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ABSTRACT

The bolometric radiation from a central body is potentially a powerful driver of atmospheric escape from planets or satellites.
When heated above their equilibrium temperatures those satellites, due to their low surface gravity, are be prone to significant
atmospheric erosion. Such high temperatures can be reached through a known mechanism: a large ratio of the irradiation to
re-radiation opacities of the atmospheric species. We investigate this mechanism for irradiating black-bodies of sub-stellar
temperatures and find that specific molecules exist, such as NH3 and CH,4, which develop temperature inversions under the
irradiation of young post-formation giant planets. These non-isothermal temperature profiles lead to escape rates that can
significantly exceed isothermal Parker-model escape rates evaluated at the satellite’s equilibrium temperature. Our results
indicate that exo-satellites can lose most of their atmospheric mass through this mechanism if the cooling of the exo-satellite’s
interior is not too rapid. In all scenarios, we find a hierarchical ordering of escape rates of atmospheric species due to thermal
decoupling in the upper atmosphere. This thermal decoupling leads to a natural depletion of CH4 and retention of NHj3 in our
models. We find that giant planets with masses above 2my,, for cold starts and above 1my,, in hot start scenarios are able to
remove the majority of a Titan analogue’s atmosphere. Hence, finding and characterizing exomoon atmospheres in hypothetical

future surveys can constrain the post-formation cooling behaviour of giant planets.
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1 INTRODUCTION

Low-mass bodies such as planets and satellites are born with gaseous
atmospheres, acquired either through accretion from their parent
discs, or from outgassing events after these discs disperse. Once
the disc has dispersed and most gas-driven formation processes
have ceased, the body will exist in a hot post-formation state. In
this state, its atmosphere is susceptible to hydrodynamic removal
processes driven either by tidal forces, a process akin to binary
Roche-lobe overflow (Erkaev et al. 2007), or by an irradiation-
driven outflow (Gross 1972; Sekiya, Nakazawa & Hayashi 1980;
Zahnle & Kasting 1986; Lammer et al. 2008). These outflows occur
when the constituent particles in the atmosphere are sufficiently
collisional to be treated as a fluid (Volkov & Johnson 2013). The
resulting atmospheric temperatures, which are directly linked to the
escape rates, depend critically on the part of the stellar spectrum
which is driving the outflow, due to different penetration depths
and heating mechanisms. The prototypical energy-limited escape
process (Watson, Donahue & Walker 1981) previously applied to the
Solar system satellites (e.g. Erkaev et al. 2021) requires inefficient
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radiative cooling by the escaping gas species and is driven by the
high-energy flux Fxyy of the star (Lammer et al. 2003; Baraffe
et al. 2004; Murray-Clay, Chiang & Murray 2009; Owen & Jackson
2012).

Alternatively, the bolometric stellar flux Fyq is typically 10*~10°
times greater than Fxyy, depending on the exact stellar age and
type (e.g. Shkolnik & Barman 2014; France et al. 2018; McDonald,
Kreidberg & Lopez 2019), but this large energy input is usually
cooled away very efficiently in the molecular parts of atmospheres,
hence typically driving weaker mass-loss rates than their XUV coun-
terparts (Owen & Schlichting 2024). These bolometrically driven
hydrodynamic escape rates have been studied for close-in planets,
and are typically estimated in the form of an isothermal Parker-wind
(Ginzburg, Schlichting & Sari 2018; Gupta & Schlichting 2020).
The key free parameter driving this type of outflow is the isothermal
temperature, 7'(r) = constant. The value of this temperature is often
further approximated as the equilibrium temperature of the planet,
i.e. T(r) = Tq and the mass-loss rates M are then approximated as
M= MParker(T = Teq)-

However, both theoretical work (e.g. Guillot 2010) and studies of
the Solar system atmospheres (e.g. Haynes et al. 2015; Wyttenbach
et al. 2015; Yan et al. 2020) have shown how the equilibrium
temperature can be significantly exceeded. Further, recent simulation
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work by Misener et al. (2025) has demonstrated that including
more realistic bolometric radiative transfer results in non-isothermal
outflows with the resultant mass-loss rates being very sensitive to the
form of the atmospheric temperature profile.

While the above theoretical studies have shown that close-in,
low-mass planets can be significantly impacted by stellar-driven
bolometric mass-loss, and for objects of even lower masses such
as satellites, the bolometric irradiation from their close giant planets
could form a short-lived but important contribution to their mass-loss
histories.

In this work, we investigate the mass-loss rates from atmo-
spheres with bolometrically driven temperature inversions, i.e. with
T(r) > T,,, for young and rocky exo-satellites. This is similar to the
already known mechanism to form inversions via specific optically
active molecules such as TiO and VO in exoplanets (Haynes et al.
2015). We will show that the formation of atmospheric temperature
inversions is particularly favourable for cold satellites irradiated
by young, luminous gas giants via a new intermediate mass-
loss mechanism, connecting isothermal winds and energy-limited
escape, besides already well-known mechanism to form inversions
in exoplanet atmospheres. Studying the retention or loss of exo-
satellite atmospheres is important beyond considerations of radiation
transport. In cases where the satellite-planet atmospheric spectrum
cannot be separated, an exo-satellite’s atmosphere can introduce false
signals into inferences about the host planet’s atmosphere (Rein,
Fujii & Spiegel 2014). Furthermore, with upcoming instrumentation
such as the ELTs, studying exo-satellite atmospheres could become
technically feasible (Kleisioti et al. 2024; van Woerkom & Kleisioti
2024).

This paper is structured as follows. In Section 2, we list the
equations solved in our hydrodynamic outflow problem and introduce
important radiative quantities to understand the physics. We then
discuss a general, parametrized mechanism to reach bolometrically
driven temperature inversions for favourable radiative opacities in
Section 3. In Section 3.4, we then link this mechanism to the opacity
structure of molecules that might be present in the atmospheres of
exo-satellites. We show that specific molecules exist which feature
strong temperature inversions and short atmospheric lifetimes due to
favourable opacity ratios in the giant planet irradiation regime.

In order to go beyond simple lifetime estimations, we perform
evolutionary 1D radiative hydrodynamics simulations in Section 4,
with a particular emphasis on multispecies and multiband effects.
In Section 5, we follow the evolution of exo-satellites atmospheres
concurrently with the cooling curve of a population of exo-giant
planet hosts.

We then follow this modelling with a brief application of our
scenario to the Solar system satellites Ganymede and Titan in
Section 6. Finally, we give a discussion and outlook on possible more
complex models, including the effects of other dominant atmospheric
components such as water steam, and speculative applications of our
model to giant planet formation theory in Section 7.

2 EQUATIONS SOLVED

Our goal is to compute atmospheric mass-loss rates from exo-
satellites. Thus, we must solve the equations of hydrodynamics
coupled with the radiation transport of photons. Given the well-
known challenge of solving directly for steady-state solutions (e.g.
Murray-Clay et al. 2009), we choose to solve instead a time-
dependent problem, which we evolve to steady state.

This is a challenging, non-linear multiphysics problem, for which
we employ the numerical code AIOLOS (Schulik & Booth 2023).
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The equations per species, s, for the mass density, momentum
and total energy py, psus, E; and radiative mean field density J,
are solved in spherically symmetric geometry for the independent
coordinate, r, under the action of mutual collisional drag and
collisional thermalization are as follows:
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where we use the total energy E; = %,oxuf + pses, with the ideal gas
closure relations e; = cy T, with cy  the heat capacity at constant
volume. Further, adopting the ideal gas law yield p; = e;05(Vad,s —
1), where y,q 5 is the adiabatic index of the species, not to be confused
with the radiative quantity y, defined below. We single out the energy
equation per species to stress the role of the opacities i, and xy for
the in- and outgoing radiation, respectively.
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where the last and second-to-last terms are the radiative heating and
radiative cooling terms, proportional to kj, and ko, in potentially
multiple bands, b, with irradiation fluxes S,. In our approach, the
outgoing radiation is only computed in a single band. The strength
of gravitational field is ®(r) = Gmgyenie (r)/r + T with a tidal com-
ponent 7 = 3 Gmgjgnr? /agiam due to the satellites’ semimajor-axis
distance agjay; to the giant planet, under the assumption mgepiie <<
M giant (Murray & Dermott 2000). We generally denote masses m non-
capitalized and mass-loss rates M in order to easier distinguish them.
Finally, the collision rates o We use to compute the momentum and
the thermal couplings are taken to be neutral-neutral collision rates
from Schunk & Nagy (1980).

The radiative equation is closed via the flux-limited diffusion
approximation (Levermore & Pomraning 1981)

Ac
F=-"v1J, )
PKR

with the flux-limiter A given by Kley (1989), and more details on
its use in atmospheric outflows are discussed in Schulik & Booth
(2023). The quantity kg is the total Rosseland mean opacity, a
function of all species’ Rosseland means k3. In general, Rosse-
land opacities are not additive; but the atmospheric composition
we consider is variable; hence, we restrict ourselves to a simple
maximum rule in computing this number from its constituents, i.e.
kg = max(kg si, KR.s2, KR 535 --). The outgoing radiative quantities J
and F' are computed in a single band throughout this work, their band
index is therefore dropped.
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Table 1. A temperature notation encyclopedia.
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Symbol Description
Ts(r) The radial temperature profile for species s
Tsurf The temperature of the isothermal satellite body. Sets the lower atmospheric temperature, T (Fsatellite) = Tsurf-
Tskin T (r g OO)
Tirr Black-body temperature of the irradiating giant planet.
Teq Equilibrium temperature, a measure for the total energy flux at the top of the atmosphere.
In this work, directly proportional to (Ti x Réam)” 4
R Rosseland-mean optical depth, measured from large r inwards

2.1 Behaviour of temperature solutions and opacities

The solutions to the above equations yield mass-loss rates and
temperature profiles. The temperature profiles, which set the mass-
loss rates, are determined by the opacities to the incoming radiation
per band b and species s, i.e. k%%, appearing in the last term on the
r.h.s of equation (4), and the opacity of the gas to its own radiation
k3, appearing in the cooling term, the second-to-last term on the
r.h.s of equation (4). The number of bands of incoming radiation is
denoted as N,. For N, = 1, this system of equations, when in local
radiative equilibrium, can be solved to give the atmosphere’s thermal
structure. These solutions reproduce the results in the analytical work
by Guillot (2010, hereafter G10), where G10 define the ratio of these
opacities as follows:

y = Lo (6)

)
Kout

which is a key parameter determining the temperature structure. We
drop the indices b, s when referencing single-species, single-band
models. As both opacities control the magnitude of the source and
sink terms for the energy in equation (4), then y can be understood
as a number correlating with the ratio of the relative importance
of heating and cooling, with the slight complication that it is to be
understood as a radiative inefficiency parameter, not an efficiency
parameter.

The mean opacities «;, and «,, can be calculated as the appropriate
mean, to be discussed later, over a wavelength-dependent opacity
functionk (X, P, T'), where A is the spectral wavelength. The outcome
of the opacity averaging, which matters greatly to our model, is
further discussed in Section 3.3, whereas in this subsection, we only
discuss the provenance of x(A, P, T). The function «(A, P, T) is
computed using the correlated-k method (Goody & Yung 1989;
Lacis & Oinas 1991) using the correlated-k data bases in the
Petitradtrans package (Molliere et al. 2019, and refs. therein) where
available, and the DACE data base (Grimm & Heng 2015, and refs.
therein)! otherwise. The mean opacity calculations, averaging over
the corr-k tables, were done using the Exo-k toolsuite (Leconte 2021).
These tools allow us to compute the mean opacities as pressure and
temperature-dependent quantities kg, ,,, which are computed via
Exo-k as a single-band average over the entire spectrum. We empha-
size that the latter two quantities remain single-banded throughout
this work, whereas &’ later becomes multibanded.

