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ABSTRACT

We investigate the loss rates of the hydrogen atmospheres of terrestrial planets with
a range of masses and orbital distances by assuming a 100 times stronger soft X-
ray and extreme ultraviolet (XUV) flux. We apply a 1D upper atmosphere radiation
absorption and hydrodynamic escape model that takes into account ionization, disso-
ciation and recombination to calculate hydrogen mass loss rates. We study the effect
of the ionization, dissociation and recombination on the thermal mass loss rates of
hydrogen-dominated super-Earths and compare the results with those obtained by
the energy-limited escape formula which is widely used for mass loss evolution stud-
ies. Our results indicate that the energy-limited formula can to a great extent over-
or underestimate the hydrogen mass loss rates by amounts that depend on the stellar
XUV flux and planetary parameters such as mass, size, effective temperature, and
XUV absorption radii.

Key words: planets and satellites: atmospheres – planets and satellites: physical
evolution – ultraviolet: planetary systems – stars: ultraviolet – hydrodynamics

1 INTRODUCTION

During the early stages of planet formation, protoplanetary
cores that are still embedded in the circumstellar disk can
accumulate hydrogen-dominated primordial envelopes from
the gas disk (e.g., Hayashi et al. 1979; Nakazawa et al. 1985;
Wuchterl 1993; Ikoma and Genda 2006; Rafikov 2006; Stökl
et al. 2015a; 2015b). The amount of gas captured by the
planetary core strongly depends on its mass. Sufficiently
massive cores can end up in a runaway accretion regime
leading to subsequent formation of gas giants.

Lammer et al. (2014) investigated the origin and loss
of captured hydrogen envelopes from protoplanetary cores
with masses in the range of 0.1–5M⊕ orbiting in the habit-
able zone at 1 AU of a Sun-like G star. In this study, the
authors concluded that depending on nebula properties, pro-
toplanetary cores with masses >1.0M⊕ orbiting within the
habitable zone most likely cannot lose their captured hydro-
gen envelopes. Their results have been recently confirmed
by Luger et al. (2015) who studied the transformation of
mini-Neptunes into super-Earths in the habitable zones of
M dwarfs determined by the loss of atmospheric hydrogen

and Johnstone et al. (2015) who investigated the mass loss
of hydrogen envelopes around similar cores as assumed by
Lammer et al. (2014) along various stellar rotation related
activity evolution tracks in the habitable zones of solar-like
stars. The results of these studies also indicate that pro-
toplanetary cores with masses >1.5M⊕ orbiting inside the
habitable zone most likely evolve to sub-Neptunes instead of
Earth-like planets and keep large fractions of their captured
hydrogen envelopes during their whole life times.

In the meantime, the results of these studies are con-
firmed by observations (Marcy et al. 2014; Rogers 2015).
Rogers (2015) analyzed many planets discovered by the Ke-
pler satellite with both radius and mass measurements and
concluded that most ‘super-Earths’ with radii of 1.6R⊕ have
densities that are too low to be composed of silicates and
iron alone. The majority of these low density sub-Neptunes
are discovered at closer orbital distances than 1 AU. Taking
this into account, in this work we study the hydrogen loss
rates from captured gas envelopes with core masses of 1M⊕,
2M⊕, 3M⊕ and 5M⊕ orbiting a moderate rotating young
G-star which is 100 times more active in soft X-rays and ex-
treme ultraviolet (XUV) radiation compared to the present
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Sun at orbital distances in the range of 0.1 - 1.0 AU. One
can expect that at closer orbital distances, due to the larger
stellar XUV fluxes, the ionization degrees of gas envelopes
will be higher compared to what they would be at 1 AU.
Therefore, it is important to study how ionization, dissocia-
tion and recombination influence the mass loss rates depend-
ing on the orbital location and how the results obtained by
the upper atmosphere XUV absorption hydrodynamic es-
cape model differ from those provided by the widely used
energy-limited formula (e.g., Lammer et al. 2009; Ehrenre-
ich and Désert 2011; Sanz-Forcada et al. 2011; Leitzinger et
al. 2011; Lopez et al. 2012; Lopez and Fortney 2013; Valen-
cia et al. 2013; Kurokawa and Kaltenegger 2013; Luger et
al. 2015). In Section 2, we describe the model approach and
in Section 3, we discuss the results and compare them with
simple estimates carried out by the energy-limited formula.

