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1 INTRODUCTION

ABSTRACT

At young ages, when radiation from the host star is high, and the planet is hot and
inflated after formation, planetary atmospheric mass loss can be extremely strong
compared to older planets. In turn, stellar winds are faster and denser for young stars
compared to evolved main-sequence stars. Their interaction with escaping planetary
atmospheres can substantially affect atmospheric mass loss rates, as well as the ob-
servable signatures of escaping atmospheres, with both effects expected to occur differ-
ently for young and evolved planets. We perform a comparative study of two systems
around stars of similar masses but very different ages (50 Myr and 9 Gyr): TOI-942
and TOI-421. Both stars host two sub-Neptune-like planets at similar orbits and in
similar mass ranges, which allows a direct comparison of the atmospheric escape and
interactions with the stellar winds in the young and old systems. We perform the 3D
atmospheric modeling of the four planets in TOI-942 and TOI-421 systems and make
the theoretical predictions of possible observational signatures in Ly-a absorption. We
find that accounting for the stellar wind interacting with planetary atmospheres is
crucial for the interpretation of the observations for young planets. Additionally, we
show that a particular energy distribution along the XUV spectra has a minor effect
on the atmospheric mass-loss rates, but it is of crucial importance for modeling the
Ly-a absorption and therefore for interpretation of observations.

Key words: Hydrodynamics — Planets and satellites: atmospheres — Planets and satel-
lites: physical evolution

is subject to the strong high-energy irradiation of the

Atmospheric mass loss (when atmospheric material leaves
the gravitation well of the planet and disperses into
space), along with planetary formation processes and plan-
etary system dynamics, are believed to be the key pro-
cesses driving planetary atmospheric evolution and there-
fore shaping the observed population of exoplanets (see,
e.g., Fulton et al. 2017; Owen & Wu 2017; Jin & Mordasini
2018; Gupta & Schlichting 2019, 2020; Loyd et al. 2020;
Sandoval, Contardo, & David 2021). Mass loss is partic-
ularly intense when the planet is young and hence hot
and inflated (due to its post-formation luminosity) and
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young host star (e.g., Watson, Donahue, & Walker 1981;
Lammer et al. 2003; Owen & Wu 2016; Fossati et al. 2017;
Kubyshkina et al. 2018a).

At the same time, planets do not exist in empty space
but are embedded into the extended astrospheres of their
host stars. The escaping atmospheres interact with the stel-
lar wind, which is the hot coronal material (low-density
plasma) accelerated to high velocities carrying stellar mag-
netic field (see, e.g., Vidotto et al. 2015). For evolved main-
sequence stars, such as the Sun, the speed of the stellar wind
reaches a velocity of a few hundred km s~! at the distance of
1 AU (see, e.g., Gosling et al. 1976; Zieger & Mursula 1998;
Abbo et al. 2016). Young stars are characterized by higher
coronal activity and higher mass loss rates (Vidotto 2021),
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and their winds, therefore, are expected to be denser, hotter,
and faster compare to the Gyr-old stars.

The interaction between stellar and planetary winds
leads to changes in the planetary outflow’s direction at large
distances and to the appearance of a shock wave, whose po-
sition is controlled by the pressure balance. This can have
a range of consequences for the planetary atmospheric dy-
namics. Thus, it was shown that stellar winds are capa-
ble of affecting the evaporation of the companion planets
(see, e.g., Matsakos, Uribe, & Konigl 2015; McCann et al.
2019; Carolan et al. 2021a). Along with the possible ero-
sion of planetary atmospheres by the stellar wind (increasing
the mass loss rate), stellar winds can also suppress the es-
cape in some cases. In particular, if the pressure balance
is achieved close enough to the planet, where the plan-
etary outflow remains subsonic, the stellar wind can sig-
nificantly reduce atmospheric escape (Christie, Arras, & Li
2016; Vidotto & Cleary 2020; Carolan et al. 2020, 2021a).
This can occur, for example, when the planetary outflow in-
teracts with the strong wind of a young star (Carolan et al.
2020), or if the planetary outflow is weak (Vidotto & Cleary
2020).

The stellar wind can also significantly affect the obser-
vational signatures of escaping atmospheres. The primor-
dial atmospheres of planets, along with the atmospheres of
the evolved planets in the sub-Neptune to Jupiter-like mass
range, are mainly composed of hydrogen. Therefore, these
escaping atmospheres can be probed using the spectroscopy
of transiting planets in hydrogen lines, such as Ly-a or Ha.
Absorption by atmospheric neutral hydrogen is expected to
be more intense for young planets, due to their higher mass
loss rates and hot expanded atmospheres (Allan & Vidotto
2019). However, the actual observations can be complicated
because of the high variability of young stars. Furthermore,
Carolan et al. (2021a) have demonstrated that due to the
confinement of the atmosphere by strong stellar wind these
signatures can be reduced, or even fully “erased”, for planets
in sub-Neptune/hot-Jupiter mass ranges. In more moderate
cases, the absorption profiles become asymmetric with domi-
nant blue-wing absorption (towards the observer) due to the
atmosphere being pressed by the stellar wind in the direction
trailing the orbit (see, e.g., Villarreal D’Angelo et al. 2018,
2021).

In this paper, we directly analyze the differences in
the atmospheric escape and theoretical predictions of Ly-
«a absorption between planets around stars of similar prop-
erties and different ages. As such, we took the 9-Gyr old
TOI-421 (Carleo et al. 2020) and the 50-Myr old TOI-942
(Carleo et al. 2021). The two stars have similar masses
(0.85275-029 and 0.88 4 0.04 M) and close spectral types
(G9 and K2.5V), allowing us to consider them as two evolu-
tionary stages of the same star. Each hosts two sub-Neptune-
like planets at nearly the same close-in orbits (about 0.05
and 0.1 AU) and in similar mass ranges (of about 7.2 Mg
and 16.4 Mg in the older system, and below 16 Mg and
37 Mg in the younger system, for inner and outer plan-
ets, respectively). All four planets are expected to undergo
strong atmospheric escape.

We employ 3D models to study in detail the interaction
between the evaporating planetary atmosphere and the stel-
lar winds and make theoretical predictions for the observ-
able Ly-a signatures. We employ two different approaches

to prescribe the stellar XUV (X-ray + extreme ultravio-
let, EUV) irradiation: the commonly used single-wavelength
model, which assumes the whole XUV flux is emitted with
a photon energy of 20 eV, and the “split-wavelength” model,
where the fluxes integrated over X-ray and EUV intervals
are emitted with photon energies of 248 eV and 20 eV, re-
spectively (as was introduced in Kubyshkina et al. 2018b).
The latter approach allows for more realistic energy redis-
tribution and is expected to be relevant for young planets,
where the X-ray part of the spectra holds a more significant
fraction of the total energy (see, e.g., Sanz-Forcada et al.
2011; Matt et al. 2015; Johnstone, Bartel, & Giidel 2021).
Here we confirm this and show that though the effect of the
particular energy distribution along the XUV spectra has
a minor effect on the atmospheric mass-loss rates, it is of
crucial importance for modeling the Ly-a absorption and
therefore for interpretation of observations.

The paper is organized as follows. In Section 2 we dis-
cuss the properties of the stellar hosts TOI-421 and TOI-942
and their planets, and in Section 3 we describe the models
used in this study. We present our results and discuss their
possible implications in Section 4 and summarize our con-
clusions in Section 5.

2 TARGET SYSTEMS
2.1 Stars

The two systems, TOI-421 and TOI-942, despite formally
belonging to different stellar types (G9 and K2.5V, respec-
tively), show a large similarity if accounting for their ages
(see parameters in Table 1). The masses (M,.) and radii
(R«) of these stars coincide within the uncertainties, and
the difference in the effective temperatures is about 350 K,
with both temperatures being close to the border value of
5000 K between G and K classes. The latter, as well as
the bolometric luminosities of these stars, are typical for a
star of ~ 0.85My at the given ages of TOI-421 and TOI-
942, which are of 9.472% Gyr and 50730 Myr, respectively,
as given by stellar evolution models (see, e.g., Spada et al.
2013; Choi et al. 2016). Here, we employ the parameters of
TOI-421 and TOI-942 systems from Carleo et al. (2020) and
Carleo et al. (2021), respectively, unless explicitly specified
otherwise®.

