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Abstract

The interaction of exoplanets with their host stars causes a vast diversity in bulk and atmospheric compositions and
physical and chemical conditions. Stellar radiation, especially at the shorter wavelengths, drives the chemistry in
the upper atmospheric layers of close orbiting gaseous giants, providing drastic departures from equilibrium. In this
study, we aim at unfolding the effects caused by photons in different spectral bands on the atmospheric chemistry.
This task is particularly difficult because the characteristics of chemical evolution emerge from many feedbacks on
a wide range of timescales, and because of the existing correlations among different portions of the stellar
spectrum. In describing the chemistry, we have placed particular emphasis on the molecular synthesis induced by
X-rays. The weak X-ray photoabsorption cross sections of the atmospheric constituents boost the gas ionization to
pressures inaccessible to vacuum and extreme-ultraviolet photons. Although X-rays interact preferentially with
metals, they produce a secondary electron cascade able to ionize efficiently hydrogen- and helium-bearing species,

giving rise to a distinctive chemistry.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheric composition (2021)

1. Introduction

Exoplanets form and evolve under the influence of their host
stars. In the process, planetary atmospheres naturally arise and
modify under selective environmental constraints, providing an
astonishing diversity in compositions and physical and
chemical conditions. Our knowledge of exoplanets’ atmo-
spheres has improved dramatically over the past two decades
(e.g., Tsiaras et al. 2019; Giacobbe et al. 2021), spanning a
broad range of planetary types, comprising also gas and ice
giants and super-Earths. Just as it occurred for solar system
planets, an esoteric field of research is now becoming a major
area of interest to physicists and chemists.

Theoretical models are beginning to yield important insights
into the chemistry of exoplanetary atmospheres (e.g., Venot &
Agtndez 2015). While the chemical composition is at the
equilibrium in deep atmospheric layers (Madhusudhan et al.
2016), kinetic processes drive drastic departures from equili-
brium in the upper regions of an atmosphere and may also
involve the possibility of escape of its constituents to space
(e.g., Koskinen et al. 2014; King et al. 2018). The main kinetic
mechanisms affecting equilibrium chemistry are transport-
induced quenching and photochemistry. Here we use the term
photochemistry in a broad sense, including the effects of
ionizing radiation (usually called radiation chemistry). Photo-
chemical reactions dominate in the upper atmospheric layers, in
a range of pressure determined by the composition and the
stellar illumination.

In this work, we are mainly interested in the effects of the
stellar high-energy radiation on the upper atmospheric layers
of gaseous giants, occurring for pressures lower than
P~ 102-10"" bars. Some previous studies investigate the
impact of molecular photodissociation on chemical abundances
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(e.g., Moses et al. 2011; Molaverdikhani et al. 2019), while
others include the effects of photoionization processes and ion—
neutral chemistry (e.g., Garcia Muifioz 2007; Erkaev et al.
2013; Bourgalais et al. 2020), although in such a context just a
few contain extended chemical networks (e.g., Barth et al.
2021). Not many works include detailed descriptions of the
secondary electron cascade (e.g., Cecchi-Pestellini et al. 2006;
Shematovich et al. 2014). Additional ionizing sources, such as
cosmic rays and stellar energetic particles, are addressed in
Airapetian et al. (2016, 2017) and Barth et al. (2021), while
lightning and charge processes are discussed in Helling &
Rimmer (2019).

A key element in the accurate description of photochemistry
is the representation of the illuminating radiation field and its
energy dependence, including the energy tail extended into the
X-ray domain. Stellar radiation may present correlations among
the intensities in various spectral ranges (e.g., Sanz-Forcada
et al. 2011; King et al. 2018) and significant variations with
the stellar age impacting differently at different energies
(Micela 2002; Ribas et al. 2005). Thus, the wide dispersion
in radiation fields adopted in the literature is not surprising,
either in spectral ranges or in shapes. Some authors assume
observed spectra of specific stars, e.g., using Hubble Space
Telescope and XMM-Newton/Swift telescope (Barth et al.
2021), or the PHOENIX library (e.g., Kitzmann et al. 2018);
others scale the solar spectrum by means of coronal models
(e.g., Sanz-Forcada et al. 2011), as done by Chadney et al.
(2015), or exploit spectra taken from the Virtual Planetary
Laboratory, to investigate the effect of an increased stellar
activity (Shulyak et al. 2020). Stellar X-ray emission may also
be simulated through thermal bremsstrahlung (Lorenzani &
Palla 2001) and thermal emission of hot plasmas (e.g., Cecchi-
Pestellini et al. 2009; Locci et al. 2018).