2 MODEL DESCRIPTION

To study the XUV-heated upper atmosphere structure and
thermal escape rates of the hydrogen atoms, we apply an
energy absorption and 1-D hydrodynamic upper atmosphere
model described in detail in Erkaev et al. (2014; 2015) and
Lammer et al. (2013; 2014). The model solves the system
of the hydrodynamic equations for mass, momentum, and
energy conservation.

In addition to the mechanisms included in our previ-
ous models, the simulations in this study also include the
effects of ionization, dissociation and recombination. The
continuity equations for the number densities of the atomic
neutral hydrogen nH, atomic hydrogen ions nH+ , hydrogen
molecules nH2 , hydrogen ions n

H+

2

can than be written as
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The electron density is determined for quasi-neutrality con-
ditions

ne = nH+ + n
H+

2

(6)

and the total hydrogen number density

n = nH + nH+ + nH2 + n
H+

2

. (7)

αH is the recombination rate related to the reaction
H+ + e → H of 4×10−12(300/T )0.64 cm3 s−1, αH2 is the dis-
sociation rate of H2+e →H + H 2.3 × 10−8(300/T )0.4 cm3

s−1, νH is the hydrogen ionization rate, and νH2 is the ioniza-
tion rate of molecular hydrogen (Storey and Hummer 1995;
Yelle 2004). The ionization rates are taken from Yelle (2004)
but scaled proportionally to the XUV flux that depends on
the particular orbit location.

φXUV is the function describing the XUV flux absorp-
tion in the atmosphere

φXUV =
1

4π

∫ π/2+arccos(rpl/r)

0

JXUV(r, θ)2π sin(θ)dθ. (8)

Here, JXUV(r, θ) is the averaged function that describes the
variation of the stellar XUV flux as a function of the ra-
dial distance due to the atmospheric absorption (Erkaev et
al. 2015). The distance r corresponds to the radial distance
from the planetary center and rpl is the planetary radius.
In the hydrodynamic equations the mass density, ρ, and the
pressure, P , can then be written as

ρ = mH (nH + nH+) +mH2

(

nH2 + n
H+

2

)

, (9)

P =
(

nH + nH+ + nH2 + n
H+

2

+ ne

)

kT, (10)

where T is the upper atmosphere temperature and k is the
Boltzmann constant, and mH and mH2 are the masses of
the hydrogen atoms and molecules, respectively. The stellar
XUV volume heating rate, QXUV, depends on the stellar
XUV flux at the orbital distance of the test planets and on
the atmospheric density. QXUV can then be written as

QXUV = ησXUV (nH + nH2)φXUV, (11)

where η is the ratio of the net local heating rate to the rate
of the stellar radiative absorption which is typically ≈ 15%
in a hydrogen atmosphere (Shematovich et al. 2014). As in
Murray-Clay et al. (2009), Erkaev et al. (2013), Lammer
et al. (2013) and Lammer et al. 2014) we assume a single
wavelength for all photons and use the average XUV pho-
toabsorption cross sections σXUV for hydrogen atoms and
molecules of 5× 10−18 cm2 and 3× 10−18 cm2 for H atoms
and H2 molecules, respectively. The applied values are in
agreement with experimental and theoretical data of Bates
(1963), Cook and Metzger (1964), and Beynon and Cairns
(1965).