Given the above, we employ the stellar rotation (ac-
tivity) evolutionary models by Johnstone, Bartel, & Giidel
(2021); Spada et al. (2013, Mors code) to search for evo-
lutionary track reproducing parameters of both systems.
These models are constrained by the observed distribution
of rotation periods in young stellar clusters, and the set of

L Zhou et al. (2021) suggest the same rotation period, but the
lower stellar mass and the larger stellar radius for TOI-942 (both
differ by about 10% from the values used here), and consequently
a slightly larger radii of the planets in the system. They, how-
ever, provide only a weak constraint on the planetary masses
of ~2.5 Mjupiter upper limit. For this reason, and to have con-
sistent data for both TOI-942 and TOI-421 system (which is
guaranteed by the same methods used in Carleo et al. (2020)
and Carleo et al. (2021)), we employ the data from Carleo et al.
(2021) for TOI-942 planetary system.

MNRAS 000, 1-17 (2021)
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Table 1. Parameters of TOI-421 and TOI-942 systems as given in Carleo et al. (2020) and Carleo et al. (2021), respectively.

TOI-942 TOI-421
M. [Mo] 0.88 + 0.04 0.85215-029
R. [Ro) 0.89375-07% 0.871 £ 0.012
Tegr [K] 4969 + 100 5325178
Lo [Lo] 0.4875+ 00357 0.5330 10 08T
age [Gyr] 0.0510:05 9.473%
Prot [days] 3.39 £0.01 43.247021
log1o(Lx [erg s~1]) 30.07 27.9
PLANET b c b c
M, [Me)] < 16 <37 7.17+0.66 16.4271:98
Rpi [Re] 124279770 479370410 268512 5.09¢ 3,0
a [AU] 0.0498 + 0.0007 0.088 +0.0014  0.056 + 0.0018 0.1189 £ 0.0039
Fxuv [erg s lem™2] 2.7 x 10° 8.5 x 104 7452 1654.8

empirical relations based on X-ray, EUV, and Ly-a measure-
ments.

The rotation period of the star and its high-energy
radiation (X-ray, EUV) are closely connected (see,
e.g., Pizzolato et al.  2003; Mamajek & Hillenbrand
2008; Wright et al. 2011; Jackson, Davis, & Wheatley
2012; Tu et al. 2015; Magaudda et al. 2020;
Johnstone, Bartel, & Giidel 2021). When single stars
are born, they have high rotation rates, strong magnetic
fields, and high XUV luminosity, which all decay with time.
The decay in X-ray luminosity Lx can be approximated
by a power law as % ~ ( i‘;ﬁv )*B, where Peonv (M) is
the convective turnover time and [ is a mass-dependent
constant. Note that [ differs for the initial saturation
period (when stellar Lx depends weakly on rotation) and
for later times. Thus, the stellar high-energy radiation at
a specific time depends on stellar mass and rotation. For
young stars, it also depends strongly on the initial Pt
of the star, which leads to a wide spread in stellar XUV
luminosities at early ages. After ~1 Gyr, this spread is
substantially reduced and stars born with different Pot
converge to a tight rotation-age relation (e.g., Matt et al.
2015; Johnstone, Bartel, & Giidel 2021).

We start by fitting the rotation period of the younger
system TOI-942. As both stars have similar masses and
TOI-421 rotation period should be already converged at
its age, fitting the period of the younger will automati-
cally fit the period of the older (see, e.g., Tu et al. 2015;
Johnstone, Bartel, & Giidel 2021). However, fitting only
Prot (age) for TOI-942 does not fit properly other stellar pa-
rameters important for our planetary evolution models, as
the Mors code is based on large stellar samples and predicts
therefore an average value of the parameters. To solve this
issue we vary the stellar mass and age within the observa-
tional uncertainties for TOI-942. This has a minor effect on
the predicted Prot(age).

We aim to fit the parameters that have a larger impact
on the escape rate as well as possible. This includes the ef-
fective temperature/bolometric luminosity of the star, which
are responsible for the equilibrium temperature of a planet,
and the XUV luminosity, which depends on both Ly, and
P,ot, and significantly affects the atmospheric escape.

In Figure 1, we show in black the track (stellar param-
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eters against time) which best reproduces the parameters of
TOI-942 and TOI-421 at their ages. This track corresponds
to the assumption that the mass of TOI-942 is at its lower
uncertainty border equal to 0.84 Mg, and the age of the
star is 35 Myr (“track 17). For comparison, we also show
the model that corresponds to the best-fit parameters of
TOI-942 (“track 07, in pale gray). Even though the rotation
periods of the two stars are well reproduced by both models,
and the predictions for Lx and Lgyuv are nearly the same
in both tracks, the bolometric luminosity and the effective
temperature of a star, are better match by “track 1” for both
stars.

It is interesting to note that for both stars the X-
ray luminosity predicted by the evolutionary models for
the given rotation periods is lower than the Lx estimated
from observations by a factor of ~2. This systematic dif-
ference is likely coming from two sources. First, the rela-
tions between the rotation and X-ray luminosity in models
by Johnstone, Bartel, & Giidel (2021) were fit on a large
sample of stars, and represent therefore an averaged rela-
tion. Second, the estimates based on the observations remain
model dependent. In this context, we find an agreement of a
factor of two adequate for the two systems. In the absolute
values, the X-ray luminosity of the young star TOI-942 is
~ 575 times higher than that of TOI-421. We do not show
the values of Lryuv in Figure 1, as no direct measurements
of EUV are available, and we rely on the empirical relations
presented in Johnstone, Bartel, & Giidel (2021) to derive
their values. We note that different approximations (see also,
e.g., Sanz-Forcada et al. 2011; Linsky, Fontenla, & France
2014; Linsky et al. 2020) can result in Lguy values that dif-
fer by a factor of ~ 2 — 4 (particularly at early ages). This
difference, however, does not affect the conclusions of the
present study.

To put the young star TOI-942 in the context of stars of
similar ages, we compare it to the observations of the young
cluster NGC 2547 (Irwin et al. 2008). The sample consists
of 176 stars in a mass range of 0.1-0.9 My at the age of
~ 40 Myr. We show the distribution of the rotation periods
against mass and the normalized histograms for different
mass ranges in Figure 2. Comparing to stars of similar age
and mass, TOI-942 with a rotation period of ~ 3.4 days is
faster than average, but not extreme (the shortest period in
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Figure 1. Evolutionary track of TOI-421 (Carleo et al. 2020) and TOI-942 (Carleo et al. 2021) systems fitted using the Mors stellar
evolution code (Johnstone, Bartel, & Giidel 2021). In the top two panels we show the evolution of the rotation period and X-ray/EUV
luminosities, and in the bottom panels, the evolution of the bolometric luminosity and the effective temperature of the star. The black
lines show the model corresponding to the stellar mass of 0.84 Mg, and a stellar rotation period of 3.39 days at the age of 35 Myr. For
comparison, we show also the model (pale gray lines) corresponding to the best-fit parameters of TOI-942 alone listed in Table 1. The
red/blue circles show the present values for TOI-942/TOI-421 stars, as indicated in the top right panel. The error bars for Prot, Teft,
Lpol, and the ages of the two systems are shown with horizontal/vertical lines. The given values of Lx are model dependent and are

given for the median values.

the sample for M, > 0.7Mg is 0.24 days). TOI-421 has, in
turn, the typical rotation period for its age, when the spread
in rotation periods for stars of a specific mass is small (see,
e.g., Matt et al. 2015; Johnstone, Bartel, & Giidel 2021).

