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Abstract Since the discovery of the first extrasolar planet more than twenty
years ago, nearly four thousand planets orbiting stars other than the Surﬂ have
been discovered. Current observational instruments (on board the Hubble Space
Telescope, Spitzer, and on ground-based facilities) have allowed the scientific com-
munity to obtain important information on the physical and chemical properties of
these planets. However, for a more in-depth characterisation of these worlds, more
powerful telescopes are needed. Thanks to the high sensitivity of their instruments,
the next generation of space observatories (e.g. JWST, ARIEL) will provide ob-
servations of unprecedented quality, allowing us to extract far more information
than what was previously possible. Such high quality observations will provide
constraints on theoretical models of exoplanet atmospheres and lead to a greater
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understanding of their physics and chemistry. Important modelling efforts have
been carried out during the past few years, showing that numerous parameters
and processes (such as the elemental abundances, temperature, mixing, etc.) are
likely to affect the atmospheric composition of exoplanets and subsequently the
observable spectra. In this manuscript, we review the different parameters that can
influence the molecular composition of exoplanet atmospheres. We show that the
high-precision of ARIEL observations will improve our view and characterisation
of exoplanet atmospheres. We also consider future developments that are neces-
sary to improve atmospheric models, driven by the need to interpret the available
observations.

Keywords Atmospheres - Exoplanets - Composition - Modelling - Laboratory
measurements - Observations

1 Introduction

The number of known exoplanets has exploded during the past few years. It is now
clear that there exists a huge diversity of worlds in terms of radius, mass, temper-
ature, orbital eccentricity, etc. This wealth of new information has implications
for planetary formation scenarios, originally formulated in the time when only the
Solar system planets were known. The chemical composition of the atmosphere is
the key to understanding planetary formation. In particular, the elemental compo-
sition is expected to depend on the environment in which the planet formed, and
through which it evolved. Thanks to spectroscopic observations performed during
planetary transits, the atmosphere of planets can be probed, giving access to their
chemical composition.

To a fundamental level, the chemical composition of the atmosphere is deter-
mined by 1) the elemental abundances the planet formed with and 2) the temper-
ature of the atmosphere, which is dependent on irradiation and internal heating.
In addition, physical processes such as mixing, photolysis, and atmospheric es-
cape, occur in different pressure regions of exoplanet atmospheres (see Fig. 1 of
Madhusudhan et al/|2016)), and can influence the atmospheric composition, with
subsequent effects on the observable spectra. Infrared (IR) observations probe the
middle atmosphere (~ 0.1 — 107° bar), giving information on the abundances of
neutral species, whereas ultraviolet (UV) observations are used to study the upper
atmosphere, where atomics species and ions are highly present. Models that couple
chemical kinetics to the out of equilibrium processes mentioned above are used to
predict the chemical abundances and to understand the spectroscopic observations.

Several models have been developed up to now (e.g. [Liang et al [2003] [2004}
Koskinen et all|2007; [Zahnle et al[|2009ajb; [Line et al 2010; [Moses et all[2011} [Hu
et al[2012} [Kopparapu et all|2012; [Venot et al[2012; [Agindez et al|2012; [Lavvas et al
2014; Miguel and Kaltenegger||2014; |Drummond et al||2016; Rimmer and Helling
2016; [Tsai et al[2017)) which differ in the complexity, size (number of species and
reactions) and type (neutral /ionic) of chemistry, the temperature range over which
the chemical scheme is valid, and the atmospheric layers that can be studied with
(e.g. middle atmosphere, upper atmosphere). In this manuscript, we focus on the
chemistry of neutral species. Depending on their abundance, these latter will have
spectral signatures in the future observations of ARIEL (Atmospheric Remote-
sensing Exoplanet Large-survey).
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Among the different categories of exoplanets, the warm gaseous giant planets
are the most interesting. Firstly, they provide the highest quality observations
that are necessary for model-observation comparisons. Secondly, the abundances
of the major molecules (H2O, CO, NHs, etc.) constrained by observations might
be a direct reflection of the elemental abundances of the planetary atmosphere,
unlike giant planets of the Solar System. Indeed, the abundance of oxygen in the
atmosphere of Jupiter or Uranus is highly uncertain because the condensation of
water removes oxygen species from the observable part of the atmosphere (Cavalié
et al|2017)). However, in the much hotter atmospheres of short-period exoplanets,
condensation is limited to high temperature condensate species, such as TiO or
VO, which are not the main carrier of elemental oxygen. Finally, the atmospheres
of gas giants may be similar to the elemental composition with which they formed;
unlike smaller planets which may be affected by delivery from meteorites/comets or
out-gassing from the rocky interior. We precise that determining the enrichment of
the planetary atmosphere relative to the elemental composition of the star requires
in addition good observations of the host star.

The goal of this manuscript is to consider some important model parameters
that effect the atmospheric composition and, most importantly, to test whether
these effects are significant enough to be detected with ARIEL. We consider several
previously published studies and calculate new synthetic transmission and emission
spectra, taking into account the technical characteristics of the instruments on
board ARIEL.

In Section [2] we present the tools that have been used in this paper: a series of
one-dimensional kinetic models, a forward radiative-transfer code and the ARIEL
noise model. In Section [3| we describe the difference between equilibrium and dis-
equilibrium chemistry regimes. In Sections [4 [f] and [f] we consider how various
planetary, orbital and stellar parameters effect the synthetic spectra, specifically
in the context of ARIEL. Finally, we look forward to potential advances in under-
standing that will be achieved with the ESA ARIEL space mission.

2 Models used in this work
2.1 One-dimensional chemical kinetics models

The results presented in this study are obtained using a number of different chem-
ical models. These one-dimensional, time-dependent models include chemical ki-
netics as well as processes that drive the chemistry away from local chemical equi-
librium (vertical mixing and photochemistry). These models are fully described
in: [Venot et al| (2012)), [Miguel and Kaltenegger| (2014]), |Agtindez et al| (2014a)) and
Drummond et al (2016)).

Generally, these models represent the atmosphere as a vertical column with
a given thermal profile. This profile is typically divided into several layers with
a thickness equal to a constant fraction of the pressure scale height; except for
Drummond et al (2016) where the layers are determined directly by hydrostatic
balance. To determine the chemical composition of the column, the continuity
equation (Eq. [1)) is solved for the steady-state of each species in each model level,

ani
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where n; the number density (cm™2), P; the production rate (cm 3s™!), L; the
loss rate (s™'), and ®; the vertical flux (cm™2?s™'), respectively, of the species i.
The vertical flux is parameterised by the vertical diffusion equation,

b, = —n;D;
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where K is the eddy diffusion coefficient (cm?s™!), D; is the molecular diffusion
coefficient (cm?s™!), H; the scale height, and y; the mixing ratio of the species i.
At both upper and lower boundaries, a zero flux for each species is usually imposed.

