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ABSTRACT

Hot Jupiters provide valuable natural laboratories for studying potential contributions of high-
energy radiation to prebiotic synthesis in the atmospheres of exoplanets. In this fourth paper
of the MOVES (Multiwavelength Observations of an eVaporating Exoplanet and its Star)
programme, we study the effect of different types of high-energy radiation on the production
of organic and prebiotic molecules in the atmosphere of the hot Jupiter HD 189733b. Our
model combines X-ray and UV observations from the MOVES programme and 3D climate
simulations from the 3D Met Office Unified Model to simulate the atmospheric composition
and kinetic chemistry with the STAND2019 network. Also, the effects of galactic cosmic
rays and stellar energetic particles are included. We find that the differences in the radiation
field between the irradiated dayside and the shadowed nightside lead to stronger changes in
the chemical abundances than the variability of the host star’s XUV emission. We identify
ammonium (NH 4+) and oxonium (H3O+) as fingerprint ions for the ionization of the atmosphere
by both galactic cosmic rays and stellar particles. All considered types of high-energy radiation
have an enhancing effect on the abundance of key organic molecules such as hydrogen cyanide
(HCN), formaldehyde (CH,O), and ethylene (C,H,). The latter two are intermediates in
the production pathway of the amino acid glycine (C,H;NO,) and abundant enough to be
potentially detectable by JWST.

Key words: planets and satellites: individual: HD 189733b — planets and satellites: atmo-
spheres — planet—star interactions

1 INTRODUCTION well studied (e.g. Helling et al. 2016; Lines et al. 2018; Drummond

t al. 2020; Odert et al. 2020, and ref therein). Vari
HD 189733b (Bouchy et al. 2005) orbits an active K dwarf <. - ert et and references therein). Various

lecules have been detected in the planet’s atmosph f;

(HD 189733 A, hereafter HD 189733) at a distance of 0.031au oo on oo JAve Deen detected { Fie pranct s almospicre so ft,
d is the ol ‘1 itine hot Jupiter to Earth and ticularl including HZO (Grillmair et al. 2008; Birkby et al. 2013; Crouzet

and 15 the closest transiting hot Juptter o Larth and particuiarly et al. 2014; Todorov et al. 2014; McCullough et al. 2014), CH,

(Swain et al. 2014), and CO (Désert et al. 2009; de Kok et al. 2013;
Rodler et al. 2013). However, thick clouds and photochemical hazes
* E-mail: pb94 @st-andrews.ac.uk obscure the deeper layers of the atmosphere where other molecules
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are expected to be present (Gibson et al. 2012; Deming et al. 2013;
Pont et al. 2013; Helling et al. 2016; Iyer et al. 2016; Zahnle et al.
2016; Kirk et al. 2017). Characterization of these deeper atmo-
spheric layers therefore requires computational models that take
into account various types of radiation and gas transport mecha-
nisms. Such simulations are particularly important for unravelling
the role of atmospheric processes in prebiotic reactions that may po-
tentially lead to the establishment of a living biosphere. Although
life is not expected to originate on hot Jupiters, the wealth of obser-
vational data collected from these objects over recent years make
them ideal natural laboratories for improving our understanding of
fundamental gas phase reactions on extrasolar worlds.

In previous work, Moses et al. (2011) carried out photo-
and thermochemical kinetics simulations of the atmosphere of
HD 189733b with a neutral H/C/N/O network, showing an enhance-
ment of NH; and CH,, due to transport-induced quenching in the
middle layers of the atmosphere. In the upper atmosphere, photo-
chemistry enhances the abundances of atomic species, unsaturated
hydrocarbons, nitriles, and radicals. More recent studies by Venot
etal. (2012, 2020) with a chemical kinetics network that is validated
by experimental data showed differences in the abundance of NH,,
HCN, and CH, due to different quenching pressures. Some work
has also been done to investigate the effects of high-energy radia-
tion. For example, Venot et al. (2016) studied the influence of stellar
flares on the chemical composition of exoplanets at the example of a
sub-Neptune/super-Earth-like planet orbiting an active M star. They
found that individual and recurring flares can irreversibly alter the
abundances of key molecules such as H or OH. However, in their
simulations they only considered flares in the stellar radiation and
not the effect of charged particles which could be associated with a
stellar flare. In contrast, Segura et al. (2010) included the effect of
stellar particles into their simulations to study the effect of flares on
the oxygen-rich atmosphere of an Earth-like planet orbiting an active
M star in its habitable zone. They found that such flares can severely
deplete the ozone layer over several decades, which illustrates the
importance of including energetic particles in realistic atmospheric
chemistry models. Chadney et al. (2017) studied the effect of stellar
flares on the upper atmosphere (p < 10~%bar) of HD 189733b and
HD 209458b where they found an enhancement in the electron den-
sities of a factor of 2.2 — 3.5. However, while this study provided an
estimate on the mass loss rate due to a stellar proton event, and also
took into account photoionisation and electron-impact ionisation of
H and He, the effects of stellar energetic protons on atmospheric
chemistry were not explored.