Because of their high energies, extreme-ultraviolet (EUV)
and X-ray photons produce phenomena that cannot be caused
in any other of the lower-energy bands, regardless of their
larger fluxes. In atmospheres with solar-like composition, the
main interactions of EUV photons occur in the very upper
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Table 1
Chemical Species
Atoms Species
H, He H, He, H,
H, O 0O, O(1D), O,, 053, OH, H,0, HO,, H,0,
H, O, C C, C,, CH, CH,, CH3, CHy, CH,, C,H, C,H;, C,H,, C,Hs, C,Hg, HCO, CO, CO,, H,CO, C,HO,
CH;0, CH;0, ,CHO,, CH,0,, CH40,, CH,0OH, CH;0H, C,H;0, C,H,0, C,H,0, C,Hs0O
H,O,C,N N, N,, NH, NH,, NH;, N,H;, N,Hy, NO, N,0, NO,, NO3, N,0s, HNO, HNO,,HNO;, HCN,

Additional ions

CN, CNO, HCNO, HNCO, HCONH,, CH;N, C,H,N
Hi, HeH', H;0*

layers, while X-rays, due to their smaller absorption cross
sections, may penetrate much further downward. A unique
feature of ionizing radiation is that all the relevant processes are
dominated by a secondary, low-energy electron cascade
generated by the primary photoelectron (Maloney et al. 1996;
Arumainayagam et al. 2021). The effects produced by
secondary electrons are by far more important than the
corresponding ionization, excitation, and dissociation events
caused directly by X-rays (e.g., Locci et al. 2018). This is a
consequence of the large primary photoelectron energies. Such
secondary cascade keeps ionizing the gas (Cecchi-Pestellini
et al. 2006; Johnstone et al. 2018). At the end of the energy
degradation process, the residual energy incapable of providing
further excitation goes into the gas heating (Dalgarno et al.
1999; Cecchi-Pestellini et al. 2006). The global chemical effect
is a substantial rise in the ionization level, extending deeply
into the atmosphere. When the electron fraction in the gas
exceeds a few percent, electrons preferentially lose their
energies through electron—electron Coulomb interactions
(Dalgarno et al. 1999), so that too-large radiation fluxes
produce rather weak nonthermal effects.

In Section 2 we describe the model and the data needed to
describe specific representations. In Section 3 we present the
results for a model defined by standard assumptions in the main
physical and chemical parameters (e.g., X-ray luminosity and
metallicity), and we compare them to those stemming from
variations in such fiducial values. In Section 4 we discuss the
results and outline our conclusions.

2. Chemistry and Radiation

We have developed a one-dimensional thermochemical and
photochemical kinetics model to describe the vertical chemical
profiles of 128 selected species, including electrons (see
Table 1). All the neutral species listed in the table possess
singly charged, positive counterparts. No anions are included in
the network. The selected species consist of five elements—H,
He, C, N, and O—coupled through a network of 1978 chemical
reactions. The reaction inventory contains bimolecular, termo-
lecular, thermodissociative, ion—neutral, and photochemical
reactions. The latter include photodissociations, mainly due to
UV and EUV radiation, and photoionizations by EUV radiation
and X-rays. Specifically, we consider 617 neutral-neutral
reactions and 912 neutral-ion reactions for a total of 1529
bimolecular reactions, 40 termolecular reactions, 70 thermo-
dissociative reactions, and 127 photochemical reactions
including either dissociation or ionization processes; 212
neutral-neutral and termolecular reactions have been reversed.
The list of reactions is reported in the Supplementary Materials
available at https://doi.org/10.5281/zenodo.5638699.

The chemical evolution is described by the system of
differential equations

dni
dt

where n; is the number density of the ith species and P and L
are production and destruction terms referring to all chemical
and physical processes that produce and destroy the ith species.
They are therefore functions of all the species included in the
network of chemical reactions. The time derivative is to be
understood as comoving. Although the density-based solver
may be coupled to flow and energy equations, we do not
consider any motion within the fluid, with the chemistry
evolving in a static atmosphere. While vertical mixing (and
other motions) may indeed be important in the chemical
balance of planetary atmospheres (e.g., Moses et al. 2011;
Agtndez et al. 2014), we choose not to include atmospheric
dynamics (and, in general, any form of nonchemical perturba-
tion), to highlight the role of dissociating and ionizing radiation
as a source of chemical disequilibrium, and primarily the
relative importance of different spectral energy bands.

= P — niL;, (1

2.1. Photochemistry

Photochemical rates describing both dissociation and ioniz-
ation are computed as follows:

oo
B(r) = j; o (E)F (E, r)dE, ®)
th

where o(E) is the cross section associated with a specific
photoprocess, Ey, is the corresponding energy threshold, and F
(E, r) is the radiative flux at the altitude r in the atmosphere.
Ionizations must be supplemented by an additional term
including the effects of the secondary electron cascade

Buee = f Nyee (E)V(E) 0, (E) dE 3)

(e.g., Adémkovics et al. 2011; Locci et al. 2018), where v(E) is
the electron velocity, ng..(E) is the absolute number distribu-
tion of secondary electrons, and o,(E) is the energy-dependent
electron impact ionization cross section. Typically, such cross
sections have an asymmetric bell shape, with a threshold
around 10eV and a peak at 100-300eV, while declining to
small values around 1keV (e.g., Hudson et al. 2004).
Equation (3) includes also the contribution of Auger electrons
(see Locci et al. 2018). The number distribution of secondary
electrons depends on the inverse of the mean energy per ion
pair W (e.g., Cecchi-Pestellini & Aiello 1992), which is the
initial energy of the photoelectron divided by the number of
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Figure 1. The geometry of the radiation transfer in our model, with the
incoming radiation traveling horizontally. The zenith angle # identifies the
radial path along which the chemistry is computed. The vertical black arrows
indicate the pressures sampled along the photon path.

secondary ionizations produced as the particle comes to rest. In
a gas of solar-like composition, the limiting value of W at high
energies is ~35eV, while it is infinite at the ionization
threshold (Dalgarno et al. 1999). For this reason, the
contribution of the secondary electron cascade decreases
sharply when the energy approaches the Lyman continuum.
We compute W as a function of the energy of the primary
photoelectron, for different abundance ratios and electronic
concentrations as done in Cecchi-Pestellini et al. (2006), and
store them in a look-up table.