The opacity function yielding the multiband mean irradiation
opacities Ki‘;"’ (Tirr, Tgas) are taken at constant Ty, = 200K and
P = lbar, appropriate for our exo-satellites, and preclude significant
pressure-broadening. Taking a single Ty, and P for the irradiation
opacities is a simplification in our models, but given computational
constraints, we are forced to employ it and leave relaxing this
approximation to future, more accurate modelling. Since our goal

!dace.unige.ch

is the first attempt to scan the parameter space relevant for exo-
satellites, along with the fact that Ty, does not vary by more than
+ 100K, giving rise to variations in &5 at the < 10 per cent level
in the upper atmosphere, see also Appendix B, this is an appropriate
approximation at this stage. Instead, our study here is focused on the
exponential sensitivity of mass-loss rates with temperature.

The number of incoming bands N, is in this initial discussion is
set to N, = 1, to showcase comparisons of temperature profiles to
the work of G10 and to present a general physical understanding
of our mechanism for the enhancement of the bolometrically driven
mass-loss rates. Only for N, = 1 does a single value of y form a
meaningful parametrization of the temperature profile. Simulations
with N, > 1 (Section 4.1) are later used to approach more realistic
temperature profiles and mass-loss rates. Those runs represent the
heating function more faithfully, i.e. the last term on the r.h.s in
equation (4), which impacts the mass-loss rates. We now study
the case of N, =1 for some important species in cold, molecular
atmospheres.

3 THE MECHANISM

We will first discuss how hydrodynamic mass-loss rates react to non-
isothermal temperature profiles, particularly bolometrically driven
temperature inversions. Subsequently, we use an analytic method
to calculate the structure of non-isothermal temperature profiles
from first principles by linking it to the opacity ratio y. Finally, we
show that certain molecules, under the right irradiation conditions,
possess values of y adequate for our enhanced atmospheric mass-
loss scenario. As we introduce a number of different temperatures,
where some are measures of the radiation field and do not actu-
ally appear in the atmospheric temperature profiles, we summa-
rize the most important temperature concepts and vocabulary in
Table 1.

3.1 The transition around y = 1 and a new escape regime

In general, the atmospheric mass-loss rate in a spherically symmetric
geometry in 1D steady-state outflows at any radius r is the mass flux
M(r) = 47r>u(r)p(r) = const. When evaluated at the sonic point
radius ry, this form specializes to

M = 47l p;, ™)

where ¢, is the isothermal speed of sound profile c(r) evaluated at
the sonic point, u(r) the velocity profile, p(r) the density profile
and p, = p(r) is the density of the escaping gas at the sonic point.
We can approximate this expression, using the sonic point relation
ry =G m/(2cf) (Parker 1958), to find

G 2
( = X oy, ®

s

M:T[
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where m can be the mass of any atmosphere-holding body, this is
not yet limited to satellites. At this point, the remaining challenge is
to compute the local sound speed at r, and the global solution to the
density profile. Fortunately, the density profile is near-hydrostatic
even up to the sonic point (Catling & Kasting 2017), and it is
generally an acceptable approximation to take the density profile
as being hydrostatic, i.e. p(r;) & pga(rs), even in non-isothermal
atmospheres. After integration of the hydrostatic law one then obtains

pstat(r) = Po €Xp |:_ ¥
lower integration boundary. Thus, one finds

Gmg1
c? ("0

- })], where pg is the density at the

. (G m)? Gm
M(Tyin) = 70— 35— poexp | = — | x exp(+2) x exp(~1/2), )
S 570
where
k Ts in
3 _ K T« (10
‘ w

is the sound speed at large radii due to the isothermal ‘skin’
temperature Ty, (i.e. the temperature in the outer regions of the
atmosphere), kp the Boltzmann constant and p the mean particle
mass. The factors exp(2) originate in inserting r = r,, and exp(—1/2)
is an empirical correction due to the non-hydrostatic nature of the
flow at the sonic point (Lamers & Cassinelli 1999).

In order to move beyond the isothermal approximation we use
the analytic model by G10. Their model gives a solution for
the hydrostatic temperature structure in the radiative parts of the
atmosphere, depending mainly on y.> Thus, for the argument we
are presenting, we will approximate their solutions here as a doubly
isothermal temperature structure.

The G10 approach allows the temperature at large radii (7in),
to be computed from first principles. Formally, Ty, is only the
temperature at r — oo. Still, in practice this temperature is a good
approximation in a large volume of the outermost heated layer, i.e.
above the optically thick radius r(ty, = 1) = r; (Schulik & Booth
2023). Hence, we take T(r) = Ty, for r € [ry, 00) in this region
of the atmosphere. The temperature at lower altitude is set to be
T(r)= Teq/2'/4, in the radius interval r € [ro, r1) (for the 2!/# factor
see also the classic works by Schwarzschild 1906; Milne 1921; Sagan
1969 that accounts for re-radiation of thermal photons into two half-
hemispheres). Note that the latter is a further simplification over the
G10 models, in which we neglect downward diffusion into the lower
atmosphere for y < 1 in order to highlight they key physics. Hence,
for our doubly isothermal atmosphere, only Tin = Tkin(y) is of a
nontrivial value and needs further consideration. With G10, T, can
be expressed as

1 14 ~ T2V ify <1
4 _ 4 R eq
Tiin = 5 Teq (1 + E) ~ Tain = {> AN an

where T, is given by the emitted luminosity of the giant planet at
2

= 17 (Bam)’, with

Rgian is the host’s radius. At a young system age and far from the

host star, Tc‘él, is dominated by contributions from the giant planet

host over those of the system’s host star, as illustrated in Fig. 1,

motivating our neglection of the stellar contribution in equation (11).

black-body temperature Ti., such that Te‘;

2A few other dependencies exist in the G10 model, such as various unity
factors encoding the ratios of geometric moments of the radiation field, but
different choices of those do not change our model results drastically.
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Figure 1. A comparison of the different irradiation levels (LF;) at an ex-
osatellite’s orbit, just after disc dispersal, when planet formation is complete.
The total irradiation flux can be dominated by the planetary hosts’ luminosity,
which is mainly determined by the giant planet’s mass and its accretion
history. A Jupiter-mass planet (blue) at 5au semimajor-axis distance will
dominate over the stellar radiation (dashed), while for a Saturn-mass planet
(red) at 10 au semimajor-axis distance, the contributions will be of similar
magnitude.

Then, it follows from equation (8) that the mass-loss rates obey
2

. (G m) o (L1 Teq
M(Teq, Toin) = TT—5——poexp | =G m/cy o rn x Tikin )

skin

x exp(+1.5) x exp {me/cszkin (i ! )] (12)
I I'B,skin

where the bolometric absorption radius r; is a priori unknown,
rB.skin = Gm/(2 cszkin), and the two sound speeds ceq and cgin
correspond to the temperatures Toq and Ty, respectively. The
factor Teq/Twin accounts for pressure continuity at the temperature
discontinuity. For the sake of simplicity, in comparing analytical to
simulated escape rates, we use the value of r; which we find in
our simulation, but in general, one would have to iterate over the
temperature-dependent optical depth T = 1 = p(r|)x H to find r;.

In equation (12), when considering y > 1, temperatures Ty, >
T, are achieved, it then becomes evident that a high mass-loss limit
regime for Parker-winds exists. Because y can be interpreted as a
radiative inefficiency number, the existence of the high mass-loss
regime can be straightforwardly understood: for large y, cooling is
inefficient compared to heating. Thus, heating must be increasingly
balanced by adiabatic cooling, driving stronger mass-loss.

In Greenhouse atmospheres with ¥ < 1, the hot and cold tem-
peratures swap place, and hence those atmospheres would feature
some expansion in their lower atmospheres, albeit over a small
radial extent. Their upper atmospheres are cold at T = Ty, and the
net effect is that a y < 1 atmosphere has much lower escape rates
than a y > 1 atmosphere. We note that in a naive application of our
equation (12), atmospheres with y < 1 could also yield M > Mpaker
However, this would require the ingoing and outgoing radiation to be
well separated in wavelength, such as is the case for stellar irradiation
on temperate planets, where even then the formation of a convective
layer prevents high temperatures. In such a temperature case, the
instellation is deposited deep in the diffusive part of the atmosphere,
elevating the temperatures above T.q. Atmospheres with large-scale
heights could then be prone to high mass-loss rates. This situation
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Figure 2. Comparison of analytic and numerical results over a wide range
of y. Top: Shown are the numerical temperatures at the sonic point as dotted
line and the solid lines show equation (11). The deviation at large y indicates
the transition to energy-limited escape. Bottom: Mass-loss rates are shown
as a function of the cooling inefficiency parameter, where the points show
our simulation results. Simple model escape rates using equation (12) are
shown as the thin, dotted lines. Anti-greenhouses (y > 1) possess temperature
inversions, driving stronger escape rates than greenhouse atmospheres (y <
1). In the extreme limit of y < 1, we find Parker winds at T = Teq, and the
mass-loss rates depend on the amount of gas in the wind-launching region.
At y > 1, the escape rates transition into an energy-limited regime, i.e.
equation (13). In this case, the mass-loss rate becomes density-independent,
and the skin temperatures become saturated by efficient PdV-cooling.

does not arise for the satellite atmospheres considered here, as the
ingoing and outgoing radiation passes through the same troughs of
the opacity function; therefore, the ingoing thermal radiation does
not become diffusive. The y-dependent atmospheric prototypes are
further explored in double-grey simulations in the context of the
evolution of small exoplanets by Misener et al. (2025).

‘We show numerical simulation results for the value of Ty, while
varying y as a free parameter in Fig. 2 and contrast those with the
expectations from G10. Further, the simulations confirm the analytic
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mass-loss rates from equation (12) against our numerical radiation
hydrodynamic double-grey model, executed using AIOLOS. In the
simulations, we do not directly vary the quantity y, but instead its
constituent opacities «j, and ko, from equation (6). We choose to
keep ki, constant in order not to change the absorption altitude and
vary Koy instead, which translates to changing the effective strength
of the radiative loss term in the gas energy equation. Higher values
of Koy then amount to stronger cooling and lower y .

The adopted simulation parameters for the atmospheric gas are that
of NHs, i.e. a mean molecular weight ;# = 17 amu, an adiabatic heat
ratio of y,g = 6/4, a base density of py = 10~* gcm ™ and a surface
temperature of 7' (r = ry) = Toq = 188 K, which is also the isother-
mal initial condition of the simulation. The exo-satellite parameters
are a mass of m = 0.025mg A Imr,,, radius r = 2.63 x 10%cm
and a bolometric irradiation flux with Fy =3 x 10°ergcm 257!,
The base density py is varied by two orders of magnitude up and
down from the nominal value to show that the regime around y =1
depends on density, whereas, for very large y, as discussed in
Section 3.2, this dependence vanishes.

It becomes evident that around the transition value of y =1,
an increase in Ty, is observed at the magnitude predicted by the
G10 model. Hence, the mass-loss rates increase exponentially, cor-
responding to the increasing density at the sonic point. This dramatic
increase in mass-loss rates will have important consequences for
the (non-)retention of atmospheres, should y > 1 be reached under
realistic conditions. We will now briefly discuss the physics in the
limit of y — oo for the sake of completeness and then proceed to
investigate realistic conditions under which y > 1.

3.2 The high y regime

While not the main focus of this paper, we note the existence of a
distinct limit for very high y, in which the mass-loss rates become
independent of the base density. This limit is found in our bolometri-
cally driven simulations and is physically identical to energy-limited
flows previously studied in the case of photoevaporation.’