2.2 Planets

Both TOI-942 and TOI-421 host two sub-Neptune-like plan-
ets in similar close-in orbits (planets “b” at ~0.05 and plan-
ets “c” ~0.1 AU). The detailed parameters of the planets
are given in Table 1. For the younger system TOI-942; only
the upper limits of planetary masses are constrained. In this
study, we assume their masses are similar to the masses of
planets in the evolved TOI-421 system to facilitate compari-
son, namely 8.5 and 17 Mg for planets b and c, respectively.
These masses are about half of the upper limit, and the
choice of these particular values has a small effect on over-
all results and conclusions, unless we consider atypically low
planetary densities. For example, adopting the mass of TOI-
942 b at the upper conservative limit of 16 Mg (instead of
8.5 Mg) reduces the atmospheric escape rate from the planet
by about 11 %.

The radii of the two outer planets coincide within
the uncertainty. Taking into account that planetary
radii depend mostly on the atmospheric mass frac-

tion of a planet (fas %}“T, where Mauem s
P
the mass of the atmosphere) and its temperature

(see, e.g., Lopez & Fortney 2014; Chen & Rogers 2016;
Kubyshkina et al. 2020; Kubyshkina & Vidotto 2021), we
suggest that both planets host a similar amount of the at-
mosphere: far ~ 0.02-0.075 for TOI-942 ¢ and faz ~ 0.03-
0.105 for TOI-421 ¢ based on the approximation introduced
in Kubyshkina & Vidotto (2021). Overall, the results pre-
sented in this paper predict that the planet with parameters
similar to TOI-421 ¢ could lose ~40-80% of its initial atmo-
sphere (with the particular value depending on the initial
atmospheric mass fraction and the rotational evolution of
its host star). Therefore, it is unlikely that TOI-942 ¢ could
actually be the “past self” of TOI-421 c¢. The same holds
for the inner planets TOI-942 b (fat of 0.01-0.05) and TOI-
421b (fat up to 0.01), where the atmosphere would most
likely be fully evaporated, given that TOI-942 rotates faster
(and therefore emits more high-energy radiation) than aver-
age. We will, however, further examine this possibility with
a more precise approach in Paper II of this series.

Finally, we should note that the planetary orbits in the
two systems are similar but not exactly the same, with or-
bital distances of the outer planets differing by ~ 0.03 AU.
Changing the positions of the planets in one system relative
to those in another could result in changes in the incident

MNRAS 000, 1-17 (2021)
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Figure 2. Distribution of stellar rotation periods in the young clus-
ter NGC 2547 of similar age to TOI-942. Top panel: rotation pe-
riod (in logarithmic scale) against stellar masses in the sample.
The blue bar represents TOI-942. Bottom panel: histogram of
relative occurrence of stars rotating with a specific period for the
whole sample (black dotted line), and for cluster members heav-
ier than 0.5 Mg (cyan) and than 0.7 Mg (red). The period of
TOI-942 is marked by the vertical blue dashed line.

irradiation (Fxuv in Table 1) by about 20% for the inner
planets and by about 50% for the outer planets. This is neg-
ligible compared to the two-orders of magnitude difference
in Lxuv of both stars, and thus does not affect significantly
the direct comparison we do between these planets. Further-
more, according to hydrodynamic models, the correspond-
ing changes in mass-loss rates caused by the 20-% and 50-%
changes in Fxyv would be of ~ 9% for the inner and ~ 20%
for the outer planets. This is not substantial to affect the
conclusions of this study.

3 MODEL
3.1 Atmospheric model

In this paper, we follow the modeling approach introduced
in Hazra et al. (2021, under review) and Carolan et al.
(2021b). We point the reader to these papers for a more

MNRAS 000, 1-17 (2021)
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thorough description of the model and only briefly describe
it here. The modeling is based on employing the user module
of BATS-R-US (Téth et al. 2005) to perform the 3D hydro-
dynamics simulation of the escaping upper planetary atmo-
sphere and its interaction with the stellar wind, with param-
eters of the latter, as well as the boundary conditions, set
by external models.

The basic physical model assumes a pure hydrogen at-
mosphere and is based on solving the mass, momentum, and
energy conservation equations in the following form

% o =0 (1)
9(pti)

=2 iii + PI] =
5 T Vlpdd+ Pl

:p(g_ %Rﬁ X (6 x ﬁ)) it+H—-C (3)
Here p, @, and P are mass density, bulk velocity, and the
thermal pressure. The momentum Equation 2 accounts for
planetary and stellar gravity, centrifugal and Coriolis forces
(terms on the right-hand side of the equation, respectively),
where § = leé”l 7 is the term describing central gravity of
the planet, GG is the gravitation constant, M. is the stellar
mass, and Q) is the orbital rotation rate. 7 and R are the
positions relative to the planet and star centers, respectively,
and a is the orbital distance.

The energy density in Equation 3 is E = pu?/2+4P/(y—
1). The adiabatic index = is taken as 5/3. To distinguish be-
tween stellar and planetary material we use a passive scalar.
In both cases, we assume ideal gas and therefore the thermal
pressure is P = pkgT/(ump), where kg is the Boltzmann
constant, p is the mean mass per particle and my is the
mass of the proton.

The right-hand side of Equation 3 includes heating and
cooling processes considered in the model: H — C. Here, H
is the rate of photo-heating by stellar XUV irradiation. In
this paper, we either consider the XUV irradiation is con-
centrated at a single-wavelength (which is a common ap-
proach used, e.g., in Murray-Clay, Chiang, & Murray 2009;
Allan & Vidotto 2019) or use a “split-wavelength” approach
(see Section 4.3 and Kubyshkina et al. 2018a,b). Assuming
the integrated XUV flux to be emitted at the single wave-
length corresponding to a photon energy of E,, = 20 eV, we
have that

H =nFxuve  Ouynn, (4)

where Fxuyvy is the XUV flux at the planetary orbit, 7
is the optical depth for the aforementioned photon en-
ergy, and n, is the number density of neutral hydrogen.
The photoionisation cross section for atomic hydrogen is
Ovy = 6 X 10_18(155‘8’\,)_3 cm?. 7 is so-called heating ef-
ficiency, i.e., the fraction of the absorbed XUV energy spent
to heat the atmosphere. Here, we follow the approach of
Murray-Clay, Chiang, & Murray (2009) and adopt

E,, —13.6eV

Do 0L (5)

Yo

which equals to ~ 0.32 for the E,, = 20 eV.
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The cooling rate C accounts for radiative losses due to
the collisional excitation (Ly-c)

CLya = 7.5 X 10719npnn exp[—1.183 x 105/T] erg cmfasfl7
(6)

and collisional ionisation

Ceolion. = 1.27 x 10~ 2 nyn, exp[—157809/T erg cm ™ s~
(7)

(Black 1981), where n;, is the number density of protons
(H") and T is the atmospheric temperature.

In parallel with Equations 1, 2, and 3, the ionisa-
tion/recombination balance is solved including photo- and
collisional ionisation at rates given in Black (1981).

In all cases considered in this paper, we use the rect-
angular 3D grid with the planet located in the origin and
the relative size of [—50,50]Rp1 in X and Y directions, and
[—32,32]Rp1 in the Z direction. The coordinate system is
equivalent to the Geocentric Solar Ecliptic (GSE) system
with an inverted X-axis: the orbital plane is the XY plane
with X-axis pointing opposite to the star, and Z-axis per-
pendicular to this plane, aligned with the planet spin axis.
The grid consists of ~16 million cells with non-uniform reso-
lution (Carolan et al. 2020). The minimum resolution in the
grid is 2 Ry in the outer zone, and it increases to 1/2 Ry
within the box of [-10, 20] Ry in the X direction, and [-10,
10] Rp1 in Y and Z directions, and further to 1/8 Ry, within
the sphere of 10 Ry radius, and to 1/16 Ry, within the 5 Ry,
sphere.

3.2 Stellar winds

Here we follow the approach used in Carolan et al. (2020)
to include the stellar wind in the 3D simulation: we adopt a
stellar mass loss and coronal temperature and use 1D Parker
wind model to estimate the wind parameters at the plane-
tary orbit, which are further used to inject the wind into
the simulation domain (i.e., to set up the outer boundary
conditions).