We use measured or calculated photoabsorption cross
sections (see, e.g., the online database Photoionization/
Dissociation Rates;' Huebner & Mukherjee 2015). In those
cases where data were not available, we approximate molecular
X-ray absorption cross sections by means of the cross sections
of the constituent atoms (Maloney et al. 1996; Yan &
Dalgarno 1997). The individual atomic cross sections are
taken from the compilation of Verner et al. (1996). Known total
cross sections provide support to such an assumption.
Photodestruction cross sections in lower-energy spectral ranges
have been taken from existing compilations (e.g., KIDA, the
Kinetic Database for Astrochemistry; Wakelam et al. 2015).

2.2. Radiative Transfer

We consider a one-dimensional geometry, in which a
stratified, cloud-free atmosphere is illuminated by a stellar
photon flux in the range between 3 and 10,000eV, and we
derive the chemistry along a direction defined by the zenith
angle 6 (Figure 1).

The radiation at any altitude r is obtained as

F(E, 1) = F(E)e ™", “)

where F,(E) is the stellar flux impinging at the (arbitrary) outer
boundary of the atmosphere and 7(E, r) is the total atmospheric

' https:/ /phidrates.space.swri.edu

Locci et al.
optical depth at the altitude r,
T(E, 1) = Y a(E)N,(r). (%)

1

In Equation (5), 0;(E) and N(r) are the total absorption cross
section and the column density of the ith species, respectively;
the latter depends on the zenith angle, and it is obtained by
integrating along the horizontal direction identified by the
corresponding radiation path, as illustrated in Figure 1.

2.3. Input Values and Boundary Conditions

We assume a planet with mass equal to half the Jupiter mass,
orbiting around a Sun-like star with solar bolometric
luminosity. The adopted stellar spectrum is a mosaic from
several sources. Low-energy wave bands, up to the Lyman
continuum, are described by a PHOENIX library model of a
G-type star (Husser et al. 2013), plus an Ly« emission line,
whose intensity is related to the X-ray luminosity (Linsky et al.
2020). The spectral luminosity (ergs ' eV™!) in the X-ray
domain (0.1-10 keV), Lx, is modeled exploiting Raymond-
Smith models for the thermal emission of hot plasmas
(Rayrr{ond & Smith 1977). The total X-ray luminosity (in
ergs ),

10 keV

Lx= [ Lx(E TOdE, )
0.1 keV

and the hardness of the spectrum (i.e., its temperature, T) are

free parameters.

EUV radiation (13.6-100eV) is difficult to determine
observationally, and its quantification is frequently based on
semiempirical models extended into the EUV domain from
either X-ray or UV observations (e.g., Chadney et al. 2015;
Fontenla et al. 2015). This can be done by reconstructing the
EUYV emission from Lya measurements (Linsky et al. 2014), or
through solar data from the TIMED/SEE mission (Chadney
et al. 2015), extrapolating them to XMM-Newton and Chandra
observations (King et al. 2018). We follow the approach put
forward by Sanz-Forcada et al. (2011), who derived an
expression relating the EUV and X-ray luminosities, based
on synthetic coronal models for a sample of main-sequence
stars. Since in the EUV energy range the spectral shape is
rather uncertain, we adopt a flat spectral distribution.

Ultimately, we adopt (1) a hot plasma thermal emission for
photon energies between 1 keV and 100 eV (X-rays), with the
integrated luminosity, Equation (6), and the plasma temper-
ature, Tx, being free parameters; (2) a constant spectrum (not
dependent on photon energy) in the EUV band 100
eV < E<13.6eV, whose luminosity scales directly with the
X-ray luminosity according to the Sanz-Forcada et al. (2011)
relation, Lgyy = 6.31 x 10* L)(()'%; (3) an Ly« profile at
10.2 eV, whose intensity is related to the X-ray luminosity by
the expression Liy, = 4.57 x 10'® L{* derived from data
reported in Linsky et al. (2020); and (4) a PHOENIX G-type
star model providing the flux in the UV spectral range between
3 and 13.6¢eV. This last portion of the stellar emission is the
only one depending on the star spectral type. In Figure 2, we
report the adopted illuminating radiation field, under some
assumptions on the brightness and hardness of the X-ray
component.