One of the main ingredients of a kinetics model is the chemical network which,
in essence, is a list of chemical reactions and associated rate constants.
implemented a chemical network entirely new in planetology, specifically
adapted to the extreme conditions of warm exoplanet atmospheres. This scheme
has been developed in close collaboration with experts in the combustion industry.
Its strength comes from its global experimental validation that has been performed
across a large range of pressures (0.01-100 bar) and temperatures (300-2500 K).
The network describes the kinetics of species made of H, C, O, and N, including
hydrocarbons with up to two carbon atoms. The 105 compounds of this scheme are
linked by ~2000 reactions. All the results presented in this paper have been found
using this chemical scheme (i.e. [Venot et al|2014} |2015| [2016] 2018 |Agindez et al
[2012] [2014alb} [Drummond et al 2016)) except results of Miguel and Kaltenegger
(2014) and Miguel et all (2015)) that have been found using a smaller chemical
scheme of 19 species and 179 reactions.

In order to study atmospheres rich in carbon, where hydrocarbons can be
abundant and thus have a non-negligible influence on the chemical composition,
[Venot et all (2015) developed an extended version of the chemical network, able to
describe kinetics of species containing up to six carbon atoms. This large scheme
contains 240 species and ~4000 reactions. Both of these schemes are available on
the KIDA DatabaseEkIWakelam et al[2012).

2.2 Radiative transfer model

In this study we calculate a series a transmission and emission spectra using the
radiative transfer forward model in the TauREx retrieval framework
let al[2015blia)), using thermal and composition profiles from previously published
works. The infrared absorption cross-sections of the absorbing species were com-
puted using the linelists from ExoMol (Tennyson and Yurchenko|[2012), where
available, and otherwise taken from HITEMP (Rothman et al[2010) and HITRAN
(Rothman et all[2009} [2013]). Cross sections and subsequent forward models were
computed at a resolution of R = 7,000 (constant in wavelength). We assume 300
plane-parallel atmospheric layers and cloud-free atmospheres. To simulate the ob-
servations that ARIEL will provide, we bin the high-resolution forward model to
the wavelength and resolution grid of ARIEL for the specified signal-to-noise of
the observation (see Section .

2 http://kida.obs.u-bordeauxl.fr/
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2.3 ARIEL noise model

The signal-to-noise ratio (SNR) has been evaluated using a radiometric model
which implements a detailed description of the ARIEL instrument design described
in details in the ARIEL Assessment Study Report (Yellow Book)ﬂ

The noise model implemented provides an accurate estimate of the experimen-
tal uncertainties of the planet spectra ARIEL will measure. All major sources of
photometric uncertainty are accounted for. Among these are: photodetector non
uniform response; intra-pixel variations; pointing stability; photon shot noise; de-
tector read noise. Models implemented are cross validated using the end-to-end
time-domain transit-spectroscopy simulator ExoSim (Sarkar et al [2016)), and us-
ing the radiometric model developed by ESA (Puig et al[|2015). Details of the
cross-validation of these simulation tools are found in the ARIEL Yellow Book
accompanying documentation.

In Table[I] we show the spectral coverage of ARIEL and the nominal resolution of
each band. In Table [2] we present the SNR per transit of the three planets studied
in this paper.

Table 1 ARIEL spectral coverage and nominal resolution. The three first channels are pho-
tometric bands. The three last ones are covered by ARIEL spectrograph.

Spectral range | Wavelength range (um) Resolution
1 0.5 - 0.55 Integrated band
2 0.8 -1.0 Integrated band
3 1.05-1.2 Integrated band
4 1.25 - 1.95 10
5 1.95 — 3.90 100
6 3.90 — 7.80 30

Table 2 SNR per transit for the planets of this study.

Spectral range | HD 189733b  GJ 436b  GJ 3470b
1 21.79 4.19 2.35
2 48.96 19.77 10.07
3 39.19 18.13 9.01
4 34.99 21.19 10.10
5 7.34 4.89 2.33
6 6.87 5.02 2.30

3 The transition between chemical equilibrium and disequilibrium

Intense irradiation of short—period exoplanets leads to very high atmospheric tem-
peratures of typically 7" > 1000 K. This might initially suggest that the chemical

3 http://sci.esa.int/cosmic-vision/59109-ariel-assessment-study-report-yellow-book/
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composition of these atmospheres could be described by thermochemical equilib-
rium, as such temperatures lead to fast chemical kinetics. The first models used
to study exoplanet atmospheres assumed chemical equilibrium (e.g. :Burrows and
Sharp|[1999; [Seager and Sasselov|[2000} [Sharp and Burrows|[2007; [Barman|[2007}
Burrows et all[2007, [2008). However, it was quickly realised that such assumptions
were not favoured by observations.

Physical processes, such as mixing and photodissociations, can influence the
chemical composition (e.g. Zahnle et al|2009b; Line et al[2010; Moses et all[2011;
[Venot et al [2012; Miguel and Kaltenegger| 2014} |Drummond et al[[2016)). In the
presence of vertical mixing, a competition exists between the chemical and mixing
(or dynamical) processes. If the timescale of the chemistry is faster than that
of the mixing, then the atmosphere will achieve chemical equilibrium. On the
other hand, if the mixing timescale is faster than the chemical timescale then
the atmosphere will be driven away from chemical equilibrium. The pressure level
at which these two timescales are equal is usually called the quenching point (i.e.
[Prinn and Barshay|[1977), and the equilibrium abundances at the quench determine
the “quenched abundances” for all lower pressures.

It is obvious that depending on the balance of the dynamical and chemical
timescales, the composition of the atmosphere can be altered. If processes like
mixing and photochemistry lead to significant changes in the abundances of ab-
sorbing chemical species, they may lead to signatures in the observable spectra. In
this case, photochemical models are required to successfully interpret the spectra
and to constrain the chemical composition.

We determined in which cases the atmosphere is likely to be in a state of chem-

ical equilibrium, for a series of different thermal profiles published in
(2015). These thermal profiles have been computed with the analytical model of
[Parmentier and Guillot| (2014). The three thermal profiles have each an isothermal
part of 500, 1000, or 1500 K in the upper atmosphere, which correspond to irra-
diation temperatures of 784, 1522, or 2303 K, respectively (see [Venot et al/|2015|
and [Parmentier and Guillot|2014] for more details).
For each PT profile, we compared the steady-state abundances of the main species
(i.e. Ha, H, H20, CH4, CO, CO2, N2, NH3, HCN, CHgs, and OH) with their ther-
mochemical equilibrium abundances and determined their quenching levels. The
deeper quench level defines the equilibrium/disequilibrium limit. Above this level,
at least one species is not at thermochemical equilibrium. We reported the pressure
and temperature of this quench point for each PT profile on Fig. [I] We also stud-
ied how the equilibrium/disequilibrium limit varies with vertical mixing strength,
parameterised by the eddy diffusion coeflicient K., which typically varies between
10° < K. < 10" cm?s™ .

Figure[I]shows the transition between chemical equilibrium and disequilibrium
as a function of pressure and temperature, for different values of K,. Given that
the pressure range probed by observations is approximately from 1 to 10*> mbar,
exoplanets with a temperature higher than 1500 K (in this pressure region) are
more likely to be in chemical equilibrium, which, as we said previously, correspond
to planets with an irradiation temperature of about 2300 K. For cooler planets
disequilibrium is important and the use of a chemical kinetics model (accounting
for vertical mixing) is necessary to determine the chemical composition of the
atmosphere.
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Fig. 1 Pressure-temperature chemical equilibrium/disequilibrium lines calculated for dif-
ferent vertical mixing strengths. The value of the eddy diffusion coefficient (in cm?s~1) are
labeled on the figure and are represented by different colors. For instance, an atmospheric
layer at 1500 K and 102 mbar is at chemical equilibrium if the vertical mixing is lower than
10% cm?s~ 1.

