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Abstract

Kepler’s observations show most of the exoplanets are super-Earths. The formation of a super-Earth is generally
related to the atmospheric mass loss that is crucial in the planetary structure and evolution. The shock driven by the
giant impact will heat the planet, resulting in the atmosphere escape. We focus on whether self-gravity changes the
efficiency of mass loss. Without self-gravity, if the impactor mass is comparable to the envelope mass, there is a
significant mass-loss. The radiative-convective boundary will shift inward by self-gravity. As the temperature and
envelope mass increase, the situation becomes more prominent, resulting in a heavier envelope. Therefore, the
impactor mass will increase to motivate the significant mass loss, as the self-gravity is included. With the increase
of envelope mass, the self-gravity is particularly important.
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1. Introduction

The observation of the Kepler reveals a large number of
short-period planets with size between Earth and Neptune,
referred to as the super-Earth and mini-Neptune (Howard et al.
2010; Borucki et al. 2011, 2013; Fressin et al. 2013; Petigura
et al. 2013; Morton et al. 2016). The atmospheric mass of these
super-Earth is about 10% of that of the core mass (Adams et al.
2008; Lopez & Fortney 2014), implying the evolution is
undergoing a significant mass loss. Therefore, some feasible
mechanisms are required to explain the formation of gas giant
or super-Earth.

Super-Earths may be formed by migrating inwardly for the
gravitational interaction of the protoplanetary disk (Terquem &
Papaloizou 2007; Raymond et al. 2008; McNeil & Nelson
2010; Schlaufman et al. 2010), or super-Earths are formed
in situ by various mechanisms. We focus on the in situ
formation of super-Earth. The super-Earth may be formed by
the entropy advection (Ali-Dib et al. 2020), pebble accretion
and isolation (Liu et al. 2019; Chen et al. 2020; Liu & Ji 2020)
and tidally forced turbulence (Yu 2017). In the dispersing disk,
the planet’s core may be in the magma ocean stage (Kite et al.
2019). The ultra-hot core heats the envelope and then forces the
atmosphere to escape (Misener & Schlichting 2021). If the core
energy is large enough, a bare core can be reminded. However,
the entire envelope cannot be stripped without enough energy.
Thus, a gas-rich sub-Neptune will be formed (Ginzburg et al.
2016). In addition, the atmosphere of the close-in planet will be
strongly affected by photoevaporation (Owen & Wu 2013,
2017) and the magnetorotational instability (MRI, Bai &
Stone 2013). A Parker wind will blow off the atmosphere.

The photoevaporation and core-powered effect are sensitive
in a dispersing disk instead of a gas-rich phase (Lopez &
Fortney 2013; Jin et al. 2014; Fulton et al. 2017). However, the
evolutionary timescale of the photoevaporates is much long for
several Gyr. Thus, the effect of a giant impact is even more
significant (Inamdar & Schlichting 2015). In the final stages of
planetary formation, the giant impact can significantly or even
completely remove the atmospheric envelope (Liu et al. 2015;
Schlichting et al. 2015; Inamdar & Schlichting 2016). A shock
will be induced by the giant impact (Inamdar & Schlichting
2015; Schlichting et al. 2015; Ginzburg et al. 2016; Biersteker
& Schlichting 2019), which will heat the planet resulting in a
significant mass loss. However, the thermal structure of
Biersteker & Schlichting (2019) neglected the effect of the
self-gravity.
In the core-accretion frame, self-gravity can be ignored in the

initial stages of planetary accretion (Béthune & Rafikov 2019).
But as planets enter a runway accretion process, the effects of
self-gravity cannot be ignored (Béthune 2019). The close-in
planets can form the low-frequency nonradial oscillations by
the dynamic tide, more precisely called the gravito-inertial
waves (i.e., g-mode). Taking the tides into account, the
competition between the self-gravity and tides will introduce
tidal disruption (Dhouib et al. 2021). Planetary rotation
produces r-mode. Considering self-gravity, the interplay
between the two waves would alter the planet’s shape (Lee
& Murakami 2019). Self-gravity, therefore, is crucial in the
formation of planets.
We investigate the effect of self-gravity on the giant impact.

During impact, the kinetic energy of the impactor is converted
to heat the planet. Thus, the envelope is heated and inflated,
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resulting in mass loss. Self-gravity increases with the atmo-
spheric mass. The thermal structure may be changed by the
self-gravity, in which the radiative-convective boundaries
(RCBs) may be shifted inward (Yu 2017). Compared with
the case of ignoring self-gravity, the corresponding impactor
mass would be increased to support significant mass loss.

This work is listed as follows: Section 2 shows that a model
of the planet after a major impact was constructed and evolved
with consideration of envelope’s self-gravity. In Section 3, we
calculate the atmospheric loss results under different para-
meters. The conclusions and discussion are listed in Section 4.

