we show the low-
resolution (LR) photo-absorption cross section and in thin grey the
high-resolution (HR) version (at 700 K) including structure beyond
the ionisation threshold. The thin solid line plots the production of H},
the dashed line the production of H*+H, and the dashed-dotted line the
production of 2H*. Panel b) shows the photo-absorption cross section
of H as a thick black line, which is indistinguishable from the produc-
tion of H* through photo-ionisation, which is shown as a thin solid line.
Panel c¢) shows the photo-absorption cross section of He as a thick black
line, which is indistinguishable from the production of He*, which is
shown as a thin solid line, and the production He?* (the dashed line).

where the indices i indicate the lower state and f, the upper state,
wiy is the frequency of the transition (per cm), A;y is the Einstein
A coefficient of the transition, g is the nuclear spin degener-
acy, Jy is the angular momentum of the upper state f, Ey is the
energy of the upper state (per cm), Q(T) is the partition func-
tion of H; h is the Planck constant, c is the speed of light, k
is the Boltzmann constant, and 7 is the temperature. The factor
hc converts wavenumbers to SI units, meaning that / has units
of W molecule™! sr™!. Energy levels and Einstein A coefficients
were obtained from Dinelli et al. (1992). The power emitted in
a given line was obtained by multiplying 7 by the number of H}
molecules and considering emission over 2x sr. Partition func-
tions are those described in Miller et al. (2010), which are valid
for high-temperature atmospheres.

HJ levels are often sub-thermally populated in planetary at-
mospheres. Miller et al. (2013) estimated that this is the case
up to densities of 10''=10'> cm™3, and that it is due to high
Einstein coefficients, meaning that there is competition between
radiative relaxation and collisional de-excitation at high densi-
ties. The densities we predict are lower than 10'' cm™ (see
Sects. 3.3-3.5), it is therefore important to consider non-LTE
effects when determining HJ emission strengths. These effects
were taken into account by introducing a weighting factor, us-
ing the method of Oka & Epp (2004), as detailed in Miller et al.
(2013). This weighting factor is dependent on the density of H,.

We determined emission in the Q and R branches, which
show stronger emission than the P branch, and we also provide
values for the total H} output power. The total output power per
HJ molecule can be expressed as:

E(H},T) = Iwiy, T). (5)
if

To calculate this quantity, we used the following parametrisation,

determined by Miller et al. (2013):

log, (E(H3,7)) = > C,T", (6)

where the coefficients C,, are provided in Table 5 of Miller et al.
(2013).

3. lonisation in EGPs orbiting stars of different
activity levels

3.1. Effect of the photo-absorption cross-section resolution

The photo-absorption cross section of H; is very structured be-
yond the ionisation threshold (A, = 80.4 nm), as a result of
absorption in the Lyman, Werner, and Rydberg bands. However,
all EGP and most solar system ionospheric studies (e.g. Galand
et al. 2009; Koskinen et al. 2010) have previously used the low-
resolution measurements of Backx et al. (1976), taken at 3—4 nm
intervals. We evaluated the impact on EGP ionospheres of us-
ing a high-resolution H, photo-absorption cross section with
AA = 1073 nm (plotted in grey in Fig. 2a), instead of the low-
resolution Backx et al. (1976) measurements (plotted as a thick
black line in Fig. 2a). The high-resolution cross section we used
consists of the Backx et al. (1976) measurements below App, =
80.4 nm and high-resolution calculations by Yelle (1993) at
longer wavelengths. In addition, the H, photo-dissociation cross
section measured by Dalgarno & Allison (1969) was added to
the Yelle (1993) calculations for wavelengths between 80.4 nm
and 84.2 nm. Until now, these cross sections with a high spectral
resolution have not been used in studies of EGP ionospheres.
However, at Saturn (Kim et al. 2014) and Jupiter (Kim & Fox
1994), using high-resolution H, photo-absorption cross sections
led to the prediction of a larger and more extended layer of hy-
drocarbon ions in the lower ionosphere.

We find that high-resolution cross sections are not required
when modelling pure H/H,/He EGP atmospheres. The ratio of
atomic hydrogen to molecular hydrogen column densities is sig-
nificantly larger in the extended EGP atmosphere than at Saturn
or Jupiter. This means that absorption by H dominates absorption
by H,, and as such, the resolution of o-i}’zs has a much weaker ef-
fect for EGPs than for the solar system cases described by Kim
& Fox (1994) and Kim et al. (2014). The differences between us-
ing high- and low-resolution H, photo-absorption cross sections
are minor (change lower than 2.5% in ion densities), therefore
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we consider that the low-resolution cross sections are sufficient
for the remainder of this work on EGP ionospheres.