This is no coincidence and can be understood as follows: any gas,
independent of whether it is being heated by bolometric or high-
energy irradiation, which is sufficiently slow at cooling radiatively
allows for Watson et al. (1981)’s energy limited theory to be
applicable. Because slow cooling can be given by a small oy,
equivalent to large y it is expected to find energy-limited flows
for y — oo. In this limit, adiabatic cooling is the dominant cooling
mechanism, which at the same time gives rise to atmospheric escape.
The solutions to equation (4) then take the form of Sekiya et al.
(1980)’s and Watson et al. (1981)’s solution of a simple Bernoulli
integral, and, neglecting a few minor terms, this yields the familiar:

M = Ry (13)
Gme

We illustrate the transition between the ‘Parker-wind’ and ‘energy-

limited’ regimes in Fig. 2, where it becomes obvious in the numerical

simulation data. The analytic model, however, equation (12), is

invalid in this limit and undershoots the energy limited values. This

non-monotonic solution behaviour is due to the saturation of the

exponential term and the takeover by the 1/c3-prefactors, which

3This should not be surprising since radiative cooling is negligible in a
photoionized gas unless it’s heated beyond 10* K (Owen 2019); thus,
energetically at least a photoevaporative flow is similar to a y >> 1 bolometric
outflow.
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Figure 3. A comparison between the values of the various mean opacities defined by equations (14)-(16), the wavelength dependence of the different radiation
fields and actual cross-sections. The left panel sketches the conditions under which y > 1 occurs when averaging opacity functions « (1) (solid black line). When
irradiated by a stellar black-body, the opacity ratio of incoming to outgoing mean opacities is y < 1 (the constant red value is below the constant green value).
When the irradiating black-body cools, it moves up to the high opacity range in the infrared, but the outgoing radiation remains in the far-infrared, resulting in
y > 1 (the constant blue line is above the constant green one) and vigorous hydrodynamic escape occurs. The right panel shows that «qy¢ readily remains low
for realistic and cold, molecules such as NH3, as the natural spacing between the molecular band peaks outpaces the width of a black-body.

would predict unrealistically low densities at the sonic point. As
expected from energy-limited theory, the mass-loss rates for all
three densities are very close to each other, reflecting only minor
differences in r;—;, but not a direct dependence on the base density
(similar to the discussion in Murray-Clay et al. 2009, for planetary
photoevaporation).

3.3 Values of y for real molecules — the case for hot giant
planets and cold satellites

To move beyond «i,, kou as constant, free parameters, and to connect
them to real opacity data, we compute their values as two-temperature
and one-temperature Planck-means (Mihalas & Mihalas 1984).

The mean opacities then encapsulate the complications of large
numbers of molecular lines at individual excitation levels at a local
gas temperature 7' and local gas density p. One can define several
Planck-mean mean opacities kmean, Which describes how strongly
the gas opacities absorb and emit a given radiation field. Generally,
the Planck mean is a function depending on two temperatures.
The temperature of the gas (7y,) provides the complex shape of
the opacity function, and the irradiating photon field, which we
parametrize by the black-body function, B, of temperature T}, such
that

Jo~ dn B(Tin) a4

Kmean( I‘ln‘ ’ Tgas) =

where P is the total pressure of all species. This function can now be
evaluated in two different ways to obtain the mean opacities making
up y, via

Kin = Kmean(Tirn Tgas)s (15)

Kout = Kmean(TgaSs Tgas)y (16)
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which, in k4, encodes information about the absorption strength
of the self-emitted photons, while «;,, contains information about
the strength of the interaction of the gas with the external irradi-
ation, parametrized with T,. Therefore, y inherits dependencies
on Tiy, Teas and P. Setting Ty, P = const., it is crucial to study
how y(T,;) evolves. For any band b, i.e. when one computes k7, the
integral boundaries are adjusted between the band wavelengths A2
O AD er-

With the typical structure of «(A, Ty, P) for molecular gas, as
sketched in Fig. 3 (left), two conditions for obtaining y > 1, or
equivalently ki, > ko become clear (i) the maximum of B(T;,) must
be located in the near-infrared, and (ii) B(7gs) must be located
on the decreasing branch of the opacity function, i.e. in the far-
infrared.

Certain real molecular gases, as shown for NH; at 10~ bar,
Ty = 200K in Fig. 3 (right), fulfil those conditions. Their «(})
possess naturally strong bands in the near-infrared due to the
existence of many dense, excited rovibrational states, keeping ki,
at a high value. Additionally, the natural band spacing increases
with respect to the width of a black body; therefore, the far-infrared
minimum indicated in Fig. 3 (left) is bound to exist at cold gas
temperatures. Low pressures also help keep the voids between the
bands due to weak pressure broadening, ultimately guaranteeing low
Kout-

Hence, these two effects conspire to yield y > 1 when cold
molecular gas is irradiated by a moderately warm black-body. This
is the exact situation expected for the upper atmosphere of a newly
formed satellite orbiting a newly formed gas giant. Hence, our focus
on the scenario involving exo-satellites orbiting gas giant planets in
this work. We also stress that not all molecular opacity functions fulfil
those conditions, as shall be demonstrated in the next subsection.

For stellar irradiating black bodies, as illustrated in Fig. 3 (left),
irradiation is absorbed less efficiently in the visible, as known from,
e.g. Earth’s atmosphere, resulting in y < 1.
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Figure 4. Results from double-grey simulations. Left: Values of y shown as a function of different temperatures of irradiating black-bodies, for different
gas temperatures Tg,s, spanning reasonable post-formation scenarios. Species with local maxima, such as NH3 and CHy are the focus of this work. Middle:

Temperature profiles in single band, single species simulations, employing the true molecular mean opacities. The skin temperatures scale as T.%
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skin

. Note the trend of increasing Tgin as the giant planet temperature T;r decreases. Right: Escape rates resulting from

the temperature structure for various species and irradiation temperatures. The red dashed curve is the theoretical toy-model curve from Fig. 2 for NH3. Species,
irradiation temperatures and opacities are the same as the coloured lines in the middle figure. As expected, realistic set-ups do not approach the ‘energy limit’.

3.4 Putting it all together: efficient and inefficient escapers

We now characterize the mean opacity ratios of some prominent real
gases under the conditions expected for newly formed exo-satellites.
Particularly interesting as precursors of modern atmospheres in the
outer Solar system satellites, proxies we use for our exo-satellites,
are species such as CHy, NH;, H,O (Mandt et al. 2014). The
temperature structures and escape rates are simulated with AIOLOS
in single species, single band runs.

We plot the behaviour of the mean opacity ratio of those species as
a function of Tj;, for constant values of Ty, in Fig. 4. As already seen
in Fig. 3 (right), a maximum in y (7j,) exists for moderate values of
T, which we indeed find for NH3 and CHy, but not for H,O.

The maximum in y leads to the interesting behaviour that
at constant irradiation luminosity, a colder black-body can drive
higher Ty, and hence higher escape rates, as can be seen in
Fig. 4 (middle and right). To emphasize this, note the sequence
M(400K) > M(800K) > M(1000K) > M (6000 K) for NH;.

Again, we emphasize that this counterintuitive result emerges from
the relative inability to cool away the absorbed stellar radiation, as
the irradiating black-body matches the species’ opacity peak. Hence,
we also loosely refer to species with y > 1 or M > Mpm—ker(Teq)
as efficient, even if our subset of species and T, remains far from
the energy limit, and y < 1-escaping species as inefficient. One can
then define an efficiency ¢, which measures a species’ s mass-
loss rate compared to what an isothermal Parker-wind model at the
equilibrium temperature and mean molecular mass ¢, would give

Msimulation

Mlerker(T = Teqy n= MS),

¢ = a7
which we note is different from the efficiency parameter (often given
the symbol, 1), used frequently in energy-limited escape theory
(Baraffe et al. 2004; Erkaev et al. 2007). We particularly note the
potential role of CHy as a strong driver of escape. For CHy, we
find y(Tix = 800K) ~ 10, which, assuming a mass reservoir of a
Titan-equivalent methane atmosphere (my, ~ 10-° mg and mcy, ~
1077 mg, about the equivalent of modern Titan’s atmospheric mass),
corresponds to a lifetime of only

Mcy,

=~ 2 x 10%r, 18
M (T, = 800K) Y (18)

hife =

which can be on the order of, or even shorter than the gas giant’s
cooling time. This result is significant, as it indicates that under
typical bolometric irradiation conditions of Titan-analogues orbiting
young, hot gas giants, the entire atmosphere can be stripped before
the gas giant significantly cools.

H,0, on the other hand, is mainly active as a greenhouse gas
and, for that same reason, is also an efficient coolant in the optically
thin atmosphere. H,O remains in the inefficient escape regime with
y < 1 for the expected T, of exo-satellites. The lower atmospheric
temperatures (7 <2rrjy) are correspondingly slightly higher, and the
upper atmospheric temperatures are lower than those of the other
two species.

Other molecules we investigated are HCN, CO,, CO, which are
briefly documented in Appendix A. For the latter two, the strongly
peaked opacity functions do not catch the broad-band thermal
radiation well, which is why single-band mean opacity calculations
of those molecules are inaccurate. Thus, we do not model the effects
of these molecules further in this work, and instead focus on mixtures
of CH4 and NHj3 in multiband simulations next.

4 FULL MODELS

While crucial to understanding the physics of temperature inversions,
the single-band models from the last section do not predict the
correct magnitude of atmospheric escape rates (right panel, Fig. 4).
Furthermore, multiple species can exchange both momentum and
internal energy, leading to the acceleration of slower species and
the heating of colder species. Thus, we discuss how the effects of
multiple species and multiple radiation bands impact the occurrence
of temperature inversions and escape efficiency introduced in the
previous section. We then address whether the cooling of the giant
planet can outcompete the mass-loss from lunar bodies by studying
the coupled system in long-term evolution simulations.

4.1 The physics of multiband and multispecies models

So far, we discussed simplified models with double-grey mean
opacities (i.e. N, = 1 with one in, and one outgoing, radiation band)
and single-species simulations. However, multispecies atmospheres
will generally feature overlapping opacity bands. This can lead to
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Figure 5. Results from multiband (N, = 80), two-species simulations, while using a mass mixing ratio of 1:1. Left: By plotting T, for both species, we
emphasize that temperature inversions remain existent. As in Fig. 4, we varied the giant planet’s irradiation temperature while keeping the top-of-the-atmosphere
flux constant. As the irradiating black-body matches the opacity function maximum of the atmospheric absorbers, the hottest temperatures and most efficient
energy-to-escape rate conversion is reached. Mass-loss rates are exponentially sensitive to the entire temperature profile, and are lower in the N = 80 models
than in the N = 1. To reach similar atmospheric lifetimes, one needs to employ T, s > 300K, applied in the following sections. Middle and Right: Tyin is
any species’ optically thin temperature, i.e. T (r — 00), which can differ between species due to insufficient collisional heat exchange. The shown temperature
and heating profiles are for Ti; = 1200 K. The region heated by the star’s black-body is marked orange, T(r = rgeliite) and is slightly above the value set for
Tsurf = 200K due to residual radiative diffusion. We distinguish between the ‘stellar heating’” and ‘giant planet’ heating regions in order to emphasize their
different absorption altitudes, leading to efficiency differences, while the ‘optically thin’ region is heated by both. The sonic points in the molecular outflows
are marked with crosses. The cooling function is computed from the combined Rosseland-mean opacity of both species.

shadowing effects (see Fig. D1) or simply to an overestimation
of the absorption altitude of incoming radiation. Hence, typically,
N > 1 will be required for more realistic simulations. In our two-
species model, we find numerical convergence of the mass-loss rates
at N, = 40 with log-equidistant spacing in the wavelength interval
A €[0.1:50]pm, but run with N, = 80 to ensure convergence
(see Fig. C1). The most important conclusion from our tests with
spectrally resolved models is that they give lower temperatures in
the optically thin parts of the atmosphere and lower mass-loss rates
than those given by a single-band simulation. Thus, while useful for
understanding the physics, models with a single value of y do not
provide an accurate representation of the mass-loss rates.