This evaluation is approximate because the equilibrium/disequilibrium tran-
sition depends on the value of K., which is very uncertain. Nevertheless, eddy
diffusion coefficients of about 10® cm?s™! are commonly accepted in the commu-
nity of exoplanets, based on calculations made with 3D models and parametrised
to 1D calculations (Parmentier et al|[2013]). The transition location depends also
on the shape of the thermal profile. Two different carbon-to-oxygen ratios (C/O)
have been tested (C/O solar and C/O=1.1), but this parameter has a negligible
effect on the location of the equilibrium/disequilibrium transition.

4 Influence of planetary and orbital parameters
4.1 Vertical mixing, metallicity, temperature

For warm planets whose atmospheres are unlikely to be described by chemical
equilibrium, it is interesting to quantify the effect of the different parameters that
are likely to influence the chemical composition. [Venot et al (2014) studied the
atmospheric composition of the warm Neptune GJ 3470b. They explored the pa-
rameter space for metallicity (¢), temperature (T"), eddy diffusion coefficient (K),
and stellar UV flux (F)). They varied these parameters with respect to the values
of their standard mode

4 Nominal ¢ is 10 x solar metallicity and nominal Fy, T, and K, are represented on their
Figs. 2 and 3 respectively.
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[Venot et al (2014)) found that the value of the eddy diffusion coefficient and the
intensity of stellar UV irradiation have a lower impact on the chemical composition,
compared to the much larger effect of metallicity and temperature, which lead to
changes of several orders of magnitude in the abundance of some species.

100 F T e N T 1 10® = 1
10’ f CO 107 E E
10° F i 10° I Cli ] 1
) 10° F i 10° CH~1 R ) 1
SR 1 .
v 10 10% | E
2 107 F 103 1
m i - x10 7 x10
s 10? F 1072 GT 100 KT Fy 3
10 B 1 100 F| T 00 - — = KX0pF0 1
10° F 1 100 GooTsr0 T K:;luF)‘xm 1
T = eaciesm - +10 +10]
10" F 4 10! Cio0-100 KT Fy E
! 1 1 L ! . . ! ! ! ! ! 1 ! .
10° 10° 107 10° 10° 10 107 10% 107 10° 10® 107 10° 10° 10* 10° 10%? 10
mole fraction mole fraction

Fig. 2 Vertical abundances profiles of CO (left) and CHy (right) from 16 models of GJ 3470b
with various values of the metallicity (¢), temperature (T'), eddy diffusion coefficient (K),
and stellar UV flux (F)). Each color corresponds to a set of metallicity and temperature, and
each line style to a set of eddy diffusion coefficient and stellar irradiation. Adapted from [Venot!

(2014), reproduced with permission ©ESO.

Fig.[2]shows the vertical abundance profiles of CO and CHy, the main reservoirs
of carbon, for a range of values of the four parameters described above. In this
case, it is apparent that metallicity and temperature are much more important
in determining the mole fractions of these two species, compared with the eddy
diffusion coefficient and the UV flux.

Fig.[3]shows the transmission spectra for four parameter combinations of metal-
licity and temperature, each with K xop )\X 10, including simulated ARIEL obser-
vations. All of the spectra have roughly the shame shape, which is dominated by
absorption features of HoO and CHy4. The effect of changing the metallicity and
temperature is to vertically shift spectra, since both parameters lead to changes in
the atmospheric scale height . The spectra corresponding to the
different (T} cases can be easily differentiated with a signal-to-noise ratio (SNR)
of 2, corresponding to one single transit.

Fig. [4 shows the effect of different eddy diffusion coefficients and UV fluxes on
the transmission spectra. For a given (T}, the effect of different vertical mixing
and irradiation intensities is quite moderate. For all (T, cases, we observe varia-
tions between 5 and 8 pm, which are due to changes in HoO and CH4 abundances.
We notice variations in the CO2 signature around 4.3 um for all the spectra of
the high metallicity (¢i00) models. For the models with a lower metallicity (i.e.
solar, (1), this feature appears clearly for the models with a high irradiation and a
low vertical mixing (K;2'°Fy') but is absent (or very small) for the three other
ones. For these former models (¢; and K jzloF;lO), we also observe a decrease of
the transit depth in the CH4 bands between 3 and 4 pm compared to the three
other models with the same metallicity and temperature. Finally, an important
variation that can be observed concerns the spectra of the (1007-100 models which
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are shifted vertically depending on the vertical mixing. The K$!0 spectra present,
on the entire wavelength range, a larger transit depth than the K70 ones. This is
due to the higher atmospheric scale height of these models. For each (7T cases,
a high SNR (>20) is necessary to differentiate the four spectra corresponding to
the different K..F) cases. Given the SNR per transit for GJ3470b (see Table [2)),
a SNR of 20 is achievable by combining multiple transits.

0.010 GT 100 |
pwn

0.009 1

& G o100
Eff 0.008 ,
0.007 ]
0.006 Gro0T 100 1
1 2 3 4 5 6 71 8

Wavelength (zm)

Fig. 3 Synthetic transmission spectra from 4 selected models of GJ 3470b with a high
vertical mixing (K2$!°) and a high irradiation (FY 10y but with different metallicities (¢) and
temperatures (7'). The meaning of the different colors is explained on each plot. Bold curves
are spectra binned to ARIEL resolution, as explained in Table [1} The error bars correspond
to a SNR of 2. Fainter curves are higher-resolution spectra (R=300, constant in wavelength).

4.2 Eccentricity

The effect of orbital eccentricity on the thermal profile and composition was in-
vestigated by [Agindez et al (2014b) for the eccentric warm Neptune GJ 436b.
The dissipation of tidal forces in the planet releases an internal heat flow ¢;p.
To quantify the effect of this heat flow on the thermal structure of the atmosphere,
it can be incorporated into a radiative-convective model as an internal temperature
Tint = (¢int/o)1/4, where o is the Stefan-Boltzmann constant. However, it is very
challenging to evaluate precisely the dissipation rate of tidal forces in a planet,
as it depends on the internal composition and structure, unknown in the case of
GJ 436b. To study the tidal forces in GJ 436b, [Agindez et al (2014a) used the
Constant Time Lag (CTL) model with the factor Q' controlling the dissipation of
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Fig. 4 Synthetic transmission spectra from 16 models of GJ 3470b as they will be observed
by ARIEL. The resolutions are 10, 100, and 30, according to the spectral range, as explained
in Table [1} The error bars correspond to a SNR of 20. The meaning of the different colors is
explained on each plot.

tidal forces. Q' verifies the relation ko At = 3/(2Q'n), where k2 is the Love number
of degree 2 (Goldreich and Soter][1966), At is the time lag (Hut[1981)), and n is the
orbital mean motion (Leconte et all[2010). To estimate Q’, they compared the age
of GJ 436 system with the circularisation timescale 7. = e¢/é and found that Q’
was greater than 10°, given the observed eccentricity. This limit value of Q' leads
to an internal temperature Tjn: < 560 K (see Fig. 1 of |[Agindez et al|[2014a)). For
a detailed discussion on the tidal heating in exoplanet atmospheres, we refer the
reader to [Leconte et all (2010).

|Agtindez et all (2014a) considered four internal temperatures that satisfy the
above criterion: 100, 240, 400, and 560 K. In |[Agindez et al (2014al)), different
metallicities were investigated, but here we will present only one case (i.e. 10X
solar metallicity) and focus on the effect of different internal heating. The eddy
diffusion coefficient is the same for each model and has been estimated from the
GCM model of Lewis et al (2010) (i.e. K.. varying between 10% and 10*'cm?s™*
depending on the pressure level.)