This paper is part of the MOVES collaboration (Multiwave-
length Observations of an eVaporating Exoplanet and its Star, P1
V. Bourrier) which aims to characterize the complex and vari-
able environment of the HD 189733 system. In MOVES 1, Fares
et al. (2017) studied the evolving magnetic field of the host star
HD 189733, an active K dwarf. They used spectropolarimetric data
to reconstruct the magnetic field of the star and study its evolu-
tion over nine years. Kavanagh et al. (2019) (MOVES II) used
these results to perform 3D MHD simulations of the stellar wind of
HD 189733 and to predict the radio emission from both the planet
and the star. The models predict that the planet experiences a non-
uniform wind with the wind velocity and particle number density
varying by up to 37 % and 32 %, respectively. Bourrier et al. (2020)
(MOVES III) confirmed the variable HI escape from HD 189733b
(Lecavelier des Etangs et al. 2012; Bourrier et al. 2013), and used
HST, XMM-Newton, and Swift data to derive semi-synthetic XUV
spectra of the host star that we use for our simulations (Section 3.2).

In our study, we use these semi-synthetic XUV spectra to in-

vestigate the effect of stellar X-ray and UV (XUV) radiation, as
well as the effects of stellar energetic particles (SEP) and cosmic
rays (CR) on the atmospheric chemistry of HD 189733b. First, in
Section 2 we introduce the chemical kinetics network STAND2019
(Rimmer & Helling 2016, 2019; Rimmer & Rugheimer 2019) which
we used for our simulations. In Section 3 we discuss the atmo-
spheric pressure-temperature profiles and the parameterization of
the different sources of high-energy radiation before we present the
resulting abundances of neutral and charged molecules at the sub-
stellar and antistellar point (Section 4). We put particular emphasis
on the effect of high-energy radiation sources on the ionization of
the atmospheric gas as precursor for the formation of a magneto-
sphere. Furthermore, we explore the possible production of prebi-
otic organic molecules in giant gas planets as the atmosphere of
HD 189733b provides a potentially observable laboratory for the
onset of prebiotic synthesis.

2 APPROACH

We use the chemical kinetics network STAND2019 (Rimmer &
Helling 2016, 2019; Rimmer & Rugheimer 2019) to simulate the
influence of XUV radiation and cosmic rays on the atmospheric
chemistry. STAND2019 is an H/C/N/O network with reactions in-
volving He, Na, Mg, Si, Cl, Ar, K, Ti, and Fe. It contains all reactions
for species of up to six H, two C, two N, and three O atoms and
is valid for temperatures between 100 and 30000 K. The network
has been benchmarked against modern Earth and Jupiter (Rimmer
& Helling 2016), as well as hot-Jupiter models (Tsai et al. 2017;
Hobbs et al. 2019). The full network is available in the supplemen-
tary materials.

STAND2019 uses a 1D photochemistry and diffusion code
ARGO which requires the following inputs:

(i) pgas — Tgas profile of the atmosphere

(ii) Vertical eddy diffusion coefficient profile K,

(iii) Atmospheric element abundances

(iv) Boundary conditions at the top and bottom of the atmosphere
(v) Actinic flux at the top of the atmosphere

(vi) Chemical network (STAND2019)

(vii) Initial chemical composition

ARGO follows a single gas parcel while it moves up- and downwards
through the atmosphere due to eddy diffusion. The kinetic gas-phase
chemistry has no feedback onto the initial (7gas, pgas)-profiles.
The model consists of two parts: a chemical transport model
that considers ion-neutral and neutral-neutral reactions and a model
calculating the chemical rate constants for photochemistry and cos-
mic rays. The gas-phase number densities, n;, are determined by 1D
continuity equations (Rimmer & Helling 2016, 2019),
e 0
where n; is the number density of species i, P; is the rate of pro-
duction and L; the rate of loss of species i (both in cm ™3 sfl).
0;‘;" is the vertical change in the flux ®;[cm~2s~!] due to Eddy
and molecular diffusion. Ambipolar diffusion is not included in the
model. In the presence of a magnetic field, this type of diffusion
might slow down vertical mixing but as long as the degree of ioni-
sation remains low the effect on the chemistry is not expected to be
large. For strongly ionized atmospheres, ambipolar diffusion can be
parameterized to represent the electron-induced electric field that is
acting on the ions.

MNRAS 000, 1-15 (2020)
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Table 1. New reactions added to STAND2019. The full network is available in the supplementary materials. Note that reverse reactions are not included in the

network file.

Number Reaction Class® a B ¥ Source
627 Cl*+e” —>Cl T 343 x 107 377 0 Reaction no. 623¢
628" Cl*+e —Cl T 1077 0 0 Reaction no. 624¢
1406 C,N+H—> HCN +C A 2 x 10710 0 0 Loison et al. (2014)
1407 CNC +H — HCN + C A 2 x 10710 0 0 Reaction no. 1406
3072 C3+ +e” — C2 +C U 3x 1077 -0.5 0 OSUb, Loison et al. (2017)
3085 Cl* +e- — Cl RA 1.13x 10710 07 0 osu?

¢ reaction classes: T — Three-body recombination reactions, A — Neutral bimolecular reactions, U — Dissociative recombination reactions, RA — Radiative
association reaction, ! low pressure regime, * high pressure regime, ¢ rates adopted from corresponding reaction with Na*, » Ohio State University chemical
network (Harada et al. 2010).

The source and sink term P; and L; in Eq. (1) describe two-
body neutral-neutral and ion-neutral reactions, three-body neutral
reactions, dissociation reactions, radiative association reactions, as
well as thermal ionization and recombination reactions. In total,
the version of STAND2019 used in this study includes 3085 for-
ward reactions with 197 neutral and 224 ion species and is included
in the supplementary material (note that the reverse reactions are
not included in the available network file). The network is a mod-
ified version of STAND2019 (Rimmer & Helling 2019; Rimmer
& Rugheimer 2019) which itself is a new version of the original
STAND2015 network (Rimmer & Helling 2016). In the following,
we will describe the changes made to the network for this work
which are summarised in Table 1.