The temperature profile is not calculated self-consistently
within the code. We assume an isothermal atmosphere, where
the chosen value is a free parameter (e.g., the planetary
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Figure 2. Stellar emission F in the energy range between 3 eV and 10 keV.
Red line: Ly =1 x 107 erg s, Tx =03 keV; green line: Ly =1 x 1028
erg s7!, Tx = 0.5 keV; blue line: Ly =1 x 10*° erg s, Tx = 1 keV. In the
EUV band, we assume a flat spectral shape related to the X-ray luminosity by
the Sanz-Forcada et al. (2011) relation. In the inset, we report the portion
encompassing the Ly« line, which is also related to Lx (Linsky et al. 2020); the
asymmetry in the line profile stems out of the resolution with which we sample
the spectrum.

equilibrium temperature). While X-rays may give an important
contribution to the heating of hydrogen-rich planetary atmo-
spheres (e.g., Cecchi-Pestellini et al. 2009), we make such an
assumption, to avoid that temperature variations can influence
and entangle the impact of different spectral bands on the
chemical profiles. We consider a range in pressure extending
from P=1 x 10 bars to 1 x 10~'" bars. For each pair of
values P-T, the remaining derived atmospheric variables, e.g.,
density and altitude, are obtained by imposing hydrostatic
equilibrium.

We assume a solar chemical composition, with concentra-
tions taken from the compilation of Asplund et al. (2009). As
initial conditions, we take the gas in each layer to be neutral
and in atomic form. In Figure 3, we report the total
photoionization cross section, computed considering all the
elements present in the atmospheric gas in either neutral or
singly ionized atomic forms. This quantity is close to the
photoabsorption cross section in the upper end of the EUV
energy range and in the X-ray domain. Such a cross section
scales with the energy as o(E) c E~ 7 (Maloney et al. 1996),
with v=2.8. As a consequence, photons with larger energies
penetrate deeper into the atmosphere.

The zenith angle is chosen to be § = 60°, considered a good
approximation for the globally averaged profile (Johnstone
et al. 2018). We set the total X-ray luminosity to Ly = 1 x 10?
ergs ', and we select the spectral shape corresponding to a
plasma temperature T = 0.5 keV (see Locci et al. 2018). For
the atmospheric temperature we use the fiducial value
T=1000K, consistent with a planetary orbital distance
dp=0.045 au. Finally, we do not include mass flux entering
or leaving the system at the top and bottom boundaries.

All the assumptions reported above identify our reference
model (hereafter RF model). In the following, we will present
the molecular vertical distribution for the RF model. Next, we
will compare them to those obtained varying some critical
stellar and atmospheric parameters (see Table 2). Of particular
interest are those quantities affecting directly the transfer of

Locci et al.
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Figure 3. Total photoionization cross section (cm?) as a function of the energy
(eV) of the incoming photon. Red solid line: neutrals; green solid line: cations;
blue solid line: Compton ionization cross section (Locci et al. 2018); black
dashed line: straight-line approximation, ~ E~>%,

Table 2
Models and Model Parameters
Model Lx Tx EUV*  Z/Z., Notes
(x10%ergs™)  (keV) (Y/N)
RF 1 0.5 Y 1 Reference (default)

LA 0.1 0.3 Low stellar activity

HA 100 1.0 High stellar activity

NX 0 Y No X-rays

NE N No EUV radiation

uv 0 N Just near and
vacuum UV

NS No secondary
electrons

LM 0.1 Low metallicity

HM 10 High metallicity

Note.

? EUV and X-ray luminosities are related through the empirical scaling law
given in Sanz-Forcada et al. (2011); thus, a high X-ray luminosity corresponds
to a high stellar activity in both the EUV and X-rays spectral bands.

high-energy photons within the atmosphere, i.e., the stellar
activity and the metallicity. In order to understand the impact of
different radiation energy ranges, we include some pathological
unrealistic cases, e.g., suppressing the EUV spectral band or the
effects of the secondary electron cascade.

3. Results

The ionization rate and the electron production, together
with the rate of molecular dissociation (or dissociative
ionization), are direct manifestations of the impact of the
stellar energetic radiation on the atmospheric gas. We will
describe the results proceeding from the top to the bottom of
the atmosphere, i.e., for decreasing importance of photoche-
mical effects. The top panel of Figure 4 shows that in the
uppermost layers gas ionization is dominated by radiation in
the UV range, through valence ionization of atomic carbon
(11.3eV), and in the EUV spectral band, mainly via H
(13.6eV) and He (24.6eV) ionizations. In the upper atmo-
spheric layers the ionization is largely primary, while deeper
down in the atmosphere, P21 x 1078 bars, secondary
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Figure 4. Photochemical rates, and ion and electron profiles in the RF model.
Top panel: trends of different radiation-induced exit rates; bottom panel:
vertical distribution of normalized volume mixing ratios of atomic ions and
electrons.

ionization dominates, tracing the outbreak of X-rays. Although
secondary ionization rates are lower than those produced by
primary ionization, such residual ionization has a strong impact
on molecular chemistry, which otherwise would be mostly
driven by neutral-neutral reactions. This is a direct conse-
quence of the much deeper penetration of X-ray radiation in
atmospheres with solar-like composition. Photochemical
effects decline significantly at pressures larger than
~1073-10"2 bars. The vertical plateau in the cumulative
dissociation rate marks the appearance of molecular species,
which follows the drop of ionization.

