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ABSTRACT

Systems of super-Earths and mini-Neptunes display striking variety in planetary bulk density
and composition. Giant impacts are expected to play a role in the formation of many of these
worlds. Previous works, focused on the mechanical shock caused by a giant impact, showed that
these impacts can eject large fractions of the planetary envelope, offering a partial explanation
for the observed compositional diversity. Here, we examine the thermal consequences of giant
impacts, and show that the atmospheric loss caused by these effects can significantly exceed
that caused by mechanical shocks for hydrogen—helium (H/He) envelopes. During a giant
impact, part of the impact energy is converted into thermal energy, heating the rocky core and
envelope. We find that the ensuing thermal expansion of the envelope can lead to a period
of sustained, rapid mass-loss through a Parker wind, partly or completely eroding the H/He
envelope. The degree of atmospheric loss depends on the planet’s orbital distance from its host
star and its initial thermal state, and hence age. Close-in planets and younger planets are more
susceptible to impact-triggered atmospheric loss. For planets where the heat capacity of the
core is much greater than the envelope’s heat capacity (envelope mass fractions <4 per cent),
the impactor mass required for significant atmospheric removal is Mimnp/M, ~ w/pe ~ 0.1,
approximately the ratio of the heat capacities of the envelope and core. Conversely, when the
envelope dominates the planet’s heat capacity, complete loss occurs when the impactor mass

is comparable to the envelope mass.

Key words: planets and satellites: atmospheres — planets and satellites: formation.

1 INTRODUCTION

A major discovery of the Kepler mission is the high abundance
of planets intermediate in size between the Earth and Neptune with
orbital periods less than 100 d (e.g. Borucki et al. 2011; Fressin et al.
2013; Petigura, Howard & Marcy 2013; Morton et al. 2016). These
super-Earths and mini-Neptunes have no obvious Solar system
analogue. Models of exoplanet structure and measurements of the
bulk densities of these planets suggest that many possess hydrogen—
helium (H/He) envelopes comprising several per cent of the planet’s
total mass (e.g. Adams, Seager & Elkins-Tanton 2008; Lopez &
Fortney 2014; Weiss & Marcy 2014; Rogers 2015).

The accretion and evolution of super-Earth H/He envelopes have
been studied extensively and can be broadly described by a three
step process. First, planetary cores accrete their H/He envelopes
from the protoplanetary nebula (e.g. Lee & Chiang 2015; Ginzburg,
Schlichting & Sari 2016); second, the loss of pressure support from
the surrounding nebula can lead the initially thermally inflated enve-
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lope to shed its outer layers, causing significant mass-loss (Ginzburg
etal. 2016; Owen & Wu 2016); and third, photoevaporation by high-
energy stellar radiation and the luminosity of the cooling core can
erode the atmospheres of close-in planets (e.g. Lopez, Fortney &
Miller 2012; Lopez & Fortney 2013; Owen & Wu 2013; Jin et al.
2014; Ginzburg, Schlichting & Sari 2018).

Although these processes successfully explain the observed val-
ley in the distribution of small planet radii between 1.5-2 Rg, (Fulton
et al. 2017; Owen & Wu 2017; Fulton & Petigura 2018; Ginzburg
et al. 2018; Gupta & Schlichting 2018), the exoplanet population
appears to display more compositional diversity than predicted by
these processes alone, suggesting additional mechanisms are at
work. This is particularly the case for planets on orbits outside of
~45 d, where photoevaporation and core cooling are less effective,
and in multiplanet systems that host planets with dramatically dif-
ferent mean densities (see Fig. 1 and Inamdar & Schlichting 2016).

Evidence of additional processes can also be seen in the distri-
bution of super-Earth envelope mass fractions in core mass versus
equilibrium temperature phase space. Theoretical work on gas ac-
cretion (e.g. Lee & Chiang 2015; Ginzburg et al. 2016) predicts that
the envelope mass fraction of a super-Earth should be determined
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Figure 1. Bulk densities (p) of observed Kepler planets in multiplanet
systems with radii <4 Rg as a function of orbital period (Pyp) in the top
panel, and total planet mass (M) in the bottom panel, after Inamdar &
Schlichting (2016). Red and blue circles highlight Kepler-36 and Kepler-
68, respectively, two examples of multiplanet systems with significant
density contrast between planets. The transparency indicates the fractional
uncertainty in the density, with darker points corresponding to greater
certainty. In cases where the planet mass and radius are not provided in
the same analysis, the uncertainty on the density is left undefined (N/A) and
only an empty circle is plotted. Values are taken from the Composite Kepler
planets table at the NASA Exoplanet Archive (June 2018).

by its equilibrium temperature and core mass, so that planets with
the same envelope mass fraction should fall on distinct contours in
a plot of planet mass versus equilibrium temperature, assuming no
subsequent erosion of the atmosphere. However, this is not borne out
by current observations. Instead, in the region of phase space where
atmospheric mass-loss due to photoevaporation and core cooling
is predicted to be unimportant, the exoplanet population exhibits
no clear organization by envelope mass fraction (see fig. 6 and the
‘global properties of super-Earth systems’ section in Schlichting
2018). There are three possible reasons for this. First, there is
significant uncertainty in the measured planet masses, possibly
obscuring trends predicted by theoretical accretion models. Second,
the accreted envelope fractions are expected to be a function of disc
lifetime which varies somewhat from system to system. Finally,
atmospheric loss that occurs after the gas disc disperses could
erase any trends predicted from accretion. The observed exoplanet
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population is consistent with atmospheric erosion as planets are
consistently found to have lower envelope fractions than predicted
by atmospheric accretion models and envelope mass fractions do not
appear to be correlated by planet mass and equilibrium temperature
(Schlichting 2018).

