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ARTICLE INFO ABSTRACT

Keywords: Planets and their host stars undergo evolutionary changes over time, resulting in variations in internal
Planets and satellites temperature and incoming radiation, which significantly impact the temperature structure and composition
Atmospheres of their atmospheres. These evolving conditions give rise to distinctive features in planetary spectra that are
Composition

observable only during specific stages of planetary evolution. We aim to understand how the composition of
planets with H,-dominated atmospheres changes over longer timescales due to their thermal evolution. We
also investigate time-dependent features in the transmission spectra. These features could provide insights in
both the formation and evolution of these gaseous planets, as well as the timescales of these changes, enabling
us to study the potential variability of exoplanets over time. We evolve a ~0.04 M,,, and ~0.45 M,,, planet
around a 1.0 My and 1.3 M,, star respectively for 10°° years. In both systems, the planets are considered
at semi-major axes of 0.1 AU and 1.0 AU. The star-planet systems are evolved by making use of Modules
for Experiments in Stellar Astrophysics (MESA). The temperature—pressure profiles are obtained at selected
time-steps using an analytical approximation based on the internal and irradiation temperature of the planet
at each time step. We then use VULCAN, a photochemical kinetics code, to see how the composition changes
with time in the atmosphere due to the thermal evolution of the planets. By making use of the radiative transfer
code petitRADTrans, we also simulate the evolution of the transmission spectra of the planets to find potential
time-dependent spectral features. Our findings show a prominent change in the CO, feature at ~ 4.3pm. For
the 0.45 M,,, case, this feature is visible in the pre-main-sequence phase of the host star, regardless of orbital
distance from the host star. In the case of the ~0.04 M,,,, planet, this CO, feature is visible until t < 10° years,
and then it reappears after t > 10® years when the planet is 0.1 AU away the host star. The CH, features
at ~ 3.3um and ~ 7.5pm are only time-dependent when the planet is located at 0.1 AU from the host star
and experiences high irradiation since the high temperature at early stages favoured CO, over CH,. When the
planet is 1.0 AU away from its host star, the CH, features are always visible regardless of the mass and hence
internal temperature of the planet.

Gaseous planet
Planet-star interactions

1. Introduction attribute the currently observed spectral features to solely formation

models or evolution models. The research presented here is focused

In the era of space telescopes, such as the James Webb Space
Telescope (JWST), and ground-based telescopes, we find ourselves in
an unprecedented age of discovery. Recent studies have shown the po-
tentials of JWST which opened up new avenues for exoplanets in both
the theoretical as well as the observational point of view (e.g., Fauchez
et al., 2022; Birkmann et al., 2022; Feinstein et al., 2023; Alderson
et al., 2023; Rustamkulov et al., 2023; Ahrer et al., 2023; Carter
et al., 2023). The spectral characterisation of exoplanets is key to better
understanding their formation and evolution. It remains challenging to
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on better understanding the planetary processes behind the observed
spectral features by centralising the impact of evolution models on
observed spectra.

Analytical (e.g. Guillot, 2010) and radiative transfer (e.g. Baraffe
et al., 2003; Fortney et al., 2011) evolution models of gaseous plan-
ets, that took both the irradiated atmospheric structure and interior
structure into account, showed the importance of irradiation as it
significantly changes the properties of the planet. They showed that
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Table 1
The star-planet systems. The columns are: the labelling of the system as they are shown
in the figures, mass of the planet, distance from the host star, mass of the host star.

M, (M,,,) a (AU) M, (M)
Case Al: 0.45 0.1 1.3
Case A2: 0.45 1.0 1.3
Case B1: 0.04 0.1 1.0
Case B2: 0.04 1.0 1.0

the main effect of irradiation is the increased temperature in the
outer layers of the planetary atmosphere, decreasing the temperature
gradient between the upper and lower atmospheric levels.

