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Abstract Atmospheric escape is an essential process that
affects the evolution of the proto-atmosphere. The atmo-
spheric escape of early terrestrial planets was extremely
rapid compared with the current scenarios, and the main
atmospheric escape modes were also quite different. Dur-
ing the dissipation of the nebula disk, the primordial
atmosphere experienced a brief but violent “boiling”
escape, in which most of the primordial atmosphere was
lost. After the nebula disk dissipates, hydrodynamic escape
and impact erosion are the two most important mass-loss
mechanisms for the proto-atmosphere. Hydrodynamic
escape is a rapid atmospheric escape process caused by
strong solar radiation, while impact erosion refers to the
process in which small-large or giant impacts erode the
proto-atmosphere. In the early solar system, there were
other escape mechanisms, such as non-thermodynamic
escape and Jeans escape, but it is generally believed that
these mechanisms have relatively little impact. Here we
systematically introduce the above-mentioned atmospheric
escape mechanisms and then make some suggestions for
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the existing problems and future research for atmospheric
escape models.
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“Boil-off” - Hydrodynamic escape - Impact erosion

1 Introduction

Proto-atmosphere originated from the nebula gas disk of
the young solar system. Because the protoplanets were
surrounded by dense nebula gas during their growth in
nebula disk, as the mass of these protoplanets increased,
they would capture the surrounding nebula gas by
increasing self-gravity. The captured nebula gas is a so-
called primordial atmosphere (Fig. 1a), mainly consisting
of hydrogen and helium (Mizuno et al. 1978; Wuchterl
1993; Ikoma et al. 2000).

Since then, the nebula disk experienced rapid dissipa-
tion, due to the material accretion towards the young Sun
and evaporation caused by solar radiation such as X-ray,
EUYV (i.e. extreme ultraviolet), and FUV (i.e. far ultravio-
let) (Gorti et al. 2015; Lammer et al. 2018). During the
nebula disk dispersal, contributed by disk depressurization
and more exposure to the young Sun, the primordial
atmosphere experienced a short but violent atmospheric
escape. Owen and Wu (2016) named this process a “boil-
off” (Fig. 1b). They suggested that after the end of “boil-
off”, around 90% of the initial primordial atmospheric
mass might have been lost. The Earth and Mars might lose
their primordial atmospheres completely, whereas Venus
might capture a tiny primordial atmosphere after disk dis-
persal (Erkaev et al. 2014; Stokl et al. 2016; Odert et al.
2018; Lammer et al. 2018).
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Fig. 1 Illustration of formation and escape of proto-atmosphere for terrestrial planets, a, b for the primordial atmospheres, ¢, d for the secondary
atmospheres. a Illustrates that when growing protoplanets were embedded in nebula disk, this outer boundary of proto-atmosphere can be
estimated by Hill radius and Bondi radius. Hill radius is often simplified as the boundary where the gravity of the planet balances the tidal force
from the Sun (Lammer et al. 2014; Massol et al. 2016). Bondi radius is the boundary where the thermal motion of gas molecules will dominate
the protoplanet’s gravity, within it the gases move towards a freefall solution (Edgar 2004). The planetary outer boundary is defined as the

minimum of Ry and Ry

The impact events during the accretion process of pro-
toplanets contributed more material sources to proto-at-
mosphere. The giant impacts led to the formation of global
magma oceans. During the solidification of these magma
oceans, a great amount of volatiles would be catastrophi-
cally outgassed from the mantle to the atmosphere
(Fig. 1c). For small-large impacts, a large amount of
volatiles could be retained in the proto-atmosphere as the
impactors traveled through the proto-atmosphere. Gener-
ally, after the outgassing and volatile delivery caused by
the impact process, a protoplanet could build up a dense
steam atmosphere mainly composed of H,O and CO,,
namely secondary atmosphere (Elkins-Tanton 2008, 2011;
Marcq 2012; Hamano et al. 2013; Lebrun et al. 2013;
Massol et al. 2016; Salvador et al. 2017). The primordial
atmosphere and the secondary atmosphere together con-
stitute the proto-atmosphere.

Obviously, the major atmospheric escape mechanism for
proto-atmosphere is quite different from that for the pre-
sent atmosphere, and the atmospheric mass-loss process
corresponding to the former could be much more efficient.
After the short “boil-off”, there are two remarkable
atmospheric escape mechanisms for proto-atmosphere:
hydrodynamic escape and impact erosion (Fig. 1d). With-
out the shield of nebula gas, the primordial atmosphere
would be exposed to the high flux of solar XUV (X-ray and

EUV). Hydrodynamic escape, driven by atmospheric
absorption of XUV from the young Sun, can be extremely
efficient on a global scale especially when the main com-
ponent of the upper atmosphere is hydrogen. A large
amount of volatiles can be lost due to hydrodynamic escape
(Odert et al. 2018; Tian et al. 2018; Benedikt et al. 2020;
Lammer et al. 2020). Impact erosion mechanism can be
divided into two regimes, depending on the impact energy
of impact events: small-large impacts induce local atmo-
spheric escape, while giant impacts can produce a strong
shock traveling through the whole planet and thus induce a
global atmospheric escape (Chen and Ahrens 1997; Sch-
lichting et al. 2015; Schlichting and Mukhopadhyay 2018).

2 Basic conceptions of atmospheric escape

Atmospheric escape mainly happens in the upper atmo-
sphere. The planetary upper atmosphere is an essential part
of atmospheric escape models. It can be defined as a
“heterosphere” (i.e. a region where the different atmo-
spheric species begin to separate from each other due to
planetary gravity and the weak mixing). It can also be
identical to the “thermosphere”, which can be heated
efficiently by the absorption of solar XUV. Since the lower
boundary of the heterosphere is normally located not far
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from that of the thermosphere, the lower boundaries in
most atmospheric escape models do not strictly distinguish
between the base of the heterosphere and thermosphere.
The height at which collisions among atmospheric par-
ticles cease to be important is called the critical level. The
atmosphere above this critical level is called the exosphere
(Spitzer 1952), or planetary corona by Chamberlain (1963).
Therefore, this critical level can be called as exobase,
regarded as a surface or a narrow atmospheric region.
Jeans escape is a classical atmospheric escape process. It
assumes that the atmosphere near the exobase is in
hydrostatic equilibrium, and the particles near the exobase
have a Maxwell velocity distribution. The high energy tail
of this Maxwell distribution directly leads to a molecule-
by-molecule atmospheric escape, named Jeans escape
(Chamberlain 1963). It can be calculated as:

n(z)Vo (V2 V2
O = esc 1 _ Lesc 1
e (1) (5 v

here @ is the Jeans escape flux (number of escaping par-
ticles per unit area per unit time) at the exobase, n(z) is the
local number density of particles, V; is the most probable
velocity related to the local atmospheric temperature, V.
is the escape velocity.