To model the stellar wind from the more evolved star
TOI-421, we employ the stellar parameters previously used
in Carleo et al. (2020), close to solar values. Thus, stellar
mass loss is taken of M, = 2x 10" Mgyr~! and the coronal
temperature is T, = 1.3 MK. This results in the stellar wind
accelerated to a supersonic velocity of ~100 km s~' near the
orbits of b and c planets.

In the case of the younger star, both the mass loss and
temperature (and, hence, velocity) of the wind are higher.
From the diagram given in Vidotto (2021) relating the X-
ray flux of the star and its escape rate (this diagram is a
compilation of a range of observational works cited therein),
we can expect that the mass loss from TOI-942 is about
1072 Meyr™!, i.e., ~ 50 times higher than at TOI-421. The
temperature of the stellar coronae (and, thus, wind, as it is
assumed to be isothermal) remains unknown and set, there-
fore, more or less arbitrarily. To exclude the possible effect
of this choice, we have considered two different temperatures
of 3 MK (which is around the upper limit of solar coronal
temperature at the active periods) and 4 MK. We found,
however, that the choice of a particular temperature does

not affect the results significantly, and in the following, we
will only show the 4 MK case.

The original 1D model of the stellar wind that we use
is isothermal and assumes v = 1. However, our model does
not allow the implementation of different adiabatic indexes
within the same modeling domain. Thus, in the 3D simula-
tion, the stellar wind flow is modeled with v = 5/3. This re-
sults in the stellar wind temperature slowly decreasing from
the boundary where the wind is injected to the position of
the planet, as will be shown in Section 4.2.

4 RESULTS

4.1 Overview of the results

To model the escaping atmosphere of a planet, we start with
modeling only the planetary outflow, including centrifugal
and Coriolis forces. When the simulation reaches steady-
state, we inject the stellar wind penetrating the simulation
domain from the negative X direction. In Figures 3 and 4,
we show the 2D (in ecliptic plane Z = 0) distributions of
total velocity, the density of neutral hydrogen, and the ion
fraction at both of these stages for TOI-421 b and TOI-942 b,
respectively. As the results for “c” planets in both systems
are similar to those of “b” planets but less pronounced, we
will focus mainly on “b” planets, when describing our results.
The plots for “c” planets can be found in Appendix A.

We should note that due to perturbations induced by
the stellar wind, the simulation reaches only a quasi-steady-
state: while the substellar region remains stable, the comet-
like tail oscillates with a period of about 1000 steps (for
comparison, we note the typical convergence times of 4000-
10000 steps, while we run the whole simulation until ~20000
steps for planets in TOI-421 system and until ~40000 steps
for planets in TOI-942 system). These perturbations, how-
ever, do not affect the integral parameters of the atmosphere,
such as atmospheric mass loss rate, which vary by less than
1%.

The streamlines in Figures 3 and 4 depict the veloc-
ity vector projection onto the ecliptic plane, i.e., the at-
mospheric/stellar wind material flow, and the magenta line
shows the position of the sonic surface, where uot equals the
sound velocity. In the case of a pure planetary outflow, the
atmospheric material escapes nearly radially, and the den-
sity distribution is mainly shaped by the planetary gravity
and centrifugal and Coriolis forces. The flow starts subsonic
from the planetary surface and accelerates to supersonic ve-
locities before it reaches the Roche lobe (at ~ 3 Ry, for TOI-
421 b and at ~ 1.7 Ry, for TOI-942 b), and the sonic surface
stretches at the opposite side as far as ~ 20 Rp;. With the
inclusion of the stellar wind, the flows are deflected away
from the star. The inner sonic surface remains almost un-
changed (except for the case of TOI-942 b, opposite to the
star), but a secondary sonic surface appears due to the in-
teraction with the stellar wind. We discuss it in more detail
in the next section.

MNRAS 000, 1-17 (2021)
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Figure 3. The 2D cut in the ecliptic plane of the model outputs for TOI-421 b. The top row shows the case of pure planetary outflow,
and the bottom row shows the case including the stellar wind. The columns from left to right are total velocity, density of neutrals, and
ionization fraction (zoomed in). The white streamlines show the atmospheric/stellar wind flows, and the magenta lines are the sonic

surfaces.

4.2 Interaction with stellar winds and the atmospheric
mass loss

Despite the similarity of the position and parameters of the
planets in TOI-421 and TOI-942 systems, both planetary
and stellar winds and their interaction look rather differ-
ent due to the very different stellar ages (hence, different
wind properties and stellar XUV flux). The surface escape
velocities of the inner planets are similar (likewise for the
outer planets). This means that the gravitational accelera-
tion within each pair of planets are similar, being the main
difference in driving the planetary outflow the thermal gra-
dients caused by the stellar XUV irradiation. In terms of the
XUYV insolation, young planets in the TOI-942 system are
exposed to ~ 20 times higher flux than the older planets.
This results in a consequently stronger outflow: we obtain
the atmospheric mass loss rates (not accounting for stellar
wind effects) of 5.05 x 10" gs™! and 2.2 x 10" gs™! for
planets TOI-942 b and c, respectively, which are more than
an order of magnitude higher than those of TOI-421 b and
¢, namely 3.2 x 10"° gs™' and 2.9 x 10'° gs™'. At the
same time, the outflow velocities remain similar. For the in-
ner planets, it is about 28 km s™! and 32 km s™' at the
L1 point for TOI-942 b and TOI-421 b, respectively. Thus,
higher escape rates from younger planets are achieved due
to the denser outflow (due to the higher stellar XUV /Lyo1),
particularly in the tail.

MNRAS 000, 1-17 (2021)

The wind of the young star TOI-942 is denser and hotter
(as was discussed in Section 2), and thus ~ 8 times faster
at the orbit of the inner planet TOI-942 b than at TOI-
421 b. This results in qualitatively different interactions be-
tween stellar and planetary winds. To ease the comparison,
we show in Figure 5 the 1D profiles of total density, temper-
ature, and velocity along the “substellar” line (Y = 0 and
X < —1R,)) and along the comet-like tail of the outflow
for both inner planets. The latter, corresponds to X ranging
from 1 to 50 Ry and Y ranging from -0.3 to 3.8 Ry in case
of TOI-421 b and [X, Y] between [1,0] and [49.5, —29.5] Ry
in case of TOI-942 b.

In the case of the 9 Gyr old TOI-421 b, the interaction
occurs between a strong planetary outflow and a relatively
slow and weak stellar wind. The supersonic (from the source
1D wind model) stellar wind is not strong enough to balance
the pressure of the planetary wind and the interaction oc-
curs near the -X boundary. Thus, the stellar wind remains
close to supersonic in the small region near the interaction
(vellow regions in the bottom left panel of Figure 3), but it
is subsonic in the rest of the simulation domain. The plan-
etary wind decelerates to subsonic velocities as well at the
distance of around 20Ry; along the substellar line (see bot-
tom left panels in Figures 3 and 5), and the two flows meet
at about 35Rp1. The interaction region between both winds
is stretched in space and starts at around 20R;. As this
point is above the planetary Roche lobe (~ 10 Ry, along the
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Figure 4. The same as in Figure 3, but for TOI-942 b.

substellar line), the stellar wind does not affect the atmo-
spheric mass loss rate (the same happens for planet c¢). The
compression of the interacting winds increases the density of
the flow between ~ 20R;1, where the speed drops, and the
point where two flows meet (Figure 5, top left panel). The
temperature grows gradually along the substellar line from
~ 20Rp1 outwards and reaches the value of ~ 0.3 MK, which
is lower than the stellar wind temperature of 1.3 MK due
to the stretched interaction region and the strong planetary
outflow moving it towards the left boundary.