2.1 Additions to the network

One of the cosmic ray ionization reactions in STAND2019 leads to
the production of CI*, but until now the network has not included
any destruction reactions for C1*, leading to an overestimation of
the abundance of this ion. We therefore have added additional pro-
duction and destruction reactions for Cl1*:

Cl+M — Clt4+e +M, 2)
ClT+e +M — ClI+M, 3)

where M represents a not defined third body. As there are no pub-
lished rate coeflicients for these reactions, we used the rates for the
corresponding Na reactions. Even though Na and CI have different
electron affinities, that should not strongly affect the reaction rates.
We will make sure to update these coefficients as soon as there is
new data available.

The rates of these thermal ionization (Eq. 2) and three-body
recombination reactions (Eq. 3) follow the Lindemann form (Linde-
mann et al. 1922), which provides pressure dependent reaction rates
with limits for the low (kq[cm®/s]) and the high-pressure regimes

(koo[cm3/s]):
T Bo
= —¥0/T
ko @ (300K) e , 4
T P
— I —Yo/T

The coefficients «;, 8;, and y; for above rates can be found in Table 1
(reactions 1193 and 1351 for the low-pressure and reactions 1194
and 1352 for the high-pressure regime). The pressure-dependent rate
can now be calculated with the reduced pressure pr = konn/koo,
where ny[cm ™3] is the number density of the neutral third body

MNRAS 000, 1-15 (2020)

(Rimmer & Helling 2016):

_ koo pr

Cl+pe ©

In addition, a radiative association reaction for the destruction
of CI* (Reaction 5742) was added:

Clt +e= — Cl + hv, 7

where the excess energy of the recombination is emitted as a photon
with energy hv. The reaction rate follows the Kooji equation (Kooij
1893):

N
- _ —y/T
kra =@ (300 K) ¢ ®)

The coeflicients (Table 1) are taken from the KIDA database (Wake-
lam et al. 2012) and originally from the Ohio State University (OSU)
chemical network (Harada et al. 2010). This rate is then combined
with the rate for the three-body recombination reaction presented
above (Eq. 3) to

(konmF + kra)kaoo

k =
konm + koo

, ®

where F is a dimensionless function to more accurately approximate
the transition from high to low pressure which gives the Troe form
(Troe 1983; Rimmer & Helling 2016).

When running ARGO for HD 189733b, HCCN was overpro-
duced due to the absence of the destruction reactions for CNC. This
was resolved via the addition of two neutral bimolecular reactions
to the network:

C,N+H —— HCN+C (10)
CNC+H —— HCN+C (11)
The coefficients for the first reaction (Eq. 10) were taken again from
the KIDA database and were presented previously by Loison et al.
(2014). For the destruction reaction of CNC we assume the same

rate constant. Since 3 and y are zero (Table 1), the reaction rate is
given by

T
k=a(m). (12)

Similar to the above described case of CI*, destruction reac-
tions for C3+ were missing in STAND2019. Therefore, a dissociative
recombination reaction has been added to the network (Reaction
5729):

CF+e” —C,+C (13)

The reaction rate follows the Kooji form (Eq. 8). The coefficients
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Table 2. Model parameters for HD 189733b, adapted from Southworth
(2010) (for more details see Lines et al. 2018, Table 1)

Quantity Initial value
Specific gas constant?, R (JTkg~! K~1) 3556.8
Specific heat capacity, ¢, (Tkg™! K™1) 1.3 x 104
Radius, R, (m) 8.05 x 107

Surface gravity, g, (ms™!) 22.49

Semi-major axis, a, (au) 3.14 x 1072
¢ Unlike noted in Lines et al. (2018, Tab. 1) the specific gas constant is not
R = 4593Tkg~! K~! but 3556.8 Tkg~! K—! which was also used in the
simulations in that paper and used by (Drummond et al. 2018b).

presented in Table 1 are again from the KIDA database and origi-
nally from the OSU network and Loison et al. (2017). Furthermore,
the NASA coefficients for K* were updated to those from the Burcat
catalogue (Burcat et al. 2005)!

3 INPUT
3.1 Atmospheric profiles

We extract 1D profiles from the 3D Met Office Unified Model (UM)
simulations of the atmosphere of HD 189733b by Lines et al. (2018)
which consistently solve a kinetic cloud formation model (Helling
et al. 2001; Woitke & Helling 2003, 2004; Helling & Woitke 2006;
Helling et al. 2008). Some of the input parameters for the UM
are given in Table 2. Cloud properties like particles sizes or their
number density are consistent with the thermodynamic profile of
the atmosphere within this model. Lines et al. (2018) show that
clouds form throughout most parts of HD 189733b’s atmosphere,
i.e. the local atmospheric temperature is below the condensation
temperature of the Mg/Si/Fe/O/Ti cloud species considered.

In this paper, we utilize the vertical 1D (Tgas, pgas, Kzz)-profiles
for the antistellar and the substellar points on the equator. Figure 1
(left) shows that the 1D profiles appear remarkably similar through-
out the whole pressure range covered by our computational domain,
Pgas = 102 — 10~3-3bar. Temperature differences of some 100K
occur in the uppermost region near the upper boundary of the 3D
GCM model. The eddy diffusion coefficient, K;;, varies between
108cm? s~ at Pgas = 10%bar and 1019 — 10 cm? s—! where
Pgas < 10~ 2bar (Fig. 1, right). Figure 2 shows the cloud particle
number density (left) and the mean cloud particles sizes (right).
Based on the 3D UM GCM, the cloud particle number density is
rather homogeneous while all profiles show a strong accumulation
of cloud particles due to gravitation settling at the inner boundary
near 100 bar. Within the 3D UM GCM, the cloud particles are of
size 0.1 um throughout the atmosphere.