Jeans escape happens in atmospheres that are not super-
heated by solar radiation in scenarios such as these in the
present solar system. However, the scenario could be quite
different much earlier. Opposite to the increasing lumi-
nosity of the Sun, the solar EUV decreases as the Sun
evolves (Ribas et al. 2005; Johnstone et al. 2015; Tu et al.
2015), for which EUV flux from the young Sun can be
much higher than the present. Under several tens to hun-
dreds of times higher solar EUV flux, the upper atmosphere
can be heated up efficiently, leading to a shifted Maxwell
distribution (Yelle 2004). In this case, the hydrodynamic
escape instead of Jeans escape occurs. Traditionally,
hydrodynamic escape with an extremely high mass-loss
rate can also be called a “blow-off”. It can be considered
as a global atmospheric expansion like a cometary tail,
during which the bulk of upper atmospheric particles
escape rapidly.

However, in a much earlier period, back to the point
when the nebula disk dissipated, there could be once
another mechanism called “boil-off”, which could be
much more violent than hydrodynamic “blow-off”. “Boil-
off” can be considered as a strengthened “blow-off”. It
refers to a process that a proto-atmosphere not only expe-
riences a fast escape like hydrodynamic “blow-off”
induced by solar EUV, but also contributed by the
depressurization of the surrounding nebula gas, which
further leads to a much more violent atmospheric escape.
According to the sequence of these remarkable
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atmospheric escape processes, here we introduce the “boil-
off” first, then the hydrodynamic escape and impact
erosion.

3 The “boil-off”

Ikoma and Hori (2012) first investigated the effect of
depressurization on atmospheric escape during the disper-
sal of nebula disks. They thought this depressurization
caused by nebula disk dispersal could lead to a special
atmospheric escape mechanism. They also examined the
preservation of primordial atmosphere on super-Earths.
Owen and Wu (2016) further investigated this process and
named it “boil-off”, and suggested that the disk depres-
surization could lead to a violent atmospheric escape dur-
ing “boil-off”. According to the “boil-off” theory, when
the disk dissipates, there are two processes allowing the
primordial atmosphere to expand and then undergo an
efficient escape: (a) the disk dissipation lead to depres-
surization of surrounding proto-atmosphere and gravita-
tional contraction of the protoplanet; (b) as the protection
of the nebula gas decreases, the upper primordial atmo-
sphere is heated up due to direct exposure to the XUV
radiation of the young Sun (Owen and Wu 2016; Fossati
et al. 2017). Owen and Wu (2016) suggested that how fast
the disk dissipation happens might have an essential
influence on “boil-off”. If disk pressure drops too slowly
then the “boil-off” could be less important. Kubyshkina
et al. (2018) suggested that the mass of planets might also
have an essential effect on “boil-off”. During the “boil-
off”, the highest mass-loss rates correspond to the lowest
gravity planets, and the dependence of the mass-loss rates
on the stellar XUV flux tends to get strengthened with
increasing planetary mass.

The primordial atmosphere experiences “boil-off” until
the outer boundary has contracted to 0.1Rg (Owen and Wu
2016), lasting from 0.1 up to a few Ma (Lammer et al.
2020). Thereafter the main atmospheric escape mechanism
transfers from “boil-off” to XUV-driven hydrodynamic
escape.

The planetary outer boundary is defined as the minimum
of Ry and Rg, generalized for most cases Rg with Rg < Ry
(Ikoma and Genda 2006; Lammer et al. 2014), and there-
fore the boundary of primordial atmosphere is often placed
at the Bondi radius Rg. The Bondi radius Ry can be cal-
culated as:

GM,
Rs = 2c52_p1

(2)

where G is the gravitational constant, M,, is the mass of the
planet, c; is the isothermal sound speed of the surrounding
gas.
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4 Hydrodynamic escape

After the “boil-off”, the upper proto-atmosphere continues
to be heated efficiently by the intensive irradiation of XUV
from the young Sun. Hydrodynamic escape is a global,
cometary-like, expansion of the atmosphere with an
extremely high mass-loss rate. This process can also be
called a “blow-off” or planetary wind. It can be significant
especially for an H-rich atmosphere, in which atomic
hydrogen, as the dominant atmospheric escape particles,
can drag other heavier species away from the planet
(Fig. 2). Therefore, the mass-loss rates of heavy compo-
nents like CO, and noble gases increase during a hydro-
dynamic escape.

4.1 The structure of planetary upper atmosphere

Tian et al. (2008) calculated the temperature profiles of the
thermosphere under different solar EUV fluxes. The peak
temperature in the thermosphere occurs at the exobase
level for solar EUV fluxes smaller than about 5 EUV (5
times that of today). However, for EUV flux values greater
than about 5 EUV, the upper part of the thermosphere
begins to get cooler. In this case, Tian et al. (2008) con-
cluded that the higher energy input into the thermosphere,
the lower the exobase temperature would be in hydrody-
namic atmospheres, which is consistent with previous
works (Watson et al. 1981; Kasting and Pollack 1983;
Chassefiere 1996; Yelle 2004; Tian et al. 2005).

4.2 The development of hydrodynamic escape
theory

Parker (1964) proposed the hydrodynamic escape theory to
study the solar wind plasma and found that the solar mass

Fig. 2 Illustration of heavy particles dragged by hydrogen atoms in
hydrodynamic flows. Heavy particles (like Ne, Ar, CO;) can be
dragged along the atomic hydrogen to space due to the much higher
escape flux of the latter. Moreover, some of the heavy particles that
escape in a high enough flux can put force on heavier ones as well

loss process is caused by the expansion of the outer part of
the Sun. This expansion is determined by the exosphere
temperature, ranging from the exobase to the altitude above
which the atmospheric escape flow becomes supersonic
(traditionally a rapid atmospheric escape is described as a
gas that goes sonic, especially for hydrodynamic escape).
Watson et al. (1981) first applied the hydrodynamic escape
theory to study the escape process of H-rich proto-atmo-
spheres from the Earth and Venus, since they suggested
that the hydrodynamic escape of a light gas from a plan-
etary atmosphere is a process similar in many respects to
the supersonic flow of plasma from the Sun. Watson et al.
(1981) also first defined energy-limited atmospheric escape
and suggested that the atmospheric escape rate should have
been controlled by heating from solar EUV. Kasting and
Pollack (1983) investigated the hydrodynamic escape
process on early Venus. They suggested that the time
required for Venus to have lost the bulk of a terrestrial
ocean of water is on the order of a billion years. Kasting
and Pollack (1983) assumed a value of stellar EUV radi-
ation close to the present Sun, while Ribas et al. (2005)
pointed out that the young Sun’s EUV flux could be several
tens to hundreds of times higher than the present solar
value.