Even though high-resolution cross sections are not required
here, this may not always be the case. If photo-ionisation reac-
tions are included that involve ionisation threshold wavelengths
larger than that of H (A, g = 91.2 nm), such as those involving
certain hydrocarbons, then the effects of absorption by H; in the
Lyman, Werner and Rydberg bands may no longer be weak. At
these wavelengths, there is no longer any absorption by atomic
H, and accordingly, absorption over a wide range of pressures by
molecular H, occurs. The inclusion of the high-resolution cross
section may therefore allow for more efficient ionisation below
the thermosphere.

3.2. Production rates: primary and secondary ionisation

We included ionisation through both primary (photo-) ionisa-
tion and secondary (electron-impact) ionisation processes (see
Sect. 2.3). Electron-impact ionisation operates through colli-
sions with photo-electrons and their secondaries. In this section,
we describe the contribution of each of these processes to iono-
spheric densities. We chose to run the model for EGPs orbiting at
1 AU from the Sun (at minimum and maximum activity), € Eri,
AD Leo, and AU Mic, to study the contribution of the different
stellar spectral energy distributions. At this orbital distance, our
assumption of a pure Hy/H/He thermosphere is valid, as long
as the eddy diffusion coefficient is lower than ~10°~10° m? s~!.
Below (Sect. 3.5), we examine the effect of varying the orbital
distance.

Figure 3b shows the total ion production rates for photo-
ionisation (solid lines) and electron-impact reactions (dashed
lines) for planets orbiting each star. We also show in this fig-
ure the stellar spectra used to drive the ionospheric model in
panel (a) and the pressures of unity optical depth in panel (c).
The pressures p at which 7 = 1, shown in panel (c), allow us
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to identify the emission lines in the stellar spectrum (panel (a))
that are the main contributors to the different peaks in the ioni-
sation rate plots (panels (b)). Solar spectra were obtained from
TIMED/SEE on 15 May 2008 (F10.7 = 70 solar flux units) for
the case of solar minimum and on 14 January 2013 (F10.7 =
154 solar flux units) for solar maximum. Synthetic spectra from
the coronal model were used for the other stars. We note that
p(t = 1) is dependent on the neutral atmosphere, but since the
neutral atmospheres of planets in the same escape regime are so
similar, the curves of p(tr = 1) are also very similar. We have
plotted the mean of the four p(r = 1) curves for planets in hy-
drostatic equilibrium as a thick black line in panel (c): those of
planets around the Sun at minimum and maximum, € Eri and
AD Leo. Had we plotted each case individually, the difference
would barely have been noticeable because the curves are mostly
superposed. The curve of p(r = 1) for the case of a planet or-
biting AU Mic is slightly different from the others (plotted as
a light red line in panel (c)), since this planet is in a regime of
hydrodynamic escape (see Sects. 3.3 and 3.4).

The optical depth is determined by the densities of atmo-
spheric constituents, the incoming stellar flux, and the photo-
absorption cross sections (plotted in Fig. 2). Since we used low-
resolution photo-absorption cross sections (see Sect. 3.1), the
pressure of unity optical depth decreases monotonically with
photon wavelength (i.e. the altitude of unity optical depth in-
creases monotonically with wavelength). This means that higher
energy photons deposit their energy lower in the ionosphere. We
also note that due to the higher gradient of the p(r = 1) curve
at lower wavelengths, which is associated with a large change in
o high-energy (e.g. soft X-ray, ~0.1-10 nm) stellar emission
lines affect a much more extended region of atmosphere than
higher wavelength stellar emissions.

Because the spectral shapes are similar, the ionisation rate
profiles of planets orbiting the Sun at solar min and max are
very similar. The main photo-ionisation peak at around 6 nbar is
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due to the He II lines at 25.6 nm and 30.4 nm in the solar spec-
trum. These lines are also responsible for the main peaks in the
photo-ionisation profiles in planets orbiting € Eri, AD Leo, and
AU Mic. The main peak in electron-impact ionisation in plan-
ets irradiated by the solar spectrum occurs at around 10—20 nbar
and is formed by the strong Fe emission lines at wavelengths just
below 20 nm. There is a secondary peak in the photo-ionisation
and electron-impact ionisation profiles of EGPs around a solar-
like star, at a pressure of 200—300 nbar. These secondary peaks
are due to solar soft X-ray emission just below 10 nm.

The spectral shape of high-energy emissions is quite differ-
ent in stars that are more active than the Sun. There is a grad-
ual rise in irradiance with decreasing wavelength below about
20 nm that is responsible for an increase in ionisation rates with
pressure above about 100 nbar. It seems that the peak ionisa-
tion rate is not always reached in the pressure domain of the
model, especially for planets around the most active star, AU
Mic. So for planets around active stars, there is significant ab-
sorption of high-energy radiation and ionisation by associated
secondary electrons below 1 ubar, in the stratosphere. Koskinen
et al. (2014b) showed that in close-in EGPs, ionisation of alkali
metals, such as Na, K, and Mg, by far-ultraviolet (FUV) photons
creates a strong ionisation layer in the stratosphere. Our results
here indicate that this ionisation layer in the lower ionosphere
can be enhanced by the ionisation of hydrogen by X-rays around
active stars.