One should also note that in pure H2, H atmospheres,
the dominant molecular infra-red (IR) emitting coolant is
H+

3 . As shown by Shaikhislamov et al. (2014) and Chadney
et al. (2015) this efficient IR-cooling mechanism vanishes or
is negligible in hydrogen-dominated upper atmospheres at
small orbital distances or high XUV flux values, because
due to molecular dissociation preventing the balancing of
the stellar heating by IR cooling. Since the assumed XUV
flux values related to a young Sun-like star after its arrival
at the ZAMS that is applied in our study is high enough,
even at 1 AU, that efficient H+

3 IR cooling plays a negligible
role for the studied test planets.

The lower boundary of our simulation domain,
R0 = Rc + z0, is chosen in a similar way as in Lammer et al.
(2014) where Rc is the core radius and z0 the altitude of the
gas envelope up to the homopause level that is located at
the lower part of the thermosphere. We assume that z0 re-
mains similar for all the test planets in different orbits. The
assumed radii R0 corresponding to the various core masses
have been roughly estimated from envelope mass fractions,
fenv, modeled by Mordasini et al. (2012). We assume fenv
of ≈ 0.001, ≈ 0.01, ≈ 0.05 and ≈ 0.05 for planetary core
masses of 1M⊕, 2M⊕, 3M⊕ and 5M⊕, respectively.

The hydrogen molecule number density at the lower
boundary R0 is assumed to be 5 × 1012 cm−3 (e.g., Atreya
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1986; Tian et al. 2005; Lammer et al. 2014). For atmospheres
that are in long-term radiative equilibrium, the temperature
T0 near the lower boundary of the simulation domain is quite
close to the planetary effective temperature Teff . The hydro-
dynamic model is only applicable as long as enough collisions
occur, which is the case if Knudsen number < 0.1. We set the
upper boundary conditions in the supersonic region assum-
ing the radial derivatives of the density, temperature and
velocity vanish.

In the present study, we also compare the mass loss
rates obtained by the above described upper atmosphere
model with the widely used energy-limited escape formula

Len =
πηR0R

2
XUVIXUV

GMpl
, (12)

where IXUV is the stellar XUV flux outside the atmosphere
at the orbital location of the planet, RXUV is the effective
radius corresponding to the absorption of the stellar XUV
flux in the upper atmosphere, and G is Newton’s gravita-
tional constant. RXUV depends on the density distribution
and can be determined from the following equation (Erkaev
et al. 2014; Erkaev et al. 2015)

RXUV = R2
0

[

1 + 2

∫

∞

R0

[1− JXUV(r, π/2)]rdr

]0.5

. (13)

As shown by Watson et al. (1981), RXUV can exceed the
planetary radius quite substantially, especially for hydrogen-
dominated low mass bodies with low gravity fields and high
XUV fluxes. For gas giants and other massive and compact
planets, RXUV is close to the planetary radius R0. Therefore,
RXUV is often approximated with R0 ≈ Rpl in the literature
(e.g., Ehrenreich and Désert 2011; Luger et al. 2015)

L∗

en ≈

πηR3
plIXUV

GMpl
. (14)

To see the difference between both approaches, we com-
pare the results of both assumptions with the hydrodynamic
model results. We use the model described above and lo-
cate hydrogen-dominated protoplanets with masses of 1M⊕,
2M⊕ , 3M⊕ and 5M⊕ and at orbital locations of 0.1 AU,
0.3 AU, 0.5 AU, 0.7 AU and 1 AU and expose the hydro-
gen envelopes to XUV flux values scaled corresponding to
the orbital locations. We assume the XUV luminosity of
the central star is enhanced by a factor of 100 compared
to the Sun’s present value with a flux at Earth’s orbit of
≈ 4.64 erg cm−2 s−1 (Ribas et al. 2005). However, the en-
hanced XUV flux assumed in this study corresponds to a
moderate rotating solar-like young star but could be more
than a factor 3 larger or weaker if the young star is a fast
or slow rotator (Tu et al. 2015; Johnstone et al. 2015).

3 RESULTS AND DISCUSSIONS

Table 1 summarizes the thermal hydrogen mass loss rates
from the different protoplanets at different orbital locations.
It is important to note that the assumed gas envelope masses
are negligible compared to the core masses. Depending on
the formation scenarios and nebular conditions, similar cores
can capture different amount of nebular gas (e.g., Rogers et
al. 2011; Mordasini et al. 2012; Stökl et al. 2015). If the cap-
tured envelope mass was larger, then R0 would also move

to larger distances. It was shown in Lammer et al. (2014)
that in such cases, the mass loss rates would also be higher.
As the gas envelope evaporates, R0 shrinks and as a con-
sequence the mass loss rate also decreases. Because of this
effect if one models the mass loss over time the shrinking of
R0 has to be considered (Johnstone et al. 2015). Further-
more, it was shown by Tu et al. (2015) that depending on
the initial rotation rate the XUV activity levels of young
solar-like stars can evolve very differently during the first
Gyr of their life time. We do not study here the mass loss
of the test planets for the whole range of possible XUV evo-
lutionary scenarios. The hydrogen mass loss rates shown in
Table 1 represent therefore only a phase during the planet’s
evolution.