One candidate process for altering planetary bulk densities and
eroding planetary atmospheres is giant impacts. Giant impacts are
believed to be the last major assembly stage in the formation
of the terrestrial planets in our Solar system (e.g. Chambers
2001), and may also play a role in the formation of super-
Earths (Hansen & Murray 2013; Inamdar & Schlichting 2015).
Impacts, particularly those which occur after the dissipation of
the gas disc, may significantly reduce the H/He envelopes of
planets, or strip the cores entirely (Inamdar & Schlichting 2015;
Liu et al. 2015; Schlichting, Sari & Yalinewich 2015; Inamdar &
Schlichting 2016).

These late giant impacts may be a common occurrence during
the formation of super-Earth systems because these planets form
in the presence of the gas disc. The disc’s dynamical interaction
with the planets is expected to result in migration and efficient
eccentricity damping, producing densely packed planetary systems.
Once the gas disc dissipates and its damping effect is removed,
these systems may not remain dynamically stable as the planets’
eccentricities increase through secular excitation, possibly resulting
in orbit crossing and giant impacts before regaining long-term
orbital stability (Cossou et al. 2014; Izidoro et al. 2017; Denham
et al. 2019). Because of the stochastic nature of giant impacts and
the small number of impacts expected per system, atmospheric loss
through late impacts may offer an especially attractive explanation
for the compositional diversity observed among planets in the same
system. In this paper, we return to the role of giant impacts in driving
volatile loss from super-Earths and mini-Neptunes.

During a giant impact, the impactor is sharply decelerated and
its kinetic energy is converted into heat which is deposited at the
impact site, creating an event akin to a point-like explosion. This
causes a strong shock that propagates through the planet and causes
global ground motion, launching a shock into the planet’s envelope.
A series of previous studies of giant impacts have focused on the
ejection of the atmosphere by this hydrodynamic shock (Genda &
Abe 2003; Schlichting et al. 2015; Inamdar & Schlichting 2016). In
addition, Liu et al. (2015) investigated volatile loss in two specific
giant impact scenarios using 3D numerical simulation. They find
that giant impacts can lead to significant loss of volatiles and point
out that the atmospheric loss in their simulation is likely further
enhanced by Parker winds and photoevaporation of the thermally
inflated post-impact envelope.

In the case of H/He envelopes, the heating of the core during
an impact can lead to significant mass-loss. Heat from the core
is transferred to the envelope, either directly unbinding it, or
leading to significant thermal expansion and gradual mass-loss via
Parker winds. In this paper, we focus specifically on the thermal
aspect of giant impacts, examining the energy of the impact, the
thermal inflation of the H/He envelope after the impact, and the
subsequent atmospheric loss. We demonstrate that the thermal
component of atmospheric loss can dominate the loss caused
by shocks for H/He atmospheres and that it may partly explain
the observed compositional diversity in super-Earth systems. This
paper is structured as follows: we begin with a model for the
structure and evolution of a super-Earth envelope and core in
Section 2, calculate the atmospheric mass-loss in a range of
impact scenarios in Section 3, and conclude with a discussion
in Section 4.
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Figure 2. Schematic of atmospheric mass-loss following a giant impact. In the left-hand panel, an impactor with mass My, strikes a planet of mass M, at
impact velocity vimp. The planet has a core mass of M. ~ M), and envelope mass Meny = fMp. In the middle panel, heat from the impact has inflated the
envelope so that it loses mass through a Parker wind at its outer radius R,y = min (R, Ry). Mass-loss and cooling cause the envelope to contract, eventually
halting appreciable atmospheric loss. At right, the planet is left to continue cooling with a significantly reduced envelope.

2 ENVELOPE STRUCTURE AND EVOLUTION

Giant impacts deposit significant energy into a planet’s core and
envelope, leaving the envelope in a thermally inflated state which
can be highly susceptible to hydrodynamic escape (Fig. 2). The
exactrate of mass-loss from the planetary envelope is determined by
the atmospheric density at the outer edge of the envelope, where gas
molecules are only tenuously gravitationally bound to the planet.
This outer radius, Ry, is the lesser of the Bondi radius, Rg =
2GMp/cf, and the Hill radius, Ry = a[Mp/(3MSm)]”3, where G
is the gravitational constant, M), is the planet mass, Mg, is the
stellar mass, a is the semimajor axis of the planet’s orbit, and ¢
is the sound speed of the gas. To determine the density at this
radius, we first develop a simple model of the planet’s envelope
and core appropriate for conditions following a large impact. We
then consider the evolution of this structure as the planet sheds
mass, cools, and contracts to determine the total mass lost from
the envelope.