As can be seen in Fig. the various internal temperatures lead to differ-
ent temperature structures, particularly in the deep atmosphere, with subsequent
consequences for the chemistry. Each thermal profile crosses the CO=CH4 equilib-
rium line at different pressure levels, that will lead to differences in the steady-state
abundances. For example, if quenching happens around 10 bar, for each profile,
the quenching level is located on one side or the other of this equilibrium line.
Thus, because of quenching, the chemical composition of the atmosphere will be
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different. As one can see in Fig. @, the higher the internal temperature, the higher
(lower) the abundance of carbon monoxide (methane) in the deep atmosphere.
These variations of abundances lead to important changes regarding what is ex-
pected from thermochemical equilibrium: for all the thermal profiles with a 10x
solar metallicity, CO is the major carbon-bearing species, instead of CH4. For the
hottest profile, CO becomes in addition the major oxygen bearing-species instead
of water thanks to vertical mixing.

These various atmospheric compositions produce different transmission spectra
(Fig. @ To calculate the spectra, we fixed the 10 bar pressure level to the planetary
radius, which we set to 0.36 Rup, taking into account the possible error on the
value given by [Southworth|(2010)) (i.e. 0.374 0.018). A higher radius would produce
the same spectral features but with larger transit depths, more discrepant from
current observational data. A complete description of the spectra and the different
molecular features can be found in |Agindez et al (2014b). We focus here on the
SNR necessary to separate the different spectra. One can see on Fig. [7] that the
atmosphere with the higher internal temperature is quite well separated from the
other ones (between 0.8 and 230 ppm). Observations with a SNR of 10 are enough
to differentiate it from the three other ones, which can be obtained combining four
transits of GJ 436 b (see Table 2. In the spectral ranges between [2.2 - 2.4] and
[3.3 - 3.9] um the four spectra are very close to each other and are therefore not
differentiable, even with a very good SNR. The absorption at these ranges are due
to CHy4. The spectrum corresponding to the model with an internal temperature
of 400 K is closer to the two coldest ones with departures lower than 80 ppm.
Thus, to differentiate the 400 K spectrum from the two other ones a SNR of 30 is

10¢

0° F metallicity — T, = 100K |
10‘: — \ g' =1 R 240 K 7}
10° |
10° |
10 f
102 |
102 |
107 |
10° f
10' |
10% F
10° k

pressure (bar)

400 600 800 1000 1200 1400 1600 1800 2000
temperature (K)

Fig. 5 Pressure-temperature profiles (full lines) of GJ 436b assuming different internal tem-
peratures: 100 K (dark blue), 240 K (cyan), 400K (green), and 560 K (red). The dashed-dotted
lines represent the transition between the radiative and the convective zone. The black dashed
line represent the equilibrium line CO/CHy. From |Agundez et al| (2014b)).
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required. Only the features around 1.4 and 4.5 pm can be separated with a lower
SNR (10 or 20). To be able to draw high-confidence conclusions, a higher SNR is
advisable. Finally, the spectra corresponding to the two coldest thermal profiles
are too similar and not differentiable whatever the SNR of the acquisitions.

4.3 Elemental carbon/oxygen ratio

Elemental abundances can have a crucial effect on the atmospheric composition
of exoplanets. Several studies have been undertaken on this subject such as [Line
let all (2010); Madhusudhan et all (2011)); [Madhusudhan! (2012); Kopparapu et al
(2012); Moses et all (2013)); [Venot et al (2015)); Molliere et all (2015); [Heng and
[Lyons| (2016); Rocchetto et al (2016 in which they also studied the consequences
of different C/O ratios on the observations. Most of these studies focused on hot
Jupiters and revealed that as the C/O ratio increases, abundances of hydrocarbons
species increase also. [Venot et al| (2015) studied less hot exoplanets and found
that for atmospheres with a temperature around 500 K, changing the C/O ratio

HCN.

CH,

co
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Pressure (mbar)

10° 107 10° 10° 10° 10° 107 107 10° 10° 107 10° 10° 10° 10° 107 107 10°
Mole fraction Mole fraction

’ T,.=400K" ]

Pressure (mbar)
Pressure (mbar)

10° 10° 10° 10° 107 100 10° 10° 107 10° 10° 10° 10° 107 107 10°
Mole fraction Mole fraction

Fig. 6 Chemical composition of GJ 436b with a metallicity of 10x solar metallicity and
different internal temperature (100 K, 240 K, 400 K, and 560 K) as labeled on each panel.
Steady-state composition (full lines) is compared to thermochemical equilibrium (dashed lines).
Adapted from |Agindez et al| (2014b)).
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from solar (C/O = 0.54) to twice solar (C/O = 1.1) has only a minor effect on
the chemical composition and on the synthetic spectra (see Fig. . These two

synthetic spectra would be very difficult to differentiate, even with a very good
SNR.

Indeed, at this temperature, thermochemical equilibrium predicts that the
most abundant heavy species remain the same at C/O solar or above 1, i.e. HoO
and CH4 (Fig. E[) Whereas the abundance of HoO does not change, CH4 sees its
abundance doubling and becoming slightly above that of water. For both C/O
ratios, at 500 K, CO has a very low abundance (~107'7 at 1 bar). Consequently,
as the main species (after Ho and He) are H2O and CH4 whatever the C/O ratio
at this temperature, chemical kinetics is governed by the same reactions, leading
to similar atmospheric composition.

In agreement with previous studies aforementioned, [Venot et al| (2015]) found
that when dealing with hotter planets, the effect of the elemental abundances is
much more important. The increase of the C/O ratio leads to an important increase
(by several orders of magnitude) in the abundance of hydrocarbon species (i.e.
CHy, C2Ha, etc.), accompanied with a decrease of the abundance of water (see Fig.
. Here again, thermochemical equilibrium calculations provide an explanation
for these results. Figure El shows that at T = 1500 K, contrary to T < 1000 K,
the major species change with the C/O ratio. For a solar value, HoO and CO
are the main heavy species and CHy4 is less abundant by more than two orders
of magnitude. On the contrary, for a C/O ratio above 1, the abundance of water
is much lower and the major species are CO and CH4. Consequently, the main