In our simulations, the temperature at the satellite’s surface
(Tyur) is set to be in thermal equilibrium with the atmosphere.
The atmosphere’s temperature structure is then relaxed towards the
adiabat of the non-condensible gas mixture (Graham et al. 2021)
of NH;3 and CHy, which we fully include in the simulation domain.
The radiative-convective boundary r,, is then found self-consistently
according to the Schwarzschild criterion. Beyond ry,, the temper-
ature structure follows the radiative solutions of equation (4). The
physics determining the surface temperature is the formation time
of the satellite (Kuramoto & Matsui 1994), where this value can
be hotter than the atmospheric temperatures at young ages. Given
a fixed mass in the atmosphere, this surface temperature controls
the density structure of the entire atmospheric density column and,
hence, ultimately controls the mass-loss rates.

While the spectrally resolved simulations are non-isothermal, we
find the skin temperature is still a sensible proxy of the mass-loss
rates, albeit important differences exist. This result is demonstrated
in Fig. 5 (left) where we show the skin temperatures of NH3 and
CH, and their mass-loss rates, normalized to the Parker wind-
solution Mpyker(Toq) evaluated at T,, = (F /(4055))"/*. Normalizing
to the Parker mass-loss rate is a more sensible comparison metric
for the efficiency of mass-loss rates in multiband simulations than
measuring an effective y. In Fig. 5 (left), only T;, is varied, while
the luminosity (L = 47rd;,, 0ssT;}) is kept constant. Essentially,
the spectrally integrated top-of-the-atmosphere flux F = L/(4md?)
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is kept constant, while the giant planet to satellite semimajor-axis
d = 0.00475 au = 10ry,,, is kept constant throughout this experi-
ment. This experiment has ¢ < 1 although it is y > 1, because the
non-isothermal escape rates now additionally depend on the surface
temperature of the satellite 7y, and the ‘intermediate’ temperature,
which is close to T.q/2'/* (see the middle panel in Fig. 5).

We notice that the maxima of M /Mpy, are reached for both
species at the same value of Tj, ~ 400K, while the maxima in
Twin are reached at different temperatures for both species, around
T =~ 350K for NH; and T;, =~ 900 K for CHy. This result arises
due to collisional heat exchange in the middle atmosphere that sets
an average temperature and a baseline escape rate (see the middle
panel in Fig. 5), which is modified by the collisionally decoupled
temperatures in the upper atmospheres for both species. We note
from the data in Appendix D1, where the amount of NH; and CHy
in the atmospheric gas mixture is varied, that NH; has a net cooling
effect on those mid-atmospheric temperatures, which is why the
escape rates for both species are lower at a 1 : 1 mixing ratio than
when CHy is dominant.

The cold temperatures relative to T4 can result in extremely low
mass-loss rates, as would follow from equation (12) which explain
the low efficiency. To reach efficiencies of & 1, one needs to employ
Tt > 300K, which we will be doing in the following sections.
This is expected in multiband simulations, on the one hand, as
the coldest temperature T /2'/4 can always be achieved due to
cooling into two equal-sized hemispheres, and on the other hand
nonlinear cooling effects of lines, which are often not captured
by mean opacities, impact the temperatures further (Parmentier &
Guillot 2014; Parmentier et al. 2015), and are the key reason for
the drops in mass-loss rates. As can be seen from the penetration
depths of different black-bodies in Fig. 5 (right) a fraction of the
overall heating functions of star and giant planet overlap with the
peak of the cooling function, and this radiation is immediately lost.
The optically thin region is heated less for the same reason, as
the temperature is sensitive to the sum T, o >, Fy exp(—1,),
and the deeper penetrating wavelengths possess low 7, in that
region.
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Figure 6. Cooling curves for the Solar system gas giants taken from the
models of Mordasini et al. (2012) and Linder et al. (2019). They demonstrate
the giant planet’s irradiation temperature declines as a function of time.
Directly before the occurrence of the runaway accretion shock (peak in
the M2012 model), the giant planet detaches from its parent disc while
simultaneously passing through a phase of rapid contraction. Subsequently,
it cools on a Kelvin—Helmholtz time-scale and thus irradiates any orbiting
satellites.

While thermal decoupling occurs in the upper atmosphere between
different species, drag by a hotter species in the lower atmosphere
can aid the escape of cold species. We demonstrate this explicitly
using simple, controlled numerical experiments that disentangle
those individual effects in Appendix D. This effect explains the co-
location of the maxima in escape rates in the M / Mpyrier-Curves:
The efficiently escaping CHy4, with its mass-loss rate set by its own
thermal profile, drags the less efficiently escaping NH; up and down
in mass-loss rates.

Finally, we note that efficient hydrodynamic escape with
M /Mpyer > 1 remains a possibility in multiband models if any
host giant planet can deliver enough luminosity at T, &~ 400K for
sufficient time, or if Ty, is increased, as we shall see in the next
sections. We now move on to quantify the escape rate over time as
the irradiation flux from the giant planet decreases.

4.2 Initial conditions, composition, and hydrodynamic set-up

It is impossible to follow the evolution of the lunar atmosphere in
a fully time-resolved way within a single hydrodynamic simulation
because outflows reach steady states on time-scales of 10°-10°s,
much shorter than the thermal evolution times of the satellite
body. Thus, we use a ‘snapshot’ approach. Each hydrodynamic
simulation we perform is a snapshot of the atmospheric mass-loss
rate from a satellite, following the cooling curve of its giant planet
host in time, see Fig. 6. We then use the resulting mass-loss rate
from this snapshot to evolve to a new evolutionary timepoint and
calculate a new snapshot. Every snapshot at time-step n, and giant
planet age fgi.ne is fully described by the set of input parameters
(Tourss Tiers L, mnpy, mcn,)”. Simulation results are mass-loss rates
(mNw;, Micny)" and the thermal cooling flux emitted from the effective
tg = 1 surface Fj ;. Therefore, an evolutionary sequence can be
computed as a sequence of appropriately computed hydrodynamic
simulations.

Temperature inversions on satellites 2129

In order to compute the mass-loss rates, we set up AIOLOS
as follows. We construct a numerically well-balanced hydrostatic
atmosphere (Kippeli & Mishra 2014) at each evolutionary time-step
n as an initial condition with the masses (mnu;, mcn,)". This requires
a guess for the temperature profile upon which the initial hydrostatic
density is constructed. Thus, we use T'(r) = Tyyr as an initial guess
at all radii in the atmosphere. Then, the external radiation is ramped
up over time-scales of a few seconds, creating an overpressure that
eventually leads to the hydrodynamic escape of the atmosphere.
After the mass-loss rates reach a steady state, we use those values
(MNH3, MCH4 )" to update both species masses in the atmosphere for
the next time-step.

The Solar system satellites serve to inform plausible scales
for the hydrodynamic simulations, i.e. wWe US€ Tsaellite = I'Titan =
2.63 x 10%cm as lower simulation boundary radius for all simulated
exosatellites, Ty = a X (Msaeliice/3Myp) '3 With the semimajor-axis
distance from Satellite to Giant planet being a = 10ryypirer, and
Imax = 33 ryin as upper boundary radius of the simulation domain.
We use a satellite mass of mgyepie = 0.0225mg, and a unit of
‘atmospheric mass’ as m4 = 107%mg, which is approximately the
mass of the terrestrial atmosphere in N, and the mass of Titan’s
atmosphere converted to NH;. We initiate our calculations with either
1m 4 or 10m 4 mass in both atmospheric components NH; and CHy4.
Those numbers are motivated by estimates for Titan’s initial mass
content (> 1m 4 Lammer et al. 2000; Erkaev et al. 2021) and hence
should provide sensible starting conditions for a general population
of exosatellites.

We note that NH3 as the main carrier gas of nitrogen atoms has been
speculated to be initially accreted on Titan (Gilliam & Lerman 2014;
Mandt et al. 2014). Noble gas isotopes in Titan’s atmosphere indicate
that it formed within the lifetime of the protosolar disc, and accreted
a fraction of nebular gas (Glein 2017). However, no matter the exact
molecular form in which N and C atoms were accreted, under warm
(Taurt<500K) and dense post-formation conditions, the satellites’
atmospheric gas should re-equilibrate towards a composition of CHy4
and NH3 (Heng & Tsai 2016). Should the atmospheres be outgassed
from the interior instead of accreted, with initially different molecular
compositions (Melwani Daswani et al. 2021), this argument of re-
equilibration at surface conditions should still apply. Therefore, we
consider our choice of initial molecules a plausible starting point for
studying atmospheric escape from exosatellites. As we have noted
before, this choice of composition imparts an effective y > 1 for both
components. Thus, this choice allows us to explore the maximum
limits of bolometrically driven escape by giant planets. We do not
include H,O in the atmosphere. This would be required if one were
to aim for a more faithful representation of the Solar system satellites
and should be considered in future work. We furthermore focus on
the escape of neutral species only, unimpeded by MHD effects. We
also note that we do not model any chemical processes, either in the
atmosphere or in an interaction with the surface, in this work. The
only way that the composition of the atmosphere in our work evolves
is via fractionation, i.e. if the mass-loss rates of the two species are
differing relative to each other.

Lastly, we describe how we choose our initial value of T, and put
time-scales into context. The formation of a gas giant takes between
103 and ~ 10° yr (the blue curve in Fig. 6), mostly determined by
the slow hydrostatic gas accretion phase. During the fast runaway
collapse of the giant, the Hill sphere is evacuated, and there is enough
space for a circumplanetary disc to grow (Ayliffe & Bate 2009;
Tanigawa, Ohtsuki & Machida 2012; Schulik et al. 2020). In this
disc, moons take between 10° and 10° yr to accrete (Mosqueira &
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Estrada 2003; Canup & Ward 2006; Barr & Canup 2008). In the
model of Kuramoto & Matsui (1994), a formation time of 10° yr
corresponds to a surface temperature for a Titan-mass satellite
Msaellie = 0.0225 mg of Ty = 350 K, which we take as a nominal
value. Hotter initial temperatures of Tg,s = 450K and T,y = 550K
correspond to shorter formation times of &~ 3 x 10* and 10° yr in
their work.

For the giant planet cooling models, we use the simulation results
of Linder et al. (2019), which start just after the detachment and
planet contraction phase has begun. Thus, our initial time corresponds
t0 ) = fdetach + fformation 1N absolute time, but 7y = frormation 1N the
Linder et al. (2019) model time, and effectively #y & ferach as the
formation time is typically short against the giant planet cooling time.
Therefore, we assume that #gomation <K fcool, Which is our reasoning
for the choice of #,. None the less, fformation 1S important as a
parameter for choosing the initial surface temperature. This means
that our evolution models also represent the maximum irradiation
flux possible, and our computed mass-loss rates are to be seen as an
upper limit.

4.3 Evolutionary calculations

After running the hydrodynamic simulations to steady state, we use
the simulation outputs to evolve the satellite and its atmospheric mass
one evolution step forward and the cycle restarts.

Each species’ s atmospheric mass reservoir m, in the atmosphere is
evolved via an implicit evolutionary time-step of length At according
to

n+l1 n
my o nmyg _ 7M;1+| ~—c" x m:'+', (19)
where the last step follows from the understanding that Parker-like
solutions behave like M oc m, which lets us use the atmospheric
mass change ratio at time-step 1, which is is ¢" = M” /m".* Thus,
the resulting implicit update is

n
mrtt = 20)
1+ At c"
which is unconditionally stable for large fractional mass-loss rates,
motivating our choice of this implicit method. The time-steps are
chosen as a small fraction of the giant planet’s cooling time,
resulting typically in &~ 50 — 100 steps over the evolutionary history
(< 100Myr in our case).

The mass-loss rates depend on the entire temperature profile,
including Ty, and radiative losses of the satellites’ thermal energy
continue in the post-formation phase. Thus, we also need to compute
the temperature evolution of the satellite. We solve a simple cooling
equation for the solid core, assuming its internal thermal profile is
isothermal, i.e. T'(r) = Ty for all r<rgy,s. The energy equation,
integrated over the satellites’ volume, then yields

4n satellite At

=2 | F -x;—leex(—t ) @1
surf surf 1+ 3 tren 2 e b €Xp b,0

with Fys = o/m(T*51)* and ¢, the heat capacity at constant volume
of the satellite’s body. The heat capacity of the lunar material is

¢y = Csilicate fOr rOCky, silicate satellites which we consider in this

4Therefore, this numerical prescription would be invalid in the regime where
y> 1
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work, where we take value provided by Johansen et al. (2023) of ¢, =
1.2 x 107 erg g=! K~!. The first term on the rhs allows for a reduction
of the core cooling by atmospheric blanketing, which includes trcg.