For the young planet TOI-942 b, the picture is very
different. The dense and fast stellar wind compresses the
atmosphere significantly, which is clearly seen in Figure 4,
and the two flows meet around the L1 point of the planet at
~ 6Rp1. The shock is well pronounced and localized within
4.2-10 Ry in the direction towards the star. At the radial
distance of 4.2-6 Ry, due to the compression, the velocity of
the planetary outflow decreases steeply from 32 to about 1
km s~* (the flow becomes subsonic), the density of the flow
increases from 1.5 x 10716 g em™ to 4.1 x 10716 g cm™3,
and the temperature of the flow grows about 3 times from
5300 to 16000 K (see the left column of Figure 5). From the
side of the stellar wind, the same occurs: the speed of the
wind drops from 750 to 1 km s™!, and thus the temperature
of the shock increases to as high as ~ 9 MK. Beyond 10 Ry,
the modelling domain is fully filled with stellar material, as
clearly seen in Figure 5 by almost constant uot, 7', and p (in
the ideal case of the isothermal wind the temperature would

be constant, but in our case the adiabatic index is taken as
5/3 and it decreases by ~ 10° K between 10 and 40 Rp1).

This interaction between stellar and planetary winds
pushes the planetary material towards the tail of the plane-
tary outflow and thus creates a lot of perturbations, and so
the sonic surfaces become complex. We can distinguish two
dominant structures: the sonic surface surrounding the sub-
sonic region around the planet (close to the planet surface
in the stellar direction and stretched in the tail direction to
about 20 Ry), and the subsonic region at the compression
shock. These two structures remain rather stable, while the
two “flank” subsonic regions in the tail part of the flow are
affected by the perturbations in the tail and change their
position with a period of ~ 1000 simulation steps, as we
mentioned at the beginning of this section.

The atmospheric mass-loss rate from the planets in the
young system TOI-942 changes with the inclusion of the
stellar wind: it has a negligible growth from 5.05 x 10! to
5.1 x 10" gs7! in the case of planet b, and grows from
2.2 x 10 to 3.2 x 10" g s™! for planet c. This is likely due
to the fast stellar wind pushing planetary material towards
the tail and accelerating/dragging away the material on the
flanks. However, these changes are insignificant in terms of
planetary atmospheric evolution.

Due to the extreme XUV irradiation, the atmospheric
material of younger planets is highly ionized. The ion frac-
tion increases steeply with distance: if for TOI-421 b the
atmosphere becomes fully ionized around the L1 point in
the stellar direction, for TOI-942 b it occurs already at

MNRAS 000, 1-17 (2021)
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Figure 5. The 1D profiles extracted in the ecliptic plane for TOI-421 b (violet solid lines) and TOI-942 b (turquoise dashed-dotted
lines) along the substellar line ([X,Y] from [—40,0] to [—1,0]) and along the “tail” of the escaping atmosphere ([X,Y] from [1,0] to
[49.5, —25.5]/[50, —3.8] for TOI-942 b/TOI-421 b, respectively). Planetary parameters are given against the radial distance, from top to
bottom: the total density, temperature, and total velocity. Thin/thick lines represent the subsonic/supersonic regimes of the outflow.
Dashed vertical cyan/magenta lines denote the positions of the sign reversal of radial velocity for TOI-942 b/TOI-421 b, respectively.
The shaded rectangles in the right column show thus the small regions of reversed flows in the “tail” areas.

~ 2.5 Rp. In Figures 3 and 4, one can see, that for the
older planet the neutral material is present within 10 Ry
in Y, Z and negative X and up to ~ 40 Ry in the positive
X direction. For the young planet TOI-942 b, this distance
decreases to ~ 2 and 25 Ry, respectively. Further on, the
interaction between planetary and stellar winds creates a lo-
cal zone of the planet-ward (reverse) radial velocity in the
tail part of the planetary outflow at ~9-15 Ry, (see the right
column of Figure 5, cyan shaded area). The change of the
outflow geometry leads to the ionized material in the tail
being pushed towards the planet as close as ~ 10R, from
the planet.

This difference in ionization level has serious implica-
tions for observations of the atmospheric mass loss at such
planets, as by Ly-a or Ha absorption, one can detect only
a neutral part of the atmosphere. Therefore, despite the at-
mospheric mass loss being an order of magnitude higher for
younger planets, the transit signatures might look not too
different in both cases. We discuss it, in more detail in Sec-
tion 4.4.

MNRAS 000, 1-17 (2021)

4.3 Decoupling the X-ray and EUV parts of the spectra

The common approach of modeling the stellar XUV heat-
ing used in this study is based on the assumption that the
XUV (X-ray+EUV) flux can be treated as the flux inte-
grated over the whole spectra emitted at the single-photon
energy (wavelength). Given that the high-energy part of the
stellar spectra is in general unresolved, and the specific flux
distribution among the different photon energies has a small
effect on the atmospheric mass loss from typical Kepler plan-
ets (see, e.g., Guo & Ben-Jaffel 2016; Odert et al. 2020), this
approach appears to be reasonable.

However, there is something special about the high-
energy spectrum of planets younger than a few hundreds
of megayears, which can have implications for atmospheric
heating and ionization. Most of the planets, observed and
modeled so far are those orbiting stars older than 1-2 Gyr.
For such stars, the EUV-luminosity is typically 5-10 times
higher than the X-ray luminosity. For young stars, on the
contrary, the X-ray part of the flux is on the same level
as the EUV or even dominates the XUV spectra (see, e.g.,
Sanz-Forcada et al. 2011; Johnstone, Bartel, & Giidel 2021,
and the Figure 1 of this paper). In particular, for TOI-942,
the stellar evolution models by Johnstone, Bartel, & Giidel
(2021) predict the Lx ~ 1.6Lguv.
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Why might this be important for atmospheric model-
ing? The photons of different energies are absorbed in the
atmosphere at different heights, with higher energy pho-
tons (i.e., X-ray part of a spectrum) being absorbed deeper.
Therefore, if accounting explicitly for the absorption of X-
ray, the heating of the atmosphere starts closer to the planet.
The overall relevance of this heating process depends on a
few parameters: the relation between the EUV and X-ray
part of the spectra, the photon absorption cross-sections for
different photon energies and atmospheric species, and the
wavelength-dependent heating efficiency.

For exactness, we will consider here the XUV insolation
model similar to our basic model described in Section 3,
but assuming that the XUV spectrum is split into “X-ray”
and “EUV” intervals, and that the integrated flux in each
interval is emitted at a single photon energy, 20 eV for the
EUV part (as before) and 248 eV (i.e., 5 nm) for the X-ray
part (this approach was used in Kubyshkina et al. 2018b).
We thus have two heating sources, for which the sum of
the two fluxes is exactly equal to the total flux in our basic
model (LXUV = Lguv + Lx)QA We will refer to this model
from now on as the split-wavelength model.

For these photon energies, the cross-section of the ab-
sorption by an hydrogen atom of the X-ray part of the stellar
flux is ~ 5 x 10~* times smaller than that for the EUV part
of the spectra. For this case, the Equation 4 can be rewritten
as

H= ZniFie_T‘m,O,mm where i = X, EUV. (8)

Thus, if all other parameters are identical, the heating
in the X-ray range would be negligible in comparison to the
heating by EUV, and such decoupling of X-ray and EUV
parts of the stellar flux would only lead to the decrease of
about a factor of two in the total heating rate. However,
as the X-ray is absorbed deeper in the atmosphere, the
density of the neutrals in Equation 8 will be about an
order of magnitude higher for X-ray than for EUV (~ 38
times in case of TOI-942 b). Additionally, the heating effi-
ciency is wavelength-dependent (Dalgarno, Yan, & Liu
1999; Murray-Clay, Chiang, & Murray 2009;
Shematovich, Tonov, & Lammer 2014). Equation 5, used in
this study, predicts the heating efficiency of 0.32 for the
EUV range, and about 0.945 for the X-ray. Taking all of
the above into account, and if Lx of a star is high enough
(i.e., in particular, for young close-in planets), considering
a more realistic spectrum can have a considerable effect
on the predictions of the hydrodynamic upper atmosphere
models.