Another interesting effect of different spectral energy dis-
tributions appears in the ionisation profiles of planets around
€ Eri and AD Leo. As examined in Chadney et al. (2015), ir-
radiance in the X-ray and EUV wavebands evolves at different
rates over the lifetime of the star (see also Ayres 1997; Ribas
et al. 2005; Sanz-Forcada et al. 2011). High-energy stellar emis-
sions decrease as the star ages, but the highest energy emissions
decrease at a faster rate. Indeed, Chadney et al. (2015) showed
that the ratio of fluxes at the stellar surface, Fgyy/Fx increases
as the star ages. € Eri is an older star than AD Leo and so has
lower emissions in the X-ray, but still has higher emissions in
the EUV. This results in higher ionisation in the lower part of
the ionosphere in a planet orbiting AD Leo than € Eri, but lower
ionisation at higher altitudes. We note that this is the case even
though AD Leo is smaller in size than € Eri, based on which
lower emission might have been expected for the same activity
level. AD Leo is much younger and hence more active, however,
which is a stronger factor than size.

The primary efficiency is defined as the ratio of electron-
impact ionisation rate to photo-ionisation rate. This is plotted in
Fig. 4 for each of the five cases. As expected, since the pressure
at which 7 = 1 increases monotonically with decreasing wave-
length (see Fig. 3c), higher energy photons are absorbed lower
in the ionosphere. This means that the highest energy photo-
electrons, which are responsible for most of the ionisation, are
formed at high pressures. The pressure at which electron-impact
ionisation overtakes photo-ionisation is about 10 nbar, which is
just below the main production peak (see Fig. 3b). Thus electron-
impact ionisation increases the electron densities significantly
below the main EUV ionisation peak, allowing for the lower at-
mosphere to be ionised more efficiently than in models that ig-
nore electron-impact ionisation.

3.3. lonospheric densities: atmosphere in hydrostatic
equilibrium

This section describes the ionospheric densities in planets
with atmospheres in hydrostatic equilibrium. These are planets

10°°

Pressure [nbar]
S
n

103 I I
102 10 o100 10’
Primary efficiency

Fig. 4. Primary efficiency (ratio of secondary to primary electron pro-
duction rate) versus pressure in an EGP orbiting at 1 AU from the Sun at
solar minimum (green), the Sun at solar maximum (blue), the star € Eri
(yellow), AD Leo (purple), and AU Mic (red).

orbiting at larger distances from their stars, with atmospheres
that undergo thermal Jeans escape. For the cases studied here,
EGPs around the Sun, € Eri, and AD Leo, at an orbital distance
of 1 AU, are in hydrostatic equilibrium. EGPs at 1 AU from the
more active star AU Mic have atmospheres that lose material
according to an organised outflow. The ion densities in these at-
mospheres, which are in the hydrodynamic escape regime, are
detailed in Sect. 3.4.

The variation of electron density, as well as ny+ and ny; over
the course of a day, is presented in the contour plots in Fig. 5,
at a latitude of 30° for a planet orbiting the Sun at 1 AU. We
note that the electron densities in Fig. 5a are plotted on a loga-
rithmic scale, whereas the ion densities of H* (Fig. 5b) and H;
(Fig. 5¢), are plotted on a linear scale. This is so that the two
distinct regions are clearly visible in the electron density plot.
They correspond to an H*-dominated region in the upper iono-
sphere at p < 200 nbar, and to an H3-dominated region below.
The H*-dominated region is relatively uniform over the diurnal
cycle, with a peak spread out over a wide pressure range.

The Hj-dominated region at p > 200 nbar clearly displays
a strong diurnal variation (see also Fig. 5c), with a density peak
near 12 LT. HY densities decrease gradually in the evening, as
photo-ionisation of H, diminishes with the setting star and the
remaining Hj is destroyed through electron dissociative recom-
bination reactions 21 and 22. At dawn, as photo-ionisation is
switched back on, there is a more rapid build-up of H} ions.

The diurnal variations in the H"-dominated region are less
pronounced, but can be seen in Fig. 5b that shows H* densities.
Unlike the H} density peak, the H* peak is offset with the stellar
illumination peak. A maximum H* density of 3.9 x 10° cm™
occurs at about 17 LT, the smallest peak is at 7 LT, where ny+ =
3.4 x 10° cm™3. This lag behind the stellar illumination is due to
the fact that H* is a long-lived ion.
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Fig. 6. Diurnal variation of peak H* (in black) and HJ (in grey) densities
in an EGP orbiting the Sun at solar minimum (thin solid lines), the Sun
at solar maximum (thick solid lines), the star € Eri (dashed lines), and
the star AD Leo (dotted lines).