Here, trep is the local Rosseland mean optical depth at the
radiative-convective boundary, which we extract from our hydro-
dynamic simulations once they have reached steady-state. To ensure
thermal equilibrium between the core and the atmosphere, we set
the temperature of the first active simulation cell to T, and then
enforce an adiabatic two-species temperature profile (Graham et al.
2021) between each subsequent cell until the radiative-convective
boundary is found according to the Schwarzschild criterion. The
time-dependent radiation transport remains active throughout this
process. The second term on the rhs includes irradiation, which
dominates when the atmosphere becomes optically thin at the satellite
surface. This term adds up the giant planet irradiation reaching the
satellite’s surface, where optical depths 7, are measured from the top
of the atmosphere down to the surface.

As is clear from equation (12), the cooling of the satellite provides
a shutdown mechanism for hydrodynamic escape: as the entire
atmospheric column is inflated or deflated together with the lower
atmosphere at T = Ty, satellite cooling can decrease the density at
the sonic point drastically, suppressing mass-loss.

The upper atmosphere provides another pathway to shut down
mass-loss, which appears when the gas outflow is not hydrodynamic
any more, a situation explored in the works by Johnson, Volkov &
Erwin (2013), Volkov & Johnson (2013), and Volkov (2016, 2017).
For this, the key parameter to consider is the Knudsen number,
encoding how well coupled the individual fluid particles are to the
collective behaviour of the gas and whether they feel the pressure
gradients from the lower, overheated atmospheric layers. Taking this
into account, each species’ escape i rate is corrected by a heuristic
prescription using the species’ Knudsen number at the sonic point
Kn,, via

. . 1
M= M — 22)
14+ Kng

which is inspired by Volkov (2017). Therefore, as the ‘source’
Knudsen number increases (with decreasing atmospheric mass), the
escape rates show a characteristic drop as their upper atmosphere
becomes collisionless. The details of this heuristic correction should
not matter greatly, as any reduction of the mass-loss rates proportional
to 1/Kn (or stronger) will decrease the mass-loss rates rapidly, such
that the atmospheric lifetime m,,/m increases more than linearly
and the escape is effectively shut down on evolutionary time-scales.
The Knudsen number is computed according to

Kn(r) = ;7 23)

s

where H, is the local gas scale height of a species, and the mean-free
path [, is computed as

—1

All spc
ls = <\/§ Z n.s’as.v/> (24)

from all number densities ny that a particle of species s might en-
counter, including its own. Finally, the collision cross-sections oy, =
U (rs + r»é)z, are obtained from the effective neutral collision radii
of the molecules (Schunk & Nagy 1980), where rcps = 3.8 x 1078
cm and gz = 2.6 x 1078 cm.

G20z Jequieydas 6z Uo 1sanb Aq 0599608/1.Z1Z/E/6ES/AI0IME/SEIUW /W00 dno-ojwapese//:sdy woly papeojumoq



Temperature inversions on satellites 2131

T T 101 T =
3T T - 4 = == Tous=350K, mo/ma=1(run A) E —e E
v 10 FTieKI(=—) = ] glolo*"\_— Tsu: 350K, mg/mA—lO(l:'unB) = FN S~ 3
= r ~\~~ {1 = N Tsm 450K, mo/ma =10 (run C) g 109 \\ ~—— ——— ]
2 F T = g8l > ;" BN E
S o 10 0
s} r \ g 0 1l \
E 7Tsurf[K]( © © 10 E \ \ 3
2 o 105 E NN ]
o () | F N . .
€102 o €102k S 4
s S Loi e N -
r J w J _3: 1 O -
10° 102 10° 10 10° 102
Time [Myr] Time [Myr]
('TT‘ 1020 500 T T T T L T T T T T T T T 7
c — Tsurf—350K mo/mA—l (run A)
S 108 2 400 1 w10sH
> v IS
i = 300 boooe 12
g 10% s B 20
(7] —am T =103
o 8200 T 8
o 10° € mm——————— R —— <
B! o £ : 2
£ F 100 —/ ]
0 Ll 1L
= 10 100 o 10 19
Radius [rsat]
o 500 ——
IE — l Tsurf—350K mo/mA—IO(run é) ‘
S X 400 1 g 105}
Py g
% o) :""‘_é ‘6 103
h o _— e 4 8
(0] E - ————— — <
Re! o : 9
€ [ _
=] | 101
= 10t 10°5qo
Radius [rsatl
o 500 ——r
IE —_ l Tsurf—450K mo/mA—IO (run C) ‘
) % 400f 4 'g 10°-
2 £ 5
g 2300+ {4 =
S © —— Z. 3
g i S 103+
u 8200 b !
3 5 T 4= o
E F 100 £ ]
S | | 101 |
= 10° ot 10°
Radius [rsat] Radius [rsat] Radius [rsat]

Figure 7. Evolution of an example model for satellites orbiting a m, = 2mjupier giant. Parameter variations are the initial satellite’s surface temperature
(Tsurf(t = o)) and the initial atmospheric mass, which is equal in both CH4 and NH3. Dashed curves denote the properties of CH4 and the solid curves denote
NH3. We mark the mass-loss rates according to their efficiency relative to Parker-wind mass-loss rates, equation (17), where inefficient mass-loss is denoted
as thin line, and efficient mass-loss is denoted as thick line. Large dots in the time-dependent plots denote the moment or position when/where the atmosphere
becomes non-collisional, according to equation (24). While any mass-loss, independent of efficiency, essentially ceases past this point, we plot the Knudsen
number-uncorrected mass-loss rates for reference purposes. Models with large initial lifetimes, 7/ M, (run B, light blue) barely lose any significant mass. Models
with short atmospheric lifetimes (runs A and C, dark blue and green) models differ in their evolution (see discussion in the text). The radial plots show the
important hydrodynamic variables, where crosses denote the sonic point, the large dots denote the exobase radius and short horizontal and dashed lines in the
temperature plots denote Teq as a reference at the given point in time (indicated by the line colour). The relation of the temperature profile and T¢q at any given
point explains efficient or inefficient escape.

4.4 Nominal cooling models — the impact of surface cooling and surface temperature and initial mass. The upper row shows the time
atmospheric mass evolution of the atmosphere’s bulk quantities, temperatures, mass-
loss rates and masses, and the lower three rows show the detailed
structure evolution of the atmospheres.

The dots ‘0’ on the curves mark the location of the exobase, and
the crosses ‘+’ mark the location of the sonic point. The transition
from hydrodynamic escape to static atmospheres via equation (22)

In order to highlight the general features of our evolution models,
we first present an analysis of our baseline model results, shown in
Fig. 7. For this baseline model, we choose three satellites orbiting
a super-Jovian planet (m, = 600mg, a typical distant exoplanetary
gas-giant mass, Fulton et al. 2021) at two different values of initial

MNRAS 539, 2121-2143 (2025)
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can then be read-off as a crossing of the exobase inside the r; in
the density plots. Additionally, the dot in the macroscopic quantities
marks the point in time when the atmosphere becomes effectively
hydrostatic. The reported mass-loss rates beyond this point do not
affect the total mass inventory any more.

Generally, all our simulations end their mass-loss when the
outflows become non-collisional. However, this can be achieved in
three different ways: by internal self-regulated shutdown (run A), by
giant planet cooling (Run B), or by satellite cooling (run C).

The self-regulated shutdown in run A relies on the disappearance
of the adiabatic region in the lower atmosphere, as this region can
inflate the atmospheric column. This inflation leads to high densities
at the sonic point and high mass-loss rates, provided the lower
atmosphere is hot enough. The opacity source that sets the radiative-
convective boundary r, is mostly provided by NHj3 in «g, where the
CHy4 contribution is weak due to significant spectral troughs between
its bands. Hence, after an initial 90 per cent loss of a significant
fraction of NHj, the adiabat disappears, the lower atmosphere
becomes isothermal, and the atmospheric column collapses inward
after less than 1 Myr.

However, the physics of self-regulated shutdown does not happen
exclusively in the atmosphere, as two feedback loops play a role in
changing the satellite’s cooling rate. As the surface cooling rates
are sensitive to Ty, loss of optical depth can lead to runaway
cooling of the surface, shutting off further escape. The second
loop concerns the functional form of xkx(7). The Rosseland optical
depth in the gas mixtures decreases for decreasing temperatures,
i.e. dkg(T)/0T > 0, as line broadening effects weaken for colder
temperatures at the same pressure. This also impacts 7, and
leads to faster cooling the colder the surface is. In Run A, how-
ever, those effects are slower than self-regulation, as mass-loss
continues until ~ 1Myr, although the satellite is already cool-
ing.

It is instructive to compare the radial temperature structures to
run B, where the convective region remains present, and the upper
atmosphere receives an identical amount of radiation. In run B, we
increased the starting mass to 10 times larger in both components.
This leads to high optical depths at all times, which is high enough
to keep the satellite surface temperature nearly constant and the
adiabatic region present. The mass-loss rates are higher compared to
run A, but ultimately, it is the cooling of the giant planet that shuts
down escape via cold upper atmospheric temperatures. Inspecting
the escape efficiency, we see that regime changes into the high-
efficiency regime, i.e. M /Mpyier > 1, as would have been expected
from our previous discussion in Fig. 5. However, the total mass loss in
the high-efficiency regime is lower than that lost at low efficiencies
(i.e. between 0 and 8 Myr) because the giant planet’s luminosity
has dropped by that time more than the efficiency can compensate
for. This can change for higher Ty, as is shown in Fig. 8 and in
run C.

Run C starts hotter (7yys = 450K) than the previous runs and
shows very high mass-loss rates for a longer time than run A. This
stems from the absolute amount of NHs, which is higher compared
to run A, keeping the satellite hotter for longer, which retains the
convective region, keeping the gas mixture collisional for longer.
Those combined effects lead to the final mass in CH4 in run C
being lower than that for run A. A gradual increase in mass-loss
efficiency due to giant planet cooling contributes very little to the
overall atmospheric mass-loss rates.

All mass-loss rates past reaching the Kn; = 1 point, when the
upper atmosphere at the sonic point becomes collisionless, are
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Figure 8. The total mass lost and the remaining atmospheric masses of exo-
satellites as a function of the giant planet host mass, once mass-loss ceases
(essentially, Kng > 1). Classification of escape regimes is valid for runs with
Tourf = 350K, as detailed in the text. The dashed lines indicate results for
CHy, and the solid lines indicate results for NH3.

corrected to lower values according to equation (22). The evolution
plots only show the non-corrected values, but the mass is evolved
with the corrected quantities. We run the simulations nonetheless to
100 Myr, in order to track the cooling and contraction of the lower
atmosphere.

All runs show higher mass-loss rates in CH, than for NH3, showing
that the relative ordering in mass-loss rates from the previous analysis
is maintained, i.e. CHy is preferentially lost. The relative ordering of
mass-loss rates relative to each other and to the Parker-wind rates,
can be understood more in detail from the middle panels in Fig. 7,
where the short, dashed lines on the left side of the temperature
profiles indicate Tq. In the spirit of the previous discussion, where
we used Parker wind escape rates to classify mass loss as efficient or
inefficient, according to equation (17).