In Figure 6, we compare the heating and cooling
(top panel), and ionization rates (bottom panel) for TOI-
942 b given by our basic model (solid lines) and the split-
wavelength model (dotted lines). One can see, that the heat-
ing rate next to the planetary surface predicted by the split-
wavelength model (see the red dotted line in the top panel)

2 The XUV fluxes in Carleo et al. (2020) and Carleo et al.
(2021) were estimated from Lx luminosities using the rela-
tions given in Linsky, Fontenla, & France (2014). In the present
study, we wused the relations from more recent work by
Johnstone, Bartel, & Giidel (2021), that is based on a larger sam-
ple of stars, in particular at young ages.
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Figure 6. Comparison of the total heating/cooling volumetric rate
profiles (top, red/blue lines, respectively) and ionization rate pro-
files (bottom) between the basic model (all XUV flux emitted at
single energy of 20 eV, solid lines) and split-wavelength model
(the stellar flux divided into X-ray part emitted at 248 eV and
EUV part emitted at 20 eV, dotted lines) for TOI-942 b along
the substellar line. The solid and dashed cyan vertical lines mark
the position where the planetary wind meets the stellar wind for
these two models, respectively.

is comparable to the maximum heating rate given by the
basic model (red solid line), which peaks at ~ 1.3 Rpi. This
leads to the increase of temperature near the planet (~1.1-
1.2 Rp1) by about 1000 K in comparison to the basic model
and to the consequent expansion of the atmosphere. This
means that the density of the atmosphere (which is essen-
tially the density of the neutral hydrogen, when close to the
planet) will be higher at the specific distance for the split-
wavelength model than for the basic one. Therefore, the ab-
sorption depth of the EUV part of the spectra moves out-
wards, from ~ 1.3 Ry in case of the basic model to ~ 2.4 R,
in case of the split-wavelength model. The same can be seen
also by the ionization rate profile (Figure 6, bottom panel,
the basic XUV and split-wavelength EUV+X profiles).

The above has some effects on atmospheric parameters
profiles shown in Figure 5. Thus, the temperature maximum
in the planetary outflow (see the peak on the right in the
middle left panel of Figure 5) shifts together with the max-
imum of the heating rate, from 1.55 R to ~ 2.7 R with
no significant change in the maximum temperature value
(~ 3% higher), and the shock between stellar and plane-
tary wind (vertical dashed cyan lines in Figure 5), and thus
all the signatures described in Section 4.2, moves by about
1 Rp1 outwards. The qualitative character of the atmospheric
profiles remains, however, unchanged.

In terms of the atmospheric mass loss, the split-
wavelength model predicts the atmospheric mass loss rate

MNRAS 000, 1-17 (2021)



X [Rpl]

Figure 7. The 2D distribution of the ion fraction in the ecliptic
plane for TOI-942 b assuming the split-wavelength X-ray+EUV
model of the stellar irradiation. Designations are the same as
in Figures 3 and 4. The white/green contour lines represent the
fion = 0.5 as given by the split-wavelength/basic models, respec-
tively.

of 1.2 x 102 g s™! from TOI-942 b, which is approximately
two times higher than the prediction of the basic model. For
the outer planet TOI-942 c, however, the increase in mass
loss is much smaller and is only about 10% higher than the
escape rate in the basic model (3.5 x 10 g s™1), due to the
lower XUV fluxes (see Table 1).

However, the changes in the ionization fraction of the at-
mosphere are more important. The maximum in the ioniza-
tion rate profile corresponding to the EUV part of the spec-
tra shifts outwards (compare peaks marked as “XUV” for the
basic and as “EUV” for the decoupled model in Figure 6).
Thus, the atmosphere becomes fully ionized at a distance of
about 3.5 Ry, instead of about 2 Ry, in the basic model. The
ionization fraction close to the planet, before EUV ioniza-
tion/heating becomes dominant, appears to be too low to
change the atmosphere significantly: the ionization fraction
below 2 Ry remains lower than 1%. This leads to the region
dominated by neutral hydrogen (the blue-colored areas in
the right columns of Figures 3 and 4, and in Figure 7) being
essentially more extended. Though in Figure 6 we show the
profiles along the substellar line, the effect is essentially 3D,
and the area dominated by the neutral hydrogen increases
approximately twice in all directions, as we show in Figure 7
for the ecliptic plane.

Thus, the inclusion of the (slightly) more realistic stellar
spectra leads to the prediction of significantly higher Ly-«
absorption, as we discuss in the next section. This is im-
portant, because it leads to larger chances of observing the
atmospheric mass loss from the young planets in TOI-942
system.

MNRAS 000, 1-17 (2021)
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4.4 Synthetic Ly-« transits
4.4.1 Model

To simulate the Ly-a absorption profiles for the planets con-
sidered in this study we employ the ray-tracing model devel-
oped in Vidotto et al. (2018); Allan & Vidotto (2019) and
applied in coupling with the variations of the 3D model used
here in a series of works (Carolan et al. 2020, 2021a). The
frequency-dependent optical depth along the line of sight
(observer is placed in the positive X direction, opposite to
the star) is given by

Ty = Nnoy¢pdX, 9)

where ¢, is the Voigt line profile function and o, =
0.01103 cm®Hz is the Ly-a absorption cross-section at the
line center. Then, integrating over all rays transmitted
through the atmosphere (251 x 251 evenly spaced in Y and Z
directions), we can obtain the frequency-dependent transit
depth as

dF, = / / %dmz (10)

To quantify the absorption in the blue and red wings, we
integrate the obtained dF, at the mid-transit over velocity in
the intervals of [-300, -40] and [40, 300] km s, respectively,
excluding, therefore, the Ly-a line center dominated by the
interstellar absorption and the geocoronal emission.

4.4.2  Absorption profiles

In Figure 8, we demonstrate the synthetic Ly-a calculated
with Equation 10 for b (top panel) and c¢ (bottom panel)
planets in TOI-421 (black lines) and TOI-942 systems. For
the latter, we consider both the results of basic (red lines)
and split-wavelength (magenta lines) models, as discussed in
Section 4.3.

To compare, the Ly-a absorption profiles for TOI-421
system were previously considered in Carleo et al. (2020)
by employing the results of 1D hydrodynamic model by
Allan & Vidotto (2019). For the same XUV fluxes as in the
present paper, Carleo et al. (2020) predicted slightly higher
escape rates of 4.5 x 10" gs™" and 4.4 x 10'° gs™! for
planets b and c, respectively, compared to 3.2 x 101° g s~*
and 2.9 x 10'° g s7! from the present 3D study. However,
the predicted maximum absorption for TOI-421 b is very
similar in 1D and 3D cases: of 35% and 36%, respectively
(see Figure 12 of Carleo et al. 2020 and the top panel of Fig-
ure 8). For TOI-421 c, though, the difference is significant.
While the 1D model predicts the maximum absorption of
53%, for the 3D model this value is ~1.5 times larger, 71%.
This difference comes from the difference in the ion fractions
predicted by the two models: as the absorption is only due to
the neutral hydrogen, the maximum absorption is higher for
lower ion fractions. As the 1D model considers only the star-
planet line, where the irradiation is at maximum, it tends to
overestimate the ionization of the atmosphere (and the mass
loss rates, though to a lesser extent). This clearly demon-
strates the importance of employing 3D modeling for this
type of studies.

When a planetary atmosphere interacts with a stellar
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Figure 8. The theoretical Ly-a absorption profiles at mid-transit
for b (top) and c (bottom) planets around TOI-421 (black
lines) and TOI-942 (red and magenta lines for basic and split-
wavelength models respectively). The black dotted vertical lines
denote the [-40, 40] km s~! zone excluded from the estimations
given in Table 2.

wind, the neutral atmospheric material is pushed towards
the observer (towards the tail part in Figures 3, 4, and 7)
and the Ly-a absorption profile becomes asymmetric and
shifts towards the blue wing of absorption (negative velocity
direction in Figure 8). This shift is larger when the stellar
wind is denser/stronger (see, e.g., Villarreal D’Angelo et al.
2021; Carolan et al. 2021a). Thus, for both planets in the old
system TOI-421, characterized by the relatively weak stellar
wind and strong planetary outflows, the absorption profiles
look nearly symmetric (which is easy to see by the vertical
lines denoting £40 km s~ ! in Figure 8). For planets in the
young system TOI-942, the profiles are highly asymmetric
(blue-shifted), both for the basic and split-wavelength XUV
models, for which the profiles differ mainly quantitatively.
In Table 2 we show the integrated excess absorption (AF,
without the geometric transit) in the blue and the red wings,
and calculate the total absorption as the sum of them.
Another property of the strong stellar winds, discussed
in detail in Carolan et al. (2021a), is to suppress the ob-
servable Ly-« signatures by confining the planetary outflow
closer to the planet. This process is very effective for the
TOI-942 system, as can be easily seen in Figure 4 (mid-

dle column). Therefore, despite the fact that assuming the
basic XUV model, we obtain atmospheric escape rates of
planets in the young system of ~ 16 and ~ 11 times higher
than of planets in the old system (for planets b and c, re-
spectively), the total absorption is only ~ 8 and ~ 3 times
larger. Moreover, this difference is mainly produced by the
blue-wing absorption, while the red-wing absorption is at a
similar level for planets in both systems (as well as at the
center of velocity profile).