Figure 6 presents the variation over the course of a day of
the peak densities and timings of the two main ionospheric con-
stituents, H* (in black) and HJ (in grey), for planets with atmo-
spheres in hydrostatic equilibrium, orbiting each star. The same
diurnal variation is predicted as for a planet orbiting the Sun
during solar maximum, namely a strong variation in densities of
the short-lived ion H;, with a peak that is almost symmetrical
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around 12 LT, and a significantly smaller, almost impercepti-
ble diurnal variation in H* density, with a peak at around 17
LT that is offset from the peak in stellar illumination. Peak H7
densities increase along with the stellar X-ray flux, whereas peak
H* densities are a function of the stellar EUV flux level. Thus,
higher HY densities occur in the planet around AD Leo than
around € Eri, but higher H" densities are found in the planet
orbiting € Eri. Values of peak H] and H* densities are provided
in Table 2.

Electron-impact ionisation affects ion densities in the iono-
sphere differently at different times of day. Figure 7 is a contour
plot showing the ratio of electron densities between a full cal-
culation taking both photo- and electron-impact ionisation into
account (n.(Pr+11)) and electron densities calculated with only
photo-ionisation (7.(Py)). These are shown for an EGP orbiting
a Sun-like star at 1 AU, but are qualitatively similar for EGPs
orbiting the other stars. Only the lower ionosphere is plotted
since above a few 10! nbar, essentially ne(Prir)/ne(Pr) ~ 1.
Including secondary ionisation has the strongest effect on elec-
tron densities shortly after dawn, at around 7 LT, which corre-
sponds to the local time when HJ densities increase strongly.
This strong increase in the ratio just after dawn occurs because
the strong increase in electron-impact ionisation after sunrise is
combined with a low loss rate for the ionospheric plasma be-
low 107 nbar. In this region HJ is the main ion produced under
stellar illumination and is rapidly converted to H (reaction 12).
The main loss of HJ is through electron dissociative recombi-
nation (reactions 21 and 22). After a night without ionisation,
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Fig. 7. Ratio of electron densities determined including both primary
(photo-) ionisation and secondary (electron-impact) ionisation 7 (Py.1y)
and those determined including just primary ionisation n.(Py), for an
EGP orbiting a Sun-like star at 1 AU.

Table 2. Peak densities of H* and HJ over a diurnal cycle, at 30° latitude
in the ionosphere of planets orbiting different stars at a distance of 1 AU.

max(nyy;) [em™3]  max(ng+) [em™]

Sun at solar min 1.9 x 10* 2.9 % 10°
Sun at solar max 2.8 x 10* 3.9 x 10°
€ Eri 8.0 x 10* 6.2 x 10°
AD Leo 14 x10° 5.5% 10°

the ionosphere is strongly depleted, and therefore the loss rate
for the ionospheric plasma is low. In addition, near sunrise the
electron-impact ionisation contributes up to 10? nbar, while at
noon it is confined towards lower altitudes (higher pressures).
The reason is that photo-electrons that are energetic enough to
cause significant ionisation are produced by solar photons with
wavelength shorter than 20 nm. Figure 3¢ shows that these pho-
tons are absorbed primarily below 10' nbar at noon. At larger
stellar zenith angles, the altitude of deposition increases, which
explains the extension towards lower pressures of the contribu-
tion of electron-impact ionisation at sunrise. Since there are no
photo-electrons during the night, there is little electron-impact
ionisation. There are some differences after dusk, while extra
ions are destroyed that were built up during the day though sec-
ondary ionisation.

3.4. lonospheric densities: atmosphere in hydrodynamic
escape regime

AU Mic is the youngest and most active star included in this
study, and as such has the strongest XUV emissions. As a con-
sequence, the HD 209458b-type planet that we modelled is in
a regime of hydrodynamic escape, even at an orbital distance
of 1 AU, whereas the same planet orbiting at the same distance
from a Sun-like star, € Eri, or AD Leo is in the Jeans escape
regime (Chadney et al. 2015). The atmosphere is more extended
than at planets in the stable regime and molecules, such as Hj,
are fully dissociated at high pressures. In the case of an EGP or-
biting AU Mic at 1 AU, H;, is dissociated between 1 and 0.1 nbar.

Similarly as in planets in the stable regime, the ionosphere
of EGPs undergoing hydrodynamic escape is composed of two
distinct regions, characterised by the major ion: H* is dominant
above the H,/H dissociation front, whereas H;’ dominates below.
HJ and He* ions are always minor constituents.