Table 1 shows hydrogen mass loss rates calculated us-
ing the described hydrodynamic model for all protoplanets
at the studied orbital locations neglecting ionization L, neu-
trals and ions together (Lni) and the losses of only neutral
H atoms, Ln, and H+ ions, Li. For comparing the mass loss
rates with the energy-limited formula, we show also mass
loss rates, Len, obtained by this approach, but multiplied
with a heating efficiency η of 15 %. Depending on the plan-
etary parameters, the orbital distance, corresponding XUV
flux and effective temperature the hydrogen mass loss rates
are between the order of ≈ 108 g s−1 at 1 AU and ≈ 1010 g
s−1 at 0.1 AU. One can also see that Ln,i yields negligible dif-
ferences that are less than a factor 2 for all test planet loss
rates between the hydrodynamic upper atmosphere model
and the energy-limited formula of eq. (12) at orbital dis-
tances of 1 AU. For closer orbits such as 0.5 AU or 0.1 AU,
depending on planetary parameters, the differences between
the energy-limited formula and the results obtained for Ln,i

are factors of ≈1.5–3.5 and ≈3.0–9.0, respectively. There-
fore, ionization, dissociation and recombination can not be
neglected for close orbital distances or highly active young
host stars.

Fig. 1 shows the hydrogen mass loss rates for the four
planetary masses as a function of orbital distance. One can
see that the energy-limited formula underestimates the mass
loss rates when one assumes RXUV ≈ R0 ≈ Rpl (eq. 14)
and overestimates the mass loss rates when one uses the
more accurate formula of eq. (12). As it is obvious also from
Figs 1., eq. (14) tends to underestimate the mass loss rates
because of the assumption that the XUV flux is absorbed
close to the planetary radius, whereas it is actually absorbed
at larger altitudes. For the small planets considered here,
RXUV may be located at 2 − 3R0, much higher than for
more massive giant planets (Erkaev et al. 2007; Murray-
Clay et al. 2009). Therefore, the application of the energy-
limited formula given in eq. (14) is of limited use for low-
mass planets.

Moreover, the discrepancy between the mass loss rates
calculated with the hydrodynamic code and the energy lim-
ited escape formula arises because eq. (12) yields the max-
imum XUV-driven mass-loss rate that a planet can have,
even if multiplied by the heating efficiency η. The numer-
ator represents the integrated XUV heating rate provided
to the planet, i.e. the total stellar XUV flux absorbed at
RXUV multiplied by the heating efficiency, i.e., the fraction
of incident energy converted to heating. Since the denomi-
nator represents the potential energy of the planet, eq. (12)
assumes that the total absorbed XUV energy is used to lift
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Table 1. Hydrogen mass loss rates for protoplanets with masses of 1M⊕ (a), 2M⊕ (b), 3M⊕ (c) and 5M⊕ (d) with assumed hydrogen
envelope mass fractions fenv as mentioned in the main text and corresponding radii estimated approximately from Mordasini et al.
(2012). The hydrogen envelopes are exposed to a stellar XUV flux that is 100 times stronger compared to present solar values at 0.1–1
AU. L is the loss rate calculated with the hydrodynamic model neglecting ionization, dissociation and recombination; Ln,i is the total
escape rate of hydrogen ions and neutrals if ionization, dissociation and recombination are not neglected; Ln and Li correspond to the

losses of neutral H atoms or H+ ions only. Len and L∗
en are the energy limited loss rate cases related to eq. (12) and eq. (14) that have

been multiplied by a heating efficiency η of 15 %.