The chemistry of planetary atmospheres and their spectral features
are deeply affected by both the temperature structure within the atmo-
sphere and the stellar luminosity that affects photochemical processes
(e.g., Madhusudhan, 2019; Zahnle et al., 2009; Moses et al., 2011;
Venot et al., 2012; Rimmer and Helling, 2016; Drummond et al., 2016;
Hobbs et al., 2019; Shulyak et al., 2020; Tsai et al., 2023) among other
factors.

In this study, we focus on the impact of thermal planetary evolution
on the chemical composition of exoplanet atmospheres and the impli-
cations on their transmission spectra. We explore how the composition
and spectral features of four different hydrogen-dominated planets
change over ~3.1 Gyr by varying their semimajor axes and/or host
star sizes. This is done by simulating their thermal profiles due to
the planet’s evolution and factoring in the stellar evolution process.
Through our research, we identify and analyse time-dependent spectral
features, providing insights into the evolution of H,-dominated gaseous
planets. We place special emphasis on the CO, feature at 4.3 pm,
because CO, is an important tracer of planet formation as it helps us
to determine the solid versus gaseous material ratio during its forma-
tion (Lodders and Fegley, 2002; JWST Transiting Exoplanet Community
Early Release Science Team et al., 2023).

The structure of the paper is the following: Section 2 describes the
star-planet systems that are taken into account, and how their evolution
is modelled. In Section 3 we present the evolution of the atmospheric
composition of the planets and their observability. In Section 4 we
discuss the limitations of this study. A conclusion of this paper can be
found in Section 5.

2. Methods
2.1. Planetary systems

We evolve gaseous planets of varied masses for 10%> yr at various
distances from their host star. We consider two different planets with
a mass of a M, = 0.04 M, and M, = 0.45 My, to see the effects
of different internal temperature on planets with different masses. The
lower mass planet orbits a solar-like star with a mass of Mg = 1.0 M,
and the higher mass planet orbits a larger and hotter star of spectral
F-type, with My = 1.3 M. In each planet-star system, we model our
hypothetical planet with two different distances. The semimajor axes,
a, between the planets and their host stars are 0.1, and 1.0 AU. By
simulating the planets with the mentioned orbital distances around G-,
and F-type host stars, the effect of high irradiation can be explored.
All planets are Hy-dominated and assumed to have solar abundances
taken from Lodders et al. (2009). A summarised overview of the cases
can be found in Table 1. We note that in this study we do not take
into account any possible migration that the planets might experience
during the first years of their evolution.

2.2. Thermal evolution
We focus on how the atmospheric chemistry and observable features

on the transmission spectra change by evolving the planetary temper-
ature and pressure profile using the analytical approximation by Heng
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et al. (2014). Here they took into account the incoming radiation from
the host star and the thermal emission of the planetary atmosphere and
included non-isotropic scattering in their calculations. The longwave
opacity (k;), shortwave opacity (kg), shortwave scattering parameter
(Bs), and longwave scattering parameter (f;) are set to 0.1, 0.02,
1.0, 1.0, respectively, and we only change the internal and irradiation
temperature at various timesteps. The timesteps range from 10*3 to
10%3 yr in increments of 0.5 on the exponent. The values for the internal
temperature are obtained by making use of the open source stellar evo-
lution code, Modules for Experiments in Stellar Astrophysics (MESA),
which is widely used for the evolutionary study of both stars (Paxton
et al., 2010) and planets (Paxton et al., 2013). The stars are evolving
with solar metallicities for 10°3 yr, which is approximately the end of
their main-sequence phase. We assume that the planets are made of a
core of 10 Mg, surrounded by a homogeneous envelope.

Assuming zero albedo, the irradiation temperature T, can be cal-
culated using
R
Ty = —STeﬁw (€9)]

irr 2a

where both the effective temperature of the host star (T.) and stellar
radius (R,) are obtained from MESA at each time step.