Contour plots of the electron and major ion densities are
shown in Fig. 8 at 30° latitude on an EGP orbiting AU Mic at
1 AU. As in the planets orbiting less active stars, H3 ions reach a
well-defined daily peak near noon and are depleted during night
time, when there is no stellar illumination. This is due to their
short-lived nature. Conversely, the long-lived H* ions reach their
daily peak density between 16 and 17 LT and are present in
large quantities throughout the night because they only recom-
bine slowly with electrons (reaction 18 is slow).

In contrast to the planets in the stable regime, H;r is confined
to higher pressures in planets orbiting AU Mic at 1 AU, since
it can only be formed in regions where H, is present. Its peak
density is higher than in the planets discussed in Sect. 3.3, how-
ever, as a result of the enhanced X-ray flux: the H] peak density
reaches 2.4 x 103 cm™3 at 12.2 LT (compared to 1.4 x 10° cm™
for a planet at 1 AU from AD Leo, see Table 2). Densities of H*
are also higher, a peak of 1.1 x 107 cm™ is present at 16.3 LT, at
a pressure of about 4 nbar (compared to a peak of 5.5x 10° cm™
at 1 AU from AD Leo). We note that the H* contour has a dou-
ble peak, one at 4 nbar and the other at 0.3 nbar (see Fig.8b).
This is due to the dissociation of H,, which takes place between
these two peaks. In particular, reaction 17 (H} + H —» H* + Hj)
only contributes to the peak at 4 nbar. Additionally, below the
H,/H dissociation front, photo-ionisation reactions 2 and 3 (ion-
isation of Hy to form H*) contribute to the peak at 4 nbar. The
smaller peak at 0.3 nbar is mainly formed from photo-ionisation
of atomic H.

The cross-over mass equation from Hunten et al. (1987),
given in Eq. (3.2) in Koskinen et al. (2014a) provides a rough es-
timate of whether escaping heavy species from the stratosphere
can be present in the thermosphere. The expression derived in
Koskinen et al. (2014a) is independent of altitude for an isother-
mal atmosphere. We applied this expression here using temper-
atures that are consistent with our model results. Heavy species,
including hydrocarbons and water, could destroy the HJ layer.
Applying the cross-over mass equation gives a limiting mass-
loss rate of 1.5 x 10° kg s~! required for C to be present at a
pressure of 500 nbar (in the H layer) in an EGP at 1 AU from
AU Mic. The upwelling mass flux at this same pressure level is
5.6 x 10* kg s~!, which is thus insufficient to drag heavy species
into this region. This gives us confidence that our assumption
that species heavier than He are confined below a pressure of
1 ubar is correct for an EGP at 1 AU from AU Mic.

3.5. Variations in ion densities with orbital distance

In this section, we discuss the changes in the ionosphere with
orbital distance by considering an HD 209458b-type planet or-
biting the star AD Leo at 1 AU, 0.5 AU, and 0.2 AU. The crit-
ical orbital distance at which this EGP transitions from Jeans
to hydrodynamic escape is located between 1 AU and 0.5 AU
(Chadney et al. 2015). Peak temperatures in the thermosphere
are about 2000 K at 1 AU, 8000 K at 0.5 AU and 10500 K at
0.2 AU. Ion densities of the two major ions H* and HJ, deter-
mined at noon at 30° latitude, are plotted in Fig. 9.

As the planet is moved closer to the star, overall ion densi-
ties increase with increased stellar radiation, but not in a linear
fashion. Within 0.5 AU, the atmosphere escapes hydrodynami-
cally. H; is fully dissociated below about 1 nbar at 0.5 AU and
3 nbar at 0.2 AU. HJ cannot be formed below this dissociation
pressure. At small orbital distances, the density of H* increases
vastly in the lower ionosphere: at a pressure of 500 nbar, it in-
creases from 2.7 x 10* cm™ at 1 AU to 8.9x 10° cm™ at 0.5 AU
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Fig. 9. Major ion densities for an EGP orbiting AD Leo at different
orbital distances, determined at 30° latitude and 12 LT.

and 7.1 x 10® cm™ at 0.2 AU. The evolution of the peak den-
sity of H} with orbital distance is slightly more complicated.
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AU Mic, shown at 30° latitude. Note that the
electron densities in plot a) are shown on a log
scale, whereas the ion densities in plots b) and
¢) are plotted according to a linear scale.

Hj is effectively destroyed by electron-recombination (reactions
21 and 22, see Table 1). Because much more H* is formed at
high pressures, the increase in electron density results in a higher
loss rate for H}. Therefore, as the H* peak is pushed to higher
pressures with increased stellar flux, the H; peak is reduced.
At 0.2 AU, the H] peak is below the lower boundary of the
ionospheric model. At higher pressures, the likelihood that H7
will further be destroyed through reaction with heavy species is
higher. At small orbital distances H; is therefore only likely to
be a minor constituent of the ionosphere at all pressure levels.