3.2 XUV spectra

This work exploits XUV spectra of HD 189733 obtained within the
framework of the MOVES collaboration (Bourrier et al. 2020). UV
(HST) and X-ray (XMM-Newton/Swift) observations were obtained
in four contemporaneous epochs between July 2011 and November
2013. After excluding flares, these observations provided measure-
ments of the quiescent stellar emission in the soft X-ray (from the
coronal region) and in a sample of FUV emission lines (from the

! http://garfield.chem.elte.hu/Burcat/burcat.html

chromosphere and transition region). Most of the stellar EUV spec-
trum is not observable from Earth because of interstellar medium
absorption. The quiescent measurements were thus used to con-
strain a model of HD189733’s atmosphere and to reconstruct its
entire XUV spectrum in each epoch, using the Differentiel Emis-
sion Measure retrieval technique described in Louden et al. (2017).
The Ly @ line of HD 189733 (reconstructed independently following
the procedure described in Bourrier et al. 2017) which represents
by itself half of the flux emitted in the entire EUV domain, has
also been included in the synthetic spectra. The final semi-synthetic
spectra cover a wavelength range from 0.016 to 1600 A and there-
fore include not only the EUV but also the FUV flux (these XUV
spectra are available online as machine readable tables, see Bour-
rier et al. 2020). The spread of the spectra is shown in Fig. 3, along
with their binned version (with a width of A1 = 110\) used as in-
put into ARGO. The long-term monitoring of HD 189733 revealed
variations in the spectral energy distribution of HD 189733 over
these four epochs, with an increase in X-ray emission and a de-
crease in EUV emission, which could possibly trace a decrease in
the chromospheric activity of the star while its corona became more
active.

Figure 4 shows the XUV flux in comparison to the stellar
energetic particles and the cosmic ray flux discussed in the following
sections.

3.3 Cosmic rays

The effect of cosmic rays and their ionization rates of the atmosphere
is implemented into ARGO. In our simulations, we include the effect
of low energy cosmic rays (LECR) based on Rimmer & Helling
(2013). The flux of cosmic-ray particles j(E) is given by

iten) (£2E5)

. Y a
J(E) = j(El)(ggg;) (;{3) if Eew < E < Ey» (14)

0 if E < Ecut

with p(E) = 1/c\/E? + 2EE and the proton rest energy Eg =
9.38 x 108eV, the constants E; = 10%V and E; = 2 x 108eV,
and the flux j(E;) = 0.22cm~2s st Eqye = 10%V is a
low-energy cut-off. Cosmic rays with energies lower than Ecy are
unlikely to travel further from their source than ~ 1pc (Rimmer
et al. 2012; Rimmer & Helling 2013).

The effect of these cosmic rays on the atmosphere is parameter-
ized by the ionization rate { which depends on the column density
Noi[em™2] of the gas in the atmosphere. ¢ is well fitted by:

ifE > E,

480 ifNC()l <N
14 (No/Neo)'2 if Ny < Negi < Ny, (15)
exp (_chol) if Neot < N2

g(Ncol) = {o X

with the standard ionization rate in the dense interstellar medium
{o = 10175~ the column densities No = 7.85 x 102tem—2,
N; = 4.6 x 10%cm=2, Ny = 5.0 x 1083cm™2, and k = 1.7 x
10~26cm?2. The ionization rate is shown in Fig. 5 (lower panel,
dotted black line).

3.4 Stellar Energetic Particles

Stellar energetic particle (SEP) events are caused by solar flares and
coronal mass ejections. These events are accompanied by flares in
the X-ray and UV emission and the peak size distribution of these

MNRAS 000, 1-15 (2020)
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Figure 1. Left: Atmospheric (Tgas, pgas)-profiles for HD 189733b from simulations with the 3D Met Office UM (Lines et al. 2018) at the antistellar
(¢ = 0°,0 = 0°) & substellar point (180°, 0°). Right: Profiles of the eddy diffusion coefficient K, derived from the standard deviation of the vertical
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Figure 2. Cloud particle number density (left) and mean cloud particle size (right) for HD 189733b at the same profiles as in Fig. 1. Data extracted from

simulations with the 3D Met Office UM (Lines et al. 2018).

flares follows a power law (Hudson 1978; Belov et al. 2005). Herbst
et al. (2019) present a new peak size distribution that allows an
estimate of the proton flux associated with flares on G-, K-, and
M-dwarfs:

Ip(E > 10MeV) = (alx + bexp (—0.001x))?, (16)
with a = 1.22 x 107(£7.17 x 10*), b = 3.05 + 1.79, and y =
1.72 £ 0.397.

Pillitteri et al. (2010) provides observations with XMM-Newton
of an X-ray flare on HD 189733. In 2009, they measured an increase
in the 0.3 — 8 keV band due to a flare of 1.3 x 10~ B3ergs—! em—2.
At the planet’s orbit this corresponds to an X-ray flare intensity

MNRAS 000, 1-15 (2020)

of Iy = 2.52Wm™2. Using Eq. (16) this gives a proton flux? of
Iy = 1.55(+36.4 — 1.50) x 107em™2 sy~ 11,

We derive the spectrum of the SEP event from the integrated
proton flux by using the fitted spectrum of a solar SEP event from
2003 (Mewaldt et al. 2005). Rab et al. (2017) used this spectrum
to estimate the SEP spectrum of an active T Tauri star by scaling
the solar spectrum by a factor of 10°. The integrated proton flux of

the solar event spectrum is Ip(E > 10MeV) = 15lem™2sr—!s~1.