Inclusion of the split-wavelength model for XUV heat-
ing, as we already discussed in Section 4.3, leads to an in-
crease in the atmospheric escape rates from planets in TOI-
942 systems by ~ 2 and ~ 1.1 times compared to the ba-
sic XUV model for planets b and c, respectively. However,
due to the significant changes in the ionization profiles, this
leads to an even larger increase in the Ly-a absorption in the
wings: by ~ 3 and ~ 2.2 times compared to the basic model.
As the split-wavelength XUV insolation model appears to be
more realistic for very young stars, it suggests that observ-
ing escape from such planets is of a higher probability than
the basic model would have predicted.

This is important for the interpretation of observations.
In particular, for TOI-942 ¢, two models predict significantly
different absorption for the same stellar wind and nearly the
same atmospheric mass loss. That implies, that, for young
exoplanets, a more realistic assumption on the stellar high-
energy spectra can be important if one wants to resolve the
atmospheric mass loss from the observations.

4.4.8 Perspectives for observations

To further compare with the observations, we follow the
same approach as Hazra et al. (2021, under review). We
consider the intrinsic Ly-a line profile of a star after ab-
sorption by the neutral ISM material (Fout,,) as the out of
transit line profile. This way, the flux density during the
transit of a planet, including absorption by the ISM, can be
written as

En,u - (17dFu)Fout,u~ (11)

Finally, this value should be convolved with the response
function of the specific instrument, to which we are inter-
ested to compare. We consider the STIS spectrograph on
board the Hubble Space Telescope (HST) and employ the
parameters for the convolution suggested in Bourrier et al.
(2017).

Since both stars lack observations in Ly-o, we con-
structed the intrinsic profile for each star using the
observationally-derived profile of other stars with similar
spectral type, age and activity index. Usually these refer-
ence stars tend to be closer than the TESS targets. However,
we are assuming that the main ISM absorption will happen
within a few parsecs, and so the effects from the ISM over
the derived intrinsic profiles will be similar as the one found
for the reference stars.

In the case of TOI-942, we scale by radius and dis-
tance the intrisinc Ly-a profile of the young K2 V dwarf
star LQ Hya derived in Wood et al. (2000). This is a fast
rotating, ~ 70 Myr old star, located at 18.3 pc from the
solar system, slightly smaller than TOI-942. Its radius is
0.69 Rp, and Ca II activity index logRuk is ~ —4.0
(Boro Saikia et al. 2018, compare the latter to ~ —4.17 for
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planet M [10™ g 57 AFpye (%]  AFreq (%] AFior [%]
TOI-421 b 0.32 0.23 0.20 0.43
TOI-421 ¢ 0.29 0.63 0.63 1.26
TOI-942 b 5.1 3.0 0.3 3.3
TOIL-942 b (s-A) 12.0 7.8 2.0 9.8
TOL-942 ¢ 3.2 3.1 0.5 3.5
TOIL-942 ¢ (s-)) 3.5 6.1 1.5 7.6

Table 2. The atmospheric mass loss rate, the excess absorption in the blue (-300 to -40 km s~!) and red (40 to 300 km s~!) wings, and
the summed absorption for planets considered in this study. For planets in the TOI-942 system, we include the results for basic and

split-wavelength XUV models (TOI-942 b (s-\) and TOI-942 ¢ (s-A)).

TOI-942). The mass of the star is 0.84+0.1 My (Kovari et al.
2004; Tetzlaff, Neuh&user, & Hohle 2011). To obtain the in-
trinsic profile of TOI-421 we used the same reference star as
in Carleo et al. (2020). Thus, we scaled the intrinsic profile
of £ Boo A (G8 V, d = 6.70 pc, R, = 0.78 Rp) derived by
Wood et al. (2005) to the radius and distance of TOI-421.

In Figure 9, we show the observational prediction of the
flux density made for planets in TOI-421 (top panels) and
TOI-942 (bottom) systems. In case of TOI-942 system, we
consider the split-wavelength XUV model, as the more real-
istic one. The total decrease in the flux densities corresponds
well to the predictions of the excess absorption in blue and
red wings given in Table 2. For both systems, the Ly-«a line
profiles look essentially asymmetric. Thus, in case of TOI-
421 b and c, the peaks of Ly-« profiles are located at about
+70 and -90 km s~!, and the absorption is predominantly
red-shifted. The planets in TOI-942 system look more ap-
pealing for observation, as the blue-wing absorption is dom-
inating. The peaks in Ly-« profiles are shifted, however, to
larger Doppler velocities (about +150 and -130 km s™1).

Another issue that might complicate the observations
is the high variability of young stars, which prevented more
accurate mass constraints of the planets in TOI-942 system
being made. The high flaring rate, typical for young stars,
can significantly affect the observations (see Hazra et al.
2021, under review).

5 DISCUSSIONS AND CONCLUSIONS

In the present paper, we have performed 3D modeling of the
escaping atmospheres and their interaction with the stellar
wind for two planets in the very young system TOI-942 and
for two planets in the old system TOI-421. Despite the large
similarity between the two systems (the planets are at nearly
equivalent orbits and in a similar mass range, and the stars
have similar masses, though rather different XUV luminosi-
ties typical for their ages), both the atmospheric mass loss
and the interaction with stellar winds, are very different.
To date, there is a number of studies dedicated
to the 3D interaction between planetary outflows and
stellar winds (Bisikalo et al. 2013; Schneiter et al. 2016;
Carroll-Nellenback et al. 2017; Villarreal D’Angelo et al.
2018, 2021; McCann et al. 2019; Khodachenko et al. 2019;
Esquivel et al. 2019; Debrecht et al. 2020; Carolan et al.
2021a,b). These models can be grouped into local planet-
centered models where the stellar wind is set as an ex-
ternal boundary condition (as ours) and global mod-
els that include both the star and the planet in the
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computation domain (see Carroll-Nellenback et al. 2017;
Villarreal D’Angelo et al. 2018, 2021; Esquivel et al. 2019).
The benefit of the latter approach is that it can ac-
count for effects non-accessible in the planet-centered frame-
works, such as the formation of a disk around the star
(Debrecht et al. 2018). However, the former approach allows
for better resolution close to the planet and their smaller
simulation domain usually implies that more complex phys-
ical processes, such as self consistently including heating and
cooling processes, and ionisation balance, can be included in
the simulation without being too computationally expensive.

All the models above predict similar general signa-
tures of the escaping atmospheres, including the asym-
metry due to orbital motion, the tail-like structure, the
photo-ionization shadow opposite to the star, and the blue-
shifted absorption profiles shaped by the neutral hydrogen
in the planetary outflow. Most of them consider hot Jupiters
and assume the typical conditions of evolved main-sequence
stars. Some, however, consider different stellar wind condi-
tions. Therefore our models for the young planetary sys-
tem TOI-942 are similar to the strong wind cases consid-
ered in Schneiter et al. (2016), McCann et al. (2019), and
Carolan et al. (2021a), with strongly confined planetary at-
mospheres and pronounced hydrodynamic shocks. Our mod-
els for the older system TOI-421 are similar to the weak
stellar wind cases in the studies cited above, and the cases
considered in Esquivel et al. (2019).