When the atmosphere attains very low mass and becomes trans-
parent, the escape rates are not sensitive to the surface temperature
any more, resulting in a visible discontinuity between Ty, and the
radiatively dominated rest of the atmosphere. We also note that due
to our choice of Ty, > 350 K, the escape efficiencies of the escaping
atmosphere are increased over the results shown in Fig. 5, which used
Tourt = 200 K.
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Figure 9. Simulation results for different host giant planet masses (indicated by colour) to study a population of exosatellites. Results are shown for exosatellites
starting with atmospheric masses mg/m4 = 10 and Tg,r = 350K (top) or Ty, = 450K (bottom). In the left panel, dashed lines indicate the evolution of the
irradiation temperature, while the solid lines show the evolution of the surface temperature. In the middle and right panels, the dashed lines indicate CHy4, and
the solid lines indicate NH3. Dots indicate the moment when any species reaches Kng > 1. NHj3 typically reaches this point earlier than CHy, as its colder

temperature outcompetes its higher density due to lower mass-loss rates.

5 POPULATION STUDY - ROLE OF THE GIANT
PLANET HOST MASS FOR THE FINAL
ATMOSPHERIC EXOSATELLITE MASS

We now move to investigate whether exo-satellites might still possess
significant atmospheres, depending on the mass of their giant planet
host, and we attempt to generalize the understanding of different
shut-down mechanisms into this satellite population.

5.1 Host mass and scaling parameters

In order to determine whether there is an optimum host planet mass
for the loss or retention of satellite atmospheres, we fit temperature
and luminosity curves from the Linder et al. (2019)-models for
Saturn, Jupiter and the 2 my,, planet via

0.4

m
T(my, 1) = T(1 myyp, t P , 25
(mp, ) ( Mjup ) X <318m@) (25)
and

m 1.5
L(m,, 1) = L(1 myyp, t P . 26
(my, 1) (T myyp )X<318m@) (26)

5.2 Escape regimes

In Fig. 8, we plot the cumulative atmospheric mass lost and the
remaining atmospheric mass in both species as a function of the
giant planet host mass, for 7,¢ = 350 K and Ty, = 450 K. We
firstly note that those values, apart from their linkage to formation

times, simultaneously delineate between models that might lead to
significant mass-loss around 1mj,, giants. For lower Ty, satellites
orbiting 1mjy,, giants keep their atmospheres.

We define the categories into which we place those satellite
atmospheres according to events in their mass-loss histories, which
are shown in Fig. 9 (top row).

Discussing first the fates of the T,s = 350 K-satellites, we see that
satellite atmospheres born around giants of mp/mg < 150 would
start at high escape efficiency, but due to the low luminosity of these
lower-mass giants, the efficiency effect is offset. These effects result
in sufficiently cold upper atmospheres so that the exobase is inside
the sonic point, and the escape regime is not hydrodynamic, leading
to a non-collisional shutdown.

Giant planets of higher masses 150 < m,/mg < 320 emit larger
luminosities which are converted into mass-loss at lower efficiencies.
See in Fig. 9 how the initial mass-loss efficiencies at# = 0.1Myr drop
with increasing giant planet mass, demonstrating these atmospheres
are in the inefficient escape regime. The total mass lost in those
atmospheres is up to 2 per cent of their initial mass.

The trend of decreasing initial mass-loss efficiency continues for
higher giant masses at 320 < m,/mg < 600. But in this mass range,
the efficiency pops above 1 at late times before being shut off by
the outflow becoming collisionless. The total mass lost at high
efficiencies is, however, lower than at low efficiencies, again due
to the large luminosity drop. This is the efficient escape regime,
where the name is applied regardless of whether the phase of
M |/ Mpyyer > 1 contributes significant cumulative mass-loss or not.
Both the inefficient and efficient regimes evolve in a manner similar
to the nominal run B.

MNRAS 539, 2121-2143 (2025)
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Finally, the giant planets which strip their satellites of atmospheres
are situated at mp,/mg > 600. There, most of the mass is lost at low
efficiencies, but due to high luminosities, the absolute mass-loss rates
are high enough to strip the entire atmosphere before M/ Mpyyer > 1
is reached. This is the luminosity-driven regime. Those atmospheres
evolve similarly to nominal run C, but their evolution transitions
closer to being analogous to run A at m,/mgq = 800.

5.3 Hotter starting conditions

In Fig. 8 (red curves) and Fig. 9 (bottom row), we show the results for
Twrr = 450 K. The hotter surface temperatures push the escape rates
to higher values, according to the expectation from equation (12),
which leads to the first two regimes from the above discussion disap-
pearing. All atmospheres now exist in the ‘efficient’ or ‘luminosity-
driven’ regimes. Now, satellites orbiting m,/mg > 100 giants are
directly born into the ‘efficient’ regime, but no significant mass-loss
occurs until a giant mass of m,/mg = 400. Above m,/mg = 600
the satellite atmospheres enter the ‘luminosity dominated’ regime,
the same value as for lower Ty,s.

5.4 Luminosity beats efficiency

We conclude that because the efficiency is a weak function of
Tir (see Fig. 5) and Ti; is a weak function of mp, but L is a
much stronger function of m,, (see equations 25 and 26), the total
luminosity, rather than the efficiency, determines the overall retention
of a satellites atmosphere. However, the escape efficiency still
differentiates between the evolution of the two species, ultimately
determining the overall composition of the remnant atmosphere. We
find riicy, > minp, for all our runs, which is a result of the general
radiation transport physics discussed in previous sections, e.g. Fig
4, and the temperature separation between the species in the upper
atmosphere, which helps their vigorous fractionation.

6 APPLICATION TO SOLAR SYSTEM
EXOSATELLITE ANALOGUES

In this section, we aim to investigate whether it is possible to end
up with a Titan analogue (N-dominated, CH4 subdominant) and
a Ganymede analogue (no atmosphere)-like configuration among
extrasatellitary systems. It is unknown whether Ganymede possessed
an atmosphere and whether Titan’s atmosphere is younger than the
age of the solar system. However, we initialize both analogues with
a Titan-like atmosphere to test whether the differences in luminosity
from a 300mg and 100mg giant planet host might be consistent
with their current atmospheric properties. We apply our model
with identical initial conditions for both satellites, one orbiting a
mp = 100mg and the other orbiting a m, = 318mg giant planet.
Both atmospheric component gases start with the same mass.

From previous sections, it is clear that the escape of CH, is always
favoured over that of NH3. In Gilliam & Lerman (2014), the authors
find a similar result, but while using different physics — in their work
Jeans escape rates are employed and the preferential loss of CHy
results from the lower mass compared to NHs. In any case, to evolve
into a Titan-like atmosphere, the total initial atmospheric mass for a
Titan precursor scenario must be higher than the current atmospheric
mass in CHy4 on Titan. Also clear from previous results is that Jupiter-
mass hosts, assuming the nominal giant planet cooling curves, are
situated on the edge of parameter space for significant atmospheric
removal, i.e. do not readily loose all their atmosphere.

MNRAS 539, 2121-2143 (2025)

Therefore, we explore the ‘hottest’ possible scenarios for both
lower and upper atmospheric temperatures to test those final atmo-
spheres against compatibility with the Solar system satellites.

In practice, this means that we have exchanged the giant planet
cooling models employed so far, which are situated in the category of
‘cold start’ models, against ‘hot start’” models. The classical idea of
a cold start model is that in which the accretion heat of the giant
planet is efficiently radiated away during the runaway accretion
stage and hence is unavailable at the time when the satellites have
formed (Marley et al. 2007). Hot start models are the opposite and
retain a significant amount of heat during the accretion process.
Marleau, Mordasini & Kuiper (2019) indicated that such models
are viable options using detailed calculations of the giant planet
accretion shock, and Owen & Menou (2016) showed they could
arise through boundary-layer accretion. As the name indicates, those
models provide hotter and more luminous initial conditions. They
start at T;; ~ 1300 K, relative to the nominal Jovian models at
Tir ~ 910K, and therefore output a ~ 4 times higher irradiation
flux onto the satellite atmospheres.

We also explore an upper limit for Ty, which is about Tg,s =
550 K, corresponding to the shortest possible formation times in
(Kuramoto & Matsui 1994) of fgorm & 10> — 10% yr. In Fig. 10, we
show the results of these calculations with T,y = 350 K.

Generally, all satellite atmospheres with Ty, € [350;550] K or-
biting a hot start Saturn-analogue show too little escape to alter
their initial compositions or total atmospheric masses, even when the
early mass-loss rates are in the hydrodynamic regime. The maximum
relative mass lost in the case of Ty,s = 550K is about 13 per cent.
Hence, while this result shows that our scenario is consistent with
the existence of an atmosphere around Titan-analogues, we would
require higher mass-loss rates to fractionate NH; and CHy4 into
their Solar system ratios. The latter issue might, however, be solved
by invoking a different birth composition of the atmospheres (e.g.
Bierson & Nimmo 2020), which we do not explore here. We note
that the latter authors invoke Parker-wind mass-loss rates, which as
we have shown in this work, can both over and underestimate the
impact of mass-loss in the bolometrically driven regime. This should
be addressed by future work exploring wider compositional ranges.

The Ganymede-analogue readily loses most of its atmosphere
when irradiated by a hot-start Jovian host, even for T, = 350K.
Any remaining atmosphere might be removed by kinetic processes
over the lifetime of the Solar system. To estimate the latter more
quantitatively, we took the published escape rates for CH4 on Titan
in (Miiller-Wodarg et al. 2008; Yelle, Cui & Miiller-Wodarg 2008,
~23 x 107571 or 6.1 x 10* gs~!). The N, escape rates are poorly
constrained, therefore, we do not compare with them. The CHy
escape rates are surely not driven by giant planet bolometric radiation
at the current time, but rather by UV-heating (Strobel 2008), where
those authors also note that the rates on Titan are ~ 10% larger than
Jeans escape rates, and also ~ 103 times larger than non-thermal
kinetic processes. Those escape rates are not directly measured, but
rather inferred via density profile matching in the lower atmosphere,
where degeneracies with atmospheric mixing exist (see an extensive
discussion in Miiller-Wodarg et al. 2014). Given these difficulties,
we nonetheless adopt those numbers as maximum estimate of non-
bolometric escape.

Next, we extrapolate the total mass-loss over 10 Myr and over
the age of the Solar system. The extrapolation over the age of the
Solar system reveals that under the current mass-loss rate, Titan’s
atmosphere should not exist. This conundrum might be artificial due
to Titan’s atmospheric time-variability (Hsu et al. 2019), resupply
effects from the geosphere (Strobel 2012; Mandt et al. 2014) or
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Figure 10. Same as Fig. 7, but for the evolution of Solar system satellite analogues orbiting a hot-start Saturn-mass (blue colours) and a hot-start Jupiter-mass
planet (green colours) for two different choices of initial atmospheric mass (mg/m4 = 1 & 10) and our nominal choice of T, = 350 K. The black dotted lines
in the top right panel denotes reference values and an estimate for how much atmospheric loss would occur over 10 Myr/4.5 Gyr, based on currently inferred CHy
mass-loss on Titan. The modern composition of Titan’s atmosphere is marked in that panel with a green square (N;) and orange triangle (CHy4) for reference.
The middle and lower rows show the structure evolution of the mq/m 4 = 1 simulations.

even worsened due to photodestruction of CH4 (Wilson & Atreya
2004), but its resolution lies outside of the scope of this current
work. Therefore, while it seems implausible that the Solar system
satellites have experienced the same escape rates over their entire
age, we note that 10 Myr under Titan-like escape would be sufficient
to remove the CH4 mass in the atmosphere of a proto-Ganymede.
This is shown as two dotted lines in Fig. 10 (top right). If Titan-like
escape is not active at all, then non-thermal kinetic escape, which is
about 10% lower (De La Haye et al. 2007), would satisfy removal of
the residual proto-Ganymede atmosphere over the age of the Solar
system.

We conclude that a Jovian hot start scenario, whose plausibility
is favoured by recent detailed calculations of the hydrodynamic
accretion shock in the runaway phase of giant formation (Marleau
et al. 2019) can deliver masses to be broadly consistent with the
current Solar system atmospheres, but not the compositions, as

our Titan-analogue would suffer insufficient escape and fraction-
ation between NH3 and CH4 to match real Titan. This statement
stands assuming our starting conditions of initially equal NH3 and
CH, reservoirs, which in reality can be changed by the condi-
tions in the circumplanetary disc (Anderson, Mousis & Ronnet
2021).