0.0076F 1
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5
=
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Fig. 7 Synthetic transmission spectra of GJ 436b with a high metallicity (10x solar) and
different internal temperature (100 K, 240 K, 400 K, and 560 K). Spectra are binned to ARIEL
resolution, as explained in Table Il The error bars correspond to a SNR of 30.
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Fig. 8 Synthetic transmission spectra for an exoplanetary atmosphere with a temperature
around 500K (left) and 1500K (right). Two C/O ratios are represented: 0.5 (blue/green) and
1.1 (red/magenta). We assumed the test-planet was orbiting a Sun-like star and took the SNR
of HD 189733b. The bold and low-resolution spectra are simulated ARIEL observations. The
resolutions are 10, 100, and 30, according to the spectral range, as explained in Tablem The
error bars correspond to a SNR of 20. The fainter curves are the corresponding higher-resolution
spectra (R=300).
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Fig. 9 Abundances of CO (red), CHy (green), and HoO (blue) at thermochemical equilib-
rium as a function of temperature. Calculations have been done for P = 1 bar and for two
Carbon/Oxygen ratio: solar (full lines) and > 1 (dotted lines).

reactions and destruction/formation pathways in a hot atmosphere will be different
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Fig. 10 Vertical abundance profiles of CHy (red), C2Hga (blue), and HCN (pink) for an at-
mosphere with a temperature around 1500 K assuming two different C/O ratios: solar (dashed

lines) and twice solar (full lines). Adapted from (2015)), reproduced with permission
©ESO.

depending on the C/O ratio. See also [Moses et al (2013) for a detailed study on
the effect of the C/O ratio on hot exoplanetary atmospheres.

This difference of chemical composition is highly visible on the synthetic spec-
tra. As one can see in Fig. [§] the two transmission spectra corresponding to the
C-rich and the C/O solar cases are very separate and can be differentiated easily
with a low SNR (5). The shape of the spectrum corresponding to the C/O solar
case is mainly due to water absorption, with some features of CO and CO2 around
4.8 pm. In contrast, the C-rich spectrum owes its form to CH4, CO, HCN, and
CoHa. Because of their strong spectral features around 14 pm, these latter two
absorbers can be used as tracers for the C/O ratio in warm exoplanet’s atmosphere
(i.e. [Kopparapu et al/|2012} [Venot et al [2015]). This technique has been used by
[Tsiaras et al (2016) to suggest that the super-Earth 55 Cancri e possesses a C-rich
atmosphere, thanks to the detection of high amount of HCN.

As it has been shown by Rocchetto et al (2016)), differentiating an atmosphere
with a C/O < 1 from a C/O > 1 is quite straightforward with a retrieval process
as the spectra are really dissimilar but it might be more difficult to retrieve a more
precise value of the C/O ratio. Indeed, an atmosphere with a C/O = 0.5 has a
spectrum very close to that of an atmosphere with a C/O = 0.6 for instance.
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5 Influence of stellar parameters
5.1 Spectral type of stars

A crucial factor for understanding exoplanet atmospheres is the host star. Stellar
irradiation largely determines the temperature of the atmosphere and, in addition,
the stellar flux is observable in the spectra through reflected and transmitted light.
Furthermore, UV flux irradiation drives photochemistry in the upper atmospheres
of exoplanets.
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Fig. 11 Stellar flux at 1 AU as a function of wavelength of an M (black), K (brown), G (red)
and F (orange) star. FarUV flux can be seen in the zoomed region.

Fig. shows the stellar spectra of an M, K, G and F star. These spectra
are a combination of data from the ATLAS synthetic spectra (Kurucz{|[1979) and
UV observations from the International Ultraviolet Explorer (IUE) as explained
in Rugheimer et al| (2013). For the M star, we are showing the emission flux of an
inactive M star from a model by |Allard et al (2001)). As seen in the figure, stars
of different stellar types emit very different fluxes, creating a different response in
the atmospheres of the planets around them.

Miguel and Kaltenegger| (2014)) studied the effect of stellar flux on the chemistry
of extrasolar giant planets and mini-Neptunes. They studied the change in atmo-
spheric chemical composition for planets around different stars and semi-major
axis ranging from 0.01 to 0.1 AU. In Fig. we show how the atmospheric com-
position of an exoplanet is affected when the planet is exposed to irradiation from
different stellar types stars. The simulations were performed for a planet located
a 0.025 AU and exposed to the irradiation of the stars shown in Fig. The TP
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profiles for each planet were calculated using a gray atmosphere (Guillot|[2010), as
explained in Miguel and Kaltenegger| (2014). The results show that the stellar flux
(especially in the UV domain) strongly influences the photochemistry, especially
the photolysis of H2O. Since water drives the chemistry in the region between 10~%
and 1076 bars of these planet’s atmospheres, the change in water affects the chem-
istry of the other major species. A planet around an F star receives a much higher
amount of UV flux than a planet around an M star, therefore photolysis of water
is much more efficient for the planets around F and G stars than it is on planets
around cool K and M stars. When looking at pressures around 10~% bars, we see
that the change in HoO and CO2 between the two extreme cases (planet around
M and F stars) is of approximately two orders of magnitude, and the change in
composition of CHs and H is substantial. The variation of CH4 abundance be-
tween the two extreme values at that pressure is of approximately 10 orders of
magnitude and the variation in H mixing ratio is of 5 orders of magnitude.
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Fig. 12 Vertical chemical abundances profiles of HoO, COgz, CHy, and H in an exoplanet
atmosphere when the planet orbits different stellar type stars. The different stellar types (F,
G, K, M) are represented by different colors.

We calculated the transmission spectra for the four models presented in Fig.
The four spectra present very different transit depth because the F, G, K, and
M stars have different radii (1.5 Re, 1.1 Re, 0.8 Re, and 0.62 Ry respectively)
while the planet keeps the same properties (i.e. R = Rjyup and M = 0.969 M jyyp).
Apart from this obvious difference, we notice that the spectra for the F, G, and
K host stars present a similar shape. All the absorption is due to water, except
the absorption feature around 4.8 pum, which is the contribution of CO2 and CO.
The spectrum of the planet orbiting a M star presents all the absorption features
of HoO (i.e. around 0.95, 1.15, 1.4, 1.9, and 6.7 um and on the ranges [2.5-3] and
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Fig. 13 Synthetic transmission spectra of a Jupiter-like planet orbiting around an F, G, K,
and M star as it will be observed by ARIEL. The resolutions are 10, 100, and 30, according
to the spectral range, as explained in Table m The error bars correspond to a SNR, of 30.

[4.2-5.8] pm) to which are superimposed those of CHy around 1.6 and 2.3 ym and
on the ranges [3-4] and [7-8] pm. The absorption features of these two molecules
will be easily characterized by ARIEL with observations with a SNR >15.

The effect of stellar flux is extremely important for hot and warm exoplanet’s
atmospheres, but it can also affect smaller planets at wider orbits. The main effect
of stellar irradiation in rocky planet’s atmospheres located in the habitable zone
(Kopparapu et al[2014)) is that as temperature increases (going from cold K stars to
hot F stars) the atmospheres show more O3, more OH, less tropospheric HoO (but
more stratospheric HoO), and less stratospheric CH4, N2O, and CH3Cl, showing
that the effect of the star is extremely important for the modelling and thus the
understanding of their atmospheres (Rugheimer et all|2013).