Tian et al. (2005) pointed out that the Archean Earth was
surrounded by a H-rich atmosphere with a cold exobase. In
such a condition they suggested that energy-limited EUV-
driven hydrodynamic escape of hydrogen molecules should
have been the dominant atmospheric escape mechanism.
Tian et al. (2005) established a hydrodynamic escape
model with 1D time-dependent non-viscous Euler equa-
tions, they took a constant 250 K as the lower boundary
temperature, lack of detailed calculations on radiative
transfer processes in the lower part of the atmosphere.
Catling (2006) argued that Tian et al. (2005) neglected the
importance of the nonthermal escape mechanism. Tian
et al. (2006) responded that the nonthermal escape rate of
early Earth in Archean can only be lower than that of early
Venus, which cannot balance the volcanic volatile out-
gassing rate, making it necessary for the early Earth to
experience a rapid hydrodynamic escape.

For early Earth with the same composition as that of
today, Kulikov et al. (2007) established a model, predicting
a thermospheric temperature of 10,000 K for EUV fluxes
about 12 times that of the present. The extremely high
thermospheric temperatures of Kulikov et al. (2007)
showed that the thermosphere cannot be considered
hydrostatic in extreme solar EUV conditions because
atomic oxygen (the dominant gas in the upper thermo-
sphere of the present Earth) should be escaping at a sig-
nificant rate.

Erkaev et al. (2015) applied a 1-D hydrodynamic upper
atmosphere model to study the XUV-driven thermal escape
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of the martian proto-atmosphere during the early active
stage of the young Sun. They set a solar XUV flux that is
100 times higher than the present value. Depending on the
amount of the outgassed volatiles, as well as the assumed
heating efficiency and location of the lower thermosphere,
their results indicated that early Mars lost its nebular cap-
tured hydrogen envelope and catastrophically outgassed
steam atmosphere most likely within 0.4-12 Ma by
hydrodynamic escape.

Lammer et al. (2014) assumed an EUV radiation value
which is 100 times higher than the present value. They
investigated the escape process of the primordial atmo-
sphere on protoplanets ranging from 0.1 to 5 Mg,q,- The
results suggested that for protoplanets with mass < 1
Mgan the primordial atmosphere could be lost within
500 Ma. They suggested that solar system terrestrial
planets may lose their nebula-based proto-atmospheres
during the XUV activity saturation phase of the young
Sun.

4.3 Hydrodynamic escape model for hydrogen-
dominated atmosphere

Numerical models related to hydrodynamic escape are
generally based on the energy-limited theory (Watson et al.
1981; Erkaev et al. 2007, 2013, 2014; Luger et al.
2015; Ginzburg et al. 2016; Odert et al. 2018; Benedikt
et al. 2020; Lammer et al. 2020). The energy-limited theory
basically assumes that the total atmospheric mass-loss rate
is limited by the solar radiation energy heating up the
thermosphere, which fits the scenarios of hydrodynamic
escape for hydrogen-dominated atmosphere well. The H,O
molecules in the upper atmosphere on early terrestrial
planets can be dissociated after absorbing stellar XUV
radiation, and thus hydrogen atoms become the dominant
particles from the base of thermosphere to the Roche lobe
boundary (Kasting and Pollack 1983; Chassefiere 1996;
Yelle 2004; Koskinen et al. 2010; Lammer et al. 2013). As
the upper atmosphere temperature reaches about 2000 K,
the H, molecules break down thermally into hydrogen
atoms (Lammer 2012). This hydrogen-dominated upper
atmosphere can then absorb stellar XUV radiation effec-
tively, which makes XUV radiation a controlling factor
during a hydrodynamic escape. In this case, if the effi-
ciency of heating in the thermosphere remains unchanged,
no matter how fast atmospheric escape can be at the exo-
base level, total escape remains unchanged. Thus the cal-
culations of atmospheric escape and the evolution history
of planetary atmospheres with strongly heated thermo-
sphere can be simplified (Tian 2013).

Erkaev et al. (2007) developed an energy-limited
equation to estimate the total mass-loss rate from a “hot
Jupiter”:
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where M refers to the total mass-loss rate, and it equals the
ratio between the stellar XUV radiation absorbed by the
atmosphere and a gravitational potential variation.
®oK (rp/rp) refers to the gravitational potential difference
between the Roche lobe boundary (rg;) and the planetary
surface (r,,;) affected by solar tidal forces. I, equals to the
solar XUV flux, and ryyy equals the distance from the Sun
to the planet.

Owen and Jackson (2012) found that at orbits > 0.1 AU,
heating by EUV photons becomes the dominant driver for
hydrogen escape in the hydrodynamic regime. Odert et al.
(2018) calculated the escape of three-component secondary
atmosphere on Mars-sized protoplanets with a simplified
Eq. (3). They transferred it into:

2
M B nFeuyv
4AD

Benedikt et al. (2020) then expanded Eq. (4) to a multi-
species atmosphere:

= myulFy + moFo + mco,Fco, (4)

B nFewy

M= = muFy+ Y _ mF; (5)

i=1

where f is the ratio of the radius where the bulk of the
incoming EUV radiation is absorbed (Ry) to the planet
radius (r,;), and it is often taken as 1; A® is the gravita-
tional potential at the surface of the planet, F; is the escape
flux of species i in cm 2 s7! and 1 is the non-dimensional
solar heating efficiency. Murray-Clay et al. (2009) sug-
gested that n should be less than 20% for EUV heating
during the first 100 Ma of the solar age. Several other
research groups took # as 15% (Erkaev et al. 2007, 2014;
Penz et al. 2008; Odert et al. 2018; Benedikt et al. 2020).

Hydrogen atoms can drag along other heavier particles
like oxygen and noble gases to space during its hydrody-
namic escape. According to Zahnle and Kasting (1986) and
Zahnle et al. (1990), the escape flux of the dragged heavy
species i (F;) can be described as

F; = Fufixi (6)

where f; is the mixing ratio relative to atomic hydrogen and
x; is the fractionation factor equals the velocity ratio v/vy.