2.3. Chemical model

To model the mixing ratios of the atmosphere, the open-source
photochemical kinetics code VULCAN! is used (Tsai et al., 2017, 2021).
For case Al, the default validated N-C-H-O photo-chemical network
is used, which includes 948 reactions containing 74 species. For the
other cases we also include condensation as those are colder systems.
Furthermore, we make use of the default solar spectrum from Guey-
mard (2018) for the one solar mass star. For the 1.3 solar mass star,
the synthetic spectra is taken from PHOENIX (Husser et al., 2013),
assuming an effective temperature of 6400 K. The spectra are scaled
according to the orbital distance of the planet from the host star. We
assume a constant eddy diffusion (K,,) of 1el0 cm? s~1 (Moses et al.,
2011; Parmentier et al., 2013; Miguel and Kaltenegger, 2014). For
initial abundances we assume chemical equilibrium, and calculate it
using the open source chemical equilibrium code, FastChem? (Stock
et al., 2018).

2.4. Transmission spectra

The spectral characterisation of the planets is done using an open-
source radiative transfer Python package, called petitRADTrans® (Mol-
liere et al., 2019). The mixing ratios from the chemical kinetic code
are converted into mass fractions, and used as input data for petitRAD-
Trans. The default line absorbers are used (see Table 2 of Molliere
et al. (2019) for references) and the spectra are calculated at low
resolution (4/44 = 1000). The Rayleigh scattering cross-sections for
H, (Dalgarno and Williams, 1962) and He (Chan and Dalgarno, 1965)
are considered, and we also add collision induced absorption (CIA) of
the H,-H, and H,-He pairs (Richard et al., 2012). Note that when
modelling the spectra, we exclude clouds. Including them can flatten
the spectra (e.g. Ohno et al., 2020) due to the absorption and scattering
of the UV-light.

3. Results
3.1. Thermal evolution
The thermal evolution of the planets can be seen in Fig. 1. The

changes in T;, and T;,, can be seen in Figs. 2 and 3, respectively. The

1 https://github.com/exoclime/VULCAN.
2 https://github.com/exoclime/FastChem.
3 https://petitradtrans.readthedocs.io/en/latest/.
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Fig. 1. The temperature-pressure (TP) profile of each planet. Darker colour indicates an older age as labelled. Black solid lines divide the upper, middle, and lower atmosphere

as defined in Madhusudhan (2019). Note that the figures share both axes.
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Fig. 2. The internal temperature as a function of the selected time steps. Black and
red colours are the cases of the 0.45 M;,, and 0.04 M,,, planet, respectively.

Hertzsprung-Russell (H-R) diagram of the stars in the ages considered
in this study is presented in Fig. 4. As expected, the planets radiate

away their heat (e.g. Baraffe et al., 2003; Fortney et al., 2011), causing
their internal temperature to decrease over time. A similar trend is
visible in the planetary radii, R, (Fig. 5). More massive planets take
longer to cool down, which is also visible in Fig. 2. While the internal
temperature of the 0.04 My, planet shows a decreasing trend even in
the first few thousand years (dropping from 380 K to 362 K between
10*% and 10° yr), the 0.45 Mj,,, planet does not experience a significant
cooling in the first 1 million year (stays at ~406 K), however, in
the following time steps its temperature keeps decreasing . The more
massive planet (case Al and case A2) has an internal temperature
between 406 K and 85 K, whereas the internal temperature of the less
massive planet (case Bl and case B2) ranges between 380 K and 39
K. The internal temperature ranges for the two planets are similar,
but there are notable differences in the upper and lower bounds of
the temperature ranges, hence the effect of high and low T;,, can be
investigated. The irradiation temperature, T;,, is always the largest at
earlier stages of the system, since after the formation of the system,
both host stars are very luminous. As the stars follow the Hayashi-
track their effective temperatures do not show a considerable change,
but they experience a decrease in luminosity and hence the irradiation
temperature of the planets are also decreasing, reaching its low-point
when the system is around 107 yr old. Subsequently, the effective
temperature of the host stars increases (i.e. T;, starts to increase
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Fig. 3. Irradiation temperature as a function of age for the 1.3 M (left panel) and 1.0 M host star (right panel). Orange and blue colours indicate 0.1 and 1.0 AU distance,
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Fig. 4. The HR diagram of the 1.3 M, (black line) and 1.0 M, (red line) star. The
individual dots represent the specific ages as labelled.
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Fig. 5. The radius as a function of the selected time steps. Black and red colours are
the cases of the 0.45 M;,, and 0.04 M,,, planet, respectively.