2.1 Envelope structure model

We model the planet’s envelope as an inner convective region with
an adiabatic profile, and an outer radiative layer with an isothermal
profile (see Rafikov 2006; Piso & Youdin 2014; Inamdar &
Schlichting 2015; Ginzburg et al. 2016). In all the cases we consider
here, the mass of the planet is dominated by the mass of the rocky
core, so that M, ~ M.. Neglecting, therefore, the self-gravity of the
envelope, the density, pressure, and temperature in the convective
portion of the envelope are given by

1

-1 R. =1
ﬁ:{LA<——1)+I]V , (1
Pb y r
P [y—1. (R 7o
A EE ) ], )
Pb Y r
T y —1 R.
S Sy Y e R 3)
Ty y r

where R, is the core radius, r is the distance from the centre of
the core, and y is the adiabatic index of the envelope. We define
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A as approximately the ratio of the gravitational potential and
kinetic energies of a gas particle at the base of the envelope, A
= GM.u/(RckgTy), where p is the mean molecular weight of the
envelope and kg is the Boltzmann constant. The density, pressure,
and temperature at the base of the envelope are py, Py, and Ty,
respectively.

At large enough radii, the atmospheric density decreases to
the point that the envelope becomes radiative. In this region,
the envelope is nearly isothermal with a temperature which is
approximately the equilibrium temperature:

1— A\ Ry
m=( 4ﬂ = T )

where Ag is the Bond albedo, Ry, is the stellar radius, and T, iS
the star’s effective temperature. Assuming the envelope outside this
radiative—convective boundary (RCB) to be completely isothermal,
the density profile of the envelope becomes exponential,

chb chb
P = Prcb EXP n -1 o
r

with a scale height & = kg Tequcb /(GM,), where r = Ry, is the
radius of the RCB and p,., = p(R.p). The pressure is then, using
the ideal gas law, P = pkpTcq/1t.

The mass in the convective region of the envelope is given by
integrating equation (1):

1
1

Xrch 1 —
M., = 4nR2pb/ {VadA (f - 1) n 1] " dx. (6)
1 X

where x = /R, X;cb = Riev/Rc, and Vg = (y — 1)/y. The energy
of the envelope is determined from the gravitational and thermal
energies, E.,, = E, + Ey, where the gravitational energy for a
non-self-gravitating envelope is

1

—1

Xrch 1
E, = —47IGMCprf/ {VadA (f _ 1) T 1} Txde. ()
1 X

And the thermal energy is

v
T

ke Th e 1 2
_ B [VadA (7 - 1) + 1} T .
X

Ey = 4710, R
" Ty -1,
®)
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In cases considered in this paper, when T}, significantly exceeds
Teq, most of the envelope’s mass is in the inner convective region.
Ignoring the mass in the isothermal layer, the atmospheric structure
is then entirely determined by the envelope mass (equation 6) and
the envelope energy.

2.1.1 Core model

The planets we are considering are young (10-100 Myr) and have
significant H/He envelopes. This allows them to retain significant
heat from their formation so that the basal temperature of the
envelope is 222000 K, higher than the melting point of silicates. We
therefore assume the core is undifferentiated, fully molten with no
solid insulating crust, and that heat is efficiently transferred between
the core and the base of the envelope so that the base temperature
and core temperature are the same (7, & T¢).

Adiabatic profiles of terrestrial planet interiors show changes in
temperature of a factor of only a few over changes in depth of
thousands of kilometers (Katsura et al. 2010), so we approximate
the core as isothermal with an energy

E.~ cy M.T,, )

where ¢y, ~ 5-10 x 10° erg g~' K~! is the specific heat capacity of
the core (Guillot et al. 1995; Alfe, Price & Gillan 2001; Lopez et al.
2012). The specific heat capacity can be roughly approximated by
ke/[pc(ye — 1)] where p. and y. are the core’s mean molecular
weight and adiabatic index, respectively. In our numerical calcula-
tions, we adopt a value of ¢y, = 7.5 x 10° erg g=! K~!. Finally,
we adopt R./Rg =~ (MC/M@)”4 as the core mass—radius relationship
(e.g. Valencia, O’Connell & Sasselov 2006).

2.2 Envelope evolution

After an impact the envelope is inflated, enabling enhanced mass-
loss. As the envelope cools and contracts, the density at the outer
radius (Roy) drops, quenching the mass-loss. The thermal evolution
of the envelope is driven by both radiation and the loss of energy
through mass-loss (Owen & Wu 2016; Ginzburg et al. 2016, 2018).
The mass-loss rate is approximately

Meny & —4TIR2, PouCss (10

where ¢, = /ykgT /it is the sound speed.
As can be seen from equation (1), the value of y determines the

shape of the density profile and therefore the distribution of mass
in the envelope. We generally assume in this paper that y > 4/3,
which is valid for both monatmoic (y = 5/3) and diatomic gases
(y = 7/5), and discuss the effect of choosing y < 4/3 instead in
Section 3.3. For y > 4/3, equation (6) shows that the envelope mass
is concentrated near the RCB. Raising a gas parcel from R, to
infinity requires a corresponding change in the envelope’s energy,
Ean o S0 e, (an
chb

The planet also cools radiatively, with an approximate luminosity
given by combining the equations of flux conservation and hydro-
dynamic equilibrium at the RCB:

. 64n0 T, GM.