Mpl/M⊕ R0/R⊕ RXUV/R⊕ L [g s−1] Ln,i [g s−1] Ln [g s−1] Li [g s−1] Len [g s−1] L∗
en [g s−1]

d=1.0 AU XUV=100
Teff=250 K 464 erg cm−2 s−1

1 1.15 2.87 2.1× 108 2.1× 108 2.0× 108 8.3× 106 3.3× 108 6.8× 107

2 2.26 5.2 8.5× 108 8.6× 108 8.2× 108 5.0× 107 1.3× 109 2.7× 108

3 2.44 5.12 5.8× 108 5.9× 108 5.6× 108 3.0× 107 9.7× 108 2.2× 108

5 2.71 5.69 6.5× 108 6.7× 108 6.0× 108 6.7× 107 7.2× 108 1.8× 108

d=0.7 AU XUV=200
Teff=275 K 928 erg cm−2 s−1

1 1.15 2.64 3.6× 108 3.3× 108 3.2× 108 1.3× 107 7.3× 108 1.3× 108

2 2.26 5.1 1.4× 109 1.2× 109 1.1× 109 1.0× 108 2.7× 109 5.2× 108

3 2.44 5.12 8.9× 108 7.7× 108 7.0× 108 6.7× 107 1.9× 109 4.3× 108

5 2.71 4.87 1.1× 109 1.0× 109 9.6× 108 1.0× 108 1.8× 109 3.7× 108

d=0.5 AU XUV=400
Teff=325 K 1856 erg cm−2 s−1

1 1.15 2.87 5.5× 108 4.8× 108 4.6× 108 2.5× 107 1.7× 109 2.8× 108

2 2.26 5.2 2.0× 109 1.8× 109 1.6× 109 1.8× 108 5.5× 109 1.0× 109

3 2.44 5.12 1.5× 109 1.8× 109 1.3× 109 1.8× 108 3.8× 109 8.3× 108

5 2.71 5.69 2.3× 109 2.0× 109 1.7× 109 3.2× 108 3.2× 109 6.7× 108

d=0.3 AU XUV=1111
Teff=420 K 5166 erg cm−2 s−1

1 1.15 2.41 2.5× 109 2.8× 109 2.2× 109 6.7× 108 3.3× 109 7.7× 108

2 2.26 4.52 1.1× 1010 1.2× 1010 7.7× 109 3.8× 109 1.2× 1010 2.8× 109

3 2.44 5.36 3.5× 109 3.1× 109 2.5× 109 6.7× 108 1.2× 1010 2.5× 109

5 2.71 5.96 4.2× 109 3.5× 109 2.8× 108 6.7× 108 9.7× 109 2.0× 109

d=0.1 AU XUV=10000
Teff=730 K 46500 erg cm−2 s−1

1 1.15 2.41 1.5× 1010 1.8× 1010 9.9× 109 8.2× 109 3.0× 1010 6.7× 109

2 2.26 3.84 5.7× 1010 7.7× 1010 3.9× 1010 3.9× 1010 7.5× 1010 2.7× 1010

3 2.44 4.63 2.5× 1010 3.5× 1010 1.5× 1010 2.0× 1010 8.0× 1010 2.2× 1010

5 2.71 5.15 1.0× 1010 1.7× 1010 7.3× 109 1.0× 1010 6.5× 1010 1.8× 1010

the planetary atmosphere out of the planet’s gravitational
well (Lammer et al. 2015). However, in transonic escape,
some fraction of the absorbed energy is also converted to
kinetic and thermal energy. In these cases, additional terms
increase the denominator and reduce the atmospheric mass
loss rate (Sekiya et al. 1980; Johnson et al. 2013; Erkaev et
al. 2007; 2015). For certain planetary and stellar parame-
ter combinations, these terms are not negligible leading to
a true mass loss rate, as determined with a hydrodynamic
model, lower by a factor of a few than those from eq. (12).