again) until the main-sequence phase is reached, at which both the
luminosities and effective temperatures roughly remain constant.
Overall, the temperature-pressure profiles of the planets decrease
with time. However, the temperature of the planetary atmosphere at
0.1 AU is increasing after 107 yr, especially in the intermediate and

upper atmosphere. This is due to the increased incoming radiation from
the host star as it reaches the main sequence phase. In the other cases,
the planets are too far (i.e. a = 1.0 AU) to experience this upward trend.

3.2. Evolution of the composition

In the following subsections we compare the compositional evolu-
tion of case Al with A2 (Section 3.2.1), and case B1 with B2 (Sec-
tion 3.2.2). Figs. 69 show how the mixing ratio of some of the most
important molecular species change with time for the different cases.
The atmosphere is divided into three regions as shown in the figures
with black lines. The upper atmosphere is below 10~# bar, while the
lower atmosphere is above 1 bar (Madhusudhan, 2019).

3.2.1. Cases Al and A2

The most abundant species is H, in both cases, with exception of
the early evolution (<10*3 yr) where the high incoming radiation from
the host star causes atomic hydrogen to be dominant in the upper
atmosphere for the short orbit period planet (Al). This is because the
temperature is high enough (T ~ 1400 K and T, ~ 2000 K) for H, to
dissociate. Although the relative abundance of H is much lower in the
other atmospheric levels for both cases A1 and A2, the same decreasing
trend is visible as the planet evolves and cools.

On the other hand, the CO, mixing ratio is greatly affected by
the thermal evolution of the planet as carbon prefers CO rather than
CH, in hotter planets. CO, is CO and H,O dependent. OH produced
photochemically enhances the conversion of CO to CO, through the
following reaction:

CO +OH - CO, +H )
where OH is produced by:

H,0 +H — OH + H, 3)
Hence, the net production is:

H,O + CO — CO, + H,. &)

In case Al, the mixing ratio is largest in the middle and upper atmo-
sphere between 10® — 10%3 yr. In the upper atmosphere the relative
abundance almost reaches ~10~3, while in the intermediate and lower
atmosphere it drops below to ~10~7. At this point in time, the internal
temperature of the planet starts to decrease as well (Fig. 2). After
10 yr, while the internal temperature of the planet decreases, the net
change of the mixing ratio of CO, is negative in both cases. Due to
the higher incoming radiation in case Al, the final mixing ratio in the
upper atmosphere during this time is much higher compared to case
A2. In case Al it drops from ~10~5 to ~10~ in the upper atmosphere,
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Fig. 6. The evolution of the mixing ratio of the most important species in case Al. Colourings are the same as in Fig. 1. Note that the range of the horizontal axes is different

in the subplot of each species, whereas the vertical axes are shared.

while in case A2 it decreases from ~2 x 107 to ~6 x 1078, reaching a
minimum of ~2 x 10710 at 10° year.

H,O increases as the internal temperature decreases, and its mixing
ratio is always within the 10~* range, making it one of the most abun-
dant species in the atmosphere throughout the evolution, irregardless of
semi-major axis (Moses et al., 2013; Drummond et al., 2020; Zamyatina
et al., 2023).

The mixing ratio of CH, increases with age in both cases, as
methane formation is favoured at lower temperatures (e.g., Moses
et al. (2011)). In case A2, CH, becomes the primary carbon reservoir
throughout the atmosphere after 107 yr. In contrast, for case A1, CH,
dominates over CO after the same period but is predominant only in the
middle and lower atmosphere. This distinction highlights the significant
influence of stellar radiation in the evolution. Additionally, it is notable
that CO displays a trend opposite to that of CH,, due to the preference
of C to go to CH, or CO depending on the temperature (e.g., Moses
et al., 2011).