The escape rates from the planets in TOI-421 system
are 3.2 x 10'% g s7! and 2.9 x 10'° g s7!. In this situation,
the strong planetary winds interact with a relatively weak
stellar wind (comparable to the present-day solar wind).
The interaction occurs far above the planets, and there-
fore has a minor effect on the upper atmospheres of the
planet and no considerable effect on the planetary atmo-
spheric mass loss. The stellar wind pushes the planetary
outflow streams away from the star, but it does not lead
to the noticeable asymmetries/changes in the theoretically
predicted Ly-a absorption profiles compared to the no-wind
case. In terms of observations, for TOI-421 system, we pre-
dict potentially observable absorption in the Ly-a line, in
particular for planet c. Despite the atmospheric mass-loss
rates predicted by our models being similar for both plan-
ets, the atmosphere of planet b is significantly more ion-
ized than the atmosphere of the outer planet, and the Ly-
«a absorption only occurs for the neutral part of the at-
mosphere. This leads to the difference in excess absorp-
tion of ~3 times between planets b and c¢: ~ 0.4% and
~ 1.3%, respectively. This value is relatively small com-
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Figure 9. Predicted Ly-« line profile at mid transit of TOI-421 b, ¢ (top panels) and TOI-942 b, ¢ (bottom panels) convolved with the
instrument response function of STIS spectrograph on board of HST. The full profiles are shown in the middle column, and the zoom-in
in blue and red wings (areas highlighted by the black rectangles in the middle column) is shown in the left and the right columns,
respectively. The black line corresponds to the intrinsic stellar line profile, and red and blue lines show the flux densities during the

transits of planets b and c of the systems, as shown in the legend.

pared to Ly-a absorption observations of some hot Jupiters
(e.g., HD 189733 b, 55 Cancri b, HD 209458 b) and warm
Neptunes (e.g., GJ 3470 b, GJ 436 b). For HD 209458 b,
Vidal-Madjar et al. (2003) and Vidal-Madjar et al. (2004)
observed Ly-a absorption of about 5 to 6%. For
HD 189733 b, Lecavelier Des Etangs et al. (2010) and
Lecavelier des Etangs et al. (2012) obtained for different
epochs absorptions of 5% and 3%, and later Bourrier et al.
(2013) reported excess absorptions of 2% and 5% for the
observations in 2010 and 2011, respectively. For the hot
Jupiter 55 Cancri b, the reported absorption was 7.5%
(Ehrenreich et al. 2012). For the warm Neptune GJ 436 b,
Ehrenreich et al. (2015) reported an absorption of 56% and,
finally, recent studies of GJ 3470 b revealed Ly-« absorptions
of 35% (Bourrier et al. 2018, 2021). In all these cases, the ob-
served absorption is considerably higher than the prediction
made in this study for TOI-421 ¢ and varies considerably
for different observation epochs (i.e., current stellar activity
levels). With this in mind, we expect that the excess absorp-
tion of ~ 1.3 % predicted for the quiet stellar conditions does
not exclude the possibility of Ly-a absorption detection for
TOI-421 c. In addition, we predict rather high values of ab-
sorption at the line centre (~ 70%), but this part of the line
is not observed due to the ISM absorption and geocoronal
emission.

Atmospheric mass-loss rates in the young system TOI-
942 are about an order of magnitude higher than those in
the old system, which is similar to the relation of the XUV
fluxes of the two stars. Without the stellar wind, the mass
loss rates are 4.5 x 10*! gs™! and 2.2x 10! g s™! from plan-
ets b and c, respectively. In turn, the interaction with the

stellar wind occurs differently compared to the old system.
The dense and fast wind from the young star confines the
planetary atmosphere and creates a well-pronounced shock
wave in the substellar region. The interaction occurs close
to the planet: the boundary between stellar and planetary
winds is located at approximately the L1 point in the case
of the inner planet TOI-942 b, and within the Roche lobe in
the case of the outer planet TOI-942 c. This leads to the ero-
sion of the planetary upper atmosphere, and the correspond-
ing increase in the atmospheric mass loss rates by ~ 22 %
and ~ 45 % for planets b and c, respectively. Further on,
the confinement of the atmospheres by the stellar wind, to-
gether with a higher ion fraction, leads to the suppression of
the possible observable Ly-a signatures. Thus, despite the
much higher atmospheric mass-loss rates, the predicted Ly-a
excess absorption for the standard model (where the inte-
grated XUV flux is emitted at the single wavelength) is only
a few times higher than in the TOI-421 system: 3.3 % and
3.5 % for TOI-942 b and c, respectively.

The above estimates, however, do not take into ac-
count that the high-energy (XUV) spectra of young stars
are different in comparison to the spectra of more evolved
main-sequence stars. Though a detailed spectrum is in
general not available, it is known that in the spectra
of young stars the ratio between the X-ray and the
EUV part is essentially higher than for old stars. Ac-
cording to various models and observations (see, e.g.,
Sanz-Forcada et al. 2011; Linsky, Fontenla, & France 2014;
Johnstone, Bartel, & Giidel 2021), for young stars, the en-
ergy in the X-ray wavelength range can be as much as 1-3
times of that in the EUV range, while for stars of a few Gyr,
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Lx is only a small fraction of XUV, typically up to an order
of magnitude lower than Lguv. This turns out to be impor-
tant for modeling and the prediction/interpretation of the
observations.

We tested this possibility by implementing the split-
wavelength XUV model, as described in Section 4.3. We
find, that applying the more realistic split-wavelength model
leads to higher escape rates: about twice in the case of the
inner planet TOI-942 b, and by about 6% in the case of the
outer planet TOI-942 c. The effect on the predicted Ly-a
absorption is even higher, because of the atmospheres be-
ing more expanded due to the effective heating closer to the
planetary surface and less ionized, as the main ionization
processes occur further away from the planet. Thus, the the-
oretical prediction of the total absorption increases about 3
times for planet b (from 3.3 to 9.8%), and more than twice
for planet ¢ (from 3.5 to 7.6%).

This is consistent with the conclusions made by
Guo & Ben-Jaffel (2016), who tested the influence of the
spectral energy distribution on the upper atmosphere of the
hot Jupiter HD 189733 b using the 1D hydrodynamic mod-
els assuming hydrogen-helium atmosphere. They found that
the mass loss from the planet is mainly determined by the
total energy in the XUV range, similar to the more mod-
erate case of TOI-942 ¢ considered here. At the same time,
the ionization profile is strongly affected by the shape of
the spectrum, with the transition region between H and HT
moving outwards for spectra dominated by low-energy radia-
tion, which can explain the differences in observations for dif-
ferent epochs. The activity level of the host star HD 189733
suggests an age of 1-2 Gyr. This demonstrates, that the us-
age of more realistic spectra can have implications also for
more evolved planetary systems, though the most substan-
tial effect is yet expected for the young ones, for which well-
resolved spectra are normally not available. The typical tar-
gets for Ly-a observations so far were a few Gyr old planets
(thus, most of the planets cited earlier are in the range of
1-5 Gyr old). With the ongoing improvement of instrumen-
tation, however, we expect the fraction of the young planets
among new detection and follow-up observation (for more
detailed characterisation) to increase rapidly.
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APPENDIX A: PLOTS FOR C PLANETS

Here, we present the plots equivalent to the ones considered
in Section 4, but for ¢ planets of TOI-421 and TOI-942 sys-
tems. Thus, in Figure A1, we present the 2D projection in
the ecliptic plane of the total velocity, the neutral hydrogen
density, and the ion fraction for TOI-421 c. In Figure A2
we show the same for TOI-942 c. Finally, in Figure A3 we
demonstrate the comparison equivalent to the one shown in
Figure 5, but for the c planets of the two systems. We point,
that in the case of TOI-942 c, the interaction with the stellar
wind occurs within the Roche lobe of the planet (L1 point
is at the distance of about 11.6 planetary radii from the
planet).

This paper has been typeset from a TEX/IATEX file prepared by
the author.
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Figure A2. Same as Figure 3, but for TOI-942 c.
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Figure A3. Same as Figure 5, but for planets TOI-421 ¢ (solid lines) and TOI-942 ¢ (dashed-dotted lines).
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