Eenv,L = _chb = _vad (12)
3KRprcka

where o is the Stefan—Boltzmann constant and « is the Rosseland
mean opacity of the envelope at the RCB. We adopt a value of
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kg = 0.1 cm? g~! which is an appropriate approximation for the
temperatures and conditions we expect at the RCB (Freedman,
Marley & Lodders 2008).

The radiative flux from the RCB provides an upper limit on the
mass-loss rate. When mass is lost from the envelope’s outer edge
(Roy) it is replaced by mass rising from the RCB. Energy must be
supplied during this process in order to maintain the isothermal
profile of the outer atmosphere. This energy is provided by a
combination of the cooling luminosity of the planet (L, ) and stellar
irradiation. We assume that the limit on the energy available to
power this process is given by Ly, yielding a maximum mass-loss
rate of

~ _ chbchb (13)

Menv,max ~ G Mc

This mass-loss rate should be regarded as an absolute upper limit
since it assumes that any radiative losses are negligible and all of
the cooling luminosity goes into driving the mass-loss (i.e. into
mechanical work).

Combining the equations describing the envelope and core
energies (equations 7, 8, and 9) yields the total energy E = E, + Ey,
+ E,, whichevolves by E = Eyy. + Eeny.L. The core mass is fixed
and the envelope mass diminishes according to equation (10), unless
this mass-loss rate exceeds the maximum rate, in which case the
mass-loss is given by equation (13). As described in Section 2.1,
the envelope structure is entirely determined by its mass and the
energy of the system, so these equations are sufficient to describe
the combined thermal and mass-loss evolution of the planet (Fig. 3).

3 MASS-LOSS FROM GIANT IMPACTS

Giant impacts during late planetary accretion can significantly alter
the atmosphere of a nascent super-Earth. A large impact generates a
shockwave which propagates through the planet, causing global
ground motion which can immediately eject a fraction of the
envelope (e.g. Schlichting et al. 2015). Additionally, the impactor
delivers significant energy to the planet, heating the core, which
in turn heats the envelope. The thermally inflated envelope can
then be vulnerable to hydrodynamic escape and lose mass rapidly.
Focusing on the thermal component of the mass-loss, we derive
analytical estimates for both the time-scale of atmospheric loss and
the impactor mass required to remove the atmosphere entirely. We
then verify these estimates and explore a range of parameters using
the numerical model described in Section 2.

3.1 Analytical estimates

3.1.1 Complete atmospheric loss

If an impactor delivers enough energy, a planet’s gaseous envelope
can be entirely removed. The energy required depends on the relative
shares of the envelope and core in the energy budget of the planet.
We estimate the critical envelope to core-mass fraction, f,, for
which the thermal energy stored in the core is comparable to the
total energy of the envelope by equating the core’s thermal energy
(equation 9) to the total energy of the envelope. This yields
_y=Ducye n

o L T Ve B 14
T Dk e &

where we used the approximation that cy. ~ kp/[uc(y. — 1)]
in the last expression. For uw = 2.3 u, y = 7/5, and cy. =
7.5 x 10% erg K~! g7, the resulting atmospheric mass fraction
is fi ~ 0.04.

MNRAS 485, 4454-4463 (2019)
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Figure 3. Examples of the evolution of the mass, base temperature,
and RCB location of an H/He envelope for a planet with M, = 3 Mg,
R. = 1.32Rg, a = 0.1 au, f = 2 or 12 percent, and a range of initial
base temperatures, T}, 0. The green, orange, and blue lines correspond,
respectively, to initial base temperatures of 2000, 6000, and 10000 K. The
solid and dashed lines correspond to envelope mass fractions of f = 2 and
12 per cent.

In the limit where the core energy dominates (f < f ), the envelope
will be entirely lost in an impact when the temperature at the
base of the envelope is so high that gas molecules do not remain
gravitationally bound. Equivalently, the atmosphere is lost when the
Bondi radius equals the core radius. Using the previously adopted
core mass—radius relationship, R./Rg = (M./Mg)", this yields a
required core temperature for complete loss of

. 2GM
c,crit — ka Rc
M\ 7/5
~25000K x (=) (55-) UCAN (15)
Mg 2.3u y
The energy delivered by the impactor is Ejyp = 7 Miyp vizmp /2, where

n € [0, 1] is the fraction of the total impact energy available for
heating the core and envelope. Assuming an impact velocity vip, ~
Vese, the impact energy available for heating the core and envelope
is then

—r (16)

MNRAS 485, 4454-4463 (2019)

The corresponding impactor mass resulting in complete atmo-
spheric loss for planets with f < f; is

~——M., a7

where we neglected any initial temperature of the core and, in the
second expression, used the approximation that cy. ~ kg/[1tc(yc
— 1)]. The above equation implies that for planets whose heat
capacity is dominated by the core, the impactor mass required for
atmospheric loss is approximately given by the ratio of the mean
molecular weights of the envelope and the core. This makes H/He
envelopes particularly susceptible to loss. For an impact efficiency
n ~ 1, equation (17) predicts total atmospheric loss for My, ~
0.3M, foru =2.3u,y =7/5,and ¢y, =7.5 x 10°erg K- g 1. We
note here that equation (17) somewhat overestimates the impactor
mass needed for complete atmospheric loss for very close-in planets.
This is because equation (17) assumes that the envelope must be
able to escape to infinity, while in reality it only has to be lifted out
of the planet’s potential well past the Bondi or the Hill radius.