Combining Eq. (5) with (6) allows expressing the
escape flux of the atomic hydrogen as:

_ B*nFeuy
4AD (mH + > mif,-x,-)
According to Zahnle et al. (1990), the fractionation

factors of oxygen atoms (xp) and other heavy species (x;)
can be written as:

Fy

(7)
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where g refers to the gravitational acceleration at the base
of the escaping flow, like 1 pbar level in Benedikt et al.
(2020). m is the mass of the individual particle. b is the
binary diffusion coefficients. kg is the Boltzmann constant
and T is the temperature of the upper atmosphere.

Then one can combine Egs. (6) to (9) to calculate the
hydrodynamic escape process of a secondary atmosphere.
Moreover, a hydrogen envelope with a moderate mass
around early Earth may have acted as a shield against
atmosphere erosion by the solar wind plasma during the
first hundred Ma (Kislyakova et al. 2013) and could have
thus protected heavier species, such as N, molecules,
against rapid atmospheric loss (Lichtenegger et al. 2010;
Lammer et al. 2013). It should be noted that hydrodynamic
escape has been existing during the “boil-off” phase,
mainly driven by continuum stellar radiation, while the
“boil-off” is powered by the binding energy released
during the rapid gravitational contraction (Owen and Wu
2016), leading to the escape rates of “boil-off” orders of
magnitude higher than those resulting from the EUV-dri-
ven hydrodynamic escape (Odert et al. 2018).

4.4 The transition from hydrodynamic escape
to Jeans escape

Jeans escape parameter / is often used to evaluate when the
hydrodynamic escape terminates and starts transferring to
Jeans escape. It represents the ratio of the gravitational to
the thermal energy of the atmospheric molecules:

GMm
A= 10
rkT ( )

where, G is Newton’s gravitational constant. M is the
planetary mass. m is the mass of the atmospheric main
species. k is Boltzmann constant. r is the distance from the
center to the altitude of the molecules in a specific question
and T is the corresponding atmospheric temperature.

The transition from Jeans escape to hydrodynamic
escape can be considered to start in scenarios for 1 < /.
As is shown in Table 1, there is a series of values of A,
taken by different groups, varying from 1 to 3. These dif-
ferences can be considered as in a small range. They should
be induced by different boundary conditions and solution
treatments of the models.

During the transition from hydrodynamic escape to
Jeans escape, the upper atmosphere would not transfer into
hydrostatic equilibrium immediately. As the EUV flux

decreases, there is a stage that the thermosphere still
remains in dynamical expansion meanwhile the atmo-
spheric escaping flow does not reach the escape velocity at
the exobase level. In this stage, the upper atmosphere
remains in a hydrodynamic regime but actually experiences
a fast Jeans escape (Tian et al. 2008).

The lasting time of the hydrodynamic escape with
extreme mass-loss rates depends generally on the evolving
solar EUV flux, the planetary gravity, and orbit location,
the main constituents in the upper part of proto-atmo-
sphere. The hydrodynamic escape would eventually
transfer to Jeans escape. However, for a better under-
standing of this transition timescale on early Venus, Earth
and Mars, it is crucial to gain a clearer knowledge of the
early evolution of the Sun, especially of its EUV flux
during the first 1 Ga.

4.5 The difference among Jeans escape,
hydrodynamic regime, and hydrodynamic
escape

The distinction between Jeans escape and hydrodynamic
escape is analogous to that between evaporation and boil-
ing. In this analogy, the exobase, the force of gravity, and
the collision binding of other molecules can be separately
compared to the surface of the evaporating fluid, the
atmospheric pressure, and the pressure of other molecules
in the liquid. Moreover, Jeans escape does not change the
temperature and the velocity distributions of particles in the
upper atmosphere, while the hydrodynamic escape does
modify both two states through its significant effect on the
atmospheric energy budget.

Jeans escape mainly happens in a “collisionless” region
above the exobase, where the velocities of partial neutral
species could exceed the escape velocity of the planet.
Below the exobase, the frequent collision among atmo-
spheric particles and planetary gravity prevents the atmo-
sphere from escaping. Once the atmosphere was heated
efficiently, especially in the early solar system, the atmo-
sphere would be in a hydrodynamic regime. In the hydro-
dynamic regime, the particles become so energetic that the
collisions become insufficient to restrict escape. Thus, the
hydrodynamic escape can take place far below the exobase.
The lower boundary of a hydrodynamic escape model is
commonly set around the base of thermosphere.

It should be noted that a planetary atmosphere in the
hydrodynamic regime does not have to experience hydro-
dynamic escape. The former can be considered as a nec-
essary but not sufficient condition to the latter. The
hydrodynamic regime can be reached when the atmo-
spheric escape flow becomes important to affect the
atmospheric energy budget, while the hydrodynamic
escape occurs when the heating of the upper atmosphere is
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Table 1 Values of 4, taken by Authors o
different auth ..
HHierent authors Opik (1963), Tian et al. (2008), Lammer et al. (2008), Lammer (2012) 15
Hunten (1982), Young et al. (2019) 2
Johnson et al. (2013) Monatomic gases 2.1
Diatomic gases 2.8-3.5
Gronoff et al. (2020) Monatomic gases 1.5
Diatomic gases 2.5

so strong that the bulk kinetic energy of the upper atmo-
sphere particles overcome the planetary gravity, leading to
a significant effect on the energy budget.

5 Impact-induced atmospheric erosion

Impact-induced atmospheric erosion is another essential
mechanism controlling atmospheric escape. Many studies
indicate that the impact events were in a high frequency in
the earliest stage of planet formation (Gomes et al. 2005;
Morbidelli et al. 2018; Xie et al. 2021). Depending on the
energy released from the impact events, the impact events
can be divided into three regimes: small impacts, large
impacts, and giant impacts.

Figure 3 shows simplified impact patterns of the three
impact regimes. The small impacts partially eject the
atmosphere beyond the tangent plane of the impact site,
and the ejected atmosphere shapes in a cone centering at
the impact site (Fig. 3a). The more energy released from
the impactor, the more atmosphere will be ejected, which
corresponds to a larger angle 6 of the cone. A large impact
occurs when 6 increases to 1/2, thus the whole atmosphere
above the tangent plane will be lost (Fig. 3b), meanwhile,
the energy released from the impactor is yet not able to
cause a global earthquake. The ratio of the atmospheric
mass above the tangent to the total atmospheric mass

@  Tangent
plane

(b) Large Impacts

(a) Small Impacts (c) Giant Impacts
Fig. 3 Illustration of the small impacts, large impacts, and giant
impacts. a Small impacts: the low-kinetic impactors such as low-mass
planetesimals can only eject limited local atmosphere shaping in a
cone within 0. b Large impacts: the low-kinetic impactors can erode
the whole atmosphere above the tangent plane of the impact site.
¢ Giant impacts: the shock waves produced by high-energy impactors
spread from the impact site to the whole planetary surface, causing a
global atmospheric escape
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equals h/2R (h is the atmospheric scale height and R is the
planetary radius) (Schlichting et al. 2015; Schlichting and
Mukhopadhyay 2018). Giant impacts lead to a global
escape of the atmosphere as the impactor has enough high
kinetic energy (Fig. 3c). In this scenario, a global earth-
quake occurs and the energy released from the impact will
not only eject the whole atmosphere above the tangent
plane of the impact site but also produce shock waves
spreading through the whole planet and then delivering
energy from the ground to the atmosphere. In this case, a
global-scale atmospheric escape occurs.