5.2 Stellar activity

M stars are a special case. These stars make up the vast majority of stars in the
Galaxy and we expect to find many more planets around M stars in the near future.
The future telescope ARIEL will allow us to characterize their atmospheres, so it
is important to anticipate their possible compositions. M stars are cool stars, but
not very quiet: they present a high photospheric activity that causes an excess in
the UV flux produced when comparing to the black body radiation. They can also
present flares that might affect the chemistry in their atmospheres, as explained
in Section
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Fig. 14 Effect of UV flux emitted by M stars (specifically Lyman « radiation) on an exoplanet
atmosphere. In this case the planet used as an example is the mini-Neptune GJ 436b. The
figure shows the results of adopting different levels of Lyman « flux on the abundance of key
species in its atmosphere when using a solar composition. Figure adapted from

(2015)).

5.2.1 Lyman o

The brightest emission line in the UV of M stars is the Lyman « radiation at
1216.67 Ang, with a percentage of total UV flux from the star in the Lyman « line

between 37 and 75 per cent compared to 0.04 per cent for the Sun (France et al
2013). A number of M stars were observed in the UV thanks to the efforts of the
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MUSCLES team (France et al 2016), and the Lyman « lines of those stars were
reconstructed (Youngblood et all[2016]).

[Miguel et all (2015) studied the effect of incoming Lyman « radiation on the
photochemistry of mini-Neptunes’ atmospheres made of solar and higher metal-
licities. They studied the effect of a star with different levels of Lyman « flux and
its effect on the chemistry. In the solar metallicity atmosphere, their results show
that H2O presents the largest change as it absorbs most of the radiation, shielding
other molecules. It can be seen on Fig. [[4]that H2O dissociates very efficiently and
the products of that dissociation (O and OH) affect the chemistry of other species
(Moses et al/[2011)). For higher metallicities, CO2 is also highly effected.

We calculated the synthetic transmission spectra corresponding to these differ-
ent cases and binned them to ARIEL resolution (Fig. . We observe variations
around 2.5 pym and 3.5 pm and on the range [7—8] um, which are due to changes in
CH4 abundance whereas the variations around 4.3 pum correspond to the increase
of CO2 abundance with metallicity. These spectral variations are rather small but
could be detected at some wavelength, with a very good SNR. In the case of GJ
436b, a SNR > 30 is necessary. These results further show that we need to ob-
tain good observations of the stellar fluxes, especially in the UV to get a proper
interpretation of the planetary spectra.
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Fig. 15 Synthetic transmission spectra of the mini-Neptune GJ 436b when receiving different
levels of Lyman « flux. Spectra are binned to ARIEL resolution, as explained in Table[T] The
error bars correspond to a SNR of 30.
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5.2.2 Flares

Active stars, in particular M stars, are subject to stellar variations, which may have
an impact on the chemical composition of exoplanets.|[Venot et al (2016|) studied to
what extent a stellar flare can influence the atmospheric composition of hot/warm
exoplanets and the resulting spectra. They found that the increase of UV flux
associated to a single flare event from an M star can modify the abundances of
the main species (H, NH3, COa, etc.) by several orders of magnitude and down to
a pressure level of ~1 bar (Fig. .

However, a unique flare event is not realistic, as an active star undergoes flare
several time in its lifetime. To model a more realistic case, they simulated a series
of flares occurring periodically (every five hours) and found that the chemical
abundances of species oscillate around a mean value that evolves with time towards
a limiting value (Fig. . The number of flare events required to reach a limiting
value depends on the species and on pressure. Here, the flare is happening with
the same intensity and comes back with the same period. The mean and limiting
values might be more difficult to reach in reality, with flares of different intensity
happening with inconstant period. The conclusion that can be drawn from this
study is that planets around very active stars (undergoing frequent flares) are
probably never at a steady-state but are constantly and permanently altered by
flare events. These important variations are detectable on the synthetic spectra as
deviations from the steady-state can be up to 1200 ppm (Fig.
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Fig. 16 Relative abundances of hydrogen during the first 1038 seconds of a flare event. The
planet is a warm Neptune with an equilibrium temperature of 412 K. From [Venot et al| (2016)).
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Fig. 17 Temporal evolution of the atmospheric abundance of ammonia in a planet orbiting
a flaring star. The host star undergoes energetic flares every five hours. The planet is a warm

Neptune with an equilibrium temperature of 1303 K. From (2016)).
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respect to the steady-state when the star undergoes a flare every 5 hours. From

(2016).
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6 Progress in terms of modelling

Most chemical models of hot/warm exoplanets have involved one-dimensional ver-
tical profile models with a specified input temperature profile. However, recent
model developments have extended this to take into account 1) consistency of
the chemistry with the temperature profile and 2) extend the model dimension to
include the effects of horizontal transport.

6.1 Coupling chemistry-thermal profile

As was shown previously (Sect. , various model parameters can have a large
impact on the chemical abundances. In particular, for a given elemental compo-
sition, the temperature profile largely determines calculated chemical abundances
through the temperature-dependence of the rate constants. In addition, if vertical
mixing is taken into consideration, the location of the quench point is a play-
off between the chemical timescale and mixing timescale, which depend on the
temperature and mixing strength (K..) respectively.

However, the temperature profile is in turn dependent on the chemical com-
position, as it controls the opacity and hence the absorption and emission of radi-
ation. Drummond et al (2016) used a 1D radiative-convective equilibrium model,
which includes a chemical kinetics scheme, using the chemical network of |Venot
et al (2012), to solve for the temperature profile which is consistent with non-
equilibrium abundances (i.e. including vertical mixing and photochemistry). It
was found that the process of vertical mixing can have a strong influence on the
temperature profile compared with the temperature profile consistent with chem-
ical equilibrium, depending on the strength of the mixing. Figure shows the
pressure-temperature profiles for a model of HD 189733b, with profiles consistent
with both chemical equilibrium and non-equilibrium (vertical mixing and photo-
chemistry). Depending on the strength of the mixing, non-equilibrium chemistry
can have an important influence on the temperature profile; locally increasing the
temperature by up to 100 K.

This change in the temperature due to non-equilibrium abundances has a feed
back on the abundances themselves, through the temperature dependent rate con-
stants. In this case, this leads to larger CH4 abundances and smaller CO abun-
dances, compared with the model where the temperature profile is held fixed. The
impact of photochemistry on the temperature profile is very small, since photo-
chemistry is only important at low pressures (P < 10~ ° bar) where the atmosphere
is optically thin.

Calculating non-equilibrium abundances consistently with the temperature
structure also has an impact on the simulated observations. Figure 20] shows the
emission and transmission spectra for the same model, comparing chemical equi-
librium, non-consistent non-equilibrium and consistent non-equilibrium cases. The
spectra have been binned to the resolution of ARIEL (see Table . Note these
spectra have been recalculated (see Section from the thermal and composition
profiles presented in [Drummond et al (2016)).