2. The Planetary Structure after the Giant Impact

In general, giant impact processes involve the loss of
atmospheric mass on planets. In addition, the post-impact
planetary structure depends on the thermal state of the
envelope. In this work, we investigate how self-gravity changes
the thermal structure. We construct a post-impact model with
self-gravity for the time-dependent evolution of the planet. In
Sections 2.1–2.3, we list the structure functions, outer
boundaries and energy as follows.

2.1. H/He Envelope Structure Model

We construct a two-layer model with an interior adiabatic
convective zone and an exterior radiative zone (Rafikov 2006;
Piso & Youdin 2014; Inamdar & Schlichting 2015). The
atmospheric envelope is roughly homogeneous around the
core, which is approximately spherically symmetric for
calculation. The H/He envelope structure is governed by the
following equations of mass conservation, hydrostatic equili-
brium, and the temperature gradient (Kippenhahn et al. 2012;
Yu 2017):
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where Mr is the total mass with core mass Mc and the envelope
mass Menv. r, ρ, P, T and ∇ represent the radius, density,
pressure, temperature, and temperature gradient, respectively.
Meanwhile, the gas satisfies the ideal gas law, P= RρT/μ
with molar gas constant R, the mean molecular weight μ.
We set μ= 2.3. Through the above equation, the convective
profile can be determined. In particular, temperature gradient
depends on the radiative and adiabatic gradient, i.e.,  =

 min ,rad ad( ). The structure is divided into the radiative and
convective parts.

2.1.1. The Radiative Structure

The radiative layer is approximately treated as an isothermal
zone, in which the temperature seems equal to the outer
boundary. To simplify the simulation, we neglect the radiative
gradient. The temperature at the radiative-convective boundary
(RCB) relates to the outer temperature, i.e., which is approxi-
mately the equilibrium temperature (Biersteker & Schlichting
2019):
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where AB is the Bond albedo, Rstar is the stellar radius, and Tstar
is the star’s effective temperature. The radius and temperature
of the host star are Rstar= Re, Tstar= 5.77× 103 K, respec-
tively. In this layer, we choose r as the independent variable,
and Equation (3) will be removed. We will solve
Equations (1)–(2) with r= Rout.

2.1.2. The Adiabatic Structure

The temperature at RCBs is determined by the outer
temperature since the radiative temperature is TRCB= Teq. We
set temperature as the argument, thus, Equations (1)–(3) will
satisfy
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where ∇ad is determined by the adiabatic index, and γ is the
adiabatic index of the gas (Rafikov 2006). For monatomic gas
∇ad= 2/5, and for diatomic, e.g., H2, ∇ad= 2/5, which is
γ= 7/5.

2.2. The Outer Boundary Conditions

The outer boundary is determined by the lesser of the Bondi
radius and the Hill radius (Yu 2017):
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where Mc is the mass of the core, a is orbital semimajor axis of
planet, GCR=Menv/Mc is the mass ratio of envelope to core.

2.3. The Energy for the Giant Impact

The total energy including the thermal and potential energy
determines the planetary evolution. The planet model we
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construct is a young planet with a significant H/He envelope.
Under such conditions, the planet still retains much thermal
energy. Thus, the base temperature of the planetary envelope is
higher than the melting point of silicon. Assuming that the core
is in a completely molten state, and the heat conduction is
effective between the core and the base of the envelope, so that
the core temperature and the base temperature is approximate,
Tc≈ Tb.

For the terrestrial planets, the internal adiabatic core is at a
depth of several thousand kilometers, and the temperature
change is slight (Katsura et al. 2010). Therefore, we consider
an isothermal core, and estimate core energy:

~E c T M , 10c v c c c, ( )

where cv,c∼ 5–10× 106 erg g−1 K−1 describes the specific heat
capacity of the planet’s core (Alfè et al. 2001; Lopez et al.
2012). We employ kB/[μc(γc− 1)] to estimate the value of cv,c.
Note that μc and γc are the mean molecular weight and
adiabatic index of the core, respectively. In this work, we set
cv,c= 7.5× 106 erg g−1 K−1.