In the bottom panel of Figure 4 we show the vertical
distribution of volume mixing ratios v of atomic ions,
normalized to the total concentrations of the corresponding
elements, 1. In a totally ionized gas, all normalized ratios tend
to v/ve = 0.5, a value that includes the electron contribution.
Also displayed in the bottom panel of Figure 4 is the electron
concentration, which follows closely the proton profile at the
lowest pressures. Increasing the pressure, going deeper into the
atmosphere, oxygen is the major repository of the ionization,
which is mainly induced by EUV radiation up to pressures
P~ 1077 when X-rays take over, ejecting core (and Auger)
electrons from the K shells of C (0.28 keV), N (0.40 keV), and
0O (0.53 keV), spotted by the spikes (or bumps) in the C, N, and

Locci et al.
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Figure 5. Optical depths of photons of different energies. Top panel:
distribution along the vertical pressure profile; bottom panel: pressure level
at which 7(E) =1 (blue line), 10 (green line), and 100 (red line). Labels
indicate the set of photon energies (eV) exploited in the top panel.

O profiles at pressures around P ~ 10~° bars. This is confirmed
by the onset of secondary ionization occurring approximately at
the same altitudes (as shown in the top panel of Figure 4).
Descending further, oxygen keeps controlling the ionization
through molecular ions (see the next section), up to pressures
P~1073-1072 bars, at which cloud formation should occur
(Madhusudhan 2019). Such trends reflect the behavior of the
ionization cross sections, with oxygen possessing the largest
ones in both the EUV and X-ray bands.

3.1. The Spectral Distribution of Radiation within the
Atmosphere

In the top panel of Figure 5 we show the resulting
atmospheric optical depth at different photon energies. Being
defined through Equation (5), the optical depth at a given
energy is sensitive to the concentration of a chemical species
and its ability to interact with radiation in that energy range. In
the topmost layers, the Ly« line central frequency is 0p7tically
thin. This line becomes thick (72 1) at P~5 x 107" bars.
When the pressure reaches the 10~ bar level, the optical depth
has increased by about 4 orders of magnitude, because of the
rising densities of molecular species (see the upper plateau in
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Table 3
Ton/Neutral Pressure Crossing Points (Bars)
Atom Model
RF LA HA LM HM NX NE?* NS

H 1.3(—10)° 2.0(—11) 1.8(-9) 1.6(—10) 1.3(—10) 1.3(—10) 1.3(—10)
He 8.9(—11) 2.0(—11) 3.1(-9) 1.6(—10) 8.9(—11) 8.9(—11) 8.9(—11)
C 6.9(—10) 1.4(—10) 5.4(-9) 5.5(—10) 7.0(—10) 6.9(—10) 6.9(—10)
N 8.5(—10) 2.1(—10) 6.7(-9) 8.4(—10) 8.6(—10) 8.5(—10) 8.5(—10)
(0] 8.3(—7) 8.3(—8) 1.3(—4) 1.7(—4) 3.4(-7) 6.5(—8) 2.0(-5) 2.0(—5)
Notes.

# A blank space indicates that the ion concentration is lower than that of the corresponding neutral throughout the atmosphere.

®13(-10) =13 x 107'°.

the dissociation rates; top panel of Figure 4). From this location
on, Lya radiation is virtually extinct; see the bottom panel
Figure 5, in which is shown the pressure at which a photon of a
given energy reaches the apical value of 7= 100. Higher-
energy photons (e.g., E = 14 eV, a value slightly larger than the
energy threshold of atomic hydrogen ionization) present optical
depths increasing rapidly up to pressures at which molecular
species begin to form, P~ 10> bars. There, most of the
hydrogen atoms are segregated in molecular compounds. We
find that, in general, EUV radiation is totally removed starting
from P> 10 ¢ bars. Higher-energy radiation is progressively
damped with increasing pressure, but still capable of
maintaining a chemically significant ionization level. Around
P~ 10" bars, the gas (now predominantly molecular) is
illuminated by X-rays with energies E 2 300eV, which are
able to penetrate quite easily through the atmospheric layers,
reaching very low altitudes. As we already pointed out, since
photoionization cross sections scale with a negative power of
the energy, the photon penetration depth increases with the
energy. However, in the energy range exploited in this work,
photons do not penetrate much lower than 0.1-1 bars
(depending on the illumination), where other phenomena
(e.g., dynamics) may be dominant.

3.2. The Atomic and Molecular Distributions

The atmospheric gas-phase abundances for our RF model are
presented in Figure 6, for a selected number of atomic or
molecular species, in either neutral or ionized forms.