We obtained a rough estimate of whether escaping heavy
species from the stratosphere can be present in the thermosphere
by applying the cross-over mass equation from Hunten et al.
(1987). For an EGP at 0.2 AU from AD Leo, the limiting mass-
loss rate required for C to be present at a pressure of 100 nbar is
2.7 x 10° kg s7'; and at this same pressure level, the upwelling
mass flux is 3.1 x 10° kg s~!. It is thus likely that carbon species
are present at this pressure level, which will deplete the HJ layer
in planets orbiting within 0.2 AU from AD Leo. These results
indicate that close-orbiting hot-Jupiter exoplanets are not good
candidates for observations of H] emissions. The level of H} IR
emissions from the EGP atmospheres modelled in this work is
presented in Sect. 4.

3.6. Scaled solar spectra versus synthetic spectra

Chadney et al. (2015) derived a new scaling of the solar XUV
spectrum to match the spectra of other low-mass stars, using
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Fig. 10. Ion densities as a function of pressure at 30° latitude and 12 LT for an EGP irradiated by the synthetic spectra (solid lines) and the scaled

solar spectra (dashed lines). The orbital distance is 1 AU.

different scaling factors for the X-ray and EUV bandpasses.
These scaled spectra were tested against synthetic spectra de-
rived from the coronal model in terms of the neutral atmosphere.
It was found that a scaling of the solar spectrum, using two dif-
ferent scaling factors, was adequate to estimate neutral densities
and planetary mass-loss rates. In this section, we undertake the
same comparison (synthetic to scaled solar spectra) using the
ionospheric model. All of the model runs in this section are for
planets with an orbital distance of 1 AU. At this orbital distance,
the upper atmosphere of EGPs around AU Mic undergo hydro-
dynamic escape, whereas those orbiting € Eri and AD Leo are in
the classical Jeans escape regime.

Ton densities for planets irradiated by either the synthetic
spectra or the scaled solar spectra corresponding to each of the
three stars are shown in Fig. 10. Ion densities determined using
the synthetic spectra are plotted as solid lines and those deter-
mined using the scaled spectra are plotted as dashed lines. All of
the densities shown in this figure are determined at noon at 30°
latitude.

At high pressures, more ions are present in the planets ir-
radiated by the scaled spectra. This results in a lowering of the
peak in H* density in planets orbiting all three stars. There is
roughly an order of magnitude more H* at 200 nbar in planets
around € Eri and AD Leo and at 300 nbar in planets around AU
Mic. However, at high pressures, densities of H are either the
same or slightly lower when using the scaled spectra. The den-
sity of H is determined by a competition between its production
from H; through reaction 12 (see Table 1) and its loss through
electron-recombination (reactions 21 and 22). At high pressures
(between about 50 and 500 nbar), there is a significant excess of
H* formed through photo- and electron-impact ionisation with
the scaled spectra when compared to using the synthetic spectra.
Thus there are also significantly more electrons at these pres-
sures and the increased rates of reactions 21 and 22 counterbal-
ance the increased production of HJ.

At low pressures, the densities of the minor species HY, H;,
and He™ are higher in the planets irradiated by synthetic spectra

than in those irradiated by the scaled spectra because of more
photo- and impact-ionisation. Densities of the major ion H*
above about 10 nbar are very similar whether using the synthetic
or the scaled solar spectra.

The difference in terms of ion production and densities is
greater between using the scaled solar spectra and the synthetic
stellar spectra than in terms of neutral densities. H* and elec-
tron densities vary by about an order of magnitude in the lower
ionosphere. However, the density of HJ is relatively well reg-
ulated and does not vary dramatically at pressures where it is
most abundant. This means that at least in the cases studied here,
cooling through IR H3 emissions is not significantly affected by
using scaled solar spectra. Hence the regime of atmospheric es-
cape (and associated mass-loss rates) are well determined using
scaled solar spectra with the thermospheric model.

4. H; emissions

We determined the total output power from the HJ ion and the

output in specific spectral lines for EGPs around a Sun-like
star (Table 3), € Eri (Table 4), AD Leo (Table 5), and AU Mic
(Table 6). The total output power is plotted in Fig. 11 for EGPs
at different orbital distances around each star. The values given
here were calculated using globally averaged H, and H3 densi-
ties and considering emission from the planet over 2x steradians.

As a result of enhanced ionisation and hence increased Hj
column densities, the output power is higher around more active
stars at a given orbital distance. For example, the total output
from HJ for a planet at 0.1 AU from AD Leo is 1.4 x 10" W,
whereas for an EGP at the same distance from the Sun, it would
be 2.4 x 10'> W. Likewise, for a planet orbiting a given star,
smaller orbital distances mean higher H} emissions. This is be-
cause our model predicts higher temperatures and H} column
densities close to the star.