When the initial, pre-impact, temperature of the core, Ty, is
comparable to the temperature for complete loss, ¢ qit, given in
equation (15), then the impactor only needs to deliver enough energy
to raise the core temperature by AT =T iy — Ty. The corresponding
impactor mass is then given by multiplying the right hand side of
equation (17) by AT/T, i In the case of recently formed super-
Earths which still retain significant heat from formation, AT may
be small, so that complete atmospheric loss may occur for impactor
masses significantly smaller than given by equation (17).

So far we discussed the limit in which f < f., we now turn
to examining the case when the heat capacity of the core can be
neglected, to first order, compared to that of the envelope (f > f.).
In this case, complete loss of the envelope occurs when the impact
energy is comparable in magnitude to the energy of the envelope,
i.e. when Ej,, + E.,, = 0. Approximating the envelope energy
before the impact as —GM.,wM./R. and setting this equal to the
impact energy given in equation (16), we find that complete loss
occurs for an impactor mass of

1
Mimp =~ —Meny = L. (18)

n n
This implies that, for n ~ 1, the impactor mass must be comparable
to the mass contained in the envelope.

3.1.2 Partial atmospheric loss

For impacts which do not immediately eject most of the planetary
envelope, significant mass-loss is still possible as atmospheric
loss from the inflated post-impact envelope can be driven by a
Parker-type wind. Taking the mass-loss rate (equation 10) and the
exponential density profile in the outer isothermal region (equation
5), the mass-loss time-scale, Ty 1S

Tloss ™ env/Menv

M, nv Rr‘ Rr‘
_ ze exp [ cb (1 _ cb>:|. (19)
47{Routcs Prcb h Roul

610z AINF 60 UO Josn saueiqrT 1 | N AQ 8Y0Z8ES/YSH1/€/S8Y/10BSqe-0JoIlE/SEIU/WOD dNO"ILSPEDE//:SANY WOI) POPEOJUMOQ



10*

103,

102,

101 4

Tloss [NI yr }

100,

107" 3

10723

03 : : : : : :
0.00 0.02 0.04 0.06 0.08 0.10 0.12
My /M.

Figure 4. Estimated mass-loss time-scale (Tjoss) as a function of impactor
mass (Mimp/M_) for a range of H/He envelope mass fractions (f). The initial
planet has M. = 3Mg, R. = 1.32Rg, Tyo = 2000 K, a = 0.1 au. The
abrupt change in slope in each curve is caused by mass-loss rate reaching
the maximum loss rate given by equation (13).

In the case that R, is given by the Bondi radius (Rp), the expression
becomes

T ~7Menv ex 4 R -1
o 47TR§Csprcb P 2 chb ’

and when R, = Ry, the time-scale is given by

Tioss ™~ MEHV exp |:Z (ﬁ - ﬁ>:| .
47TR]%[Csprcb 2 chb RH

The exponential dependence on R,.,/R, indicates that the mass-
loss time-scale is highly sensitive to changes in the location of
the RCB relative to either the Bondi or the Hill radius. Therefore,
modest changes in the impactor mass, which determines the new
atmospheric base temperature, and hence R, and the semimajor
axis, which determines R, will strongly affect the mass-loss rate
(see Fig. 4). Eventually the mass-loss rate reaches the maximum
rate at which the outer envelope’s isothermal profile can be
maintained (equation 13). In this case, the mass-loss time-scale
given in equation (19) must be replaced by Tjoss ~ Mepny/ Mem,mzlx ~
GM M. /(R:Lyey), resulting in less dramatic changes in the loss
time-scale with impactor mass (see Fig. 4).

Significant atmospheric loss will occur as long as the mass-
loss time-scale is short compared to the cooling time-scale of the
envelope. Equation (19) guarantees rapid envelope loss when Ry
~ Ry, Which yields a temperature requirement of

R R -1
TC:Teq{l—f-(—B— B)(V )}, (20)
RC ROU[ 2
and a corresponding impactor mass of
1 . R. R.
Mimp ~ *VadCV&M ( c c )Mc
kB chb,O Roul
1 R R
:,i( < )M @1)
N e chb,O Roul

where the zero subscript indicates the value prior to impact. For
planets with M, = 3Mg, a = 0.1 au, and T, = 2000 K (as in
Fig. 4) the impactor must raise the core temperature to ~10* K
for rapid loss, corresponding to an impactor mass of ~0.15 Mg, or
~0.05M..
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Significant atmospheric loss is therefore expected to occur for
much lower impactor masses than required for complete loss
(compare equations 17 and 21). Over time the envelope cools as
it loses energy through both mass-loss and radiation. Whether the
mass-loss can proceed until the envelope is completely lost depends
on the relative magnitudes of the cooling and mass-loss time-scales.
For planets with core-dominated energy budgets, the reservoir of
energy provided by the core can maintain the envelope in an inflated
state, so that rapid mass-loss can continue. Since in this case the total
energy E ~ E., the base temperature of the envelope will remain
roughly 7. ~ E./(cy.M.) even as the envelope is lost. Therefore in
this regime near total atmospheric loss is expected in giant impacts
involving impactor masses given by equation (21).