As evident from Figure 6 (left panel), recombination of
atomic ions to neutrals occurs rather high in the atmosphere for

Hand He, P < 10710 bars, while C and N follow at a bit higher
pressures P < 10~? bars. Neutral oxygen reaches the concen-
tration level of O much more in depth, P ~ 107° bars, as the
K-shell ionization rate declines. These transition regions
depend on the physical and chemical conditions of the
atmosphere, as reported in Table 3, in which we summarize
the pressure crossing points between ions and neutrals for all
the atoms present in the network. Together with the RF model,
we report the crossing points for most of the models listed in
Table 1. It is worthwhile to recall that in the NX model the
EUV spectral band is present and identical to that of the RF
model. The first evidence stemming from these results is that at
the topmost altitudes ionizations are entirely driven by EUV
radiation. In fact, no crossing point exists when EUV radiation
is suppressed (NE model), and no deviations from the results of
the RF model appear in the NX (no X-rays) and NS (no
secondary effects) models. Oxygen is the exception, exhibiting
a crossing point in the NE model, suggesting that although
EUV radiation is still the dominant driver of primary
ionization, X-rays begin to contribute (see the NX model).
Moreover, secondary ionization appears to be rather effective
(NS model).

These trends are due to the different photon penetration
depths with higher-energy photons penetrating deeper into the
atmosphere. Since the oxygen K-shell ionization threshold is
located at larger energies than those of carbon (AE ~ 200 eV)
and nitrogen (AE ~ 100 eV), ionization events are produced at
lower altitudes, at which the EUV radiation has began to be
significantly damped. As X-rays are extremely sensitive to the
presence of metals, variations in the metallicity may impact on
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Figure 7. The C*/C/CO transition.

the atomic ions’ distribution. We find that while C and N are
scarcely affected, oxygen concentration responds quite appre-
ciably to variations in the metallicity (LM and HM models).
Increasing the stellar activity, both EUV and X-ray band fluxes
increase (together with that of the Ly«). However, since their
relation is almost linear, NLQSG (Sanz-Forcada et al. 2011),
while the attenuation is exponential (see Equation (4)), the
increase in the activity extends the region dominated by X-rays
far beyond that in which EUV radiation matters. The net effect
is an increase of the X-ray influence over the ionization (HA
model). We also note that some elements (e.g., oxygen) may
have additional deeper crossing points, due to the interplay of
chemical reactions.

Recombination of hydrogen ends up in the formation of H,
(the most abundant species), and at larger pressures also
nitrogen becomes molecular. Once the concentration of O
declines, major repositories of oxygen are carbon monoxide
and water. In a limited range of pressure (P ~ 10~ °~10~° bars)
the neutral carbon concentration encompasses all carbon nuclei,
giving rise to a well-defined C*/C/CO transition (Figure 7),
characteristic of interstellar photodissociation regions (e.g.,
Sternberg & Dalgarno 1995). In interstellar conditions (i.e., no
radiation with energy higher than the Lyman continuum),
however, neutral atomic carbon is typically underabundant. In
gas subjected to high-energy photon irradiation, oxygen
ionization is much more extended than that of carbon, and
CO formation is delayed toward higher pressures, allowing the
neutralization of carbon ions. At the same pressure level as CO,
H,0 begins to form. Its formation rate is partially inhibited by
the ionization content of the gas, while its destruction is mainly
powered by UV radiation. Ammonia and methane increase
their abundances deep in the atmosphere (Figure 6(b)),
although in lower concentrations than CO and H,O.

As secondary ionization starts to dominate the electronic
content, i.e., when photochemistry is mainly driven by X-rays,
heavy molecular ions begin to form. These species are less
abundant than neutral species, reside at intermediate altitudes in
the atmosphere (P~ 10~ =102 bars), and are mostly depen-
dent on radiation chemistry. One of the most abundant is the
hydronium ion, H;0™, resulting from the protonation of water.
The absence of H,O" suggests an active proton-transfer
chemistry, Hj + H,O — H3;0* + H,. Hi depends on the
electron content, as its formation occurs through
H, + Hf — Hf + H, and the dihydrogen cation, Hj, is

Locci et al.
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Figure 8. Vertical density profiles of electrons and their major contributors
under the conditions of the RF model (solid lines). Black symbols indicate the
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Figure 9. The vertical distribution of some C-H-bearing species including
hydrogen cyanide (HCN) in the RF (solid line) and NX (dashed lines) models.

formed mainly by electron impact ionization of H, (15.4 eV),
at altitudes where EUV radiation is suppressed. Hj is a
universal protonator, initiating a chain of ion—neutral reactions
that is responsible for the formation of many molecular ions,
such as HCO™, coming from protonation of CO.

In Figure 8 we report the major indicators of the gas electron
content. As discussed in the previous section, with increasing
pressures, first hydrogen and then oxygen are the dominant
providers of electrons. At lower altitude, the abundance profile
of the hydronium ion (together with other metal molecular ions,
e.g., NH") appears to be tightly correlated with the electron
distribution, for reasons related to the H;O" formation channel
(see the previous section).

The methylidyne radical (CH) and cation (CH") and the
hydrocarbons acetylene (C,H,) and ethylene (C,H,) show
relatively large densities. Hydrogen cyanide (HCN) is also
abundant. The concentration profiles of these species are
reported in Figure 9. All of these molecules are positively
sensitive to X-ray radiation, without which their abundances
would be basically confined toward the bottom of the
atmosphere. Photochemistry boosts their abundances upward
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Figure 10. Atmospheric concentrations arising from different assumptions on the illuminating stellar high-energy flux. RF model (Lx =1 x 10® ergs™', Tx = 0.5
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X-rays): blue lines; UV model (no radiation with energy higher than the Lyman continuum): green symbols; NE model (no EUV radiation): black symbols.

at altitudes at which haze formation is expected, P~ 10—
10~ bars (Madhusudhan 2019).