The net atmospheric loss caused by the impact events
mainly depends on three factors: (1) the size distribution of
the impactors (reflecting the possible intensity of the col-
lision denudation process); (2) volatile content of impactor;
(3) the formation and outgassing process of magma oceans
caused by impact events. Early models (Melosh and
Vickery 1989) regarded the atmospheric density around the
impact point as isotropic. However, the atmospheric col-
umn density increases significantly in the direction close to
the tangent plane (Schlichting et al. 2015). Therefore,
column density above the impact site is the lowest, and
oppositely the density along the tangent plane is the
highest, corresponding to the simplest and most difficult
atmospheric erosion process.

5.1 Impact erosion model for small-large impacts

Analytical models of small-large impacts are often based
on the calculation method developed by Zel’dovich and
Raizer (1967). Only a few groups investigated the low-
speed impact events participated by planetesimals (Melosh
and Vickery 1989; Vickery and Melosh 1990; Ahrens
1993; Schlichting et al. 2015). The mass of the ejected
atmosphere in small-large impacts can be calculated by
Eq. (11) (Schlichting et al. 2015):

Mpjecrp = 27p ’ foc ofoexp[—z/h] sin 0'a*d0' da (11)

a=0 ¢'=0

where p is the atmospheric density on the ground, a is the
distance from the impact site to the top of the atmosphere,
0 is the solid angle centered at the impact site, z is the
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height in the atmosphere measured from the ground, and
h is the atmospheric scale height.

Assuming that the density and velocity of an impactor
areare constant. At first, with the increase of the impactor
size, the corresponding ejection cone of the equivalent
explosion scope gets larger (corresponding to larger 0).
Then due to the harder erosion process in a larger cone, the
ratio of ejected atmospheric mass to impactor mass Mgje.,/
My, (corresponding to the erosion efficiency) will peak
and soon decrease (Schlichting et al. 2015). As the size of
the impactor gets large enough to eject all the atmosphere
on the tangent plane of the impact point (i.e. large impact)
but not as large as that of the giant impact, the erosion
efficiency will further get reduced. Moreover, considering
a proto-atmosphere without supply, the later small-large
impacts occur, the higher atmospheric erosion efficiency
will be.

5.2 Giant impact events

Chen and Ahrens (1997) developed the first numerical
model on atmospheric impact erosion. They suggested the
energy released from a giant impact could induce a strong
ground motion around the whole planetary surface, accel-
erating the atmosphere to escape, based on this they
developed a one-dimensional atmosphere escape model.
Genda and Abe recalculated the ground velocity by SPH
method and modified the atmospheric mass-loss induced by
giant impacts, based on a one-dimension hydrodynamic
model described as:

Dr 1

i (12)
Dm  4nr?p

Du An? dp A

pu_ _tmrmop Ao (13)
Di y om  yr?

Dr

—_—= = 7l ]4
i = ! (14)
D __0Pq

— = —4m _ 15
Di Rl (15)

where 7 is the adiabatic index, r is the path the particles
travel through and #« is the corresponding speed, m is the
atmospheric particle mass. p and p are the local number
density and temperature, respectively.

Equations (12) and (13) describe the atmospheric
motion related to the global ground shock given by the
Lagrangian equations. Equation (15) expresses the energy
equation of an adiabatic gas. The results suggested that the
globally averaged ground velocity is smaller than 6 km/s,
thus up to 30% of the atmosphere escapes during a giant
impact (Genda and Abe 2003, 2005).

Schlichting et al. (2015) developed a new one-dimen-
sion model to calculate the ground velocity and

atmospheric mass-loss rate during a giant impact. They
established empirical equations of atmospheric erosion
induced by giant impacts. Assuming momentum conser-
vation and a constant density impacted the planet, the
velocity of the shock wave spreading through the planet vy
and the ground velocity v, by which the energy transfer to
the atmosphere from the solid surface can be calculated
from Egs. (16) and (17) respectively.

m 1
Vs = Vimp (M) (1/2R)3(4 —3(I/2R))

m 1
Ve = Vimp (M) (l/2R)2(4 —3(I/2R)) "

(16)

where vy,,,, is the velocity of the impactor, [ is the distance
of the shock wave traveling from the impact site, m is the
mass of the impactor. M and R are the mass and radius of
the planet, respectively.

Isothermal atmosphere and adiabatic atmosphere are
often used as the critical conditions for calculation since
the physical and chemical conditions of the early atmo-
sphere are full of uncertainty. The atmospheric loss
fraction Xy is a function when (Vi /Vese) (m/M) < 1.
Equations (18) and (19) are the global atmospheric loss

rate under isothermal and adiabatic atmosphere
respectively:
2 3

Xppss = 0.4( L) o q g Y™) g g (1 ™) (18)

VESCM VCSCM VESCM

Vimp Vimpm\ > Vimpm\
Xioss = 0.4 2222 4 1.8(227) —12(222)  (19)

VeseM VeseM VeseM

The simulation of Schlichting et al. (2015) showed that
if a 0.9 Mg, planet was hit by a Mars-sized impactor at a
speed close to escape velocity, the corresponding atmo-
spheric loss rate turned out to be 6%. Their results were 2
times lower than that calculated by Genda and Abe (2003),
while the latter was based on a series assumption of the
ground velocity.

6 The nonthermal escape processes

Since the Jeans escape and the hydrodynamic escape is
highly related to the temperature of the upper atmo-
sphere, typically both the two can be defined as a ther-
mal escape. Nonthermal escape is a series of processes
occurring as the velocity of escaping particles is not
dominated by the upper atmospheric temperature. The
nonthermal escape is the consequence of complex inter-
actions including photochemical loss, ion pickup, sput-
tering, polar wind, etc.
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6.1 Four common nonthermal escape mechanisms

Photochemical loss is similar to the Jeans escape except
that the energetic particles are produced photochemically
but not simply part of the tail of velocity distribution.