3.2.2. Cases Bl and B2

Similarly to case Al, H, is able to dissociate in the upper atmo-
sphere of case B1 in the earlier stages of the evolution when the host
star reaches the Hayashi-line, because of the high irradiation that leads
to a high atmospheric temperature (T ~ 1400 K and T;,, ~ 1800 K).

In case B1, the mixing ratio of CO, in the upper atmosphere shows
an increasing trend from ~10~7 to ~2 x 107 and it reaches ~107 after
the first million year, which is the effect of the incoming radiation,
as in the other atmospheric levels, the CO, mixing ratio drops after
a million years and reaching the minimum at 107 yr (~10710). After
107 yr, the mixing ratio of CO, increases in case Bl in the middle
and lower atmosphere, and in the later stages it reaches a mixing

ratio of ~10~7. During this period, the mixing ratio of methane drops
slightly (less than 10 factor), which is the result of the CH, — CO net
production. This can be due to the photolysis of CH4 and H,O in the
upper atmosphere, which triggers the CO production in lower pressure
levels, however, CO is transported to the other atmospheric levels due
to vertical mixing. Hotter atmosphere favours CO and hence CO,, since
they are linked kinetically, and this is the period when the atmospheric
temperature of case Bl increases because the host star is in the main
sequence phase and the irradiation increases. Our results also indicate
when there is more CO and H,O in the atmosphere, the CO, formation
is more effective, therefore, larger CO, mixing ratio results in smaller
CH, mixing ratio (Moses et al., 2011).

In contrast, in case B2, initially the mixing ratio of CO, is ~10~7
at all atmospheric levels, including the upper atmosphere, because
it does not experience such incoming radiation. Then, as the planet
cools, its mixing ratio shows a decreasing trend without significant
fluctuations. Between 10° yr and 107 yr the factor of decrease is 10,
whereas between 107 yr and 10° yr it decreases almost by a factor of
20 and ends up with a value of ~3 x 10719,

On the other hand, since cooler atmospheres favours methane, the
mixing ratio of CH, experiences an upward trend in case B2. Up to
the first million year, its mixing ratio increases by a factor of 9. Then,
between 10° yr and 109 yr, the mixing ratio of CH, jumps to almost
4 x 10~* and stays at this value. This is because the overall temperature
of the atmosphere does not change drastically as well. Furthermore,
in case B2, the mixing ratio of CH, is always larger than the mixing
ratio of CO, in contrast to case B1, since in case B1 CH, only becomes
more abundant in middle and lower atmospheric levels (due to stellar
radiation) after 10° yr.



V. Kecskeméthy et al.

New Astronomy 113 (2024) 102296

Case A2
H CHy CO;
1077 1 1
1075 . .
103 A 1 |
107 A 1 1
10% 1 1 —m——— ] /I/
10712 1078 107 1073 1074 10710 1078 107
H, H,0 Cco
’g 107 - f ( f( ] \ \ \ \ . logiot [yr] = 4.5
8 10-5 - i i logiot [yr] = 5.0
[0} logiot [yr] = 5.5
S 1073 + 1 1 logiot [yr] = 6.0
B 1014 _ _ —— logiot [yr] = 6.5
o . —— logyot [yrl = 7.0
o 1071 W 1 77— l | — logiot [yr] = 7.5
832 x10-1 838x107'  4x10™* 6x10°* 107 10-° — logaot [yr] = 8.0
— logiot [yr] = 8.5
OH —— logiot [yr] = 9.0
—— logjot [yr] = 9.5
10—7 .
10—5 .
10-3 4
10—1 .
101 .
107 1073 1077
Mixing Ratio

Fig. 7. Same as Fig. 6, but with case A2.