The emission spectra of the three cases (equilibrium, consistent non-equilibrium
and non-consistent non-equilibrium) are all different to each other. However, Fig.
shows that of the two non-equilibrium cases, the consistent model (blue line)
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is closer to the equilibrium model (green line) for most wavelength regions; there
are however, exceptions to this, for example around 4.5 pm. This means that,
depending on the wavelength, previous studies using a non-consistent approach
could have overestimated the effect of non-equilibrium chemistry on the emission
spectrum. In transmission the consistent and non-consistent non-equilibrium cases
give broadly similar results.
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Fig. 20 The simulated emission (left) and transmission (right) spectra of HD 189733b that
will be observed by ARIEL, for K., = 10'1cm?s~1, showing the model assuming chemical
equilibrium (EQ, green), the model with non-consistent non-equilibrium chemistry (NEQ, red)
and the model with consistent non-equilibrium chemistry (CNEQ), blue). Spectra are binned
to ARIEL resolution, as explained in Table[1}] The error bars correspond to a SNR of 21.
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The difference between the consistent and non-consistent models can be un-
derstood in terms of energy balance of the atmosphere. The photosphere is the
location in the atmosphere where the optical depth is approximately unity, and is
where energy can freely escape to the top of the atmosphere. The pressure level
of the photosphere is dependent on wavelength due to the wavelength-dependent
opacity which, in turn, is determined by the chemical composition. The energy
flux from the atmosphere , at a particular wavelength, is determined by the atmo-
spheric temperature at the photospheric pressure level.

The main consequence of non-equilibrium chemistry, in this particular case, is
to increase the abundances of CHs and NHs via vertical quenching. The corre-
sponding increase in opacity shifts the photosphere to lower pressures, and lower
temperatures, for the wavelengths at which these species absorb, changing the en-
ergy flux and the shape of the emission spectrum. While the spectral energy flux
from the atmosphere may change, due to a changing composition, the total energy
flux (i.e. integrated over wavelength) must balance the total energy input to the
model atmosphere. Here, irradiation and internal heating are the only sources of
energy to the atmosphere and are constant for all three cases.

Drummond et al (2016) found that the consistent non-equilibrium model gives
the same integrated emitted energy flux as the equilibrium model, to within the
expected accuracy of the calculations, as expected while the non-consistent non-
equilibrium model shows a 39% decrease compared with the equilibrium model.
The non-consistent model does maintain energy balance. To conserve energy bal-
ance the consistent calculation allows the temperature profile (in this case heats
up) to evolve mitigate the effect of a shifting photosphere. We refer the reader to
Drummond et al| (2016)) for a more detailed discussion.

The variations between these three models will be differentiable with ARIEL.
With one single observation (SNR=7), the resolution of ARIEL is sufficient to
separate the chemical equilibrium model from the two others, both in emission
and transmission. Concerning the non-equilibrium chemistry models, separating
the consistent one from the non-consistent one requires different SNR depending
on the type of observation: for an observation during the secondary eclipse, a SNR
of 7 allows to distinguish them for A > 4 um. In the range 2-4 pm, about nine ob-
servations are required, resulting in a SNR of 21. On primary transit observations,
the two models are more difficult to disentangle. For A < 2 ym and between 4 and
5 pum, the two spectra can be separated with a SNR of 14, but elsewhere a SNR
> 21 is required. Note, however, that in the range [2 — 2.5] pm and [3 — 4] pm,
the two non-equilibrium chemistry models give very similar spectra that can’t be
distinguished, even with very high signal-to-noise ratios. Overall, this study shows
that considering consistency between chemistry and temperature is very impor-
tant in atmospheric modeling, as the variations on spectra between the different
models are greater than the uncertainties on the future observations of ARIEL.

It is possible that studies not taking into account consistency of chemistry and
temperature may have overestimated the impact of non-equilibrium chemistry on
the spectrum, due to the models not conserving energy. An additional process not
considered in |[Drummond et al (2016) is adjustments to the thermal profile due to
energy changes associated with chemical reactions, which may also play a role in
linking the chemical composition with the thermodynamics of the atmosphere.
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6.2 Horizontal mixing

All of the results presented so far have used a 1D code that approximates the
atmosphere as a single column. However, short-period exoplanets are expected to
be tidally locked, with large day-night temperature contrasts and fast horizontal
winds. The effects of this three dimensional temperature structure and dynamics
cannot be consistently captured with a 1D model. Coupling a complex chemical
model to a 3D circulation model is a large computational challenge.

To date, two attempts have been made to include the effects of horizontal
mixing in hot Jupiter atmospheres: 1) coupling a complex 3D model with a very
simplified chemical scheme (Cooper and Showman|2006) and 2) coupling a complex
chemical scheme with a simplified circulation model, a pseudo-2D model
. In this latter case, the 1D atmospheric column rotates as a solid
body to mimic a uniform zonal wind; i.e. time is taken as an effective second spatial
dimension.

In their model, |Cooper and Showman| (2006) include only H,O, CO, and CHy,
which are the main carbon and oxygen bearing species. Their goal is to investigate
the CO/CHy interconversion in the atmosphere of HD 209458b. They argue in
terms of timescales estimates and find that vertical mixing is more important
than horizontal mixing. They find that vertical quenching from a deep layer leads
to a horizontally uniform composition for lower pressures. On the other hand,
[Agindez et all (2014a)) study the detailed chemical composition of HD 209458b
and HD 189733b, with a chemical scheme involving more than 100 species. In both
planets, they find that horizontal mixing is more important, and that the chemistry
is quenched horizontally, with the chemistry of nightside being ‘contaminated’ with
that of the dayside (see Fig. . Understanding the differences between the results
of these two studies may require extending capabilities to consistently include a
full chemical kinetics scheme in a 3D circulation model: a difficult, but important,
challenge.
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Fig. 21 Vertical abundances profiles for the atmosphere of the hot Jupiter HD 189733b. The
composition corresponding to the thermochemical equilibrium is on the left. The composition
calculated with the pseudo 2D model is on the right. For each species, the different lines

correspond to different longitudes spanning the 0-360° range. Adapted from |Agundez et al
(2014a)), reproduced with permission ©ESO.

Planetary spectra are usually computed with 1D radiative-transfer codes. Be-
cause of the nature of these models, the longitudinal/latitudinal variations of the
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temperature and the chemical composition are neglected. |Agundez et al| (2014a)
investigate in which extent these longitudinal variations can affect the emission
and transmission spectra. Because the chemical composition is horizontally quite
homogenized, they find that the variability of composition with phase does not
affect the emission spectrum, neither the transmission spectrum. The differences
between the ingress and egress transmission spectra on one side, and the emission
spectra at different phases on the other side are in reality due to the temperature
variations (see Figs. 18 and 19 in |Agundez et al[[2014a). The only change due to
the chemical composition gradient is observed around 4.3 um and is due to the
variation of CO2 abundance.

To estimate if the changes of the planetary spectra with phase can be detected
with ARIEL we calculated the emission spectra corresponding to the morning, day,
evening, and night sides, as well as the transmission spectra corresponding to the
morning and evening limbs (Fig. . We binned them to the resolution of ARIEL
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Fig. 22 Synthetic emission (left) and transmission (right) spectra for HD 189733b, with
the chemical compositions calculated by the pseudo 2D model. They are binned to ARIEL
resolutions, as explained in Table[1}] The error bars correspond to a SNR of 14.

following the characteristics of Table [} For secondary eclipse, one can observe
two groups of emission spectra: the first one is made of the morning and night
sides, and the second one gathers the day and evening sides. These two groups
can be easily differentiated with one single observation, which corresponds to a
SNR of 7 in the case of HD 189733b (see Table . However, it is more difficult to
disentangle the two components of each groups because they are very close. The
feature around 4 pm can be identified with a SNR of 14 (i.e. four observations),
but elsewhere it remains difficult to separate the spectra of each group.