Lastly, we note the prevalence of strong velocity fluctuations
in the lower atmosphere of many simulations, particularly visible
at low mass-loss rates. We discuss these in Appendix E and
conclude that the overall mass-loss rate, which has to be constant
in the entire atmosphere, is provided by wave action in the lower
atomsphere, instead of by large-scale motion. As this mode of
mass transport seems to take over mostly in the low mass-loss
regime, when the upper atmosphere is collisionless, we do not
think this has important implications for the evolutionary state of
atmospheres.
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7 SUMMARY, DISCUSSION, AND OUTLOOK

7.1 Plausible additional physics

Our goal was to understand the basic physics of escape from bolo-
metrically driven temperature inversions in general exosatellites, but
also to employ enough detail to be able to comment on composition-
dependent differences in atmospheric outflows and the evolution
of their atmospheres. None the less, we still employed multiple
simplifying assumptions in this work, some of which may impact
the computed escape rates, while others might only negligibly affect
our results.

The ionization of gases can impact escape rates (Owen & Jackson
2012; Schulik & Owen 2024) and chemistry (Tsai et al. 2023).
Ionization due to stellar X-ray photons and stellar and interstellar
cosmic rays might penetrate deep into the satellite’s atmosphere
(Cleeves, Adams & Bergin 2013; Rodgers-Lee et al. 2021) when the
optical depth to UV photons is too high. While strong magnetic fields
and high ionization rates might suppress or manipulate MHD-driven
outflows (Owen & Adams 2014), the impact of an external (gas
giant) magnetic field on partially ionized outflows can either weaken
or strengthen escape (Egan et al. 2019; Presa, Driessen & Vidotto
2024), necessitating further work. While UV radiation penetrates the
atmospheres of the modern Solar system satellites, this is likely not
the case in the direct post-formation era, which is the focus of our
study.

Our radiation transport model, while a step forward beyond
double-grey models, can be extended to higher accuracies using on-
the-fly correlated-k opacities (Molliere et al. 2015), see also our
discussion in Appendix B. Our maximum rule for multi-species
Rosseland mean opacities neglects collision-induced absorption,
an important ingredient in enhancing the opacitiy in the lower
atmosphere (Pierrehumbert & Gaidos 2011; Heller & Barnes 2015).
Furthermore, the scattering of photons can heat the optically thin
atmospheres (Mohandas, Pessah & Heng 2018) beyond the temper-
atures calculated in this work. It needs to be explored whether the
optical or thermal scattering opacities of the molecules considered
in our work are sufficient to describe the temperature profiles or
whether other strong scatterers, such as aerosols or tholins (McKay,
Pollack & Courtin 1991) are present in young satellite atmospheres.

We neglected any condensation effects in the atmosphere, both
on the atmospheric adiabat, as well as on the radiation transport,
where clouds and hazes might scatter thermal radiation and induce
warmer temperatures than seen in our simulations. Those effects
would materialize as atmospheres cool down and reach the saturation
limit of any individual component. A multispecies adiabat allowing
for condensation (Graham et al. 2021) and rainout (Booth et al.
2023) (we have used the non-condensible multispecies adiabat) for
multiple species should be implemented in a future iteration of this
work. Considering that condensed, moist adiabats are shallower than
their dry counterparts, thus, by changing the density at the sonic
point, this might have a strong impact on the mass-loss rates.

The most important species, which we have neglected in our
treatment of the lower atmosphere, effectively considering it to
be condensed out in the satellite body, is water. Water is a well-
known potent greenhouse gas (Kuramoto & Matsui 1994), and
for the same reason, it can act as a potent coolant of the upper
atmosphere, impacting the outflow rates. It was argued in the past that
devolatilization of accreting solids should happen in the hot, moon-
forming circumplanetary disc while the giant planets are luminous
(Owen et al. 2006; Alibert & Mousis 2007; Bierson & Nimmo 2020;
Anderson et al. 2021); this would form dry moons, however, the Solar
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system satellites might have formed late, when the circumplanetary
disc became cold and icy. This scenario would not directly impact our
calculations because our model is agnostic to the formation pathway
that would create a certain initial atmospheric composition. None
the less, it is a valid question to ask how strongly our assumed
initial conditions depend on the formation physics and vice versa,
what we could learn given fixed initial conditions. We note that also
other heat sources such as radiogenic heat (Barr & Canup 2008;
Lichtenberg et al. 2019; Johansen et al. 2023) or induction heating of
the protosatellite body, similar to that suggested in Io (Piddington &
Drake 1968; Goldreich & Lynden-Bell 1969), general satellites
(Chyba, Hand & Thomas 2021) or in exoplanets (Kislyakova et al.
2017) can impact the thermal state significantly and would allow for
our considered range of T, to be exceeded, releasing constraints on
the formation time and prolonging the duration of the hydrodynamic
escape phase. Further, induction heating in the atmosphere might
influence the local temperatures directly (Strugarek et al. 2024).
Specifically, (Barr & Canup 2008) note that radiogenic heating can
increase the post-formation surface temperature from 200K to 300K
for a Callisto-analogue. The multitude of possible kinetic escape
processes which drive atmospheric evolution in the hydrostatic
regime, such as classic Jeans escape, sputtering and pickup losses
(see e.g. Gunell et al. 2018, and references therein) have been entirely
neglected in our work and would need to be introduced separately.
We discuss the assumed initial composition in the next section.

7.2 Are exomoons probes of giant planet formation physics?
7.2.1 On the composition

Gas giants accrete most of their mass through the circumplanetary
disc, which is simultaneously the source of satellite material. The
slow rotation of the Solar system giants today (Bodenheimer 1977;
Cameron 1988) and wide orbit exoplanets (Bryan et al. 2018) are
evidence of the past existence of these discs. This final accretion
stage occurs mostly at a single location in the circumstellar disc
(Booth et al. 2017; Bitsch et al. 2019) due to the slowness of
type-II migration, especially in low-viscosity discs (McNally et al.
2019; Lega et al. 2021). The circumplanetary disc forms at masses
similar to Saturn and after the local dust has grown to allow for
sufficient cooling (Schulik et al. 2019; Lega et al. 2024). This might
be observable (Zhu, Stone & Bai 2015; Taylor & Adams 2024;
Choksi & Chiang 2025), particularly as circumplanetary discs form
under thermodynamic conditions that also renders them observable
(Schulik et al. 2025).

Hydrogen-rich gas in the circumstellar disc will form CH, and
NHj as the dominant C, N carriers in chemical equilibrium below the
temperatures of 500K (Heng & Tsai 2016), consistent with moderate
satellite formation times (Kuramoto & Matsui 1994) and giant planet
formation at large distances (Chiang & Goldreich 1997). Therefore,
our initial composition is consistent with delivery by, but rapid escape
of circumstellar H, gas e.g. via boil-off (Owen & Wu 2016; Ginzburg,
Schlichting & Sari 2016; Rogers, Owen & Schlichting 2024) and
fractionation of heavier species.

However, there is no guarantee that gas in this temperature range
has reached thermochemical equilibrium after a few Myrs. Liggins
et al. (2022) estimate the time to reach equilibrium for various
plausible atmospheric compositions of rocky bodies. Their results
indicate that for a gas temperature of 7 = 500 K at 1 bar, the
equilibration time-scales for NH; and CHy4 range between 10° and
10° yr. As the giant planet system cools at a comparable time-scale
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or even faster, the chemistry of either the accreted circumplanetary
or circumstellar material would be frozen into the exosatellite’s
atmospheres. The chemical time-scales are further set by the actual
temperatures and ionization rates through which gas is processed
in the circumplanetary disc (Fujii et al. 2017; Schulik et al. 2020;
Shibaike & Mordasini 2024), but those complexities are beyond the
scope of this work.

In the absence of important catalysts, satellite migration or planet—
planet scattering events (Frelikh et al. 2019), chemical inheritance
from the circumstellar disc could be used to learn directly about
the composition of the giant planet. This information would then
complement the idea of inverting formation pathways of giant planets
via the measurement of [C/O] ratios (Oberg, Murray-Clay & Bergin
2011), and even extending it, as it encodes its information at the level
of individual molecules.

The ‘inverting formation pathways’ approach invokes species
phase jumps at iceline locations in the protoplanetary disc, and traces
a giant planet’s migration and accretion history through those jumps.
It then attempts to identify the formation locations of giant planets
by relating a planet’s [C/O] value to a local disc [C /O] value. This
idea has sparked considerable interest in recent years (e.g. Kirk et al.
2024; Penzlin et al. 2024). However, the idea has been shown to suffer
from considerable challenges due to model degeneracies (Molliere
et al. 2022).

Those problems necessitate independent tests to show whether
giant planet composition and disc compositions actually match.
While the latter can be provided by ongoing surveys with ALMA
(Miotello et al. 2023) and JWST (van Dishoeck et al. 2023;
Tabone et al. 2023; Keyte et al. 2024), the former might be most
reliably provided by information on giant planet satellites, given
their compositional information is not lost due to re-equilibration.
Particularly cold Jupiters, such as the PDS 70 planets (Keppler et al.
2018; Isella et al. 2019), should be the targets for those searches,
as hot Jupiters are improbable to host satellites (e.g. Wei & Lin
2024). This is where satellites might provide valuable insight —
detecting their atmospheric components would directly inform about
the composition of the majority of the accreted giant planet mass, if
the satellites never equilibrated.

This could be compared to the accreted and reduced chemistry of
their host giant planets, a test that might be withing reach with the
upcoming ELTs (e.g. van Woerkom & Kleisioti 2024).

7.2.2 On cooling curves

Giant planet cooling curves are of great importance in planet
formation theory (e.g. Burrows et al. 1997), as they are often the
only possibility to constrain wide-orbit giant planet’s masses (e.g.
Marois et al. 2008; Haffert et al. 2019). However, uncertainties in
these cooling curves remain, often giving freedom to invoke the two
extremes of the ‘hot’ and ‘cold’ start scenarios (Marley et al. 2007).
Considerable progress has been made in recent years (Berardo,
Cumming & Marleau 2017; Marleau et al. 2017; Marleau et al.
2019) in distinguishing between those extremes, but as our usage of
the Linder et al. (2019) model showed, some important modeling
uncertainties remain.

Under the assumption of no or negligible satellite migration after
circumplanetary disc dissipation, for which there is some evidence
in the Galilean moons (de Kleer et al. 2024), the masses of satellite
atmospheres as a function of their giant planet host masses would
inform about the cooling curves of giant planets. Particularly the
sharp cliff in final atmospheric satellite masses seen in Fig. 8
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can distinguish between hot and cold start models of giant planet
formation. The migration of giant planets would also impact satellite
atmospheres once they reach a certain proximity to the star: the
stellar bolometric radiation will start being important in supporting
atmospheric escape inside a giant-planet-to-star semimajor axis of
~1 au for a Sun-like star. Large pre-main-sequence luminosities
(e.g. Barafte et al. 1997; Burrows et al. 1997) would exacerbate this
effect. Therefore, Grand-tack-like excursions to the inner system
(Walsh et al. 2011), with a return to a cold region in the disc, might
leave imprints through the lack of satellite atmospheres.

7.3 Summary

In this paper, we have explored the dependence of atmospheric
escape models for exosatellites driven by bolometric radiation and
parametrized its impact by the opacity ratio parameter y. We
computed realistic values of y for general atmospheres first and found
that values of y > 1 are conducive to powerful escape. In those cases,
regions of the atmosphere heat up above the equilibrium temperature.
Such a scenario occurs when matching molecular opacities of cold
gas temperatures (74,5 ~ 200 K) with the temperature of the radiation
field around 400 — 800 K. This exact situation corresponds to the
upper atmospheres of warm, post-formation satellites orbiting hot,
luminous young gas giants.