2 Please note that Eq. (16) is only valid for fluxes at a distance of 1au to
the star. For HD 189733b, I has to be scaled with 72 to 1au and then the
resulting I, back to the planet’s distance to its host star.
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Figure 3. Original and binned XUV spectra of HD 189733 at the orbit of HD 189733b. Shown is the range in flux covered by the spectra from four different
visits. The semi-synthetic spectra are derived from observations with HST, XMM-Newton, and Swift (Bourrier et al. 2020).
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Figure 4. Comparison of high-energy spectra: XUV flux from HD 189733
(Bourrier et al. 2020, blue line), stellar energetic particle spectrum from
HD 189733 at the planet’s orbit (scaled from Rab et al. 2017, red line),
and low energy cosmic ray spectrum (Rimmer & Helling 2013, solid black
line). Cosmic rays with energies above 1 GeV are not included in the model
(dashed black line). All values are scaled to the orbit of HD 189733b. Please
note that these fluxes will most likely not occur at the same time and not
on every part of the planet’s surface. The SEP spectrum is only valid for
a particle event associated with an X-ray flare while the XUV flux and the
galactic cosmic rays are continuous energy sources.

Scaling the solar SEP spectrum such that the integrated flux corre-
sponds to the value we calculated for HD 189733 above results in
the spectrum shown in Fig. 5 (top panel). The dotted red line repre-
sents the SEP event at the orbit of HD 189733b and coincides with
the spectrum for the active T Tauri star at a distance from the star of
1 au. This allows us to use both the spectrum and the parametrized
ionization rate (below) for the active T Tauri star from Rab et al.
(2017). Please note, that this is only the case because HD 189733b
is much closer to its host star than 1 au. At 1 au, the proton flux from
HD 189733 is much smaller than the flux from the active T Tauri
star (solid red line). Bourrier et al. (2020) also observed an X-ray

Table 3. Fitting parameters for the stellar energetic particle (SEP) ionization
rates.

Name 1 h
Active Sun at 1 au ¢ -12 -7
Active T Tauri at 1 au ¢ -7 -2
HD 189733 at 1 au -7.1 2.1

HD 189733 at 0.031au  -10.0 -5.0
“ Rab et al. (2017)

flare of HD 189733 which has a slightly higher luminosity than the
one observed by (Pillitteri et al. 2010), with an X-ray flare intensity
at the planet’s orbit of Iy = 7.4 W m—2,

Once we have an SEP spectrum for HD 189733 we can cal-
culate the ionization rate {sgp as a function of the total hydrogen
column density Ny~ = Ng + 2NH2 + 2NH20 + N+ (Rab et al.
2017, their Eq. 1 & 2):

¢sep(N<H>) = ¢sep,0(N<H>)

1 if NeH> < Ng
X Neis . , (a7
exp [— (N_E — 1)] if Neg= > Ng
with
1 1
{sepo(N<n>) = 5 a = | (18)
a (%) fa (&)
10cm 100cm—2

Ng =25 x 10P%em™2, g = —0.61, b = —2.61, &1, = 1.06 x
105~ and ¢y = 8.34 x 10751, The exponents / and & depend
on the peak proton flux at the top of the atmosphere and are listed
in Table 3. The resulting ionization rates are shown in Fig. 5 (lower
panel) together with the ionization rate by the low energy cosmic
rays as presented in Section 3.3.

MNRAS 000, 1-15 (2020)
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et al. (2019). Bottom: The resulting ionization rates against the atmospheric
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energy cosmic rays (LECR) ionization rate from Rimmer & Helling (2013)
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4 ATMOSPHERIC C/H/N/O COMPOSITION UNDER
THE EFFECT OF XUYV, SEP, AND CR ON HD 189733b

In this section, we present the atmospheric H/C/N/O gas-phase
abundances of HD 189733b for two different profiles: the substellar
and antistellar point, i.e. the day- and nightside, respectively. We
will examine the effects of the XUV flux, stellar energetic particles,
and cosmic rays on the abundance of neutral molecules and ions.
First, we investigate the effect that the observed changing XUV
and FUV radiation (in the following we assume XUV to include
FUYV raditaion) of the host star HD 189733 (Bourrier et al. 2020)
has on its planet HD 189733b. For this, we study the influence
of the four different XUV spectra (see Sec. 3.2) on the chemical
composition of planetary atmosphere. We concentrate our study
on H/C/N/O binding species, metal atoms and their singly ionized
states. The variations in the quiescent XUV flux of the host star
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HD 189733 are too small to significantly change the planet’s gas
composition. Hence, any variation of the gas-phase abundances
must originate from other processes such as flares leading to SEP
events. In the following, we will therefore present results for one
XUV spectrum only, which is from an observation in September
2011 (Visit B in Bourrier et al. 2020).

For the initial element abundances in the atmosphere we as-
sume solar element abundances (Asplund et al. 2009). As clouds
form throughout the atmosphere, we account for the depletion of
Mg, Si, and Ti due to consumption by cloud particle formation
(TiOZ[s], SiO[s], SiOz[s], MgSiO3 [s], and Mg25i04[s]).