Ion pickup occurs mainly on the Sun-facing hemisphere
of terrestrial planets where the solar wind impinges directly
on the upper atmosphere. Ion pickup works mainly for
planets without the protection of a strong magnetic field,
such as Mars. lons are created by photoionization, electron
impact ionization and charge exchange during the inter-
action between the solar wind plasma and the upper
atmosphere. Most of the pickup ions are accelerated effi-
ciently and then escape to space.

Sputtering is another mechanism derived from ion
pickup, it occurs when some pickup ions have sufficient
energy to impart escape velocity to exospheric neutrals by
collisions.

The polar wind is a process that a group of ions and
plasma escape to space in the polar cap on a magnetized
planet. The polar cap exists around the magnetic pole,
where the magnetic field lines have one end in the iono-
sphere and the other in space. In the polar cap, the electrons
are faster than the ions and thus set up an electric field
accelerating ions upward, which leads to the occurrence of
a polar wind.

According to Lammer (2012), as the hydrodynamically
expanded thermosphere transfers into a hydrostatic regime
with decreasing EUV, various non-thermal atmospheric
escape processes start to become significant and contribute
to the total atmospheric loss. During periods when the EUV
flux of the young Sun decreased to values of < 7 times that
of the present, several non-thermal atmospheric escape
processes, which might be less relevant during the first
500 Ma after the origin of the planets, began to act
(Lammer 2012). However, the relevance of nonthermal
escape related to proto-atmosphere can be much more
complicated.

6.2 Minor roles nonthermal escape plays
in atmospheric escape

Some authors suggested that the nonthermal escape
mechanisms may not be significant during the early stage
of the solar system. Kislyakova et al. (2013) studied the
stellar wind-induced erosion of hydrogen upper atmosphere
on an Earth-like planet in the habitable zone. They found
that the loss rates of pickup H" ions within a wide range of
stellar wind plasma parameters are several times lower
compared to the thermal escape rates. Johnson et al. (2013)
pointed out that if the absorption of solar radiation energy
in the upmost layer of the thermosphere is inefficient,
nonthermal escape processes can be ignored. Tian (2013)
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suggested the case in Johnson et al. (2013) can be con-
sidered as that the solar radiation energy absorbed in the
collision-dominant part of the atmosphere contributes to
the heating of the atmosphere but not to nonthermal escape
processes. However, Airapetian et al. (2017) showed that
non-thermal oxygen ion escape could be as important as
the thermal hydrodynamic escape of hydrogen in removing
the constituents of water from exoplanetary atmospheres
under extreme high solar XUV irradiation. Moreover, the
violent thermal escape especially as EUV-driven hydro-
dynamic escape could also contribute to some nonthermal
escape processes.

6.3 The complicated relationship
between the thermal and nonthermal escape

The magnetopause prevents the upper atmosphere from the
erosion of solar plasma. The solar EUV flux from the
young Sun can be extremely high thus the thermosphere
can even expand beyond the magnetopause, meanwhile,
the planetary gravity becomes weaker at higher exobase. In
this case, nonthermal escape processes such as ion pickup
would become relevant and contribute to the non-negligi-
ble mass-loss rate in atmospheric escape. Lichtenegger
et al. (2010) investigated the Earth’s exobase altitudes
under different solar EUV fluxes. They found that the
Earth’s exobase level could move from the present location
at about 500 km above the surface to about 2.4, 4.8, and
12.7 Rgaup under solar EUV fluxes of 7 EUV, 10 EUV, and
20 EUV, respectively. Assuming that the Earth’s intrinsic
magnetic field could provide proto-atmosphere with
effective protection from the solar wind, the extreme solar
conditions make the Earth’s magnetic field become too
weak to protect the exosphere against strong ion pickup
atmospheric escape processes. So far no numerical models
have been established yet to provide accurate calculations
on the atmospheric escape rates in this scenario.

Moreover, during nonthermal atmospheric escape pro-
cesses, the interaction of the high-energy solar radiation
and solar wind plasma with upper planetary atmospheres
could modify the density and temperature profiles of the
upper atmosphere. Therefore, the thermal and non-thermal
atmospheric escape processes can be interrelated. How-
ever, there is still not a widely accepted nonthermal
atmospheric escape model. This is because currently, we
have a very limited understanding of the planetary mag-
netic field and solar wind’s components from the young
Sun, as well as the complicated interaction among non-
thermal escape processes.

At present, it has been widely accepted that the early
terrestrial planets are under intense stellar X-ray and EUV
radiation so that the upper atmospheres on early terrestrial
planets are necessarily hot. This makes the thermal escape,
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especially hydrodynamic escape, the most inevitable at-
mospheric mass-loss mechanism when discussing the
escape of proto-atmospheres.

7 Other research developments

As discussed in the previous section, atmospheric escape is
a complex process because it is affected by many factors.
We still need to gain a clearer knowledge about the
dynamic mechanisms of proto-atmosphere escape on ter-
restrial planets. One might be wondering if there is a direct
way to test the accuracy of different atmospheric models.
Opposite to the models for the current atmospheres, there is
much uncertainty for the proto-atmospheres. Vidal-Madjar
et al. (2003) observed the atmosphere of an exoplanet
named HD205498 through the detection of spectrum
absorption. They found that the absorption area of atomic
hydrogen was beyond the Roche limit, which refers to a
fast escape event of hydrogen. Unfortunately, the current
direct observation of atmospheric escape on exoplanets is
mainly confined to close-in giant gas planets (i.e. giant gas
planets orbiting near to their host star) including
HD205498. So far no reliable observations of atmospheres
on exo-terrestrial planets have been obtained (Gronoff et al.
2020; Owen et al. 2020), for which the current atmospheric
escape models especially for hydrodynamic escape are
mainly about gas giants. But better simulations can still
provide us with some useful limitations on the possible
scenarios of atmospheric evolution. Research develop-
ments in recent years are discussed below including an
energy-limited multiple-components atmospheric escape
model, the impacts of atmospheric escape on atmospheric
chemistry, the impact-induced atmospheric erosion models,
the combination of hydrodynamic escape, and impact
erosion models.