As discussed previously, H,O remains stable at most temperature
and pressure conditions. However, surprisingly, in case B2, the mixing
ratio of water drops from ~10~3 to almost 105, because the atmo-
spheric temperature becomes so low at later stages (T < 300 K) that
CH, becomes more dominant. This is because in case B2, the host
star during the main-sequence experiences the low-point in its effective
temperature, and the planet is further from the host star, which leads
to much less OH in the atmosphere. OH is a crucial species in order to
produce H,O because of

OH + H, —» H,0 + H. 5)

3.3. Time-dependent features of the transmission spectra

Motivated by JWST capabilities, we study the evolution of the trans-
mission spectra from 0.6 pm and 10.0 pm of each planet (Fig. 10). The
most important time-dependent features in every simulated planet that
we found are the CH, (at ~3.3 pm and ~7.5 pm) and CO, (at ~4.3 pm)
peaks. H,O also shapes the spectra considerably as it contributes to the
total opacity the most, especially below 3.0 pm. The summary of the fea-
tures in our simulated planets can be read in Table 2. In the following
subsections we describe the spectra of the more massive (Section 3.3.1)
and less massive (Section 3.3.2) planets. Note that in this paper we did
not include Sulfur-bearing species in our calculations, but because of
its relevance and recent detection in WASP-39 b (Feinstein et al., 2023;
Alderson et al., 2023; Rustamkulov et al., 2023; Ahrer et al., 2023; Tsai
et al., 2023; Powell et al., 2024) and WASP-107b (Dyrek et al., 2024),
this will be further explored in future publications.

3.3.1. Case Al and A2

On both cases (Al and A2), at higher wavelengths (>1.5 pm), the
transit radius decreases with time, mostly due to the evolution of the
planets that drastically decrease their radius with time (Fig. 5). Besides
the general trends on the depth of the transit, we also see differences
in the spectral features with time.

A prominent, time-dependent feature is the CO, peak at ~4.3 pm. It
is visible until 108 yr in both cases and after that, methane overshadows
this feature during the host star’s main-sequence phase. This is related
with the abundance of these species at different ages. We can see in
Fig. 6, that the mixing ratio of CO, shows a gradual decrease with
time in favour of methane. In addition, H,O is also an important
contributor to the opacity in the whole transmission spectra, and is
one of the most abundant species in both cases at all times, which also
helps overshadowing the carbon-dioxide feature. Fig. 11 (left panel)
illustrates how the CO, feature changes with time. In case Al, this
feature is largest at 10° yr with 210 ppm, whereas in case A2 the feature
has a 125 ppm at 10*3 yr, and then it shows a continuous decrease,
in concordance with what is seen in the concentration of this species.
Furthermore, at the last stage in case A2, the feature reappears with a
size of only 33 ppm. Since the size of the observable feature fluctuates
in case Al, it suggests that there might be a ‘sweet spot’ in which the
CO, can be detected more easily in the atmosphere.

CH, produces features at ~3.3 pm and ~7.5 pm. While these are
always visible in the colder case A2, it only appears after 10°° yr in
case Al. Due to the extreme irradiation, the mixing ratio of methane
is below 10710 before 10°3 yr, which is even lower in the upper
atmosphere (<10712), hence water can easily overshadow the features
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Fig. 8. Same as Fig. 6, but with case B1.

created by methane. These features are largest at later stages during
the evolution of case A1, when the planet is cooler, with a peak size
of 463 ppm and 229 ppm at 3.3 pm and 7.5 pm, respectively (see
Table 2 and Fig. 11 middle and right panel). While the size of methane
feature at shorter wavelength increases by more than a factor of 2 over
time, the feature at longer wavelength does not experience a significant
change during the evolution in case Al. In case A2, both CH, feature
are largest at the beginning of the evolution with 218 ppm for the
3.3 um feature and 127 ppm for the 7.5 um feature. None of the features
experience a gradual change over time as the planet cools in case A2
even though the mixing ratio of CH, increases by almost a factor of 10.

Even though the mixing ratio of H,O is increasing with time in both
cases, it mainly shapes the whole spectra until 105> yr and after that,
only the features at shorter wavelengths (<3 pm) are caused by water.
Hence its contribution to the opacity at longer wavelengths is only large
at temperature higher than 1000 K in every pressure level.