For primary eclipse observations, we found that the transmission spectra of the
morning and evening limbs are differentiable on the overall spectral range from a
SNR of 7 (i.e. one single observation). Regarding these results, it is certain that
ARIEL will allow us to better understand hot Jupiters, as it will have the technical
capacity to determine horizontal and vertical variations of the thermal structure
of their atmospheres.
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7 Need for experimental data at high temperature

Whatever the degree of sophistication of the atmospheric kinetics model (one
dimension with constant thermal profile or chemistry-consistent thermal profile,
two dimensions, and probably in the future three dimensions), of fundamental
importance is to use data corresponding to the properties of this system. A model
will always provide a result, and conclusions are then very easy to draw. However,
if the input data used in the model are wrong, conclusions will be false, however
advanced the model is.

With respect to the chemistry calculations, the term ”input data” includes all
the data necessary to calculate kinetics and photodissociations: reaction rates, ab-
sorption cross-sections, and quantum yields. Concerning the reaction rates, it has
already been presented in Section [2] that, taking advantage of decades of intensive
work in the field of combustion, [Venot et al| (2012]) and [Venot et al (2015) developed
chemical schemes adapted to high temperature and validated experimentally.

But concerning absorption cross-sections and quantum yields, no such work ex-
ists already. Currently, all chemical models dealing with high temperatures don’t
have another choice but to use data at ambient temperature (or at 350-400 K in
the best cases). Thus, an important uncertainty exists in the modelling of photo-
chemistry.

In this context, an ambitious project has been developed at the Laboratoire
Interuniversitaire des Systémes Atmosphériques (France). It consists of measuring
the absorption cross-sections of the most important species of planetary atmo-
spheres at temperatures relevant for exoplanets. Thanks to an experimental setup
that enables the gas to be heated to high temperatures (currently up to 1000 K),
measurements are being performed in synchrotron facilities (BESSY, Germany or
SOLEIL, France). The absorption cross-section of carbon dioxide, ooz, has been
studied by [Venot et al (2013) and |[Venot et al (2018) in the range [115-230] nm,
up to 800 K. The increase of the absorption together with the temperature is
spectacular (see Fig. . Moreover, the use of this more accurate data in atmo-
spheric models significantly affects the predicted chemical composition (see Fig.
. The abundance of CO» is modified mainly in two regions: around 10~ mbar
and around 10 mbar. Between these two regions, the destruction of CO2 by pho-
tolysis is compensated by the production of CO2 through the reaction CO + OH
— CO2 + H. Changing only the absorption cross section of CO2, many species
see their abundances varying by several orders of magnitude (NHs, H, CHy,...).
This confirms the urgency of acquiring a complete database of cross-sections at
high temperature.

In [Venot et all (2018)), the authors also determine a parametrization of the
absorption cross section of COz that permits to calculate the absorption of this
molecule (more exactly the continuum of the absorption) at any temperature in
the wavelength range [115-230] nm. Thus, they estimate the absorption of CO2
at 1500 K and use this data to study a very hot atmosphere (i.e. T = 1500 K
between 10~* and 10 mbar). They find that in this very hot atmosphere, the
contribution of photodissociations to the chemical composition is smaller than in
cooler atmospheres. Consequently, even if the absorption of COg2 is much more
important at 1500 K than at 800 K, using 0co2(1500 K) instead of cc02(300 K)
generates less variations than in the atmosphere at 800 K (see Fig. . Variations
of the chemical composition induced by the change of VUV absorption cross section
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Fig. 283 VUV absorption cross sections of carbon dioxide at different temperatures from 150
to 800 K. Adapted from [Venot et all (2013} [2018), reproduced with permission ©ESO.
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Fig. 24 Vertical abundances of several species when using the absorption cross section of
CO2 at 300 K (full line) or at 800 K (dotted line). The atmospheric temperature between
104 and 10 mbar is 800 K. The dot-dashed lines correspond to a model using an analytical
formula for the absorption of CO2 determined by [Venot et al| (2018). From [Venot et al| (2018)),
reproduced with permission ©ESO.

in the photochemical model have noticeable consequences on the transmission
spectrum in the case of a 800K atmosphere only. High-resolution transmission
spectra are shown in [Venot et all (2018). Here we recalculated these spectra and
binned them to the resolution of ARIEL assuming a signal-to-noise of 20. To
estimate the noise, we took the characteristics of the star HD 128167 (F star,
Ters = 6600 K, d = 15.83 pc, magy=6) since its stellar flux has been used in the
photochemical model. [Venot et al (2018]) showed that the spectra corresponding
to the models using the CO2 absorption cross section at 300 K or at 800 K present
differences at three locations: at 2.7, 4.3, and 14.9 um. These differences are quite
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small, but the departure at 4.3 is distinguishable on ARIEL observations if they
are performed with a SNR > 20 (see Fig. The range around 14.9 pm will not

be observed by ARIEL.
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Fig. 26 Synthetic transmission spectra of the atmosphere at 800 K corresponding to the
models using the absorption cross section of CO2 at 300 K (blue) or at 800 K (red). The bold
spectra are binned to ARIEL resolution, as explained in Tablem The error bars correspond to
a SNR of 20. The fainter spectra have a higher resolution (R=300), constant in wavelength.
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In view of these results, it appears more urgent to study other molecules at
temperatures up to ~1000 K rather than performing measurements at higher
temperatures. Measurements of other species are in progress, such as NHs, C2Ha,
and HCN, and should be released soon.

8 Chemical modeling and ARIEL

Whilst significant developments are still required, the current state-of-the-art mod-
els provide us with an understanding of how various parameters and processes
(temperature, metallicity, mixing, etc.) can affect the atmospheric chemical com-
positions of hot exoplanets. Indeed, for a given atmosphere it is possible to deter-
mine whether the atmosphere is likely to be described by chemical equilibrium or
whether non-equilibrium processes will have a significant effect. If non-equilibrium
effects are likely, then the use of kinetics models can predict the abundances of the
chemical species and investigate the effect of these non-equilibrium abundances on
the observable spectra. We have shown in this manuscript that the high precision
of ARIEL will be able to discriminate relatively easily (with one or a few tens ob-
servations) the different assumptions that can be done of atmospheres (metallicity,
C/O0 ratio, temperature, etc.).

The limiting factor to a wider and deeper knowledge of exoplanet atmospheres
is currently the limited precision, resolution and amount of observations. The
coming of next-generation instruments will provide much higher precision spec-
tra, which will constrain the models to a higher degree. However, the number of
observations which can be made with a finite amount of telescope time is strictly
limited. Therefore, ARIEL is eagerly awaited as it is the only project which can
deliver a large survey of atmospheric spectra. Such a database of observed spectra
for a large number of planets with different (and similar) properties is crucial to
understanding how the planet properties, stellar type and orbital configurations
alter the atmospheric chemistry; and of course, this understanding can be only be
achieved by combining theory and observations.

By studying the chemical composition of the atmospheres of exoplanets, we
can hope to gain some insight into the bulk compositions of such planets and
eventually to their formation and evolution histories. The huge diversity of exo-
planets discovered to date indicates that such a problem can only be tackled by
considering a large sample of planets, which ARIEL will provide. We will finally be
able to understand why so many exoplanetary systems currently detected appear
radically different to our own Solar system, and indeed, to determine whether the
Earth and the Solar system are truly unique.
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