4.1 Asymmetric irradiation of day- and nightside

The dayside is irradiated by the stellar XUV radiation and the SEP
flux. We do not take into account the galactic cosmic rays (CR) on
the dayside since the particle flux is dominated by SEPs for most
of the spectrum. Furthermore, CRs are more likely to be shielded
by the star’s astrosphere on the dayside rather than on the nightside
(Rimmer & Helling 2016). The nightside in turn receives only the
influx of CRs. We note that the influx of SEPs into the atmosphere
is a function of time and will not be present at all times. Figure 6
shows the results of our simulations for both the substellar (top row,
case 1) and the antistellar point (middle row, case 2) including the
SEP and XUV flux on the dayside and the CR flux on the night-
side. The bottom row shows the ratios of the abundances between
the substellar and antistellar abundances. The abundances of the
most important neutral elements are shown in the left column, the
abundances of the most important ions in the right column.

The asymmetric irradiation of the planet’s day- and nightside
leads to strong differences between the chemical abundances of
these profiles. While on the nightside the low energy input from
cosmic rays leads to only marginal differences compared to the
equilibrium case, the high SEP flux and XUV radiation on the
dayside enhance atomic species (H, C, N, and O) and increase the
abundance of HCN and several hydrocarbons such as C,H, and
C,H,.

We note that the atmospheres of close-in, tidally locked gas
giants are characterised by strong equatorial jets (e.g. Cooper &
Showman 2006; Drummond et al. 2018b; Carone et al. 2020). Such
jets lead to very similar day/night vertical temperature distributions
(see Fig. 1). Drummond et al. (2020) showed that a strong equa-
torial jet with zonal-mean velocities of ~ 6kms—! may result in
kinetic quenching of the methane abundances above ~ 1 bar for all
three wind components (zonal, meridional, and vertical). Unlike in
their previous work (Drummond et al. 2018a) where they applied a
simple chemical relaxation scheme by Cooper & Showman (2006),
Drummond et al. (2020) used a more accurate coupled chemical
kinetics scheme similar to what we use in this study. However, they
used a reduced chemical network of Venot et al. (2019), containing
only 30 species and 181 reactions.

Agtndez et al. (2014) used a ’pseudo-2D’ model, moving a 1D
column with vertical mixing along the equator to imitate a solid-
body rotation of the atmosphere, including photochemistry. They
used a chemical network with 105 species developed by Venot et al.
(2012) and found that horizontal quenching enhances the abundance
of HCN on the nightside by transporting photochemically produced
HCN from the day- to the nightside. A first order comparison of the
destruction time scale of HCN, CH, O, and C,H, to the transport
time-scale from the sub- to the antistellar point indicates that the
destruction time-scales are orders of magnitudes shorter than the
transport time. At 6kms~!, gas will be transported from the sub-
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to the antistellar point in approximately 12h. In comparison to
that, the destruction rates of HCN, CH,0, and C,H, are much
faster, meaning it would take only 16, 0.3, and 5 min, respectively,
to destroy the dayside abundances of these molecules. However,
Moses et al. (2011) showed that changes in the abundance of NH,
also impact the abundance of other nitrogen-bearing species even
if they would otherwise not be quenched. Thus HCN remains in a
pseudo-equilibrium with NH, and CH, and the potential horizontal
quenching of these species has to be taken into account as well.

4.2 The atmospheric electron production rate and
fingerprint ions

The ionization of the atmospheres of exoplanets and the electron
production rates by XUV radiation and high-energy particles are
linked to various high-energy processes. One example is the pro-
duction of auroral emission that might be observable with future
telescopes and help us understand the magnetic field of the planet
(Burkhart & Loeb 2017; Luger et al. 2017; Vedantham et al. 2020).
Furthermore, ion production in the atmosphere will also ionize
cloud particles which is necessary for the occurrence of lightning:
the larger a cloud particle, the higher the charge it acquires and
the faster it will gravitationally settle within its host cloud. Such
particle settling leads to the build-up of a local electric field in the
cloud, and if the field is large enough, a lightning strike will occur
(Helling et al. 2011a,b; Helling & Rimmer 2019). In an Earth-like
atmosphere, a lightning strike produces an approximately 30 000 K
hot plasma channel which only exists for a few seconds but has a
strong influence on the chemistry in the surrounding atmosphere
(An et al. 2019). The detailed effect of lightning on the atmospheric
chemistry will be the focus of future studies.

To investigate the ionization environment of HD 189733b’s at-
mosphere, we calculate the electron production rates for all included
ionization sources (XUYV, SEP, and CR radiation as well as thermal
ionization). Figure 7 shows a comparison of these ionization rates.
In addition, the cloud particle density is shown to get an idea of the
cloud position in comparison to the charge positions.

The lower atmosphere up to 10 — 100 mbar is in all cases dom-
inated by thermal ionization. Above 10 — 100 mbar, ionization by
external sources becomes more important. The electron production
rates by XUV radiation, SEP, and CR can be explained by the shape
of the individual spectra (Fig. 4): the XUV flux is very high but at the
lower end of the energy spectrum. Most of the energy is deposited
in the uppermost layers of the atmosphere, and comparatively few
photons will be able to ionize deeper layers. The SEP flux is a bit
lower but at much higher energies and is therefore able to penetrate
deeper into the atmosphere. The CR flux is much lower, leading to a
correspondingly lower electron production rate compared to that of
other radiation sources. Around 1 GeV, the CR flux is higher than
the SEP flux, meaning that CRs can reach even deeper levels of the
atmosphere. However, in these layers, the thermal ionization rate
is much higher than that of the CRs. Expanding the parametriza-
tion of the CR ionization rate to high energy CR (> 1 GeV) would
only shift the drop off of the CR electron production rate to higher
pressures but would not increase the electron production rate itself.