Our nominal scenario predicts that for reasonable assumptions of
the formation times, corresponding to a range of surface starting
temperatures, satellites orbiting > 2mj,, gas giants at a distance of
~ 10Ry,, distances should be stripped of their atmospheres due to
the early bolometric irradiation from their gas giant host. Satellites
orbiting lower mass giant planets inherit the atmospheres given by
the post-formation initial conditions (or any outgassing) with only
minor alterations of their composition due to weak hydrodynamic
escape. For gas giant masses < 150mg, and surface temperatures
< 350 K, escape is so weak that the state of the atmosphere directly
jumps into the hydrostatic and Jeans escape regime after formation,
completely freezing the formation compositions.

While the condition for shutting off escape is always for the
outflow to become non-collisional, the typical reasons for this can
differ in three main ways: Cooling of the upper atmosphere for atmo-
spheres with long lifetime, cooling of the surface, or self-termination
after the atmosphere becomes relatively optically thin, and the hot
adiabatic region of the atmosphere disappears. A surprising result
for the modelled population of satellites is that while our scenario of
‘efficient’ escape for which M / Mpaer > 1 is found over a range of
the giant planet mass-space, the majority of the satellite atmospheric
mass is lost in the inefficient regime due to the stronger evolution of
the giant planet’s luminosity over atmospheric temperature.

Our final application of hot-start cooling curves for giant planets
shows that the Solar system satellite atmospheres of Titan and
Ganymede can be consistent with Saturn’s inability to strip Titan’s
atmosphere. In contrast, Jupiter can strip Ganymede’s atmosphere
down to a mass at which kinetic escape can remove its remainder
during the lifetime of the Solar system.
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APPENDIX A: WHEN CAN y-CURVES BE
TRUSTED?

One might be interested to find more molecules with the property
y > 1 at some T, of interest. We present and explain an important
pitfall that might occur when performing such a search. In Fig. 4, we
showed how the mean opacity ratio behaves for different values of the
irradiating blackbody’s temperature. For the sake of completeness,
we document those ratios for other molecules which might be present
in primitive, cold atmospheres in Fig. A1. We want to caution the
reader, as inspection of this data might lead to the conclusion that
CO should be a strong driver of bolometrically driven atmospheric
escape. However, in this case, just the application of mean opacity
ratios can be strongly misleading: the opacity function for CO at low
pressure and temperature is dominated by just a few sharp peaks.
Thus, the mean opacity ratio does not represent the continuum, and
its use would yield a poor representation of the actual temperature

1027 T :
- L ]
Il [ 7
s 10 E
X E B
~ | |
= E ]
X L ]
ke) e B
+J 0 <
© 10°:-== E
> £ |
= L ]
¢} L ]
g i NH3, Tgas = 100K i
o _1| = NHs, Tges =200K
S 10 E == NH3, Tgas = 300K 3
g [ =—— HCN, Tgas = 200K 7
F CO, Tgas = 200K . 1
r CO3, Tgas = 200K Se
10—2 L L L T I N N | L N
103
Giant Planet Temperature Tj;, [K]
10—14
CO opacities
—— p=0.001 bar, Tgas =200.0 K
1016 | == Mean to Stellar rad., kin =k (5777K, 200K)
== Mean to Giant rad., ki, =k (400K, 200K)
— = Mean to self rad., Kout =K (200K, 200K)
10—18 L
10720 pem e e e e =

10—22

10724

Cross section per molecule[cm?]

10—26 Lol I Ll
10° 10!
Wavelength [um]
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structure. CO, suffers from a similar property, albeit in a less extreme
manner. Thus, these molecules emphasize the need for multiband
treatments, as we have adopted in our more detailed calculations.
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Figure B1. Downgraded exo-k line distribution (left) and resulting mean
single-band ;.
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APPENDIX B: CONSTANT «,-SPECTRUM -
JUSTIFICATION VIA CORR-K COMPARISON

Here, we document why it is justified to use either a single-band «;,
or a multiband /ci’; as constant function of P, T. The downgraded
line distributions are plotted in Fig. B1 for NH3 show only small
variations over the P/T range relevant for absorption. The ‘top
opacities’ of the correlated-k distribution, encoded by ‘g = 1°, are
barely reacting to P and 7 in our chosen range. It is exactly those
opacities that our mean opacities encode. However, as the overall
multiband variation remains small, this is also true for the wavelength
resolved «%, which we therefore do not treat as a function of
P, T. Particularly at the irradiation temperatures around 7 = 800 K,
corresponding to 1 pm, the impact on «;, is negligible, see the lower
plot and the set of dashed lines for this. The outgoing opacities oy,
determined by the outgoing blackbody at > 10um do react strongly
to T and P broadening, but this effect on ko, is included in our
calculations, as T, P variations in kg, and Krogseland- W€ note that the
lower end of the opacity distribution ‘g = 0’ reacts strongly to both
T and P, which should provide for interesting solution behaviour in
full correlated-k radiation transport simulations, which are currently
prohibitively expensive in a hydrodynamic setting, as this would add
three more computational dimensions (P, T, g) in order to compute
the heating function.

APPENDIX C: NUMERICAL CONVERGENCE
OF THE HEATING FUNCTION AND MASS-LOSS
RATES IN MULTI-BAND SIMULATIONS

In Fig. C1, we show convergence tests as a function of resolution in
wavelength space. This shows that from a band number of b = 40 or
higher, the escape rates converge to the same value. Thus, our choice
of b = 80 is appropriate.
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Figure C1. Convergence tests of the heating function (left) of NH3 with varying number of bins and the opacity of the mineral MgO at high spectral resolution
with different binning techniques (right). Spectral resolution power is key to obtain a sensible representation of the heating function in the simulation domain. The
heating and hence temperatures in the upper atmosphere (r > 1.7 Rgaeeliite) converge rapidly at a low spectral resolution of N, = 10, but the deeper atmospheric
layers require more resolution, depending on the exact amount of substructure found in a species’ opacity function. On the right, the opacity function of an
example species is shown. The blue data points from Booth, Owen & Schulik (2023) took 2 weeks to compute from line lists on a single-core machine and a
sophisticated binning technique, whereas the green data points are generated using a low-resolution opacity spectrum from the DACE data base, which is binned
on-the-fly by our AIOLOS autobinning function with N;, = 40. The results in opacity structure between the very expensive and very cheap method are quite
agreeable. We then continue to show the resulting temperature structure and mass-loss rates (lower panels).

APPENDIX D: MASS-LOSS RATES OF
PRIMARY AND SECONDARY SPECIES -
EFFECTS OF DRAG AND THERMALIZATION

In our simulations, two effects can contribute to species interacting
with each other: drag (collisional momentum exchange) and col-
lisional heat exchange. We investigate their relative importance in
Fig. D1 by varying the base densities of both escaping components.

Isothermal simulations at 7 = 200 K show that decreasing the
species density only has a negligible effect on the secondary species.
This behaviour is indicative of weak drag coupling, fully expected
at our low temperatures and neutral components. The single-band
radiative simulations (b = 1) show that thermal effects, in this case,
shadowing of the single opacity band, are much more important
in driving escape. This effect is emphasized by the fact that as
Pch, increases, riny, decreases, opposite to the expectations in a
drag-dominated regime. At low pcp,, the mass-loss rates roughly
follow rircy, o pch,,as one would expect from the Parker-like escape
regime.

When moving to highly resolved simulations, it becomes clear that
(i) the escape rates drop overall by a factor of ~ 10?; (ii) the decrease
in NHj escape rates in the CH4 dominated regime is an artefact of the
low spectral resolution simulations, arising from shadowing and (iii)
the species common temperatures are set by whichever component
has the highest cooling/heating capability per mass. As we vary the
methane content, it is obvious how the proportionality constant in
ricu, < pcH, changes from a smaller to a higher value. Since with
high CH,4 content, the thermal profiles approach that dictated by CHy,
and vice versa.

We conclude that in our simulations, the most important in-
fluence of species on one another is collisional heat exchange.
In principle, the species could also interact only via the com-
monly shared thermal photon field J, even when the collisional
exchange terms are neglected. However, one would expect the
thermal profiles to decouple and both species to ‘go their separate
ways’, which is more akin to what is seen in the isothermal
simulation.
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Figure D1. Effects of treatment of the energy equation, drag and temperature domination for two-species solutions in various approximations. Left: Isothermal
simulations at 7 = 200 K and radiative N}, = 1 simulations are compared to each other. The solid black horizontal lines denote the uncoupled and coupled limits
according to Zahnle & Kasting (1986), considering CHy as the dominant escaping species and NHj3 as the trace species. The difference between uncoupled
and coupled regime for NH3 is minuscule due to the similar masses of both molecules. For the radiative case, with increasing CHy4, the NH3 is shielded and
less coupled into the outflow as the absorption altitude of bolometric radiation shifts to larger values. Middle and Right: Highly resolved N, = 80 simulations

for which the density of one component is varied, while the other is left constant.
altitudes. This causes the escape rates to increase, as CHy increases, evident as
opposite effect occurs for increasingly NH3 dominated atmospheres.

APPENDIX E: FLUCTUATION-DRIVEN MASS
TRANSPORT AND THE ROLE OF APPARENT
WAVES

Here, we work to understand the role of the velocity fluctuations in the
lower atmosphere, such as seen in Fig. 10, which seem to consistently
appear in many simulations. These fluctuations seem to be robust
against running numerical convergence and long-term simulation
tests, and hence might indicate a physically real phenomenon.
Furthermore, our application of the gravitational well-balancing
scheme by Kippeli & Mishra (2016) indicates that those fluctuations
should pose real oscillations around a stable hydrostatic equilibrium.
In order to understand the action of the fluctuations, we compute their
average mass-transport properties. We ran a temperature-inverted
simulation to convergence, which is reached after the time of 107 s,
quantified by a non-changing mass-loss rate 47 72pu. The mean and
fluctuating parts of the average mass-loss rate can be decomposed as
ou = p u+ p'u'. The terms pu and p u can be calculated as running
means of the simulation state variables p(t), u(¢) directly. From this
one can obtain the fluctuation-driven mass flux p’u’ is obtained via
subtracting the two.

MNRAS 539, 2121-2143 (2025)

A NH3-dominated atmosphere is colder than a CH4 dominated one, at high
richH, = ¢ X mcH, changes to a different constant c¢. Correspondingly, the

In investigating the source of the oscillations in p(#)u(t) in the
lower atmosphere, we note their persistence after running for a
longer time and with a higher spatial resolution, as presented in
Fig. E1. We also note the absence of the fluctuations in single-
species simulations, which leads us to attribute their existence to
frictional coupling in the hydrostatic atmosphere. The middle panel
shows the separation in magnitudes between the mean-flow escape
rates and the fluctuation-driven ones. The fluctuation-driven values
are orders of magnitude weaker than the instantaneous fluctuations,
which average to match the directed escape rates through the sonic
point. We note that for longer simulation times for both single- and
two-species simulations, the average escape rate profiles decrease
in the hydrostatic atmosphere to match those in the hydrodynamic
atmosphere, as expected. We conclude that the instantaneous fluc-
tuations are possibly an artefact of our multifluid treatment in the
lower-hydrostatic atmosphere. These instantaneous oscillations do

not correspond to dominant fluctuation-driven mass transport. The
averaged fluctuation-driven flux which in fact becomes negative for

both species in the hydrostatic atmosphere, can be delivered by
physical wave action, but it is not entirely excluded that numerical
effects remain important in this term.
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Figure E1. Analysis of wave fluxes in the deep atmosphere. We compare instantaneous snapshots of the mass-loss rates 47u2 p(t)u(t) in the left panel with their
time-averaged mean and fluctuating counterparts in the middle and right panels. The wave-driven mass-transport 47a2pu’ is the lower set of curves in those
panels. Solid lines indicate positive values and dashed lines indicate negative values.
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