7.1 An updated multiple-components hydrodynamic
escape model

Guo (2019) studied the photoionization of H,O molecules
in a dense steam atmosphere on an Earth-like planet that
was exposed to EUV fluxes between 10 and 400 times the
present solar values. It was shown that the H,O molecules
dissociate and atomic H becomes the most abundant spe-
cies around the 1 p bar atmospheric level, while IR-cooling
molecules such as CO, could not reach this altitude due to
mass fractionation. This work provides further proof of a
hydrogen-dominated upper atmosphere and a clearer lower
boundary of EUV-driven energy-limited hydrodynamic
escape region. Odert et al. (2018) proposed a three-com-
ponents proto-atmosphere model based on the method of
Zahnle and Kasting (1986) and Zahnle et al. (1990). They

suggested that the H,O-CO, proto-atmospheres can be lost
in a few up to a few tens of Ma from Mars. However, the
start time of atmospheric escape they assumed, 10 Ma of
solar age, seems too early and may affect the preservation
of proto-atmospheres significantly. Benedikt et al. (2020)
followed this work and further developed a multiple-
components atmosphere model. They took 1 pbar as the
lower boundary of the hydrodynamic escape region and
concluded that for all simulated cases the entire budget of
outgassed moderately volatile elements and noble gases
from the magma ocean is lost due to hydrodynamic escape
as long as the embryo is located within about 2 AU.

7.2 The effect of atmospheric escape on atmospheric
chemistry

The hydrodynamically escaping hydrogen atoms prefer-
entially drag the lighter isotopes and thus the proto-atmo-
sphere tends to accumulate heavier isotopes. Meanwhile,
the major heavy species can drag the minor heavier ones as
well. The present Martian CO,-dominated atmosphere
actually prevents the expansion of the upper atmosphere,
which further prevents the occurrence of hydrodynamic
escape. Therefore the loss of Mars’ atmospheric nitrogen
must have happened at an early stage. According to the
estimated amount of the lost nitrogen based on the structure
and composition data from MAVEN, the surface pressure
of Mars was most likely higher than 0.5 bar about 4 Ga ago
(Kurokawa et al. 2018). The thermodynamic model applied
by Chevrier et al. (2007) indicated that the estimated high
oxidation state of the early Martian surface supports an
efficient escape of hydrogen. Besides, the enrichment of
'S'N in the atmosphere of Mars indicates that Mars has lost
most of its atmospheric nitrogen inventory (Fiiri and Marty
2015).

Noble gases are relatively useful to constrain the
atmospheric evolution since they are mostly partitioned
into the atmosphere and do not form molecules to partici-
pate in most reactions. Pepin (1997) suggested that
hydrodynamic escape on early Venus could generate Ne
and Ar isotope ratios which are close to the observed
values in its present atmosphere. However, the isotope
fractionation caused by hydrodynamic escape may not be
significant. Benedikt et al. (2020) investigated the hydro-
dynamic escape of noble gas on planetary embryos with
mass less than 1.5 My,. In these cases, they found that
due to the high mass-loss rate, the initial fractionations of
*'Ne/*Ne and *°Ar/*®Ar could not change significantly,
even for a proto-atmosphere that has lost most of its noble
gases. Lammer et al. (2021) investigated that there is a
reasonable mass range for the proto-Earth and proto-Venus
depending on their *°Ar/*®Ar and *°Ne/*’Ne. Below this
range, there would not be enough *°Ar and *’Ne to lose,
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and beyond this range, there would be too many lighter
isotopes to get rid of.

7.3 The impact-induced atmospheric erosion models

Except for the solar EUV, impact events can also con-
tribute to the hydrodynamic escape. According to Sch-
lichting et al. (2015), the atmospheric mass-loss caused by
hydrodynamic escape due to the high surface temperature
induced by giant impacts could be significantly higher than
the atmospheric erosion caused by the global earthquake
(Schlichting et al. 2015; Inamdar and Schlichting
2015, 2016).

Shuvalov (2009) first developed a two-dimension model
to simulate oblique impacts participated by small impac-
tors. They found that the local atmospheric escape
increased as the frequency of small impactors increased,
which shows a reverse trend to giant impacts. Although
1-2D models can calculate the effect of ground velocity on
atmospheric escape, these models ignored the significant
deformation of both ground and atmosphere caused by
impacts. Liu et al. (2015) simulated the consequences of
impact events on the super-Earths and found that the giant
impact can remove most of the H/He primordial atmo-
sphere immediately. Hwang et al. (2018) modeled the
large-angle impact events, mainly focusing on the interre-
lation between impactors and the atmosphere. Both Liu
et al. (2015) and Hwang et al. (2018) developed three-
dimension models but assumed dense atmospheres. In
order to reproduce the impact erosion in the early solar
system, we need to focus on thiner atmospherc structure
and more realistic impact erosion systems. Kegerreis et al.
(2020) suggested that atmospheric mass loss induced by
head-on impacts change more significantly than that of
grazing impacts with different initial parameters.

7.4 The combination of hydrodynamic escape
and impact erosion models

Hydrodynamic escape and atmospheric impact erosion
processes are two violent escape processes experienced by
the original atmospheres of terrestrial planets. Although
neither of them can cause significant isotope fractionation
independently, the combination of both could lead to more
realistic simulations of the proto-atmospheres on terrestrial
planets. By assuming that the proto-Earth had accumulated
to more than 0.5 M g,,q, before the nebula disk dissipated,
Lammer et al. (2020) combined the simulation results of
hydrodynamic escape with that of impact erosion, suc-
cessfully recovering the composition of *°Ar/*®*Ar and
2ONe/**Ne in the present atmosphere. Moreover, according
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to Biersteker and Schlichting (2019), the atmospheric
mass-loss rate in hydrodynamic escape due to the high
surface temperature caused by giant impacts can be sig-
nificantly higher than the atmospheric erosion caused by
the global earthquake (Schlichting et al. 2015; Inamdar and
Schlichting 2015, 2016).

7.5 The influence of planetary magnetic field
on atmospheric escape

Magnetospheres exist both around magnetized planets,
such as Earth, and unmagnetized planets, such as Venus
and Mars. At a magnetized planet, the magnetosphere is the
part of space dominated by the planetary magnetic field,
and the magnetopause is the outer boundary of the mag-
netosphere. Around an unmagnetized planet with an
atmosphere, an induced magnetosphere can be formed by
the interaction between the upper atmosphere and the solar
wind (Russell 1993). Its outer boundary is called the
induced magnetosphere boundary (Lundin et al. 2004). The
induced magnetosphere boundary is located closer to the
planet than the magnetopause is to a magnetized planet.

To what extent the presence or absence of a magnetic
field around a planet influence the atmospheric escape is a
controversial issue. It has been suggested that magnetized
planets are better protected against atmospheric loss (Ku-
likov et al. 2007; Dehant et al. 2007) because an intrinsic
magnetosphere could provide direct shielding of the
atmosphere by deflecting solar wind away from the planet.
The Earth’s atmosphere without a magnetic field is
believed to be escaping more efficiently (Gronoff et al.
2020).