Koskinen et al. (2014) therefore suggested to replace η
with a mass loss efficiency factor to account for these discrep-
ancies. However, it is difficult to estimate this factor since it
depends on planetary and stellar parameters, as illustrated
by the variation of this discrepancy for different planets and
orbits. On the other hand, for increasing Teff the hydrody-

namic mass-loss rates increase, which is also not accounted
for in eq. (12) (Johnson et al. 2013; Erkaev et al. 2015).
Thus, for very hot planets even eq. (12) could yield lower
mass loss rates than does the hydrodynamic model. This is,
however, not the case for the planets considered here.

The energy-limited mass loss rates should always be
higher than those obtained by the hydrodynamic model. The
only exception is if the planetary equilibrium temperature
due to the star’s entire radiation field (i.e. its bolometric
luminosity) is so high that the atmosphere’s thermal energy
overcomes the gravitational potential of the planet in regions
lower than where XUV heating is taking place (Lammer et
al. 2015).

One can also see that the inclusion of ionization, dis-
sociation and recombination has only a small effect if one
assumes that all neutral atoms and ions can escape from
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Figure 1. Hydrogen mass loss rates as a function of orbital distance for rocky protoplanetary cores with 1M⊕ (a), 2M⊕ (b), 3M⊕

(c) and 5M⊕ (d) calculated for the stellar XUV flux 100 times higher compared to the present solar value in various orbit locations.
The planetary radii related to assumed hydrogen envelope fractions are given in Table 1. Dash-dotted lines correspond to the loss rate
L of the hydrodynamic model by neglecting ionization, dissociation and recombination; dash-dotted-dotted-dotted lines correspond to
loss rates Ln,i if ionization, dissociation and recombination are not neglected; dashed lines correspond to the loss rates Li of ionized
hydrogen atoms only; solid lines correspond to the loss rates Ln of neutral hydrogen atoms only; the upper dotted lines correspond to the
energy-limited loss formula multiplied by a heating efficiency η of 15 %, Len according to eq. (12) and the lower dotted lines correspond
to the loss rates L∗

en according to eq. (14).

the planets. Only for the more massive planets and extreme
high XUV fluxes at close orbital distance (< 0.15 AU) the
number density of ions reaches the same value as the neu-
trals. Different mass loss rates related to neutrals and ions
depend strongly on the planetary parameters. Ionization be-
comes more relevant if the planet is massive and, as a con-
sequence, the upper atmosphere is more compact. Ioniza-
tion also influences the total mass loss rates because a high
degree of ionization reduces the area of the neutral atoms
where the stellar XUV flux can be absorbed and heat trans-
ferred to neutrals. However, one should note that the above
mentioned effect depends strongly on the stellar XUV flux
and planetary parameters.

The mass loss rates of the four test planets considered
at 0.1 AU are comparable to those of hot Jupiters at 0.045
AU (e.g., Yelle 2004; Koskinen et al. 2013; Shaikhislamov
et al. 2014; Khodachenko et al. 2015). As mentioned above,
our results represent only a tiny window of possibilities and
would be different if the young star was a slow or fast rota-
tor, meaning lower or higher XUV fluxes than assumed in
this study. Furthermore, different accumulated nebula gas
masses would also change the mass loss rates. If the planets

had magnetic moments and resulting magnetospheres, the
high degree of ionization at close orbital distances would also
reduce the total mass loss rates (Khodachenko et al. 2015).
The discovery of many small close-in low density planets
at orbital distances < 0.2 AU (Marcy et al. 2014; Rogers
2015) indicates that these objects may have evolved from ini-
tially more massive planets to sub-Neptunes and hydrogen-
dominated super-Earths, but have never lost their envelopes
completely. On the other hand, their host stars could also
have been less active stars when they were young.