3.3. Varying the Stellar Activity

As we have seen, chemistry may be sensitive to the effects of
the different types of high-energy radiation. The characteristics
of atmospheric chemical evolution emerge from many feed-
backs on a wide range of timescales. Identifying and
quantifying these processes is an essential step in the predictive
outcome of our chemical modeling.

In Figure 10 we show the modifications in the abundances of
a set of representative species, in response to different

assumptions on the intensity of the stellar ionizing radiation,
i.e., in our context, the radiation of energy higher than the
Lyman continuum. We find a clear separation in the response
of molecular vertical profiles yielding two distinct trends, with
some species having their abundances reduced by the increase
in the stellar activity, while others have them enhanced. In the
first group we find (among others) H,, N,, water, carbon
monoxide, and CO,. We recall that we parameterize the stellar
activity through the X-ray luminosity, which in turn determines
the intensity in the EUV spectral band and Lya line. Thus, it
may happen that for some species the X-ray luminosity acts just
as a tuning parameter, e.g., enhancing the EUV intensity, but
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without effectively contributing to the chemistry. This is the
case for molecular hydrogen, whose response to a different
degree of stellar activity is driven entirely by EUV radiation,
being practically insensitive to X-ray irradiation. This is easily
understood on the base of the values assumed by the H,
photoionization cross section (y~ 3.2) at the thresholds of
EUV and X-ray spectral bands

32
om,(13.6 V) N ( 100 ) ~ 600. A

o, (100 eV) 13.6

However, deeper in the atmosphere, H, may present a residual
ionization produced by collisions with the secondary electron
cascade generated by X-rays.

The dependence of N,, water, and carbon monoxide and
dioxide abundances on the X-ray flux is instead real, as traced
by the overlapping of their vertical profiles in both the RF and
NE models. While CO is scarcely affected by UV radiation
(UV model), water and CO, (Venot et al. 2018) may be
efficiently dissociated by UV radiation, in particular in the
energy range close to the Ly« line because of its great relative
intensity. This is evidenced by the fall of H,O and CO, profiles
for pressure lower than ~10~° bars in UV and NX models. Due
to the larger concentration of O™, both water and carbon
monoxide formation rates reduce with increasing ionization,
and indeed they decline with increasing stellar activity; see the
drop of CO and H,O densities at pressures as large as P > 10>
bars in the high-activity case (HA model). Moreover, the
density profile of water does not show any change in the slope
of its horizontal part, as compared to atmospheres with lower
X-ray illuminations (LA and RF models). This means that the
reduced water content is due to a shortage in reactants, rather
than direct Ly« photodestruction. Even if in our model the Ly«
intensity grows with the X-ray luminosity, the horizontal
plateau in the abundance of water occurs at altitudes
sufficiently low to make the UV radiation efficiently shielded
(see Section 3.1). The CO formation rate is affected by X-rays
similarly to water.

For the remaining neutral species and the molecular ions, the
X-ray luminosity boosts their abundances as their formation
channels increase with the electron content, or the products of
dissociation. UV and EUV radiation play minor roles, as
evidenced by the overlap of molecular profiles in the outcomes
of NX and UV and the RF and NE models, respectively.
Because of ionization, ammonia and methane benefit from
additional sources of NH, and CHj, respectively. This occurs
through chains of hydrogen abstraction, starting from NH" and
CH' and ending up with the formation of NH3 and CHZ. At
this stage, the chains are broken by electron dissociative
recombination.

Hi and HeH" show different trends in the upper atmo-
spheric regions, where EUV radiation provides an additional
exit channel through electron dissociative recombination. As
already mentioned, H, electron impact ionization, whose rate
increases with the X-ray luminosity, provides a significant
source of H} and then H7 ions. Other molecular ions benefit on
some level from electron impact chemistry (see HA model).

3.4. The Role of Metallicity

Metallicity affects the chemistry in a relatively simple way,
as molecular abundances scale with the mutual amount of the
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Figure 11. Metallicity-dependent electron density profiles in the atmosphere.
RF model: red line; LM model: green line; HM model: blue line.

elements. However, since the gas photoionization cross section
depends significantly on the presence and the concentrations of
heavy elements, the degree of ionization is affected by
variations in the elemental composition, yielding consequences
in the molecular distribution.

In Figure 11 we report vertical profiles of the electron
number density for three representative values of the
metallicity, namely, the RF model, Z/Z, =0.1 (LM model),
and Z/Z., = 10 (HM model). The outer atmospheric layers do
not show appreciable variations, as most of the electrons are
provided by the photoionization of hydrogen. Since X-rays are
more rapidly removed in the HM case, from P~ 10" bars
down to P~ 10> bars the ionization initially increases with
increasing metallicity, until the X-ray intensity declines
appreciably, and the electron content falls sharply. The
horizontal plateau in the electron density at P> 10 ° bars
(RF and HM models) is, in fact, the response to the exponential
decrease of the flux (see Equation (4)), while formation of
H3;0" provides a new source of electrons that temporarily
brakes the fall of the ionization content of the gas down to
P~10" bars (see the next section). In the LM case, for
opposite reasons, facilitated X-ray penetration favors the
increase in the electron density at lower altitudes, making their
vertical density profile much smoother.