The envelope mass is mainly distributed in convective zone,
and the mass of radiative zone is negligible. Therefore, we
mainly discuss the gravitational potential and thermal energy of
the convective zone, in which can be shown as follows:
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After a giant impact, the envelope will be heated and
inflated, resulting in significant mass-loos. As it gradually cools
and shrinks, the outer density and mass loss rate will be
decreased. The mass-loss rate is approximately (Owen &
Wu 2016):

p r= -M R c4 , 13senv out
2
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where g m=c k Ts disk B eq is the sound speed with γdisk= 1.0.
The mass-loss rate, driven by the Parker wind, was character-
ized by the density at the boundary. The mass of the envelope
is concentrated in RCB. The energy with a given mass-loss rate
is required
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The planetary evolution is a cooling process. The corresp-
onding luminosity at Rrcb can be determined by the radiative
gradient, and can be written as follows:
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where σ is the Stefan-Boltzmann constant, κR is the Rosseland
mean opacity of the envelope at Rrcb. We set κR= 0.1 cm2 g−1

(Freedman et al. 2008). When the mass is lost from the outer
edge of an envelope, the energy is required to support the same
thermal profile. The luminosity at the RCB Lrcb gives the upper
limit of the evolution, so that the maximum mass-loss rate can
be determined by

» -M
L R
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We ignore the energy losses of radiative process, and mass-loss
is derived by the cooling luminosity. Thus, the mass-loss rate
can be regarded as the absolute upper limit.

3. Results

We have constructed a planetary model after a giant impact
and explored their evolution. The giant impact will heat the
core and atmospheric envelope, resulting in a significant mass
loss. We have shown the planetary structure with the self-
gravity in Section 3.1, and the effect of the self-gravity on the
mass-loss in Section 3.2

3.1. The Structure after the Giant Impact

Following Sections 2.1.2 and 2.1.1, we can obtain the radial
profile of the envelope shown in Figure 1. We employ the
odeint function provided by Scipy to integrate the structural
equations from the outer boundary to the interior layer. The
core mass and radius are set to Mc= 3M⊕ and Rc= 1.32R⊕,
respectively. The planet is located at 0.1 au.
The density ρb, pressure Pb, and temperature Tb at the base of

the envelope would change the planetary structure. As shown in
the top panel of Figure 1, the envelope masses at the RCBs
increase with the total mass (gas-to-core ratio, GCR). Besides,
the RCB also shifts inward because the self-gravity increases
with the envelope mass. In addition, the RCB will be pushed
outward when the base temperature increases, which means the
evolutionary timescale will be reduced, and the internal pressure
pushes the materials to escape the Hill radius. Therefore, a
significant mass loss will occur in the higher base temperature.
According to Section 2.3, the evolution of mass, temperature

and the radius at RCBs are also shown in Figure 1. The mass-
loss rate refers to the initial gas-to-core ratio GCR0 and
temperature Tb,0 at the base of the envelope. Under the same
Tb,0, self-gravity increases with the initial GCR. Thus, the
mass-loss rate is reduced (the second panel), and then, the
evolutionary profiles of the temperature will be flatten.
However, the location of the RCBs was pushed outward (the
third panel). In addition, when a planet with the same initial
GCR, the efficiency of the mass-loss would increase with Tb,0.
In particular, the tendency of the decrease in the base
temperature flattens (the bottom panel). The RCBs will be
pushed inward.
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3.2. The Effect of the Self-gravity

Self-gravity is essential in the formation of planets. In
Section 3.2.1, we focus on the effects of self-gravity on the
evolution of the position of the RCB. The effects of self-gravity
on the mass of the impact object are listed in Section 3.2.2.

3.2.1. The Locations of the RCBs

If the self-gravity of the envelope is not included, the
location of the RCB is completely determined by the base
temperature Tb. Taking the self-gravity of the envelope into
account, the RCB will move inward. The radius at RCB
decreases with the increasing in the initial temperature at the
base of the envelope or the initial GCR (as seen in the top panel
of Figure 2).

Figure 2. (Top) The location of RCB (Rrcb) is a function of gas-to-core ratio
GCR. Blue and red lines correspond to initial base temperatures of 8000 and
10,000 K, respectively. The location of the RCB depends on the base
temperature for the case without self gravity. (Bottom) Mass fraction of H/He
envelope loss (X) is a function of impactor mass (Mimp/Mc). Different colors
indicate an increase in the initial GCR from left to right. The solid and dashed
lines represent the evolution with/without self-gravity, respectively.

Figure 1. (Top) Radial mass profile. Solid and dashed lines represent the cases
of Tb = 6000 K and 10,000 K, respectively. The blue and red lines correspond
to the case of GCR = 6% and 18%, respectively. (Second from top) The
evolution of the atmospheric mass. (Bottom two) The evolutions of
temperature and radius at the RCBs from left to right. Solid and dashed lines
represent the cases of GCR0 = 6% and 18%, respectively. Green, red and blue
lines correspond to the initial temperatures of Tb,0 = 6000, 8000, and 10,000 K
at the base of the envelope, respectively.
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3.2.2. The Mass of the Impactor