Koskinen et al. (2007) determined HJ emission powers for
an EGP at different orbital distances around a solar-like star
(HD 209458) and obtained very similar values to our results for a
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Table 3. H; emission power for an EGP orbiting a Sun-like star.

Sun
0.1 AU 0.2 AU 0.5 AU 1 AU
o) 14x108 64x10% 15x102 3.8x 10"
03) 95x10” 49x10% 12x102 3.0x 10"
R(1) [.1x10% 52x102% 13x102% 32x10"
R(3) 1.5x108% 69%x10% 1.7x102% 4.1x10"
Total 24x10% 7.0x10% 1.6x10"% 2.5x10"
Notes. All units are Watts.
Table 4. H; emission power for an EGP orbiting € Eri.
€ Eri
0.1 AU 0.2 AU 0.5 AU 1 AU
o) 35x108 15x108% 25x10%  7.5x 10"
03) 24x10% 1.1x10% 20x102 5.6x10"
R(1) 27x108 12x10% 21x102 6.0x 10"
R3) 39x10® 17x10® 27x10? 8.1x10"
Total 6.5x10° 20x10° 27x10" 7.4x10"

Notes. All units are Watts.

Table 5. H} emission power for an EGP orbiting AD Leo.

AD Leo
0.1 AU 0.2 AU 0.5 AU 1 AU
o) 7.0x10% 28x10% 47x10Z% 9.9x10"
03) 4.6x10% 19x108% 37x102% 7.6x 10"
R(1) 53x108  2.1x108 39x%x102 8.1x10"
RB3) 78x10% 30x10% 51x102 1.1x102
Total 14x10'® 37x10° 45x%x10“ 9.1x10"5

Notes. All units are Watts.

Table 6. H} emission power for an EGP orbiting AU Mic.

AU Mic

0.2 AU 0.5 AU 1 AU
o) 67x108 14x10% 2.7x102
0(3) 44x108 1.0x10% 2.1x102
R() 50x10% 11x10% 22x102
RB3) 75x103 15x10% 3.0x102
Total 12x10'° 1.7x10' 2.9x10%

Notes. All units are Watts.

planet orbiting the Sun. Yelle (2004) calculated an output power
of 9.9 x 10'® W for HD 209458b, an EGP orbiting at 0.047 AU,
which is also consistent with our findings.

It would appear that the best targets for detecting H] emis-
sions are planets orbiting close-in to active stars with high XUV
irradiances (such as AD Leo or AU Mic). However, this may
not be the case: in the closest planets orbiting the most active
stars, we have found that the H layer is pushed to higher pres-
sures than for planets in the stable escape regime at larger orbital
distances (see Sect. 3.5). At these higher pressures, it is likely
that the presence of heavy species (not yet included in our mod-
els) will destroy HJ. This means that in particular for EGPs at
small orbital distances from AU Mic and AD Leo, the values of
output power from HJ presented here are likely overestimated.
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Fig. 11. Total H} emission power from EGPs orbiting various stars at
different orbital distances.

Therefore we did not determine H3 emissions from an EGP at
0.1 AU from AU Mic.

Past observational campaigns have failed to detect these
emissions from hot Jupiters. Shkolnik et al. (2006) observed six
low-mass stars (of type F, G, K, and M) using the NASA Infrared
Telescope Facility’s Cryogenic Near-IR Facility Spectrograph
(CSHELL). They determined emission limits for each observed
system. The lowest limit they found is 6.3 x 10'7 W for GJ436b,
a hot Jupiter orbiting an M dwarf located at 10.2 pc from Earth.
According to our calculations, the emission limits set by the ob-
servations made by Shkolnik et al. (2006) are too high to detect
HJ emissions.

Measurements of planetary absorption line depths as low as
10~* with respect to the stellar continuum are becoming pos-
sible with ground-based high-resolution spectrographs such as
CRIRES on the VLT (see e.g. de Kok et al. 2013; Brogi et al.
2012). Based on our model predictions for H;’ emissions, we €s-
timate the planetary emission to stellar continuum contrast to be
approximately 7 X 1077 for a planet at 0.2 AU from a star sim-
ilar to AD Leo, dropping to 3 x 1078 at 1 AU from the same
star. These estimates are based on the 3.534 um R(3, 3-) line,
for a spectral resolution of about 100000 and on the simplistic
assumption that the planet’s continuum emission can be approx-
imated to first order by a black body at the equilibrium tempera-
ture. Therefore, even accounting for gains by observing multiple
lines, the detection of H;’ emissions from EGPs is not possi-
ble with current technologies. The difficulties are further com-
pounded by the relatively small number of H] emission lines
(of the order of tens rather than thousands as in the case of CO
absorption lines) that does not lead to the same gain in the cross-
correlations. Furthermore, simulations by de Kok et al. (2013)
suggested that signatures from emission lines might be more dif-
ficult to retrieve than from absorption lines (see their Fig. 5).