Fig. 2 shows the mass loss rates of neutrals only, ions
only and the sums of neutrals and ions, and hydrody-
namic loss rates that consider no ionization, dissociation
and recombination, normalized to that corresponding to
the energy-limited mass loss rate Len (eq. 12). For very
high XUV fluxes, ionization alters the mass loss rates be-
cause the increasing number of electrons enhances recombi-
nation leading to a large fraction of the energy being lost
by cooling radiation (Murray-Clay et al. 2009; Guo 2011).
In these studies, for Jupiter-type planets this becomes im-
portant for XUV fluxes > 104 erg cm−2 s−1. For considered
low mass planets the mass loss rates with (Ln,i) and with-
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Figure 2. Hydrogen mass loss rates, normalized to that obtained by the energy-limited formula Len of eq. 12. Dash-dotted lines: the
loss rates L of the hydrodynamic model by neglecting ionization and recombination; Dash-dotted-dotted lines: loss rates of Ln,i; dashed
lines: ion loss rates Li only; solid lines: neutral atom loss rates Ln only.

out ionization (L) are very similar and very small devia-
tions occur only for the closest orbits. This effect would
likely become more relevant for even closer orbits or higher
stellar XUV emission. In such case, eqs. (12) or (14) are
not applicable and approximate estimates for mass loss
rates in radiation/recombination-limited regime can be used
(Murray-Clay et al. 2009; Owen and Jackson 2012; Luger et
al. 2015). One can also see that the rise in ionization occurs
for more massive planets with compact upper atmosphere
at closer orbital distances, higher effective temperatures and
higher XUV fluxes compared to lower mass planets with less
compact upper atmospheres.

After having some idea how ionization, dissociation and
recombination influence the atmospheric mass loss of hydro-
gen envelopes around various protoplanetary cores, one can
investigate the orbital locations where ‘naked’ super-Earths
or sub-Neptune’s which lost their captured nebular gas can
be expected. If we use the mass loss rates from Table 1 and
estimate roughly how much atmosphere could be lost during
the first 100 Myr after the protoatmosphere capture (Lam-
mer et al. 2014) one finds that depending on nebula parame-
ters such as the dust depletion factor f ≈ 0.01 and assumed

relative accretion rates Ṁacc

Mpl
(yr−1) of ≈ 10−6, cores with

masses of ≈ 2M⊕ can lose their captured envelopes related
to the assumed fenv, XUV flux most likely within orbital
distances that are 6 0.3 AU. If the accretion rate is ≈ 10−7

more massive envelopes can be captured, which would then
only be lost at orbital locations 6 0.1 AU. A higher dust de-
pletion factor f ≈ 0.1 would in combination with accretion
rates that are < 10−6 could remove less massive envelopes
from a protoplanetary core with ≈ 2M⊕ even at Venus orbit
at 0.7 AU. More massive cores if they originate within the
nebula lifetime will keep a fraction of their captured hydro-
gen envelope even at orbital locations of 0.1 AU.

However, a detailed study taking into account the com-
plete parameter space to determine where one can expect
that ‘naked’ super-Earths to be found at orbits that are < 1
AU, has to apply hydrodynamic mass loss calculations that
do not neglect ionization, dissociation and recombination
and consider all possible stellar XUV evolutionary tracks
(Tu et al. 2015), as it was done for the habitable zone by
Johnstone et al. (2015). This effort is beyond the scope of
the present study but is planned to be carried out in the
near future.

4 CONCLUSION

We applied an 1D upper atmosphere radiation absorption
and hydrodynamic escape model that includes ionization,
dissociation and recombination to hydrogen envelopes cap-
tured from protoplanetary nebulae surrounding rocky cores
with masses between 1M⊕ and 5M⊕ at orbital locations of
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0.1–1 AU. These different test planets have been exposed to
a stellar XUV flux of a young solar-like star emitting 100
times more XUV radiation compared to present Sun. De-
pending on the assumed planetary parameters, the orbital
distance, the corresponding XUV flux and the effective tem-
perature, our model yields hydrogen escape rates of ≈ 1032

s−1 to 1034 s−1 and corresponding atmospheric mass loss
rates of ≈ 108 g s−1 to 1010 g s−1 between 1 AU and 0.1 AU,
respectively. Our study also shows that the energy-limited
formula can overestimate the atmospheric mass loss rates
of hydrogen-dominated low mass planets such as ‘super-
Earths’ or sub-Neptunes to a great extent. By assuming that
Rpl ≈ R0 ≈ RXUV the energy-limited formula yields physi-
cally incorrect mass loss rates for low mass planets because
RXUV can be significantly larger than the planetary radius.
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