However, some researches showed that an intrinsic
magnetic field does not necessarily protect a planet from
losing its atmosphere (Brain et al. 2013; Garcia-Sage et al.
2017; Gunell et al. 2018).

The magnetosphere around a planet diverts part of the
solar wind energy and protects the atmosphere from
sputtering and ion pickup. The induced magnetospheres of
the unmagnetized planets also provide protection from
sputtering and ion pickup but to a lesser extent. However,
Brain et al. (2013) suggested that the amount of energy
transferred from the stellar wind to the ionosphere of a
magnetized planet is not necessarily lower for unmagne-
tized planets. Garcia-Sage et al. (2017) investigated an
exoplanet called Proxima b, which orbits at the location
where an Earth would not freeze or boil its oceans. The
simulation showed that even in the case of an Earth-like
intrinsic magnetic field, the evolution of the atmosphere
of Proxima b would be very different from that of the
Earth.
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Gunell et al. (2018) calculated the total mass-loss rate
including several nonthermal escape processes that depend
on the planetary magnetic moment in the present solar
system. The authors found that while a planetary magnetic
field protects the atmosphere from sputtering and ion
pickup, it contributes to other atmospheric escape pro-
cesses around the polar cap, such as polar wind, which
further increases the escape rate.

8 Discussion and summary

Here we have reviewed the formation and evolution of the
proto-atmosphere, and concluded three major atmospheric
escape mechanisms: boil-off, hydrodynamic escape, impact
erosion. We also introduce some other atmospheric escape
mechanisms including Jeans escape and nonthermal
escape.

The “boil-off” occurs during the nebula disk dissipa-
tion, it is a short-term but violent escape mechanism, cru-
cial for whether or not the nebula material could be
captured by proto-atmospheres. Basically, “boil-off” refers
to an atmospheric escape process that is similar to boiling
and occurs during the rapid decrease of nebula disk pres-
sure. “Boil-off” could cause a large part of primordial
atmosphere loss to space. Due to its complexity, very
limited numerical models on “boil-off” have been estab-
lished, the established ones still remain controversial issues
(Owen and Wu 2016; Fossati et al. 2017; Kubyshkina et al.
2018). On one hand, “boil-off” is strictly controlled by
how fast the nebula disk dissipated. If the nebula disk
dissipated slowly, “boil-off” may not even exist, whereas
the timescale of nebula disk dispersal still remains unclear.
On the other hand, the dynamic mechanism of “boil-off” is
very complicated. A large number of free surfaces could be
produced during this process, which means the traditional
CFD method becomes inaccurate to describe it. Thus a
more appropriate model is needed. Moreover, the present
models are limited on the planets > 3 Mg, and we need
to further expand this mass scale to a lower boundary.

Compared to the “boil-off”, hydrodynamic escape is a
relatively long-term atmospheric mass-loss process. Since
the hydrodynamic escape also corresponds to a high mass-
loss rate, it is considered the most important atmospheric
escape mechanism for proto-atmospheres. The dynamic
models related to hydrodynamic escape have been well
established, especially for the ones based on energy-limited
theory. So far the energy-limited hydrodynamic escape
models are capable of calculating the mass-loss rate for
multi-component atmospheres, but the accuracy can still be
further optimized: (1) Some parameters still remain in
assumption. For example, there is still not an accurate
value for solar heating efficiency m for terrestrial planets,

which can lead to non-negligible variations on the atmo-
spheric mass-loss rate. (2) The structure of proto-atmo-
sphere is divided into the lower atmosphere and the upper
atmosphere. Only the upper atmosphere is heated effi-
ciently by solar EUV and experiences hydrodynamic
escape, meanwhile, the materials are transferred by diffu-
sion from the lower to the upper atmosphere. If the mass-
loss rate of the upper atmosphere goes too high, this dif-
fusion process could provide an upper limit for the upper
atmospheric mass-loss rate, which needs to be further
evaluated. (3) There is a huge variation of atmospheric
physical and chemical parameters, such as density and
components, from the planetary surface to the outer
boundary of proto-atmosphere. The variation of these
parameters could influence the atmospheric escape rate as
well. However, most of the current atmospheric models
remain in one dimension, which decreases the reliability of
calculations. Thus more accurate atmospheric models need
to be established.

There is no doubt that the impact events can cause
significant atmospheric erosion, but the impact events both
contribute to the supply and loss of atmospheric materials,
especially for small impactors. As the small impactors
travel through the atmosphere, they are rubbed violently by
the dense atmosphere as well, during which a large amount
of volatiles are released and then remain in the proto-at-
mosphere. Because the proto-atmosphere can be hundreds
of times denser than the present atmosphere, the friction
can be so violent that most the volatiles can be released
into the atmosphere for small or even large impactors. We
have not yet established an accurate model to evaluate this
volatile delivery mechanism. Another problem for inves-
tigating the impact events is that we have limited knowl-
edge on the impact events histories, such as the mass,
velocity, and time distribution of impactors, which is cru-
cial to further simulate the influence of impact events on
the evolution of proto-atmosphere. Moreover, although
many impact erosion models have been established for
different scales of impactors, the inevitable assumptions
have limited the accuracy of these models. In conclusion,
the development of impact-induced atmospheric escape
models is still in a primary stage, many fundamental issues
are still needed to get solved.

So far there is still not an accurate model to simulate the
nonthermal atmospheric escape mechanisms for proto-at-
mospheres. Some groups used the nonthermal atmospheric
escape models for present solar systems to evaluate the
mass-loss rate of proto-atmosphere in the early solar sys-
tem. They suggested that the mass-loss rate of nonthermal
escape can be negligible compared to the thermal escape
especially the hydrodynamic escape, while some other
authors suggested the mass-loss rate of the two can be
comparable. This controversial issue exists because the
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lack of knowledge about the solar wind and plasma envi-
ronment prevents us from establishing a comprehensive
nonthermal escape model for terrestrial proto-atmospheres.

The mechanisms mentioned above are interrelated
because they could be existing simultaneously. Some
authors have investigated the contribution of impact-in-
duced planetary surface heating to the hydrodynamic
escape. A few models have been established to simulate the
transition from hydrodynamic escape to Jeans escape.
However, some other processes need to be further inves-
tigated as well, such as the transition from “boil-off” to
hydrodynamic escape, the influence of hydrodynamic
atmospheric expansion on the nonthermal escape.

The atmospheric escape mechanisms were often con-
sidered separately in most cases, therefore in the future, we
need to develop more comprehensive models to establish a
better understanding of the escape scenarios of proto-at-
mospheres. Geochemistry ratios and atmospheric models
are also tending to get combined deeper to provide us with
more reasonable calculations.
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