A number of recent studies (Snellen et al. 2015; Kawahara
et al. 2014; see also Sparks & Ford 2002) have suggested dif-
ferent methods to combine high spatial and high spectral reso-
lution imaging techniques, with simulations suggesting contrast
improvements of between a factor of 100 and 1000 depending on
the technique and planet-star configuration. If these are indeed
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realised, line contrasts as low as 107 will become detectable
and bring direct detections of HJ in planetary systems such as
the ones modelled here within our reach.

The presence of strong aurora may also increase the de-
tectability of IR emissions from EGPs. There are currently no
constraints on exoplanetary magnetospheres, but it is possible
that these could induce emissions similar to the powerful auroral
emissions seen at Jupiter (e.g. Radioti et al. 2013; Miller et al.
2006).

5. Conclusion

This paper builds upon Chadney et al. (2015), where the authors
discussed the neutral atmosphere and escape regimes of EPGs
around these stars. Here, we have studied the ionised region of
EGP upper atmospheres by applying an ionospheric model to
planets irradiated by XUV radiation from the Sun at solar mini-
mum and maximum, as well as with the stars € Eri, AD Leo and
AU Mic. As in solar system gas giants (e.g. Moore et al. 2004,
2009), we found that the dominant ions in the EUV-driven part
of the ionosphere on EGPs are H" and HJ. In planets orbiting
at large orbital distances, the upper atmosphere is in the “stable”
regime (i.e. undergoing Jeans escape). In this situation, there is
a region in the lower ionosphere where HJ is the dominant ion
species. Peak H} number densities are reached in layers where
stellar soft X-ray fluxes are absorbed, whereas the peak in H* is
located in the EUV heating layer. Thus the highest value of ny;
is determined by stellar soft X-ray flux levels and the highest
value of ny+ is determined by stellar EUV flux levels. This is a
noteworthy difference, since stellar fluxes in the X-ray and EUV
bands scale differently with stellar activity (see Chadney et al.
2015).

As the XUV stellar flux is increased, whether because of a
more active star or a smaller orbital distance, atmospheric tem-
peratures and flux levels become high enough for the planet to
shift to a regime of hydrodynamic escape (see Chadney et al.
2015). This leads to a change in temperature profile (a very
large temperature peak is formed) and neutral density structure
(molecular hydrogen is fully dissociated above a certain pres-
sure level within the ionosphere). In this situation, the H} peak
is pushed to higher pressures, mainly as a result of the increased
photo- and electron-impact ionisation of H* at higher pressure
levels (H3 is destroyed though recombination with the increased
number of electrons). At high enough stellar flux levels, H is
the dominant ion throughout the modelled region of atmosphere.
Any peak in H; would then be confined to pressures below the
lower boundary of the model, where it is likely destroyed though
reactions with heavy species (e.g. water, hydrocarbons).

We here calculated the photo-electron energy degradation
to determine ionisation by photo-electrons. This has not been
included before in EGP studies, and we showed that this con-
siderably affects ionisation below 10 nbar, where it is the dom-
inant form of ionisation, pushing the ionosphere to lower alti-
tudes than previously assumed.

The H} IR emissions we predict from EGPs around active
stars are higher than for planets orbiting at the same distance
from a star of similar age to the Sun. However, the emissions
may still be too low to be detected by the current technologies.
The past focus on detecting these emissions from hot Jupiters
might not be the optimum strategy. It relies on the assumption
that closer orbiting EGPs will have higher column densities of
HJ and higher temperatures, leading to higher emissions. This
assumption is valid in a pure H/H,/He atmosphere, such as that

considered in this study. However, given that for EGPs orbit-
ing very close to their stars, we predict that HY is confined to
a layer at the bottom of the ionosphere, possibly below the ho-
mopause, it is likely destroyed by heavy species. The location of
the homopause is dependent on the value of the eddy diffusion
coefficient, which is not well known in exoplanets. The predic-
tions of HY densities in our simulations rely on the homopause
being located at a pressure of 1 pbar, meaning an eddy diffu-
sion coefficient K. lower than ~10°-10° m? s~!. Higher values
of K. will mean that hydrocarbons could be present in the H
layer. Therefore a detection of H] emissions would also place
constraints on K.

Given the low levels of H;’ emission that we predict, these
may be difficult to detect with current telescopes, even with
planets around active stars. However, new techniques involv-
ing high spatial and high spectral resolution may provide suf-
ficient planet-to-star contrast to allow a detection of H} emis-
sions. Despite this, other diagnostics of EGP ionospheres could
prove to be more promising in the near future, such as the de-
tection of radio emissions from magnetosphere-ionosphere cou-
pling (Nichols 2011). Although these observations have yet to
succeed for EGPs, radio emissions emanating from a brown
dwarf have recently been detected (Hallinan et al. 2015).
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