The most important electron donors in the deep atmosphere
(V720 10~2 — 10~ 'bar) are potassium and sodium (Fig. 6, right
top and center panel). The most abundant ion produced by both
CR and SEP is ammonium NH 4+. In addition, the high ionization
rates associated with the SEP flux and to a lesser extent with XUV
radiation, produces a larger variety of ions: H,O* and H*, as well
as smaller amounts of Fe™ and CH,OH*. Therefore, we identify
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NH 4+ and H30+ as the fingerprint ions for ionization by SEP and
NH,* by CR.
4

4.3 The effect of high-energy radiation on the production of
organic, prebiotic molecules

Ultimately, we are interested in the effect of the different types of
high-energy radiation on the organic and prebiotic chemistry. The
famous experiment by Stanley Miller and Harold Urey suggests that
lightning is an important source of organic molecules, at least in
a reducing (i.e. hydrogen rich) atmosphere (Miller 1953). Cloud-
forming exoplanets such as HD 189733b are expected to produce
lightning due to their very dynamic and cloudy atmosphere (Lee
et al. 2016; Lines et al. 2018). Before we can study the effect of
lightning on the atmospheric chemistry and identify observable
signatures, we need to understand the effect of other types of high-
energy radiation on potential lightning signatures in the chemical
abundances.

The average oxidation state of the carbon and nitrogen atoms
in the C and N bearing molecules provides an overview over the
processes in the atmosphere and their effect on these molecules.
The oxidation state of an atom in a compound indicates the charge
it would have if all bonds in the compound were ionic. One example
is the oxidation state of the carbon atom in different neutral carbon
molecules: CH, is the most reduced form of carbon with an oxi-
dation state of -4, i.e. the C atom is slightly more electronegative
and attracts the electrons from each of the four H atoms. CO, in
comparison is the most oxidized form of carbon with an oxidation
state of +4 as the O atoms have a higher electronegativity than
C. As oxygen and hydrogen are, respectively, the most and least
electronegative elements of the most abundant elements (the others
being carbon and nitrogen, while helium is a noble gas and has
therefore no defined electronegativity), the oxidation state of a gas
can be approximated by the H/O ratio with H having an oxidation
state of +1, i.e. reducing the C or N atom, and oxygen an oxidation
state of -2.

Figure 8 shows the oxidation states of the C and N atoms
at HD 189733b’s sub- and antistellar point. The most abundant
nitrogen species is N, which is by definition neither oxidized nor
reduced (oxidation state of 0). Therefore, the average oxidation state
of the nitrogen atoms is close to zero. The second most abundant
nitrogen molecule in most of the atmosphere is NH;, where the
nitrogen is reduced (-3). The SEP strongly enhance the abundance
of HCN in the upper atmosphere (Fig. 6), further reducing the
nitrogen. Importantly, life as we know it requires reduced N for the
production of biomolecules such as amino acids and nucleobases.
High-energy radiation may therefore make atmospheric N more
bioavailable.

The effect on the average oxidation state of carbon is very differ-
ent. Except for the very deep parts of the atmosphere of HD 189733b
(p > 10bar), where methane is the most abundant carbon molecule
and therefore reducing the atmospheric carbon, most of the carbon
is bound in CO which has an oxidation state of +2. The enhanced
abundance of HCN that further reduces the atmospheric nitrogen
when adding SEP radiation, leads to an additional oxidation of car-
bon in the upper atmosphere. In biomolecules, the oxidation state of
organic carbon is variable with an average around 0. Both oxidized
and reduced carbon can act as metabolites for autotrophic life and
is therefore readily bioavailable.

The species that dominates the change in the oxidation state of
carbon and nitrogen is HCN which contains a CN bond that is also
found in the amino acid glycine and in other biomolecules. Figure 9
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shows the abundance of glycine (C,HsNO,, top left) and HCN (top
right) with different combinations of external ionization sources
XUV, CR, and SEP. The results in Fig. 9 are shown just for the
substellar point. The antistellar profiles are not shown due to being
very similar to the substellar profiles (see Fig. 1). The STAND2019
network includes the complete gas-phase production reactions for
glycine which was one of the amino acids produced in the original
Miller—Urey experiment (Miller 1953).

We find that all external energy sources lead to an enhancement
of the glycine abundance in the upper atmosphere with the much
higher flux of SEP and XUV changing the abundance by up to 18
orders of magnitude. The lower CR flux only increases glycine by up
to three orders of magnitude. Nevertheless, the overall abundance of
glycine is very low (below 107309) such that the presence of glycine
in the atmosphere of this planet will be challenging or impossiible
to detect. HCN, however, is much more abundant (up to 10~4) and
similarly enhanced by SEP and XUV radiation. Therefore, HCN
provides an example of an observable signature that suggests the
presence of prebiotic molecules. CRs alone are not able to signif-
icantly enhance the abundance of HCN in the atmosphere. This
result presents an opportunity for the future study of the effect of
lightning on the nightside of the planet: with SEPs and XUV un-
able to reach that side of the planet, lightning might be the only

way to significantly enhance the HCN abundance at the antistellar
point. We note, however, that this conclusion is only valid if hor-
izontal transport between the day- and nightside can be neglected
(Section 4.1).