3.2 Results

To determine the mass-loss in a range of impact scenarios and
verify our analytical results, we perform numerical integrations of
the equations governing the evolution of the envelope and core
(Section 2.2) for a variety of planetary parameters and impactors.
At each step in an integration, the envelope structure is recomputed
from the current envelope mass and the envelope and core energies.
The derivative dE/dt is determined by equations (11) and (12), and
dM.,,/dt given by equations (10) or (13) as appropriate. We use the
ODEINT function provided by SCIPY for these calculations.

We define the total mass-loss fraction, X, as the fraction of the
envelope’s mass lost after 2 Gyr of integration. By 2 Gyr after
the impact, contraction of the envelope will have substantially
reduced the mass-loss rate, so that any additional loss is negligible
(Fig. 3). Unless otherwise stated, we assume a sunlike star, a core
with M, = 3Mg, R/Rgy = (M. /Mg)"* = 1.32Rg, and a pre-
impact core temperature of 7. = 2000 K. We assume the H/He
envelope has © = 2.3 u and y = 7/5, with an atmospheric base
temperature that is determined by the core temperature, Tt o = T¢.
We consider a range of semimajor axes and envelope mass fractions,
and impactor masses ranging from approximately 0.01-0.5 Mg. We
assume that, initially, all the impact energy goes into heating the
core, corresponding to an efficiency of n = 1.0. Additionally, we
assume an impact velocity of vimp = Vesc. The first assumption is
an overestimate, while the second is likely an underestimate. We
discuss the implications of these parameter choices in Section 3.3.

For the reference case, we take a = 0.1 au and investigate envelope
mass fractions ranging from f = 0.5-12 per cent. The final mass-
loss for these scenarios is shown in Fig. 5. We find that atmo-
spheric loss is remarkably efficient. Specifically, depending on f,
impactor masses of ~0.1-0.4 Mg, or ~0.03-0.15 M., are sufficient
to completely remove the envelope. For comparison, we include
in Fig. 5 the approximate loss caused by hydrodynamic shocks
from Schlichting et al. (2015) assuming the same impact velocity
(Vimp = Vese).! For this size impactor, the hydrodynamic escape
caused by thermal expansion is significantly more important than
found in previous studies of the shock-induced losses (Schlichting
et al. 2015; Inamdar & Schlichting 2016, 2015).

The higher efficiency of thermal atmospheric loss compared to
shock-induced loss can be intuitively understood as follows. For
the shock launched by the impactor to completely remove the
envelope, the impact has to deliver enough energy and momentum

I'The expression here broadly reproduces the results from a more thorough
treatment (Inamdar & Schlichting 2015, 2016) and is sufficiently accurate
for our purposes.
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Figure 5. Mass fraction of H/He envelope lost (X) as a function of impactor
mass (Mimp/M.) for a planet with M. = 3Mg, Rc = 1.32Rg, Tho =
2000 K, a = 0.1 au, and a range of envelope mass fractions (f). Square and
circular marks at X = 1 show the analytically derived impactor mass required
for total mass-loss from equations (21) and (18) for core- and envelope-
dominated energy budgets, respectively. The black dashed line indicates
the atmospheric envelope loss from shocks during the impact (equation 33,
Schlichting et al. 2015) assuming vimp ~ Vesc-

for the ground velocity resulting from the shock as it emerges at the
antipode to be comparable to the escape velocity of the planet (for a
rough estimate see equation 28 in Schlichting et al. 2015). For viyp =
Vese, this requires impactor masses comparable to the target mass.
In contrast, when considering atmospheric losses from the thermal
heating of the envelope after the impact, the impact only needs to
heat the core to temperatures that yield thermal velocities of the
atmosphere sufficient for loss. For H/He atmospheres, this requires
less energetic impacts than needed for shock induced volatile loss
(see equations 17 and 18).

We find rough agreement between our analytical estimates
for the required impactor mass (equations 18 and 21) and our
numerical results. In general, our approximate values underestimate
the required impactor mass because they are derived for the limiting
cases where the energy of the envelope or core can be ignored to
first order. In reality, the impact energy goes into both the thermal
expansion of the envelope and heating the core. Including both the
finite core and envelope masses by normalizing the impact energy
by the envelope energy and core energy deficit, Eeny + AE., we find
that the normalized energy required for atmospheric loss is similar
across all envelope mass fractions, as shown in Fig. 6. The envelope
energy is calculated from equations (7) and (8) and AE. is the
energy required to heat the core to the temperature in equation (20).

The analytical expressions overestimate the impactor mass for
complete loss in one case: planets on close (¢ < 0.1 au) orbits
with low-mass envelopes. Close-in planets have relatively small
Bondi/Hill’s radii and, because of their higher equilibrium temper-
atures, larger exponential scale heights (7 o f.q). As a consequence,
the effect of the exponential decrease in atmospheric density is less
severe at the outer radius, and rapid mass-loss is possible with lower
impactor masses.