Neutral species are affected at various degrees. For instance,
the abundances of water are marginally perturbed, while CO
and CO, may delay their formation up to a few orders of
magnitude in a small range of pressures (Figure 12). While the
fall in the water abundance is started by UV radiation (mainly
Lya), the coincidence of the electron and CO densities, at the
change of slope of the CO profiles, suggests that X-rays are
responsible for CO removal. This simply reflects the decay of
oxygen ionization due to X-rays, as is apparent by the
overlapping of the profiles of O" and electrons (see
Figure 8). In other words, increasing the altitude, CO is not
destroyed, but stops to form efficiently. Since metallicity
affects the penetration of ionizing radiation, the abundances of
CO differentiate significantly in the three cases shown in
Figure 12, due to the shift of the electron, and thus ot
abundance profiles toward lower values (P~ 10~ bars; see
Figure 11).
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electron profiles; colors indicate the same models as in the case of molecular species.

4. Discussion and Conclusions

In this work we present an analysis of chemical processes
induced by high-energy radiation, in a planetary atmosphere of
solar-like composition. In particular, one of the major efforts in
our investigation is the attempt to unfold the effects carried out
by photons in different spectral bands. These effects frequently
appear entangled and mixed by the interplay of chemical
reactions, which provide a convolved response to radiation in
the resulting molecular abundances. Such a quest is made even
more difficult by the existing correlations among different
portions of the stellar spectrum.

The spectral distribution of radiation within the atmosphere
reflects the underlying photochemistry. While EUV radiation
sets up the chemical (mainly atomic) distribution in the upper
atmospheric layers, interacting predominantly with hydrogen-
and helium-bearing species, its driving role tends to fade in
favor of X-rays, more sensitive to the presence of heavy
elements. We may place such a “boundary” at the location
where carbon and oxygen are eventually bound into carbon
monoxide molecules, i.e., at pressures (RF model) P ~ 1077
bars. Of course, no unique and sharp separation exists between
EUV- and X-ray-dominated regions, and their mutual extent
and overlapping depend on the elements involved, reaction
rates, and the physical and boundary conditions.

The major conclusion of the present work is that X-rays are a
fundamental ingredient in the chemistry of planetary atmo-
spheres of gaseous giants. X-rays with their weak photoioniza-
tion cross sections may push the gas ionization to pressures
inaccessible to lower-energy radiation. Although X-rays
interact preferentially with metals, the produced secondary
electron cascade may collisionally ionize also hydrogen- and
helium-bearing species, and this occurs at altitudes far below
the ones UV and EUV photons may penetrate.

X-ray irradiation supplies molecular ions that give poten-
tially observable signatures of the atmospheric ionization. A
specific example is H;O™", produced through protonation of the
water molecules. The presence of abundant stable species
inhibits routes involving hydrogen abstraction chains, such as
the one related to the hydronium ion, initiated by the formation
of the hydroxyl cation OH™, which can react with molecular
hydrogen to form H,O" and then H;O". As the major
formation channel is H,O + Hi — H;O" + H, the abundance

10

of the hydronium ion is related to that of H3, which in turn
depends on that of HJ, produced by the electron impact
ionization of H,. As a consequence, for each hydronium ion,
one electron is produced. Since ionization of H, at those
altitudes is the main source of electrons, this explains the tight
correlation between the abundance profile of H;O" and the
electron concentration.

Chemical effects are not solely benign, as strong X-ray
irradiation lowers appreciably the upper boundary of the
residing regions of abundant species, such as water, CO, and
CO, (from P~ 107 bars (RF model) to~ 10> bars (HA
model)). At the same time, however, ammonia and methane
increase their concentrations. The same occurs for hydrocar-
bons and HCN, which constitute the chemical base for
photochemically generated hazes. Such hazes are of particular
interest, as they may serve as a source of organic materials for
potential chemical evolution of life on a planet (He et al. 2020).
Although life is not certainly expected to originate in giant hot
planets, this chemistry may provide information on the relevant
reaction routes.

In conclusion, we have shown that stellar high-energy
emission, in particular X-rays, may drive important changes in
the mixing ratio profiles of atmospheric species. The strongest
impact on the chemistry is expected in planets orbiting stars of
young ages that have the highest level of chromospheric
activity. However, as the lowest adopted value of X-ray
luminosity Ly = 1 x 10%” ergs~' is typical of old stars (e.g.,
Schmitt & Liefke 2004), all the planets within a distance from
the star <0.05au are affected by EUV and X-ray stellar
radiation during their entire life.

Finally, we note that stars are variable in time, and they may
be subjected to flares and other impulsive phenomena that
increase their emissions for a limited amount of time. These
periods of high activity may increase photochemical and
ionization rates and thus impact atmospheric chemistry (e.g.,
Venot et al. 2016), and even provide persistence in the products
of chemistry (Chen et al. 2021). The present analysis thus
needs to be extended to erratic stellar emission.
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