3.3.2. Case B1 and B2

The evolution of the transit radius is decreasing with time in both
cases above ~1.5 pm, while it is increasing below that wavelength
range, similarly to case Al and A2.

CO, behaves differently in the smaller planets compared to the
larger planets. Since these planets become cooler faster, due to their
smaller internal and irradiation temperatures, methane overshadows
the CO, feature at 4.3 pm at younger ages (from 10° yr). However, this
feature reappears after 10% yr in case B, but its size is significantly

smaller. While it is between around 250 ppm and 100 ppm until the
first million years in case B1, this feature is less than 100 ppm when
it reappears after 108 yr. Since the size of the feature does not show a
continuous decline (see blue dotted line in Fig. 11), it also proves that
the CO, feature has ‘sweet spots’ and visible with specific temperature
and compositional combination. In case B2, the CO, feature is always
smaller compared to case Bl as expected since it is a less irradiated
planet, ranging from 110 ppm to 59 ppm. Based on the time when the
CO, feature is largest in case B1 (Table 2 and left panel of Fig. 11), and
the evolution of mixing ratio of CO, (Fig. 8), it becomes clear that the
middle and lower atmosphere contributes to the feature.

Regarding the methane features, in case B1 they only become visible
after 10°° yr, which is due to the high incoming radiation.

In case B2 they are always visible. The CH, features are largest
before the first million years in both cases, reaching higher ppm than
the ppm of CO, (see Table 2). Furthermore, the CH, features are always
larger in the more irradiated planets, which is also seen in case A1 and
A2 (Fig. 11), and in agreement with the mixing ratios observed.

4. Discussion
4.1. Limitation
Our study focuses on the chemical evolution of the atmospheres

of four simulated gaseous planets and their observability due to the
planetary and stellar evolution. A caveat in this study is the calculation
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Table 2

Summary table of the most prominent time-dependent features in the transmission spectra of each planet. In the case of CH,, the feature at
~3.3 pm and ~7.5 pm can be read without and with brackets, respectively.

CO, Max ppm of Time of max CH, Max ppm of Time of max ppm

CO, ppm of CO, CH, of CH,
Case Al: <1080 yr 210 1000 yr >10°3 yr 463 (229) 10%3 yr (10%° yr)
Case A2: <1030 yr, >10%° yr 125 10*% yr Always 218 (127) 10*> yr (10*° yr)
Case B1: <10°0 yr, >10%0 yr 252 105 yr >10°3 yr 710 (446) 10°3 yr (10 yr)
Case B2: <10°0 yr 110 10* yr Always 243 (137) 10* yr (10* yr)

of the temperature-pressure profiles of the simulated planets, which is
done with an analytical model by Heng et al. (2014). The model uses a
two-stream approximation, which divides the radiation into two parts,
i.e. as a pair of outgoing and incoming rays and hence simplifies the
complex interactions of radiation with the atmosphere. Furthermore,
it uses a characteristic longwave and shortwave opacity. In reality,
opacities at different wavelengths influence the amount of radiation
absorbed and emitted in the atmosphere. In regions where opacities
are high, such as due to the presence of greenhouse gases (e.g. CO,,
H,0, CH,), more radiation is absorbed, leading to a higher temperature
(e.g. Selsis et al., 2007).

In addition, throughout the whole evolution the spectra of the host
stars are constant. This leads to another limitations as these stellar
spectra are expected to be different especially at earlier stages, resulting
in more UV flux and hence different atmospheric composition of the
planets (Teal et al., 2022). However, when experimenting with the

inclusion of the Sun’s spectral evolution (Claire et al., 2012), it only had
minor influence on the mixing ratios early in the evolution, i.e. when
the Sun was in its maximal activity state. For this analysis, we used
the results from case B2 at + = 1033 yr as a starting point, updating
only the Sun’s spectra, scaled to 1.0 AU, at various timesteps. The
only noticeable changes occurred in the mixing ratios of H and OH in
the upper atmosphere. As solar activity diminished, there was a slight
increase in both mixing ratios. Specifically, at pressure level of ~10~7
bar, the mixing ratio of H increased from ~3.12x 107> to ~8.32x 107>
between 0.3 Gyr and 3.9 Gyr. Similarly, the mixing ratio of OH rose
from ~1.24x 10719 to ~3.59 x 10~10 over the same period. However,
these changes did not affect the simulated transmission spectra. Hence,
for simplicity, the spectra remained constant in this study.