As a planet’s orbital separation increases, Roy (Ry or Rp) also
increases so that an impact can inflate the envelope without leading
to significant mass-loss. As shown in Fig. 7, this increases the
impactor mass required to initiate significant atmospheric loss
substantially, but does not dramatically change the impactor mass
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Figure 6. Mass fraction of H/He envelope lost (X) as a function of
normalized impactor energy for a planet with M = 3Mg, R, = 1.32Rg,
T = 2000 K, a = 0.1 au, and a range of envelope mass fractions (f). The
impactor energy is normalized to the sum of the envelope energy (Eepy),
calculated from equations (7) and (8), and the energy required to heat the
core to the temperature in equation (20) (AE).
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Figure 7. Mass fraction of H/He envelope lost (X) as a function of impactor
mass (Mimp/M.) for a planet with M. = 3Mg, R. = 1.32Rqg, Tho =
2000 K, f= 2 or 12 percent, and a range of orbital radii (). Square and
circular marks at X = 1 show the analytically derived impactor mass required
for total mass-loss from equations (21) and (18) for core- and envelope-
dominated energy budgets, respectively. The black dashed line indicates
the atmospheric envelope loss from shocks during the impact (equation 33,
Schlichting et al. 2015) assuming vimp ~ Vesc.

required for complete loss. As a result, the impactor mass required
to initiate loss becomes closer to the mass required for complete
ejection, and the range of impactor masses producing intermediate
results shrinks, so that most impacts produce binary outcomes —
either complete loss or no loss (Figs 7 and 8).

While this binarity is more pronounced at greater orbital separa-
tions, even at ¢ = 0.1 au the range of impactor masses producing
partial envelope loss is relatively narrow. The difference between
negligible and total atmospheric loss for a given planet is typically
a factor of ~2—4 in impactor mass, depending on the envelope
mass. Regardless of orbital distance, lower mass envelopes have
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Figure 8. Mass fraction of H/He envelope lost (X) as a function of impactor
mass (Mimp/M.) for a planet with M. = 3Mg, R. = 1.32Rqg, Tho =
2000 K, a = 0.5 au, and a range of envelope mass fractions (f). Square and
circular marks at X = 1 show the analytically derived impactor mass required
for total mass-loss from equations (21) and (18) for core- and envelope-
dominated energy budgets, respectively. The black dashed line indicates
the atmospheric envelope loss from shocks during the impact (equation 33,
Schlichting et al. 2015) assuming vimp ~ Vesc.
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Figure 9. Mass fraction of H/He envelope lost (X) as a function of impactor
mass (Mimp/M.) under multiple scenarios. The reference scenario is in blue
and corresponds to M, = 3Mg, Rc = 1.32Rg, a = 0.5 au, f = 5 percent,
Tv0 = 2000 K, and y = 7/5. The orange line corresponds to 71,0 — 6000 K,
the green curve to y — 1.3, and the red line to M, — 5 Mg, while all other
parameters match the reference case.

a narrower range of intermediate outcomes and are more likely to
entirely lose or retain their envelopes (Figs 5, 7, and 8).

3.3 Importance of parameter choices and model assumptions

In the results presented here, we have assumed certain properties for
the impact scenario and impacted super-Earth. We test the effect of
changing y, Ty, and M, to determine the sensitivity of our results
to our choice of parameters for the target super-Earth (Fig. 9).
Dissociation of molecular hydrogen in the accreting and cooling
envelopes of super-Earths and mini-Neptunes can result in values
of y < 4/3, typically ranging from 1.2 to 1.3 (Lee, Chiang &
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Ormel 2014; Lee & Chiang 2015; Inamdar & Schlichting 2016).
We therefore performed a set of calculations with a value of y =
1.3 instead of 7/5. This modifies the density profile of the envelope
(see equation 1) so that the envelope mass is now concentrated
near the core instead of the R,.,. Therefore, for this calculation,
the expression for the cooling due to mass-loss (equation 11) is
replaced by G M, M.,/ R.. In addition, the change in the envelope’s
mass distribution in the y = 1.3 case required us to implement a
mass-loss treatment for the case when R, > Ryy. This condition
generally does not occur for y > 4/3 because those envelopes are
lost before the impactors are large enough to produce this outcome.
To approximate the mass lost in this overflow phase, we calculate
the energy of a hypothetical impact (AE) that corresponds to R,
~ Roy and for which the envelope is just bound (i.e. Ee,y ~ 0).
We then determine the difference between the actual impact energy
and energy that yields E.,, ~ 0 and assume that this surplus energy
produces mass-loss according to

(Eimp — AE) R
GM, ’

After this overflow phase, the remaining envelope has Ry <
R, and its thermal evolution and further mass-loss are calculated
according to the model described in Section 2. Because the envelope
loses more energy per unit of mass lost for y = 1.3 compared
to y = 7/5, larger impactor masses are required to remove the
entire envelope. Setting ¥ = 1.3 also increases the envelope’s heat
capacity, causing it to receive a larger share of the impact energy.
This allows the envelope to begin losing mass at lower impact
energies than in the reference case. Both of these effects can be
seen in Fig. 9.

Changes in the base temperature and core mass produce results
consistent with expectations from equations (18) and (21). Increas-
ing the base temperature of the envelope significantly reduces
the impact energy (mass) required to inflate the envelope to
the point of atmospheric loss. And, at a fixed f, increasing the
core mass slightly increases the required impactor-to-core mass
ratio (Miyp/M.) for complete loss. This is because increasing the
core mass expands the outer radius while shrinking the portion
of the envelope which is convective, resulting in a greater ex-
ponential drop in the atmospheric density at the outer radius
(Rg or Ry) and higher impactor masses to achieve significan
t atmospheric loss.