Figure 10 shows the abundance of glycine and its precursors at
the substellar (case 1) and antistellar (case 2) points with the same
energy sources as in Fig. 6, and the ratio between both abundances.
In addition, Fig. 11 shows the reaction rates for the production path-
ways of glycine at the substellar point (SEP + XUV) at a pressure of
p = 2 x 10~ 3bar. The numbers between the reactants and products
in Fig. 11 are the reaction rates (cm™3s7L, log) in the direction
towards the sharp end of the lines. The rates of the reverse reactions
are not shown. Table 4 shows the rates of the most important produc-
tion pathways of glycine for three different cases: the equilibrium
substellar point (no SEP or XUV), the antistellar point (CR), and the
substellar point (SEP and XUV). The comparison of these different
pathways shows that SEP and CR strongly enhance the production
of C,H, from C,H " with the byproducts H;O" and NH," which
belong to the most abundant ions in these scenarios (Fig. 6). At the
substellar point (SEP + XUYV), this pathway is the most efficient
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Table 4. Pathways of glycine production at p = 2 x 107 7bar in the at-
mosphere of HD 189733b at the substellar and antistellar point, as well as
for the equilibrium case. Colors correspond to path diagram (Fig. 11), bold
numbers indicate most important pathways.

log( Rate [em™3s1)

Reaction Equ. CR SEP+XUV
C,Hs* + H,0 —> C, 1, + H,0*  47.1  -347 4.46
C,Ht +NH, —> C H, + NH,* 481 442 242
CHy* +e” —> C,H, +H -55.1 9.2 3.14
C,H, +H, — C,l, +H 832 -6.73 2.79
C,H,+H— 712 929 424
NO + OH — -21.7 =207 -7.06
NO + O — NO, 314 -21.6 -7.86
+NH, — NO, +NH; 243 -24.0 -10.0
+H— NO, +H, -22.5 252 -8.33
CHO +H, — -6.35 -9.17 -2.14
CH,0H — +H -11.8  -8.14 -2.61
HNO + CH; — =229 213 -8.62
NO, + — -36.0 -38.3 -18.3
+ — -35.2 -32.1 -24.4
pathway of glycine production:
+ +

GHy" +H,0 — CH, +H;0 (19)

CH,+H — C,H; (20)

C,Hs +NO, — C,H4NO, 21

Formaldehyde (CHZO) and ethylene (C2H 4 belong to the most
important and most abundant precursor molecules of glycine. Sim-
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ilarly to glycine and HCN, they are strongly enhanced by the influx
of SEP and XUV radiation in the upper atmosphere. The bottom
half of Fig. 9 shows the abundances of these organic molecules for
different combinations of high-energy radiation.

5 CONCLUSIONS

In this work we studied the influence of different high-energy ra-
diation sources on the atmospheric H/C/N/O chemistry of the hot
Jupiter HD 189733b. We combined recent simulations of the plan-
etary atmosphere with the 3D Met Office Unified Model which
self-consistently takes into account cloud formation (Lines et al.
2018) with three different sources of high-energy radiation:

(i) multi-epochs observations of the stellar X-ray and UV spec-
trum (Bourrier et al. 2020),

(ii) low-energy cosmic rays (Rimmer & Helling 2013), and

(iii) stellar energetic particles associated with an X-ray flare ob-
served by Pillitteri et al. (2010) and based on a parametrization by
Rab et al. (2017) and Herbst et al. (2019).

We then simulate the effect of these processes on the atmospheric
chemistry of HD 189733b with the ion-neutral kinetics network
STAND2019.

We identify ammonium (NH 4+) and oxonium (H, O™") as im-
portant and potentially observable signatures of an ionization of the
atmosphere by cosmic rays and stellar particles. Even though we
note that glycine abundances remain low (< 1073%) in all our sim-
ulations, the influx of XUV radiation and SEPs enhances glycine by
nearly 20 orders of magnitude. In addition, we identify two impor-
tant precursors for the production of glycine: formaldehyde (CH,O)
and ethylene (C,H,), which are strongly enhanced by incoming
XUV radiation and more so by the influx of SEPs. Especially the
abundance of ethylene gets enhanced to potentially observable val-
ues for JWST in the upper atmosphere (Gasman et al., in prep.). Ethy-
lene has a strong absorption feature around 10 um (Mant et al. 2018)
which could be detected by emission spectroscopy (Hu & Seager
2014). We therefore propose ethylene and potentially formaldehyde
to be important signatures for incipient prebiotic synthesis under
the influence of stellar energetic particles and XUV radiation.

Ethylene and other hydrocarbons have also been predicted by
simulations of Jupiter’s atmosphere by Moses et al. (2005) and
with STAND2015 by Rimmer & Helling (2016). In addition, these
molecules were detected by observations in the stratosphere of
Jupiter (e.g. Gladstone et al. 1996; Moses et al. 2005; Romani et al.
2008). Due to the very different temperature of Jupiter’s atmosphere
(in comparison to HD 189733b’s atmosphere), however, we do not
expect much glycine to form as most of the nitrogen and oxygen
will be bound in NH; and H, O ice, respectively.

Even though hot Jupiters are not ideal places for the forma-
tion of complex prebiotic molecules such as glycine, they provide
a unique laboratory to study the first steps of prebiotic synthesis
under the influence of different high-energy radiation sources. This
is not least due to the better observability of giant gas planets in
comparison to Earth-sized terrestrial planets. Stellar energetic par-
ticles and XUV and FUYV radiation strongly enhance the abundance
of hydrocarbons and other organic molecules. In particular, XUV
radiation enhances the abundance of HCN to nearly 10~ at the top
of the atmosphere. HCN is a crucial molecule in prebiotic chemistry
and the formation of amino acids (Airapetian et al. 2016, 2019). We
note that the influx of cosmic rays on the nightside is not strong
enough to produce additional HCN. It will be therefore of special
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interest to study the production rate of HCN by lightning on the
nightside where it could potentially be observable.
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