The essence of giant impact is to inject energy into the
planet. The planetary energies will be derived with a given
impactor mass. The impactor mass and speed are represented
by Mimp and vimp, respectively. The efficiency of energy
conversion is described by η. The energy, induced by the
impactor, is written as follows:

h=E
M v

2
. 17imp

imp imp
2

( )

The efficiency of energy conversion η approximates one as
the kinetic energy for the impactor is completely transferred to
the planet. As vimp≈ vesc (vesc is is the escape velocity of the
planet), the above Equation will change to Biersteker &
Schlichting (2019)

h=E
GM M

R
. 18

p

c
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The escape velocity changes with the atmospheric mass. In
order to eliminate the effects of escape velocity, here, the
atmospheric mass is neglected in our calculations, Mp≈Mc.
Equation (18) will switch into

h=E
GM M

R
. 19

c

c
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When the impactor hits the planet with mass Mimp, the energy
transferred to the planet can be ensured. This energy will heat
the planet and determine a new initial state of planet.
The mass fraction of H/He envelope loss (X), which is the ratio

of the retained envelope mass to the initial mass when the
planetary evolution time is 2 Gyr, is a function of the impactor
mass and shown in the bottom panel of Figure 2. The initial core
temperature is Tb,0= Tc,0= 4000K. The adiabatic index and the
mean molecular weight of the planetary envelope satisfy γ= 7/5,
μ= 2.3 u. If the impactor mass approximates the envelope mass,
the atmospheric mass for the planet without the self-gravity will be
lost a lot (Biersteker & Schlichting 2019). It is well known that
self-gravity increases with the atmospheric mass and the core mass.
In this section, the core mass is fixed. When the initial atmospheric
mass is small (GCR< 0.1), the influence of self-gravity is weak.
When GCR> 0.1, a larger impactor mass is required for the
significant mass loss. As mentioned above, the RCB will be
pushed inward by the self-gravity, implying the initial temperature
required to produce significant mass loss is higher.

3.3. The Effect of the Orbital Radius

In general, the close-in planets are more likely to form super-
Earths because the host star affects them. We investigate the
effects of orbital radius on the mass loss for the planets with
self-gravity (seen in Figure 3). Following Equation (4), the
equilibrium temperature will decrease with the orbital radius,
resulting in the inwardly decrease in RRCB. The outer boundary
will obtain stronger constrains by the greater self-gravity. A
higher temperature is needed for the significant mass loss of the
envelope with the larger impact mass. In addition, the whole
envelope may be blown away. With the increase of a,
atmospheric loss is quite sensitive to the change of impactor
mass. There is a significant difference in mass-loss when the
impactor mass changes slightly.

4. Discussion and Conclusions

We construct a post-impact envelope model with an interior
adiabatic convective zone and an exterior radiative zone. The
thermal structure is governed by base temperature Tb and gas-
to-core ratio GCR. The envelope self-gravity move the RCB
inward, changing the envelope distribution. With the increase
of Tb and GCR, the signature becomes more prominent. When
Tb is relatively large, the atmosphere will have a significant
mass-loss. Thus, self-gravity has a greater effect on large mass-
loss, which helps the atmosphere retain more mass.

Figure 3. Mass fraction of H/He envelope loss (X) is a function of impactor
mass (Mimp/Mc). The top panel is under the different orbital radius. Solid and
dashed lines correspond to the cases for GCR = 6% and 18%. The bottom
panel is under the different initial GCR and the planets are located at 0.5 au.
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Giant impact is a process of recharging the planet. In the
process, the kinetic energy of the impactor is converted into
heat transferred to the planet. The core and envelope will be
heated, determining a new planet state. This state works as the
initial value of the evolutionary model constructed in Section 2,
and different impactor mass corresponds to different initial
values and evolutionary results. For the case with/without
envelope self-gravity, evolutionary results are significantly
different, especially in the case of large GCR. When the
impactor mass and envelope mass are roughly equal, the
envelope can experience a large amount of mass-loss, and even
completely remove the envelope. After adding envelope self-
gravity, gas is more constrained by the planet, which puts
forward a stricter demand on impactor mass. Close-in planets
are more prone to mass-loss. However, distant planets are more
sensitive to changes in impactor mass. While it is more difficult
to experience mass-loss, it is easy to remove the envelope
completely once it does.

In addition to the atmospheric loss caused by thermal aspect,
there is an atmospheric loss from impact-generated shocks
(Schlichting et al. 2015), which will have an effect on the
envelope structure in the evolutionary process, but the mass
loss caused by the thermal aspect plays a leading role, so in the
paper we ignore it. We also ignore the photoevaporation (Owen
& Wu 2017), because, for planets with larger semimajor axes,
photoevaporation is less important, and the effect is negligible
compared with the mass-loss rate caused by giant impact.
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