We also examine the sensitivity to changes in the impact scenario.
In our default scenario, we have conservatively taken vVimp = Vege-
This is valid, however, only in the case of zero relative velocity
between the planet and the impactor when they are widely separated.
Accounting for this velocity at infinity yields vj, = v, + vZ,
where a realistic value for the initial relative velocity in the final
stages of terrestrial planet formation is vo, ~ Ve (Wetherill
1976; O’Brien, Morbidelli & Levison 2006). The result is a
doubling of the impact energy expected from a particular event,
corresponding to achieving the same atmospheric loss with half the
impactor mass.

Conversely, the assumption that n = 1, i.e. all of the impact
energy is available for heating the core and envelope, yields an upper
bound on the thermal atmospheric mass-loss. In a real impact, the
impact energy is divided into potential, kinetic, and internal energy
according to the details of the collision. Only the internal energy
is available for heating, and only a portion of that internal energy
will be converted to heat, with some energy lost to other processes,
such as phase transitions. Models of a range of Moon-forming
impact scenarios suggest that after the shock and decompression

(22)

M env,lost ™~
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phase, 40-60 per cent of the impact energy is left in internal energy
(Carter, Lock & Stewart 2018). Taking a heating efficiency of n ~
0.5 as typical, then the thermal energy of the impact is roughly half
what we have assumed above, and the impactor mass required to
produce those effects must be doubled. Impacts which do not result
in mergers deposit less energy in the target, resulting in even lower
values of 7. These events can be common in environments which
are dynamically excited (Voo 2 Vese) (€.2. Asphaug 2010). But, two
bodies which experience such a collision are likely to re-encounter
one another, ultimately resulting in an accretionary impact where
the bulk of the impact energy is deposited in the target.

The impact velocity and heating efficiency of the impact set the
total energy available to power the thermal atmospheric loss, and
therefore strongly affect the final outcome. The results presented
here, which are equivalent to a choice of v ~ vese and n ~ 0.5, are
representative of typical outcomes up to a factor of a few. The range
of typical outcomes, however, is large and a factor of ~2—4 change
in the thermal energy can make the difference between negligible
and complete atmospheric loss (Fig. 6).

4 DISCUSSION AND CONCLUSIONS

‘We have shown that the thermal expansion of an H/He envelope after
a giant impact can lead to a period of rapid mass-loss which can
substantially erode the atmosphere. We find that, for impactors with
a mass ~10 per cent of the planet mass, this mechanism can reduce
the envelope mass by ~50-100 percent. For planets where the
thermal energy of the core is much greater than the envelope energy,
the impactor mass required for significant atmospheric removal is
Mimp/M. ~ p/pe ~ 0.1. This result is only weakly dependent on the
atmospheric mass fraction. In contrast, when the envelope energy
dominates the total energy budget, the impactor mass required to
remove the envelope increases with the envelope mass fraction,
M o My In all cases, however, we find that for H/He envelopes
the thermal loss mechanism significantly exceeds the immediate
atmospheric loss from impact-generated shocks, which only yields
a loss fraction of ~10 percent for ~0.1M; mass impactors (e.g.
Inamdar & Schlichting 2016).

Our analysis does not include the effect of hydrogen outgassing
from the interior of the planet, either directly from the magma ocean
or through volcanism, which may act to buffer the atmospheric
loss (Chachan & Stevenson 2018). We also neglect additional
atmospheric mass-loss through XUV photoevaporation, which will
be enhanced for these planets as a result of their inflated envelopes.
The mass-loss reported here will therefore be an underestimate,
though the effect of photoevaporation will be less important for
planets with larger semimajor axes (Owen & Wu 2017).

The addition of the thermal component of impact-driven atmo-
spheric loss may help to explain the observed diversity in planetary
compositions, particularly for planets on orbits outside ~45 d,
where photoevaporation and core cooling are less effective, or in
systems where neighbouring planets display large density contrasts.
Systems of super-Earths are expected to undergo a phase of giant
impacts after the dispersal of the gas disc, roughly 10-100 Myr
after their initial formation (Cossou et al. 2014; Izidoro et al. 2017).
Inamdar & Schlichting (2016) show that the atmospheric loss due
to mechanical shocks caused by impacts between similarly sized
bodies can change a planet’s bulk density by a factor of 2-3. They
suggest this process as an explanation for the observed diversity
in planetary bulk density. We show that the thermal component of
the impact should dominate the atmospheric loss of these planets,
greatly enhancing the efficiency of atmospheric stripping from
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impacts. This is especially the case for these impacts because,
at an age of 10-100 Myr, the planetary cores should still retain
significant heat from their formation, reducing the impact energy
needed to inflate the envelope. Our results suggest that a single
large (~0.1M,,) impact is sufficient to remove an H/He atmosphere
entirely. Assuming the envelope has a thickness comparable to the
core radius, so that R, ~ 2R, (e.g. Lopez & Fortney 2014; Ginzburg
et al. 2016), complete atmospheric loss would result in a factor of
~§ change in the bulk density.

Atmospheric mass-loss is sensitive to the details of the impact
scenario (Section 3.3). Because these details are stochastic, and
because the post-disc instability produces a small number of giant
impacts per system (Izidoro et al. 2017), impact-driven mass-loss
may therefore naturally explain the observed diversity of super-
Earth densities.
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