Moreover, we exclude the incoming radiation when evolving the
planets in MESA, and calculate the irradiation temperature separately.
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This can have an impact on the radii of the planets, as the incoming ra-
diation can inflate them, however, it was noted by the authors of Paxton
et al. (2013) that this effect is mainly important if the semimajor axis
is small (<0.1 AU).

Lastly, our study only dealt with transmission spectra, which pro-
vided a robust test case for examining changes in the atmospheric
chemistry of gaseous planets. Emission spectra were not included in
our current calculations but will be considered in future research.

5. Conclusion

In this study we simulated four different systems (Table 1) of vary-
ing masses and semi-major axes for 10°> yr by making use of the MESA
evolutionary code and obtained the temperature—pressure profiles with
a simple analytical approach that uses a two-stream approximation.
Then, we modelled the change in composition with a photochemical
kinetics code, VULCAN. The corresponding transmission spectra were
obtained with the radiative transfer code petitRADTrans.

The change in composition (Figs. 6-9) driven by the thermal evolu-
tion (Fig. 1) of planets led to time-dependent features in their transmis-
sion spectra (Fig. 10). Our results showed that the species that change
the most were CO, and CH,. In summary, we found:

1. CO, feature at ~4.3 um was a prominent time-dependent fea-

ture in every planet’s transmission spectra. In case Al, this
feature was visible until 108 yr. It reached its maxima at 106
yr (210 ppm), then the feature’s size decreased without fluctua-
tions. In comparison, in case A2 it lasted until 108 yr, however,
its size showed a continuous decrease from the very beginning
of the planet’s evolution (from 125 ppm to 51 ppm). Based on
our findings, the CO, feature is mainly affected by the evolution
of the planet, that cools with time decreasing the amount of CO,
in the atmosphere in favour of CH, and H,O.

In case B1, it was visible in the first one million years, and
decreased in size without fluctuations after that (from 252 ppm
to 98 ppm). In case B2, the CO, feature decreased from the
beginning of the evolution (110 ppm) until 10® yr (59 ppm)
without any fluctuations, similarly to cases A2 and Bl. Addi-
tionally, in case B1, this feature reappeared after 108 yr with
a much smaller peak size (~50-60 ppm) compared to the peak
size at younger stages.

. CH, features at ~3.3 pm and ~7.5 pm were always visible in case

A2 and case B2. On the other hand, due to the high incoming
radiation, these were not visible in the first million years of the
planet’s transmission spectra in case Al and case B1.
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3. H,0 was an important contributor to the total opacity and in the
first few thousand years, it shaped the whole spectra in case Al
and case B1. After that, it only created the features below 3.0 pm.
In case A2 and case B2, water only shaped the spectra and
provided features on it below 3.0 pm during the whole evolution,
as these were less irradiated planets than the other two cases,
hence other species, such as methane, could easily overshadow
the water features on the longer wavelengths even at earlier
stages of the planets.

Overall, our findings showed that both the planetary and stellar
evolution affected the composition and hence observability of the
atmosphere of H,-dominated exoplanets, however, it should be noted
that more research is needed covering a larger parameter space to gain
a deeper insight into the evolution of exoplanetary atmospheres over
a wider range of conditions. Based on our results the mixing ratio of
CO, and CH, were sensitive to the thermal evolution and the features
they create in the transmission spectra evolved with time. Therefore, by
observing these different features in the future with the JWST we can
better understand the formation and evolution of these exotic worlds.
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